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Preface

SCOPE

This valuable reference volume conveys a basic understanding of
chemical reactor design methodologies that incorporate both scale-up
and hazard analysis. It shows readers how to select the best reactor
for any particular chemical reaction, how to estimate its size, and how
to obtain the best operating conditions.

An understanding of chemical reaction kinetics and the design of
chemical reactors is very important to the chemist and the chemical
engineer. Engineers share interests in fluid mechanics and transport
phenomena, while the chemist deals with the kinetics and mechanisms
of reactions. The chemical engineer combines the knowledge of these
subjects for the better understanding, design, and control of the reactor.
The recent accidents that have occurred in the chemical process
industries with inherent fatalities and environmental pollution have
imposed greater demands on chemical engineers. Consequently, chemical
reactor design methodologies must incorporate both control and hazard
analysis. However, the design of chemical reactors is still essential for
its proper sizing, and is included in various types of process simulators.
In an industrial problem, it is essential to select the best type of reactor
for any particular chemical reaction. Additionally, it is necessary to
estimate its size and determine the best operating conditions. The
chemical engineer confronted with the design of various reactor types
often depends on the scale of operation and the kinetics.

Many excellent texts have appeared over the years on chemical
reactor design. However, these texts often lack sections on scale-up,
biochemical reactor design, hazard analysis, and safety in reactor
design methodology. The purpose of this book is to provide the basic
theory and design and, sometimes, computer programs (Microsoft Excel
spreadsheet and software) for solving tedious problems. This speeds up
the work of both chemists and engineers in readily arriving at a solution.
The following highlights some of the subjects that are covered in this text.
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MIXING

An important unit operation in chemical reaction engineering,
mixing, finds application in petrochemicals, food processing, and
biotechnology. There are various types of fluid mixing such as liquid
with liquid, gas with liquid, or solids with liquid. The text covers
micromixing and macromixing, tracer response and residence time
distribution (RTD), heat transfer, mixing fundamentals, criteria for
mixing, scale of segregation, intensity of segregation, types of impellers,
dimensional analysis for liquid agitation systems, design and scale-up
of mixing pilot plants, the use of computational fluid dynamics (CFD)
in mixing, and heat transfer in agitated vessels.

BIOCHEMICAL REACTION

This is an essential topic for biochemists and biochemical engineers.
Biochemical reactions involve both cellular and enzymatic processes,
and the principal differences between biochemical and chemical
reactions lie in the nature of the living systems. Biochemists and
biochemical engineers can stabilize most organic substances in processes
involving microorganisms.

This chapter discusses the kinetics, modeling and simulation of
biochemical reactions, types and scale-up of bioreactors. The chapter
provides definitions and summary of biological characteristics.

CHEMICAL REACTOR MODELING

This involves knowledge of chemistry, by the factors distinguishing
the micro-kinetics of chemical reactions and macro-kinetics used to
describe the physical transport phenomena. The complexity of the
chemical system and insufficient knowledge of the details requires that
reactions are lumped, and kinetics expressed with the aid of empirical
rate constants. Physical effects in chemical reactors are difficult to
eliminate from the chemical rate processes. Non-uniformities in the
velocity, and temperature profiles, with interphase, intraparticle heat,
and mass transfer tend to distort the kinetic data. These make the
analyses and scale-up of a reactor more difficult. Reaction rate data
obtained from laboratory studies without a proper account of the
physical effects can produce erroneous rate expressions. Here, chemical
reactor flow models using mathematical expressions show how physical
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processes interact with chemical processes. The proposed model must
represent the flow behavior of an actual reactor, which is realistic
enough to give useful information for its design and analysis. The text
reviews different reactor flow models.

SAFETY IN CHEMICAL REACTION

Equipment failures or operator errors often cause increases in
process pressures beyond safe levels. A high increase in pressure may
exceed the set pressure in pipelines and process vessels, resulting in
equipment rupture and causing major releases of toxic or flammable
chemicals. A proper control system or installation of relief systems can
prevent excessive pressures from developing. The relief system con-
sists of the relief device and the associated downstream process
equipment (e.g., knock-out drum, scrubber, absorbers, and flares) that
handles the discharged fluids. Many chemical reactions (e.g., poly-
merization, sulphonation, nitration) in the chemical process industry
result in runaway reactions or two-phase flow. This occurs when an
exothermic reaction occurs within a reactor. If cooling no longer exists
due to a loss of cooling water supply or failure of a control system
(e.g., a valve), then the reactor temperature will rise. As the temperature
rises, the reaction rate increases, leading to an increase in heat genera-
tion. This mechanism results in a runaway reaction. The pressure
within the reactor increases due to increased vapor pressure of the
liquid components and gaseous decomposition products as a result of
the high temperature. Runaway reactions can occur within minutes for
large commercial reactors and have resulted in severe damage to a
complete plant and loss of lives. This text examines runaway reactions
and two-phase flow relief.

SCALE-UP

The chemical engineer is concerned with the industrial application
of processes. This involves the chemical and microbiological con-
version of material with the transport of mass, heat and momentum.
These processes are scale-dependent (i.e., they may behave differently
in small and large-scale systems) and include heterogeneous chemical
reactions and most unit operations. The heterogeneous chemical reactions
(liquid-liquid, liquid-gas, liquid-solid, gas-solid, solid-solid) generate
or consume a considerable amount of heat. However, the course of
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such chemical reactions can be similar on both small and large scales.
This happens if the mass and heat transfer processes are identical and
the chemistry is the same. Emphasis in this text is on dimensional
analysis with respect to the following:

* Continuous chemical reaction processes in a tubular reactor.

* Influence of back mixing (macromixing) on the degree of con-
version and in continuous chemical reaction operation.

* Influence of micro mixing on selectivity in a continuous chemical
reaction process.

* Scale-up of a batch reactor

AN INTEGRATING CASE STUDY—AMMONIA SYNTHESIS

This book briefly reviews ammonia synthesis, its importance in the
chemical process industry, and safety precautions. This case study is
integrated into several chapters in the text. See the Introduction for
further details.

Additionally, solutions to problems are presented in the text and the
accompanying CD contains computer programs (Microsoft Excel
spreadsheet and software) for solving modeling problems using numerical
methods. The CD also contains colored snapshots on computational
fluid mixing in a reactor. Additionally, the CD contains the appendices
and conversion table software.

A. Kayode Coker, Ph.D.
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Introduction

Increased collaboration between chemical reaction engineering and
chemistry disciplines in recent years has produced significant advances
in kinetic and thermodynamic modeling of processes. Additionally,
improvement in analytical chemistry techniques, the formulation of
mathematical models, and the development of computational tools have
led to a deeper understanding of complex chemical reaction kinetics,
particularly in mixtures with large numbers of compounds. Activities
in both academic and industrial research organizations have enabled
these groups to review the state of the art and cooperate with the
overall objectives of improving the safety, yields, and quality of the
products. Also, the final commitment to the production of any chemical
product often depends on its profitability and other economic factors.

Chemical kinetics mainly relies on the rates of chemical reactions
and how these depend on factors such as concentration and temperature.
An understanding of chemical kinetics is important in providing
essential evidence as to the mechanisms of chemical processes. Although
important evidence about mechanisms can be obtained by non-kinetic
investigations, such as the detection of reaction intermediates, knowledge
of a mechanism can be confirmed only after a detailed kinetic investi-
gation has been performed. A kinetic investigation can also disprove
a mechanism, but cannot ascertain a mechanism.

Kinetic investigations cover a wide range from various viewpoints.
Chemical reactions occur in various phases such as the gas phase, in
solution using various solvents, at gas-solid, and other interfaces in
the liquid and solid states. Many techniques have been employed for
studying the rates of these reaction types, and even for following fast
reactions. Generally, chemical kinetics relates to the studies of the rates
at which chemical processes occur, the factors on which these rates
depend, and the molecular acts involved in reaction mechanisms.
Table 1 shows the wide scope of chemical kinetics, and its relevance
to many branches of sciences.
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Table 1
Some branches of science to which kinetics is relevant [1]

Branch Applications of kinetics

Biology Physiological processes (e.g., digestion and metabolism),
bacterial growth

Chemical engineering Reactor design
Electrochemistry Electrode processes
Geology Flow processes
Inorganic chemistry Reaction mechanisms

Mechanical engineering Physical metallurgy, crystal dislocation mobility

Organic chemistry Reaction mechanisms
Pharmacology Drug action
Physics Viscosity, diffusion, nuclear processes
Psychology Subjective time, memory
CASE STUDY

As an introduction to the modeling of chemical kinetics and reactor
design, consider the manufacture of ammonia. The synthesis of ammonia
is performed on a large scale with over 100 million tons produced each
year. Computer simulation of the plant is increasingly employed as
the first stage in identifying which parameters control the conversion
rate, the product purity, the energy expended, and the production rate.
The economic considerations that affect the reduction of costs with
increased efficiency and profitability are high. The principal licensors
of ammonia synthesis are ICI, Braun, and M.W. Kellogg. Figure 1
shows a typical ammonia plant.

Ammonia is one of the largest volume inorganic chemicals in the
chemical process industries. Its major applications are in the pro-
duction of fertilizers, nitrates, sulfates, phosphates, explosives, plastics,
resins, amines, amides, and textiles. The fertilizer industry is the
largest user of ammonia, and large quantities must be stored to meet
the demand and maintain constant production levels. Ammonia may
be stored in very large insulated tanks at pressure near ambient; in
large spheres at a moderate pressure, refrigerated to reduce the
pressure; and at ambient temperature but higher pressure, corresponding

Xviii



(P17 BbBojy M ‘W Asernon) ‘Aexuny ‘Mjwen—iue|d eluowwe sebn] | ainbi4

Xix



to the vapor pressure at ambient temperature. Table 2 shows the raw
materials requirements, yield, and properties of ammonia.
Transportation is by railroad tank vehicle, by tank truck, or by
pipeline. In this case, transportation at ambient temperature is the best
choice. The choice of storing ammonia at an ambient temperature
liquid or partially refrigerated liquid or an ambient pressure liquid
depends mostly on economic factors. One of the factors that deter-
mines the storage method is the quantity of ammonia to be stored.
Ammonia is toxic and flammable, although the lower flammable
limit is quite high and fires in ammonia facilities are rare. However,
spillage from storage vessel or transfer piping must be considered and
adequate precautions taken to minimize its effect. Storage tanks must
have adequate vents so the pressure cannot rise above safe levels, and
are diked to prevent the spread of liquid in case of a spill. For ambient
pressure storage, the vents must be large in area and operate at
pressures only slightly above ambient pressure. Alternatively, for
ambient temperature, the vents are smaller, but operate at much higher
pressure. At ambient temperature, ammonia in common with other
liquified gases must have sufficient ullage space in the tank to allow
for expansion when the temperature rises. Otherwise, liquid loaded into

Table 2
Raw materials requirements and yield

Raw materials required per ton of ammonia:
Natural gas: 810 m®  Yield: 85%

Properties: Colorless liquid or gas with a very pungent odor. Soluble in water,
ethyl alcohol, and ether.

Molecular weight: 17.03 Vapor density (air = 1): 0.597
Density at 20°C (gas): 0.771

Melting point: —=77.7°C Boiling point: —33.4°C
Autoignition temperature: 651°C

Critical temperature, T: 132.4°C

Critical pressure, Pc: 111.3°C

Critical volume, V: 72.4 cm’/gmol

Critical compressibility factor Z: 0.243
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the tank from refrigerated storage will expand to cause the tank to be
full of liquid as it heats. The tank vent would then open and subsequently
leak liquid ammonia to the atmosphere. Training personnel for the
hazardous nature of anhydrous ammonia and how to handle emergency
conditions in the plant is essential.

The American Conference of Government Industrial Hygienists
(ACGIH) has established threshold doses called the threshold limit
values (TLVs) for many chemical agents. The TLV is the airborne
concentration that corresponds to conditions where no adverse effects
are normally expected during a worker’s lifetime. The exposure is
assumed to occur only during normal working hours, eight hours per
day and five days per week.

TLVs are calculated using ppm (parts per million by volume), mg/
m? (mg of vapor per cubic meter of air). For vapor, mg/m? is con-
verted to ppm by the equation:

C,,m =Conc. in ppm = %(l)(l), ms

PP My \273 AP/ m?
— 008205 — 1| Mg
PeMy, | m?

where T = temperature in K
P = absolute pressure in atm
My, = molecular weight in gm/gm — mole

Table 3 gives the threshold limit value (TLV) and permissible
exposure level (PEL) of ammonia.

Table 3
u.s.
Threshold Safety and
Limit Administration

Value (TLV), Value Permissible OSHA
time average, Exposure Exposure,

weighted mg/m? Level (PEL), mg/m?

Substance ppm at 25°C ppm at 25°C

Ammonia 25 18 25 18

XXi



The raw material source for ammonia plants is natural gas for
producing hydrogen by steam reforming. An alternative raw material
is naphtha, which also requires partial oxidation. Hydrogen streams
from catalytic reformers are another source of hydrogen. However, the
volumes available are negligible to meet the requirements of an
average size ammonia plant. Nitrogen is obtained by the liquefaction
of air or from producer gas mixed with hydrogen in the mole ratio
of 3:1.

The synthesis of ammonia is divided into four stages. In stage 1,
the natural gas undergoes catalytic reforming to produce hydrogen
from methane and steam. The nitrogen required for ammonia pro-
duction is introduced at this stage. Stage 2 involves the "synthesis gas"
(syngas) that is purified by removing both carbon monoxide and
carbon dioxide. Stage 3 is the compression of the syngas to the
required pressure. Stage 4 is the ammonia loop. A typical feed stock
for ammonia synthesis is 0.17 million standard cubic meter per day
(6 Mscfd) of natural gas at a temperature of 16°C and a pressure of
23.4 barg. Table 4 shows its composition.

Natural gas is desulfurized because sulfur has an adverse effect on
the catalysts used in the reforming and synthesis reactions. After
desulfurization and scrubbing, the natural gas is mixed with super-
heated steam at 23 barg and 510°C. Nitrogen is supplied from the air,
which is fed to the secondary reformer at 20 barg and 166°C. Table
5 shows the composition of air.

Table 4
Natural gas feed
Component Mole %
Carbon dioxide (CO,) 2.95
Nitrogen (N,) 3.05
Methane (CH,) 80.75
Ethane (C,H) 7.45
Propane (C;Hy) 3.25
Butane (C,H,() 2.31
Pentane (CsH,,) 0.24

Used with permission from Simulation Sciences Inc.
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Table 5

Air feed
Component Mole %
Oxygen (O,) 21.0
Nitrogen (N,) 78.05
Argon (Ar) 0.95

STAGE 1: CATALYTIC REFORMING

After the removal of sulfur, the primary steam reformer converts
about 70% of the hydrocarbon feed into synthesis gas. Methane is
mixed with steam and passed over a nickel catalyst. The main reform-
ing reactions are:

CH, +H,0 = CO+3H,
CO+H,0 = CO, +H,

The catalytic steam hydrocarbon reforming process produces raw
synthesis gas by steam reforming under pressure. The reactions are
endothermic, thus the supply of heat to the reformer is required to
maintain the desired reaction temperature. The gases leaving the
reformer are CH,, 6 mol/%; CO, 8%; CO,, 6%; H,, 50%; and H,O,
30%. The operating pressure is between 20-35 bar, and the gases
leaving the reformer contain about 6% CH,. This represents approxi-
mately 30% of the original natural gas input. Figure 2 shows the
process flowsheet of catalytic reforming.

In the secondary reformer, air is introduced to supply the nitrogen
required for the 3:1 hydrogen H, and nitrogen N, synthesis gas. The
heat of combustion of the partially reformed gas supplies the energy
to reform the remaining hydrocarbon feed. The reformed product steam
is employed to generate steam and to preheat the natural gas feed.

STAGE 2: SHIFT AND METHANATION CONVERSION

The shift conversion involves two stages. The first stage employs
a high-temperature catalyst, and the second uses a low-temperature
catalyst. The shift converters remove the carbon monoxide produced
in the reforming stage by converting it to carbon dioxide by the reaction
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Figure 2. Catalytic reforming flowsheet. (Used with permission of Simulation
Sciences Inc.)

CO+H,0 = CO, +H,

The reaction produces additional hydrogen for ammonia synthesis.
The shift reactor effluent is cooled and the condensed water is separated.
The gas is purified by removing carbon dioxide from the synthesis
gas by absorption with hot carbonate, Selexol, or methyl ethyl amine
(MEA). After purification, the remaining traces of carbon monoxide
and carbon dioxide are removed in the methanation reactions.

CO+3H, = CH, +H,0
CO, +4H, = CH, +2H,0

Figure 3 illustrates the shift and methanation conversion. The
resulting methane is inert and the water is condensed. Thus purified,
the hydrogen-nitrogen mixture with the ratio of 3H, : IN, is com-
pressed to the pressure selected for ammonia synthesis.

STAGE 3: COMPRESSION PROCESS

The purified synthesis gas is cooled and the condensed water is
removed. The syngas is then compressed in a series of centrifugal
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Figure 3. Shift and methanation process flow diagram. (Used with permission
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INTERCHANGER

TO SYNGAS
COMPRESSORS

compressors with interstage cooling to a pressure of 150 bar. The
centrifugal compressors are driven by steam turbines using steam
generated in the plant itself. This reduces the overall power consump-
tion. Coker [2] illustrates the design of a centrifugal compressor.
Figure 4 shows the compressor with interstage cooling.

STAGE 4: CONVERSION UNIT

The compressed synthesis gas is dried, mixed with a recycle stream,
and introduced into the synthesis reactor after the recycle compressor.
The gas mixture is chilled and liquid ammonia is removed from the
secondary separator. The vapor is heated and passed into the ammonia
converter. The feed is preheated inside the converter prior to entering
the catalyst bed. The reaction occurs at 450—-600°C over an iron oxide
catalyst. The ammonia synthesis reaction between nitrogen, N,, and
hydrogen, H,, is

N, +3H, = 2NH,

The reaction is an equilibrium reaction that is exothermic. Lower
temperatures favor the production of ammonia. High pressures in
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Figure 4. Compressors with interstage cooling. (Used with permission of
Simulation Sciences Inc.)

excess of 21 bar are required to achieve sufficient conversion. Con-
versions of 20%—-25% ammonia per pass are achieved. However, the
conversion of hydrogen per pass is still less than 30%, therefore, the
process requires a large recycle of unreacted gases. The converted
vapor product is cooled by ammonia refrigeration in the primary
separator to condense the ammonia product. A purge is removed from
the remaining gases to prevent the buildup up of inerts (in particular,
CH, and Ar) in the synthesis reactor. Figure 5 shows the process flow
diagram of the conversion and Figure 6 illustrates the complete
ammonia plant process flow diagram.

Recently, the price of ammonia has nearly doubled as global sup-
plies have been tightened and are now in line with the demands.
Ammonia process licensors are employing new technologies that can
be retrofitted to existing plants to increase the capacity by 20%—40%
[3]. A wide range of newer more reactive catalysts are now replacing
the iron-based catalysts. These catalysts are found to be advantageous
in operating at lower synthesis pressures. [ron-titanium metals, ruthenium-
alkali metals, or ruthenium promoted by potassium and barium on
activated carbon have exhibited high efficiency. The raw material
hydrogen must be free from the oxides of carbon, which degrade the
catalyst activity. Additionally, phosphorus, sulfur, and arsenic com-
pounds tend to poison the catalyst in the subsequent reaction.
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M. W. Kellogg has developed a new technology in the synthesis of
ammonia. They employ a ruthenium on graphite as the catalyst on
Kellogg Advanced Ammonia Process (KAAP). The process is the first
to employ a non-iron based catalyst and was co-developed with British
Petroleum Ventures. The KAAP has been commercialized since 1994,
and has been used in an increasing number of projects.

Process technology licensors have developed alternative techniques
to the primary and secondary reformer processes. These technologies
integrate process units with steam and power systems, thereby using
heat exchange networks to capture waste heat. Additionally, they
provide the energy required for reforming methane. M.W. Kellogg has
employed a system where the desulfurized natural gas and steam are
first divided into two streams and heated. The mixed feed is then fed
to a tubular reforming exchanger and an autothermal reformer. Enriched
air at 600°C is then passed to the autothermal reformer and the effluent
at 1,000°C flows to the shell side of the reforming heat exchanger. In
the autothermal reformer, which contains conventional secondary

INTEGRATED KAAP/KRES PROCESS

AIR
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" Joxveen 5
¢ it
|

AUTOTHERMAL REFORMING
REFORMER EXCHANGER

SYNTHESIS GAS
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Figure 7. Kellogg’s new ruthenium-catalyst based advanced ammonia process
combined with the reforming exchange system. (Used with permission of
Chemical Engineering.)
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reforming catalyst, the feed gas is partially oxidized. The mixed stream
is then sent to the reforming exchanger consisting of tubes filled with
catalysts. This is designed to minimize the buildup of pressure and to
expand separately without any constraint. Finally, the heat for reforming
comes from an autothermal reformer effluent. Figure 7 shows the
designs features in an integrated system. Figure 8 shows a selection
of ammonia reactors.
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CHAPTER ONE

Reaction Mechanisms
and Rate Expressions

INTRODUCTION

The field of chemical kinetics and reaction engineering has grown
over the years. New experimental techniques have been developed to
follow the progress of chemical reactions and these have aided study
of the fundamentals and mechanisms of chemical reactions. The
availability of personal computers has enhanced the simulation of
complex chemical reactions and reactor stability analysis. These
activities have resulted in improved designs of industrial reactors. An
increased number of industrial patents now relate to new catalysts and
catalytic processes, synthetic polymers, and novel reactor designs. Lin
[1] has given a comprehensive review of chemical reactions involving
kinetics and mechanisms.

Conventional stoichiometric equations show the reactants that take
part and the products formed in a chemical reaction. However, there
is no indication about what takes place during this change. A detailed
description of a chemical reaction outlining each separate stage is
referred to as the mechanism. Mechanisms of reactions are based on
experimental data, which are seldom complete, concerning transition
states and unstable intermediates. Therefore, they must to be con-
tinually audited and modified as more information is obtained.

Reaction steps are sometimes too complex to follow in detail. In
such cases, studying the energy of a particular reaction may elucidate
whether or not any intermediate reaction is produced. Energy in the
form of heat must be provided to the reactants to enable the necessary
bonds to be broken. The reactant molecules become activated because
of their greater energy content. This change can be referred to as the
activated complex or transition state, and can be represented by the
curve of Figure 1-1. The complex is the least stable state through

1
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Figure 1-1. Potential energy curve for an exothermic reaction.

which the reactants pass before forming the products. The amount of
energy required to raise the reactant molecules to this state is known
as the activation energy, E,. This energy is important in determining
the rate at which a reaction proceeds.

The use of a catalyst affects the rate of reaction by enabling the
products to form by an alternative route. Each stage has lower activa-
tion energy than the uncatalyzed reaction.

Once the reactants have absorbed sufficient energy to cross over
this peak, energy is then released as the new bonds are made in
yielding the stable products. For reactions at constant pressure, the
difference between the amount of energy provided to break the bonds
of the reactants and that evolved during the formation of new mole-
cules is termed the enthalpy of reaction, AHg. When more energy is
evolved than absorbed, the reaction is exothermic, that is, AHy, is nega-
tive as shown in Figure 1-1. Alternatively, when less energy is evolved
than absorbed, the reaction is endothermic, that is, AHy is positive as
indicated by Figure 1-2.

Products formed through an exothermic reaction have a lower
energy content than the reactants from which they are formed. Alter-
natively, products formed via an exothermic process have a higher
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Figure 1-2. Potential energy curve for an endothermic reaction.

energy content than their reactants. In general, exothermic compounds
are more stable than endothermic compounds.

There are cases where the activated complex exists as an unstable
intermediate. This is observed in reaction profile as a trough in the
activated peak of the curve. This produces a double hump and as the
minimum in the trough is more marked, that is, as the intermediate
becomes more stable, it becomes more difficult to separate the inter-
mediate from the reaction mixture during the course of the reaction.
Figure 1-3 shows the curve of an unstable intermediate.

Generally, all practical reactions occur by a sequence of elementary
steps that collectively constitute the mechanism. The rate equation for
the overall reaction is developed from the mechanism and is then used
in reactor design. Although there are cases where experimental data
provide no information about intermediate chemical species, experi-
mental data have provided researchers with useful guidelines in
postulating reaction mechanisms. Information about intermediate
species is essential in identifying the correct mechanism of reaction.
Where many steps are used, different mechanisms can produce similar
forms of overall rate expression. The overall rate equation is the result
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of the correct mechanism and is developed in terms of concentrations
of the reactants and products. In the case of complex chemical reac-
tions, the overall rate equation may be erroneous for reactor design.
Therefore, assumptions are employed to make a satisfactory kinetic
representation resulting in the design of a reliable reactor.

Chemists and engineers interpret the mechanisms in different ways.
The chemist defines the reaction mechanism as how the electron
densities around the molecule move in order to provide charged areas,
allowing the second reactant to attach because of induced opposite
charge. The activated complex has a modified electron structure that
results in part of the complex being weakly attached, thereby making
detachment possible. The overall rearrangement of the charges around
the molecules gives the product of the reaction. The chemical engineer,
on the other hand, often views the mechanism in terms of its reaction
steps, where each step changes from one distinct chemical species
to another. This reduces the reaction mechanism so that it can be
treated quantitatively.

The following describes many types of reaction mechanisms with
a view toward developing their overall rate expressions.
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TYPICAL REACTION MECHANISMS

CRACKING OF ALKANES (Paraffins C,H,,.,)

Pyrolysis of alkanes is referred to as cracking. Alkanes from the
paraffins (kerosene) fraction in the vapor state are passed through a
metal chamber heated to 400-700°C. Metallic oxides are used as a
catalyst. The starting alkanes are broken down into a mixture of
smaller alkanes, alkenes, and some hydrogen.

Alkanes —*®0=7%°C ; gmaller alkanes + alkenes + H,

For example:
2CH,CH,CH, —3=70"C , cH, + CH,CH=CH, + CH, =CH, +H, (1-1)
Propene Ethene

Mechanism

The reaction proceeds via a free radical mechanism with homolytic
fission occuring between the carbon-carbon atoms. The mechanism of
reactions for the cracking of propane is:
Chain initiation:

1. CH,CH, —CH, — CH,CH} + CH} (1-2)

Chain propagation:

2. CH,CH;, — CH, =CH, + H" (1-3)
3. CH,CH,CH; +H" — H, +CH,CHCH, (1-4)
4. CH,CH,CH,+CH; — CH, +CH,;CHCH, (1-5)

Chain termination:

6. 2CH,;CHCH, — CH;CH = CH, +CH,CH,CH, (1-7)
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SULFUR DIOXIDE OXIDATION

The overall stoichiometric equation is:

SO, + %oz = S0, (1-8)

Mechanism

Vanadium pentoxide, V,0Os, is used as a catalyst in the oxidation
of sulfur dioxide. The mechanism involves oxidation-reduction of V,05
that exists on the support at operating conditions in the molten state.

The mechanism of reaction is:

1. SO,+2V>*+0°" & SO, +2V** (1-9)
2 [0+ Vi = V03] (1-10)
3. %[05 + V= VI 4207 (1-11)
4. O +VH =2 V3102 (1-12)

AMMONIA SYNTHESIS

The overall stoichiometric equation is:

1 3

Studies of ammonia synthesis on iron catalyst suggest that the
reaction occurs through surface imine radicals.

Mechanism

The following elementary steps are:

1. Ny = 2Ny (1-14)
3. Nias) + Hiaasy = NHgq) (1-16)



Reaction Mechanisms and Rate Expressions 7

4. NH(ads) +H(ads) - NHZ(ads) (1-17)
3. NHZ(ads) +H(ads) - NH3(ads) (1-18)
6. NHj(,q) — NHy (1-19)

The “ads” denotes the adsorbed species.

AMMONIA OXIDATION

The overall stoichiometric reaction for the oxidation of ammonia
to nitric oxide is:

4NH; + 50, = 4NO +6H,0 (1-20)

This reaction is very rapid and has been difficult to study mechan-
istically. The direct oxidation of ammonia, NH;, to nitric oxide, NO,
over platinum catalyst is one of the major steps in the manufacture
of nitric acid, HNO;.

Mechanism
1. 0, - 20" (1-21)
2. NH;+0"— NH,OH (1-22)
3. NH,OH — NH" +H,0 (1-23)
4. NH* + O, —» HNO, (1-24)
5. HNO, — NO + OH" (1-25)
6. 20H"—- H,0 + O* (1-26)

The oxygen is chemisorbed on the catalyst. This then reacts with
ammonia to produce a chemisorbed imide radical. The imide reacts
with a molecular oxygen to yield nitric oxide.

STEAM REFORMING

Steam reforming is an important process to generate hydrogen for
such uses as ammonia synthesis because of the high endothermic heat
reaction and its rapidity. High heat fluxes with a direct-fired furnace
are required. Although many steps of reactions are possible, the typical
reaction steps are as follows:
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1. CH,+H,0 —3H,+CO (1-27)
2. CH,+2H,0 — 4H, +CO, (1-28)
3. CO +H,0 - CO,+H, (1-29)
4. CH,+CO, —2CO +2H, (1-30)
5. CO+H, = C+H,0 (1-31)
6. CH, = C+2H, (1-32)
7. 2CO = C +CO, (1-33)

BIOCHEMICAL REACTION: CONVERSION
OF GLUCOSE TO GLUCONIC ACID

The fermentation of glucose to gluconic acid involves oxidation of
the sugar in the aldehyde group (RCHO), thereby converting it to a
carboxyl group (RCOOH). The conversion process is achieved by a
micro-organism in the fermentation process. The enzyme glucose
oxidase that is present in the micro-organism converts the glucose to
gluconolactone. The gluconolactone is further hydrolyzed to form the
gluconic acid.

The enzyme glucose oxidase is useful in medicinal applications
where glucose or oxygen removal is required. This enzyme prevents
the browning reaction, or a Mailland reaction, when dried egg powders
are darkened due to a reaction between glucose and protein. Also, the
presence of oxygen in the production and storage of orange soft drinks,
dried food powders, canned beverages, salad dressing, and cheese
slices can be avoided by adding glucose oxidase. Since the activity
of the enzyme is maintained for a long time at storage temperature,
such enzyme additions increase the shelf-life of food products. This
is achieved by the removal of oxygen that diffuses through food
packaging [2].

The hydrogen peroxide produced in the glucose oxidase catalyzed
reaction has an antibacterial action. The addition of a catalase catalyzes
the decomposition of hydrogen peroxide to water and oxygen.

REACTION MECHANISMS

The reaction mechanisms in the fermentation of glucose to gluconic
acid are:
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1. Cell growth:

Glucose + cells — more cells

That is:

C¢H,,0¢ + cells — more cells (1-34)
2. Glucose oxidation:

Glucose oxidase

Glucose + O, gluconolactone + H,O

That is:

C6H1206 + 02 Glucose oxidase C6H1006 +H202 (1_35)

3. Gluconolactone hydrolysis:
Gluconolactone + H,O — gluconic acid

That is:
Ce¢H,,06 + H,0 — CsH,,0,COOH (1-36)
4. Hydrogen peroxide decomposition:

Catalase

1

Analysis of the rate equation and kinetic model of the conversion
of glucose to gluconic acid is discussed in Chapter 11.

ELEMENTARY AND NON-ELEMENTARY REACTIONS

Consider the reaction between hydrogen and bromine in the
gas phase:

Bodenstein and Lind [3] first studied the thermal reaction over the
temperature range of 500—600 K. The relative reaction rates of hydro-
gen and bromine and the formation of hydrogen bromide are:
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(‘er) = (_rBrz) = %(“HBr) (1-39)

and, if the reaction took place in a single step, then the rate expression
may be represented as:

(+rHBr) = kCy,Cy,, (1-40)

The slope of a concentration-time curve to define the rate expression
can be determined. However, experimental studies have shown the reac-
tion cannot be described by simple kinetics, but by the relationship:

k1CH2 C%rsz

(+13p, )= (1-41)

k2 + CHBr

B 1%}

where k; and k, are the rate constants. The reaction between hydrogen
and bromine is an example of a non-elementary reaction. The follow-
ing steps account for the rate expression:

Br, — 2Br’ (1-42)
Br'+H, >HBr+H" (1-43)
H"+HBr — Br’ +H, (1-44)

Br" and H" being highly reactive intermediates.

TYPES OF INTERMEDIATE

STABLE INTERMEDIATES

Stable intermediates are those where concentration and lifespan are
comparable to those of stable reactants and products. An example is
the reaction between methane and oxygen in the gas phase at 700 K
and 1 atmosphere. The overall reaction is:

CH, +20, - CO, + 2H,0 (1-45)
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Successive single reactions are:

CH,+0, -CH,0 +H,0 (1-46)
(Formaldehyde)
CH,0+0, - CO+H,0, (1-47)
CO+%Oz—>C02 (1-48)
1

In these reactions, the stable intermediates are CH,O, CO, and H,O,.

ACTIVE CENTERS

Reactions that are catalyzed by solids occur on the surfaces of the
solids at points of high chemical activity. Therefore, the activity of a
catalytic surface is proportional to the number of active centers per
unit area. In many cases, the concentration of active centers is
relatively low. This is evident by the small quantities of poisons
present (material that retards the rate of a catalytic reaction) that are
sufficient to destroy the activity of a catalyst. Active centers depend
on the interatomic spacing of the solid structure, chemical constitution,
and lattice structure.

Generally, active centers are highly reactive intermediates present
in very small concentrations with short lifespans. For example, in the
case of

H, +Br, -2HBr (1-50)
H* and Br
and in the case of

CH;CHO — CH, +CO (1-51)

CH}, CHO*, CH,CO*
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TRANSITION STATE INTERMEDIATES

Each elementary step proceeds from reactants to products through
the formation of an intermediate called the transition state. Such
intermediates cannot be isolated, as they are species in transit. The
act of reaction will involve the breaking or making of a chemical bond,
whereby transition state intermediates are formed (see also “Transition
State Theory™).

THE ARRHENIUS EQUATION AND
THE COLLISION THEORY

THE ARRHENIUS EQUATION

Generally, the rate of reaction depends on three principal functions:
temperature, pressure, and composition. However, as a result of phase
rule and thermodynamics, there is a relationship between temperature,
pressure, and composition. This relationship can be expressed as:

r; = f(temperature, composition) (1-52)
Consider the reaction:

A+B—->C+D (1-53)

Here, a molecule of C is formed only when a collision between
molecules of A and B occurs. The rate of reaction r. (that is, rate of
appearance of species C) depends on this collision frequency. Using
the kinetic theory of gases, the reaction rate is proportional to the
product of the concentration of the reactants and to the square root
of the absolute temperature:

1o o« C,CgT%? (1-54)

The number of molecules reacting per unit time is smaller than the
number of binary collisions between A and B. Also, temperature is
known to have a much greater effect on the reaction rate than one
would expect from T%3. For binary collisions between A and B to
result in a reaction, the collision must involve energies of translation
and vibration that are in excess of energy E, known as the activation
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energy. The fraction of collisions having energies in excess of E is
represented by e ®/RT, which can now be substituted in Equation 1-54
to give:

re e BRTC,CpTo? (1-55)

The effect of temperature in T%7 is small compared with its effect

in e ¥'RT; therefore, T’ can be combined with the proportionality

constant resulting in:
rC:ko C_E/RT CACB (1'56)

Generally, r; = f; (temperature) f, (composition) and at a given temperature:

r; =k f, (composition) (1-57)
where

k=koe ERT (1-58)
where k = reaction rate constant or velocity constant

k, = frequency factor or preexponential factor
E = activation energy, J/mol or cal/mol
R = gas constant = 8.314 J/mol*K = 1.987 cal/mol*K

T = absolute temperature, K

Equation 1-58 is referred to as the Arrhenius equation.

Effect of Temperature on Reaction Rates

We can evaluate the effect of temperature on the reaction rate from
the Arrhenius equation, k = koe‘E/RT, as:

In k=In k —% (1-59)

When plotting experimentally determined reaction rate constants as
a function of temperature (i.e., In k against 1/T), a straight line is
obtained with —E/R equal to the slope and the intercept as In k. Figure
1-4 shows the linear relationship between the reaction rate constant
and the temperature.
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Figure 1-4. Reaction rate temperature dependence.

THE COLLISION THEORY

The collision theory for bimolecular reactions assumes that a chemical
reaction occurs when two molecules collide with enough energy to
penetrate the molecular van der Waals repulsive forces, thus combining
together. For the bimolecular collisions of unlike molecules A, the
collision number is:

amkr " N2 (amkT)”
Zan=02nd| X =0 T C3
A AA(MA) AIO(’(MA A
_ number of collisions of A with A (1-60)

sececm?

For bimolecular collisions of unlike molecules in a mixture of A
and B,

A + B— Products



Reaction Mechanisms and Rate Expressions 15

) 0.5
ZAp :(%) n,eng (&ﬂ({k%)
A*Mp

(1-61)

5 05
:(M) N_2 8nkT°M C.C
2 10° Mg ATB

where ¢ = diameter of a molecule, cm
M = (molecular weight)/N, mass of a molecule, gm

N = 6.023 x 10* molecules/mol, Avogadro’s number
C, = concentration of A, mol/l
Cp = concentration of B, mol/l

n, = NC,/10°, number of molecules of A/cm?
ng = NCy/10%, number of molecules of B/cm?
k = R/N = 1.30 x 107'® erg/K, Boltzmann constant

The rate equation is given by

1 dN
. fraction of collision
collision rate Y . , : (1-62)
= involving energies
mol / lesec

in excess of E

where E is the minimum energy.

3
=Z 5 10 o-E/RT
ca+0) N MM ) (1-63)
:(M) — 8nkTe—A B | (C,Cye PRT
2 10 A Mg
where e P/RT represents the fraction of collisions involving molecules

with the necessary activation energy E.

TRANSITION STATE THEORY

The transition state theory describes reactants combining to form
unstable intermediates called activated complexes, which rapidly
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decompose into products. This is represented by the following reac-
tion steps:

A+B P (1-64)

A+B=AB" > P (1-65)

Transition state intermediate

The overall rate of reaction depends on the rate of decomposition of
AB* to product P.

The collision theory considers the rate to be governed by the
number of energetic collisions between the reactants. The transition
state theory considers the reaction rate to be governed by the rate of
the decomposition of intermediate. The formation rate of the intermediate
is assumed to be rapid because it is present in equilibrium concentrations.

CHAIN REACTIONS

Atoms and free radicals are highly reactive intermediates in the
reaction mechanism and therefore play active roles. They are highly
reactive because of their incomplete electron shells and are often able
to react with stable molecules at ordinary temperatures. They produce
new atoms and radicals that result in other reactions. As a consequence
of their high reactivity, atoms and free radicals are present in reaction
systems only at very low concentrations. They are often involved in
reactions known as chain reactions. The reaction mechanisms involv-
ing the conversion of reactants to products can be a sequence of
elementary steps. The intermediate steps disappear and only stable
product molecules remain once these sequences are completed. These
types of reactions are referred to as open sequence reactions because
an active center is not reproduced in any other step of the sequence.
There are no closed reaction cycles where a product of one elementary
reaction is fed back to react with another species. Reversible reactions
of the type A + B = C + D are known as open sequence mechanisms.
The chain reactions are classified as a closed sequence in which an
active center is reproduced so that a cyclic reaction pattern is set up.
In chain reaction mechanisms, one of the reaction intermediates is
regenerated during one step of the reaction. This is then fed back to
an earlier stage to react with other species so that a closed loop or
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cycle is formed. The intermediate species are intermittently formed by
the reaction, and the final products are the result of a cyclic repetition
of the intervening processes. Chain reactions play active roles in
industrial processes.

Bodenstein [4] first suggested the idea of a chain reaction by
postulating that ions such as chlorine, Cl%, are chain carriers. Later,
Nernst [5] proposed his mechanism for the hydrogen in chlorine
reaction that gave rise to the idea that organic free radicals are
important in reaction mechanisms. Taylor [6] investigated the reactions
of hydrogen atoms with various substances. He proposed a reaction
between a hydrogen atom and ethane. The resulting ethyl radical plays
an important role in hydrocarbon reactions. Rice and Herzfeld [7]
postulated reaction schemes involving the participation of free radicals
in the pyrolysis of organic compounds. Techniques such as spectro-
scopy, electron-spin resonance spectroscopy, and mass spectrometry
have confirmed the validity of these types of reaction mechanism.
They confirmed that free radicals are important in many reactions, and
thus act as chain carriers. Chain reactions are involved in such pro-
cesses as combustion, polymerization, and photochemical processes.

A chain reaction consists of three main steps:

1. Initiation (or activation)

2. Propagation (closed sequence steps)

3. Termination

The reaction between hydrogen and bromine is the first step in the

initiation reaction in which the chain carriers are formed. The thermal
hydrogen bromine reaction begins with the initiation reaction:

Br, — Br" +Br" (1-66)

This is followed by chain propagation reactions:

Br'+H, — HBr +H" (1-67)
H"+Br, — HBr+Br" (1-68)
H*+HBr—H, +Br" (1-69)

The termination reaction is the removal of the carrier from the system:
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Br’+Br" — Br, (1-70)

The Rice-Herzfeld mechanisms of reaction are:

. Initiation

* Free radicals are formed by scission of the weakest bond in
the molecule.

. Propagation

* One or both of the radicals formed in the initiation step abstracts
a hydrogen atom from the parent compound to form a small
saturated molecule and a new free radical.

* The new free radical stabilizes itself by splitting out a simple
molecule such as olefin or CO:

RCH, —-CH; - R"+CH, =CH,

Termination
* The chain is broken by a combination or disproportionation
reaction between the two radicals.

Employing mechanistic equations based on the Rice-Herzfeld postu-
lation yields:

1.

Initiation

M — R 4+R} (1-71)

2. Propagation

3.

