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Preface

Over the past decades the application of nano- and biomaterials has substantially grown in high-tech industries. A colloidal
approach to nano- and biotechnology was one of the main topics of the 2007 meeting organized by the Hungarian Chemical
Society in cooperation with leading Hungarian universities and the Hungarian Academy of Sciences. The goal of the 9
Conference on Colloid Chemistry and the previous meetings was to bring together scientists, engineers from universities,
industries and research institutions to exchange views on the latest developments and perspectives in the applications of
colloidal systems.

The scientific programme of the conference included 71 oral lectures and 70 posters. Participants came from 23 countries
mainly from Europe but researchers visited us from the countries of other continents, from Israel, Japan, Thailand and from the
United States. The meeting also gave opportunity for many young researchers (40 students) to present their work and join the
scientific community. Three poster prizes were issued, two of them in memory of the late Hungarian colloid chemists, Ferenc
Szdnto and Ervin Wolfram.

During the three—day meeting the most important aspects of science, technology and applications of colloid chemistry were
presented in specified sessions: “Nanoparticles” and their “Colloid Systems”, “Nanolayers, Drug Delivery Systems”, “Porous
Systems, Surfaces” and “Polymers, Gels, Biocolloids”.

Listening the oral presentations and studying the posters it repeatedly turned out that “The world of neglected dimensions”
should not be neglected at all in modern material sciences and technologies.

This volume contains a selection of the contributions demonstrating the progress of the field and new possibilities in
materials science and biomedical applications.

Zoltan D. Horvolgyi
Eva Kiss
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André Ayral

Colloid Science for Functional Nanomaterials:

Application to Oxide Ceramic Membranes

Abstract The basic principles of
colloid science are usually applied for
preparing functional nanomaterials
by wet chemistry routes. This subject
is here illustrated with the develop-
ment of sol-gel-derived nanoporous
oxide ceramic membranes.

A current trend is to prepare
tailor-made nanoporous membranes.
A first aspect is the choice of the
most suitable solid phase to manage
the fluid-membrane chemical and
physical interactions. A second
aspect is concerned with the control
of the nanoporous texture (porosity,
pore size and pore size distribution,
connectivity and tortuosity of the

André Ayral ()

Institut Européen des Membranes,
CNRS-ENSCM-UM2, Université
Montpellier 2, Place E. Bataillon,
34095 Montpellier cedex 5, France

e-mail: andre.ayral @iemm.univ-montp2.fr pore network).

Introduction

A membrane can be defined as a thin and selective barrier
which enables the transport or the retention of compounds
between two media. Different types of driving forces can
be at the origin of the transport across the membranes.
For baromembrane processes, the driving force is a pres-
sure gradient between the feed and strip compartments
(transmembrane pressure). The treated phases can be li-
quids or gas (Table 1). A lot of separation operations are
currently performed using membranes both for production
processes and environmental applications. Environmental
considerations like massive scale air and water pollution
and also the gradual rarefaction of the fossil energy re-
sources gave rise to the concept of sustainable growth and
to related strategies like the process intensification, the
reuse of water and solvents at their point of use, the hy-
drogen as energetic vector (requiring H, production and

By adding amphiphilic molecules
in the starting sols, lyotropic liquid
crystal mesophases can be obtained
by self-assembly during the layer
deposition. The templating effect
of these mesophases enables to
generate an ordered mesoporosity.
Stable complex organic-inorganic
hybrid suspensions can also be
formulated to develop mem-
branes exhibiting a hierarchical
porosity.

Keywords Ceramic membrane -
Colloidal route - Hierarchical
porosity - Ordered mesoporosity

using fuel cells as electric generators). Membranes will
have a key part to play in the new technologies associ-
ated with these strategies. Intensive efforts of R&D are
now engaged everywhere in the world to develop high per-
formance membranes for these emerging applications, in
particular nanoporous membranes for high efficiency sep-
aration of small molecules or ions.

The interest of the ceramic membranes is first related
to the intrinsic characteristics of the used materials: me-
chanical strength allowing large pressure gradients without
significant strain; chemical resistance which permits appli-
cations in corrosive aqueous media or in organic solvents;
refractarity for using at high temperatures. Other specific
properties are the ability to counter-pressure cleaning, to
sterilization and their insensibility to bacterial attacks.

Moreover, the conventional ceramic processing enables
to easily produce macroporous supports and layers, whereas
mesoporous or microporous layers can be achieved by the



Table1 Characteristics of the main baromembrane processes

A. Ayral

Process Nature of Pore size Origin of Pressure Elemental operation
feed/strip selectivity gradient

Microfiltration MF  liquid/liquid 10-0.1 pm Sieving effect 1-3 bar Clarification, debacterisation, separation

Ulltrafiltration UF 0.1 pm-2 nm 3—10 bar Clarification, purification, concentration

Nanofiltration NF <2nm Sieving + specific 10—40 bar Purification, water softening, separation,
interactions with concentration
the membrane

Reverse osmosis RO dense Retention of solutes > osmotic Purification, water desalination
and permeation of pressure
solvent

Pervaporation PV liquid/gas <2nm Sieving + additional 1 bar Separation
specific interactions

Gas filtration GF 100 um-10nm  Sieving effect 0.1-5bar Separation, dusting

Gas separation GS ~ gas/gas few nm—dense  Sieving + additional 0.1-50bar  Separation, extraction, purification
specific interactions

Gas separation GS dense Tonic conduction of  AP(O») Air separation, selective transport of O;
02~ by oxides

Gas separation GS dense Tonic conduction of  AP(Hj) Selective, transport of Hy

H* by oxides,
H transport by metals

Table2 Characteristics of the intermediate and of the separative top layers (from [1])

Process Average number
of layers
Microfiltration 1-3
Ultrafiltration 34
Nanofiltration/gas separation 4-5

sol—gel route. The used pore size classification is that rec-
ommended by TUPAC (micropores with a size less than
2 nm, mesopores with a size in the range from 2 to 50 nm,
macropores with a size more than 50 nm).

The overall performance of membranes is related to
two main characteristics of such separative layers, their
permeability and their permselectivity (separation abil-
ity). For porous membranes, the selectivity and the mem-
brane cut-off depend on the pore size and on the pore
size distribution of the separative layer. In the case of the
smallest pores (mesopores and micropores) the developed
area is very large and the permeability is very low. Thus,
the thickness of the separative layer must thin enough
to reach attractive fluxes with experimentally acceptable
transmembrane pressures. On the other hand, the mechan-
ical strength of the membrane must be large enough to
withstand the applied pressure. These considerations led to
the concept of asymmetric structure based on a macrop-
orous support and successive layers with decreasing thick-
ness and pore size (Table 2, Fig. 1).

The latest developments in ceramic membranes are
closely related to recent advances in materials science [2],

Thickness of the Pore size in the Nature of the

separative layer separative layer porosity

few ten pm 5-0.1 pm macroporosity
few pm 5Snm mesoporosity
< 1pm 1 nm microporosity

$.8 kV xl.lléfk”é'?k

Fig.1 Scanning electron microscope image of the cross-section
of a commercial UF alumina membrane (Pall Exekia). The aver-
age pore size of the support, of the two intermediate layers and
of the separative top layer are 10 pm, 0.8 wm, 0.2 um and 5 nm,
respectively
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MATERIAL
SCIENCE

Selection of the most suitable solids
Fluid-solid interactions
Additional functions: catalysis, photocatalysis, chemisorption

Tailoring of the membrane microstructure
Grain size and grain boundaries of dense polycrystalline

Free volume of dense amorphous membranes
Pore size and pore connectivity of porous membranes

membranes

Design of the membrane shape
Surface to Volume ratio, anti-fouling, hydrodynamics

CHEMICAL
ENGINEERING

Design of the membrane unit

Fig.2 Role of materials science in membrane science

in particular in the development of nanomaterials by in-
novative sol-gel or hydrothermal routes. In correlation
with chemical engineering and transport modeling consid-
erations, several complementary strategies are adopted in
term of material engineering (Fig. 2). The first one is the
selection of the most suitable solid phase to manage the
fluid-membrane interactions. Layers exhibiting specific
physical or chemical properties can be advantageously
prepared. Multifunctional membranes coupling separation
with functionality like catalysis, photocatalysis or adsorp-
tion can also be designed. A second aspect deals with the
tailoring of the nanoporous texture (porosity, pore size and
pore size distribution, connectivity and tortuosity of the
pore network). The third point concerns the design of the
membrane shape to increase the surface-to-volume ratio,
to promote anti-fouling and hydrodynamics properties.
Tailoring of the porosity is very important because
the porosity, the pore size distribution, the connectivity

Table3 Tools to tailor the initial porosity of sol-gel derived layers

Stage

Choice of the elemental bricks
Preparation of the sol before deposition

Reinforcement after deposition and before drying

Drying method

and tortuosity of the pore network are parameters which
both define the permselectivity and the permeability of
the porous membranes. The sol-gel process is a conve-
nient method to prepare mesoporous or microporous sup-
ported membranes. The porosity of sol-gel derived layers
drastically depends on the various synthesis parameters
(Table 3) [3,4].

With conventional sol-gel routes, the pore size dis-
tribution is usually broad and the tortuosity of the pore
network is important with the presence of constrictions.
Thus ordered interconnected pore networks with constant
and tunable pore size are strongly attractive (Fig. 3). Hier-
archical porosity and adaptive porosity are also fascinat-
ing approaches to increase or manage the permeability of
ceramic membranes. This paper presents a short review
of approaches developed in our laboratory for the prep-
aration of innovative porous ceramic membranes by col-
loidal routes.

Parameters

Size, shape, size distribution

Conditions of polymerization/destabilization
Sol aging

Thermal aging

Chemical post treatments

Freeze-drying, hypercritical drying, ...
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LAY Micropore Mesopore
dd,
Mesoporous
colloidal layers
1 >
Microporous
polymeric layers
1 >
Layers with monodisperse
and tunable porosity
«— >
L >
0 2 d, (nm)

Fig.3 Pore size distributions for sol-gel derived layers

Mesophase Templating and Ordered Mesoporosity

Extension of the microporous molecular sieves like zeo-
lites to the mesoporosity range is possible using lyotropic
liquid crystal mesophases (Fig. 4) as removable templates.
These mesophases result from the self-assembly of sur-
factants or amphiphilic molecules and can be thermally or

A. Ayral

chemically eliminated after the formation of the inorganic
network. This approach enables the preparation of materi-
als exhibiting an ordered mesoporosity with pores usually
ranging from two to more than ten nanometers. The pio-
neering work of Beck et al. [6, 7] has detailed the use of the
templating effect to produce ordered mesoporous alumi-
nosilicates. Divided materials have been prepared by phase
separation and precipitation under hydrothermal condi-
tions. Since these first articles, many investigations were
carried out on this new class of materials, in particular
for the preparation of sol-gel derived silica layers exhibit-
ing hexagonal, cubic or lamellar structures using cationic
surfactant of alkyltrimethylammonium halide type [8—16].
At the same time, this synthesis method was extended
to the use of non-ionic surfactants [17, 18] and of block
copolymers [19-21]. The preparation of other mesoporous
oxides was also demonstrated [22, 23].

The formation of film is based on “evaporation-
induced self-assembly” of the surfactant molecules [24].
The synthesis process is schematically shown in Fig. 5.
The synthesis rules to prepare continuous layers without
extra-porosity were initially investigated in the case of
silica [16,25]. The two main parameters are: (1) the size

C16 volume fraction

50 75

0 25

50 75 100

Cl6 wt%

Fig.4 Water-hexadecyltrimethylammonium bromide (from [5]). I: micellar solution; Hy: 2D hexagonal mesophase; Q,: bicontinuous

cubic mesophase; L, : lamellar mesophase

Aqueous solution of
inorganic precursor

Monedispersed
porosity

Surfactant

b Isotropic fluid sol

Porous oxide

Hybrid layer

Fig.5 Schematic representation of the formation of membranes with an ordered mesoporosity resulting from self-assembly of amphiphilic
molecules. a Deposition by slip-casting in a tubular subtrate and solvant evaporation. b Various stages of the synthesis process
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Fig.6 Evolution of the intensity of main diffraction peak associ-
ated to ordered mesoporosity as a function of the volume fraction
of triblock copolymer (P123). The limits of the hexagonal phase
at 30 °C in the water-P123 binary diagram are reported as vertical
lines (from [29])

of the inorganic clusters or nanoparticles which must be
small enough to enable the self-assembly process; (2) the
surfactant volume fraction in the dried layer which must
be in agreement with the aimed mesostructure. This ap-
proach was successfully extended to the preparation of
thin layers and membranes of oxides like Al;O3 and TiO;
(Fig. 6) [25-29].

Mesoporous Silica Membranes

2D and 3D hexagonal mesoporous silica membranes were
successfully prepared according to the synthesis proced-
ures reported in [30,31]. Only the 2D hexagonal mem-
branes shown in Fig. 7 will be discussed here. These

-6
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Fig.8 Nitrogen permeance versus applied pressure difference for
unseeded and seeded membranes, C16 and C12 (from [30])

membranes were obtained using tetraethoxysilane as
silica precursor and alkyltrimethylammonium bromides
(CyH2,41(CH3)3NT, Br~ with n = 12 or 16) as surfac-
tant [30]. The corresponding samples will be later labeled
C16 and C12 in respect of the used surfactant.

The 2D mesoporous structures consist of a hexagonal
packing of cylindrical pores. Previous studies [32, 33] evi-
denced the role of both the solid—solution and air—solution
interfaces in the formation of 2D hexagonal mesophases
and their alignment parallel to these interfaces. A seed-
ing strategy with amorphous silica nanoparticles (12 nm-
sized) or maghemite (y-Fe;O3) nanoparticles was used
to promote heterogeneous nucleation of the templating
mesophase by creating additional interfaces inside the hy-
brid gelling solution [34].

The variations of nitrogen permeance as a function
of the applied pressure difference are shown in Fig. §,

No extraporosity

40+ , - 450
Z o e
= *w(‘ = .*,l.lwnvl R R .
- 30+ ® 2 a0 * wis
A = g 3001 7 ¢— condensation in
o 2ol é o : ;he mesogo;e;:
. T Z ~ = e T e 2 150} oyl pere =
o i 6 i £ - .E 2 i-" —a— Adsorplion
P .-‘- ‘ _;‘( gL é 10k § t T —=— Desorption
(N & iy~ - ' . .
I - ?J.u 0.2 04 06 0.8 1.0
7 - ol 0r ) - Relalive pressure, PiPs
B0 Ky e .
: 1 2 3 4 5 adsorption in the mesopores and in
20 (°) the micropores of the silica walls
@) (b) (©

Fig.7 a SEM cross-section image of a 2D hexagonal mesoporous Ci¢ layer deposited on an asymmetric porous substrate with a 5 nm
pore-sized y-alumina top-layer. b X-ray diffraction patterns for unseeded Cjg thin layers dried at 20 °C and thermally treated at 450 °C.
¢ N, adsorption—desorption isotherms of a calcined unseeded Ci¢ thin layer
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Fig.9 SEM cross-section image (a) and TEM image for a P70 layer (b); Rejection rates R% versus PEG molecular weight for P70 and

F67 membranes

for unseeded and seeded membranes C16 and C12. The
measured permeance does not vary with the applied pres-
sure difference (AP) as it is the case for a viscous flow
gas transport. The permeance [1n, measured for the un-
seeded C16 membrane is very weak. The seeding with
silica nanoparticles induces a clear increase of I1y,. The
permeance of the unseeded and seeded C12 membranes
is higher. In all cases, the nanoparticle seeding induces
an increase of the membrane permeance by one order of
magnitude. In unseeded C16 layers, the cylindrical meso-
pores are preferentially aligned parallel to the substrate,
and so perpendicular to the gas flow. N, molecules are
consequently forced across the microporous silica walls.
Silica seeding, which induces a random orientation of the
ordered domains, promotes a decrease of the tortuosity and
an increase of the permeability associated to a larger statis-
tic contribution of mesopores to gas transport. The per-
meability for the unseeded C12 layer is in the same range
as the permeability of the seeded C16 layer. This result is
explained by a less important alignment of the ordered do-
mains and the absence of a very well aligned superficial
area at the air-layer interface for the C12 membranes, as
previously shown by X-ray diffraction measurements. The
introduction of nanoparticles in the C12 layers increases
the disorder in the orientation of ordered domains, which
increases the membrane permeability.

Mesoporous Titania Membranes

Mesoporous titania membranes and coatings are attrac-
tive for coupling both separation and photocatalyzed
reaction [35]. Mesoporous thin layers and membranes
were synthesized from an anatase hydrosol using the
templating effect of liquid crystal mesophases, as de-
tailed in [28,29]. The selected amphiphilic molecules
were triblock copolymers, poly(ethylene oxide)-poly(pro-
pylene oxide)-poly(ethylene oxide): EO20PO79EO,¢ and
EO106PO70EO106, labeled P123 and F127, respectively.

The samples obtained without any surfactant were labeled
WS and those obtained with the P123 or F127 copolymer
were labeled P70 and F67, respectively. The membranes
were prepared by slip-casting on asymmetric tubular alu-
mina supports with a 5 nm pore-sized y-alumina top-layer.

Crack-free and homogeneous layers were observed by
SEM (Fig. 9a). The mesostructures of P70 and F67 layers
are of 2D hexagonal and cubic types, respectively [29].
The ordering of mesopores is clearly evidenced from trans-
mission electron microscope images (Fig. 9b).

The permeability of the mesostructured membranes
was determined experimentally by water permeation
measurements. These measured data are in good agree-
ment with values calculated from the Carman-Kozeny
equation and the membrane porous characteristics [35]
(Table 4).

The membrane molecular weight cut-off (MWCO) was
measured from the retention curves shown in Fig. 9c. In
both cases, the MWCO is around 1.5 kDa which corres-
ponds to a pore size of about 1.6 nm, as estimated from
literature data [36]. This value is lower than the mesopore
size experimentally determined from adsorption measure-
ments: 4.2—4.8 nm. The retention is in fact defined by the
smallest porosity existing inside the anatase walls.

Hierarchical Porosity

It can be advantageous to generate extraporosity at a larger
scale in the separative layer in order to increase its per-
meability. The main condition which has to be respected is
that the additional porosity must not be directly intercon-
nected in order to preserve the cut-off fixed by the porosity
of the continuous phase. The extra porosity can also be
used to generate an additional functionality by insertion of
specific catalysts or adsorbents at pre-defined locations in-
side the layer. This approach is here illustrated for sol—gel
derived multifunctional ceramic membranes with a hier-
archical porosity.
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Table4 Calculated values of intrinsic permeability for titania membranes

Sample Pore type

Micro

Micro + meso

Micro + meso

Micro + meso

Micro + meso + macro
Micro + meso

Micro + meso + macro

Without any template/WS
With P123 only/P70
With F127 only/F67
With P123 and PS/TLP

With F127 and PS/TLF

Fig.10 SEM cross-section images of silica layers containing iso-
lated obtained after a 2 h thermal treatment at 300 °C in air

Templating by polystyrene latex was previously used
to produce individual macropores inside silica layers
(Fig. 10) [37-39]. It was also applied to prepare mem-
branes with other oxides [40,41]. In addition, the presence
of dispersed micron-sized or submicron-sized particles
inside the starting suspensions modifies their rheology
and decreases their ability to infiltrate the porous sub-
strates. This strategy can be used to reduce the num-
ber of intermediate layers in asymmetric ceramic mem-
branes. It must be noted that dispersion of dense and

(@)
Fig.11 a SEM and (b, ¢) TEM images of a TLP hierarchical anatase layer after thermal treatment up to 410 °C in air

Specific surface Porosity Theoritical

area (m?2 g_l) (%) permeability (m?)
25 10 2.7%x 10720
95 26.5 53%x 10720
97 27.5 4.8x 10720

100 26 4.4%x 10720

100 36 1.5x10°1

105 27.5 5.0x 10720

105 37.5 1.7x 1071

unremovable particles like oxide powders inside conven-
tional sols enabled us to deposit homogeneous thick layers
(from few pm to few tens pm thick) on macroporous
substrates [42,43].

Taking benefit of this experience, stable complex
organic-inorganic hybrid suspensions were successfully
prepared by mixing a polystyrene latex aqueous suspen-
sion, non-ionic triblock copolymers (poly(ethylene oxide)-
poly(propylene oxide)-poly(ethylene oxide): EO,PO,EO,)
and titania or silica sols. Titania samples prepared from
such suspensions were labeled TLP (when obtained
from P123: EOygPO70EQOy9) and TLF (when obtained
from F127: EO106PO70EO06) [44]. Homogeneous porous
layers with a thickness equal to ~ 1.2 pum were prepared
by slip-casting on asymmetric tubular alumina supports
with a 0.2 wm pore-sized top-layer. The macropores, the
mesopores and the nanocrytalline TiO; anatase walls with
interconnected micropores are shown in Fig. 11 in the
case of a TLP hierarchical anatase layer. N, adsorption—
desorption isotherms of powders corresponding to dif-
ferent titania sol formulations are reported in Fig. 12a.
The direct analysis of the porosity in the thin TLP layer
was possible using a home-made environmental p-balance
and adsorption—desorption of ethanol at room tempera-
ture. The resulting isotherms (Fig. 12b) fit with those of
the equivalent powder. From the main porosity character-
istics, it was possible to predict the permeability values
of the corresponding layers using the Carman—Kozeny
equation [44]. The calculated permeabilities for the TLP
and TLF samples are one order of magnitude higher than
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Fig.13 SEM cross-section images of hierarchical silica membranes deposited on the 0.2 pm pore-sized a-alumina top-layer of an asym-
metric porous alumina substrate. a Without or, b with pre-treatment of the substrate with a polymer to prevent sol infiltration, and thermally

treated for 2 h at 450 °C in air

those calculated for a purely microporous anatase sam-
ple (Table 4). It must be underlined that the TLP and TLF
layers can be directly deposited on a macroporous support,
whereas a conventional microporous layer requires an ad-
ditional intermediate mesoporous layer which significantly
lowers the whole membrane permeance.

More recently silica layers with a hierarchical poros-
ity were prepared by mixing a polystyrene latex aque-
ous suspension, a non-ionic triblock copolymer (F68:
EOgpPO30EOgp) and tetraethylorthosilicate (TEOS) [45].
SEM cross-section images of hierarchical silica mem-
branes deposited on the 0.2 um pore-sized «-alumina
top-layer of an asymmetric porous alumina substrate

are shown in Fig. 13. A pre-treatment of the substrate
with a polymer prevents partial sol infiltration and en-
ables to maintain the same volume fraction of macro-
pores as for layers deposited on dense substrates. In-
deed, the infiltration of the liquid phase within the sup-
port porosity induces close-packing for the latex par-
ticles on the support surface and finally yields to con-
nected macropores (Fig. 13a). The membrane quality
is strongly improved when sol infiltration is avoided
(Fig. 13b). Gas permeation experiments and incorpora-
tion of metal nanoparticles are in progress with these
original supported membranes exhibiting a hierarchical
porosity.
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Conclusion

Emerging membrane applications related to the treatment
of liquids or gas require nanoporous ceramic membranes
exhibiting a high thermal and chemical stability, and/or
coupled functionalities like catalysis, photocatalysis or ad-
sorption activity.

This article illustrates innovative approaches developed
in our laboratory for the preparation of such membranes
by colloidal routes.The templating effect of lyotropic li-

quid crystal mesophases enables to generate an ordered
nanoporosity. Stable complex organic-inorganic hybrid
suspensions can also be formulated to develop membranes
exhibiting a hierarchical porosity or a nanocomposite
ultrastructure.
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Biopolymer Gels:

Nanostructure and Macroscopic Properties

Abstract Small-angle neutron
scattering (SANS) has been used to
investigate the effect of salts (NaCl
and CaCly) on the structure of DNA
and polyacrylic acid (PAA) gels. In
the absence of salt a distinct corre-
lation peak is observed in the SANS
spectra of both systems indicating
that electrostatic interactions play an
important role in the organization of
the polymer chains. When the salt
concentration is increased, the peak
position shifts to smaller values of the
scattering vector ¢, and progressively
vanishes. Osmotic swelling pressure

lead to the collapse of these gels.
The Ca/Na ion exchange process
does not affect the shear modulus

of PAA gels. However, the shear
modulus of DNA gels decreases with
increasing Ca ion concentration at
high swelling degrees, and increases
at low swelling degrees. The results
indicate that changing the ionic
composition provides a simple way
to control the nanoscale structures
and properties in polyelectrolyte gels.
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Introduction

Colloids, polymers and biomaterials are increasingly
important, from both fundamental and applied view-
points. The demand for materials with controlled struc-
ture and morphology at all dimensions from nanoscale to
macroscale is growing rapidly. Nanostructures may con-
fer beneficial properties on biomaterials with advanced
functionality. Living organisms tailor biological materials
into highly complex functional structures exerting control
on composition, interactions and architecture. Biologi-
cal systems operate at the cellular and subcellular levels;
therefore, material properties including structure, osmotic
and mechanical properties must be determined to dimen-
sions below 100 nm.

An emerging area of practical significance relates to
biomimetic polymer networks and gels. Recently designed
synthetic polymers mimic the hierarchical structure and
function of biological macromolecules, such as DNA, pro-

measurements show that Ca ions
reduce the swelling pressure and

Polyelectrolyte - Shear modulus -
Small-angle neutron scattering

teins, as well as biological membranes and cells. Under-
standing the underlying physical characteristics of these
systems enables molecular and nanometer scale manipu-
lation with the aim of engineering useful and novel prop-
erties. Examples of applications include responsive bio-
materials in tissue repair, e.g., “smart hydrogel scaffolds”
for tissue engineering, medical implants for diagnosis and
therapy, and in-vivo drug-delivery.

The main focus of our research is on the roles that
nanoscale structures and interactions play in determin-
ing the macroscopic properties of polyelectrolyte gels.
In hydrogels different kind of interactions (electrostatic,
van der Waals, hydrophobic interactions, hydrogen bond-
ing, etc.) play a role in driving the formation of complex
hierarchical structures. These interactions are governed
by a combination of structural properties at the micro-
and nanoscale as well as by macroscopic physical param-
eters such as ionic strength and solvent quality. It is well
known that many natural and synthetic polyelectrolytes
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(e.g., DNA, polyacrylic acid) exhibit a strong sensitivity
to ionic strength and, in particular, to counterion valence.
Changes in the ionic environment impact the structure and
dynamic properties of these polymers and, at high ionic
strength lead to their precipitation. The complexity of the
behavior of charged macromolecular systems necessitates
an investigation of the structure and physical properties
on all length scales from the atomic to the macroscopic
level. Small-angle neutron scattering (SANS) and small-
angle X-ray scattering (SAXS) are well-suited methods
for such studies since enhanced spatial resolution is cru-
cial. These techniques allow us to investigate biopoly-
mer molecules and assemblies in their natural environment
and to correlate the changes in environmental conditions
(e.g., ionic composition, solvent quality) with physical
properties.

We developed a multiscale approach to examine the
structural hierarchy, phase behavior and equilibrium prop-
erties of polymer gels. In the present work we re-
port SANS measurements that probe the structure over
a wide range of length scales (1-500 nm) and provide in-
sight into the hierarchical organization of polymer gels.
A comparison is made between the main structural fea-
tures of a synthetic (polyacrylic acid sodium salt) (PAA)
and a biopolymer (DNA) gel. Osmotic swelling pres-
sure measurements and shear modulus measurements
are used to determine the macroscopic properties of the
same gels.

Theory

The total free energy change, AF, associated with the
swelling of a covalently cross-linked polymer network can
be given as a sum of three terms [1]

AF = AFpmix+ AFe + AFion (D

where A Fpix is the mixing, A Fy is the elastic, and A Figy
is the ionic contribution of the free energy.

In weakly cross-linked gels the elastic contribution can
be approximated by the Gaussian theory of rubber elastic-
ity [1-3]. In polyelectrolyte gels, in the presence of large
amount of added salt, the electrostatic interactions are
screened, and the ionic term is not expected to play a sig-
nificant role. However, ionic interactions may modify the
mixing free energy contribution. For neutral polymer gels
the mixing pressure can be given by the Flory—Huggins
theory [1], based on the lattice model of polymer solutions

1 0A Fiix

Iyix =
v on

= - o [ln(1—¢)+¢>+x0<p +X1<P] , 2)

where ¢ is the volume fraction of the polymer, v is the
molar volume of the solvent, n; is the number of the moles

of the solvent, R is the gas constant, 7 is the absolute tem-
perature, and xo and x; are constants that depend on the
polymer—solvent interactions.

The neutron scattering intensity of a neutral semi-dilute
polymer solution can be described by a Lorentzian func-
tion [4]

I(q) = ; 3)

(1+4%€?)
where A is a constant, £ is the polymer—polymer correla-
tion length, and ¢ is the scattering vector.

The scattering intensity from gels contains another
contribution due to structural features frozen in by the
cross-links [4—6]. Thus, the gel signal is given by

A
I(q) = +B(q) . “4)
(1+4%¢%)
where the functional form of the second term is defined by
the details of the gel structure.

Experimental
Gel Preparation

Polyacrylic acid (PAA) gels were prepared by free-
radical polymerization in aqueous solution from par-
tially neutralized acrylic acid monomers at 30% (w/w)
monomer concentration in the presence of 0.3% N,N’-
methylenebis(acrylamide) cross-linker as described previ-
ously [7]. After gelation the remaining acrylic acid units
were neutralized by 0.1 M NaOH solution.

DNA gels were made from deoxyribonucleic acid
sodium salt (Sigma). The molecular weight determined by
ultracentrifugation was 1.3 x 10% Da. DNA gels were pre-
pared [8] from a 3% (w/w) solution by cross-linking with
ethyleneglycol diglycidyl ether at pH = 9.0 using TEMED
to adjust the pH.

Both PAA and DNA gels were swollen in NaCl solu-
tion, and then the concentration of the CaCl, in the sur-
rounding NaCl solution was gradually increased.

Small-angle Neutron Scattering

SANS measurements were made on gels using the NG3
instrument [9] at the National Institute of Standards
and Technology (NIST, Gaithersburg MD). Gel sam-
ples were placed into standard NIST sample cells. The
sample cell consisted of 1 mm thick quartz windows
separated by a 2mm thick spacer. The ¢ range ex-
plored was 0.003 A-l< qg<0.2 A1 and counting times
from twenty minutes to two hours were used. DoO was
the solvent. After radial averaging, detector response
and cell window scattering were applied. The neutron
scattering intensities were calibrated using absolute in-
tensity standards. All experiments were carried out at
25+0.1°C.
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Swelling Pressure and Elastic Modulus Measurements

Swelling pressure measurements were made by equilibrat-
ing the gels with aqueous solutions of poly(vinyl pyrrol-
idone) (My = 29 kDa) of known osmotic pressure [10, 11].
The penetration of the polymer into the swollen network
was prevented by a semipermeable membrane.

Elastic (shear) modulus measurements were carried out
on cylindrical gel samples using a TA.XT2I HR Texture
Analyser (Stable Micro Systems, UK). Swollen networks
were uniaxially compressed (at constant volume) between
two parallel flat plates. The stress-strain isotherms were
determined in the range of the deformation ratio 0.7 <
A< 1.

The data were analyzed using the relation [2]
o=G(a-47), 5)
where G is the shear modulus and o is the nominal stress
(related to the undeformed cross-section of the gel cylin-
der). The absence of volume change and barrel distortion
was checked by measuring the dimensions of the deformed
and undeformed gel cylinders.

Results and Discussion

Small-Angle Neutron Scattering Measurements

Figure 1 shows the SANS spectra of DNA and PAA gels
(inset) measured in D, O at different NaCl concentrations.
All the spectra exhibit two common features: low-g clus-
tering and high-g solvation. The upturn in /(g) at approxi-
mately g < 0.01 A~! indicates domain formation generally
observed in polyelectrolyte solutions [12—14]. The size of
the clusters exceeds the resolution of the SANS experiment.
Solvation is governed by the thermodynamic interactions
between the polymer and the solvent molecules [15].
In the salt-free solutions the scattering curves for both gels
exhibit a distinct correlation peak at a finite value of ¢,
a behavior typical of weak polyelectrolyte systems. In the
DNA gel the peak occurs at go ~ 0.07 A~! correspond-
ing to an average distance of dy = 27/qgo ~ 90 A between
the charged domains. In the PAA gel the polyelectrolyte
peak is not well resolved from the low-g clustering feature.
In salt solutions ions screen the charges, and the poly-
electrolyte peak position is shifted towards lower values
of g. In the DNA gel the correlation peak moves from
go ~ 0.07 A=! (without salt) to g, ~ 0.04 A~ (in 10mM
NaCl solution) indicating that the size of the charged do-
mains increases by roughly 80%. In 40 mM NaCl solution
the polyelectrolyte peak has completely disappeared and
the curve only exhibits a shoulder at g & 0.04.

The SANS data can be analyzed using a simple equa-
tion that reproduces the main characteristic features of the
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Fig.1 SANS intensity from DNA gels in equilibrium with D,O
solutions containing NaCl (0, 10 and 40 mM) and NaCl + CaCl,
(40 mM NaCl + 0.2 mM CaCly). The inset shows the SANS spec-
tra of PAA gels in pure DO (lower curve) and in 100 mM NaCl (in
D20) (upper curve)

scattering curves [14, 15]

A B

+ +C (6)
1+lg—qol* €2 g™

I(q) =

In this equation g is the peak position. A, B, C and m
are constants. C is mostly due to incoherent “background”
scattering, which is independent of g. The dashed lines
show the fits of Eq. 6 to the SANS spectra. For small
values of ¢ (< 0.01 A=1) both DNA and PAA gels exhibit
a power law behavior with a slope —3.4 < m < —4, that
can be attributed to scattering from interfaces. Rough col-
loids give slopes between —3 and —4, whereas smooth
colloids give slope of —4 (Porod scattering) [16,17]. In
the intermediate g-range (0.01 A=! < ¢ < 0.08 A=) the
first term of Eq. 6 satisfactorily describes the experimen-
tal data. In the high g-region (¢ > 0.08 A=) the scattering
intensity is governed by the local geometry of the poly-
mer molecules. We note that small ions are not visible in
the SANS experiment; only their influence on the poly-
mer conformation and the thermodynamic properties of
the system is detectable.

The upper curve in Fig. 1 shows the SANS spectrum of
a DNA gel measured in 40 mM NaCl containing 0.2 mM
CaCl,. Ca/Na ion exchange modifies the electrostatic in-
teractions between the DNA strands and affects their or-
ganization. In the low-q region Ca ions only slightly in-
fluence the slope of the scattering curve. In gels covalent
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cross-links lead to a local decrease in chain mobility, and
prevent significant structural reorganization. At interme-
diate length scales the scattering intensity from the Ca-
containing gel significantly exceeds that from the other
three samples. The increase of intensity is consistent with
a system approaching phase separation. The present DNA
gel undergoes phase separation at approximately 0.3 mM
CaCl; concentration (in the surrounding 40 mM NaCl so-
lution). In the high-g region calcium ions do not influ-
ence the SANS signal, indicating that the chain geometry
(cross-section of the DNA molecule) remains unchanged.

Osmotic Pressure and Shear Modulus Measurements

In this section we focus on the macroscopic elastic and
osmotic properties of PAA and DNA gels, and relate the
macroscopic behavior to structural features identified by
SANS.

The dependence of the swelling degree (1/¢) on the
CaCl; concentration for DNA and PAA gels swollen in
10 mM NaCl solution is plotted in Fig. 2. With increas-
ing CaCl, concentration both systems display an abrupt
volume change. The sharp variation of the swelling de-
gree indicates that this transition is a highly cooperative
process.
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Fig.2 Dependence of the swelling degree of DNA and PAA gels on
the CaCl; concentration of the surrounding 10 mM NacCl solution.
Inset shows the variation of the osmotic pressure with the polymer
volume fraction for the same gels at three different calcium concen-
trations (DNA gels: ® 0 mM CaCl,, B 0.03 mM CaCl,, A 0.06 mM
CaCly; PAA gels: O 0mM CaCl,, O 0.1 mM CaClp, A 0.2 mM
CaClz)

Equation 1 predicts that the swelling pressure of the gel
I, is the sum of elastic ({1¢]), mixing ({1pix) and ionic
(ITjon) pressure contributions [1]

st =Hel+nmix+nion . (7)

In what follows we investigate the effect of ions on the
individual terms of Eq. 7.

The elastic contribution can be estimated from the
shear modulus G of the gel [2]

Mg= —G= —KRTvy" (8)

where v is the concentration of the elastic chains in the
swollen network, and K is a constant that depends on the
functionality of the cross-links. According to the classi-
cal theory of rubber elasticity the value of the exponent n
is 1/3[1,2].

The inset in Fig. 2 illustrates the dependence of the os-
motic pressure ITyix on the polymer volume fraction ¢ for
DNA (continuous curves) and PAA (dashed curves) gels.
Each data set was measured at constant CaCl, concen-
tration. The osmotic pressure gradually decreases as Ca
ions replace Na ions, which implies that the osmotic com-
pression modulus Ko (= ¢0dlly/0¢) also decreases with
increasing Ca concentration. The decrease in K is re-
flected by an increase in the SANS intensity (see Fig. 1).
We note that at the phase transition both scattering inten-
sity and correlation length (§) diverge.

Figures 3 and 4 show the variation of the shear modu-
lus as a function of the polymer volume fraction for PAA
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Fig.3 Variation of the shear modulus of PAA gels with the polymer
volume fraction in salt solutions containing 40 mM NaCl and dif-
ferent amounts of CaCl,. Dashed curve is a power law fit to Eq. 8
(n=0.34)
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NaCl and CaCl,. The dashed line through the 10 mM NaCl data is
a power law fit to Eq. 8 (n = 0.42)

and DNA gels swollen in NaCl solutions containing dif-
ferent amounts of CaCly. In PAA gels G is practically
independent of the ion concentration and ion valence, im-
plying that Ca ions do not form additional “cross-links”
between the negatively charged PAA chains. The dashed
curve through the experimental points is the fit of Eq. 8
to the data. The value 0.34 obtained for the exponent is
close to that predicted by the theory of rubber elasticity. In
DNA gels G is hardly affected by the NaCl concentration.
However, addition of Ca ions modifies G. It is well known
that dissolved DNA spontaneously forms liquid crystalline
regions (mesophases). SANS measurements show that Ca
ions only slightly affect the gel structure in the low-g re-
gion (see Fig. 1). Replacing Na with Ca ions reduces the
electrostatic repulsion between the charged domains pro-
ducing an increase in the elastic modulus. This is observed
at high DNA concentration where the elastic moduli of the
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Ca-containing gels exceed that of the Ca-free gels. How-
ever, at low DNA concentration the elastic modulus de-
creases with increasing Ca content. In highly swollen gels
the DNA-rich zones become separated by regions of lower
DNA concentration. The elastic modulus of such systems
is governed by the properties of the “soft” regions as indi-
cated by the decrease of G.

Conclusions

SANS and osmotic pressure measurements reveal similar-
ities between the structure and macroscopic properties of
PAA and DNA gels. In the absence of added salt the SANS
spectra of both systems exhibit a correlation peak which
progressively disappears as the salt (NaCl) concentration
increases at constant polymer concentration. The data also
show that on addition of salt the position of the correlation
peak shifts to the lower g-region.

Ca ions reduce the osmotic swelling pressure and in-
duce volume transition in both gel systems. Addition of
Ca ions enhances the scattering intensity as expected upon
approaching phase transition.

Shear modulus measurements reveal important differ-
ences between the elastic properties of PAA and DNA
gels. In PAA gels the shear modulus is practically indepen-
dent of the CaCl, concentration of the surrounding solu-
tion indicating that Ca ions do not form cross-links. The
shear modulus of Ca-containing DNA gels is smaller at
low DNA concentration, and greater at high DNA concen-
tration than that of the corresponding Ca-free DNA gels.

The results illustrate that changing the ionic environ-
ment in polyelectrolyte gels allows us to modify the or-
ganization of the polymer segments at the nanoscale level
without significantly influencing the network structure at
larger length scales.
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Energy Transfer from CdSe/ZnS Nanocrystals
to Zinc-Phthalocyanine for Advanced Photon
Harvesting in Organic Photovoltaics

Abstract Due to the limited spectral
width of absorption in organic

dyes, it is necessary to look for
strategies to enhance the spectral
photon harvesting in organic solar
cells. Investigations of the energy
transfer between zinc-phthalocyanine
(ZnPc) and CdSe/ZnS core shell
nanocrystals are performed and show
a highly efficient energy transfer

and no sign of a competing charge
transfer mechanism. The dependence
of the energy transfer efficiency on
the length of the alkyl spacers around
the nanoparticles is investigated.

The integration of semiconductor
nanoparticles into a photodiode based
on ZnPc yields increased sensitivity
of the device in the green spectral
range.

Keywords Energy transfer -
Organic solar cells - Phthalocanine -
Semiconductor nanocrystals

The large scale availability of organic semiconductors now
enables technological photonic applications such as or-
ganic light emitting diodes (OLEDs) and organic solar
cells [1-3]. One of the most attractive properties of or-
ganic semiconductors is the possibility to combine and
chemically alter the materials to fit a specific application.

Another material class allowing precise tailoring of op-
tical and electronical properties are colloidal semiconduc-
tor nanomaterials. They exhibit strong optical absorption
and high photoluminescence yield as well as solution pro-
cessability. These properties can be tuned by changing the
material, the size and the shape of the nanocrystals [4, 5].
The chemical properties of these nanoparticles are mostly
determined by a shell of organic ligands that provide good
compatibility with organic solvents and organic semicon-
ductor matrices.

In bulk heterojunction organic solar cells, a solid state
blend of a donor and an acceptor material is used, be-
tween which an ultrafast photoinduced charge transfer
mechanism takes place. This photoinduced charge trans-
fer facilitates the separation of excitations into free charge

carriers [6]. Both materials are usually active in charge
transfer and charge transport and at least one of the ma-
terials has to be highly absorptive in the spectral range of
the solar irradiation (chromophore). Especially a high ab-
sorption in a broad spectral region requires thick layers,
but then the charge transport is likely to limit the solar
cell performance. Since the mobilities are on the order
of u~ 1072-10"%cm? V! s7!, the thickness is usually
limited to around 100 nm.

Advanced photon harvesting concepts in which light
absorption is separated from the materials providing
charge generation and transport can overcome this prob-
lem. Resonant energy transfer from antenna molecules
onto the photoactive components can play a major role
in those concepts. Especially the long range energy trans-
fer mechanism as described by the Forster theory [7] is
applicable to funnel photon energy from light absorb-
ing antenna materials onto the electrically active species.
Exactly this strategy is implemented in natural photo-
synthesis systems using antenna molecules to absorb and
funnel the energy into the photosynthetic reaction cen-
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Fig.1 Absorption spectra of a thin film of ZnPc (solid line),
together with the photoluminescence (dashed) and photolumines-
cence excitation (dash-dotted) spectra of the CdSe/ZnS nanocrys-
tals showing the possibility of energy transfer from the nanocrystals
to the ZnPc due to the overlap between nanoparticle emission with
the ZnPc absorption. Inset: the chemical structure of ZnPc

ter. Several reports exist in the literature using different
approaches to combine energy transfer systems with pho-
toinduced charge transfer [8—10] or to directly use natural
photosynthetic complexes [11] in a solar cell.

Zinc-phthalocyanine (ZnPc) as photoinduced electron
donor molecules can provide power conversion efficien-
cies above 3% in combination with Cgo fullerene as an
electron acceptor [12—14]. ZnPc forms polycrystalline
films upon vacuum evaporation which are semiconduct-
ing with strong absorption bands around 400 nm and be-
tween 600 and 800 nm. This material has an absorption
lack around 500 nm (Fig. 1). Therefore, antenna systems
absorbing wavelengths around 500 nm are fitting to this
absorption profile of ZnPc.

As a photon harvesting antenna system, we use CdSe/
ZnS nanocrystals with a high absorption cross section in
the desired wavelength range as well as a strong lumi-
nescence above 600 nm, required for the energy transfer
to the ZnPc. A second advantage is the organic ligand
shell around the nanocrystals, electrically insulating them
from the surrounding matrix. This ensures that the leading
mechanism between the nanoparticles and the surrounding
ZnPc matrix is energy transfer and not the charge trans-
fer [16]. Charge transfer is not desirable, as the transport
of the charges remaining on the nanocrystals is usually un-
favourable.

In this work, we use steady state absorption and fluo-
rescence spectroscopy to study the interaction between the
two species. The nanoparticle ligands are altered to probe
the dependence of the transfer efficiency on the distance
between donor particle and acceptor matrix. Photodiodes
with and without an intermediate nanoparticle layer are

compared and a significant spectral sensitization around
500 nm is observed.

The CdSe/ZnS nanocrystals were purchased as solution
in toluene from NN-labs Inc. (www.nn-labs.com). Nom-
inal diameter of the particles is 3.0 nm and the emission
maximum in solution is at 605 nm. The CdSe core is epi-
taxially coated alternately with zinc (4 layers) and sul-
phur (3 layers) to passify surface states. The PL quantum
yield in solution is approximately 40%. The original oc-
tadecylamine (ODA) ligands providing solubility were ex-
changed with a standard ligand exchange procedure [14] to
n-alkanethiols of different length: n = 18 (T18), 16 (T16),
12 (T12), 9 (T9), 6 (T6).

Absorption spectra were taken with a Varian Cary 3G
UV-Vis Spectrophotometer. The luminescence of the films
was measured with a M.U.T “Tristan light” fiber spectrom-
eter using a Coherent “Innova 400” Ar*-laser as 514 nm
excitation source.

The energy transfer samples were produced by ther-
mally evaporating 20nm of ZnPc in high vacuum
(p < 107> mbar) onto a clean glass slide, followed by
dropcasting of approximately 30 pl solution of T12-coated
nanocrystals and subsequent evaporation of another 20 nm
thick film of ZnPc. A 40 nm thick film of ZnPc was evapo-
rated under the same conditions onto a clean glass slide as
reference.

The scattered nanoparticle samples were prepared
by putting one drop of a solution of 2mg nanoparti-
cles (T18, T16, T12, T9 or T6) in 1 ml of toluene onto
a clean glass slide (1.5 x 1.5 cm?) rotating at 6000 rpm.
Subsequently, on one half of the glass slide, a layer of
20nm ZnPc is thermally evaporated in high vacuum.
The quenching ratio was determined by averaging the
nanoparticle photoluminescence of 5 points each on the
parts of the glass slides with and without covering of
ZnPc. The luminescence of the nanoparticles did not
change significantly during several repetitions of the ex-
periment independent of the coverage with ZnPc. Spin-
coating the nanoparticles on top of a ZnPc film yielded
similar quenching ratios, indicating that the deposition of
ZnPc onto the nanoparticles does not alter the intrinsic PL
efficiency.

The photodiodes were prepared by spincoating a layer
of PEDOT:PSS (Baytron PH) onto an ITO-covered glass
slide. These substrates were coated with a layer of 40 nm
ZnPc by thermal evaporation in high vacuum. On some
samples, approximately 25 ul of T12 coated nanoparticle
solution was dropcast. Then another 20 nm of ZnPc and
75 nm Al were evaporated to finish the diode structure.
Charge separation in this photodiodes is not very efficient,
but yields enough photocurrent to record the spectrally re-
solved photocurrent.

The Incident Photon to Collected Electron conversion
efficiency spectra (IPCE) were measured by illuminating
the active area of the samples with monochromatised and
chopped light from a tungsten halogen lamp. The resulting
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Fig.2 a Photoluminescence spectra of a dropcast film of nanocrystals (dotted line 5x), a 40 nm thick evaporated film of ZnPc (dashed
line 10x) and a 40 nm thick evaporated film of ZnPc with nanocrystals dropcast after 20 nm. Strong quenching of the nanocrystal lumi-
nescence and a significant increase of the ZnPc luminescence indicates efficient energy transfer. b Stern—Volmer plot of the quenching of
the nanoparticle luminescence by addition of ZnPc molecules into the nanoparticle solution

modulated photocurrent is recorded by a lock-in amplifier.
The lamp power is recorded with a silicon diode powerme-
ter (Thorlabs PM100) and is between 3-20 wW over the
measured spectral range.

In Fig. 1, the extinction spectra of thin films of ZnPc
on glass can be seen as well as the photoluminescence and
photoluminescence excitation spectra of thin nanoparticle
films. The absorption spectrum of the evaporated film of
ZnPc (solid line) measured against a clean glass slide as
reference shows a strongly broadened Q-band in the red
and near infrared part of the spectrum. This is due to a 7—m
interaction of the ZnPc molecules in a close packed film
that leads to a Davydov splitting and broadening of the ab-
sorption peak. The antireflection effect of the thin ZnPc
film on the glass slide leads to the negative values for the
extinction around 470 nm.

The nanoparticle films (dashed line) show a very strong
and narrow luminescence centered at 605 nm with a pho-
toluminescence excitation spectrum extending in the blue
region of the spectrum. Noticeable is the strong overlap
of the nanoparticle luminescence with the ZnPc absorp-
tion, a prerequisite for efficient resonant energy transfer.
The nanoparticle films can be efficiently excited in the
range of low absorption of the ZnPc, as can be seen in
the photoluminescence excitation spectra of the nanoparti-
cles.

In order to quantify the possible resonant energy trans-
fer interaction between the molecules, a quenching experi-
ment was performed in dilute solution. The photolumi-
nescence of a nanoparticle solution was monitored during
the stepwise addition of small amounts of ZnPc. A linear
increase of the inverse luminescence intensity change on
the molar concentration of the ZnPc is observed (Fig. 2b),
indicating quenching according to the Stern—Volmer for-

malism. The quenching rate kq can be thus obtained via the
gradient of the inverse luminescence intensity Kg, with the
Stern—Volmer formula

st:quTF-

The resulting quenching rate constant calculates to around
108 s, with the measured nanoparticle luminescence life-
time 7 of about 7 ns (amplitue averaged) and a calculated
nanoparticle molar mass of 75 x 103 g/mol. Therefore, an
efficient quenching process has to be present in the system.

Thermally evaporated films of ZnPc, such as used
in the fabrication of organic solar cells, show packing
induced intermolecular w—m-interactions which strongly
quench the ZnPc luminescence, as radiative transitions
from the lower Davydov-level are forbidden. The weak
luminescence of a 40 nm thick film of evaporated ZnPc
is broadened and featureless, as can be seen in Fig. 2a
(dashed line, magnified 10x). After the addition of
nanoparticles to the film, the luminescence signal (solid
line) of the ZnPc in the range of 800 nm increases by
a factor of approximately 15, indicating a transfer of en-
ergy from the nanoparticles to the ZnPc. The nanoparticles
show a much higher absorption at the excitation wave-
length of 514 nm than the pure ZnPc layer. At the same
time, the luminescence of the nanoparticles is consider-
ably quenched as compared to a layer of similar thickness
deposited on clean glass (dotted line, divided by 5). The
increase of luminescence in the ZnPc-layer is a strong
indication that there is a resonant energy transfer rather
than charge transfer occuring between the ZnPc and the
nanoparticles.

Another way of identifying and quantifying resonant
energy transfer is to study the dependence of the donor lu-
minescence quenching on the thickness of the insulating
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shell between donor and acceptor matrix. For this reason,
nanoparticles are scattered from dilute solution on a glass
substrate with subsequent evaporation of ZnPc. Thus we
can make sure that almost all of the nanoparticles are in
close contact with ZnPc molecules held at a distance by the
ligand shell. As expected, the nanoparticle luminescence is
strongly quenched (Fig. 3a).

The inset of Fig.3b shows the dependence of the
nanoparticle luminescence quenching ratio on the length
of the ligands covering the particles, assuming they are
tightly packed and therefore fully elongated. 514 nm laser
excitation leads to a strong photoluminescence signal of
the nanoparticles which then is significantly quenched in
the presence of ZnPc on top of the nanoparticles. As ex-
pected, the quenching ratio increases with smaller shell
thickness, but saturates at spacer lengths of less than 1 nm.
The quenching ratio is then over 400 : 1.

The donor—acceptor distance dependence of the energy
transfer probability according to Forster’s theory can be
described by the following formula

1

1+(,’§0)6

Ro, the so-called Forster radius, is the donor—acceptor dis-
tance at which the transfer probability is 50%. In well-
tuned energy transfer systems it can reach values of around
5 nm.

Comparing calculations according to Forster’s theory
with the measured data, we can roughly estimate an effect-
ive Forster radius between 3 and 5 nm. Figure 3b shows
the data points together with the calculated behaviour for
a Forster radius of 3.6 nm (solid line, best fit) as well as 3.0
and 5.0 nm (dashed lines).
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Charge transfer between the compounds therefore
seems unlikely, because an overlap of the wavefunctions
is required [16]; calculations show that in a model system
of two conjugated polymers only at donor-acceptor dis-
tances much less than 1 nm efficient charge transfer can be
expected [17].

Figure 4a shows the incident photon to electron con-
version efficiency (IPCE) versus the wavelength of the
incident light of a ZnPc photodiode with (solid line) and
without (dashed line) nanocrystals deposited into the ZnPc
layer normalized to the peak efficiency at 635 nm. The in-
troduction of the nanoparticles into the active layer of the
photodiode shows a distinst sensitization of the photocur-
rent generation in the spetral range of low ZnPc absorption
around 500 nm. Above 580 nm, the nanoparticles do not
absorb any light and the IPCE spectrum of both samples
shows the same shape.

The absolute values of the IPCE shown in Fig. 4b
indicate that the overall conversion efficiency is decreas-
ing, most probably due to the hindered transport in the
ZnPc film with interspersed nanocrystals. Around 500 nm
though, a significant increase of the absolute quantum ef-
ficiency values can be observed due to the absorption of
the nanocrystals with subsequent energy transfer to the
ZnPc. The difference between the conversion spectra of
photodiodes with and without nanoparticles resembles the
nanoparticle excitation spectrum plotted in Fig. 1, with
a decrease in the area of strong absorption in the ZnPc.
There, a competition takes place between the absorption in
the ZnPc and direct charge generation and the absorption in
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the nanoparticles and subsequent energy transfer. The sec-
ond process is less efficient, as it only introduces a further
step. So an enhancement of the conversion efficiency can
only be expected where the absorption in the nanoparticle
layer significantly exceeds the absorption in the ZnPc layer.

We investigate the photophysical interactions between
zinc-phthalocyanine and CdSe/ZnS nanocrystals. Photolu-
minescence measurements on thin ZnPc films with and
without added nanocrystals indicate that resonant energy
transfer is taking place. Further quantification of the res-
onant energy transfer is performed by changing the thick-
ness of the shell of organic ligands around the nanoparti-
cles. The luminescence is quenched very efficiently even
with a nearly 2 nm thick shell. This indicates long range
resonant energy transfer as quenching mechanism. We
conclude that for photon harvesting purposes, usual ligand
shell thicknesses between 1 and 2 nm will not reduce the
efficiency of the energy transfer to the matrix significantly.

ZnPc photodiodes show a significant change of the
IPCE spectrum upon addition of nanocrystals into the active
layer. An increase of the quantum efficiency in the range
of 500 nm is observed where there is a low absorption of
the ZnPc but a strong absorption of the nanoparticles. Fur-
ther work will have to be put in the device design to allow
the nanoscale integration of the photon harvesting structure
without deterioration of the charge transport processes [18].
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Abstract In TiO;-based photo-
catalytic degradation of an anionic
detergent (lauryl benzenesulfonate)
initial pH of 5.0 proved to be most
appropriate for high efficiency of
surfactant conversion, although lower
pHs were more favorable for the ad-
sorption on the surface of the catalyst.
A catalyst concentration of 1 gdm ™3
was optimum for the mineralization
of this pollutant. After decreasing the
surfactant concentration below the
limit of foaming in a closed photo-
reactor utilizing H,O» as electron
acceptor, total mineralization of

the pollutant could be achieved by

a longer-time irradiation in a second,

of the photocatalyst proved to be
constant even after several reusages.
The temperature increase promoted
the photoassisted degradation of the
anionic detergent in the range of
20-50 °C measured in a home-built
pilot equipment. The progress of
mineralization became faster only
after the conversion of surfactant
reached 80-85%. There was found
an optimum concentration of the
oxidizer, HyO,, above which the
efficiency of degradation could not
be significantly enhanced.
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Introduction

A significant part of the man-made pollutants getting into
our natural environment is toxic and/or biologically non-
degradable. Some of these materials upset the balance
of the biosphere in the soils and natural waters, or spoil
the resources of drinking water [1]. Generally, microor-
ganisms relatively fast destroy natural, organic materials,
with rather few exceptions. The situation, however, is quite
different in the case of numerous synthetic organic com-
pounds. Besides, also organic pollutants of natural origin
(such as proteins) may cause serious environmental prob-
lems if their concentration is too high to be degraded in
wastewater plants within a reasonable period of time.
Photocatalytic methods have been proved to offer effi-
cient solutions for treatment of waters contaminated with
organic and inorganic pollutants [2—7]. For example, a var-
iety of pesticides can be completely mineralized by photo-

air-bubbled reactor. The activity
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catalytic procedures [8]. One of the most promising type
of these procedures is based on photoactive semiconduc-
tors. The most frequently applied semiconducting mate-
rial for photocatalytic purposes is titanium dioxide [9—-13].
The combination of the TiO;-based photocatalysis with
sonolysis proved to be a promising technique too for min-
eralization of organic pollutants [14]. TiO;-mediated pho-
todegradation was also applied for decomposition of var-
ious amino acids [15-17]. Similarly, oil spills could be
successfully treated by photoassisted oxidation utilizing ti-
tanium dioxide and solar energy [18].

Several detergents belong to the pollutants of our en-
vironment because of their industrial and domestic use.
Although these compounds are not directly toxic, they hin-
der both the dissolution of atmospheric oxygen into natural
waters and the sedimentation of floating particles. In alkyl-
sulfonic acids a sulfonate group serves as the hydrophilic
part. Until the early 1960s, alkyl benzene sulphonates
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were the most common surfactants used. Since these com-
pounds were, however, very slowly biodegradable, due to
their branched-chain structure, they were replaced by lin-
ear alkyl sulfonates [19].

TiOz-mediated photocatalysis proved to be an ef-
ficient and simple method also for surfactant decon-
tamination [20-26]. In this work we have studied the
TiO,-based photoassisted degradation of lauryl benzene-
sulfonate (LAS, as a linear alkyl sulfonate) in both
laboratory-scale reactors and a pilot equipment. The ef-
fects of pH, catalyst and oxidizer concentrations on the ef-
ficiency of decomposition were investigated. The reusage
of the catalyst was also realized.

Experimental Sections
Materials

The titanium dioxide sample used in all experiments was
Degussa P25 (70% anatase, 30% rutile; with a surface
area of 50m? g~!). The initial pH of the reaction mix-
ture was adjusted using HySO4 and NaOH of pure reagent
grade. Sodium lauryl benzenesulfonate (LAS) of same pu-
rity was purchased from Aldrich. The other materials, such
as methylene blue or chloroform were also reagent grade.
H,0, as an oxidizer was introduced into the reaction mix-
tures from 30% stock solution. The high purity water used
in the experiments was double distilled and then purified
with the Milli-Q system.

Photoreactors and Photocatalytic Experiments

Photochemical experiments were Eerformed using both
laboratory-scale reactors with 3 dm” effective volume and
a 200-dm?> reactor in a pilot equipment (all were home-
built). In one of the laboratory-scale reactors, the heteroge-
neous reaction mixture (TiO; suspension) was circulated
by continuously fed air with a flow rate of 40dm>h~!
and described in a previous paper [10]. Beside stirring,
air also served as electron acceptor (i.e., oxidizer) as well.
The photon flux of the internal light source (40 W, Aax =
350 nm) was determined by tris(oxalato)ferrate(Ill) chem-
ical actinometer. It was estimated to be 1.45 x 107> ein-
stein s~

In the first stage of photocatalytic degradation of sur-
factants, however, air-bubbling cannot be used for intro-
ducing oxygen as electron acceptor in this system be-
cause of the strong foaming. Instead, addition of hydrogen
peroxide was applied for this purpose in another, closed
3-dm?3 reactor, in which reaction mixture was circulated by
a liquid pump.

For larger-scale experiments, a 200-dm> closed, ther-
mostated reactor was used, as a part of a home-developed
pilot equipment containing a 3-stage reactor cascade
(1 pumped and 2 air-bubbled reactors) [27]. In such a re-
actor, 31 light tubes with emission properties similar to
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those of the light source in the laboratory-scale reactors
were applied for irradiation. Hydrogen peroxide solution
(30%) was continuously introduced with an appropriate
liquid pump of variable rate.

Analytical Procedures

For analyses, 4 cm® samples were taken from the reactors
through a septum with a syringe. The solid phase of sam-
ples, when necessary, was separated by centrifugation and
subsequent filtration using Millipore Millex-LCR PTFE
0.45 pm.

The concentration of lauryl benzenesulfonate was pho-
tometrically determined. 0.2 cm?® of the sample was di-
luted by distilled water up to 100 cm>. 25 cm® were added
to the diluted sample from the following solution. 30 cm?
of a 1 gdm™3 methylene blue aqueous solution, 6.8 cm? cc
H»>SO4 and 50 g NaHPO4 - H>O were mixed and diluted
by distilled water to 1 dm>. 10 cm® chloroform was also
added to this mixture. Methylene blue and lauryl benzene-
sulfonate form a complex, which dissolves in chloroform
(organic phase). After the extraction, the absorbance of the
organic phase was measured at 652 nm in a 0.5-cm quartz
cell.

The absorption spectra were recorded on a Specord S
100 diode array spectrophotometer, using 1-cm quartz cu-
vettes. Mineralization was followed by measuring the total
organic carbon (TOC) concentration, utilizing a Thermo
Electron Corporation TOC TN 1200 apparatus. Chemical
oxygen demand (COD) was determined by dichromate
method.

Results and Discussion

Adsorption of Anionic Detergent on the Surface of TiO;
Catalyst

Earlier results clearly indicated that adsorption of the sub-
strate on the surface of the catalyst is one of the cru-
cial properties detetermining the efficiency of the photoas-
sisted degradation [28,29]. The surfactant to be degraded
is negatively charged, hence its adsorption on the catalyst
particulates may significantly depend on the pH affecting
their surface charge. The pHy,c for TiO; is about 6.5 (for
anatase [30]). Above this value the surface of the cata-
lyst is negatively charged, which hinders the adsorption of
the anionic detergent. On the other hand, lower pH values
may considerably promote the adsorption of these species
on the oppositely charged surface of TiO; particulates
as Fig. 1 unambiguously demonstrates. The adsorption %
vs. pH plot shows a monotonous decrease from 33.8% at
pH =2 down to 4.2% at pH = 10. According to this ob-
servation, lower values of pH (i.e., acidic condition) are
favorable for the adsorption and, thus, for the degradation
of anionic surfactants. However, other factors in the photo-
catalytic system may also pH dependent, besides, the cost
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Fig.1 The pH effect on the adsorption of lauryl benzenesul-
fonate on TiO; particulates in aqueous suspension (1 gdm™3 TiO,,
300 mgdm~3 LAS)

of the adjustment of the initial pH should be taken into
consideration too.

The time factor may also play a significant role in the
case of adsorption, i.e., how fast can be reached the adsorp-
tion equilibrium in this system under continuous stirring.
As our experimental results showed, the equilibrium state
in this system was reached within 20 min. This observation
suggests that the system during the longer-time irradiation
is always close to equilibrium in the respect of adsorption,
which is favorable for the degradation of the surfactant.

Photoassisted Degradation of the Anionic Surfactant

Experiments at Lower Concentration of Surfactant. In
order to follow the progress of the conversion of the
detergent during the irradiatiation, a spectrophotometric
method was utilized after an extraction step. A compari-
son was made for studying how the adsorption affects the
results of this analysis. The samples taken during the pho-
tolysis were divided into two parts. One part was extracted
after removal of the TiO; catalyst by centrifugation and
filtration, while in the case of the other part directly the
suspension was treated by extraction. Thus, in the previous
case, the concentration of the unconverted detergent was
lower by the amount of the tensid adsorbed. As Fig. 2 indi-
cates, at higher concentrations of the detergent, especially
in the beginning of the irradiation, the difference between
the results of the two methods is very significant. Later on,
however, at concentrations less than 50 mg dm ™3, this de-
viation is negligible, even at pH = 2.5. Thus, below this
concentration value removal of the colloidal catalyst is
superfluous during the preparation of the samples.

During the preliminary experiments, at pH = 2.5
300 mgdm~3 surfactant with 1 gdm™3 TiO, was irradi-
ated. In the beginning of the photolysis 30 cm? 30% H,0,
was given to the 3-dm?3 reaction mixture, then 10-10 cm’
in every 15-min interval (altogether 220 cm?). As shown in
Fig. 3 (plot a) after a 6-h irradiation the conversion of the
detergent is almost 100% (the rest of it is 1.30 mg dm—3).
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Fig.2 The change of the surfactant concentration during the ir-
radiation of the TiO; suspension, measured with (O) and without
(®) removal of the colloidal catalyst (pH = 2.5, 1 gdm™3 TiO,,
300 mgdm~3 LAS)

For sake of saving acid, it was checked on if higher pH
(pH = 4.0) is enough for a similar efficiency. As Fig. 3
(plot b) indicates, also in this case the conversion is prac-
tically 100% (the rest is 1.50 mgdm™3). This can be
explained by the significant pH decrease during the pho-
tolysis, reaching the value of 3.0 till the end of the 6-h
reaction time. The considerable pH decrease can be at-
tributed to the formation of proton in the oxidation process

—CHy—+6h* +2H,0 — CO, +6H™T,

where —CHj— designates one unit of the reducing hydro-
carbon chain of the surfactant, while h™ represent pho-
togenerated hole. The effect of the decreasing pH partly
compensates the moderately diminished adsorption in the
initial period of the photocatalysis.

Also for sake of saving the oxidative agent, H,O,, an-
other experiment was carried out at pH = 4.0. In this case
no HyO; was initially added. Thus, the conversion of the
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Fig.3 The change of the surfactant concentration during the
irradiation of the TiO; suspensions of various compositions:
(a) pH=2.5, 220cm’® H,0,; (b) pH=4.0, 220cm® Hy0,; (c)
pH = 4.0, 40 cm® H,0,; (d) pH =5.0, 50cm® H,0, (1 gdm™3
TiO», 300 mgdm~—3 LAS)
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detergent significantly slowed down after 60 min. Hence,
30 cm® H>O, was added at this point, than 10 cm? at the
260th minute (Fig. 3, plot c). Thus, it was managed to
reach the oxidation efficiency of the previous experiment
(using more Hy0»).

In order to decrease the acid consumption, experiment
was carried out also at initial pH of 5.0. A similarly good
result was observed as in the case of pH = 4.0 (Fig. 3,
plot d). It can be partly attributed to the gradual pH de-
crease during the progress of the photoassisted oxidation
of the anionic detergent.

As the comparison of the experiments at different pH
values indicates, the fastest conversion of the detergent
was observed at initial pH of 5.0. Thus, in the following
experiments 5.0 was adjusted as initial pH in the system
(for saving acid).

Experiments at Higher Concentration of Surfactant. Since
in industrial wastewaters anionic surfactants can exist also
at higher concentrations, experiments with solutions of
1.2 gdm™3 lauryl benzenesulfonate were also carried out.
In the first series of this type, initially 30 cm? 30% H,0,
was added, then at the 120th and 250th minutes additional
10-10 cm?.

As Fig. 4 shows, the photoassisted oxidation proved to
be efficient in this case too. After 300-min irradiation the
conversion was 98%, giving a rest of 20.9 mgdm~3 de-
tergent. In the reaction mixture, initially the foaming was
extremely strong, while after 4 h, it became almost neg-
ligible, giving a visual manifestation of the progress of
degradation.

At higher detergent concentration (1 gdm™3) it was
reasonable to study if an increase in the concentration
of the TiO; photocatalyst accelerates the degradation.
According to the data of Fig.5, neither 2gdm™> nor
5gdm™3 TiO, concentration gave better results than
1 gdm™3. In the later case HO, was only added in the
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Fig.4 The change of the surfactant concentration during the irradi-
ation of the TiO, suspension (pH = 5.0, 1 gdm_3 TiO,, 1¢g dm™3
LAS, 50 cm® H,0,, volume (in cm3) of addition is indicated in
squares)
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Fig.5 The change of the surfactant concentration during the irradi-
ation of the TiO, suspensions at different catalyst concentrations:
(©O) 1gdm™, (@ 2gdm™3, (A) 5gdm™ (pH=5.0, 1 gdm™>
LAS, 50 cm® H,0,)

75th minute, clearly indicating that the initial lack of H,O;
significantly hinders the reaction.

In the case of lgdm_3 TiO, concentration, the ef-
fect of a decrease in the amount of HyO, added was also
studied. Instead of addition of 30+ 10+ 10cm?® H,0,
154545 cm? Hy0,, were added. It was observed that for
the same conversion 2 h longer irradation was necessary
than with the bigger amount of HyO» added. (Fig. 6). The
spectral change in this case, after removal of the colloidal
catalyst, clearly demonstrates the progress of the detergent
conversion (Fig. 7). A characteristic bands gradually dis-
appeared, and the featureless spectrum of the very simple
intermediates of the mineralization remained.

A more concentrated sample with 2.2 gdm™> sur-
factant was also treated photocatalytically. In this case,
a longer irradiation time (8—9 h) and more added oxidant
(H,0,, 0.15 mol dm 3 total concentration) was necessary
to cease the foaming in this system. Continuing the irradi-
ation of the same reaction mixture (involving the totally
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Fig.6 The change of the surfactant concentration during the irradi-
ation of the TiO, suspension (pH = 5.0, 1 gdm_3 TiOy, 1¢g dm™3
LAS, 25 cm? H,0,, time and volume (in cm?) of addition is indi-
cated in squares)
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Fig.7 Spectral change during the irradiation of the TiO» suspen-
sion (pH=5.0, 1 gdm ™3 TiO,, 1 gdm™3 LAS, 25 cm?® H,0,) from
0 min (a) to 420 min (h)

converted detergent), after its transfer into the air-bubbled
reactor (i.e., in reactor 2), also the value of chemical
oxygen demand (COD) decreased further, indicating the
progress of mineralization of the pollutant. In Fig. 8 it
is unambiguously seen that in spite of the total conver-
sion of the detergent the COD value was still high even
after a 8-9-h irradiation in the second reactor. Thus, for
further decrease of COD, a longer photoassisted treat-
ment of the pollutant was necessary in the air-bubbled
reactor.

It can be established that even at relatively high con-
centration, the pollutant (surfactant) can be degraded in
two reactors. In the first (closed) one, where the circula-
tion of the reaction mixure is realized by a liquid pump,
using H,O» as electron acceptor, the concentration of the
rest of the surfactant can be diminished below the limit
of foaming (ca. 1 mgdm~3), making the application of
air-bubbled reactor possible. In the next stage, in the sec-
ond reactor, air is used for both continuous stirring and as
oxidant.
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Fig.8 The change of the chemical oxygen demand (COD) in
the TiO; suspension (pH = 5.0, 1 gdm_3 TiO,, 2.2 gdm_3 LAS,
0.15 M H>0) irradiated in both the closed and the air-bubbled (in-
dicated in the square) reactor

Reusage of the TiO, Catalyst

In the previous experiments in each case fresh (unused)
TiO; catalyst was applied. After the irradiations, the sus-
pended catalyst was removed by sedimentation and filtra-
tion. For decreasing the cost of the TiO, consumption and
for enviromental protection, it was also studied how effi-
ciently can function the already used catalyst in another
photoassisted treatment of the detergent. (If a two stage
experiment was carried out, the suspension was directly
transferred into the second reactor, without changing the
catalyst.)

For this experiment, as a comparison, a concentrated
sample of surfactant was used. The conditions were prac-
tically the same as in the previous experiments. As Fig. 9
shows, neither the previous usage of the catalyst nor the
decrease of the amount of oxidant added diminished sig-
nificantly the efficiency of the conversion of the anionic
detergent. The rate of the conversion in the first reactor,
however, was higher (but less than 10%), probably due to
the more peroxide added, at the end of the total irradi-
ation period (7-9 h) the extents of the degradation were the
same.

Experiments in Pilot Equipment

On the basis of the results regarding the 3-dm?> laboratory
scale reactor, a pilot equipment containing a 3-stage ther-
mostated photocatalytic reactor cascade was built. Each
reactor has an effective volume of 200 dm?, the irradition
of which serve 31 pieces of 40 W light tubes with the emis-
sion maximum at 350 nm. Similary to the laboratory scale
reactors, in the first reactor the TiO, suspension is circu-
lated by a liquid pump and H, O is the only oxidizer is the
system. The further experiments were carried out in this
reactor.
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Fig.9 The change of the surfactant concentration during the irradi-
ation of the TiO; suspension (pH=15.0,1¢g dm3 TiO», 1.6 g dm™3
LAS): (®) with fresh catalyst and 80 cm® H,0,, (O) with reused
catalyst and 50 cm’ H,O,
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Fig.10 The effect of temperature on the change of the surfac-
tant concentration during the irradiation of the TiO, suspension
in the pilot equipment (pH = 5.0, 1 gdm=3 TiO,, 1 gdm= LAS,
227 cm® h~! H,0,): (@) 20 °C, (O) 30°C, (4) 40 °C, (A) 50°C

Temperature Effect. The effect of the temperature on the
efficiency of the detergent degradation was studied in
this system. The range of 20-50°C was chosen, taking
the economic technological possibilities (low-cost cooling
or heating) into consideration. As it could be expected,
increasing the temperature, the conversion rate was en-
hanced (Fig. 10). At 50°C, within a 5-h irradiation time,
total conversion of the surfactant took place, while at 20 °C
not even an 8-h period of experiment was enough. Of
course, the progress of mineralization (the decrease of
TOC) is much slower than the conversion of the surfactant,
but the tendency regarding the temperature effect is the
same (Fig. 11). On the basic of these observations, 40 °C
was chosen for technological purpose, and thus, for the
further experiments.

It can also be seen that an intense decrease of TOC
begins only above 80—85% conversion of surfactant. This
indicates that in the first stage of the mechanism of the
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Fig. 11 The effect of temperature on the change of TOC during the
irradiation of the TiO; suspension in the pilot equipment (pH = 5.0,
1 gdm™3 TiO3, 1 gdm™3 LAS, 227 cm®> h~! H,0,): (®) 20°C, (O)
30°C, (A)40°C, () 50°C
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degradation the oxidation ceases the surface active prop-
erty of this pollutant, either removing the hydrophylic sul-
fonate “head” at the detergent or the hydrophobic “tail”
is converted to be polar. According to our independent
experiments with similar surfactants, desulfonation is the
predominant step in the first period of degradation, fol-
lowed by the oxidation and cleavage of the longer hydro-
carbon tails.

H>0; Effect. Also in this case the optimum amount of
H>O; to be added was determined. Similarly to the obser-
vation with the laboratory-scale experiments, there is no
mean increasing the oxidizer concentration above a certain
limit, because it results in no further increase in the degra-
dation efficiency, or the enhancement reached in this con-
centration range is not cost-effective any more. As Fig. 12
shows, the highest rate of peroxide addition (796 cm® h™!)
practically did not increase the conversion efficiency any
more compared to the effect of the lower rate the value of
which (378 cm® h™!) is less than half of the highest one ap-
plied. However, at lower values of rate the decrease in the
conversion efficiency is significant.

A somewhat different observation was made regard-
ing the TOC decrease in the same range of rate of HyO;
addition (Fig. 13). Since generally the progress of miner-
alization becomes stronger after the conversion of most of
the detergents, the effect of the oxidizer concentration can
only be experienced after 5—6 h of irradiation. Deviating
from this tendency, at the highest rate after one hour re-
action time a significant (and close to linear) progress of
mineralization can be observed.

