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Preface

The course in chemical technology taught at chemical colleges
and departments consists of three parts: lectures, practical studies,
and laboratory works. A combination of these three teaching meth-
ods provides] students with a sound foundation for studying any
discipline of chemical technology.

This course is aimed primarily at presenting the basic laws of
chemical technology, applicable to most chemical processes as well
as processes of the metallurgical, silicate, pulp-and-paper and fuel
processing industries. Studying the basic types of chemical
processes—homogeneous and heterogeneous, noncatalytic and cata-
1ytic, electrochemical—and the associated reactors is combined with
analysis of concrete processes of the greatest importance for the
national economy. Particular attention is given to typical processes
embodying the major aspects of chemical technology. The lectures
and laboratory works also cover the structural materials used in
the manufacture of chemical reactors.

In the 3rd Russian edition, emphasis is placed on analysis of automa-
ted and computerized reactors, as well as new methods and instru-
ments employed in the investigation of material properties. Thus, stu-
dents performing a laboratory work better assimilate the facts present-
ed in lectures, acquire skills for controlling industrial processes with
the aid of advanced instrumentation and computers, learn analytical
procedures, and improve their techniques of processing the experi-
mental results.

In a laboratory, students carry out the first (according to the syl-
labus) experiment. Each work covers practically all stages of ex-
perimental procedures. First of all, students learn about the subject
from the textbook in chemical technology, the present practical
course, and the literature recommended at the end of each work. Then,
they go through the safety rules to be observed in a chemical labo-
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ratory (see Appendix, p. 425) and the instructions to the work being
carried out. After a briefing by the instructor (colloquium), stu-
dents are assigned to conduct the experiment. Students then become
familiar with the experimental setup, check whether it is assembled
correctly, activate individual units, and calibrate some instru-
ments. '

The next stage is an experimental study of the effect of some pro-
cess parameters on the course of the process. Some assignments in-
volve analysis of the effect of temperature, concentrations, time,
and other factors within a broad range so as to enable students to
plot the process characteristics as a function of a particular variable.

Students make the necessary calculations using the experimental
results and write a report including the statement of the problem
and purpose of the work, process flow sheet calculations and plots
based on the experimental results, and conclusions. An assignment
must be stated in such a manner as to enable students to complete
the experiment within six hours. Every student must carry out la-
boratory works from all six chapters, while particular assignments
are given depending on his or her specialization.

Most of the works included in the 3rd Russian edition have been
presented by the Lensovet Technological Institute in Leningrad.
Other contributors include the Kuybyshev Polytechnic Institute
(Work 16), Kazan Institute of Chemical Technology (Work 20), and
the D. I. Mendeleyev Institute of Chemical Technology in Moscow
(Work 25).

The introductions to all works have been written by I. P. Mukhlyo-
nov. Works 1, 2, 5, 10, and 14 have been written by E. S. Tumar-
kina; Works 4, 7, 8, 9, 11, 12, 18, 19, 28, and 36 by A. Ya. Aver-
bukh; Works 17 and 27 by B. A. Kopylev; Works 6, 15, 29, 30,
and 31 by E. S. Rumyantseva; Work 33 by N. P. Matveyeva; Work
34 by E. A. Vlasov; and Works 35 and 37 by G. V. Cherepkov.

The authors will be grateful to all those who will send their cri-
tical comments and suggestions concerning the practical course.



Chapter 1

Noncatalytic Processes

In general chemical technology, systems and processes are clas-
sified in accordance with the phase state of the reacting substances
since it determines the selection of processing techniques and design
of the reactors. All interacting systems and the corresponding pro-
cesses are divided into homogeneous and heterogeneous ones. The
homogeneous systems are characterized by all interacting substances
being in a single phase —gas (G) or liquid (L). The heterogeneous
systems comprise at least two phases*. The following may be the
types of two-phase systems: gas-liquid (G-L), gas-solid (G-S), two
immiscible liquids (L-L), liquid-solid (L-S), and two solid phases
(S-S). The systems most commonly used in the industry are L-S,
G-L, and G-S. In many cases, industrial processes involve three or
four phases, for example, G-L-S, G-S-S, G-L-S-S, and so on. Solid
mineral stock almost invariably includes several phases for each
mineral is essentially equivalent to an individual phase. In general,
however, only the basic minerals are considered as individual phases,
while the numerous impurities are disregarded.

In some cases, all solid materials interacting with other portions
of a system are considered, for simplicity, as a single solid phase,
while the liquid emulsion consisting of two or more phases is regarded
as just one liquid phase, and the system is referred to as L-S al-
though it essentially comprises two liquid and several solid phases.
The L-L and L-S systems normally include a gas phase stemming
from the fact that liquids and many solids undergo some degree of
evaporation. However, the resulting gas (vapour) phase is taken into
account, provided it plays a significant role in the interaction. As
a general rule, only those substances and process parameters are
taken into account in the analysis and development of processes,
whose influence on the latter is decisive.