R*+M—2 53R, +R*H (1-72)
R, —3 5R*+ P, (1-73)
Termination

R*+R"—X4 ,p, (1-74)
R +R, 55 5P, (1-75)
R, +R, —6 P, (1-76)
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The following mechanism has been postulated for the gas phase
decomposition of acetaldehyde:

CH3CHO Thermal decomposition CH4+CO

Acetaldehyde Methane Carbon monoxide
Initiation
CH,CHO—X1— CH}; +CHO® (1-77)

This thermal initiation generates two free radicals by breaking a
covalent bond. The aldehyde radical is long-lived and does not markedly
influence the subsequent mechanism. The methane radical is highly
reactive and generates most reactions.

Propagation
CH; +CH;CHO—2—5CH, +CH,CO" (1-78)
CH,CO* —2— CO +CH; (1-79)

|

The propagation reactions use a methyl radical and generate another.
There is no net consumption, and a single initiation reaction can result
in an indefinite number of propagation reactions.

<

Termination
CH;+CH}; —4— C,H, (1-80)
The following mechanism has been postulated for the decomposition
of ethane into ethylene and hydrogen. The overall rate expression is
first order in ethane.

Initiation

C,H, —>CH} +CH; (1-81)
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Chain transfer

CH} +C,H,—25CH, +C,H: (1-82)
Propagation

C,H:—% 5 C,H,+H" (1-83)

H*+C,H, —*H, +C,H;} (1-84)
Termination

H*+ C,H; —55C,H, (1-85)

High temperatures, electromagnetic radiation, ionizing radiation, or
highly reactive chemical initiators often generate active centers.

POLYMERIZATION KINETICS
Many polymerization reactions proceed by free radical mechanisms.
The following is a sequence of elementary steps for the polymeriza-
tion reaction:
1. Dissociation of initiator (I) into two radical fragments
12 R* 4+ R (1-86)
2. Addition of initiator monomer M

R* +M —Xi 5 RM" (1-87)

3. Chain propagation

RM* +M—X2_sRMM* (1-88)
RMM"* +M —2_s RMMM" (1-89)

RMMM* +M —Xt_y RMMMM" (1-90)
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4. Chain termination
(a) Radical combination

(M) R (1-91)

n

R(M),, +R(M), —<—>R(M)

m
(b) Radical disproportionation

R(M), +R(M), — XD s saturated polymer (1-92)

+ unsaturated polymer

CATALYTIC REACTIONS

ENZYME CATALYZED REACTIONS

Enzymes are proteins of high molecular weight and possess excep-
tionally high catalytic properties. These are important to plant and
animal life processes. An enzyme, E, is a protein or protein-like
substance with catalytic properties. A substrate, S, is the substance that
is chemically transformed at an accelerated rate because of the action
of the enzyme on it. Most enzymes are normally named in terms of
the reactions they catalyze. In practice, a suffice -ase is added to the
substrate on which the enzyme acts. For example, the enzyme that
catalyzes the decomposition of urea is urease, the enzyme that acts
on uric acid is uricase, and the enzyme present in the micro-organism
that converts glucose to gluconolactone is glucose oxidase. The three
major types of enzyme reaction are:

Soluble enzyme—insoluble substrate
Insoluble enzyme—soluble substrate
Soluble enzyme—soluble substrate

The study of enzymes is important because every synthetic and
degradation reaction in all living cells is controlled and catalyzed by
specific enzymes. Many of these reactions are the soluble enzyme—
soluble substrate type and are homogeneous in the liquid phase.

The simplest type of enzymatic reaction involves only a single
reactant or substrate. The substrate forms an unstable complex with
the enzyme that decomposes to give the product species or, alter-
natively, to generate the substrate.
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Using the Bodenstein steady state approximation for the inter-
mediate enzyme substrate complexes derives reaction rate expressions

for enzymatic reactions. A possible mechanism of a closed sequence
reaction 1is:

k|
—>E+S;(——‘ES* (1-93)
2

Enzyme Substrate enzyme-substrate complex

ES* —S S E+P (1-94)

<

where E = enzyme
S = substrate
ES”" = enzyme-substrate complex
P = product of the reaction

The stoichiometry of the reaction may be represented as:
S—>P (1-95)

The net rate of an enzymatic reaction is usually referred to as its
velocity, V, represented by:

dc,

The concentration of the complex can be obtained from the net rate
of disappearance:

ac._ .
SE
(—rSE*)net =—— = koCye + KaCype —kiCsC (1-97)

Using the steady state approximation,

dC_..
diE =k CsCg — kyCypv —k3C o = 0 (1-98)

or
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k,CC
C ., = 1~S™~E )
S i+ ks (1-99)

Substituting Equation 1-99 into Equation 1-96 gives:

_ Kkyk;+Cg oG
V—TI% (1-100)

From the material balance, the total concentration of the enzyme
in the system, Cgy, is constant and equal to the sum of the con-
centrations of the free or unbounded enzyme, Cg, and the enzyme-
substrate complex, Cgg+, that is:

Cpr = Cp+ Cgpe (1-101)

For the substrate Cg, the total concentration of the substrate in the
system, Cgr, is equal to the sum of the concentration of the substrate
and the enzyme substrate complex Cgg:

Cr = Cs + Cg.- (1-102)

In laboratory conditions, Cgp > Cgr, since Cggs cannot exceed Cgr.
This shows that Cgp = Cq.

Rearranging Equation 1-101 gives:

Using Cgr = Cg in Equation 1-102 and substituting Equation 1-103
into Equation 1-98 gives:

dCSE*

(1-104)

SE* :0

or

= K, CosrCer
SE' T K Cop+k, +k; (1-105)
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Substituting Equation 1-105 into Equation 1-96 gives

dCP _ kIk?)CSTCET

V. = =
O7 dt  KCgr +k,+k, (1-106)

Equation 1-106 predicts that the initial rate will be proportional to
the initial enzyme concentration, if the initial substrate concentration
is held constant. If the initial enzyme concentration is held constant,
then the initial rate will be proportional to the substrate concentration
at low substrate concentrations and independent of the substrate
concentration at high substrate levels. The maximum reaction rate for
a given total enzyme concentration is

Vinax =K3Cgr (1-107)

Equation 1-106 can be rearranged to

V. = VmaxCST
[0}
k,+k
CST+( 2 3)
k;

Equation 1-108 can be considered as the Michaelis-Menten equa-
tion, where K, is the Michaelis constant and represented as

(1-108)

K, +k
K, =2k—13 (1-109)

Equation 1-108 then becomes

— VmaxCST 1-110
° CqtK, (1-110)

Rearranging Equation 1-110 gives

m

1
o = + 1-111
Vo Vv Vmax CST ( )
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Equation 1-111 is known as the Lineweaver-Burk or reciprocal
plot. If the data fit this model, a plot of 1/V  versus 1/Cgp will be
linear with a slope K/V, .. and the intercept 1/V ..

At low substrate concentration, Equation 1-110 becomes

V, = % (1-112)
At high substrate concentration,
Cer>> K,
and Equation 1-110 becomes
VO = Vmax
Figure 1-5 shows a plot of 1/V, = 1/V ., + K./V,.xCst-
Reciprocal
velocity Slope = Kn
Vmax
1
Vmax
1 A

K, Gt
Reciprocal substrate concentration

Figure 1-5. Lineweaver-Burk plot.
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ACID-BASE CATALYSIS: HOMOGENEOUS LIQUID PHASE

A catalyst is defined as a substance that influences the rate or the
direction of a chemical reaction without being consumed. Homogeneous
catalytic processes are where the catalyst is dissolved in a liquid
reaction medium. The varieties of chemical species that may act as
homogeneous catalysts include anions, cations, neutral species, enzymes,
and association complexes. In acid-base catalysis, one step in the
reaction mechanism consists of a proton transfer between the catalyst
and the substrate. The protonated reactant species or intermediate
further reacts with either another species in the solution or by a
decomposition process. Table 1-1 shows typical reactions of an acid-
base catalysis. An example of an acid-base catalysis in solution is
hydrolysis of esters by acids.

Acid
R,COOR, +H,0 = R,COOH + R,0H (1-113)
Mechanism
R,COOR, + H* = (R,COOR,H") (1-114)
(RICOOR2H+)* + H,0 = R,COOH +R,0H +H* (1-115)

AUTOCATALYTIC REACTIONS

There are many reactions in which the products formed often act
as catalysts for the reaction. The reaction rate accelerates as the
reaction continues, and this process is referred to as autocatalysis. The
reaction rate is proportional to a product concentration raised to a
positive exponent for an autocatalytic reaction. Examples of this type
of reaction are the hydrolysis of several esters. This is because the
acids formed by the reaction give rise to hydrogen ions that act as
catalysts for subsequent reactions. The fermentation reaction that
involves the action of a micro-organism on an organic feedstock is a
significant autocatalytic reaction.

Normally, when a material reacts, its initial rate of disappearance
is high and the rate decreases continuously as the reactant is consumed.
However, in autocatalytic reaction, the initial rate is relatively slow
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since little or no product is formed. The rate then increases to a
maximum as the products are formed and then decreases to a low value
as the reactants are consumed. Consider the following mechanism for an
autocatalytic reaction:

2A —X 5B+ C (1-116)
A+B—X 5 AB (1-117)
2AB X 3B+ C (1-118)

where AB is an intermediate complex.
The observed rate of reaction is the rate of formation of species:

(+10) = k,C} + ksC3p (1-119)

The concentration of the reaction intermediate AB may be deter-
mined by using the steady state approximation for intermediates,

(+1a5) = ko2CACp—2k3Cip = 0 (1-120)
Therefore,
0.5
Can=| S2CuC 1-121
AB 21(3 AN“B ( _ )

Substituting Equation 1-121 into Equation 1-119 gives

K
(t1c) =kiCA + - CaCy (1-122)

Therefore, the mechanism results in a rate expression in which species
B is responsible for the autocatalytic behavior.

GAS-SOLID CATALYTIC REACTIONS

Consider a gaseous reactant flowing through a bed of solid catalyst
pellets. The physical steps involved are the transfer of the component
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gases up to the catalyst surface, diffusion of reactants into the interior
of the pellet, diffusion of the products back to the exterior surface,
and finally the transfer of the products from the exterior surface to
the main stream. Interpreting the experimental results requires minimizing
the resistance offered by each of these physical processes and focusing
on the chemical aspects of the reaction. The chemical procedures
involve activated adsorption of reactants with or without dissociation,
surface reactions on active sites, and activated desorption of the
products. The uncatalyzed reaction also takes place in the main gas
stream simultaneously with the surface reaction.

In industrial applications of kinetics, an understanding of the
mechanisms of chemical reactions is essential. This is helpful in
establishing the optimum operating conditions in relation to parameters
such as temperature, pressure, feed composition, space velocity, and
the extent of recycling and conversion. Yang and Hougen [7] have
established procedures in planning and correlating experimental data
for gaseous reactions catalyzed by solids. They provided methods for
eliminating, minimizing, or evaluating the temperatures and con-
centration gradients in gas films and catalyst pellets. Hougen and
Watson [8] have developed rate equations for various mechanisms that
may occur in gaseous reactions when catalyzed by solid surfaces. The
following illustrates a gas-solid catalytic reaction:

=R

A —» R/

\ \

v B = R = R ==

Vacant ¢ Chemi- ¢ Surface ¢ Vacant
"Active" Site sorption Reaction Site
State x
State x State x State x |
1 2 3 !

A |
! l
! |
e — _Y
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ky

Adsorption Step: A +X; ¥ X, (1-123)
k_y
ko
Surface Reaction: X, 1:__\ X3 (1-124)
-2
k3
Desorption Step: X l:_—‘ R +x, (1-125)
-3

The rate equations are:

At (1), =KiCaCy, —k i € (1-126)
R: (+rR)net :k3CX3 —k_ CRCxl (1-127)
X,: (+1,, )net =k,CACy, +k,C,, — (k. +ky) C, (1-128)
Xs: (+rX3)net = k,C,, + k5C, Cg — (k5 + k3) Cy, (1-129)
Assume:
1. (+I‘x2 )net and (+I‘X3 Jnet A€ ZEro
2. Number of active sites remains constant, Cy.
Thus,
CT:CXz +CX3 +CX1 (1-130)

Usually, one of the elementary steps is rate controlling (that is, it
is very slow relative to all the other steps). Suppose that A + x; —
X, is the rate-controlling step and the reverse reaction is ignored, then

(—1a) e =KICACy, (1-131)

Under these conditions, the desorption process and surface reactions
are in a pseudo-equilibrium state:

k,C,, = k,C,, (1-132)
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k3CX3 = k—3Cx1CR (1-133)
and
CT:CX1+CX2 +CX3 (1-134)

Rearranging Equations 1-132 and 1-133 in terms of C,  and C,,

and substituting them in Equation 1-134 gives

k., k k

C;=C, +—2+—=C, Cy +—=2C, Cy
1 5 k3 1 k3 1
Therefore,
_ G
Cx] —m (1-135)
where
k., k., k_
Ky z(k_j.k_:Jrk_;J (1-136)

Substituting Equation 1-136 into Equation 1-131 to eliminate Cxl, yields

B _ (k,Cr)Cy

e = T e R,Cy (1-137)
or

_ _ Ky

(Ao = 75 KoCo (1-138)

If the reverse step in adsorption is not ignored, then

1+KCy

(_rA)net -

(1-139)
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GUIDELINES TO FORMULATING
REACTION MECHANISM

Guidelines have been proposed within which the kineticist works
in developing a reaction mechanism. Edward et. al [9] have collated
the most extensive collection of guidelines (see Chapter 3), which
enable a kineticist to judge the feasibility of a proposed mechanism.
They also allow the elimination of a proposed sequence of reactions
as being unreasonable from the experimental data. The following are
the guidelines to formulating reaction mechanism.

1.

The most fundamental basis for mechanistic speculation is a
complete analysis of the reaction products. It is essential to
obtain a complete quantitative and qualitative analysis for all
products of the reaction. Such analyses can provide essential
clues as to the identity of the reaction intermediates.

. The atomic and electronic structure of the reactants and products

may point to the nature of possible intermediate species. The
structural arrangement of atoms in the molecules that react must
correspond at the instant of reaction to interatomic distances
appropriate for the formation of new species.

All of the elementary reactions involved in a mechanistic
sequence must be feasible with respect to bond energies. Bond
energy considerations also may conclude that highly endothermic
elementary reactions will be slow processes because of the large
activation energies normally associated with these reactions.

. The number of elementary reactions employed must be suf-

ficient to provide a complete path for the formation of all
observed products.

. All of the intermediates produced by the elementary reactions

must be consumed by other elementary reactions so that there
will be no net production of intermediate species.

. The majority of known elementary steps are bimolecular, the

remainder being unimolecular or termolecular. The ammonia
synthesis reaction is known to occur by a number of steps
rather than as N, + 3H, — 2NH,.

A postulated mechanism for a reaction in the forward direction
must also hold true for the reverse reaction. Three corollaries
of this guideline should be borne in mind when postulating a
reaction mechanism. First, the rate-limiting step for the reverse
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11.

12.

13.

14.
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reaction must be the same as that for the forward reaction.
Second, the reverse reaction cannot have a molecularity greater
than three, just as the forward reaction is so limited. As a
consequence, the ammonia decomposition reaction 2NH; — N,
+ 3H, cannot occur as a simple bimolecular process. Third, if
the reaction rate expression for the forward reaction consists
of two or more independent terms corresponding to parallel
reaction paths, there will be the same number of independent
terms in the rate expression for the reverse reaction. At equili-
brium, both the total rate of the forward reaction is equal to
the total rate of the reverse reaction, and the forward rate of
each path is equal to the reverse rate of that particular path.

. Transitory intermediates involving highly reactive species do

not react preferentially with one another to the exclusion of
their reaction with stable species.

. When the overall order of a reaction is greater than three, the

mechanism probably has one or more equilibria and inter-
mediates prior to the rate-determining step.

Inverse orders arise from rapid equilibria prior to the rate-
determining step.

Whenever a rate law contains non-integers orders, there are
intermediates present in the reaction sequence. When a frac-
tional order is observed in an empirical rate expression for a
homogeneous reaction, it is often an indication that an important
part of the mechanism is the splitting of a molecule into free
radicals or ions.

If the magnitude of the stoichiometric coefficient of a reactant
exceeds the order of the reaction with respect to that species,
there are one or more intermediates and reactions after the rate-
determining step. Before applying this rule, the stoichiometric
equation must be formulated for the reaction such that all
coefficients are integers.

If the order of a reaction with respect to one or more species
increases as the concentration of those species increases, it is
an indication that the reaction may be proceeding by two or
more parallel paths.

If there is a decrease in the order of a reaction with respect to
a particular substance as the concentration of that species
increases, the dominant form of that species in solution may
be undergoing a change caused by the change in concentration.
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A decrease in reaction order with respect to hydrogen ion
concentration with increasing acidity has frequently been observed
for reactions involving weak acids.

TESTING KINETIC MODELS

Testing kinetic models involves the following procedures:

1. Propose possible mechanisms involving elementary steps.
2. Assume that the rate equations for each elementary step can be
written by inspection of the stoichiometric equation:

A+B° — AB" (1-140)
or
(~1p) = (~15) = KkC,Ch (1-141)

3. Assume that after a short initial period that the rates of con-
centration change of all active centers are zero. For example:

A +B —X AR (1-142)
AB*+A—2 5 A, +B° (1-143)
(~ry: ) = kiCAC (1-144)
(+rB* ) =k,C,C,. (1-145)

The net rate of disappearance is

dCy
(—I‘B* )net :_T =k1CACB _kZCACAB* (1—146)

From the above assumption, (—1:),o = O, steady state approximation.
This assumption derives rate equations from which terms
involving the concentrations of active centers can be eliminated.
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4. If component i takes place in more than one elementary step, then

(£r)= D(*n) (1-147)

All elementary steps

For example, at 480°C the gaseous decomposition of acetaldehyde
has an order with respect to concentration of 3/2. The main
reaction is CH;CHO = CH, +CO

A possible reaction mechanism is:
Initiation

1. CH,CHO —— CH} +CHO"
Propagation

2. CH}; + CH,CHO —2CH, + CH,CO"
3.| CH,CO*—%5CH}+CO

Termination
4. CH; + CH; —“— C,H,

It is assumed that for each initiation there are many propagation
cycles before termination. The main reaction is therefore given by the
addition of the propagation steps alone, which gives the correct
stoichiometric equation. A small amount of ethane, C,Hg, is expected
due to the termination reaction.

The rate expressions are:

dC

_ T TCH3C0" B
(+rCH3CO*)net_ at = KoCry:Canyeno ~KsCry o (1-148)
dC .
__ CH3 _
(+rCH§ )net i =kiCenycno %3 Cryy o

) (1-149)
- kZCCH§ CCH3CHO -2 k4CCH§
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Using the steady state approximation,

(+rCH3c0* )net: 0 and (+rCH§) =0

net

The overall rate equation is:

_ dC CH;CHO
net dt

(_rCH3CHO)
(1-150)
=k Cenycno + ko CCH§CCH3CH0

From Equations 1-148 and 1-149, 2k4C(2:H§ = k; Cepycno and

05
k,
CCH; :(ICCH3CHO) (1'151)
Substituting Equation 1-151 into Equation 1-150 gives

(_rCH3CHO) = —dcci;#

0.5 (1-152)
k
=k Cen,cro tko (i'ccmmo] Cen,cno
4

05

k

If kz(? Ceq 3CHO) >>k,Cep,cnos then Equation 1-152 becomes
4

(_rCH3CHO) = dCCZ&

and

05
dCeh,cno dCcn k3 k 32
_ dt3 = g 22k41 C&,cro (1-153)
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This agrees with experimental results.

The activation energy that is expected according to a relevant chain
reaction mechanism can be determined if each elementary rate con-
stant is expressed with a temperature dependence according to the
Arrhenius equation,

—E.
K, = A, exp| — ]
i = A XP(RT) (1-154)

Substituting Equation 1-154 into the predicted rate law allows the
temperature dependence of the overall reaction to be predicted. In the
decomposition of acetaldehyde, it follows that

0.5
-E k
K., = ex 3=k, —-
obs obs p( RT ) 2(21(4)

05 (1-155)
_A, exp(_E2 ) A, exp(-E, /RT)
RT A 2A, exp(-E, /RT)
Separating the variables gives
05
1 A,
E,=E, + E(EI_E4) and Ay = A, A (1-156)
4

The activation energy for an overall chain reaction can be smaller than
E,, the activation energy for the initiation step.

CHAIN LENGTH

The efficiency of a chain reaction depends on the number of
recycles of the active center for each initiation. The chain length can
be defined as:

Chain length = the rate of the overall chain reaction

the rate of the initiation reaction
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For example, for the decomposition of acetaldehyde:

0.5
kl 3/2
k2(2k4 ] CCH3CHO

Chain length
K Cenycno

5 \0S
k3 0.3
2k ,k, CH;CHO

In this case, the chain length increases with the reactant concentration.

(1-157)

Example 1-1

The Hydrogenation of ethylene can be written as C,H, + H, = C,Hg.
It is suggested that the reaction sequence is:

Initiation
C,H, +H, — C,H: + H' (1-158)

Closed sequence

H* +C,H, —2— C,H: (1-159)

C,H: +H, —% C,H,+H" (1-160)
Termination

C,Hi+H" — 5C,H, (1-161)

Derive a rate expression for the overall reaction listing any assump-
tions made.

Solution

The overall rate of reaction of C,Hj is
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(Jrrczﬁé)net =K\Ceyut,Cry +KoCoyir, Cypr —KsCop:Ca,

(1-162)
The overall rate of reaction of Cy. is
( H )nd 2Hy T Hy C,oH; Ha 2H4 ™H (1-163)
The overall rate of reaction of CH2 is
(—er )net = kiCe,n, Cu, +55C - C, (1-164)

Assuming that (+To_ye)ner and (+1+)nec are zero, equating Equa-
tions 1-162 and 1-163 gives:

kICC2H4CH2 +k2CC2H4 CH* - kSCCZHchZ _k4CC2H§CH*
(1-165)
= kICC2H4CH2 +k3CC2H§CH2 _kZCC2H4CH* _k4CC2H;CHa
Therefore,
2k,C,n, Cppr = 2k3CC2H’§CH2 (1-166)
kZCC2H4 _ CC2H§ 167
kCy,  C,p (1-167)

From Equation 1-164

(—I’H2 )net :k]CC2H4CH2 + k3CC2H§CH2

Substituting Equation 1-167 into Equation 1-164 gives
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— k, CC2H4
(_rH2 )net - kICC2H4CH2 + k_3. " .CH* k3CH2
’ (1-168)
= kICC2H4CH2 + k2CC2H4CH*
The overall rate of reaction of CC2H4 is
(-1, )net =kiCe,n,Cn, +KoCoyn, Cype (1-169)
C _(_rc2H4)rlet - kiCc,u,Chy,
H* ™ (1-170)

kyCe,n,
Substituting Equation 1-170 into Equation 1-168 yields

(_rC2H4 )net - kiCe,n,Ch,

(—I’H2 )net =k1CC2H4CH2 +k2CC2H4 k2CC .
2H4

=kCc,n,Ch, +(_rC2H4> -kC¢,n,Ch,

net

(—er )net = (_rC2H4 )net (1-171)

(_rﬂz )net =(_rCzH4 )net =k,Cc,n,Cn, +k2CC2H4CH* (1-172)

Since (+rC2H§)net and (+1,+ ) are zero

K\ Ce,n,Ch, TkK2Cpn, Cpyr _k3CC2H§CH2 —k4CC2H§CH* =0 (1-173)
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Adding Equations 1-173 and 1-174 gives
2k1CC2H4CH2 - 2k4CC2H§CH* = O (1'175)

Subtracting Equations 1-173 from Equation 1-174 yields

2k,Ce,n, Cpyp —21<3CC2H§CH2 =0 (1-176)

kCc,u,Cu, = k4CC2H§CH* (1-177)
and

K,Ce,u,Cppr = k3CC2H§CH2 (1-178)

From Equation 1-177

k,C C
c ., =_1"CoHsTHy (1-179)
CaHs k,C,p-

Substituting Equation 1-179 into Equation 1-178 gives

K,Cc,u,Cu,

kZCC2H4CH* = k3 .CHZ o k C
4~g*

Therefore,

Cz*:&.ﬁcz
H k, k, Hj

where

K=Xa. ki
k, k,
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Hence,
C,- =K*Cy, (1-180)
Substituting Equation 1-160 into Equation 1-168 gives

— 0.5
(—I'H2 )net _kICC2H4CH2 +k2CC2H4K CH2

(1-181)

Example 1-2

The overall reaction N, + O, — 2NO involves the elementary steps:
0" +N, —5 NO +N*

N*+0,—23NO +0°

Write down equations for (—rg«),e and (—Iys)pe-

Assuming these rates are equal to zero and Cgy: + Cyx = Cq, a
constant, derive an expression for (+ryg)ye in terms of Cp, Cy.,
and Cq,.

Solution

The net rates of disappearance of the free radicals (—rg«),. and
(—In#)pet are:

(-1or) | =kiCo:Cy, ~kaCy-Co, (1-182)
and
(—I’N* )net = l(z(jN*(jO2 —leO*CNz (1'183)

Assuming that (—rgs),e and (—ry«),e are zero, then
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and

Cor+C =Gy (1-185)
Therefore,

Cy =Cr—Cs (1-186)

Substituting Equation 1-186 into Equation 1-184 gives
kICN2CT _kICNch* = kzch*CO2
Therefore,

_ kCn,Cr
Nk Cy, +kyCo, (1-187)

The net rate of formation of nitric oxide is:
(+1n0), = KiCy+Chy, + kC+Co, (1-188)

=K,Cy, (Cr=Cy+ ) + kCyi-Co,

kICN CT kICN CT

k,Cx, *+ k,Co,

:kICTCNz +(k2C02 _kICN2 )(

_ 2kikyCrCo,Cy, .
k,Cy, +k,Co, (1-189)
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Example 1-3

The Thermal decomposition of ethane to ethylene, methane, butane,
and hydrogen can be expressed by the following mechanism.

C,H, —L 2CH; (1-190)
CH; + C,H, —2CH, + C,H; (1-191)
C,H; — 5 C,H, +H’ (1-192)
H* + C,H, —* H, + C,H: (1-193)
2C,H; —5 C H,, (1-194)

Derive a rate law for the formation of ethylene C,H, assuming
kj <<k;. The free radicals are CHj, and C,Hs.

Solution

Applying the steady state equations for the free radicals H', CH3,
and C,H5, the rate of formation of ethylene C,H, for a constant
volume batch reactor is:

dCe
(+rcpm, ) = o= KCom (1-195)

The rate of formation of the free radicals are:

dC ..
_ CH3 _ _
(+rCH§) T k1CC2H6 _k2CCH§Cc2H6 =0 (1-196)

dt (1-197)

— 2 —
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dc. .
_ H _ —
(+r,-) = = kiCr,y: — kaCy-Coyity =0 (1-198)

From Equation 1-198 k3C02H’§ — k4C»Cc,u, =0. Therefore,

C. .
LS T

H (1-199)

From Equation 1-196, k,C¢ y, — kZCcH2C02H6 = 0. Therefore,

— kl
Con; = k, (1-200)
From Equatlon 1'197, k2CCH§CC2H6 + k4CH*CC2H6 - ksCézHg = 0
Therefore,
kSCész = k2CCH§CC2H6 + k4CH*CC2H6 (1_201)

Substituting Equations 1-199 and 1-200 into Equation 1-201 gives

k ky Co,u

k.C2 ., =k,C o=l ik,C o3, CoHs

5 C,Hs 2 CyHg k2 4~CyHg k4 CC2H6
(1-202)

2 _
Assuming k, << ks, therefore,
K 0.5
ST

Cemz _(k_s Cczﬂé) (1-203)

Substituting Equation 1-203 into Equation 1-195 gives

0.5
k
(+re,m, ) = k3(k_; CCZHG) (1-204)
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Example 1-4

Houser and Lee* studied the pyrolysis of ethly nitrate using a
stirred flow reactor. They proposed the following mechanism for
the reaction:

Initiation

C,H,ONO, — C,H,0" +NO, (1-205)
Propagation

C,H,0" —2 CH} + CH,O (1-206)

CH; + C,H;ONO, —2—CH,NO, + C,H;0" (1-207)
Termination

2C,H,0" —X45 CH,CHO + C,H;OH (1-208)

The rate of reaction, mols/(ksec)(m?), was measured in a stirred tank
reactor in terms of concentration mols/m>. The results are shown in
Table 1-2.

Find a rate equation consistent with the proposed mechanism and
verify it against the data. Assume that the initiation and termination
steps are relatively slow.

Table 1-2
. . mols mols
Ethyl nitrate concentration 3 Rate ;, 3
m (ksec)m
0.0975 134
0.0759 12.2
0.0713 12.1
0.2714 23.0
0.2346 20.9

“J. Phys. Chem., 71, 3422, 1967.
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Solution

The free radicals are C,H;O" and CHj. The net rate of disap-
pearance of C,H;ONO, is:

(_rC2H50N02 ) =k,Cc,n 0n0, +k3CCH§C02H50N02 (1-209)

net

The net rates of disappearance of the free radicals, C,H;O" and
CH} are:

B _ 2
( oo )net KaCopor + KiCoy o

(1-210)

—kCe,u50n0, ~ k3CCH§CC2H50No2 =0
(‘rcH;)net = k3Cy; Cornsono, ~kaCp y o =0 (1-211)
From Equation 1-210

2 —
kZCCZHSO* +k4cc2H50* ~kiCe,n50n0, _k3CcH§CC2H5ON02 =0 (1-212)
From Equation 1-211
k3C oz Cosnsono, ~kaCp g o+ =0 (1-213)
1(3CCH§CC2HSONOZ = k2C(:21-150* (1-214)

Substituting equation 1-214 into Equation 1-212 gives

2 —_ —_ =
K:Comor  KiClyor ~kiCopmsono, ~kaCo y o =0
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and

05
K
CC2H50* - (E'CcszoNOz ) (1-215)

From Equation 1-214

k, CCZHSO*
C . =—Ffe—22
CHj3 k C
3 Lc,H50N0,

0.5
=X ';(ﬁ'cc H5ONO )
k3 Ce,nson0, LKy e

0.5
K, [k
_kfk, 1 (1-216)
k3 { ks Ce,ng0n0,

For ethyl nitrate, Equation 1-209 becomes

05
k,| k 1
-1 =Jk, +kye—-2|Le — C
( CzHSONOz)“‘*‘ b kz(k4 CC2H50N02J CORe:

0.5
k 1
= k1+k2(k—1J 05 C02H50N02 (1-217)
(CC2H5ON02)

where k; and k, are small in comparison with k,, therefore,
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(~tems0n0, ) = KC& om0, (1-218)

Equation 1-218 can be expressed in the form Y = AXB.
Using natural logarithm, Equation Y = AXB gives

In(Y) =In A +B+In(X) (1-219)

If we perform a regression analysis on Equation 1-219, the slope
gives the order of the reaction and the rate constant is determined by
the intercept. Appendix A illustrates a developed computer program
that performs the regression analysis of equations for any given set
of data. The results of the linearized regression analysis from the
computer program give slope B as 0.486, and intercept A as 42.7.
Table 1-3 shows the results of the estimated reaction rate of ethyl
nitrate with a correlation coefficient = 0.9979.

Figure 1-6 shows plots of the regression model and the experimental
results. Equation 1-218 can now be expressed as:

_ 0.486
(_rC2H50N02 )_42'7CC2H5ON02

This confirms the half order of the rate expression.

Table 1-3
. . mols . mols
Ethyl nitrate concentration 3 Reaction rate -———
m (ksec)m
Actual Estimated
0.0975 134 13.8
0.0759 12.2 12.2
0.0713 12.1 11.8
0.2714 23.0 22.7

0.2346 20.9 21.1
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Plots of Ethyl nitrate concentration vs.
Reaction Rate mols/(ksec)(m3)
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Figure 1-6. Reaction rate of ethyl nitrate as a function of concentration.

Example 1-5

Determine the Michaelis-Menten Parameters V ,
the reaction:

and K, for

X

ky .
urea + urease ¥ [ureaeurease] +H,0
ka

[urea°urease]* +H,0 s, 2NH; +CO, +urease

The rate of reaction is given as a function of urea concentration in
Table 1-4.

Solution
Using Equation 1-220

Vinax *C

V,, = —max urea
(6}

C. +K. (1-220)

urea

and rearranging gives
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Table 1-4
kmol kmol
Curea!(?) Vurea’(m:,—.sJ

0.6 1.80

0.4 1.45

0.2 1.07

0.02 0.54

0.01 0.36

0.005 0.19

0.002 0.085

0.001 0.06
1 1, Ky, 1
P * 1-221
VO Vmax Vmax C urea ( )

A plot of the reciprocal reaction rate versus the reciprocal urea
concentration should give a straight line with an intercept 1/V,, and
the slope K /V .. Figure 1-7 gives a plot of 1/V versus 1/C, from
the developed linear regression method. The results of the computer
program give the intercept 1/V,, = 1.1741 and, therefore, the maxi-
mum rate is V,,,, = 0.852(kmol/m?.s). The slope K, /V,., = 0.0167
and K, = 0.0142 (kmol/m®). Substituting K,, and V., in Equation
1-220 gives

_ 0.852C,.,  kmol
©70.0142 + C,,,,” m>es
Example 1-6

Pyrolysis of Ethane C,H; (See Example 1-3)

The decomposition of ethane has been extensively studied and
several mechanisms have been postulated. The main products of the
reaction are ethylene, C,H,, and hydrogen, H,. However, there are
small amounts of methane, CH,, butane, C,H,,, and other products.
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Lineweaver-Burk Plot (Rate of reaction m3.s/kmol)

0 ¢ Act. 1/Vo
2 m Est. 1/Vo /
15
. /
5 f/
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0 200 400 600 800 1000 1200
1/C

1/(Vo)

Figure 1-7. Lineweaver-Burk plot of (1/C,) versus (1/V,).

The overall reaction is:

The reaction is first order in the temperature range of 550-640°C
and at pressure in excess of 50 mm Hg. The rate law is given by

(_rczﬁs) T @

(1) Develop a mechanism to account for the first-order rate law for
the case where only methane is formed as a byproduct. Assume that
the chain length is large.

Mechanism

Initiation

1. C,H, —1— CH} + CH; (1-222)
2. CH;+C,H, —25CH, +C,H: (1-223)
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Propagation

Termination

5. H' + C,H; —5 C,H,

(1-224)
(1-225)

(1-226)

Applying the rate expressions to Equations 1-222, 1-223, 1-224, 1-225
and 1-226, and using the steady state approximation for CH3, C,H5,

and H”, for a constant volume batch reactor yields:

— 276 _
(_rC2H6)net__—dt =k,Ce,n, +k2CCH§Cc2H6
+ k4CH*CC2H6 _kSCH*CC2H§
dC_ -
___ CH3 _ _ —
dC . .
— CoHs _
(_rC2H5 )net —_ dt - k3CC2H§ + k5CC2H§CH*

B k2CCH§CC2H6 ~K4CpCoyng

dC_.
(_rH* )net - d?

% *
CyHjs CyHs

Rearranging Equations 1-228, 1-229, and 1-230 gives

dCCH§

dt :zleC2H6 _kZCCH§CC2H6 :0

(1-227)

(1-228)

(1-229)

=0

(1-230)

(1-231)
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dC . .
CyH
? = kZCCH§CC2H6 + k4CH*CC2H6
dC. .
H _ —

Adding Equations 1-231, 1-232, and 1-233 gives

(1-232)

(1-233)

(1-234)

This shows that the rate of initiation equals the rate of termina-

tion. Thus,

— klch“s

H 7 x.C. o,
S C,HS

Substituting Equation 1-235 into Equation 1-233 gives

k.C —k,C .klcﬂ _ .klcﬂ
3 + —K4lcym 5 *

CyHj 206 kC ; CyHj kC ;

ST C,HS ST C,HS

k3k5Cé2H§ - k1k4C%2H6 _kICC2H6 = 0
The rate of production of ethylene C,H, is:

(+rCzH4): dt :k3CC2H§

Introducing the chain length,

k;C . -
Chain length = _— Colls

1Ce,ny

=0

(1-235)

(1-236)

(1-237)

(1-238)
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If the chain length is large, it follows that
k3Ce wz >> kiCe,g (1-239)

and Equation 1-236 becomes

k3ksCE yr —kikyCEu, =0 (1-240)
Thus,
Kk, )
— 1™4
Cc2H§ _(k3k5) Ce,mg (1-241)

Substituting Equation 1-241 into Equation 1-237 gives

0.5
dCe k.k
_ 24 1™4
(+rC2H4) - dt - k{k_q,ks CCsz

0.5

k ksk

:(%) Ce, g (1-242)
5

The rate of decrease in ethane C,Hg is:

dCc,u
_ 2Hg
(_rC2H6) - dt
dCe¢ g
- dt2 & =k,Cc,p, +k2CcH§CCzH6 +54C - Ceyng _k5CH*CCzH§

which together with Equation 1-232 yields

dCe
(<t ) = - — 55 = kCon + KC e (1-243)

From Equations 1-237, 1-239, and 1-242, it follows that
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(_rcsz ) - (+rC2H4 )

0.5
_ dCC2H6 — dCC2H4 =k C .= k]k3k4 C
dt dt 3 C,Hjs CyHg

=K*Cc,y, (1-244)

This mechanism explains the first order dependence of the reaction.

(2) Develop now another mechanism accounting for the formation
of both methane and butane.

If other possible termination steps are considered, then it can be
inferred that recombination or disproportionation of ethyl radicals,
CC2H§ is more likely than recombination of C+ and CczHg. Step 5
should then be replaced by

5a. C,H; + C,H; — C,H,
and

5b. C,Hs + C,Hs — C,H, + C,H,
This also accounts for the production of the small amount of butane.
If the reaction mechanism were steps 1, 2, 3, 4, 5a, and 5b, then
applying the steady state approximations would give the overall order
of reaction as 1/2.

Assuming that the initiation reaction is second order, then step
1 becomes

la. C,Hq + C,Hg — 2CH; + C,H,
The reaction mechanism now becomes
Initiation
la. C,H, +C,H, —a 2CH} + C,H, (1-245)

2. CH;+C,Hy —2CH, +C,H: (1-246)
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Propagation

3. C,H; —5C,H, +H

4. H'+C,H; —“ C,H: + H,
Termination

5a. C,H} + C,H; —52 C,H,,

5b.  C,H;+C,Hs —32— C,H, +C,H,

Applying the steady state approximation gives

(1) =
CHI)© dt
dC_ .
CH
dt 2 :2klaC%2H6 _kZCCH§CC2H6 = 0
(+r ) = —dCCZHg
CH5 )™t
dC_ .
CoHs _
T - kZCCHECCZHﬁ _k3CC2H§ +k4CHXCC2H6

—2(k5a+k5b)cg2H§ =0

and
dC...
(”H*): H
dt
dC .
H _
dt —k3CC2H; _k4CH*CC2H6 O

(1-247)

(1-248)

(1-249)

(1-250)

(1-251)

(1-252)

(1-253)
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Adding Equations 1-251, 1-252, and 1-253 gives

K 0.5
C % — —la C
CyHjs (k5a+k5b) CoHg

Therefore,

dC dC
S (g )= S
dt 274 dt

0.5
dCC2H4 k
M v L=k ——1a C

dt O T kg, + kg, ) 2N

(1-254)

(1-255)

This mechanism once again predicts the first order dependence of

the reaction.
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CHAPTER TWO

Thermodynamics
of Chemical Reations

INTRODUCTION

The two main principles involved in establishing conditions for
performing a reaction are chemical kinetics and thermodynamics.
Chemical kinetics is the study of rate and mechanism by which one
chemical species is converted to another. The rate is the mass in
moles of a product produced or reactant consumed per unit time. The
mechanism is the sequence of individual chemical reaction whose
overall result yields the observed reaction. Thermodynamics is a
fundamental of engineering having many applications to chemical
reactor design.

Some chemical reactions are reversible and, no matter how fast a
reaction takes place, it cannot proceed beyond the point of chemical
equilibrium in the reaction mixture at the specified temperature and
pressure. Thus, for any given conditions, the principle of chemical
equilibrium expressed as the equilibrium constant, K, determines how
far the reaction can proceed if adequate time is allowed for equilibrium
to be attained. Alternatively, the principle of chemical kinetics deter-
mines at what rate the reaction will proceed towards attaining the
maximum. If the equilibrium constant K is very large, for all practical
purposes the reaction is irreversible. In the case where a reaction is
irreversible, it is unnecessary to calculate the equilibrium constant and
check the position of equilibrium when high conversions are needed.

Both the principles of chemical reaction kinetics and thermodynamic
equilibrium are considered in choosing process conditions. Any com-
plete rate equation for a reversible reaction involves the equilibrium
constant, but quite often, complete rate equations are not readily
available to the engineer. Thus, the engineer first must determine the
temperature range in which the chemical reaction will proceed at a

59
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reasonable rate (possibly in the presence of any catalyst that may have
been developed for the reactions). Next, the values of the equilibrium
constant, K, in this temperature range must be computed using the
principles of thermodynamics. The equilibrium constant of the reaction
depends only on the temperature and is used to determine the limit
to which the reaction can proceed under the conditions of temperatures,
pressure, and reactant compositions that appear most suitable.