However, above 5 h even at lower rate (378 cm®>h™—!)
a faster TOC decrease begins. This phenomenon confirms
that application of lower concentration of HyO» is enough
for an efficient degradation.
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Fig. 12 The effect of the rate of H,O; addition on the change of
the surfactant concentration during the irradiation of the TiO, sus-
pension in the pilot equipment (pH = 5.0, 1 gdm~3 TiO,, 1 gdm™>
LAS): (@) 98.6cm*h™!, (O) 227cm®*h™!, (&) 378 cm®*h™!, (A)
796 cm3 h~!
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Fig.13 The effect of the rate of HO, addition on the change
of TOC during the irradiation of the TiO, suspension in the pi-
lot equipment (pH = 5.0, 1gdm™ TiO,, 1gdm™3 LAS): (®)
98.6cm>h~!, (0) 227 cm>h™!, (A) 378 cm®*h~!, (A) 796 cm> h~!

TiOy Effect. Also in the pilot equipment was the effect
of the photocatalyst concentration on the degradation effi-
ciency studied. Somewhat deviating from the case of the
laboratory-scale reactor, in the pilot equipment the de-
tergent conversion did not depend on the TiO, concen-
tration, although in a narrower range of 0.5-2.0 gdm™>.
In the 200-dm’ reactor also the effect on the TOC de-
crease was measured. In this respect, i.e., regarding the
progress of mineralization, however, the TiO» concen-
tration of 1 gdm™> gave unambiguously the best results
(Fig. 14), in accordance with the previous observations in
other systems [28].

Conclusion

An anionic detergent (lauryl benzenesulfonate) was suc-
cessfully degraded by TiO;-based photocatalytic method.
Although low pH (2.0) proved to be most favorable for the
adsorption on the surface of the catalyst particulates, initial
pH of 5.0 was found to be appropriate because the photoas-
sisted redox reactions gradually decrease pH during the
irradiation, and the adsorption equilibrium is reached rela-
tively fast. On the other hand, at pH = 5.0 was the highest
effiency of the detergent conversion.
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A catalyst concentration of 1 gdm™3 proved to be most
favorable even at higher concentration of surfactant from
the viewpoints of both the conversion and the mineral-
ization (TOC decrease). After the concentration of the
rest of surfactant has been decreased below the limit of
foaming, air can be used for homogenizing the reaction
mixture and as oxidizer as well. Total mineralization of
the pollutants can be reached by a longer-time irradiation
in air-bubbled reactor. It has been proved that previously
used photocatalyst can be recycled, i.e., it provided as
good efficiency as the freshly used one did. The tem-
perature effect measured in the pilot system clearly in-
dicated that, as expected, the photoassisted degradation
of the anionic detergent is faster at higher temperature
in the range of 20-50°C. The progress of mineraliza-
tion begins to be stronger only after the conversion of
surfactant has reached 80—-85%. There is an optimum con-
centration of the H>O; electron acceptor, above which
there is no further significant enhancement in the effi-
ciency of degradation. Experiments are in progress for op-
timizing the whole procedure of degradation at industrial
scale.
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Magnetite Nanoparticles Stabilized Under
Physiological Conditions for Biomedical

Application

Abstract The biomedical applica-
tion of water based magnetic fluids
(MFs) is of great practical impor-
tance. Their colloidal stability under
physiological conditions (blood

pH ~ 7.2-7.4 and salt concentration
~ 0.15 M) and more in high magnetic
field gradient is crucial. Magnetite
or maghemite nanoparticles are
used in general. In the present work,
magnetite nanoparticles were sta-
bilized with different compounds
(citric acid (CA) and phosphate) and
sodium oleate (NaO) as the most
used surfactant in the stabilization
of MFs. The adsorption and over-
charging effect were quantified, and
the enhancement in salt tolerance
of stabilized systems was studied.
Adsorption, electrophoretic mobility
and dynamic light scattering (DLS)
measurements were performed. The
electrolyte tolerance was tested in
coagulation kinetic measurements.
Above the adsorption saturation, the
nanoparticles are stabilized in a way
of combined steric and electrostatic
effects. The aim was to research

these two important effects and
demonstrate that none of them alone
is enough. The phosphate was not
able to stabilize the ferrofluid in
spite of our expectation, but the other
two additives proved to be effective
stabilizing agents. The magnetite
was well stabilized by the surface
complexation of CA above pH ~ 5,
however, the salt tolerance of citrate
stabilized MFs remained much below
the concentration of physiological
salt solution, and more the dissolution
of magnetite nanocrystals was en-
hanced due to Fe-CA complexation
in aqueous medium, which may
cause problems in vivo. The oleate
double layers were able to stabilize
magnetite nanoparticles perfectly at
pH ~ 6 preventing particle aggrega-
tion effectively even in physiological
salt solution.

Keywords Electrosteric stabi-
lization - Magnetite - Surface
complexation - Surfactant double
layers - Water-based magnetic fluid

Introduction

Preparation of stable water based magnetic fluids (MFs) is
of renewed interest nowadays due especially to biomedi-
cal applications. Many important applications in the fields
of biotechnology and biomedicine, such as cell labeling
and separation, magnetic resonance imaging (MRI) con-
trast agent [1,2], enzyme and protein separations, tar-

geted drug delivery, magnetic ferrofluids hyperthermia are
known [3—6]. Magnetic nanoparticles are of magnetite and
maghemite dominantly, because iron oxides are excreted
via the liver after the treatment. Most of these applications
require the magnetic nanoparticles to be non-toxic, chem-
ically stable, uniform in size, and well-dispersed under
physiological conditions. The magnetic characteristics and
colloidal stability are overemphasized, since particle ag-
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gregation must be excluded in magnetic field during appli-
cation with the reference to the risk of blood clots in blood
vessel. To fulfill the stability criterion different coatings
on the surface of particles are developed to prevent their
aggregation and to improve their colloidal and chemical
stability. In biocompatible MFs, coatings with biocompati-
ble molecules such as dextran, polyethylene glycol (PEG),
polyvinyl alcohol (PVA) and phosopholipids, recently by
dendrimers and silica have been developed, all of which
have been used on iron oxide nanoparticles [7—10].

In general, colloidal stabilization of magnetic nanopar-
ticles in aqueous medium is assigned to the surface ac-
cumulation (adsorption) of appropriate dissolved species
forming the innermost layer on particle surface due to ei-
ther i) physical interaction (e.g. ions by Coulombic attrac-
tion, non-ionic polymers (PEG, PVA, dextran) and surfac-
tants (Pluronics) by van der Waals forces) or ii) chemical
interaction, i.e., chemical bond formation on active sites of
surface such as surface complexation, e.g. -COOH groups
(of fatty acids, citric acid or polyacrylic acid (PAA)) on
=FeOH sites. In several cases, a second layer has to be
built to enhance colloidal stability in general, but espe-
cially in biomedical applications, to provide biocompati-
bility by inert coating (e.g. PEG, PEO) or to functionalize
magnetic particles for specific interactions with antibodies.
The second layer formation may take place due to either
i) physical such as hydrophobic interactions (e.g. fatty acid
double layers) or ii) chemical, profoundly covalent binding
(e.g. streptavidin, protein A).

A variety of complexants seems to be appropriate
stabilizers of magnetite/maghemite particles in aqueous
medium. However, significant change in the pH depen-
dent stability of magnetic fluids occurs, if different ligands
like hydroxyl or thiol polycarboxilic acids (e.g. tartaric,
gluconic, dimercaptosuccinic acids) and arginine hydroxa-
mate are used. Only tartaric and dimercaptosuccinic acids
stabilized MFs showed high resistance against pH above
pH ~4[11].

Earlier studies from Matijevic’s group [12, 13] have
shown that oxalic and citric acids bind to the iron oxide
(hematite) surface through chemisorption, which is highly
pH dependent. It was inferred from zeta potential measure-
ments that citric acid is bound either as a bidentate or a tri-
dentate surface complex. The latter is not likely to form for
simply geometric reason. It was assumed in a recent pa-
per [14] that citric acid may be adsorbed on the surface of
magnetite nanoparticles by coordinating =FeOH sites via
one or two of the carboxylate functionalities depending on
the steric necessity and the curvature of the surface. Citric
acid (CA) is one of the widely accepted stabilizing agent in
water based magnetic fluids. CA can prevent the aggrega-
tion of magnetic particles effectively owning to the steric
and electrostatic repulsive barrier of the ionized layer of
citrate coating on magnetite or maghemite [14—-19].

Surfactants are often used to disperse nanoparticles en-
tirely in an appropriate medium. Coating of single-domain
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magnetic particles, usually magnetite/maghemite, with
a single or double layers of surfactants in non-polar or po-
lar mostly water carriers, respectively, results in magnetic
fluids or may be called as surfacted ferrofluids [20]. The
formation of first layer is specific, often involves chemical
bonds, Coulombic attraction, so it depends on the quality
and density of active sites on the surface of particles (e.g.
=FeOH on magnetite, 5-10 sites/nm2 [21]) and chem-
ical composition of polar head group (e.g. -COOH in
fatty acids). The second layer forms on the hydropho-
bic shell of oriented surfactant molecules via hydropho-
bic interaction. The surfactant double layer coated par-
ticles are hydrophilic, and their surface charge character
is determined by the quality of polar head group in the
second surfactant layer. For example, pH-dependent nega-
tive charges exist due to dissociation of bound groups,
S—COOH = S—COO~ +H™' (pK ~4) in a fatty acid
second layer. Coating of particle surface can effectively
prevent the adhesion of colliding particles during thermal
motion. Covering particles with adsorption layer usually
results in enhanced resistance against the particle aggre-
gation. In aqueous medium, electrostatic, steric and com-
bined stabilization layers can develop [22]. The thicker
coating such as the double surfactant layers provides bet-
ter stability, especially in the case of magnetic fluids, since
the spacing (typically 2—3 nm) between magnetic domains
is important, if magnetic field is applied [23].

While colloidal stability of MFs, especially that focus-
ing on particle aggregation in strong magnetic field has
been studied extensively, less attention was paid to the
adsorption of different stabilizers, the charge neutraliza-
tion and re- or overcharging of the surface of magnetite
nanoparticles. The effect of MF dilution and the common
parameters in aqueous solutions such as pH and salt con-
centration have also remained in the background, although
these are the most important factors in biomedical appli-
cation. In this work, based on our previous experiences on
the colloidal stability, surface and charge characterization,
as well as their modification in different systems [24, 25],
we attempted to clear up some basic questions studying on
citrate and phosphate monolayer and oleate double layer
stabilized magnetite nanoparticles in details.

Experimental
Materials

Co-precipitation method was used to prepare superpara-
magnetic magnetite with particle size below 10 nm. The
most common surfactant the sodium oleate (NaO) and the
well-known complexants (citric acid (CA) and phosphate)
were used for coating magnetite nanoparticles with double
or single layers in order to be dispersed in water. The de-
tails of preparation and the characterization of magnetite
itself and the surfacted nanofluids can be found in the pa-
pers published before [24, 26-28].
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All experiments were performed at room temperature
(2541 °C). All reagents were of analytical grade product
apart from the technical grade surfactants and Milli-Q wa-
ter was used.

Methods

Adsorption. The adsorption data for different stabiliz-
ers were determined by batch method at pH ~ 6. The
magnetite suspensions (the solid/liquid ratio was 1 g/1)
were equilibrated with the series of oleate solutions up
to 3 mmol/l concentration in closed test tubes for 24 h,
at room temperature. The NaCl concentration was kept
constant at 0.01 M. The pH was adjusted to 6+0.1 by
adding small portions of either NaOH or HCI solutions
and checked after adsorption time for 24 h, as well. The
equilibrium concentration of oleate was determined by
measuring the absorbance of supernatants at appropriate
wavelength after perfect separation of the solid particles by
centrifuging at 13000 rpm for 1 h and using a permanent
magnet completed with a membrane filtration (0.22 pm
MILLEX-GP) at higher oleate concentrations. The adsorp-
tion isotherm of citric acid was determined at pH ~ 6,
where both acidic form and dissociated citrate exist. The
conditions above were adopted for the CA experiments.

Electrophoretic Mobility — Laser Doppler Electrophore-
sis. Electrophoretic mobilities of the pure magnetite sam-
ples and that containing different stabilizers were meas-
ured at 2540.1°C in a disposable zeta cell (DTS 1060)
of NanoZS (Malvern, UK) apparatus. The setting of the
instrument was checked by measuring a standard latex
sample with the zeta potential of —55+5mV. To obtain
the optimal condition for measurements, the intensity of
scattered light has to be at a medium level (~ 105 counts
per seconds). Therefore, the dilution series of pure mag-
netite sol were tested prior to the detailed studies on the
effects of pH and stabilizer loading on the electrophoretic
mobility of magnetite nanoparticles. According to this pre-
liminary measurement, the optimal condition was reached
at 0.05 g/I magnetite content. The pH was adjusted in the
range of about 4 to 10by HCI or NaOH solutions, and
after waiting an hour to reach equilibrium, it was meas-
ured directly before introducing the samples into the zeta
cell. The effect of the increasing loading of different stabi-
lizers on magnetite sols was measured up to reaching high
overcharging.

FParticle Sizing and Aggregation — Dynamic Light Scat-
tering (DLS). The pH-dependence of particle size and
aggregation was measured in pure magnetite sols and in
the presence of different stabilizers. Dilute sols (0.05 g/1
magnetite, 0.01 M NaCl) were measured in the range
of pH 4 to 10. The effect of oleate and citrate loadings
over broad range from 0.1 to 2 mmol/g was investigated.

The Z average sizes calculated from 3rd order cumulant
fits of the measured correlation functions at a given ki-
netic stage (measured 50 s after the ultrasonication) are
presented. The salt tolerance of magnetite nanoparticles
coated by different stabilizers was tested in coagulation ki-
netic measurements by using Zetasizer 4 (Malvern, UK)
apparatus. NaCl concentration was changed gradually
from 0.01 to 0.4 M at pH ~ 6. The optimal measuring con-
dition was reached at 0.0025 g/1 magnetite content. DLS
method was used to follow the size evolution of aggregates
in time. In a typical experiment, the data were accumulated
for an hour with a time resolution of 2 min.

Results and Discussion
pH-Dependent Surface Charging of Magnetite

Magnetite is an amphoteric solid, which can develop
charges in the protonation (=FeOH +H™ = =FeOH, ™)
and deprotonation (=FeOH = =FeO~ +H™) reactions of
=FeOH sites on surface. These surface reactions can be
interpreted as specific adsorption of HT- and OH™ -ions
at hydrated solid/water interface. The net proton surface
excess amount (An® = n;+ —ngH_), which is propor-

tional to the surface charge density (oo q = FAn° JaS, F
Faraday constant, a® specific surface area) is experimen-
tally accessible from potentiometric acid-base titration
of oxide suspensions [29-31]. The point of zero charge
(PZC) could be determined as the intersection point of the
An? vs. pH curves at different ionic strengths, since it co-
incides with n? | = n‘(’)Hf, where surface charge density is

also zero op g = 0. Several experimental data of PZC for
iron oxides are available in the literature, the values fall
between 3.8 and 9.9 for magnetite [21,31,32]. The pH-
dependent surface charging of magnetite used in this work
has been characterized [28,33], and both the intersection
point of experimental curves and the surface complexation
modeling resulted in a PZC at pH 7.9 £0.1. In the absence
of specific adsorbing ions like citrate, phosphate and car-
boxylate anions in the present work, the pure oxide surface
is positively charged at pHs lower than the PZC, while it
has negative charges above it. The net surface proton ex-
cess amounts varied from +0.3-0.1 mmol/g measured at
pH~4 to —0.1-0.15 mmol/g at pH ~ 10 in 1 to 0.01 M
NaCl solutions, and hence the surface charge densities
also ranged over the same values (from 4-0.3-0.1 C/m? at
pH ~ 4 to —0.1-0.15C/m? at pH ~ 10) considering the
specific surface area of magnetite sample 95.3 m?/g [28].
These values show that less than 2 =FeOH sites from the
5-10/nm? can only become charged in agreement with the
literature [29-31]. The amount of the available =FeOH
surface sites 0.8 mmol/g can be estimated, if the =FeOH
site density 5 sites/nm? is assumed and the measured spe-
cific surface area (95.3 m?/ g) is considered. We have also
concluded that the dissolution of magnetite nanocrystals
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can be neglected in the studied pH range, since the activ-
ity of dissolved Fe(IIl) species remains below ~ 107> M
between pH ~ 4 and ~ 10 in the absence of complexing or
reducing agents [21].

Adsorption of Different Stabilizers on Magnetite

Oleic acid or oleate is the most often used surfactant in
MF stabilization; however, its adsorption on magnetite
nanoparticles has not studied yet to the best of our know-
ledge. It is used in a general way, empirical doses are
simply added to magnetite just after precipitating nanopar-
ticles and its excess related to the monolayer coverage is
removed by washing solid with ethanol or acetone [26, 34,
35], and the organic coated particles are ready to disperse
spontaneously in organic carriers. If water based MFs are
prepared, the second layer development is followed by vi-
sual observation of dispersing solid particles in aqueous
medium. Unfortunately the empirical way is preferred in
the preparation of not only the surfacted MFs, but also
in the case of any other stabilizers like citrate, dextran
or PEG/PEO. Since the oleate and citrate are the most
often used stabilizers and their adsorption mechanism is
highly different, we measured their adsorption on mag-
netite nanoparticles at pH ~ 6 in the presence of 0.01 M
NaCl.

Double layers of oleate are adsorbed on magnetite as
explained in details [36]. Monolayer coverage is com-
pleted below specific amount ~ 1 mmol/g, while the satu-
ration value ~ 2 mmol/g indicates the completion of dou-
ble layer formation. Oleate is chemisorbed in the first
layer due to the surface complex formation between the
—COO™ groups of oleate and the =FeOH sites on the sur-
face of magnetite as assumed [35, 37, 38]. This interaction
is not Coulombic, the positive surface potential on mag-
netite particles at pH ~ 6 enhances only the formation of
surface complexes [30]. A second layer of oleate anions
can be adsorbed on the hydrophobic shell of oriented sur-
factant molecules via hydrophobic interaction.

Citric acid (CA) is also applied in MF stabilization
without studying on adsorption. In general, empirical
doses, sometimes huge amounts [14,15,19] are simply
added to magnetite just after precipitating nanoparticles,
and the products are interpreted as CA surface coating,
which provides good/excellent stability of water based
MFs. Our adsorption study showed that monolayer sur-
face coverage is reached at ~ 0.1 mmol CA on 1 g mag-
netite, which is fairly above the positive charge density
of magnetite 0.044 mmol/g under same condition, but
much below the amount of the available =FeOH surface
sites 0.8 mmol/g, even supposing that all three carboxylic
groups of CA molecules could be bound on =FeOH sites.
In fact, only one or two carboxylate groups of CA can
be bound to the =FeOH sites forming surface complexes
on magnetite particles [14, 16, 17]. It should be noted that
dissolution of iron oxides is enhanced in the presence of
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complexant like CA [13]. In the adsorption series, the dis-
solution of the Fe(Ill)-ions from magnetite crystals with
increasing CA loading became evident from the rising
yellowish color of supernatants, in which the iron concen-
tration up to 0.45 mmol/I was measured by ICP method.

The adsorption of phosphate on magnetite was not
studied because phosphates are not used in MF prep-
aration, although they are well known peptizing agents
forming mono- or bidentate complexes on iron oxide sur-
face [39]. Under the condition similar to ours (pH ~ 6,
0.01 M indifferent electrolyte) phosphate coverage
0.002 mmol/m? on goethite surface was measured, and
assuming inner-sphere surface complexes half-and-half
bidentate nonprotonated and bidentate protonated surface
species were identified by fitting data with CD-MUSIC
model. Considering the value 0.002mmol/m? and the
specific surface area of magnetite sample 95.3 m?/g, phos-
phate coverage 0.19 mmol/g can be estimated for the
magnetite sample. The stabilizing effect of phosphate on
magnetite nanoparticles was only compared with that of
oleate and citrate.

The Effect of Different Stabilizers on Magnetite Particle
Charge

The influence of the different stabilizers on the charge state
of magnetite particles was studied in parallel with the ad-
sorption measurements. Electrophoretic mobility was de-
termined in the presence of increasing concentration of
additives at pH ~ 6. The change in electrophoretic mobil-
ity with increasing loading of citrate, phosphate and oleate
is plotted in Fig. 1. Each curve starts at a fairly well de-
fined positive value indicating the dominance of positive
charges on magnetite at pH ~ 6 below the pH of PZC
(~ 8) [24]. The density of positive charges on naked mag-
netite surface is ~ 0.05 mmol/g in 0.01 M NaCl solution
at pH ~ 6 [28]. The mobility values remain in the positive
region, i.e., cationic particles exist up to the different con-
centrations of anionic stabilizers. However, above these
concentrations the sign of measured electrophoretic mobil-
ity values reversed. The electrophoretic mobility reversal
occurring with increasing loading of stabilizers indicates
the reversal of the charge sign at shear plane of magnetite
particles due to the specific adsorption of anionic com-
pounds. The neutralization of positive surface charges oc-
curs at greater (~ 0.15 or ~ 0.25 mmol/g) or much greater
(~ 0.75 mmol/g) specific amounts of added anions than
the amount of positive charges (~ 0.05 mmol/g) on mag-
netite surface. However, the charge neutralization points
reach the amount of the available =FeOH surface sites
0.8 mmol/g, but never go above this limitation. The latter
supports the chemisorption of these anions on the surface
of magnetite particles. The charge neutralization point of
CA at ~0.15mmol/g is above its monolayer coverage
~ (0.1 mmol/g identified in adsorption measurements. The
same trend seems to be valid for phosphate comparing
the charge neutralization point at ~ 0.25 mmol/g with its
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Fig.1 Effect of different stabilizers on charge state of magnetite nanoparticles. Dilute 0.05 g/1 magnetite sols contain 0.01 M NaCl and

pH was adjusted to ~ 6

surface coverage (.19 mmol/g estimated above. The spe-
cific amount of the added oleate is ~ 0.75 mmol/g at this
charge neutralization point in fairly good agreement with
the amount of oleate adsorbed in the first layer [36]. The
positive magnetite particles at pH ~ 6 (below the pH of
PZC ~ 8) became negative, i.e. anionic particles formed
above the charge neutralization points due to the excess
charges accumulated in the adsorption layers. In the case
of oleate, the formation of second layer via hydropho-
bic interaction starts with increasing loading, in which
the dissociated carboxylate groups (S-COO™, pK ~ 4) are
oriented toward the aqueous medium. The packing dens-
ity of adsorbed oleate (5 per nm?) becomes doubled in
the second layer related to that (2.5 per nm?) in the first
layer. Therefore, the amount of negative charges carried
by magnetite particles increases significantly, particles be-
come overcharged, and so unusually great electrophoretic
mobility values can be measured in the negative region
with increasing oleate loading. Such huge negative mobil-
ity values were never reached in the presence of citrate
and phosphate, even if they were added in high excess,
because these stabilizers are adsorbed only in monolayer
forming mono- or bidentate complexes on the surface iron
oxides [14,16,17,39] and the amount of carried charges
above the adsorption saturation depends on the dissocia-
tion degree of their unbound negative groups. Both sta-
bilizers are able to dissociate in three steps forming uni-,
bi- then trivalent anions with increasing pH. Since the
deprotonation of 2nd and 3rd carboxylic group of citric
acid (pK = 2.86, pKy = 4.47, pK3 = 5.82) takes mostly
place at pH ~ 6, ~ 2.5 negative charges exist on each
molecule, while only ~ 1.5 negative charge can be esti-
mated on each phosphate ion because its suppressed dis-

sociation state (pK| =2.16, pK> =7.21, pK3z = 12.33) at
pH ~ 6. Considering the specific amounts of citrate and
phosphate (~ 0.15 and ~ 0.25 mmol/g, respectively) be-
longing to the neutralization of positive surface charges
and the ionization state of these anions (~ 2.5 and ~ 1.5,
respectively), not more than 2.5 negative charges per nm?>
can be estimated on the surface of magnetite above its
charge reversal, which is about half of the carboxylate
density (5 per nm?) in the outer layer of double oleate layer
coating.

The Effect of Oleate and Citrate Loading on the
pH-dependent Charge State and Aggregation of Magnetite

The electrophoretic mobility measured in pure magnetite
sols and in the presence of different amounts of oleate and
citrate, respectively, over a broad range of pH can be seen
in Fig. 2(upper panel). It is obvious that the naked mag-
netite particles (open squares) are positively charged be-
low pH ~ 8, and have negative charges above it due to the
protonation and deprotonation reactions on =FeOH sites
as discussed above. The electrophoretic mobility values
decrease with increasing pH and their sign reverses at
pH ~ 8, which may be identified as the isoelectric point
(IEP) of magnetite in good agreement with PZC in the ab-
sence of complex forming agents. The IEP of synthetic
magnetite determined by different methods falls between 7
and 9 [21,29].

The effect of oleate and citrate on the surface charge
properties of magnetite was examined at several concen-
trations. The measured data at two characteristic load-
ings, one below somewhat the charge neutralization points
(Fig. 1) and the other in the high excess of stabilizers,
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Fig.2 Effect of Na-oleate (NaO) and citric acid (CA) loading on pH-dependent charge state (upper panel) and aggregation (lower panel)
of magnetite nanoparticles in 0.01 M NaCl solutions at 25+ 0.1 °C. (The reproducibility of electrophoretic mobility was not better than
+0.4 x 1078 m?/V s. Reproducible size values below ~ 100 nm were measured in stable sols. The larger values even measured under the
same kinetic condition show only the presence of larger aggregates in unstable systems)

are shown in Fig. 2(upper panel). It can be seen that
electrophoretic mobility decreases gradually with both in-
creasing oleate and citrate loadings over the whole range
of pH. The IEP values belonging to the smaller concen-
trations (0.5 mmol NaO/g and 0.13 mmol CA/g) shift by

1-2 units to the lower pHs showing that surface cover-
age of magnetite particles has not completed yet, since the
specific adsorption of anions was able to neutralize the
positive charges of magnetite only in part. At the higher
loadings, however, magnetite becomes negatively charged
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even at low pHs, since particles are covered completely in
the high excess of stabilizers. In the case of oleate, the 2nd
adsorption layer is built up and magnetite nanoparticles be-
come overcharged at 2 mmol NaO/g loading. Due to the
close packed structure of oleate anions in the 2nd of the
double layer on magnetite particles, the measured values
become more negative than that in the alkaline pH region
in the absence of surfactant. Citric acid is adsorbed only in
monolayer binding to magnetite surface via one or two car-
boxylate groups even in its high excess (0.65 mmol CA/g),
and so the overcharging of particles is limited, the nega-
tive charge density on CA covered magnetite is smaller
than that on the oleate double layer coated particles as ex-
plained above. Therefore, all the measured electrophoretic
mobilities of citrate coated magnetite are smaller negative
values than that of oleate stabilized sample (Fig.2 up-
per panel). The pH-dependence of mobility shows that the
charge state of citrate coated magnetite is almost indepen-
dent of pH except a significant change below pH ~ 5 due
to the suppressed dissociation of carboxylic groups on CA
(pK1 =2.86, pK, =4.47, pK3 = 5.82).

In parallel, the pH-dependent particle aggregation was
measured by dynamic light scattering, which can be used
even in coagulating system [40] and particle size data pro-
vide information on the colloidal stability of systems. In
the pure magnetite sols, only the electric double layer ex-
ists far from the PZC, which is able to stabilize particles
at low salt concentration, so the measured average hy-
drodynamic sizes remained below 100 nm (Fig. 2 lower
panel, open squares). However, in the absence of electro-
static stabilization near the pH of PZC, large aggregates
form even at low 0.01 M salt concentration. The forma-
tion of large aggregates was also observed near to the IEP
(pH ~ 6) of magnetite covered imperfectly by anions at
the smaller loadings of both oleate (0.5 mmol/g) and cit-
rate (0.13 mmol/g), where positive charges of magnetite
surface were partially neutralized, and so the colliding par-
ticles adhered for the lack of electrostatic repulsion. Far
away from the pH of IEP, the efficiency of particle ad-
hesion in random collisions was much worse and only
smaller aggregates could form in both acidic and alkaline
regions during the given time of measurements. When per-
fectly coated anionic particles are dispersed at either oleate
(2mmol/g) or citrate (0.65mmol/g) loadings, repro-
ducible hydrodynamic size values smaller then ~ 100 nm
were measured independently of the pH above pH ~ 6.
The outermost hydrophilic shell on the double layer coated
magnetite particles contains carboxylate groups. There-
fore, pH-dependent negative charges exist due to the
dissociation of bound groups, S—COOH = S—COO~ +
H* (pK ~ 4) on the surface of the oleate double layer
coated magnetite particles. Fully dissociated carboxylate
groups above pH ~ 6 provide electrostatic repulsion be-
tween colliding particles besides the steric hindrance of
double layer. However, the dissociation degree starts to de-
crease with decreasing pH below pH ~ 6, and so not only

the electrostatic repulsion declines, but also particles be-
come less hydrophilic in the acidic region. In the same
way, a significant decline in the stability of citrate coated
magnetite samples occurs only below pH ~ 5, where dis-
sociation of CA begins to suppress as explained above.
Therefore, a significant decrease in colloidal stability, i.e.,
formation of aggregates can be predicted in acidic medium
for both oleate and citrate stabilized MFs.

Salt Tolerance of Dilute Magnetic Fluids Stabilized
by Different Agents

The salt tolerance of the phosphate and citric acid mono-
layer as well as the oleic acid double layer stabilized
magnetic nanofluids was investigated in dilute systems
at pH ~ 6 to test particle aggregation in time, whether
the combined electrostatic and steric stabilization provides
suitable colloidal stability under physiological condition.
We should note that the salt tolerance of naked mag-
netite particles is very low (~ 0.001 M NaCl) under this
condition. Coagulation kinetics measurements were per-
formed to determine quantitatively the efficiency of dif-
ferent agents in the stabilization of magnetite particles
dispersed in more and more concentrated salt solutions.
The size evolution of aggregates in time was followed
by dynamic light scattering and the coagulation rate was
calculated from the slope of kinetic curves as explained be-
fore [22,24]. The stability ratio (W) was calculated from
the initial slopes of kinetic curves belonging to the slow
and fast coagulation as suggested in literature [40]. The
lowest salt concentration inducing fast coagulation called
as critical coagulation concentration (CCC) is usually de-
termined from the log;oW versus log;, electrolyte con-
centration function. The different stabilizers were applied
in high excess and the CCC values determined at differ-
ent loadings of phosphate, citrate and oleate are summa-
rized in Table 1. The data show an increasing resistance
against salt with increasing loading of phosphate and cit-
rate, however, none of them was able to provide a suit-

Table1 The critical coagulation concentration (CCC) values deter-
mined in dilute magnetite sols stabilized by increasing loadings of
different stabilizers at pH ~ 6. (The concentration of physiological
salt solution is 150 mM)

Stabilizer Amount added Electrophoretic mobility ~ CCC
mmol/g 10~ m2/Vs mM

Citrate 0.65 -2.61 40
1 60

1.5 -2.85 80

4.5 90

Oleate 1.5 -3.15 200
2 —4.52 200

Phosphate 26.64 -2.63 40
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able salt tolerance expected under physiological condition,
since the measured CCC values (40-90 mM) remained
much below 150 mM even in their huge excess (30 and
100 times as charge neutralization points of citrate and
phosphate, respectively). It should be noted that such high
CA loadings enhance the dissolution of magnetite crys-
tals to a great extent. The oleate double layer can hinder
effectively the aggregation of magnetite particles due to
the combined steric and electrostatic stabilization. The lat-
ter is supported by the greater electrophoretic values of
oleate loaded samples than that of citrate and phosphate
contained systems in Table 1. The resistance of magnetite
sols stabilized by oleate double layers against electrolytes
is enhanced above the critical salt tolerance (> 0.150 M)
expected under physiological condition.

Conclusion

The aim of this work was to clear up some basic ques-
tions related to the stabilization of magnetite nanoparticles
in aqueous medium, namely the adsorption of different
anionic stabilizers, the charge neutralization and the re-
verse sign or overcharge of magnetite surface, as well as
the effect of the pH and salt concentration on particle ag-
gregation. The latter parameters are common in aqueous
colloidal systems, but their effect is still not investigated
in water based MFs literature, although these are the most
important factors in biomedical application.
Chemisorption of each stabilizer studied here results
in monolayer coverage on magnetite nanoparticles. Mostly
bidentate type surface complexes form between carboxy-
late groups or phosphate ions and =FeOH surface sites in
the innermost layer. The only oleate is able to form a sec-
ond layer via hydrophobic interaction between long alkyl
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chains. In each case, the ionized groups either carboxylate
or phosphate in the outer layer, are contact with aque-
ous medium. The surface density and dissociation state of
these anionic groups determine the overall charge dens-
ity on particle surface, which govern the electrostatic re-
pulsion between colliding particles. It seems the closed
packed structure in the second layer of oleate double layer
results in about double density of carboxylate groups as
that in the citrate monolayer, which was almost the same
as the estimated surface density of phosphate groups. An-
ionic magnetic particles formed with increasing loading
of each stabilizer, so each stabilizer was able to reverse
the sign of positive charges on magnetite surface after
their neutralization, however, overcharging occurred only
at high loading of oleate (> 1.5 mmol/g) due to the high
surface density of carboxylate groups dissociated well at
pH ~ 6. Although protective layer on magnetite nanopar-
ticles formed from each stabilizer and both steric and elec-
trostatic stabilization exist in all cases; the only oleate
double layers are able to hinder the aggregation of mag-
netite particles effectively in physiological salt solution.
This work gave evidence that the salt tolerance of CA sta-
bilized system like any dilute citrated MF remains much
below as it is expected, and so CA coating used frequently
in aqueous MF is not enough effective to hinder aggrega-
tion of magnetite particles under physiological condition.
In turn, oleate double layers on magnetite nanoparticles re-
sults in effective electrosteric stabilization in water based
MEF, which seems to deserve further in vitro investigation.
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nickel-zinc doped W-type hex-
agonal, nickel-zinc doped barium
ferrite nanoparticles has been de-
veloped, using the nitrate-citrate
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Introduction

Hexagonal ferrites are a wide family of ferromagnetic
oxides, with peculiar and useful properties. The crystal
structure of the different known types of hexagonal fer-
rites (M, W, X, Y, Z, and U) is very complex and can be
considered as a superposition of R and S blocks along the
hexagonal ¢ axis, RSR*S* for M-type and RSSR*S*S* for
W-type, where R is a three-oxygen-layer block with com-
position BaFegO11, S (spinel block) is a two-oxygen-layer
block with composition FegOg, and the asterisk means
that the corresponding block has been turned 180° around
the hexagonal axis [1,2]. Among the hexagonal ferrites
W-type compounds with a general formula AMe;Fe 6077
(A = alkali earth metals, usually Ba, Sr, Ca, and Me = d-
block metals, Zn, Co, Ni, etc.) have created interest due to
the main magnetic parameter values, that are more suitable
for microwave applications than those of other hexagonal
ferrites [3].

A variety of techniques have been developed to syn-
thesize W-type hexaferrites. The most used method for

as-burnt phase and the sintered
powders were characterized using
XRD, SEM, TG-DTA, FT-IR
measurements. The pure W-type
ferrite phase is formed during

Keywords Ceramics - Hexaferrite -
Nanoparticle - Self-combustion -
Sol-gel

the preparation of barium ferrite in industrial and techni-
cal application is the classical ceramic method, which re-
sults in a material that is inhomogeneous at a microscopic
scale [4]. The conventional mechanical grinding [5] and
glass crystallization method [6] for W-type hexaferrites
preparation have disadvantages such as time consuming
and introducing impurities into material composition. Fur-
thermore, the high calcination temperature (> 1300 °C) re-
sults in the formation of coarse aggregation and the vapor-
ization of some volatile components. Nowadays, new wet
chemical methods have been developed for the preparation
of nanograined hexagonal W-type ferrites. Various advan-
tages such as low processing cost, energy efficiency and
high production rate [7] are among the benefits of the sol—
gel combustion synthesis method, which has been applied
to the preparation of various high performance materials
including ceramics, intermetallics, and composites [8, 9].
In this paper, sol—gel auto-combustion method has been
used to synthesize nanocrystalline, nickel and zinc doped
W-hexaferrite. The synthesis process and characterizations
of nanocrystalline ferrite is reported.
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Experimental
Materials

Nickel-zinc W-type barium hexaferrite powders were pre-
pared by nitrate-citrate sol-gel auto-combustion method
(NCSAM). The starting materials were Ba(NOs3)>
(> 99%), Ni(NO3)2-6H20 (> 97%), Zn(NO3)2 - 6H2O
(>99%), Fe(NO3)3 - 9H20 (= 97%), citric acid anhydrous
(> 99.5%) and ammonia (~ 25%), all of analytical pu-
rity. All the reagents were purchased from Fluka, and were
used without any further purification.

Preparation

The preparation process can be described as follows. The
stoichiometric amounts of barium, nickel, zinc nitrates and
iron nitrates were dissolved together in distilled water,
under continuous stirring during 30 min. The calculated
amount of citric acid was poured into this mixture, chang-
ing the colour of the solution from orange to brownish-
yellow. The metal nitrates to citric acid molar ratio were
chosen to be 1:2. After a subsequent 30 min of stirring,
the pH was adjusted to the value of 2, by adding con-
centrated ammonia solution, followed by 6 h of continu-
ous stirring at room temperature. The dark green coloured
clear sol was heated on a hot plate at circa 110 °C under
continuous stirring, until the 3/4 volume of the water
evaporated, and suddenly the gelation occurred, resulting
a viscous dark green gel, which was further dried in a dry-
ing chamber at 140 °C. During this process, the gel burnt
in a self-propagating combustion manner (Fig. 1) to form
a dark-grey colored fluffy, loose powder, which was heat-
treated in air atmosphere at various temperatures between
900-1200°C.

(a) (b)

Fig.1 a Gel and b the product after completion of the reaction

Characterization

X-ray Diffraction Spectroscopy (XRD). XRD patterns of
the samples treated at various temperatures were recorded

in the range of 26 = 10-70°, with a scanning speed of
0.04° min~! on a Philips PW 105 diffractometer, operated
at 40kV, 35mA and using Cu K, radiation. The aver-
age crystallite size in the sample was calculated using the
Scherrer equation:

KX

D= , 1
hi/2cos ® M

where D = average size of the crystallites, K = Scherrer
constant, A = wavelength of radiation (1.54186 A), hip=
peak width at half height and ® corresponds to the peak
position.

Elemental Analysis by Inductively Coupled Plasma Spec-
troscopy (ICP). The stoichiometry analysis of the heat
treated powders was carried out using a inductively
coupled plasma spectrometer. The results were almost
equal with the initial, calculated composition.

Transmission Electron Spectroscopy (TEM). The micro-
graph and the crystallite size of the calcined samples were
examined using a MORGAGNI 268D TEM (100kV; W
filament, top-entry; point-resolution = 0.5 nm) transmis-
sion electron microscope.

Fourier Transformed Infrared Spectroscopy (FT-IR). The
infrared spectra of the samples were recorded using
a THERMO Nicolet AVATAR 320 FT-IR spectrom-
eter (laser frequency 15798.8cm™') in the range of
4000-400 cm™'. The number of sample and background
scans was 32 each. The recorded spectra were evaluated
with the spectrometer’s software (EZ OMNIC version
6.1a). Sample preparation included mixing ~ 0.7 mg pow-
dered sample with 250 mg dried KBr and pressing them
into pellets.

Scanning Electron Microscopy (SEM). Scanning electron
micrographs and analysis of the morphology of the sam-
ples were carried out on a JEOL JSM-6100 scanning mi-
croscope, operated at 15kV high voltage, with EDAX
EDS detector system.

Thermogravimetry and differential thermal analysis (TG-
DTA). The thermal behavior of the powders was inves-
tigated with thermo gravimetric analysis (TG) and dif-
ferential thermal analysis (DTA), using a Setaram Setsys
16/18 TG-DTA instrument. Experimental conditions were:
flowing synthetic air atmosphere (80% N>, 20% O,), in
the temperature range 25—-1300°C, with a heating rate
of 10 K/min, using 100 ul Al,O3 crucibles. The spec-
tra were evaluated using the thermogravimeter’s software
(SETSOFT, ver. 1.54).
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Results and Discussion

The X-ray diffraction (XRD) patterns of the studied
Ba(Nig 5Zng 5)2Fe160,7 ferrite samples heat treated at
various temperatures are shown in Fig. 2.

In the case of the sample annealed during 4h at
900°C (Fig. 2a), the main constituent is BaFej;0j9
M-type hexaferrite, contaminated with magnetite and
hematite. When increasing the calcination temperature,
the magnetite and hematite content decreases. During
4h annealing at 1200°C, the formation of the pure
Ba(Nig 5Zng 5)2Fe16027 W-type ferrite phase can be ob-

L. Trif et al.

served (Fig. 2b). The crystalline size of the W-type ferrite,
calculated using Scherrer‘s formula (Eq. 1), and found
to be 110nm. It can be concluded, that the formation
of W-type ferrite occurs at high temperatures through
complex solid-state reactions, in which the melted, pre-
viously formed M-type ferrite dissolves the remained
unreacted iron, nickel and zinc oxides, to form pure
Ba(Nig 5Zng 5)2Fe 6027 ferrite phase. The annealing tem-
perature and time greatly influences the amount of W-type
ferrite phase.

The FT-IR spectrum of an as burnt powder, and a sin-
tered sample at 1200 °C, 4 h is shown in the Fig. 3.
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Fig.2 XRD pattern of hexaferrite powders sintered (a) 4 h at 900 °C and (b) 4 h at 1200 °C
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Fig.4 TG and DTA curves of the gel dried at 110°C

On the as burnt powder spectrum, the broad absorp-
tion band around 3370 cm~! is a characteristic stretching
vibration of hydroxyl group (O-H), and absorption peaks
around 1600 cm~! and 1390 cm~! are assigned to asym-

metrical and symmetrical stretching vibration of carboxy-
late groups coordinated to metallic ions. Peak localized at
1059 cm™~! is assigned to symmetrical stretching vibration
of C—O—C group, and the band at ~ 1430 cm~! is charac-
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teristic of the presence of CO3%~ anion. The sharp peak
localized at 850 cm™! is assigned to deformation vibration
of C—H group. In the range 1000—100 cm™", the IR bands
of solids are usually assigned to vibration of ions in the
crystal lattice [10]. Two main broad metal-oxygen bands
are seen in the IR spectra of ferrites, which can be found on
both curves in the Fig. 3. The highest one usually located
in the range of 600-550 cm™!, corresponds to stretching
vibrations of metal ions at the tetrahedral site, whereas the
lowest, observed in the range 450—-370 cm™! is assigned to
stretching vibrations in octahedral sites. It could be con-
cluded that after completion of the self-combustion reac-
tion, the resulting powder’s main components are metal
oxides and carbonates, but a small amount of unreacted
organic material also can be found. In the spectra of the
annealed powder only the peaks assigned to vibration of
ions in the crystal lattice can be seen, so it could be con-
cluded, that metal oxides are exclusively present, which is
also proved by the XRD measurements.

The TG-DTA results are shown in the Fig. 4. Measure-
ments were carried out on small amounts of solid sam-
ples, obtained by drying the gel at ~ 110 °C in a drying
chamber, followed by pulverization in an agate mortar.
Evaluating the spectra, it can be seen, that a broad en-
dothermic peak with two small shoulders located at 130.7
and 160.9 °C respectively can be found in the temperature
range room temperature (25 °C)— ~ 160 °C, accompanied
by a mass loss of approximately 6.67%, which can be at-
tributed to the vaporization of planar and inner water.

The largest sharp exothermal peak at 208.4 °C, accom-
panied by a drastic mass loss (~ 66%) in the temperature
range of 160-260 °C, is due to the autocatalytic oxidation-
reduction reaction between the metal nitrates (particularly
the nitrate anions) and citric acid. In this reaction citric
acid acts not only as chelating agent but also as fuel. The
broader exothermic peak with the maximum at 358.5 °C is
accompanied only by a small weight loss. This is the result
of the decomposition of the remaining organic matter, but
also the decomposition of metal carbonates formed dur-
ing the self-combustion reaction. In the temperature region
400-1300 °C no significant mass loss occurs.

A SEM micrograph of a ferrite sample heat treated 4 h
at 1200 °C is shown in Fig. 5. The particle size estimated
from the photograph is ~ 1-3 um, and homogenous well-
formed hexagonal-shaped crystals can be seen. Increasing
the temperature the grain size of the ferrite increases also,
which is in accordance with the results of Kishan Reddy et
al. [11].

The microstructure of the ferrite powder obtained at
1200 °C is shown in Fig. 6. It was observed, that the crys-
tallites were more or less uniform in size with an average
size of 100 nm, which is in good agreement with the cal-
culated results obtained by the XRD measurements. The
selected area electron diffraction (SAED) pattern is shown
in the insert of Fig. 6, corresponding to that of a W-type
ferrite phase.

L. Trif et al.

Fig.5 SEM micrograph of the hexaferrite powder sintered 4 h at
1200 °C (scale bar is 2 pum)

Fig.6 TEM micrograph of the hexaferrite powder sintered 4 h at
1200 °C (scale bar is 100 nm)

The ICP spectroscopy stoichiometry analysis result of
a 1200 °C calcined powder is summarized in Table 1. It
can be seen that the elemental composition of the ferrite
does not differ from the calculated theoretical values.

Table1 Elemental composition of the 4 h 1200 °C sintered ferrite
powder

m/m %

Ba Ni Zn Fe
Theoretical composition 8.65 3.69 4.12 56.30
Sintered powder 8.82 3.75 3.99 56.41
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Conclusion

The sol-gel auto-combustion method is convenient for
the synthesis of nano-sized nickel-zinc doped W-type bar-
ium hexaferrites. The main components of the resulting
powder, after the completion of self-combustion reac-
tion, are metal oxides and carbonates. The formation of
pure W-type ferrite occurs at relatively lower temperature
(1200 °C) than in the case of classical ceramic synthe-
sis route. Magnetic measurements will be carried out on
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Abstract Aluminium doped yttrium-
iron garnet (YIG) nanoparticles
(Y3AlFes_,O2, x =0, 1,5, 1,55,
1,575, 1,6) have been prepared

by the nitrate-citrate sol-gel auto-
combustion method (NCSAM).

Our goal was to prepare YIG
nanopowders with different alu-
minium content, furthermore to
investigate the variation of the Curie
temperature of the samples in func-
tion of the amount of dopant cations.
The crystalline phase attributes,
microstructure, morphology, surface
area, Curie temperature (7¢) and
permeability of the sintered powders
were characterized using X-ray

diffraction spectroscopy (XRD),
scanning electron microscopy (SEM),
surface area measurement (BET)
and ac magnetic permeability with
frequency shift. The results show,
that the sintered powders exhibit

a spongy-like morphology with
relatively high surface area. Fur-
thermore it has been confirmed, that
the ac magnetic permeabilities are
strongly depending on the chemical
composition.

Keywords Ceramics - Nanoparti-
cles - Self-combustion - Sol-gel -
Yttrium-aluminium-iron garnet

Introduction

The garnet ferrites are the basis of materials for many
high-technology devices for magneto-optical information
storage [1], microwave, and memory applications [2],
and recently they have found applications for instance in
medicine and biology [3].

The general formula of ferrite garnets is A3Bs50O12,
where “A” is a rare-earth trivalent cation, or Y, and
“B” is usually Fe>*, AI’*, etc. The crystal structure has
cubic symmetry and is relatively complex. The unit cell
is formed by eight formula units (160 atoms) and be-
longs to the space group 0}10—Ia3d . In contrast to spinels,
the O sublattice is not a close packed arrangement, and
it can be described as a polyhedra combination. The O
polyhedra define three kinds of cation site: dodecahedral
(eight-fold), octahedral (six-fold) and tetrahedral (four-
fold). Rare earths, “A”, occupy the largest, dodecahedral
sites, while “B” cations enter the octahedral and tetrahe-

dral sites. The notation for the site occupancy is as follows:
{A3}[B2](B3)O12, where {} denotes dodecahedral sites,
also known as c sites. There are 24c¢ sites in the unit cell;
[ ] denotes octahedral sites, also designated as a sites, with
16a sites per unit cell; and () means tetrahedral sites or d
sites and there are 24d sites in each unit cell [4, 5].

The usual method for preparing YIG particles in mi-
crometer range [6] or substituted YIG ones [7, 8] requires
a long annealing time at high temperatures followed by
a grinding operation, yielding large particles of several
tens of micrometers. New methods to prepare submi-
cron diameter YIG and doped YIG particles are the hy-
droxide coprecipitation [9] coprecipitation in microemul-
sion [10], metal alkoxides hydrolysis [11], glycothermal
synthesis [12], glass-crystallization [13] or the citrate gel
process [14].

In this paper, a new sol-gel auto-combustion method
has been used to synthesize nanocrystalline aluminium
doped yttrium-iron garnets. The synthesis process and
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characterizations of nanocrystalline ferrite materials are
reported.

Experimental
Materials

Aluminium doped yttrium-iron garnet powders were pre-
pared by nitrate-citrate sol-gel auto-combustion method
(NCSAM). The starting materials were Y(NO3)3-6H,O
(99.9%, Fluka), A1(NO3)3-9H0 (p.a., Reanal, Hungary),
Fe(NO3)3 -9H,0 (> 97.0%, Fluka), C¢HgO7 - H,O (p.a.,
Reanal, Hungary) and concentrated ammonia (25%, Re-
anal, Hungary).

Preparation

The stoichiometric amounts of yttrium, aluminium and
iron nitrates were dissolved together in distilled water
under continuous stirring for 15 min at room tempera-
ture. After this the suitable amount of citric acid was
added, to obtain a fully transparent solution, followed by
30 min stirring at room temperature. The pH was adjusted
to the value of 2 using concentrated ammonia solution.
After stirring over 3 h, the intense green coloured solu-
tion was heated on a hot plate, until the 3/4 volume of
the water evaporated, and the gelation occurred, result-
ing a viscous dark green gel, which was dried at 140 °C.
During this process, the gel burnt in an auto-combustion
manner to form a dun, fluffy, loose powder, which was
further sintered at 1000 °C. Five samples were prepared,
varying the aluminium content, namely Y3Al; sFe3 5017
denoted as “A”, Y3Al;s55Fe345012 denoted as “B”,
Y3Al; 575Fe3.405012 denoted as “C”, Y3Alj gFe3401, de-
noted as “D”, and a pure, undoped yttrium aluminium
garnet (YIG) Y3Fes01, denoted as “E”, as control ma-
terial. Stoichiometry analysis of the heat treated powders

was measured by inductively coupled plasma (ICP). The
results were almost equal with the initial, theoretical cal-
culated composition.

Characterization

Scanning Electron Microscopy (SEM). Scanning electron
micrographs and analysis of the morphology of the sam-
ples was carried out on a JEOL JSM-6100 scanning elec-
tron microscope, with EDAX EDS, operated at 15 kV high
voltage.

X-ray Diffraction Spectroscopy (XRD). XRD patterns of
the heat treated samples were recorded in the region
of 26 = 25-50°, with a scanning speed of 0.06° min~!,
on a Siemens Kristalloflex Diffraktometer D5000, using
Cu K, radiation.

Surface Area Measurement by BET. The specific surface
area of the powders was determined by the single point
BET method, using a gas mixture of 30% by molar vol-
ume nitrogen gas and 70% by molar volume helium, in
a Micromeritics FLOWSORB II 2300, DESORB 2300 in-
strument. The samples were degassed at 150 °C, overnight.
The measured powder weights were ~ 0.1 g.

Results and Discussion

The morphology of crystal grains of the Al doped yttrium-
iron garnets, with different amounts of aluminium was
studied by SEM and the results are shown in Fig. 1.

The powders were sintered for 4 h, at 1000 °C. The
morphology of both powders shows a spongy-like struc-
ture, with larger pores in the case of the lower aluminium
content (Fig. 1a) and smaller pore sizes in the case of
the sample containing a higher content of doping cations
(Fig. 1b). When the aluminium content increases not only

(a) YsFess Al s Opp (4)

(b) Y3 Fes 5 Al 575 012 (€)

Fig.1 SEM micrographs of the Y3AlFes_,O1, samples, with x = 1.5 (a) and x = 1.575 (b)
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the pore diameter will be changed, but number of the larger
pores will be decreased too.

The X-ray diffraction (XRD) patterns in Fig. 2. show
that Y3AlxFes_xOj, oxides crystallizes in a cubic crys-
tal with the unit cell dimension (a) between the values
of 12.307 A (belonging to the Y3AlFe 01, formula), and
12.237 A respectively (belonging to the Y3 Al,Fe301> gar-
net). Analyzing the figure, we can see, that pure garnet
phase is present in the case of all four powders, with no
other contaminating crystalline phases.

The BET surface areas of the Y3AlxFes_xOj, powders
measured using single point BET method are displayed in
Table 1. Evaluating the results no significant difference can
be observed and the values are relatively low for a highly
porous structure, as observed in the SEM micrographs.
This could be a consequence of the measurement inac-
curacy, due to the too small quantity of the used powder
(0.19).

Temperature dependence of ac magnetic permeability
of the samples was measured by placing about 10 mg of
sample powder into the coil of an audio frequency os-
cillator. The coil is part of a parallel resonator of an LC
oscillator.

The frequency shift and oscillation amplitude were
monitored as the temperature was swept at a rate of
0.5 K/min up to well above the expected Curie tempera-
ture. Temperature was measured and controlled by a Lake

N. Molndr et al.

Table 1 Specific surface area of the powders of Y3 Al Fes_,O12

X 1.5
Sper (m?g~h) 475

1.55
4.77

1.575 1.6
442 4.65

Shore Model 331 temperature controller with a standard
100 2 platinum resistance thermometer. The frequency
shift and amplitude reduction are directly proportional to
the real and imaginary part of the magnetic permeability
respectively. The arrangement is suitable to obtain the tem-
perature dependence but no quantitative information was
gained on the absolute values. Curie temperatures could be
determined from the measured data. In addition some im-
portant features of the magnetic properties of the samples
could be extracted from the measurements: the peaking up
of the real part (Fig. 3) of ac susceptibility indicates some
kind of ‘melting’ of the magnetic domains. From the point
of view of medical applications the important magnetic
characteristic is the temperature dependence of the energy
absorption per cycle, which is contained in the temperature
dependence of the imaginary component of the permeabil-
ity (Fig. 4). Increasing the aluminium content of the doped
garnets shifts the maximum of the curves to lower tem-
peratures, so we can conclude, that modifying the amount
of dopant cations, this also is changing the Curie tempera-
ture of the product.
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Fig.2 XRD patterns of the four heat-treated doped garnets
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Conclusion

A preparation process for aluminium doped yttrium
iron garnets, based on the nitrate-citrate sol-gel auto-
combustion method (NCSAM) was successfully developed,
and the formation of pure garnet phase during a 4 h sinter-
ing at 1000 °C has been demonstrated. The results of the
magnetic measurements are showing that the samples may
be good candidates of self-regulating magnetic heating
substances. More quantitative measurements of magnetic

Fig.4 Imaginary part of the permeability

properties are necessary to get data for this design in tem-
peratures range: 35-55 °C.
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Colloid Characteristics and Emulsifying
Properties of 0SA Starches

Abstract The objective of this paper
was to characterize commercially
available octenyl-succinate starches
(OSA starches), Purity Gum 2000
and Hi-cap 100, by determining their
viscous behaviour and characteristics
and molecular mass, as well as to
examine their emulsifying proper-
ties in corn oil-in-water emulsion
system.

Huggins equation and extrap-
olation procedure were employed
to determine intrinsic viscosity
and Huggins constant of OSA
starches in water, KOH and vari-
ous electrolyte solutions, as well
as in dimethylsulfoxide (DMSO).
The viscosity-average molecular
mass was calculated. Emulsifying
properties were evaluated ana-
lysing the rheological behaviour,
particle size distribution and cream-
ing stability of the emulsions as
a function of emulsification time,
dispersed phase content, emulsifier
concentration and combination with
micro molecular emulsifier poly-

oxyethylene (20) sorbitan monooleate
(Tween 80).

Intrinsic viscosities as well as
molecular mass of Purity Gum 2000
were higher than ones determined
for Hi-cap 100. Emulsions prepared
with Purity Gum 2000, compared
to those containing Hi-cap 100, had
better stability and higher viscosity,
which increased with the increase
in dispersed phase and emulsifier
concentration. The stability of the
emulsions prepared combining OSA
starches with surfactant Tween 80
was largely dependent of the emul-
sification time, while the emulsions
stabilized only with OSA starches
were not significantly influenced by
this factor.

Keywords Emulsions - Octenyl-
succinate starch - Rheology -
Stability - Viscosity

Introduction

In addition to its value in human nutrition starch has been
used for its functional properties in many industrial areas.
That is way starch has been the subject of very intensive
investigation for many years, probably to a greater extent
than any other biopolymer [1].

Nowadays, the application of native starches is limited
due to their process and storage instability. Recently, an

increasing number of innovative modifications to starches
have been developed to alter many aspects of starch per-
formance [2, 3]. Since their development in 1940s, modi-
fied starches have become a leading class of ingredients
that satisfy consumers demand for products containing
naturally derived raw materials, but also with sophisticated
performance [4].

Starch modification includes physical and chemical
modification of native starch [5]. By chemical modifica-
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tion, octenyl-succinate starches are produced by esterifica-
tion of starch with anhydrous octenylsuccinic in aqueous
suspension at pH 7.0-9.0. There are few papers available
about preparative conditions [6—10]. Also, modification
can be conducted in an organic medium. In that case the
granules are ruptured, while during the reaction in aque-
ous medium the granular structure is maintained. Products
from an organic medium did show an increase in activ-
ity with concentration, while for the products from aque-
ous medium the activity was largely independent of the
concentration of the substrates. The molecular mass for
products from organic medium seemed to be lower as sug-
gested by viscometry [11].

By introduction of hydrophobic octenylsuccinate group
the starch molecule acquires amphiphilic nature and thus
surface-active properties. Measurements of interfacial ten-
sion prove that these octenyl-succinate starches, called
OSA starches, are surface active substances [11, 12]. The
main stabilizing mechanism is a steric hindrance [12].

OSA starches, have found varieties of applications in
food, pharmaceutical [11, 13, 14], cosmetics and other in-
dustries as emulsifiers and stabilizing agents. They are
used in the products such as flavour emulsions, salad
dressings, body powders and lotions, as beverage clouding
agents [15], and as flavours and fragrances encapsulating
agents [16, 17]. It is a special advantage that OSA starches
are cold water soluble. Also these starches are colourless
and tasteless in solutions since most oral surfactants are
bitter what can lead to problems like vomiting [11]. Other
reasons for modifying starches are that they are readily
available and thus can provide an economic advantage in
applications where higher priced items such as gum arabic,
casein and gelatine otherwise must be used. Also, OSA
starches could be used as emulsifiers instead of egg yolk,
providing cholesterol free products. Emulsifying proper-
ties of different OSA starches are already examined in
suspensions [11], beverage emulsions [15] and even in
water-in-oil emulsions (cosmetics) [18].

OSA starches are polyelectrolytes bearing charged
groups such as free COO™ groups present in octenyl-
succinic chain [19]. Such polyion chains undergo differ-
ent conformations responding to change of environment,
mainly the ionic strength and the solvent quality. When
good solvent conditions are present, chains adopt ex-
tended, rigid conformations. In solvent referred as bad
or “poor” solvent the conformation of chain is coil like
in order to minimize the contact with solvent [20]. The
quality of solvent can be monitored measuring the viscos-
ity of solutions. Namely, the fact that OSA starches are
water soluble is well known, but commercially available
products are very complex, containing different salts and
organic solvents, what can greatly modified expected prop-
erties of used macromolecular emulsifier and thus lead to
often undesirable changes in product quality. So the inves-
tigation of the viscosity of OSA starches in other solutions
is of great importance.
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Commercially available OSA starches (Purity Gum
2000 and Hi-cap 100), used in this study, are known to be
derived from waxy maize starch composed of nearly 100%
amylopectin, so they can be considered as derivatives of
amylopectin only but there is relatively little information
about their properties.

One of the aims of this study was to investigate solubil-
ity of OSA starches in different solvents and determine so-
lutions viscosities. Viscosity-average molecular mass was
calculated for both samples.

Concentrated corn oil-in-water emulsions with OSA
starches and with mixtures of OSA starch and Tween 80
as emulsifier were prepared in order to determine their
emulsifying efficiency. Emulsifying properties were eval-
uated by rheological behaviour, particle size distribution
and creaming stability of the emulsions as a function of
emulsification time, dispersed phase content and emulsi-
fier concentration.

Experimental
Materials

Octenyl succinate modified starches (E1450) — Purity Gum
2000 (PG 2000) and Hi-cap 100 (HC 100) were ob-
tained from National starch and Chemical GmbH, Ger-
many. Non-ionic surfactant polyoxyethylene (20) sorbi-
tan monooleate (E433) — Tween 80 was purchased from
J.T. Baker, Holland. For preparation of oil-in-water emul-
sions cold pressed corn oil (n = 68 mPas, 20°C; p =
0.9231 g/cm?, 20 °C), purchased from local market, and
double-distilled water were used. All chemicals were of
reagent grade and were used as such.

Intrinsic Viscosity and Molecular Mass Determination

Viscosity measurements, using a Cannon capillary vis-
cometer with suspended level, were performed. Water ef-
flux time was 247.5 s at 20 °C. Temperature was kept con-
stant at 20 £ 0.1 °C using a HAAKE thermostatic bath.

Stock solutions of OSA starches were prepared by dis-
solving 1.5 g in 100 cm? of proper solvent without heating.
The following solvents were used: double-distilled water,
0.1% NaCl, 0.1% KCl, 0.1% CaCl,, 2% NaCl, 2% CaCl,
and dimethylsulfoxide (DMSO). Solutions of this concen-
tration were used to prepare series of stock solutions dilu-
tions of concentrations ranging from 0.3 to 1.5 g/cm?. Vis-
cosity measurements of OSA starch solutions were done
immediately after preparation.

Viscometric parameters were determined by measuring
the efflux time of seven concentrations of the samples so-
lutions. All the measurements were done as triplicates and
the average values were reported.

In order to calculate molecular mass, solutions of OSA
starches were prepared in 1M KOH as solvent and meas-
ured at 35 °C since literature data [21] for constants K
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and a used in Mark’s variation of Staudinger’s formula are
given for this particular conditions.

Intrinsic viscosity [n] was determined according to
Huggins and Kraemer equations Eq. 1 and Eq. 2:

P~k P e

In 7y B

(D

[ —K" )¢, 2)

where: 1 = t/ty is relative viscosity or viscosity ratio
(efflux time ratio between the solution, in a determined
concentration, and the solvent); 5y, is specific viscosity
(Nsp = el — 1); k', kK are Huggins and Kraemer coeffi-
cients, respectively and c is concentration of solution.

The viscosity-average molecular mass was calculated
using the Mark’s variation of Staudinger’s formula Eq. 3:

[n]=KM*, 3)

where K and a are constants specific to the solvent and
temperature used in the measurements.

Preparation of Emulsions

All emulsions were prepared by homogenizer Ultra-Turrax
T25 basic (IKA-Werke, Germany) at 9500 rpm. The emul-
sification was achieved by shearing for 60 min at 30 °C,
and samples for rheological measurements, creaming ex-
periments and droplet size distribution were taken after
5, 10, 20, 40 and 60 min of homogenization. Corn oil-
in-water emulsions with oil concentration 40, 50 and
60% (w/w) were stabilized using different emulsifiers.
Continuous phase for emulsions from the first group were
prepared by dissolving 3, 5, 10 and 20% (w/w, calculated
on oil phase mass) of OSA starch (Purity Gum 2000 or Hi-
cap 100) in cold double-distilled water, while the second
group contained 3% (w/w) Tween 80 and 2% (w/w) OSA
starch. Control emulsions were prepared with Tween 80 as
surfactant following the same emulsification procedure.

Rheological Measurements

Rheological characteristics of emulsions and 30% solu-
tions of OSA starches were measured by rotational vis-
cometer HAAKE Rheo Strees 600 (Thermo Electron Cor-
poration, Karlsruhe, Germany). All measurements were
performed with cone-plate C60/1Ti sensor at 20+ 0.1 °C.
Continuous hysteresis loop tests were carried out. Shear
rate continually increased form 0-500s~!, was kept con-
stant at 500 s~! and decreased to 0s~!, 180 s was duration
of each step. The obtained flow curves show shear thinning
behaviour and can be presented by the Ostwald Reiner

power law model Eq. 4:
T=Kyp", “4)

where the coefficient K is the measure of consistency of
the system and # is the flow behaviour index.
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Emulsions Stability

For stability experiments emulsions were stored in 10 cm?
graduated glass cylinders for 9 days at room tempera-
ture. Creaming of emulsion samples was monitored visu-
ally and the extent of creaming was characterized by the
creaming index H, Eq. 5.

100 H,
H= %),

)
where Hc is the volume of transparent serum layer at the
bottom of the cylinder and HE is the total volume of emul-
sion sample.

Obtained curves were fitted using a Boltzmann sig-
moidal function of the form (Eq. 6):

Al — A

Y= 4 et—voyax T4

(6)

where A and A; are the initial values, left and right ho-
rizontal asymptote, respectively, xo is the centre of the
fitted curve and dx is the gradient of the slope at xo.

Particle Size Distribution

The emulsions prepared were polydisperse. The droplet
size distribution was determined from microphotography,
after 24 h. The surface area frequencies percent data were
plotted against the particle diameter. Values for surface
area frequencies were calculated using the Eq. 7:
n,-di2
Yo}
where n; is the number of droplets of d; diameter.

The average droplet size was expressed as the volume-
surface mean diameter (Sauter diameter) Eq. 8:

_ Ynd;
Yonmid}’

where n; is the number of droplets of d; diameter.

f= )

dys ®)

Results and Discussion

Comparison of Two Commercially Available OSA
Starches — Purity Gum 2000 and Hi-cap 100

The results of intrinsic viscosities and Huggins constants
for both OSA starches are given in Table 1. The values for
intrinsic viscosity in water are in agreement with litera-
ture results [10]. The data indicated that DMSO is worse
solvent for OSA starch than water, so in DMSO the con-
formation is more compact because of present association,
while in water it is extended. The addition of electrolytes
decreased the intrinsic viscosity, which indicated a reduc-
tion in the hydrodynamic size of the molecule since the
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Table 1 Intrinsic viscosities and Huggins constants of OSA starches
in different solvents at 20 °C

Solvent Purity Gum 2000 Hi-cap 100
Intrinsic Huggins Intrinsic Huggins
viscosity constant viscosity constant
(100 cm?/g) (100 cm?/g)
Water 0.2363 0.4248 0.1171 1.2864
0.1% NaCl  0.1496 0.6072 0.1105 1.3382
0.1% KC1 ~ 0.1556 0.5022 - -
0.1% CaCl, 0.1648 0.1337 - -
2% NaCl 0.1540 0.3040 - -
2% CaCl,  0.1705 0.2523 - -
DMSO 0.3175 0.5347 - -

charge screening reduced the influence of electrostatic ori-
gin repulsion forces on the polymer conformation.

The Huggins parameter k' gives information about the
solvent quality and formation of molecular aggregates.
Huggins constants were calculated form Eq. 1 and the ones
for the Purity Gum 2000 solutions were observed to be
lower than for the solutions of Hi-cap 100 for the same
solvent. Values between 0.3 and 0.7 have been suggested
for perfect solutions, whereas values of X' > 1 would en-
courage aggregate formation. This indicated that macro-
molecules of Hi-cap 100 were more self-associated.

The intrinsic viscosities were also calculated in 1 M
KOH (Fig. 1).

The obtained values were [n] = 0.2568 (100 cm? /g)
for Purity Gum 2000 and [n] = 0.1457 (100 cm? /g) for Hi-
cap 100 and that values were used for determination of
their molecular mass. The calculation of constants K and

0,30
0,28 ° °
| o
0,26 o ©
?5 4 e ©® ° e - — o
" 0,24 .
S 1 [n] = 0.2568 (100cm®/g)
o 0,224
= e PG2000
< 0207 A HC100
CQ B
c Q18t
5 0,16
] — - -
O 0,14
= 012 M=0.1457 (100cm’/g)
0,10 . ; . : . : :
0,0 0,2 0,4 0,6 0,8 1.0 12
3
c OSA starch (9/1 OOCm )

Fig.1 Determination of intrinsic viscosity of OSA starches in 1 M
KOH
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Fig.2 Plot of intrinsic viscosity versus molecular mass for acety-

lated amylopectin fractions from the starches of various botanical
origins

a, using the literature available data for acetylated amy-
lopectin fractions from the starches of various botanical
origins is shown in Fig. 2 [21].

The values K =0.00014 and a = 0.73774 were ob-
tained by direct fitting of the experimental data using
Mark’s variation of Staudinger equation. According to
these results molecular masses for Purity Gum 2000
and Hi-cap 100 were M = 26521.64g/mol and M =
12336.07 g/mol, respectively.

The steady-shear behaviour of 30% solution of OSA
starches is given in Fig. 3.

0,30 —e— HC100
] —0— PG2000
0,25 Q\
O,
\o\
0,20 ] O—g
\O\O\O—o\o
/g O~O-ohohoho‘oko‘o‘o
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—
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P-e—0-0-0-0-0-90-0-0-0-0-0-0-0-0-0-0-0-00
0,00 T T T T T T
0 100 200 300 400 500
-
v(s")

Fig.3 Dependence of the viscosity on the shear rate for 30% solu-
tions of OSA starches
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Fig.4 Flow curves of 50% emulsions stabilized with 20% of differ-
ent OSA starches

Both flow curves exhibited sheer thinning behaviour,
but solution of Hi-cap 100 was less viscous which is in
agreement with values of calculated molecular mass ob-
tained using the capillary viscometer.

To determine the influence of the OSA starch type on
the emulsification process, flow behaviour (Fig. 4), stabil-
ity (Fig. 5) and particle size measurements of 50% emul-
sions containing 20% of OSA starches homogenized for
20 min were carried out.
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Fig.5 Creaming index of 50% emulsions with 20% of OSA starch
as a function of storage time

Emulsions exhibited sheer thinning behaviour, which
means the addition of oil did not cause changes in flow
types, which remained the same as one of continuous
phases. Emulsions with Purity Gum 2000 had better sta-
bility, shown on Fig. 5 as creaming index. They almost did
not cream during the observed time. As for the emulsions
stabilized with Hi-cap 100 rapid separation of the cream
phase took place at the early stage and then, the creaming
process became slower.

Fig. 6 Particle size distribution (A) and microphotography (B) for 50% emulsion with 20% of Hi-cap 100
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Fig.7 Particle size distribution (A) and microphotography (B) for 50% emulsion with 20% of Purity Gum 2000

The particle size distributions and microphotographs
of emulsions containing 20% of Hi-cap 100 and Purity
Gum 2000 are shown in Figs. 6 and 7, respectively. The
surface area frequencies percent data were plotted against
the particle diameter. Average droplets sizes for emulsions
with Purity Gum 2000 and Hi-cap 100 were dys = 9.1 pm
and 5.5 pum, respectively, what indicated that increasing
in emulsions stability was governed by increasing in the
length of starch molecule chain and not by decreasing in
particle diameter.

The most predominant diameters for emulsions with
Hi-cap 100 were 4—-5 pm (40.8%) and for emulsions with
Purity Gum 2000 was 10 wm (22.9%).

Influence of Emulsifier Concentration
and Dispersed Phase

Influence of emulsifier concentration on shear stress values
at shear rate 500 s~! and stability is given at Fig. 8.

Shear stress at shear rate 7 = 500s~! and the stabil-
ity of emulsions increased with increasing concentration
of OSA starch. As concentration of emulsifier increased
from 3 to 20%, changes both in shear stress and stabil-
ity were more asserted for higher concentrations of OSA
starch. The results for Hi-cap 100 were alike.

Figure 9 presents the influence of dispersed phase con-
tent on emulsion stability and values of shear stress ob-
tained at shear rate y = 500s~ .

Increasing in oil concentration increased both stabil-
ity and shear stress what is related to more tightly packed
oil droplets in concentrated systems. The results for Purity
Gum 2000 were alike. These results are in an agreement

30 100

25 H = f (PG 2000)

20

©=f (PG 2000)

t (Pa)

0 2 4 8 8 10 12 14 16 18 20 22
PG 2000 (%)
Fig.8 Values of creaming index and shear stress ( = 500s~!)

of 50% emulsions with Purity Gum 2000 homogenized 60 min as
a function of OSA starch concentration

with results given in literature for beverage cloud coconut
oil-in-water emulsions [15].

Comparison of Emulsion with OSA Starch
with Emulsions with Tween 80 and Their Combination

Verification of modified starches ability to stabilize the
emulsions was done by comparing properties of samples
prepared with Purity Gum 2000, Hi-cap 100, Tween 80
and mixtures of OSA starch and Tween 80.
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Fig.10 Effect of different emulsifiers on creaming rate of 50%
emulsions homogenized 20 min

Emulsions prepared using the starch system showed
higher values of creaming index (Fig. 10) and volume-
surface mean diameter (Table 2) than those with Tween 80,
while emulsions containing both emulsifiers (Tween 80
and OSA starch) showed same properties as those with
Tween 80. This indicated that the more surface-active
Tween 80 [12] competitively displaced the larger starch
macromolecules between droplets what led to increase in
viscosity of continuous phase, and the viscosity of whole
system (Fig. 11).

This presumption is supported by the values of param-
eters of power-law equation, K and n, which are listed in
Table 2. Emulsions with OSA starches had higher consis-
tency coefficient, K than emulsions with Tween 80. Also
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Fig.11 Flow curves of 50% emulsions stabilized with different
emulsifiers homogenized 20 min

Table2 Droplets mean diameters dys and parameters of flow curves
for emulsions with 50% of oil

Emulsifier dys (pum) K n

5% Purity Gum 2000 27.75 0.0914 0.7492
3% Purity Gum 2000 + 5.26 0.0538 0.8417
2% Tween 80

5% Tween 80 5.23 0.0308 0.8801
5% Hi-cap 100 17.37 0.0555 0.7868
3% Hi-cap 100 + 6.16 0.0437 0.8504

2% Tween 80

they had lower values of the degree of non-Newtonian be-
haviour, n what indicate that the shear thinning behaviour
was more pronounced. The results for emulsions contain-
ing both Tween 80 and OSA starch were alike to those
containing only Tween 80.

Influence of Emulsification Time

It is evident from Fig. 12 that the changes in emulsion
stability with emulsification time were more pronounced
in the emulsions containing Tween 80 and combination
of emulsifiers (Tween 80 and OSA starch), indicating that
after the optimal homogenization time (20 min) the pre-
emulsification effect occurred.

Results present in Fig. 13 which shows the influence
of emulsification time on droplet diameter were in accor-
dance with those in Fig. 12.

Although the effect of increase in droplet size is present
even in the case of emulsions containing only Tween 80, it
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Fig.12 Creaming index of 50% emulsions with different emulsi-
fiers as a function of emulsification time

is more pronounced in emulsions containing both emulsi-
fiers, while in emulsions stabilized only with OSA starch
it does not occur. Specific increase in droplet size after
20min of emulsification, for emulsions containing the
combination of two emulsifiers, requires further studies.

Conclusion

Both OSA starches even thought derivatives of waxy-
maize starch differ in viscosity of their solutions. Intrin-
sic viscosity measurements and calculated Huggins con-
stants in different solvents showed that their conformations
changed from extended in water as solvent to coil like
in organic solvent such as dimethylsulfoxide. Determined
values for the viscosity-average molecular mass for Purity
Gum 2000 and Hi-cap 100 were M = 26521.64 g/mol and
M = 12336.07 g/mol, respectively. This difference influ-
enced their behavior as emulsifying agents. Emulsions
containing Purity Gum 2000 were more viscous and stable,
but had droplets with higher volume-surface mean diam-
eter, than those with Hi-cap 100 which indicated that their
better stability was governed by increasing in viscosity
of their continuous phase. Increasing in oil and emulsi-
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Introduction

Preparation and Characterization of Barium
Sulfate Particles as Contrast Materials for
Surgery

Abstract Barium sulfate particles
were prepared from BaCl, and
NaySO4 under various conditions to
explore their potential application
as contrast material in endovascular
surgery. Ethanol was added for

the stabilization of the suspension
obtained. Particle characteristics

of the samples were determined

by SEM and light scattering, while
the stability of the suspensions was
characterized by sedimentation
experiments. Particle characteristics
were shown to depend very much
on reaction conditions. Particles
were obtained in spherical and plate
like shape and in a variety of sizes.
Primary particles of nanometer size
formed aggregates in most cases.
Some of the samples had bimodal
particle size distribution. Particle
characteristics determined from SEM
micrographs, by laser light scatter-
ing measurements and calculated
from sedimentation experiments
often differed from each other. The
discrepancy could be explained by
the dissimilar behavior of various

fractions and the different sensitivity
of the measurements to them. Some
of the samples showed aging phe-
nomena in DMSO leading either to
the formation of larger particles or to
the break down of aggregates.

