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CHEMICAL SENSORS

Chemical sensors are devices that allow for the detection and
measurement of individual chemical components, usually
from a complex mixture. In practice, the sensor is always part
of a larger system designed for the purpose of providing pro-
cess or product information. This information might be
needed for a control loop or quality assurance procedure. The
mixture is typically a liquid or gas, but may also be a solid or
semisolid substrate. For example, the pH of aqueous solutions
in the presence of dissolved salts can be monitored by an elec-
trochemical device called a glass pH electrode or pH sensor.
This chemical sensor responds specifically to hydrogen ions
over a concentration range spanning approximately 10 or
more decades. The pH reading can then be used to regulate
the pH level by the addition of acid or base to the process
stream. As another example, gas sensors are available that
use optical properties to track oxygen concentration over a
wide range of temperatures and pressures. In automobile en-
gines, this might be employed to adjust the fuel–air mixture
for better engine performance. Many other examples can be
cited since there are potentially as many different types of
chemical sensors as there are different molecules. However, a
few common sensing strategies and operating principles can
be formulated that tie them neatly together. It is logical,
therefore, to focus on these strategies and use a few well-
developed chemical sensors to illustrate the approaches.

IDEAL CHEMICAL SENSORS

It is convenient to define an ideal chemical sensor as one that
operates in an instantaneous, reversible, and absolutely selec-
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tive fashion without disturbing the composition or other prop- in a reversible, minimally invasive, selective, rapid, continu-
ous, and cost-effective manner.erties of the sensing fluid. In the end, it provides an electrical

signal that is precisely calibrated to the composition informa- In examining different examples of chemical sensors, we
will see that many of the designs are refinements and adapta-tion. In practice, few of these characteristics are actually

achieved; nevertheless, commercial chemical sensors are tions of strategies that have been known to work effectively
in the analytical laboratory. For example, a pH sensor couldavailable with 1994 worldwide market values approximating

$500 million (1). A similar market exists for biosensors (see be developed by placing pH indicators, originally present in
the pH paper just considered, on the end of an optical fiberBIOMEDICAL SENSORS), which we distinguish here from the

term chemical sensors simply by the method in which the integrated with a compact light source and detector arrange-
ment to overcome the previously cited limitations. Addition-sensing is carried out. If no biological components are used

to carry out the sensing, it will be called a chemical sensor ally, gas separation steps employing membranes instead of
chromatographic operations could be used together with se-regardless of its intended use. The relative importance of the

various attributes found in an ideal sensor are dependent on lective electrochemical electrodes to eliminate the unfavor-
able attributes of the gas chromatograph setup. Nowadays,the application in which the sensor will function. Unfortu-

nately, this also tends to cloud the picture of what is meant even miniaturized GC/MS devices operating on a millimeter-
scale device (like an analytical lab on a chip) are being envi-by a sensor. Two simple examples are given to better high-

light the definition. sioned to function as future chemical sensors. The many
advantages of microfabrication techniques are being increas-First, consider a simple device that monitors pH (a mea-

sure of the acidity) of a sample using a paper ‘‘test strip,’’ also ingly exploited to produce sophisticated, reproducible, and in-
expensive sensing systems. Some of these sensors have nocalled pH paper. The person carrying out the measurement

would wet the paper by immersing it in a sample of fluid and equivalence to any laboratory protocol, and they function as
truly unique devices.then examine the color of the strip after a short time period,

usually by placing it next to a calibrated color scale supplied
with the container that held the test strip. The device gives

GENERAL FEATURES OF CHEMICAL SENSORSthe pH with a certain degree of accuracy, but it is not a chemi-
cal sensor since it lacks features that are important for its

Three general features can be identified that make up autility in a process or product monitoring environment. Its
chemical sensor. These include a selective surface, a trans-biggest failing is that the sensor provides no direct signal in
ducer, and a processor as depicted in Fig. 1, along with somethe absence of the operator. It also has a single-use feature
examples of different materials and techniques that can bethat is not reversible, and it would be more appropriately
used for each component. The selective surface allows for acalled a pH measurement device. Therefore, a better defini-
specific interaction with the target analyte, where analyte re-tion should include the point that chemical sensors are mea-
fers to the compound whose composition or presence is beingsuring devices that provide signal output in a continuous or
sought. The surface can be modified by addition of ligands ornearly continuous fashion.

In a second example, consider a fluid where we extract a
sample and pass it to a sophisticated gas chromatograph (GC)
coupled with a mass spectrometer (MS). The gas chromato-
graph, for our illustrative purpose here, is capable of exqui-
site chemical separation, and the mass spectrometer is capa-
ble of equally exquisite identification of the separated
components. The resulting signal could be used to provide de-
tailed composition information of the fluid and can be subse-
quently coupled to a control system to better regulate the pro-
cess being monitored; and, in fact, many chemical production
facilities operate with GC/MS devices, as they are popularly
known. This is also not what we intend to call a chemical
sensor, however, since it is quite simply too ‘‘big.’’ More pre-
cisely, the need for sampling the fluid stream and then char-
acterizing it using bench-top analytical instrumentation is
usually an undesirable step for process control. The lag times
introduced between sampling and subsequent control action,
the cost of the equipment, and the inability to position an
arbitrary number of such devices at or near the process line
severely limit the utility of such otherwise sophisticated ap-
proaches. In fact, such steps are often considered for replace-
ment whenever a more practical device, like a chemical sen-
sor, is introduced. Therefore, we amend our definition again
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by saying that the sensor should provide rapid output of the Figure 1. The basic features of a chemical sensor and its interaction
signal to the process in a cost-effective manner. with a process system. Representative examples of the three basic

A somewhat cumbersome, but inclusive, working definition components found in any sensor are listed. The target analyte refers
can now be stated: a chemical sensor is a device that provides to the particular chemical species whose composition information is

being sought.quantitative information on the composition of a fluid mixture
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catalysts that provide specific recognition features. The trans- surface plasmon resonance systems that operate as fiber or
planar structured devices. A current trend in many chemicalducer tracks the association of the surface with the analyte.

For example, the transducer may be a polymeric material sensors is toward miniaturization and microfabrication that
can impart novel properties to sensors, thereby affecting theirthat changes its electrical resistance with the incorporation

of the analyte. Alternatively, the transducer may change color selectivity, sensitivity, and stability. This introduction does
not explore all the latest research variations and innovationsor modify the transmittance of light passing through it. Some

signal detection, processing, and amplification are subse- but focuses on devices that are commercial or near commer-
cial. Recent research results can be found in specialized jour-quently carried out to generate a practical output signal used

by the process controller. The final signal coming from the nals devoted to chemical sensing and analytical chemistry.
sensor is invariably electronic so that it can be conveniently
interfaced to standard controllers or data loggers. Electrochemical Sensors

The chief limitations of many chemical sensors are associ-
Table 1 lists the three main types of electrochemical sensors.ated with the selectivity of the response to the target analyte
They are explored in separate sections below, with specificcompared with the response seen for potential background or
examples that illustrate the important features. Not all sen-contaminating compounds. In a constant background there is
sors can be exactly categorized in this way since they repre-little need for selectivity, but in a more typical sensing situa-
sent only limiting behaviors. Nevertheless, such distinctionstion the background concentration changes in unknown ways
are routinely used and widely adopted in the chemical sen-due to the presence of similar chemical components or ‘‘ac-
sor literature.tive’’ species as well as temperature and pressure fluctua-

tions. A typical interferent in many gas-sensing situations is
Amperometric Sensing. An amperometric chemical sensor isthe background moisture or humidity level that is constantly

composed, at a minimum, of two metal electrodes maintainedundergoing variations.
at a constant potential (voltage) difference. The current flow-The main types of chemical sensors developed to date rely
ing in a closed circuit (which is established and monitored byprimarily on electrical or optical transduction technologies. To
suitable electronics) through the two electrodes is measureda lesser degree, physical transduction processes such as dis-
and indicates the presence of ‘‘electroactive’’ species. The rela-placement tracking, due primarily to pressure- or tempera-
tionship between the moles, N, of electroactive species reactedture-mediated effects, may also be used, but it is often the
(either oxidized or reduced) and the charge passed throughcase that the operation of such devices rely, again, on electri-
the sensor, Q, is known as Faraday’s law:cal or optical signal modulation. Within the electrical trans-