CHEMICAL EQUILIBRIUM

Consider a single homogeneous phase of one component of unchang-
ing composition. If it undergoes an isothermal reversible change and
does work, then from the first law of thermodynamics:

q =dU + pdV or dU = q — pdV (2-1)

From the second law of thermodynamics:

dS = %, reversible change

q = TdS (2-2)
Combining the first and second laws (Equations 2-1 and 2-2) gives:
dU = TdS - pdV (2-3)

Now consider a homogeneous phase containing different substances
or components. Its phase contains:

* n; moles of component I
* n; moles of component i
* n, moles of component k

For a constant composition, it is known that dU = TdS — pdV. For
a variable composition,

U=UGS,V,n,...n...n) (2-4)

1

Performing a partial differentiation on Equation 2-4 yields
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i=k
du =(a—U) ds + (a_u) dv + z(a—U] dn; (2-5)
JS Vin; v S.n; i\ on; S,V.nj, i%]
If the number of moles are held constant, then from Equation 2-3
ou oU
— =T and |— =—
( 3s )V (av )S P (2-6)
The chemical potential y; is defined by
" (BU)
[ 2-7
ani S,V,nj ( )

Equation 2-5 thus becomes

dU = TdS —pdV + p;dn;

“~ (2-8)
The Gibbs function is expressed as:
G=U+pV-TS (2-9)
Differentiating Equation 2-9 gives
dG = dU + pdV + Vdp — TdS — SdT (2-10)
Substituting Equation 2-3 into Equation 2-10 yields
dG = TdS - pdV + pdV + Vdp — TdS — SdT (2-11)
dG = Vdp - SdT (2-12)

Since Equation 2-12 holds for a system of constant composition, it
is expressed as

G =G(T, P,nj,n . ..n, (2-13)

Partial differentiation of Equation 2-13 gives
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k
dG = (a—G) dT + (a—G) dP + Z(a—G) dn, (2-14)
aT P,n; oP T,n; i=1 ani T,P,n;
If the compositions are held constant, then
oG oG
R = —S’ _— = V -
(aT)P,nl (aP )T,Hi (2 15)
And again, L, is defined as
ERCLIVATN (2-16)

Substituting Equations 2-15 and 2-16 into Equation 2-14 gives

i=k
dG=—SdT + VdP + Y dn; (2-17)
i=1
Other state functions are the enthalpy function:
H=U+ pV (2-18)
and the Helmholtz function:

A=U-TS (2-19)

The chemical potential W can also be expressed in terms of H and
A. The complete set of equations are:

dU=TdS—pdV+) p,dn; (2-20)
dG=Vdp — SAT + ) p;dn; (2-21)
dH=TdS +Vdp+ ) u;dn; (2-22)

dA=-SdT-pdV+ ) u;dn (2-23)
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where

H.Z(B_U] z(a_UJ :(a_H) :(B_AJ
1 ani S,V,nj ani T,]‘:’,nj anl S,P,nj ani T,V,nj (2'24)

CRITERIA FOR EQUILIBRIUM

For a reversible change, dS = g/T. If we consider a closed system
undergoing a reversible change at dT = 0, dP = 0, then the only form
of work is pdV. From the first law:

dU = q - pdV (2-1)

From the second law of thermodynamics:

dS = %, is a reversible change

q = TdS (2-2)

Combining the first and second laws gives:

dU = TdS — pdV (2-3)
That is

dU — TdS + pdV =0 (2-25)
Defining

G=U+PV-TS (2-9)

Differentiating gives
dG = du + pdV + Vdp — TdS - SdT (2-11)

Restricting this to the case of isothermal and isobaric, dP = 0,
dT = 0, then

dG = dU + pdV - TdS (2-26)



64 Modeling of Chemical Kinetics and Reactor Design

Thus, for any small reversible displacement at equilibrium, dG = 0,
if dP = 0, dT = 0. Similarly:

If dT =0, dV = 0 then dA =0
If dP =0, dS =0 then dH =0
If dV =0,dS =0 then dU =0

REACTION EQUILIBRIUM

Considering any generalized reversible chemical reaction, such that
at dT = 0 and dP = 0:

aA + bB = cC + dD (2-27)

If the reaction mixture is large enough that the mole numbers
corresponding to the stoichiometric numbers react, then the composi-
tions remain unchanged. If these mole numbers react at equilibrium,
then the overall change in Gibbs function is

dG = cy¢ + dup — ap, — bug = 0 at equilibrium (2-28)
Since
W, = 0G4
A _anA (2-29)

The chemical potential as a function of composition can be
expressed as

w=uy+ RT In a, (2-30)

where a; is the activity of i. Introducing Equation 2-30 into the change
in the Gibbs statement, and separating the standard state terms on the
right side, gives

C o %

a a
RT In-2—0 = —{eug +dup —apy - bug} (2-31)
A B

(2-32)

b RT

a e — (cp2 +dup —apg —bug)
: = exp
ap ®ag
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— 2.Vl
= exp {z—} =K (2-33)

The right side is the equilibrium constant, K. The left side contains
the fugacities of the reactants in the mixture at the equilibrium com-
position. For gases, the right side is independent of pressure and
composition and is equivalent to

agj + bgp — cge — dgp (2-34)

where g€ is the specific Gibbs function of pure A at the standard state
conditions, that is

g} = h} — Ts} (2-35)

IDEAL GAS MIXTURES

For an ideal gas mixture, a; = p;, which is expressed as

peeph
pieph S (2-36)

where p is the partial pressure. This is related to the total pressure as

the total pressure, P, multiplied by the mole fraction of the component
in the mixture. That is:

pi = ¥iPr (2-37)

Substituting Equation 2-37 into Equation 2-36 yields

yeeyh d-a-b
Yooyt P = K, (2-38)

REAL GASES—IDEAL GASEOUS SOLUTION

In many cases, the assumption of ideal gases is not justified and it
will be essential to determine fugacities. An example of such reactions
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is ammonia synthesis where the operating pressure may be as high as
1,500 atm.
The real gas can be expressed as

fé
£ ofb

= Ky (2-39)

The fugacity in Equation 2-39 is that of the component in the
equilibrium mixture. However, fugacity of only the pure component
is usually known. It is also necessary to know something about how
the fugacity depends on the composition in order to relate the two,
therefore, assumptions about the behavior of the reaction mixture must
be made. The most common assumption is that the mixture behaves
as an ideal solution. In this case, it is possible to relate the fugacity,
f, at equilibrium to the fugacity of the pure component, f’, at the same
pressure and temperature by

Equation 2-40 is known as the Lewis Randall rule, where f" is the
fugacity of pure component i at the same temperature and total
pressure as the mixture.

Substituting Equation 2-40 into Equation 2-39 gives

veryh _y () ()

2-41
AE () (1)’ e
where
C oyd
K, = Yc*Yp (2-42)

YA YR

The f}, fg, f¢, and £ are determined for the pure gas at the pressure
of the mixture and depend on the pressure and the temperature. In
gaseous mixtures, the quantity K, as defined by Equation 2-38 is used.
For an ideal gas reaction mixture, Ky = K. For a non-ideal system,
Equation 2-39 can be used to calculate K, from the measured
equilibrium compositions K, using Equation 2-42. The composition
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ratio K; can then be determined from the equilibrium constant. This
step is necessary in determining the equilibrium conversion from free
energy data.

The steps in the process are:

1. Calculate the standard change of free energy, AG°.

AG® = -RT In K; (2-43)
or
AG® = -RT In K, (2-44)

where AG° is the difference between the free energies of the
products and reactants when each is in a given standard state.
2. Determine the equilibrium constant K; using Equation 2-43.
3. Evaluate K, from Equation 2-42.
4. Calculate the conversion from K.

Steps 1 and 2 require thermodynamic data. Figure 2-1 shows the
equilibrium constants of some reactions as a function of temperature.
The Appendix at the end of this chapter gives a tabulation of the
standard change of free energy AG® at 298 K.

REAL GASES

If ¢ is the fugacity coefficient, and is defined by

fi
o= . (2-45)
Then
f, = op (2-46)

Substituting Equation 2-45 into Equation 2-39 gives

0&*0 , P& ph
0% *03 PA PR

= Ky (2-47)
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Figure 2-1. Chemical equilibrium constants as a function of temperature.
(Source: M. Modell and R. C. Reid, Thermodynamics and its Applications,
Prentice-Hall, Inc., Englewood Cliffs, NJ.)
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1T _ i, = exp| —00 (2-48)
£ o) RT

Replacing f; by 0;p; gives

08 *0h , pE*Ph _

f
0% *0% PA Py

(2-49)

Since p = yP, Equation 2-49 then becomes

q)CC .q)dD . Y% .ydD — Kf P(a+b—c—d)

a a 2-50
¢A’¢l1§ YA'YIIDS ( )

Fugacities are evaluated at the conditions at which the gases exist
in the mixture.

LIQUID STATE

Chemical potentials can be expressed as:

W = W + RT In yx, (2-51)

or

W = W + RT In g (2-52)
where x; = mole fraction of component i
Y, = activity coefficient of component i
a =

. = activity of component i

Equation 2-52 gives

(2-53)
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K, is not independent of pressure because it is a function of the
chemical potentials of pure i at the temperature T and pressure P of
the mixture or of the infinite dilution state of i.

DETERMINING THE FUGACITY
AND FUGACITY COEFFICIENT

For any single component fluid at constant temperature and composition,

Iy, <
).

or
du; = Vdp (2-55)

where |, is the chemical potential of the pure gas at temperature T
and pressure P. The fugacity f of the gas in which p° is a function of
the temperature is

W= + RT In f; (2-56)

Differentiating Equation 2-56 at constant temperature and compo-
sition gives

dy, = RTd In f, (2-57)

Combining Equations 2-55 and 2-57 gives
[RTdInf; = V;dp]|_ (2-58)

Subtracting RTd In p; from both sides of Equation 2-58 gives

Rlen(f—iJ = V.dp — RT dInp;

(2-59)
=V.dp—RTdInp; — RTdlIny;
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Since the composition is constant, dlny; = 0 and Equation
2-59 becomes
Rlen(EJ = (\_fl - E)dp (2-60)
Pi p

where Vi, is the partial molar volume. For a single gas, Equation 2-60
reduces to give

Rlen(i) = (V - E)dp (2-61)
|y p

where V is the specific volume. If we integrate at constant temperature
and constant composition from p = 0 to the particular pressure p = p’,
which is required to calculate the fugacity, the following is obtained:

o
In (f—) - h{i) = (i - l)dp (2-62)
b; p=p’ bi p=0 0

fi/p; = 1 at p = 0, which yields

f "V
In (—) = j(— - —)dp (2-63)
PJp=pr 0 RT p

Equation 2-63 gives the fugacity at p” and T in terms of an integral
that is evaluated from experimental data.
Equation 2-63 can be expressed in terms of the compressibility factor

sV

T (2-64)

and Equation 2-63 now becomes

£ M(z-1
ml = [[2=1]q ]
()= 015 2o
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PARTIAL MOLAR QUANTITIES

Considering any extensive property K, the partial molar quantity is
defined by

K= (a—K) (2-66)
ani T,P,Ilj’#j

where T, P, n; are held constant, then

K = K(T, P, nl, n2, o« o . 1’11 « . e nk) (2'67)

Differentiating Equation 2-67 gives

oK oK oK
dK =(—) dT + (—) dP + (—J dn; (2-68)
BT P,n; aP T,n; 2 T,P,nj

o\ dn;

Once again, integrating as in the Gibbs-Duhem equation, yields

K = Z niKi
i=I

(2-69)
Similarly,
U=>nU;, H=>nH ad G=>YnG (2-70)
i=1 i=1 i=1
For a pure component
U ,=u, H=h,and G=g (2-71)

The partial molar Gibbs function is given by

5)
ani T.P.n;
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This is identical with the definition of U, in terms of G;, but this is

only true for G because only the pressure P and temperature T hold
constant for G. Therefore, in general

i

N ;E(a_KJ
" on TP, (2-72)

This can be expressed as

and
w =G, =H,-TS (2-74)
From Equation 2-21
dG = —SdT + PdV + z}uidni 221
Also
aG)
- =V
2-75
(ap Tin, (2-75)
Differentiating Equation 2-75 with respect to n gives
G _ N 2-76
ondp  on (2-76)
oG
But 8_nl =W (2-77)

Differentiating Equation 2-77 with respect to P yields

I°G _ 9y
9Pon,  oP (2-78)
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Since the order of differentiating is indifferent, then

(%) _ (a_VJ _v, (279)
JoP Tnj.m; on; TP,
and similarly
(%) _ (—_BS) - _§ (2-80)
aT P,l’li,nj an T,P,nj
Substituting Equation 2-80 into Equation 2-74 gives
w =H + T(%) (2-81)
aT P,ni,nj
Rearranging Equation 2-81 yields
a(”i) _
AT - —H (2-82)
oT T?
P,Ili,l’lj
EFFECT OF TEMPERATURE ON
THE EQUILIBRIUM CONSTANT
Generally,
K:exp{‘z"i“ } (2-83)
RT
or
InK="Ly Vil (2-84)
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where v; is the stoichiometric number, that is, a, b, ¢, d. Differentiating
Equation 2-84 with respect to T gives

d(u?)
T
v

dl_nK = -1 . (2-85)
dT R dT
but
%) .
= 2-86
dT T2 ( )
Hence,
dlnK -1
dT  RT? 2. vihf (2-87)

where hy is the enthalpy of pure i at temperature T of the mixture for
gases at unit fugacity, for liquids pressure P of mixture.

If v;h} is replaced by the conventional AH® when the moles repre-
sented by stoichiometric numbers react, then

dIn K _ AH°
dT RT?

van’t Hoffs equation (2-88)

where AH® is a function of temperature, but can be assumed constant
over a small temperature range to enable an equilibrium constant at
one T to be deduced from that for a T close to it. Integrating Equation
2-88 gives

ln&_AH"(L_L) 150
K, R I\T T, (2-89)

HEATS OF REACTION

If a process involves chemical reactions, heat effects will invariably
be present. The amount of heat produced in a chemical reaction
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depends on the conditions under which the reaction is carried out. The
standard heat of reaction is the enthalpy variation when the reaction
is carried out under standard conditions using pure components in their
most stable state or allotropic form, at standard pressure (1 atm) and
temperature (usually, but not necessarily 298 K).

The values for standard heats of reaction may be found in the
literature or calculated by thermodynamic methods. The physical state
of the reactants and products (e.g. gas, liquid, or solid) must also be
specified, if the reaction conditions are such that different states may
coexist. For example,

1
H,(g) + ) 0,(g) = H,O(g) AH,g = —241.6 kJ (2-90)

1
H,(g) + ) 0,(g) » H,0(1) AH,g5 = —285.6 kJ (2-91)

In process design calculations, it is usually more convenient to
express the heat of reaction in terms of the enthalpy per mole of
product formed or reactant consumed. Since enthalpy is a state function,
standard heats of reaction can be used to estimate the AH at different
temperatures by making a heat balance over a hypothetical process:

AH = AH

rxnT — rnx

.+ AH AH

reactants (2_92)

products

where AH,, ; = heat of reaction at temperature, T
AmeTo = heat of reaction at a known standard temperature

AH ., (anis = €nthalpy change to bring reactants from temperature
T to standard temperature
AH,oquers = enthalpy change to bring products from the standard

temperature back to reaction temperature T

The specific heats, C, are usually expressed as a quadratic or a
polynomial function of temperature and expressed as:

Cp, = A; +(B;*107+T) +(C;*107+T?) (2-93)

or

Cp, = A; +(B;*1072+T) + (C;*107¢T2) + (D;+107+T3)  (2-94)
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where C, is in cal/mol K or J/mol K and T is in degrees Kelvin
(1 cal = 4.184 J).

If stoichiometric quantities of the reactants enter and the products
leave at the same temperature as represented by the equation:

oA+ o,B = 0,C + oD (2-95)

Equation 2-95 represents a reaction at a temperature different from
the standard state of 25°C (298 K) in stoichiometric quantities. Figure
2-2 shows the information for calculating the heat of reaction.

oA +o,B o;C +a,D
L AH,__ at T———
at T at T
Reactants Products

AHp = Tjjr(oclcpA + o,C, HT

ref

Reaction

wA + o,B - o,C+ oD

T
M= J(@,Cy + .Gy, JAT

ref

Reference Temperature
oA +a,B p »| 0;C +a,D

at T AH,, at T, at T

Figure 2-2. Heats of reaction at temperature other than standard condition.
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Assuming a steady state process (AE = 0), no kinetic (KE) or
potential energy (PE) changes and mechanical work done (W) by the
system on the surroundings are zero, that is KE, PE, and W = 0, the
general energy balance

AE =B, - B, = -A{(H + KE + PE),} + Q - W (2-96)
where

AE = (U + KE + PE),,m, — (U + KE + PE) ;m, (2-97)
reduces to

Q=AH= {AH‘f’ + A(H - H)}

products
(2-98)
_ o _ Iqo
{AHf + A(H H )}reactants
or
Q = AH?anref + (AHproducts - AHreactants) (2'99)

Calculating the heat of reaction is a multi-step process. Beginning
with the standard heats of formation at 298 K, first calculate the
standard heat of reaction, and then calculate AH for the actual system
temperature and pressure. The heat of reaction at 298 K, AH,gg is
usually referred to as the standard heat of reaction. This can be readily
calculated from the standard heats of formation of the reaction com-
ponents. The standard heat of reaction is expressed as:

AH (r)anzgg = (z O{‘products *AH products)
(2-100)
- (z Kreactants * AH reactants)
The heat of reaction at the system temperature is
AH xnT — AH(r)an298 + AH products AH reactants (2' 10 1)
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If no phase change occurs, the difference AH,4ucs — AHreacrans €20
be written as

T
AHproducts - AHreactants = J. ACp dT (2-102)
298
where C, is given by
AC,= Aa +(AbeT) + (Ac*T?) + (Ad*T?) (2-103)

and AC,, is in cal/mol K, J/mol K, using T in degrees Kelvin.
The constants for the equation are found by

Aa = 2 OLproducts *a products 2 L reactants ® Areactants (2' 104)
Ab= 2 a‘products ¢ bproducts - z O reactants ® breactants (2-105)
Ac= z aproducts ¢ Cproducts - 2 reactants ® Creactants (2-106)
Ad= Z 0(‘products * dproducts - Z O reactants * dreactants (2' 107)
So that

T T

[ AC,dT = [ {Aa+(AbeT)+(AceT?) +(Ad+T?)}dT (2-108)
298 298

Integrating Equation 2-108 yields

0 Ab
| AC,dT = Aa(T -298)+ =2 (T? -298?)
2
298
(2-109)

& 3_ 3 A_d 4 _ 4
+3(T 298)+4(T 298)

The heat of reaction at the system temperature is therefore given by
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Ab

AH AH + Aa(T-298) + 7(T2 —298?)

xnT — rxnTygg

2-110
+£(T3—2983) + &(T4—2984) 1o
3 4

ENTHALP, a computer software, was developed to calculate the
heat of reaction at the system temperature. To run the program, the
user must know the following:

e The standard temperature (298 K) T, and the system temperature TF.

e The reaction stoichiometric coefficients o}, o.,, 03, and 0.

e Heat capacity constants, and a,;, a,, a;, and a,.

 Standard heats of reaction of each component, dHf,, dHfy, dHf,
and dHf,.

HEAT CAPACITIES OF GASES

The heat capacity of gases is essential for some process engineering
design involving gas-phase chemical reactions. Here, the heat capacities,
C), for gases are required to determine the heat necessary to bring
the chemical compound increase to the reaction temperature. The heat
capacity of a mixture of gases may be found from the heat capacities
of the individual components contained in the mixtures.

The correlation for C{ of the ideal gas at low pressure is a third
degree polynomial, which is a function of temperature.

C% = A+ BT + CT?> + DT’ (2-111)

where C;, = heat capacity of ideal gas at low pressure, cal/mol K
A, B, C, and D = constants for the chemical compounds
T = temperature, K

The Appendix at the end of this chapter gives values of heat
capacity constants.

HEATS OF FORMATION

Heats of formation, AH?, for individual chemicals involved in
chemical reactions are important in determining the heat of reaction,
AHY, and associated heating and cooling requirements. If AH? < 0, then
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the chemical reaction is exothermic and will require cooling. If AH?
> 0, the reaction is endothermic and heating is therefore required.

The correlation of AH} for the ideal gas at low temperature is based
on a series expansion in temperature and is expressed as:

AHO = A + BT + CT? (2-112)

where AH$ = heat of formation of ideal gas a low pressure, kcal/gmol
A, B, and C = correlation constants
T = temperature, K

The Appendix at the end of this chapter shows heats of formation
of some compounds.

Example 2-1

Calculate the heat of reaction for the synthesis of ammonia from
hydrogen and nitrogen at 1 atm and 155.0°C in N, + 3H, — 2NH;4

1. kcal/kmol of N, reacted.
2. kJ/mol of H, reacted.
3. The true equilibrium constant (K).

The heats of formation, the standard molar entropies at 298 K, are
given below.

AS? AS? AH?
Component kd/kmol ¢ K cal/gmol ¢ K kcal/kmol
N,(g) 191.9 45.87 0.0
H,(g) 130.9 31.29 0.0
NH;(g) 192.9 46.10 11,020

The heat capacities, expressed as quadratic function of temperature,
are shown below:

Component C,, kcal/kmol ¢ K
N,(2) 6.457 + 1.39 x 10T - 0.069 x 107°°T?
H,(g) 6.946 — 0.196 x 10T + 0.476 x 107°T?

NH;(g) 5.92 — 8.963 x 10T — 1.764 x 10°°T2
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Solution
N, + 3H, — 2NH;4

or

1 2
—-N,+H, - —NH
3272 T s

Calculate the heat of reaction at the reference temperature using the
heats of formation.

AHS, +(Tg) = 2AH}

FNmg

- 3AH}, - AHR

The heats of formation of the elements H,, N, are zero at 298 K.
Therefore,

AH?

Xn

(298K) = 2(-11,020) kcal/kmol

kcal

_ —22,040 —
= kmol N, reacted.

The minus sign shows that the heat of reaction is exothermic.

Component a b x 1078 c x 107
N,(g) 6.457 1.39 -0.069
H,(g) 6.946 -0.196 0.476
NH;(g) 5.92 8.963 -1.764
A —15.455 17.124 —4.887

Substituting AHZ,,(298K) and the parameters Aa, Ab, and Ac in

Xn

Equation 2-110 gives

Ab
AernT (T) = AH?an (TR ) + Aa(T — TR ) + 7 (T2 — Tl% )
Ac

+?(T3—T§)
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AH,,, (428K)=-22,040 — 15.455(428 —298)

-3
L 17.124x10 (4287~ 208?)

_ 4887)(10_6 (4283 _ 2983)

AH,,, (428K)=-22,040 — 2,009.15+808.08 —84.61

kcal

—23,325.68
kmol N,

1 kcal = 4.184 kJ

kJ

=-97,594.65 ———
kmol N,

AH,, (428K)= lm(—97,594.65 L)

3 kgmolH, kmol N,

= —32,531.55L at 428K

kg mol H,

83

When the reaction proceeds at a constant temperature T, and the
reactants and products remain at the standard state (represented by
the superscript o), we can use Equation 2-44 to calculate the true

equilibrium constant:

AG

AH® — TAS®

where

T
AHP =AHS, + [ ACSdT
Ts

RT In K (2-44)
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and
T AC
AS® = AS? + [ —2dT
Ts T

Hence,

cal

AC. =—15.455+17.124%x1073T—-4.887x10°°T? ———
P mol K N,

and

AS® = 2(46.10) —45.87 —3(31.29)

cal

=—47.54
mol*K

This is the entropy change for a complete conversion to NH; where

1 kmol of N, is converted. The entropy change at 428 K is:

—15.455

428
AS°=-4754+ | (

+17.124 1073 - 4.887 x 10‘6T)dT
208

428

2
=—4754+ [—15.4551nT+17.124><10‘3T—4.887><10‘6T?}

298

=—-47.54+[- 15.4551n(%)+ 17.124x1073 (428 —298)

_ 4.887x1076 (4282 9982 )]

=—47.54-5.595 +2.226 - 0.231

—_spg4—Cal
molK N,
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The true equilibrium constant at 428 K is AG® = -RT In K = AH°
— TAS, that is

o]
an:l(ASO— AH )
R

T
where
AHO = —23,326—3_ 4nd R=1.987—C2
mol N, mol*K
InK=—_ —51.14—(ﬂ) ~1.691
1.987 428
and
K =542

The value of K is very sensitive to small errors in AHS and AS°
and the equilibrium constant belongs to the reaction equation N, + 3H,
— 2NHj;. Table 2-1 shows the calculated results of the heats of reaction
at standard state (298 K) and at system temperature of 428 K using the
software ENTHALP.

Example 2-2

Calculate the heat that must be removed or provided for the gas
phase reaction proceeding

CO,(g) + 4H,(g) — 2H,0(g) + CH,(g)

with 100% conversion and the gas entering at 450°C. The heat of
formation at standard conditions and the specific heat capacities are
shown below:

Component Heat of formation AH(J/gmol)
CO,x(2) -393,513
H,(g) 0.0
H,0(g) -241,826

CH,(g) —74,848
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Table 2

Modeling of Chemical Kinetics and Reactor Design

-1

The standard heat of a chemical reaction calculation:
aA + bB — ¢cC + dD

THE STANDARD HEAT OF A CHEMICAL REACTION CALCULATION:aA + bB ---> cC + dD
LR T L T T

INITIAL TEMPERATURE OF THE REACTION, K: 298.000
FINAL TEMPERATURE OF THE REACTION, K: 428.000
STOICHIOMETRIC COEFFICIENT OF COMPONENT 1: 1.0
STOICHIOMETRIC COEFFICIENT OF COMPONENT 2: 3.0
STOICHIOMETRIC COEFFICIENT OF COMPONENT 3: 2.0
STOICHIOMETRIC COEFFICIENT OF COMPONENT 4: .0
HEAT CAPACITY CONSTANT OF COMP.1, A(l): .645700E+01
HEAT CAPACITY CONSTANT OF COMP.1, B(l): .138900E+00
HEAT CAPACITY CONSTANT OF COMP.1, C(1): -.690000E-02
HEAT CAPACITY CONSTANT OF COMP.2, A(2): .694600E+01
HEAT CAPACITY CONSTANT OF COMP.2, B(2): -.196000E-01
HEAT CAPACITY CONSTANT OF COMP.2, C(2): .476000E-01
HEAT CAPACITY CONSTANT OF COMP.3, A(3): .592000E+01
HEAT CAPACITY CONSTANT OF COMP.3, B(3): .896300E+00
HEAT CAPACITY CONSTANT OF COMP.3, C(3): -.176400E+00
HEAT CAPACITY CONSTANT OF COMP.4, A(4): .000000E+00
HEAT CAPACITY CONSTANT OF COMP.4, B(4): .000000E+00
HEAT CAPACITY CONSTANT OF COMP.4, C(4): .000000E+00
STANDARD HEAT OF FORMATION OF COMP. 1, cal/gmol: .000000E+00
STANDARD HEAT OF FORMATION OF COMP. 2, cal/gmol: .000000E+00
STANDARD HEAT OF FORMATION OF COMP. 3, cal/gmol: —.110200E+05
STANDARD HEAT OF FORMATION OF COMP. 4, cal/gmol: .000000E+00
THE STANDARD HEAT OF REACTION,cal/g.mol:AT 298.000 K -.2204000E+05
THE STANDARD HEAT OF REACTION,cal/g.mol:AT 428.000 K -.2332563E+05

AC, : J/gmol * K

Component Specific heat capacity equation
COy(g) C, = 26.75 + 4.226 x 10°T — 1.425 x 10°T?
H,(g) C, = 26.88 + 0.435 x 10T - 0.033 x 107°T*
H,0(g) C, = 29.16 + 1.449 x 10T - 0.202 x 10°T*
CH,(g) C, = 13.44 + 7.703 x 10T - 1.874 x 107°T?
Solution

The heat of reaction at the standard state 298 K is:

AH, (298 K) = 2(-241,826) — 74,848 — (~393,513) — 164,987 J/gmol CO,

Component a b x 1072 c x 107
COy(g) 26.75 4.226 —1.425
Hy(g) 26.88 0.435 -0.033
H,0(g) 29.16 1.449 -0.202
CH,(g) 13.44 7.703 -1.874
A -62.54 4.635 -0.721
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J

AC,=—62.54+4.635x10T -0.721x107T*
mol K

723
Aern (723K):Aern (298K)+ J. AdeT
298

87

Substituting AHZ,(298K) and the parameters Aa, Ab, and Ac in

Equation 2-110 gives

AH,_, (723K) = AH,,, (298K)

723

+ [ (-62.54+4.635x102T-0.721x1075T?)dT
298

Ab
AF i (T) = AHG 1 (T )+ 82T = T ) 45212 - T3)
Ac
5 (r)

AH,,, (723K)=—164,987+{—62.54(723—298)

4.635%107%(723% —298?)
2

+

0.721x1073 (7233 - 2983)}
3

-164,987 - 26,579.5 + 10,056.21 — 844.70

-182,354.99

J

=-182,355————
g mol CO,
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The result shows that —182,355 J/gmol CO, must be removed. The

results of the ENTHALP1 computer program (S.I. units) for the heats
of reaction at 298 K and 723 K respectively are shown in Table 2-2.

Example 2-3

Using the standard heats of formation of the reaction components,
calculate the standard heat of reaction and the heat of reaction at
system temperature of 350°C and 1 atm. The reaction is:

o A+a,B = 0;C + o,D

The system temperature T = 623 K
Number of components n = 4

Reaction coefficients o, =Lo=203=10,=0
C, =a+bx102T+c x10°T2 +d x10° 1> —A_
gmolK

Table 2-2
The standard heat of a chemical reaction calculation:
aA + bB — ¢cC + dD

THE STANDARD HEAT OF A CHEMICAL REACTION CALCULATION:aA + bB ---> cC + dD
dkkkhhhkkhhkhkkhhhhkhkhdhhhkhhhkhhhhhhkhhhkkhhhkhhhkhhhhhhhhhhkhhkhhhhhhhhkhrhkhhkkhkxhk

INITIAL TEMPERATURE OF THE REACTION, K: 298.000
FINAL TEMPERATURE OF THE REACTION, K: 723.000
STOICHIOMETRIC COEFFICIENT OF COMPONENT 1: 1.0
STOICHIOMETRIC COEFFICIENT OF COMPONENT 2: 4.0
STOICHIOMETRIC COEFFICIENT OF COMPONENT 3: 2.0
STOICHIOMETRIC COEFFICIENT OF COMPONENT 4: 1.0
HEAT CAPACITY CONSTANT OF COMP.1, A(1l): .267500E+02
HEAT CAPACITY CONSTANT OF COMP.1, B(1l): .422600E+01
HEAT CAPACITY CONSTANT OF COMP.l, C(1): —-.142500E+01
HEAT CAPACITY CONSTANT OF COMP.2, A(2): .268800E+02
HEAT CAPACITY CONSTANT OF COMP.2, B(2): .435000E+00
HEAT CAPACITY CONSTANT OF COMP.2, C(2): =.330000E-01
HEAT CAPACITY CONSTANT OF COMP.3, A(3): .291600E+02
HEAT CAPACITY CONSTANT OF COMP.3, B(3): .144900E+01
HEAT CAPACITY CONSTANT OF COMP.3, C(3): —.202000E+00
HEAT CAPACITY CONSTANT OF COMP.4, A(4): .134100E+02
HEAT CAPACITY CONSTANT OF COMP.4, B(4): .770300E+01
HEAT CAPACITY CONSTANT OF COMP.4, C(4): -.187400E+01
STANDARD HEAT OF FORMATION OF COMP. 1, J/g mol: -.393513E+06
STANDARD HEAT OF FORMATION OF COMP. 2, J/g mol: .000000E+00
STANDARD HEAT OF FORMATION OF COMP. 3, J/g mol: —-.241826E+06
STANDARD HEAT OF FORMATION OF COMP. 4, J/g mol: —.748480E+05
THE STANDARD HEAT OF REACTION, J/g mol: AT 298.000 K -.1649870E+06

THE STANDARD HEAT OF REACTION, J/g mol: AT 723.000 K -.1823550E+06
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Component Heat of formation AH(cal/gmol)
A -26,416

B 0.0

C -48,080

D 0.0

Component a b x 1072 c x 1075 d x 107
A 6.726 0.04001 0.1283 -0.5307
B 6.952 -0.04576 0.09563 -0.2079
C 4.55 2.186 -0.291 -1.92
D 0 0 0 0

A ~16.08 2.23751 -0.61056 -0.9735
Solution

The heat of reaction at the standard state 298 K is:

rxn (

298K)=1(—48,080)+ 0(0) — 1(=26,416) — 2(0)

er’l(

—21,664 cal/mol

623
298K)+ | AC,dT
298

623K)=AH

an ( xn (

623
= AH®, (298K) + j (Aa+Abx1072T+Acx107°T? +Adx10~T? )dT
298

Substituting Aern (298K) and the parameters Aa, Ab, and Ac in
Equation 2-110 gives

Ab
AH ran(T) AernT(TR)-‘_Aa(T TR) +7( Tl%)

+£( -T})

Ad
+= (T -T)
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623 22 s
AH,, (623)=AH}  (298)+ <AaT+ Abx10~"T L Acx 1;) T
298

Adx107° T*
+ e —
4

2.23751x1072(623 — 298?)
2

=-21,664+{—16.08(623 —298)+

0.61056x107(623° —298%)  0.9735%10~ (623* —2984)}
3 4

=—21,664-5,226+3,348.71-438.26 —34.74

— 2401429 A1
mol A

Table 2-3
The standard heat of a chemical reaction calculation:
aA + bB - cC + dD

THE STANDARD HEAT OF A CHEMICAL REACTION CALCULATION:aA + bB ---> cC + dD
hhkkkhhkhkhkdhhhkhhhkhhhkhhhkhhkhhhhkhhkhkhhhkhkhkhhhkhhkkhhhhhkkhhkkhhhhhkhhhkhkkhkkkhkkhk
INITIAL TEMPERATURE OF THE REACTION, K: 298.000
FINAL TEMPERATURE OF THE REACTION, K: 623.000
STOICHIOMETRIC COEFFICIENT OF COMPONENT 1: 1.0
STOICHIOMETRIC COEFFICIENT OF COMPONENT 2: 2.0
STOICHIOMETRIC COEFFICIENT OF COMPONENT 3: 1.0
STOICHIOMETRIC COEFFICIENT OF COMPONENT 4: .0
HEAT CAPACITY CONSTANT OF COMP. 1, A(1l): .672600E+01
HEAT CAPACITY CONSTANT OF COMP. 1, B(1): .400100E-01
HEAT CAPACITY CONSTANT OF COMP. 1, C(1): .128300E+00
HEAT CAPACITY CONSTANT OF COMP. 1, D(1): -.530700E+00
HEAT CAPACITY CONSTANT OF COMP. 2, A(2): .695200E+01
HEAT CAPACITY CONSTANT OF COMP. 2, B(2): ~.457600E-01
HEAT CAPACITY CONSTANT OF COMP. 2, C(2): .956300E-01
HEAT CAPACITY CONSTANT OF COMP. 2, D(2): ~.207900E+00
HEAT CAPACITY CONSTANT OF COMP. 3, A(3): .455000E+01
HEAT CAPACITY CONSTANT OF COMP. 3, B(3): .218600E+01
HEAT CAPACITY CONSTANT OF COMP. 3, C(3): -.291000E+00
HEAT CAPACITY CONSTANT OF COMP. 3, D(3): -.192000E+01
HEAT CAPACITY CONSTANT OF COMP. 4, A(4): .000000E+00
HEAT CAPACITY CONSTANT OF COMP. 4, B(4): .000000E+00
HEAT CAPACITY CONSTANT OF COMP. 4, C(4): .000000E+00
HEAT CAPACITY CONSTANT OF COMP. 4, D(4): .000000E+00
STANDARD HEAT OF FORMATION OF COMP. 1, cal/gmol: ~.264160E+05
STANDARD HEAT OF FORMATION OF COMP. 2, cal/gmol: .000000E+00
STANDARD HEAT OF FORMATION OF COMP. 3, cal/gmol: -.480800E+05
STANDARD HEAT OF FORMATION OF COMP. 4, cal/gmol: .000000E+00
THE STANDARD HEAT OF REACTION, cal/g.molAT 298.000 K -.2166400E+05

THE STANDARD HEAT OF REACTION, cal/g.molAT 623.000 K —.2401429E+05
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Table 2-3 gives the results of the program for the heats of reaction
at 298 K and 623 K, respectively

Example 2-4

Experimental values calculated for the heat capacity of ammonia
from —40 to 1200°C are shown in Table 2-4.
Fit the data by least squares for the following two functions.

Cy=a+bT+cT?
C9=a+bT+cT*+dT°

Solution

A computer program, PROG2, was developed to fit the data by
least squares of a polynomial regression analysis. The data of tempera-
ture (independent variable) versus heat capacity (dependent variable)
were inputted in the program for an equation to an nth degree
Y=C,+CX+CX>+CX>+ ...+ CX" The results of the
computer program for the polynomial regressions of: C{ = a + bT +
cT? and Cy=a+bT+ cT? + dT? are:

cal
Cg =8.357+0.818x1072T-0.16807x1075T? ———
gmol °C
Table 2-4
T Co T Co
°C cal/gmolTe °C °C cal/gmol ¢ °C
-40 8.180 500 12.045
-20 8.268 600 12.700
0 8.371 700 13.310
18 8.472 800 13.876
25 8.514 900 14.397
100 9.035 1,000 14.874
200 9.824 1,100 15.306
300 10.606 1,200 15.694

400 11.347

Source: Basic Principles and Calculations in Chemical Engineering by David M. Himmelblau,
Sth ed., 1989, Prentice Hall International series.
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Table 2-5
Polynomial regression analysis for an equation to an nth
degree: Y = CO + C1eX + C2¢X2 + C3eX3 + ...+ CneX"

Modeling of Chemical Kinetics and Reactor Design

VALUE OF THE INDEPENDENT AND DEPENDENT VARIABLES

X-VALUES Y-VALUES
-40.00 8.18
=20.00 8.27
.00 8.37
18.00 8.47
25.00 8.51
100.00 9.03
200.00 9.82
300.00 10.61
400.00 11.35
500.00 12.05
600.00 12.70
700.00 13.31
800.00 13.88
900.00 14.40
1000.00 14.87
1100.00 15.31
1200.00 15.69
POLYNOMIAL OF DEGREE 1
COEFFICIENTS ARE: .8527405D+01 .6405385D-02
VARIANCE IS: .6143E-01
ERROR SUM OF SQUARES: -9215E+00
TOTAL SUM OF SQUARES: .1215E+03
COEFFICIENT OF DETERMINATION IS: .9924
CORRELATION COEFFICIENT: .9962
POLYNOMIAL OF DEGREE 2
COEFFICIENTS ARE: .8357130D+01 .8181601D-02 -.1680716D-05
VARIANCE IS: .5256E~-02
ERROR SUM OF SQUARES: .7358E-01
TOTAL SUM OF SQUARES: .1215E+03
COEFFICIENT OF DETERMINATION IS: .9994
CORRELATION COEFFICIENT: .9997
POLYNOMIAL OF DEGREE 3
COEFFICIENTS ARE: .8378698D+01 .7355283D-02 .4074239D-06 -.1235132D-08
VARIANCE IS: .2325E-02
ERROR SUM OF SQUARES: .3023E-01
TOTAL SUM OF SQUARES: .1215E+03
COEFFICIENT OF DETERMINATION IS: .9998
CORRELATION COEFFICIENT: .9999
POLYNOMIAL OF DEGREE 4
COEFFICIENTS ARE: .8381830D+01 .6463639D-02 .4782197D-05 -.7483072D-08
VARIANCE IS: .8187E-03
ERROR SUM OF SQUARES: -9825E-02
TOTAL SUM OF SQUARES: .1215E+03
COEFFICIENT OF DETERMINATION IS: .9999
CORRELATION COEFFICIENT: 1.0000
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and

C, =8.379+0.736 X102 T+4.074x1075T%2-1.235%107° _cal

gmol °C

Table 2-5 gives the input data and computer results.
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Appendix: Heats and Free Energies of Formation

Heat of | Freeenergy Heat of | Free energy
(A tforma| g A7 R o donl§ AF
orma-| tion orma-| tion|
Compound Btatet tion) at | (formation) Compound Statet tion) at ([ormatlon)
°C., at 25°C., °C., at 25°C.,
keal./mole | keal., /mole kcal./mole kca.l /mofe
0. 0.00 ~236.99 | —189.94
—123.4 —227.74
—209.5 —189.2 —133.0
—30.8 -2.0 —225.9
—163.8 —237.76 | —209.02
—243.9 | —209.5 —363
-39 —992
—360.8 —312.6 —284.9
—72.8 —111.2
a —163.4 —152.5 —282.5
N [ -51.7 —50.4 —340.2 | —313.4
( H4\5504)2. ¢ —561.19 | —486.17 —402
(NH)(SO1)z. c —1419.36 (—1179.26
g 05)3.6H-0. c —680.89 | —526.32 0.00 0.00
—897.59 —79.4
0 ¢, corundum —399.09 | —376.87 —142 —122.9
e —304.8 | -272 —112.6
.| ¢, sillimanite —648.7 —163.9 —141.4
.| ¢, disthene —642.4 —39.4
-| ¢, andalusite —642 —112 —103.4
..| ¢, mullite —1874 —134.5 —122.4
.|e —121.6 —145.3 —138.3
¢ —820.99 | —739.53 —215.6
aq —893.9 —759.3 —56.1
.le —1268.15 |—1103.39 —281
.|e =2120 | 0 daa el —254.8
.|e 0.00 0.00 0.00 0.00
..|le -59.9 —90.5 —76.4
..|e -91.3 -77.8 —101.6
1 —104.8 —24
.|e —216.6 =27
.le —22.8 —49.5 —43.2
¢, I, orthorhombic —165.4 —146.0 —137.1 —=17.9
¢, II, octahedral —166.6 —171.1
e —213.0 —186.6 —43.9 —39.1
—230.0 —196.1 —607.1
¢, black —38.2 —36.9
0.00 0.00
.le 0. 0.00 -52.7
.|e —45.9 —44.6 —50.9
1 —80.2 -70 —94.5 —90.8
1 —223.76 | —212.27 —265.2 —261.0
-|e 43.6 7.5 19.9
.le —13.6 —=32.1 27
.|o —154.1 —134.8 —302.0 —282.9
.le =217.9 —183.9 —297.6 —280.
¢ -20 —260.0 —229.4
amorphous —34.76 —56.6
0. 0.00 0.00 0.00
—180.38 1.4 0.931
—185.67 | —183.0 3.06 —0.63
300 R | —196.5 0.00 0.00
aq, —207. —19. X .
Ba(Cl0s)zueeveinnnnnnn.. |6 —176. —=75.8 -70.7
aq, 1600 —170. —134.4 —76.6 —67.6
Ba(ClO)z..ueeennnnnnnnnn. c 800 -210. 155.3 —%.H‘) —g:.889
aq, 800 ... - —9. —8l.
BaéCN)g .................. ¢ —48 .2
Ba(CNO), ...|e -212.1 —178.2 —163.2
....... ...| —180.7 .40
—63.6 —47.46 —43.22
—284. —-271.4 9.8
—342. —115.67 =71.05
—287. —62.35 —55
—284.6 —265.3 —135.0 —=113.7
—40.8 -31 —34.5 -33.
—459 —414.4 -222.23
—144.6 —232.635 | —194.65
—155.17 | —158.52
—264.5 0.00 0.00
—237.50 | —198.35 —162.20
—370 —187.19 | —181.86
—90.7 -1 —16.
. —184.5 —190.6 —-179.8
aq —179.05 | —150.75 -, 15 1 —195.36

*For footnotes see end of table.