Keywords Barium sulfate -
Contrast - Embolization - Particle
characterization - Sedimentation

50% of the patients who have a bleeding (stroke) do not
survive, and even in the case of a successful treatment

Acute problems can originate from the formation of
aneurysms or arterio-venosus malformations (vein tumors)
in the blood vessels. The walls of the vessels become weak
at certain places and the burst of the veins may result
in bleeding. Such malformations can form anywhere in
the body, but they are extremely dangerous in the brain.

there is a high chance of permanent brain damage [1-3].
The early way to prevent bleeding in these cases was
open surgery, which was extremely dangerous and showed
high mortality rate [4,5]. Aneurysm and artero-venous
malformations are treated more and more frequently by
endovascular techniques [6—9]. These methods, in which
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the treatment takes place directly in the blood vessel, show
better results than micro-neurosurgical methods. Micro
balloons and spirals are frequently applied [10—13], but
liquid embolizing agents are the newest materials used
for the treatment [14, 15]. These are less invasive than
earlier methods and result in very high recovery ratios,
but appropriate contrast is needed to carry out the opera-
tion [16—19].

Several contrast materials are used in medical prac-
tice. The degree of contrast and the suitability of a ma-
terial for surgical purposes depend on its electron dens-
ity [20—22] and on the stability of the suspension. Gold,
tantalum and barium sulfate (BaSQy4) are added the most
frequently to improve contrast in the body during endovas-
cular surgery [20,23-25]. Gold is extremely expensive,
while a larger amount of BaSO, is needed in order to
achieve the necessary contrast. Barium sulfate suspension
in water is the universal contrast medium used also for the
examination of the upper gastrointestinal tract [26]. How-
ever, a simple barium sulfate/water mixture has several
undesirable properties including the tendency to sediment.
BaSOy particles are also the principal additive used to ad-
just the density of drilling mud for controlling the pressure
gradients in drilling operations, where it is very import-
ant to avoid it completely [27]. Flocculation and sedimen-
tation of suspended solids in a liquid phase are one of
the most central problems in colloid science. A number
of studies have been devoted to the understanding of the
stability of colloidal suspensions and especially on aggre-
gation [28-32] or settling phenomena [33] from a funda-
mental point of view. Information on particle size, packing
density and the mechanism of settling for both flocculated
and deflocculated systems have been discussed by sev-
eral authors [34-36]. Different approaches have been pro-
posed to describe the settling process; some of them extend
the hydrodynamic calculations developed for macroscopic
particles to flocculated suspensions. Accordingly, the sta-
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bility of the suspension is determined by particle size and
density, and by the viscosity of the dispersion [37,38]. The
contrast materials available in the open market come in
various particle sizes. The stability of the suspension pre-
pared with them is very often not sufficient; the particles
frequently separate from the dispersion by sedimentation.
Separation of the contrast material in the body is very dan-
gerous, since the operation cannot be safely completed; the
contrast material may block the arteries and cause dam-
age [39-41]. The proper adjustment of the above men-
tioned factors, i.e. electron density, particle characteristics,
solution viscosity and density, may result in more efficient
contrast materials than those available presently.

The goal of our research was to explore the possibil-
ity of finding efficient and economically viable materials
for contrasting purposes. We also wanted to investigate the
effect of the main factors on contrast and dispersion stabil-
ity. Since gold and tantalum are very expensive and BaSO4
is also used in medical practice, we decided to prepare
such particles under different conditions and to character-
ize them with various methods. In this report we discuss
the effect of reaction conditions on particle characteristics
and on the stability of suspensions.

Experimental

In this study BaSOy particles were prepared from solution
by mixing barium chloride (99.0%, Spektrum 3D, Hun-
gary) and sodium sulfate (99.5%, Reanal, Hungary). The
reagents were used as received. The reaction was carried
out under various conditions; we changed the concentra-
tion of the solutions, reaction temperature, the order and
way of mixing. The solution of the reactants was either
put into dropping funnels or into the collection beaker in
which the reaction took place. The conditions of the reac-
tions are summarized in Table 1. Ethanol (96%, Spektrum

Table1 The conditions of the preparation of BaSOy4 particles for contrasting purposes

Sample T (°C) c&,
(mol/ dm?)
Bl 30 1.00
B2 30 1.00
B3 30 1.00
B4 30 1.00
B5 30 0.10
B6 30 0.01
B7 50 1.00
B8 10 1.00
B9 30 1.00

4 concentration of the BaCl, and NaySOy4 solutions
b content of the beaker and the funnels before the reaction
¢ conditions of the addition of ethanol

Beaker? Funnel 1° Funnel 2° EtOH®
- BaCl, Nap;SOq4 After
BaCl, - Nap;SOq4 After
NaSOy4 BaCl, - After
- BaCl, NapSOq4 -
- BaCl, NapSOq4 After
- BaCl, NapSOq4 After
- BaCl, NapSOq4 After
- BaCl, NapSOq4 After
- BaCl, Nap;SOq4 Before
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3D, Hungary) was added to the suspension in order to pre-
vent aging either at the beginning (before) or at the end
(after) of the reaction (see last column of Table 1). Always
50 ml was used from both reactants and the suspension
was stabilized with 100 ml ethanol. Altogether 9 samples
were prepared and characterized in this study.

Since we found that the dried particles cannot be resus-
pended again for further study, we used solvent exchange
to transfer the particles from water to other suspension li-
quids. The solid particles were separated in a centrifuge,
water was removed from the upper phase and it was ex-
changed to the required solvent. Separation in the cen-
trifuge did not change the morphology of the particles
in any visible way and they could be easily resuspended
after separation. The particles were suspended in the new
solvent by vigorous stirring and then separated again. Sol-
vent exchange was repeated three times in order to achieve
perfect exchange of the solvent. Even a superficial visual
inspection indicated significant differences among the pre-
pared particles; the sample prepared without ethanol could
be resuspended much easier than the others. Commercial
barium sulfate particles were used as reference contrast
materials; one is offered specifically for medical purposes
(BR1), while the other, a general purpose sample, was pur-
chased from Aldrich (BR2).

The size of the particles was determined by scanning
electron microscopy (SEM) and laser light scattering. 1 g
material was suspended in 100 ml ethanol for SEM. One
droplet was placed on a sample holder, the solvent was
evaporated and the particles were coated with gold. Mi-
crographs were taken with a JEOL JSM-6380 apparatus.
Dynamic laser light scattering measurements were done
using a Brookhaven BI 9000 apparatus at 90° scattering

angle in ethanol and DMSO, the solvents used in en-
dovascular surgery. The concentration of the suspension
was 0.1 g/100 ml and the suspension was treated with ul-
trasound for 10 min before the measurement. The sedi-
mentation of the particles was studied by recording the
movement of the sedimentation front. The initial rate of
sedimentation and the sedimentation volume were used for
their characterization. 1 g material was suspended in 10 ml
solvent in a closed graduated cylinder and the suspension
was shaken vigorously for 5 min before the measurement.
The movement of the sedimentation front was followed by
a camera, visualized with the Vision GS software, recorded
by Bulent’s Screen Recorder and evaluated by the BSR
Movie Lab software. Sedimentation was studied in water,
ethanol and DMSO.

Results and Discussion

The results of the measurements are presented in three sec-
tions. First we describe the size and shape of the particles
and the effect of reaction conditions on them. Then we dis-
cuss the results of the light scattering measurements and
finally the stability of the suspensions, which is extremely
important from the medical point of view.

Particle Size and Shape

The particle size and shape of the contrast material strongly
influences the stability of the suspensions. As mentioned
before, different reaction conditions resulted in various par-
ticle sizes and shapes. A few examples are shown in Fig. 1.
The reference samples (BR1, BR2) are also included for

Fig.1 Size and shape of selected BaSO4 samples; a B3, b B6, ¢ medical grade (BR1), d general purpose (BR2)
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Table2 Particle size and shape of the prepared BaSO4 particles
determined by various methods

Sample Shape Particle size (jum)
SEM  Light scattering measured in
EtOH DMSO

BRI Sphere 0.7 1.49+£0.19 1.12+0.55
BR2 Sphere 0.5 1.15+£0.17 1.71£0.86
B1 Sphere 0.1 - 1.97+1.56
B2 Sphere 0.1 - 0.43£0.43
B3 Plate 10.0 0.74+£0.42 1.06+£0.45
B4 Sphere 0.2 0.45+£0.05 0.35+£0.15
B5 Sphere 0.3 0.61+0.14 -

B6 Ellipsoid 0.5 - -

B7 Sphere 0.2 - 0.75£0.55
B8 Sphere 0.1 - 0.42+£0.24
B9 Sphere 0.2 - 0.19£0.07

comparison. The size and shape of both the particles and
the aggregates differ significantly from each other. Sample
B3 deviates considerably from the other particles prepared;
it has a plate-like geometry (Fig. 1a), while all the others
possess more or less spherical shape (see Fig. 1b). The
main difference here is the drop-wise addition of BaCl, into
NayS0Oy4, while in all other experiments the two solutions
were introduced to the collecting vessel simultaneously or
sodium sulfate was added to barium chloride. The large
size and plate-like shape of the particles must influence
sedimentation rate and the stability of the suspension. The
primary particles of the medical grade BaSO4 (BR1) are
also spherical, just like those of the commercial product
purchased from Aldrich (BR2) (Fig. 1c and d, respectively).
Most of the products form large aggregates consisting of
smaller primary particles (see Fig. 1b).

The characteristic size of the primary particles, as well
as their shape were determined by SEM and the results
are listed in Table 2. Aggregates were not considered in
this evaluation. As mentioned above, most of the particles
have spherical shape. The size of the primary particles is
always below 1 micron, but they form aggregates of differ-
ent sizes. The estimation of aggregate size is very difficult
from the micrographs, although they determine the sedi-
mentation characteristics and stability of the dispersions.
Since simple visual inspection and semi-quantitative char-
acterization of the particles do not give any information
about the behavior of the suspensions, further characteri-
zation was carried out by methods which offer information
about the behavior of the samples in bulk.

Particle Size Distribution

The size distribution of the particles was determined by
laser light scattering in DMSO and ethanol. The measure-
ments could not be carried out in all cases, either because
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Fig.2 Particle size distribution of sample B8 determined by laser
light scattering in DMSO

the size of the particles was outside the range of the equip-
ment (4 wm) or because the particles and/or aggregates
sedimented too fast. This latter happened especially fre-
quently in ethanol, since both the viscosity and the density
of this solvent are small compared to our other solvent,
DMSO. A typical particle size distribution is presented in
Fig. 2. The continuous line was created by fitting a Gau-
sian function to the experimental data. The distribution
range is relatively wide from 50 to 650 nm. On the other
hand, the average particle size is still rather small espe-
cially if we compare it to that of commercial fillers or to
the reference BaSQO,4 obtained from Aldrich (BR2). Most
of the particles produced by us had a similar particle size
distribution, although average particle sizes varied.

Two of the samples showed bimodal particle size distri-
bution. One of them was the general purpose commercial
reference sample purchased from Aldrich (BR2), while the
other was sample B1. The particle size distribution of the
former is presented in Fig. 3. The distribution shows two
distinct peaks with maximums at around 400 and 1250 nm.
The bimodal size distribution is clearly disadvantageous
for our purpose, because the suspension separates very
easily with the fast sedimentation of the larger particles.
The bimodality of sample B1 was not as strong as that
of the commercial sample mentioned above (BR2), but it
could be definitely observed. The reason for the develop-
ment of such a distribution is unclear; it must be deter-
mined again by the reaction conditions, which should be
analyzed for a more exact explanation.

Average particle size and its standard deviation are col-
lected in Table 2. Only two samples could not be charac-
terized in DMSO, but the size of more than half of the
samples could not be determined in ethanol. Average par-
ticle sizes cover approximately one decade from 0.19 nm
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Fig.3 Bimodal size distribution of the commercial BaSO4 sample
(BR2) obtained from Aldrich. Laser light scattering in DMSO

for sample 9 to 1.97 nm for the commercial reference sam-
ple. The width of the distribution also varies, but it seems
to depend on the actual value of particle size. These results
indicate that at least some of the particles will form sta-
ble suspensions and can be applied as contrast material in
endovascular surgery.

It is also worth to compare the results obtained by the
two different methods, i.e. SEM analysis and laser light
scattering. The general tendency between the quantities
determined by the two techniques compares well, but the
exact values are quite different and considerable contra-
dictions can be also observed occasionally. Large sizes
were determined for both reference samples (BR1, BR2),
as well as for sample B3 by both methods. On the other
hand, the size of the B1 particles proved to be very large
in the light scattering measurement, while the SEM study
yielded a much smaller value. This apparent contradiction
can be easily explained by the fact that primary particles
were determined by SEM, while light scattering cannot
differentiate between these and the aggregates. Finally we
must mention here that much smaller aggregates formed
in DMSO than in ethanol. The observation was later con-
firmed by the sedimentation experiments described below.
The different aggregation tendency of the samples must
be related to dissimilar surface characteristics and interac-
tions, but we did not investigate them in this study.

Sedimentation, Suspension Stability

As a first approximation the sedimentation rate of spheri-
cal particles can be predicted by Stokes’ law:
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Fig.4 Rate of sedimentation of samples B3 and B8 in ethanol.
Symbols: (1J) B3, (O) B8

where vy is the sedimentation rate of the particles, g grav-
itational acceleration, p, and ps is the density of the par-
ticles and the solvent, respectively, and 7 is the dynamic
viscosity of the suspension. Equation 1 clearly shows that
the main factors determining sedimentation are the size of
the particles, the density difference between the particles
and the liquid, and the viscosity of the media. Particle size
has an especially dominating effect on sedimentation rate
since it appears on the square in the equation. In the case
of small particles, the solvate layer adsorbed onto the sur-
face of the particles also influences particle size and must
be taken into consideration. The results and their analysis
presented above clearly show that the size of our particles
cover a wide range thus we may expect considerable dif-
ferences in the stability of the suspensions.

Sedimentation experiments were carried out in water,
ethanol and DMSO. Occasionally we could not measure
the sedimentation characteristics of the samples because
a homogeneous suspension could not be prepared or be-
cause sedimentation was excessively fast (samples BRI,
B5 and B6). We present two typical sedimentation curves
in Fig. 4, which show the progress of the sedimentation
front as a function of time. The SEM micrograph taken
from sample B3 (see Fig. 1a) clearly showed the plate-
like particle geometry and large size of this sample. The
sedimentation curve agrees well with these observations,
the rate of sedimentation is relatively fast, the particles
rapidly fall to the bottom of the vessel. Both microscopy
and light scattering experiments indicated that the particle
size of sample B8 is much smaller. The particle char-
acteristics of this sample can be observed quite well in
Fig. 5. We see that the primary size of the particles is rela-
tively small and they form small aggregates. This aggre-
gate formation appears in the light scattering experiments
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Fig.5 Particle characteristics and aggregation tendency of sample
B8

as a relatively large size, i.e. 0.42 +0.24 um compared to
the value determined by SEM. In spite of some aggrega-
tion, the size of B8 particles is much smaller than that
of the B3 sample thus its sedimentation proceeds signifi-
cantly slower.

Initial sedimentation rates were determined in the three
media for all samples and they are presented in Table 3.
The relative order of the samples is more or less the same
in the three solvents. Apart from the commercial BaSO4
sample purchased from Aldrich (BR2), only the B3 sample
sediments faster than the others. The larger viscosity and
density of DMSO is clearly seen in the values of the table;
in most cases sedimentation is significantly slower in this
solvent than in the other two.

DMSO differs from the other two solvents in other re-
spects as well. On several occasions, independently of the
propagation of the sedimentation front, a sediment con-
sisting of larger particles appeared in the vessel used for
the experiments. This sediment could not be suspended
any more in the same way as at the beginning of the ex-
periments. These samples are indicated with an asterisk
in Table 3. The phenomenon might be caused by some
aging process, by the transformation of the material, ag-
gregation, or recrystallization. We did not carry out further
experiments to find an unambiguous and exact explanation
for the process. Nevertheless, we must draw the conclu-
sion that BaSOy4 particles cannot be stored infinitely in
DMSO, i.e. the embolization suspension must be freshly
prepared if BaSOy is used for contrasting or some other
solution must be found for the stabilization of the sus-
pension. Such an approach might be the application of
a mixture of DMSO and ethanol, which is frequently used
in endovascular surgery anyway in order to decrease the
level of toxic DMSO load on the patient [42—44].

In other cases just the opposite phenomenon was ob-
served. Instead of the formation of a sediment with in-
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Table3 Sedimentation rate of the studied BaSO4 particles in vari-
ous media

Sample? Sedimentation rate (mm/h) in
Water EtOH DMSO

BR2 390 360 288

Bl 3 6 0.50*

B2 5 15 0.10

B3 10 60 0.10

B4 2 4 0.05

B7 4 15 0.25*

B8 3 2 0

B9 4 10 0.08*

4 Reliable data could not be obtained for samples BR1, B5 and B6,
since sedimentation was too fast

creased particle size, the sedimentation front proceeded
much slower than expected. The slower rate could not be
justified by the difference in density and viscosity com-
pared to ethanol or water. This phenomenon indicated
the partial decomposition of the aggregates formed during
the production of the samples. The observed phenomena
prove again that preparation conditions strongly influence
the final characteristics of the samples, including particle
characteristics and stability. Moreover, in certain media
the BaSO4 particles may undergo further transformation,
which changes these characteristics.

The particle size of the samples can be indirectly de-
termined also from the initial rate of sedimentation using
Stokes’ law (see Eq.1). All parameters necessary are
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Fig. 6 Demonstration of the aging of BaSOj, particles occurring in
DMSO by the comparison of particle sizes calculated from sedi-
mentation rates determined in ethanol and DMSO, respectively
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known and the average particle size can be calculated.
This calculation was carried out and we compare par-
ticle sizes derived from results obtained in ethanol and
DMSO in order to study the aging phenomena further. The
results are presented in Fig. 6 for those samples which
could be studied by this technique, i.e. by sedimentation,
at all. The commercial BR2 sample was omitted from
the correlation, since the much larger value obtained for
it would have dominated the correlation pushing the rest
of the values closely together. Although the number of
points is rather small, a general tendency can be estab-
lished in the figure. The large difference in the absolute
values must be assigned to the inadequacy of the model
used (Stokes’ law), since it is supposed to take into ac-
count changes in the density and viscosity of the solvents
used. The deviation from the general tendency must be
related to the aging phenomena mentioned above, which
occur in DMSO. Samples falling above the tendency con-
sist of larger, while those below it contain smaller particles
than in ethanol indicating aggregation or disaggregation,
respectively. These results further support our observa-
tions about the aging of BaSO4 particles in DMSO, which
might considerably influence the stability of the suspen-
sion. Moreover, the deviations from the general tendency
call the attention to the fact that the results of all measure-
ments must be treated with the utmost care, since some of
them can be biased by various factors.

The results presented here unambiguously prove that
commercial contrasting agents, like the medical reference
sample used in this study (BR1), are not always optimal
and the stability of the suspensions prepared from them
might be poor. On the other hand, by the selection of the
reaction conditions properly, barium sulfate particles can
be prepared with proper shape and particle size, which
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Abstract The wastewaters resulting
from industrial aluminium anodis-
ing processes must be treated in

a wastewater treatment plant usually
involving the main operations of
neutralisation, flocculation, settling
and filtration with a press-filter.

In Portugal the annual quantity

of sludges, resulting from these
wastewaters treatment, is estimated
in 15000 t/year (2002) and in the
EU a large quantity is also involved.
No use has been found for these
sludges and they are sent to landfills

or disposed of in uncontrolled places.

Recycling is an economical and
environmentally friendly way to

handle hazardous wastes, reducing
the amounts disposed in landfills. So
the effect of the anodising sludge as
flocculant of municipal wastewaters
instead of inorganic salts commonly
used was studied.

Sludges from nine industrial
units were characterised and used
as flocculant. The efficiency of the
sludge aluminium salts hydrolysis
products in the removal of suspended
particles and organic matter was
demonstrated.

Keywords Anodising - Coag-
ulation - Recycling - Sludge -
Waste

Anodising Sludge Origin

Along the anodising surface treatment processes several
wastewaters are generated. The wastewaters come basi-
cally from rinsing operations or cleaning of concentrated
chemical baths containing sodium hydroxide and sulphuric
acid. Some of the wastewaters can be alkaline, gener-
ated during the rinsing performed after the pickling op-
eration with sodium hydroxide. They can also be acid
resultant from the rinsing of anodised articles coming
from anodising baths formed usually by a solution of
sulphuric acid.

The wastewaters must be treated in a wastewater treat-
ment plant usually involving the main operations of neu-
tralization, flocculation, settling and filtration with a press-
filter. The alkaline and acid wastewaters are collected sep-
arately and are sent in a controlled flow to the industrial
wastewater plant so that a neutralization process occurs.
A final pH adjustment can be necessary usually with lime

or sulphuric acid. Next the wastewaters are submitted to
a coagulation process followed by a settling period. The
sludge from the settling tank, usually with a solid concen-
tration up to 10% SS, is transferred to a filter press where
it is concentrated up to 30% SS.

In Portugal the annual quantity is estimated, by the in-
dustrial sector association, in 15000 t/year (2002) and in
the EU around 300000 t/year (2006), an average of 16t
per installation [1].

Aluminium recycling is being studied [2] but solutions
are still needed concerning many wastes from different
aluminium processes that otherwise will be sent to land-
fills. This is also the case of anodising sludges because no
use has been found for these sludges and they are sent to
landfills or disposed of in uncontrolled places. Research in
order to find new recycling possibilities for these wastes is
a promising and environmentally interesting subject.

The anodising sludge resulting from the wastewater
treatment has a variable composition according to the
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anodising processes used but has a certain amount of alu-
minium compounds. Aluminium salts have been used for
long in the treatment of municipal wastewaters as coagu-
lant for the removal of suspended solids, turbidity, colour
or algae that can be present as colloidal particles. In this
work it is intended to use this chemical characteristic of the
anodised sludge and study its capacity as coagulant of mu-
nicipal wastewaters instead of inorganic salts commonly
used.

Materials and Methods
Anodising Sludge

Sludge Sampling and Characterisation. Nine industrial
units were selected for this study being a group of the more
representative units regarding the quantitative production
of the anodising sector. The sludge was recovered at the
press filter discharge. A representative composite sample
was recovered, well homogenised so that a homogeneous
sample was produced and analysed.

The composition of the solid fraction consists espe-
cially of aluminium (18-35%), sulphates and organic mat-
ter [3]. Sodium, calcium, chromium and iron collectively
make less than 3% and the other elements appear in even
lower quantities.

Sludge Preparation. The sludge was tested as coagulant
with two different physical forms: as powder and as a sus-
pension.

To prepare the powder form the sludge samples were
well homogenised, submitted to a process of drying at
room temperature and grinded with a grid of 0.5 mm so
that a homogeneous powder of constant characteristics was
produced. Along the drying process successive humidity
determinations were made until constant weight loss deter-
mination was achieved.

The suspension was prepared as a homogenised mix-
ture of sludge and water according to an established pro-
cedure and defined solids content. Stable suspensions were
obtained with solids content from 5 to 15%. Suspensions
with solids content of 5% were used, in this study, being
easier to handle.

Municipal Plant Wastewater

A wastewater from a large municipal wastewater plant was
selected to test the efficiency of the anodised sludge as co-
agulant. In other studies we have also studied the use of the
anodising sludge in the treatment of paint, paper-mill and
textile wastewaters [3—5]. Several samples were recov-
ered, along the work, at the entrance of the primary treat-
ment formed by the primary settler and after the initial grit
removal where the elimination of coarse suspended matter,
oils and grease takes place. This effluent contains consid-
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Table1 Wastewater characterisation

Parameter Municipal Max-min  Emission
wastewater values limits™
average
values
COD (mgl1~! 0») 771 980-560 125
TSS (mgl™1) 356 490-160 35
Aluminum Al (mg1~1) 3.5 5.2-0.34
Turbidity (NTU) 243 283-205
pH 7.5 8.2-6.8

* Portuguese Legislation regarding the discharge of Urban Wastew-
ater Treatment Plants, D.L. 152/97, 2007

erable organic matter, high suspended solids concentration
and turbidity. The physical and chemical characteristics
of the wastewaters were determined and are indicated in
Table 1.

Coagulation Experiments with the Anodising Sludge

In many water and wastewater treatment processes particle
removal is important because the particles are pollutants that
have to be removed. Particles are usually very small and can
not be separated in reasonable time periods. Interparticle
forces also can contribute to the suspension stability. The
particle characteristics can be modified through aggregation
in a coagulation process. Coagulation causes the formation
of aggregates of particles (flocs) more easily removed. Co-
agulation tests have been intensely used in order to establish
the best conditions of floc formation. The tests structure
can vary according to the author’s objectives [4] but the
more important parameters to be controlled during the ex-
periments are coagulant dose, mixing conditions (intensity
and duration of mixing phases and type of stirring device),
settling time, turbidity and final pH.

Coagulation tests were performed in order to study the
coagulation effect of the anodising sludge. The coagu-
lation experiments were conducted by first adding the
selected amount of sludge to wastewater samples. The
samples were then submitted to a rapid stirring phase
followed by a slower one. Afterwards the coagulated
suspension was allowed to settle. At the end of the set-
tling period samples were taken from the supernatant.
The samples were chemically analysed and the influ-
ence of the experimental parameters was studied through
several tests. The optimum coagulation conditions were
established based on the removal efficiency of wastew-
ater contaminants, on the final turbidity and chemical
oxygen demand (COD) of the supernatant samples. The
coagulation conditions used in the tests are indicated
in Table 2.
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Table2 Coagulation conditions

Parameters
Coagulant dose
Rapid mixing phase

0.05; 0.1; 0.2; 0.4; 1

Stirring speed 100; 300; 800 rpm

Stirring time 5; 15 min
Slow mixing phase Stirring speed 50; 80 rpm

Stirring time 30 min
Settling 30min; 1 h

Stirring system Type of impeller

Experimental Results

Coagulant dose is a very important parameter regard-
ing the coagulation process efficiency. Different coagu-
lant doses were tested in order to establish the more
favourable conditions. The results regarding the lower and
higher doses tested, using the coagulant as powder form,
are indicated in Fig. 1. The maximum turbidity removal
achieved with a coagulant dose of 0.05 g/1 oscillated from
69 to 88%. For the case of the higher dose of 1 g/I, the
turbidity removal reached 75 to 92%, for the different
sludges.

The maximum turbidity reduction obtained with differ-
ent coagulant doses for the nine sludges, used as powder, is
indicated in Fig. 2. High turbidity removal is achieved, be-
tween 75 to 93%. Most sludges reach the highest removal
with the intermediate dose of 0.4 g/1.

Higher or lower values of coagulant dose do not im-
prove turbidity removal. So, increasing coagulant dose
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Fig.2 Maximum turbidity reduction, powder coagulant

improves turbidity removal only up to a certain quantity.
When the maximum removal is reached to increase the
dose will lead to a poorer supernatant clarification.

Blank tests were performed, involving only the settling
process of wastewater samples, without any coagulant, and
an average turbidity removal of 61%, with 30 min set-
tling time, was reached. These values are in agreement
with known bibliography values that, comparatively, indi-
cate that a well dimensioned primary settling tank without
chemicals addition removes 50 to 70% of the total sus-
pended solids (TSS), 25 to 40% of the biochemical oxygen
demand (BOD) and 25 to 75% of the bacteria [6].

The sludge was also used as a suspension. Even higher
values of turbidity removal were achieved in this case.
The maximum turbidity removal achieved with a coagu-
lant dose of 0.05 g/1 oscillated from 79 to 89% and for
the case of the higher dose of 1 g/1, the turbidity removal
reached 92 to 99%, for the different sludges, Fig. 3.
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Fig.1 Maximum turbidity reduction with powder coagulant for two different doses
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Fig.3 Maximum turbidity reduction with suspension coagulant for two different doses
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Fig.4 Maximum turbidity and COD reduction with suspension coagulant for two different doses

For the coagulation with the suspension, the maximum
removal was obtained with the dose of 1 g/I. So, in this
case, the turbidity removal continued its increase with in-
creasing coagulant doses up to 1 g/1.

Nevertheless in order to select the more adequate con-
ditions for the wastewater treatment an equilibrium must
be chosen between contaminant removal and coagulant
dose. Although the highest removal was achieved with the
dose of 1g/l, an average dose of 0.4 g/1 allows already
good results for wastewater treatment, as can be seen in
Fig. 4. The coagulation conditions that showed higher re-
moval were selected as a rapid mixing phase (300 rpm;
15 min) and a slow mixing phase (50 rpm; 30 min). The
results presented, in Fig. 4, regard turbidity and COD re-
moval under these selected coagulation conditions. Con-
sidering the dose of 0,4 g/1, turbidity removal of 85 to 91%
and COD removal of 64 to 90% were achieved. With the
coagulant dose of 1 g/1 the turbidity removal of 88 to 99%
and COD removal of 79 to 95% for these selected coagu-
lation conditions.

Discussion

The coagulation process with the anodising sludge was very
efficient. The pollutant removal, detected through turbidity
and COD measurements, reached high percentage levels.
After the treatment the wastewater contaminant levels were
below the legislation emission limits, in most tests. The
classical wastewater treatment involves coagulation with
aluminium salts followed by a neutralisation process for pH
adjustment. In the coagulation with the anodising sludge the
neutralisation step is suppressed. In fact during the coagula-
tion experiments the final pH oscillates from initial to final
pH. The pH change is not very noticeable and the super-
natant can be considered included in the neutral pH range
not needing a final adjustment for neutral range.

Anodising sludge is a more complex product than tra-
ditional coagulants. So its mode of action is still being
studied. Nevertheless the destabilisation process, when
using the anodising sludge as coagulant, can be explained
by two mechanisms: sweep flocculation and charge neu-

tralisation. The relative importance of the two mechanisms
will depend on the coagulant dose and the pH [7]. Several
aquocomplexes are formed during the process. Hydrolysis
products are mainly cationic and coagulation can proceed
by charge neutralisation.

When this mechanism is predominant there is a stoi-
chiometric relationship between particle and coagulant
concentration. Also if the neutralisation mechanism is in-
volved there is a narrow range for the optimum coagula-
tion dose that must be very precise. This does not hap-
pen using the anodising sludge as coagulant. Although
the optimum coagulation dose is found during the ex-
periments, nevertheless reasonable contaminant removal
can be achieved over a broader coagulant range. As pH
increases, although around neutral pH, the formation of
a hydroxide precipitate will occur. Contaminants may be
enmeshed or adsorbed, for the case of soluble contami-
nants, in the precipitate and be removed by sweep floccu-
lation [8]. Heterocoagulation can occur between positive
precipitate particles and colloidal negatively charged con-
taminants involving also the charge neutralisation mech-
anism. Aluminium precipitates will be positively charged
at pH below 8 or 9 according to different authors. The
presence of sulphates, as it is the case of the complex an-
odising sludge, can produce large precipitate flocs over
a wider pH range [9]. During our sludge coagulation ex-
periments the final pH range was 8-9 and precipitates
should be positive. So according to the conditions of the
coagulation experiments with the anodising sludge the
main mechanism will be sweep flocculation enhanced with
heterocoagulation.

The coagulant dose was the decisive parameter re-
garding the contaminant removal results. Nevertheless
several stirring conditions were tested, with different
impeller systems, and optimised coagulation conditions
were established. The higher contaminant removal was
not obtained for the same stirring conditions for all the
sludges probably due to differences in their composi-
tion and granulometry. However the higher turbidity and
COD removal was obtained with the same dose for all
the sludges, in the case of suspension coagulant, rein-
forcing the importance of the coagulant dose regarding
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the other coagulation parameters. Data analysis of the
coagulation results was performed according to the statis-
tical Taguchi method and has also confirmed the previous
statement. This analysis will be presented in a following

paper.
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Strength of Flocs Formed from Aluminium
Sulfate Hydrolysis Product Particles

Abstract The kinetics of aggrega-
tion of aluminium sulfate hydrolysis
product particles (AS HPP) formed
in two model waters with different
pH and alkalinity values, at different
shear conditions in a flow system
has been studied. The effect of the
hydrolyzing salt dose, ionic strength
of the solution and the mode and
rate of stirring the system on the
growth, destruction and regrowth
of HPP aggregates has been in-
vestigated. The comparison of the
results obtained with our previous
data on the electrokinetic poten-
tial and hydration of AS HPP [7]
testifies that the aluminium sulfate
hydrolysis product particles formed
in a model water with parameters
that facilitate appearance of small
particles with relatively high charge

and zeta-potential values, low degree
of hydration and interaction of pri-
mary particles predominantly in the
primary minimum (water II: pH 7.5,
alkalinity 1 mmol/l, average particle
radius 6-7 nm, ¢ = 26-29 mV),

are more stable and possess higher
ability for reconstruction after their
destruction during intensive stirring,
than aggregates built of particles with
lower charge, higher initial particle
size and hydration, aggregating in the
secondary minimum (water I: pH 9.3,
alkalinity 3 mmol/l, average particle
radius 10-11 nm, { = 16—-18 mV).

Keywords Aggregates - Aluminium
sulfate - Destruction - Growth -
Hydrolysis products -
Reconstruction - Shear intensity

Introduction

Aggregation of dispersed particles plays an important role
during phase separation processes, in particular in the
course of water conditioning and treatment, mineral pro-
cessing, etc. [1,2]. Typically, these processes are initiated
or enhanced by adding hydrolysing salts or high-molecular
polymeric flocculants to dispersion or water to be treated.
Depending on the balance of main variables operating in
the system, the size of aggregates formed, their strength
and packing density as well as the changes of these pa-
rameters during the aggregation process can be varied in
a broad interval [3-5].

Special interest represents information about the laws
and kinetics of aggregates formation from the aluminium

salts hydrolysis product particles (HPP) widely used in
water treatment [5—7]. The course of these processes as
well as the size, density and strength of aggregates de-
pends not only on the coagulant nature but also on the
system variables such as pH, ionic strength and alkalin-
ity. By changing these parameters, the colloid-chemical
properties of primary particles of the hydrolysis product,
the size and density of aggregates formed and their me-
chanical strength, i.e. ability for destruction and following
reconstruction after termination of the acting physical and
mechanical forces can be regulated.

Recently several papers have been published on the
problem of destruction/reconstruction of aggregates form-
ed under the action of coagulants or polymeric floccu-
lants [8—11]. Different ideas about the mechanisms of
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these processes have been proposed but none of these as-
sumptions has got detail experimental confirmation.

Mixing conditions can have a very significant effect on
the performance of coagulants and flocculants. The first re-
quirement is for the additive to be distributed uniformly
among the particles in suspension. This is usually achieved
by some form of rapid mixing. The particles then need to
collide in order to form aggregates and this process can
be assisted by gentle agitation. When flocs are subjected
to an increased shear rate, breakage can occur. Breakage
depends greatly on the intensity of shear and on the flocs
strength. The latter is determined by the nature of the inter-
action between particles, i.e whether they are aggregating
in the primary or secondary minimum, and the average
number of bonds per particle (or on the floc density). In
practice, floc strength is often approached in an empirical
manner, usually by observing the limiting floc size under
given shear conditions. After floc breakage, its re-growth
may occur on restoring the previous low shear conditions.
There have been only limited studies on this aspect and the
influence of mixing conditions on the re-formation of flocs
has not been yet properly evaluated.

The aim of this study is to investigate the effect of the
coagulant dose, ionic strength and alkalinity of the water
as well as the mixing conditions on formation, breakage
and re-formation of aggregates formed from aluminum
sulfate (AS) hydrolysis product particles (HPP), and to es-
tablish an interconnection between the surface properties
and stability of flocs at different (mentioned) variables of
the system. A continuous optical monitoring method, with
controlled mixing and stirring conditions, was used.

Materials and Methods

As hydrolysing salt (coagulant) commercial product of
aluminium sulfate has been applied. A working solution
of concentration 0.1% (as for Al,O3) was prepared from
1% stock solution that was stored in a refrigarator at 5 °C.
Doses of AS from 5 to 30 mg/1 (as Al,O3) have been used.

Model “waters” prepared from distilled water, contain-
ing different amounts of HCI or KOH and NaHCOs3 to
adjust the required pH and alkalinity values (= [HCO37],
mol/l), have been applied. The ionic strength of the system
(I) was varied between 103 and 5 x 10~2 mol/1 by adding
KCI solution. Two samples of “model” water were used:
water [ with pH 9.3 and alkalinity 3 mmol/l and water II
with pH 7.5 and alkalinity 1 mmol/1.

Experiments on the kinetics of formation, destruc-
tion and subsequent re-formation of aggregates were per-
formed in a flowing cell using PDA-2000 dispersion An-
alyzer (Rank Brothers, UK) that permits to determine the
relative size of forming aggregates [9—12]. One hundred
ml of the model water with adjusted pH, alkalinity and
ionic strength values was placed in a beaker and the stir-
ring by a mechanic stirrer immediately started at 50 (or

other) rpm. The water was pumped in a transparent flexi-
ble tube through the measuring unit of the PDA instrument
by a peristaltic pump. The magnitude of the light flux pass-
ing through the suspension was continuously registered
by the sensitive photodetector capable to transfer a light
signal into an electrical one. It was shown [12] that the
root-mean-square values of the fluctuating signal (rms) is
a characteristic of the number-averaged concentration and
size of the suspended particles. The rms signal converted
into an electric one is given in millivolts (mV). The values
of Vims are significantly increased at the onset of aggre-
gation, and decreased while aggregates are broken After
reaching a permanent value of Vi, the designated amount
of the aluminium sulfate solution was added and the output
signal characterising the degree of flocculation was im-
mediately recorded during 3000 s. At certain stages of the
process indicated below, an intensive stirring of 500 rmp
during 20 s has been applied, followed by stirring the sys-
tem with previous velocity (50 rpm). By this manner we
followed the dynamics of increase and subsequent destruc-
tion/restoration of the aluminium sulfate HPP aggregates.

Experimental
Kinetics of the AS HPP Aggregation

It has been shown by authors [5, 7, 13, 14] that by changing
the pH, ionic strength and alkalinity values, the colloid-
chemical characteristics of HPP, such as size of primary
particles, their electrokinetic potential and degree of the
surface hydration, can be regulated. It has been found that
with increasing pH, the electrokinetic potential of AS HPP
particles decreases while the hydration of their surfaces
and the diameter of primary particles increases. This re-
sults in an increase of the density of aggregates. An in-
crease in the ionic strength and alkalinity of the system
also gives a rise to the density of packing of particles in
aggregates.

Figure 1 shows how the Viys parameter for alu-
minium sulfate HPP formed in water I (pH 9.3, alkalinity
3 mmol/I) with ionic strength of I =1 x 1073 mol/1, de-
pends on the duration of the process. The formation of
aggregates was periodically interrupted by intensive stir-
ring of the system for 20s (indicated by arrows), with
subsequent restoration of the previous stirring velocity. It
is seen that the initial rate of HPP aggregates formation
substantially increases with the dose of the coagulant. For
example, at AS dose of 5 mg/l, the aggregation is rather
slow: the maximum Vi value is attainded only during
800 s after adding the salt, and the Vs value is 0.45 mV
only. With increasing the salt concentration the first and
subsequent maxima on the curves, i.e. the degree of ag-
gregation increases, and the time necessary to reach the
maximum decreases. At coagulant dose of 30 mg/1, the
maximum of Vi, (1.25 mV) is reached for about 200 s. At
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Fig.1 Kinetics of Vs variation for aggregates of aluminium
sulfate hydrolysis products particles in model water 1. [ =
1 x 10~3 gion/1. Here and further the numbers near the curves indi-
cate the coagulant doses, and the arrows show the onset of intensive
stirring (500 rpm) and aggregate breakage

low AS contents the maxima are rather extended, and with
increasing the coagulant dose, on the Vys(f) curves after
a sharp rising part a subsequent decrease is observed. This
decrease steeper, the coagulant dose higher.

Similar dependencies have been obtained for HPP ag-
gregates formation in model water I (pH 7.5, alkalinity
1 mmol/1), see Fig. 2. The general laws of formation and
destruction of HPP aggregates in water Il obey the same
regularities that were observed for the previous system, i.e.
larger Vi values, with an increase of the steepness of the
rising part of curves with increasing coagulant dose and
the decrease of this parameter during intensive stirring the
system. For this water no differencies in the form of peaks
on Viys(#) plots, both for small and large AS doses have
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Fig.2 Kinetics of Viny variation for aggregates of aluminum sulfate
hydrolysis products particles in model water II. Mixing as usual.
I =5x10"2 gion/1
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been registered. But also some differences in the behavior
of these two systems can be seen: (1) for water II, the in-
crease of the degree of aggregation (Vi) as a function of
time is slower, (2) the duration of the induction period is
longer, (3) the size of aggregates formed until the begin-
ning of intensive stirring does not decrease in contrast to
the water I, but even increases. This increase is observed
both for primary (initial) aggregates and for aggregates
that are restored after every cycle of intensive stirring of
the dispersion. It means that aggregates in this system are
more stable toward stirring than aggregates arising in wa-
ter with lower pH and alkalinity (cp. Figs. 1 and 2).

Effect of the Ionic Strength

The Viys(f) dependencies for the water I or II, with
higher ionic strength values of 1072 and 5 x 10~2 mmol/1
are similar to those shown on Figs.1 and 2 (for I =
103 mmol /1), but in these cases higher Vs values were
observed, especially at high coagulant doses (Figs. 3
and 4). This shows that the size of forming HPP aggregates
increases not only with increasing the AS concentration
but also with the ionic strength of the solution. There are
also other similarities in the behaviour of the two sys-
tems: at relatively high coagulant content (20 and 30 mg/1)
the heights of the primary and subsequent maxima on
Vims () curves increase with electrolyte concentration in
both system (Figs. 3 and 4), whereas at low AS doses these
dependences are more complex. For example, for water
I, with increasing the ionic strength the Vimgmax) values
for the first peak slightly increase, while for the water II,
the first Vs values with rising ionic strength go through
a maximum. Also the subsequent V¢ reveal big differ-
ences. These differences as well as the high Vimgmax)

25 7

Vrms,mV
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Time.s

Fig.3 Kinetics of Vi variation for aggregates of aluminium sul-
fate hydrolysis product particles for two AS doses and different
ionic strength values. Model water I, AS doses: a — 30 mg/l, b —
10 mg/1, ionic strengths: 1 — I =1 x 1073 gion/1; 2 — I =1 x 1072
gion/land 3 — I =5 x 1072 gion/1



Strength of Flocs Formed from Aluminium Sulfate Hydrolysis Product Particles 73

Vrms, mV

0 500

1000 1500

Time, s

2000 2500 3000

Fig.4 Kinetics of Vi variation for aggregates of aluminium sul-
fate hydrolysis product particles in water II for AS dose 30 mg/1
and different ionic strength values: 1 — I = 1x 1073 gion/l; 2 —
I=1x10"2gion/land 3 — I =5 x 10~2 gion/l

values typical for low AS doses and intermediate ionic
strengths indicate the considerable stability of HPP aggre-
gates even after several intensive stirring periods.

Effect of the Mode and Duration of Stirring

The regularities described above are an evidence of the
strong dependence of the size and structure of HPP ag-
gregates on the water parameters and applied shear. In all
cases studied, the primary aggregates were formed at low
stirring, so probably their structure was rather diffuse. We
performed a comparative study of the kinetics of forma-
tion/destruction/reconstruction of AS HPP aggregates in
water II, at conditions described above and with initial
slow (50 rpm) and intensive (500 rpm) stirring of the sys-
tem during 30s. In the event of slow initial stirring the
system (Figs. 1-4), the peak values of V¢ increase pro-
portionally with the AS dose, i.e. the packing density of
particles in aggregates can be considered approximately
the same. It is line with a decrease in the height of peaks
for HPP at different AS doses at subsequent intensive stir-
ring the system.

Quite different picture was observed when initially an
intensive stirring of the system was applied (Fig. 5): the
rapid stirring during first 30 s resulted in formation of
large, low-density aggregates of arbitrary, probabily non-
equilibrium structure due to the high frequency of par-
ticles collision. This effect is most pronounced for low AS
dose (5 mg/1), when the interparticle distance is relatively
big. At this dose, with slow initial stirring, the maximum
size of aggregates is characterized by Viys about 0.4 mV
(Fig. 1), while with fast initial stirring of the system, the
Vims value reaches 0.8 (Fig. 5). In the course of subsequent
fast stirring intervals, these aggregates undergo deforma-
tion but they remain large and diffuse. The aggregates
formed at higher coagulant doses at slow stirring rates, are
even larger but more resistant to breakage.
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Fig.5 Kinetics of Vi variation for aggregates of aluminium sul-
fate hydrolysis products particles in model water II. The mixing rate
500 rpm was used during the first 30's. I =5 x 1072 gion/I
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Fig.6 Kinetics of Vs variation for aggregates of aluminium
sulfate hydrolysis products particles under condition of constant
slow (a) and fast (b) mixing in model water I. AS dose 20 mg/1,
I =5x10"2gion/l

Also we have measured the kinetics Vi variation for
aggregates of aluminium sulfate hydrolysis product par-
ticles under condition of continuous fast (Fig. 6, curve a)
and slow (Fig. 6, curve b) stirring of the system. It is seen
that the initial parts of Viyg vs. ¢ curves during the first
20 s from the beginning of the process coincide for both
cases. After this period constant Vi values for the “fast
stirring” process and a steep rise in Viyg with subsequent
decrease, for the “slow stirring” process are observed. It
should be noted that in the event of slow stirring the Vi
“final” value reaches 0.4 mV to the 3000 s from the begin-
ning of the process which corresponds to the magnitude
of Vims for aggregates restored after many-fold stirring at
the same coagulant dose (20 mg/1). It is interesting that
the coordinates of peaks on this curve (before the intensive
stirring period) are the same as the coordinates of peaks on
Vims Vs. t curves shown in Fig. 2. Also the coordinates of
the minima of this dependence (Fig. 2) that appear as a re-
sult of fast stirring (after 1600 s) entirely coincide with the
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6b curve, and the curve a is asymptotically approaching to
the Vi dependence shown in Fig. 2.

Discussion

The size and structure of aggregates of HPP depends on
the parameters of the water such as pH, ionic strength and
alkalinity as well as the reagent dose. The aggregates can
be either in equilibrium or in non-equilibrium state. To the
equilibrium the HPP aggregates approach with different
rate, depending on the way of stirring.

To compare the strength of aggregates and the effi-
ciency of their breakage/reconstruction, we have calcu-
lated the so-called strength factor (F1), that characterizes
the tendency for their destruction, and re-formation fac-
tor (F3), which characterizes the ability of aggregates for
reconstruction, using the ideas developed by Gregory [10]:

Fy = (V2/V1) x 100,
F,=[(V3—V2)/(V1 —V2)]/100,

where V) is the value of Vi, maximum of aggregates
formed on the given stage of the process; Vo — the Vipg
value for aggregates destructed after intensive stirring; V3
— the same for aggregates reconstructed after intensive
stirring.

Examples of the variation of F| and F> of AS HPP ag-
gregates at different coagulant dose are given in Tables 1
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and 2. The F; vs. AS dose dependences obtained can be
summarized as follows:

1. The least stable aggregates are formed in waters [ and 11
before their intensive stirring and after each subsequent
stirring the aggregates become more and more stable;

2. Maximum differencies between the strength of initially
formed aggregates and those on the next stages of for-
mation (after the following intensive stirring) are ob-
served for the relatively big doses of aluminium sulfate
(10-20 mg/1);

3. For all systems studied the destruction factor of aggre-
gates varied after the first intensive stirring from 30 to
50%, while after the next intensive stirrings it varied
from 50 to 80%;

4. The mechanical impact is the most pronounced factor
affecting the formation/destruction of the primary AS
HPP aggregates;

5. The strength of aggregates both at high and low ionic
strength values is higher in water II with relatively low
pH and alkalinity values than in water II;

6. In most cases, especially at high electrolyte concen-
trations, the aggregates’ strength decreases with an in-
crease of the coagulant dose, i.e. with an increase of the
HPP concentration in the system that is accompanied
by a decrease of the inter-particle distances.

The factor of aggregates reconstruction (F») varies
in similar direction in both model systems (Table 2): F;

Table1 Strength factors (1) for AS HPP at different coagulant doses and at different stages of the aggregation/de-aggregation process

Strength factors [%] at I =5 x 102 gion/l, for AS doses [mg/1]

5 10 20
Number of
peaks on Water 1
Vims VS. I curve
1st peak 54 43 33
2nd peak 65 56 64
3rd peak 67 60 69
4th peak 70 74 78

30 5 10 20 30
Water 11

33 50 51 42 41

65 67 57 66 63

70 80 60 71 78

77 82 66 79 77

Table2 Renewal factors (F,) for AS HPP at different coagulant doses and at beginning of the aggregation/de-aggregation process

AS doses in water [mg/1]

5 10 20 30 5 10 20 30
Renewal factors [%] for waters with I =5 x 1072 gion/1
Water 1 Water 11
1st peak 58 28 14 10 50 74 29 37
Renewal factors [%] for waters with I = 1073 gion/1
Water 1 Water 11
1st peak 40 25 21 21 32 53 40 40
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for the aggregates formed before the turbulent stirring
decreases at growth of the coagulant dose from 10 to
30 mg/1 and with changing from the model water II to
the water I. Aggregates formed at minimal (5 mg/1) dose
of aluminium sulfate represent an exception: their F»
factor is lower than that at AS dose 10mg/l, and the
F, value is minimal at lows ionic strengths (Table 2).
No direct relationship has been found between F; and
F> factors, i.e. the aggregates could be stable enough
against destruction, but possess weak ability for recon-
struction after ceasing the mechanical force, i.e. stirring
the system.

Comparative data on physical-chemical parameters of
AS HPP aggregates in waters I and II are presented in [5, 7,
13]. They testify that aluminum sulphate hydrolysis prod-
uct particles formed in model water I, are larger (r =
10—11 nm), with lower ¢-potential value (16—19 mV) and
more hydrated (especially at low coagulant doses) than
those formed in model water II (» = 6—7 nm) and having
higher ¢ (=26-29 mV). Based on these data and param-
eters of the inter-particle interaction energy vs. distance
curves (calculated by the DLVO theory using the measured
electrokinetic potential of particles and primary aggre-
gates) [7, 14, 15] one can conclude that at the first step, the
interaction of HPP primary aggregates’ in water I occurs
in the secondary minimum, with depth about 8—10 kT, and
there is no potential barrier between particles in this case.
The interaction of aggregates in water II may occur both
in primary and secondary minimum, i.e. the depth of these
minima is only 1-2 kT. Formation of bigger aggregates in
this water, compared to water II, means that the aggregates
in the second system are more diffuse (loose). Neverthe-
less, we consider that probably it is not the looseness of
aggregates (low amount of particles in a unit volume) is the
main factor that determinates the aggregates’ strength, and
their ability to destruction and reconstruction.

Among other factors affecting the size and strength of
the HPP aggregates, the kinetics and mechanism of ag-
gregate formation at conditions of slow stirring should be
taken into account. Relatively large and weakly charged
particles in the first water interact quickly enough (the
time of interaction corresponding to Vimgs(max), 1S only
200-250s). At these conditions, large aggregates of ran-
dom structure which is probably far from the equilibrium,
are formed. As the time of slow stirring increases, aggre-
gates are not really destructed, but are getting “worn” and
re-formed gradually, approaching to an energetically more
favorable structure. Destruction as such takes place only
after a series of consecutive stirring at turbulent conditions
(n = 500 rpm). Such a slight “weariness”, and formation
of aggregates with more stable structure is probably due
to the interaction of primary aggregates and those of the
next orders in the secondary minimum. Owing to this re-
arrangement, the aggregates are becoming looser, and their
structure approaches to the most energetically favorable
value. The less the partial concentration in the aggregating

dispersion, the slower the aggregates’ structure formation
and it is closer to the equilibrium. That is why the time
Tmax, corresponding to Vims(max), increases and the effect
of “weariness” of aggregates decreases with a decrease of
the AS dose, and at dose 5 mg/1 it disappears at all (Fig. 1),
in line with the mentioned speculations.

Formation of HPP aggregates in water II at similar
conditions occurs somewhat different. Smaller, weakly hy-
drated and higher charged particles of the AS hydroly-
sis products aggregate rather slowly (tpax = 1000-1200 s)
that is due to considerable repulsion energy between par-
ticles. This enables particles to form aggregates with struc-
ture close to equilibrium. The diameter of these aggregates
is somewhat smaller than that for the system II, and the
“weariness” effect for them is absent.

Based on the effects analyzed, bonds in the aggregate
structure in water II can be considered to be weaker, that
makes these aggregates sensitive to modest but prolonged
stirring.

At turbulent conditions (high-velocity stirring), an
abrupt break of bonds between particles in aggregates in
both cases may occur, followed by spasmodic decrease
of Vims values. On the other hand, the aggregates in the
system II do not deform substantially, before the begin-
ning of rapid stirring. It means that in the first case rapid
stirring only accelerates the changes occurring within
the aggregates during slow stirring, while in the second
case it provokes these changes. At the same time the de-
struction factor for the aggregates in water I is lower
than that in water II. Probably this difference can be ex-
plained by the influence of the HPP surface hydration: in
water I the particles are more (almost an order of mag-
nitude) hydrated than in water II, which facilitates the
processes of the aggregates’ rearrangements. This fac-
tor complicates the processes of reconstruction of the
aggregates’ structure after ceasing the stirring. The data
presented signify the sufficiently reversibility of the pro-
cesses of aggregates’ destruction, especially at water 11
conditions (40%).

Thus, the investigations described testify that AS HPP
aggregates formed in a model water with parameters that
facilitate appearance of small particles with relatively high
charge and zeta-potential values, low degree of hydra-
tion and interaction of primary particles predominantly in
the primary minimum, are more stable and can be more
easily reconstructed during intensive stirring, than aggre-
gates built of particles with lower charge, higher initial
particle size and hydration, aggregating in the secondary
minimum.
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Nanolayer Coatings

Abstract Langmuir-Blodgett and
self assembled molecular layers

of hydroxamic and phosphonic
acids deposited onto metal surfaces
were studied in corrosive aqueous
solution with and without corrosion
relevant microorganisms. The role of
intermolecular interaction, molecular
layer thickness, self assembled
molecular layer (SAM) formation
time as well as the alkyl chain length
in the anticorrosion processes and

in the microbiological adhesion was
in the focus of our experiments.
Langmuir films characterized by
isotherms and Brewster angle mi-
croscopy (BAM) were deposited

as Langmuir—Blodgett (LB) layers
onto copper and iron surfaces. The
SAM layer formation was followed
by sum frequency vibration (SFG)
and infrared (IRRAS) spectroscopy,
the morphology of the LB and SAM
films was visualized by atomic force
microscopy (AFM), and the change

in the wettability was characterized
by contact angle values measured

in pure water on metals (with and
without nanocoatings). The anticor-
rosion efficiency of the nanofilms
was confirmed by electrochemical as
well as by AFM measurements. The
decrease in the microbial adhesion
caused by the nanolayers was visual-
ized by epifluorescence microscopy
and enumerated by microbiological
technique. Correlation was found
between the metal surface energy
and the number of adhered corrosion
relevant microorganisms.

Keywords Anticorrosion efficacy -
Hydroxamic and phosphonic acids -
Inhibition of microbial adhesion -
Intermolecular interaction -
Langmuir - Langmuir-Blodgett -
SAM layers

Introduction

The importance of nanolayers in different technologies
(coatings, sensors etc.) has increased in the last decades.
Mainly two types of nanofilm are discussed in the litera-
ture, the Langmuir—Blodgett and the self assembled layers.
The early literature on Langmuir monomolecular layers
on LB films was reviewed by Gaines [1] and Petty [2].
Roberts also contributed to the LB film topic [3]. Ulman
who has discussed both the LB and SAM layers has given
an introduction to many characterization techniques [4],

and Schwartz has presented a review on LB film struc-
tures [5]. The preparation, characterization and application
of LB films have been surveyed by several authors [6-9].
All these papers discuss not only the molecules which can
form nanofilms but also the techniques applicable for in-
vestigation of molecular layers. Over the last two decades
the sensitivity of a number of experimental techniques
has been increased. These techniques include photoelec-
tron spectroscopy, X-ray diffraction and reflection, neu-
tron reflection, infra red and Raman spectroscopy, electron
diffraction and different scanning probe microscopy. By
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fluorescence and Brewster angle microscopy larger struc-
tures of nanolayers can be observed, and in special cases
the quartz crystal nanobalance can also provide important
information on film formation. All these methods help in
understanding the LB and SAM layer formation and, on
one hand, in elucidating the binding forces between solids
and nanolayers, and, on the other hand, in showing the
conformation of the amphiphiles in nanolayers.

In our experiments two types of amphiphilic molecules
were used for nanolayer preparation. Phosphonic acids
have often discussed in the literature [10—16]. First Lossen
reported the existence of hydroxamic acids (acyl hy-
droxylamines) in 1868 [17]. Biological activities of nat-
ural hydroxamic acids were also demonstrated by sev-
eral authors [18—21]. Extended research on water soluble
mono- and dihydroxamic acids were done by Farkas and
her co-workers [22-25]. The corrosion inhibiting effi-
ciency of benzohydroxamic acid derivatives and dihydrox-
amic acids in aqueous solution were also studied [26,27],
but on nanolayers of hydroxamic acids only limited publi-
cations are available. The first experiments on hydroxamic
acid SAM nanolayers were reported by Folkers et al. [28]
who have demonstrated that the SAM layers of alkyl hy-
droxamic acids are more stable on metal oxide surfaces
than the similar carboxylic and phosphonic acids. The
most recent publication on alkyl hydroxamic acids [29]
discusses monomer and polymer hydroxamic acid in
SAMs.

In our previous publications we have shown how can
the pH and the subphase temperature influence the mo-
lecular layer structure [30] and in some cases the applica-
tion of these nanolayers was also demonstrated [31, 32].
In this paper intermolecular constants calculated for L
monolayers of hydroxamic acid amphiphiles as well as
comparative analysis of anticorrosion efficiency of LB and
SAM films produced from the same amphiphiles will be
presented. Additionally, the influence of the solid surface
energy of metals (with and without nanocoatings) on the
microbial adhesion will be discussed.

Experimental

Chemicals: alkyl hydroxamic acids (decanoyl (C10N),
lauroyl (C12N), palmitoyl (C16N) and stearoyl (C18N)
hydroxamic acids) synthesized from the proper alkyl acid
chloride and hydroxyl amine [33] were re-crystallized
from ethyl acetate. Octadecanoyl phosphonic acid (C18P)
was the product of a Michaelis—Arbusov reaction. Melting
points, thin layer chromatography, elemental analysis and
IR spectroscopy were applied for purity control.

Metal surface finishing: copper (99.99%) and iron
(99.99%) surfaces ground with emery paper (200-1200
grit SiC) and polished with Al,O3 paste (0.3 pm), were
washed with water, degreased with acetone and let it dry
under atmospheric conditions.
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Nanolayer Preparation

Langmuir and Langmuir-Blodgett Molecular Films

Nanolayers at the air/water interface prepared by spread-
ing a solution of the amphiphiles (dissolved in chloroform)
on an ultra pure aqueous subphase were investigated in
LB trough (NIMA Technology 611D) equipped with Wil-
helmy plate pressure sensor. After spreading and evapora-
tion of the solvent (10 min) the monolayer was compressed
and transferred to the polished solid metal surfaces under
accurate automatic control of surface pressure which is
essential for proper LB deposition, as during film trans-
fer the area of the monolayer is reduced continuously in
order to keep the surface pressure at a constant value.
To produce high quality LB films the deposition speed is
also an essential factor (20 mm/min). The morphology of
the Langmuir monomolecular layers were characterized by
Brewster angle microscopy (BAM, miniBAM, Géttingen).
This technique is a well established method to visualize
nanolayers with different structures (condensed domains,
scattered molecules etc.). The principle of the operation
of BAM is that p-polarized light at the Brewster angle
is not reflected from the interface. The water surface is
very smooth and has an optically well-defined background
signal at the Brewster angle. The areas of different bright-
ness are due to different molecular layer densities on the
surface. A single molecular layer is resolved in high con-
trast. This is an ideal instrument for on-line visualization
of homogeneity and of domain structure in nanolayers. In
our experiments at different pH and temperature values of
the subphase in situ BAM images were taken at the gas-,
liquid- and solid phases as well as after the collapse of the
molecular layers.

SAM Layer Preparation

Polished, washed and degreased copper and iron coupons
were dipped into the solution of amphiphilic materials
dissolved in tetrahydrofuran (Merck). The completeness
of a compact layer formation was followed by infra red
(Nicolet Magna 750 FTIR spectrometer equipped with a li-
quid nitrogen cooled MCT detector) and sum frequency vi-
bration spectroscopy (EKS-PLA, Vilnius Lithuania). The
maximum intensity of peaks in SFG spectra has proven the
compactness of the nanolayers.

The solid surface morphology (with and without
nanocoatings) were visualized by atomic force microscopy
(AFM, Digital Instruments, NanoScope III).

Electrochemical Experiments

In a three-necked cell filled with 300 ml sodium sulphate
electrolyte (0.1 M; pH = 3.5 (copper); pH = 7.0 (iron);
room temperature) were immersed the working electrode
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(copper or iron with and without nanolayers), the counter
electrode (Pt) and the reference (saturated calomel) elec-
trode. The corrosion potential and the polarisation curves
were registered in a potentiostat (Radiometer PG-201). Po-
larization resistance values were calculated from electro-
chemical impedance spectra (EIS).

Microbial Adhesion Experiments

Metal coupons with or without nanolayers were immersed
either into cooling water (with mixed population of cor-
rosion relevant microorganisms) or into pure culture of
Desulfovibrio desulfuricans, Acidithiobacillus ferrooxi-
dans and Leptospirillum ferrooxidans. The presence of
adhered microbes was demonstrated by epifluorescence
microscope (Zeiss) after acridine orange staining (0.01%
acridine orange in water).

Results and Discussion

Several experimental techniques have enabled us to obtain
detailed information on Langmuir and Langmuir-Blodgett
films. The influence of pH and temperature of the subphase
is important to know in order to find the most proper con-
ditions for the preparation of the most compact Langmuir
and LB layers.

Isotherms Measured at Different pH and Temperature

After spreading long-chain hydroxamic acids on pure wa-
ter sub-phase, the Langmuir monolayers were character-
ized by surface pressure/area (/1/A) isotherm at different

C18HA (pH 5.6)

—20°C
----25°C
...... 30°C

T [mN/m]

| P PR LW AL RN SN PR BN SR R
20 21 22 23 24 25 26 27

A [A*molecule]

| L L WL EEEE
28 29 30 31 32 33 34 35
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temperatures (Fig. 1). The slope of the isotherms is tem-
perature dependent, different phase transitions can be ob-
served if the temperature varies, similarly to results given
in the literature for other molecules [34, 35].

On pure water surface the pressure/area isotherms
show three distinct regions, which can be described as
gas-, liquid- and solid-phase. The transition pressure be-
tween liquid and solid phase is 20 mN/m in the case of the
CI6 N, and 18 mN/m at C18 N. For the sake of compari-
son similar value of the stearic acid is 23 mN/m [36]. This
transition is temperature-dependent, and the molecules
need larger surface area at higher temperature. The de-
crease in the temperature results in a more rigid Langmuir
monolayer. The collapse pressure of the monolayers on
pure water sub-phase at pH 5.6 decreases with increasing
temperature. This is in accordance with the results men-
tioned in the literature on others type of molecules [36].
All important information about the monolayers under in-
vestigation is summarized in Table 1.

Our investigation on hydroxamic acid monolayers was
not confined to their non-dissociated state but at increased
pH values on the dissociated form, too. The monolayer
pressure-area isotherms of palmitoyl and stearoyl hydrox-
amic acids on pure water sub-phase at different pH values
can be correlated with the length of the carbon chain.
As expected, under identical conditions the molecule with
longer carbon chain gives a more rigid film than the shorter
one. The stability of the CI8HA monolayer increases with
the increase of sub-phase pH from acidic to near neutral
values up to about the pK value. At pH 5.6, a stable, com-
pact film is obtained.

This behavior is supported by the surface demand of
the C18HA molecules at different pH values. The pH de-
pendence of the molecular area has shown a minimum at
about 5.5. At extreme pH values, i.e., at acidic and espe-

600 .
—20°C

- 25°C
-~ 30°C

C18HA (pH 5.6)

500+

400

300 +

C," [mN/m]

200 +

100+

I [mN/m]

Fig.1 Temperature dependent isotherms and compression modulus of the stearoyl hydroxamic acid; BAM images taken at the “gas” phase

as well as after collapse are inserted [30]
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Table1 Characteristic parameters of three amphiphiles

pH Collapse pressure [mN/m]
CI6N CI8N C18P
monolayer monolayer monolayer

2.0 35 35 31

4.0 29 33 27

5.6 28 33 29

8.0 27 33 31

10.0 26 34 -

T [°C]

20 38 46 34

25 34 37 30

30 27 31 24

Molecular area 27 21 31

[A2/molecule]

cially at alkali pH values these molecules occupy larger
surface area, which may be due to the structure of the
head group. Alkyl hydroxamic acid monolayers can dis-
sociate at higher pH. The pK measured in solution is
shifted in some cases to higher values on the water sub-
phase [37].

As these hydroxamic compounds are weak acids, when
the sub-phase is acidified to pH 2, their ionization is com-
pletely suppressed and they behave like neutral molecules.
At this low pH (protonated structure, non-dissociated neu-
tral molecules) the C(O)NHOH groups are switched by
intermolecular hydrogen bonding, which gives 2D net of
molecules. At a little higher pH value hydrogen ions disso-
ciate from the hydroxamic acid and hydroxamate ions are
involved into the molecular film. With increasing pH in the
sub-phase, the dissociation of the individual molecule as
well as the ratio of deprotonated groups increases. The hy-
drogen bond between protonated (—-OH) and deprotonated
groups (negatively charged O™) is stronger, around pH = 6
the head groups of the molecules require smaller area on
the sub-phase. Competition between the hydrogen bond
and electrostatic repulsion can be observed. At pH around
the pK value the molecular area has a minimum, which
may be due to the shorter intermolecular distance between
protonated and deprotonated oxygen atoms. At higher pH
values repulsion between charged head groups predomi-
nates, and the electrostatic repulsion counteracts with the
van der Waals forces between the long carbon chains; the
consequence is that the molecules require more area. The
pH-dependent molecular area curve is asymmetric (Fig. 2).

The transition pressure between liquid and solid phases
varies with the pH values of the sub-phase. At increas-
ing pH values the transition pressure decreases, but the
collapse pressure (when multi-layers are formed) is not
significantly affected by it (Table 1).

In the first theoretical description of the I7/ A isotherms
given by De Boer [38] the van der Waals equation for non-
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Fig.2 pH-dependent molecular areas in case of stearoyl hydrox-
amic acid

ideal two-dimensional gases is the follow

I =RT/(A—w)—a/A?, (1)

(where R: gas constant, T: temperature, w: the area per one
molecule of the amphiphile in the extremely compressed
monolayer, A: area available for molecules during two-
dimensional condensation, a = molecular constant).

This predicts the existence of metastable state for the
high values of the molecular constant a which is valid
when the area available for molecules decreases but the
surface pressure remains unchanged. When the surface
pressure increases, the equation [39] is valid, when A >
A(c)

IT=RT/(A—w)—B,
(B: intermolecular constant)

2

A(c) is the area available for the molecules at liquid-
expanded/liquid-condensed state.

The pH- and temperature-dependent surface pressure/
molecular experimental isotherms were used for the quan-
titative determination of intermolecular constants. The
intermolecular constants calculated from Eq. 2 are summa-
rized in Tables 2 and 3.

Not only the van der Waals interaction and hydrogen
bond formation but electrostatic interactions also play im-
portant role in monolayer formation. According to the cal-
culated intermolecular constants the van der Waals force
increases with increasing alkyl chain. Table 3 summarizes
the effect of pH on the intermolecular constants. At low
pH a weaker hydrogen bond, at higher pH values the elec-
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Table2 Temperature-dependent intermolecular constants

B [mN/m]
20°C 25°C 30°C
C16N —-0.0129 —0.0607 -0.1019
C18N —-0.0291 —0.1393 —0.1747
Table3 The pH-dependent intermolecular constants
B [mN/m]

pH=2 pH=4 pH=5.6 pH=38
C16N -0.6771 —0.1639 —0.0607 —0.7766
CI8N -0.6833 —-0.2933 -0.1393 —0.6084

trostatic repulsion modifies the van der Waals attraction.
At pH 2 a lateral hydrogen bond network links the inter-
nal groups in the monolayer. At near neutral pH values
stronger mutual forces lead to stable films. At alkaline
pH range, because of strong electrostatic repulsion, the
nanolayer structure shows less ordering, the aggregates are
in small lace-like domains.

Characterization of the Nanolayers

Significant increase in contact angles has proven the suc-
cessful layer deposition (Table 4). According to the liter-
ature [40], when the contact angle value of a nanolayer
coated surface is less than 110°, the film on the solid is
partly disordered or there are defect places in it. In our
cases these values significantly exceed the 110° that prove
the presence of films on metals with hydrophobic character
and the existence of tightly packed methyl groups.
Infrared spectroscopic techniques are accepted methods
for studying nanolayers as they provide information on
the binding mode and on the molecular conformation and
orientation. The time-dependent measurement of infra red
reflectivity can also be used to monitor the adsorption.
Our measurements were completed by IRRAS and SFG

Table4 Contact angles measured in water on copper and iron sur-
face with and without nanolayers

Surface Control Stearoyl Octadecanoyl
hydroxamic acid  phosphonic acid
LB monolayer LB monolayer
® dyn ® dyn ® dyn
adv. /retr. adv. /retr. adv. /retr
Copper 78°/31° 128°/95° 124° /88°
Iron 68°/32° 123°/72° 126°/95°

81

=1
o
h

11 lavers

Absorance

9 lavers

~— 3layers —
—~~— | layer 10

3050 3000 2950 2900 2850 2800 2750

Wavenumber (cm-1)

Fig.3 IRRAS spectra of LB nanolayers of stearoyl hydroxamic
acid deposited onto copper

measurement. The first technique has proven a success-
ful layer-by-layer deposition (Fig. 3). On copper or iron
substrates in case of monolayer a perpendicular molecular
arrangement and a tilted one in multi-layers (up to 9) was
observed. The average tilt angle is around 23°. Linear re-
lationship was observed between the number of layers and
the asymmetric and symmetric CHj3 stretching band inten-
sity (with R = 0.9992). The other type of well-ordered
structure is involved into SAM layers. The chain-length
and deposition time-dependent increase in intensity got
by these techniques has helped to prepare compact SAM
layers (Figs. 4 and 5). These methods are very comple-
mentary because not only the adsorption and the layer-
by-layer deposition are detected but also the completeness
of the SAM process is demonstrated. The SFG reflec-
tivity gives information about secondary processes like
increasing ordering in the nanolayers at the surface [41,
42]. In the nanolayers of hydroxamic acids (like in the
case of fatty acids [43,44]) the alkyl chains are in all-
trans conformation with their long axis normal to the
substrate.

Electrochemical Measurements

The anticorrosion efficiency of the nanolayers measured
by electrochemical polarisation is demonstrated in Table 5.

The efficiency data show that the hydroxamic acid
nanolayers both in LB and SAM films decrease the corro-
sion processes and their influence slightly depends on the
length of carbon chain of the amphipiles.

Results of other electrochemical technique (EIS; Fig. 6)
support the efficiency data got by polarization measure-
ment. The polarization resistance (Rp) data (which are
the measure of the nanolayer resistance in the corrosion
process) increase significantly with increasing layer for-
mation time. These films form insulating films between
the aqueous aggressive environment and the metal surface
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Fig.5 SFG spectra of the octadecanoyol phosphonic acid in LB and time-dependent SAM layer deposited onto iron surface

and block the active places. Higher R, values mean less
porosity of the layer.

Control of Microbial Adhesion by Nanolayers

Desulfovibrio desulfuricans can much less adhere to

nanocoated metal surfaces then to pure copper or iron

coupons (Fig. 7). Similar experimental results were ob-
served on pyrite in the presence of Acidithiobacillus
ferrooxidans and Leptospirillum ferrooxidans (Fig. §;
these microorganisms are responsible for bioleaching
processes). The example of experiments carried out by
pyrite coupons shows the effectiveness of multilayers in
comparison with a monomolecular film. On copper and
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Table 5 Results of anticorrosion experiments got in the presence of LB monomolecular films and SAM layers developed from hydroxamic
acids, deposited onto copper electrodes (0.1 M Na;SOy4, pH = 3; 23 °C; n = efficiency)

Copper

Cu + LB:palmitoyl hydroxamic acid
Cu + LB:stearoyl hydroxamic acid
Cu+ SAM:decanoyl hydroxamic acid
Cu+ SAM:lauroyl hydroxamic acid
Cu+ SAM:palmitoyl hydroxamic acid
Cu+ SAM:stearoyl hydroxamic acid

Ecorr [mV] Jeorr [LA cm™2] n [%)
26 0.91 -
-29 0.35 62
31 0.25 73
-36 0.13 76
38 0.17 81
-39 0.16 82
—40 0.14 85
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Fig. 6 Results of electrochemical impedance spectroscopic measurements with copper electrodes with and without SAM layers developed

from decanoyl hydroxamic acid

iron coupons with and without nanocoatings after dip-
ping into cooling water (Table 6), the number of the or-
ange colored (dead) cells and green colored (vial) cells
show how effectively the nanolayer could repel the mi-
croorganisms from the surface. The increase in SAM
formation time and LB monomolecular layer number en-
hance the layer quality (ordering, compactness, porosity),

a more hydrophobic film can better inhibit the adhesion of
microorganisms.

We tried to find a quantitative correlation between the
surface properties and the number of adsorbed microor-
ganisms. Table 6 summarizes the metal surface energies
got from the contact angle values and the number of the
microorganisms irreversible adsorbed onto the solids (with
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and without nanocoatings). The number of microorgan-
isms of cooling water adhered to pure metal surfaces are
larger with order of magnitudes than those measured on
nanocoated surfaces. The only exception is the iron coated
by C18P monolayer, which effectively inhibit the corro-
sion processes, but the adsorption of microorganisms is
Untreated after 5 min after 15min little decreased. From the measured contact angle values
the surface energies were derived. It is well known that
the surface energy of pure metals is high. Hydrophobic
nanocoatings decrease this value. According to our ex-
perimental results the corrosion relevant microbes, which
are covered by ionic biocoating, dislike the hydrophobic
surface. Increase in surface energy results in decreased mi-
crobial number on the surface.

after 30min after 60min

Fig.7 Adhesion of Desulfovibrio des. on copper surface covered by
SAM layer; influence of SAM layer formation time; the amphiphile

is lauroyl hydroxamic acid Conclusion

This paper has presented results on amphiphilic molecules
in LB and SAM layers. The change in the pH and

Acidithiob .f.

Leptosp.f.

Pyrite withouN’

nanolayer

Fig.8 Pyrite surfaces after immersion into media inoculated with Acidothiobacillus ferrooxidans and Leptospirillum ferrooxidans; influ-
ence of nanolayers onto the microbial adhesion
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temperature values was reflected in isotherms of Lang-
muir monomolecular layer which allowed us to calcu-
late characteristic parameters (molecular area, intermo-
lecular constants etc.) of the hydroxamic and phospho-
nic acid amphiphiles. Contact angles, SFG and IRRAS
techniques have rendered possible to characterize LB
layers, to ascertain the most proper SAM layer formation
time. By electrochemical measurements the anticorro-
sion effectiveness of these nanolayers has been proven.
Positive correlation was found between the efficacy of
nanofilms and

1. the molecular layer number in LB films;
2. the SAM layer developing time;
3. the carbon chain length in the amphiphiles.