ducers, it is convenient to divide them into amperometric, po- N = Q/nF (1)
tentiometric, or conductimetric sensors depending on whether
the measured signal is the current, voltage, or conductance, where n is the number of electrons transferred per mole and
respectively. Optical sensors include those that monitor the F is the Faraday constant (F � 96487 C/mol). By monitoring
light absorption, refractive index, polarization, or fluorescence the charge over time, which is the current, the amount of elec-
of a transducer, perhaps at many different wavelengths and troactive compounds can be deduced. To operate as a true
using continuous or variable light input schemes. The class sensor, however, some selectivity is required, and this can be
of electrochemical sensors dominates the worldwide chemical achieved by the choice of a suitable electrical potential, by
sensors market and, for example, accounted for 88% of the the introduction of a catalytic reaction step, and/or through
sales share in Japan for all chemical sensors in 1989 (2). permselective membranes. For example, a common method

for the detection of dissolved oxygen in liquids is through the
use of a so-called polarographic or Clark electrode. In thisSENSOR TYPES
chemical sensor, the reduction of oxygen is followed at con-
stant potential by monitoring the current passing between aElectrochemical sensors include the familiar wired electrodes

as well as metal oxide semiconducting devices, fuel cells, ion- working Pt (platinum) electrode and a Ag/AgCl (silver/silver
chloride) reference electrode. At steady state, the current isselective field effect transistors (ISFETs), interdigitated elec-

trodes, high-temperature solid-electrolyte systems, and chem- proportional to the dissolved oxygen concentration. This is of-
ten reported as an equivalent partial pressure correspondingiresistors. Optical sensors include so-called optodes and

Table 1. Electrochemical Sensor Transduction Mechanisms

Transducer Mechanism Signal Example Sensors

Amperometric Electron charge transfer reaction Current; due to production or con- Oxygen (Clark electrode), some hydrocar-
(Faraday’s law) sumption of electroactive species bons, hydrogen peroxide, fuel cells, high-

temperature limiting-current sensors
Potentiometric Multiphase equilibrium (Nernst Potential; due to distribution of Glass pH electrode, ion selective electrodes,

equation) ionic species across phases gas sensors (Severinghaus CO2 electrode),
some high-temperature solid-state sensors

Conductimetric Variation of resistance with compo- Conductance or resistance; due to Metal-oxide-semiconductor gas and humidity
sition changes in resistive elements sensors, tin oxide gas sensors, conducting

with absorption–adsorption polymer humidity and gas sensors, broad
events specificity sensors
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tice, this is achieved by immersing the reference anode in a
fixed KCl salt solution that is separated from the sampling
fluid. The actual potential created between the reference and
platinum electrodes confers further selectivity to the sensor
in that it favors the reduction of oxygen.

The cathode in this example is often called the working
electrode and has a surface area much smaller than the
anode, or reference (also called the auxiliary) electrode. This
ensures that the working electrode limits the current flow in
the circuit and, hence, that the current measurements will
only reflect reaction steps at the cathode (i.e., reactions with
oxygen). The actual working potential is often greater than
600 mV to drive the oxygen reduction as much as possible. If
the voltage is too high, however, undesirable electrolysis and
corrosion steps can also take place that interfere with the
measurement and limit the life of the sensor. A usual choice
for the polarographic oxygen sensor (Clark electrode) is
around 600 mV to 900 mV, where the working Pt electrode is
made negative with respect to the auxiliary electrode. The
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two electrodes are often housed in an integrated package that
provides a compact arrangement of all the necessary partsFigure 2. Features of an amperometric sensor for detecting oxygen
and allows the electric circuit to be completed on the sensing(Clark electrode). The reactions occurring at the two electrodes are
side of the permeable membrane.separated from the bulk fluid by an oxygen-permeable, nonporous

membrane. Variations on this strategy for oxygen sensing have been
developed that illustrate some alternative detection and sens-
ing schemes. For instance, if a third electrode is introduced,
called a ‘‘counter electrode,’’ the current measurement can beto the oxygen concentration in a gas phase that would be in
carried out through a low-impedance circuit path that avoidsequilibrium with the actual liquid-phase concentration.
driving large currents through the high impedance referencePolarographic Sensors. In order to see how this chemical
electrode (3). This has the advantage of maintaining long-sensor functions and to draw analogies with many other
term sensor calibration as well as prolonging the life of theequivalent systems, we examine the individual components of
sensor by avoiding corrosion reactions. The typical electricthe device in greater detail. Figure 2 shows the salient fea-
configurations for working with two- and three-electrode de-tures of a Clark electrode. First, in order to achieve some
signs are shown in Fig. 3.specificity to oxygen, a catalytic reaction is carried out at the

Galvanic Sensors. Alternatively, the reference electrode cancathode. The cathode is typically made of platinum, coated
be replaced by a base metal such as lead or zinc. The reactiononto a wire or some other underlying support, that catalyzes
at the anode (in the case of a lead auxiliary electrode) is nowthe following electrochemical reaction,
summarized as

1
4 O2 + 1

2 H2O + e− → OH− E0 = +0.40 V
1
2 Pb → 1

2 Pb2+ + e− E0 = +0.13 V
where E0 is the standard electrode potential at 25�C for the
reaction as written measured against the standard hydrogen This oxidation reaction obviously consumes the electrode over
electrode. The hydrogen electrode is further described in the time, but nevertheless maintains a fixed potential that is suf-
next section on potentiometric sensing. The actual reference ficient to drive the reduction of oxygen. Usually, a silver cath-
electrode often used in a Clark oxygen sensor, however, is not ode is used in combination with the base metal anode. Some
the hydrogen electrode, but rather a Ag/AgCl electrode at simplification is introduced since no external potential is re-
which the matching reaction occurs:

Ag + Cl− → AgCl + e− E0 = −0.22 V

The net effect is the reduction of oxygen accompanied by the
transfer of electrons at a standard electrode potential differ-
ence of about 600 mV. Second, the cathode is separated from
the sensing fluid by the presence of an oxygen permeable
membrane, usually made of a thin silicone polymer. This
allows for oxygen transfer, but it eliminates many other elec-
troactive polar and nonlipophilic compounds that would inter-
fere if they were to be reduced at the cathode surface. The
membrane also protects the sensor from fouling due to nonre-
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(a) (b)active adsorption that can severely degrade its performance.
Finally, the anode is maintained at fixed reference conditions Figure 3. Electrochemical sensor configuration for amperometric

sensors in two-electrode (a) and three-electrode (b) designs.by establishing a constant chloride ion concentration. In prac-
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quired and a direct measurement of the current is propor- oxygen in the membrane. The membrane thickness is � and
the oxygen diffusivity is DO2

. At sufficiently long times, thetional to the oxygen consumed. Such a design is referred to
as a galvanic oxygen sensor, and a two-electrode configuration current is seen to be directly proportional to the oxygen par-

tial pressure. This is the reading that would be measured atis shown in Fig. 3. In general, polarographic chemical sensors
impose a fixed potential between the reference and sensing steady state, and the linearity of the steady-state current re-

sponse with the oxygen partial pressure is a direct conse-electrodes while galvanic chemical sensors do not. In both
cases, however, the current is measured, and they are collec- quence of the diffusion-limited nature of the sensor. Further-

more, the time constant for the sensor can be characterizedtively referred to as amperometric sensors.
Fuel Cell Sensors. Finally, a ‘‘fuel cell’’ oxygen sensor can by the dominant exponential term and is conveniently repre-

sented asbe constructed that contains the lead and working electrodes
immersed in a basic electrolyte. Here, the anode generates a
potential due to the following reaction:

τ = �2

π2DO2

(4)

For a 0.1 mm thick membrane with an oxygen diffusivity of

1
2 Pb + OH− → 1

2 PbO(s, red) + 1
2 H2O + e−

E = −0.58 V (in 0.2 M Ba(OH)2)