1 kal = 4.184 kJ

Source: Adapted from R. H. Perry and C. H. Chilton, Eds., Chemical Engineers’ Handbook, © 1973
McGraw-Hill, Inc. Used with permission of McGraw-Hill Book Company
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Heats and Free Energies of Formation (continued)

Heat of | Free energy Heat of | Free energy
Ezrlzlm(xfionﬂ of flﬁfmgi' ‘fglgu?ftionﬁ tOf ﬁfﬁmﬂ%
orma-| tion orma-| tion
Compound Statet tion) at | (formation) Compound Statet tion) at | (formation)
25°C.,, at 25°C., 25°C., at 25°C,,
keal./mole | keal. /mnle keal./mole | keal./mole
Ca(l)clém (Cont.): Carbon 2.56
..e CsH, 2,2—d.|methy].hexane... 4 —53.71 5
: PPPR [pp— 8| 42
aq —J4, 2, ef exane...| g —=31. .
¢, calcite 5 p0s | O v I Z60.40 2,17
¢, aragonite —289.54 | —270.57 CyH, 2,4-dimethylhexane. .. | g —52.44 2.80
o 55 CyH,q 2,5-dimethylh . 55 2%
—332. imet] —53. .
61 | -sns e aa || 58 X1
—364. -=311. 3,3-dim Thexane...| g —52. .
B2 |y | oo cemteten | 4| 12
—286. —264. CgH, 5 3,4-dimet] ...| & —50. .
e | oHlis34-dimethylhesane... Z60. 2.8
—128. H,s 2-methyl-3-ethylpen-
T8 | —1szr | G 2mE pn e P —50.48 5.08
=
—. - 3-methyl-3-ethylpen-
- Oy > et Sethwlpen- | —51.38 4.76
CaNOY AR : T80 | B3 | Gz trimethylpentane] Y
3 ¢ —439. —351. 2,2,3-trimet! ntane| g —52. .
GOk = 1B ewemamie | H# | iz
....... ¢ —151. —144. CgH, 5 2,2,4-trimethylpentane| & —23. .
AE | JE I I =
aq, —239. —207. 3,3,-trimethylpentane| £ —5l. .
L, wollsstonite | 3775 | 3573 | COvFh’3-rimethyipentonc) ~60.63 254
¢, I, pseudowollas- CgH, 5 2,3,4-trimethylpentane| & —51.97 4.32
tonite —ﬁgg —ﬁg? 1 —60.98 2.34
..le —114. —113. ,2,3,3,-tetramethyl-
|6 imsolubleform | Z338.73 | 3110 | g el e le —53.99 4.88
¢, soluble form o —336.58 | —309.8 c —64.23 2.74
¢, soluble form 8 —335.52 | —308.8 C,H, ethylene. ............ g 12.496 16.282
¢ —376.13 C,H; propylene. .|g 4.879 14.964
¢ —479.33 | —425.47 C;Hg 1-butene. . e 0.280 17.217
¢ - 8c1s-2—buten e —1.362 16.007
. s trans-2-buter .|g —2.405 15.323
¢, graphite 0.00 0.00 s2-methyl-2-prog .| —3.343 14.574
¢, diamond 0.453 10 1-pentene. . .|g —5.000 18.787
g —26.416 | —32.808 wc]s-z-penten |8 —6.710 17.173
4 —94.052 | —94.260 10 2 g —7.5%0 16.575
CH, methane. H —17.889 | —12.140 | CHio 2-methyl-1-butene. ... | € —8680 |  15.509
C,Hj ethane. . g —20.236 | —7.860 | C.Hq 3-methyl-I-butenc....| & —6.920 | 17.87
C:Hy propane. ... g -—24.820 —5.614 C;H,o 2-methyl tene....|g —10.170 14.267
C/Hio n-butane. H —29.812 [ =375 | CHyacetylene,....... e 5419 | 50,
Ho isobutane. g —31.452 —4.296 C,H 4methylacetylene e 44.319 46.313
G;H; n-pentane. . H —3500 | —1.96 | G.H.I-bu e 39.70 4852
I 4136 | —221 | GH: 2butyne. |z 35374 | 44725
CsH;z 2-methylbutane.. ... . g —36.92 —3.50 C;Hj 1-pentyne e .50 50.17
I —22.85 | —359 | CH' 2.pentyme.. H 30.80 46.41
CsH,2 2,2-dimethylpropane. . | g —39.67 —3.64 C; E[SZmethyl- “butyne....|2 2.60 49.12
Comhemmne. ..o f i Bl f nae | e
—47. =0. C;Hj toluene .. . .
CoHis 2-methylpentare. ... | g —41. Zoe | o0 | 22
I —48.82 -1.73 I 2.867 27.282
CoHi4 3-methylpentane g —41.02 - CgH,, ethylbenzene ........ g 7.120 31.208
. I —48.28 -1.12 1 —-2.977 28.614
C;Hi1 2,2-dimethylbutane...| g —#435 | =235 | C.H,o-xylene... e 540 | 29177
) I —51.00 —2.88 1 —5.841 26.370
CsH4 2,3-dimethylbutane...| g —42.49 —0.73 | CgH,om-xylene ..|e 4.120 28.
I —49.48 —1.44 1 —6.075 25.730
C;H, n-heptane. ... g —44.89 2.09 | CHyp-xylene... e 429 | 28,952
I —53.63 .42 1 —5.838 26.310
C7Hy 2-methylhexane. ... .. g —46.60 .98 CyH,, n-propylbenzene...... g 1.870 32.810
I —54.93 —0.47 I —9.178 29.600
C7H;; 3-methylhexane. . ... g —45.96 .10 C,Hj, isopropylbenzene. ... . g 0.940 32.738
I —54.35 —0.39 I —9.848 29.708
C;H 3-ethylpentane. ... ... I3 —45.34 .59 09le 1-methyl-2-ethylben-
. I —53.77 06 | zeme.................... g .290 1.323
C;H 2,2-dimethylpentane. . lg ——gggg gg GH,, 1 hyl3-othylb —11.110 27.973
- —1. -met] -ethylben-
CHy; 2,3-dimethylpentae. .| g —47.62 16 BORO. e e e e —0.460 | 30.217
. 1 —55.81 -1.27 —11.670 26.977
C7H; 2,4-dimethylpentane. . lg —gg?g Zg G,Hl , 1-methyl-4-ethylben- 0.780 30.281
i —56. —0.49 | meme...........coeeen... g —0. .
Crffio33-dimethylpentane. .| g o ' | GH 1,23 trimethylbensene| | B
5 —56. -0. ,2,3-trimet] nzene| & —=2. .
O 223-eimelalae | TBR | S| cimathnd )z
—56. —0. H,,1,2,4-trime nzene| g -3, .
O ot = J I I By
—59. . ,3,5-trimet] enzene| g -3. .
Ot 2 mtilhepor.... 0% | 3% | omuo 1 | A
—60. . opentane......... g —18. N
CyH, 3-methylheptane. ... | g -8 X CZH"'MN:J :n . I -53l 810
-=60. . S methylcyc] tane. .| g —25. .
Gl s mtolpe... 29| 12| oo caviomen | 2% | 3
—60. ethylcyclopentane....| g =30. .
CoBly Sotiylhexane....... g 040 3% P eryiaeope i 309 884
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Heats and Free Energies of Formation (continued)

“Heat of | Free energy Heat of | Free energy
[ toomes| Sl a7 T v | a4 AT
orma-| tion| orma- | tion|
Compound Btatet tiio:eéat (foni?tmn) Compound Statet tion) at (fo{nz)sahon)
Keal./mole | keal./mole keal./mole | keal. e
Carbon (Cont.): Carbon _(Cont.):
CsH,: cyclohexane.......... —29.43 7.59 C3;HgNs melamine.......... 1 —19.33 40.80
f —37.34 6 39 CH;NO formamide. . .. % —44.64 —36.60
C;H14 methyleyclohexane. . . f CzH-,NO ethanolamine. ... . 1 —(;;gg % . ig
Gy ethyloycloberane.....| & B I —791634 | —47.118
CH,0 methanol............ f c 0.00 0.00
c hancl ¢ —~178.2 —70.8
O ethanol ............
PHO ethan . f e 20 0.00
C;H;0 n-propanol.......... f c —97.
aq, 500 —91.39 —94.86
i L. . ..le —106.31
SUHLS Ko ess f aq, 400 —102.01 —101.61
C,;H;40 n-butanol.......... f . e :g:gg
CiH,,0 isobutandl.......... : nq. 400 - _1?2:48 _93'33
CH0; ethylene glycal. ...... g .\ 20 —20.6 _m'%
! 15 RSUUT ! —83.91 ’
GO, gyoer f aq, 400 B | 826
CsHO phenol.............. f &?ﬁ(ﬁ)z ¢ —Igh
3. - .
C l...... —111.54 —96.53
%’gﬁg ctbylone oxids ¢ Cs0. —82.1
H:O dimethyl ether. f CsOH... - !(])9‘2, 107,87
CiBi0 diethyl ether. ... 1 [0 TN ¢ —87 '
,0 formaldehyde. . C8804.0ueennnnnnnnnnnnnn c —344,
GO soetadebyde. 11108 ) 0 3 T b 340012 | —316.66
C;H,0 acrolein............. F —20.50 —15.57 Chét]mne: 0.00 0.00
. , g . .
83E,0 pruplon:}gihgge ..... g g —%g 7
CH benselcbyde o 15 & 41 2.5
C3H;O p-toluic aldehyde... . lg E églﬁ 22.40
H0 ketene..............
cgczmzo esoe f a 09 | i
acetone............. % :q ~aians | T8
C -H;0 diethylketone....... 1 ¢ —16.378 | —16.74
CH.0; formic acid.......... lg ¢ —103.1 —Ig; :
Pt S AP, —102.
%(CHZOZ bimolecular for- ¢ —gf
........ c -
CquOz aceuc acid. . . lg c —63.7 1
aq  leeeaaeseen —64.
C;H40; propionic acid...... lg ¢ —ggg 0.3
¢ —268. —249.
C.H,40; hydroxyacetic acid.. |1 Jdag el —626.3
Cszo(i; adipic acid.... ....
f ¢ 0.00 0.00
C,H,0;, methyl formate..... ig —%.2] 1.9
CiHs0> methyl acrylate. ... g _72 139 B 676 16
C,H:0; ethyl acetate....... g 3 . 3 -Iggi%
C;H,0; ethyl propionate. ... g —13:38 —1442
CyHy0; acetic anhydride. ... g —]33.' I5 | —37.4
CyH,,0; propionic anhydride| f —_I;;g —65.3
CS; carbon disulfide........ g —196.5
Co8 wbonyl sulfide. . le —131.5 —108.9
C;N; cyanogen.......... .le —177.0 —142.0
HCN hydrogen cyanide. .. f —%3 —19.8
aq, 100 —216.6
C,H;N acetonitrile.........| g S N T 2| I R (R P I ROTOSOS —188.9
|8 Q0| 0w
e —462.
ol 0.00 0.00
1 -26.7 -23.8
1 —34.0
¢ —42.4 -33.25
—31.4 -24.13
—48.83
—64.7
—-28.3 1.34
15.4
5.5
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Heats and Free Energies of Formation (continued))
Heat of | Free energy| Heat of | Free energy
P R S tarae| G AF
orma-| tion orma-| tion|
Compound Statet tion) at | (formation) Compound Btatet tion) at | (formation)
°C., | at 25°C., 25°C., | at 25°C,
keal./mole | keal./mole keal./mole | keal./mole
Copper (Cont.): Hydrogen (Cont.):
o 178 | —16.66 | EHPOrererieeeenn.. o —306.2
—4.8 aq, 400 —309.32 | —270.0
—11.9 —8.76 | HS....ieiiriiernaannn. —477 | -71.8
17.78 —9.38
—73.1 —36
—8.6 | —36.6 146. —128.54
—38.5 -31.9 —193.69
—43.00 | —38.13 —212.03
—108.9 —85.5 20.5 17.0
—11.6 —11.69 181 184
—18.97 | —20.56 —126.5
—184.7 | —158.3 —122:4 | —101.36
—200. —160.19 —130.3
—179.6 —1434
........... —152.0 le —267.8 | —247.9
.|e —340.6
0.00 0.00 e 36.9 33.1
—326.8 ¢ —145.0 | —115.7
aq —145.0
... g 0.00 0.00 aq —165.6
£O0.. ¢ 5.5 9.7
Gallium: ¢ 0.00 0.00
Ga... ¢ 0.00 0.00 e —97.2
¢ —92.4 aq —112.9 —97.2
¢ —125.4 e —128'5
¢ —26. aq —1456 | —117.5
¢ —84. ¢ —56.5
¢ —259.9 aq —67.2 | —60.5
[ —4.8
0.00 0.00 ¢ —222.47
—15.7
—128.6 ¢ 0.00 0.00
¢ 14.88 4.63
0.00 0.00 e 10.05 1.24
—3.4 H 420 | —1.32
—14.5 c —21.8 —6.05
-1 24.47 ¢ —425
—283 e 0.00 0.00
—32.% 4.21 e —205 | —16.9
0.2 —0.76 e —406 | —32.0
11.0 18.71 e —60.5 —4.5
—100.6 1 —130
—40.14
0.00 0.
—271.1 | —258.2 0. 0.00
—57.15
—175.6 | —153.04 —787 | —69.47
—2149 —955 —76.26
—214.8 | —183.93 5.69 4.2
—8.66 | —12.7 —187.6
—28.80 | —24.58 —172:4 | —154.8
—25.4 | —19.90 —81.9 —72.6
—11.51 5.00 —100.0 —83.0
—22.063 | —22.778 —9.4
—39.85 | —31.330 —1285 —9.5
311 27.94 —1772 | -151.7
2.2 265 —24.2
—2818 | —19.11 —47.7 —45
-4 —0.25 —49.7 —39.5
—31.4 | —10.70 —2.5 0.862
—116:2 | —93.56 —118.9 —72.8
—116.74 | —9%.8 —156.5 —61.3
—196.7 —64.6: —59.38
—194.6 | —165.64 —198.5 | —1791
—97.8 | —82.7 —266.0 | —242.3
—9810 | —85.1 —135.9 | —115.7
—167.19 | —149.0 —197.3 | —166.3
—64.2 | —64.7 —27335
—75.75 =13
6.27 0.365 —19.0
—13.47 | —1235 o -22:64 | —2.
—38 -23.33 -| ¢, pyrites —38.62 | —35.93
—56.77 ¢, marcasite -33.0
—54.8 | —32.25 e -21.3 | —195.5
70.3 78.50 aq, 400 —236.2 | —1%.4
-31.99 | —17.57 .. |aq, 400 —653.3 | —533.4
—41.35 | —19.05 Ti0s.00svvernesnns .| c, llmenite —295.51 | —277.06
—49.210 thanum:
. ¢ 0.00 0.00
aq —284.
¢ —160
e -~72.0 —64.6
e —539
¢ —148.3
¢ —351.4
.|aq —972
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of Formation (continued)

Heat of | Free energy Heat of | Free energy
‘for[t{n:(aftionﬂ t,Of ﬁ?ﬁme 'AH(; 1§ tof fﬁ[mz—F
AH (forma-| tion orma-| tion
Compound Statet tlon) at (forngmém) Compound Statet tion) at (for%at(x)on)
kcal /mole keal. /mole keal./mole | keal./mole
Lead: Magnesium (Cont.):
Pb.... c 0.00 0.00 P FEST0 R K —304.94 | —277.7
PbBr,.. ¢ —66.24 —62.06 aq, 400 —325 4 —283.88
aq —56.4 —54.97 MgTe c
PbCOs;... ¢, cerussite ~167.6 —150.0 MgWO,. ¢ —345 2
Pb(C:H302)2. 0 eeneeeennnnns ¢ —232.6 Manganese
aq, 400 —234.2 —184.40 Mn. 0.00 0.00
PbCz0s... c —205.3 -9
PbCl.... . —106 —97.8
1. 1.26
—270.3
—282.7 —227.2
=211 —192.5
—240.9
—112.0 —102.2
—128.9
—206.1 —180.0
—49.8
—76.2 —73.3
—57.77 —46.49
—134.9
—148.0 —101.1
—557.07 | —441.2
—92.0: —86.77
—124.58 | —111.49
—229.5 —209.9
—331.65 | —306.22
—301.3 —-282.1
—163.4 —143.1
—221 —190
—736
—26.3 —27.5
—47.0 —48.0
—254.18 | —228. 4!
—265.2
—635
—657
0.00 0.00
23 18
—40. —38.8
—38.4 —9.74
—196.3
—192.5 —139.2
—53.4 —42.2
—50.3 -2.
19 14
—63.13
62.8
66.25
3 —159.3
LiOH.H0.....ccovvvnnnnn. c 57.1 52.25
Li:0.8i0, gls —25.3 —24.0
LiSe..ovoiunenennnannn.. ¢ 33 23
—28.88 —26.53
—56.8 —13.09
|aq —58.5 —15.65
c, re?l —%(l)g —13.94
¢, yellow ppt. —20.
c —-21.6 —12.80
.| ¢, black —10.7 —8.80
. 166.6
—177.34 | —149.12
0.00 0.00
4.36 2.91
—8.3
—130 —118.0
—180.39 | —162.01
—56.27 —54.19
—61.48 —57.38
0. 0.00
—53.4
—72.6 —60.7
9.2 8.
—249.6 —190.1
¢ 230.9 66.3
e -75.0
c 00 _Ig;5 —74.19
aq, - .
Mg(NO3)2.2H-0............|¢c —171.6 —142.9
Mg(NO5)..6H-0. e —f%g 3.2
........... ..|e —42, —36.
20.8i0, ..|e —101.5
F{(0): PN ¢, ppt. | —113.5 —64.0
¢, brucite —58.4 -51.7
MgS. oo c —129.8 —105.6
aq —163.2
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Heats and Free Energies of Formation (continued)
Heat of | Free energy Heat of | Free energy
formz(mftionﬂ of flcﬁ[mz;a for}r{n?i@xonxﬁ tOf flﬁTmZ;F
orma-| tion| AH (forma-| tion
Compound Statet ﬁzos%)c at (formatxon) Compound Statef tlzosn) at (foé‘matmn)
keal./mole kcal /mole keal., /mole keal., /mnle
Nickel (Cont.): Potassium (Cont.):
NiS. —20.4 KBrOs..ooveeevnnnannnnnns —81.58 —60.30
=216 aq, 1667 —71.68
-231.3 —187.6 KC.H;0, —173.80
aq, 400 —177.38 | —156.73
0.00 0.00 KCL..ovvirnnriennnnnnns —104.348 | —97.7¢
-27 aq, 400 —100.164 | —98.76
—10.96 —3.903 KClOs...0ueunnnn sesenesee —93.5 —69.30
-19.27 —81.34
—64.57 —103.8 —72.86
—60.27 —43.54 —101.14
—148.1 —28.1
—148.58 | —108.26 —=25.3 —28.08
-0.7 —99.6
3.6 20.4 —94.5 —90.85
—17.8 —47.0
—12.3 4.4 —41.07 —44.08
(NH4)2003 ................ aq —223.4 —164.1 —274.01
(NH92C204. o vvvvnnnenn c —266.3 —280. —264.04
—260.6 —196.2 —=319.9
—75.23 —48.59 —315.5 —293.1
—71.20 —333.4
—69.4 —328.2 —306.3
—63.2 =21.1 —488.5
—276.9 —472.1 —440.9
—=271.3 —209.3 —134.50
—111.6 —138.36 | —133.13
-110.2 —84.7 KoFe(CN)geeouvnvrnnnnnnnn c —48.4
T8 | o3 | Rmew o Eo
—44. =31. ((030) P c —131.
—87.40 —119.9
—80.89 —10 —=5.3
—87.59 —229.8
—55.21 —14.50 —224.85 | —207.71
—281.74 | —215.06 —178. —77.37
—279.33 | —214.02 —73.95 —79.76
1 12.06 —121.69 | —101.87
1 —57.96 —115.18 —99.
.le —232.2 —98.1
e 19.55 4.82 —192.9 —169.1
..le 21.600 20.719 —182.5 —168.0
..le .96 12.26 —364.2 —342.9
.le 2.23 23.41 3 —28.25
..le —10.0 2. —86.0 —75.9
|1 1.6 19.26 3. .|e —118.08 —94.29
e 12.8 16.1 aq, 400 —109.79 —93.68
Osmium: KO........ ..le —86.2
Os. .|e 0.00 0.00 K,0.A1,0,.4H,0. .| e, leucite —1379. 6
.|e —93.6 —-70.9 gls —1368.2
g —80.1 —68.1 K,0.A1,0;.6H,0. .| ¢, adularia —1810.7
¢, microcline —1784.5
g 0. —1747
g . —102.02
—114.96 | —105.0
c —397.5
c —478.7 —443.3
—362.7 —326.1
¢, white (“yellow”) —254.7
¢, red (““violet’’) —242.6 —226.5
e —299.5 —263.6
e —286.1
g —74.4
|1 —83.4 —99.10
e —267.1 —240.0
e —121.5
I —110.75 | —111.44
e —267.7
le —269.7 —251.3
.le —342.65 | —314.62
.le —336. 4! —310. 96
e —1178.38 | —1068. 4!
—2895.44 | —2455. 68
c —418.62
¢
aq 0.00 0.00
¢ —274
.le
aq 0.00 0.00
e =21.7
.|e —-22.7
.le —68.3
e
0.00 0.00
..le —95.82
" aq —45.0 | —52.50
.|aq —90.54 —93.38
.|e =259
.le —273.22
aq, 400 —282.61 | —263.78
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Heats and Free Energies of Formation (continued)

eat of | Free energy Heat of | Free energy
|2 torms | ol 4 A7 |2 e | o AF
orma- | tion orma-~| tion
Compound Statet t,im‘J’) ab (fog%aetgn) Compound Statef tlon) at (fo:matmn)
oy al oy
keal./mole | keal./mole kcal /mole keal. /mole
Rubidium (Cont.): Sodlum (Cont.):
RbCL...oovvveeennnnn c —105.06 —98.48 NaClO, e —83.5
g —53.6 —57.9 aq, 400 —78.4 —62.84
—101.06 | —100.13 ..le —101.12
—133.23 aq, 476 =97. -73.29
—139.31 | —134.5 .le —319.8
—230.01 aq, 800 —323.0 —296.58
—225.59 | —209.07 .| aq, 1200 —465.9 —431.18
—81.04 e —135.9 —129.¢
—31.2 —40.5 aq, 400 —135.711 | —128.29
—74.57 —81.13 c —14 —9.30
—21.74 c —226.0 —202.66
—119.22 aq —-222.1 —202.87
—110.52 —95.05 c —69.28
—82.9 aq, ® —=71.10 —74.92
—107 aq, 400 —112.300 | —94.84
c —101.3 ¢ —364
aq, 200 —115.8 —106.39 aq —358.7 —333.18
c —86.6
c 0.00 0.00 aq —83.1 —71.04
c —46.99 —44.11 c =11.71 —87.62
aq, 400 —106. —88.84
¢, I, hexagonal 0.00 0.00 c —99.4 —90.06
¢, I1, red, monoclinic 0.2 ..le —119.2 —105.0
1 —22.06 —13.73 .le —383.91 | —361.49
g 46 —222 ..| ¢, natrolite —1180
c —56.33 -le —1366
e —101.96 —90.60
c 0.00 0.00 aq, 400 —112.193 | —100.18
1 —93.0 .| aq, 1000 —389.1
c -28 —27.4 le —457
1 —150.0 —133.9 aq, 400 —471.9 —428.74
g —142.5 —133.0 -|aq —237.2 —216.78
g —370 —360 ¢ —=272.1
g —14.8 —9.4 aq —280.9
c —29.8 c —59.1
c —179.25 | —154.74 aq, 440 —178.1 —89.42
¢, cristobalite; —202.62 ¢ —254
1600° form aq, 800 —261.5 —230.30
¢, crisbobalite, —202.46 c —89.
1100° form aq, 400 —105.17 | —101.76
¢, quarts —203.35 | —190.4 c —261. —240.14
¢, tridymite —203.23 aq, 800 —264. —241.58
c —330.50 | —302.3
c 0.00 0.00 aq, 1100 —330.82 | —301.28
¢ —23.90 —23.02 c —1033.85 | —870.52
c 84.5 Na W0, c -391
-le —95.9 —381.5 —345.18
aq —-91.7
c 33.8 0. 0.00
c —119.5 —171.
c —158.7 —187.24 | —182.36
c —30.11 —358.
c —48.7 —364.4 —311.80
aq, 400 —53.1 —59. —54.5
e —15.14 —290.9 —=271.9
¢ —42.02 —197.84
c —11.6 —209.20 | —195.86
aq =2. —289.
e —29.4 —459. —413.76
aq, 6500 —24.02 —136.
e —6.95 —156.70 | —157.87
e —=5.5 —91.4 —76.5
c —170.1 —233.2
aq —165.8 —228.73 | —185.70
—140.8 —133.7
c 0. —364
.| aq, 500 —314.61 —153.3 —139.0
¢ —366 —153.6
aq, 500 —381.97 —228.7
c —86.7. —239.4 —208.27
aq, 400 —86.33 —980
aq —78.9 —985 —881.54
-| aq, 400 —68.89 —113.1
c —170.45 —120.4 —109.78
aq, 400 —175.450 c —345.3
c —22.47 aq, 400 —345.0 —309.30
aq, 200 -22.29 —23.24 ¢ —393
e —9.3
aq —91.7 —86.00 ¢, thombic 0.00 0.00
e —39.94 ¢, monoclini —0.071 —0.023
aq, 400 —38. —39.2 L 0.257 0.072
e —269.46 | —249.55 1, Mg equilibrium  |........... 0.071
aq, 1000 —=275.13 | —251. '3 53.25 43.57
NaCO,NH, c —142.17 g 31.02 19.36
Na.C:0:... e —313.8 e 27.78 13.97
aq, 600 —309.92 | —283.42 .lg 27.09% 12.770
NaCl.eeecraraninnnn c —98.321 | —91.894 .. —4
aq, 400 —97.324 | —93.92 1 —13.7
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Heats and Free Energies of Formation (continued)

Heat of |Free energy Heat of | Free energy
fgrgn(xg,ioniﬁ tpf f]ﬁ{% fgr}lln?ftmn1§ tpf foxq‘[mx;l_
orma-| tion orma-| tion|| i
Compound Statef tion) at (fotrnzlgt(i;m) Compound Statet tion) at (fotrmation)
°C., at 25°C., °C., at 25°C.,
keal./mole | keal./mole keal./mole | keal./mole
—14.2 ¢ —67.7 —60.75
—24.1 ¢ —138.1 —123.6
—262 c —136.2 —115.95
19.02 c —268.9 -
—70.94 c —18.61
—94.39
—103.03 c 0.00 0.00
—105.09 c —110 —109.2
—105.92 |1 —181.4 —165.5
—109. e —80.0 —73.17
—82.04 .| e, I1I, rutil —225.0 —=211.9
—89. amorphous —214.1 —201.4
0.00 0.0 0.00
~51.2 —130.5 —118.3
—486.0 —195.7 —177.3
—84
0.00
—49.3 0.00 0.00
—77.4 -29
-315 —213
—77.56 —251
—274 —249.6
0. —256.6 —242.2
—41.5 —756.8 —617.8
—-28.0 —291.6
—49.37 —845.1
—38.4
—82.4 0.00 0.00
—91.0 —147
—77.6 —187
=31.1 —165
—-12.7 —41.43 —35.08
—58.2 -195
—48.4 ~296 -277
—43.18 —342 —=316
—120 —373 —342
—57.44
—53.9 0.00 0.00
—-22 —3.6 —3.88
—222.8 —77.0 —-72.9
—214.1 —93.6
—259.4
0.00 —269.4 —214.4
—281.5 17.06
—352.0 —192.9 —173.5
—45.1 —99.9 —88.8
—335 —115.44
—392 —192.9 —166.6
—292.0 —50.50 —49.93
—309.0 —61.6
.le —291.6 —134.9 —87.7
...| ¢, “soluble” —336.1 ZnQ.... .| ¢, hexagonal —83.36 —76.19
..le —632 e —282.6
aq —668.1 .| ¢, thombic —153.66
Tin: .| ¢, wurtzite —45.3 —44.2
S T ¢, II, tetragonal 0.00 ¢ —233.4
¢, III, “gray,” cubic 0.6 aq, 400 —252.12 | —211.28
SnBro.civiiiiiiiiiinnnn.. c —61.4
: aq —60.0 c 0.00 0.00
SoBric.iieeiiiiiiinnnn.. ¢ —9%.8 e —29.8 —34.6
aq —110.6 ...]e —268.9
SnClae.ivenniiiinnnnnnn.. c —83.6 e —82.5 —75.9
aq -81.7 ...| ¢, monoclinic —258.5 —244.6
LT PN 1 —127.3 . e —411.0
aq —157.6 —124.67 c —337 —307.6
Sl ¢ —38.9
aq —33.3 —30.95

't The physical state is indicated as follows: ¢, crystal (solid); I, liquid; g, gas; gls, glass or solid supercooled liquid; ag, in aqueous solution. A number following
the symbol aq applies only to the values of the heats of formation (not to those of free energies of formation); and indicates the number of moles of water per mole
of solute; when no number is given, the solution is understood to be dilute. For the free energy of f ion of a subst: in lution, the ti
tion is always that of the hypothetical solution of unit molality. 3

1 The increment in heat content, AH, in the reaction of forming the given substance from its elements in their standard states. When AH is negative, heat is
evolved in the process, and, when positive, heat is absorbed.

The heat of solution in water of a given solid, liquid, or gaseous compound is given by the difference in the value for the heat of formation of the given com-
pound in the solid, liquid, or gaseous state and its heat of formation in aqueous solution. The following two examples serve as an illustration of the procedure:
(1) For NaCl(c) and NaCl(ag, 400H:0), the values of AH(formation) are, respectively, —98.321 and —97.324 kg.-cal. per mole. Subtraction of the first value from
the second gives AH = 0.998 kg.-cal. per mole for the reaction of dissolving crystalline sodium chloride in 400 moles of water. When this process occurs at a con-
stant gwressure of 1 atm., 0.998 kg.-cal. of energy are absorbed. (2) For HCl(g) and HCl(ag, 400H:0), the values for AH(formation) are, respectively, —22.06 and
—39.85 kg.-cal. per mole. Subtraction of the first from the second gives AH = —17.79 kg.-cal per mole for the reaction of dissolving gaseous hydrogen chloride in
400 moles of water. At a constant pressure of 1 atm. 17.79 kg.-cal. of energy are evolved in this process.

me increment in the free energy, AF, in the reaction of forming the given substance in its standard state from its elements in their standard states. The
standard states are: for a gas, fugacity (approxzimately equal to the pressure) of 1 atm.; for a pure liquid or solid, the substance at a pressure of | atm.; for a sub-
stance in aqueous solution, the hypothetical solution of unit molality, which has all the properties of the infinitely dilute solution except the property of concentration.

{ The free energy of solution of a_given substance from its normal standard state as a solid, liquid, or gas to the hypothetical one molal state in aqueous
solution may be calculated in a manner similar to that described in footnote § for calculating the heat of solution.
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Appendix: Heat Combustion

Heat of combustion, —AHc®,
at 25°C. and constant pressure, to form
Compound Formula | State | F,5 (fiq.) and OOz (gas) H:0 (gas) and CO; (gas)
Kecal./mole | Cal./g. |B.t.u./lb.| Kcal./mole | Cal./g. | B.t.u./Ib.
Hydrogen. ... 68.3174 | 33,887.6 | 60,957.7 57.7979 | 28,669.6 | 51,571.4
Carbon 94.0518 | 7,831.1| 14,086.8
Carbon 67.6361 | 2,414.7| 4,343.6
Methane - 25 212.798 | 13,265.1] 23,861 191.759 | 11,953.6 ] 21,502
Ethane. . gas 372.820 | 12,399.2 | 22,304 341.261 | 11,349.6 | 20,416
Propane. gas 530.605 | 12,033.5 | 21,646 488.527 | 11,079.2 19,929
Propane. lig.* 526.782 1,946.8 | 21,490 484.704 | 10,992.5| 19,774
n-Butane.. gas 687.982 | 11,837.3 | 21,293 635.384 | 10,932.3 | 19,665
n-Butane. ... e lig.* 682.844 1,748.9 30.246 | 10,843.9 | 19,506
P i CE g | B bl | B4 el
2-Methylpropane (Isobutane). q. . A2 ) . ,022. g
2 peperopane (lsobutan ! CHS |ms | 88516 |117146| 20072 | 78204 | 108397 | 191499
n-Pentane. C;H, liq. 838.80 1,626.4 | 20,914 5.68 10,751.5 | 19,340
2-Methylbu (Isopentane). . . s gas 843.24 1,688. 1,025 80.12 ,813.1 | 19,451
2-Methylbutane (Isopentane).. ... C;H Iiq. 837.31 1,605.8 | 20,877 774.19 ,730.9 | 19,303
2,2-Dimethylpropane (N tane) 2 gas . 1,649.8 | 20,956 777,37 ,775.0 | 19,382
2,2-Di opane (Neop 'sHi2 liq. 835.18 1,576.2 | 20,824 72.06 ,701.4 | 19,250
gas 1,002.57 1,634.5 | 20,928 28.93 10,780.0 | 19,391
lig. 995.0 1,546.8 | 20,771 21.37 10,692.2 | 19,233
gas 1,000.87 1,614.8 | 20,893 27.23 10,760.2 | 19,356
2 Iiq, 993.71 1,531.7 | 20,743 20.07 0,677.1 | 19,206
3] gas 1,001.51 11,622. ,906 27.87 ,767.6 | 19,369
Iiq. 994.2! 1,538.0 | 20,755 20.61 ,683.4 | 19,218
2,2-Di gas 998.17 1,583.5 | 20,837 24.53 ,728.9 | 19,299
2,2-] Iiq. 991.52 1,506.3 ,698 17.88 ,651.7 | 19,161
2,3 gas 1,000.04 1,605.2 | 20,876 926.40 ,750.6 | 19,338
liq 993.05 1,524.0 | 20,730 919.4 ,669.5 | 19,192
n-Heptane. ... . 6 |gas 1,160.01 1,577.2 | 20,825 | 1,075.85 ,737.2 | 19,314
1 liq. 1,151.27 1,489.9 | 20,668 1,067.11 0,650.0 | 19,157
gas 1,158.30 1,560.1 | 20,795 1,074.14 10,720.2 | 19,284
liq. 1,149.97 1,477.0 | 20,645 1,065.81 10,637.0 | 19,134
y gas 1,158.94 1,566.5 ,806 1,074.78 10,726.6 | 19,295
3-Methy! lig. 1,150.55 1,482.8 | 20,655 1,066.39 10,642.8 | 19,145
3-Ethylpentane. gas 1,159.56 1,572.7 | 20,817 1,075.40 0,732.7 | 19,306
3.Ethylpentane. lig. 1,151.13 1,488.6 | 20,666 1,066.97 0,648.6 | 19,155
,2-Dimethyl .. gas 1,155.61 1,533.3 | 20,746 1,071.45 0,693.3 | 19,235
2,2-Dimet] e 16 liq. 1,147.85 11,455.8 | 20,607 1,063.69 0,615.9 | 19,09
2,3-Dimet . ...| CHue gas 1,157.28 11,549.9 | 20,776 1,073.12 0,710.0 | 19,265
2,3-Di . e 16 lig. 1,149.09 11,468.2 ,629 1,064.93 10,628.3 | 19,118
2,4-Di . ...|CHie gas 1,156.60 1,543.1 | 20,764 1,072.44 10,703.2 | 19,253
2,4-Dimet . ...|CHise Iiq. 1,148.73 1,464.6 | 20,623 1,064.57 10,624.7 | 19,112
3,3. . ...|CHie gas 1,156.73 1,544.4 | 20,766 1,072.57 0,704.5 | 19,255
3,3-Di . ...|CHie Tiq. 1,148.83 1,465.6 | 20,625 1,064.67 0,625.7 | 19,114
2,2,3-Trimet] ...|C/Hie ﬁas 1,155.94 1,536.6 | 20,752 1,071.78 0,696.6 | 19,241
2,2,3-Trimet; ...|C7His iq. 1,148.27 1,460.0 | 20,614 1,064.11 0,620.1 | 19,104
n-Octane. ......... ...|CsHis gas ,317.45 1,533.9 | 20,747 1,222.77 0,705.0 | 19,256
n-Octane. ....... ...|CsHyg liq. ,307.53 1,447.1| 20,591 ,212.85 0,618.2 | 19,100
2-Methylheptane. . . ...|CsHyg gas ,315.76 1,519.1 20,721 ,221.08 0,690.2 | 19,230
2-Methylhept: . e 18 liq. ,306.28 1,436.1( 20,572 ,211.60 0,607.2 | 19,080
Methylhept: .. ...|CsHys gas 1,316.44 11,525.1 | 20,732 ,221.76 10,696.2 | 19,240
3-M t .. ...|CsHis liq. 1,306.92 11,441.7 | 20,582 1,212.24 10,612.8 | 19,091
4-Methylhept .. ...| CsHis gas 1,316.57 11,526.2 | 20,734 1,221.89 10,697.3 | 19,243
4-Methylheptane. .| CsHi Iiq. 1,307.09 11,443.2| 20,584 1,212.41 10,614.3| 19,093
3—Ethyl¥lexane. .| CsHis a8 ,316.87 1,528.8 | 20,738 ,222.19 10,699.9 | 19,247
3.Ethylhexane.... CsHys iq. ,307.39 1,445.8 | 20,589 ,212.71 10,616.9 | 19,098
2,2-Dimethylh CgHys gas ,313.56 ,499.9 | 20,686 ,218.88 10,671.0 | 19,195
2,2-D 1h CsHis liq. 304, ,421.8 | 20,546 ,209.96 10,592.9 | 19,055
2.3 ylh CsHis gas 1,316.13 ,522.4 | 20,727 ,221.45 10,693.5 | 19,236
2, nylhexane .| CsHig Iig. ,306.86 ,441.2 | 20,581 ,212.18 10,612.3 | 19,090
2, exane, .| CsHis gas ,314.83 ,511.0 | 20,706 ,220.15 10,682.1 | 19,215
2, ...| CgHig lig. ,305.80 ,431.9| 20,564 ,211.12 10,603.0 | 19,073
2, 18 gas ,314.05 ,504.2 | 20,694 ,219.37 0,675.3 | 19,203
2,5- CsHys Iiq. ,305.00 ,424.9 | 20,551 ,210.32 0,596.0 | 19,060
3 CsHis gas ,314.65 ,509.4 | 20,703 ,219.97 0,680.5 | 19,212
3,3. His Iiq. ,305.68 1,430.9 | 20,562 ,211.00 0,602.0 | 19,071
3, sHis gas ,316.36 ,524.4 | 20,730 ,221.68 0,695.5 | 19,239
3 CgHis liq. ,307.04 ,442.8 | 20,583 ,212.36 10,613.9 | 19,092
2 Hs gas 1,316.79 ,528.1 ,737 ,222.11 10,699.2 | 19,246
2 Hg liq. 1,307.58 ,447.5 | 20,592 ,212.90 0,618.6 | 19,101
3. CsHis gas 1,315.88 ,520.2 | 20,723 ,221.20 0,691.3 | 19,232
3.Methy hy sHis Iiq. 1,306.80 ,440.7 | 20,580 ,212.12 0,611.8 | 19,089
2,2 ylpentane. . 18 gas 1,314.66 ,509.5 | 20,703 ,219.98 0,680.6 | 19,212
2, Ipent; . CsHys liq. ,305.83 ,432.2 | 20,564 ,211.15 10,603.3 | 19,073
2,2,4- 1 18 gas ,313.69 ,501.0 ,688 1,219.01 10,672.1 | 19,197
2 1 . . 18 liq. ,305.29 1,427.5 | 20,556 1,210.61 0,598.6 | 19,065
2 1 .| CsHyg gas ,315.54 1,517.2| 20,717 1,220.86 0,688.3 | 19,226
3. 1 CgHs liq ,306.64 1,439.3 | 20,577 1,211.96 0,610.4 | 19,086
1 .| CsHis ﬁas 1,315.29 1,515.0 | 20,713 1,220.61 0,686.1 | 19,222
Tt 1 .| CsHig q. ,306.28 1,436.1 | 20,572 1,211.60 10,607.2 | 19,080
2,3,3-Tetramethylbutane .. .| CeHyg gasd Lg(‘)gg; |,49;,; %0.2% 1, ‘%?5 10,668.4 | 19,191
2,2,3,3-Tetramethylbutane . . .| CsHis | soli ,303. 1,407.7 | 20, 1,208. 0,578.8 | 19,029
by! . gas ,474.90 1,500.2 | 20,687 1,369.70 0,680.0 | 19,211
Iig. ,463.80 1,413.6 | 20,531 1,358.60 0,593.4 | 19,056
gas ,632.34 1,473.0| 20,638 | 1,516.63 0,659.7 | 19,175
liq. ,620.06 1,386.7 | 20,483 1,504.35 0,573.4 | 19,020
gas ,789.78 1,450.8 | 20,598 1,663.55 10,643.2 | 19,145
liq. ,176.32 1,364.7 | 20,443 1,650.09 10,557.0 | 18,990
gas ,947. 1,432.2 | 20,564 1,810.48 10,629.4 | 19,120
liq. 1,932.59 1,346.3 | 20,410 1,795.84 10,543.4 | 18,966
gas 2,104.67 1,416.5 | 20,536 1,957.40 10,617.6 | 19,099
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Heat of combustion, —AHc®,