These nanolayers could control not only the corrosion pro-
cesses but the microbial adhesion too, that was ascertained
by the correlation between the surface energy and the num-
ber of adhered microorganisms.
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Amphiphilic Nature

of New Antitubercular Drug Candidates
and Their Interaction With Lipid Monolayer

Abstract Tuberculosis remains
a major problem throughout the
world causing large number of
deaths, more than that from any
other single infectious disease [1].
The treatment of the chronic inflam-
matory caused by Mycobacterium
tuberculosis (Mtb) requires prolonged
chemotherapy often associated with
unwanted side effects and develop-
ing resistant bacterium strains [2].
Introduction of new in silico iden-
tified drug candidates which are
expected to be specific inhibitor of
dUTPase [3] a vital enzyme of Mtb
presents a novel approach in the
combat with the disease. Three of
those drug candidates — ligand 3,
4 and 69 — were compared in the
present study considering their inter-
facial properties, polarity, amphipatic
character and lipid affinity which are
relevant in pharmaceutical function.
Langmuir monolayers were
prepared from the ligands and their

mixture with phospholipon as a sim-
ple model material of cell membrane.
Analysis of the isotherms showed
than ligand 3 and 44 presents sig-
nificant affinity to the lipid building
into the monolayer. The penetration
ability of the drug candidates were
also characterized by measuring

the increase of surface pressure of
the lipid monolayer following their
injection to the subphase at two initial
lipid densities. The results were in
accordance with the order of log Papp
values determined for the three com-
pounds as well as with their dynamic
surface activity although the highest
difference amongst the three ligands
was observed in the penetration
ability which is of paramount impor-
tance in the selection of promising
therapeutic agent.

Keywords Langmuir monolayer -
Lipid affinity - Membrane model -
Penetration of drug - Surface activity

Introduction

Pulmonary tuberculosis is a chronic respiratory trans-
mitted inflammatory disease. One third of the human
population of the world is infected. Mycobacterium tu-
berculosis (Mtb) causes 8 million new cases and nearly
two million people die every year [4]. The problems
and difficulties of the antitubercular therapy include the
prolonged duration of treatment, the dose related drug
toxicity and unwanted side effects like the damage of
liver and kidney. The aim is to improve patient com-

pliance and reduce harmful effects decreasing the du-
ration of treatment. The emergence of drug resistant
strains of Mtb has made the search for new drugs more
urgent [3, 5, 6].

One of the new approaches to find more effective drugs
is based on the inhibition of bacterial enzymes and hence
killing the bacteria. A number of possible specific in-
hibitor of dUTPase, an enzyme of Mtb essential for cell
viability [7] were identified by simulation methods [8, 9].
The selection, physico-chemical, biological, pharmaceu-
tical characterization of these new drug candidates and
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introduction of the best ones might be an effective means
to treat tuberculosis infections in humans.

Drugs have to be transported through several mem-
branes to reach the infected target cell therefore the in-
teraction of drug with lipid membrane is in the focus
of research. Among the membrane models the Langmuir
monolayer of lipids is the most simplified but well defined
system [10]. Although much less complex than biological
membranes it is excellent model because various param-
eters like density, packing and nature of lipid as well as
the subphase composition and temperature can been var-
ied [11-13]. The monomolecular layer of oriented and
close packed lipid molecules is prepared at water/air sur-
face in a Langmuir balance. Quantitative information can
be obtained on the influence of drugs on the stability, struc-
ture and permeability of lipid film as well as on drug’s
penetration behaviour. Affinity and compatibility of drug
to the lipid membrane can be assessed analysing the area—
surface pressure isotherms [11].

The monolayer technique became a widespread method
in the last decades characterizing the molecular inter-
action between drug candidates and membrane forming
lipids and other components [12,14,15]. Jablonowska
and coworker studied the effect of the ibuprofen at var-
ious concentrations on dipalmitoyl-phosphatidylcholine,
DPPC, monolayer [16]. The lipid layer was condensed
at low concentration while higher amount of ibuprofen
led to opposite effect perturbing the ordered structure of
lipid monolayer which change is related to membrane
function. Fa and coworkers obtained similar results with
azithromycin which increased the fluidity and permeabil-
ity of membrane layer [17]. The presence of cholesterol
additive generally stabilizes the lipid layer hindering the
drug penetration [18, 19]. The Langmuir technique apply-
ing functional monolayer components was used to reveal
the mechanism of antifungal agent comparing toxic and
less toxic derivatives [20].

The main component of lung surfactant mixture be-
sides other important proteinous compounds is also a lipid,
namely DPPC. Their role in inhibiting or improving the
lung function was systematically investigated [21]. The
understanding the mode of incorporation of drug into
DPPC monolayer can help to design stable liposomes as
drug carrying system [5, 22].

New drug candidates which are expected to be spe-
cific inhibitor of dUTPase [3,23] a vital enzyme of Mtb
were identified in silico [7, 8]. Three of those — ligand 3,
4 and 69 — were compared in the present study consider-
ing their interfacial properties, polarity, amphipatic charac-
ter and lipid affinity which are relevant in pharmaceutical
function. Langmuir monolayers were prepared from the
ligands and their mixture with phospholipon as a simple
model material of cell membrane. Interaction and com-
patibility with lipid is evaluated from the analysis of the
isotherms. The penetration ability of the drug candidates
were also characterized by measuring the increase of sur-
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face pressure of the lipid monolayer following their in-
jection to the subphase at two initial lipid densities. The
amphiphilicity of the three ligands were assessed using
log P,pp and dynamic surface activity values and related to
the results of monolayer experiments.

Experimental
Materials

Phospholipon 100H containing 85 wt. % distearoyl-phos-
phatidylcholine DSPC and 15 wt. % dipalmitoyl-phospha-
tidylcholine DPPC, respectively was obtained from Natter-
mann GmbH (Germany).

The in silico identified selective inhibitor molecules of
the dUTPase marked as ligand 3, 44 and 69 have chemical
composition Co5H33N40, Ca5HogN20O5 and CysHj6N4O,
respectively. The important data of the three drug candi-
date compounds are given in Table 1.

Chloroform (purity > 99.8%) from Fisher Chemicals
and methanol (purity > 99.9%) from Sigma-Aldrich Kft.
Hungary were used for preparing spreading solutions.
Dichloromethane (purity > 99.9%) from Spectrum-3D
Kft. Hungary was used for cleaning the Langmuir trough.
n-octanol from Reanal, Hungary, was used for log Pypp
determination. Double distilled water was checked by its
conductivity (< 5 mS) and surface tension (> 72.0 mN/m
at 23+£0.5 °C) values.

Methods

Determination of log Pypp. The n-octanol/water partition
coefficient (P) is the ratio of the concentration of the drug
in n-octanol and water in equilibrium. The n-octanol and
water in 1 : 1 volume ratio was shaken for 12 h to saturate
both phases with each other. Then the drug was dissolved
in the aqueous phase (C; =3 x 107> M) and was shaken
with equal volume of octanol phase for 1 h to achieve the
partition equilibrium. Centrifugation was required to sep-
arate the two phases (2000 rpm, 10 min). After separation
the absorbance of the aqueous phase was determined from

Table1 Molecular data (molecular weight M, number of charges
and molecular area Ap,) of drug candidates from ZINC database [29]
and the measured values: logarithm of apparent partition coefficient
log Papp and static surface tension s (mN/m) of aqueous solution
with concentration of 8 x 107> M

Drug M Charges Ap log Papp Vstat
candidates (A?) (mN/m)
Ligand 3 4136 3 81.2 0.94+0.05 70.0+0.3
Ligand 44 4385 2 156.2 0.894+0.05 70.1+0.5
Ligand 69 268.0 - 1577  0.61£0.05 71.6+0.4
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which the concentration was determined (C») using the
calibration curve. Calibration curves were determined by
absorbance at 227, 398 and 352 nm for ligand 3, 44 and 69,
respectively. The drug concentration in octanol is C1 — C».

log Pypp = log([drug],/[drugly) = log(Cy — C2)/C> ,

where the [drug], and [drug]y, are the equilibrium concen-
trations of drug in octanol and water, respectively. Appar-
ent partition coefficient Pypp was obtained since pK values
of the compounds were not taken into consideration for
correction [24].

Static and Dynamic Surface Tensions. The surface ten-
sions of drug solutions were determined with an accu-
racy of 0.1 mN/m by the axisymmetric drop shape an-
alysis [25] using the OCA154 instrument (Dataphysics,
Germany). Drop of 10 pl of the aqueous solution of lig-
and 3, 44 and 69 with concentration of 8 x 107> M was
formed on the tip of a Teflon coated capillary of a Hamil-
ton syringe at a rate of 2 pl/s. Measuring adsorption at
air/water surface the drop was immersed into a glass cu-
vette saturated with water vapour. All measurements were
performed for each drug candidate as triplicate at 23 +
0.1 °C. The surface tension values were reproduced with
a scatter less then £0.5 mN/m. The profile of capillary
surface required to determine the surface tension is ob-
tained by analysing the shape of the pendent drop using
a CCD camera coupled to a video profile digitalizer board
connected to a personal computer. Static surface tension
was measured after 15 min. The instrument allows the pro-
grammed decrease or increase the volume/area of the pen-
dent drop. After drop formation the volume of the drop
was decreased slowly [26-28] with the rate of 0.1 ul/s,
until the 50% of the initial area was reached. The surface
tension response for the area decrease was recorded simul-
taneously with 120 frames/min frequency. From these data
the dynamic surface tension as a function of surface area
change was obtained.

Langmuir Film Experiments. The experiments were per-
formed by using automated Langmuir balance (18 x
6 x 0.6 cm). The spread monolayer can be compressed
by means of a movable barrier while the surface pres-
sure and the area are continuously recorded. Surface
pressure is measured tensiometrically with an accuracy
of £0.05mN/m using a Wilhelmy plate made from
chromatography paper (Whatman Chrl) connected to
a force transducer. The surface pressure/area isotherm
was recorded at a barrier speed of 10 cm?/min at 23 +
0.5 °C and there was no wait period between compression
and expansion. For the monolayer studies the pure lipid
and the pure drugs (0.1 g/1) as well as lipid—drug mix-
tures (5 : 1 molar ratio) were spread at water surface. The
spreading solvent was 3 : 1 v/v chloroform/methanol mix-
ture, 50 pl solution was applied dropwise by a Hamilton
syringe to form the monolayer. Before compression the

solvent was allowed to evaporate for 15 min. The com-
pression/expansion isotherms were recorded five times
consecutively. The trough was made of Teflon while
the barrier from POM [14] and cleaned carefully with
dichloromethane and bidistilled water.

In the first type of experiments isotherms of pure lipid
and pure drug candidates then that of the two-component
mixture monolayer were recorded. To get the mixed mono-
layer the components were premixed in the spreading sol-
vent. The difference between the pure lipid and lipid—drug
films were investigated to presume the incorporation of the
drug into the lipid monolayer. In the second type of experi-
ments penetration of drug into the lipid layer was detected
by the change of surface pressure. As a first step pure
lipid monolayer was formed and following one compres-
sion/expansion cycle the layer was compressed to a given
value of surface pressure (15 and 20 mN/m). At that pos-
ition the barrier was stopped and a fixed amount of aque-
ous solution of the drug was injected into the subphase
to obtain a final drug concentration of 2 x 10~® M. The
change in surface pressure as the indicator of drug penetra-
tion was recorded as a function of time for one hour.

Results and Discussion
Amphiphilicity of Drug Candidates

The logarithm of n-octanol/water partition coefficient
serves as a quantitative descriptor of lipophilicity (hy-
drophobicity) and is one of the key determinants of phar-
macokinetic properties. Hydrophobicity affects drug ad-
sorption, bioavailability, hydrophobic drug-receptor inter-
actions, metabolism of molecules, as well as their toxicity.
Partition coefficient is useful in estimating distribution
of drugs within the body. Hydrophobic drugs with high
partition coefficients are preferentially distributed to hy-
drophobic compartments such as lipid bilayers of cells
while hydrophilic drugs (low partition coefficients) pref-
erentially are found in hydrophilic compartments such as
blood serum. The equilibrium organic and aqueous phases
of m-octanol/water system contain 2.3 M of water and
4.5 x 1078 M n-octanol, respectively. This is a widely ac-
cepted model for the estimation of distribution of a drug
molecule to the cell membrane.

The solubility/amphiphilicity of the three drug candi-
dates were characterized by partition experiment and de-
termining their surface activity. These results and some
other data of the ligands are summarized in Table 1. The
log Ppp values obtained indicated a medium hydrophobic-
ity of the ligands. Considering the standard deviation of
data ligand 44 and ligand 3 presented similar hydrophobic-
ity while ligand 69 proved to be less hydrophobic although
the difference is rather small.

Changing of water surface tension gives also infor-
mation on the amphiphilic properties of dissolved drugs.
If the molecules adsorb at air/water surface the surface
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tension is reduced. There was detected neither static nor
dynamic surface activity of any of the ligands at concen-
tration used in the penetration experiment (2 x 1076 M).
Increasing the concentration 40 fold (8 x 1073 M) small
but significant reduction was obtained for ligand 3 and
44 (Table 1) in the static surface tension. Ligand 69 did
not show surface active behaviour under the same cir-
cumstances. Measuring the dynamic surface tension of the
same solutions much higher effect and difference between
the three compounds were obtained. Dynamic surface ten-
sion as a function of area reduction of the drop was plot-
ted in Fig. 1. A marked decrease of surface tension was
observed from app. 30% of area reduction due to the con-
siderable accumulation of the adsorbed ligand 3 and 44
molecules on the water surface. This decrease of surface
tension maintains decreasing the area further with more
pronounced effect for ligand 44. On the contrary, the sur-
face tension remains almost unchanged in the presence of
ligand 69. According to the surface tension measurements
the increasing order of amphiphilicity of the drug candi-
dates is ligand 69 < ligand 3 < ligand 44.

Monolayer Experiments

Isotherms of Pure Drug Candidates. Compression isotherm
of spread layer determined with the Langmuir balance are
plotted for the three ligands in Fig. 2. The shape of the
isotherms reflect the instability of the monolayer of the pure
ligands. A fraction — or in the case of ligand 69 almost
the whole amount — of the spread molecules are probably
squeezed out from the air/water surface during the com-
pression. This result could be due to high water solubility

of the drug candidates. A difference however, can be seen
between the three ligands. A significant surface pressure
was detected at high compression for ligand 3 while an even
higher value for ligand 44.

Lipid + Ligand Monolayers. Isotherms of lipid + drug
candidate mixed monolayers are shown in Fig. 3. The sur-
face pressure/area isotherms are compared to the isotherm
of pure lipid monolayer. The lipid : ligand molecular ratio
was 5 : 1 in the spreading solution. Both the pure lipid and
the mixed isotherms are presented in a form that the area
corresponds to one lipid molecule, hence the shift of the
isotherm directly indicates the presence of ligand in the
mixed layer.
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Fig.3 Surface pressure 7 (mN/m) area A (A%/molecule) isotherms
for spread monolayer of pure lipid, lipid 4 ligand 3 and lipid + li-
gand 44 mixed films with lipid : ligand molar ratio of 5
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The mixed isotherm overlaps with that of pure lipid
in the case of ligand 69. From that we can conclude
that there is no interaction between ligand 69 and lipid
molecules, the ligand is most likely migrates into the
aqueous subphase from the air/water surface. The mixed
films with ligand 3 and 44 show the quite opposite be-
haviour. Their isotherms are shifted to higher area which
is the consequence of the formation of mixed monolayer
at the air/water surface where the ligand molecules be-
tween the lipid molecules occupy an additional area. De-
termining this additional area AA the amount of ligands
present in the mixed film can be estimated at various
surface pressures . As a first approximation the high-
est molecular area of the ligands representing the planar
orientation at the air/water surface were taken into consid-
eration (Table 1). The results of this calculation expressed
as lipid : ligand molecular ratio R are given in Table 2.

The behaviour of ligand 44 is similar to that of ligand 3
considering the affinity to lipid. At low surface pressures
the molar composition of the two mixed layers are com-
parable. Lipid : ligand ratio 4 < R < 5 was obtained in the
expanded part of the isotherms. This is probably due to less
compressed state of the mixed monolayer.

The section of the isotherm with high slope corresponds
to compressed monolayer with close packed molecules
(Fig. 3). Above surface pressure of 15 mN/m the molar
area is getting nearly constant in this region. For ligand 3
the calculated molar ratios were in good accordance with
the composition of the spreading solution characterized
by lipid : ligand ratio of 5. This denotes that the ligand
molecules remained in the lipid film during compression in
spite of the solubility of the ligand in the subphase. That is
the clear evidence for the ligand’s affinity to lipid.

The R values for lipid films with ligand 44 are different
at various compression states of the film. Above surface
pressure of 10 mN/m R > 7.5 indicates that less ligand
molecules are present at the air/water surface or the spread
amount of molecules occupy less area. The former case is
not probable because repeating the compression/expansion

Table2 Lipid to ligand ratios R in the mixed monolayers for lig-
and 3 and 44 assessed from the shift of the isotherms AA compared
to that of pure lipid at various surface pressures 7. Values in brack-
ets were obtained supposing vertical orientation of ligand molecule
in the lipid monolayer

b4 Ligand 3 Ligand 4
(mN/m) AA R AA R
(A% (A%)

5 20 4.1 38.0 4.2
10 18.3 44 325 4.8
15 16 5.1 20.8 7.5 (2.4)
18 15.6 52 19.5 8.0 (2.6)
20 15.2 53 18.7 83 (2.7)

cycles overlapping isotherms could be detected. It is rea-
sonable to assume that the structural change is related of
the orientation of the ligand molecule in the lipid mono-
layer. The sign of this behaviour recognized as structural
change was observed on the shape of the isotherm at
7 = 12mN/m (Fig. 3). In order to estimate the possible
orientation of ligand 44 molecules the calculated R values
supposing the vertical orientation of the molecules to the
air/water surface are also given in Table 2. The compari-
son reveals that the ligand 44 molecules are incorporated
into the lipid layer in a way that occupy the area which cor-
responds an orientation between the planar and the vertical
ones. The ligand 44 molecules can be tilted or partially
submerged into the aqueous phase. Any of them occur the
process was found reversible changing the compression of
the monolayer and verifies the lipid—ligand interaction.
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Penetration. The lipid monolayer was compressed in the
Langmuir balance to reach surface pressure of 15 and
20 mN/m and then the barrier was stopped. After the drug
candidate solution had been injected into the subphase the
change of surface pressure was recorded for an hour. The
results of these penetration experiments were summarized
in Figs. 4 and 5.

The fast increase of surface pressure observable in the
first period is probably connected to the locally high con-
centration of ligands in the subphase. Therefore the static
values developed after appr. 1200 s and maintained for more
than an hour were applied for comparison. Considering the
lipid film wih surface pressure of 15 mN/m the degrees
of penetration are similar for ligand 3 and 44, present-
ing 3 mN/m as a static increase of surface pressure. The
penetration however, into the more dense lipid layer with
20 mN/m is weaker. Nevertheless the ligand 44 produced
static increase of surface pressure even of the lipid film with
20 mN/m reflecting the most pronounced affinity to lipid
monolayer. The ligand 69 does penetrate neither the less nor
the more dense monolayer exhibiting no affinity to lipid.

Conclusion

Three in silico identified drug candidates — ligand 3, 44 and
69 — were characterized and compared in the present work
considering their hydrophobicity and membrane affinity.

K. Hill et al.

Octanol/water partiton as well as static and dynamic sur-
face activity of the compounds were determined while the
membrane affinity was studied in Langmuir film experi-
ments. Results of the three kinds of measurements were in
accordance concerning the hydrophobic/amphiphilic char-
acter of the three ligand molecules although, the most
pronounced differences between the drug candidates were
obtained in the dynamic surface tension measurements and
investigating their interaction with lipid layers.

Despite the good water solubility of the molecules
studied here we found considerable differences in their
amphiphatic character and their affinity to lipid monolayer.
Ligand 69 being the less hydrophobic showed no interac-
tion with lipid, while the ligand 44 presented a substantial
affinity to lipid monolayer being the most hydrophobic and
most surface active compound.

It was demonstrated that amphiphilicity and affinity
of a drug candidate to model membrane can be reason-
ably estimated using the Langmuir monolayer and penetra-
tion experiments in combination with the characterization
of surface activity and hydrophobicity of the given com-
pounds. These results might be promising for the future
assessment whether the drugs possess ability to interact
with the biomembrane models.
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Complexation of Statins with 8 -Cyclodextrin
in Solutions of Small Molecular Additives
and Macromolecular Colloids

Abstract The solubility of lovas-
tatin and simvastatin (inevitable
drugs in the management of car-
diovascular diseases) was studied

by phase-solubility measurements

in multicomponent colloidal and
non-colloidal media. Complexation
in aqueous solutions of the highly
lipophilic statins with 8-cyclodextrin
(B-CD) in the absence and the
presence of dissolved polyvinyl
pyrrolidone, its monomeric com-
pound, tartaric acid and urea,
respectively, were investigated.

For the characterization of the CD-
statin inclusion complexes, stability
constants for the associates have been
calculated.

It was shown that complexation
might lead to considerable improve-
ment of the aqueous solubilities
of both statins. In binary systems
dominantly statin-B-CD associates of

1 : 1 molar ratios form, which exhibit
considerable surface activity.

In statin-CD-additive ternary
systems the solubility of the statins
could be further improved. The
enhanced drug solubilities in the
solutions of small molecular mass
solutes are likely related due to the
peculiar feature of the additives
to destroy the H-bonding system
of B-CD. In polymer-containing
systems statin-CD-polymer asso-
ciates of supramolecular structure
may presumably form in a way that
portions of surface-active statin-
B-CD complexes are anchored at the
macromolecular chains.

Keywords Cyclodextrins -
Dissolution - Inclusion complexes -
Macromolecular colloids - Statins -
Supramolecular associates

Introduction

A great challenge of the current research in pharmaceutical
sciences and the related fields is to reveal ways of improving
the efficacy and safety of existing drugs. This claim stems
from that more than 40% of developed drug molecules ex-
hibit poor biopharmacological properties, partly because of
their diminished dissolution and/or inadequate permeabil-
ity [1]. In order to achieve decent bioavailability, a phar-
macon must be absorbed in a way that sufficient drug level
arises at the pharmacologically active sites.

Extensive studies show that, among indispensable
drugs, statins provide crucial benefits when used in either

lipid lowering treatment or coronary heart disease (CHD)
therapy. Dissolved statins inhibit the rate-limiting steps in
cholesterol synthesis. Their 3-hydroxy-3-methylglutaryl-
like domain may attach to the appropriate binding site of
the reductase enzyme and therefore, sterically prevent the
natural substrates to bind [2]. Chemically different statins
mostly differ in their absorption parameters and they may
exhibit varied efficacy in reducing the low-density lipopro-
tein (LDL) cholesterol levels even at the same dosages.
Schematic molecular structure of two basic statins is illus-
trated in Fig. 1.

A hard obstacle in statin therapy is the extremely low
aqueous solubility of most derivatives. Their bioavailabil-
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Fig.1 Chemical structure of lovastatin and simvastatin

ity is, therefore, also low and may exhibit high vari-
ability in individuals [3,4]. In addition, known food and
drug interactions usually tend to increase the prevalence
of statin-related side effects. Despite of these shortcom-
ings, monotherapy with either lovastatin or simvastatin is
proven to be safe, but concerning their interactions in com-
plex delivery systems, many questions may arise [5, 6].

Cyclodextrins (CDs) are peculiar cyclic oligomers of
a-D-glucose. Their shapes resemble truncated cones with
primary and secondary hydroxyl groups located around
their narrower and wider rim, respectively [7] (Fig. 2).

The most widely used natural cyclodextrins consist
of 6-8 glucose units and according to the number of
monomers in the macrocycle, they are named as «-, -
and y-cyclodextrin. Due to this special molecular struc-
ture, CD molecules have a hydrophobic inner cavity, where
lipophilic guest molecules (or molecule parts) of the ap-
propriate size can be encapsulated, forming inclusion com-
plexes [9].

The large number of hydroxyl groups on the outer sur-
face makes CD molecules water-soluble. Suitable modi-
fication of the chemical structure of CDs, for example,
by esterification of the 2-, 3- and 6-hydroxyl groups or
introducing other functional groups at these sites, may re-
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Fig.2 Computer-simulated model of 8-cyclodextrin [8]
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markably perturb the internal hydrogen-bond network of
B-CDs, resulting in an elevated water-solubility [10]. En-
hanced aqueous solubility S-cyclodextrin was observed in
solution of some hydroxy acids, as well [11].

Native cyclodextrins are referred to as biologically safe
and biocompatible compounds. They are efficient phar-
maceutical solubilizers and used, for example, as com-
plexing agents for prostaglandins and non-steroidal anti-
inflammatory drugs (NSAIDs). However, parenteral ad-
ministration may be harmful, since at moderately high
doses of some CDs, haemolysis may occur. Moreover, the
low water-solubility of 8-CD leads to its precipitation in
the kidneys, resulting in renal tubule damage.

Recently, there has been a growing interest in the
cyclodextrin-based pharmaceutical formulae, but few is
known about how usually needed additives may affect
the physico-chemical and pharmacological behaviour of
drugs and their non-covalent interactions in complex de-
livery systems. Much less attention has been paid to the
relevance and the role of colloidal additives in inclusion
drug complexation. Possible use of water-soluble poly-
mers to improve inclusion properties of CDs is well doc-
umented by Loftsson et al. [12]. Nevertheless, possible
differences in the effect of non-colloidal and colloidal ad-
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ditives on the complex formation between cyclodextrins
and pharmacons, and in their interactions with the formed
supramolecules have not been revealed in detail.
Complexation of statins in aqueous cyclodextrin so-
lutions in the absence and the presence of colloidal and
non-colloidal additives is in the focus of the present
study. The solubility enhancing effect of B-CD and
hydroxypropylated-8-CD has been well described in the
literature [13—15]. In this study, solubility of lovastatin and
simvastatin with 8-cyclodextrin, and comparison of the ef-
fects of a water-soluble polymer, its monomeric analogue
compound, urea and a hydroxy acid, respectively, on the
formation of supramolecular complexes has been inves-
tigated. Ways of enhancing the aqueous solubility of the
drugs in binary and ternary solutions have been discussed.

Materials and Methods
Materials

Lovastatin and simvastatin of USP23-grade (Chiesi Far-
maceutici SpA, Italy), B-cyclodextrin as well as differ-
ent additives, such as tartaric acid, carbamide (Reanal
Chem. Ltd, Budapest, Hungary), 1-ethyl-2-pyrrolidinone
(Sigma-Aldrich Chemie GmbH, Germany) and PVP K30
polyvinyl pyrrolidone (Fluka AG, Buchs SG, Switzerland)
were used in the experiments. Cyclolab R&D Ltd., Bu-
dapest, Hungary, manufactured the pharmaceutical grade
B-cyclodextrin. The chemicals used were of analytical
grade.

Solubility Measurements

Phase-solubilities of the statins in binary solutions of
B-cyclodextrins were studied according to the Higuchi—
Connors procedure [16]. Various amounts of CD were
generally dissolved in distilled water and lovastatin or sim-
vastatin was added to the solutions in vast excess. 24 h
of temperature-programmed incubation period in a refrig-
erated bath (HAAKE PhoenixII C35P instrument) was
ensured for the dissolution of the pharmacon at 25 °C.
After longer dissolution times, no definite increase in drug
solubilities could be detected. After removing the non-
dissolved statin from the solutions with Millipore type
GS 0.22 um membrane filter, the absorption spectra of
the dissolved pharmacon were then taken in the range of
190-400 nm wavelengths.

The statin content of the solutions was determined
with a UV-spectrophotometric assay based on the PhEur
directives [17]. The absorbance of lovastatin and simvas-
tatin was measured at 236 and 240 nm, respectively. For
these measurements a computer-controlled spectropho-
tometer (Perkin-Elmer Lambda Series 2S instrument) was
used and the raw spectra were evaluated by OriginLab
Origin 7.0 software suite. The solubility isotherms were

calculated by using calibration curves determined with
ethanolic statin solutions of known concentrations.

For the preparation of statin-CD-additive ternary sys-
tems, a specially controlled thermal program was used.
The appropriate mixtures were put in a computer-driven
refrigerated bath, where the samples were heated up to
70 °C and held at this elevated temperature for 2 h. After
that, the solutions were cooled down to 25 °C and kept
at this temperature for 22 h. UV-spectra of solutions indi-
cated that such a rapid thermal treatment does not cause
alterations in the molecular structure of the statins.

Results and Discussion
Solubility of Pharmacons in Aqueous Media

The solubility of both lovastatin and simvastatin in wa-
ter is extremely poor (Siovastatin = 1.5 Lg/ml, Ssimvastatin =
2.0 pg/ml). In mildly acidic media the solubilities of both
statins only slightly increase [13]. Improving their aqueous
solubility might offer also much better biological availabil-
ity of the pharmacons. In Fig. 3, solubility isotherms for
lovastatin and simvastatin in solutions of f-cyclodextrin
are shown.

These results demonstrate about 5 and 8-fold increase
in the solubility of the statins at higher B-CD concentra-
tions. The observed improvement of drug solubilities can
be reasonably attributed to the formation of inclusion com-
plexes between the statin and the S-CD molecules [10].
The linear section of the isotherms supports this notion
and suggests that at these CD concentrations, the dissolved
cyclodextrin and statin molecules presumably form mo-
lecular associates of 1: 1 molar ratio. It should be noted
here that B-CD itself has a rather low aqueous solubil-
ity at 25 °C (~ 18.5 mg/ml). Nevertheless, some increase
in the drug solubilities at above the solubility limit of the
pure B-CD could be detected. During complexation, slight
enhancement of the solubility of §-CD may also occur.
In the solution, a part of the dissolved 8-CD is in com-
plexed form, which shifts the association equilibrium to-
wards higher values of the total CD concentrations. There-
fore, the observed increase in the drug solubilities at higher
B-CD concentrations can be ascribed to the improved sol-
ubility of the complexing agent, as well.

For the characterization of the assumed complexation
equilibrium, stability constants have been calculated from
the solubility curves using an approach offered by Iga
et al. [18].

ml

So(1—ml)’

(where K is the stability constant of 1 : 1 assemblies, m
is the slope of the linear section of the solubility curve, Sp
its intersection with the ordinate axis). Stability constants

for statin-CD associates assuming the formation of their
complexes with more complicated stoichiometry have also

Ki1
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Fig.3 Phase-solubility curves of simvastatin and lovastatin in 8-CD solutions at 25 °C

Table1 Stability constants of CD-statin complexes of 1: 1 molar
ratio, T =25°C

Binary system K1 K7,

x10? M1 x102 M1
Lovastatin-8-CD 1.9 1.9
Simvastatin-8-CD 2.1 2.92

been calculated by using an iterative computation pro-
gram [19]. For comparison purposes, the K;; association
constants and those obtained for statin-S8-CD complexes of
1 : 1 molar ratio by the iteration procedure (K7, ) are shown
together in Table 1.

These data suggest the formation of somewhat more
stable complex of simvastatin with 8-CD, but do not in-
form about the possible mechanism of the inclusion of
these drugs. The corresponding K;; and K7, constants are
in line, but estimation of the stability constants from the
phase solubility isotherms provided slightly higher values.

Complexation in Ternary Systems

Small molecular additives and macromolecular substances
are widely used in pharmaceutical applications, mostly
with the aim of improving physico-chemical and/or phar-
macological behaviour of active ingredients. When a third
component is added to a binary statin-CD solution, in prin-
ciple it may induce a conventional competition for the
CD cavities between the pharmacon and the additive. Re-
vealing the effects of relevant small molecular solutes and
of colloidal components on inclusion complexation, may
therefore offer reasonable alternatives of controlling the
formation of supramolecular associates, as well.

In ternary (drug-CD-additive) systems, the effect of
polyvinyl pyrrolidone (PVP), a chemically analogous

compound of PVP monomer (1-ethyl-2-pyrrolidinone
(NEP)), urea and tartaric acid, respectively, on the disso-
lution of the statins was studied.

In Figs. 4 and 5, changes in the solubilities of lovas-
tatin in B-CD solutions due to various amounts of the
monomeric substance and the polymer, respectively, are
shown. (The changes in drug solubilities represented by
the columns are number average mean values obtained
from at least 3 simultaneous measurements.)

As can be seen, without cyclodextrin the added NEP
decreased the solubility of the pharmacon to a lesser de-
gree, but the dissolved B-CD markedly reduced it. The
higher is the concentration of the small molecular mass
additive at constant CD concentration, the higher is the re-
duction in the solubility of the drug. These results strongly
support the notion that in competition of the drug and the
additive for the CD cavities, complexation of NEP over the
statin is preferred. In other words, NEP molecules presum-
ably form more stable complexes with §-CD than that of
the pharmacon and therefore, drug complexation with the
CD is hindered.

In polymer-containing systems, just an opposite effect
of the macromolecular colloid on the solubility of the
statins could be observed. Figure 5 well demonstrates that
under the specified experimental conditions, the solubility
of the drug in the solutions of B-CD-lovastatin-polyvinyl
pyrrolidone definitely increased.

In the absence of cyclodextrin only slight improve-
ment of drug solubilities could be detected, but at higher
CD-concentrations the dissolved polymer resulted in 15—
20% increase in the solubility of lovastatin. It is import-
ant to note here, that the complex systems containing ei-
ther of the additives were subjected to a heat treatment
as described in the experimental methods. The polymer-
containing samples stored at 25 °C for 24 h showed no sig-
nificant increase in the solubility of the statins. Heat treat-
ment proved to be a crucial step, since the drug solubility
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Fig.4 Effect of 1-ethyl-2-pyrrolidinone on the solubility of lovastatin in solutions of 8-cyclodextrin, T = 25 °C
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Fig.5 Effect of PVP on the solubility of lovastatin in solutions of S-cyclodextrin, 7 =25 °C

could be enhanced only even when a short “thermal jump”
in the storage regimen was implied. In the studied tem-
perature range, the increase in the statin solubility seems
to be proportional to the extent of “heat treatment”. On the
other hand, such enhance of the drug solubilities without
polymer could not be observed.

Much similarity to the effect of the polymer on the
drug solubilities could be revealed in the ternary systems
of lovastatin-8-CD and the tartaric acid or the carbamide.
The columned graphs shown in Figs. 6 and 7 well demon-
strate that both of these small molecular mass additives

brought about definite improvement of drug solubilities in
their CD-containing ternary systems.

It was documented by Pharr et al. [20] that carbamide
itself can enhance the low solubility of S-CD. In drug-
cyclodextrin complex systems, the tartaric acid and the
urea improved the drug solubilities by 20-25% and 50—
60%, respectively, but in the solutions of the hydroxy acid,
the concentrations of both the 8-CD and the additive were
much lower. More importantly, enhanced drug solubili-
ties could be detected in ternary systems of these additives
even when the thermal treatment in the dissolution proced-
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Fig. 6 Effect of tartaric acid on the solubility of lovastatin in solutions of B-cyclodextrin, 7' =25 °C
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Fig.7 Effect of carbamide on the solubility of lovastatin in solutions of B-cyclodextrin, 7 =25 °C

ure was omitted i.e. when the solutions were kept steadily
at 25 °C for 24 h. The solubility of simvastatin in their CD-
containing solutions could also be improved [21].
Remarkably enhanced solubilities of other sparingly
soluble drugs in aqueous multicomponent systems of
tartaric acid have also been observed [22]. It was also
shown [11] that hydroxy acids at higher concentrations en-
hance the aqueous solubility itself of the -CD, as well.
The solubilizing power of tartaric acid was attributed to its

(weak) inclusion complexation with 8-CD and also, to the
capability of the hydroxy acid groups to modify the intra-
and intermolecular hydrogen-bond system of 8-CD. This
third component does not only act as a ternary guest, as-
sociated probably on the surface of 8-CD units, but also
acts as an inhibitor of the self-association of preformed
statin/B-CD 1 : 1 complexes in water.

The effectiveness of the urea can be understood in
similar manner. Solubility enhancing effect of carbamide
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molecules might also rely on their “hydrogen-bond de-
stroying” feature in aqueous media of the 8-CD.

In order to evaluate of the results obtained in multi-
component solution, formation of ternary complexes with
supramolecular structure can be reasonably assumed [23].
Nevertheless, no unquestionable answer can be given from
these results concerning the structure of the supramolec-
ular assemblies. Despite of the similar effects due to
the different additives, the formation mechanism and the
structure of the ternary complexes developed in the CD-
solutions of the small molecular additives and of the poly-
meric component, are very likely different. Nevertheless,
a peculiar feature of the stain-CD complexes might also
have relevance in the explanation of the enhanced drug sol-
ubilities. Preliminary surface activity measurements per-
formed in aqueous statin-CD solutions showed that the
dissolved B-CD itself did not cause detectable reduction of
the surface tension of water, but the statin 8-CD complexes
exhibited marked surface activity. In lovastatin 8-CD so-
lutions as high reduction as 24—25 mJ/m? in the surface
tension of water could be measured, indicating that the
complexation of stain led to the development of solutes
with definitely amphiphilic solutes.

Taking all these into account, the enhanced drug solu-
bilities may be likely ascribed to the formation of ternary
associates. In solutions of statin-CD-small molecular mass
additive, demolition of the hydrogen-bond system of g-CD
(which leads to disintegration of B-CD aggregates im-
proving hereby their aqueous solubility, as well) may
play a role [11,24,25]. In addition, these “hydrotropes”
may attach to the “surface active” statin—3-CD complexes
as second-sphere ligands [26]. Somewhat differently, the
amphiphilic complexes may anchor by their hydropho-
bic part at the macromolecular chains forming in a way
ternary statin- 8-CD — polymer assemblies of supramolec-
ular structure.

Using macromolecular colloids may involve a better
adsorption of such ternary assemblies to biological mem-
branes, as well. Accordingly, cyclodextrin-based “nanoen-
capsulation” of statins might offer reasonable benefit of
controlled drug delivery for the standard antihiperlipi-
demic therapy [23].
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Investigating the Effect of Adding Drug
(Lidocaine) to a Drug Delivery System
Using Small-Angle X-Ray Scattering

Abstract The effect on a model
drug delivery system when adding

a drug, lidocaine, has been studied.
Temperature and concentration
dependence of a nonionic micro-
emulsion with part of the oil, 1 and
10 vol. %, substituted with drug has
been investigated. A nonionic oil-
in-water microemulsion consisting
of CH3(CH»){1(OCH;CH;)s0H,
(C12Es), decane, water and the

drug (lidocaine) that has been used
to substitute part of the oil was
studied. The microscopic differences
have been derived from small-
angle X-ray scattering (SAXS) data
and the results are compared with
light scattering data. Using these
results together with the macroscopic

differences, as observed in the
phase diagram (lowering of phase
boundaries), between the systems
with and without lidocaine can be
explained.

Keywords Ci>Es -
Drug-containing - Lidocaine -
Nonionic microemulsion -
Temperature dependence

Introduction

This work deals with microemulsions as a model drug de-
livery system and the effects of adding a drug to these
systems. The advantage of a microemulsion compared
with an emulsion is that it is thermodynamically sta-
ble and hence self-assembling and not depending on
mixing process. Using nonionic surfactants, microemul-
sions can be made without addition of co-solvents, co-
surfactants or salts [1,2]. Microemulsions are typically
structured on length scales of the order of 5-20 nm, and
can have many different morphologies. In general, the
structures consist of water and oil separated by a surfac-
tant film [1, 3, 4], which is traditionally modelled as a fluid
flexible film [5—9]. The curvature elasticity of the surfac-
tant film describes the film properties. The curvature free
energy, G, is given by the surface integral G. = [ dAg,

of the curvature energy density, g., over the area, A.
Within the harmonic approximation this is often written
according to the Helfrich model [10] as

gc = 2k(H — Hy)* + kK , (1)

where Hp is the spontaneous curvature, x is the bend-
ing rigidity, and i is the saddle splay modulus. x and i
are on the order of a few kgT. The principal curvatures,
c1 and ¢, enter H, the mean curvature, as (c1+c¢32)/2,
and enter K, the Gaussian curvature, as ¢; X ¢3. Fork <0
discrete aggregates are preferred and for k¥ > 0 saddle-
like structures are preferred. Hy = 0, represents a lamellar
structure, Ly, i.e. a flat structure with ¢; = ¢ =0 or a bi-
layer bicontinuous microemulsion, L3, with local saddle
structure with the curvature of equal size but opposite sign

(c1= —c2).
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The temperature, 7, can in nonionic microemulsions
with C;E; surfactants be used to change Hp. One has
found [11, 12] that
Hy=ua(Ty—T) . 2)
Here Ty is the temperature for which the spontaneous cur-
vature is zero, known also in literature as the phase inver-
sion temperature, (PIT) and « is a temperature coefficient.
This approximation holds for a range of 20 K below and
above Tp [11-13] in nonionic microemulsions with C;E;
surfactants.

The microemulsions have in general a region where
small globular droplets are stable. The region is sur-
rounded by upper and lower boundaries known as emulsi-
fication failure boundaries. It is often easiest to study these
systems at the temperature of the lower emulsification fail-
ure boundary, Tgrg, since the microemulsion droplets are
often spherical here.

This present work describes the effects of a drug,
lidocaine, on a model drug delivery system as observed
in the phase diagrams and in the micro structure de-
termined by SAXS. The model drug delivery system is
the well-known nonionic ternary microemulsion system
composed of Ci2Es, decane, and water with fixed sur-
factant to oil volume ratio of 0.85: 1. This system has
been studied previously amongst others by Olsson and
co-workers [14—-27]. We therefore have access to SANS,
NMR and light scattering data for the microemulsion with-
out drug. From above literature it is known that the sys-
tem consists of spherical oil droplets covered with sur-
factant with a radius of 80 A at the lower emulsification
boundary and the droplets grow with temperature and to
a small degree also with concentration. The growth gives
aggregates with volume that increases, but to maintain
the area to volume ratio of the droplets, they need to
change shape when growing. In this particular case the
growth is one-dimensional and often described as pro-
late aggregates. The ratio of the large axis to the small
axis gives the axial ratio and it describes the shape of
the prolate. Generally the particles only grow to an axial
ratio less than 6 before they become bicontinuous mi-
croemulsion or phase separate at the upper emulsifica-
tion boundary. These oil filled system therefore never
change structure into wormlike micelles or similar struc-
tures. The change into a bicontinuous structure comes at
lower temperatures when increasing the droplet concentra-
tion. For the system with added drug there have just re-
cently been published data from light scattering (static and
dynamic) [28] on the systems as well as a partial phase di-
agram [29]. We will compare these results with our present
findings as well as with the general findings for the system
without drug.

The use of microemulsions as drug delivery systems
is a well studied field [30—38]. Microemulsion systems
are generally designed for topic (skin, dermal) drug de-
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livery [39-42]. The use of non-ionic microemulsions as
enhancers for transdermal drug delivery of lidocaine has
been studied by Sarpotdar and Zatz [43].

Materials and Methods
Materials

Decane (99%-+), and 2-diethylamino-N-(2,6-dimethyl-
phenyl)acetamide (lidocaine) (98%) TLC were purchased
from Sigma-Aldrich Chemie (Germany). The nonionic
surfactant CH3(CH;);1(OCH,CH,)sOH, abbreviated as
(C12Es), was purchased from Nikko Chemicals (Japan).
The chemicals were used without further purification. The
water used was treated with a Millipore-Q water purifica-
tion system.

Sample Preparation

A drug containing oil was made of decane and 1 or 10%
of lidocaine, respectively. The drug containing oils were
heated until a transparent solution was obtained and then
stored above 303 K to avoid lidocaine precipitating. Stock
solutions of “oil” (decane and lidocaine) and surfactant
were then prepared. These solutions were stable at room
temperature. The samples for the measurements were pre-
pared from the stock solutions by dilution with water,
mixed using a vortex mixer at 308 K, and then mixed while
cooling to the microemulsion phase and kept there until
measuring.

Phase Diagram Determination

The samples were studied in a thermostated water bath.
Phase-boundary temperatures were determined by visual
inspection, including the use of crossed polarizers. The
phase boundaries were determined both for increasing and
decreasing temperatures.

SAXS

The experiments were performed at the newly established
SAXS setup at the 1711 beamline in MAX-Lab, Lund,
Sweden. The details of the beamline is described by Cere-
nius et al. [44]. The setup has three slits, two beam defining
ones and an anti-scattering slit in front of the sample for
removing background. Typical beam size at the sample
position is 0.3 mm. The range of scattering vectors q is
roughly 0.007-0.25 A~ Here ¢ = (47/1) sin(d), where A
is the radiation wavelength and 26 is the scattering angle.
The samples are kept in a vacuum chamber to reduce back-
ground. The capillary holder insures good thermal con-
tact with the thermostated block. The capillary is inserted
directly into the vacuum so that no extra windows are
needed.
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Results

A partial phase diagram for the system with fixed surfac-
tant to “oil” (decane and lidocaine) ratio of 0.85 : 1 with
the droplet volume fraction, @, ranging from 0.01 to 0.2
is shown in Fig. 1 including data taken from [29]. The
figure shows the phase boundaries for the three systems
with 0, 1 and 10% of the volume of the oil substituted
with lidocaine. Lidocaine has low solubility in water, less
than 0.5%, and even at high temperatures (360 K) it is
not possible to solubilize 1% in water. The solubility in
decane for lidocaine is around 10% by volume at the tem-
perature we used and increasing with temperature. The
solubility in the surfactant is not known exactly but with
the addition of the surfactant to the oil-lidocaine solu-
tion the stability range was increased to temperatures at
least 10 K below the limit without surfactant. If we assume
that the drug is solubilized in the oil, we would have con-
stant surfactant to “oil” ratios in the systems. This would
give similar size of the droplets at Tgrg. The change with
a substitution of 1% oil for lidocaine is small or negli-
gible while the change with 10% substitution results in
major changes in the phase boundaries. The lower emulsi-
fication failure boundary Tgpp is lowered by 5 K and the
upper phase boundary by 3 K. The lowering of the phase
boundaries with 10% lidocaine compared with the system
without lidocaine could be the result of either better pene-
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Fig.1 Partial phase diagram for the three systems with 0, 1 and
10% of the oil volume substituted with lidocaine. The circles, di-
amonds and squares are, respectively, for the systems with 0, 1
and 10% lidocaine. The lines represent the temperature of emulsi-
fication failure boundary 7gpp and the upper phase boundary. Data
taken from [29] are included
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tration of the drug into the surfactant tail or lower amount
of oil, if lidocaine is not solubilized in the oil phase but
in the surfactant phase. The latter could either be with
an effective change in the area per headgroup of the sur-
factant (also known as effective cross-sectional area per
surfactant) or without. If it is without a change in the area
per headgroup, it implies that the area per surfactant is
the same but that the lidocaine acts as a surfactant and
gives effectively bigger “surfactant area”. If the lidocaine
is not taken into consideration when calculating the area
per headgroup, it results in an apparent change of area per
headgroup.

The SAXS data were masked and converted to one
dimension intensity distribution as a function of ¢ using
the program Fit2D [45]. The data were later fitted with
a model of core—shell ellipsoids with polydispersity of
the size. The structure factor is included in a decopul-
ing approximation with an effective hard-sphere structure
factor. We have not done attempts to use the advanced
model by Arleth and Pedersen [46] since it is highly non-
linear in the parameters and therefore also much more
difficult to fit to the data. The scattering data and fit for
the 1% lidocaine system at Tgpp are shown in Fig. 2 and
it shows that the fit describes the data well. The scatter-
ing data and fits for three temperatures for the droplet
volume fraction @ =0.011 with 1% lidocaine are shown
in Fig. 3. The figure shows that the aggregates change
shape and by that size with temperature. The fits pro-
vide the change in shape. The axial ratios, p as a func-
tion of temperature are shown in Fig. 4. The figure shows

System with 1% Lidocaine

01 |

Intensity

0.01 |

0.001 U L
0.1 1

Fig.2 The fit, full curve, and the data, selected points, shown for
the system with 1% of the oil volume substituted by lidocaine and
with droplet volume fraction of @ =0.011 at Tgpp presented as
log intensity vs. log ¢
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Fig.3 SAXS data for the system with 1% of the oil volume substi-
tuted by lidocaine and with droplet volume fraction of @ = 0.011
at three temperatures Tgrg = 298 K (circles), 300 K (squares) and
302 K (diamonds) with their fits shown as respectively full, dashed
and dotted curves
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Fig.4 The axial ratio p of the droplets as a function of temperature
for the system with 1% of the oil volume substituted by lidocaine
and with droplet volume fraction of @ =0.011
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Fig.5 The axial ratio p as a function of volume concentration of
droplets as observed for the system without lidocaine at 7grg meas-
ured in a previous study [22]
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Fig.6 The scattering data of the systems with droplet volume
fraction of @ = 0.011 with 1% of the oil volume substituted with
lidocaine (circles) and 10% substituted with lidocaine (squares) at
Tere 298 and 292 K, respectively, and the corresponding fits as,
respectively, continuous and dashed curves
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that the droplets grow. Figure 5 displays the growth of
the droplets with concentration for the system without li-
docaine where the effective volume-equivalent radius is
plotted versus droplet volume fraction [22]. The figure
shows that the aggregates also grow with increasing con-
centration. Figure 6 displays the differences between the
systems with different amount of lidocaine. The 10% li-
docaine system has higher axial ratio even at Tggp, 1.7
compared to 1 for the 1% system. Comparison with static
and dynamic light scattering gives good agreement for
the sizes that are increasing with temperature. It further-
more shows that the droplets in the system with 10% li-
docaine are smaller at Tgrg. The decrease in size is so
large that it can not be explained by having less oil due
to lidocaine being solubilized in the surfactant phase, so
either the lidocaine change the area per surfactant head-
group or it acts as surfactant itself with a constant area
of the surfactant headgroup. It can also be a combina-
tion where part of the lidocaine is in the oil and increase
the oil volume and part of it is solubilized in the sur-
factant and increase the “surfactant” volume/area. We be-
lieve it is the second case with most of the oil in the
surfactant layer.

References
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Conclusion

Substituting part of the oil with lidocaine in a model
microemulsion influences the macroscopic properties,
phase boundaries, and microscopic properties, particle size
(shape) as well as concentration and temperature depen-
dence. We believe this to be due to lidocaine being solubi-
lized into the surfactant film and either acts as a surfactant
or increases the area per headgroup of the surfactant. This
is supported by phase behaviour and particle size. If the li-
docaine would act as surfactant with the same headgroup
area per volume as the surfactant Cj;Es5, not all of the
lidocaine would be in the surfactant film but rather two
thirds would be in the surfactant film and one third in the
oil. Most likely lidocaine is not as effective as a surfac-
tant so even less than one third of the lidocaine would be
solubilized in the oil.
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prepared using sol-gel derived ZnO
and silica nanoparticles synthesized
by the procedure of Seelig et al. [1]
and Stober et al. [2], respectively.
High inherent porosity was observed
for ZnO particles (30-40%) by
pycnometry, scanning angle reflec-
tometry, Ny adsorption—desorption
and ellipsometric porosimetry
methods. Water contact angle of
ZnO nanoparticles was determined
from the non-dissipative part of the
obtained surface pressure-surface
area isotherms, and by scanning
angle reflectometry measurements

was improved by the integration of
silica nanoparticles in the LB film.

The photocatalytic activity and the

mechanical stability of the samples
were enhanced by means of surface
modification with 3-methacryloxy-

propyl(trimethoxy)silane.
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Introduction

The development of new, energy-saving applications is
a great challenge of nanotechnology. The use of small
quantity nanomaterials in coatings [3,4], the coupling of
functionalities in one device [5] and the use of renewable
energies (photodegradation [6—8], solar cells [9—11]) are
highly recommended strategies.

Wet chemistry synthesis routes offer cheap and ver-
satile preparation methods for these materials. Large-area
optical coatings e.g. were obtained for the reduction of
energy-losses in high-power lasers by dip coating tech-
nique [12, 13]. Layer-by-layer (LBL) deposition methods
would be also favourable for the control of optical prop-
erties through the precise control of film structure. There-

in a Wilhelmy film balance. An-
tireflective and photocatalytically
active coatings of ZnO particles
were deposited on glass, conductive

Keywords Antireflectivity -
Langmuir-Blodgett films -
Mechanical stability - Photocatalysis -
ZnO nanoparticles

fore the Langmuir-Blodgett (LB) technique is a suitable
candidate for the development of optical coatings from
nanoparticles. Basic research work has been carried out for
the preparation of antireflective (AR) LB films using sil-
ica nanoparticles [4, 14, 15]. In the recent years, ultrathin
LB films (3—20 nm) of ZnO nanoparticles were also fabri-
cated on the surface of silicon and fused silica slides [16].
These films showed excellent transparency in the visi-
ble range, however, antireflective effect could not be in-
duced because of unsuitable thickness of the films and
high refractive index of crystalline ZnO (2.01, [17]). To
the best of our knowledge, no report has been published
on the preparation of pure ZnO AR films. Only complex
LB films of silica and ZnO nanoparticles with AR effect
were reported [18].
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Sol-gel derived ZnO films were studied in photocat-
alytic degradation of organic dyes, ZnO being a high band
gap (E; = 3.3 €V) semiconductor material whose photoac-
tivity is similar to that of titania. ZnO was even found to be
more effective in the degradation of organic dyes in studies
using solar light [19, 20].

The aim of the present study was to prepare pure and
complex ZnO LB films with AR property and to char-
acterize their activity for photocatalysis (multifunctional
coatings). As the stability of LB films towards mechani-
cal impacts is generally poor, which is unfavourable for
applications, we made attempts to improve it by adapt-
ing a previously described surface modification procedure.
The method of Rohe et al. [21] elaborated for the link-
age of ZnO nanoparticles in aqueous sol was based on
the idea of developing siloxane bridges (=Si—0—Si=)
between the ZnO particles. They irradiated the hydrosol
of ZnO nanoparticles by UV light after surface modifi-
cation of the particles in methanolic solution of 3-meth-
acryloxypropyl(trimethoxy)silane (MTS). We aimed at es-
tablishing similar siloxane chains between ZnO particles
in LB films as well as between the particles and the glass
substrate providing improved mechanical stability for the
coatings.

Optical and photocatalytic properties of the ZnO
LB films were studied in parallel and found to be improved
by the incorporation of silica nanoparticles and surface
modification, respectively.

Experimental
Reagents, Solvents and Substrates

Farticle Preparation. Zinc acetate dihydrate (> 98%
A.C.S. reagent, Aldrich), tetraethyl orthosilicate (> 98%
GC, Merck), ammonia (25% aqueous solution a.r., Reanal),
absolute ethanol (a.r. > 99.7%, Reanal) and diethylene
glycol (DEG, purum, Reanal) were used as received.

Film Balance Experiments. Chloroform (ultra-resi ana-
lyzed, > 99.8%, Baker) was used as spreading liquid.
Distilled water was purified in a Millipore Simplicity 185
system (18.2 MSQ2cm).

Preparation and Characterization of LB Films. Microscope
glass slides, conductive (ITO) glass slides and silicon sub-
strates have been used for film preparation. The substrates
were thoroughly cleaned prior to use. The glass slides were
immersed into persulphuric acid (2 : 1 vol. % of sulphuric
acid (96%, ISO-for analysis, Carlo-Erba) and hydrogen
peroxide (30% in aqueous solution, puriss., Reanal)) for
1 h, then rinsed with distilled water, ethanol and, finally,
dried at room temperature. The ITO glass was cleaned in
diluted NaOH and then in acetone ultrasonic bath and fi-
nally rinsed with Millipore water and abs. ethanol. The
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silicon wafers were immersed into 2% aqueous HF solu-
tion (diluted from 40% HF, a.r., Reanal) for 30 s to remove
the native oxide layer, then washed with distilled water,
ethanol and finally, dried at room temperature.

3-methacryloxypropyl(trimethoxy)silane (MTS, > 98%,
Sigma) and hexane (for synthesis, 96%, Merck) were used
for the surface modification of LB films.

Methyl orange (MO, spec., Reanal) in 5.5 mg1~! aque-
ous solution was used in photocatalytic experiments.

Experimental Methods

Preparation of Alcosols and Powders. According to trans-
mission electron microscopy (TEM) investigations, ZnO
particles of 1104+ 16nm, 172424 nm, 2254 10nm,
267 £26 nm and 360+ 15 nm diameter were synthesized
in diethylene glycol (DEG) according to the procedure of
Seelig et al. [1]. 2.2 g zinc acetate dihydrate was rapidly
heated to 160 °C in 100 ml of DEG. After 3 h of reaction
a white slurry was obtained that was separated from the
supernatant in a centrifuge (4200 rpm, 3 h). A second re-
action was then carried out heating up rapidly the same
amount of starting reagents. When 150 °C was reached
10 ml of the primary supernatant was added to the second
reaction, and temperature was allowed to rise up to 160 °C
for 1.5 h. The resulting stable, white sol was finally cooled
down and stored at room temperature. The samples were
named according to their mean particle size (e.g. Z110).
Nearly spherical silica particles with mean diameter of
96 £ 13 nm [4] were used in this study. The sample name
was S96.
Chloroform as spreading liquid was used in a vol. ratio
of 1:1 for ZnO sols in DEG and 2 : 1 for silica sols.
Mixed spreading sols were prepared from Z110 and
S96 alcosols. The ratio of ZnO particles over silica par-
ticles was estimated using psio, = 2.06 g cm 3 [22] dens-
ity data and ppzn0 = 2.77 gem ™3 (density measurement
of Z172). The six mixtures were named Z110-R17, Z110-
R10, Z110-R3, Z110-R1.6, Z110-R0.8 and Z110-R0.25
according to the number ratio of ZnO particles to silica
particles. Equal volume of chloroform was added to the
mixture of particles in their original media. Aliquots of
ZnO alcosols were transferred into chloroform. After cen-
trifuging (4200 rpm, 60—120 min) the supernatant was dis-
carded and the particles were redispersed in chloroform.
Aliquots of Z172 and Z360 were washed five times
with chloroform and then dried at 60 °C to yield equivalent
powders. An aliquot of the sol sample was centrifuged, the
supernatant was discarded, and the particles were redis-
persed in fresh chloroform. This procedure was repeated
four times.

Characterization of Alcosols and Powders. The solid con-
tent of samples was determined on 3 x 500 pl aliquots of
sols dried at 120 °C for 3 h.
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Images taken by a JEOL JEM-100 CXII transmission
electron microscope (TEM) were used for the determin-
ation of particle sizes. Samples were taken from the Lang-
muir films of particles at moderate surface pressures using
Formvar coated copper grids.

The porous texture of powders dried from Z172 and
7360 was investigated by Ny adsorption—desorption (Mi-
cromeritics, ASAP 2010), pycnometry (manual, 10 ml
using ethanol solvent) and H,O adsorption—desorption
(Quantachrome Instruments, Hydrosorb 1000 3.14) tech-
niques.

Preparation of Langmuir Films. Langmuir films were pre-
pared in a Wilhelmy trough filled with Millipore water
the surface of which was cleaned before each experi-
ment. The particles were spread at the air—water inter-
face after 1 min of ultrasonication. 5 min elapsed be-
fore recording the surface pressure (/7)-surface area (A)
isotherms during compression of the area from maximum
(235 cm?) to minimum (40 cm?) at constant barrier speed
of 33.2cm?min~!. A NIMA PS4 forcemeter was used
with paper plate, cut from Whatmans Chrl chromatogra-

phy paper.

Characterization of Langmuir Films. Evaluation of the IT—
A isotherms was done by the determination of contact
cross-sectional area (CCSA, Ak) of particles. The area oc-
cupied by one single particle in the Langmuir film (A1)
could be calculated by

Ak
Al = , 1
1=y (D
and
N=6_" | @)
d3mp

where N is the number of particles forming the Langmuir
film, m is the mass of oxide particles spread (obtained
from the solid content of spreading sol), p is the density
of particles and d° is the average particle volume (obtained
from the particle sizes). In the case of ZnO particles, the
density measured for Z172 with a pycnometer was used for
the calculations (2.77 gcm?). If particles form hexagonal
close-packed structure upon compression, the area occu-
pied theoretically by one single particle can be expressed
by the area of a hexagon including the particle

V3
2

where d? is the average particle cross section area cal-
culated from size distribution function. This expression
was used to correlate the effective refractive index of
the particles and the LB monolayers, and to calculate
the water contact angle of Z172 and Z267 particles from

a, 3)

Ag1 =
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the non-dissipative part of the isotherm using the expres-
sion [23, 24]

1
W! = yLpr?n(1 —cos(©))? = 5 (Ar=Ac DT, 4)

where W1 is the adhesion work, yLF is the surface ten-
sion of the subphase, r is the mean particle radius, ® is
the contact angle of the particle on the subphase, I, is the
collapse pressure and A is the collapse area computed
for one single particle. The calculated water contact angle
shows a nearly linear dependence on the spread amount
because of the existence of surface pressure gradient in
the particulate layer during anisotropic compression [25,
26]. The intrinsic water contact angle of the particles was
obtained by extrapolation of this linear function to zero
amount of material [27].

Scanning angle reflectometry (SAR) measurements
were performed in the Wilhelmy trough illuminated with
a p-polarized laser beam (Melles-Griot 17 mV He-Ne
laser, A = 632.8 nm) as described previously [15]. A sil-
icon photodiode detector (PD200 Edmund Industrial Op-
tics) was used for the detection of reflected light in-
tensity as a function of the angle of incidence. The
angle of incidence was changed by steps of 0.1° in the
range between 50 and 58° (around the Brewster angle
of water—air interface). The intensity curves obtained
for the Langmuir films were converted into reflectance
curves [15]. These were evaluated using a previously de-
scribed optical model (hexagonal model) for hexagonal
close packed particles partially immersed into the sub-
phase (in-depth refractive index profile) at the air—water
interface [15,28]. Parameters of this model are: par-
ticle refractive index (nyfr), interparticulate distance (as-
sumed to be d in this case), particle diameter (d, layer
thickness) and immersion depth (h) or immersion ratio
(h/d) (Fig. 1). Starting value of particle refractive in-
dex computation is the refractive index (RI) evaluated
from the intersection of film reflectance curve and water
reflectance curve. The water contact angle of the par-
ticles can be evaluated from the immersion ratio with
a simple geometrical relation assuming that the water

Fig.1 Accomodation of a partially wettable particle at the air—

water interface. ® is the water contact angle, d is the particles
diameter and 4 is the immersion depth
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surface is not distorted by the weight of the particle
(Fig. 1):

h
=2 —1. 5
cos J (5)

Preparation of LB Films. The trough of the Wilhelmy film
balance was filled with Millipore water, and the water sur-
face was cleaned. The substrate was immersed into the
water prior to the spreading of the particles. A continu-
ous Langmuir film was formed on the water surface slowly
decreasing the available area. Withdrawal of the substrate
was launched at ca. 50% of the collapse pressure. The de-
posited layers were dried at ambient temperature. In the
case of multilayered LB films the above procedure was re-
peated 1-4 times. The obtained films were finally dried at
105 °C in air. The samples were denominated indicating
the spreading mixture (in the subscript) and the number
of deposited layers e.g. Fz119.r31 (monolayer of Z110-R3
mixed spreading sol — Table 1). In the case of complex
LB films containing S96 and Z110 particles in separate
monolayers, they are labelled according to the sequence
of layers starting from the substrate e.g. Fzg is a two-
layered complex LB film with one layer of Z110 particles
deposited on the surface of the substrate and a second layer
of S96 particles deposited on the surface of the Z110 layer.

Surface Modification of LB Films. Fz1101, Fsoe1 and Fsz
films were immersed for 1 min into a 1 vol. % solution
of 3-methacryloxypropyl(trimethoxy)silane in hexane, fol-
lowed by irradiation for 15 min under UV light (Philips
CleoHPa 400 W, maximum intensity at 375 nm) in the
presence of water vapours (samples kept above a beaker
containing hot water during the irradiation). Samples were
labelled with letter M after the sample name e.g. Fz11901M
(Table 1).

Table1l Name and characteristics of the prepared LB films. Each
number in brackets corresponds to a discrete sample

LB film Sample name No. of Surface modified
layers

Pure ZnO Fz110(1, 2, 3, 4), 14 Fz110IM
Fz(172,225,267,360) 1 1 -

Pure SiO; Fsggl 1 Fs961M

Mixed? Fz110r(17, 10, 3)1 1 .
Fz110-R10+R32 2 -

Complexb Fsz 2 FszM
Fzs 2 —

4 Mixed LB films are prepared using mixed spreading sols Z110-
R17, Z110-R10 and Z110-R3.

5 Complex LB films are deposited using pure SiO; and ZnO spread-
ing sols.
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Structural Characterization of LB Films. Information
about the structure and morphology of deposited, multi-
layered films images was obtained by a Hitachi S-4500
scanning electron microscope (SEM). Glass slides and
silicon wafers were used as substrates. X-ray diffraction
(XRD) was performed on Fzp671 LB film with a PanAlyt-
ical X’pert Pro instrument using wavelength A(Cu k).
Ellipsometric porosimetry (EP) (ellipsometer Plasmos
SD2300) measurements were performed on silicon sup-
ported films Fzj101, Fz1721, Fz2251, Fz671 and Fzzgpl.
The angles of incidence (and detection) of He-Ne laser
light (A =632.8nm) were 70°. Ethanol was chosen to
be the probe molecule. First, the bare substrate (Si) was
put into a home-made, controllable vapour-pressure cell.
Its refractive index (& 3.40) and extinction coefficient
(= —0.28) was evaluated on the basis of a few tens of
measurements at atmospheric pressure (software SD 6.5).
The thin supported film was put in the way of light, and
then the sample cell was sealed and put under vacuum
(p =~ 10-3 mbar). Ethanol vapour pressure was increased
step by step over the sample opening and closing a valve.
The temperature (26—28 °C) was noted and the values of
relative pressure p/po were calculated accordingly.

Functional Characterization of the LB Films. UV-Vis
spectroscopy method using an Agilent 8453 spectropho-
tometer was used to study the antireflective property
(transmittance) of the LB films in the wavelength range be-
tween 300—1100 nm. The reference was air in every case.

The photocatalytic activity of complex LB films
was studied by determining the degradation of MO in
5.5mgl~! aqueous solution. The irradiating light source
was a Philips CleoHPA lamp (400 W, max. intensity at
375 nm). The supported catalyst film (5.5-6.8 +0.3 cm?
of area) was immersed in 10 ml of the MO solution kept at
25 °C under magnetic stirring during the experiment. Ab-
sorbance of the organic dye in solution was observed at
464 nm as a function of the irradiation time. Before each
absorbance measurement, the volume of the MO solution
was readjusted to 10 ml with distilled water because there
was a slight evaporation of the solvent during the pho-
tocatalytic test. Specific degradation vs. irradiation time
diagrams were obtained from photocatalytic measure-
ments. Specific degradation corresponds to the decrease in
MO absorbance at 464 nm per cm? of sample area. This
specific value enables to take into account the variation
of sample area (5.5-6.8 £0.3 cm?) in contact with a fixed
volume of dye solution (10 ml). It was calculated as fol-
lows:

AO - A[
) 6
AoS (6)
where Ag is the absorbance of MO solution at the begin-

ning of the test, A, is the absorbance value after ¢ illumina-
tion time and S is the area of solid supported film.

Dy = 100
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Fig.2 Transmission electron micrographs of ZnO particles and scanning electron micrograph of silica nanoparticles

UV-Vis spectroscopy was used to evaluate the changes
induced in the film composition during mechanical sta-
bility test. Estimation could be given to the ZnO con-
tent of the film observing the absorption edge of ZnO at
about 360 nm. Transmittance spectra of the samples were
taken directly after film preparation, then after the sur-
face modification of the sample and, finally, after various
times of ultrasonication in ethanolic bath (ultrasound fre-
quency = 37 kHz).

Results and Discussion
Structural Characterization of Materials

ZnO Farticles. ZnO particles prepared by the procedure
of Seelig et al. [1] were mainly spherical according to
TEM pictures (Fig. 2). The polycrystalline nature of the
ZnO particles was reported by the authors of the synthesis,
but the particle porosity was not investigated. However,
porosity can be expected, since in a similar reaction the
formation of porous ZnO particles in diol solutions was
observed by Uekawa et al. [29]. We investigated the poros-
ity of particles and resulting films by pycnometry, Nj

Table2 Porosity of 2110, Z172, Z267 and Z360 particles eval-
uated from pycnometry, N> adsorption—desorption, scanning angle
reflectometry (SAR) and ellipsometry measurements

Technique Sample P (%)

Pycnometry 7172 51

N ads.—des. 7172 16
7360 32

SAR 7110 43
7172 38
7267 40

Ellipsometry 7110 59
7172 37

and H>O adsorption—desorption, ellipsometric porosime-
try, scanning angle reflectometry techniques applying suit-
able models. The density of Z172 powder was found
to be 2.77gcm™> by pycnometry. The density of bulk
ZnO is 5.67 gcm™> [30], which means that the porosity
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Fig.3 a N, and H;O adsorption—desorption isotherms on ZnO par-
ticles; b ellipsometric porosimetry measurements: evolution of the
effective refractive index of silicon supported ZnO LB monolayers
during ethanol adsorption—desorption
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of particles may be 51% (Table 2). However, the nitro-
gen adsorption—desorption measurement evidenced only
16% of porosity in powder Z172 and 32% in powder
7360 (Fig. 3a). Furthermore, the shape of Z172 isotherm
did not show open mesoporosity (absence of hysteresis
loop on the isotherm). The discrepancy between the re-
sults of pycnometry and N adsorption measurements can
be explained by assuming mainly closed porosity. The
pores of Z360 particles were at least partially open to
nitrogen molecules. The mean pore size of 10nm cor-
responded to the pores between the small primary ZnO
particles that formed large secondary spheres [29]. There-
fore, we presume aggregation-type growth mechanism in
the reaction described by Seelig et al. The shape of the
water adsorption—desorption isotherm performed on Z360
powder was very different from that obtained with N
probe molecules, though the degassing process was the
same. This “irreversible loop”-type isotherm was previ-
ously observed for mesoporous oxides with partially hy-
droxylated surface and was attributed to chemisorption of
water molecules [31].

ZnO Particles at the Air-Water Interface. All ZnO sam-
ples produced isotherms with well-defined solid region,
which enabled us to evaluate Ax (A1), Ac (Ac,1) and I1;
values (Fig. 4a). The value of Ak depended linearly on the
spread volume of the sol. Nevertheless, when Ak values
were plotted against the mass of the spread ZnO particles
(Fig. 4b), it appeared that more than twice of the ZnO
amount was spread from a mixture of diethyleneglycol and
chloroform (hollow symbols) as compared to the amount
spread from pure chloroform (plain symbols) to have the
same surface covered. This means that diethyleneglycol
(miscible with water) pulls the particles into the subphase
during spreading and, therefore, the amount of ZnO at the
air—water interface cannot be determined.

Mixed spreading sols of Z110 and S96 particles (sam-
ples Z110-R(17-0.25)) were spread at the air—water in-
terface. At low concentrations (ZnO/silica number ratio
> 3), the introduction of silica particles in the ZnO Lang-
muir film made no difference in the film structure, but at
higher silica content a significant cohesiveness was ob-
served. This could be confirmed by repeated compression-
decompression (inset in Fig. 5b as compared to Fig. 5a)
of mixed systems: anomalous changes occur in the sur-
face pressure, indicating a highly cohesive system [32].
Segregation of silica and ZnO particles in samples with
Zn0O/ silica number ratio > 3 was evidenced by TEM
pictures (Fig. 6). Furthermore, isotherms of samples con-
taining silica particles in excess (Z110-R(0.8-0.25)) had
neither linear region nor shoulder (the total number of par-
ticles spread was similar for each isotherm, (1.3-1.6 x
10'8). These isotherms presented no similarity to that of ei-
ther pure ZnO or silica particulate films. The interpretation
of the phenomena observed in hybrid and mixed Langmuir
films of ZnO particles needs further investigation.
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Fig.5 Isotherms and repeated compression—decompression cycles
of Langmuir films of a Z110 particles and b mixed samples Z110-
R(17-0.25) (repeated compression-decompression of Z110-R0.8 in
the inset)

Fig.6 Transmission electron micrographs of Z110 and Z110-R3
Langmuir films. Black and spongy spheres are ZnO particles, grey
and smooth spheres are silica particles

Optical Properties — SAR Measurement. SAR measure-
ments performed at the air—water interface and follow-
ing optical model fitting (described elsewhere [15,28])
provided us values of particle refractive index (npef),
film thickness (d) and immersion depth of particles in
the subphase (k) (Fig. 1) for samples Z110, Z172 and
7267 (Fig. 7, Table 3). According to the computation, the
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Fig.7 Scanning angle reflectometry curves obtained from pure wa-
ter surface and from Z110, Z172 and Z267 particulate Langmuir
films. The curves of water and Z110 Langmuir film are enlarged in
the inset

Table3 Optical properties of Z110, Z172 and Z267 particulate
films at the air—water interface evaluated from scanning reflectom-
etry measurements by fitting with the hexagonal model [27]. x? is
the sum of deviation squares

Sample d h/d Npeff x2(x107%)
Z110 119 0.719 1.486 0.004
7172 188 0.945 1.531 0.10

7267 291 0.936 1.515 0.07

particle refractive index was 1.486 for Z110, 1.531 for
Z172 and 1.515 for Z267. For hexagonal close-packed
LB films [15], this would yield film refractive indices of
1.277 for Fz11091, 1.300 for Fz1721 and 1.292 for Fz671
(calculated with the Lorentz—Lorenz formula). The poros-
ity values calculated from particle refractive indices are
shown in Table 2. These values are between the poros-
ity values measured by pycnometry and N, adsorption—
desorption technique showing an “optical” porosity of 38—
43%.

Estimation of Water Contact Angle. The irreversible re-
moval of the particles from the air—water interface dur-
ing compression is confirmed by repeated compression-
decompression of the particulate film (Fig. 5a). Therefore,
computation could be assessed for the water contact angle
of particles spread from pure chloroform (all ZnO samples
except for Z110) using Eqgs. 1, 2, and 4). The characteris-
tic water contact angle was the value extrapolated at zero
amount of ZnO (Fig. 4c¢).

The water contact angle of the particles Z110, Z172
and Z267 was calculated from SAR measurements with
Eq. 5 assuming that particles do not distort the water sur-
face. The water contact angles evaluated from SAR meas-
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Table4 Water contact angle of ZnO particles evaluated from sur-
face pressure—surface area isotherms (/7-A) and scanning angle
reflectometry measurements (SAR)

Technique  Z110 7172 7225 7267 7360
IT-A - 37° 40° 34° 35°
SAR 65° 27° - 29° -

Fig.8 Scanning electron micrograph of LB monolayer of Z267 par-
ticles (Fzz671) and two-layered complex LB film composed of an
S96 sublayer and a Z110 top layer (Fsz2)

urements and /7T-A isotherms are summarized in Table 4.
They are in reasonable agreement with each other and
show a partially wettable ZnO surface.

Langmuir-Blodgett Films of ZnO Nanoparticles. The ar-
rangement of the ZnO particles in mono- and multilayered
LB films was studied in SEM pictures (Fig. 8). The ZnO
particles formed small domains for samples with low poly-
dispersity (Z225,7267,7360), but at higher polidispersity,
the packing of the particles was irregular, though contin-
uous (e.g Z110 layer on the top of closely packed S96
particles for Fsz2 in Fig. 8).

XRD diffraction performed on Fzpe71 revealed the
presence of crystallised ZnO with hexagonal wurtzite
structure.

Functional Characterization of ZnO LB Films

Optical Properties.