10�6 cm2/s, the time constant will be approximately 10 s.
Other factors such as poor mixing in the electrolyte solutionIn combination with the cathodic reaction, a net overall stoi-
as well as slow mixing in the external sensing fluid will causechiometry can be written as
the actual sensor response to be longer. If it is necessary to
track oxygen concentration on a much shorter time scale,Pb + 1

2 O2 → PbO
thinner and more permeable membranes would be needed, or
mixing in the external as well as internal regions should bewhich does not involve any of the electrolyte species. This is
introduced.one reason it is often called a fuel cell sensor even though the

Selectivity. Other species besides oxygen can also be de-generation of electricity is used only to obtain an appropriate
tected by analogous procedures. In some cases, a preliminarysignal. Again, a direct measurement of the current can be cal-
reaction step is introduced that converts the target compoundibrated with the oxygen concentration.
into oxygen or consumes oxygen at a rate proportional to theDiffusion-Limited Current. Referring back to the polaro-
concentration of the intended analyte. This allows the sensorgraphic oxygen electrode, it is instructive to consider the lim-
just described to be used directly. Many biosensors (see BIO-iting case where the cathodic reaction is sufficiently fast that
MEDICAL SENSORS) have been developed with this strategy inthe oxygen concentration at the cathode surface goes to zero.
mind where an enzymatic reaction generates or consumes ox-As depicted in Fig. 2, the membrane will now generally limit
ygen. In other cases, appropriate selection of the electrode po-the transport of oxygen from the measurement fluid to the
tential can provide some selectivity. For instance, an ampero-electrode surface. Sensors that function under such conditions
metric sensor for ethylene (C2H4) has been reported (4) thatexhibit the maximum possible signal, all other things being
oxidizes ethylene on a gold working electrode (anode). In thisequal, and are said to operate under diffusion-limited condi-
case, the gold was deposited on a membrane in order to gener-tions. Such an operating protocol also allows for less stringent
ate high surface areas, rather than using a membrane tocontrol over the applied potential. In fact, the potential can
cover a typical wire electrode. The electrochemical sensor con-be allowed to fluctuate over small ranges without any dra-
figuration was operated with an Hg/Hg2SO4 reference elec-matic effects on the sensor response since the applied poten-
trode (cathode) as well as a gold counterelectrode, and atial is already sufficient to reduce all the oxygen at the elec-
linear current was observed for gas-phase ethylene concentra-trode surface.
tions between 0 ppm and 500 ppm (1 ppm � 1 ‘‘part per mil-The mass transfer through the membrane satisfies Fick’s
lion’’ � 1 molecule or mole per million molecules or moles ofsecond law:
gas). However, this sensor exhibits some cross-sensitivity to
other electroactive species as shown in Table 2. This indicates
that the selectivity of the sensor is such that other compounds

∂ p
∂t

= DO2

∂2 p
∂x2 (2)

can simultaneously contribute to the amperometric response.
In this case, the response is evaluated at 10 ppm (or higher)where p is the (equivalent) oxygen partial pressure in the

membrane and DO2
is the oxygen diffusion coefficient in the

membrane. If we consider a step change in the bulk oxygen
concentration from 0 to a value pO2

, the measured current at
the cathode surface can be found by integrating the above
equation. The solution is

i(t) = 4 FAPm

�
pO2

[
1 + 2

∞∑
n=1

(−1)ne
−n2π 2DO2

t/�2
]

(3)

The factor 4 in Eq. (3) reflects the transfer of four electrons
per mole of oxygen reduced and A is the cathode surface area,
as shown in Fig. 2. The other parameters include the mem-
brane permeability, Pm � DO2

Sm, where Sm is the solubility of

Table 2. Selectivity Profile of Ethylene Sensor

Gas Measured
(concentration is 10 ppm, Relative Response
unless indicated) (ethylene � 1; 10 ppm)

Acetaldehyde (100 ppm) 0
Acetylene 7.4
CO (100 ppm) 0
Ethanol (100 ppm) 0
NO 1.8
NO2 0.3
SO2 2.5
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for a variety of gases and is normalized to the response seen If we rearrange this equation, collect all terms that are at
most a function of the temperature, and introduce �� �for 10 ppm ethylene. Such a ratio is a convenient measure of

the selectivity. The sensor was found to be more selective for �Cl� � �e� � �S � �M to emphasize that the potential is deter-
mined as the difference between the solution and the metal,some compounds when the response was compared with that

seen for ethylene. This implies that it would, in fact, be a we obtain
better sensor if the target compound had been chosen to be,
in this case, acetylene or sulfur dioxide. The consequence of
this on the usefulness of the sensor for ethylene detection,

�φ = E0 − RT
F

ln[Cl−] (7)

however, depends on the intended application. In general, se-
The standard electrode potential is tabulated in many refer-lectivity considerations must always be considered from the
ence books (6) and was used previously in discussing ampero-point of view of known interferents and expected interferent
metric reactions. It is seen that the potential at a fixed tem-levels. These factors are prone to change when the application
perature will be a function of only the chloride ionenvironment changes, and sensors that function well in one
concentration. In a saturated solution containing salt crys-situation may turn out to be completely unacceptable in other
tals, this is easily maintained at a fixed value and explainsapplications. If it is not likely that known interferents will be
why this type of electrode is often used as a reference. Thepresent in the sampling stream, the response to those compo-
generalization of this expression to any number of solublenents may be of little consequence.
species participating in a half-cell reaction can be done using
the same sequence of steps. The reaction, of course, must be

Potentiometric Sensing. A potentiometric chemical sensor is
properly balanced with respect to the stoichiometry as well ascomposed of many of the same parts as an amperometric sen-
the charge.sor, except that voltage is measured under conditions of a

If an experiment is set up to actually measure the poten-small, often negligible, current. The most important feature
tial predicted by the above equation, it will always be neces-in a potentiometric measurement is that equilibrium condi-
sary to introduce a second wire (electrode) into the solution totions are established between electroactive species in solution
complete the measurement circuit. This second wire is prob-and at the electrode. This is in contrast to the diffusion-lim-
lematic since it can now establish its own potential differenceited condition just discussed for amperometric measurements
in the solution under investigation and it will generally beand leads to relations between voltage and concentration that
impossible to isolate the individual contributions. For thisare logarithmic rather than linear.
reason, the H/H2 couple has been arbitrarily chosen as a par-

Nernstian (Equilibrium) Behavior. The general way to de-
ticular half-cell reaction to have a potential of zero (at 25�C).scribe the performance of an ideal potentiometric chemical
As a result, all measurements comprising a closed circuit withsensor is to refer to it as Nernstian. The derivation of the
this electrode, called the standard hydrogen electrode (SHE),

Nernst equation can be found in many introductory chemistry
can be assigned unique values of the standard electrode po-

texts, so we will only outline the important features here for tential.
a particular system (see ELECTROCHEMICAL ELECTRODES). In For any two electrodes, the net resulting electrical poten-
particular, consider the silver–(porous) silver chloride (Ag/ tial will be found from the differences in their half-cell
AgCl) electrochemical reaction described previously, but now potentials. A cell made of any two half-cells that is bal-
as a reversible ‘‘half-cell’’ reaction: anced with respect to the production and utilization of elec-

trons is called a ‘‘formal’’ cell, and the net reaction is called
the formal cell reaction. The production of PbO from metal-Ag + Cl− ↔ AgCl + e−

lic lead and oxygen in a fuel cell oxygen sensor is a formal
cell reaction, although it is not at equilibrium. It is conve-The equality of electrochemical potentials for all reactants
nient to summarize the components as well as the physicaland products defines the equilibrium state of the system. Un-
arrangement of a formal cell by using the following type ofder ideal conditions, the electrochemical potential, �*A , of a
cell diagram:particular species in solution at a concentration [A] is found

from the thermodynamic relation (5)
Ag|AgCl|Cl−|Hg2Cl2|Hg

µ∗
A = µ0

A + RT ln[A] + zFφA (5)
This indicates that the potential difference, for this example,
between a mercury electrode (commonly called a calomel elec-

where the brackets denote concentrations, R is the gas con- trode) and the silver electrode will be measured. The single
stant, T is the absolute temperature, z is the electric charge vertical bars indicate a different solid or liquid phase that
associated with the ion A, and �A is the electrode potential. participates in the equilibria. In this case, both electrodes
For any phase consisting of only a pure component, such as share the same aqueous phase, but this is not usually possible
the metallic silver wire or the porous silver chloride coating, when sensing is to be carried out—since we would already
the electrochemical potential will be a constant at a specified need to know the composition in order to predict the reference
temperature. Thereby, the Ag/AgCl equilibria (referred to potential. For liquids, porous barriers are often introduced
also as a ‘‘couple’’) can be expressed in terms of the chemical that allow for ion migration, but otherwise limit the bulk flow
and electrical potentials as of aqueous solutions.