at 25°C. and pressure, to form
Compound Formula | State |56 5iq) and CO: (gas) H:0 (gas) 2nd 00z (ga9)
Keal./mole | Cal./g. |B.t.u./lb.| Keal./mole | Cal./g. ] B.t.u./lb.
D-TrHdecane. ...ouvueiiieieieiiit i i 2,088.85 | 11,330.6 | 20,382 | 1,941.58 | 10,531.8 | 18,945
n-Tetradecane. . 2,262.11 11,402.9 | 20,512 104.32 | 10,607.5 | 19,081
n-Tetradecane. . H 2,245.11 11,317.2 20,358 | 2,087.32 | 10,521.8 | 18,927
n-Pent 2,419.5! 11,391.2 | 20,491 251.24 | 10,598.7 | 19,065
n-Pent: 2,401.37 | 11,305.6 | 20,337 233.06 | 10,513.2| 18911
n-] d 2,577.00 | 11,380.9 | 20,472 | 2,398.17 | 10,591.1| 19,052
-] d 2,557.64 | 11,295.4| 20,318 | 2,378.81 ,505. ,898
n-Heptad 734.44 | 11,371.8 | 20,456 545. ,584.3 | 19,039
n-Heptad . 2713.90 | 11,286.41 20,302 | 2,524.55 10,498.9 | 18,886
n-Octadecane. .. 891. 11,363.7 | 20,441 | 2,692.01 10,578.3 | 19,028
n-Octadecane. 2,870.16 | 11,278.4 | 20,288 670. 10,493.0 | 18,875
n-Nonadecane. . ,049.33 | 11,356.5 | 20,428 | 2,838.94 | 10,572.9 | 19,019
n-Nonadecane. . 3,026.43 | 11,271.2 20,275 | 2,816.04 10,487.7 | 18,865
n-Eicosane. .. 3,206.77 | 11,350.0| 20,416 | 2,985.86 | 10,568.1| 19,010
n-Eicosane. . . 3,182.69 | 11,264.7 | 20,263 | 2,961.78 | 10,482.8 | 18,857
BEDZENE. ..o v vvvetiiniintiaiia e 789.08 | 10,102.4| 18,172 757.52 9,698.4 | 17,446
780.98 9,998.7 | 17, 749.4; 9,594.7 | 17,259
Methylbenzene (10lUEDE). .. .vvererierneriennererneenneneenennnns gas 943 .58 10,241.4 | 18,422 901.50 9,784.7 | 17,601
iethylb L T N H 934.50 | 10,142.8 18,245 892.42 9,686.1| 17,424
Ethylbenzene. .. ......oovieutiieieieiiiieieeeeeriiieeaaananas gas 1,101.13 | 10,372.4| 18,6 1,048.53 9,876.9 | 17,767
Ethylbenzene. ........ooiiiiiiiiiiiiiiiiiin i 1,091.03 | 10,277.2 18,487 | 1,038.43 9,781.7| 17,59
22-, thyl (3 1T 1,098.54 | 10,348.0| 18,614 | 1,045.94 9,852.5| 17,723
,2-Dimethyl 0-XYIene). . ..vuiii i 1,088.16 | 10,250.2| 18,438 | 1,035.56 9,754.7 | 17,547
,3-Di 1 [ 1,098.12 | 10,344.0| 18,607 | 1,045.52 9,848.5| 17,716
-Dj 1 [ T NP 1,087.92 | 10,247.9| 18434 | 1,035.32 9,752.4| 17,543
,4-Dimethyl (D-XYlene).....oovueieiiiniiiiiiiiiiiiiiiaas 1,098.29 | 10,345.6| 18,610 | 1,045.69 9,850.11 17,719
1,4-Dimethyl [0 37 T T 1,088.16 | 10,250.2 18,438 | 1,035.56 9,754.7 | 17,547
D-Propylbenzene. ...........uuiiieieiiiii e, 1,258.24 | 10,469.1| 18,832 | 1,195.12 9,943.9| 17,887
n-Propylbenzene. ...........ooiiiiiiiiiiiiiii e 1,247.19 | 10377.2{ 18,667 | 1,184.07 9,852.0| 17,722
Isopropylbenzene (CUMENe). . .. uuuuueensneenieneeeneieeaeaeeeaens 1,257.31 10,461.4| 18,818 | 1,194.19 9,936.2| 17,873
opropylk cees 1,246.52 | 10,371.6| 18,657 | 1,183.40 9,846.4 1 17,712
thyl-2-ethy 1,256.66 | 10,456.0| 18,808 | 1,193.54 9,930.8| 17,864
thyl-2: 1,245.26 | 10,361.1| 18,638 | 1,182.14 9,835.9| 17,693
thyl-3-ethy 1,255.92 | 10,449.8| 18,797 | 1,192.80 9,924.6 | 17,853
ethyl-3-et 1,244.71 10,356.5| 18,630 | 1,181.59 9,831.3| 17,685
ethyl-4-et 1,255.59 | 10,447.1 18,792 | 1,192.47 9,921.9 ( 17,848
-Methyl-4-et] 1,244.45 | 10,354.4| 18,626 | 1,181.33 9,829.2| 17,681
,2,3-Tr 1 1,254.08 0,434.5( 18,770 | 1,190.96 9,909.3 | 17,825
,2,3-Trimethy] 1,242.36 | 10,337.0 18,594 | 1,179.24 9,811.8| 17,650
,2,4-Tri yl 1,253.04 425.8| 18,754 | 1,189.92 9,900.7 | 17,809
+2,4-Trimethyl 1,241.58 | 10,330.5( 18,583 | 1,178.46 9,805.3 | 17,638
,3,5-Trimethyl 1,252.53 | 10,421.6| 18,747 | 1,189.41 9,896.4 | 17,802
,3,5-Trimethyl 1,241.19 | 10,327.2] 18, 1,178.07 9,802.1| 17,632
n-Butylbenzene. 1,415.44 0,546.3 | 18,971 1,341.80 9,997.6 | 17,984
n-Butylbenzene 1,403.46 | 10,457.0| 18,810 | 1,329.82 9,908.4 | 17,823
Cyclopentane. .. ... ...ttt aaaas 793.39 | 11,313.1] 20,350 740.79 | 10,563.1] 19,001
clopentane. ...... 786. 11,215.5| 20,175 733.94 | 10,465.4 | 18,825
ethyleyclopentane. 948.72 11,273.4 | 20,279 885. 10,523.3 | 18,930
Methyleyclopentane. 941.14 | 11,183.3| 20,117 878.02 | 10,433.2| 18,768
Ethyleyclopentane. . . 1,106.21 11,266.9| 20,267 | 1,032.57 | 10,516.9 18918
Ethylcyclopentane. ........ 1,097.50 | 11,178.2 20,108 | 1,023.86 | 10,428.2| 18,758
n-Propyleyclopentane. ,263.56 11,260.9 | 20,256 1,179.40 10,510.8 | 18,907
n-Propyleyclopentane. ,253.74 11,173.4 ,099 1,169.58 10,423.3 | 18,750
n-Butylcyclopentane..... .. ,421.10 | 11,257.7 | 20,250 | 1,326.42 | 10,507.6 | 18,901
t t ,410.1 11,170.5( 20,094 [ 1,315.42 | 10,420.5 | 18,745
CyeloheXane. ... ... .euenetiiiiet e ee e 944.79 | 11,226.7] 20,195 881.67 | 10,476.7 | 18,846
Cyclohe o eeeianeaes 936.88 | 11,132.7| 20,026 873.76 | 10,382.7 | 18,676
Methyl hexane. ..... 1,099.59 | 11,199.5 20,146 | 1,025.95 | 10,449.5 | 18,797
Y ,001.13 | 11,113.3 | 19,991 1,017.49 | 10,363.3 | 18,642
Ethyleyclohexane. ... ,257. 11,210.4| 20,166 | 1,173.74 | 10,460.4 | 18,816
Ethylcyclohexane. ... ,248. 11,124.31 20,011 1,164.07 | 10,374.3 | 18,661
n-Propyleyclohexane. ... 415,12 | 11,210.3| 20,165 | 1,320.44 | 10,460.3 | 18,816
n-] Drop{'lcycluhexn.ne, - ,404. 11,124.91 20,012 | 1,309.66 | 10,374.9 | 18,663
n-Butyleyclohexane. .. . 1,572.74 | 11,213.0| 20,170 | 1,467.54 | 10,463.0| 18,821
n-Butyleyelohexane. ...........cooouiii i e 1,560.7. 11,127.8 ,017 1,455.58 10,377.8 ,668
Ethene (ethylene). gas 337.234 | 12,021.7 | 21,625 316.195 | 11,271.7| 20,276
Propene (propylene; gas 491.987 | 11,692.3 | 21,032 460. 0,942.3 | 19,683
1-Butene. ........ gas 649.757 | 11,581.3 | 20,833 607.679 | 10,831.3 | 19,484
cis-2-Butene. . gas 648.115 | 11,552.0 | 20,780 606. 10,802.0 | 19,431
trans-2-Butene. gas 647.072 | 11,533.4 | 20,747 604. 10,783.4 | 19,397
2-Methylpropene gas 646.134 | 11,516.7 | 20,716 604.056 | 10,766.7 | 19,367
1-Pentene................. gas 806.85 | 11,505.1 | 20,696 754.25 | 10,755.1 | 19,346
cis-2-Pentene. . gas 805.34 11,483.5 | 20,657 752.74 10,733.5 | 19,308
trans-2-Penten gas 804. 11,468.1 | 20,629 751.66 10,718.1 | 19,280
2-Methyl-1-buten H gas 803.17 11,452.6 | 20,601 750.57 10,702.6 | 19,252
3-Methyl-1-butene. . Hio gas 804.93 | 11,477.7 | 20,646 752.33 10,727.7 | 19,297
2-Methyl-2-Dutene. ... ....ouuuiue ittt C;Hyo gas 801.68 11,431.3 | 20,563 749.08 10,681. 19,214
v
Ethyne (acetylene) gas 310.615 | 11,930.2 | 21,460 300. 11,526.2 | 20,734
Propyne (methylacetylene) gas 463.109 | 11,559.8 | 20,794 442.070 | 11,034.6 | 19,849
1-Butyne (ethylacety{ene . gas 620.86 11,478.7 | 20,648 589.302 | 10,895.2 | 19,599
2-Butyne (dimethylacetylen gas 616.533 | 11,398.7 | 20,504 584.9: 10,815.2 | 19,455
1-Pentyne............. gas 778.03 | 11,422.5 | 20,547 735.95 | 10,804.7 | 19,436
2-Pentyne. . .. gas 774.33 11,368.2 | 20,449 732.25 10,750.4 | 19,338
3-Methyl-1-bUtyne. ... o.v v eee ettt ettt eitinieeeeeinne vnas gas 776.13 11,394.6 | 20,497 734.05 10,776.8 | 19,386

* Saturation pressure.
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Thermodynamics of Chemical Reactions
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CHAPTER THREE

Reaction Rate Expression

INTRODUCTION

Chemical reactions are processes in which reactants are transformed
into products. In some processes, the change occurs directly and the
complete description of the mechanism of the reaction present can be
relatively obtained. In complex processes, the reactants undergo a
series of step-like changes and each step constitutes a reaction in its
own right. The overall mechanism is made up of contributions from
all the reactions that are sometimes too complex to determine from
the knowledge of the reactants and products alone. Chemical kinetics
and reaction mechanism as reviewed in Chapter 1 can often provide
a reasonable approach in determining the reaction rate equations.
Chemical kinetics is concerned with analyzing the dynamics of chemical
reactions. The raw data of chemical kinetics are the measurements of
the reactions rates. The end product explains these rates in terms of a
complete reaction mechanism. Because a measured rate shows a
statistical average state of the molecules taking part in the reaction,
chemical kinetics does not provide information on the energetic state
of the individual molecules.

Here, we shall examine a series of processes from the viewpoint
of their kinetics and develop model reactions for the appropriate rate
equations. The equations are used to arrive at an expression that relates
measurable parameters of the reactions to constants and to con-
centration terms. The rate constant or other parameters can then be
determined by graphical or numerical solutions from this relationship.
If the kinetics of a process are found to fit closely with the model
equation that is derived, then the model can be used as a basis for
the description of the process. Kinetics is concerned about the quantities
of the reactants and the products and their rates of change. Since
reactants disappear in reactions, their rate expressions are given a
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110 Modeling of Chemical Kinetics and Reactor Design

negative sign. The amounts of the products increase and their rates
of change are therefore positive.

REACTION RATE EQUATION

The rate of a reaction is the number of units of mass of some
participating reactants that is transformed into a product per unit time
and per unit volume of the system. The rate of a closed homogeneous
reaction (that is, no gain or loss of material during the reaction) is
determined by the composition of the reaction mixture, the tem-
perature, and pressure. The pressure from an equation of state can be
determined together with the temperature and composition.

Consider a single-phase reaction

aA +bB —>cC+dD (3-1
The reaction rate for reactant A can be expressed as

(-r,) 1 dN, (amount of A disappearing)
—-r = - — =
A VvV dt (volume)(time)

moles (3-2)

m?> esec

where the minus sign means “disappearance” and

(-r,) = rate of disappearance of A

N, = number of moles
V = system volume
t = time

The reaction rates of the individual components are related by

A _"BB_Ic_Ip )
a b C d (3-3)

The rate is defined as an intensive variable, and the definition is
independent of any particular reactant or product species. Because the
reaction rate changes with time, we can use the time derivative to
express the instantaneous rate of reaction since it is influenced by the
composition and temperature (i.e., the energy of the material). Thus,
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(-r,) = f{temperature, concentration} (3-4)

The Swedish chemist Arrhenius first suggested that the temperature
dependence of the specific reaction rate k could be correlated by an
equation of the type k(T) = ke ®/RT. Therefore,

(-1p) = kC3 = ke RICY

where E = activation energy (J/mol)
k, = frequency factor
a = reaction order
C, = concentration of reactant A
T = absolute temperature, K

R = gas constant = 1.987 cal/mol * K = 8.314 J/mol *K

The reaction rate usually rises exponentially with temperature as
shown in Figure 3-1. The Arrhenius equation as expressed in Chapter 1
is a good approximation to the temperature dependency. The tem-
perature dependent term fits if plotted as In (rates) versus 1/T at fixed
concentration C,, Cy (Figure 3-2).

At the same concentration, but two different temperatures,

rate, k, E[{1 1
n—=Ih—=—] — — (3-5)
rate, k, RI\T, T,

rate

Temperature

Figure 3-1. Reaction rate as a function of temperature.
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High E

In (rate)

YT

Figure 3-2. Temperature dependency of the reaction rate.

High values of the activation energy E are examples of gas phase
reaction, which can only proceed at a high temperature (examples are
free radical reactions and combustion). Low values of E can be found
in enzymes, cellular and life related reactions, and reactions that occur
at room temperature.

Composition affects the rate of reaction by fitting a simple expres-
sion to the data as shown in Figure 3-3. The concentration dependent
term is found by guessing the rate equation, and seeing whether or
not it fits the data.

Boudart [1] expressed the many variables that have influenced
reaction rates as:

1. The rate of a chemical reaction depends on temperature, pressure,
and composition of the system under investigation.

2. Certain species that do not appear in the stoichiometric equation
for the reaction can affect the reaction rate even when they are
present in only trace amounts. These materials are known as
catalysts or inhibitors, depending on whether they increase or
decrease the reaction rate.

3. At a constant temperature, the rate of reaction decreases with
time or extent of the reaction.

4. Reactions that occur in systems that are far removed from
equilibrium give the rate expressions in the form:



rate
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Concentration

Figure 3-3. Reaction rate as a function of concentration.

r = kf(Cyy) (3-6)

where f(C,;) is a function that depends on the concentration (C,)
of the various species present in the system, such as reactants,
products, catalysts, and inhibitors. The function f(C,;) may also
depend on the temperature. The coefficient k is the reaction
constant. It does not depend on the composition of the system
and is also independent of time in an isothermal system.

. The rate constant k varies with the absolute temperature T of

the system according to the Arrhenius law: k = k e =/RT,

The function f(C,;) in Equation 3-6 is temperature independent
and can be approximated as:

f(CAi) =11, C?i (3-7)

where the product [] is taken over all components of the system.
The exponents f3; are the orders of the reaction with respect to
each of the species present in the system. The algebraic sum of
the exponents is called the total order or overall order of
the reaction.

. For a system in which both forward and reverse reactions are

important, the net rate of reaction can be expressed as the
difference between the rate in the forward direction and that in
the opposite direction. For example:
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k

1
A+B=C+D (3-8)
ky

The rate of the forward direction (—r,) is :

(-rp) = k,C,Cj (3-9)
and the rate of the reverse direction (+r,) is:

(+ry) = k,CcCp (3-10)
The overall rate is:

(et = (1) — (1) (3-11)

The net rate of disappearance of A = k,C,Cy - k,C-Cp, at

equilibrium where (-r,),., = 0. Therefore,

k, (CcCp
= (— =Kc (3-12)

ki )
k CACB Equilibrium

REACTION ORDERS

The manner in which the reaction rate varies with the concentrations
of the reactants and products can be shown by the orders of the
reaction. These are the powers to which the concentrations are raised
and are expressed as:

(-r,) = kC%CP (3-13)

where o is the order with respect to component A, and B™ is the
order with respect to component B. The overall order of the reaction
n is:

n=o+p (3-14)

The exponents o and B may be integers or fractions and may be
both positive and negative values, as well as the value of zero. In some
cases, the exponents are independent of temperature. Where the
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experimental data fit the expressions in the form of Equation 3-13,
the exponents will vary slightly with temperature. In these cases, the
observed correlation should be applied only in a restricted tem-
perature interval.

Not all reactions can be expressed to have a specific order. A
specific example is the synthesis of ammonia expressed as

S}
N, + 3H, = 2NH,;
ky

The Temkin-Pyzhev equation describes the net rate of synthesis over
promoted iron catalyst as:

ci Y\ Cly. )
_ Hy NH;

(+rNH3 )net =k,Cy, 2. -k, 3 (3-15)
3 2

where a and b are empirical exponents that vary with reaction condi-
tions such as temperature, pressure, and conversion. Equation 3-15
does not describe the initial rate at zero partial pressure of NHj.
The units of the reaction rate constant k vary with the overall order
of the reaction. These units are those of a rate divided by the nth
power of concentration as evident from Equations 3-13 and 3-14.

(-14) _ moles/(volume —time)

k= )
cr (moles/volume)" (3-16)
or
k = time™' (moles)' " ! —
(volume)
., ( moles ™"
=time™ | —— (3-17)
volume

Consider a reaction involving a reactant such that A — products.
The rate equations corresponding to a zero, first, second, and third
order reaction together with their corresponding units are:
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1. Zero order (n = 0; k = moles/m>-sec)

(-r,) = kC% (3-18)
2. First order (n = 1; k = 1/sec)

(-rp) = kC, (3-19)
3. Second order (n = 2; k = m*/moles-sec)

(-r) = kCX (3-20)
4. Third order (n = 3; k = (m*/moles)?esec™')

(cry) = kC} (3-21)

DETERMINING THE ORDER OF REACTIONS

ZERO ORDER REACTIONS

The rate of a chemical reaction is of a zero order if it is independent
of the concentrations of the participating substances. The rate of
reaction is determined by such limiting factors as:

1. In radiation chemistry, the energy, intensity, and nature of radiation.

2. In photochemistry, the intensity and wave length of light.

3. In catalyzed processes, the rates of diffusion of reactants and
availability of surface sites.

If the rate of the reaction is independent of the concentration of
the reacting substance A, then the amount dC, by which the concentra-
tion of A decreases in any given unit of time dt is constant throughout
the course of the reaction. The rate equation for a constant volume
batch system (i.e., constant density) can be expressed as:

dC,

—ry)=——A =k 3-22
(-1a) @t (3-22)
The negative sign indicates that the component A is removed from

the system, and k is the velocity constant with the units as moles/m?*-
sec. Assuming that at time t; the concentration of A is C,g, and at
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time t, the concentration is C,;, integrating Equation 3-22 between
these limits gives:

Caf ty
Cao ty

~(Car=Cao) =k(t2 - t;)

_ (CAO - CAf)
k= NCEOE (3-24)

If t, = 0, Equation 3-24 reduces to

Plotting the concentration (C,) versus time t gives a straight line,
where C,( is the intercept and k is the slope. The velocity constant k
may include arbitrary constants resulting from various limiting factors
such as diffusion constants and a fixed intensity of absorbed light.

In terms of the fractional conversion X,

Because C, cannot be negative, the following is obtained
Cao
Cao—C, =C,o X, =kt for t<T (3-27)

This means that the conversion is proportional to time. Figure 3-4
shows plots of the zero order rate equations. Examples of zero order
reactions are the intensity of radiation within the vat for photochemical
reactions or the surface available in certain solid catalyzed gas reactions.

FIRST ORDER REACTIONS

Consider the reaction A—*— B. The rate of a first order reaction
is proportional to the first power of the concentration of only one
component. Assuming that there is no change in volume, temperature,
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CAO
Slope = k
CA
t= AQ
/ K
Time t
1
S1 k
- ope = — —
CAO
XA
Time t

Figure 3-4. Zero order reaction.

or any other factor that may affect the reaction, the amount dC, that
undergoes a chemical change in the short time interval dt depends only
on the amount of component A present at that instant. The rate for a
first order reaction for a constant volume batch system (i.e., constant
density) can be expressed as:

— = = kC _
(-1a) m A (3-28)
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Rearranging and integrating Equation 3-28 between the limits gives

Car ty
dc,
- ] o =k (3-29)
Cao A t]
Car
~In| Cy [=k(t;—1)) (3-30)
Cao
—In [Cp; —=Cpro] = Kk(t, - 1)) (3-31)
C
~In 2= k(t, —) (3-32)
AO
At t; = 0 and t, = t. Therefore,
AO

The fractional conversion X, for a given reactant A is defined as
the fraction of the reactant converted into product or

_Nao—Na

Xa 3-34
N.o (3-34)

For a constant density system, the volume V remains constant

Cp=—2 =20 _ZA_c,,(1-X,) (3-35)

Differentiating Equation 3-35 gives
Substituting Equation 3-36 into Equation 3-28 gives

dX .
dt

=k(1-X,) (3-37)
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Rearranging and integrating Equation 3-37 between the limits t =
0, X, =0and t = t; and X, = X, gives

XAt te
| ok fa
o (1=Xa) 9
—In (1-Xf) =kt; (3-38)

A plot of —In(1 — X,) or —In C,/C, versus t gives a straight line
through the origin. The slope of the line is the velocity constant k, as
represented by Figure 3-5.

The unit of the velocity constant k is sec™'. Many reactions follow
first order kinetics or pseudo-first order kinetics over certain ranges
of experimental conditions. Examples are the cracking of butane, many
pyrolysis reactions, the decomposition of nitrogen pentoxide (N,Os),
and the radioactive disintegration of unstable nuclei. Instead of the
velocity constant, a quantity referred to as the half-life t,,, is often
used. The half-life is the time required for the concentration of the
reactant to drop to one-half of its initial value. Substitution of the
appropriate numerical values into Equation 3-33 gives

(3-39)

or Slope =k

Time, t

Figure 3-5. First order reaction.
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Equation 3-39 shows that in the first order reactions, the half-life
is independent of the concentration of the reactant. This basis can be
used to test whether a reaction obeys first order kinetics by measur-
ing half-lives of the reaction at various initial concentrations of
the reactant.

SECOND ORDER REACTIONS

A second order reaction occurs when two reactants A and B interact
in such a way that the rate of reaction is proportional to the first power
of the product of their concentrations. Another type of a second order
reaction includes systems involving a single reactant. The rate at any
instant is proportional to the square of the concentration of a single
reacting species.

Case 1

Consider the reaction A+B—%— products. The rate equation for a
constant volume batch system (i.e., constant density) is:

1) = A =TS8 ke, C ]
) === A™-B (3-40)

The amount of A and B that have reacted at any time t can be
described by the following mechanism and set of equations.
From stoichiometry:

A B
Amount at time t = 0 Cro Cso
Amount at time t =t Cy Cy
Amounts that have reacted Cpao — Cy Cgo — Cp
Cp = Cgo = (Cpo — Cp) (3-41)

Substituting Equation 3-41 into Equation 3-40, rearranging and
integrating between the limits gives

t

—dC,
= k|dt )
Cho CA[CBO - (CAO - CA)] '([ (3-42)

Ca
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Equation 3-42 is resolved into partial fractions as

1 _p q
=+ (3-43)
CA[(CBO ~Cpo) + CA] Ca [(CBO ~Cpo) + CA]
1=p[(Cpo = Cro) + Ca| +4Cx (3-44)

Equating the coefficients of C, and the constant on both the right
and left side of Equation 3-44 gives

“COIlSt” 1 = p(CBO _CAO)

“CL” 0=p+gq
where

p = 1/(Cgp — Cap) (3-45)
and

q = -1/(Cgg —Cpro) (3-46)

Substituting p and q into Equation 3-43 and integrating between the
limits gives

N dc, Ca dc,
Cro (Cro—Ca0)Ca Cho (Cro _CAO)[(CBO _CAO)+CA]

t

=k]dt (3-47)
0

! n S0 41y |1 Coo=Cao)*Co LI\ (5 4
(CBO _CAO) Ca (CBO —Cpo + CAO)

. {(cm)[(cm—cqu ]}:k(%o_%)t s

CBO CA
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Figure 3-6 shows that a plot of

n {((C:Z )[(CBO —Ccio) +Cy ]}

versus time t gives a straight line with the slope k(Cgg — Cyp). If
Cpo 1s much larger than C,., then the concentration of B remains
approximately constant, and Equation 3-49 approaches Equations
3-33 or 3-38 for the first order reaction. Therefore, the second order
reaction becomes a pseudo-first order reaction.

Case 2

Case 2 involves a system with a single reactant. In this case, the
rate at any instant is proportional to the square of the concentration
of A. The reaction mechanism is ZA%products. The rate expres-
sion for a constant volume batch system (i.e., constant density) is

—dC
(—1p)= th = kC3 =kC3, (1—XA)2 (3-50)

fesiecseie

S =k(Cyo ~Co)

Time t

Figure 3-6. Test for the reaction A + B — products.
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Rearranging Equation 3-50 and integrating between the limits yields

Ca

—dC, |

J ==k (3-51)
Cpho A 0

Ca

1

— |=kt
[CA} (3-52)
Cao

1 1
oL =kt 3-53
CA CAO ( )

or

11
——=—+kt 3-54
CA CAO ( )

In terms of the fractional conversion, X,, Equation 3-50 becomes

CaodXy

A =kCho (1-X,)’ (3-55)

Rearranging Equation 3-55 and integrating gives

XA t
X,
——+— =kC dt -
_([ (I_XA)2 AO_(]; (3-56)

Equation 3-56 yields

Xa
1
———— |=kC,nt .
Ol(l_XA):| AO (3 57)

Equation 3-57 gives
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XA
——=2—=kC ot
(1-X,) ™ (3-58)
Figure 3-7 gives plots of Equations 3-54 and 3-58, respectively.
Consider the second order reaction 2A+B—k—>products, which is
first order with respect to both A and B, and therefore second order
overall. The rate equation is:

<4— Slope=k

0 Time t

+——  Slope=kC,o

Time t

Figure 3-7. Test for the reaction 2A — products.
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—dC
(-1a)=—3 "+ =KCaCs (3-59)

From stoichiometry:

A B
Amount at time t = 0 Cro Cso
Amount at time t =t Cy Cy
Amounts that have reacted (Cao —Cn) Cpo Cp

and from stoichiometry (Cp,g — C,) = 2(Cgg — Cp).
Expressing the concentration of B in terms of A and the original
amounts C,,, Cpq gives

1
CB:CBO_E(CAO _CA) (3-60)

Substituting Equation 3-60 into Equation 3-59 gives

Cf ~dCa —_t[dt

1 B -
Cao kCA{CBO _E(CAO - CA)} 0 (3-61)
— CIA dCx = k.t[dt

Taking the partial fractions of Equation 3-62 with o0 = [Cyg —
(1/2)C,ol gives the following:

—— 1 — 3-63)
1 C 1 (
CA{OH-ZCA} A 0c+5CA
1
lzp(u+5CA)+ qCx (3-64)

Solving for constants p and q involves equating the “constant” and
the coefficient of “C,” in Equation 3-64:
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“Const” 1 =oap (3-65)
[13 2 1
Cy 0=5p +q (3-66)
-1 3-67
p= (3-67)
and
i 3-68
=5 P %, (3-68)

Substituting the values of p and q into Equation 3-68 and integrating
between the limits gives

=k[dt (3-69)
0
- lln Ca —lln 204Gy = kt (3-70)
o Cuho o (200+C,o
IHCLO+ IH(M] = okt (3-71)
Ca 200+C,q

since
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In (@-i) = okt (3-72)
CA CBO

A plot of In(C,o/C, X Cy/Cgp) versus time t gives a straight line
with the slope ak as shown in Figure 3-8. Examples of bimolecular
reactions with rate equations similiar to those given in Equation 3-40
are shown in Table 3-1.

lll(CAO' CB ]
CA CBO

<+—Slope = ok

Time t

Figure 3-8. Test for the reaction 2A + B — products.

Table 3-1
Second order reaction

1. Alkaline hydrolysis of esters:
CH;COOC,H; +NaOH— CH;COONa+C,HsOH

2. Bromination of alkenes:
CH,;CH, =CH, +Br, - CH;CHBrCH,Br

3. Nucleophilic substitution:
Cl~ +CH;I—->CH;,Cl + I~

4. Nitroethane iodination:
C,H;NO, +C¢HsN -C,H,NO, +CsH;NH* +1-
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EMPIRICAL RATE EQUATIONS OF THE nth ORDER

IRREVERSIBLE REACTIONS

The rate equation for irreversible reactions for a constant volume
batch system (i.e., constant density) is

—dC,

—r =kCh 3-73
(-1a)= L (3-73)
Boundary conditions are: at t = 0, C, = Cygand t =t, C, = C,.

Integrating Equation 3-73 between the limits gives

CA t
| = [dt
n 3-74
o Chg (3-74)
an+l Ca
— = kt
{1} (3-75)
AO
Chm - Cldt =kt
. 1){ 3= (3-76)
cim - Cld = (n—1kt (3-77)

The value of n must be found by trial-and-error. In terms of the
fractional conversion, X,, the rate equation is

dX n
A=kCho (1-X,) (3-78)

(_rA):CAO

Boundary conditions are: at t = 0, X, = 0, and t = t, X, = X,.
Rearranging and integrating Equation 3-78 between the limits gives

XA

J(1 Xy)'

_—kCh jdt (3-79)
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_ XA
(1_XA) n+1 .
—_— A = kCihgt R
{ -1 . AO (3-80)
(1-X,)™" = 1= kCig (1-n)t (3-81)

Table 3-2 gives solutions for some chemical reactions using the
integration method.

METHOD OF HALF-LIFE t,,,

As previously discussed, the half-life of a reaction is defined as the
time it takes for the concentration of the reactant to fall to half of its
initial value. Determining the half-life of a reaction as a function of
the initial concentration makes it possible to calculate the reaction
order and its specific reaction rate.

Consider the reaction A — products. The rate equation in a constant
volume batch reaction system gives

—dC,
—_ = = k n -
( rA) dat Ca (3-82)

Rearranging and integrating Equation 3-82 with the boundary
conditions t =0, C, = Cp,gand t =t, C, = C, gives

CA t
dC, j
- J = [dt
h 3-83
o ch (3-83)
CXH—I Ca
- = kt
o
AO
L fom o
(n—l){ Klen =kt (3-85)

e - ckg=kt(n-1) (3-86)
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or

1 -n -n
“nT) i -cig} (3-87)

The half-life is defined as the time required for the concentration
to drop to half of its initial value, that is, at t = t;,,, C, = 1/2C,,,.
From Equation 3-86,

1-n
(27'Cr0)  —ChE =ktyp(n-1) (3-88)
(272" - 1)CLS = ktyp(n—1) (3-89)

(2" -1)cka

ty)n =W (3-90)

Similarly, the time required for the concentration to fall to 1/p of
its initial value gives

(P -1)CkS

tl/p:m (3-91)

Taking the natural logarithm of both sides of Equation 3-90 gives

Int,, :111(2“‘1 —1) +(1=n)InC,o—Ink—In(n-1) (3-92)
2" -1
Int,, =1 { e _1)}+(1—n)1nCAO (3.93)

Plots of In t;,, versus In C, from a series of half-life experiments
are shown in Figure 3-9. Table 3-3 gives some expressions for reaction
half-lives.

The reaction rate constant k is

(2n1-1) Clg
k=2 3-94
(n=1)t;, ( )
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Slope = 1-n
Order <1

Int

>
12 <« Order >1

Order=1

In C,q

Figure 3-9. Overall order of reaction from a series of half-life experiments
each at different initial concentration of reactant.

Table 3-3
Expressions for Reaction Half-Lives
Order Half-life t,,, Order Half-life t,,,
Single reaction substance A Reactants in their stoichiometric ratios;
A+...>7Z
%o 3o
0 2k, 0 2k,
In2 In2
1 K, 1(v, = k,[A]) K,
1 11
2 ka2 2004 = KA[AIIBD kaag  kybg
_3 _3
3 2k za2 3(v, = kA[A][BI[C]) 2k yboco
2nl g
n k(n—Daj™!

Source: Laidler, K. J., Chemical Kinetics, 3rd ed., Harper Collins Publishers, 1987.
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The half-life method requires data from several experiments, each
at different initial concentration. The method shows that the fractional
conversion in a given time rises with increased concentration for orders
greater than one, drops with increased concentration for orders less
than one, and is independent of the initial concentration for reactions
of first order. This also applies to the reaction A + B — products when

Cao = Cgo-

PARALLEL REACTIONS

Consider elementary reactions A—5 5B and A—*2 5 C. The
rate equations for these reactions for a constant volume batch system
(i.e., constant density) are

—-dC
(_rA) ZTA =k,Cp +k,Cyp Z(k1 +k2)CA (3-95)
dC
(+1s) = 2 =kiCa (3-96)
dC
(t1c) ==~ =koCa (3-97)

Rearranging and integrating Equation 3-95 between the limits with the
boundary conditions at time t = 0, C, = C,, Cg = Cgq, C = C, gives:

Ca C t
J = [ (kg ko e (3-98)
Cao Ca 0
~In—A-=(k; +k, )t (3-99)
AO

In terms of the fractional conversion
—In(1-X,)=(k, +k; )t (3-100)
If —In C,/Cyq or —In (1 — X,) is plotted against time t, the slope

of the line is (k; + k,). Also, dividing Equation 3-96 by Equation
3-97 gives
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Iy _ dCy _ﬁ

. dC. k, (3-101)

Integrating Equation 3-101 between the limits yields

So-Cro X 3-102

Cc-Ceo Kk (3-102)
k k

or Cs—=Cgo :k_lcc - k_lcco (3-103)

2 2

Therefore, the slope of the linear plot Cy versus C. gives the ratio
k,/k,. Knowing k; + k, and k,/k,, the values of k; and k, can be
determined as shown in Figure 3-10. Concentration profiles of com-
ponents A, B, and C in a batch system using the differential Equations
3-95, 3-96, 3-97 and the Runge-Kutta fourth order numerical method
for the case when Cgy =Cg = 0 and k; >k, are reviewed in Chapter 5.

An example of parallel reactions involves the two modes of decom-
position of an alcohol:

C,H;OH = C,H, + H,0 (3-104)

C,H;OH = CH;CHO + H, (3-105)

—In
AO

Clope = k; +k, Cyg

Time, t

Figure 3-10. Rate constants for two competing elementary first order reactions.
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Generally, these occur simultaneously. The relative amount of
ethylene and acetaldehyde obtained therefore depends on the relative
speed of the two reactions competing with each other for the available
alcohol. These speeds, in turn, are determined by the choice of catalyst
and temperature.

Parallel reactions often have mechanisms of different reaction
order. An example is the solvolysis reactions in the presence of
added nucleophiles:

C4H,80,Cl + H,0 — C,H,SO,0H + H* + CI~
CeHsSO,Cl + F~ 20— CeHSSO,F + CI- (3-106)

In the solvolysis reaction, H,O is the solvent as well as a reactant,
and it is present in large excess. It does not appear in the rate equation,
which is expressed by

A—KL (3-107)
A+B—X2 5D (3-108)

The rate equation is:
dC
(_I’A)net = d_tA =k;C +k,CoCy (3-109)

An excess of component B is used, and its concentration remains
constant, so that the rate equation reduces to a first order. That is,

dC,
- =K _C -
dt e“A (3-110)
where
K. = k; + k,Cy (3-111)

Measurements of K, at different concentrations of B will enable the
rate constants for each of the reactions to be determined. Parallel
reactions give a reduction in the yield of the product. This can be



Reaction Rate Expression 137

improved by incorporating a method that favors the required reaction
over the unwanted reaction.

HOMOGENEOUS CATALYZED REACTIONS

A catalyzed reaction can be expressed as

A—X 5P (uncatalyzed) (3-112)
A+C—52 5 P1C  (catalyzed) (3-113)

where C and P represent the catalyst and product respectively. The
reaction rates for a constant volume batch system (i.e., constant
density) are:

dc

(—rA)=—(d—tAl =k,Cy (3-114)
dc

(_rA):_( d_tA Jz =k,C,Cc (3-115)

The overall rate of disappearance of reactant A is:

dC
_d_tA=k1CA+k2CACC (3-116)

The catalyst concentration remains unchanged and integrating
Equation 3-116 with the boundary conditions: t = 0, C, = C, and

CA t
dC, (
_ = | (k; +k,Cc)dt 3-117
C{O c { (3-117)
C
_lnCA =(k; +k,C¢ )t =Kt (3-118)
AO
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In this case, a series of experiments are performed with varying
catalyst concentrations. A plot is made of K = (k; + k,C) versus C.
The slope of the straight line is k, and the intercept is k;, as shown
in Figure 3-11.

AUTOCATALYTIC REACTIONS

This type of reaction occurs when one of the products of the
reactions acts as a catalyst, and is expressed by

A+B—X 5 B+B (3-119)

The rate equation for a constant volume batch system is:

dC
(-ra) === =KkC,Cy (3-120)
dt
When A is consumed, then the total moles of A and B remain
unchanged at any time t and can be expressed as Cy = C, + Cy =
Cao + Cpp = constant. Then the rate equation becomes

d
(=1a)=~ dCtA =kC,(Co—C,) (3-121)
K =(k; +k,Cc) < Slope= k,
k,
Cc

Figure 3-11. Rate constants for a homogeneous catalyzed reaction from a
series of experiments with different catalyst concentrations.
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Rearranging Equation 3-121 and integrating between the limits gives

Ca
dC,
————"——=|kdt
3-122
C:!:o C (Co J ( )

Converting the left side of Equation 3-122 into partial fractions gives

S S U B (3-123)

1 =p(Cy—-Cy +qC,
Equating the coefficients
Constant 1 = pC,

“CA” O - _p + q

Integrating Equation 3-122 between the limits gives

CA CA t
1 dc, 1 dC,
e ddatad o
Cao O TA  Cpo OVTO A 0
| nC_A_Lln(M]}:kt
Co Cao Co (Co—Cho
. CAO(CO—CAJ _in$8/CBo _ (3-125)
C, \Co-Cuo Ca/Cao

The fractional conversion, X,, and the initial reaction ratio, 65 =
Cpo/Cpro, yields



140 Modeling of Chemical Kinetics and Reactor Design

O +X,

In —B A
05(1-X,)

=C0(05 +1)kt=(Cr0 +Cpo ) kt (3-126)

For an autocatalytic reaction some product B must be present if the
reaction is to proceed. Starting with a small concentration of B, the
rate rises as B is formed, and when A is used up, the rate must drop
to zero. A plot of concentration versus time gives a straight line
through the origin as shown in Figure 3-12.