Ellipsometry Measurements. Ellipsometric porosimetry
(EP) measured the changes in the refractive index of a thin
film during adsorption and desorption of solvent vapours.
Accurate mesopore size calculation requires having the
t-curve (thickness of adsorbed probe molecules on the
solid surface) in the case of the ethanol-ZnO system [33].
Such t-curve was not found in the literature. The shape
of isotherms performed on LB monolayers is similar to
that obtained with the traditional N adsorption technique
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for powders. The shape of isotherms obtained from EP re-
vealed that smaller particles (Z110, Z172,7225) contained
mainly closed porosity, while larger ones (2267 and Z360)
had available mesopores for ethanol (hysteresis loop on
the isotherm). The values of film refractive index (1.192
for Z110, 1.305 for Z172, 1.508 for Z225, 1.642 for Z267
and 2.550 (physically unrealistic) for Z360) have to be
interpreted with caution: at larger particle size light scatter-
ing becomes more and more important. Unrealistic values
of film thickness were observed for particles larger than
172 nm, therefore only data obtained for Z110 and Z172
have been accepted as reliable.

Particle refractive index and further particle poros-
ity was computed using the Lorentz—Lorenz formula of
refractive index mixing, assuming a hexagonal closely
packed arrangement of the spherical ZnO particles in the
LB film [15]. The obtained values are summarized in
Table 2. 59 and 37% internal porosity was calculated for
Z110 and Z172 particles, respectively. These values may
overestimate the actual particle porosity if the arrangement
of the particles in the LB film is less closely packed (for
particles with polydispersity over 7% [25]). Comparison
was made between the LB film refractive index measured
by EP and the film refractive index calculated from par-
ticle refractive index obtained with SAR measurement in
Langmuir films. The LB film refractive index obtained
for Fz1721 (1.305) was in excellent agreement with that
assessed from SAR measurement (1.300). The discrep-
ancy between the values for Fzj191 (1.192 from EP and
1.277 from SAR measurements) was perhaps due to a less
closely packed structure of the particles in the LB film.
However, for Z267 the discrepancy between the results
of these two measurements was too high to be reason-
able, therefore the value measured with ellipsometry was
not given credit. Our conclusion is that particles should
reasonably contain 30-50% internal porosity of which 10—
20% might be closed.

UV-Vis Measurements. LB films of ZnO particles with
mean diameter between 110 and 225 nm possess antire-
flective property in the visible-near infrared wavelength
range when coated on the surface of glass (Fig. 9a,b) and
conductive glass slides (Fig. 9¢), in spite of the high re-
fractive index of ZnO bulk phase. This finding can be
explained by the high internal porosity (30-50%) of the
particles demonstrated above and the special nanostruc-
ture of the LB film. The antireflective effect is higher for
smaller particle size and lower layer thickness (depend-
ing on particle size and the number of LB layers). The
best transparency was, therefore, observed for one-layered
LB film of Z110 particles with AR wavelength range be-
tween 580—1100 nm. At larger particle size, the interfer-
ence phenomena cause the appearance of high reflection
band (at 400 nm for sample Fzp471 and at 510 nm for sam-
ple Fz3e01). Coloured reflection can be seen in Fig. 9b
(inset).
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Attempts were made for the improvement of inherent
ZnO LB film antireflectivity by mixing silica particles to
ZnO particles. S96 silica particles were incorporated in
the spreading liquid of Z110 particles to have homoge-
neously mixed LB films. The transparency of these mixed
LB films (Fz110-r(17-3)1) is better than that of pure Z110
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together with a complex LB film (Fsz2) on the surface of glass
substrate

particles (broadening of AR wavelength range, Fig. 10a).
Besides, the maximum transmittance wavelength shifted
from 793 nm (Fzi19l) to 760 nm (Fzi19.r31). More im-
portant effect could have been achieved at higher silica
content, but the cohesiveness of Langmuir films of sam-
ples Z110-R(1.6-0.25) prevented the deposition of contin-
uous LB films for these samples: separate flakes of the
cracked film were seen on the solid substrate. The rea-
sons of cohesiveness are not yet understood, further study
should reveal them. Nevertheless, the surface modification
of one or both types of nanoparticles may enable the prep-
aration of homogeneous mixed LB films with higher silica
content.

Two layered film of mixed LB layers (Fz110-R10+R32)
was deposited to induce gradient refractive index by di-
minishing the ZnO content of the film from the substrate
to the air (in general advantageous for AR property). The
AR property was slightly improved as compared to Fz1192
(Fig. 10b). LB film of silica particles was deposited under
and over the ZnO LB film of Z110 nanoparticles. Both of
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the obtained complex LB films (Fsz2 and Fzs2) showed
better AR property than the two-layered LB film of Z110
particles with similar film thickness (Fig. 10b). Hence,
we could achieve slight improvement of AR effect and
slight shift of maximum transmittance wavelength (fine
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tuning) of ZnO LB films by the incorporation of silica
particles.

Photocatalytic Properties. The photocatalytic activity of
Fz1101 and Fzps1 LB films was investigated in pho-
todegradation experiments. The supported films immersed
into the aqueous solution of methyl orange were irradi-
ated with intense UV light. The comparison of the pho-
tocatalytic activity of slightly different size samples was
possible by the calculation of specific degradation values
(degraded amount of MO (%) over the surface area of the
film (cm?)). Typical specific degradation values of 11 and
12 % cm™?2 were found for samples Fz1101 and Fzoos1,
respectively after 120 min of irradiation. Higher specific
degradation value was obtained for the complex LB film
Fs72 (13% cm~2 at 120 min of irradiation) (Fig. 11). We
assume that this is due to the better availability of the
ZnO surface when deposited on the top of a porous LB
structure.

Mechanical Stability

The mechanical stability of native ZnO LB films was poor.
Immersed into ethanol ultrasonic bath no ZnO absorption
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Fig. 12 Mechanical stability tests. Evolution of UV-Vis transmittance spectra of a Fsz2; b Fsz2M; ¢ Fsj001M and d Fz1191M LB films
during ethanolic ultrasonication of O min (solid black line), 1-15 min (dotted black lines) and 30 min (solid black line)
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could be detected after more than 2 min. of ultrasonication.
The stability of the silica films was better, antireflective
effect was lowered, but still present after 30 min of ul-
trasonication. In the case of the complex LB film Fsz2,
the disappearance of ZnO absorption is demonstrated after
5 min of ultrasonication, and then slow decrease of AR
property can be seen together with the deterioration of the
silica LB layer (Fig. 12a). This indicates the rapid removal
of the top ZnO LB layer followed by a slow removal of the
silica particulate sublayer.

The effect of surface modification is striking (Fig. 12b):
the ZnO absorption, and at the same time strong AR prop-
erty, are still present at 30 min of ultrasonication. The
increased resistance of the particulate film towards me-
chanical impact suggests the linkage of silica particles to
the surface. Furthermore, the ZnO particles in the top layer
are supposed to be linked to the silica particles in the sub-
layer providing increased stability. As a result, the ablation
of the two layers proceeds together and in a slower rate
than it was previously observed for either ZnO or silica
LB films. Surface modification was achieved also on single
LB films Fso¢l and Fzjj0l. Excellent stability was ob-
served for Fso61M (Fig. 12¢), and stability improvement
was provided for Fz;101M (Fig. 12d).

Effect of Surface Modification on Functional Properties
of LB Films. The antireflectivity of LB films was slightly
decreased by surface modification (1-2% of loss in trans-
mittance), but an increase was observed in their photo-
catalytic activity (14 %cm~2 at 120 min of irradiation)
(Fig. 11). We conclude, therefore, that surface modifica-
tion results in higher mechanical stability and has a bene-
ficial effect on the photocatalytic properties of these ZnO
LB films.
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Conclusion

The preparation of functional Langmuir and LB films was
reported using silica and ZnO nanoparticles. The ZnO
LB films showed AR property in the wavelength range be-
tween 580-1100nm as a consequence of the high internal
porosity of the particles and special LB structure. The fab-
rication of mixed and complex LB films from silica and
ZnO nanoparticles gave an entry into the fine tuning of
light transmission. Surface modification of the particles by
adapting the method of Rohe et al. [21] resulted in slightly
reduced AR property, but it increased the photocatalytic
activity and the mechanical stability of simple and com-
plex LB films.

Wilhelmy film balance experiments permitted the es-
timation of water contact angle of ZnO particles both
from the non-dissipative part of surface pressure—surface
area isotherms and scanning angle reflectometry measure-
ments. Additionally, film balance investigations on mixed
films revealed interesting structuring phenomena due to
interactions between silica and ZnO nanoparticles. A thor-
ough investigation of these findings could lead to a better
understanding and control of complex interfacial systems.
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Introduction

Drug Release and Skin Permeation from Lipid
Liquid Crystalline Phases

Abstract We have studied drug
release and skin permeation from
several different liquid crystalline
lipid formulations that may be used
to control the respective release
rates. We have studied the release
and permeation through human skin
of a water-soluble and amphiphilic
drug, propranolol hydrochloride,
from several formulations prepared
with monoolein and phytantriol as
permeation enhancers and controlled
release excipients. Diolein and cineol
were added to selected formulations.
We observed that viscosity decreases
with drug load, wich is compatible

with the occurrence of phase changes.

Diolein stabilizes the bicontinuous
cubic phases leading to an increase
in viscosity and sustained release
of the drug. The slowest release
was found for the cubic phases
with higher viscosity. Studies on
skin permeation showed that these
latter formulations also presented

lower permeability than the less
viscous monoolein lamellar phases.
Formulations containing cineol
originated higher permeability with
higher enhancement ratios. Thus, the
various formulations are adapted to
different circumstances and delivery
routes. While a slow release is usually
desired for drug sustained delivery,
the transdermal route may require

a faster release. Lamellar phases,
which are less viscous, are more
adapted to transdermal applications.
Thus, systems involving lamellar
phases of monoolein and cineol are
good candidates to be used as skin
permeation enhancers for propranolol
hydrochloride.

Keywords Drug release -
Enhancers - Lipid liquid crystalline
phases - Monoolein - Phytantriol -
Propranolol hydrochloride -

Skin permeation

The drug used is propranolol hydrochloride (PHCI),

Sustained release formulations have the advantage of re-
ducing the dosing frequency and producing controllable
and sustained plasma levels which tend to minimize the
risk of undesirable side effects. Additionally, for transder-
mal formulations, the avoidance of the hepatic first-pass
metabolism is an obvious advantage. In this work, we in-
vestigate different formulations based in lipid liquid crys-
talline phases composed of monoolein (MO) or phytantriol
(PHY) doped with diolein (DO) or cineol.

a water soluble cationic amphiphilic drug. PHCI is a non-
selective B-adrenoreceptor blocker that is widely used in
the treatment of many cardiovascular diseases like hyper-
tension, angina pectoralis, cardiac arrythmia and myocar-
dial infarction. However, propranolol is subject to an ex-
tensive and highly variable hepatic first pass metabolism
following oral administration. Its oral bioavailability was
reported to be between 15 and 23% [1]. This clearly moti-
vates the growing interest for developing systems for trans-
dermal delivery of this drug [2—4].
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Nevertheless this route presents unique chalenges. The
greatest obstacle is the stratum corneum, the outermost
layer of the skin which is considered to form the primary
rate-limiting barrier to the permeation of drugs across the
skin [5]. It consists of dead, flattened cells, filled with
keratin, that are embedded in a lipid matrix [6]. The stra-
tum corneum has been described as hydrophilic protein
“bricks” in a hydrophobic mortar of lipid bilayers [7].

Several strategies have been employed to circumvent
this natural barrier. One of the most used strategies em-
ploys penetration enhancers, molecules that reversibly re-
duce the barrier properties of skin by affecting the proper-
ties of the different components, such as lipids and corneo-
cytes, in a way that the barrier properties are altered [8].
Penetration enhancers may incresase the permeability of
a drug by affecting the intercellular lipids of the stratum
corneum and/or by increasing the partitioning of the drug
into the stratum corneum [9].

Monoolein (MO) is a polar lipid that is considered
a penetration enhancer [10] and presents the extraordi-
nary ability of forming several different liquid crystalline
phases in contact with water. Bicontinuous cubic phases
are formed (space groups la3d and Pn3m) for water con-
tents between 20 and 40 wt %. These cubic phase pos-
sess a transparent, stiff, gel-like appearance and constitutes
a three-dimensional network of curved lipid bilayers sep-
arated by a network of congruent water channels [11].
Such charactheristics have been used to sustain the deliv-
ery of various water soluble and insoluble drugs including
peptides [12], and through several different administra-
tion routes including the oral, periodontal, mucosal and
vaginal [13] ones. Transdermal delivery [14] and in vivo
topical administration have also been reported [10].

Phytantriol (PHY) or tetramethyl hexadecanetriol is
a well-known active ingredient for the cosmetics indus-
try in hair and skin care. It is considered to improve
the properties of moisture retention of skin and hair and
act as a penetration enhancer of panthenol, vitamins and
amino acids. PHY shows the same type of phase se-
quence as MO and may be seen as an alternative ingredi-
ent in certain applications of the cubic liquid crystalline
phases [15], in particular. As shown in PHY/water phase
diagram [15], PHY forms bicontinous cubic phases at
lower water contents than MO. The possibility of using
both lipids, MO and PHY, in mixed systems was also re-
ferred [16], taking advantage of this difference in water
swelling.

In this work, formulations based on MO or PHY where
doped with DO or cineol in order to tune the phase be-
haviour and the viscosity. The addition of DO to MO or
PHY, leads to the formation of a reversed hexagonal phase
in excess water [17]. This phase is not formed in the binary
MO-Water system nor in the binary PHY-water system at
room temperature [15, 16, 18, 19]. On the other hand, the
addition of the amphiphilic drug PHCI promotes the for-
mation of normal structures

F.O. Costa-Balogh et al.

Cineol is an essential oil (monoterpen) also known as
eucalyptol, that has been reported as a penetration en-
hancer that increases the drug diffusivity in the skin. The
enhancing effect has been attributed to disruption of the
highly ordered intercellular lipid structure of the stratum
corneum [4]. Furthermore this stratum corneum-cineol in-
teraction is reversible [7] and terpenes are generally re-
garded as safe, with low cutaneous irritancy [20].

The growing interest in transdermal delivery of PHCI,
together with the fact that both MO and PHY are con-
sidered skin penetration enhancers [10], motivates further
investigations of the formulations characteristics and drug
release from these systems, and this forms the major goal
of the present study. We aim to check the possibility of
using these lipids as vehicles (matrix) in transdermal de-
livery systems of PHCI, and investigate phase behaviour,
viscosity, drug release and permeation through human
skin.

Materials and Methods

We have used Propranolol hydrochloride (Becpharma,
Batch No. PRP 190), as a water-soluble model drug.
Monoolein (Rylo MG 19 Pharma ID98-027, a thecnical
grade constituted by 90% monoolein, 5% of other mono-
glycerides and 5% of mainly diglycerides, fatty acids and
free glycerol, Danisco Ingredients, Denmark,), diolein
(Danisco Ingredients, Denmark) and phytantriol (BASF,
Germany, Lot: 40356188Q0) were used without further
purification. The water used was de-ionized and purified
(Milli-Q water system).

Preparation of Formulations

MO was melted at 45°C and PT at 50 °C. Appropriate
amounts of these lipids were weighted into different glass
vials. Water, DO and drug were also weighted into the
vials as appropriate (see Table 1). The vials were then
sealed and centrifuged back and forth several times at 45
or 50 °C, for MO and PT containing formulations, respec-
tively. They were then left to equilibrate for 7 days at
23+2°C.

Visual Inspection

Crossed polarizers were used to examine the homogeneity
of formulations. Only the homogeneous samples, isotropic
and anisotropic, were considered for further studies.

Formulations pH

A pH meter (pH526, WTW, Germany) was used for the
determination.
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Table1 Formulations codes and composition. The non-homogeneous (phase separated) formulations were rejected from further studies

Formulation code

PHC1 Lip?:w
MO (blank) 0 65:35
MO2 2 65:35
MO5 5 65:35
MOI10 10 65:35
MO15 15 65:35
MODI1 (blank) 0 65:35
MO2D1 2 65:35
MOS5D1 5 65:35
MO15D1 15 65:35
MOD?2 (blank) 0 65:35
MO2D2 2 65:35
MOS5D2 5 65:35
MO15D2 15 65:35
MOCS5 (blank) - 65:35
MOCI10 (blank) - 65:35
MO15C5 15 65:35
MO15C10 15 65:35
PHY (blank) 0 73:27
PHY2 2 73:27
PHYS 5 73:27
PHY15 15 73:27
PHYDI (blank) 0 73:27
PHYS5DI1 5 73:27
PHY15D1 15 73:27
PHYD2 (blank) 0 73:27
PHYS5D2 5 73:27
PHY15D2 15 73:27

Composition [wt %]

Homogeneity
Lip?: DO Cineol
- - yes
- - yes
- - no
- - yes
- - yes
92:8 - yes
92:8 - yes
92:8 - no
92:8 - yes
88:12 - yes
88:12 - yes
88:12 - yes
88:12 - yes
- 5 no
- 10 no
- 5 yes
- 10 yes
- - yes
- - yes
- - yes
- - no
92:8 - yes
92:8 - yes
92:8 - no
88:12 - yes
88:12 - yes
88:12 - no

4 Lipid: MO or PHY, depending if the formulation code starts by MO or PHY respectively.

Small-Angle X-ray Scattering (SAXS)

The measurements were performed on a Kratky compact
small-angle system equipped with a position sensitive de-
tector (OED 50 M from M. Braun, Graz, Austria) contain-
ing 1024 channels with 53.0 um width. Cu K, radiation
of wavelength 1.542 A was provided by a Seifert ID300
X-ray generator operating at 55kV and 40 mA. A 10 um
thick nickel filter was used to remove the Kz radiation,
and a 1.55 mm tungsten filter was used to protect the de-
tector from the primary beam. The sample-to-detector dis-
tance was 277 mm. The volume between the sample and
the detector was kept under vacuum during data collection
in order to minimize the background scattering. Samples
were measured in a sample holder with mica windows
at 32 °C. Temperature was kept constant (£0.1 °C) with
a Peltier element.

Viscosity

Viscosity measurements were performed on a controlled
stress Physica UDS 200 rheometer using a 1° cone-and-

plate geometry (25 mm diameter). All measurements were
performed within the linear viscoelastic region, which was
checked for each sample (1 g). This was placed on the
plate held at 32 °C. Oscillatory tests were made in the
angular frequency range of 0.05 to 5 Hz. The above ex-
perimental procedure allowed the recording of the com-
plex viscosity (n*) as function of the angular frequency of
oscillation.

In Vitro Dissolution Studies

Dissolution was conducted using Teflon supports in
a USP rotating paddles apparatus, at a speed of 50 rpm,
in 6 x 900 ml of de-ionized water, maintained at 32 &+
0.5 °C, using an automated assembly which consisted of
a water bath fitted with a variable-speed stirrer (Disso-
lutest Prolabo, France), a peristaltic pump (Ismatec IPN,
Switzerland), a UV/Vis spectrophotometer (Perkin Elmer
Lambda 2, Germany) with an automatic multicell pro-
gramer (Perkin Elmer BO12-7391, Germany). The released
propranolol hydrochloride absorbance was recorded au-
tomatically at 290 nm every 12 min for 48 h. A total of
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5 dissolution curves were obtained for each formulation,
which were back-correlated with the respective blank (see
Table 1). Mean dissolution times (MDT) at different time
points were determined from the mean profiles obtained
from these 5 curves, as described in [21].

In vitro permeation studies

Permeation studies through the epidermis of human ca-
daver skin were performed using modified vertical Franz
cells during 48 h, immersed in a bath at 37 °C and also
connected to a spectrophotometer (A = 290 nm). The per-
meation area was of 1.767 cm? and the total volume was
19 ml. The epidermis was separated from the dermis with
a pair of tweezers after heating at 60 °C for 60s. Sub-
sequently, it was cut and placed on the Franz cells re-
ceiver chamber filled with phosphate buffer saline (PBS)
pH 7.4 with the outer layer facing up. Care was taken
to avoid entrapment of air bubbles. Formulations (150 mg
with parafilm as support) were then placed on top. Finally
donor cells were clamped closing the system. The perme-
ation of selected formulations was studied in comparison
with aqueous solutions containing 2 and 5% drug.

Results and Discussion
Phase Characterization

The phase behaviour of the different formulations were
characterised by means of small-angle X-ray scattering
(SAXS) and visual inspection in cross-polarized light. It
is known [11] from the MO/water and PHY/water systems
phase diagrams, that, the phase sequence with increasing
water content at room temperature and at 32°C (tem-
perature of the skin surface and at which all experiments
were performed), is reversed micellar (L3), lamelar (L),
reversed bicontinuous cubic of space group la3D and
reverse bicontinuous cubic of space group Pn3m. PHY
needs less water than MO to form the bicontinuous cubic
phases [15]. The addition of Diolein (DO) to the MO or
to the PHY, leads to the formation of a reversed hexagonal
phase upon hydration . This phase is not formed in the
binary MO-water system nor in the binary PHY-water sys-
tem [15,17].

Our blank samples (MO/water 65 : 35 wt % and PHY/
water 73 : 27 wt%) form the Pn3m cubic phase. This
phase is not stable to the addition of the amphiphilic drug,
and the successively increasing drug loads leads to the
phase changes to the la3d cubic phase and to the lamellar
(Ly) phase, which is also consistent with previous stud-
ies [22]. The changes in phase behaviour caused by the
addition of DO and/or PHCI can be understood in terms
of the packing concept of amphiphilic molecules [23].
DO promotes structures with negative curvature, like the
reversed hexagonal phase, and PHCI promotes normal,
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lamellar, structures. When both DO and PHCI are added to
the MO/water cubic phase, these opposing effect can com-
pensate for each other, and the cubic phase might be the
most stabile structure.

After visual inspection using crossed polarizers, some
samples were eliminated from further consideration be-
cause they were phase separated (Table 1). The samples
considered for further characterization are summarized in
Table 2. The pH values determined for the formulations
vary between 5 and 6, which is perfectly compatible with
the normal skin pH in healthy people that is 4 to 6.5 [24].

Viscosity of the Different Formulations

The viscosity of the different formulations are presented
in Table 2. A general observation is that the viscosity is
mainly determined by the phase behaviour. PHY formu-
lations generally present higher viscosity than the MO
counterpart, but in both systems we can observe that the
drug load induces a decrease of viscosity, related with
phase changes (Table 1). It should be noted, however, that
PHY is more resistant to a phase transition upon drug
load (PHYS is still a homogeneous cubic phase while
MOS is not). This is likely explained by that PHY forms
the cubic phases at lower water contents than MO. The
decrease in viscosity with PHCI was also observed by

Table2 Formulations, liquid crystalline phase, and 7, viscosity
(n=3)

Formulations Phase n Pas

MO (blank) Cubic Pn3m 1.13 x 100 £3.21 x 10*
MODI1 (blank) Hy 6.29 x 10* £2.12 x 102
MOD?2 (blank) Hy 1.35 x 10* £3.54 x 10%
MO2 Cubic Ia3d 3.09 x 10° £2.00 x 103
MO10 Lo 3.02 x 103 £4.00 x 10!
MO15 Lo 2.66 x 103 +7.07 x 10!
MO2D1 Cubic la3d 5.49 x 10° +£2.00 x 103
MO10D1 L, 1.12 x 103 £2.00 x 10!
MO15D1 Lo 2.23 x 103 £6.35 x 10!
MO2D2 Cubic Ia3d 5.80 x 100 +£9.71 x 103
MOS5D2 Cubic Ia3d 4.01 x10°+1.20x 103
MO10D2 Lo 2.46 x 103 +1.04 x 102
MO15D2 Lo 2.30 x 103 £3.51 x 10!
MO15C5 L, 2.31 x 103 £5.45 x 10!
MO15C10 Le 2.02 x 10° +3.68 x 10!
PHY (blank) Cubic Pn3m 6.02 x 10° +7.07 x 10*

PHYDI (blank) Hy 4.25 % 10° +£4.25 x 10?

PHYD?2 (blank) Hy 6.54 x 10* +8.49 x 102
PHY2 Cubic Ia3d 2.59 x 10° +3.51 x 10*
PHY5 Cubic Ia3d 8.16 x 10° £2.45 x 103
PHY2D1 Cubic Ia3d 2.04 x 10° +£4.93 x 10*
PHY5D1 Cubic Ia3d 8.45 x 10° £3.25 x 103
PHY2D2 Cubic Ia3d 3.47 x 100 £4.16 x 10*
PHY5D2 Cubic Ia3d 1.83 x 10° £2.08 x 10*
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other authors [25]. Cineol also decreased the viscosity,
and the cineol-containing lamellar phases MO15C5 and
MO15C10 present lower viscosity than the correspondent
lamellar formulation without cineol, MO15.

When adding DO to the MO and PHY formulations, we
observed, in general, the opposite effect on viscosity com-
pared to when adding the drug. DO increases the relative
volume of the hydrophobic region, which favours the tran-
sition to the reverse hexagonal phase instead of lamellar
phase, and gives a higher viscosity when in comparison with
formulations without DO. However, when we add a small
amount of PHCI together with DO, we have also the pres-
ence of an amphiphile that promotes normal structures, and
the combined effect is the stabilisation of the more vis-
cous cubic phase. This can be exemplified by comparing
the formulations MO15D1, MO15D2, MO5D2 and MOS.
In formulations MO15D1 and MO15D2 we observe mainly
the effect of PHCI in changing the structure and affecting
the curvature of the interface inducing a lamellar phase (with
lower viscosity). In contrast, for MOSD2, DO stabilize the
1a3D cubic phase phase (high viscosity) (Table 2). We note
that among the PHY formulations we do not observe such
strong effects on the phase behaviour and viscosity uppon
addition of DO and PHCI. However, with drug loadings
above 5% phase separation is observed (Table 1).

Figure 1 shows formulations viscosities versus their lat-
tice spacing obtained from SAXS measurements for the
different phases. Here, we have considered both the influ-
ence of drug and DO on phase behaviour and the lattice
parameter. It is observed that the PHY cubic phases present
higher viscosities and lower lattice spacing values than the

4,00E+06
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MO cubic phases. This can be explained by the lower water
content in the PHY cubic phases. Finally, the lattice spacing
of both MO and PHY Pn3m cubic phases (blanks), respec-
tively of 97.2 and 67.1 A are in close agreement with values
previously determined by other authors [15, 26].

In Vitro Dissolution Studies

The release properties of the different formulations were
investigated. Figure 2 shows the dose percentage of Pro-
pranolol HCI transferred into bulk solution in 48 h from
the different MO and PHY formulations. The release is
highly correlated with the phase behaviour, and, not in-
dependently, with the viscosity of the formulation. The
MO formulations with lower drug load (MO2, MO2D1,
MO2D2 and MO5D?2), which form a cubic phase, present
a slow and incomplete release. In fact, these formulations,
do not attain 80% of drug release in 48 h. The incomplete
release indicates that the amphiphilic drug has to some
extent partitioned into the lipid bilayers and is thereby re-
tained longer in the formulation. PHCL is an amphiphilic
molecule that contains a hydrophobic and a cationic moi-
ety. In aqueous solution, PHCL form micellar-like aggre-
gates with an aggregation number of 10 [27]. We therefore
expect a strong interaction also with the lipid bilayers in
the formulations, explaining the observed incomplete re-
lease. Some authors [22] refer that the cationic drug can
form complexes with oppositely charged fatty acids that
might be present in the lipid samples (see material sec-
tion). Such complexation could be responsible for the sus-
tained and incomplete drug release. However, if this was
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Fig.1 Formulations viscosities, 7, versus lattice spacing, D, obtained with SAXS measurements. PHY cubic phases present higher vis-
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the case, we would expect the same effect of incomplete
drug release for the lamellar phases. As shown in Fig. 2,
the formulations that are in the lamellar phase, e.g. MO15,
show almost complete drug release over 48 h, and com-
plexation alone can thus not explain our results.

The addition of DO to the formulations affects the drug
release (Fig. 2). In the formulations containing DO the re-
lease is slower than in those in which this component is
absent. A general observation upon the introduction of DO
is an increased viscosity (Table 2), which may explain the
observed effects. DO helps to preserve the shape and tortu-
osity of the aqueous channels and hinders the diffusion of
both drug and water.

The PHY formulations investigated are very viscous
and they all form a reverse cubic phase of space group
la3d. These formulations present a slower release than
MO formulations. The addition of DO has a strong effect
in both sustaining the release and retaining the drug. This
effect might be also related with the fact that these for-
mulations have lower water content. The decrease in water
content is accompanied by a decrease in the size of water
channels, and therefore, results in a lower diffusivity and
a lower release of the amphiphilic drug.

Figure 3 presents the viscosity of formulations viscos-
ity versus mean dissolution time (MDT) values at 48 h.
Here it is possible to observe a clear relation between
viscosity and MDT, and therefore also with the drug re-
lease rate. In general, the formulations with highest MDT
present also the highest viscosity values. From the above

release and viscosity results we draw the general conclu-
sion that, for a certain lipid and drug load the viscosities
correlates inversely with the drug release, and that the in-
troduction of DO retards the release.

The most important factor to the release control in
these systems appear to be the phase behavior of the lipid
formulation, where the lamellar, less viscous phases dis-
play a faster release of the drug than the reverse cubic ones.
However, it should be pointed out that, for the lamellar
phases, the drug load is higher, and thus the gradient that is
the driving force for diffusion is also larger. In spite of the
latter remark, note that MO15D2 > MOS5SD2 ~ M0O2D?2,
which suggests that the observations canot only be ex-
plained from the differences in drug concentration, but that
the release is also strongly dependent on the formation of
a lamellar phase

After 48 h dissolution tests the lipid liquid crystalline
phases were characterized again with SAXS. This showed
that, after dissolution, the formulations form the same
phases as the blank drug-free formulations. In other words,
the MO and PHY formulations that contain DO form
a hexagonal phase after the dissolution test, and the MO
and PHY formulations without DO form the Pn3m cubic
phases, which is the fully swollen cubic phase again after
the dissolution test. The formation of these phases in ex-
cess of water, which is the final state of this experiment,
is also consistent with the phase diagrams of MO and
PHY [15,25]. This means that during this process the
lipid/water systems undergo through phase changes that
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may influence the rate and mechanism of drug release.
Lamellar phases change into cubic or hexagonal phases
(except for the ones with cineol that phase separate after
drug release) and there must be intermediate inhomoge-
neous stages. Also the reverse Ia3 D cubic phases change
to the more swollen Pn3m cubic phase or to hexagonal
phases (except PHYSD?2 that after 48 h is still a mixture
of phases, lamellar and hexagonal). These phase transition
cannot be detected in our PHCL release curves.

In summary, concerning release, we can say that DO
can prevent the formation of the less viscous phases and,
for the lower drug loads, it stabilizes the MO cubic phases
and retards release. In general, formulations with higher
viscosity present a slower drug release, especially for
a certain lipid and drug load. PHY formulations present
a slower drug release than MO formulations and PHCI is
not completely released from the formulations. This effect
was strongest for the formulations that contained DO. This
is explained by the drug partitioning into the lipid bilayers
due to its amphiphilic nature.

Skin Permeation

For the in vitro permeation studies we have chosen to
study skin permeation of PHCI from 8 of the formulations
(Table 3); two cubic phases with low amount of drug (MO2
and PHY?2), the MO and PHY formulations that show the
fastest release of the drug (MO15, MO10 and PHYS), the
formulation in which DO has the strongest stabilizing effect
upon the cubic phase (MO5D2), and the formulations that
contain cineol (MO15C5 and MO15V10). The permeation

from these formulations were compared to the permeation
from aqueous solutions of 2 and 5% PHCl in water.
Figure 4A shows the cumulative amount of drug permeated
from these formulations during 48 h. Naturally, the ther-
modynamic activity of the drug may vary in the different
formulations. This aspect is most relevant in the comparison
between aqueous solutions and the lipid formulations.
We first note that MO and PHY have a similar performance.
The permeation from the different formulations strongly
relates to their phase behavior, and the lowest amount
permeated in 48 h was observed for the simple aqueous so-
lutions. The lamellar phases (MO10, MO15, MO15C5 and
MO15C10), present much higher permeation rates than the
cubic phases (MO15, MO10, PHYS5 and MO5D2).
Table 3 also shows the water/drug ratio present in each for-
mulation. We observe that the transdermal flux increase
with the decrease of water/drug ratio, within each group of
formulations (MO and PHY based). The water/drug ratio
depends directly on the amount of drug, so we can say
that the drug load affect directly the transdermal flux. Also
phase behaviour and viscosity affect transdermal flux. The
lamellar phases MO10 and MOI1S5 present a flux much
higher than the cubic MO5D2 (7 and 10 times higher re-
spectively) and the drug load increases only 2 or 3 times
(MO10 and MO15 respectivelly).The formulations MO15,
MO15C5 and MO15C10 have the same amount of drug
and their water/drug ratio present minimal differences, but
their transdermal fluxes are very different, showing the ef-
fect of cineol.

The most striking observation from the permeation stud-
ies (Fig. 4), is that cineol displays a paramount effect in
enhancing the permeation rate of PHCI, which increases
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more than 50 times (Table 3). This is a higher enhancement
effect than previously described in the literature for this drug
and cineol [4]. This might indicate a synergistic effect of
cineol and MO in the lamellar phase in PHCI permeation
enhancement. The cumulative amount of drug permeated
from the cineol-containing lamellar formulations are shown
in Fig. 4B together with the corresponding data for the
lamellar MO formulation MO15, which showed the highest
release among the formulations that does not contain cineol.

The formulations that do not contain cineol show much
lower fluxes. Still there are significant differences between

these formulations. The permeation from the cubic phases
do not differ significantly from the permeation from the
simple aqueous solutions, with the exception of MO5D2
(ER = 2), where DO shows some enhancer effect. For the
PHY formulations (high viscous cubic phases), as for the
simple aqueous drug solutions, the permeation rate does
not change much with drug load showing a limit of diffu-
sion. The permeation from the lamellar formulations with-
out cineol is several times higher than the flux from the
cubic phases, again indicating that the phase behavior is an
important factor for the performance of these formulations.
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Table3 Epidermis permeation parameters of PHCI formulations: J-transdermal flux; P—permeability; Q4—cumulative amount per
area unit in 24 h and ER—-enhancement ratio = transdermal flux from formulation/transdermal flux from drug solution. Present also the

water/drug ratio for comparison

Formulations J [ng h~lem2] P [emh™!] 02 [pg h~lem2] ER Water/drug ratio
MO2 1.09 4 0.090 5.43%x 1077 +£4.5x 107° 0.048 +0.004 1.04 17.15
MO5D2 2.2240.155 444%x1075£3.1x107° 0.043 £0.003 2.00 6.65
MO10 16.38+0.821 1.64x107*+8.3 x 107° 0.192+0.001 7.382 3.15
MO15 23.05+0.713 1.54x 1074 +£4.7 x 107° 0.257+0.008 6.92° 1.98
MO15C5 67.57+4.971 450 107*£3.3x 1077 1.330£0.099 20.29 1.87
2.93¢
MO15C10 181.83+6.181 1.21 x 1073 +4.1x 107 2.47440.084 54.60° 1.75
7.89°¢
PHY2 1.2540.143 6.22x 1079 +£7.5%x 107° 0.04040.006 1.19 13.23
PHY5 1.5240.194 3.03x 1075 +3.9x 107° 0.058 £0.003 1.37 5.13
2% solution 1.05+0.050 5.35%x 1079 +£2.5x 107° 0.021 £0.001 - 49.00
5% solution 1.11+0.112 222x 1079 +£2.2%x107° 0.017 £0.002 - 19

4 Enhacement in relation with 2 times transdermal flux of 5% solution,
b Enhacement in relation with 3 times transdermal flux of 5% solution,

¢ Enhancement in relation with MO15 transdermal flux.

Figure 5 show the cumulative amount of drug perme-
ated in 24 h, Qpyq, versus MDT values at 24h (A) and
versus viscosity, n (B). The highest permeation rates cor-
respond to the formulations that present a faster drug re-
lease (lower MDT).

The most viscous formulations (cubic phases), present
the lowest permeation rate. The phase behaviour and
the viscosity of the formulation affects the diffusivity
of the drug causing both a slower release, and a lower
permeation rate.

To summarize the release and skin permeation data,
the slowest release was found for the cubic phases with
the higher viscosity (PHY, PHY:DO, MO and MO:DO
with 2 and 5% drug load). The skin permeation studies
have further shown that the latter formulations presented
lower permeability (1.31x 107> to 2.67 x 107 cm/h)
than the less viscous MO lamellar phases (1.54 x 10~
and 1.64 x 10~% cm/h). The formulations with 5 and 10%
cineol originated a higher permeability (4.5 x 10~* cm/h
and 1.21 x 1073 cm/h respectively). These, when com-
pared with the 15% MO formulation yield enhancement
ratios (ERs) of 2.9 and 7.9, respectively, and when com-
pared with the 5 and 10% water solutions yield ERs of 20.3
and 54.6, respectively.

Conclusions

Controlled slow drug release is frequently a desired char-
acteristic for drug sustained delivery. However, this feature
seems to be undesirable in transdermal delivery. A low

viscosity formulation may favour the contact between ve-
hicle and skin and thereby, drug permeation through the
skin. A high drug concentration will also facilitate drug re-
lease, and thereby skin permeation. Still, the present study
clearly shows that the drug concentration is not the ma-
jor factor in determining the release and permeation from
these formulations. This demonstrate that the formulation
plays a very important role, and that one needs to consider
several molecular aspect of the lipid-drug formulation in
the interpretation of such data. The partitioning of the am-
phiphilic drug between lipid and water regions of the ve-
hicle, as well as the partitioning between the formulation
and the lipid lamellae in the skin are very important fac-
tors. Also important are the diffusion characteristics of the
drug in the tortuous bicontinuous cubic liquid crystalline
phases, and the anisotropic charactheristics of the lamellar
liquid crystalline phases.

In this work we have investigated phase behaviour,
viscosity, drug release and skin permeation of PHCI
from a range of different lipid formulation based on dif-
ferent liquid crystalline phases. The major conclusions
are:

e The phase behavior and the viscosity of the liquid
crystalline formulations clearly affect both the release
of the drug and the skin permeation. In general, for-
mulations with higher viscosity present a slower drug
release, especially for a certain lipid and drug load.

e DO can prevent the formation of the less viscous
phases and, for the lower drug loads, it stabilizes
the MO cubic phases and retards release, resulting
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in a substantial control over the respective release e Lamellar phases, which are less viscous and favour

rate; faster release, are more adapted to transdermal drug
e PHY formulations present a slower drug release than delivery. Thus, with this work we demonstrated that

MO formulations; systems involving lamellar phases of monoolein and
e PHCI is not completely released from the formula- cineol are good candidates to be used as skin perme-

tions. This effect is strongest for the formulations that ation enhancers for propranolol hydrochloride and be

contained DO. This is explained by the drug parti- possible to use in transdermal delivery systems of this

tioning into the lipid bilayers due to its amphiphilic drug.

nature;

e The formulations with cineol present the highest per- A cknowledgement The “Fundagio para a Ciéncia e a Tecnolo-
meability, much above the permeability of the other gja”, Portugal is acknowledged for financial support (Ref. SFRH/
lamellar formulations in study. BD/10306/2002). ES acknowledges the Swedish Research Council.
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Abstract The aim of this study is to
prepare bulk calcium silicate system
that exhibits suitable properties to

be used for biomedical applications.
Glass-ceramics of composition

CaO - SiO; were produced by sol—gel
technique starting from tetracthoxysi-
lane and calcium nitrate tetrahydrate
and by melt-quenching technique
using a mixture of CaCOj3 and SiO;.
The traditional power technology
requires 1500 °C temperature to
produce ceramic bulks; contrar-

ily the sol—gel technique 700 °C.
Their structures were compared by
means of thermoanalysis, X-ray
diffraction, and small angle X-ray
scattering. In the melt-quenched
samples, the crystalline feature is

dominated; the gel-derived samples
are rather amorphous. The mechan-
ical property of the calcium silicate
materials obtained by different
preparation routes were characterized
by Brinell hardness test. The melt-
quenching technology provides the
glass-ceramics product with high
mechanical strength at 1500 °C; the
gel derived products achieve this
mechanical strength already after

a heat treatment at 700 °C. The

gel derived product prepared with
ammonia catalyst proved to be the
hardest, most compact matter.

Keywords Bioceramic - Calcium
silicate - Melting - Sol-gel method

Introduction

The bioactive glass-ceramics and composites have been
successfully used for the repair, reconstruction, and re-
placement of diseased or damaged parts of the body, es-
pecially bone. Bioactive materials form a biologically ac-
tive layer on the surface of the implant, which provides
the implanted materials with good connection to the nat-
ural tissues [1,2]. The calcium silicate ceramic materi-
als can be applied for biomedical applications due to the
bioactive character in a simulated body fluid environment.
First bioactive glasses were prepared by classic quench-
ing of melts comprising SiO; and P>,Os5 as network for-
mers and CaO and NayO as network modifiers. The early
publications on the CaO-SiO, systems describe the ex-
pected phases of the binary system. Kautz et al. found
only CaO as a new phase up to 1100 °C [3]. Accord-

ing to Kroger, there is already an equilibrium between
CaSi03, CaySi0Oy4, and 3Ca0-2Si0O; below the dissocia-
tion temperature of limestone (770-870 °C) [4]. Tamman
and Oelsen [5] detected wollastonite (CaO - SiO;) forma-
tion at 1010 °C, while Wilburn and Thomasson [6, 7] iden-
tified meta- and orthosilicates depending on the chemical
composition. If SiO, was in excess, metasilicate (CaSiO3)
could be demonstrated as main product at 1200 °C. If
CaCO3 was in excess, the main product was orthosilicate
(Ca3Si04) formed above 1400 °C. The starting materials
in the classic quenching process reported recently are gen-
erally analytical grade reagents CaCOs3, and SiO, and the
required temperature is around 1500 °C [8-10].

In the early 1990s the sol-gel procedure was intro-
duced for the synthesis of bioactive glasses. One of the
most important advantages of the sol-gel technique is the
low energy requirement, much lower than that of con-



Comparative Study of Calcium Silicate Bulk Systems Produced by Different Methods 131

ventional powder technology. In addition, the sol-gel pro-
cessing allows one to produce gel glasses with compo-
sitions lying within the liquid-liquid immiscibility dome
of the CaO-SiO; system. As with many multicompo-
nent glasses, only a certain range of CaO-SiO; composi-
tions can be melt derived. The sol—gel chemistry involved
in the process is generally based on the inorganic poly-
merization reactions of metal alkoxide precursors (e.g.
Si(OR)4, Ca(OR)4). Hayashi and Saito, who first pre-
pared gels in the binary CaO-SiO; system, used cal-
cium ethylate (Ca(OEt)4) [11]. Several works reported
on the successfully use of calcium nitrate tetrahydrate
[Ca(NO3); -4H,0] as a calcium source in the sol-gel pro-
cess [12—19]. Catauro and Laudisio applied calcium ac-
etate as the cation precursor [20]. Perruchot at al. have
produced Ca-Si-containing gels with various composi-
tions from the solution of sodium metasilicate and cal-
cium chloride [21]. The hydrolysis of alkoxides precur-
sors requires acidic or basic catalysis. The generally used
catalyst is the nitric acid [13—17]. There are also exem-
plars for application of ammonia and acetic acid cata-
lyst [18,19].

Catauro and Laudisio prepared calcium silicate glasses
by melt-quenching technique from a mixture of CaCOj3
and SiO; at 1550 °C and by sol-gel route starting from
tetramethoxysilane (TMOS), calcium nitrate tetrahydrate
and water in order to compare the structures of various
calcium silicate glasses [22,23]. The sol—gel derived sam-
ple was not completely amorphous owing to the pres-
ence of some amount of alite (CazSiOs) microcrystals.
Smaller amounts of CaO - SiO; crystals and larger amount
of alite together with cristobalite form in the gel-derived
sample as compared to the melt-quenched glass. Ale-
many and co-workers also compared the calcium sili-
cate glass-ceramic materials produced by two different
routes; by ceramizing a glass, via powder technology
route, and by heat treatment of a gel prepared by sol-gel
method [24-28]. Both procedures lead to a good bioac-

‘ Melt-quench method ‘

Network former Network modifier

Si0; 1 : 1 CaCOs

Melting
= 1400°C

Quenching

Fig.1 Preparation routes for calcium silicate ceramic

tivity although the glass-ceramic obtained from a gel ex-
hibits faster bioactivity [24]. Wollastonite phase can be
detected in the melt-quenched sample at 1000 °C which
phase is transforming into pseudowollastonite at 1300 °C.
Gel-derived sample is amorphous up to 1000 °C, where
the wollastonite phase appears. At 1300 °C a new phase
forms beside the pseudowollastonite; rankinite (3CaO -
2Si0y).

The aim of this study is to develop ceramics in cal-
cium silicate systems that exhibit suitable properties to be
used for biomedical applications. Sol-gel derived calcium
silicate materials are reported to be more bioactive than
ceramics prepared by quenching of melts [24,29]. In this
work, ceramics of composition CaO - SiO, were prepared
by two methods: sol—gel technique and conventional melt-
quenching process in order to compare their structure. The
starting materials were CaCOs3 and SiO; in the powder
technology and calcium nitrate tetrahydrate and TEOS in
the sol-gel method. In gelation process acetic acid and
ammonia were applied as catalysts with various composi-
tions. Comparison of calcium silicate glass-ceramics syn-
thesized by two preparation methods was carried out by
means of thermoanalysis (DTA, TG), small angle X-ray
scattering (SAXS), X-ray diffraction (XRD), and Brinell
hardness test.

Experimental
Preparation Processes

The sol-gel syntheses of calcium silicate glasses were
carried out by hydrolysis and polycondensation in an or-
ganic solution of stoichiometric amounts of the precursors;
TEOS and Ca(NO3)2 -4H,0 (Fig. 1). The rate of hydroly-
sis of TEOS is very slow in neutral solutions and requires
an acid (99-100 wt.% acetic acid and diluted by 25 wt.%)
or base (25 wt.% ammonia) catalyst. The gelation, aging
as well as drying processes were performed at 80 °C [30].

[ Sol-gel method |

Inorganic precursor Organic precursor

Ca(NOs;); 1 : 1 TEOS

Gelation
80°C

Drying 80°C
Heat treatment = 700°C
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The experiments of the heat treatment were conducted in
the range of 100—1300°C. A calcium silicate sample of
the same composition was also prepared by melting an-
alytical grade reagents CaCO3 and SiO; in a platinum
crucible in an electrical oven for 3 h at > 1000 °C (Fig. 1).
The particle size was less than 53 and 71 pm, respectively.

Structure Characterization

Thermogravimetric analysis (TG/DTA) was used in order
to investigate the processes occurred during the heat
treatment. TG and DTA curves were recorded with
Derivatograph-C System (MOM, Hungary) under dynamic
air-flow at a heating rate of 6°Cmin~! on crushed bulk
specimens from room temperature to 1000—1500 °C.

X-ray Diffraction (XRD) is a powerful non-destructive
technique for characterizing crystalline materials. The
structure and concentration of the crystalline nucleation
centrums were followed by high resolution powder X-ray
diffraction in quartz capillaries of 1 mm in diameter (A =
0.695277 A), and with a measurement time of 10—60 s
using a synchrotron radiation on a beamline of HASYLAB
at DESY in Hamburg. The XRD instrument was Ii)rovided
with heating cell. The heating rate was 6 °C min™ .

Small-angle X-ray scattering (SAXS) measurements
were conducted on several instruments. The laboratory
equipment was operated with a 12kW rotating anode
X-ray generator and a pinhole X-ray camera with vari-
able distance (20.5-98.5 cm) from the sample to the two-
dimensional detector (Bruker, AXS, Karlsruhe). The gels
were covered in vacuum tight foil. The two dimensional
spectra were corrected for parasitic pinhole scattering, as
well as for the foil scattering. X-ray scattering experiments
were also recorded on the JUSIFA beamline of HASYLAB
at DESY in Hamburg. All the measured intensities have
been normalized to a constant value of incident X-ray flux.
In the evaluation of SAXS data, the fractal dimensions (D)
can be obtained from the slope (1) of SAXS curves in
the Porod’s region using a simple power law expression;
I(g) ~ q’D [31,32]. (I = intensity; g = scattering vector.)
The surface roughness of the particles can be characterized
by surface fractal dimension, Dg. (Ds =6+ w, if u < —3.)
A smooth, nonporous surface is described by Dg = 2.0.

The following approximation was used to interpret the
scattering data for aggregate systems:

. )
w+/(/2)
< X —xc 2)
xexp | —2 ( ) ,
w

(D = the slope of a linear; xc = the maximum of peaks;
A = the intensity of peaks; w = standard deviation.) The

y=y0+D(x—xc)+<

(D
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particle size can be derived from ¢ of the maximum of
peaks; R =2m/q.

Brinell hardness (HB) measurements were carried out
on an automatic penetrometer (Labor MIM, Hungary). The
hardness values were determined by the measure of the
depth of the indentation resulted by the load of a body
with precise geometry. The load was 466 mN. The results
were compared to the Brinell hardness value of the silicate
xerogels.

Result and Discussion
Preparation Routes

Sol-gel procedure. The aim of the experiments of sol-gel
method was to develop a new low energy-consuming tech-
nique and to increase the bioactivity of calcium silicate
ceramics. According to the literature, the sol-gel derived
calcium silicate materials are more bioactive than ceram-
ics prepared by quenching process [24,29]. By sol-gel
method it is not possible to obtain any gel system from
TEOS and Ca nitrate without the presence of water and
catalyst. The use of nitric acid leads to a precipitation
in our experiments, although it is a common catalyst in
the sol-gel procedure of Ca silicate. Without any cataly-
sis, elastic homogeneous gel structures form. These gels
need a long drying time and the gel samples are fragile.
The materials produced by acetic acid catalysis in vari-
ous dilutions proved to be homogeneous gel systems. The
porosity of gel samples prepared with acetic acid catalyst
depends strongly on the water content of the initial gelling
solutions. From a diluted system, a porous monolith gel
forms, the concentrated solutions turns into a more com-
pact gel system [30]. Using ammonia catalysis resulted in
a colloidal basic calcium silicate precipitate. This precip-
itate can be most easily compressed to compact monolith
system comparing with the samples prepared with acidic
catalyst and dried at 80 °C. The drying process at 80 °C
yields a powder-like product independently of the applied
catalyst. At acetic acid catalysis, surfactants are needed to
compress the particles due to the strong electrostatic repul-
sion. TEOS proved to be most suitable to decrease electro-
static effect. The white powder — pressed in vacuum under
pressure of 3 GPa — was sintered at varied temperature
from 500 to 1300 °C. Between 300 and 500 °C, appear-
ance of CaCOj3 phase has to be taken into account (see the
XRD measurements on Fig. 6!). The calcite phase destroys
the structure and reduces strongly the mechanical strength.

Melt-quenching Process. Only powder-like product could
be obtained by melting process without use of quenching
technique even at 1500 °C. By quenching of melt prod-
uct, a compact, hard ceramic bulk formed at 1500 °C,
the samples melt-quenched below 1500 °C proved to be
crumbling.
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Table1 Thermoanalytical data (DTA) of calcium silicate samples prepared by sol-gel and melting processes
Preparation method Temperature-range of DTA-peaks (°C)
initial max final initial max final initial max final

Melt-quenching 560 566 572 638 841 860 1421 1437 1447
Sol-gel Ac 25 71 114 535 586 602 629 639 654

Acgil 25 74 160 527 605 619 - - -

NH3 25 81 122 535 548 564 - - -

The mole ratio of Si0O,/CaCOs3 is 1. Ac — calcium silicate gel sample catalyzed with acetic acid; Acgj — catalyzed with diluted acetic acid;

NH3 — catalyzed with aqueous solution of ammonia

Structures of Calcium Silicate Ceramics Prepared by
Different Routes

In ceramic procedures, there is very important task to find
out the processes occurred during the heating, to come
to know the temperature range of these processes. In the
CaCO3-SiO, mixture, the first alteration is the «—8 poly-
morphic transformation of SiO, during the heating. This
transformation occurs between 560 and 575 °C according
to thermoanalysis (Table 1, Fig. 2) and by X-ray diffrac-
tion between 500 and 550 °C. The SiO;/CaCO3 ratio has
no effect on the «—f polymorphism. The decarboxylation
of calcite starts at ~ 600 °C. The decarboxylation is de-
noted by DTA between 640—870 °C. The increase of the

2
=
§ 1 e melt-quenched
= ) Casilicate
=
o7
O 4
=

sol-gel derived
. TG ... Casilicate
T T T T T T T T T T 1
0 200 400 600 800 1000

Temperature (°C)

Fig.2 DTA and TG curves for calcium silicate glasses produced by
different preparation routes

amount of SiO significantly accelerates the decarboxyl-
ation process. The temperature range of decomposition is
reduced from 850 to 780 °C by growing the mole ratio of
Si0, /CaCO3 from 0.3 to 15.0. The X-ray data proved that
Si0; reacts not with CaCOs, but with CaO. New phases
could be detected only after the complete decarboxyla-
tion, but already below 1000 °C. By means of XRD, only
dicalcium silicate (orthosilicate) and a trace of monocal-
cium silicate (cyclowollastonite) were identified as new
phases, independently of the quantitative composition of
the binary system (Fig. 3). The predominance of orthosil-
icate in the diffractograms is induced by the not enough
time for the equilibration at the heating rate of 6 °C min~!
(industrial conditions). The kinetic control is more ef-
fective. This fact is supported by the diffractogram of
the sample (> 1 mole ratio of SiO,/CaCOs3) heated at

: cyclowollastonite
: cristobalite

Q: quartz

Os: orthosilicate
tridimite

Cr

. . " !
10 20 30
20

Fig.3 XRD patterns of melt-quenched sample. 1: heat treated at
1200 °C; 2: 1375 °C; 3: 1400 °C; 4: cooled down to RT
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Table2 Thermoanalytical data (TG) of calcium silicate samples prepared by sol-gel and melting processes

Preparation method

Temp. range Weight loss
°C wt.%
Melt-quenching 590-840 27
Sol—gel Ac 20-100 6
Acgil 20-100 4.5
NH;3 29-230 14

Weight loss/TG
Temp. range Weight loss Temp. range Weight loss
°C wt.% °C wt.%
250-325 16 500-600 26
- - 530-650 43
- - 240-560 35

The mole ratio of SiO,/CaCOs3 is 1. Ac — calcium silicate gel sample catalyzed with acetic acid; Acgj — catalyzed with diluted acetic acid;

NH3 — catalyzed with aqueous solution of ammonia

1400 °C and cooled down to room temperature indicating
monocalcium silicate phase as main component (Fig. 3). If
CaCOgs is in excess y-dicalcium silicate will be dominated.
CaO disappears from the system only far above 1300 °C,
the quartz phase can be detected up to 1400 °C. Above
1400 °C, a sharp and intensive melting process takes place
(Fig. 3).

The weight loss in the CaCO3-SiO; mixture occurs in
one step (590-840 °C); in the calcium silicate wet gels
in two (or three) steps (Table 2). The weight loss of gel-
derived samples in the first step (20—100°C) can be at-
tributed to the loss of residual water and propanol. The
second main step (= 200 to & 600 °C) belongs to the evap-
oration of organic compounds and nitrogen-containing
molecules after the loss of pore liquid. The TG curves in-
dicate the fastest evaporation of the vaporizable phases in
the gel sample prepared with ammonia catalyst (Fig. 2).
The decomposition processes finish at 560 °C in the gel-
derived sample synthesized in the presence of ammonia;
at 600 °C in the sample of acetic acid catalyst; at 650 °C
in the sample of diluted acetic acid catalyst; and at 841 °C
in the CaCO3-SiO, mixture (Table 2). On the basis of
TG curves, the heat treatment of Ca silicate gel systems
should be carried out at about 600 °C. The mass loss
reaches more than 90% until 560 or 600 °C in the samples
prepared with ammonia or acetic acid catalysis, respec-
tively. The thermoanalysis indicates considerable changes
between 500-600°C in the gel-derived samples. These
changes have been resulted by the decomposition of sili-
cate network and the appearance of calcium silicate phase.
The changes have been verified by FTIR, SAXS, and XRD
measurements as well [30]. The first step of the gelation
process is the development of a silicate network connected
by Si—O-Si bonds containing dissociated Ca>* and nitrate
ions [30]. This gel structure survives up to 300—500 °C de-
pending on the solvent content of gel samples. At 500 °C
the nitrate content escapes, the amorphous silica network
decomposes and the bond system of Ca silicate starts
developing. The chemical bond systems of calcium sili-
cate system prepared by traditional melting process and
by sol-gel technique are presented in Figs. 4 [33] and 5,
respectively. All geometry were performed using Gauss

View [34] and considering the published values for Si—-O—
Si bond angles and bond length [35, 36].

The XRD measurements cannot reveal any well de-
fined homogeneous crystalline phase in the gel-derived
sample containing acetic acid catalyst, these materials

@Ca?

@si @0

Fig.4 Chemical bond system of calcium silicate produced by tra-
ditional melting process [33]
oc:a2+

@si JO

Fig.5 Chemical bond system of calcium silicate produced by sol—
gel method
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are mostly amorphous up to about 1000°C. The XRD
diffractograms depict slight volume of SiO, between
100-300 °C in the sample catalysed by acetic acid, and
CaCO3 between 300-500 °C as a temporary phase. The
crystalline phase of calcium silicate can be observed from
400 °C. Their wide diffraction peaks mean quasi amorph-
ous feature, the size of crystalline particles is less than
10 nm. Slight amount of cyclowollastonite can be ob-
served in the sample heated at 1300 °C and cooled down
to room temperature. The system prepared with ammonia
catalyst keeps the amorphous character during the whole
heat treatment except in the range of 200—-450 °C (Fig. 6).
A crystalline phase of CaCOs3 appears temporarily in this
temperature range as in the gel-derived sample of acetic
acid catalyst. The volume of calcite phase is smaller in
the substance obtained with ammonia catalyst due to the
basic character of sample. The material containing acetic
acid can strongly adsorb CO, molecules. Calcium sili-
cate crystalline phase can not be demonstrated by XRD
up to 800 °C in the gel system catalyzed with ammonia.
On its XRD diffractogram, a wide peak indicates the pres-
ence of an amorphous calcium silicate phase. The XRD
measurements don’t verify the presence of any crystalline
wollastonite phases in the gel-derived samples of present
study. Otherwise the wollastonite is a typical crystalline
phase of the Ca silicate systems [19].

In order to compare the structures obtained by differ-
ent preparation routes we investigated the calcium sili-
cate systems heat treated at 700, 1000, and 1300 °C. The
conventional melt-quenching process requires > 1000 °C

Intensity {a.u.)
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temperatures. The nano-scale structures were studied
by SAXS measurements. The gel-derived samples heat
treated at 700 °C show different structural characters
(Fig. 7). The samples catalyzed by acetic acid are built up
from aggregates. The aggregate structure defines a ran-
dom packing of colloidal particles. The aggregate units
can be characterized by 2.6—2.7 surface fractals (Ds). The
size of aggregates produced by diluted acetic acid (Acgj)
is smaller (50-60 nm) than that of aggregates of concen-
trated acetic acid catalyst (Ac, 80—90 nm). The aggregates
with smooth surface provide the structure of the samples
prepared in water without any catalyst (W). The slope of
the SAXS curve is —4.0 in log-log plot. These aggre-
gates (W) are the smallest; 30—35 nm. The SAXS data
for samples prepared in the presence of ammonia catalyst
(NH3) denote fractal-like structural characters (u = —2.9),
the fractal-like clusters are built up from compact 3-D
units (Dg = 2.7). The size of clusters could not be deter-
mined by means of this SAXS data, the SAXS curve is
straight in whole measuring range. The heat treatment at
> 1000 °C destroyed the gel structures and the various
unique structural features disappeared. The SAXS curves
for melt, melt-quenched, and sol-gel derived samples heat
treated at > 1000 °C are very similar proving the presence
of aggregates in every sample (Figs. 8 and 9). The aggre-
gates of gel network have been slightly crumbled by effect
of the heat treatment at 1000 °C. The aggregates of sys-
tem produced by concentrated acetic acid catalyst (Ac)
remained the largest; 50—60 nm, the size of other aggre-
gates reduced to 40-45nm (Fig. 8). The heat treatment

ACS : amorphous calcium silicate
Cc : calcite

ric]

Fig.6 XRD patterns of gel-derived sample prepared with ammonia catalyst
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0.01 0.1 .
a (A
Fig.7 SAXS curves for gel-derived calcium silicates heated at
700 °C. Ac — calcium silicate gel sample catalyzed with acetic acid;
Acgil — with diluted acetic acid; NH3 — with aqueous solution of
ammonia

°. 1000°C

Intensity (a.u.)

Fig.8 SAXS curves for calcium silicate systems produced by melt-
quenching method and by sol-gel method with various catalysts,
heated at 1000 °C. M — melted calcium silicate; Ac — calcium sil-
icate gel sample catalyzed with acetic acid; Acgj — with diluted
acetic acid; NH3 — with aqueous solution of ammonia; MQ — melt-
quenched calcium silicate

at 1300 °C crumbled more the aggregates (Fig.9). For
example the aggregate size of melted sample decreased
from 55-60 nm (1000 °C) to 35—40 nm and from &~ 45 nm
(1000 °C) to ~ 40 nm in the melt-quenched sample. In the
g-range < 4 A, the scattering intensity is very low in every
sample heated at > 1000 °C, thus the number of scatter-
ing units in this size range is slight. The scattering curves
don’t show the presence of any characteristic lengths. The
aggregates can be characterized by surface fractals (Ds)

K. Sinké

1300°C

Intensity (a.u.)

Fig.9 SAXS curves for calcium silicate systems produced by
melt-quenching method and by sol-gel method with various cat-
alysts, heated at 1300°C. M — melted calcium silicate; M-Q —
melt-quenched calcium silicate; Ac — calcium silicate gel sample
catalyzed with acetic acid; Acg; — with diluted acetic acid; NH3 —
with aqueous solution of ammonia

of 2.5-2.7 and 2.7-2.8 in the samples heat treated at 1000
and 1300 °C, respectively. The concentrated acetic acid
and ammonia catalyst provides the sol-gel derived sample
with the most homogeneous structure in this preparation
series.

Mechanical Strength of Calcium Silicate Systems
Prepared by Different Routes

The mechanical strengths were detected by Brinell hard-
ness test. The data are relative values compared to the
silicate glass-like xerogel obtained by dried at 100 °C.
The Brinell hardness data also prove the changes above
500°C in the gel derived samples (Table 3). Brinell test
detected the best values for mechanical property in the
gel derived samples prepared by ammonia catalyst (NHz-
700 °C); without catalyst (W-700 °C); and melt-quenched
sample heated at 1500 °C (MQ-1500 °C). These ceramic
products proved to be too hard to Brinell test (Table 3).
The Vickers test did not result in exact, reliable data due
to the pores, but it made differences between the ce-
ramic samples. The samples prepared by sol-gel method
in the presence of ammonia catalyst provide the great-
est hardness. The melt-quenched product was too crum-
bling to the Vickers test. In the case of the samples
catalyzed by acetic acid, a TEOS treatment before the
sintering increased efficiently the mechanical strength.
Raising the temperature of heat treatment above 700 °C
does not improve the hardness of gel derived products
any more.
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Table 3 Brinell hardness (HB) test of calcium silicate samples pre-
pared by sol-gel and melting processes

Preparation method Treatment Relative HB values

Melt-quenching 1000 °C 0
1300 °C 0
1500 °C 00
Sol-gel method W-80°C! 0
W-500 °C? 0
W-700 °C? 00
Ac-80 °C* 0
Ac-500 °C3 0

Ac-700 °C® 8.6+2.3

Ac +TEOS-700°C’ 17.7+4.7
NH3-80 °C8 0
NH3-500 °C? 00
NH3-700 °C!0 00
Comparison samples  Silicate alcogel 80 °C 0

Silicate xerogel 100 °C 1£1

Epoxy resin 0.3+0.1

Porcelain 00

Samples prepared without any catalysis:

! dried at 80 °C,

2 sintered at 500 °C,

3 at 700 °C.

Samples catalysed with concentrated acetic acid:
4 at 80°C,

5 sintered at 500 °C,

6 at 700 °C.

7Samples catalysed with concentrated acetic acid, dried at 80 °C and
heat treated with TEOS, sintered at 700 °C.
Samples catalysed with ammonia:

8 at80°C,

? sintered at 500 °C, 1% at 700 °C

Conclusions

Ca silicate ceramics are intended to apply as implant ma-
terials, usually for bone substitution. According to the pub-
lished results the bioactivity of the sol-gel derived calcium
silicate glass-ceramics is unambiguously better than that of
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ceramics prepared by quenching of melts. Glass-ceramics
of composition CaO - SiO, were synthesized by different
preparation routes; by traditional power technique from
CaCOj3 and SiO; as well as by sol-gel method from TEOS
and Ca nitrate. The aim of this study was to compare
the required temperature of preparation processes and the
structures of products. The catalyst, the compositions, and
the temperature of heating processes were varied in the
sol—gel synthesis. The effect of composition and tempera-
ture of heat treatment were investigated on the product of
melt-quenching procedure.

The sol-gel procedure requires 700 °C to produce bulk
ceramics, the conventional power technology > 1300 °C.
By sol-gel method the decomposition processes finish by
600 °C; the calcium silicate bond system evolves above
500 °C; the temporary phase of calcium carbonate disap-
pears until 500 °C; and the mechanical strength increase
considerably above 500°C. The decarboxylation reac-
tion occurs between 600 and 850 °C in the melted sam-
ples. The melt-quenched products proved to be crystalline
materials containing mostly cyclowollastonite phase; the
gel derived samples rather amorphous ordered in ag-
gregate structures up to 1000 °C. The heat treatment of
> 1000 °C destroys the structure of gel-derived products.
The calcium silicate phases can be identified by XRD
from 400°C in the melt-quenched products and from
800—1000 °C in the gel-derived samples as a weekly de-
tectable crystalline phase. The melt-quenching technique
requires temperature of 1500 °C, the sol-gel method only
700 °C for getting a high mechanical strength. Using a sol—-
gel method and ammonia catalyst provide the greatest
hardness.

Advantages of the use of ammonia catalyst are the
fastest evaporation of vaporizable phases, the lowest tem-
perature range of decomposition processes, the small vol-
ume of the calcite phase, the homogeneous structure, the
most compact structure, and the greatest hardness. The
homogeneous structure and the more emphatic calcium sil-
icate bond system can be taken into account as advantages
of catalysis with acetic acid.
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Morphological Characterization of Oxidized
and Metal Impregnated Spherical Carbons

Abstract The surface of mi-
croporous spherical carbon
(SpeT = 1457m?/g, pH =17.9)
was modified by nitric acid treatment
and by Cut, Cu?t and Sn** salt
impregnation. The morphology and
the surface properties of the samples
were characterized by SEM/EDS,
low temperature nitrogen adsorption
and small angle X-ray scattering. The
surface chemistry of the samples was
investigated under wet conditions.
Oxidation by nitric acid changed
the pH to 3.4 and slightly reduced
the accessible porosity, but not the
morphology or the Cu?t adsorption
capacity. Surface chemistry, morph-
ology and the species of the anion and
of the metal were found to influence
the result of the impregnation. The
most remarkable change occurred
in the pore size range < 14 A due
to pore blocking. This effect was
a linear function of Cu’* loading
below the saturation capacity. When
SnCl, was used instead of Cu?t salts
in aqueous phase, a redox reaction
seemed to take place, resulting in

greater surface roughness. Metal
ions were not detected on the surface
of the particles. Treatment with
solid CuCl produced a practically
complete CuCl film on the surface of
the particles and metallic copper was
formed as a by-product.

Keywords Cu*-impregnation -
Cu’*-impregnation - Low tem-
perature nitrogen adsorption -
Sn>*-impregnation - Surface
oxidation

Introduction

CO; emission is a major problem with regard to global
climate change. Modified combustion techniques cannot
reduce CO; formation, but dependence on fossil fuels over
the coming decades could be reconciled with our climate
change commitments by developing CO, capture and se-
questration technologies. Among the competing solutions,

separation techniques for CO; are well placed. Carbon
monoxide, however, is a valuable raw material for the
synthesis of a large variety of chemicals. Separation of
CO from gas mixtures by adsorption is therefore of great
importance.

Solid adsorbents have been used for gas separation and
purification since the early stages of gas adsorption appli-
cations. The most commonly used adsorbent is activated
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carbon (AC) either in powdered (PAC) or in granular form
(GAC). Activated carbon fibres (AFC) have also received
increasing attention in recent years for separation of gas
mixtures. The great advantage of activated carbons is their
ability to separate gas mixtures at very low concentrations
by virtue of their high adsorption capacity. Nevertheless,
the CO,/CO separation potential of carbon sorbents has
not received the attention it deserves.

Further exploitation of solid/gas processes has revealed
that the chemical properties of the adsorbent surface play
an important role in addition to their porosity. Chemical
oxidation, for example, may enhance the sorption of polar
species. For air purification, e.g., to remove formaldehyde,
oxidized carbons are found to perform well [1].

Impregnation by metals, especially transition metal
salts, can also increase their receptive capacity, especially
for gases of low molecular weight, low boiling point and
appreciable polarizability. Impregnation with CuCl, and
PdCl; has been found to increase CO adsorption by be-
tween 8 and 20-fold [2]. Those authors attempted to inter-
pret qualitatively the CO uptake of the impregnated car-
bons using the perturbation energy, as the electronic states
of both the adsorbate and adsorbent play an important role
in the adsorption interaction.

Activated carbon-supported metals are believed to ad-
sorb CO through complex formation between CO and the
highly dispersed metal halides on the surface of the ad-
sorbents [3]. Cu™ can also selectively modify the CO ad-
sorption on porous supports [4]. Since Cu™ ions on the
surface can form coordination bonds with CO and weaken
the basicity of the surface, adsorbents displaying greater
capacity and selectivity for CO than for CO; could be ob-
tained. SnCl, impregnation was found to be also effective
in increasing the adsorption ability of activated carbon. It
acts in the form of SnO,, since, on account of its rela-
tively low melting foint (313.6 K), SnCl;2H,0 can easily
be oxidized to Sn**, making it a suitable agent for CO
adsorption [5].

In this paper, a set of carbon-based samples, intended
for use in CO/CO; separation, is characterized. The sam-
ples were prepared to study the influence of the surface
oxidation, metal ion loading and the species of the metal
and anion on the morphology of the resulting adsorbent.

Experimental
Sample Preparation

Microporous spherical carbon (SC) based on vinyl-pyri-
dine — divinylbenzene co-polymer was used as starting
material [6]. The particle size of the carbon varies between
500 and 1320 pm. The SCOX sample was prepared by
treating SC with aqueous HNO3 (cc HNO3 : water=1: 1
by volume) in a Soxhlet apparatus.

Samples impregnated with Cu?>* and Sn>* were pre-
pared by soaking SC or SCOX in aqueous solutions of

their salts. Impregnation was performed at room tempera-
ture, from 0.03 or 0.3 M metal salt solutions. The amount
of aqueous solution was 16, 8, or 4 ml/g carbon. No pH
setting was applied.

Cu™ impregnated samples were prepared according to
the method of Xie by mixing the carbon with freshly syn-
thesized CuCl at a mass ratio of 2 : 1 in a rotating glass
reactor at 623 K for 4 h under N; atmosphere [4].

A commercial mesoporous carbon, F400 (Calgon Car-
bon Corp. Pittsburg, PA, USA), was used as received, for
comparison.

SEM/EDS

The morphology and surface composition of the samples
were examined with a SEM/EDS JEOL 5500 electron mi-
croscope in combination with a secondary electron detec-
tor.

Low Temperature Nitrogen Adsorption

Nitrogen adsorption isotherms were measured at 77 K
(Autosorb-1, Quantachrome). The apparent surface area
was derived from the BET model. Micropore analysis was
carried out according to the Dubinin—Radushkevich (DR)
equation. The pore size distribution (PSD) was calculated
with the Quantachrome software using both the nonlinear
density function (NLDFT) and the Barrett, Joyner and Hal-
enda (BJH) methods, respectively.

SAXS

SAXS measurements were made at the BM2 beam line
at the European Synchrotron Radiation Facility in Greno-
ble, working at 18 keV in the transfer wave vector range
1072A ' <g <1 A7 7.

2.5 pH

The carbons studied are characterized by the pH of their
aqueous suspension, detected under standardized condi-
tions [8]. As the carbon surfaces are decorated only with
O-containing heteroatoms, the functional groups of differ-
ent pK, range were determined by Boehm titration [9].

Cu?t Adsorption

Cu?* adsorption isotherms were measured at room tem-
perature, by soaking SC or SCOX in an aqueous solution
of Cu(CH3COO);. The contact time was three days. The
concentration of the aqueous solutions was measured by
UVIKON 930 UV/Vis spectrophotometer at 766 nm.
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Results and Discussion

The acidic treatment erodes the surface as shown in the
SEM micrographs of Fig. 1.

The reversible low temperature nitrogen isotherms
(Fig. 2) reveal the microporous character of the SC car-
bon, which was also retained during the oxidative treat-
ment. Parameters deduced from the adsorption/desorption
isotherms are listed in Table 1.

The PSD of all these samples are very similar in the
micropore range. Figure 3a reveals a broad distribution
with maxima at 7, 11, 15 and 18.5 A. The oxidative treat-
ment affects only the microporous region of the SC carbon.
Porosity in the mesopore range was detected only in F400
(Fig. 3b). The slight upturn observed for SC and SCOX
at the higher end of the mesopore range, owing to their
smaller particle size, may be due to interparticle porosity.

In Fig. 4, the SAXS response of the SC and SCOX
samples at low wave vector g exhibits power law be-
haviour, the slope of which is characteristic of scattering
from a rough surface [10].

The pronounced shoulder for both SCs at g ~ 0.1 A~!
is the result of the microporous structure. By plotting
the data in a Guinier representation (log(/(g) vs. qz), not
shown here) [11], the radius of gyration of the microp-
ores were found to be 10.9 and 12.3 A for SC and SCOX
respectively. Comparison of the surface area, calculated
by the method of Porod [11] (1560 and 1390 m?/g, re-
spectively), with the nitrogen adsorption data reveals only
limited inaccessible porosity [12].

The equivalent slope for F400 is smaller than 3, which
indicates scattering from a volume that contains a densely
branched structure. For this reason, in this sample the mi-
croporous behaviour appears much less pronounced, pro-
ducing a scattering feature that is too weak to permit more
detailed evaluation.

The SC and the F400 carbons have slightly basic char-
acter, as reflected in the values of pH in Table 2. Neverthe-
less, the distribution of the surface functionalities of differ-
ent pK, values must be very different. The high concen-
tration of basic surface groups in the SC carbon originates
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Fig.2 N; (77 K) adsorption/desorption isotherms of the SC (W),
SCOX (O) and F400 (+) carbons

from the nitrogen functionalities. In spite of the presence
of nitrogen, the acidic treatment significantly reduces the
pH of this carbon.

To study the interaction between the carbon surface
of different chemistry and the metal cations, Cu®* ad-
sorption isotherms were measured for SC and SCOX
from aqueous solutions of Cu(CH3COQ),. The isotherms,

(b)
Fig.1 Scanning electron micrographs of SC a and SCOX b ; magnification: 5000 x, scale bar: 5 um
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Table1 Morphology data from low temperature Ny adsorption measurements of the non-impregnated carbons

Sample SBET Vror dave

(m?/g) (cm?/g) A)
SC 1457 0.69 9.47
SCOX 1176 0.55 9.35
F400 1081 0.66 24.0

Wo w Wo/Vror
(em®/g) A) (%)
0.58 9.1 84
0.46 7.8 84
0.42 6.9 64

SBET is the apparent surface area, Vot is the total pore volume from the isotherm at p/po = 0.94, dyve = 2Viot/SBeT; Wo and w are the

volume and the average width of the micropores, respectively.

0.06 4
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0.04 o

0.03 o

Dv @), cm’/A /g

Pore width, A

(a)

0.005 4

0.004

0.003 o

0.002
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0.000 T — —
10 100

(b)

Fig.3 PSD of the carbon samples from the N, adsorption isotherms a by the NLDFT method b by the BJH method (B SC, O SCOX,

+ F400)

which belong to type L in the Giles classification [13],
were evaluated from the linear Langmuir plot (Table 3).
The cation exchange capacity of SC and SCOX, meas-
ured by Boehm titration (Table 2), was found to be

10" — .
", "\, slope-3.8

1 \.
10° - slope -2.7

Iq) (em™)

107 :
0.01 0.1 1

a (A"
Fig.4 SAXS response of the SC, SCOX and F400 carbons

about an order of magnitude smaller than the corres-
ponding copper uptake. This may be explained by the
nitrogen-containing functional groups present, which may
react as complexing agents and increase the copper
adsorption.