From the equation developed previously, we can write the
electrode potentials for each half-cell and simply sum them.
This eliminates the solution potential from the equations and

µ0
Ag + (µ0

Cl− + RT ln[Cl−] − FφCl− ) = µ0
AgCl + (µe− − Fφe− )

(6)
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leads to the Nernst equation, which in general will be ex- of a pH sensor. With a suitable reference electrode, say a calo-
pressed as mel electrode, the components of the cell can be summarized

as

�φ = �E0 + RT
F

ln

∏
aνi

Ri∏
a

ν j
Pj

(8)

Here we have also introduced the activities in place of the
concentrations to make the result applicable to nonideal solu-

Ag|AgCl|H+
i , Cl+i

∣∣∣∣∣∣∣∣∣
Na+, −SiO−︸ ︷︷ ︸

glass
membrane

∣∣∣∣∣∣∣∣∣
H+‖K+, Cl−|Hg2Cl2|Hg

tions as well. The exponents �i and �j are the stoichiometric
coefficients (always positive numbers) for those reactants and In fact, both the silver/silver chloride and the calomel elec-
products, respectively, that participate as solution- or gas- trodes can be considered as reference electrodes, and the po-phase species. The activity, ai, is related to the concentration

tential-determining reactions are all confined to the glassby the so-called activity coefficient,
membrane. The equilibration of hydrogen ions on the external
side (surface) of the glass membrane and the external solu-ai = γi[i] (9)
tion (this is the solution whose pH is sought) is due to an

Correlations for the activity coefficient are expressed in terms ion exchange with sodium ions in the special sodium/calcium-
of the Debye–Hückel limiting law or its extension (7). Compo- silicate glasses used. The anionic binding sites are fixed, and
nents that participate in the reaction as pure phases (like sol- at high concentration of sodium ions this leads to the relation
ids) or in great excess (like water) do not explicitly show up
on the right hand side of Eq. (8). Experimentally, the mea-
surement of electric potential together with the Nernst equa-
tion is often used to determine the activity coefficients of

φe − φg,e = −RT
F

ln
H+

e

H+
g,e

(10)

salt solutions.
where the notation H

e � aH is used to indicate the (external)Glass Electrode and the pH Sensor. By clever choice of elec-
solution activity. The subscript g denotes activities evaluatedtrode reactions and salt solutions, it is possible to construct

chemical sensors for various ions that operate on the princi- at the glass surface. At the inside surface of the glass mem-
ples just described. However, poor sensor selectivity often lim- brane, an exactly analogous relation holds,
its such devices to a few specialized situations where the
background interferents are fixed. Membranes, however, can
offer a means to impart selectivity to potentiometric sensors φi − φg,i = −RT

F
ln

H+
i

H+
g,i

(11)
in much the same way they were used for constructing the
Clark electrode. One of the most widely used potentiometric

and, by adding the equations and rearranging, one obtainssensors is the glass electrode, or pH sensor, which incorpo-
rates a glass membrane to limit the response to being depen-
dent only on the hydrogen ion concentration or, more exactly,
on the hydrogen ion activity. Figure 4 shows the construction −RT

F
ln

H+
e

H+
i

=
[

RT
F

ln
H+

g,e

H+
g,i

+ (φg,e − φg,i )

]
+ (φe − φi) (12)

The term in square brackets reflects equilibria occurring
within the glass membrane but confined to a small region on
each surface. It has been estimated that the exchange surface
consists of a hydrated layer on the order of 0.1 �m to 1 �m
thick, whereas the overall thickness of the glass is typically
about 100 �m. Only sodium ions transport charge through
the dry glass membrane (no hydrogen ions are transferred
through the glass), and they also participate in the surface
equilibria. Although not readily apparent, this leads to condi-
tions such that the term in brackets is essentially constant.

The two reference electrodes monitor the internal and ex-
ternal potentials. The last step in developing a sensor is to
maintain a constant internal hydrogen ion concentration.
This is easily done by filling the inside of the glass bulb shown
in Fig. 4 with a solution of, say, 0.1 M HCl since neither hy-
drogen ions nor chloride ions permeate the glass. Collecting
all the constant terms as �� and using activities, we obtain

(φe − φi ) + φ ′ = −RT
F

ln aH+ = 2.303RT
F

pH (13)
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The standard definition of the pH has been used:
Figure 4. The glass electrode (pH sensor). A combination electrode
is shown. The glass membrane region is expanded at the bottom of
the figure to highlight the notation used in the text. pH ≡ − log10 aH+ (14)
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At 25�C, the equation above shows that for every unit change grated into the reference electrode that further communicates
with the external solution through a gas-permeable mem-in pH the recorded potential should change by 59 mV (R �

8.313 J/K mol, T � 293 K). The selectivity, measured at equal brane. It is also possible to wrap the membrane around the
bulb of regular combination pH electrode so that the spaceconcentrations, of the ion-exchange reaction is always greatly

in favor of the hydrogen ion over other competing cations. At between the membrane and the electrode sequesters a car-
bonate buffer solution. A combination pH electrode is oftenlow pH and high sodium concentrations, however, the nature

of the cation exchange mechanism shows that it will also be used in either of these situations since the entire sensing cir-
cuit can be placed behind the membrane. Levels as low asa function of the external sodium ion concentration. This usu-

ally limits pH sensors to values less than pH � 11. Special 10�5 M CO2 can be detected. One of the most popular uses of
this type of electrode is in biomedical applications to monitor‘‘high-pH’’ glass made of Li2O (in place of Na2O/SiO2) can ex-

tend the range a few units higher, however. arterial blood gases, and in such situations it is often referred
to as a Severinghaus electrode.In practice, the pH sensor is often designed as a ‘‘combina-

tion electrode’’ in which the calomel electrode is placed The gas-sensing principle can be readily adapted to other
gases such as ammonia (NH3). In this case, a 0.1 M solutionaround the internal Ag/AgCl electrode as shown in Fig. 4.

The calomel electrode must be exposed to a constant (usually of ammonium chloride (NH4Cl) is used in place of the bicar-
bonate salt. Through a series of equilibrium reactions, thesaturated) chloride ion concentration, but it must also have

continuous ionic contact with the analyte solution in order to ammonia gas solubility is directly related to the solution pH,
and levels of NH3 down to 1 �M can be detected. Table 3 listsallow for a complete electric circuit. A small porous plug or

capillary channel, referred to as a liquid junction and indi- some additional gas-sensing strategies for other species that
can be coupled to the pH electrode. Other ion electrodes, men-cated in a cell diagram by a vertical double bar, is used with

a very small leakage flow rate to accomplish this. Further- tioned below, have also been coupled to gas sensing in analo-
gous fashion. Many enzyme electrodes work by further cou-more, by choosing KCl as the salt, the anion and cation molar

conductivities are such that very little additional potential is pling enzymatic reaction steps in the membrane to eventual
production or depletion of hydrogen ion, carbon dioxide, orgenerated at the liquid junction.