The laboratory works presented in this manual cover processes
with different combinations of phases in two- and polyphase sys-
tems. Some of the processes are initiated in a homogeneous liquid

* A group of substances involved in a physical or chemical interaction is
referred to as a system. A phase is the totality of homogeneous portions of
a system, having identical composition as well as physical and chemical pro-
perties and separated from other portions of the system by a definable boundary.
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system which then becomes heterogeneous as a result of emergence
of a new liquid (Works 4 and 17), solid (Works 2 and 9), or gas
(Works 1 and 26) phase. In the processes of solid fuel pyrolysis and
decomposition of limestone (Works 6, 7, and 8), the starting ma-
terial is solid with a gas phase appearing at the end of the process.
In other cases, a process initially involves a two-phase system, then
yields a product in the form of a third phase (Work 2). Sometimes,
a plurality of products in the form of different phases are yielded
(Works 1, 18, and 30).

An industrial chemical process comprises the following interrelated
unit processes (steps): (1) transfer of the reacting substances intc the
reaction zone, (2) chemical reactions, and (3) removal of the pro-
ducts from the reaction zone.

The transfer of the reacting substances into the reaction zone in
homogeneous systems as well as within each liquid or gas phase of
a heterogeneous system is by way of molecular diffusion or convec-
tion. The heterogeneous systems additionally involve the step of
transition of a reacting substance from one phase to another, which
occurs through absorption, adsorption or desorption of gases, con-
densation of vapours or evaporation of liquids, melting of solids or
their dissolution in liquids. The phase change is in most cases the
slowest step of a process and determines its overall rate. It is essen-
tially a complex diffusion process.

The chemical reactions occur between the basic reagents, between
the basic reagents and impurities, as well as between impurities.
Several consecutive (or, in some cases, simultaneous) reactions may
yield the same product. Main and by-products are formed in a pro-
cess. Since the feed stock always contains various impurities, speak-
ing strictly in chemical terms one may assume that a process in-
volves a great number of reactions. However, in practice, account is
taken of only one or several reactions yielding a sizable amount of
main and by-products.

The removal of products from the reaction zone is also by way of
molecular diffusion, convection, and phase change, just as in the
case of their transfer into the latter. The product is often removed
through condensation or absorption from a gaseous reaction mixture
and through precipitation or desorption from a liquid one.

Processes and the associated reactors are also classified according
to some of the operating conditions. Such a classification implies,
primarily, batch processes and continuous ones conducted in flow
reactors. As far as the degree of mixing of the reaction masses is
concerned, processes and reactors belong to the following categories
in terms of the limiting cases: plug-flow, perfect-mixing, and
partial-mixing ones. Classification according to temperature condi-
tions includes isothermal, adiabatic, and polythermal flow reactors
and processes conducted in the latter.
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According to reaction types, processes are divided into simple
(Works, 1, 3, and 13) and complex ones that may involve conse-
cutive and parallel reactions (Works 2, 14 and 18). Processes are
also known to be reversible and irreversible, the latter being uni-
directional. Depending on the actual conditions, reversible processes
may be forward or backward. Irreversible processes are observed in
the decomposition of natural phosphates by acids, as well as in
polymerization and polycondensation. Typical irreversible processes
also include fuel pyrolysis, roasting of raw sulphides, and some
others covered in the laboratory works. Reversible processes in-
clude causticization of soda solution, the phase changes and reac-
tions involved in the carbonization of ammoniacal brine, oxidation
of sulphur dioxide, and others.

The equilibrium in processes corresponds to equality of the rates
of the forward and backward processes, which results in the system
component ratio remaining invariable until changes occur in the
process conditions. Changes in such process parameters as tempera-
ture, pressure, and concentration of the reacting substances upset
the equilibrium of a system, thereby bringing about spontaneous
chemical reactions and diffusion processes in the system with the
result that its equilibrium is restored. The effect of the basic process
parameters on equilibrium is determined by Le Chatelier’s prin-
ciple stating that if a system in an equilibrium state is disturbed, it
will readjust itself so as to minimize the disturbance and restore the
equilibrium.

A quantitative measure of mobile equilibrium is the chemical
reaction equilibrium constant for all homogeneous and heterogeneous
processes occurring in the kinetic region.For example, in the case
of processes in which the percentage conversion is determined by the
equilibrium of the reaction

mA + nB = pD,

the equilibrium constant K is determined from the following equa-
tion:
[D*]P

K =15

(1.1)
where [D*], [A*] and |B*] are the equilibrium concentrations of the
reacting substances. In chemical-engineering studies Eq. (1.1) is
often simplified.