SC and F400 were treated with aqueous Cu(CH3COQO),
solution under identical conditions to study the influence
of the pore structure. The metal uptake for the microp-

Table2 Surface chemical properties of SC, SCOX and F400 in
aqueous phase

SC SCOX F400
pH 7.9 34 7.8
Acidic functional groups 273 838 210
(1eq/g)
Basic functional groups 538 223 —*
(neq/g)

* The amount of the basic functional groups in the surface could not
be determined for this sample by the Boehm titration method
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Table3 Parameters of the Langmuir equation® for SC and SCOX

fim K R?
(mmol/g)
SC 2.2 14.5 0.9511
SCOX 2.1 18.8 0.9578

* np is the monolayer capacity, K is the interaction parameter and
R is the regression coefficient of the fit

orous SC was 1.9 mmol/g, and 1.1 mmol/g for F400. The
PSDs and the structural parameters derived from the N>
adsorption/desorption isotherms are displayed in Fig. 5
and Table 4, respectively.

These data show that metal impregnation causes partial
blocking of the porosity and reduces the contact surface
area and the volume of the accessible pores. The PSDs
indicate that the ions are accommodated mainly within
pores either smaller than 14 A or larger than 50 A. EDS re-
sults also confirmed that adsorption takes place within the
pores [14], since no copper was detected on the outer sur-
face of the impregnated particles. As has been reported in
the literature [15], this increases the microporous charac-
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ter of the mesoporous carbon and leads to the increase of
w and d,ye in both carbons.

The sensitivity of the small pores to metal impregnation
is also apparent upon comparing the porosity of SCOX car-
bons with different loadings (Fig. 6, Table 5).

For metal loading below the saturation capacity of
SCOX (2.1 mmol/g, Table 3), the monotonic decrease in
pores of size smaller than 14 A visible in Fig. 6a is accom-
panied by a corresponding reduction of both the surface
area and the pore volume that is proportional to the load-
ing. The microporous character and the accessibility of the
larger pores, however, are unaffected. When the loading
exceeds 2.1 mmol/g a dramatic change in the structural
parameters occurs.

When SCOX was loaded from the 0.03 M aqueous so-
lutions of copper salts (16.0ml/g carbon) with various
anions at room temperature, different uptakes of copper
ion were observed (Table 6). This finding indicates that the
size and the charge of the anions and their different state of
hydration may influence the sorption of the cations [16]. It
should be noted that the effect of the anions on the pH was
not investigated.

According to the EDS analysis, treatment with freshly
prepared CuCl at elevated temperature in an inert atmo-
sphere yielded spherical carbons with a CuCl-covered sur-

Table4 Structural parameters from low temperature N, adsorption measurements for the microporous and mesoporous carbon

Sample (Cu loading, mmol/g) SBET Vror Wo w Wo/ Vtor dave
(m?/g) (cm?/g) (cm?/g) A (%) A
SC 1457 0.69 0.58 9.10 84 9.47
SC/Cu (1.9) 722 0.36 0.28 10.4 78 19.9
F400 1081 0.66 0.42 6.90 64 24.0
F400/Cu (1.1) 484 0.34 0.24 11.0 71 28.1

0.06

Dv(d), cm*/Alg

Pore width, A

0.005

0.004 4

0.003

0.002 4

Dv(d), cm®’/Alg

0.001 4

0.000

(b)

Fig.5 a NLDFT b BJH PSDs of SC (M), F400 (A), SC/Cu (0) and F400/Cu (A)
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TableS Structural parameters from low temperature N, adsorption measurements for the SCOX carbons with different loading

Sample (Cu loading, mmol/g) SBET Vrtor Wo w Wo/ Vror dave
(m?/g) (cm?/g) (cm?/g) A (%) A
SCOX 1176 0.55 0.46 7.8 84 9.35
SCOX/Cu (0.62) 956 0.47 0.39 9.5 83 20
SCOX/Cu (1.43) 734 0.38 0.30 10.5 79 21
SCOX/Cu (2.24) 128 0.12 0.06 15.9 50 38
0.06 - 0.004

Dv(d), cm*/A/g

0.003

0.002

Dv(d), cm*/Alg

0.001

(b)

Fig.6 a NLDFT, b BJH PSDs of metal-free SCOX (O) compared to SCOX after loading with 0.62 (V¥), 1.43 (A) and 2.24 (4) mmol/g

copper

face. However, part of the copper is reduced, forming
copper wire, as shown in the electron micrographs of
Fig. 8. This makes the mass determination of the sample
uncertain.

The effect of Cu>* and Sn’* treatment is compared
in Figs. 9-10 and in Table 7. These samples were pre-
pared under identical conditions using copper acetate
and tin chloride solutions. Uptake of tin is twice as
high as that of copper, which is reflected in the re-
duced porosity and, as before, the loss is the most sig-
nificant in the region of narrowest pores. The uptake
is the result of a complex mechanism, which also in-

volves (de)hydration and redox processes [17]. (The role
of the anions was addressed previously.) The interac-
tion between the carbon surface and the cations may be
influenced by the geometrical constraints, i.e., size, elec-
tronegativity, effective charge and state of hydration of
the ionic species (Table 8). Although ion exchange may
be the dominant effect in the sorption mechanism, re-
dox processes, even catalyzed by the solid surface, also
may occur [18,19]. A redox reaction seems to take place
when SnCly is used, which results in the appreciably
rougher surface visible in the corresponding micrographs
of Fig. 10b.

Table 6 Structural parameters from low temperature N, adsorption measurements for the SCOX carbons loaded with different copper salts

Anion Cu uptake SBET Vror Wo w Wo/Vror dave
(mmol/g) (m?/g) (cm®/g) (cm®/g) A) (%) A)
- 0 1176 0.55 0.46 7.8 84 9.4
CH3COO™ 0.62 956 0.47 0.39 9.5 83 20
NO3~ 0.15 971 0.48 0.39 9.9 81 20
S04~ 0.12 1280 0.61 0.52 9.0 85 19
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0.060 0.0060 -
0.0045

0.0030

Dv(d), cm*/A/g

0.0015

(b)
Fig.7 a NLDFT, b BJH PSDs of metal-free SCOX (O) compared to SCOX after loading with Cu(NO3); (x), CuSOs @) and
Cu(CH3CO0O0); (V)

Table7 Structural parameters from low temperature N, adsorption measurements for the SC carbons loaded with copper and tin

Sample (cation loading, mmol/g) SBET Vror Wo w Wo/Vror dave
(m?/g) (cm?/g) (cm?/g) A) (%) A)
SC 1457 0.69 0.58 9.1 84 9.47
SC/Cu (0.29) 712 0.37 0.30 11.3 81 20.74
533 0.30 0.21 11.5 70 22.58

SC/Sn (0.62)

zaKd

Fig.8 Scanning electron micrographs of SC/Cu* at different magnifications. a 100 x; scale bar: 100 um b 1000 x; scale bar: 10 pum;
copper wires on the surface of SC ¢ 10000 x times magnification of the carbon surface; scale bar: 1 um
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Fig. 10 Scanning electron micrographs of SC/Cu (a) and SC/Sn (b) at different magnifications (upper row: 5000 x, scale bar: 5 wm; lower

row: 10000 x, scale bar: 1 um)
Table 8 Properties of the cations

Standard electrode  Electronegativity — lonization energies
potential E° (V) (Pauling) (kJ /mol)

Cu [20] +0.3419 1.90 1958

Sn [23] —0.1364 1.96 1412

Polarizability Ionic radius

(1072 cm?) A)
6.10 Cu?t: 0.72
7.7 [24] Sn?*: 0.93

Hydrated ionic
radius (A)

2.07

6.00 [21]
4.19 [22]
6.00 [21]
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Conclusions

Porous carbon samples of different surface chemistry were
produced by oxidation and metal impregnation. Oxida-
tion by nitric acid substantially decreased the pH and
slightly reduced the accessible porosity, but no signifi-
cant changes were observed either in the morphology or
in the Cu®™ adsorption capacity. Metal impregnation from
aqueous phase was found to depend not only on the chem-
istry but also on the porosity of the carbon surface as
well as the species of the anion and of the metal. The
main structural changes were caused by blocking of pores
of size smaller than 14 A. Cu?>* loadings below the sat-
uration capacity produced a corresponding decrease of
the apparent surface area, proportional to the loading.
No metal was detected on the surface of the particles.
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When the samples were treated with solid CuCl, a practi-
cally complete CuCl film covered the surface of the par-
ticles, but metallic copper was formed as a by-product.
When SnCl, was used instead of Cu?* salts in aqueous
phase, a redox reaction appeared to take place, resulting
in an appreciably rougher surface that is visible in SEM
micrographs.
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Abstract The effect of the ionic
environment on the adsorption of
phenol from aqueous solutions

was investigated in a predomin-
antly microporous carbon and in

a commercial carbon designed for
wastewater treatment. It was found
that not only the pH of the solution
but also the method of its setting af-
fects the adsorption capacity. Setting
the pH with a buffer solution instead
of HCI/NaOH results in a reduced
adsorption capacity, owing to the in-
creased number of competing species
for adsorption sites, and also to pore
blocking. The latter is less critical for
the commercial carbon with wider
pores. Thermal desorption of phenol

exhibits an even stronger dependence
on pH setting than adsorption. Upon
heating, a mass equivalent to 10-35%
of the adsorbed phenol is retained by
the surface as a carbon-rich residue,
which may modify not only the
chemistry but also the pore volume
and the pore size distribution of the
carbon.

Keywords Activated carbon -
Adsorption/desorption - pH
dependence - Surface properties -
Thermal analysis

Introduction

Growing awareness of the potential hazard of pollution
by veterinary and human pharmaceuticals in aquatic en-
vironments has renewed concern for the treatment of
both wastewater and drinking water. Although biologi-
cal methods are the most widely employed, they cannot
overcome the problem of the non-biodegradable organic,
mainly aromatic compounds, that even at low concentra-
tion may act as inhibitors for biological treatment. For this
reason, adsorption by activated carbons (AC) is still among
the most extensively used technologies, owing to their
high affinity for a wide variety of chemicals. Their out-
standing performance stems from a unique combination
of geometrical and chemical properties. The latter mainly
depend on heteroatoms and their chemical forms, which
are defined by the origin and the prehistory of the carbon.
The most frequent heteroatom is oxygen, which bonds

along the edges of the turbostratic layers. These functional
groups and the delocalized electrons of the graphitic struc-
ture define the apparent acid/base character of the carbon
surface [1-7].

When AC is used in an aqueous medium, the distri-
bution of the surface functionalities is of fundamental im-
portance, as these exhibit a pH dependent behaviour when
they interact with water and the dissolved species [8]. This
also results in the transformation of the active sites [9, 10].
Recent reviews of sorption by AC of aromatics from aque-
ous solution [11-14] unanimously conclude that the spe-
cific mechanism of the interaction of many organic com-
pounds on the amphoteric surface of the carbon is still
uncertain.

Phenol and its derivatives appear in wastewater by way
of degradation of organic compounds in widespread use as
intermediates for the synthesis of dyes, pesticides, insecti-
cides, explosives, etc. Phenol is carcinogenic and, even at
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low concentrations, imparts a bad taste and odour to drink-
ing water. Being aromatic, its biological degradation is not
straightforward, and therefore the most frequent method
for its removal is still sorption-related. In water, phenol
may be present as a weak acid, either in molecular or ionic
form, depending on the pH. The fundamental interactions
between the carbon surface and phenols are a) dispersion
effect between the aromatic ring and the 7 electrons of the
graphitic structure; b) electrostatic attraction and repulsion
if ions are present [12]. The interaction between the water
molecules and the surface sites cannot be excluded either,
and their competitive adsorption results in depletion of the
amount adsorbed. Electron donor — acceptor interaction
between the aromatic ring and the basic surface oxygens
does not play a significant role if the concentration of the
surface oxygen atoms is relatively low.

Since the first paper of Coughlin and Ezra, published
exactly 40 years ago [15], it has become universally ac-
cepted in the scientific community that pH has a determin-
ing influence on the sorption behaviour of carbon surfaces
with respect to weak organic acids or bases. pH controls
the mechanism of the interaction and, by localizing the ad-
sorbates, influences the effective utilization of the carbon
capacity. If sorption takes place in an electric field, po-
larization of the electrodes and anodic decomposition of
water may enhance or reduce sorption [16].

In this paper the performance of a laboratory-made
microporous carbon produced by recycling poly(ethylene-
terephthalate) (PET) is compared to a commercial product
F400, specifically designed for waste water treatment. Our
purpose is to show that the manner of setting the pH may
also play an important role in the sorption processes.

Experimental
Activated Carbons and their Characterization

Microporous granular activated carbon (APET) was pre-
pared from PET pellets by two-step physical activa-
tion [17]. F400, a commercial pelleted porous carbon
produced for water purification (Calgon Carbon Corp.
Pittsburg, PA, USA) was used for comparison. Nitrogen
adsorption/desorption isotherms were measured at 77 K,
using a Quantachrome Autosorb-1 computer controlled
apparatus. The apparent surface area Spgr was obtained
from the BET model. The total pore volume Vo was cal-
culated from the amount of nitrogen vapour adsorbed at
a relative pressure close to unity, on the assumption that
the pores are then filled with liquid nitrogen. An aver-
age pore width dae (=2Vio/SBeT) Was derived from
SBeT and the total pore volume Viy, assuming slit-shaped
geometry, as revealed by the hysteresis loops. The micro-
pore volume Wy and the characteristic energy Eg were
deduced from the intercept and slope of the Dubinin—
Radushkevich (DR) plot, respectively (8 = 0.34). The
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pore width w of the slit-shaped micropores is taken to
be 2kE, ! (k = 13 kInmmol~1). The pore size distribu-
tion (PSD) in the micropore range was calculated with the
DFT/Monte Carlo differential PSD program of the AU-
TOSORB apparatus.

The carbons studied are characterized by the pH of
their aqueous suspension, detected under standardized
conditions [18]. The pH of the point of zero charge pHpzc
was measured by the so-called drift method [18, 19]. As
the carbon surfaces are decorated only with O-containing
heteroatoms, the functional groups of different pK, range
were determined by Boehm titration [2]. Carbon samples
were immersed in 0.05M solutions of HCI, NaHCOs,
NayCOs and NaOH, respectively. The vials were sealed
and shaken for 72 h at ambient temperature. The filtrates
were titrated with NaOH and HCI, depending on the ori-
ginal titrant. The number of basic sites was calculated
from the amount of HCI that reacted with the carbon.
The various free acidic groups were derived using the
assumption that NaOH neutralizes carboxyl, lactone and
phenolic groups, NapCO3 neutralizes carboxyl and lactone
and NaHCOs3 neutralizes only carboxyl groups, respec-
tively.

Sorption from Dilute Aqueous Solutions of Phenols

Solutions of phenol (Merck, 99.5%) were prepared using
doubly distilled water. The pK, value of phenol is 9.89
(20 °C) and its solubility is 82 g/1 (25 °C).

For the adsorption isotherms, ca. 0.05 g of carbon was
shaken with 50 ml of unbuffered phenol (1-10 mM) solu-
tions for 24 hrs in sealed vials at ambient temperature. The
contact times needed to reach equilibrium were deduced
from preliminary kinetic measurements. The initial and
equilibrium concentrations ¢g and ce, respectively, were
determined by UV absorption.

For the preparation of the phenol-loaded samples 5 mM
phenol solutions were used. For one sample set the phenol
was dissolved in Britton—Robinson (BR) buffer solutions
in the pH range 3-11. The BR buffers are mixed from
0.04 M acetic acid (pK, = 4.76, 25 °C), 0.04 M phosphor-
ic acid (pK, =2.12,7.21, 12.76, 25 °C), 0.04 M boric acid
(pKa=9.14, 12.74, 13.80, 20 °C) and 0.2 M NaOH. For
the second set, aqueous HCl or NaOH solutions in the
same pH range (pHgolvent) Were used as solvent. The cal-
ibration diagrams for UV absorption measurements were
determined at each pH for both pH settings.

Thermal Analysis

Thermal analysis was carried out in nitrogen atmosphere
(101/min), using a simultaneous DTA-TGA TA Instru-
ments STD 2960 unit. The heating rate was 10 °C/min.
In the temperature range investigated the mass loss of
the carbon itself was negligible compared to the phenol
desorption.
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Results and Discussion
Characterization of the Porous Carbons

The low temperature nitrogen adsorption isotherms in
Fig. 1 reveal the different porosities of the two carbons.
The PSD in the micropore range in the insert of Fig. 1
confirms the higher microporosity of the PET-based car-
bon. The characteristic parameters calculated from the
isotherms are listed in Table 1.

This information shows that the fundamental dif-
ference in the morphology of these carbons appears
in the micropore range. APET is highly microporous,
while F400 possesses a larger amount of mesoporos-
ity.

The acid/base properties of the carbons were charac-
terized under wet conditions. The difference in pHpzc, in
spite of the similar pH listed in Table 2, indicates that the
distribution of the surface functionalities is different, as
shown in Table 3.

Table1 Data from low temperature nitrogen adsorption isotherms*

Sample SBET Viot dave w Wo Wo/Viot
(m?/g) (cmi/g)  (m) (am) (ecm’/g) (%)

F400 1122 0.66 2.4 0.69 0.42 64

APET 2025 1.02 2.0 1.79 0.78 76

*SBET apparent surface area from the BET model;
Viot total pore volume;

dave (=2Viot/SBET) average pore width;

w pore width of the micropores;

Wo micropore volume

Adsorption of Phenol in Unbuffered Condition

The adsorption isotherms from unbuffered aqueous phe-
nol were measured at room temperature (Fig.?2). The
isotherms, of type L according to Giles’s classifica-
tion [20], were fitted by the linearized Langmuir equation
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Fig.1 Low temperature N, adsorption/desorption isotherms and micropore PSD of the carbon samples; A: APET, @: F400
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Table2 pH and pHpzc of the carbon samples

pH, 25°C pHpzc
F400 7.8 8.4
APET 7.9 9.8

to obtain the adsorption capacities n, and the equilib-
rium constants K (Table 4). The surface area occupied by
a single aromatic molecule was calculated as Sggt/(n;; X
Np), where Np is Avogadro’s number. It should be men-
tioned, however, that although the fit is not bad, the ini-
tial conditions of the Langmuir model are not properly
satisfied owing to the chemical and morphological het-

Table 3 Distribution of surface functional groups
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erogeneity of the carbon surface. The advantage of our
approach, however, is that the Langmuir parameters pos-
sess a physical meaning, thus offering a basis for further
interpretation.

The high surface area APET sample exhibits greater
monolayer capacity and a smaller K interaction parame-
ter than the commercial carbon. Comparison of the surface
area available for the phenol with its cross-sectional area
(0.30-0.42 nm?/molecule, [18]) leads to the conclusion
that the surface of both carbons is only partially covered
by the aromatic compound. The microporous character of
the APET produces a less efficient surface coverage than
F400, since about 60% (compared to ca. 50%) of the sur-
face is not available for phenols, as a result of water ad-
sorption or blocked porosity [21].

Sample Acidic groups Basic  Acidic
Carboxyl Lactone Phenol Total % of the  groups +
acidicity acidic (HCI) basic
(NaOH) groups
F400 pneq/g 65 58 87 210 - not measurable
group/100 nm? 3.6 32 4.8 11.8
APET peq/g below 5.6 82.6 88.2 27 3282 4164
detection
limit
group/100 nm? 0 0.17 2.5 2.6 9.7 12.3
3.5
| M N
A
3.0 1
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] 2
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Fig.2 Phenol adsorption isotherms in unbuffered condition at ambient temperature; A: APET, @: F400
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Table4 Parameters obtained from the linear Langmuir fit to the
aqueous phenol isotherms

Nm K R? Surface area available per
adsorbate molecule
(mmol/g) (1/mmol) (nm? /molecule)
F400 2.28 7.80 0.996 0.79
APET 3.52 2.31 0.999 0.96

Influence of the pH and the Buffer on the Adsorption
of Phenol

When the simple acidic or basic (i.e., buffer-free) solutions
were used as solvent, the pH (pHsolvent) changed when
the phenol was added (pHsolution) (triangles in Fig. 3), in
accordance with the weak acid character of phenol. For
solvent pH values between 5 and 9 the pH of the solution
is practically constant. This effect stems from the low-
capacity buffer-like behaviour of the (phenol/HCl)aq or
(phenol/NaOH)aq systems. When carbon is added to the
system and the state of adsorption equilibrium is estab-

’ I:)Hequilil:zrium

solution

pH

lished, there is a measurable shift in the corresponding pH.
Depending on the pH of the solution and the pK, of the
surface functional groups the overall basic properties of
the surface slightly increase the pH. In the case of Britton—
Robinson no such differences were detected.

The adsorption capacities obtained with the two sets
of phenol solutions were related to the values measured
in the unbuffered medium and are compared in Table 5.
Below pH & 5 the phenol is protonated, while at higher
pH values molecular and ionic phenol species coexist. At
low pH the surface is positively charged due to protona-
tion, which has a complex effect. Protonated functional
groups act as centres for water cluster formation [21,22]
and attract anions. Both water and the anions may com-
pete for the adsorption sites and, furthermore, blocking
of the micropore entrances by the adsorbed species may
reduce access for the aromatics. Protonation of the basal
plane also disturbs the m—m interaction with the aromatic
ring of the pollutants. Incomplete coverage of the surface
is a sign that the hydrogen bonding energy with oxygen-
containing surface groups may be weak, and even water is
able to interact with the basal planes [23]. Hydrogen bonds
forming between phenol molecules and the surface groups

pH

solvent

Fig.3 Variation of the pH of the phenol solution with HCl/NaOH adjustment; pH of the phenol solution riangles: before contact with
APET carbon, squares: after adsorption equilibrium was reached. Solid black line corresponds to a pH unaffected by the presence of phenol
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Table5 Equilibrium phenol uptake from 5 mM phenol solutions

pH Relative phenol uptake* (%)
APET F400

HCI/NaOH BR BR

3 93.7 77.5 82.5

4 93.4 90.1 -

5 86.1 84.9 -

6 93.7 91.1 -

7 94.1 91.1 -

8 99.3 93.8 86.8 (pH=8.4)

9 92.0 88.7 -

10 85.4 86.6 -

11 92.0 87.8 108.3

Unbuffered 100 100

* Relative phenol uptake = 100 x (maximum uptake at the given
pH/maximum uptake in unbuffered solution)

also may block the entrances of the fine pores [24]. Above
the pHpzc of the carbon the surface is negatively charged,
and the electrostatic repulsion could therefore reduce the
adsorption of the phenolate ions.

With HCl or NaOH solutions the chlorine or sodium
ions interact with the charged surface. In the case of the
multi-ionic buffer solution, however, the ionic interac-
tion can be much more complex since molecules or ionic
derivates of the buffer components, as well as the solvent
molecules, also compete for the sites. Inspection of the
relative phenol adsorption in APET at pH 11 shows that in
the buffered case, because the inorganic anions also con-

unbuffered
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tribute to the diffuse electric double layer, the uptake of
phenolate ions is reduced with respect to the other sample.

The results from APET and F400 in the BR buffer in-
dicate that the surface functionalities as well as the pore
structure affect the pH dependence of the phenol adsorp-
tion. In F400 the pore blocking effect is less critical than
in the predominantly microporous APET carbon, because
wider pores can accommodate a thicker double layer.

When the pH is set with HCI/NaOH, the results in
APET reveal no particular trend. It is noteworthy, how-
ever, that in the pH range 5-9, where the pH of the
aqueous phase in the equilibrium state is practically con-
stant, the adsorption capacity varies. With the BR buffer
a well-defined maximum in the adsorption was detected at
pH =8, while a minimum in adsorbed amount was found
at pH = 3. On comparing these results it can be concluded
that ions present in the aqueous phase, e.g., inorganic salts
in wastewater, may significantly influence the pollutant up-
take of the carbon adsorbent.

The interaction forces prevailing during the sorption
processes were compared by thermal desorption. The pos-
ition of the peaks in the differential thermogravimetry
(DTG) curves, and their integral, are related to the interac-
tion and to the material released in that particular tempera-
ture range.

The derivatives of the TG runs in Fig. 4 show that the
thermal desorption of phenol depends on pH even more
strongly than the adsorption. Three different peak regions
can be distinguished, which implies three separate types
of interaction. Peak 1, around 210 °C, may be attributed
to desorption of physisorbed species. The mass loss at

this peak, which is the largest [25], thus also involves
physisorbed phenol. The other two peaks above 300 °C
belong to chemisorbed phenol. In the buffered samples,
peaks 2 and 3 are fully resolved, while in the other sam-
ple set peak 3 appears as a shoulder following peak 2.
The desorption from carbon itself is significant only in the
first peak and is negligible at higher temperatures. Figure 5
shows that, although the positions of the peaks at different
pH are practically identical, the results are systematically
higher for the buffered samples.

The relative mass loss with respect to the adsorbed
phenol is compared in Figs. 5 and 6. In the first set of
samples (Fig. 6), the non-monotonic mass loss can be ex-
plained by the variable water-content of the sample, be-
cause the curve of the total mass loss and that at the
first temperature range are similar. The loss in the sec-
ond stage is twice as high as in the third. The DTG
curves of the buffered samples display a systematic change
as pH increases, i.e., the buffer stabilizes the chemistry
of the surface processes. In the second set of samples
(Fig. 7), the mass loss is greatest in peak 1, and it de-
creases monotonically with increasing pH. The relatively
sudden drop in the peak area above the pHpzc may stem
from reduced physisorption due to electrostatic repul-
sion. The second stage, starting only at pH = 6, involves
a mass loss of 10-20%, which increases with increas-
ing pH. In the third stage the loss is 5-9%, and the ph-
ysisorbed and the “chemisorbed” amounts are practically
equal at pH=11.

10-35% of the adsorbed phenol, which remains on the
surface as a residue rich in carbon, may modify not only
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Fig. 6 Relative mass loss of the HC1/NaOH set. The bar chart shows the loss in the unbuffered samples. (O) peak 1; (A) peak 2; (V) peak
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the chemistry but also, by blocking some of the pores, the
porosity of the surface [25,26]. In addition, it can modify
the pore size distribution of the carbon.

Conclusions

The method of the setting of the pH and its influence on
the sorption behaviour from aqueous phenol on porous car-
bon surfaces was studied. Results from a predominantly
microporous carbon (APET) and from a commercial car-
bon (F400) designed for wastewater treatment were com-
pared. In unbuffered conditions in both cases only part
of the surface area is occupied by phenol, indicative of
competition between phenol and water. Since the pH of
the solution affects the surface chemistry and the disso-
ciation of the phenol, the adsorption itself is controlled
by the pH. When the pH was set with aqueous HCI or
NaOH by adding phenol to the system, limited buffer cap-
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On the Magnitude of Line Tension

Abstract It was shown in our analy-
sis of the internal energy determining
the state of the capillary system that
the magnitude of the intensive and
non-canonical line tension depends
on the size of the penetrating zone.
Therefore, its effect is negligible for

macroscopic systems.
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Introduction

Investigating the contact lines forms a relevant part of wet-
ting theory research. Contact line analysis can mostly be
connected with the analysis of the measurements and the
corrections of the Young equation, respectively [1]. How-
ever, theoretical problems closely related with capillarity
theory — e.g. fundamental relation describing equilibrium
— cannot be disregarded. The apparatus of thermostatics
containing Gibbs excess quantities contains only the de-
formation quantities instead of the variables characteris-
tic to the geometry of the system (e.g. volumes, areas of
surfaces, etc.). Thus the extensities connected with line
length can be interpreted only indirectly. The importance
of the practical and theoretical questions being ‘“heavy”
in themselves depends on the magnitude of the actual ef-
fect caused by the contact line. The extent of the latter
is determined by its thermodynamic characteristics — the
value of the so-called contact line tension [2]. However
there are many kinds of notions — mostly dissimilar —
connected with the meaning of this quantity [1-5]. The
aim of this study is to encourage the clarification of this
question.

Keywords Line tension - Parametric
theory - Surface tension - Young
equation

Interpretation of Line Tension

Only one collective capillary variable can be interpreted on
the basis of thermostatics, namely surface tension accord-
ing to Bakker [6]. This quantity is determined theoretically
by relations with similar algebraic form for each phase
boundary layer. The surface tension of the boundary layers
of phases ¢ and  with thickness 7 is

QO'
pov = [ [u0@) ~ (@) ar
0
0y
+ [ fu@r-ucgher. M
QU

where u(Q) is the potential belonging to point Q of the
layer, u(Qg) and u(Q?//) are the potentials in the bulk
phases, the Q7 is the point where the value of the expres-
sion is minimal.
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In this manner the internal point Q of the layer is iden-
tical with point Q = Q7 corresponding to the arithmetic
average of the adjacent phase bulk potentials

(0% +u(0Y)
u(Q”>=[” -l "’]

(the relation expresses the formula of the Stefan’s ratio [7];
the tension area according to Gibbs is generated by points
Q¢ dividing the layer into two “half layers”). Therefore
the value of the scalar surface tension depends on both the
potential of the bulk phase rounding the layer and the form
of the potential curve belonging to the layer. Namely, dif-
ferent values belong to the homogenous part of the layer or
—in case of osculating with several phase boundary layers
— to the contact region of the common zone. (Therefore
the contact line is the union of mutually perturbed sur-
face parts, with width s, length L, and area §;L at each
layer.) Therefore each non-self-closing layer consists of
two parts; thus the average quantities characteristic to the
individual surfaces can be decomposed as well for the sake
of simplifying such calculations.

Three-phase contacts can be described by the Young
equation; besides homogenous surface parts the system
contains a torus-shaped traversing zone as well. The condi-
tion of the equilibrium is determined by two types of data
expressed by the (differential) Curie equation — on the one
hand unperturbed surface tensions J; and total area Ay of
the layers s, on the other hand the sum of the quantities
(yi — 71)d; and the length of contact line L

ZysdAs=ZmdA+{Z(ys—ms}u.

The scalar, non-canonical quantity denoted in {} arising
from the decomposition can be identified as the line ten-
sion according to Pethica t; [2]. The magnitude of this
quantity can be only estimated if a fair estimation can be
given for the quantities of the perturbed surface tensions.

2

3)

The Estimated Magnitude of the Perturbed Line
Tensions

The magnitude of the perturbed line tensions cannot be
determined based on the traditional theory of capillar-
ity. (Namely: dependence on chemical-material quality is
not expressed by their relations.) Conversely, their value
can be determined directly by applying the parametric
theory — also containing material equations — of surface
tension [8, 9].

According to this theory, the potentials ug = uy(. .
03] -
¢ ’
of the independent fundamental variables 4x; (y;, ng) ex-
pressing the scaling law of interactions [8]. These func-
tions — together with the universal exponents v; of indi-
vidual interactions — determine the substantial parameters

-pXi
.) determining surface tension are the functions

1. Paszli et al.

Fig.1 Section of the three-phased penetrating zone

characteristic to the capillary properties of phases, whose
tensor order is the scalar

X¢(...,¢xi[Qg],...> ::?‘Wci(Qg) "o, 4)
The product
Yoy = Xgo(QS;)XvJ(Q%) , (5)

of individual state variables of adjacent phases is the sur-
face tension of the common layer sgy (thus substantial
parameters are the multiplicative components of ). The
layer ranges of phases are characterized by the local pa-
rameters with different values — in consequence of the
potential change due to the perturbation of the adjacent
phase. If the parameter x® belongs to the Gibbs tension
surface of the boundary layer s,4 with a continuous poten-
tial, the contributions of the surface tension of half layers
Ssp(¢) separated with it will be in the order x,x° and
x¢ X7, respectively. Their sum will be the total layer quan-
tity xsX¢ = (Xs + X¢) x° , therefore the tension value of the
half layer will be

IX As X
/2 s+ xp)

(A and H are the arithmetic and the harmonic mean, re-
spectively, of the argument).

Vsp(p) = A(xep) H(xs; x¢) » (6)



On the Magnitude of Line Tension

Accordingly, the half layer tensions are changed de-
pending on the quality of the adjacent phase — all this
characterizes the different parts of the penetrating zone,
the sectional drawing orthogonal to the mid-line is shown
in Fig. 1.

To adapt the formula we should consider that each
half layer of a phase is perturbed by both the other two
phases. (The “average” distance d is the radius of the cir-
cular section of the torus-shaped penetrating zone because
d =~ 51 ~ § &~ §3.) According to Eq. 6 the contribution of
the magnitude of the surface tension arising from the pres-
ence of the phases 1 and 2, shown by shaded domain in the
diagram, is

2 X2
X : )
Y+
Considering the third phase, the contribution becomes
1 _ .2 X2 X3 )
S = + . (8)
: (Xl +Xx2 x1+x3
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Since analogous expressions are valid for all sectors, ac-
cording to the contribution of the summarized perturbation

D ovi=2+yit+rn), (©))
S

of the penetrating zone, the line tension is finally

R (Yi2+ 713+ r23)d . (10)

It was shown that the expression in the curly bracket in
Eq. 3 — line tension — is positive. According to Eq. 10 the
magnitude order of the line tension is determined by the ra-
dius of the penetration zone. Its experimentally determined
value is in order of magnitude 1010 /m) [10].

Conclusions

The effect of intensive and non-canonical line tension
characteristic to the contact lines of the system usually
negligible for macroscopic systems because its magnitude
is proportional to the radius of the penetrating zone. Sim-
ilarly, the effect of tips of crystals and ragged surfaces are
negligible as well.
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Autophobic Wetting and Captation

Abstract Not all cases of spreading
equilibrium can be described by the
Young equation. However, assuming
that the wetting is achieved in two
steps — the equilibrium state is
developed not directly on the solid
surface but on the liquid film formed
on the solid surface — the Young
equation perfectly describes this

Budapest University of Technology and latter state.
Economics, Budafoki ut 6-8,

1111 Budapest, Hungary

Introduction

“Wetability” is a collective property of solid/liquid/vapor
systems, which is characterized unambiguously by its con-
tact angle of a fixed value. However, the shapes of con-
tacted phases can vary during the observation period (e.g.
methanol firstly completely spreads out on freshly cleaved
mica surfaces, then it forms a drop shape — i.e. an equi-
librium characterized by finite contact angle 6r; but it
immediately forms an acute contact angle on surfaces hav-
ing been submerged in methanol vapor [1]). Thus the
liquid does not spread out completely even on its own
film. It behaves in an “autophobic” manner. The con-
tact angle is determined by the Young equation — al-
though this description of the spreading effects and con-
tact is only a theoretical possibility. In fact, the valid-
ity of the expression cannot be checked either, because
surface tensions of solid surfaces cannot be determined
experimentally. Therefore, the interpretation of autopho-
bia is not possible within the framework of traditional
theory.

The aim of studies connected with autophobia — among
other things — is to answer the question: How can the
Young equation indicate the state which is to be realized

Keywords Capitation - Parametric
representation - Scaling law -
Stick-slip motion - Young equation

in the end? Considering the parametric representation of
capillarity the question can probably be clarified.

Characteristic Features of Parametric Representation

The collective variables of phase boundary layers (e.g.
surface tension) are necessarily functions of the quanti-
ties individually characteristic of the properties of phases.
The collective properties of adjacent phases ¢ € {¢; ¥}
are determined by the potentials uy of the volumet-
ric (e.g. internal) forces. The latter is a function ug =

up(...px; [Qg , . ..) of the union of the independent fun-
damental quantities 4x;(y;, ng) (so-called scaling laws [2,
3]) generated by the canonical intensities of i types of in-
teractions {...y;, ...} (e.g. thermal, electromagnetic etc.)
and the individual material constants n4 of phases (Qg
is a point of the bulk range of the phase ¢). The specific
substantial parameters

X ( i xi[Qg], .. ) = ll_[ ‘qui (Qg)

Vi

>0, (1)
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of phases being scalar in their tensor order, are determined
by the cumulated value of the fundamental variables and
the universal exponents v; of the individual interactions.
The product of the individual state variables of adjacent
phases

Yo = Xo (Qg) Xy (Q?,,) ,

is the surface tension of the common layer sy,. According
to the transformation formula, the substantial parameters
are the multiplicative components of yy;.

The phases of equilibrium pairs are characterized by
global individual parameters in total volume depending on
the state of bulk ranges enclosed by surfaces.

Their apparatus provides for the determination of the
quantities of solid surfaces as well.

2

Interpretation of Autophobia

The shapes of the equilibrium phases can be expressed by
parameters — i.e. individual variables. The Young equation
is the bilinear relation of the actual parameters in its indi-
vidual representation

3)

The conditions of spreading can be obtained from this ex-
pression by rearranging. For example — according to the
equation derived from the former — complete spreading
can occur only based on the covariant relation, when the
inequality

xs > x& = !
|(1/x9) — (1/xD)]

is valid for subphases (the index © denotes phases with
constant composition). The condition is satisfied directly
for mercury (its parameters are xp = {53.9}, xv = {9.1}
in (mN/m)l/ 2 unit [4]), indeed, on its surface most li-
quids completely spread out. However, partial spreading is
achieved in stationary state for systems with “pure” wa-
ter (beside the quantities yp = {7.16}, xv = {10.1} given
in the former unit); whereas they form an acute contact
angle on glass surfaces (as expected) but an obtuse angle
on Teflon surfaces. Thus, the equilibrium arrangement is
not always shaped according to the respective parameters
of phases.

Completely and partially spread states of solid/liquid/
vapor systems cannot be interpreted by single-valued par-
ameters.

In the parametric theory the quantities of phases can
be reversed (so-called reversal transformation) — corres-
ponding to the principle of minimum energy. Thus, the
equilibrium can be achieved by reversed parameters as

Xs(Xv — XL) = XLXv cosOL.

“4)
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well — in a so-called reversal state. In this manner — be-
sides the ordinate state — reversal states (LV) or (SL) or
(SV) can exist as well, corresponding to the reversed par-
ameters (at the state (LV) fluid parameters are reversed in
the relations, the latter are characterized by the actual par-
ameters v = xL Of XL = Xy, Of ¥s = Xs(xL/Xs) = xL or
XL = xL(xs/xL) = xL(x{/XL) = x{). On one hand, only
obtuse angles can be assigned to aqueous systems in re-
versed state (LV), on the other hand the reversed states (SL)
and (SV) are characterized in turn by the expressions

SL I xo (x
cosO > = ( [XV]Z—Vf\r/d> %)

yLV XV XS

% L xv [ xs
cosf>V = ( [Xv]z—Vf\r/d>, 6)

VLV XS XV

being non-covariant (i.e. describing non-existing systems)
according to its algebraic form.

However, the Young equation does not ensure an acute
contact angle in equilibrium for an arbitrarily chosen sys-
tem — not even in the case of reversed parameters.

Nevertheless, a new phase collective can be formed
from input phases before partial spreading. A strongly
bounded layer of varying thickness — a so-called captured
film — can be formed on the surface of the subphase from
liquids producing either a pure or a mixture phase. (Ex-
periments prove that from cyclohexane—ethanol mixture
a cluster consisting of pure ethanol can build up on silica
surfaces [6]). The captation is achieved by phase segre-
gation — theoretically according to the Gibbs’ phase rule.
Accordingly, the parameter XE belongs to the enveloping
surface of the captured layer as well. Thus the remaining
(non-captured) liquid spreads out on this layer — instead of
the solid surface. Therefore xs should be replaced by XE in
the Young equation.

Instead of a solid subphase the system contains a “cap-
tured phase” of an identical shape which consists of a li-
quid. The captation system of two states (captured and
“free”) containing liquid too, is at this point character-
ized by the parameters {xL, xL, xv} — i.e. the quantities
of an other phase collective instead of the parameters
{xs, xL, xv} of the input system. Accordingly, equilib-
rium state can be achieved — lacking other possibilities —
only indirectly by consecutive processes. Special relations
are applied for the system because respective equations
Xs = xL and xs = v, are valid for the parameters. How-
ever, the equations determine exactly the relations of the
reversed states (SL) and (SV), which are now covariant
owing to the replacement. These equations can be iden-
tified with the relations concerning the unit slope of the
ordinary state. Thus in the case of captation the equilib-
rium of the aqueous systems in the domain of total surface
tension is achieved with an acute contact angle according
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to the relations

2

cos 6" = yry ([1/VLv]—[1/{X3} D )
2

cos 6> = y1y ([I/Vw] - [1/ {x%} ]) : &)

being identical for both ordinary and reversed (SV) states.

The special state — besides aqueous systems — can be
achieved for other fluid pairs as well; and it is not impos-
sible that the contact angle hysteresis is connected with the
forming of a captured film. Spreading can be interpreted
by the assumption of consecutive processes — forming a li-
quid film on a solid surface, followed by partial wetting.
According to the assumed mechanism, special effects can
be explained as well.

The presence of the captured film originating from ad-
sorption — during a gradual immersion into a liquid — has
an influence on the spreading mechanism which manifests
in the stick-slip advancement of the three-phase contact
line [7,8]. The autophobic wetting of the surface takes
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Abstract Simultaneous meas-
urements of the sodium dodecyl
sulphate (SDS) adsorption on coal
and zeta potential determination
of the (adsorption) suspensions
were carried out. Three samples of
sub-bituminous, bituminous and
oxidative altered bituminous coal
were investigated. The adsorption
isotherms were found to be of typical
Langmuir type, values of the SDS
adsorption capacities have been
calculated. Shape of the adsorption
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Introduction

Surfactants are used widely in many industrial and com-
mercial products and processes over the world. For ex-
ample, surfactants are in demand for industrial processes
requiring colloid stability, metal treatment, mineral flota-
tion, oil production, emulsion polymerization, pesticides,
pharmaceutical formulation. The application of surfactants
can produce environmental pollution and raises a series of
problems for wastewater treatment plants [1].

Several materials have been investigated as surfactant
adsorbents. Different adsorption mechanisms and models
have been proposed, depending on the adsorbent-adsorbate
system. Below the critical micelle concentration, ionic sur-
factants behave as a single amphiphilic ions that can be re-
tained on the adsorbent through hydrophobic interactions,
by their hydrocarbon coil, or through electrical forces, by
their ionic groups. The predominance of one kind of in-
teraction adsorbent ionic surfactant in the adsorption pro-
cess is determined by the surface characteristic of the ad-
sorbent. Various techniques were used for description of
surfactant adsorption on the carbonaceous materials, e.g.
calorimetry, contact angle, electrophoresis [2—-5].

Adsorption of the SDS on Coal

isotherms was correlated with zeta
potential values of the suspensions
in (adsorption) equilibrium. The
results indicate that adsorption of
SDS on coal is going mainly through
hydrophobic interactions between
the surfactant molecules and the coal
surface.

Keywords Adsorption of SDS -
Carbons - Zeta potential

The carbon matrix contains oxygen, nitrogen, phos-
phorus and/or sulfur. Oxygen is an important element that
can form surface functional groups. Many different oxy-
genated species can be found on the surface of carbona-
ceous materials. Some of them are of the acidic quality
(phenolic hydroxyl, carboxyl, anhydrides or lactones) and
have cationic exchange properties. Basic surface oxides
are always present on carbon surfaces (e.g. y-pyrone-like
structure). The m-electron system of graphene layers is
also basic enough to bind protons from solutions. The
presence and concentration of surface functional groups
affect the relative hydrophobicity of carbonaceous ma-
terials and play important role in influencing the ad-
sorption capacity and the mechanism of the adsorption
process [2, 6].

The zeta potential is one of the few effective techniques
for characterization of surface chemical properties of car-
bonaceous materials in solution. The zeta potential values
correspond to the quantity and quality of functional groups
on the surface [7]. The aim of this work is to carry out zeta
potential measurement for the adsorption of sodium dode-
cyl sulphate (SDS) from aqueous solutions onto coal and
to describe the impact of oxygen content on it.
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Experimental
Materials and Methods

Coal Samples. Three different coal samples were investi-
gated: the bituminous coal (denoted as BC), the bitumi-
nous oxidative altered coal (BO) and the sub-bituminous
coal (SB). The elemental compositions and the proxi-
mate analysis data of the studied samples are shown in
Table 1.

Various techniques were used for texture and structure
characterization of coal samples.

Characterization of Surface. Adsorption isotherms of ni-
trogen at —196 °C and carbon dioxide at 25 °C were meas-
ured.

Surface areas of the samples from adsorption isotherms
of nitrogen (Sgr) were evaluated according to the BET
theory, using a molecular area of 0.162 nm? for the calcu-
lation.

For adsorption isotherms of carbon dioxide, the Me-
dek’s equation was applied to the evaluation of micropores
surface area (Smicro, Medek 1977).

Dubinin—Radushkevich theory was used for calculation
of the micropores volume (Vpjcro)-

To estimate hydrophilic/hydrophobic character of the
coal surfaces, enthalpies of the immersion of the dried
samples with water, H"™, were determined at 30 °C using
a SETARAM C80 calorimeter provided with a mixing cell.

Equilibrium amount of the coal moisture content (W*°%)
was measured at laboratory temperature and relative hu-
midity of air &~ 60%. The W values can be related to the
abundance of the hydrophilic sites on coal surface.

Table1 Proximate and ultimate analyses of samples

Sample Ashdy vMmdaf Cdaf
(%) (%) (%)

BC 6.6 353 85.6

SB 22.7 55.6 71.9

BO 11.5 31.2 76.6

VM - volatile matter content

Table2 Texture and structure parameters of samples

Sample S]ZET szicm Vm;cro H(igZO)

m/g m/g cm’/g /g

BC 1.5 133 0.049 2.7£0.3

SB 49 152 0.055 26.5+1.5

BO 1.5 235+15 0.084 8142

Infrared Spectroscopy. Diffuse reflectance infrared Fourier
transform (DRIFT) spectra of the samples were measured
by Nicolet 7600 FTIR spectrometer (Thermo Nicolet In-
struments Co., Madison, USA). Each spectrum averaged
512 scans per sample and all of them were recorded with
the resolution of 2 cm™!. Two ratios were calculated for
characterization of coal structure I (12920/ (12920 + I1610))
and Ico (11725/ (11725 + 11610))-

Index I denotes the existence of aliphatic carbohy-
drates in coal structure. Index was determined as a ratio
between integrated areas of the aliphatic C-H bands
(2920cm™!) and areas of both aromatic and aliphatic
C=C absorption bands (1600 cm™h).

Index Ico denotes the existence of carbonyl function
groups in coal structure. It was determined as a ratio be-
tween integrated areas of the carbonyl groups (1700 cm™!)
and areas of carbonyl groups and aromatic C=C absorp-
tion bands (1600 cm™1).

Solid-state '3C CP/NMR Spectroscopy. 3C CP/MAS
NMR spectra of the samples were measured by Bruker
Avance 500 WB/US (Karlsruhe, Germany, 2003) at
125 MHz frequency. Samples rotated below magnetic
angle. Glycin was used as an external standard. For quan-
titative evaluation, carbon aromaticity, fa, was determined
as a ratio between content of carbon in aromatic part of
structure and total amount of carbon. Results are summa-
rized in Table 2.

Surfactant Adsorption. The coal samples were diminished
and sieved to a particle size smaller than 32 pum. For each
sample, 0.05 g of coal was weighed in the flask and 50 ml of
an SDS solution of known concentration was added. Flasks

Hdaf Ndaf odaf Sdry |
total
(%) (%) (%) (%)
5.4 1.1 6.5 1.2
6.4 1.0 20.5 1.2
4.1 1.8 17.5 2.4
ngo% ) Ico Ic-ny, > Aromaticity
% fa
2.7 0.05 0.30 0.68
12.5 0.26 0.36 0.50
14.3 0.27 0.05 0.96
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were occasionally shaken. The time needed to reach equi-
librium was 24 h, as determined in previous experiments.
The zeta potential of samples was measured. Then, the coal
sample was removed by filtering through paper filter.

The amount of SDS adsorbed (a) was determined from
the change in the solution concentration before and after
equilibrium, according to:

o @€V 0
m

where ¢ is the initial concentration of SDS solution, ce
the concentration of SDS solution at the adsorption equi-
librium, V the volume of SDS solution and m the mass of
the coal.

The SDS concentration of the filtered solutions was
determined by UV/VIS spectrophotometry using col-
ored complex of SDS with methylene blue extracted
with chloroform. Critical micelle concentration of SDS
(8.5 mmol/l) was determined by conductivity measure-
ment.

Zeta Potential Measurements. Zeta potential measure-
ments was performed by analyzing 0.05g of coal in
50 ml of the Britton—Robinson buffer (or in the SDS solu-
tion) using the Coulter Delsa 440 SX (Coulter Electronic,
USA). Delsa 440 SX uses the scattering effect of Doppler
light to determine the electrophoretic mobility. The zeta
potential was obtained from the electrophoretic mobility
by the Smoluchowski equation:
¢="" @)
€

¢ is the zeta potential (V), n represents dynamic vis-
cosity (Pas), and go stands for the dielectric constant.
The fixed conditions of measuring were the following
ones: temperature (298 K), electric field (15 V), frequency
(500 Hz), and the properties of the samples — viscosity
(0.0089 kg m~! s™1), refraction index (1.333), and dielec-
tric constant (78.36).

The pH of the solution was measured using a combi-
nation of a single-junction pH electrode with an Ag/AgCl
reference cell (LP Prague, model MS 22 pH meter).The
samples were sonicated for 1 min before the analysis. All
zeta potential measurement was at least duplicated; the
mean relative standard deviation of the values reported
usually did not exceed 5%. All the solutions were made in
distilled water. Analytical grade chemicals were used.

Results and Discussion
Characterization of the Samples

Results (see Tables 1 and 2) indicate differences between
study samples.

Sample BC represents typical bituminous coal. Its
proximate and ultimate compositions as well as values of
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texture parameters correspond to the degree of coalifica-
tion. Both surface area and concentration of polar sites of
the coal are of the lowest value from the samples to be
studied.

Sample SB represents low-rank coal and sample BO
represents oxidative altered bituminous coal. The oxygen
content in both coals is very similar as well as amount
of carbonyl groups as deduced from infrared spectroscopy
(Tables 1 and 2). Values of equilibrium moisture con-
tent Wigo% ) are comparable too. These facts confirm hy-
drophilic character of the coal surfaces, comprising mainly
oxygen functional groups. Carbon content of SB and BO
samples is similar too, however, there are significant differ-
ences in carbon aromaticity (see Table 2). Coal BO demon-
strates mainly aromatic structure, while the SB sample is
approximately of the same proportion between aromatic
and aliphatic parts.

Values of SggT and Spikro indicate differences in pores
system of coals. Low-rank coal SB contains mainly meso-
pores, on the contrary, oxidative altered coal BO includes
mainly micropores. The value of immersions enthalpie is
three times higher for sample BO in comparison with sam-
ple SB. Possible explanation (respecting quite comparable
content of oxygen) can be find in higher volume of micro-
pores in coal BO.

As a result, samples of oxidative altered coal BO and
low-rank coal SB are obviously hydrophilic in character.

The Zeta Potential of Coals — Influence of the pH

Dependence of pH on the zeta potential of the samples is
shown on Fig. 1.

From the Fig. 1, more negative values of the zeta poten-
tial are generally obvious with increasing pH level. Also,
more negative values of zeta potential with increasing con-
tent of oxygen of the coal can be deduced. (cf. Table 1).

The isoelectric point is about at pH = 3.5 and pH =1,
for bituminous coal (BC) and oxidative altered coal (BO),
respectively. Concerning sub-bituminous coal (SB), the
pH value of the isoelectric point < 1 and could not be de-
termined. These results correspond well with known facts
about floatability of coals [8]. When hydroxyl (OH™) ions
are added to the flotation pulp, the coal surface becomes
more negative. On the contrary, when the pH of the water-
coal suspension decreases, the hydronium (H3O0V) ions
are adsorbed until the negative charge is neutralized. The
flotation ability decreases for highly acidic or highly basic
pulps. In general, the flotation of coals shows an optimum
near the electrically neutral point known as the isoelectric
point [9].

Adsorption of SDS onto Coals

Figure 2 depicts typical adsorption isotherms obtained
from the experimental data. The shape of isotherms in-
dicates that the adsorption data could be well fitted by
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Fig.1 Zeta potential of coal samples as a function of pH

the Langmuir adsorption model of monolayer coverage. In
a linear form, the Langmuir equation is given by

c c 1
= 3)
a am amb

where a is the amount of SDS adsorbed, c. is an equi-
librium concentration of SDS in solution, b represents

a monolayer binding constant and ay, is the monolayer ad-
sorption capacity.

All adsorption isotherms proved to be consistent with
the Langmuir model as deduced from calculated r-square
values close to 1. The most informative parameter in
the Langmuir equation is an, providing information on
adsorbed amount at monolayer surface coverage. These
values are compiled in Table 3 as found for studied samples.
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Fig.2 Surfactant adsorption isotherms on coal
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Fig.3 Dependence of zeta potential (white circles) and adsorption of SDS, a (black circles), on bituminous coal (BC) with the equilibrium

concentration of the surfactant solution (c.)

Table3 Langmuir data obtain from adsorption measurement

Sample apy (mmol/g) b r?
BC 1.07 0.50 0.99
SB 0.61 0.07 0.99
BO 0.83 0.19 0.99
1,2
® |
1 Bc O
08 50 ®
o © 1
o
€ 06 ®
E SB |
£
©
0,4
0,2 |
0
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oxygen content (%)

Langmuir equation
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14-0.50ce

0.05ce

= 140.07ce
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~ 140.19¢ce
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Fig.4 Dependence of zeta potential change — absolute value (white circles) and adsorption capacity of SDS, an, (black circles), on coals

with the equilibrium concentration of the surfactant solution c.
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Modification of surface characteristics of solids using
surfactants has practical implications in industrial and en-
vironmental applications, coal processing being one of
them. Surfactants are added during the flotation process
to increase productivity. Surfactants can change the sur-
face properties of the coal grains. Generally, surfactants
have hydrophilic (head) and hydrophobic (tail) parts and
the question is which of them creates the connection with
the surface of the coal grain. Hydrophilic adsorption of
surfactants was found in three Australian coals [3]. How-
ever, measurements of the zeta potential of active coal
and carbon blacks in the presence of surfactants led to
the idea that the interactions are mainly of hydrophobic
character [2, 10]. Such a type of the interactions was also
supported by calorimetric measurements of natural and ac-
tivated coals [11].

The following findings can be deduced from experi-
mental data:

1. Addition of the anionic surfactant (SDS) affects the
value of &-potential, making the zeta potential values
more negative (Fig. 3);

2. There is no marked change in adsorbed amount of SDS
at concentrations exceeding level of the critical micelle
concentration (CMC, Fig. 2);
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3. The most significant change of the &-potential in the
presence of SDS was observed for bituminous coal
(BC, Fig. 4), i.e. for sample of the most hydrophobic
surface;

4. There is relationship between oxygen content of the
coal, its adsorption capacity for SDS and change in
the zeta potential of (adsorption) suspension (Fig. 4).
Decrease in oxygen content (= increase in hydropho-
bicity) of the coal leads to the increase in its adsorption
capacity for SDS, the adsorption being accompanied by
the most significant changes in the zeta potential values
of the suspensions.

Conclusions

Adsorption of anionic surfactant (SDS) on coal samples
was confirmed to exhibit typical Langmuir-type behavior.
From the zeta potential measurements as well as from sur-
face characteristics of the coals, sorption mechanism of
SDS on coal surface was deduced to be connected mainly
with interactions between hydrophobic tail of surfactant
and coal surface.
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Thermally-Induced Effects in Oriented Network
of Amyloid 325-35 fibrils

Abstract Amyloid fibrils are fil-
amentous protein deposits in the
extracellular space of various tissues
in neurodegenerative and protein
misfolding diseases. They may be
used in nanotechnology applica-
tions because of their self-assembly
properties and stability. Recently we
have shown that amyloid beta 25-35
(AB25-35) forms a highly oriented,
K*-dependent network on mica, and
its mutant form (AB25-35_N27C)
may be chemically addressed for
functionalization in dedicated ap-
plications. In the present work we
investigated thermally-induced
changes in the morphology of the
oriented AB25-35 fibril network.
The fibrils maintained a high orien-
tation stability in the temperature
range of 30-70 °C, suggesting

that orientational rearrangement

of AB25-35 fibrils on mica is an

unfavorable process. Above ~ 45 °C
a gradual decrease in fibril length and
dissociation from the surface could
be observed. Furthermore, at high
temperatures (45—70 °C) the average
fibril thickness increased, indicating
changes in the underlying structure
or structural dynamics. Possibly,

a thermally induced transition in the
AB25-35 peptide around 45 °C leads
to structural changes in the fibril as
well. The temperature-dependent
changes need to be considered

in the use of amyloid fibrils in
nanotechnology applications.

Keywords Amyloid fibril - Atomic
force microscopy - Heat stability -
Intrafibrillar interactions - Structural
transition

Introduction

Amyloid fibrils are nanoscale proteinaceous filaments
found in extracellular tissue deposits accumulated in vari-
ous degenerative disorders [1-4]. Amyloid peptides have
been suggested to self-assemble into specific nanostruc-
tures such as nanosensors and conductive nanowires [5—8].
A special advantage of amyloid peptides is that variants
suitable for a particular application may be generated by
chemical [9] or biotechnological methods [8]. Once the
fibrils are formed, they possess high stability under rela-
tively harsh physical and chemical conditions. For nano-
technology applications, well-controlled orientation and

growth of the fibrils would be desired in addition. Recently
we have shown that amyloid 25-35 (AB25-35), a toxic
fragment of Alzheimer’s beta peptide, forms trigonally ori-
ented fibrils on mica [10]. Oriented binding depends on an
apparently cooperative interaction of a positively-charged
moiety on the AB25-35 peptide with the K*-binding
pocket of the mica lattice. The formation of oriented fib-
rils is the result of epitaxial polymerization [11], and the
growth rate and the mesh size of the oriented amyloid
fibril network can be tuned by varying the K™ concen-
tration. In principle, such a fibril network may be used
in nanotechnology applications, provided that a specific
chemical labeling of the fibrils is available. We have also
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demonstrated that AB25-35_N27C, in which Asp27 of the
wild-type peptide was replaced with cysteine that carries
a reactive sulfhydryl side chain, forms epitaxially grow-
ing fibrils on mica which evolve into a trigonally oriented
branched network [12]. The oriented network of AB25—
35_N27C fibrils could be specifically labeled and used for
constructing nanobiotechnological devices. Because of the
potential applicability of the oriented AB25-35 network,
a detailed characterization of its physical and chemical
properties is necessary.

In the present work we investigated, under aqueous
buffer conditions, the effect of increasing temperatures on
the morphology and structure of Af25-35 fibril network
formed on mica. The fibrils displayed a pronounced orien-
tation stability across the investigated temperature range
(30-70°C). Above ~ 45 °C, fibril length became reduced,
fibrils gradually dissociated from the surface, and, inter-
estingly, their average thickness became increased. The
changes are most likely related to thermally-induced struc-
tural changes which are manifested in altered intrafibrillar
and fibril-surface interactions.

Materials and Methods
Sample Preparation

AB25-35 (P GSNKGAIIGLM* -amide) peptide was pro-
duced by solid-state synthesis as documented previ-
ously [9]. Lyophilized peptides were dissolved in DMSO
(50.0mg/ml) and diluted in 10 mM potassium phos-
phate buffer (“PBSA”, 10 mM K,HPO4/KH>PO4, pH 7.4,
140 mM NaCl, 0.02% NaN3) to a final concentration rang-
ing between 0.5 and 2mg/ml. 20l aliquots of such
samples were stored at —80°C for later use. Peptide
concentration was measured with the quantitative bicin-
choninic acid assay [13].

Atomic Force Microscopy

A 150l sample of AB25-35, diluted typically 200-300-
fold in PBSA buffer, was applied to freshly cleaved mica
surface. We used high-grade mica sheets (V2 grade, #52-6,
Ted Pella, Inc., Redding, CA) attached to the bottom of
the closed fluid chamber of the BioHeater module of our
AFM instrument (MFP3D, AsylumResearch, Santa Bar-
bara, CA). After 10 min of incubation at room tempera-
ture, the surface was washed gently with PBSA buffer to
remove unbound fibrils. The fluid chamber was then filled
with 2 ml PBSA buffer so as to fill it completely. Non-
contact mode AFM images were acquired using silicon-
nitride cantilevers (Olympus BioLever, typical resonance
frequency in buffer 9 kHz). 512 x 512-pixel images were
collected at a typical scanning frequency of 1 Hz and with
a high set point (0.8—1 V). The temperature of the closed
fluid chamber was adjusted with close-loop control in 5 °C
steps between 30-70 °C.

M. Kolsofszki et al.

Image Processing and Data Analysis

AFM images were analyzed using algorithms built in to
the MFP3D driving software. Fibril length was measured
from the surface topography along a line positioned in the
longitudinal axis of the respective fibril. Height histogram
peak ratio (r) versus temperature (¢) data (see Fig. 2b) were
fitted with the sigmoid function

Fmax

1 4+et2=n/k’ o

7 = Fmin +
where 11 is the temperature at the half-maximal ratio and
k is a rate constant. For data analysis, we used IgorPro
(v.5.1, Wavementrics, Lake Oswego, OR) and Kaleida-
Graph (v.4.0.2, Synergy Software, Reading, PA) software
packages.

Results and Discussion

Global Morphology of AB25-35 Fibrils at Increasing
Temperatures

AB25-35 peptide formed a trigonally oriented fibrillar net-
work on mica surface. The finding is identical to our previ-
ous observations reported in several recent works [10—12].
The oriented amyloid fibrillar network was exposed to
thermal effects by raising the temperature of the fluid
chamber containing the sample (Fig. 1). The measure-
ments were carried out under aqueous buffer conditions in
the temperature range of 30—70 °C. The fibrils maintained
their orientation across the examined temperature range.
The observation suggests that either the angular reordering
on mica is a highly unfavored process, or it might occur via
a path that involves dissociation and reassociation. Con-
sidering that fibril dissociation is a highly non-equilibrium
process due to the lack of AB25-35 peptides in the buffer
solution, the probability of reassociation is extremely low.
Thus, deviant fibril orientations are absent even at high
temperatures.

Although there were no changes in the main fibril
orientation directions, the number and length of fibrils be-
came reduced at increasing temperatures. While at low
temperatures the mica surface was densely packed with
fibrils as long as several hundred nanometers, above 60 °C
large surface areas devoid if fibrils appeared, and the pres-
ence of very short fibrils became more obvious (Fig. 1).
The reduction in fibril density is the result of the disso-
ciation of fibrils from the mica surface. It has previously
been suggested that the association of A25-35 fibrils to
mica surface involves an apparently cooperative mechan-
ism due to the coupling of numerous fibril-surface inter-
actions [10]. In this arrangement the probability that all of
the bonds holding a fibril on the mica surface become rup-
tured is extremely low. The observation that entire fibrils
dissociated from mica at high temperatures suggests that
thermal activation at these temperatures was sufficient to
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Fig.1 Effect of increasing temperature on mica-associated ApB25—
35 fibril network. Non-contact mode, height contrast atomic force
microscopic images recorded during a gradual increase of sample
temperature in 5 °C steps in a range of 30-70 °C. Selected images
are displayed for temperatures indicated in the upper left corner of
the images.

disrupt all of the bonds holding the fibril on the surface.
Additionally, it might also be possible that coupling within
the fibril became disrupted at high temperatures due to
a thermally induced conformational change. Inhibition of
intrafibrillar coupling is also expected to increase the prob-
ability of dissociation [14, 15]. The observation that short
fibrils became prevalent at high temperatures supports this
idea and indicates that the interactions between the peptide
units within the fibril also became altered.

Quantitative Assessment of Heat-Induced Effects

To explore the details behind the morphological changes
of AB25-35 fibrils, quantitative analyses of the images
were carried out. By following the distribution of image
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pixels according to absolute height, we could monitor the
heat-induced changes in relative occupancy of the mica
surface by AB25-35 fibrils (Fig. 2). Two peaks were ob-
served in the height histogram at each temperature value.
The peak at lower absolute height contains the image pix-
els of the substrate surface. The peak at the greater abso-
lute height contains the pixels corresponding to amyloid
fibrils (Fig. 2a). There was a marked shift between the two
peaks as a function of temperature. While at low tempera-
tures the two peaks were of similar height, at increased
temperature levels the substrate surface peak became dom-
inant (Fig. 2b). The analysis supports the visual observa-
tion that the mica surface occupancy becomes reduced at
high temperatures (Fig. 1). Notably, the reduction in mica
surface occupancy as a function of temperature was not
continuous, but occurred as a transition between 45-55 °C
(Fig. 2b). A sigmoidal fit to the data revealed an inflec-
tion point at a temperature of 48.8 &= 1.5 °C. Conceivably,
a structural change may have occurred within the fib-
rils. Thermally induced conformational changes have been
shown to occur within S-peptides around 45 °C [14, 15].
It is possible that the changes in fibril morphology ob-
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Fig.2 Changes in relative substrate surface occupancy by amy-
loid fibrils as a function of temperature. (a) Height image pixel
histograms at 30 and 65 °C. The peak at lower absolute height cor-
responds to the substrate surface pixels, whereas the one at the
greater height to the fibril pixels. (b) Ratio of the heights of the sur-
face and fibril peaks as a function of temperature. Data were fitted
with Eq. 1
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Fig.3 Mean fibril length as a function of temperature. Lengths
were measured at each temperature value for 50 fibrils randomly se-
lected across the AFM images. Error bars correspond to standard
error of the mean

served here are related to these thermally-induced struc-
tural changes.

Average fibril length also became reduced at increas-
ing temperatures (Fig. 3). The initial length of AB25-
fibrils on the mica surface, at room temperature, is limited
not by equilibrium factors but by mechanical effects, be-
cause an individual fibrils may grow only until it hits an-
other fibril that lies across its path [10]. Upon increasing
temperature, average fibril length did not change signifi-
cantly until 40 °C was reached. Increasing temperature
above 60 °C, however, resulted in ~ 60% reduction of
average fibril length. The results of the analysis corres-
pond well with the morphological observations that re-
vealed the appearance of short fibrils at high temperatures

(Fig. 1).

Heat-Induced Microstructural Changes in AB25-35
Fibrils

In order to reveal mechanisms behind the heat-induced
structural changes, we analyzed the distribution of fibril
thickness as a function of temperature. The peak in the ab-
solute height histogram (Fig. 2a) that corresponds to the
fibril pixels shows wide, Gaussian distribution. Because of
tip convolution, the peak does not exactly correspond to
fibril height. Rather, it represents the fibril cross-sectional
topography convolved with tip geometry. To obtain fib-
ril thickness statistics with precision, we measured the
local height along a line positioned in the longitudinal
axis of individual fibrils. Data are shown in Fig. 4. Be-
tween 30-45°C we observed a multimodal distribution
of fibril height. The histogram peaks most likely corres-
pond to B-sheets or protofilaments which are positioned
above one another. The greater the number of S-sheets
or protofilaments superpositioned, the greater the appar-
ent fibril thickness. The average fibril thickness gradu-
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Fig.4 Effect of temperature on amyloid fibril thickness distribu-
tion. Fibril thickness data were obtained by measuring the height
along the longitudinal axis of the fibrils. 50 fibrils randomly se-
lected across the AFM images were analyzed, for which all the
pixels along the axis were included. Fibril height data were cor-
rected with the average absolute sample height obtained from the
height image histograms (see Fig. 2a)

ally shifted to lower values upon increasing the tempera-
ture from 30 to 35°C. Probably the elevation of tem-
perature resulted in the dissociation of the upper, super-
ficial layers of B-sheets or protofilaments, leaving behind
only the underlying, fundamental layer directly associ-
ated with the mica surface. In addition to the decrease
in average thickness, we also observed a gradual loss in
multimodality. Upon reaching 55 °C, only a single-mode
histogram could be observed. The gradual loss of mul-
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tiple modes supports the idea that superficial layers of
the AB25-35 fibrils became dissociated, and only a sin-
gle fibrillar layer remained. Finally, in the temperature
range of 45—65°C the average fibril thickness gradu-
ally increased with increasing temperatures. We may in-
voke two possible alternative mechanisms to explain the
surprising, thermally-induced increase in fibril thickness.
The first possibility is that a conformational transition
of the $25-35 peptide around 45 °C induced structural
changes in the fibril as well, resulting in increased ap-
parent thickness. The second possibility is that there are
no structural changes, but intrafibrillar structural fluctua-
tions became greatly enhanced at the elevated tempera-
tures. The increased fluctuations then result in the ob-
servation of apparently thicker fibrils. Because structural
changes may occur in the B-peptide at ~ 45 °C [14, 15],
the conformationally driven effect is more plausible. How-
ever, further experiments are needed to sort out the exact
mechanisms.
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Conclusions and perspectives

In the present work we investigated the heat stability and
temperature-induced morphological changes in A25-35
fibrils associated with mica in the form of an oriented net-
work. Orientation stability was high in the temperature
range of 30-70 °C, but fibril dissociation and a possible
intrafibrillar structural change occurred at elevated tem-
peratures. Because the oriented amyloid network may be
important in nanotechnological and nanoelectronic appli-
cations, temperature-dependent effects need to be taken
into consideration and further investigated.
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Temperature Induced DNA Compaction
in a Nonionic Lamellar Phase

Abstract A nonionic lamellar phase
was prepared using CigE3 in buffer
solution at pH = 7.6. A suitable
T4DNA concentration around 5 wt %
was immobilized in a lamellar phase
with 40 wt % CoE3. The mixed
system was investigated at two
temperatures, 25 and 5 °C by using
cryo-fracture TEM direct imaging,
fluorescence microscopy and small-
angle X-ray scattering. The surprising
results where obtained showing that

the DNA conformation can be tuned
to compacted and extended state at 25
and 5 °C, respectively. Additionally,
DNA is aligned with a preferential
orientation in the direction of the
flow by simply injecting the sample
in a capillary.

Keywords DNA — compaction

— decompaction - Mesh phase —
lamellar phase - Nonionic surfactant
- CyoEs3

Introduction

Liquid crystalline materials have been a subject of many
fundamental studies. In particular, lyotropic liquid crys-
talline phases that are formed by amphiphilic molecules
in aqueous solution [1]. The understanding of the phase
behaviour of the rich variety of morphologies and how
to control the intrinsic ordering by external parameters is
vital for numerous industrial applications [2, 3]. In particu-
lar, liquid crystalline materials have been used combined
with biomolecules as a tool in order to build new biological
soft materials in drug delivery and as artificial matrices for
tissue engineering [4, 5].

One of the most interesting self-assembly structures is
the lamellar phase or L,. In this phase the surfactants are
organized into planar bilayers with a characteristic spacing
between them. This ideal two-dimensional environment
between bilayers can be used to immobilize biomacro-
molecues and to aligned them [6]. The alignment can be
induced by e.g. a magnetic field or shear flow. Macro-
molecules like proteins or DNA have previously been suc-
cessfully immobilized in L, structures. DNA and oppo-
sitely charged cationic lipids may form liquid crystalline
structures usually with lamellar structure [6—8]. Biological

macromolecules have also been incorporated into nonionic
liquid crystals [9]. The use of nonionic surfactant based
lamellar phases has the additional interest because charged
molecules, as DNA can not interact electrostaticaly with
the bilayers. This gives us some additional freedom to
manipulate molecules in two-dimensional arrangements.
They can be easily aligned under of flow or in a magnetic
field without restriction of the electrostatic interactions
with the bilayers.

It is well know that nonionic surfactants form a rich
variety of self-assembled structures that can be tuned by
varying temperature or concentration [10]. In particular,
C10E3 (C1oH21 (OCH;CH3)30H) forms a lamellar phase
with water at 25 °C which can be transformed into a ran-
dom lamellar mesh phase upon decreasing temperature.
The mesh phase is characterized by the presence of perfo-
rated domains [11, 12]. These perforations can be a mimic
of many natural processes occurring in the living cell [13].
Additionally, in combination with alcohols the spacing
in the lamellar phase can range from several hundred
nanometers (1 wt%) to a few nanometers in the more
concentrated regime (> 5 wt %) [14]. Polyethylene gly-
col moieties (PEG) are water soluble, non-toxic, and non
immunogenic. These properties can enhance biocompati-
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bility. Liquid crystalline materials composed of PEG are
also uncharged, insensitive to pH, fairly insensitive to salt
and more important have no binding capacity for charged
macromolecules [9].

In the present work we investigate the mixture of
T4DNA with a nonionic lamellar phase of C19E3 in buffer
solution and the corresponding mesh phase using small-
angle X-ray scattering, fluorescence microscopy and cryo-
fracture TEM. Interestingly, both extended and compacted
DNA conformations can be observed as a function of tem-
perature.

Experimental
Materials and Sample Preparation

C10E3 was supplied by Nikko Chemical Co. Ltd., Tokyo,
with purity > 98%. Coliphage TADNA 166kbp was sup-
plied by wako Nippon Gene. Fluorescent dye GelStar®
nucleic acid gel stain was from Cambrex and is supplied
as a 10, 000x concentrated stock solution in DMSO. All
stock solutions were prepared in a 10 mM Tris-Cl buffer
(pH 7.6). DNA molecules were diluted in the 10 mM Tris-
Cl buffer. The final concentration of DNA was 0.5 uM
in nucleotide units. All 40 wt % samples of CjpE3 have
been prepared by gently mixing the appropriate amount of
surfactant and millipore filtered HyO. The experiments of
fluorescence microscopy where made with GelStar.

Fluorescent Microscopy

The samples were illuminated with a UV-mercury lamp,
the fuorescence images of single DNA molecules were
observed using a Zeiss Axioplan microscope, equipped
with a 100U oil-immersed objective lens, and digitized on
a personal computer through a high-sensitive SIT Cvideo
camera and an image processor, Argus-20 (Hamamatsu
Photonics, Japan). The observations were carried out at 5
and 25 °C. Special care was taken to clean the microscope
glasses (No. 0, Chance Propper, England) thoroughly be-
fore the observation to prevent DNA degradation, as well
as precipitation to the glass surface.

Cryo-Fracture TEM

A drop of the sample was put on a glow-discharged car-
bon grid (Lacey Carbon filmed grid). The specimens were
made using a standard cryo-TEM procedure [15]. The
setup was a Philips CM120 cryo electron microscope op-
erated at 120kV. Images were recorded with a GIF 100
(Gatan Imaging Filter), using a CCD camera and a low
mode dose, giving low beam intensity. The lamellar phase
was frozen on the carbon grid. Fractures of the frozen spe-
cimen can be formed by using a new procedure of breaking
the carbon grid with the tweezers [16]. The thickness of
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the sample does not allow observing the whole sample, but
only the edges of the fractures where the sample is thin
enough so that the lamellar phase can be observed and di-
rectly imaged using the electron microscope.

Small-Angle X-ray Scattering (SAXS)

Small-angle X-ray scattering where performed in MaxLab
laboratory, Lund, Sweden on the beam line 1711. The
wavelength range is 0.8—1.55 A. The instrument utilizes
a 13-period, 1.8 T, multipole-wiggler designed to oper-
ate in the 0.85 (14.6keV) to 1.55 A (8.0keV) region.
The beamline has a single crystal monochromator, giv-
ing a high photon flux at the sample but sacrificing easy
tunability and high energy resolution. For detailed infor-
mation about the instrument, see Cerenius et al. [17]. The
capillaries were filled with the samples shortly before the
measurements. During the measurement, the samples were
kept in an evacuated sample chamber with a thermostated
capillary holder. The samples have been thermostated at
a given temperature for 2 h before any measurement was
performed. Scattering was accumulated for 150 s.

Results and Discussion

The phase behavior of C1gE3 in aqueous solutions is well
known and have been reported in the earlier studies by
Ali and Mulley [18]. In particular the lamellar phase re-
gion as well the transition to a mesh lamellar phase has
been studied as a function of temperature and concen-
tration [11]. Also different topological transformations
of surfactant bilayers have been investigated under shear
flow [19,20]. The general information about the phase be-
havior of CjoE3 in water is shown on Fig. 1.