A commercial pH meter includes the glass electrode, a ammonia. This allows for the detection of species that are not
directly amenable to potentiometric analysis.high-impedance voltmeter, and some form of temperature

compensation and calibration functions. Temperature com- Ion-Selective Electrodes. As mentioned above, the alterna-
tive strategy for extending the concept of the glass electrodepensation is usually built-in according to the predictions of

the Nernst equation, and calibration protocols with buffers of to other species is to develop membranes that are selective to
the species of interest. Glasses have been developed for cat-known pH are established to account for asymmetry poten-

tials in the glass membrane, reference electrode drift, and ions other than hydrogen, although the selectivity is generally
much poorer. It is also possible to use (supported) liquid mem-nonzero liquid junction potentials. The asymmetry potential

arises from surface defects and strain due to production or branes or polymer films for ion sensing by incorporating ion-
exchange sites that selectivity bind different target ions. Suchaging of the glass bulb as well as surface adsorption phenom-

ena. With proper care and operation, a pH meter is almost ion-selective electrodes (ISEs) are widely used and commer-
cially available. An instructive example is the sensing of po-unmatched among all chemical sensors in its sensitivity, se-

lectivity, dynamic range, and ease of operation. tassium cations (K) carried out with a diphenylether film
containing the ionophore valinomycin. Valinomycin is a cyclicGas Sensors. The extension of this sensor to other chemical

species or ions can be accomplished in two ways. On the one peptide that binds to potassium with strength three to four
orders of magnitude greater than that of competing cationshand, a reversible reaction can be introduced that selectively

generates or consumes hydrogen ions in proportion to the tar- such as sodium or ammonium. If the solution containing HCl
in the pH sensor design is replaced by KCl and the glassget analyte. On the other hand, membranes with selective

permeability to other ions can be used. For the former situa- membrane is replaced by the valinomycin membrane, the po-
tential measured with a suitable reference electrode will be,tion, gas-sensing electrodes have been fabricated that rely on

establishing an acid–base equilibrium in a solution exposed again, 59 mV per decade change in the potassium ion activity.
Such sensors have been used as potassium-selective micro-to the gas and also contacting a pH-sensing electrode. For

example, if CO2 is allowed to equilibrate in an aqueous solu- electrodes to probe the ion concentration inside single living
cells.tion, the following equilibria will be established:

When the selective properties of the membrane are not suf-
ficient to reject competing chemical species, the response of-
ten deviates from Nernstian behavior as shown in Fig. 5. At
low target analyte concentrations, background ions can con-

CO2(g) ↔ CO2(aq)

CO2(aq) + H2O(l) ↔ H2CO3(aq) K1

H2CO3(aq) ↔ H+(aq) + HCO−
3 (aq) K2 tribute to the signal through the generation of additional po-

tentials. The exact analysis of such situations is complex and
This leads to the relation often approximated by the Nikolskij–Eisenman equation:

pCO2
= KaH+ aHCO−

3
≈ κaH+ (15)

where the second equality depends on a constant concentra-
E = �φ = φconstant + 2.303RT

zxF
log

�
ax +

∑
i

Kx,ia
zx/zi
i

�
(16)

tion (activity) of HCO�
3 ion. This is readily achieved by using

a 10 mM solution of sodium bicarbonate (NaHCO3) in the The selectivity coefficient, Kx,i, is defined to represent the con-
tribution to the sensor response for each interfering ion andaqueous phase. In practice, the bicarbonate ion is often inte-
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Table 3. Gas Sensors Based on pH Electrodes

Lower Limit Reference Solution,
Gas Analyte Equilibria, (pKa; 25�C) (�M) Sample Condition

Ammonia, NH3 NH
4 } NH

3 H (9.40) 1 0.01 M NH4Cl,
pH � 11

Acetate, HOAc HOAc } H  OAc� (4.76) 1000 0.1 M NaOAc,
(Ac � CH3CO–) pH � 2

Carbon dioxide, CO2 CO2  H2O } H  HCO�
3 (6.38; using 10 0.01 M NaHCO3 ,

(CO2  H2CO3) in denominator) pH � 4
Chlorine, Cl2 Cl2  H2O � 2H  ClO�  Cl� 5000 H2SO4, pH � 2

(multiple equilibria)
Ethanol amine, Et2NH Et2NH

2 } Et2NH  H (9.01) 1 0.01 M Et2NH2Cl,
(ET � CH3CH2O�) pH � 11

Nitrogen dioxide, NO2 2NO2  H2O } NO�
3  NO�

2  2H 0.5 Citrate buffer, no SO2

(1.4–3.2; multiple equilibria)
Sulfur dioxide, SO2 SO2  H2O } H  HSO�

3 1 0.01 M NaHSO3

(1.89; includes dehydration)

Adapted from J. Janata, Principles of Chemical Sensors, New York: Plenum Press, 1989, pp. 150–151.

can be evaluated independently. Note that this equation calibration with a variety of potential interferents in order
to carefully define the selectivity and be commercially useful.shows the correct limiting behavior when the solution con-
Nevertheless, these sensors are generally inexpensive, andtains only a single ion, whether that ion is the target com-
the perceived disadvantages are easily outweighed.pound or an interfering one. Nonlinear calibrations can be

The electrodes in a conductimetric sensing circuit contactused if the background is constant. Figure 5 also shows how
the resistive element in such a way that direct-current (dc) orthe limit of detection is defined for ISEs.
alternating-current (ac) measurements can be taken with the
resistive layer exposed to the sensing fluid. Adsorption of theConductimetric Sensing. The electrical resistance change
analyte occurs both at the surface and within the bulk of thethat accompanies the interaction of a target analyte with a
material, which leads to changes in the electrical resistance.conductive layer (typically a polymer or ceramic) held be-
Such measurements can usually be done very accurately. Twotween two electrodes can also be used to construct a sensor.
particular types of materials have found the widest applica-Such devices are generally known as conductimetric or re-
tion in their use as selective layers: metal oxide semiconduc-sistive sensors. They are one of the simplest types of sensor
tors (MOSs) and conducting polymers (CPs).to construct and have been widely used for the past 30 years,

Metal Oxide Semiconductors. At elevated temperaturespredominantly in gas-sensing applications. At the same time,
(200�C to 600�C) in an oxygen atmosphere, oxygen ions (O�

2 )however, they are among the least understood in terms of
are present on the surface of various metal oxides. These ionstheir selectivity properties. For this reason, many of the ap-
are formed by extraction of electrons from the oxide material.plications have been discovered by empirical modifications to
This electron depletion along with the surface morphologyvarious selective layers and to electrode physical design. The
and microstructure will modulate the conductivity. If tin diox-result is that conductimetric sensors often require detailed
ide (SnO2) is used, for example, the adsorbed oxygen ions will
react with a variety of reducing gases to decrease the material
resistance. The metal oxide functions as an n-type semicon-
ductor in this case, and the underlying solid-state physics has
been extensively investigated. The change in resistance can
be quite dramatic, and linear responses have been observed
over several decades of reducing gas concentration.

The requirement for high temperatures and oxygen (or
other donor molecules such as water) leads to their predomi-
nance as gas sensors. The high temperature requirement
could be met by the environment in which the sensor oper-
ates, but is often satisfied by integrating compact electrical
heating elements into the design so they can function at room
temperature conditions. The heating requirement necessi-
tates a power consumption that is typically on the order of 10
mW. The tin oxide gas sensor (TGS) is the most popular MOS
sensor and is produced by a variety of manufacturers. Some
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representative performance data are shown in Fig. 6 for Sci-
marec (Tokyo, Japan) gas sensors where the resistance isFigure 5. Deviation of ISEs from Nernstian behavior at low analyte
plotted as a function of gas concentration. Gases with resis-concentrations. The deviation is due to presence of interfering ions.
tance ratios much less than 1 will be easily sensed in a back-The IUPAC definition of the limit of detection (LOD) for ISEs is indi-

cated by the intersection of the two straight-line extrapolations. ground of clean air.
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steps distinguish one manufacturer from another. A basic dc
circuit diagram that shows how an ethanol MOS sensor
(Scimarec AF63) can be integrated with signal processing
steps is seen in Fig. 7. The absolute ethanol level is replaced
by readings corresponding to ethanol ranges such as low, me-
dium, and high. Some additional features include ready, re-
set, power, and low battery indicators that make for a practi-
cal device.