IRREVERSIBLE REACTIONS IN SERIES

Consider a first order reaction in series as A—1—>B—*25C. The
rate equations for a constant volume batch system (i.e., constant
density) are:

dc

(-ra)=-=3=kiCa (3-127)
dc

(~18) e == 5 =kaCa —kiCa (3-128)

dc

(+1c) == =k:Ce (3-129)
In Cao , Cs
CA CBO

Slope = Cok
Time, t

Figure 3-12. Autocatalytic reaction.
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The initial conditions are at time t = 0, C, = C,, and Cz = 0, C
= 0. From stoichiometry:

A B C
Amount at time t = 0 Cro 0 0
Amount at time t =t Cy Cp Cc
Amounts that have reacted Cro — Ca Cp Cc

and from stoichiometry C,5 — C, = Cy = C¢..
From Equation 3-127, the concentration of A is obtained by integration

—==-KCy (3-130)

Ca t

J dgtA :‘klgdt (3-131)

Therefore,
C,=Cpoe (3-132)

The variation in concentration of B is obtained by substituting the
concentration of A from Equation 3-132 into Equation 3-128:

S8 +k,Cp =k Cage™" (3-133)

Equation 3-133 is a first order linear differential equation of
the form dy/dx + Py = Q. The integrating factor is IF = eJPd", and
the solution is yeJP dx = erJPd"dx + Constant. Applying this general
procedure to Equation 3-133, the integrating factor is IF = elkodt
Multiplying Equation 3-133 by the integrating factor gives

dc
e/kadt d—tB 1k, Cpel 2 = k,C el (3-134)
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%(cBekzt) — |, C el (3-135)
CBek2‘=jk1CAejk2dtdt + Const. (3-136)

where Const. = constant.

=k,Cyo [eMiteek2tdt + Const. (3-137)
= k,C je(kz‘kl)t dt + Const (3-138)
— B1~AO . -

k,C pelk2 7k
Cpef2'=—1-20" 4 (Const. 3-139
(k2 _kl) ( )

At time t = 0, the concentration of component B is Cy = 0. Therefore,
the constant Const. becomes

_ k,Cao

Const. = (k2 _ kl ) (3_ 140)

Therefore, Equation 3-139 becomes

kchoe(kz_kl)t _ k;Curo

Cpeket = i}

B K, —k, K~k (3-141)

and
k,C aoe ¥t k,C oo <2

C. = =ita0 _ KLao )

B K, -k, K, -k, (3-142)
The final concentration of B is:

k

CB: ICAO (e—klt _e—kzt) (3-143)

k2_k1
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To obtain the maximum concentration of B, differentiate Equation
3-143 with respect to time t, which gives

dCg _ k,Cprp

—keMit 4 ke k2
dt  k, -k { ! 2 } (3-144)

The values of k; and k, govern the location and maximum con-
centration of B, and this occurs at dCg/dt = 0, t = t,.. Equation
3-144 becomes:

k7 Cpe ™ L kik, Cpoe k2!

0=
k, -k k, =k
kiCaoe ™" _ kik,Cpoe ™ (3-145)
k, -k, k, -k
Kok )t K
e (3-146)
1
k
1
The maximum concentration of B occurs at
ln(ll?)
t = ———2 (3-147)
k, -k
At tnax
kze_tmaxk2 :kle_tmaxkl (3-148)
Substituting for e ¥t in Equation 3-147 gives
Bmax 1 —kot —kot -kt
— {kze 2tmax kle 2max } = e *2'max (3_149)

Cro  (ky—Ky)
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Substituting Equation 3-147 into Equation 3-149 gives

ln(kz/kl)
CB& =e_ 2[ ko —ky ]

CAO

(3-150)
Taking the natural logarithm gives

C
In—Dmax (— ks ) ln(k—zJ (3-151)
CAO k2 - kl kl

Treating k,/(k, — k;) as an exponent and removing the natural
logarithm gives

=
China Z(EJ Kok (3-152)
CAO k2

This shows that Cg_ /C,o depends only on k; and k,, and k, can
be evaluated from Cg  /Cpq at .
From stoichiometry:

A B C
Amount at time t = 0 Cro 0 0
Amount at time t =t Cy Cy Cc

and from stiochiometry, (C,g — C,) = (Cg + Cp). That is, C = (C,q
— C,) — Cg. The concentration of C in terms of C,q, k;, and k, are:

Cc _ {1 _e kit _ (L)(e—kﬂ _ e—kzt)}
CAO k2 _kl

S PR ST TS < B ' (3-153)
k2_k1 k2_k1
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The concentrations of components A, B, and C vary with time. The
concentration profiles of A, B, and C in a batch system using the
differential Equations 3-127, 3-128, and 3-129 and velocity constants
k, and k,, and employing the Runge-Kutta fourth order numerical
method are reviewed in Chapter 5. Important features of consecutive
reactions occur in substitution processes. For example CH, + Cl, =
CH;Cl1 + HCI and CH;Cl + Cl, = CH,Cl, + HCI, and so forth. They
also occur frequently in oxidation processes, where the desired product
may further oxidize to give an undesired product. An example is the
oxidation of methanol, where the desired formaldehyde is readily
degraded to carbon dioxide: CH;OH — HCHO — CO,.

The formation of resins, tarry matter by consecutive reaction, is
prevalent in organic reactions. Figure 3-13a shows the time variations
in the concentrations of A, B, and C as given by these equations. The
concentration of A falls exponentially, while B goes through a maxi-
mum. Since the formation rate of C is proportional to the concentration
of B, this rate is initially zero and is a maximum when B reaches its
maximum value.

Kinetic Equations 3-143 and 3-153 are obeyed by nucleides under-
going radioactive decay, where the rate constant k, is large and k, is
small. The reactant A is converted rapidly into the intermediate B,
which slowly forms C. Figure 3-13b shows plots of the exponentials
e~kit and e-kat and of their difference. Since k, is small, the exponential
e~k2t shows a slow decay while e X' shows a rapid decline. The
difference of e *2'—e71' js shown by the dashed line in Figure 3-
13b. The concentration of B is (Equation 3-143) equal to this dif-
ference multiplied by C,q (since k; > k,). Therefore, the concen-
tration of B rapidly rises to the value of C, and then slowly declines.
The rise in concentration C then approximately follows the simple
first-order law. Conversely, when k; is small and k, is large (k, >
k,), the concentration of B is given by Equation 3-143:

k
Cp =%(e-klt —e7hat) (3-154)
2

At t =0, Cy = 0, but after a short time, relative to the duration of
the reaction, the difference e *1'—e*2! reaches the value of unity. The
concentration of B is then C,pk,/k,, which is much less than C,.
After this short induction period, the concentration of B remains almost
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C
A
Concentration
B
Time t
(@)
1.0 e
kot _ e—klt
Exponential k, >> Kk,

Time t Time t
(b) (©)

Figure 3-13. (a) Variations in the concentrations of A, B, and C for a reaction
occurring by the mechanism A Bk ,C. (b) Variations with time of
the exponentials when k; > k,. (c) Variations of the exponentials when
ko > Kj.

constant, so that generally dCgz/dt = 0, the basis of the steady-
state treatment.

FIRST ORDER REVERSIBLE REACTIONS

ki
Consider the reaction A = B. The rate equation for a constant
volume batch system is: k2



Reaction Rate Expression 147

dC
(_YA)= - th =k,C) —k,Cy (3-155)

From stoichiometry:

A B
Amount at time t = 0 Cro Cgo
Amount at time t =t (O Cy
Amounts that have reacted Cpro — Cy Cy - Cyo
and the concentration of B is

Substituting Equation 3-156 into Equation 3-155, rearranging and
integrating between the limits gives:

p dC ‘
- A = [t (3-157)
Cho k,Cy _k2{<CAO _CA) + CBO} 0
- Ca = tdt 3-158
Cro (k; +k;)Co =k3(Cao—Cgo) 0 (3-158)
CA t
o1 dCa = [t (3-159)
(kl +k2)CAO C. — & (C _C )
A K +K, AO BO
where
k
o= (kl sz )(CAO —Cgo) (3-160)

Substituting Equation 3-160 into Equation 3-159 becomes

Ca t

1 dC,
k, +k, Co Ch,—

= [at (3-161)
0
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Integrating Equation 3-161 between the boundary conditions t = 0,

CA = CAO and t= t, CA = CA glVCS

That is:

1
k, +k,

[In(C, —at) = In (Cp—a)] =t

Substituting Equation 3-160 into Equation 3-163 gives

k,(Cro—C
1 2

B ln[(kl +k;)Ca —k3Cao +k2Co ]
(k, +k,)

_1n| X1€a0 +K5Ch0 ~KyCao +K5Cho =(k; +k, )t
(ki +k;,)

— In[k,C 0 +kyCpo [} =(k; +k, )t

or

k
(kl‘HJCA _(CAO _CBO)

2
k
(kl Cao +CBOJ
2

—In

=(k; +k,)t

(3-162)

(3-163)

(3-164)

(3-165)

(3-166)

(3-167)
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At equilibrium with concentrations of A and B as C,, Cg,, respectively,
then k,C,. = k,Cg.. Since dC,/dt = 0 at equilibrium

K=o (3-168)

Substituting Equation 3-168 into Equation 3-167 gives

(CBe +1J.CA - (CAO_CBO)

Ae

“In = (k; + k)t (3-169)

CBe
*Cyro + CBOJ
(CAe

A plot of

“1n (Cpe/Cac +1)*Cy = (Ca0~Cho)
((CBe/CAe)’CAo + CBO)

versus time t gives a straight line with the slope (k; + k,). From the
slope and the equilibrium constant K, k; and k, can be determined.
Figure 3-14 shows a plot of the reversible first order reaction.

Cin [(Cm/cAe +1)Cy ~(Cao~ cno)}

(Cue/ Cae)Cao +Cyo

Slope = (kl +k2)

Time t

Figure 3-14. First order reversible reaction.
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Examples of first-order reversible reactions are gas phase cis-trans
isomerization, isomerizations in various types of hydrocarbon systems,
and the racemization of o and B glucoses. An example of a catalytic
reaction is the ortho-para hydrogen conversion on a nickel catalyst.

SECOND ORDER REVERSIBLE REACTIONS

Bimolecular-type second order reactions are:

k

1
A+B=C+D (3-170)
kp
ky
2Ak—x—‘C+D (3-171)
2
ky
2A k—x—‘ 2C (3-172)
2
k
A+B k# 2C (3-173)
2

With the restrictions that C, = Cz and Cq = Cp = 0 in Equation
3-170, the rate equation for a constant volume batch system becomes

dCA 2 2
—I,)=-— =C,o—2=k,C5; —k,C -
( A) dt A0 4 1“a — Kol (3-174)
2k
=k Cho(l-X,) = X} (3-175)
1

where the fractional conversion X, = 0 at t = 0. At equilibrium,
dX,/dt = 0 and the final solution is:

X ac —(2 Xpe— 1)XA 1
In =2k,C ——1t -
{ X pe — X4 1“0 X (3-176)
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All other reversible second-order rate equations have the same
solution with the boundary conditions assumed in Equation 3-176.
Table 3-4 gives solutions for some reversible reactions.

GENERAL REVERSIBLE REACTIONS

Integrating the rate equation is often difficult for orders greater than
1 or 2. Therefore, the differential method of analysis is used to search
the form of the rate equation. If a complex equation of the type below
fits the data, the rate equation is:

Table 3-4
Rate equations for opposing reactions
Stoichio-
H a

metric Rate equation
equation Differential form Integrated form

dx
A=Z —=k,(a, —x)—k_x

dt 1(ag ) -1

dx
A=Z d—:kl(ao—x)—kfl(x+x0)

' X_eln[ Xe ]:klt

dx X a9 Xe =X
2A=Z —=k,(@a,-x)-k_| =

L
A=2Z & _ k](ao —5)—k_1x

dt 2

+ -
=Y+7Z X ok -%)—k_x2 Xe 1ol 20%e x(ag — X, ) —kt
dt 2a5 — X, a,(X, —X)
2 _

A+B=Z d_x:kl(ao—x)z—k_lx 2X° > In xegao XXe) =kt

dt ap —Xe ao(xe_x)

A+B=Y+Z ok (a,-x)?—k_x2
dt
X, x(ay —2Xx.)+apX,
d 2 : - In — =kt
2A=Y+Z d—’t‘ =k;(ag—%)* —kl(%) Bolao =xe) 2ol =)

“In all cases x is the amount of A consumed per unit volume. The concentration of B is
taken to be the same as that of A.
(Source: Laidler, K. J., 1987. Chemical Kinetics, 3rd ed., Harper Collins Publishers.)
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dc, C,
— = — :k
(=ra) dt ' (1+k,Cp) (3-177)

Taking the reciprocals of Equation 3-177 gives

1 1+k,C, 1 +k_2
(_rA) ki Cp kiCh Ky (3-178)

Plotting 1/(-r,) versus 1/C, would give a straight line with the slope
equal to 1/k; and an intercept of k,/k;. Another analysis method
involves multiplying each side of Equation 3-178 by k,/k, and solving
for (-r,) to give

3 _ﬁ_(_rA)
(fA)—k2 .C, (3-179)

Plotting (-r,) versus (-r,)/C, gives a straight line with the slope
equal to —1/k, and the intercept equal to k,/k,.

SIMULTANEOUS IRREVERSIBLE SIDE REACTION

Consider the chemical reactions

A M5B
C

in which the reactions are first order, the initial concentration of A is
Cao, and both the concentrations of B and C are zero. The rate
equations representing the reactions for a constant volume batch
system are:

For component A (—rA)=—— k1+k2)CA (3-180)

dC
For component B (+rB):d_tB:k1CA (3-181)
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dC
For component C (+rC) = d_tC =k,C, (3-182)

Rearranging and integrating Equation 3-180 between the limits gives

dC, |
- J = (ki + ko)t (3-183)
Cao Ca 0
C
—In—A- = (k; +ky )t (3-184)
AO

The solution for the concentration of A is
C,=Chpe kitkalt (3-185)

Substituting Equation 3-185 into Equation 3-181, rearranging and
integrating gives

P dc,

J oy =k Jdt (3-186)

Further rearrangement of Equation 3-186 gives

t

C JdC I (ki +ka )t + Constant (3-187)
AO o 0

Co . Ki (ko)

Cao (kl +kz)

'+ Constant (3-188)

Att=0,Cqy=0

k,

Constant = ————
(k; +k,)

The solution for concentration of B is



154 Modeling of Chemical Kinetics and Reactor Design

Caok ~(kp+ko )t
=_—A0 2 J1_ o kitksy -
Cg (k1 kz){ e } (3-189)

Correspondingly, the solution for the concentration of C is

:M{l_e_(kl +k2)t}

€Tk, +ky) (3-190)

Concentration profiles can be developed with time using the differential
Equations 3-180, 3-181, and 3-182, respectively, with the Runge-Kutta
fourth order method at known values of k; and k, for a batch system.

PSEUDO-ORDER REACTION

The results of the types of reaction being considered show that the
treatment of kinetic data becomes rapidly more complex as the reaction
order increases. In cases where the reaction conditions are such that
the concentrations of one or more of the species occurring in the rate
equation remain constant, these terms may be included in the rate
constant k. The reactions can be attributed to lower order reactions.
These types of reactions can be defined as pseudo-nth order, where n
is the sum of the exponents of those concentrations that change during
the reaction. An example of this type of reaction is in catalytic
reaction, where the catalyst concentration remains constant during
the reactions.

A kinetic study of a reaction can be simplified by running the
reaction with one or more of the components in large excess, so that
the concentration remains effectively constant. Mc Tigue and Sime [2]
consider the oxidation of aliphatic aldehydes such that ethanal with
bromine in aqueous solution follows second-order kinetics:

Br, + CH;CHO + H,0 — CH;COOH + 2H" + 2Br~ (3-191)

The rate equation of the reaction for a constant volume batch system is

dCy,,
dt

= kZCCH3CHOCBr2 (3-192)
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If there is excessively large aldehyde, its concentration remains
constant and the reaction can be referred to as pseudo-first order
kinetics. Equation 3-192 can be rewritten as

Cer, k,C 3-193

dt — ™ “Bn (' )
where

Ky =k,Cen,cno (3-194)

The second order rate constant k; is k, =k; /Cey,cpo - and can be
determined by measuring k; at known aldehyde concentrations. The
use of excess reagent concentrations has important practical conse-
quences where physical methods, such as light absorption or con-
ductance, are used to monitor reactions.

PRACTICAL MEASUREMENTS OF REACTION RATES

Many techniques have been employed in kinetic studies to deter-
mine reaction rate constants and reaction orders from either reactant
or product concentrations at known times. The most desirable analytical
methods allow continuous and rapid measurement of the concentra-
tion of a particular component. Any of the methods used to monitor
the course of reaction must satisfy the following criteria:

* The method should not interfere with the system by affecting the
kinetic processes occurring during the investigation.

* It must give an exact measure of the extent of the reaction.

* The measurement should be representative of the system at the
time it is made or at the time the sample analyzed was taken.

Analyses of kinetic data are based on identifying the constants of
a rate equation involving the law of mass action and some transfer
phenomena. The law of mass action is expressed in terms of con-
centrations of the species. Therefore, the chemical composition is
required as a function of time. Laboratory techniques are used to
determine the chemical composition using an instrument that is suitably
calibrated to give the required data. The techniques used are classified
into two categories, namely chemical and physical methods.
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Chemical methods involve removing a portion of the reacting
system, quenching of the reaction, inhibition of the reaction that occurs
within the sample, and direct determination of concentration using
standard analytical techniques—a spectroscopic method. These methods
provide absolute values of the concentration of the various species that
are present in the reaction mixture. However, it is difficult to automate
chemical methods, as the sampling procedure does not provide a
continuous record of the reaction progress. They are also not applicable
to very fast reaction techniques.

Physical methods involve measuring a physical property of the
system as the reaction progresses. It is often possible to obtain a
continuous record of the values of the property being measured, which
can be transformed into a continuous record of reactant and product
concentrations. Examples of physical methods that vary linearly with
concentrations include conductance (ionic reagents), absorption of
visible or ultraviolet light, optical density, the total pressure of gaseous
systems under nearly ideal conditions, and the rotations of polarized
light. An essential feature of physical methods involves continuous,
rapid response measurement without the need for sampling.

Physical techniques can be used to investigate first order reactions
because the absolute concentrations of the reactants or products are
not required. Dixon et. al [3] studied the base hydrolysis of cobalt
complex, [Co(NH;)sL]**, where L = (CH;),SO, (NH,),C = O, (CH;)O;P
= O in glycine buffers.

[Co(NH,), L] —21 [co(NH,), 0H] " +L (3-195)
The rate equation is:

d[co(NH),L]”
- dt

= K Co(NH,),L]" (3-196)

The release of dimethyl sulfoxide is accompanied by an increase
in absorbance (D) at 325 nm. The absorbance D is defined as log(I /),
where I and I are the intensities of the incident and transmitted light,
respectively. Figure 3-15 illustrates the relationship between con-
centration and absorbance changes for the hydrolysis of the cobalt
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Co

Concentration

Absorbance

0 Time, t

Figure 3-15. Relationship between concentration and absorbance changes
for the hydrolysis of [Co(NH,)sL]3*

complex. The values of the absorbance during the reaction are related
to the concentration of the cobalt complex and is represented by C
as follows:

Co o (D.-Dg):  Cy=Const. (D..—Dy)
C a (D.-D); C = Const. (D, -D) (3-197)
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where Const. is a proportionality constant related to the absorption
coefficients of the reactants and products at 325 nm.

Substituting Equation 3-197 into the integrated first order reaction
Equation 3-33 gives the corresponding equations expressed in terms
of the solution absorbance:

In (D, - D) = -kt + In (D, -Dg) (3-198)
or
D. - D = (D, - Dyl ™ (3-199)

Equation 3-199 infers that the absorbance approaches the value at
the end of the reaction (infinity value) with the same rate constant k
as that for the reaction expressed in terms of the reactant concentration.
The required rate constant can be determined from the slope of a plot
of In (D, — Dg) versus time. The same equations can be written for
reactions monitored in terms of optical rotation or conductance.

In the case of a second order reaction, an example is the alkaline
hydrolysis of an ester as represented by the following equation:

CH,COOC,H, + OH™ —2 CH,COOH + C,H,OH  (3-200)

The rate equation for a constant volume batch system is

dCep,cooc,u
—% = KyCenyco0c,H5C oy (3-201)

Substituting Equation 3-197 into Equation 3-53 gives the following
equation for the change in absorbance at the selected wavelength.

1 1
(Dm —D) - (Dm —DO) = COHSt.kzt (3_202)

A plot of 1/(D_, — D) versus time t is linear with the slope =
Const.k,. The rate constant k, is determined if the proportionality
constant Const. is known, between the absorbance change and the
extent of the reaction. The proportionality constant can either be
determined by calibrating the system or, more accurately, by studying
the reaction under pseudo-first order conditions.
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Another useful technique in kinetic studies is the measurement of
the total pressure in an isothermal constant volume system. This
method is employed to follow the course of homogeneous gas phase
reactions that involve a change in the total number of gaseous molecules
present in the reaction system. An example is the hydrogenation of
an alkene over a catalyst (e.g., platinum, palladium, or nickel catalyst)
to yield an alkane:

CnHzn + H2 Pt, Pd, or Ni catalyst CnH2n+2 (3_203)

Nickel is the least active of these catalysts and requires an elevated
temperature and pressure, whereas platinum and palladium function
adequately at ordinary temperatures and pressures. An example is
butylene to butane:

C,Hg + H, > C,H,, (3-204)

In gaseous reactions, the composition term in the rate equation is
often expressed as the partial pressure of the reacting species. These
pressures are then transformed to concentration.

Consider the reaction A — products. The rate equation is:

(-ra) = k,pa = kCh (3-205)
where
_ mol mol
(_rA)_m3°s les
K = mol ( mol )
P m3ePanes leatm® es
p& = Pa" (atm“)

(mol)l_n -1 (mol)]_n ]
k=|— S S
m3 les

For ideal gases, the partial pressure is expressed as:
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pa = CART (3-206)
where

pa =Pascal, Pa (atm)

mol mol
R (T)

3 [ ]
R=8314-2P2 . (0g2. 7AW
mol ¢ K mol e K

Caution must be exercised when the rate equations with gas phase
reactions are expressed in terms of the partial pressure as compared
to concentration. This is because each rate gives different activation
energy for the same data and for the same reaction. Levenspiel [4]
suggests that the difference can be ignored for reactions with reasonably
high activation energies as the amount is only a few kJ.

Pressure measurement devices such as a manometer are used with-
out disturbing the system being monitored. Another type of reacting
system that can be monitored involves one of the products being
quantitatively removed by a solid or liquid reagent that does not affect
the reaction. An example is the removal of an acid formed by reac-
tions in the gas phase using hydroxide solutions. From the reaction
stoichiometry and measurements of the total pressure as a function of
time, it is possible to determine the extent of the reaction and the
partial pressure or concentrations of the reactant and product species
at the time of measurement.

Consider the following gaseous reaction aA + bB — cC + dD.
Pressure and concentration are related, and for a constant volume
reactor with changing number of moles during reaction, the total
pressure (1) changes with time, t. For an ideal gas, with any reactant
A or B, the partial pressure is expressed as:

a
pr =CART =p,o + E(no - ) (3-207)
where

An = (c + d) — (a + b) (3-208)
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For any product C or D, the partial pressure is expressed as:

C

For an ideal gas at both constant temperature and pressure, but with
changing number of moles during reaction, Levenspiel relates that

V=Vl + €,X,) (3-210)

where

e Vall A reacted Vno reaction VX A=l VX A=0
A= =

V,

no reaction VX A=0

(3-211)

Levenspiel considers the cases where the relationship between
concentration and conversion of reacting specie is not obvious, but
depends on a number of factors.

CASE 1: CONSTANT DENSITY SYSTEMS

This case includes most liquid reactions and also those gas reactions
that operate at both constant temperature and pressure with no change
in the number of moles during reaction. The relationship between
concentration C, and fractional conversion X, is as follows:

X,=1- €A and dXA=—dC—A
AO Cao
Ca
C—=1—XA and dC, =-C,pdX, (3-212)
AO

where €, = 0. The changes in B and C to A are

a b c

(3-213)

or
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Cao Xa _ CpoXp
= 3-214
. b ( )

CASE 2: CHANGING DENSITY GASES

This case involves constant temperature T and total pressure 7. In
this case, the density changes since the number of moles change during
the reaction, and the volume of a fluid element changes linearly with
conversion or V = V(1 + €,X,). The relationship between C, and
X, 1s as follows:

- —Cpoll+e,)dC
= Cao—Ca and dX, = AO( A)2 A
Caot €4Cx (1+€,Cy)
C 1-X dC -1+¢
YA A _ A d A _ A dX . (3-215)

= = an —
Yao Cao 1+ExX, Cro (1+i—:AXA)2

for €, # 0, where y, = mole fraction of component A. The changes
between the reactants are:

ac, _ beg
= 3-217
CAO CBO ( )

and for the products and inerts:

Ye _ Cc :(C/a)XA+CCO/CAO
Yao Cao I+e X

(3-218)

M G 1
Yio Cio 1+€,X,

(3-219)

CASE 3: GASES WITH VARYING DENSITY,
TEMPERATURE, AND TOTAL PRESSURE

Consider the following reaction: aA + bB — cC; a + b # c. For an
ideal gas behavior with reactant A as the key component, the relation-
ship between concentration C,, C,p, C¢, and X, are as follows:
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I_CA(T%)
C Tom 1-X T,
X,=— Aol om) o Ca_ 1-Xs [ Tom (3-220)
A Crol Tom
- ~ A
Cc (Tno)_ Cco Cco Cx
C ToT C
X, =—A01 0 20 o Lo Cao @ (Ton} (3-222)

where €, is evaluated from stoichiometry at constant temperature T
and total pressure T.

For a high-pressure non-ideal gas behavior, the term (Tyn/Tmg) is
replaced by (ZoTon/ZTn), where Z is the compressiblity factor. To
change to another key reactant B, then

aey _ beg and CaoXa _ CpoXp

Cao Cgo a b (229

For liquids or isothermal gases with no change in pressure and
density, €, — 0 and (Tyn/Try) — 1. Other forms of physical methods
include optical measurements that can be used to monitor the course
of various reactions such as colorimetry, fluorescence, optical rotation,
and refractive indices. Various spectroscopic techniques have been
employed in kinetic studies. The absorption of a reacting system of
electromagnetic radiation (light, microwaves) is a designated property
of the system composition and dimensions. Among the various forms
of spectroscopic methods that can be used in kinetic studies are nuclear
magnetic resonance, electron spin resonance spectroscopy, visible ultra-
violet, and infrared. Figure 3-16 shows a flowchart that will help to
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v

Is the rate law known except for the rate constant
No Yes

h 4

(ntegral method (one expt.) >
Rate constant

y

1t

Can the rate law (orders ) be guessed?
No Yes

A 4

F‘rial —and- error Integral method
I FAILS J | SUCCEEDES |
‘ ¢ ! Order and rate const. “

@ @on significantly reversible over some range of conversionsD
No Yes

Doges the forward rate depend on more than one Docs the rate in either direction depend on more
species? No Yes than one species No Yes

@ Choice Choice @
Method of excess (' Single variation of specics

Choice
5
) 4 A 4

Half-life method Differential method Initial rate plot
(many expts) (one expt.) (many expts.)
\ Rate constant and order(s) /

Figure 3-16. Interpretation of rate data. (Source: Curl, R. L., 1968. Unpublished
notes, University of Michigan.)

A 4

Initial rate least squares
(many expts.)

determine the rate equation for isothermal batch reaction systems in
which only one chemical reaction occurs.

Level 1 in the chart indicates that when the reaction rate law is
known, the integral method of analysis may be used after performing
an experiment to evaluate the specific reaction rate. This procedure
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is useful when the reaction order and specific rate at one temperature
are already known from previous experiments, and the specific reaction
rate at some other temperature is sought. If the reaction rate constant
k at two or more different temperatures is known, it is possible to
determine the activation energy and the frequency factor.

Level 2 involves the trial-and-error method. After trying zero, first,
second, and finally third order, if none of these orders fit the data,
another analysis method should be tried. When the reaction order is
unknown, cannot be guessed, and the reaction is irreversible, proceed
to level 4. If the reaction rate depends on only one species (e.g.,
isomerization or decomposition reactions), use the differential method
that requires only one experiment, or the method of half-lives that
requires many experiments, to determine the specific reaction rate and
order. However, where certain constraints imposed by a given reaction
prevent collating experimental data other than in the initial rate period,
neither the differential nor the half-life method may be suitable.
Examples include a solid-liquid reactions, where flaking or crumbling
of the solid occurs, and certain autocatalytic and simultaneous reac-
tions. In such instances, it is usually best to use the initial rate plot
method given in level 5. In this technique, the initial rate is measured
at various initial concentrations of the reacting species. The reaction
order can be determined from a plot of the logarithm of the initial
reaction rate, In (-r,g), against the logarithm of the initial con-
centration, In C,. The two methods of analysis that require only one
experiment to determine the reaction order and the specific rate
constant are the integral method (level 2) and the differential method.

If the reaction rate depends on more than one species, use the
method of excess coupled either with the half-life method or the
differential method. If the method of excess is not suitable, an initial
rate plot may be constructed by varying the concentration of one
reactant while the concentrations of the others are held constant. This
process is repeated until the orders of reaction of each species and
the specific reaction rate are evaluated. At level 5, the least-squares
analysis can be employed.

Figure 3-16 is helpful in the logical planning of a series of kinetic
experiments to determine reaction orders and specific rate constants.
However, it is important to remember the main goals and design of
the entire experimental analysis. Table 3-5 gives methods used to
determine direct or indirect measurements of a species concentration.

(text continued on page 168)
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Table 3-5
Methods of
analysis Applications References
1. Physical
methods
a. Total pressure ~ Gas phase reactions performed J. Chem. Ed., 46 (1969),
change under constant volume in which 684, A. P. Frost and R. G.
there is a change in the total Pearson, Kinetics and
number of moles in the gas phase. = Mechanism, 2nd ed. (New
York: John Wiley and
Sons, 1968), Chap. 3.
b. Temperature Endothermic or exothermic Chem. Engr. Sci., 21
change reactions that are performed (1966), 397.

. Volume change

adiabatically.

(1) Gas phase reactions per-
formed under constant pressure
and involving a change in the
total number of moles.

(2) Solid or liquid phase
reactions in which there is a
density change on reaction.

O. Levenspiel, Chemical
Reaction Engineering, 2nd
ed. p. 91, (New York: John
Wiley and Sons, 1972).

J. Am. Chem. Soc., 70
(1948), 639. L.LE.C. Process
Design & Development, 8,
No. 1, (1969), 120.

. Optical methods

. Absorption

spectrometry

(1) Visible

(2) Ultraviolet

Transitions within molecules,
which can be studies by the
selective absorption of electro-
magnetic radiation. Transitions
between electronic levels are
found in the UV and visible
regions; those between vibrational
levels, within the same electronic
level are in the IR region

Reactions involving one (or at
most two) colored compound(s).

The determination of organic
compounds, expecially aromatic
and heterocyclic substances or
compounds with conjugated
bonds.

J. Chem. Ed. 49, No. 8
(1972), 539. L.LE.C. Process
Design & Development, 8§,
No. 1, (1969), 120.



(3) Infrared
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Organic compounds only.
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LLE.C. Product Research
and Development, 7,
No. 1, (1968), 12.

present, thereby changing the
electrical conductivity. Suitable
for both organic and inorganic
reactions.

(4) Atomic Metallic ions. K. Lund, H. S. Fogler and
absorption C. C. McCune, Chem.
Engrs. Sci., 28, (1973), 691.
. Polarimetry Liquid phase reactions involv- Nature 175 (London:
ing optically active species. 1955), 593.
. Refractometry Reaction in which there is a
measurable difference between
the refractive index of the reac-
tants and that of the products.

. Electrochemical
methods

. Potentiometry Used in the measurement of the J. Am. Chem. Soc., 68

potentials of nonpolarized (1946), Ibid, 69, (1947),
electrodes under conditions of 1325.

zero current. Seldom used in

organic reactions.

. Voltammetry Used for dilute electrolytic J. Am. Chem. Soc., 71,
and solutions. Not applicable to (1949), 3731.
polarography reactions that are catalyzed

by mercury.
Reactions involving a change J. Chem. Soc., 97, (London:

. Conductimetry in the number of kind of ions 1910), 732 Frost &

Pearson, Kinetics and
Mechanism, Chap. 3.

. Nuclear methods

. Magnetic
resonance
spectrometry

(1) Nuclear
magnetic
resonance

Used primarily for compounds
containing hydrogen.

J. Chem. Ed., 49, No. 8,
(1972), 560. Pople,
Schneider & Bernstein,
High-Resolution Nuclear
Magnetic Resonance, (New
York: McGraw-Hill, 1959).
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Table 3-5
(continued)

Methods of

analysis Applications References
(2) Electron Used in free radical studies and J. Chem. Phy., 46, No. 2,
spin resonance for estimation of trace amounts (1967), 490. Ibid. 48, No.

of paramagnetic ions. 10, (1968), 4405.

b. Mass Pro. Royal Soc., A199,

spectrometry (London: 1949), 394.
LLE.C. Process Design &
Development, 8, No. 4,
(1969), 450, 456.

c. Nuclear Elucidation of reaction Trans. Faraday Soc., 30,
radiation mechanisms. (1934), 508.
(radioisotopes)

5. Methods of
interphase
separations

a. Gas-liquid Gas phase reactions; also liquid I.E.C. Product Research
chromatography phase reactions involving only  and Development, 8, No. 3,

volatile substances. (1969), 319. Ibid. 10, No. 2
(1971), 138.

Source: Fogler, H. S., 1974. The Elements of Chemical Kinetics and Reactor Calculations—
A Self-Paced Approach, Prentice-Hall, Inc., Englewood Cliffs, NJ

(text continued from page 165)

Most of the references listed refer to a specific chemical kinetics
experiment in which the corresponding method analysis was used to
obtain the rate data.

DETERMINING REACTION RATE DATA

The principal techniques used to determine reaction rate functions
from the experimental data are differential and integral methods.

Differential Method

This method is based on differentiating the concentration versus
time data in order to obtain the actual rate of reaction to be tested.
All the terms in the equation including the derivative (dC;/dt) are
determined, and the goodness of fit are tested with the experimental
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data. The following procedures are used to determine the rate constant
k and the concentration dependence of the rate equation f(C,).

1.

98]

91

Set a hypothesis as to the form of the concentration dependent
of the rate function f(C;). This can be of the form

(=ra) = - ddct’* = kf(C;) (3-224)

From the experimental data of concentration versus time, deter-
mine the reaction rate at various times.

Draw a smooth curve through these data.

Determine the slope of this curve at selected values of the
concentration. The slopes are the rates of reaction at these
compositions.

Calculate f(C;) for each composition.

Prepare a plot of reaction rate (—dC,/dt) versus f(C,). If the plot
is linear and passes through the origin, the rate equation is
consistent with the data, otherwise another equation should be
tested. Figure 3-17 shows a schematic of the differential method.

Integral Method

This method estimates the reaction order based on the reaction
stoichiometry and assumptions concerning its mechanism. The assumed
rate equation is then integrated to obtain a relation between the
composition and time. The following procedures are used for deter-
mining the rate equations:

1.

Set a hypothesis as to the mathematical form of the reaction rate
function. In a constant volume system, the rate equation for the
disappearance of reactant A is

dC
(_rA):_d_tA =kf(C,) (3-225)

. Separate the variables and integrate Equation 3-225 to give

CA t
- | —2-=k|dt

Cao
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c

Concentration

Time, t —

Rate
(—— l'A) E Slope = k
f(C;)
Log rate T
log(— LY )
Slope = m
—>

Log Concentration, C A

Figure 3-17. Schematics of the differential method for data analysis.



Reaction Rate Expression 171

3. Plot the calculated values as shown in Figure 3-18 to give a
straight line of slope k.

4. From experimentally determined values of the integral of Equa-
tion 3-226, plot these at corresponding times as shown in Fig-
ure 3-18.

5. If the data yield a satisfactory straight line passing through the
origin, then the reaction rate equation (assumed in step 1) is said
to be consistent with the experimental data. The slope of the line
is equal to the reaction rate constant k. However, if the data do
not fall on a satisfactory straight line, return to step 1 and try
another rate equation.

REGRESSION ANALYSES

LINEAR REGRESSION

If the rate law depends on the concentration of more than one
component, and it is not possible to use the method of one component
being in excess, a linearized least squares method can be used. The
purpose of regression analysis is to determine a functional relationship
between the dependent variable (e.g., the reaction rate) and the various
independent variables (e.g., the concentrations).

_“ac,
Cao f(CA)

Slope = k

Time, t ——»

Figure 3-18. Test of reaction rate data using the integral method.
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Consider a mole balance on a constant volume batch reactor repre-
sented by

dC
__th = kCiCh (3-227)

Using the method of initial rates gives

dc .
(—d—A) = (-1a), =kC40CRo (3-228)
t Jo

Taking the logarithms of both sides of Equation 3-228 gives

In (_ dC,
dt

) =Ink+aln C,5+bInCyg, (3-229)

This can be represented in the form

and C, = b. If N experimental runs are performed, then for the ith
run, Equation 3-230 becomes

where X,; = In C,;, with C,q; being the initial concentration of A
for the ith run. Solving for the unknowns C, C,, and C, for N experi-
mental runs, i = 1, 2, 3 .. . N, gives

N N N

ZYi =NCp + Cllei +C, ZXZi (3-232)

i=1 i=1 i=1

N N N N

ZXIiYi =Co ZXH +C ZX%I +C, lei Xoi (3-233)

i=1 i=1 i=1 i=1

N N N N
2X21Yi =Co ZXZi +C ZXIi X5 + G, zx%i (3-234)
i=1

i=1 i=1 i=1
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Equations 3-232, 3-233, and 3-234 can be solved simultaneously
to determine the unknowns Cg,, C,, and C,, which are the rate constant
k, and the orders (a and b) of the reaction respectively. This type of
problem is best expedited using a computer program. Appendix A
reviews the multiple regression that is being employed to determine
the rate constant k and the orders (a and b) of the reaction. The
computer program (PROG3) on the CD-ROM determines the rate
constant k and the orders (a and b) of the reaction. Other parameters
such as the reaction order, frequency factor ky and activation energy
E, can be determined using regression analysis.

NONLINEAR ANALYSIS

Another method for determining rate law parameters is to employ
a search for those parameter values that minimize the sum of the
squared difference of measured reaction rate and the calculated reac-
tion rate. In performing N experiments, the parameter values can be
determined (e.g., E,, Cy, C,, and C,) that minimize the quantity:

2

2 _ s2 _ o (rim — Iic
°TNK § N-K-1 (3-235)
where 62 = variance
=3 (rj, — ric)2
N = number of runs
K = number of parameters to be determined
I, = measured reaction rate for run i

calculated reaction rate for run i

o
Il

Nonlinear least squares curve fitting using the Microsoft Solver is
reviewed in Appendix B.

WEIGHTED LEAST SQUARES ANALYSIS

A weighted least-squares analysis is used for a better estimate of
rate law parameters where the variance is not constant throughout the
range of measured variables. If the error in measurement is corrected,
then the relative error in the dependent variable will increase as the
independent variable increases or decreases.

Consider a first order reaction with the final concentration expressed
by C, = Cpoe ™. If the error in concentration measurement is 0.01C(,
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the relative error in the concentration measurement [0.01C,o/C,(1)]
increases with time. It is possible to minimize the sum of N measure-
ments by:

N
02 =3 Wi[y;(exptl) - y;(calc)]’ (3-236)
i=1

where W, is the weighing factor.

The weighted least-squares analysis is important for estimating para-
meter involving exponents. Examples are the concentration time data
for an irreversible first order reaction expressed by C, = C,oe™, and
the reaction rate-temperature data expressed by (—rA) =koC Ae_Ea/ RT
These equations are of the form

Y = AeBX (3-237)

where Y = C, or (-r,) and X =t or 1/T, respectively.
Linearizing Equation 3-237 gives

InY =InA-BX (3-238)

It is also possible to determine A and B that minimize the weighted
sum of squares. The weighting function is the square of the inde-
pendent variable, and the function to be minimized is

N
2
6= y[Iny;(exptl)-Iny;(calc)] (3-239)
i=1

VALIDITY OF LEAST SQUARES FITTING

The validity of least squares model fitting is dependent on four
principal assumptions concerning the random error term €, which is
inherent in the use of least squares. The assumptions as illustrated by
Bacon and Downie [6] are as follows:

Assumption I: The values of the operating variables are known
exactly. In practice, this is interpreted to mean that any uncertainty
associated with a value of an operating variable has much less effect
on the response value than the uncertainty associated with a measured
value of the response itself.

Assumption 2: The form of the model is appropriate. Statistically, this
is expressed as E(¢) = 0 for all data, where € is the random error.
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Assumption 3: The variance of the random error term is constant
over the ranges of the operating variables used to collect the data.
When the variance of the random error term varies over the operat-
ing range, then either weighted least squares must be used or a
transformation of the data must be made. However, this may be
violated by certain transformations of the model.

Assumption 4: There is no systematic association of the random
error for any one data point with the random error for any other
data point. Statistically this is expressed as: Correlation (g, €,) =
0. Foru,v=1,2,...n,u#yv,

where €, = random error for experimental run number u
€, = random error for experimental run number v

PROBLEMS AND ERRORS
IN FITTING RATE MODELS

Several methods are used to fit rate models, the two most common
of which often give erroneous results. The first is the transformation
of a proposed rate model to achieve a model form that is linear in
the parameters. An example is the nonlinear model:

r= kC4C} (3-240)

which can be transformed into linear form by taking logarithm of
both sides

Inr=Ink+alnC, +blnCy (3-241)

Equation 3-241 is a linear model of the form

Y =Cy + C X, + CX, (3-242)
where X; = In C, and X, = In Cj.

Another example of model transformation to achieve linearity is the

change from the nonlinear rate equation

ko k,C
r= 5 (3-243)
1+ Kk,C,+Kk,Cy

to the equation



176 Modeling of Chemical Kinetics and Reactor Design

l — L 1 .L + —k2 .&
r ko  kok; Cx  kok; Cj (3-244)
which is of the linear form

where X, = 1/C, and X, = Cy/C,.