A 5 wt % concentration of TADNA has been added to
the original lamellar phase prepared at 40 wt % of CigE3
in buffer solution. The sample was gently mixed in order
to insure homogenization of the mixture. The sample was
stored at room temperature for 24 h, imaged at 25 °C and
after that kept at 5 °C for another 24 h. After this, the sam-
ple was used in the cryo-fracture TEM experiment. The
imaging of the C1oE3 40 wt % and DNA is shown in Fig. 2.

The results show the presence of perforated domains,
as in the lamellar phase prepared without DNA. This is an
indication that the structure of the lamellar phase is not
significantly affected by the presence of DNA. However,
DNA should be present in the lamellar phase, between
the lamellae. In Fig. 2 we show two possible orientations
of the lamellar phase, with respect to the electron beam,
denoted a) and b). The orientation a) corresponds to the
lamellar phase normal being parallel with the beam, and in
this position, the presence of perforated domains charac-
teristic of the mesh lamellar phase can be observed. Simi-
lar perforations where observed with the lamellar phase
prepared in pure water and the same concentration [16].
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Fig. 1

(a) Molecular structure of CjoE3 indicating the hydrophobic and hydrophilic moieties. (b) Phase diagram of CjgE3 in water

solutions from [18] and (c¢) represent the lamellar phase with the characteristic distances d-spacing and § the thickness of the bilayer

The perpendicular b) orientation of the lamellar phase cor-
responds to a cut through the several layers. This image
informs us about the spacing of the lamellae.

In order to investigate the DNA conformation in
the lamellar phase we have performed fluorescence mi-
croscopy experiments using T4DNA stained using Gel-
Star. In Fig. 3 we show the fluorescence microscopy im-
ages of individual TADNA molecules immobilized in the
lamellar phase at 25 and 5 °C, respectively.

The apparent size of the compacted DNA observed in
the Fig. 3 at 25°C is approximately 0.7 +0.2 wm. This
result is in good agreement with previous findings for
T4DNA in buffer solution when this is compacted by using
different types of cationic surfactants [21]. At this tem-
perature we can not observe the presence of DNA in the
coil conformation, hence no coexistence between coils and
globules was found. The results at 5 °C show that DNA is
present in the elongated coil conformation with no pres-
ence of globules in the solution. We note that the DNA
appear to be more extended compared to the same DNA in

bulk solution, possibly due to a two dimensional confine-
ment. Similar has been observed with DNA immobilized
on surfaces [21]. What is particular interesting here is the
possibility to control the DNA conformation by simply
changing the temperature of the system. The kinetics of the
process is currently under investigation.

Finally, in order to obtain additional information about
the influence of DNA on the lamellar phase as well as the
DNA alignment we have performed SAXS experiment at
25 and 5 °C. All the samples were kept at approximately
5 °C for several days before measurements. The capillaries
were filled at 5 °C using a cooled syringe and immediately
put in the SAXS sample chamber cooled to 5 °C. The sam-
ples are then left to equilibrate at 5 °C for 2 h before the
measurements. After the measurement at 5 °C, the tem-
perature was raised to 25 °C and left to equilibrate for two
hours before the measurements. In Fig. 4 we show the two-
dimensional pattern obtained using SAXS instrument for
a lamellar phase in buffer with and without T4ADNA at 25
and 5 °C.
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Fig.2 Cryo-fracture TEM imaging of 40 wt % CjoE3 in buffer so-
lution in presence of TADNA at 5 wt % at 5 °C. (a) and (b) represent
the two different orientation of the lamellar phase as is indicated on
the inset

In Fig. 4a the typical two-dimensional pattern charac-
teristic of a poly-crystalline or powder lamellar phase is
shown. The rings resulting form the Bragg reflections on
the g space show only a weak preferred orientation in
one direction. This can be a consequence of the preferen-
tial orientation of the bilayers on the direction of the flow
when the sample is injected into the capillary. In the pres-
ence of DNA, we instead observe a strong alignment of
the lamellar phase in the capillary. This is probably due to
DNA being aligned in the flow direction.

Looking at the temperature effect we can easily observe
that the patterns at 25 °C are better defined than at 5 °C,
for both the first and the second peak. It was reported for
other nonionic systems that the temperature has an effect
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Fig.3 Fluorescence imaging of TADNA immobilized in a lamellar
phase CyoE3 at pH 7.6 at 25 and 5 °C. a and b show the transition
between different layers

on the repeat distance and this effect was be more pro-
nounced as the surfactant concentration is decreased [22].
However there is more pronounced effect on the topology
of the lamellar phase under shear [23,24]. Working at
40 wt % the effect of temperature in our systems is neg-
ligible and the position of the Bragg peaks does not shift
towards higher ¢ when the temperature drops from 25 to
5 °C. However the decrease in temperature suppresses the
undulations that can affect the regularity of the lamellar ar-
rangement. It is accepted that in nonionic surfactants the
lamellar phase is stabilized by the long-ranged Helfrich re-
pulsion that is a result of the thermal undulation [25]. Un-
dulation forces dominate when the membranes are flexible
or the electrostatic forces are absent or screened out [26].
This condition is satisfied in our system and it is expected
that undulation forces can be dominant at 25 °C and very
week at 5 °C.

The addition of T4ADNA gives us a substantially dif-
ferent picture of our system as we can observe in Fig. 4b.
We know that DNA is present in an extended conforma-
tion at 5 °C, hence looking at the two-dimensional pattern
from SAXS experiments we can observe a strong prefer-
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Fig.4 Two-dimensional SAXS patterns for CjoE3 at 40 wt % in buffer pH 7.6 at 5 and 25 °C without (a) and with (b) T4DNA at a con-

centration 5 wt %

ential orientation of the mixed system CjoE3; + T4DNA.
The extended DNA is expected to be immobilized with
different degrees of extension, meaning different apparent
long axis lengths. As the DNA is a polyelectrolyte, here
confined in an ideal 2D box, we can expect partial orienta-
tion between the bilayers because of the repulsion between
DNA macromolecules. The effect of the flow when the
sample is injected on the capillary should affect mainly
the different groups of stacked bilayers but not substan-
tially the individual molecules of DNA between bilayers.
At 25 °C the DNA is present in a compact conformation
and can be treated ideally as a dot. In this case there is no

preferential orientation of the DNA, hence the slight ef-
fect observed on the two-dimensional patters is mainly due
to the orientation of the lamellar phase itself and the di-
minished anisotropy or order of the system induced by the
presence of DNA in a compact conformation.
Summarizing the substantially different two-dimen-
sional pattern shown at 5 °C in the presence of DNA gives
us an indication about the DNA conformation in the lamel-
lar phase. The preferential orientation of the sample at 5 °C
is the result of the orientation of the lamellar arrangement
under flow when the sample is injected in the capillary.
The results from SAXS are in agreement with the ob-
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servations from fluorescence microscopy experiments and
confirm the different conformations of the DNA in the
lamellar phase.

A different DNA condensing agents can induce com-
paction by a variety of mechanism, in particular when
compaction is achieved by using cationic surfactant the
compaction mechanism goes through the formation of
a surface micelles that exist only in the presence of DNA
or other charged polyelectrolyte. Using nonionic surfac-
tants, Budker et al. [27] showed that reversed micelles
formed by Ci2E4 in an organic solvent can induce DNA
compaction on the small inner space of the isotropic mi-
cellar phase. Forming a lamellar phase at higher surfactant
concentration they found the presence of DNA structures
reminiscent of “nanowires” that they interpret as partially
condensed DNA within the lamellar phase. Also there is
some evidences that the state of water can affect the DNA
packing [28].

The results obtained from SAXS gave a constant
q position for all the samples. This means that the d-spacing
between the bilayers is the same and independent of
changes in the temperature or addition of DNA. Previ-
ous studies on the mixture of simple polyelectrolyte and
nonionic surfactant in lamellar phase revealed insolubil-
ity of the polyelectrolyte in the nonionic lamellar phase
and preference for phase separation [29]. One phase con-
sists of a pure polyelectrolyte and water, while the other
phase consists of a pure (and more concentrated) lamel-
lar phase essentially free from polyelectrolyte. In this case
the lamellar phase is “squeezed” by electrolyte solution
leading to shorter d-spacing between lamellae is shorter.
This would give a shift in ¢ to higher values, which we do
not observe from the SAXS pattern. Thus, no phase seg-
regation is present in our system. If, on the other hand,
the polyelectrolyte was hydrofobically modified by graft-
ing hydrophobic chains on the polyelectrolyte bone, the
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polyelectrolyte becomes soluble in the lamellar phase and
no phase separation is observed. According to this, we
could treat the DNA as a polyelectrolyte with hydrophobic
patches. Also, it is important to point out that the changes
in the structure of the DNA molecule with temperature can
be due to a strong temperature dependence of properties of
the nonionic surfactant. It is well known that the solubility
of a nonionic surfactants in water decrease with increase
in temperature. This is believed to be the origin of this in-
triguing phenomenon that allows tuning DNA compaction
with temperature.

Conclusions

The lamellar phase conformation seems not to be affected
by the presence of DNA in buffer solution. The presence
of perforation domains on the bilayers characteristic of
a mesh lamellar phase have been observed at 5 °C using
the new cryo-fracture TEM direct imaging technique. The
DNA conformation seems to be controlled by changing
temperature form 25 to 5 °C. Additionally, the alignment
of DNA molecules immobilized on the lamellar phase can
be induced by flow when the sample is injected in a cap-
illary. The mechanism of DNA compaction controlled by
temperature is for the present not understood. Additional
experiments in order to understand the mechanism and the
kinetics of the process will be carried out in our lab in
order to achieve a better understand of these interesting
phenomena.
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Introduction

A Two-step Aggregation Scheme of Bile Acid
Salts, as Seen From Computer Simulations

Abstract The concentration depen-
dence of the aggregation scheme

of two bile anions, i.e., cholate

and deoxycholate is investigated in
aqueous environment on the basis

of molecular dynamics computer
simulations. The distribution of the
probability that a bile ion belongs

to a cluster of a given size is deter-
mined. In the analysis we distinguish
between hydrogen bonding con-
nections and links of hydrophobic
origin. The results show that at low
concentrations the systems contain
small primary micelles, built up by
no more than 10 ions. For cholate,
these primary micelles are either kept
together by hydrophobic interactions,
or by hydrogen bonds, whereas in
the case of deoxycholate the number
of the hydrogen bonded aggregates

is negligibly small. At high concen-
trations large secondary micelles are
formed by the attachment of primary
hydrophobic micelles to each other
by hydrogen bonds.

Keywords Bile acids - Computer
simulation - Micelles - Primary-
secondary micelle model

The aggregation mechanism of the amphiphilic mol-
ecules can be, however, considerably different from the

Aggregation and self-assembly behavior of amphiphilic
molecules is one of the key issues of colloid chemistry
for many decades. Simple surfactants, typically built up
by a long apolar hydrocarbon tail and a small, ionic or
strongly polar head are usually forming spherical micellar
objects in aqueous environment above a certain concen-
tration, called the critical micellar concentration (cmc),
whereas below this concentration value they do not ag-
gregate. The main thermodynamic driving force of this
micelle formation is the free energy gain due to the dras-
tic decrease of the water-apolar contacts, letting the water
molecules participate in their hydrogen bonded network
instead.

above picture if the molecular structure of the surfactant
is largely different from the long apolar tail — small po-
lar head scheme. Amphiphils of this type frequently occur
in biological systems. Bile acids, acting as solubilizers of
cholesterol, bilirubin, and various fat-soluble vitamins in
the intestine of vertebrates are probably the best known
examples for such biological amphiphils. The structure of
these molecules, biosynthetized from cholesterol in the
liver, is characterized by a large, rigid, quasi-planar tetra-
cyclic ring system. The amphiphilic character of the bile
acids comes from the fact that the polar (usually OH) and
apolar (usually CH3) groups are attached to the opposite
sides of the ring system. Thus, these molecules are char-



182

Cholate

Fig.1 Spatial structure of the cholate (fop) and deoxycholate (bot-
tom) ions. The notation used to mark the oxygen atoms of different
positions (i.e., A—D) throughout the paper is also indicated.

acterized by a hydrophilic and a hydrophobic face. These
faces are usually referred to as the o and 8 face of the
molecule, respectively. The spatial structure of two bile
ions, i.e., cholate and deoxycholate is shown in Fig. 1. The
cholate ion has O atoms in four different positions, marked
here by the letters A—D. The difference between these two
bile ions is that deoxycholate lacks the oxygen atom in pos-
ition D, which makes this ion less hydrophilic than cholate.

The unusual arrangement of the polar and apolar groups
leads to a peculiar aggregation behavior of these ions. First,
the aggregation number of the bile salt micelles just above
the cmc is much smaller, and the cmc itself occurs at consid-
erably lower concentrations than in the case of the widely
studied aliphatic surfactants. For instance, the cmc value
of both cholate and deoxycholate is below 10 mM, and the
mean aggregation number of their micelles in the concentra-
tion range of 10—-50 mM is about 2-5 [1]. A more striking
feature of the aggregation scheme of bile acid salts is that it
is characterized by at least two cmc values. At the vicinity
of the higher cmc value the aggregation number increases
rather sharply, whilst it shows only a rather weak depen-
dence on the surfactant concentration between the two cmc
values and above the higher value. Thus, the aggregation
number of both the cholate and the deoxycholate ion is about
20 above the concentration value of 100 mM [1].

The aggregation of bile salts was first explained by the
primary—secondary micelle model of Small [2]. According
to this model, at low concentrations the bile ions are form-
ing small, primary micelles. In these micelles the bile ions
turn toward each other by their hydrophobic g face. Thus,
similarly to the conventional spherical micelles, these pri-
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mary micelles are also characterized by a hydrophobic
core and a hydrophilic outer surface. The low aggregation
number can simply be explained by the fact that these ions
possess a hydrophobic face rather than just a hydropho-
bic tail. Above the second cmc these primary micelles
are attached together forming large secondary micelles by
hydrogen bonding interactions acting between their hy-
drophilic outer surfaces.

In spite of its plausibility and elegance, the primary—
secondary aggregation model of Small has later been chal-
lenged several times. Thus, Oakenfull and Fisher found
by conductometry measurements that both cholate and de-
oxycholate ions can hydrogen bond to each other, forming
even hydrogen bonded trimers and tetramers just above the
first cmc [3-5]. Similar results were obtained by Venkate-
san et al., who found that by attaching more hydrophilic
groups to the o side of the bile ion the first cmc shifts
to lower concentrations, indicating that hydrogen bonds
between the bile ions probably play an important role in
the formation of the micelles even between the first and
second cmc’s [6]. Results of molecular mechanics calcula-
tions of Li and McGown were, however, in contradiction
with these conclusions, indicating that in sodium tauro-
cholate aggregates hydrogen bonding interactions do not
play an important role even above the second cmc [7].
All these results indicate that the details of the primary-
secondary micelle model of Small has to be refined, and
also that the small differences between the chemical struc-
ture of the various bile ions can lead to certain differences
in their aggregation mechanism.

To investigate this problem computer simulation meth-
ods can be very efficient tools. In a computer simulation
the intermolecular interactions are described by appropri-
ate model functions, and a set of sample configurations,
representing the required equilibrium statistical mechan-
ical ensemble (i.e., canonical, isothermal-isobaric, grand
canonical, etc.) of the model system investigated is gen-
erated. In these sample configurations the system is seen
at atomistic resolution, and therefore any structural char-
acteristic of the equilibrium system can, in principle, be
accessed. The choice of the used model has, of course, to
be validated, which can be done by demonstrating that the
model system is able to sufficiently well reproduce various
experimentally obtained properties of the real system.

In spite of the suitability of computer simulation
methods in studying the properties of bile ions in aqueous
solutions, such studies have only been performed a hand-
ful of times. In their pioneering paper Marrink and Mark
studied the solubilization of cholesterol by bile ions [8].
Later, Nakashima et al. simulated sodium chenodeoxy-
cholate at infinite dilution (i.e., placing one single ion pair
in the simulation box) [9]. Recently, we performed mo-
lecular dynamics simulations of the aqueous solutions of
sodium cholate and sodium deoxycholate at various dif-
ferent concentrations [10, 11]. In these papers we demon-
strated that the systems simulated indeed reached ther-
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modynamic equilibrium (i.e., the size of the individual
aggregates are fluctuating, whereas the cluster size distri-
bution does not change with the time, and the clusters are
in a dynamical equilibrium with the monomers) [10], ana-
lyzed the pair correlation functions, dynamics of the bile
ions, cluster size distributions [10], relative orientation of
the neighboring ions, and characterized the morphology
of the various aggregates [11]. We also demonstrated that
the model system studied sufficiently reproduces the ex-
perimental properties of the bile acid aggregates. The first
cmc value of the cholate and deoxycholate ions was found
to be 2.7 and 4.1 mM, respectively, and the second cmc
appeared between 30 and 90 mM in the case of sodium
cholate, and between 90 and 300 mM for sodium deoxy-
cholate. The average size of the aggregates was found to
be between 4 and 5 for both ions at 30 mM (i.e., between
the two cmc’s), and 20 and 7-8 for cholate and deoxy-
cholate, respectively, at 300 mM, i.e., above the second
cmc.

In this paper we focus our attention to the problem of
what is the probability that a bile ion belongs to an ag-
gregate of a certain size. This analysis provides us a more
precise description of the aggregation scheme than what
can be obtained simply by calculating the cluster size
distribution, as done in the previous paper [10]. This an-
alysis provides us the opportunity to test the validity of
the primary-secondary aggregation model of Small for our
systems, and also to refine this model appropriately in the
light of the present findings.

Molecular Dynamics Simulations

The molecular dynamics simulations performed have been
described in detail in our previous paper [10], thus, only
a brief summary of their details is presented here. Aque-
ous solutions of sodium cholate and sodium deoxycholate
have been simulated on the isothermal-isobaric (N, p, T)
ensemble at 298 K and 1 atm at three different concentra-
tions, i.e., 30, 90 and 300 mM. These systems have con-
tained 10, 27 and 124 ion pairs, hydrated by 18 000, 16 000
and 20000 water molecules, respectively. Cubic simula-
tion box and standard periodic boundary conditions have
been applied. The bile ions have been described by the
potential model of Hoéltje et al., developed originally for
cholesterol [12]. Since this potential model is based on the
GROMOSS7 force field [13, 14], the ligands attached to
the tetracyclic ring system as well as the Na™ counterions
have also been described by this force field. The CH, CHj
and CH3 groups have been treated as united atoms. Wa-
ter molecules have been modeled by the SPC/E potential
model [15].

The simulations have been performed by the
GROMACS program package [16]. The length of the
bonds have been kept fixed by employing the LINCS [17]
and SETTLE [18] algorithms for the bile ions and wa-
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ter molecules, respectively. The temperature and pressure
of the systems have been kept constant using the weak
coupling algorithms of Berendsen [19]. Lennard—Jones in-
teractions have been truncated to zero beyond the cut-off
distance of 9.0 A. The long-range part of the electrostatic
interactions has been treated by the smooth particle mesh
Ewald method [20].

The integration time step of 2fs has been used in
the simulations. The equilibration part of the simulations
has been 20-50 ns long. During this time even the slow-
est varying observables relevant to our study have been
found to converge to their equilibrium values [10]. Then,
1000 sample configurations per system, separated by 20 ps
long trajectories each, have been saved for the analysis.
This length of 20 ns of the production period was shown to
be at least an order of magnitude longer than the average
lifetime of both the monomers and of the connected state
of two bile ions [10], indicating that the samples collected
in this period can indeed provide relevant statistics for the
cluster size distribution analyses.

Results and Discussion

In analyzing the properties of any kind of aggregates one
has to specify first when two monomeric units are regarded
as linked to each other. The situation is further compli-
cated here by the fact that two bile ions can be linked
together in two different ways: they can either hydrogen
bond to each other, or can be attached to each other in
a hydrophobic way, by expelling the water molecules from
the region between them. Based on the detailed analy-
sis of the pair correlation functions of the various atomic
groups of the bile ions we created three linking defini-
tions [10]. Thus, two bile ions are defined to be (i) con-
nected (C-bonded) to each other if their centers-of-mass
are closer to each other than 10.75 A, (ii) hydrogen bonded
(H-bonded) to each other if the distance of two O atoms
belonging to the two different ions is smaller than 3.35 A,
and, at the same time, the distance of one of these O atoms
from the H atom chemically bound to the other O atom
is less than 2.45 A, and (iii) hydrophobically bound (P-
bonded) to each other if the distance of two CH3 groups
attached to the tetracyclic ring systems of the two ions is
less than 5.5 A. Based on these linking criteria, we can
define the following three types of aggregates. Hydrogen
bonded primary micelles (CH clusters) are the assemblies
of bile ions from any of which one can reach any other
one by a chain of bile ion pairs that are both C- and H-
bonded to each other. Similarly, hydrophobically bound
primary micelles (CP clusters) are the assemblies of bile
ions from any of which one can reach any other one by
a chain of bile ion pairs that are both C- and P-bonded
to each other. Finally, secondary micelles (CPH clusters)
are the assemblies of bile ions from any of which one
can reach any other one by a chain of bile ion pairs that
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Fig.2 Examples for a neighboring H-bonded cholate ions, b a small hydrophobic primary micelle built up by four deoxycholate ions, and
¢ a large secondary deoxycholate micelle, formed by five hydrophobic primary ones that are attached together by hydrogen bonds, as taken
out from instantaneous equilibrium configurations of the simulations. For the hydrogen bonded pairs the type of the O atoms participating
in the hydrogen bond is also indicated. The hydrophobically bound deoxycholate cluster is additionally stabilized by hydrogen bonds be-
tween the C-type O atoms located at the end of the flexible hydrocarbon tail and OH groups located at the outer surface of the aggregate.
In order to illustrate the presence of the two different types of structural elements in the secondary micelle, the elemental hydrophobic
aggregates and the hydrogen bonded oxygen pairs are marked by circles and by double lines, respectively.

are both C- and either H- or P-bonded to each other. In order to characterize the size of the various aggre-
Examples for CH, CP and CPH clusters are shown in gates that are present in the systems we have calculated the
Fig. 2, as taken out from equilibrium configurations of the distribution of the probability p; that a bile ion belongs to
simulations. a cluster built up by exactly i ions. Clearly, if the number of
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the i-size clusters is n;, the p; probability can be calculated
as
» in; in;
r— - ’
Zilil inj N
where N is the total number of the bile ions in the system.
The p; distribution is a much more sensitive character-
istic of the clustering properties than the simple cluster
size distribution s; = n;/ Y n;, used in our previous pa-
per [10]. Namely, the role of the small aggregates and,
in particular, monomers is overemphasized by s;, which
can be avoided by using the p; distribution instead. As
a simple example, if in a system of 100 particles all but
one of the particles belong to the same cluster the values
of p1 and pg9 are 0.01 and 0.99, respectively (i.e., 1%
of the particles are monomers), but the s; and sg9 values
are both 0.5 (since 50% of the clusters are monomers).
It is also clear that the mean value of the p; distribution,
calculated as

_ X ip _ X e _ Y P

is exactly the weight average of the cluster size distri-
bution, and hence it detects the formation of large sec-
ondary aggregates in a system that contains only a small
number of particles (as, unavoidably, in the case of any
computer simulation) more sensitively than the simple
number average of the cluster size (s) =) is;/ Y si =
>ini/ Y ni.

The distribution of the p; probability that a bile ion
belongs to a cluster of the size i is shown in Fig. 3 as
obtained in the six different systems simulated for the
CH and CP primary as well as for the CPH secondary
micelles. The corresponding cluster size weight average
values are summarized in Table 1. As is seen from Fig. 3a,
the p; distribution of the hydrogen bonded clusters does
not show a considerable dependence on the bile salt con-
centration. In the case of sodium cholate about half of
the ions do not have any hydrogen bonded cholate part-
ner, whereas the rest of the ions belong to small hydro-
gen bonded oligomers, built up by only a few cholate
ions. In the case of deoxycholate, however, the vast ma-
jority of the ions are isolated monomers as far as only

(D

{p) 2
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hydrogen bonding interactions are concerned. A similar
picture is seen when only the hydrophobic links are con-
sidered (Fig. 3b). The hydrophobically bound clusters are
typically larger than the hydrogen bonded ones, but the
fraction of the bile ions that belong to CP clusters built
up by more than 10 ions is small in every case. How-
ever, if both hydrogen bonding and hydrophobic con-
nections are taken into account the resulting p; distri-
bution (Fig. 3c) shows strong concentration dependence.
At low concentration (i.e., 30 mM) the p; distribution
of the CPH and CP clusters are rather similar to each
other. At intermediate concentration (90 mM) the distri-
bution obtained for cholate is already shifted to higher
values, whereas in the case of deoxycholate this distribu-
tion is still rather similar to the one obtained at 30 mM.
However, at high enough concentration (i.e., 300 mM) the
p; distribution is extended to rather large values (i.e.,
above 50 for cholate and up to about 40 for deoxy-
cholate). The p; distribution of the cholate ions shows
a very nice periodic structure. Its first peak appears at 10—
15, followed by another ones at about 25-30, 40 and 50,
respectively. This finding indicates that smaller clusters
built up by 10-15 monomers frequently merge to larger
ones. Considering also the behavior of the p; distribu-
tion of the CH and CP clusters we can conclude that
hydrophobically bound primary (CP) micelles are stuck
here together by hydrogen bonds to form large secondary
aggregates.

In the light of the present findings we can refine the
primary—secondary micelle model of Small [2] in the
following way. The role of the hydrogen bonding in-
teraction in the formation of primary micelles strongly
depends on the hydrophilicity of the bile ion. Thus, in
the case of deoxycholate, which lacks the OH group at
position D (see Fig. 1), and hence can be characterized
by a hydrophilic edge rather than a hydrophilic face,
the aggregation mechanism can be well described by
the model of Small. At low concentrations only primary
micelles, kept together by hydrophobic interactions are
present in the system, whereas at higher concentrations
these primary micelles are attached together via hydro-
gen bonding to form secondary aggregates. The struc-
ture of such a large secondary aggregate is illustrated in
Fig. 2c. However, in the case of the cholate ion, which

Table1 Cluster size weight average of the CH, CP and CPH clusters as obtained in the six simulations performed

30 mM 90 mM 300 mM
Sodium Sodium Sodium Sodium Sodium Sodium
Cholate Deoxycholate Cholate Deoxycholate Cholate Deoxycholate
CH clusters 1.44 1.04 1.88 1.11 2.65 1.26
CP clusters 2.76 391 5.75 5.13 6.49 5.03
CPH clusters 4.26 4.01 9.49 5.60 12.48 9.01
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Fig.3 Distribution of the probability p; that a bile ion belongs to a cluster built up by exactly i ions, if the cluster is kept together by
a solely hydrogen bonds, b solely hydrophobic links, and ¢ both of these two types of bonds in the six different systems simulated

is certainly more hydrophilic than deoxycholate, hydro-
gen bonding interactions also play a non-negligible role
even in the formation of the primary micelles. Thus, at
low concentrations the system contains both hydrogen
bonded primary aggregates and hydrophobically bound
primary micelles. The structure of the large secondary

micelles, occurring at high enough concentrations, is
similar to those of deoxycholate, however, it should be
noted that here the role of the hydrogen bonding and hy-
drophobic links is symmetric. Thus, secondary cholate
micelles can equally be described as hydrophobically
bound primary micelles that are linked to each other by
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hydrogen bonds, and as hydrogen bonded primary ag-
gregates that are linked to each other by hydrophobic
interactions.
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Interaction of Cetyl Trimethylammonium
Bromide With Poly-(N-1sopropylacrylamide-Go-
Acrylic Acid) Copolymer Nanogel Particles

Abstract The interaction between
the cetyl trimethylammonium
bromide cationic surfactant and

the negatively charged poly-(N-
isopropylacrylamide-co-acrylic
acid) copolymer nanogels was
investigated by dynamic light scat-
tering, electrophoretic mobility and
potenciometric surfactant activity
measurement. The interaction can
be divided into three characteristic
surfactant concentration ranges. At
low surfactant concentration range
the nanogel dipersion is stable, the
size of the latex particles markedly
decreases and the electrophoretic mo-
bility tends to zero with the surfactant
concentration. The surfactant binds
to the nanogel in form of monomers.
Above a certain concentration the
nanogel dispersion coagulates. With
a further increase of the surfactant
concentration a charge reversal of

the particles occurs and the nanogel
dispersion becomes stable again. The
size of the particles increases and
the surfactant binding accelerates
with increasing equilibrium surfac-
tant concentration, i.e. the binding
isotherm shows a new step reflecting
collective surfactant binding. In this
concentration range the features

of the interaction is significantly
different from the physical picture
previously observed for the mixtures
of poly(ethylenimine) and sodium
dodecyl sulfate in which case the
excess of the surfactant results in

a stable colloid dispersion but the
particles do not re-swell.

Keywords Nanogels - Poly-
electrolyte/surfactant complex -
Poly-(N-isopropylacrylamide-co-
acrylic acid) copolymer

Introduction

Several studies have been reported in the past decade
on stimuli-responsive hydrogels that can swell or shrink
in response to external stimuli. The discovery of a dis-
continuous volume phase transition in gels, which is
often called collapse transition, has rendered such soft
materials technologically useful [1-4]. The stimuli that
have been investigated to induce changes in polymer
gels are diverse, and they include temperature, pH, sol-
vent and ionic composition, electric field, light intensity
and an introduction of specific molecules such as sur-
factants. Poly-(N-isopropylacrylamide) hydrogel, abbre-

viated as pNIPAM gel, is one of the most frequently
studied temperature-responsive hydrogels. pNIPAM gels
have negative thermosensitivity resulting in a remarkable
shrinking with increasing temperature. A non-continuous
collapse transition takes place around 34 °C. The inter-
action of surfactants (mainly sodium dodecyl sulfate,
NaDS) with pNIPAM has been studied in polymer so-
lutions [5-10], in macrogels [11-15] and in microgel
latexes [16—21]. Ionic surfactants bind to the polymer
(either the polymer is in the form of polymer coils or cross-
linked gel) above a critical concentration (cac) resulting in
the formation of a polyelectrolyte type polymer-surfactant
complex. The electrostatic interactions between the bound
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surfactant ions result in an increase of the hydrodynamic
volume [5,7] and the cloud point [5] of the polymer as
well as the swelling and the increase of the critical collapse
temperature [16, 18, 19,21] of the gel.

The polymer/surfactant systems are essentially import-
ant since macromolecules and surface-active agents are
usually the main components of cosmetic, detergent, and
other industrial applications. Therefore, an intensive effort
has been made to characterize the nature of these interac-
tions as well as their impact on phase separation, rheologi-
cal and interfacial properties with special relevance to the
various commercial applications [22—-25]. Among these
mixtures the oppositely charged polyelectrolyte/surfactant
systems attracted special attention [23]. While the non-
ionic polymer-surfactant interactions are well-described in
terms of a cooperative binding process of the surfactant,
the situation in the oppositely charged systems is more
complex. There is a growing trend to consider these in-
teractions as basically cooperative in nature and as a sort
of surface charge neutralization of micelles via the oppo-
sitely charged flexible polymers, supported by theoretical
simulations and experiments [23,24]. On the other hand,
there is also evidence of non-cooperative surfactant bind-
ing [26,27] and also a specific binding mechanism involv-
ing cooperative and non-cooperative steps as well [28].
The key factors determining the cooperativity of the bind-
ing of an ionic surfactant to oppositely charged polyelec-
trolytes are not clearly understood yet but might include
the chemical nature, rigidity, charge density, and molecular
architecture of the polymer and also the chemical nature of
the surfactant molecules [22].

The aim of this work was to prepare electrically
charged nanogel particles with narrow size distribution
which allow to manipulate the characteristics of the stim-
uli responsive gel. Furthermore, such a system with well
defined particle shape and size distribution serves an ideal
model to study the interaction of the polyelectrolytes with
oppositely charged ionic surfactants.

Experimental
Preparation of the Charged Copolymer Nanogel Latex

For the preparation of the copolymer poly(N-isopropyl-
acrylamide-co-acrylic acid), N-isopropylacrylamide (NI-
PAM), acrylic acid (AAc), methylene bisacrylamide (BA),
ammonium persulfate (APS) and sodium dodecyl sulfate
(SDS) were used. The chemicals were provided by Aldrich
and were used for the preparation without further purifica-
tion. Our procedure was based on a modified method de-
veloped by Wu et al. [29] for the preparation of monodis-
perse pNIPAM nanogel particles. 2.61 g NIPAM, 57 mg
of BA and 38 mg SDS were dissolved in 190 ml of dis-
tilled water. The temperature of the reactor was kept at
80 °C and the solution was intensively stirred. In order
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to remove oxygen, nitrogen gas was purged through the
solution for 30 min. Then 2 ml of a 2.80 wt. % aqueous
APS solution and 0.187 g AAc (solved in 8 ml water) were
added to the solution, followed by intensive stirring for 4 h.
The pNIPAM-co-AAc latex was purified from un-reacted
monomers and surfactant by dialysis against distilled wa-
ter for 6 weeks.

Determination of the Analytical Charge

The total analytical charge of the gel particles was de-
termined by potenciometric pH-titration with NaOH solu-
tion. The charge of the nanogel particles was found to be
0.87 mmol/g dry gel. This value corresponds to 10 mol %
AAc content which is theoretically expected if all the
NIPA and AAc monomers are reacted during the synthesis.

Electrophoretic Mobility Measurements

Malvern Zetasizer NanoZ equipment from Malvern In-
struments was used to measure the electrophoretic mo-
bility of the PEI/SDS complexes at different pH values.
The instrument uses a combination of laser Doppler ve-
locimetry and phase analysis light scattering (PALS) in
a technique called M3-PALS. Prior to the measurements
the instrument was always tested with Malvern Zeta Po-
tential Transfer Standard. All the measurements were per-
formed at 25 °C. The standard error in the values of the
electrophoretic mobility was found to be around 10%.

Dynamic Light Scattering Measurements

The dynamic light scattering measurements were per-
formed by means of a Brookhaven dynamic light scatter-
ing equipment consisting of a BI-200SM goniometer and
a BI-9000AT digital correlator. An argon-ion laser (Om-
nichrome, model 543) operating at 488 nm wavelength
and emitting vertically polarized light was used as the
light source. The signal analyser was used in the real-time
“multi tau” mode. In this mode the time axis was logarith-
mically spaced over a time interval ranging from 0.1 ps
to 0.1s and the correlator used 218 time channels. The
pinhole was 100 wm. The nanogel samples were cleaned
of dust particles by filtering through a 0.8 um pore-size
sintered glass filter.

In the dynamic light scattering experiments the inten-
sity—intensity autocorrelation function was measured (ho-
modyne method) and was converted into the normalized
electric field autocorrelation function g by means of the
Siegert relation g is related to the distribution of relaxation
rates G (I through a Laplace transformation:

o.¢]

g(g, v = / G(g, Dexp(—It)drI,
0

(D
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where I is the relaxation rate, g = (47tn/Ag) sin(6/2) is
the scattering vector in which #n is the refractive index of
the solution, Ag is the wavelength of the incident light in
vacuum and 6 is the scattering angle. Since the recov-
ery of G(I') from the experimentally determined g is an
ill-posed problem, several numerical methods have been
developed for the analysis of the measured autocorrela-
tion function. In this work we used the cumulant expansion
which gives reliable results in the case of narrow distribu-
tion of I". This method has the advantage of getting (/(g))
and p = f(]"— <F(q)))2G(1') dI” (the so-called first and
second cumulants) without any knowledge about G(I).
The first cumulant refers to the mean and the second re-
lates to the width of the relaxation time distribution (poly-
dispersity).

If the intensity fluctuation of the scattered light is due
to the translational motion of the particles the collective
diffusion coefficient Dy, can be calculated from the mean
relaxation rate as

Dm = (I')/q* = Do(1 +kc) 2)

where ¢ is the concentration of the particles. In case
of spherical particles Dy is related to the hydrodynamic
diameter of the particles d through the Stokes—Einstein re-
lation:

kT
© 3mnd’

where k is the Boltzmann constant, T is the temperature
and 7 is the viscosity of the medium.

Dy (3)

Determination of the Surfactant Binding Isotherm

2 g polyvinyl chloride (My = 1 x 10°) was dissolved in
50 cm® THE. 20cm? of this solution, 40 cm® THF and
2.97 g tritolyl phosphate was used as membrane form-
ing solution. It was poured on a clean flat glass surface
and dried for two days at 40 °C. The membrane was con-
ditioned in 1 mM cetyl trimethyl ammonium bromide,
CTAB, solution for a day then washed out with distilled
water. A piece of membrane was placed in a plastic mem-
brane holder [30]. The response time of the membrane
was dependent on its thickness. The thick membranes were
slow, the very thin ones could easily hurt when man-
aged. The optimal thickness of the membrane was found
to be 0.3-0.5 mm. Ones a peace of membrane was suc-
cessfully prepared and fixed in the holder the electrode
worked for very long time. The response time of the elec-
trode was within 1-3 min depending on the measured
concentration range.

The electromotive force (EMF) values of the Ag/AgBr1/
0.1 M NaBr/membrane/cjaex, ccTaB/Ag/AgBr galvanic
cell were determined by means of a Radelkis research
pH-meter at 25.00£0.1°C. 10 cm’ Clatex nanogel latex
solution was placed into the measuring cell and titrated
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with a CTAB stock solution (of the same latex concen-
tration). The equilibrium EMF values were read at each
titration step. The EMF values were converted into surfac-
tant monomer concentration (ce) by means of a calibration
curve. The EMF vs. log cctap function was found to be
linear up to the cmc (with a slope of 54 mV) if there was
no latex in the solution.

The binding isotherm of the surfactant on the nanogel
B(c.) was calculated from the expression

“4)

where ¢ and c. are the total and equilibrium monomer
surfactant concentration, respectively, cpic is the con-
centration of the micelles in monomer unit and cjaex 1S
the nanogel latex concentration. The ¢ —c. difference
gives the sum of the micelle concentration and bound
surfactant concentration. The other calculation of the bind-
ing isotherm was restricted to the range c. < cmc when
Cmic ~ 0.

¢ = Ce + BClatex + Cmic »

Results and Discussion

In Fig. 1 the apparent hydrodynamic diameter (calculated
at finite concentrations from Dyp,) is plotted against the
(dry weight) nanogel latex concentration. The apparent
diameter shows strong dependence on the concentration
reflecting significant interaction between the particles, es-
pecially at neutral pH when the carboxyl groups in the
nanogel particles are fully dissociated. The strong interac-
tion can be visually observed because at higher concen-
trations the solutions become viscous and show irisation,
which is a consequence of the diffraction of the visible
light on an ordered (liquid-like crystalline) nanogel latex.
By stirring the system this structure can by mechanically

2500 4

2000 —

1500

1000

9apparent [MM]

500

0,0 0,5 1,0 1,5
Clatex (9]

Fig.1 Apparent diameter of the nanogel particles against the latex
concentration
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Fig.2 Effect of the stirring of the latex on the apparent particle
diameter

easily destroyed. Due to the stirring the irisation disap-
pears and the apparent diameter drops down to low value
then leaving to stand the system the ordered structure re-
forms in about 10 min (see Fig. 2). In order to get the true
particle diameters the data must be extrapolated to zero
latex concentration or to perform the dynamic light scatter-
ing measurement at least 0.02% latex concentration when
the particle—particle interactions can be neglected.

The cumulant analysis of the intensity—intensity au-
tocorrelation function indicates a very narrow size dis-
tribution of the nanogel particles (the second cumulant
p = 0.02, which means practically monodisperse latex).
The appearance of the irisation in the ordered structure
is possible only in the case of monodisperse particles,
indeed, in case of the ordinary (polydisperse) polyelec-
trolytes such an effect can not be observed. The prepared
copolymer nanogel latex is an ideal model in this respect to
investigate the ordered/disordered structure formation and
the interaction between the polyelectrolytes and oppositely
charged ionic surfactants.

In Fig. 3 the binding of the CTAB on the nanogel is
plotted against the equilibrium (free surfactant monomer)
concentration. The isotherm can be characterized with
two binding steps. The binding starts from zero surfac-
tant concentration according to a Langmuir-like isotherm
and accelerates from 0.2—-0.3 mM equilibrium surfactant
concentration showing a second binding step. The bind-
ing isotherm can be determined only below the criti-
cal micelle formation concentration (c. < cmc) because
above the cmc both the bound surfactant and the free mi-
celles formed in the system is involved in the calculated
B values.

In the case of electrically neutral nanogel/ionic sur-
factant interaction (such as e.g. pPNIPAM homopolymer
nanogel interaction with sodium dodecyl sulfate [31]) the
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Fig.3 Binding of the CTAB on the nanogel latex

interaction starts at a finite surfactant concentration (at
the critical aggregation concentration, cac) indicating col-
lective interaction of the surfactant with the polymer. In
the case of the investigated nanogel there is no cac, the
surfactant binds in the charged nanogel particles in form
of monomers at the first binding step. This can be inter-
preted by the contribution of the electrostatic interaction
to the hydrophobic interactions. The polyelectrolyte/ionic
surfactant interaction starts from zero surfactant concen-
tration and shows a two step binding process in case of the
branched polyelectrolytes [32] as well.

In Fig. 4 the hydrodynamic size of the nanogel/surfac-
tant complex is plotted against the surfactant concentra-
tion. The concentration axis also corresponds to the equi-
librium surfactant concentration because the experiments
were performed at such low latex concentration that the
bound surfactant is negligible as compared to the free
monomer concentration. The d vs. cctap function can be
divided into three characteristic surfactant concentration
ranges. First the size of the complex decreases and the
system is stable then in a second concentration range the
latex coagulates (the particle size can not be measured in
this range) and finally the particles re-swell and the sys-
tems becomes stable again with further increasing surfac-
tant concentration. In this surfactant concentration range
the nanogel latex is still monodisperse indicating that the
measured increase in the nanogel size is a real re-swelling
and not an aggregation process of the particles. The size
of the complex particles remained unchanged within the
experimental error (checked for three months). The sys-
tem seems to be a true solution of the nanogel/surfactant
complex in thermodynamic equilibrium.

In Fig. 5 the electrokinetic mobility of the nanogel par-
ticles is plotted. The negative mobility values decrease
(to zero) with increasing surfactant binding and after
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Fig.4 Size of the nanogel particles against the CTAB concentration

the charge reversal the mobility tends to high positive
values. The charge reversal corresponds to the coagula-
tion range of the latex and coincides with the starting of
the second binding step in the surfactant binding isotherm
(see Fig. 3).

Conclusions

Electrically charged monodisperse nanogel latex was syn-
thetized and the interaction of the nanogel with an op-
positely charged ionic surfactant was investigated. The
binding of the surfactant occurs in two steps. At low
surfactant concentrations the surfactant binds in form of
monomers. The size of the latex particles and their elec-
trophoretic mobility decreases than the system coagulates.
After the charge reversal the mobility increases again and
the particles re-sweel forming a stable solution. In this
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range a second step appears in the surfactant binding
isotherm.

Comparing the copolymer nanogel/surfactant interac-
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Characterization of
Poly(N-isopropylacrylamide) and Magnetic
Poly(N-isopropylacrylamide) Latexes

Abstract Monodisperse poly(N-
isopropylacrylamide) (PNIPA)
nanogel latexes with temperature
and magnetic field sensitivity were
prepared and characterized. The
phase transition of the latex was
characterized by dynamic light
scattering. Electrokinetic measure-
ments revealed that the particles
have a negative surface charge,
which depends on the pH of the
swelling medium. Incorporation of
magnetite nanoparticles facilitates
the separation of the gel beads and
their application in targeted delivery
in an external magnetic field. The

incorporation of magnetic material Keywords Magnetic particle -

University of Szeged, Aradi V. t. 1,
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Introduction

Novel polymer gels that respond to various external stim-
uli, e.g., temperature, solution chemistry, electric field,
light , etc. were developed in the past decades [1-3]. The
discovery of a discontinuous volume phase transition in
gels, which is often called collapse transition, has rendered
such soft materials technologically useful [4,5]. These
gels can be utilized in mechanical devices, controlled re-
lease delivery and separation systems [1,2,5].

Among the synthetic responsive polymer gels the best
known and studied are those which have hydrophobic side
chains like poly(N-isopropylacrylamide) (PNIPA) gels [4,
5]. The main characteristic property of fully or partially
hydrophobic network chains is that at lower temperature
they are more hydrated and more expanded than at higher
temperature. Hence, they can convert thermal energy di-

does not modify the temperature
sensitivity of the PNIPA latex.

Phase transition - Polymer gels -
Temperature sensitive latex

rectly into mechanical work by swelling or collapsing. The
temperature range in which this conversion abruptly oc-
curs can be adjusted by the chemical composition of the
network backbone. The lowest temperature above which
the network chains are still in the collapsed state is called
lower critical solution temperature, LCST. For PNIPA gels
swollen in water, LCST has been found to be 34 °C.
Several other gels also display a reversible swelling and
shrinking transition with different LCST. These gels are
often used for immobilizing enzymes or as carriers of
certain functional groups important for biochemical or
biomedical applications [5—-7].

It is possible to prepare magnetic field sensitive gels, so
called ferrogels, using ferrofluid as swelling agent [§—16].
Ferrofluids or magnetic fluids are colloidal dispersions of
monodomain magnetic particles with a typical size of less
than 10 nm. In the ferrogel, the finely distributed ferromag-



Characterization of Poly(N-isopropylacrylamide) and Magnetic Poly(N-isopropylacrylamide) Latexes

netic particles are attached to the flexible network chain
by adhesive forces, which results in a unique magnetoe-
lastic behavior. When a ferrogel is placed in a magnetic
field gradient external forces act on the filler particles and
the magnetic interaction is enhanced. The polymer net-
work follows the motion of the particles. Depending on the
geometrical arrangement, elongation, contraction, bending
and rotation can be achieved [9].

The synthesis of stimuli-responsive polymer gel nano-
and microspheres is receiving growing attention. The man-
ufacture of polymer nano- and microspheres that combine
both temperature and pH-sensitivity has been reported by
several authors [17-22].

Magnetic nano- and microspheres made of cross-linked
polymers have been studied extensively for a wide range of
applications. Owing to their relatively rapid and easy mag-
netic separation, thermosensitive polymer magnetic micro-
spheres could be widely used in biomedication and bioengi-
neering, such as enzyme immobilization and immunoassay,
cell separation and clinical diagnosis. Magnetic separation
of labeled cells and other biological entities, therapeu-
tic drug, gene and radionuclide delivery, radio frequency
methods for the catabolism of tumors via hyperthermia
and contrast enhancement agents for magnetic resonance
imaging are the most important examples [17]. In addition,
owing to their sensitivity to both magnetic field and tem-
perature, thermosensitive polymer magnetic microspheres
offer a high potential for applications in targeted drug deliv-
ery systems, which is considered as a safe and effective way
for tissue-specific release of drugs. A small amount of mag-
netic thermoresponsive polymer microspheres is sufficient
to deliver a large amount of drug to the selected site.

In this paper we report the preparation of monodisperse
PNIPA latexes filled with magnetic nanoparticles in dif-
ferent experimental conditions. The size, the size distribu-
tion and phase transition of the temperature and magnetic
field sensitive latex were studied. The surface charge was
characterized by electrokinetic measurement and potentio-
metric titration.

Experimental
Preparation of PNIPA Latex

For the preparation of poly(N-isopropylacrylamide) latex,
N-isopropylacrylamide (NIPA), N,N’-methylenebisacryl-
amide (BA), ammonium persulfate (APS) and sodium do-
decyl sulfate (SDS) were used (Aldrich) without further
purification. The preparation of PNIPA latex was based
on the method developed by Wu et al. [23]; 14 g NIPA,
1.4 g BA and 94 mg SDS were dissolved in 470 ml distilled
water. To remove the residual oxygen, nitrogen gas was bub-
bled through the solvents for 30 min. The temperature of
the reactor was kept at 80 °C and the solution was vigor-
ously stirred. Then 0.28 g APS dissolved in 30 ml water was
mixed with the solution and the reaction mixture was vigor-
ously stirred for a further 4 h. The PNIPA latex was purified
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from the unreacted monomers and surfactant by dialysis
against distilled water for 4 weeks. The monomer/cross-
linker ratio (r = [NIPA]/[BA]) was used to characterize the
cross-linking ratio of the gels. In case of the prepared PNIPA
latex it was varied between 13.6 and 300.

Preparation of Magnetic NIPA Latex

Preparation of magnetic PNIPA gels (MPNIPA) is simi-
lar to other filler-loaded elastomer networks. The fer-
rofluid, which contains magnetite (Fe304) nanoparticles,
was formed by a conventional co-precipitation method.
Identical volumes of aqueous FeCl; (1.2M) and FeCl,
(0.7M) solution were mixed together. Magnetite par-
ticles were flocculated with concentrated NaOH solution
(pH = 11). After removing supernatant liquid, the resulting
magnetite slurry was washed with water, adjusting the pH
to 5.5. The sediment was dispersed with 1 M HCI, which
induced peptization. Then the purified and stabilized mag-
netite sol, of concentration 17.2 wt %, was used for further
preparative work. More detailed descriptions of the prepar-
ation procedure can be found in our earlier papers [10, 24].
10 ml of the ferrofluid was used to prepare MPNIPA latex,
according to the previously described method. The mo-
lar ratio (r) between monomer and cross-linker molecules
was 200.

Particle Size Analysis

The hydrodynamic diameter of the PNIPA latex particles
was determined by dynamic light scattering (DLS) meas-
urements using a Brookhaven BI-200SM goniometer and
a BI-9000AT digital correlator. The pinhole was 100 pm.
The light source was an argon-ion laser (Omnichrome,
model 543AP) operating at 488 nm wavelength and emit-
ting vertically polarized light. The signal analyzer was
used in the real-time multi-tau mode.

Electrokinetic Measurements

Electrophoretic mobility of the latex particles was meas-
ured at 25 and 37 °C in a capillary cell (ZET5104) with
a Malvern ZetaSizer4 apparatus.

Potentiometric Titration

The pH-dependent surface charge was determined by acid-
base titration under a CO; free atmosphere using an in-
different background electrolyte (KNO3) to maintain con-
stant ionic strength. Before the titration the latex sus-
pensions were stirred and bubbled with purified nitrogen
for 1 h. Equilibrium titration was performed by means of
a home-built titration system (GIMET1) with 665 Dosimat
(Metrohm) burettes, magnetic stirrer, high performance
potentiometer. The hydrogen ion activity versus concentra-
tion was determined from the reference solution titration,
thus allowing the electrode output to be converted directly
to hydrogen ion concentration.
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The net proton surface excess amount (Ag) can be de-
fined as

_ ,0 _ 0
Ag = Mot~ (D

(e

where ngl T nOH_ are the surface excesses amount re-

ferred to the mass unit.

The surface excess amount defined for the adsorp-
tion [25, 26] can be determined directly from the initial (c?,
[mol/1]) and equilibrium (cf, [mol/1]) concentration of so-
lute for adsorption from dilute solution
(co cle) %

o i
n.: —= ,

i 2)
m

where V is volume of the latex, m is the mass of the gel in

the latex.

The values of n? , and ngH_ were calculated at each
titration point from the electrode output.

Results and Discussion
Size and Size Distribution of PNIPA Latex Particles

The size of the PNIPA latex particles was determined by
DLS. The homodyne intensity function g»(g, t) was con-
verted to the normalized electric field autocorrelation func-
tion g1(qg, 7) by means of the Siegert relation

blgi(q, 1> =[g2(q, ) — Al/A, 3)

where A is the experimentally determined baseline, b (0 <
b < 1) is a constant that depends on the number of coher-
ence areas seen by the detector and g = (47rn/Ag) sin(}/2)
is the scattering vector in which n is the refractive index
of the solution, X¢ is the wavelength of the incident light
in vacuum and ¢ is the scattering angle. g1 (g, 7) is related
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to the distribution of relaxation rates (G (1)) through the
Laplace transform:

o0

g1(q, f)=/G(q, I)exp(=It)dI’,
0

where I is the relaxation rate. In this work, evaluation of
G(q, I') was performed using the CONTIN program sup-
plied with the correlator [27].

If the intensity fluctuation of the scattered light is due
to the translational motion of the particles the mutual diffu-
sion coefficient (D, (g)) can be calculated from the mean
relaxation rate by the following relation:

Pu(@ =T@/a* = Do (1+CRI?) (= 0),  (3)

in which Ry is the radius of gyration and C is a constant.
Dy is related to the equivalent hydrodynamic diameter of
the particles (dy) through the Stokes—FEinstein relation
kgT
3mndy’
where kg is the Boltzmann constant, T is the absolute tem-
perature and 7 is the viscosity of the medium.

In Fig. 1 the size distribution of the NIPA latex particles
can be seen below and above the phase transition tempera-
ture. It can be clearly seen that the PNIPA particles are
monodisperse both at 25 and at 37 °C. The phase transition
of the particles does not influence the size distribution. Iri-
sation of the latex was observed providing visible evidence
of the monodispersity.

4

Do (6)

Characterization of the Phase Transition of Monodisperse
PNIPA Latex by DLS

Dynamic light scattering also offers the possibility of in-
vestigating the phase transition of PNIPA latex. To de-

g

Fig.1 a Size distribution of NIPA latex particles (» = 13.6) at 25 and 37 °C, below and above the phase transition temperature; b irisation

of latex sample
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Fig.2 Relative swelling degree of the NIPA latex (r = 13.6) as
a function of temperature

termine the phase transition temperature (PTT) a relative
swelling degree (¢g;) was defined:
dr

dysoc’
where dbsoc the diameter of the latex particles at 25°C
and dr the diameter of the latex particles at a given
temperature.

The relative swelling degree of latex particles was
measured in the temperature range 25-45 °C. Figure 2
shows the relative swelling degree g, of the NIPA latex
as a function of temperature. Above a certain temperature
the relative swelling degree strongly decreased, as is ex-
pected. Analysis of the g—T curve shows that the PTT
occurs close to 34 °C. To determine the PTT the inflection
point of the curve was used. The result correlates well with
data from the literature [5, 14,23, 28].

The effect of the cross-linking ratio on the particle size
of the PNIPA particles was also investigated by DLS meas-
urements, the results are shown on Fig. 3. At 25°C the

gr Q)
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4004 L] 25°C
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300
. I

140

<4 A A A A
120 + 37°C
100 T T T T

0 100 200 300
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Fig.3 Effect of the cross-linking ratio on the particle size of the
latex below and above the phase transition temperature
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particle size of the latex increased with the cross-linking
ratio (7). At 37 °C, above the PTT, the cross-linking ratio
did not affect the particle size, and no temperature depen-
dence of the relative swelling degree was observed. This
result can be explained by the preparation conditions. The
latex particles were synthesized at 80 °C, above their PPT.
At this temperature the PNIPA chains were in the col-
lapsed state, the cross-linking reaction took place in these
globules. At 25 °C, i.e., below the PPT, the latex particles
swelled according to their crossling density. The swelling
degree of the highly cross-linked particles is smaller that
the weakly cross-linked latex particles.

Characterization of the Phase Transition of Monodisperse
NIPA Latex by Electrokinetic Measurements

To determine the surface charge and the electrophoretic
mobility of the NIPA latex, electrokinetic measurements
were performed above and below the PPT. In Fig. 4 the
electrophoretic mobility of the latex particles is plotted
against the cross-linking ratio at 25 and 37 °C, respec-
tively. The electrophoretic mobility of the latex particles
was negative, which means, the latex particles were neg-
atively charged. This finding conflicts with the notion
that PNIPA gels are composed of neutral polymers [29].
The surface charge probably originated from initiator
molecules linked to the end groups of the polymer chains
on the surface layer. We cannot, however, ignore the role of
the SDS molecules. Surfactant molecules with long alkyl
chains can bind to polymers through the hydrophobic in-
teraction and can practically transform the polymer chains
into polyelectrolytes [30, 31].

Figure 4 clearly shows that the electrophoretic mobil-
ity (u) increases drastically at 37 °C. Increasing the tem-
perature above the PTT the particle size decreased sig-
nificantly, but the amount of fixed charges on the latex
particle did not change, and the surface charge density
(o) increased as the particle size decreased. This increased

v 37°C
ry A
@ bB-a A
2
E =
B 107
‘5
054,
] ™ * 25°C
0.04+——) . :
0 100 200 300
[NIPAJ/[BA]

Fig.4 The electrokinetic mobility of the latex particles as a func-
tion of cross-linking ratio below and above the phase transition
temperature
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surface charge density caused by the increment in the elec-
trophoretic mobility. The electrophoretic mobility became
12—-24 times higher with the temperature. Result could be
interpreted by the following equation:

0 1
o= ", =¢kdp 1+ ,
a Ka
where Q is the electric charge, ¢ is the dielectric per-
mittivity of the medium, « is the inverse Debye—Hiickel
screening length, ¢ is the surface potential and a is the
radius of the particle. The electrophoretic mobility is:

u="% fiea).

3n

where 7 is the viscosity of the medium.

If the radius of the particles is the hydrodynamic radius
(a =dy/2) in Egs. 8 and 9, the value of ¢g is the elec-
trokinetic potential. According to this, the electrophoretic
mobility varies inversely as the square of the hydrody-
namic diameter of the particle. Figure 4 shows that ab-
solute value of the electrophoretic mobility decreased at
25 °C with increasing cross-linking ratio; while at 37 °C
the electrophoretic mobility remained the same within the
experimental accuracy.

®)

()]

Potentiometric Titration

In Fig. 5 the titration curves of PNIPA latex are displayed
for different cross-linking ratios. The negative value of the
surface charge was found by the electrokinetic measure-
ments which is in a good agreement with the potentio-
metric titration result. The pH of the PNIPA latex with
different cross-linking ratios changed in the range 6.7-7.3.
According to the titration curves, the values of the net pro-
ton surface excess amount were negative for pH = 6.7-7.3,
which implies that the sulfate groups (R-SO47) on the
surface of latex particles were dissociated. The zero net
surface proton excess concentration was found to be in the

0.0
B 03+
(=]
£
£
o -0.6-
-
-0.9-
3 6 9 12
pH

Fig.5 Potentiometric titration curves of NIPA latex at different
cross-linking ratios

A. Némethy et al.

pH range 5.2-6.2 for the latexes of different cross-linking
ratios. In the acidic pH range (pH < 5.2) the PNIPA la-
tex particles have a small amount of pH-dependent positive
surface charge. This can be explained by the protonation of
the amide groups on the polymer backbone (Rj—NH-R> +
Ht = Rl—NH2+—R2).

Size and Size Distribution of Magnetic PNIPA Latex
Particles

The size and the size distribution of the PNIPA and MP-
NIPA latex particles were measured by DLS. The results
are shown in Fig. 6. We conclude that the PNIPA latex as
well as the MPNIPA latex have a narrow size distribution.
The particle size of the unloaded latex (214 nm) is more
than two times smaller than the magnetic latex (589 nm)
despite the same preparation conditions. The magnetic la-
tex particles may take the form of clusters with a well-
defined aggregation number.

0.20 -
] U o MPNIPA latex
1 |D ID o PNIPA latex
a’? 0.15-_ I |
g ] |
° 1 o
£ 0.104 [ I.:I
[} 1 | |
5 1 |
o 0.054 |
© 1 Q | |
0.00
0 1000 2000 3000
d, [nm]

Fig.6 Size distribution of the PNIPA (r =200) and magnetic
PNIPA (r = 200) latex

Conclusion

We prepared temperature responsive poly(N-isopropyl
acrylamide) (PNIPA) latex with different particle sizes. Iri-
sation was observed, which lends support to the finding
that the latex is monodisperse. The size of the latex particle
could be easily influenced by the cross-link density. The
surface charge density depends on the particle size which
could be controlled by the temperature.

Magnetic field sensitive PNIPA latex was also pre-
pared. The peculiar magnetic properties of the latex may
be used to target and orient the temperature responsive par-
ticles and are expected to be applicable in separation by
using non-uniform magnetic field.

Acknowledgement This research was supported by the Intel
KKK (GVOP-3.2.2-2004-07-0006/3.0), NKFP-3A/081/04 and by
the Zoltan Magyary Postdoctoral Fellowship.



Characterization of Poly(N-isopropylacrylamide) and Magnetic Poly(N-isopropylacrylamide) Latexes

References

1.

Peppas NA, Korsmeyer RW (eds)
(1987) Hydrogels in Medicine and
Pharmacology. CRC Press, Boca
Raton

. De Rossi D, Kawana K, Osada Y,

Yamauchi A (1991) Polymer Gels,
Fundamentals and Biomedical
Applications. Plenum Press, New
York, London

. Harland RS, Prud’homme RK (eds)

(1992) Polyelectrolyte Gels. ACS
Symposium Series 480

. Tanaka T (1978) Phys Rev Lett

40:820

. Okano T (Ed.) (1998) Biorelated

Polymers and Gels. Academic Press,
Boston, San Diego, New York,
London, Sydney, Tokyo, Toronto

. Takahashi F, Sakai Y, Mizutani Y

(1997) J Ferment Bioeng 83(2):152

. Kato N, Takizawa Y, Takahashi F

(1997) J Intell Mater Syst Struct 8:588

. Barsi L, Biiki A, Szab6 D, Zrinyi M

(1996) Progr Colloid Polym Sci
102:57

. Zrinyi M, Barsi L, Biiki A (1996)

J Chem Phys 104:20

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Zrinyi M, Barsi L, Szab6 D,

Kilian HG (1997) J Chem Phys
106:5685

Zrinyi M (1997) Trends Polym Sci
5(7):277

Zrinyi M, Barsi L, Biiki A (1997)
Polym Gels Netw 5:415

Szabd D, Szeghy G, Zrinyi M (1998)
Macromolecules 31:6541

Filipcsei G, Szilagyi A, Csetneki I,
Zrinyi M (2006) Macromol Symp
239:130

Filipcsei G, Csetneki I, Szildgyi A,
Zrinyi M (2007) Magnetic
field-responsive smart polymer
composites. In: Oligomers, Polymer
Composites, Molecular Imprinting,
Advances in Polymer Science,

vol 137. Springer, Berlin Heidelberg
Rosenweig RE (1985)
Ferrohydrodynamics. Cambridge
University Press,

Filipcsei G (2008) eXPRESS Polym
Lett 2(2):77

Chatterjee J, Haik Y, Chen CJ (2003)
J Appl Polym Sci 91:3337

Deng Y, Yang W, Wang C, Fu S
(2003) Adv Mater 15:1729

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

199

Sauzedde F, Elaissari A, Pichot C
(1999) Colloid Polym Sci 277:846
Kondo A, Fukuda H (1999) Colloids
Surf A 153:435

Zhou SQ, Chu B (1998) J Phys
Chem B 102:1364

Wu XY, Pelton RH, Tam KC,
Woods DR, Hamielec AE (1993)

J Polym Sci Part A: Polym Chem
31:957

Zrinyi M, Szabd D, Barsi L (1999) in:
Osada Y, Rossi DE (eds) Polymer
Sensors and Actuators. Springer,
Berlin Heidelberg, p 385

Everett DH Pure (1986) Appl Chem
58:967

Tombacz E, Szekeres M (2001)
Langmuir 17:1411

CONTIN Provencher SW (1985)
Makromol Chem 82:632

Laszl6 K, Kosik K, Geissler E (2004)
Macromolecules 37:10067

Pelton RH, Pelton HM, Morfesis A,
Rowell RL (1989) Langmuir 5:816
Schild HG, Tirrel DA (1991)
Langmuir 7:665

Sakai M, Satoh M, Tsujii K (1995)
Langmuir 11:2493



Progr Colloid Polym Sci (2008) 135: 200—208

DOI 10.1007/2882_2008_112
© Springer-Verlag Berlin Heidelberg 2008
Published online: 2 September 2008

7. Nagy
L. Novak
C. Kozma
M. Berka
L. Banyai

Z.Nagy - L. Novék - C. Kozma -

M. Berka - 1. Banyai (5)

Department of Colloid and Environmental
Chemistry, Faculty of Science, University

of Debrecen, H4032 Egyetem t.1, Hungary
e-mail: ibanyai @delfin.unideb.hu

NMR Study of Poly(y -Glutamic Acid) and
Partially Benzylated Poly(y -Glutamic Acid):
Nanoparticles in Solution

Abstract Poly(y-glutamic acid)
(y-PGA) and its partially benzylami-
dated (hydrophobized) derivatives
were prepared and studied in solution
by means of dynamic light scattering
(DLS), 1D, 2D and PGSE NMR

in order to determine the structure,
size and aggregation in solution.

By pH potentiometric titrations

in aqueous solution the apparent

pK ~ 4 of y-PGA was determined.
The measured diffusion coefficients
as a function of pH showed the
swelling of y-PGA by deprotonation
of carboxyls. DLS measurements

showed a certain degree of aggre-
gation even in dilute solution. The
degree of aggregation is increased in
the presence HyPO4~ and HPO42~
buffer anions. Benzylamidation of
30-50% of caboxylates resulted

in folded structure of the BZPGA,
probably spherical like nanoparticles,
verified by NMR diffusiometry and
2D NOE spectroscopy.

Keywords Aggregation -
Amphipatic polymers - NMR
diffusiometry - Poly(y-glutamic
acid) - Self-assembly

Introduction

Poly(y-glutamic acid) (y-PGA) is a biotechnologically
produced anionic polymer. It was discovered by Ivdnovics
and Bruckner who obtained it from the capsule of Bacil-
lus anthracis and later from a culture of Bacillus subtilis
(Bacillus mesentericus) [1,2]. More important observation
is the presence of y-PGA in “natto” (fermented soybeans)
produced by Bacillus natto which is a basic ingredient of
traditional Japanese and Korean kitchen [3, 4]. In the past
two decades many papers were dealing in details with dif-
ferent aspects of effective biotechnological production of
y-PGA [4-8]. y-PGA as a member of microbially pro-
duced poly(amino acids) is a water soluble, biodegradable
and functionalizable non-toxic polymer of potential inter-
est in a wide range of industrial and biomedical applica-
tions [3,6,7,9, 10].

Amphipatic polymers, usually poly-ions functional-
ized with hydrophobic groups received a wide interest
because they can form micelles, vesicles therefore are
good candidates for nano-sized drug deliverers [11-13].

Akashi and his co-workers developed the idea of fur-
ther functionalizing poly (amino acids) with hydrophobic
groups in order to gain amphipatic biodegradable macro-
molecules with well controlled size [14]. Using water solu-
ble carbodiimides (WSC) as catalyst they synthesized par-
tially amidated y-PGA with L-phenyl-alanine ethyl ester
(PEA 10-60%) and L-leucine methyl ester (25—-30%). By
analyzing TEM micrographs they found that from fiber-
like y-PGA by 40-60% amidation with PEA spherical
nanoparticles formed with a diameter of 200 nm. These
nanoparticles were successfully tested with ovalbumin as
protein carrier [14, 15]. Independently of their work but
governed by same idea we worked out a new synthetic
process for producing benzylamine functionalized y-PGA
without using WSC [16]. With this process we can pre-
pare well characterized amphipatic poly (amino acids) in
one-pot reaction without introducing WSC to the reaction
mixture, therefore no care is needed for the subsequent
elimination of the catalyst.

While for the preparation of y-PGA derivatives ex-
tensive research has been done, much less efforts seem



NMR Study of Poly(y-Glutamic Acid) and Partially Benzylated Poly(y-Glutamic Acid): Nanoparticles in Solution

to be made for characterization of the product [4, 8]. Al-
though there are industrial scale producers of y-PGA all
around the world one cannot purchase it as a fine chemical
with controlled molecular weight and well characterized
chemical properties. In the published papers the authors
use y-PGA either donated by supporter companies or pre-
pared by themselves. The molecular weight data are ac-
cepted as provided by the manufacturer or determined by
the authors usually with gel permeation chromatography.
There is also much less information in the literature about
the size in solution and acid-base properties of y-PGA al-
though these properties usually play key roles in different
applications [17-19].

When nanoparticles are prepared from y-PGA the
proofs of the formation are mainly electron microscopic
images, TEM or SEM pictures. However these methods
require solid, precipitated or dried samples. During the
drying or precipitation processes the size may change
because of aggregation and loss of hydration. The size
measured in dry state is not always informative on the
size in solution, in other words, on the size of nanopar-
ticles in action [20-22]. In the literature the size of the
nanoparticles prepared from y-PGA are reported to lie be-
tween 40-300 nm for particles synthesized from y-PGA
of My = 1x 10°-1.6 x 10% g/mol. The size of y-PGA it-
self is not always characterized or mentioned although
it is important, otherwise the origin and the mechanism
of the formation of the nanoparticles prepared from y-
PGA cannot be explored. In solution, usually dynamic
light scattering (DLS) is employed for determination of
mean size and size distribution. With the advent and ex-
tended use of z-gradient NMR probe heads, nowadays
NMR diffusiometry is also a possible choice. Neither of
these methods can be considered to be less or more ap-
propriate, both of them have advantages and considerable
disadvantages.

In the literature no unambiguous relation could be
found between the declared molecular weight of the
starting y-PGA and the determined size of the prepared
nanoparticles from that. Akagi et al. reported no detectable
nanoparticle formation from y-PGA of M, = 380kDa
unless hydrophobic groups were introduced into it [10].
However, when they prepared y-PGA-L-PAE (y-PGA
grafted with phenyl alanine) nanoparticles of 305 to
150 nm could be obtained with increasing the degree of
grafting from 43 to 61% from y-PGA. They encapsulated
a protein (ovalbumin) into these grafted nanoparticles, pre-
pared from y-PGA of M, = 300kDa in another series of
experiments [15]. Application of different solvents did not
affect the mean diameters but rather the size distribution.
The reason of formation of nanoparticles was explained by
self-assembly caused by the appearance of PAE hydropho-
bic groups. Another example is a Pb-y-PGA complex
prepared from a much larger y-PGA of M, = 1200 kDa.
The size distribution of nanoparticles determined by DLS
was found to be bimodal with a hydrodynamic diameter
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of 40—100 nm for individual nanoparticles while the larger
particles were considered as aggregates. According to the
authors hypothesis lead ions cross-linked the y-PGA fibers
to form nanoparticles by coordinative bond resulting in
smaller nanoparticles [19].

The size and the degree of aggregation in aqueous so-
lution may depend on pH, therefore the knowledge of the
protonation equilibrium (or equilibria) of y-PGA is vital.
Surprisingly enough we could not find potentiometric or
other type of studies for y-PGA, only pK values were
reported without indicating the source of the data. One
of these is in a feature article as pK = 2.3 with M; =
380kD [10]; the other is in an US patent as pK = 3.6
with M, = 1500kDa [23]. The first value is close to the
pK of the a-carboxylate group of monomeric glutamic
acid, the second one is similar to that of the triglutamate
(o tripeptide, which has one COOH similar to that of
y-PGA) indicating that the pKcan be different for larger
molecules [24].

As a summary, there are a large number of papers deal-
ing with y-PGA but mainly from the practical side. Ac-
cording to this wide interest, y-PGA seems to be a very
promising macromolecule for medical and environmental
applications. However, we believe that for the next suc-
cessful steps of R&D projects an extensive basic research
is also needed. This paper reports results from experiments
for structure and size determination of y-PGA in different
solvents, as well as changes of the size and the structure
by hydrophobization and interaction with different ions in
solution. We also describe the results of pH-potentiometric
titration of y-PGA with discussion of the average pK
value we calculated from the titration data.

Materials and Methods
Materials

y-PGA was produced by bacterial fermentation using
Bacillus licheniformis ATC 9945A grown aerobically on
medium “E” at 37°C [25]. The product was purified
and obtained in H-form solid material as described be-
fore [16]. Another batch of y-PGA was kindly provided
by NonStoptec Inc. Solvents D,O (Cambridge), DMSO
(Scharlau, Spain) and DMSO-dg (Cambridge) were used
without further purification. Reagents HCI, KCl and KOH
of analytical grade were purchased from Sigma-Aldrich.
KOH was standardized by titration of weighted amount of
potassium hydrogen phtalate (Sigma). BZPGA was synthe-
sized by direct amidation and analyzed by SEC and 'H and
13C NMR according to the literature [16].

Methods

Size Exclusion Chromatography. Periodically, samples
were drawn from the reaction mixtures of benzylamine and
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PGA in DMSO, diluted with HPLC eluent, then analyzed
by size exclusion chromatography (SEC) on an HP 1090
liquid chromatograph (formerly Hewlett-Packard, now
Agilent Technologies, Santa Clara, CA), equipped with
a Waters Ultrahydrogel Linear (Waters Kft, Budapest,
Hungary) column (300 x 7.8 mm?). The eluent contained
5 mM NaH,;POy4, 7.5 mM NayHPOy4, 140 mM NaCl, and
20% (v/v) acetonitrile in water. The flow rate was set to
0.7 ml/min and the column thermostated at 40 °C. The
effluent was monitored with the built-in diode array de-
tector of the HP 1090, allowing to record chromatograms
simultaneously at several wavelengths.

NMR Measurements. Between 6 and 40mg of y-PGA
and BzPGA were dissolved in 600 uL of hexadeuterated
DMSO (DMSO-dg) or in a mixture of HoO and DO and
analyzed with Bruker DRX 360 MHz and DRX 500 MHz
NMR spectrometers equipped with inverse broadband
z-gradient probe head. The temperature of the probe heads
were regulated by Eurotoherm controller unit using elec-
tric heating and room temperature air cooling. Routine
'"H NMR and 3C NMR measuring Programs were used
to record spectra in 1D J-modulated ('>C) and 2D (COSY,
NOESY and HETCOR) mode at room temperature. The
diffusion coefficient was measured at 300 K by pulse
field gradient spin echo (PGSE) using standard ledbpgp2s
(Bruker) 2D sequence. This is a stimulated spin echo pulse
program designed especially for large molecules using
bipolar gradient pulses for diffusion, two spoil gradient
pulses (1 ms) and longitudinal eddy current delay (LED)
for suppression of artifacts [26]. Usually 16 gradient steps
were employed with full gradient power applying 3—5 ms
gradient pulse length and 75-150 ms diffusion time. The
NMR spectra were post-processed by means of 1D and 2D
WinNMR software (Bruker©). The diffusion coefficients
were calculated by non-linear least square method (Ori-
gin©) from attenuation of signals at increasing gradient
power (G) according to the following equation:

I = Iyexp[—DG?*y%8*(A —68/3)], (1)

where I and Iy (when G = 0) are the integrated intensities
of NMR signals; y is the magnetogyric ratio; ¢ is the du-
ration of gradient pulse; D is the diffusion coefficient and
A 1is the diffusion time. The method was calibrated on D,O
using D=1.93x 10" m?s~! at 300K [27]. D was de-
termined from integrated intensities of separated protons
as a function of G*. Normally three combinations of dif-
ferent diffusion times and gradient pulse durations were
used.

The NOESY experiments were evaluated quantitatively
by means of WinNMR software. 1D slices were selected
and after the appropriate phase and baseline corrections
the integrated intensities of the cross peaks and diagonal
peak were determined at different mixing time. In order to
determine the rate of cross relaxation the ratio of the inte-
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gral of cross peaks and the diagonal peak was calculated
and plotted against the mixing time. Numerical derivation
of these curves at zero mixing time gave the cross relax-
ation rate.

Potentiometry. pH-potentiometric titrations were perform-
ed in 25-ml samples in the concentration range of 0.08—
0.12mg/ml y-PGA. The solid sample was dissolved in
potassium hydroxide solution, and after dilution it was
re-acidified using 0.2M HCI solution. The measure-
ments were carried out at constant temperature (298 K).
A carbonate-free potassium hydroxide of known concen-
tration was used [28] for the titration with the help of
an automatically controlled Radiometer ABU 91 titration
system equipped with a Metrohm 6.0234.110 combined
electrode. Argon was bubbled through the samples to en-
sure the absence of oxygen and carbon dioxide and to
stir the solution. pH readings were converted into hydro-
gen ion concentration and the protonation constant was
calculated by means of a general computational program
(SUPERQUAD) as it was described earlier [29,30]. The
concentration of COOH functional groups and the pK
values were determined from the titration.

The experimental data as input data were also evalu-
ated by the FITEQL program for the pK of y-PGA [31].
The parameter adjustment procedure is based on minimiz-
ing the weighted sum of squares of the difference functions
of mass balance equation for hydrogen ion, in other words,
on the difference between the measured and calculated
concentration of hydrogen ions. The value of WSOS/DF
(WSOS/DF weighted sum of squares divided by degrees
of freedom) depends on the estimates for the standard de-
viation in the experimental data. The experience has shown
that values of WSOS/DF < 20 are common for a reason-
able good fit. Our result can be thought as fair fit with
WSOS/DF = 41-47.