Conducting Polymers. The use of a conducting polymer in
place of a MOS has been recently investigated for many liquid
and gas phase applications. The CP films can be made of poly-
mers formed from acetylene, thiophene, pyrrole, furan, phe-
nylene, quinoline, and aniline monomers, as well their substi-
tuted analogs. The key to producing usable sensors is to
formulate conditions such that films are easy to process and
manipulate. Polypyrrole, polythiophene, and polyaniline, as
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well as their derivatives, are generally easier to process into
Figure 6. MOS sensor resistance ratios for target gases and for clean thin films than other CPs. Manipulation of polymer proper-
air as a function of the target gas concentration. [From Scimarec Co.,

ties is done by addition of plasticizers and other constituentsLtd. (Tokyo, Japan) specifications sheet (AF-63 sensor), with per-
either before or after the polymerization process. The filmsmission.]
are usually placed between two Pt or Au (gold) electrodes ar-
ranged as an interdigitated structure over an inert substrate
such as silica. The sorption of vapors or liquid phase compo-The range of concentrations from 1 ppm to 1000 ppm is
nents causes swelling of the polymer films and/or modifica-typical of the performance of MOS sensors. It is also seen that
tion of the charge-carrier complexes along the polymer back-different sensor types have differing selectivities. The mecha-
bone that results in either decreases or increases in thenism for imparting selectivity to the sensor is often not under-
resistance. As with MOS devices, extensive calibrations arestood at a level to allow for rational design. Nevertheless, se-
usually required.lectivity is known to depend on the addition of dopants that

The chemical specificity of CPs is manipulated to a certainpromote catalytic reaction steps and affect the semiconductor
extent through the additives used. It is also possible to cova-charge layer. The fabrication method can also change the
lently couple high-affinity ligands to the polymer, and thisMOS film thickness as well as the grain boundary profile that
has been demonstrated with antibodies. Antibodies are bio-results in variable resistance changes. The particular choice
logical molecules that have a strong affinity for other pro-of metal oxide (SnO2, In2O3) or the use of mixed metal oxides
teins, and specific antibodies can be generated for specific pro-(SnO2  Fe2O3) will change the selectivity. The heating cycle
teins. For small target molecules, antibodies are more difficultcan also be adjusted in some cases to dynamically manipulate

selectivity. In general, proprietary fabrication and processing to obtain, but some success has been demonstrated. Some ul-
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Figure 7. A circuit for utilizing a MOS sensor in the detection of gas-phase ethanol (alcohol).
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trasensitive applications have been reported (8) for the con- cording to Snell’s law, the geometric relationship between re-
ducting polymer poly(3-hexylthiophene) when it was used to fractive index and refraction angle (corresponding to a bend
detect hydrazine vapor. This sensor, however, operated as an in the light path) is
irreversible device and depended on the cumulative changes
in resistance to measure hydrazine vapor concentrations. n1 sin
1 = n2 sin
2 (17)
When operated in such a manner, these devices are often re-
ferred to as dosimeters. If n1 � n2, the refracted angle (measured for the light ray

passing into the medium of lower refractive index) can go to
Optical Sensors 90�, and essentially all of the light will be reflected. Therefore,

a critical angle exists that depends on the ratio of refractiveOptical chemical sensors use interactions with light as the
indices above which the light will be totally internally re-transducer component of the sensor. The current market for
flected. For a borosilicate glass with a refractive index of 1.52optical chemical sensors is smaller than the electrochemical

sensor market, but it is a rapidly growing segment. Many of and a quartz clad of refractive index 1.46 [so-called hard-clad
the optical measurements employed in the design of sensors silica (HCS) fiber], the critical angle is
have their basis in analytical spectroscopy and employ optical
waveguides to transmit light to and from a suitable detection
region. The availability of high-quality optical fiber (cylindri- 
1,c = sin−1 n2 sin 90◦

n1
= 74◦ (18)

cal) waveguides, high-power light sources at a variety of
wavelengths, and sophisticated detectors, due primarily to

Fiber waveguides are made of different types of glasses oradvances in communications technology, has been a primary
plastics, and the variety of possible core–clad combinationsimpetus for, and has greatly accelerated the use of, optical
lead to different critical angles. Snell’s law can also be appliedchemical sensors. It is also possible to use planar waveguides
to the light entrance region of a fiber, and the maximumas components of optical sensors and these devices have, in
angle of light that can be directed into the fiber and still un-fact, been among the first of the optical sensors to be commer-
dergo total internal reflection can be found. This ‘‘acceptance’’cialized. Applications that rely strictly on spectroscopic mea-
angle is summarized in terms of the numerical aperture ofsurements without fiber or planar waveguides are also wide-
the fiber, NA:spread, but they are not discussed in this overview. The

general field of analytical spectroscopy for composition analy-
sis of gases, liquids, and solids is covered in many other text-
books, handbooks, and encyclopedias that are devoted exclu- NA = sin
0 =

�
n2

1 − n2
2

n0
(19)

sively to the topic.
An optical waveguide is simply a medium through which

The numerical aperture is a convenient number to summarizelight is transmitted in such a way that there are distinct light
the light collection efficiency of optical fibers and varies be-input and output regions. The transmission of light from the
tween 0 and 1. An NA of 0.5, for instance, corresponds to ainput to the output region is done with minimal loss, or the
30� angle, which in three dimensions defines an acceptanceloss is designed to correspond to the sensing capabilities of
cone. At the input to a fiber, therefore, NA gives a measurethe waveguide. In the case of a fiber configuration, the wave-
of the light-collecting ability of the fiber, and high NA is pre-guide consists of a solid cylindrical ‘‘wire’’ (core) typically
ferred. At the output of a fiber, NA describes the cone of lightmade of ‘‘clear’’ glass that is surrounded by a coating (clad) of
exiting the fiber. Fibers with high NA, however, direct lightanother material with a different refractive index. Light is
less well and present problems for coupling to detectors ortransmitted through the fiber by internal reflections as dem-
other fibers where collimated beams are usually desired.onstrated in Fig. 8, where the core–clad interface is shown
Therefore, a compromise may often be needed.along with the position of a light source and detector. Ac-

Absorption Sensors. The light passing through an optical
waveguide can interact with chemical species present within
the acceptance cone of the fiber through absorption phenom-
ena. At different wavelengths, the light is attenuated due to
interactions with the electronic, vibrational, and/or rotational
energy levels of the molecules. In the visible region (400 nm
to 800 nm), electronic interactions dominate while at higher
wavelengths (lower energy), vibrational and rotational energy
transitions cause light absorption. As light of intensity P
passes through an absorbing medium, the rate at which the
intensity changes with distance penetrated, P, is directly pro-
portional to both the local light intensity (Lambert’s law) and

n0

n1

n2

0θ 1θ

2θ

1,Cθ
Acceptance

cone

Light ray originating
outside the acceptance

cone Clad

Core

to the concentration of the absorber, c (Beer’s law). This can
Figure 8. Refraction of light at an optical waveguide interface and be expressed as
at the entrance of a fiber waveguide. Light entering (or exiting) the
fiber within the acceptance cone will be totally internally reflected.
Additional sensor components often include specific choices for a light
source and detector, various lenses, gratings, and/or filters.

dP
dl

= −kcP (20)
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This expression is an approximation (despite the use of the
word law) that becomes more exact for dilute solutions and in
the absence of secondary reflection, refraction, or re-emission
effects. For a uniform concentration distribution, the inte-
grated form of this equation yields the expression

P
P0

= e−kcl = 10−kcl/2.303 (21)

where the initial (input) light intensity is denoted by P0. The
ratio of light intensities is commonly called the transmittance
(or percent transmittance when multiplied by 100) and the
logarithm (base 10) of the transmittance is known as the ab-
sorbance, Abs. Thereby, an absorbance value of 2, for exam-
ple, corresponds to absorption of 99% of the light entering the
sample. From this, the Beer-Lambert relation can be found,
which conveniently summarizes the absorption of light as

Abs = εcl (22)

The parameter � � k/2.303 is known as the extinction coeffi-
cient or molar absorptivity. Different compounds will have
characteristic absorption spectra due to the wavelength de-
pendence of the molar absorptivity and this is used for identi-
fication as well as quantification. The linear dependence be-
tween the absorbance and the concentration can lead to
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simple quantitative assays for measuring the composition of
unknown samples. Figure 9. (a) The change in absorption spectra of HPTS (aqueous