The practice of transforming a nonlinear model into linear form can
result in invalid estimates of the coefficients and consequent mis-
interpretation of the fitted model. The problem is associated with
the assumption of a constant error variance (Assumption 3). If the
measured rates r have a constant error variance, then the errors
associated with In r (Equation 3-241) or 1/r (Equation 3-244) will not
have a constant error variance. The degree of violation will depend
on the range of the measured reaction rate values. If the data contain
both very small rates and very large rates, then the error variance will
change appreciably over the data set and ordinary least squares esti-
mates of the coefficients will give poor estimates. However, if the rate
values are not spread over a large range, then model transformations
of Equations 3-241 and 3-244 will not significantly distort the esti-
mated coefficients. An illustration of the effects of linearizing model
transformation of Equation 3-240 is given in Example 3-1.

Generally, a model form is first proposed (i.e., a hypothesis that
must be tested) using plots of the data. A simple plot can show obvious
inadequacies in the model form and can suggest a better form. Alter-
natively, it can show excessive scatter in the data and warn against
overconfidence in an adequate fit. The least squares estimates of the
parameters are determined using a weighted or an optimization (i.e.,
trial-and-error) search procedure if required. This gives the best
estimates if the assumptions are valid. Further testing the adequacy
of the fitted model requires using both plots of the residuals and the
sum of squares of the residuals. Finally, an estimate should be made
of the precision of each parameter estimate by statistical analysis (e.g.,
95% confidence intervals for the parameters).

Often, one or more model forms in chemical reaction kinetics may
fit the data. Although it is tempting to want to justify a specific model
as the mechanism of the reaction, it is preferable to only infer that
the model could be the mechanism. It is also desirable that the reaction
mechanism taking place be understood in order to solve a problem in
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reactor design. This is because knowledge of the mechanism will make
if possible to fit the experimental data to a theoretical rate expression,
which will be more reliable than an empirical fit. Also, the mechanism
may require some modifications and optimization for the final design.

Example 3-1
The oxidation of Fe(CN)g_ to Fe(CN)Z_ by peroxidisulfate, S,03,
can be monitored spectrophotometrically by observing the increase in
absorbance at 420 nm, D,,, in a well-mixed batch system. Assume
that the kinetic scheme is:

Fe(CN);™ + %s2o§- —52 5 Fe(CN))™ + SO}~

- [Fe(CN)} ] = ko[ Fe(cN); (5,08 ]

Using pseudo-first order conditions with [S,037]=1.8x107>M and
[Fe(CN)g_] =6.5%10"M, the following absorbances were recorded
at 25°C:

t/s 0 900 1,800 2,700 3,600 4,500 oo
D420 0.120 0.290 0.420 0.510 0.581 0.632 0.781

Calculate the pseudo-first order rate constant k, =k,[S,03"] and,
hence, k,.

Solution

Table 3-6 gives D_ — D with time t. For a first order rate law, the
rate equation is expressed by

(D..— D)
lnm =—kit (3-246)

Equation 3-246 is further expressed by

In (D - D) = In (D, - D) - k;t (3-247)



178 Modeling of Chemical Kinetics and Reactor Design

Table 3-6

t(sec) D420 D.-D

0 0.120 0.661

900 0.290 0.491

1,800 0.420 0.361
2,700 0.510 0.271
3,600 0.581 0.200
4,500 0.632 0.149

oo 0.781 0.0
that is,

D.-D=(D_,-Dg)e ™" (3-248)

Equation 3-248 is of the form

Y = AeBX (3-249)
Linearizing Equation 3-249 gives

InY =In A+ BX (3-250)

The computer program PROGI1 determines the constants A and B
from the regression analysis. Table 3-7 gives the results of the program
with the slope —B equal to the reaction rate constant k,. Figure 3-19
shows a plot of In (D, — D) against time t.

Table 3-7

Actual Estimated

t(sec) In (D_ - D) In (D_, - D)
0 -0.414 -0.416
900 -1.711 -0.713
1,800 -1.019 -1.011
2,700 -1.306 -1.309
3,600 -1.609 -1.609

4,500 -1.904 -1.904
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Determination of the pseudo-first order rate constant.

—E—

0 T T T T T
900 1800 2700 3600 4500

a \\

e ! \

=

-8 \

Time (sec)

0
0.5 L

Figure 3-19. Rate constants for the oxidation of Fe(CN)i~ to Fe(CN)3-.

The constants for the equation Y = A"EXP(B"X) are:

« A =0.660
e B =-33112 x 107
¢ Correlation Coefficient = 0.99997

The results give the pseudo-first order rate constant, and k; = 3.312
x 10 sec™! and k, can be calculated as follows:

ok _3312x10™* (1 1
P[50 18x107 \see M
2 M8 .
k,=1.84 x 102 M esec™!
Example 3-2

First order rate constant k, for the rotation about the C-N bond in
N, N-dimethylnicotinamide (3) measured at different temperatures by
nuclear magnetic resonance (NMR) are:

T°C 10.0 15.7 21.5 27.5 33.2 38.5 45.7
k sec™ 2.08 4.57 8.24 15.8 28.4 46.1 93.5
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Determine the activation energy, E, and the pre-exponential factor,
kg, for the rotation.

Solution

The activation energy E is a measure of the temperature sensitivity
of the rate constant. A high E corresponds to a rate constant that
increases rapidly with temperature. From the Arrhenius equation

-E
kr=k — -
T =Ko CXP(RT) (3-251)

where k; = rate constant at known temperature
ko = pre-exponential factor
E = activation energy
R = gas constant (8.314 J/mol ¢ K)
T = absolute temperature (K = 273.15 + °C)

It is possible to determine the activation energy E and the pre-
exponential factor k.
Linearizing Equation 3-251 gives

E
Ink=Inky - RT (3-252)

By plotting In k; against 1/T, the slope equal to —E/R is obtained
and the intercept equal to In k,. From these known constants, activa-
tion energy E and the pre-exponential factor k, are determined.
Equation 3-251 is of the form

Table 3-8

T(°C) k(sec™) T(K) 1/T

10 2.08 283.15 0.00353
15.7 4.57 288.15 0.00346
215 8.24 294.65 0.00339
275 15.8 300.65 0.00333
33.2 28.4 306.35 0.00326
38.5 46.1 311.65 0.00321

45.7 93.5 318.85 0.00314
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Y = AeBX (3-253)

Linearizing Equation 3-253 gives

InY =InA + BX (3-254)
where In Y = In ky
In A =1nkg,
B =-E/R
X =1UT

The computer program PROG1 determines the values of constants
A and B. Table 3-9 gives the results of the program and the con-
stants A and B

The constants for the equation are:

o A =78728 x 10"
* B = -0.94869 x 10*
¢ Correlation Coefficient = 0.99966

The slope B = —-E/R = -0.9487 x 10* and A = ko = 7.873 x 10'“.
The activation energy E = R « B = 8.314 x 10* (J/mol) and E = 78.9
x 10% J/mol. The pre-exponential factor is ko = 7.87 x 10'* sec™..

Figure 3-20 gives a plot of In k; against 1/T.

Example 3-3

R. T. Dillon (1932) studied the reaction between ethylene bromide
and potassium iodide in 99% methanol with the following data:

Table 3-9

Actual Estimated

1/T In k(sec™) In k(sec™)
0.00353 0.732 0.795
0.00346 1.520 1.456
0.00339 2.109 2.103
0.00333 2.760 2.745
0.00326 3.346 3.332
0.00321 3.831 3.859

0.00314 4.538 4.546
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Figure 3-20. Rate constant k, for the rotation about the C-N bond in
N,N-dimethylnicotamide (3).

C,H, Br, + 3KI —— C,H, + 2KBr +KI,

Temperature: 59.72°C
Initial KI concentration: 0.1531 kmol/m?
Initial C,H,Br, concentration: 0.02864 kmol/m?

Fraction
Time, ksec dibromide reacted
29.7 0.2863
40.5 0.3630
47.7 0.4099
55.8 0.4572
62.1 0.4890
72.9 0.5396
83.7 0.5795

Determine the second order reaction rate constant.
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Solution

The reaction in stoichiometry can be represented as

A + 3B —X Products (3-255)

Assuming that the reaction is second order in a constant volume

batch system, the rate equation is

—dC
(—rA) = —A=kCACB (3-256)
dt
From stoichiometry:
A B
Amount at t = 0 Caro Cgo
Amount at t =t Cy Cp
Amounts that have reacted (Cao — Cp) (Cpo — Cp)

and (Cgg — Cg) = 3(C,o — C,). The fractional conversion X, is

defined as
C,o—-C
X, =% (3-257)
AO
Therefore,

Differentiating Equation 3-258 with respect to time t gives

dC, dX,
_ A—C -
dt A0 gt (3-259)
The concentration of B is

In terms of the fractional conversion, the concentration of B is
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Substituting Equations 3-258 and 3-261 into Equation 3-256 gives

_dCy =k CAO(I

dt - XA)(CBO -3Cxro XA) (3-262)

Substituting Equation 3-259 into Equation 3-262 and rearrang-
ing gives

Cao (1-X4)(Cpo—3Ca0 X

) =kdt (3-263)

Integrating Equation 3-263 between limits t =0, X, =0 and t = t,
X = X, gives

XA t

dX,
=k |dt 3-264
0 (I_XA)(CBO_3CAOXA) '('). ( )

Equation 3-264 can be further expressed by

X
IA dXs = kJ.dt (3-265)

0 CAO(I_XA)((C:BO _3XAJ 0
AO

where 0 = Cyo/C,o. Equation 3-265 becomes

X

A

=k |dt (3-266)
{ Cpoll- XA (GB—3XA) !
Converting Equation 3-266 into partial fraction gives

1 __A , B
(1-X,)(05 -3X,) 1-X, 05-3X,

(3-267)

= A(85—3X, )+B(1-X,)
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Equating the coefficients of the constant and X, gives
“Const” 1 =A0; +B (3-268)
“X,7 0=-3A-B (3-269)
Adding simultaneous Equations 3-268 and 3-269 gives 1 = A(8; — 3).

Therefore, A = 1/(6g — 3) and B = -3A = -3/(0; — 3). Equation 3-
267 is now expressed as

t

1 Xf X, XJA 3dX, i
Cao | 2 (05=3)(1-X,) o (85 -3)(85-3X,)

0

! ){—ln(l—XA) - 3(%1) In (0 _3XA)} =kt

B CAO (GB - 3
1 (65 _3XA)}
= 11’1 = kt -
Co(05 —3){ (1-X,) (3-270)

Introducing the initial concentrations of A and B, that is, C,, and
Cgo into Equation 3-270 gives

1 {ln (CBO/CAO_3XA )} = kt (3_271)
c (CBO ~ 3) 1-X,
AO C
AO
! ln{CBO/ Cao=3Xy } =kt (3-272)
(CBO _3CAO) (I_XA)

Rearranging Equation 3-272 gives

N {CBO /1Cf(;< - 3X, } — kt(Cpo~3C0) (3-273)
A
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Equation 3-273 is of the form Y = AeBX and plotting In{[Cgo/(Co
- 3X )11 — X} against t gives the slope B = k(Cgp — 3C,0)-

Table 3-10 gives the values of In{[Cyo/(Cpo — 3X,)]/1 — X} and
t. The computer program PROGI1 calculates the slope B from the
equation Y = AeBX. From the slope, it is possible to determine the

rate constant k.
The constants for the equation are:
e A =5325
* B = 0.0056969
¢ Correlation Coefficient = 0.99984

Cao = 0.02864, Cpo=0.1531
k(0.1531—3'0.02864) = 0.0057

0.06718k =0.0057

3

k=0.0848 — 2
kmol ksec
3
=0.0848— 0 107 x LKmol
kmol — k sec m 10° mol
_ 0.0848 1 % 3,600 sec
10> secemol hr
=0.305 I
mol — hr

Dillon obtained a value for the rate constant k = 0.300 1/(mol —
hr). Figure 3-21 shows a plot of In{[Cyo/(Co — 3X4)]/1 — X, } against
time t, where Y = In{[Cy/(Cro — 3X )11 — X\ }.
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Figure 3-21. Plot for determining the rate constant for the second order reaction.

Table 3-11
Initial pressure (torr) Initial rate x 10°
Run B,H; Me,CO (torr/sec)
1 6.0 20.0 0.50
2 8.0 20.0 0.63
3 10.0 20.0 0.83
4 12.0 20.0 1.00
5 16.0 20.0 1.28
6 10.0 10.0 0.33
7 10.0 20.0 0.80
8 10.0 40.0 1.50
9 10.0 60.0 2.21
10 10.0 100.0 3.33
Example 3-4

Table 3-11 gives the initial rate data [-d(B,H¢)/dt] reported for
the gas phase reaction of diborane and acetone at 114°C: B,H; +
4Me,CO — 2(Me,CHO),BH. If a rate expression is of the form Rate
= kPg_y, Pie,co- determine n, m, and k.

Solution

Rate = kPg P, oo (3-274)
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Linearizing the rate expression gives
In(Rate) = Ink + n InPy yy  +m InPy, o (3-275)

Equation 3-275 is of the form

where the coefficients C, = k, C; = n, and C, = m. The computer
program PROG3 determines the coefficients from the multiple regres-
sion of the independent variables Py and Py co and the dependent
variables Rate. The results of the program give the coefficients for
Equation 3-276 as:

. Cgy = 4.67755
. C, = 0.978166
. C, = 0.954575

¢ Correlation Coefficient = 0.9930

Therefore, Cy = k = 4.68, C;, =n = 098, and C, = m = 0.95. The
rate equation is expressed as Rate=4.68P](3)‘291_816 P&cho, or as a
good approximation,

Rate :4.7 PB2H6 PMeZCO (3'277)

The rate constant k can be determined with values of the exponents,
m =n = 1 as follows:

- 10 plo
Rate= k Py i, Pyic,co

Rate

PB2H6 PMCzCO

The average rate constant k = 3.85 and the final rate equation is
Rate = 3.85 P,y Pye,co - The computed rate constant from PROG3 is
4.68 and the calculated value from Table 3-12 is 3.85. The percentage
deviation between these values is 17.8%. Figure 3-22 shows plots of
partial pressures of B,Hy and Me,CO versus the initial rate.
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Table 3-12
Initial

pressure (torr) Initial rate x 103 Rate

Run B,Hg Me,CO (torr/sec) constant k
1 6.0 20.0 0.50 4.17
2 8.0 20.0 0.63 3.94
3 10.0 20.0 0.83 4.15
4 12.0 20.0 1.00 4.17
5 16.0 20.0 1.28 4.00
6 10.0 10.0 0.33 3.33
7 10.0 20.0 0.80 4.00
8 10.0 40.0 1.50 3.75
9 10.0 60.0 2.21 3.68
10 10.0 100.0 3.33 3.33

120 ¢ PB2H6

8 PMe2CO o«

100 " /

\

Partial pressure (torr)
S (=)
S 3
E\\
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§

0 500 1000 1500 2000 2500 3000 3500

Initial rate (torr/sec)

Figure 3-22. Plots of partial pressures of B,Hg and Me,CO versus the
initial rate.

Example 3-5

For the irreversible thermal dissociation of paraldehyde at 259°C
and constant volume, the following data were obtained:

Time, hrs 0 1 2 3 4 )
Protay MM Hg 100 175 220 250 270 300
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Determine the order of the reaction and the rate constant.
Solution
Paraldehyde decomposition is represented by (CH CHO) SN
3CH; CHO The stoichiometry of the reaction is of the form

A — 3B, Assuming that the reaction is first order, then the
rate equation for a constant volume batch system is:

dc
(-ra) = =5 = kiCa (3-278)

If the reactant and product obey the ideal gas law, the concentration is

CAZH_A_ Pa

v " RT (3-279)
In terms of the partial pressure p,,
dpy
_FA -2
a0 aPa (3-280)

Rearranging Equation 3-280 and integrating between the boundary
conditions (at t = 0, py, = ppp and at t = t, py = p,) gives:

PA t

dp
| b ~k [ dt (3-281)
pao ©A 0
Equation 3-281 gives
p
In—A- = —kjt (3-282)
Pao

If n, is the number of moles of paraldehyde at time t and n,, the
moles of paraldehyde at t = 0, then at time t, moles of acetaldehyde
from stoichiometry are:
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A B
Amount at t = 0 Npo Ngo
Amount at t = ¢ ny np
Amounts that have reacted (npo — Np) ng — Ngg

and from stoichiometry 3(npg—n,) = (ng—nyy). Total moles at
time t=np =n, +3(nyg —N,)+ngq, although ngy = 0. If the gas law
applies, then n = pV/RT, and at constant V and T:

Pr=pu +3(PA0 _PA)

=Pa +3Pao —3Pa

Pr =3pa0 —2pa

or

1
Pa ZE(3PA0 - PT)

where P = total pressure
pa = partial pressure of A (paraldehyde) at time t
Pao = partial pressure of A at time t = 0

Table 3-13 shows the relationship between the ratio of p,/p,o versus
time t.

A plot of In p,/pso against time t (Figure 3-23) gives a straight
line with the slope equal to the rate constant k,;. Therefore, the
assumed first order for the reaction is correct. The relationship between
the ratio of p,/p,o versus time t is represented by the model equation
Y = AeBX

The computer program PROGI determines the rate constant k; from
the slope of Y = AeBX. The constants for the equation are:

« A =1.0082
e B =-047105
e Correlation Coefficient = 0.99972

The slope B = k,. Therefore, the model equation Y = AeBX is
0.471 hr'.
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Table 3-13

Time, hr P, mmHg at 0°C Pa = 1/2(3ppo - Pq) Pa/Pao

100 = pao 100 1.0
1 175 62.5 0.625
2 220 40.0 0.400
3 250 25.0 0.250
4 270 15.0 0.15
oo 300 0 0.0

0 « T T
02 ;1\ 1 | 2 3 | 4
-0.4 ™~

-0.6 \ —— In(pA/p0)

. \
-0.8

-1.2 \

-1.4 \

-1.6 \
-1.8 \

In (pA/pAo)
—

Time (hr)

Figure 3-23. Plot of In pa/pao versus time t.

Example 3-6

The reaction 2NOCI —— 2NO + Cl, is studied at 200°C. The
concentration of NOCI initially consisting of NOCI only changes
as follows:

t, sec 0 200 300 500
Cnoci» gmol/l 0.02 0.016 0.0145 0.012
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Determine the order of the reaction and the rate constant.

Solution

If the reaction is second order, the rate equation is:

(_rA):_‘f_tA:kcg (3-283)

Rearranging Equation 3-283 and integrating with the boundary
conditions, at t = 0, C, = Cpg and at t = t, C, = C,, gives

CA t
dc
- | A=kt (3-284)
Cao A 0
1 1
o "o Kkt 3-285
CA CAO ( )

A plot of 1/C, versus t gives a straight line with the slope = k =
0.06661/gmoles. The computer program PROGI1 determines the rate
constant for a second order reaction. Equation 3-285 is of the form
1Y = A + BX where the slope B is the rate constant k. The results
of the computer program are shown in Table 3-14.

The constants for the equation are:

e A =0.496 x 10?
« B = 0.0666
¢ Correlation Coefficient = 0.9992

Table 3-14
Actual Estimated
Time, sec 1/Cnociy gmol/i 1/Cnociy gmol/i
0 50 49.6
200 62.5 62.9
300 68.97 69.5

500 83.3 82.8
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Figure 3-24 shows the relationship between 1/C, as a function of
time t. The graph is a straight line, therefore, the assumed order of
the reaction is correct. The slope of the line from the regression
analysis is the rate constant k.

1

The rate constant kK=0.0666 ——
gmol *sec

Example 3-7

The gas phase decomposition A — B + 2C is conducted in a
constant volume reactor. Runs 1 through 5 were conducted at 100°C;
run 6 was performed at 110°C (Table 3-15). Determine (1) the reaction
order and the rate constant, and (2) the activation energy and frequency
factor for this reaction.

Solution
The half-life for the nth order reaction is:

) 2t
12 —k(n—l) CZE)I (3-286)

90
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Figure 3-24. Plot of 1/C, against time (sec).
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Table 3-15
Half-life t,,, as function of initial concentration C,q
Run number Cao> gmol/I Half-life, t,,, min

1 0.025 4.1
2 0.0133 7.7
3 0.01 9.8
4 0.05 1.96
5 0.075 1.30
6 0.025 2.0

Taking the natural logarithm of Equation 3-286 yields

on-l

ln<t1/2) = lnm

+(1=-n)InCyq (3-287)

A plot of C, versus t;,, on log-log paper should give the slope of
the line equal to (1 — n). However, Equation 3-287 can also be
represented in the form

Y = AX® (3-288)
Linearizing Equation 3-288 gives
InY=InA+BInX (3-289)

The constants for Equation 3-289 are:

« A =0.0878
« B =1.0032
¢ Correlation Coefficient = 0.97195

The slope of the line B = 1 — n. The computer program PROGI1
gives the slope B = —1.003, therefore, the order of reaction n = 2.
When t,,, = 5 min, and C,g = 0.022 gmol/l at 100°C, then from
Equation 3-286

K _ontg 1
10 (n=1) Cio b
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2-1 1

X —— X
1 0022 5

=9.09 1/gmol *min

At 110°C, C,o = 0.025 gmol/l, t;, = 2 min, and

kp=2—tx L w1
o= 0.025 " 2

=20 I/gmol *min

197

The activation energy and frequency factor can be determined from

the Arrhenius equation

-E
k+=knexp| —
T=Ko p(RT)

where ki = rate constant at known temperature
ko = frequency factor
E = activation energy
R = ideal gas constant 1.987cal/mol « K

-E
R(373)

ko0 =ko exp

-E
R(383)

k9 =koexp

Dividing Equation 3-291 by Equation 3-292 gives

koo _ exp(~E/R(373))

kijo  exp(-E/R(383))

(3-290)

(3-291)

(3-292)

(3-293)

Removing the exponential, Equation 3-293 can be expressed as
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k;o R(373) R(383)

In &_E(L _ L)
200 R\383 373

E= —0.7886 x 1.987
—6.999 x107°

— 22,388 -4
gmol

The frequency factor at 100°C is
ko= —kl(fE
exp| —
i)
9.09

( —22,388 )
exp| —————
1.987x373

=1.19 x 10" 1/gmol e min

The frequency factor at 110°C is
__ ki
o (5)
P RT

20

( —22,388 )

xXpl ——————

1.987 %383

=1.19 x 10'* 1/gmol » min

Modeling of Chemical Kinetics and Reactor Design

(3-294)
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Example 3-8

The hydrolysis of methyl acetate is an autocatalytic reaction and is
first order with respect to both methyl acetate and acetic acid. The
reaction is elementary, bimolecular and can be considered irreversible
at constant volume for design purposes. The following data are given:

e Initial concentration of methyl acetate = 0.45 gmol/l
* Initial concentration of acetic acid = 0.045 gmol/l

The conversion in 1 hr is 65% in a batch reactor. Calculate (1) the
rate constant and specify the rate equation, (2) the time at which the
rate passes through the maximum, and (3) the type of optimum reactor
system needed for the plant to process 200 m*/hr. What would be the
reactor volume in this system?

Solution

The hydrolysis of methly acetate can be represented by

CH,COOCH, + H,0 —— CH,COOH + CH,0H
(A) (B)

That is, A — B. For an autocatalytic reaction A + B —- B + B and
the rate of disappearance of species A is

dc
(-ra) = =5 =KiICaCs (3-295)

The solution for an autocatalytic reaction is

O +X,
0u(1-X,) 3290
where
C .
eBzi‘E%:o.l at t = 1 hr, X, = 0.65

Cpo 045
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The rate constant k; is

O +X,
05(1-X,)
(Cao+Cpo) t

In
k, =

_ 1n(0.75/0.035)
~(0.495) (1)

=6.191 I/gmol — hr
=6.2 I/gmol — hr

The rate equation is

dC 1
(Fra)=="3 =026 G o

The rate is at maximum when C, = Cg. From stoichiometry:
Cao=Ca=Cp—Cpo
and
=(0.45 + 0.045)
=0.495
Therefore,
1
C,=Cj =5><O.495
=0.2475

The corresponding fractional conversion X, is
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Cao—Ca _ 045-02475
Cro 0.45

=0.45
Therefore, the time t at which the rate reaches the maximum is:

ln[ 0+ X, ]
o 8s(1-X,)

- ky (CAO +CBO)

o[ 0.1+045
7 10.1(1-045)

(0.62)(0.495)

( 0.55 )
Inf ——
_ _\0.055

©3.069

=0.75hr (45 min)

The type of optimum reactor that will process 200 m?/hr is a con-
tinuous flow stirred tank reactor (CFSTR). This configuration operates
at the maximum reaction rate. The volume V of the reactor can be
determined from the design equation:

-V
t=—=R
u
where Vi = volume of the reactor
u = volumetric flow rate of the fluid

t = mean residence time of the fluid

Therefore, the volume Vi = te u
0.75 x 200
150 m?



202 Modeling of Chemical Kinetics and Reactor Design

Example 3-9

Huang and Dauerman (1969) have studied the acetylation of benzyl
chloride in dilute solution at 102°C. Using equimolal concentrations
of sodium acetate and benzyl chloride (0.757 kmol/m?), Table 3-16
lists the reported data on the fraction of benzyl chloride remaining
unconverted versus time. Determine the order of the reaction and the
reaction rate constant at this temperature.

Solution
The reaction is assumed to be second order as represented by NaAc

+ C¢HsCH,Cl — C¢HsCH,Ac + Na* + CI7, which can be expressed
in terms of components A and B as

A +B —X Products (3-297)

The rate equation for component B is

dc
(1) = ——* = kCaCy (3-298)

The stoichiometry for components A and B is:

Table 3-16
Cg/Cpgo
Time, t (ksec) where B = CgH;CH,CI
10.80 0.945
24.48 0.912
46.08 0.846
54.72 0.809
69.48 0.779
88.56 0.730
109.44 0.678
126.72 0.638
133.74 0.619

140.76 0.590
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A B
Amount at t = 0 Cro Cgo
Amount at t =t Cy Cy
Amounts that have reacted Cpho—Cy = Cgo — Cp
In terms of the fractional conversion of B, Xy
Xp=—r0— (3-299)
BO
Equation 3-299 is further expressed as:
Cp=Cpgo(1-X5) (3-300)
Since the concentration of A and B is the same, then
C,=Cp=Cp (1-Xp) (3-301)
and
dCy dX
-—>2=C . 3-302
m BO g ( )

Substituting Equations 3-300 and 3-302 into Equation 3-298 gives

dX
(_rB) =Cpo d_tB: kCZBO (I_XB)2

(3-303)

Rearranging Equation 3-303 and integrating between the limits t =

0, Xg =0and t =t, Xz = Xy gives
Xp

dXg 0
2B —KCpo [ dt
e

XB 1

(3-304)

(3-305)
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[

—1|=KCppt
| 1-Xg } BO
1 1]—kC t
-~ o~ - BO
| Cg/Cgo

(3-306)

(3-307)

The rate constant k can be calculated from Equation 3-307 as:

‘o 1[ 1
Cpot| Cp/Cpo

(3-308)

Table 3-17 shows the calculated values of the rate constant k at
varying time t.
Discounting the first and the last two values of the rate constant k,
the average value of the rate constant is k = 0.0055 m?/(mol * sec).
This shows that the rate of reaction is second order.

Example 3-10

(1) Suppose a first-order reaction (n = 1) is preformed in an iso-
thermal batch reactor of constant volume V. Write a material balance

Table 3-17
T k Co/C [ ! 1} ! m?
ime, t (ksec c c_ —
Al ) B ~BO Cs/Ceo Cgot molesec
10.48 0.945 0.058 0.122 0.0071
24.48 0912 0.096 0.054 0.0052
46.08 0.846 0.182 0.029 0.0053
54.72 0.809 0.236 0.024 0.0057
69.48 0.779 0.284 0.019 0.0054
88.56 0.730 0.370 0.015 0.0056
109.44 0.678 0.475 0.012 0.0057
126.72 0.638 0.567 0.010 0.0057
133.74 0.619 0.616 0.010 0.0062
140.76 0.590 0.695 0.005 0.0034
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on A and integrate it to derive the expression C, = C,exp(-kt), where
C,o 1s the concentration of A in the reactor at t = 0.

(2) The gas-phase decomposition of sulfuryl chloride, SO,Cl, —
SO, + Cl,, is thought to follow a first order rate law. The reaction is
performed in a constant volume, isothermal batch reactor, and the
concentration of SO,Cl, is measured at several reaction times, with
the following results.

t(min) 4.0 20.2 40.0 60.0 120.0 180.0
Ca(mol/l) 0.0158 0.0152  0.0144 0.0136 0.0116 0.0099

Use these results to verify the proposed law and determine the rate
constant k. Give both the value and units of k.

Solution

(1) Assuming that the reaction is first order in an isothermal batch
reactor of constant volume, then the rate equation for the reaction
A —X5 Products is

1 dn
(-1p) = _V_th =k,Cy (3-309)

where the number of moles n, is

ny = CuV (3-310)

where C,
A%

concentration of species A
volume of the batch reactor

Substituting Equation 3-310 into Equation 3-309 yields

1
(-1a) == 1 d(VC4) = KCy

dac ,
= — = k( 3-311
dt 1~A ( )

since V is constant.
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Rearranging Equation 3-311 and integrating between the limits at
t= 0, CA = CAO and t= t, CA = CA glveS

CA t

dC,
o=k (3-312)
Cao A 0
and
C
lnC—A = -kt (3-313)
AO
Therefore,

(2) Using Equation 3-314 for the gas-phase decomposition of
sulfuryl chloride, it can represented by

Y = AeBX (3-315)
Linearizing Equation 3-315 gives
InY =InA + BX (3-316)

Table 3-18 shows the concentration of SO,Cl,, C, as a function of
time, t.

A plot of In C, versus time t gives a straight line with slope (-B) equal
to the rate constant k,. The constants of the equation Y = AeBX are:

Table 3-18
Time (min) C,, mol/l In C,, mol/I
4.0 0.0158 -4.1477
20.2 0.0152 -4.1865
40.0 0.0144 -4.2405
60.0 0.0136 -4.2977
120.0 0.0166 -4.4568

180.0 0.0099 —4.6152
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* A =0.015999
* B =-026711 x 1072
* Correlation Coefficient = 0.99991
The rate constant k; = =B = 0.00267 sec™'. Figure 3-25 gives a plot

of In C, versus time t (min).

Example 3-11

A gas decomposition reaction with stoichiometry 2A — 2B + C
follows a second order rate law r;(mol/ m?3es)=kC%, where C A 18 the
reactant concentration in mol/m>. The rate constant k varies with the
reaction temperature according to the Arrhenius law:

k (m3/mol . s) =kgexp (l_{—];)

where ko(m*/moles) = pre-exponential factor
E(J/mol) = reaction activation energy
R = gas constant

(1) Suppose the reaction is performed in a batch reactor of constant
volume V(m?) at a constant temperature T(K), beginning with pure A

™~

-4.2

-4.3 \\

-4.4 \ ¢ In(CA)

.45 \\

-4.6 \
T

-4.7 T

0 50 100 150 200
Time (min.)

In CA

Figure 3-25. Plot of In C, versus t.
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at a concentration C,,. Write a differential balance on A and integrate
it to obtain an expression for C,(t) in terms of C, and k.

(2) Let Py(atm) be the initial reactor pressure. Prove that t;,, the
time required to achieve 50% conversion of A in the reactor, equals
RT/kpy. Assume an ideal gas behavior.

(3) The decomposition of nitrous oxide (N,O) to nitrogen and
oxygen is preformed in a 5.0 1 batch reactor at a constant tem-
perature of 1,015 K, beginning with pure N,O at several initial pres-
sures. The reactor pressure P(t) is monitored, and the times (t;;)
required to achieve 50% conversion of N,O are noted in Table 3-19.
Use these results to verify that the N,O decomposition reaction is
second order and determine the value of k at T = 1,015 K.

(4) The same experiment is performed at several other temperatures
at a single initial pressure of 1.0 atm. The results are shown in
Table 3-20. Determine the Arrhenius law parameters (kg and E) for
the reaction.

Solution

(1) Since the reaction is carried out in a batch system of constant
volume, the rate expression for a second order rate law is

| dny,  dC, . .
— :__—:——:kc -
(ra)=-3 4 " 2 (3-317)

where k = k,exp(-E/RT).

Table 3-19
Po(atm) 0.135 0.286 0.416 0.683
t,/o(sec) 1,060 500 344 209
Table 3-20
T(K) 900 950 1,000 1,050

t,,»(sec) 5,464 1,004 219 55
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Rearranging Equation 3-317 and integrating between the limits t = 0,
CA = CAO and t= t, CA = CA glVCS

Ca
J IS —kgdt (3-318)

t

Cao

Integrating Equation 3-318 yields

Ca 1
o= kt (3-319)

Cao A
L — L = kO exp(_i)t (3_320)

Therefore, the concentration of species A in terms of C, and k is

LS S A (_i)t
TR (3-321)

(2) The half-life t,,, equation for the general nth-order reaction is

(2! -1)Cie

EY (3-322)

ty, =

Since the reaction order is two, that is n = 2, this can be substituted
in Equation 3-322 to obtain

Cap 1
t = = -
12 kK kCpro (3-323)
where
n A"
Cpo=—80 - PaoY _Pao (3-324)

\Y% RTV RT

Substituting Equation 3-324 into Equation 3-323 gives
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1

tyy=—
vz kpao/RT

_ RT
kpao

(3-325)

(3) The decomposition of nitrous oxide (N,O) to nitrogen and
oxygen is represented by

2N,0 = 2N, +0, (3-326)

The half-life t;,, of the general nth order reaction is

(21 -1) Ci
tyy = ————
12 k(n—1)

Therefore, using Equation 3-324 gives

201 (pAo J“‘
ty,=—r| A0 ]
12 k(n—1)\RT (3-327)
Taking the natural logarithm of Equation 3-327 gives

2n -1
ln(tl/z) = lnm + (l—n) In (I;LTO) (3-328)

Equation 3-328 can be expressed in the form

Y = AXB (3-329)
Linearizing Equation 3-329 gives

InY=InA+BInX (3-330)

where the slope B =1 — n.

From Table 3-19, we can construct the independent variable py/RT
at the constant temperature of 1,015 K and the gas constant R =
0.08206 (1 » atm/mol * k) (Table 3-21). The dependent variable is t,,.
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Table 3-21
Pos atm ty» (sec) po/RT x 1073 t,,-estimated
0.135 1,060 1.6208 1,059.8
0.286 500 3.4337 501.7
0.416 344 4.9945 342.2
0.683 209 8.2001 209.5

The constants for Equation 3-330 from PROGI are:

e« A =1.7834
¢« B =-0.992
¢ Correlation Coefficient = 1.0

The slope B = —0.9922 = 1 — n. Therefore, the value of n = 1.992
= 2 and the reaction is second order. The value of the rate constant k
at T= 1,015 K is

RT

typ= kpo

Therefore,

K= RT  0.08206x1,015 (l-atm . K )

Potiyz  0.135Xx 1060 \mol-K atmesec
:0.582;
mol ¢ sec

(4) Applying the Arrhenius equation

k+ =k, exp| — -
T =Ko p(RT) (3-331)

Linearizing Equation 3-331 gives

E
lnkT = lnko—ﬁ (3-332)
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The rate constant k; can be determined at varying temperature T
from the half-life t;,, as follows:

on-t_j (RT )
/ kT(n_l) Pao ( )

At the initial pressure of 1 atm, pyo = 1 and n = 2. Therefore,
t,, in Equation 3-327 is t;, = RT/k; and k; = RT/t;;,. Table 3-22
can be constructed from Table 3-20 for values of ki, the dependent
variable, from varying temperature T and t;,. Equation 3-331 is of
the form

Y = AeBX (3-333)
Linearizing the model Equation 3-333 gives
InY =1InA + BX (3-334)

where the constant A = k, and the slope B = —E/R. The computer
program PROG]1 determines the constants A and B. The constants for
Equation 3-330 are:

e A =0.3378 x 1013
e B = -0.29875 x 10°
¢ Correlation Coefficient = 0.9999

The gas constant R = 0.08206 I ¢ atm/mol ¢ K.

Table 3-22
RT
T(K) ty.(sec) 1T kKt o (I/molesec)
12
900 5464 0.00111 0.0135
950 1,004 0.00105 0.0776
1,000 219 0.001 0.3747

1,050 55 0.00095 1.5666
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. E 5
The activation energy — E:B =-0.2988 x 10

=0.2988x 10° x 0.08206

=2,452 L
mol

The value of the pre-exponential factor kg = 3.378 x 10'? 1/mol * sec.

Example 3-12

For the synthesis of ammonia, N, + 3H, — 2NHj;, over an iron
catalyst, develop the rate expression for the following mechanism

k

1
Hy() +28 = 2HS (3-335)
Ny +28 —% 5 oNS (3-336)

k3
NS + 3HS = NH,S + 3 (3-337)

-3

ky
NH381: NH, +$ (3-338)
Solution

Boudart (1972) introduced the assumption of the most abundant
surface intermediate (masi). This assumption suggests that the sites
occupied by all species except the most abundant surface intermediate
is regarded as negligible compared to those filled by the most abundant
intermediate and to those which are empty.

The rate expression for the above mechanism is based on the
following assumptions:

1. The most abundant surface intermediate is NS

that C; = C, + Cyg. (3-339)
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2. Steps 1, 3, and 4 are in equilibrium and step 2 is the rate-
determining step.

3. The conditions at which the reaction N, + 3H, — 2NH; are
performed are such that the reverse rate is negligible.

Cr = total concentration of sites and defined as
total moles of sites
unit mass of catalyst
Cg = concentration of vacant sites
Cys = concentration of adsorbed hydrogen
moles of hydrogen adsorbed
unit mass of catalyst
Cys = concentration of the most abundant surface intermediate

CNH;S = concentration of adsorbed ammonia

moles of ammonia adsorbed
unit mass of catalyst

Pn, = partial pressure of nitrogen
Pnu, = partial pressure of ammonia
(—In,) = rate of reaction of nitrogen, moles of nitrogen disappearing

per unit time per unit mass of catalyst

Since step 2 is the rate-determining step, then the rate expression is:

(<ry, ) = kapw, C3 (3-340)
The net rate of the disappearance of H, is given by

-1 =k,py.C% — k_,C? 3-341

Hy ) = KiPu, 5 = KCis ( )

On the basis of the pseudo-steady state assumption, the net rate of
disappearance is zero, therefore

Kpy, C§ =k_Ciis
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K, _k_l L) (3-342)

Ky=r" = (3 (3-343)
-3 CNS C%{S

R

K, =Ke _ SsPang (3-344)
k4 Cmgs i

From Equation 3-343, the concentration of the most abundant
surface intermediate is

_& Cins (3-345)
NS = -
K;Cis
The concentration of adsorbed ammonia from Equation 3-344 is

CSpNH3
K,

Criys = (3-346)

The concentration of adsorbed hydrogen from Equation 3-342 is
12
Cus = (Kipp, C3) (3-347)
Substituting Equations 3-346 and 3-347 into Equation 3-345 gives

C?s)‘. CSPNH3
K;K, (K1PH2 C§

NS = )3/2 (3-348)

_ Pni, Cs
- Kp%{s2 (3-349)




216 Modeling of Chemical Kinetics and Reactor Design

where K=K!°K;K,. Substituting Equation 3-349 into Equation
3-339 yields

P, Cs
Cr=——5 +Cg (3-350)
K,
or
C = Cr (3-351)
S PN
1_; +1
Kpy,

Substituting Equation 3-351 into the rate expression of Equation
3-340 gives

2

— =k - 1
( er) 2pN2 pNH3 (3_352)
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CHAPTER FOUR

Industrial and
Laboratory Reactors

INTRODUCTION

Chemical reactors are the most important features of a chemical
process. A reactor is a piece of equipment in which the feedstock is
converted to the desired product. Various factors are considered in
selecting chemical reactors for specific tasks. In addition to economic
costs, the chemical engineer is required to choose the right reactor that
will give the highest yields and purity, minimize pollution, and maximize
profit. Generally, reactors are chosen that will meet the requirements
imposed by the reaction mechanisms, rate expressions, and the required
production capacity. Other pertinent parameters that must be deter-
mined to choose the correct type of reactor are reaction heat, reaction
rate constant, heat transfer coefficient, and reactor size. Reaction
conditions must also be determined including temperature of the heat
transfer medium, temperature of the inlet reaction mixture, inlet
composition, and instantaneous temperature of the reaction mixture.

An important factor in reactor operation is the outlet degree of
conversion. Operating conditions such as temperature, pressure, and
degree of agitation, are related for the most economic operation. The
optimum reactor that will best meet the process requirements requires
a review of whether the process is continuous or batch, and whether
a combination of reactor types or multiple reactors in series or parallel
would be most adequate. It is also important to determine whether the
mode of operation involves either an isothermal (i.e., constant tem-
perature) or an adiabatic (i.e., heat does not exchange with the sur-
roundings) condition, whether a single pass operation is best, or
whether recycling is needed to achieve the desired degree of con-
version of the raw feedstock. The degree of conversion affects the

218



Industrial and Laboratory Reactors 219

economics of separating the reaction mixture and the costs of returning
the unconverted reactant back into the reaction.

In chemical laboratories, small flasks and beakers are used for liquid
phase reactions. Here, a charge of reactants is added and brought to
reaction temperature. The reaction may be held at this condition for a
predetermined time before the product is discharged. This batch reactor
is characterized by the varying extent of reaction and properties of
the reaction mixture with time. In contrast to the flasks are large
cylindrical tubes used in the petrochemical industry for the cracking
of hydrocarbons. This process is continuous with reactants in the tubes
and the products obtained from the exit. The extent of reaction and
properties, such as composition and temperature, depend on the posi-
tion along the tube and does not depend on the time.