Light Scattering. Scattering experiments were performed
with Brookhaven Research Laser Light Scattering instru-
ment with standard pinhole optics with a High Speed
Research Grade Digital Autocorrelator (BI-9000AT). The
light source was a NdYAg solid state laser, the wave-
length of the vertically polarized light was A = 532 nm.
In typical experiments the scattering angles were between
30-60°. The concentrations of the PGA solutions were
10 mg/ml (Count rates 50—80 kents/s, duration time min-
imum 300 s). The measurements were carried out in op-
tically homogeneous quartz cylinder cuvettes. DLS meas-
urement yields the particle’s diffusion coefficient, from
which the spherical particle size is calculated using the
Stokes—FEinstein equation. The autocorrelation functions of
DLS experiments were fitted with Contin method [32].
The light scattering measurement is very sensitive to the
presence of large particles because the primary results are
intensity weighted mean diameters. In a polydispersed sys-
tem the final results depend on the condition (scattering
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angles, delay times) and the fitting method. The scattering
of the large particles (which may be dust or aggregates as
well) is very intensive, therefore a very small amount of
those can be detected.

Results and Discussion
Protonation Constant of y-PGA

The titration curves of y-PGA solution are shown in Fig. 1.
The titration curves between pH =2 and 9 could be de-
scribed well with one pK value as 4.2 +0.1 by Superquad
and 4.04+0.1 by FITEQL. These relatively large differ-
ence and large standard deviations can be explained with
the quality of titration data, the very simple model and the
consequence of the different parameter fitting procedures.

The lack of size and shape data prevented us to re-
fine the model using electrostatic double layer models.
However we can state that y-PGA can be characterized
by a pK &~ 4. This pK value is larger than both values
we could find in the literature (without published experi-
mental details) [10,23]. It is also higher than that of «-
amino carboxylates which are usually around 2-3. A pos-
sible explanation is that the protonated y-PGA forms very
stable helical structure with 19-membered rings as ob-
served experimentally and confirmed by theoretical calcu-
lations [33,34]. Additional hydrogen bonds between car-
boxylate side chain and NH groups, although they are
weak, can be responsible for the stability of the helix.
Deprotonation may cause distortion of this structure by
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Fig.2 Dependence of the apparent diffusion coefficient of y-PGA
on pH; ¢ =10mg/ml, 7 = 300K

electrostatic repulsion and additional hydration, resulting
in the relatively high pK for y-PGA.

The NMR diffusiometry supports the results of pH
potentiometry. In Fig. 2 the variation of the diffusion co-
efficient of y-PGA with pH is shown in aqueous solu-
tion (50% D,0). The diffusion is slower progressing from
acidic medium to basic medium indicating the repulsion of
deprotonated carboxylates, which are not completely com-
pensated by the shielding effect of K™ ions present. Also,
the hydration of the negatively charged carboxylates must
be more effective in increasing further the size of y-PGA.
The steepest change in D with pH happens at pH about 4
indicating the reality of the pK value obtained from poten-
tiometry. However, the diffusion coefficient of y-PGA in
the most acidic sample is somehow higher than expected.

0.20

0.15 0.10 0.05

0.00 -0.05 -0.10 -0.15

acid-base, mmol

Fig.1 Titration curves of y-PGA: the measured pH as a function of the added acid (positive) and base amount (negative values). (0) acid
solution without y-PGA; (A) acid solution with 0.08 mg/ml y-PGA; (<) 0.12 mg/ml y-PGA
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Basically one expects constant value after the complete
protonation. We have no explanation of this accelerated
diffusion. The salt concentration is the highest in the acidic
sample (no constant ionic medium was kept, because we
added first KOH for higher pH and then HCI to lower the
pH) and the substitution of H30" with K* counter ions
somehow may cause a shrinking in the structure. Detailed
studies with rigorously controlled salt concentration will
help to clear this problem.

Characterization of Molecular Weight and Size of y-PGA

When y-PGA is a precursor for the preparation of
nanoparticles, usually the molecular weight either is not
given e.g. [16] or given by size exclusion chromatogra-
phy (SEC or GPC) but the reference material is not always
specified, e.g. [15]. In general, for SEC standardized poly-
mers more or less similar to y-PGA are used as standards,
for example poly(acrylic amide) [3], poly(styrene sulfonic
acid) [18] or in the present case poly(acrylic acid) (PAA)
with known molecular mass. We found that the y-PGA
we prepared had a M}, = 125 kDa (peak molecular weight)
while the y-PGA from NonStoptec had M, = 89 kDa. Of
course it means that the retention time of y-PGA corres-
ponds to the retention time of PAA of M, 125 and 89 kDa
respectively.

The size determination of y-PGA in aqueous solution
has proven to be difficult. Size patterns derived from DLS
were multimodal with wide distributions. The main peak
had a radius about about 170 &30 nm. In the case of SLS
(static light scattering) applying the Guinier-method [35]
the average radius of gyration of Ry =126 £ 13 nm was
obtained. Both light scattering techniques indicate the
presence of aggregates of larger size than expected in so-
lution considering proteins with same polymerization de-
gree. By addition of excess amount of carbamide or guani-
dinium chloride as H-bond breakers [36] a smaller size of
10—20 nm has been found. However, these results are not
relevant for dilute aqueous medium because of the large
organic electrolyte concentration (6 M).

NMR diffusiometry seemed to be another promis-
ing choice because of the presence of measurable cova-
lently bonded protons on y-PGA. Typical NMR spectra
of y-PGA is shown as a function of applied pulse field
gradient in Fig. 3 in DMSO-dg. Scheme 1 shows a part

0) (0]
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Scheme 1 Part of y-PGA chain and the symbols used for citing in
the text

Z. Nagy et al.

DMSO

NH

\ \

8 6

1.E+06 -

~ 1.E+05
1.E+04 \ \ \ \ \
0 50 100 150 200 250
G?

Fig.3 Change of 'H NMR spectra of y-PGA as function of power
of gradient (upper part). The logarithmic plot of integrated inten-
sity against square of gradient (in arbitrary units). The three lines
are integrals of the three separate parts of the spectrum as NH, o
and B+ y protons. T =300 K, solvent is DMSO-dg

of the polymer chain and the assignment of protons. Ac-
cording to Eq. 1 Dpga can be calculated from the slope
of the straight lines shown in Fig. 3. In all cases we used
a non-linear least square analysis for obtaining D values
in a more precise way. Straight lines in Fig. 3 serve an il-
lustration about the quality of the data. From the measured
diffusion coefficients the apparent hydrodynamic radius
can be calculated using the Einstein—Stokes equation:

kT
H= 6D’

where Ry is the hydrodynamic radius, kg is the Boltz-
mann constant, 7 is the temperature, 1 is the viscosity of
the solvent. This equation, as it is well known, has a re-
stricted validity for spherical particles in continuum, but
it is generally used in NMR diffusiometry, as well as in
DLS technique, supposing that the size of water molecules
is much smaller than that of the y-PGA. The measured
values are collected in Table 1.

2
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Tablel The measured diffusion coefficients and the calculated apparent hydrodynamic radii of y-PGA and benzylamidated y-PGA

(BzPGA) in different solutions, determined by PGSE NMR at 300 K

Compound ¢ [mg/mL] D Ry Note
(solvent) x10'2 [m? /sl [nm]

y-PGA 42 (DMSO) 3.5, 32 2908 K

y-PGA 10 (DMSO) 10.34 12 300K

y-PGA 9.7 (D0, KCI) 20.9, 9.7 300K

y-PGA 10 (D0, 0.15 M PB) 8.45 24 300K, pH=6.2
BzPGA 22 (DMSO) 45.63 2.7 298 K, 30% Bz
BzPGA 10 (DMSO) 47.17 2.6 300K, 50% Bz
BzPGA 10 (D0, 0.15PB) 58.03 345 300K 50% Bz, pH = 6.2

For y-PGA the apparent Ry is probably far from
the reality. This size is rather large comparing to bio-
proteins with similar molecular weight, e.g. HAS of M, =
66.4 kDa has Ry = 3.5 nm [37,38]. y-PGA has an a-helix
secondary structure as it is known from the literature [33,
34] however no hydrophobic core is available for a folding
process therefore the shape can hardly be approximated
with sphere. There is also a clear indication of aggregation
because the diffusion becomes slower if the concentration
is higher in DMSO. The faster diffusion of y-PGA in wa-
ter is probably due to the difference of viscosities of the
two solutions. In this case PGSE NMR proved to be bet-
ter choice over DLS because it gave the number average
of the diffusion constant. Since the decay of integrated in-
tensity of NMR peaks showed a single exponential but
DLS indicated significant polydispersity, the fast exchange
between the monomers and aggregates should have been
held. However, the small amount aggregates contributes to
the mean of diffusion constant in smaller degree in the case
of NMR than in the case of DLS. This latter method gives
an intensity weighted mean radius where the large particles
dominate the average value.

It is an interesting observation that the diffusion is
much slower in phosphate buffer (PB) which is usual
medium both in SEC analysis or in biological applica-
tions. The most probable reason is the H-bond interac-
tion between the dominant HoPO4~ and HPO4%~ anions
at pH = 6.2 and the side chain (o) COO™ ions. The di-
protonated phosphate ion may form a bridge between two
side chain carboxylates of two single particles y-PGA.
In the case of benzylamidated PGAs the number of car-
boxylates available for this interaction is 30-50% less,
therefore this effect is much less pronounced supporting
the above explanation.

The most important consequence, can be drawn from
Table 1, is that the BZPGA diffuses faster than y-PGA. If
no fragmentation happens during the preparation the mo-
lar weight of BZPGA and the size as well must be larger
than that of y-PGA. The possible explanation of the faster
diffusion and the calculated smaller Ry is that, the shape
of BzPGA is different. The difference in shape is probably

the consequence of a structural modification of BzPGA,
that is the formation of spherical nanoparticles as in the
case of y-PGA-PEA reported by Akashi et al. [14, 15].

Size and Structure of Benzylamidated y-PGA (BzPGA)

Preparation of BZPGA was performed at high temperature
in DMSO therefore fragmentation during the synthesis
cannot be closed out without investigation. Fragmentation
may result in smaller molecules and as a consequence
faster diffusion in average [16]. By careful analysis of
2D NOESY NMR spectra either y-PGA or BzZPGA, we
can prove that this is not the case here. In Fig. 4 the 2D
NOESY spectrum of BzPGA of 30% functionalized is
shown.

While the interpretation of cross peak intensities in
NOESY is not straightforward in the case of small organic
compounds for large molecules it seems to be easier [39].
The appearance of cross peaks in NOESY spectrum is the
consequence of cross relaxation between the given pro-
tons, in other words they relax each other by means of
dipole—dipole coupling. The intensity of the cross peak
depends on the mixing time it goes through a maximum
with that. The first, increasing part called “NOE build-up”
depends on the nuclear distances and the rotation cor-
relation time of the molecule (see below). The second,
decreasing part is determined by the rate of longitudinal
relaxation of the protons between which the cross peak
is observed. The total analysis of the intensity vs. mixing
time curves is difficult it requires a parameter fitting on
bi-exponential theoretical function. However, this fitting
procedure is very sensitive to the quality of experimental
data. Another, more usable approach is to analyze the ini-
tial rate of build up of the intensity of cross peaks during
the mixing period. For this calculation the relative intensity
of the cross peak to diagonal peak can be used at differ-
ent mixing time, taken from 1D slice. The intial rate of
cross relaxation is inversely proportional to sixth power
of distance between the protons which relax each other
(@ and j) and depends on the rotation correlation time of
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Fig.4 500 MHz 2D NOESY spectrum of BzZPGA functionalized in 30%; ¢ = 22 mg/ml. The mixing time is 150 ms. 7 =300 K

the molecule [39]:
(3)

where 7. is the global rotation correlation time of the
molecule, r; ; is the distance between i-th and j-th protons
which relax each other, o; ; is the rate of cross relaxation
which determines the rate of build up of cross peaks. f(z.)
is the spectral density function expressed as follows

-6
0i,j = f(fc)ri’j ,

fte) =q ( “4)

-1 .
1+ 4w 72 )°

In case of large molecules at high resonance frequency
(wp =500 MHz in our case) and slow tumbling, (long z.)
the cross relaxation rate is directly proportional to the
correlation time through f(t.) and inversely proportional
to the sixth power of distance between protons in space
see Eq. 3. Usually the rotation correlation time is taken
from independent experiments or considerations and the
proton—proton distances are calculated. We show now an-
other application. Since both in y-PGA and BzPGA there
are two protons which are at the same distance for sure,
i.e. the two protons of AB doublet of 8 CH, group at
1.87 and 2.01 ppm. Between these two peaks of y-PGA or
BzPGA, the rate of the cross relaxation will be different
if 7. is different of the two molecules [39, 40]. Therefore

a series of 2D NOESY spectra were recorded at differ-
ent mixing times and rate of the cross relaxation (from
NOE build-up) was determined. Figure 5 shows the change
of cross peak intensities relative to the diagonal peak be-
tween the protons 8 CHj groups as a function of mixing
time. It is seen that the initial rate is higher for BZPGA
than that for y-PGA therefore the rotation correlation time
of BZPGA must be longer. Comparing with diffusion data
it means that the BZPGA on one hand diffuses faster on
the other hand rotates or tumbles slower than y-PGA.

0.8
0.6
=
3 04
0.2
0
0 100 200 300 400 500
T mix /msec

Fig.5 Change of cross-peak intensity relative to the appropriate
diagonal as a function of mixing for y-PGA (M) and BzPGA (e).
The lines are the best fitted second order polynoms



NMR Study of Poly(y-Glutamic Acid) and Partially Benzylated Poly(y-Glutamic Acid): Nanoparticles in Solution

207

Scheme 2 The formation of ternary (folded) structure of BZPGA through H-bond between the new NH group and y carbonyl (leff) and
the N atom of the new NH group and non-amidated « carbonyl (right)

A probable explanation of slower tumbling but faster lin-
ear diffusion of BZPGA is the appearance of hydrophobic
benzyl groups on the side chain that makes the folding
possible.

The folded BZPGA molecule (some authors call it as
“molecular micelle” [14]) is more spherical than the he-
lical (random coiled) y-PGA, therefore its diffusion is
faster. The faster rotation of y-PGA can be explained with
that the random coil cannot be characterized by one global
rotation correlation time but rather by the average of faster
local rotation correlation times from the inside dynamics
of the molecule.

The 2D NOESY experiment also provides qualitative
information about the nature of folding of BZPGA. The re-
action with benzyl amide resulted in a new amide group
(BzNH see Fig. 4 and Scheme 2) which may be able to
make hydrogen bond to some skeleton carbonyls breaking
the helix, or to « COOH group not amidated as Scheme 2.
shows. Both H-bond can bring close in space the y protons
(2.19 ppm) and the new bzNH group (8.39 ppm) result-
ing in cross-peaks in NOESY spectrum (Fig. 4). It is also
seen that the benzyl CH, protons (4.28 ppm) give cross
peaks with both § and y protons but definitely more in-
tense cross-peaks with y protons. This latter is hardly seen
in Scheme 2 but can very easily be imagined if the benzyl
group turns down into another position behind the scheme.

The lack of cross-peaks between phenyl group and ei-
ther of the protons on the chain may be the consequence
of small degree of the solvation of phenyl groups either
in water or in DMSO. As a consequence, in the formed
“molecular micelle” the hydrophobic phenyl side-chain is
in large distance from the hydrophilic (liophilic) strongly
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IASON —Intelligent Activated Sludge Operated
by Nanotechnology —Hydrogel Microcarriers
in Wastewater Treatment

Abstract Performance of biological
wastewater treatment depends to

a large extent on mechanical strength,
size distribution, permeability and
other textural properties of the
activated sludge flocs. A novel
approach was developed in apply-
ing synthetic polymer materials to
organize floc architecture instead

of spontaneously formed activated
sludge floc. Developed microcarrier
polymer materials were used in

our experiments to mitigate tech-
nological goals. Preliminary results
suggest that the PVA-PAA (polyvinyl
alcohol—polyacrylic acid copolymer)
is a feasible choice for skeleton
material replacing “traditional” acti-
vated sludge floc. Use of PVA-PAA
hydrogel material as microreactors
and methods for biofilm formation
of wastewater bacteria on the carrier
material are described. Laboratory

scale experimental results with mi-
croscopic size bioreactors and their
potential application for simultaneous
nitrification and denitrification are
presented.

Keywords Activated sludge -
Biofilm development - Hydrogels

Introduction

The driving forces for international efforts during the past
few decades in the field of wastewater treatment technolo-
gies were the recognition of environmental problems with
respect to surface waters (oxygen depletion, eutrophica-
tion, etc.) as well as more stringent environmental legisla-
tion (such as the 91/271/EEC directive). Apart from bio-
logically degradable organic compounds, nitrogen forms,
such as ammonium ion (nitrification), nitrate (denitrifica-
tion) as well as phosphorus compounds and various mi-
cropollutant materials (heavy metals, oil derivates, hor-
mone residues, etc.) have to be removed in biological

and/or combined wastewater treatment technologies. As
the results of these requirements and consequent techno-
logical developments the layout, design and process con-
trol of biological wastewater treatment plants have become
highly diversified and complex.

The tendency of increasing technological complex-
ity has remained the same during the past few decades.
The question remains, however, whether this is the only
right tendency to follow. In biological wastewater treat-
ment technologies the majority of systems are based on
activated sludge technology. In these systems the popula-
tion structure and dynamics of the activated sludge micro-
bial community is largely governed by indirect regulatory
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mechanisms, such as aerated/non-aerated, reactor config-
urations and sludge recycling ratios. Yet, despite all the
R + D efforts, the build-up of activated sludge flocs (bac-
terial aggregates) that is the key elements of the wastewa-
ter treatment process remains uncontrolled. Their morph-
ology, microscopic architecture and biochemical build-up
could only controlled by indirect methods. Furthermore,
a design tendency is that for each particular functions (i.e.,
ammonium oxidation, nitrate reduction, etc.) a separate
reactor space is provided, thus making nutrient removal
costly.

In the framework of the IASON (Intelligent Activated
Sludge Operated by Nanotechnology) project we intro-
duced a non-traditional concept by utilizing the results
of nanotechnological development in biological wastew-
ater treatment process. Artificially constructed microre-
actors could perform complex tasks within a single aer-
ated basin, as the biochemical processes are regulated by
the responses of the microenvironment of IASON struc-
tures. These are governed directly by the build-up of the
nanostructures constructed within. The new concept of
IASON changes the traditional wastewater treatment ap-
proach. Hitherto, wastewater treatment plants and tech-
nologies were designed on the basis of the spontaneously
formed activated sludge floc.

In biological wastewater treatment the biomass consists
of multiple species, complex microbial communities either
in suspended or immobilized form. The traditional acti-
vated sludge flocs, commonly called as suspended biomass
in reality are also organized by immobilized bacterial con-
sortia [1]. The heterogeneous multiple layered flocs (or
biofilm) consist of several strata having an average size
of several hundreds of wm, with porous structure, em-
bedded EPS materials (extracellular slime materials). The
knowledge to regulate or furthermore to design the mi-
croenvironment of activated sludge community is largely
missing. Typical examples are the spontaneously occur-
ring simultaneous nitrification/denitrification phenomena
either in bioreactors or in secondary clarifiers or in both.
The same bacterial layer within a spontaneously formed
activated floc might have aerobic, anoxic or anaerobic mi-
croenvironment depending on the prevalent shear stresses,
mixing and aeration regime. Should oxygen penetration
depth change into the immobilized cell layers (irrespective
to floc or biofilm structure) the consortia of microorgan-
isms might switch from anaerobic fermentation pathways
to the aerobic TCA cycle or could use the ammonium
ion as energy source (i.e., nitrification) or depend on ni-
trate as final electron acceptor [2]. The heterogeneity of
bacteria with respect their biochemical repertoire as well
as their microscopic structure expressed in biofilm build
up makes the predictions, modeling and process control
difficult [3].

Activated sludge flocs used in biological wastewater
treatment could be regarded as a sort of self-immobilized
system where the carrier material itself consists of liv-
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ing and dead cell biomass. Self carrying biofilms are
also used in several full-scale wastewater treatment ap-
plications (e.g., UASB — upflow anaerobic sludge blanket
reactors). Similarly to suspended cell immobilized sys-
tems (activated sludge) the mechanisms of biofilm formu-
lation, maturation and final structure formation (density,
microchannels, other textural properties) are largely un-
known and directly could not be controlled [4]. To over-
come these drawbacks a novel concept has been developed
(IASON) where biofilm development and final microstruc-
ture is directly controlled on the surface and within the in-
ner layer of hydrogel materials in the same particle size di-
mensions of spontaneously formed activated sludge flocs.

Establishment of heterogeneous layers in biofilm de-
veloping on the PVA-PAA carriers was the most difficult
step in the multifunctional reactor. The structure of the
biofilm depends on many environmental conditions and
biotic factors (inoculation of the gels, composition of influ-
ent (raw) wastewater, diurnal changes of influent wastew-
ater, flow conditions and apparent shearing forces in the
reactor, the continuously changing density and average
thickness of the biofilm, texture and 3D structure of the
biofilm. Two papers report various effects of presence or
absence of microscopic channels and voids, dosing of the
methanol, buffer solutions on biofilm structure [6, 7].

Laboratory scale results of artificial microcarriers
(IASON) to which the activated sludge bacteria adhere and
function in a designed and controlled microenvironment
are presented in the paper. The objective of our labo-
ratory scale research is to explore on how the hydrogel
carrier materials can be designed and test their environ-
mental reaction with and without wastewater bacteria.
Technological results with the newly developed hydrogel
materials (PVA-PAA (polyvinyl alcohol-polyacrylic acid
copolymer) for nitrification and denitrification are detailed
in the paper.

Materials and Methods

Synthesis and Treatment
of Microcarrier Hydrogel Materials

Several batches of new hydrogel materials were tested
and selected on the basis of their durability, size dis-
tribution (Fig. 1), density, surface properties regarding
bacterial adherence as illustrated by Fig. 2. where the
steps of the selection process of the technologically ap-
propriable hydrogels materials are depicted. Some ex-
amples of investigated hydrogel beads are: PVA-PAA
(polyvinyl alcohol—polyacrylic acid copolymer), modified
starch and cellulose materials, ferromagnetic PVA, NIPA
(N-isopropyl-acrylamide) gels. Technical details were dis-
cussed elsewhere [5]. In this paper the results with the
PVA-PAA copolymer hydrogel beads are presented. In
this carrier the regulation of the porosity (inner structure)
of hydrogel pearls was achieved by the addition of fine
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Fig.1 Size distribution of non-treated (a), NaOH treated (b) and biofilm covered (¢) PVA/PAA gels with starch based on measurements
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Fig.2 Flow scheme of experimental procedures in selecting the technologically feasible hydrogel type(s)

starch suspension into the gelifying liquor hence embed-
ding easily biodegradable substrate into the inner structure
of the gels.

The starch contents of the gels was partially re-
moved by simple method (heat and chemical treatment
for 120 min, at 60 °C in 10 N NaOH solution) prior to
bacterial colonization. Heat treatment and partial removal
of starch from the polymer matrix did not alter the par-
ticle size distribution of the original gels beads (Fig. 1a,b).
Presence of residual starch was checked by KI tests (potas-
sium iodine solution staining and visual observation under
microscope). KI test showed that starch was removed
from the polymer matrix in the depth of 20—30 um from

the surface. Removal of near-to-surface embedded starch
granules from the polymer matrix provided surface rough-
ness and microholes for the wastewater bacteria for initial
adherence. After the preliminary treatment with NaOH
the process of bacterial colonization on the outer surface
started. Further biodegradation of the inner starch particles
within the gel beads provided additional adhesion surfaces
to bacterial cells.

Previous experimental results focusing on the selec-
tion of adequate microcarrier for biofilm development [5]
revealed that PVA-PAA gels concerning their durability,
surface properties, resistance against mechanic strength
were found to be the most favorable carrier material. On
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the basis of these preliminary experimental results, var-
ious types of breeding and inoculation techniques were
conducted on laboratory scale to investigate bacterial col-
onization processes. Investigations included the rate of
biofilm attachment/detachment, as a function of hydraulic
properties (turbulence) and loading conditions (i.e., sub-
strate and nutrient loads per volume of gel) for wastewater
microbial consortia in batch tests.

Tests with colonized hydrogels were carried out in
continuously fed sequential biological reactors: the sys-
tem was designed for complete nitrogen removal by the
implementation of nitrifying (aerated and mixed tank,
see Fig.3.) and a post-denitrifying (mixed only) reac-
tor. Methanol was dosed as external carbon source into
the non-aerated tank to fulfill electron donor require-
ments of denitrification. Adjustment of methanol addition
and aeration served for fine control of nitrogen removal
processes.

Laboratory Scale Experimental Systems

The outline of the laboratory scale series of biological
reactors for full nitrogen removal is depicted on Fig. 3.
The system consisted of two consecutive reactors, reac-
tor “A” (hydraulic volume 4.5-6.3 x 1073 m?) for nitri-
fication, aerated and mixed and consequent reactor “H”
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(hydraulic volume 6.3—7 x 1073 m?) for denitrifying bac-
teria. Methanol dosage was adjusted to the varying nitrate
concentration (40—70 g/m?). The dissolved oxygen con-
centration was measured at sampling points 2, 3 and 5,
on Fig. 3.

Wastewater analyses (at the sampling points on Fig. 3)
were focused on traditional wastewater parameters (COD
(chemical oxygen demand), SS (suspended solids), N
and P forms) and biomass concentration parameters.
pH and DO measurements were conducted at daily
intervals.

Wastewater Composition and Origin

During the experimental period (3 months) wastewater of
the effluent of secondary clarifiers from the South Bu-
dapest Wastewater Treatment Plant was utilized as inflow
water to the system. Adjustment of water quality was
needed according to the experimental objectives, such as
dosing surplus ammonium ion, etc. At sampling point 1
(Fig. 3) ammonium concentration was raised to be around
60 g/m> (by dosing NH4Cl solution into the raw wastewa-
ter), and pH was set and maintained by dosing 0.5 kg/m>
NaHCOs3 to provide the necessary buffering capacity to
influent wastewater. Influent wastewater composition in
experimental system is given in Table 1.

Methanel dosing

Y

Hydrogel carriers - - - -

Mixing
1
]
1

Retainer

! 8 Effluent

- {Hydrogel carriers

Aeration

Influent

Nitrification “A™ reactor

C-source dosing

Denitrification “H"” reactor

Fig.3 Lay-out of laboratory scale experimental treatment system for nitrification and denitrification with C-source dosing. (Sampling
points are numbered. Flow rates were regulated by PLP 66 peristaltic pumps)
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Table1 Composition of the influent wastewater used in consecutive
reactors

Parameter Average Minimum  Maximum
pH 7.89 7.56 8.06
0-PO4-P g/m3 1.6 0.16 32
NH4-N g/m? 57 54 71
NO,-N g/m? 3.66 1.27 7.8
NO3-N g/m? 4.26 1.2 73
Kjeldahl N g/m? 58 57 60
org N g/m? 0.75 0.5 1
Total N g/m? 64 62 66
SS g/m? 4.1 35 5
COD g/m? 71 55 87

Results and Discussion

Bacterial Colonization and Biofilm Maturation
of Autotrophic and Heterotrophic/Denitrifying Bacteria

Biofilm establishment on microcarrier surfaces was a-
chieved by using the natural attachment processes of the
suspended wastewater bacteria into hydrogel carriers. In-
oculation of the initial 500 ml gel material per reactor
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(A and H) was conducted by using wastewater bacterial
consortia from the same plant from where the influent was
originated. Suspended biomass (activated sludge) was ul-
trasonicated for disaggregating the flocs that was followed
by a filtration step on 50 um glass fiber filter. Initial biomass
concentration measured as SS (suspended solids as g/m?)
was in the range of 5—10 g/m>. Biomass development was
monitored by regular microscopic investigations, SS meas-
urement, and dry material contents determination of gels
and attached biomass.

Results indicated that biofilm development and establish-
ment of solid biofilm layers on the surface of PVA-PAA
gels requires about 10—12days (for heterotrophic bac-
teria) and more than 21 days in case of nitrifyers (au-
totrophic bacteria). The stages of the autotrophic bacterial
growth on the carrier material were started initially by
protobiofilm patch formation (approx. 3 days) that is fol-
lowed by the slow appearance (see Fig. 4.) of single and
multiple cell Proto- and Metazoa organisms (14-21 days).
Upon the completion of the formation of the good tex-
tured, solid biofilm surface technological and environmen-
tal stress experiments were started. During the process of
biofilm formation continuous care was taken for the re-
moval of the spontaneously formed activated sludge flocs
(detached biofilm particles in stirred and aerated reactors).
Figure 4a—d illustrate the different stages of biofilm devel-
opment.

Fig.4 Biofilm development on NaOH treated starch containing PVA-PAA hydrogel beads. a State of heterotrophic biofilm development
on the 18th day. At this time the second stage of the inoculation was started. b Multiple layered biofilm on the 22nd day. 3 days after
the inoculation with autotrophic (nitrifying) bacteria. ¢ Fully developed multiple layer mature biofilm on the 25th day. Epistylis spp. and
Vorticella spp. started to grow on the surface of the autotrophic biofilm indicating non-toxic environmental conditions and high sludge
retention time. d Heterotrophic biomass from deeper biofilm layer starts to overgrow the upper autotrophic biofilm
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Simultaneous Nitrification and Denitrification

Simultaneous nitrification and denitrification was achieved
by the establishment of multiple strata protobiofilm formed
by wastewater bacterial culture. The biofilm was sponta-
neously attached to the surface of the PVA-PAA hydrogels
beads embedded with starch. Suspended growth activated
sludge flocs and in our experiments the biofilm on hy-
drogel surfaces as well have the average diameter of sev-
eral hundreds pm (see also Fig. 1 regarding the changes
of particle size distribution). On microscopic scale there
are steep concentration gradients within such entities, at
a given dissolved bulk oxygen concentration in the deeper
layers of the biofilm anoxic or anaerobic conditions could
develop. The upper layer of the protobiofilm was domi-
nated by the autotrophic nitrifyer bacteria as this layer was
well aerated, nearest to bulk solution. The deeper layers
of the established biofilm were supposed to be composed
predominantly by the heterotrophic bacteria (facultative
anaerobic microorganisms) hence denitrification was ex-
pected to occur in this zone.

Inoculation Procedures

The multiple layered biofilm was established by using
double step inoculation process. At starting suspension
of heterotrophic bacterial cells was dosed to the reactor
twice at 24 h intervals. Prior to inoculation the suspended
biomass was treated by ultrasonication for disaggregat-
ing the flocs followed by a filtration step on 50 wm glass
fiber filter. In the second step of inoculation autotrophic ni-
trifying bacteria were dosed into the reactor on the 18th
day of the inoculation process. Pretreatment and inocula-
tion technique of the bacterial suspension was the same as
described above. Wastewater characteristic during the in-
oculation period is shown in Table 2.

Indirect Control of Biofilm Composition and Structure
by the Wastewater Parameters

The texture of the double layers biofilm could be con-
trolled indirectly by the concentration levels of various
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electron acceptors and donors in influent wastewater and
aeration intensity. Environmental conditions in bulk solu-
tion (i.e., within the reactor volume) can be finely tuned
by regulating aeration intensity (fine and coarse bubble
aeration) and methanol dosing that effects indirectly the
dissolved oxygen concentration via the oxygen utiliza-
tion of microorganisms. Conditions favoring the growth of
heterotrophic biomass having higher growth rate than au-
totrophic counterparts could be altered by organic carbon
source (methanol) dosage as evidenced by microscopic ob-
servation during the experiments. These observations were
supported by regular nitrification and denitrification activ-
ity measurements (see also Fig. 5).

Spontaneous Growth of Suspended Flocs in Bioreactor

The presence of spontaneously suspended flocs (truly
“planktonic” biomass fraction) in the bioreactor might
cause false results as well as structural alterations in
biofilm used in these small-scale laboratory experiments.
Spontaneously formed suspended planktonic flocs were
removed constantly from the bioreactor by thorough wash-
ing and withdrawal of the not polymergel-bound biomass
at every second day.

Flow Conditions in the Bioreactor
and Biofilm Density and Thickness

Environmental conditions such as temperature, exposure
time, concentration of suspended bacteria (initial inoculum
concentration) and most notably reactor hydraulics effect
bacterial adhesion and the ultimate structure of formed
biofilm. Shearing forces as dominant factors [8] effect the
structure and hence technological performance of immobi-
lized cell bioreactors [9]. As a general rule supported by
many experimental evidence it is stated that higher shear-
ing forces result in more compact but less tenuous biofilm
structures [10].

Control of Dissolved Oxygen Concentration

The efficiency of denitrification in the lower layers of
biofilm depends on the bulk level of dissolved oxygen

Table2 Influent wastewater quality during the multiple step inoculation

Heterotrophic biofilm

Parameter Unit Minimum Maximum
NH4-N g/m3 13.7 24
NO,-N g/m? 0.1 3.9
NO3-N g/m? 21 63

pH 7.8 8.2
Conductivity WS /cm 1765 1862

Temperature °C 20 21

Double layered biofilm

Average Minimum Maximum Average
21 23.8 522 30

1.8 0.05 0.7 0.14

44 17 52 28.5

8.1 7.86 8.26 8.04
1800 2110 2120 2110
20.5 20 21 20.5
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Hydraulic reactor volume: 6.3-7 * 10° m’
Volume of the PVA-PAA gels: 0.6 * 10° m’
Hydraulic loading: 0.5-0.7 * 10 m*/hour
Methanol dosing: 0.3 g/m® of influent wastewater
(corresponding to 415 g/m’ COD value)

Dissolved oxygen level was measured at every 15
minutes (see also Fig 6a and 6b).

The required DO levels were set by the intensity of
aeration.

Fig.5 Laboratory scale experimental system for simultaneous nitrification and denitrification with additional C-source dosing

and the diffusion through the upper layers of fully grown
biofilm. Structural changes of biofilm were monitored
microscopically at daily intervals, while technological
performance of the biomass was continuously checked.
Should nitrification efficiency drop throughout the ex-
perimental period dissolved oxygen concentration in the
bioreactor was increased to favor autotrophic growth (i.e.,
stepwise increase of bulk oxygen concentration).

Dosage of the Methanol (Organic Carbon Source
for Denitrification)

Growth rate of heterotrophic denitrifying bacteria had
to be controlled to maintain the depth and texture of
the deeper layers of biofilm. During development period
of the biofilm the growth rate of heterotrophic bacte-
ria was limited by the concentration of organic carbon
source (methanol). The background COD concentration
of methanol in influent wastewater was kept constant

throughout the experimental period. The continuously aer-
ated and methanol dosed system containing the biofilm
covered PVA-PAS hydrogel beads is shown on Fig. 5. The
hydraulic retention time was set to 9.5—-10.5 h close to the
normal operating range of full-scale wastewater treatment
systems.

Technological Results

Influent and effluent wastewater quality of the laboratory
system was measured daily to obtain information on the
technological capabilities of the system and its temporal
changes. Figure 6 depicts the daily removal efficiencies
for N compounds upon the development of multiple lay-
ered biofilm. In this biofilm the upper layer consisted of
mostly autotrophic bacteria able to oxidize ammonium ion
in the presence of oxygen (nitrification) and the lower layer
consisting of predominantly heterotrophic bacteria able to
reduce nitrate to nitrogen gas in the absence of oxygen

Simultaneous nitrification and denitrification
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Fig.6 Removal efficiencies of NH4-N and NO3-N in the simultaneous nitrification/denitrification system
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D.O. levels in the bioreactor (at 26th
day after inoculation)
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Fig.7 Dissolved oxygen concentration profiles in the bulk solution

by utilizing methanol as electron donor for the reduction
process (denitrification). Figure 6. shows the removal effi-
ciency fluctuations in terms of ammonium ion and nitrate
that are largely due to altered oxygen concentrations, inoc-
ulations and formation of spontaneous flocs. In the volume
of the reactor the mixing was always complete as evidenced
by DO levels checked at various points. This might indicate
along with the measured ammonium and nitrate removal
rates (Fig. 6) that spatial heterogeneity of DO was estab-
lished within the microscopic layers of the biofilm enabling
to form anoxic zones for denitrifier bacteria.

As the oxygen requirement of these microbiologically
mediated processes is contradicting it is of interest to mon-
itor closely the bulk DO level across the experiments as
depicted on Figs. 7a and 7b. Considering the low dissolved
oxygen concentrations on Fig. 7a nitrification would not be
expected to occur under these conditions. The correspond-
ing results on Fig. 6 however clearly indicate the opposite
(days 26 and 27). Nitrification activity of autotrophic bac-
teria was observed at DO level below 0.2 g/m> on the
26th day (23%), while it was 45% on the 27th day. Removal
efficiency of denitrification was close to 100% irrespective
to bulk DO levels (in the range of 0.2 g/m?> and higher than
2 g/m?). It is noted that efficiency of nitrification increased
slightly by elevated DO concentration levels.

Conclusions

In biological wastewater treatment technologies most of
the full-scale systems are based on activated sludge tech-
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during simultaneous nitrification/denitrification experiments

nology. In these systems the population dynamics of the
activated sludge microbial community cannot be regulated
directly. The architecture of activated sludge flocs (bacte-
rial aggregates) that are the key elements of the wastew-
ater treatment process remains uncontrolled. The IASON
project aimed to overcome these problems by the intro-
duction of microscopic carrier structures to which the acti-
vated sludge bacteria adhere and meet technological objec-
tives. In this paper the results of the preliminary laboratory
experiments of simultaneous nitrification and denitrifica-
tion are presented.

On the basis of the preliminary durability checks we
selected the PVA-PAS hydrogel material with embed-
ded starch particles for further testing and to address
wastewater technological problems. We developed col-
onization techniques for the establishment of multiple
species biofilm structures on hydrogel surfaces having
different biochemical potential (auto- and heterotrophic
populations). Application of two steps inoculation tech-
niques (in consecutive manner) made possible the coex-
istence of ammonia oxidizer (nitrification) and nitrate re-
ducer (denitrification) bacteria in the same bioreactor vol-
ume. The layered biofilm structures were able to proceed
with the simultaneous removal of nitrogen forms (NH4 ",
NO,™ and NO37) in a single, aerated biological reactor.
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Effect of Interactions, Molecular and Phase
Structure on the Properties of Polyurethane

Elastomers

Abstract Linear polyurethanes with
various stoichiometry were prepared
from 4,4’-methylenebis(phenyl
isocyanate), 1,4-butanediol and
poly(tetrahydrofuran) in melt reac-
tion. The molecular weight of the
polymers was estimated from the
equilibrium torque measured during
the reaction, mechanical properties
were characterized by tensile testing
and DMA measurements, while
phase separation by the determin-
ation of transparency. Changes in the
NCO/OH ratio led to the expected
changes in molecular weight. Both
strength and elongation-at-break
increased with increasing isocyanate
content up to the equimolar ratio

of the two functional groups, but
decreased only slightly at larger
NCO/OH ratios. On the other hand,
modulus assumed minimum value

in the same composition range. The
extent of phase separation is the
smallest and the number of mobile
soft segments the largest at around the
equimolar ratio of the two functional
groups. While viscosity depends only

on molecular weight, strength and
deformability are strongly influenced
also by interactions, which on the
other hand drive phase separation and
completely determine stiffness.

Keywords Medical applications -
Phase separation - Polyurethane
elastomer - Structure—property
correlations

Introduction

Polyurethanes (PU) are very versatile materials used in
a large variety of application areas [1,2]. Their proper-
ties depend on several factors and can be varied in a wide
range by the proper selection of components and composi-
tion [3—7]. Depending on these factors polyurethanes can
be cross-linked rigid or elastic foams or linear elastomers,

but they are also applied as adhesives, paints, etc. [8—12].
One of the most important areas of their use is the prep-
aration of medical devices; the excellent properties of PU
makes possible to meet the stringent conditions of such ap-
plications [13—16]. Compatibility with tissue and blood,
stability, appropriate mechanical properties and other con-
ditions can be all satisfied by the proper adjustment of
composition [17-19]. However, fine tuning of properties
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to meet a specific application requires the deep knowledge
of structure—property correlations and the factors influenc-
ing them [20].

The final properties of polyurethanes are determined
by many factors. Molecular weight and molecular archi-
tecture have the same importance like in all other poly-
mers. Bifunctional monomers yield linear polymers, seg-
mented polyurethane elastomers. However, the distribu-
tion of structural elements and the end groups formed may
result in strongly differing properties even at the same
composition [21-23]. Polyurethanes contain several po-
lar groups which enter into various interactions with each
other usually leading to phase separation, to the forma-
tion of soft and hard phases. The extent of phase sepa-
ration, the size of the structural units and their properties
may have strong effect on the final properties of the poly-
mer [24-27]. The various factors, i.e. molecular charac-
teristics, interactions and phase structure influence each
property of the polymer in a different way [28—30], thus
the knowledge of these relationships is essential to achieve
the desired combination of properties.

The goal of our research was to prepare a segmented
polyurethane elastomer for medical application. In order to
meet the stringent requirement of the application, a wide
range of polymers were prepared with various composi-
tions, structure and properties. In one series of experi-
ments we prepared polyurethanes with varying stoichio-
metric ratio of the isocyanate and the hydroxyl groups to
change the molecular weight of the polymer. However, the
modification of composition changed also interactions and
phase structure. In this communication we report the ef-
fect of various factors on the properties of the segmented
polyurethanes prepared.

Experimental

The polyurethanes were prepared from 4,4’-methylene-
bis(phenyl isocyanate) (MDI), 1,4-butanediol chain exten-
der (BD) and poly(tetrahydrofuran) polyether polyol with
a molecular weight of 1000 (PTHF). All three ingredi-
ents were purchased from Aldrich and used as received.
The —OH functional group ratio of polyol/total diol was
kept constant at 0.4 in all experiments. In this study the
variable was the ratio of the isocyanate and the hydroxyl
groups (NCO/OH), which changed between 0.940 and
1.150. Polymerization was carried out by melt reaction in
an internal mixer (Brabender W 50 EH) at 150 °C, 50 rpm
for 30 min. For characterization purposes the polymer was
compression molded into 1 mm plates at 200 °C and 5 min
using a Fontijne SRA 100 machine.

Several techniques were used for the characterization
of the samples. The torque and temperature of mixing
was recorded during polymerization, which give infor-
mation about the kinetics of polymerization and the mo-
lecular weight of the final product. An attempt was made
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to determine molecular weight also by GPC. Measure-
ments were done in tetrahydrofurane using a Waters 201
chromatograph with 5 UltraStyragel columns. Polystyr-
ene samples of narrow molecular weight were used for
calibration. DMA spectra were recorded on samples with
20 x 10 x 1 mm?® dimensions between —120 and 200 °C at
2 °C/min heating rate in Ny atmosphere in tensile mode
using a Perkin Elmer Pyris Diamond DMA apparatus.
The mechanical properties of the samples were character-
ized by tensile testing on dog bone type specimens with
50 x 10 x 1 mm?® dimensions at 100 mm/min cross-head
speed using an Instron 5566 apparatus. Tensile strength
and elongation-at-break were derived from recorded force
vs. elongation traces, while Young’s modulus was deter-
mined from the initial, linear section of the traces. The
transparency of the samples was measured by a Spekol
UV-Vis apparatus at 500 nm wavelength.

Results and Discussion

The various aspects of the structure and properties of
the polyurethanes prepared are discussed in separate sec-
tions. Molecular weight, mechanical properties and phase
structure are presented first, followed by the discussion of
structure—property correlations.

Molecular Weight

According to the rules of stepwise polymerization, the mo-
lecular weight of the polymer decreases with the changing
stoichiometric ratio of the two functional groups; it drops
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Fig.1 Effect of composition on the equilibrium torque of the melt
at the end of the polymerization reaction
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drastically with increasing deviation from equimolar sto-
ichiometry. The torque of the polymer melt in the inter-
nal mixer is proportional to viscosity, which on the other
hand depends on molecular weight. Accordingly, torque
is a good indicator of changes in molecular weight if all
other conditions are the same. The torque measured at the
end of the reaction is plotted against the NCO/OH ratio
in Fig. 1. The expected correlation is obtained, molecular
weight decreases drastically with changing stoichiometry.
The maximum of the correlation is not at equimolar ratio
of the two components probably because of side reactions,
some impurities or the effect of moisture, which cannot be
avoided in spite of all efforts done.

We must call the attention here to a few important
facts. The polymer flows freely and the sample could
be compression molded into plates even at large iso-
cyanate/hydroxyl ratios indicating that considerable cross-
linking did not take place. The determination of possible
cross-linking was difficult by any other means since the
solubility of the samples is rather poor in all common sol-
vents. Although we made an attempt to determine molecu-
lar weight by GPC and we obtained a similar correlation to
the one presented in Fig. 1, we do not trust the results ob-
tained, because most of the samples could not be dissolved
completely without residue.

We found it also important that the correlation is almost
completely symmetrical, viscosity is only slightly higher
on the side of isocyanate excess than at large OH content.
The slight difference might result from the different effect
of chain ends and the stronger interaction of the urethane
moieties. In further consideration we assume that the poly-
mer consists of mainly linear chains.
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Fig.2 Dependence of the tensile strength of segmented polyure-
thanes on the NCO/OH ratio of the reaction mixture
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Mechanical Properties

The tensile strength of the samples is plotted against the
stoichiometric ratio of the components in Fig. 2, while the
corresponding elongation-at-break values in Fig. 3. The
two correlations are very similar to each other, but unlike
the torque vs. NCO/OH correlation they are highly asym-
metric. Ultimate tensile properties are strongly influenced
by molecular weight. Increasing length of the molecules
makes possible the formation of multiple entanglements
and strongly increases tensile strength and the ultimate de-
formation of the samples.

This effect is clearly demonstrated in the left hand side
of the correlations, where excess number of —OH groups
were added to the reaction mixture. On the isocyanate side
larger strengths and elongations were measured, which
cannot result from cross-linking or longer chains, be-
cause viscosity changed symmetrically with changing sto-
ichiometry. The asymmetry of the correlation is proba-
bly caused by the stronger interactions prevailing at large
isocyanate content; both the urethane and the amine end
groups formed may enter into stronger interactions with
each other than the free —OH end groups. These results
clearly indicate that interactions have a stronger influence
on properties in the solid than in the melt state.

The composition dependence of stiffness is presented
in Fig. 4. The correlation differs very strongly from those
shown previously (see Figs. 1-3). Stiffness decreases al-
most linearly with increasing NCO/OH ratio until a min-
imum, which more or less corresponds to the maximum
observed in Figs. 1-3, and then increases also linearly with
further increase in isocyanate content. The figure clearly
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Fig.3 Changes in the elongation-at-break values of segmented
polyurethanes as a function of the relative number of functional
groups
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Fig. 4 Tensile modulus of polyurethanes vs. the stoichiometric ratio
of the functional groups
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shows that modulus does not depend on molecular weight
practically at all, but on some other factor, which also
changes with composition. Based on the other results pre-
sented up to now, a trivial explanation cannot be given for
the correlation.

Relaxation, Mobility

DMA is a powerful tool for the characterization of the
molecular structure of polymers; it reveals the number
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of relaxing units and offers some information also about
their size and mobility. A typical DMA spectrum is pre-
sented in Fig. 5. Three relaxation transitions of various
intensities can be observed on the traces of storage and
loss modulus as well as on the temperature dependence
of loss tangent. The first appears at around —75 °C with
a relatively low intensity. The exact identification of the
relaxing species is relatively difficult; it might belong to
the aliphatic units of the polytetrahydrofurane segments.
The second transition detected at around —13 °C is obvi-
ously the relaxation transition of the soft segments of the
PU chains. The intensity of this transition is considerable
and dominates the spectrum. The third, weak transition ap-
pears at higher temperature, at around 75 °C indicating the
movement of larger, less mobile structural units. We may
assume that this transition belongs to the movement of the
hard segments. The small intensity of this transition can be
explained by the stiffness of these segments, which does
not change much during the transition from the glassy to
the rubbery state.

Varying composition and sequence distribution as well
as changing interactions modify the mobility of the struc-
tural units and influence transition temperatures. The com-
position dependence of the transition temperature of the
soft and hard segments is presented in Fig. 6. The T, of
the soft segments increases relatively steeply with increas-
ing isocyanate content, the total increase of T, is about
15 °C, which is considerable, then slightly decreases after
reaching a maximum (A7, = 4 °C). The continuous de-
crease of mobility can be explained with the effect of
the increasing amount of isocyanate groups which hin-
der the movement of the soft segments. The T, of the
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Fig.5 DMA spectrum of a polyurethane sample with the NCO/OH Fig.6 Effect of composition on the temperature dependence of the

ratio of 1.045. (a) storage modulus, E’, (b) loss modulus, E”, (¢)

loss tangent, tgé

glass transition temperature of the soft and hard segments of PU;
(0) soft segments, () hard segments
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Fig.7 Changes in the relaxation intensity of the soft segments with
composition; NCO/OH ratio: (a) 0.965, (b) 1.045, (¢) 1.125

hard segments increases at a slower rate at low NCO/OH
ratio, but much sharper at around the equimolar ratio of
the two components. T, continues to increase at a slower
rate again at large NCO/OH ratios. The strong increase
of slope observed in the range of equimolar stoichiom-
etry suggests that besides the interaction of individual
groups, also phase structure might influence the behavior
of the chains and the properties of the polymer. Unfor-
tunately, the correlations presented in Fig. 5 do not ex-
plain the decrease of modulus presented in Fig. 4. The
mobility of both soft and hard segments decreases con-
tinuously, which should result in the continuous increase
of polymer stiffness as well. Further information and con-
siderations are needed for the reliable explanation of the
contradiction.

Transition temperatures indicate the mobility of the
relaxing moieties, while the intensity of the transition
depends on the number of relaxing units. The loss tan-
gent of three samples is compared to each other in
Fig. 7. The three samples were prepared with different
NCO/OH ratios. It is obvious from the figure that the
intensity of the transition of the soft segment is signifi-
cantly larger at the NCO/OH ratio of 1.045 than in the
two other cases. Besides larger intensity, the width of the
relaxation peak also becomes larger in these two latter
cases indicating more hindrance and a wider distribu-
tion of relaxing moieties. Although it is rather difficult
to explain that the intensity of the relaxation increases
when the mobility of the units decreases as the increas-
ing T, indicates, this larger intensity explains the mini-
mum observed in the stiffness of the samples. A larger
amount of soft segments will definitely result in smaller
modulus.

B. Pukédnszky Jr. et al.
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Fig.8 Changes in light transmittance indicating the extent of phase
separation with changing composition
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Phase Structure

Segmented polyurethanes are known to undergo phase
separation during their polymerization, which result in the
formation of soft and hard phases [20—30]. The relative
amount of the two phases as well as their characteris-
tics determine the properties of the polymer. A relatively
simple way to study phase separation is the measurement
of the transparency of the polymer. Completely homoge-
neous polymers produce transparent samples, while phase
separation leads to a loss of light transmission. The degree
of transparency depends on the extent of phase separation
and on the size of the phases. The transparency of the vari-
ous samples is presented in Fig. 8. A maximum appears in
light transmission around the equimolar ratio of the func-
tional groups. Obviously the surplus of either functional
groups results in a larger extent of phase separation and
a stiffer material. The relatively small extent of phase sep-
aration observed at around equimolar stoichiometry results
in a larger amount of flexible chains which on the other
hand leads to a decrease of stiffness. Obviously modulus is
determined mainly by the phase separated morphology of
the polymer.

Discussion

The results presented above indicate that different factors
influence each property of segmented polyurethanes. Vis-
cosity and the related torque are determined mainly by
the molecular weight of the polymer. Mechanical proper-
ties are influenced by molecular weight, but interactions
also play a role in their determination. The stiffness of the
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samples, i.e. modulus is mainly determined by phase sepa-
ration, by the heterogeneous structure of the polymer.

The extent of phase separation and the properties of
the phases formed are determined by competitive interac-
tions acting among various groups. The results of DMA
experiments indicated that the mobility of both the soft
and the hard segments decrease with increasing isocyanate
content. The change in the slope of glass transition tem-
perature of both phases as well as the changing amount of
relaxing soft segments indicate that phase separation plays
a considerable role in the determination of properties. Ap-
parently the dominating interaction, the properties and also
the size of the phases change with composition.

At small isocyanate content we have short chains and
a relatively large number of chain-end —OH groups which
strongly interact with each other through the formation of
hydrogen bridges. These interactions lead to phase sepa-
ration, as well as to the decreased mobility and smaller
number of relaxing soft segments. With increasing iso-
cyanate content, the chains become longer and the number
of —OH groups decreases leading to an increase in the
number of relaxing soft segments, but with a decreased
mobility due to the larger number of isocyanate groups,
which decrease the flexibility of the connecting soft seg-
ments. Less phase separation and increasing number of
mobile soft segments lead to increased transparency and
decreased stiffness.

A further increase in the NCO/OH ratio results in the
association of the urethane groups and the dominating
role of the hard segments. This interaction seems to be
stronger than that of the —OH groups, shown by the larger
strength and elongation-at-break of the polymers formed.
At very high isocyanate content also the amine end groups
forming seem to enter into interaction and influence phase
separation and properties. The smaller molecular weight
achieved at these extreme compositions also influence
phase separation and properties. The strong interaction of
the hard segments excludes soft segments, which leads to
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the decrease of the T, of these latter in this composition
range. The combined effect of molecular weight, inter-
action and phase separation determine properties, but the
influence of these factors is different on each property. The
proper consideration of these relations explains the appar-
ent contradictions observed.

Conclusions

Changes in the NCO/OH ratio of the segmented poly-
urethanes prepared in this study led to the expected
changes in molecular weight. Other properties, however,
did not depend only on molecular weight, and compo-
sition dependence showed apparent contradictions. Both
strength and elongation-at-break increased with increas-
ing isocyanate content up to the equimolar ratio of the
two functional groups, but decreased only slightly at larger
NCO/OH ratios, i.e. the correlations were asymmetric.
On the other hand, modulus assumed minimum value in
the same composition range. The analysis of various in-
teractions developing in the polymer showed that phase
separation plays an important role in the determination of
properties. The interaction of chain end —OH groups domi-
nates at small NCO/OH ratio, while the interaction of hard
segments at large isocyanate content. The extent of phase
separation is the smallest and the number of mobile soft
segments the largest at around the equimolar ratio of the
two functional groups. While viscosity depends only on
molecular weight, strength and deformability are strongly
influenced also by interactions, which on the other hand
drive phase separation and completely determine stiffness.
Taking into account these considerations makes possible
the design of polymers with targeted properties.
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Abstract Flower petal-like pattern
has been observed during Vodka
spreading on gel surfaces. Since the
spreading kinetics vanishes within

a few seconds, the flower petal-like
pattern is extremely impressive like
shooting-up of fireworks. This pattern
can be formed when ethanol/water
mixtures having more than 25 vol. %
of ethanol are used as spreading
liquid and soft gels with storage
modulus less than 10* Pa are used

as underlying substrates. The origin
of this phenomenon is discussed in
terms of instability of leading edge of
spreading liquid on soft hydrogels.
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Introduction

Snow crystals form beautiful patterns, however, each crys-
tal of snow is said to be different one by one. Most of the pat-
terns in nature, e.g. a milk crown, and cloudscapes, appear
in their growth or motion. Many researchers have discussed
their enchanting spatio-temporal features, about symmetry
or its breaking, self-similarity, periodicity, and so forth [1-
11]. The pattern formation sometimes appears in polymeric
systems, as typified by Liesegang phenomena [1], viscous
fingering phenomena [2—4], and also various kinds of phase
separations [11]. Despite intensive work devoted to under-
stand such kind of phenomena, experimental observations
have not been sufficiently explained in the theoretical point
of view. Preceding theoretical works, patterning on mate-
rial based on self-organization has gripped the attentions
for the bottom-up type devices with practical application of
electronics fields [13, 14].

Pattern formation - Spreading -
Thin film

In this paper, we will report a novel pattern formation
on polymer gels like flower petal during Vodka spread-
ing. When a small amount of Vodka is put on the soft gel
surface, the droplet starts to spread immediately on the sur-
face. Soon the petal-like pattern appears transiently with
altering its shape drastically, and then loses it gradually.

Understanding the transient phenomena observed over
gel surfaces is important not only for scientific interesting
but also practical gel-based applications [15-18].

Experiment

Chemically cross-linked poly(2-acrylamido-2-methylpro-
panesulfonic acid) (PAMPS) gel and poly acrylamide
(PAAm) gel were prepared by radical polymerization from
an aqueous solution of 0.5 M AMPS monomer and AAm
monomer, respectively, in the presence of a calculated
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amount of cross-linking agent, N-N’-methylenebisacryl-
amide (MBAA), and 3 mM initiator, 2-oxoglutaric acid.
Before polymerization, the monomer solution was purged
by nitrogen for 10 min to eliminate the inhibition effect of
oxygen.

The polymerization was conducted under irradiation
by a UV lamp (ENF-260C/J, Spectronics Co., USA) with
wavelength 365 nm, at 20 °C for about 12 h. These gel
samples were prepared between two parallel glass plates
separated by a silicone spacer with a thickness 5 mm, to
obtain sheet-shaped gels. Before using them, the glass
plates were carefully washed with 0.5 M hydrochloric acid
and special detergent (Extran MAQO2, Merck Inc.), then
cleaned with a large amount of deionized water. After
the polymerization, sheet-shaped PAMPS gels were im-
mersed into a large amount of water for a week in order
to reach their equilibrium state. Equilibrated PAMPS gels
having various thicknesses according to their swelling de-
gree were cut into rectangular solid shape having 50 mm in
horizontal and vertical length.

Agarose gels having rigid networks were prepared by
dissolving agarose powder (Invitrogen Corp., Carlsbad,
CA, USA) into pure hot water (90 °C) in a beaker. After
that, it was poured into a Petri-dish and left it in a low
temperature room (4 °C) for 24 h.

Ethanol (98%), Nippon Alcohol Co., Ltd) and Vodka
were used as received from manufacturer. The drop vol-
ume of spreading liquids is 8 jul to avoid the gravity effect.
Excessive water layer over gel surface was removed with
a Kimwipe (S-200, Crecia Co., Ltd.) prior to droplet de-
position. The experiments were performed in a Petri-dish
of 6cm diameter and 1.5 cm depth. A small droplet of
spreading liquid ejected from a micro syringe was placed
right above on the gel surfaces. The contour of the spread-
ing liquid was visualized and blown up by a digital video
camera. In order to improve the visual observation of the
spreading, a small amount of methylene blue trihydrate
(10_2 M, Kanto Chemical Co., Ltd.) was added into the
ethanol. The effect of dye on the spreading is confirmed
to be negligible. The experimental setup was sensitive to
small deflection of the transmitted light caused by the vari-
ation of surface curvature, therefore the location of the
leading edge of the spreading fluid was well visualized.

The time evolution of the spreading leading edge was
recorded by the digital video camera (time resolution:
1/30s, NV-GS70K-S, Matsushita Electric Industrial Co.,
Ltd.) or high speed digital camera (time resolution:
1/1000, NAC Image Technology), and each photograph
was evaluated by digital image analysis (Adobe, Photo-
shop 6.0). The experimental data were fitted by Origin 6.1]
(OriginLab Corporation, USA).

Parallel-plate geometry was used for dynamic oscil-
latory measurements of the gels. Cylindrical gel sam-
ples equilibrated in distilled water with a thickness of ca.
10 mm and a diameter of 15 mm were embedded and glued
between parallel plates with a diameter of 20 mm.
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Results

The Vodka is one of the most favorite liquor over the world
and it is distilled liquor containing ca. 40% ethanol. When
a small amount of liquid containing ethanol like Vodka is
dropped on a soft hydrogel surface, Vodka spreads imme-
diately over a gel surface due to surface tension differ-
ence between spreading liquid and hydrogel. During this
spreading process, beautiful flower petal-like patterns ap-
pear and their successive snapshots are shown in Fig. 1a.
In this figure, Vodka with small amount of methylene blue
for well visualization and chemically cross-linked poly(2-
acrylamido-2-methylpropanesulfonic acid) (PAMPS) gel
swollen by 0.1 M KCI aqueous solution were used as
spreading liquid and underlying substrate, respectively.
The spreading droplet volume was fixed as 8 pl to avoid
a gravitational effect and addition of methylene blue to
the spreading liquid was found to be negligible for pattern
formation by preceding experiment [19,20]. The leading
edge of the spreading liquid becomes dim after at ca. 0.08 s
and flower petal-like patterns appear suddenly at ca. 0.1 s
from the liquid starting to spread. Each petal of pattern
coalesces with neighbors increasing its size with time ad-
vancing and consequently, the number 7, of petal gradu-
ally reduces as 36 pieces (250 ms), 26 pieces (500 ms), 22
pieces (1.0s), and 17 pieces (1.5s) as shown in Fig. 1b,
showing a scaling relation of n, o 1~04+0.1 "From 1.0
to 1.5s, petal-like patterns begin to lose their beautiful
alignments and shapes. This fusion of petal is similar to
“coarsening” of phase separation. Clearly visible capillary
wave of Vodka like “river terrace” also can be observed
inside of patterns. Although there are reports that evap-
orating effects of spreading liquid influences the spread-
ing dynamics [21] or pattern formation [22], the effect of
ethanol evaporation in this study can be negligible since
the spreading process occurs within a few seconds. These
beautiful patterns were never observed on water, glass sub-
strate, and polymer solutions.

Time evolution of leading edge R and spreading vel-
ocity v of Vodka spreading over the gel surfaces are plotted
in Fig. 1c. The leading edge R is defined as the distance
shown in Fig. 1a and the spreading velocity v was calcu-
lated as change in R at each measuring intervals. As shown
in Fig. 1c and earlier work [19,20], spreading process on
viscoelastic surface contains 3 stages (denoted as stage I,
II, and IIT) and the kinetic equation of the leading edge R
during stage I and stage II can be collectively expressed as
follow

t o
Iy

where « is the spreading exponent, K is the prefactor, and
c is a constant depending on the initial conditions such as
the initial shape of spreading liquid. The parameter « char-
acterizes the inclination of the spreading curve in stage I1
that can be considered as practical spreading kinetics of

(D
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Fig.1 (a) Successive snapshots of pattern formation during the Vodka spreading on soft PAMPS gel (swollen by 0.1 M KCl aqueous so-
lution) having storage modulus G’ ~ 10% Pa. The numbers in the figure are spreading times and scale bars indicate 1072 m. (b) The petal
number 7, as a function of spreading time. (¢) Time evolution of spreading radius R (®) and velocity v (LJ) of Vodka spreading on PAMPS
gel swollen by 0.1 M KCI aqueous solution. Solid line and dotted line are the non linear fitting results by Egs. 1 and 2, respectively

Vodka without any noises. From the fitting of spreading
curve of R by Eq. 1 and setting 7y = 1 s, spreading param-
eters, K, ¢, and o were found to be 9.6 x 1073 m, 0.090s,
and 0.45, respectively, by the least square method. We
found that during Vodka spreading on soft gel surface, the
flower petal-like patterns firstly appear at the end of stage [
(t ~ 0.1s), and disappear at the end of stage I (t ~ 1.55s).

The spreading velocity v can be obtained by differenti-
ating Eq. 1 with the spreading time ¢,

a ¢ a—1
v=K ( +C) .
fo Io

We denote the critical spreading velocity and time at the
end of stage I when the petal patterns appear as vy and
ts, respectively. The spreading velocity gradually reduces
from the vy with petal size growing up and petal number
reducing during stage II. At the end of stage 11, the petal-
like patterns disappear. We denote this terminal spreading
velocity and time as ve and f., respectively. Using ex-
perimental result of K = 0.96 x 102 m, ¢ =0.090s and
o = 0.45 to Eq. 2, we found that vg = 1.1 x 1072 m/s and
ve =0.33 x 1072 m/s.

2)

As demonstrated earlier [19], spreading on gel sur-
face shows the intermediate behavior between liquids
and solids due to their soft natures. To study the pattern
forming condition, we have carried out the spreading ex-
periments by changing 1) the viscoelasticity of various
gel substrates and 2) ethanol concentration of spreading
liquid.

Spreading on Various Gel Substrates Having Different
Viscoelasticity

To investigate the effect of softness of gel substrates to the
pattern formation, we have tried to observe the change of
pattern formation by varying the storage modulus G’ of gel
substrates, such as polyacrylamide (PAAm) gels composed
of neutral soft networks, PAMPS gels composed of strong
polyelecrolyte networks, and agarose gels composed of
rigid network. Measurement of G” was carried out by dy-
namic oscillating mode using rheometer at a wide angler
frequency range from 0.1 to 50rad/s, applying a strain
& =0.01 that is within the linear deformation region of
gels. (Since the gel samples for oscillating measurement
were cut into cylindrical shape having 1.5 x 1072 m in
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diameter and ca. 1072 m in thickness, w ~ 1 rad/s of os-
cillating angular frequency provides the maximum oscilla-
tion velocity at external side of gel as ~ 1072 m/s, which
is comparable to the order of spreading velocity. Storage
modulus G’ of gels showed little frequency dependence in
the angular frequency range from the 0.1 to 50 rad/s. 98%
ethanol as received with small amount of methylene blue
was used as spreading liquid in these experiments.

It was found that the spreading leading edge becomes
slightly unclear until at 0.067 s and very small petal-like
patterns were confirmed until 0.1 s in all pattern-forming
case, independently of the gel substrates. This critical time,
ts, most likely, corresponds to the boundary between stage
I and stage II. The terminal time, f., when the propagat-
ing spreading liquid begins to converge, depends on the
substrates, showing values in a range of 7. & 0.67 ~ 1.67 s.
The kinetics parameters ¢, K, and « determined by Eq. 1
and the critical and terminal spreading velocity vs, ve
calculated using #;, = 0.1s and the corresponding f. are
summarized in Table 1. For the non-pattern-forming cases,
ts = 0.1 s was used to calculate vy in order to make a com-
parison to pattern forming cases.

Figure 2 shows vg and v, as a function of G’, and the
typical snapshots of pattern formation on various gel sub-
strates at spreading time 0.67 s when the petal-like pattern
were clearly confirmed from the snapshots. It was found
that the leading edge becomes obscure during spreading
on relatively soft gel substrate with a storage modulus
G’ less than ca. 10° Pa and petal-like patterns clearly ap-
pear only on soft gel substrates with a storage modulus G’
less than ca. 10* Pa and the petal number np increasing
with decreasing G’, consequently pattern becomes beau-
tiful with decreasing G’. As shown in inset of Fig. 2, we
have obtained following relation, np o GO0-1H0.05 4¢ o cer-
tain spreading time. It was also found that when pattern
forms, the critical spreading velocity vy exceeds a value
~ 1.0 x 107> m/s and terminal velocity ve below a value
~0.5x 1072 m/s.

Changing the Ethanol Concentration of Spreading Liquid

The driving force of spreading on gel surface is the surface
tension difference between spreading liquid and gel sub-
strate. Surface tension effects of the spreading liquid to the
pattern formation also have been investigated by chang-
ing the ethanol volume fraction of ethanol-water mixture
used as spreading liquid. Experiments were performed
on the PAMPS hydrogel having the same storage mod-
ulus G’ = 3.6 x 103 Pa. Kinetics parameters ¢, K, and o
determined by Eq. 1 and calculated vy and v, are listed
in Table 2. vg and v, are estimated by the same manner as
in Table 1 at t; = 0.1 s and corresponding 7. that decreases
with decreasing ethanol volume fraction, in a range of ca.
te ~ 0.67 ~ 1.67 s. Figure 3 shows the critical spreading
velocity vs and terminal velocity ve as a function of ethanol
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Fig.2 The critical spreading velocity vs and terminal velocity ve on
various gel substrates having various storage modulus G’. The vg of
pattern forming case are denoted by filled symbols (®: PAMPS gel
swollen by 0.1 M KCl aqueous solution, ll: PAAm gels, A: PAMPS
gels) and non-pattern forming case are denoted by open symbols
(A: PAMPS gels, <: Agarose gels). The ve of pattern forming case
are denoted by x: PAMPS gel swollen by 0.1 M KCI solution, +:
PAAm gels, |: PAMPS gel. Inset figure indicates petal number 7,
as a function of G’ at spreading time 0.167 s (@), 0.67 s (W) and
1.0's (A) and solid lines indicate fitting curves of 0.167 s (n, =85 x
G' %9, 0.675s (n, =55x Gy and 1.0's (n, = 64 x G’ 14,
Snapshots are typical spreading pattern of 98% ethanol at 0.67 s
on a PAMPS gel swollen by 0.1 M KClI aqueous solution, G’ =
1.2x 10? Pa, b PAAm gel, G’ = 9.5 x 10? Pa, ¢ PAMPS hydro-
gel, G’ =3.6 x 10% Pa, d Agarose hydrogel, G’ = 9.7 x 10* Pa, and
e PAMPS hydrogel, G’ = 1.2 x 10° Pa. Scale bars indicate 1072 m

volume fraction and the typical snapshots of pattern for-
mation at spreading time 0.67 s. It is obviously confirmed
that flower petal-like pattern becomes clear with increasing
ethanol volume fraction and the critical value for pattern
formation is ca. 25% and the critical spreadin% velocity vy
of pattern formation was above ca. 1.0 x 107“ m/s, coin-
cides with the results of Fig. 2.

Discussion

Our observed flower petal-like pattern is similar to finger-
ing instabilities of driven spreading films. According to the
Joanny’s theory [23], stability limit of wavelength A,, to
the spreading direction of leading edge is given by

Am = 8ho(3Ca)~ '3, 3)

where h is a thickness of fluid and Ca is a capillary num-
ber defined by Ca = nV/y, where n, V and y are viscosity,
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Table 1 The critical spreading velocity vs (t; = 0.1 s) and terminal velocity ve (fe & 0.67 ~ 1.67 s) of ethanol spreading on various kinds of
substrates having various storage modulus G’. The velocities were calculated by Eq. 2 using the listed parameters ¢, K, and o which were
determined by experimental data of time evolution of spreading radius R fitted by Eq. 1. The non-pattern forming case of vs at t;, =0.1s

are denoted in parenthesis for comparison

Gel G’ c K
[Pa] [s] x1072 [m]

PAMPS swollen 1.2x10>  0.030 1.01

by KCI aq

PAAm 6.3x 102 0.052 1.03
9.5x 102  0.039 0.96
3.1x103  0.090 0.96
45x%x10°  0.053 0.95

PSMPS 3.6x10°  0.059 1.28
1.9x10*  0.040 1.33
59x10*  0.047 1.18
7.7x10*  0.033 0.91
1.2x10°  0.042 0.91

Agarose 9.7 x 10* 0.157 0.61
22x10°  0.067 0.66

velocity and surface tension of a fluid, respectively. In our
system, capillary number Ca can be estimated as ~ 1073
using fluid parameters, n ~ 1073 Pas, y ~ 1072 N/m and
V ~ 102 m/s which is a typical pattern forming velocity.
If we assume the volume conservation of fluid, mean fluid
thickness /(g can also be estimated as a few dozen of mi-
crometers depending on the spreading radius. From Eq. 3
with these parameters, one can estimate the stability limit
of wavelength of leading edge as A, ~ 1.1 mm.

On the other hand, our results obtained from Fig. 1, we
can roughly estimate the disturbance wave length A4 in our
case from the petal-like pattern intervals when they start to
appear, Ag = 2 R(f) /np ~ 1 mm, where n,, is the observed
petal number at this moment. This value of A4 should be
comparable to the Joanny’s prediction.

However, this explanation is not satisfactory to the
flower petal-like pattern formation. For example, in the
cases of spreading on PAMPS gels with storage modulus

o R? v x 1072 [m/s] ve x 1072 [m/s]
(ts =0.1[s]) (te [sD
0.48 0.999 1.40 0.48(1.00)
0.46 0.998 1.31 0.35(1.67)
0.44 0.999 1.28 0.33(1.50)
0.45 0.999 1.08 0.33(1.50)
0.42 0.991 1.19 0.33(1.33)
0.45 0.998 1.58 0.48(1.33)
0.44 0.998 (1.76) -
0.47 0.998 (1.53) -
0.40 0.998 (1.22) -
0.43 0.998 (1.19) -
0.32 0.993 (0.49) -
0.29 0.993 (0.68) -

G’ around 10° Pa (Fig. 2), although spreading velocities
exceeds 1072 m/s, they did not show the flower petal-
like patterns. (For pattern formation, there should be other
factors).

We think this discrepancy arises from the specific na-
ture of polymer gels such as a surface fluctuation of gel
substrates due to their soft nature. Kumaran et al. predicted
the flow induced instability between a fluid and a gel inter-
face [24]. The instability is caused by the energy transfer
from the mean flow to the surface fluctuation due to the
work done by the mean flow at the interface. When a thin
fluid layer flows on a gel surface with a thickness much
thicker than that of the fluid, unstable modes appear above
a critical liquid velocity [24]

H2G'
Ve =

4
nH, 4)

Table2 The critical spreading velocity vg (f = 0.1 s) and terminal velocity ve (fe & 0.67 ~ 1.67 s) of ethanol/water mixture spreading on
PAMPS gel. The velocities were calculated by Eq. 2 using the listed parameters ¢, K, and o which were determined by experimental data
of time evolution of spreading radius R fitted by Eq. 1. The non-pattern forming case of v at t; = 0.1 s are denoted in parenthesis for

comparison

Ethanol concentration c K x 1072 o R? v x 1072 [m/s] ve x 1072 [m/s]
[vol.%] [s] [m] (ts =0.1[s]) (te [sD

0 0.001 0.407 0.05 0.961 0.17) -

15 0.072 0.780 0.39 0.998 (0.89) -

25 0.029 1.03 0.38 0.998 1.39 0.38(1.00)
50 0.030 1.02 0.43 0.998 1.40 0.32(1.67)
75 0.023 1.06 0.40 0.997 1.49 0.31(1.67)
98 0.059 1.28 0.45 0.998 1.58 0.43(1.67)



230

] 0 T T T T T L}
=
—
E
;) P S—— e,
£ 107} .
g N \ %
- ! : k" SRR, e
] 1 Fm = —— = b
- s % :
-] i H \
= -3 i [
s W0k, 100 \ 3
E o ¢ \ \
Fu 3 H ". n \
= J ! y |
) ; : 3 % |
1 0’&1 — Vig 1 ‘\I

0/ 20 40 60 80 100
Ethanol Concentration {vol%]|

i ; ' A
‘ : v -
' ]} '

v

g '
¥
| B -l

(B) 15% (e) 25%

(d) 50% (e198%

(ar)0%
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Here, H and Hg are thickness of fluid layer and gel, re-
spectively, n is the viscosity of the fluid. From Eq. 4, if
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we set the ve ~ 1072 m/s, n = 103 Pas, H ~ 10 pm and
Hgy ~ 10~2 m, critical storage modulus G’ for pattern for-
mation can be estimated as G’ = 10° Pa. Although this
order estimation is somewhat smaller than what we ob-
tained, we think disturbance of soft gel substrates should
be an essential factor to flower petal-like pattern formation.

Summary

When a droplet of ethanol is placed on a hydrogel surface,
ethanol starts to spread over the gel surface with a certain
initial spreading velocity depending on the surface tension
difference between them. During this spreading process,
we have found the novel pattern formation on polymer gels
like flower petals. Pattern forming conditions were found
to be as follows:

1. Initial spreading velocity should exceed ca. 1072 m/s

2. Storage modulus of gel substrates should be less than
ca. 10* Pa.

3. Ethanol concentration of spreading liquids should be
above ca. 25%.

Although this phenomenon is basically similar to the fin-
gering instability, there may be other factor concerning
soft nature of hydrogels. We have interpreted that this is
from the surface fluctuation of soft gel surface during fluid
spreading. We think this fluctuation energy may couple
with the spreading kinetics and enhance the instability of
leading edge.

At present stage, our finding has remained at phe-
nomenological level, this pattern formation can be repro-
ducible if one has only has a soft gel and a small amount
of strong alcoholic liquor.
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