Sensor selectivity can be achieved, in principle, by using solution) at different pH values. (From R. P. Haugland, Handbook
the inherent spectral features of the target molecule. In most of Fluorescent Probes and Research Chemicals, 6th ed., Eugene, OR:

Molecular Probes, 1996, p. 557, with permission.) (b) The absorptioncases, however, additional steps are needed since the spectral
maxima at 450 nm can be plotted as a function of the pH to generatefeatures are highly overlapping and it is impossible to account
a calibration curve. The overlap of different curves at 405 nm is seenfor unknown interferents. As with electrochemical sensors,
to be independent of the pH and defines a useful calibration wave-target specific reactions and membranes have been developed.
length.

pH Optodes. In particular, pH optical sensors (referred to
also as pH optodes or pH optrodes) utilize an otherwise trans-
parent membrane film that contains an entrapped pH indica- 1,3,6-trisulfonic acid (HPTS) which is shown in Fig. 9(a) as
tor. In the simplest case, the absorbance properties of the film a function of different solution pH values. By tracking the
will then vary as a result of the acid-dissociation equilibrium absorbance at 450 nm, a calibration curve relating pH to ab-
taking place with the indicator molecules distributed sorbance can be easily developed, and this is demonstrated in
throughout the film. The reaction scheme is Fig. 9(b). The absorbance values are conveniently normalized

according to the relationship
HI ↔ H+ + I− (Ka)

α = Abs − Absprot

Absunprot − Absprot
= I−

Itot
(23)

The absorption spectra of the protonated indicator, HI, is dif-
ferent from the absorption spectra of the unprotonated indica-

where Abs is the experimentally measured absorbance at thetor, I�. Since the equilibrium shifts with increasing or de-
appropriate wavelength. The subscripts refer to protonatedcreasing hydrogen ions, by monitoring the change in the
and unprotonated species. An analytical expression can be de-spectra, a calibration can be developed between the ab-
rived from the definition of the acid dissociation equilibriumsorbance at a particular wavelength and the local pH in the
constant and a mass balance on the total indicator concentra-

vicinity of the film. The range over which the pH is measured tion, Itot � HI  I�:
depends on the pKa (� �log Ka) value of the indicator and is
usually restricted to one pH unit above and below the pKa

value. Therefore, the pH optode has a much more limited dy- (aH+ )K−1
a = 1 − α

α
(24)

namic range than the glass electrode. Nevertheless, it is of
interest in applications where small size and electromagnetic This equation can also be written as
immunity are important.

As an example, consider the (aqueous solution phase) ab-
sorption spectra of the pH-sensitive dye 8-hydroxypyrene-

−pH + pKa = log10
1 − α

α
(25)
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and emphasizes that when � � 0.5, pH � pKa. A membrane ance together with mass balances on the indicator and iono-
phore, the relation equivalent to Eq. (24) iscontaining the HPTS dye at the face of an optical fiber could

function in this way as a suitable pH optode. However, its
high water solubility and ‘‘blue’’ (low visible wavelength) ab-
sorption spectra make it less desirable for such applications

(aX− )(aH+ )KXi
= 1 − α

α

ωi

αβ
(26)

than other dyes that better match the light output available
where the ai are the activities and � is the (molar) ratio offrom cheap light-emitting diode (LED) sources and matching
indicator to ionophore loaded into the membrane. The fractiondetectors. Fortunately, many other dyes are known with a
of ionophore that is complexed with the target anion is �i andwide range of pKa values and absorption spectra. This allows
� �i � 1 � ��.for a broad range of optical as well as chemical characteristics

For a solution containing only an individual anion (i � 1),to be designed into a pH sensor. The other feature in Fig. 9,
a calibration curve can be developed from these equationswhich is seen for many indicators, is the so-called isosbestic
and, in particular, the exchange coefficient can be found. Apoint or pH-independent absorption wavelength at 405 nm.
single-ion response function is then defined byBy ratioing measurements at 450 nm and 405 nm, a self-cali-

brating pH sensor can be designed that accounts for fluctua-
tions in light source intensity as well as degradation or loss
of the dye from the membrane phase.

a0
X1

= 1
KX1

aH+

1 − α

α

1 − αβ

αβ
≡ f1(α) (27)

Ion-Sensitive Optodes. The pH optode can also be adapted
to the measurement of other cations and anions. The mecha- where the superscript on the anion activity is used to empha-

size that the response function is measured in the absence ofnism by which this takes place has been summarized for a
interferents. If the equations are now expanded to consider awide variety of ion-exchange mechanisms (9). Briefly, if a
solution of competing (interfering) anions with activities aXj

,membrane is designed that contains a pH indicator as well as
the result can be compactly expressed asan adsorption site for other ions (mediated by the incorpora-

tion of an ionophore into the membrane), the requirement for
electroneutrality causes charged species to move in pairs. If a aX1

= f1(α) −
∑

K1 jaX j
(28)

positively charged cation is adsorbed on the surface, for in-
stance, a proton is exchanged in the opposite direction to pre- The selectivity coefficient K1j � KX1

/KXj
is found from experi-

serve electroneutrality. For anionic sensors, a negatively ments with pure component data. This relation is the optical
charged anion brings with it the positively charged proton to analogue to the Nikolskij–Eisenman equation, Eq. (16), intro-
the surface. In either case, the affinity sites for the ions act duced previously for ISEs. It summarizes how the presence of
together with the absorption spectra of the particular pH indi- interferents will lead to an overprediction of the target ion
cator to generate a color change. Such optical ion sensors will concentration if the single-ion response function is blindly
suffer from selectivity problems, however, in much the same used. Similar equations can be developed for solutions of ions
way as the corresponding ion-selective electrochemical elec- with mixed valences as well as for the analogous cation sen-
trodes. The selectivity of the pH-sensitive dye for hydrogen sor (9).
ions is usually absolute, but the ionophores chosen for other Gas-Sensing Optodes. It is also apparent that pH optodes
ions are more flexible in their capacity to bind different can be used for the measurement of gases such as CO2 and
chemical species. It is also necessary to independently moni- NH3 in a manner exactly analogous to that described for gas-
tor or fix the pH of the solution to ensure that the measured sensing electrodes. Many patents have been issued, and sev-

eral commercial designs of optical sensors have been put for-spectral changes are associated with ions other than hy-
ward that detail exactly how the light from a fiber waveguidedrogen.
will pass through the measuring sample.The selectivity for the sensor can be evaluated from a con-

sideration of the following mechanism, which is an expansion
Evanescent Sensors. Light passing through an optical fiberof the simpler acid-dissociation scheme written earlier (see

can also interact with the surrounding medium at the core–pH Optodes):
cladding interface through the so-called evanescent field. This
electromagnetic field extends from the interface into the me-
dium surrounding the fiber (or any reflection surface) only aI−

f + H+ + S+
f + X−

i ↔ HIf + SXf (KXi
)

short distance—typically 0.1 �m. Nevertheless, this makes it
possible to carry out optical measurements using a fiber in a

The subscript f denotes film-associated components, and S re- ‘‘closed-loop’’ configuration. It also allows for the use of mem-
fers to the ionophore. This equation is written for an anion branes that impart selective advantages toward different tar-
exchanger with a stoichiometric binding ratio of 1 : 1. The in- get analytes while at the same time function as an integral
dicator, If, and the anionic binding site, Sf, are both confined part of the optical waveguide. The light intensity penetrating
to the film while the hydrogen ion and target anion, X�

i , can into the evanescent field is much lower than the intensity
freely exchange with the bulk solution. A similar equation ex- found in the acceptance cone region. This is compensated for
ists for each anion, X�

i . In this equation, the exchange coeffi- by using long pathlengths, which are introduced by exposing
cient, KXi

, plays the same role as the previously described acid correspondingly long sections of the fiber to the analyte
dissociation constant to summarize the reaction equilibrium. fluid.
We also consider only an anion with a single charge of valence In environmental sensing applications that deal with the

measurement of volatile organic compounds in water, hy-� �1 for illustrative purposes. Using an electroneutrality bal-
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Figure 10. Equilibrium EFOCS responses
at specified analyte concentration (magnified
	10) and transmission spectroscopy spectra
of the pure components measured in a con-
ventional instrument. (From Ref. 10, with
permission. Copyright 1997 American Chem-
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ical Society.)