Another classification refers to the shape of the vessel. In the case
of the laboratory vessel installed with a stirrer, the composition and
temperature of the reaction is homogeneous in all parts of the vessel.
This type of vessel is classified as a stirred tank or well mixed reactor.
Where there is no mixing in the direction of flow as in the cylindrical
vessel, it is classified as a plug flow or tubular flow reactor.

Knowledge of the composition and temperature at each point of the
reactor enables the designer to describe the behavior of a chemical
reactor. Concentrations of species at any point may change either
because the species are consumed by chemical reaction or they reach
this position via mass transfer. Correspondingly, the temperature at any
point may change because the heat is being absorbed or released by
chemical reaction or heat transfer. The rate of the chemical reaction
and the rate of mass and heat transfer affect the concentration and
temperature of a given section of the system. Concentration, tempera-
ture, and molecular properties determine the reaction rate. This process
occurs through microkinetic properties that are identical in any chemical
reactor (i.e., if the temperature and composition in two reactors are
the same, then the reaction rate is also the same). Macrokinetic
properties of the reactor affect the outcome of the process through the
kinetics of heat and mass transfer. The rates of mass and heat transfer
depend on the properties relative to the reactor, such as size of the
reactor, size and speed of the impeller, and the area of heat exchang-
ing surfaces.

Reactors without the effect of macrokinetic properties are composed
of elements that are either perfectly insulated from the viewpoint of
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mass and heat transfer or at equilibrium with the surroundings. Reactors
that are free of the effect of macrokinetic properties are classified as:

» Batch isothermal perfectly stirred reactor (the reaction mixture is
at equilibrium with the heat transfer medium).

* Batch adiabatic perfectly stirred reactor.

* Semi-batch perfectly stirred reactor.

* Continuous isothermal perfectly stirred flow reactor (the reaction
mixture is at equilibrium with the heat transfer medium).

* Continuous adiabatic perfectly stirred flow reactor.

* Continuous isothermal plug flow reactor (the reactor mixture is
at thermal equilibrium with the surroundings).

* Continuous adiabatic plug flow reactor.

Knowledge of these types of reactors is important because some
industrial reactors approach the idealized types or may be simulated
by a number of ideal reactors. In this chapter, we will review the above
reactors and their applications in the chemical process industries.
Additionally, multiphase reactors such as the fixed and fluidized beds
are reviewed. In Chapter 5, the numerical method of analysis will be
used to model the concentration-time profiles of various reactions in
a batch reactor, and provide sizing of the batch, semi-batch, continuous
flow stirred tank, and plug flow reactors for both isothermal and
adiabatic conditions.

BATCH ISOTHERMAL PERFECTLY
STIRRED REACTOR

The concept of a batch reactor assumes that the reaction is instan-
taneously charged (i.e., filled) and perfectly homogenized in the
reactor. Also, its temperature is immediately adjusted to that of the
heat transfer medium. Therefore, the chemical reaction takes place at
the temperature of the heat transfer medium under perfect mixing. The
process is stopped as soon as the degree of conversion is achieved.

Figure 4-1 shows two nozzles at the top of a batch reactor where
charging of the reactants occurs. Batch reactors are used extensively
in a final scale-up of an industrial plant. The choice of a batch reaction
over a continuous system is often a result of special considerations.
The size of batch reactors range from 5 gal (19 1) in small industrial
pilot plants to 10,000-20,000 gal (38,000-76,000 1) in large plants.
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Figure 4-1. A batch homogeneous-type reactor.

When larger sizes are required, the design may include multiple units
of batch reactors arranged in parallel.

In small industrial pilot plants, a batch system may be employed
for preliminary information. Also, batch reactors can be used in these
plants to obtain small quantities of the new product for further evalua-
tions such as purity, yield, and sales. At the industrial level, batch
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reactors are used in the pharmaceutical, biochemical, or multi-product
plants as in the dye industry. These reactors or autoclaves require
suitable access for inserting agitators, coils, or other internal devices
and for cleaning. Figure 4-2 shows a steam-jacketed autoclave and
Figure 4-3 is a 120-gal, steam-jacketed autoclave for processing
organic chemicals at 2,000 psi and 300°F. The advantages of a batch
reactor are:

e Simple in construction.
e Small instrumentation and cost.
* Flexibility of operation.

The principal disadvantage of a batch reactor is in the labor cost.
Labor cost includes the time it takes to fill the reactor, heat it to
reaction temperature, cool it after completion of the reaction, discharge
the reactor contents, and clean the reactor for the next batch. These
procedures increase the overall labor costs per unit of production.
Another disadvantage involves the difficulty to control heat transfer
and product quality. Chemical reaction rates usually increase with
temperature and with more intimate contact between reactants. Mechanical
agitation promotes the flow of heat by forcing convection of the mass
and by reducing the film resistance at the vessel wall. Additionally,
agitation breaks up agglomerated solids thereby increasing the contact
surface and the rate at which reacting species come into close proximity.

An important purpose of agitation or mixing is to bring a number
of materials together in a physically homogeneous mixture. Two or
more fluids are either blended or dispersed as emulsions; fluids and
finely divided solids are dispersed as suspensions, gases dispersed as
fluids, or soluble substances dissolved. Mixing of process fluids is
reviewed in Chapter 7.

SEMI-BATCH REACTORS

Figure 4-4 shows a semi-batch reactor with outside circulation and
the addition of one reactant through the pump. Semi-batch reactors
have some reactants that are charged into the reactor at time zero,
while other reactants are added during the reaction. The reactor has
no outlet stream. Some reactions are unsuited to either batch or
continuous operation in a stirred vessel because the heat liberated
during the reaction may cause dangerous conditions. Under these
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Figure 4-3. A 120-gal steam-jacketed autoclave for processing organic
chemicals at 2,000 psi and 300°F. (Source: D. B. Gooch, “Autoclaves Pressure—
Temperature Reactions,” Ind. Eng. Chem., 35, 927-946, 1943. Used with
permission from the American Chemical Society.)
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Figure 4-4. A semi-batch reactor with outside circulation.

circumstances, reactions are sometimes performed under semi-batch
conditions. This means that one or more reagents that do not react are
completely entered in a vessel and the final reagent is then added
under controlled conditions. No product is withdrawn until the entire
reagent has been added and the reaction has proceeded to the required
extent. As an example, consider the reaction A + B L SHEN C, where
the reactor is first charged with reagent A and later reagent B is added
continuously until the reaction is complete. Examples of this reaction
process are:
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* Reaction of a gas with a liquid where the gas bubbles through
the liquid.

* Reaction of a highly reactive substance with a relatively inert
substance where the reactive substance, if present in large amounts
at the beginning of the reaction, either polymerize or decompose.

A semi-batch reactor has the same disadvantages as the batch
reactor. However, it has the advantages of good temperature control
and the capability of minimizing unwanted side reactions by maintain-
ing a low concentration of one of the reactants. Semi-batch reactors
are also of value when parallel reactions of different orders occur,
where it may be more profitable to use semi-batch rather than batch
operations. In many applications semi-batch reactors involve a sub-
stantial increase in the volume of reaction mixture during a processing
cycle (i.e., emulsion polymerization).

CONTINUOUS FLOW ISOTHERMAL PERFECTLY
STIRRED TANK REACTOR

A continuous flow stirred tank reactor (CFSTR) differs from the
batch reactor in that the feed mixture continuously enters and the outlet
mixture is continuously withdrawn. There is intense mixing in the
reactor to destroy any concentration and temperature differences. Heat
transfer must be extremely efficient to keep the temperature of the
reaction mixture equal to the temperature of the heat transfer medium.
The CFSTR can either be used alone or as part of a series of battery
CFSTRs as shown in Figure 4-5. If several vessels are used in series,
the net effect is partial backmixing.

It is easy to maintain good temperature control with a CFSTR.
However, a disadvantage is that the conversion of reactant per volume
of reactor is the smallest of the flow reactors. Therefore, very large
reactors in series are needed to achieve high conversions. For example,
the first reactor could be run to give a 50% conversion, yielding a
high rate of reaction and subsequently reducing the total reactor
volume. The next reactor might run from 50%-80% conversion and
the third from 80%—90% until the desired conversion is reached. The
effect of this process is a continuous reaction system that has a much
lower volume, but has more equipment items because of the reactor
vessels required.

Industrial reactors operate in the steady state with the volume,
concentration, and temperature of the reaction mixture being constant
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Figure 4-5. A battery of continuous flow stirred tank reactors.

with time. It is approximated that a steady state operation is reached
when about five to ten times the reactor volume of the reaction mixture
has passed through the reactor. In the continuously flow stirred tank
reactor, the reaction takes place at the temperature and the degree of
conversion of the outlet stream. This gives the reactor its characteristic
features from either the batch or semi-batch reactor.

Figure 4-6 is a variation of the continuous homogeneous reactor
(baffled tank) in which backmixing has a considerable effect. The
advantage of this type of reactor is its low cost per unit volume. It is
often used when a long holding time would require a tubular reactor
that is too long or too expensive. Agitation is not required and a high
degree of backmixing is not harmful to the yield.

CONTINUOUS ISOTHERMAL PLUG
FLOW TUBULAR REACTOR

The plug flow tubular reactor is a heat exchanger where the reaction
occurs in the tubes. Construction is often varied. For example, the
reactor may consist of a tube placed in a bath, a tube in a jacket, or
a number of tubes immensed in a heat transfer medium for the reactor
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to operate isothermally. The exchange of heat between the reaction
mixture and the medium must be so intense so as to heat the reaction
mixture instantaneously and eliminate the effect of the reaction heat.
The heat transfer medium must flow through the jacket in excess to
keep its temperature unaffected by the reaction heat.

Plug flow is an idealized flow of fluids where all particles in a given
cross-section have identical velocity and direction of motion. During
plug flow, particles of different age do not mingle and there is no
backmixing. All particles that enter the reactor at the same time must
leave simultaneously. The essential features of the plug flow reactor
require that there be no longitudinal mixing of fluid elements as they
move through the reactor, and that all fluid elements take the same
length of time to move from the reactor inlet to the outlet. The plug
flow can be described as a piston flow model. This is because the
reaction occurring within differentially thin slugs of fluid, fill the entire
cross-section of the tube and are separated from one another by
hypothetical pistons that prevent axial mixing. These plugs of material
move as units through the reactor, with the assumption that the velocity
profile is flat as the fluid traverses the tube diameter. Each plug of
fluid is assumed to be uniform in temperature, composition, and
pressure and thus can be assumed that radial mixing is infinitely rapid.

The tubular plug flow reactor is relatively easy to maintain with
no moving parts, and it usually produces the highest conversion per
reactor volume of any of the flow reactors. Other advantages are:

* High throughput.
 Little or no backmixing.
e Close temperature control.

The disadvantages are:

* Expensive instrumentation.
* High operating cost (maintenance, cleaning).
e Nonuniform heat flux of the radiant section of furnace.

The principal disadvantage of the tubular reactor is the difficulty
in controlling the temperature within the reactor. This often results in
hot spots especially when the reaction is exothermic. The tubular
reactor can be in the form of one long tube or one of a number of
shorter reactors arranged in a tube bank (Figure 4-7).
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Figure 4-7. Longitudinal tubular reactor.

CONTINUOUS MULTIPHASE REACTORS

Figure 4-8 shows a continuous reactor used for bubbling gaseous
reactants through a liquid catalyst. This reactor allows for close
temperature control. The fixed-bed (packed-bed) reactor is a tubular
reactor that is packed with solid catalyst particles. The catalyst of the
reactor may be placed in one or more fixed beds (i.e., layers across
the reactor) or may be distributed in a series of parallel long tubes.
The latter type of fixed-bed reactor is widely used in industry (e.g.,
ammonia synthesis) and offers several advantages over other forms of
fixed beds.
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Figure 4-8. Heterogeneous continuous reactor.
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Catalyst packed tubes

Figure 4-9. Longitudinal catalytic fixed-bed reactor.

The type of reactor shown in Figure 4-9 is used in a heterogeneous
reaction system involving catalyzed gas reactions. The fixed-bed
reactor gives less chance for backmixing, but channeling of the gas
flow through the catalyst bed causes ineffective use of parts of the
reactor bed. An advantage of the fixed-bed reactor is that for most
reactions, it gives the highest conversion per weight of catalyst of any
catalytic reactor. Another advantage is it provides large volumes of
processed reactants. The disadvantages are:

* The catalysts are highly prone to deactivation.

* The catalysts often require regeneration after a relatively short
period of operation. This may incur additional cost.

It is difficult to control the heat-transfer in the catalyst bed.

* Some part of the catalyst surface remains unused as a result of
the reaction system and the rate-controlling step.

FLUIDIZED BED SYSTEM

The fluidized bed in Figure 4-10 is another common type of catalytic
reactor. The fluidized bed is analogous to the CFSTR in that its
contents though heterogeneous are well mixed, resulting in an even
temperature distribution throughout the bed.

In a fluidized bed reactor, the solid material in the form of fine
particles is contained in a vertical cylindrical vessel. The fluid stream
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is passed up through the particles at a rate strong enough for them to
lift and not fall back into the fluidized phase above its free surface
by carryover in the fluid stream. The bed of particles in this state
shows the appearance of boiling. In heterogeneous catalytic reactions,
the catalyst loses its activity with operating time.
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FLUID CATALYTIC CRACKING (FCC) UNIT

The fluid catalytic cracking (FCC) process, as shown in Figure 4-
10, converts straight-run atmospheric gas oil, vacuum gas oils, and
heavy stocks recovered from other operations into high-octane gaso-
line, light fuel oils, slurry oil, and olefin-rich light gases. These
products undergo further processing and separation in the FCC unit
main fractionator and other vessels downstream of the FCC reactor.
The gasoline produced has good overall octane characteristics and an
excellent octane number. The catalysts used are mixtures of crystalline
alumina silicates (known as zeolites), active alumina, silica-alumina,
clay, and rare earth oxides.

In the FCC, an oil feed composed of heavy hydrocarbon molecules
is mixed with catalyst and enters a fluidized bed reactor. The long
molecules react on the surface of the catalyst and are cracked into
lighter product molecules (e.g., gasoline), which leave the reactor from
the top. During the cracking process, carbon and other heavy uncracked
organic materials are deposited on the surface of the catalyst resulting
in its deactivation. The catalyst is then taken into a regenerator where
the deposited surface material is burned with air. The regenerated
catalyst returns to the reactor after it has been mixed with fresh feed.
The activity of the newer catalysts is so intense that much of the
cracking takes place in the line returning the regenerated catalyst to
the reactor. This process is referred to as the transfer line cracking.

A salient feature of the fluidized bed reactor is that it operates at
nearly constant temperature and is, therefore, easy to control. Also,
there is no opportunity for hot spots (a condition where a small
increase in the wall temperature causes the temperature in a certain
region of the reactor to increase rapidly, resulting in uncontrollable
reactions) to develop as in the case of the fixed bed reactor. However,
the fluidized bed is not as flexible as the fixed bed in adding or
removing heat. The loss of catalyst due to carryover with the gas
stream from the reactor and regenerator may cause problems. In this
case, particle attrition reduces their size to such an extent where they
are no longer fluidized, but instead flow with the gas stream. If this
occurs, cyclone separators placed in the effluent lines from the reactor
and the regenerator can recover the fine particles. These cyclones
remove the majority of the entrained equilibrium size catalyst particles
and smaller fines. The catalyst fines are attrition products caused by



Industrial and Laboratory Reactors 235

the collision of catalyst particles with each other and the reactor
walls. These fines can escape capture in the cyclones because the
removal efficiency of cyclones for particles of uniform density de-
creases with decreasing particle size. The catalyst fines captured in
the reactor cyclones are transferred to the catalyst regenerator. Here,
the fines are carried with the exhausted air and combustion products
known as fuel gas. Most of the fine catalyst particles that are entrained
in the flue gas are first captured in a two-stage cyclone within the
regenerator vessel and then returned to the catalyst bed. Coker [1]
illustrated the design of a cyclone separator, which is an economical
device for removing particulate solids from a fluid system. Cyclone
separators have been successfully employed in catalytic cracker oper-
ations. Designing cyclones often requires a balance between the
desired collection efficiency, pressure drop, space limitations, and
installation cost.
The advantages of the fluidized bed are:

* Savings in operating expenses due to heat recovery in the reaction-
regeneration steps.

* Rapid mixing of reactants-solids and high heat transfer rates.

» Easy to control both the heat transfer and the fluid flow system.

The disadvantages are:

* Backmixing due to particle distribution in dense and dilute phases.

* Inefficient contacting due to solids movement and the bypassing
of solids by bubbles.

* Possible channeling, slugging, and attrition of catalyst.

* Possible agglomeration and sintering of fine particles in the dilute
phase under certain conditions (e.g., high temperature).

The advantages of the ease of catalyst replacement or regen-
eration are offset by the high cost of the reactor and catalyst regenera-
tion equipment.

DEEP CATALYTIC CRACKING UNIT

An improved FCC unit is the deep catalytic cracking unit (DCC)
that is designed to produce gasoline from vacuum gas oil (VGO). The
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DCC uses heavy VGO as feedstock and has the same features has the
FCC but with the following differences: special catalyst, high catalyst-
to-oil ratio, higher steam injection rate, operating temperature, residence
time, and lower operating pressure.

In the DCC unit, the hydrocarbon feed is dispersed with steam and
cracked using a hot solid catalyst in a riser, and enters a fluidized bed
reactor. A known injection system is employed to achieve the desired
temperature and catalyst-to-oil contacting. This maximizes the selective
catalytic reactions. The vaporized oil and catalyst flow up the riser to
the reactor where the reaction conditions can be varied to complete
the cracking process. The cyclones that are located in the top of the
reactor effect the separation of the catalyst and the hydrocarbon vapor
products. The steam and reaction products are discharged from the
reactor vapor line and enter the main fractionator where further
processing ensure the separation of the stream into valuable products.

The formed coke on the catalyst particles during cracking reduces
its activity and selectivity. The spent catalyst passes into a stripping
zone where steam is used to displace the entrained and adsorbed
hydrocarbons, which leave the reactor with the products. Stripped
catalyst particles are transported into the regenerator where the particles
are contacted with air under controlled conditions. The regeneration
process is the same as in the FCC unit. The DCC has been shown to
produce polymer grade propylene from heavy gas oils, and it produces
three and a half times more propylene and less than half the gasoline
than a conventional FCC unit. Figure 4-11 illustrates a DCC unit and
Figure 4-12 represents a typical DDC plant that produces propylene,
which is integrated to a petrochemical complex. Table 4-1 compares
the operating variables of the deep catalytic cracking (DCC), fluidized
catalytic cracking (FCC) and steam cracking (SC) units.

Another classification involves the number of phases in the reaction
system. This classification influences the number and importance of
mass and energy transfer processes in the design. Consider a stirred
mixture of two liquid reactants A and B, and a catalyst consisting of
small particles of a solid added to increase the reaction rate. A mass
transfer resistance occurs between the bulk liquid and the surface of
the catalyst particles. This is because the small particles tend to move
with the liquid. Consequently, there is a layer of stagnant fluid that
surrounds each particle. This results in reactants A and B transferring
through this layer by diffusion in order to reach the catalyst surface.
The diffusion resistance gives a difference in concentration between
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Figure 4-11. Deep catalytic cracking process flow diagram. (Courtesy of Stone
& Webster Engineering Corporation, © 1977 Stone & Webster Engineer-
ing Corporation.)

Table 4-1
Operating parameters
Deep Fluidized

Catalytic Catalytic Steam

Cracking Cracking Cracking
Item (DCC) (FCC) (SC)
Typical Residence Time (sec) 10-60 1-30 0.1-0.2
Catalyst/Oil 9-15 5-10
Steam, wt% of feed 10-30 1-10 30-80
Reactor Temperature, °F 950-1,070 950-1,020 1,400-1,600
Pressure, psig 10-20 15-30 15

the bulk fluid and the catalyst surface. The developing rate expression
is used to account for the intrinsic kinetics at the catalyst surface and
the mass transfer process. The coupling of the intrinsic kinetics and
mass transfer is due to the heterogeneous nature of the system.

In contrast to reactors involving the use of solid catalyst phases,
there are reactors that use two liquid phases. An example is the
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catalytic alkylation reaction of an olefin (e.g., butylene) with isobutane
to give Cg-isomers (alkylate). Here, the two liquid hydrocarbon streams
enter the bottom of the tubular flow vessel as shown in Figure 4-13.
They are then dispersed as bubbles in a co-current continuous stream
of liquid hydrofluoric acid (HF) that acts as a catalyst. Phase separa-
tion occurs at the top of the reactor where the lighter alkylate product
is removed, and the heavier HF stream is recycled to the bottom of
the reactor. In this case, the reaction occurs when both the olefin and
isobutane reach the acid. This results in interphase mass transfer and
the kinetics of the reaction in the acid phase.

Tubular reactors are used for reactions involving a gas and a liquid.
In this arrangement, the gas phase is dispersed as bubbles at the
bottom of a tubular vessel. The bubbles then rise through the con-
tinuous liquid phase that flows downwards as shown in Figure 4-14.
An example of this process is the removal of organic pollutants from
water by noncatalytic oxidation with pure oxygen.

Alkylate product
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Figure 4-13. Liquid-liquid heterogeneous tubular flow reactor (e.g., alkylation
of olefins and isobutane). (Source: J. M. Smith, Chemical Engineering
Kinetics, 3rd ed., McGraw-Hill, Inc., 1981.)
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Figure 4-14. A two-phase tubular flow reactor (e.g., gas-liquid bubble reactor
for oxidation of pollutants in water). (Source: J. M. Smith, Chemical Engineering
Kinetics, 3rd ed., McGraw-Hill, Inc. 1981.)

The effect of physical processes on reactor performance is more
complex than for two-phase systems because both gas-liquid and
liquid-solid interphase transport effects may be coupled with the
intrinsic rate. The most common types of three-phase reactors are the
slurry and trickle-bed reactors. These have found wide applications in
the petroleum industry. A slurry reactor is a multi-phase flow reactor
in which the reactant gas is bubbled through a solution containing solid
catalyst particles. The reactor may operate continuously as a steady
flow system with respect to both gas and liquid phases. Alternatively,
a fixed charge of liquid is initially added to the stirred vessel, and
the gas is continuously added such that the reactor is batch with
respect to the liquid phase. This method is used in some hydrogenation
reactions such as hydrogenation of oils in a slurry of nickel catalyst
particles. Figure 4-15 shows a slurry-type reactor used for poly-
merization of ethylene in a slurry of solid catalyst particles in a solvent
of cyclohexane.
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Figure 4-15. A slurry-type reactor (e.g., for C,H, polymerization). (Source:
J. M. Smith, Chemical Engineering Kinetics, 3rd ed., McGraw-Hill, Inc., 1981.)

A heterogeneous tubular reactor that incorporates three phases where
gas and liquid reactants are contacted with the solid catalyst particles,
is classified as a trickle-bed reactor. The liquid is usually allowed to
flow down over the bed of catalyst, while the gas flows either up or
down through the void spaces between the wetted pellets. Co-current
downflow of the gas is generally preferred because it allows for better
distribution of liquid over the catalyst bed and higher liquid flow rates
are possible without flooding.

In most applications, the reaction occurs between a dissolved gas
and a liquid-phase reactant in the presence of a solid catalyst. In some
cases, the liquid is an inert medium and the reaction takes place
between the dissolved gases at the solid surface. These reactors have
many diverse applications in catalytic processes and are used extensively
in the chemical industry. Trickle-bed reactors have been developed by
the petroleum industry for hydrodesulfurization, hydrocracking, and
hydrotreating of various petroleum fractions of relatively high boiling
point. Under reaction conditions, the hydrocarbon feed is frequently
a vapor-liquid mixture that reacts at liquid hourly space velocities
(LHSV in volume of fresh feed, as liquid/volume of bed, hr) in the
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range of 0.5-4, as in the case of hydrodesulfurization shown in Fig-
ure 4-16.

Unlike the slurry reactor, a trickle-bed reactor approaches plug flow
behavior and, therefore, the problem of separating the catalyst from
the product stream does not exist. The low ratio of liquid to catalyst
in the reactor minimizes the extent of homogeneous reaction. However,

Liquid oil feed
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Figure 4-16. Trickle-bed (tubular reactor) for hydrodesulfurization. (Source:
J. M. Smith, Chemical Engineering Kinetics, 3rd ed., McGraw-Hill, Inc., 1981.)
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if the reaction is substantially exothermic, the evolved heat may cause
portions of the bed not to be wetted resulting in poor contacting of
catalyst and liquid. Satterfield [2], Ramanchandran, and Chaudhari [3]
have given detailed design procedures of three-phase catalytic reactors.
Table 4-2 shows the various applications of these reactors.

DETERMINING LABORATORY REACTORS

The success of designing industrial reactors greatly depends on
accurate and reliable laboratory data. These data are derived from the

Table 4-2
Applications of three-phase reactors

1. Slurry Reactor

(A) Hydrogenation of:
e fatty acids over a supported nickel catalyst.
 2-butyne-1,4-diol over a Pd—CaCOj; catalyst.
* glucose over a Raney nickel catalyst.
(B) Oxidation of:
* C,H, in an inert liquid over a PdCl,-carbon catalyst.
* SO, in inert water over an activated carbon catalyst.
(C) Hydroformation of CO with high-molecular weight olefins on either a cobalt
or ruthenium complex bound to polymers.
(D) Ethynylation: Reaction of acetylene with formaldehyde over a CaCl,-
supported catalyst.

2. Trickle Bed Reactors

(A) Hydrodesulfurization: Removal of sulfur compounds from crude oil by
reaction with hydrogen on CO — Mo on alumina.
(B) Hydrogenation of:
e aniline over a Ni-clay catalyst.
e 2-butyne, 1,4-diol over a supported Cu — Ni catalyst.
* benzene, oo — CH; styrene, and crotonaldehyde.
* aromatics in napthenic lube oil distillate.
(C) Hydrodenitrogenation of:
* lube oil distillate.
e cracked light furnace oil.
(D) Oxidation of:
e cumene over activated carbon.
* SO, over carbon.

Source: C. N. Satterfield, AIChE J., 21, 209 (1975); P. A. Ramachandran and R. V. Chaudari,
Chem. Eng., 87 (24), 74 (1980); R. V. Chaudari and P. A. Ramachandran, AIChE J., 26, 177
(1980).
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reaction kinetic study from laboratory reactors, which are useful in
scale-up. The design and construction of laboratory and pilot plant
reactors together with experimental programs can be both time con-
suming and expensive, therefore it is imperative that the correct choice
of laboratory reactor be used. Weekman [4] presented an excellent
review on the choice of various laboratory reactors. The criteria
employed to determine the various types of these reactors are listed
in Table 4-3.

Sampling of a two-fluid phase system containing powdered catalyst
can be problematic and should be considered in the reactor design. In
the case of complex reacting systems with multiple reaction paths, it
is important that isothermal data are obtained. Also, different activation
energies for the various reaction paths will make it difficult to evaluate
the rate constants from non-isothermal data.

Measurements of the true reaction times are sometimes difficult to
determine due to the two-phase nature of the fluid reactants in contact
with the solid phase. Adsorption of reactants on the catalyst surface
can result in catalyst-reactant contact times that are different from the
fluid dynamic residence times. Additionally, different velocities between
the vapor, liquid, and solid phases must be considered when measuring
reaction times. Various laboratory reactors and their limitations for
industrial use are reviewed below.

DIFFERENTIAL REACTOR

The differential reactor is used to evaluate the reaction rate as a
function of concentration for a heterogeneous system. It consists of a
tube that contains a small amount of catalyst as shown schematically
in Figure 4-17. The conversion of the reactants in the bed is extremely
small due to the small amount of catalyst used, as is the change in
reactant concentration through the bed. The result is that the reactant
concentration through the reactor is constant and nearly equal to the

Table 4-3
Criteria used to determine laboratory reactors

. Ease of sampling and product composition analysis.

. Degree of isothermality.

. Effectiveness of contact between catalyst and reactant.
. Handling of catalyst decay.

. Ease of construction and cost.

W AW =
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Figure 4-17. Differential reactor. (Source: V. W. Weekman, “Laboratory
Reactors and Their Limitations,” AIChEJ, Vol. 20, p. 833, 1974. Used with
permission of the AIChEJ.)

inlet concentration. Therefore, the reactor is considered gradientless,
and the reaction rate is spatially uniform in the bed. Because of the
small conversion, heat release is also small, and the reactor operates
in an isothermal manner.

The differential reactor is simple to construct and inexpensive.
However, during operation, care must be taken to ensure that the
reactant gas or liquid does not bypass or channel through the packed
catalyst, but instead flows uniformly across the catalyst. This reactor
is a poor choice if the catalyst decays rapidly, since the rate of reaction
parameters at the start of a run will be different from those at the end
of the run.

FIXED BED (INTEGRAL) REACTOR

Advantages of the fixed bed reactors are its ease of construction,
good sampling and product analysis, higher conversions, and no
catalyst or product separation problems. Rapid sampling that provides
instantaneous data during catalyst decay may cause channeling or
bypassing of some of the catalyst by the reactant stream. This can be
minimized by careful attention to the distribution of the liquid and gas.
The main problem with the fixed bed design is achieving uniform
isothermal temperatures. Significant axial and radial temperature
gradients can result with severe exothermic or endothermic reactions.
Different products are formed at different reaction paths. This results
in changes in the reaction mechanism with changing temperature along
the length of the reactor and, consequently, makes it difficult to
evaluate the various reaction rate constants.

If the catalyst decays during the experiment, the reaction rates will
be significantly different at the end of the experiment than at the
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beginning. Also, the reaction may follow different reaction paths as
the catalyst decays, thereby varying the selectivity of a particular
product. The fixed bed reactor is relatively easy and inexpensive to
construct (Figure 4-18).

STIRRED BATCH REACTOR (SBR)

The stirred batch reactor contains catalyst dispersed as slurry. There
is better contact between the catalyst and the fluid in this reactor than
with either the differential or integral reactors. Separation of the
product from the catalyst must be accomplished by the sampling
system, which can be a problem. Samples of fluids are usually passed
through cyclones or withdrawn through filters or screens to separate
the catalyst and fluid, consequently stopping the reaction. Due to
sufficient mixing, isothermality is good and accurate residence time
measurements should be possible. Since all three phases are contained
in the reactor, it may provide the most accurate measurement of
contact time of all reactors provided the reaction can be rapidly
quenched at the end of the experiment. The decaying of the catalyst
poses the same problem as with the fixed bed reactor. Consequently,
the activity and selectivity will vary during the course of data col-
lection. The stirred batch reactor (Figure 4-19) is fairly simple to
construct at a reasonable cost.

STIRRED CONTAINED SOLIDS REACTOR (SCSR)

Figure 4-20 shows a typical design of a stirred contained solids
reactor. Here, the catalyst particles are mounted in the paddles that

y? i3
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Figure 4-18. Fixed bed (integral) reactor. (Source: V. W. Weekman, “Laboratory
Reactors and Their Limitations,” AIChEJ, Vol. 20, p. 833, 1974. Used with
permission of the AIChEJ.)
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Figure 4-19. Stirred batch reactor. (Source: V. W. Weekman, “Laboratory
Reactors and Their Limitations,” AIChEJ, Vol. 20, p. 833, 1974. Used with
permission of the AIChEJ.)

rotate at high speeds to minimize external mass transfer effects, and
also maintain well-mixed fluid contents. This type of operation provides
good isothermal conditions, which can be maintained, and there is
good contact between the catalyst and the fluid. However, if the
catalyst particle size is small, there may be difficulties in containing
the particles in the paddle screens. This reactor rates well in ease of
sampling and analysis of the product composition. The residence time
of the solid is accurately known and, with good mixing, the gas-vapor
residence times can also be measured quite accurately. The dis-
advantage of this type of reactor is its unsteady state, which can affect
its selectivity. However, it is unable to generate useful data when the
catalyst being studied decays.
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Figure 4-20. Stirred contained solids reactor. (Source: V. W. Weekman,
“Laboratory Reactors and Their Limitations,” AIChEJ, Vol. 20, p. 833, 1974.
Used with permission of the AIChEJ.)

CONTINUOUS STIRRED TANK REACTOR (CSTR)

In this reactor (Figure 4-21), the catalyst is charged to the reactor
together with the fluid feed, and the catalyst leaves the reactor in the
product stream at the same rate that it is charged into the reactor. The
catalyst in the reactor maintains the same level of catalytic activity at
all times. However, as with the stirred batch reactors, the catalyst
slurry in the reactor presents some sampling problems. This requires
either quenching or rapidly separating the catalyst from the reaction
mixture, otherwise the sample may continuously react at different
temperatures as it cools, disguising the selectivity behavior. Since the
reactor is well mixed, isothermality and fluid solid contact are good.
The reactor operates in the steady state because catalyst and reactants
are continuously added, which eliminates any possible catalyst decay
selectivity disguise.

STRAIGHT-THROUGH TRANSPORT REACTOR (STTR)

The transport reactor (Figure 4-22) is widely used in the production
of gasoline from heavier petroleum fractions. In this reactor, either an
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Figure 4-21. Continuous stirred tank reactor. (Source: V. W. Weekman,
“Laboratory Reactors and Their Limitations,” AIChEJ, Vol. 20, p. 833, 1974.
Used with permission of the AIChEJ.)

inert carrier gas or the reactant itself transports the catalyst through
the reactor. Since the catalyst passes through with the reactant, it is
necessary to achieve either rapid quenching or rapid catalyst reactant
separation. The possibility of catalyst decay selectivity disguise is
completely eliminated because the catalyst and reactants are con-
tinuously fed. For highly endothermic or exothermic reactions, iso-
thermal operation is difficult to achieve, hence, a poor-to-fair rating
in this category. For high velocities where there is little slip between
the catalyst and reactant phases, there are accurate measurements of
residence time. At lower velocities, there may be slip between the
phases that can lead to difficulties in accurately determining the
contact time. Since the transport reactors are a length of tubing, they
are easier to construct, but salt or sand baths may be required in order
to maintain isothermal operation. Additionally, the construction rating
is fair-to-good because product-catalyst separation facilities are required.

RECIRCULATING TRANSPORT REACTOR (RTR)

Adding a recirculating loop to the transport reactor, a well-mixed
condition is achieved provided the recirculation rate is large with



250 Modeling of Chemical Kinetics and Reactor Design

Best for catalyst decay

Figure 4-22. Straight-through transport reactor.

respect to the feed rate (Figure 4-23). Isothermal operation is attained
due to this well-mixed condition. Since the reactor is operated at a
steady state, the kinetic parameters measured at the beginning of the
experiment will be the same as those measured at the end. Because
fresh catalyst is mixed with decayed catalyst from the recycle, the
product distribution and the kinetic parameters may not be the same
as those measured in a straight-through transport reactor where the gas
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Figure 4-23. Recirculationg transport reactors. (Source: V. W. Weekman,
“Laboratory Reactors and Their Limitations,” AIChEJ, Vol. 20, p. 833, 1974.
Used with permission of the AIChEJ.)
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contacts only fresh catalyst. The recirculation further provides more
complexity to the construction, which gives it a lower rating.

PULSE REACTOR

In the pulse reactor, a small pulse of reactant is charged with a small
amount of catalyst. The product from the reactor is directly fed to a
chromatograph to minimize sampling problems (Figure 4-24). A wide
range of conversion levels can be achieved so sampling and analysis
of product composition do not pose a serious problem. A small amount
of catalyst can be surrounded by a large heat sink to minimize its
deviation from isothermal operation. However, high exothermic or
endothermic reactions can result in significant temperature difference.
The difficulty with the pulse reactor is the change in the catalyst
surface concentrations during the pulse. Consequently, the adsorbed
species change during the course of the reaction, which could lead to
selectivity disguise. However, if all the reaction paths are identically
altered by these adsorbed species, then the pulse reactor may be useful
for selectivity studies. This is an unsteady state reactor and short pulses
of reactant can follow the instantaneous behavior, resulting in a fair-
to-good rating. The problems in construction are identical to the
differential reactor and are slightly compounded by the need to intro-
duce accurate pulses of reactant.

Table 4-4 summarizes the ratings of the various reactors. The
CFSTR and the recirculating transport reactor are the best choices
because they are satisfactory in every category except for construction.
The stirred batch and contained solid reactors are satisfactory if the
catalyst under study does not decay. If the system is not limited by
internal diffusion in the catalyst pellet, larger pellets could be used
and the stirred-contained solids reactor is the better choice. However,
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Figure 4-24. Pulse reactors. (Source: V. W. Weekman, “Laboratory Reactors
and Their Limitations,” AIChEJ, Vol. 20, p. 833, 1974. Used with permission
of the AIChEJ.)
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if the catalyst is non-decaying and heat effects are negligible, the
fixed bed (integral) reactor is the best choice because of its ease of
construction and operation. The pulse reactor is most satisfactory in
systems that do not strongly adsorb or where the adsorbed species do
not relatively alter the reaction paths. In cases where the reaction
system is extremely critical, more than one reactor type is used in
determining the reaction rate law parameters.

LOOP REACTORS

A loop reactor is a continuous steel tube or pipe, which connects
the outlet of a circulation pump to its inlet. Reactants are fed into the
loop, where the reaction occurs, and product is withdrawn from the
loop. Loop reactors are used in place of batch stirred tank reactors in
a variety of applications including chlorination, ethoxylation, hydro-
genation, and polymerization. A loop reactor is typically much smaller
than a batch reactor producing the same amount of product. Mass
transfer is often the rate-limiting step in gas-liquid reactions, and a
loop reactor design increases mass transfer, while reducing reactor size
and improving process yields. An example is an organic material that
has been chlorinated in a glass-lined batch stirred tank reactor, with
chlorine fed through a dip pipe. Replacing the stirred tank reactor with
a loop reactor, with chlorine fed to the recirculating liquid stream
through an eductor, reduced reactor size, increased productivity, and
reduced chlorine usage. Figure 4-25 shows a schematic of a loop
reactor system. Table 4-5 compares the advantages of a loop reactor
to a batch stirred tank reactor.

GUIDELINES FOR SELECTING BATCH PROCESSES

Douglas [5] gives an excellent review in selecting a batch process
in favor of a continuous process. The factors that favor batch opera-
tions are summarized as follows:

* Production rates:
— Sometimes batch process, if the plants have production capacity
less than 10 x 10° Ib/yr (5 x 10° kg/hr).
— Usually batch process, if the plants have production capacity
less than 1 x 10% Ib/yr (0.5 x 10° kg/hr).
— Where multiproduct plants are produced using the same pro-
cessing equipment.
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Figure 4-25. A loop reactor production system. (Source: M. Wilkinson and
K. Geddes, “An Award Winning Process.” Chemistry in Britain, December,
1050-1052, 1993.)

* Market forces:
— Where products are seasonal (e.g., fertilizers).
— Short product lifetime (e.g., organic pigments).
* Operational problems:
— Long reaction times (i.e., when chemical reactions are slow).
— Handling slurries at low flowrates.
— Rapidly fouling materials (e.g., materials foul equipment so
rapidly that shutdown and frequent cleaning are required).
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Table 4-5
Effect of reactor designh on size and productivity
for a gas-liquid reaction

Batch stirred

Reactor type tank reactor Loop reactor
Reactor size (1) 8,000 2,500
Chlorination time (hr) 16 4
Productivity (kg/hr) 370 530
Chlorine usage (kg/100 kg product) 33 22
Caustic usage in vent scrubber 31 5

(kg/100 kg product)

Source: Center for Chemical Process Safety (CCPS). “Guidelines for Engineering Design for
Process Safety.” New York: AIChE, 1993a.

Regardless of their inherent advantages and disadvantages, the
choice of the proper design from any of the industrial reactors for a
certain operation greatly depends on the specific reaction system. This
involves an extensive study of many factors that contribute to the
optimum. The performance of an industrial reactor also depends on
performing the reaction at a number of scales to gain sufficient
confidence to make the correct predictions. This may require predicting
the effect of concentration and temperature on selectivity using a
laboratory or pilot plant reactor, followed by predicting the temperature
and mixing patterns on an industrial plant. This approach is much
preferred in industry than the empirical scale-up method because only
two types of reactors (laboratory and pilot plant) are needed.

Greater options are available in the design of a full-scale reactor
once the heat transfer and mixing characteristics are defined. Addi-
tionally, the criteria for similarity are essential between the laboratory
and full-scale plant. The scale-up of reactors is covered in Chapter 13.
The safety of controlling and operating chemical reactions and asso-
ciated hazards form an essential aspect of chemical manufacture. The
manufacture of various chemical products involves the processing of
reactive chemicals that are toxic, explosive, or flammable. The principal
types of reactors for processing organic reactions such as polymeriza-
tion, sulphonation, nitration, halogenation, or alkylation are batch and
semi-batch reactors. In these operations, the reactions are exothermic
and may lead to overheating. As the temperature rises, reaction rates
increase exponentially, which is characterized by progressive increases



Industrial and Laboratory Reactors 257

Table 4-6
Design guidelines for reactors

1. Single irreversible reactions (not autocatalytic)

(A) Isothermal—always use a plug flow reactor

(B) Adiabatic
1. Plug flow if the reaction rate monotonically decreases with conversion
2. CFSTR operating at the maximum reaction rate followed by a plug flow
section

2. Single reversible reactions—adiabatic

(A) Maximum temperature—adiabatic
(B) A series of adiabatic beds with a decreasing temperature profile if exothermic

3. Parallel reactions-composition effects

(A) For A —» R (desired) and A — S (waste), where the ratio of the reaction
rates is rR/rs =(k, /k,)C{ ™™
1. If a; > a,, keep C, high
a. Use batch or plug flow
b. High pressure, eliminate inerts
c. Avoid recycle of products
d. Can use a small reactor
2. If a; < a,, keep C, low
a. Use a CFSTR with a high conversion
b. Large recycle of products
c. Low pressure,