drophobic membranes can effectively separate and concen- for example, emits light via fluorescence when excited at the
absorbance wavelengths shown in Fig. 9. Such molecules aretrate target analytes from the dilute aqueous background. In

fact, the plastic-clad (silicon) silica fibers that are readily referred to as fluorophores and display a separate emission
spectrum for each absorbance wavelength. The membrane-available from many commercial sources have been demon-

strated to function quite well as ‘‘evanescent fiber-optic chem- based design described earlier can now be used in a fluores-
cence-sensing mode by separating the incident excitationical sensors’’ (EFOCS) for the analysis of chlorinated hydro-

carbons in water (10). Organic species absorbed into the light from the emitted light using optical filters, gratings,
and/or tunable light sources. In fact, by alternately excitingsilicon clad interact with the evanescent light field leading to

wavelength-dependent light absorption that is characteristic at 405 nm and at 450 nm, a ratioing scheme can also be de-
vised for this type of fluorescent sensor that allows for inter-of the composition of the surrounding solution. Figure 10

shows a comparison of the absorbance spectra measured with nal calibration. Fluorescent optical sensors have found wide-
spread application in many biosensing schemes wherean EFOCS and with a conventional spectrometer for toluene,

trichloroethylene, and trichloroethane. It is seen that long coupling of enzymatic reactions with fluoresence detection
leads to extraordinary selectivity and sensitivity combina-lengths of fiber are needed to generate even small absor-

bances (note also the 10	 scale change) compared with con- tions.
Fluorescence quenching is another phenomenon that leadsventional transmission spectroscopy. The spectra are plotted

as a function of the wavenumber, �, which is related to the to reduction of the emitted light due to the presence of so-
called quenching molecules. Optical sensors have also beenwavelength, �:
designed around quenching effects, and oxygen, in particular,
is a well-known quencher molecule. The relation between
fluorescence intensity and oxygen concentration, for a con-ν (cm−1) = 107

λ (nm)
(29)

stant excitation intensity, is often summarized by the Stern–
Volmer equation:Fluorescence Sensors. Absorption of light can also lead to

reemission at lower energies (longer wavelengths). This can
take place from an excited, singlet state to the ground level

F0

F
= 1 + KSV[O2] (30)

and leads to what is referred to as fluorescence. Applications
of fluorescence to chemical sensing using optical waveguides This equation predicts a linear relation between the inverse
are very similar in terms of the target compounds and mode of the fluorescence intensity, F, and the oxygen concentra-
of operation to those seen for absorbance sensors. One impor- tion, [O2]. Such quantitative behavior is often seen in practice,
tant additional feature, however, distinguishes this type of but sensors are also empirically adapted to a modified form of
spectroscopy: The detection of emitted light often takes place the Stern–Volmer equation in order to generate useful cali-
against a zero (dark) background. As a result, fluorescence bration functions. The temperature dependence of the Stern–
measurements are often done at a high signal-to-noise ratio. Volmer constant, KSV, is significant, and simultaneous tem-
In combination with pulsed light sources and phase-resolved perature measurement or temperature control is often needed
signal analysis, very accurate measurements can be taken of in interpreting results. This is true of any fluorescence-based
very small numbers of molecules. In this way, small changes chemical sensor, and the fluorescence is typically decreasing
can be monitored, and fluorescence assays are usually many with increasing temperature. In contrast, the absorbance-
orders of magnitude more sensitive than competing ab- based detection schemes are more immune to temperature

fluctuations.sorbance-based assays. The previously cited HPTS molecule,
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As with absorbance-based sensors, evanescent interactions noses.’’ They have been used in analysis of food processing
operations, perfumes and cosmetic production, environmentalcan also be exploited and many of the designs proposed for

fluorescence-based assays utilize fluorophores that are immo- sensing and a variety of other application areas where odor is
a recognizable quality indicator. Some companies that pro-bilized on a short segment of optical fiber at the core–clad

interface. The fibers are often tapered to allow for better in- duce electronic noses commercially include Alpha M.O.S.
America (Belle Mead, NJ), AromaScan (Hollis, NH), and Neo-teraction of the fluorophore with the excitation light and bet-

ter capture of the fluorescence emission. The thin interfaces tronics Scientific (Essex, UK).
Sensor arrays have been most often developed with con-that are used in evanescent detection can also lead to faster

response times for the sensor compared with situations ob- ductimetric sensors such MOS and CP devices. They can also
include chemical sensors based on surface acoustic waveserved for thick clads.

Refractive-Index Sensors. Optical chemical sensors have (SAW) transduction schemes [see SURFACE ACOUSTIC WAVE DE-

VICES], and often a mixture of sensing elements is used tobeen developed that are based on measurements related di-
rectly or indirectly to changes in the refractive index. The impart the greatest degree of flexibility. The interpretation of

signals from such arrays requires extensive calibrations withcladding can be used as a selective adsorbent (typically a poly-
mer) which changes its bulk refractive index due to absorp- pure components and/or known mixtures. The signal analysis

often uses statistical methods, including principal componenttion of target molecules (11). Such a sensor functions as a
refractometer, although absolute values of the refractive in- and partial least-squares analysis, or artificial neural net-

works to recover compositional information on unknown sam-dex are rarely obtained. Measurements of changes in the light
intensity are related to the changes in the critical angle for ples. Many times, it is sufficient to categorize the mixture in

terms of ‘‘good’’ or ‘‘bad’’ or other loosely defined quality de-total internal reflection described previously. Light can essen-
tially ‘‘leak’’ from the fiber if the refractive index of the clad scriptors.

For example, a 14-element CP array has been developedincreases from its nominal level. The refractive index of the
clad also affects the NA value of the fiber that can be observed that was shown to be capable of discriminating 8 different

solvents (13). The CP array was fabricated from the conduct-in the exit light intensity measured for a fixed solid spherical
angle. Such refractive index sensors, for example, have been ing polymer poly(pyrrole), which was blended with 12 differ-

ent plasticizers and two different combinations of oxidant.introduced for monitoring aromatic hydrocarbons in ground-
water. The polymers were dip-coated onto interdigitated electrodes,

and resistance measurements were simultaneously performedAbsolute refractive index changes can also be monitored
through so-called surface plasmon resonance (SPR) effects. on all elements of the array after exposing the array to an

air–vapor gas phase of fixed composition. The data were ana-Surface plasmon resonance occurs when polarized light is re-
flected off a thin metal film covering a high refractive index lyzed for each array element by a simple binary criteria re-

lated to whether an individual sensor element was re-material, such as glass, at particular incidence angle and
wavelength combinations. Gold is often used to produce the sponding within a given range or not. The (saturated) pure

components in air could be distinguished from each other and,thin film. The resonance effect is observed by rapid attenua-
tion of the light intensity when either the angle or the wave- with arrays of 19 elements, individual saturation levels as

well as binary mixtures in air could also be quantified. Thelength of light is scanned across critical values. The critical
values will change with the local refractive index at the inter- presentation of the data is often done with respect to the prin-

cipal components, and in this case it was found that threeface; thus, molecules that adsorb to the gold surface and mod-
ulate the refractive index can be detected. A refractive index components were sufficient in this particular experiment.

Arrayed sensors represent a rapidly emerging area ofSPR sensor is most often fabricated on planar (flat) wave-
guides, but it has also been demonstrated on an optical fiber. chemical sensor development. New coatings and structures as

well as new methods for signal analysis greatly expand theSelectivity can be achieved by modification of the surface with
specific affinity ligands for the target compound of interest. role for chemical sensors into applications that were once

deemed too complex. The ability to multiplex diverse sensorsFor example, in biosensing applications, antibodies have often
been used for this purpose. One company, Biacore Interna- will continually expand their application to new areas of use.

Together with miniaturization and efficient fabrication tech-tional AB (Uppsala, Sweden), markets instruments based on
SPR technology for a variety of biosensor applications. Other niques, it is expected that chemical sensors will, in the near

future, become pervasive in industry, medicine, the environ-designs have also been introduced (12) that utilize compact,
integrated electrooptic features. ment, and indeed everyday use.
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