The equilibrium of heterogeneous processes in the diffusion region
is qualitatively defined by the Le Chatelier principle, whereas in
quantitative terms it is defined by the distribution law establishing
a constant ratio between the equilibrium concentrations of a com-
ponent in different phases of a system at constant temperature and
pressure. When applied to G-L systems, the distribution law is re-
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ferred to as Henry’s law:
p=yCt (1.2)

where p is the equilibrium partial pressure of the component absorbed
in the gas, ¢ is the Henry’s law constant having the dimension of
pressure, and C{ is the mole fraction of the component absorbed in
the solution.

The phase equilibrium in two- and polyphase systems is governed
by the phase rule

F=24cC—pP, (1.3)

where F is the number of degrees of freedom, or variance, of a system,
C is the number of individual chemical components in the system,
P is the number of phases, and 2 is the number of external factors
affecting the phase equilibrium. As a rule, the external factors in-
clude temperature and pressure. In some cases, pressure is ignored and
instead of 2 we have 1 (e.g. when the effect of pressure variations is
insignificant).

Experimental or calculation data are used to plot, on the basis
of the phase rule, phase diagrams in which a particular property of
a system, such as melting or boiling point, is determined as a func-
tion of composition.

The process rate is the resultant of the rates of the forward, back,
and side reactions plus those of the convection and diffusion of the
starting substances into the reaction zone and of products from the
latter. If the reaction rate is less than that of the diffusion processes
involved in the introduction of the reacting substances and removal
of the products, then the process is said to occur in the kinetic re-
gion, and, in order to speed it up, one must raise the temperature,
increase the reagent concentration, and use catalysts. The kinetic
region is where most homogeneous processes take place. If the reac-
tion rate exceeds by far the rate of the diffusion processes, the overall
rate is determined by diffusion (the process occurs in the diffusion
region). Such a process can be accelerated primarily by mixing the
reacting substances and controlling pressure. The use of a catalyst
does not make the diffusion faster. Many heterogeneous processes
are associated with the diffusion region. If the rates of the reactions
and diffusion processes are commensurate and the process is observed
in a region intermediate between the kinetic and diffusion ones, one
should first of all resort to the factors that speed up both the reac-
tions and the diffusion at a time, that is increase the temperature and
concentrations.

The rate of a process is calculated on the basis of the product yield
within a time interval or the process rate constant (coefficient).

The first kinetic characteristic of a process, which is calculated
from experimental data, is the product yield. The product yield z
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is defined as the ratio of the actual amount of the obtained product
(G,) to the maximum amount that could be obtained from the start-
ing substances (Gpmax):

# = G4/6nuz- (1.4)

The maximum product amount Gpax is calculated for chemical
reactions, at a stoichiometric ratio of the starting substances (e.g.
in ammonia synthesis), as a sum of the amounts of the starting sub-
stances that could enter into the reaction (in accordance with the
reaction equation). For example, in the case of the reaction

mA + nB = pD,
the maximum amount of the product D is
Gmax = G4 GB- (15)

In practice, the starting substances usually are not in a stoichio-
metric ratio. Then, the yield is calculated from the main (most
valuable) starting substance. For instance, when the atmospheric
oxygen is used to oxidize sulphur dioxide to sulphur trioxide, ammo-
nia to nitrogen oxide, methanol to formaldehyde, or ethylene to
ethylene oxide, the yield is calculated without taking oxygen into
account, that is Gpax is determined with respect to the end product
amount that would be derived as a result of complete conversion of
S0,, CH,0H, and CH, = CH,, respectively. For example, in the
case of oxidation of SO, to SO, Gyax in the final mixture at the reactor
exit will be -

Gmax = Gso; + Gso,- (1.6)

Similarly, the amount of water spent in hydration, hydrolysis, and
other such processes is not taken into account either.

In Eq. (1.5), the amounts G of the substances can be substituted
by their concentrations Cy in the final mixture having a definite (mea-
sured) volume v in view of the fact that G = Cv. For example, the
yield of the sulphur trioxide resulting from oxidation of sulphur
dioxide is determined from the equation

z = Cts0,/(Ctso, + C1so,)- (1.7)

If the maximum amount of the product of a chemical reaction
is assumed to equal the amount that would be obtained in accor-
dance with the equation of the reaction (disregarding the equilibrium
conditions), the yield is referred to as percentage conversion. The
percentage conversion of the main starting substance can be deter-
mined from the equation

2= Gy — GG, = (Cy— Cp)/C}, 1.8)
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where G, and Gy are the initial and final amounts of the main start-
ing substance, C'y and C; are its initial and final concentrations, and
B is a factor of conversion of the final concentration with respect to
the initial one, the factor p takes into account changes in volume as
a result of the reaction (synthesis or decomposition) as well as tem-
perature and pressure fluctuations.

In mass-transfer processes, the yield defined by Egs. (1.4) and (1.8)
is called the degree of phase-to-phase transfer or, more specifically,
the degree of absorption, desorption, and so on. In this case, the
maximum amount of the product is assumed to be that present in
the donating phase such as gas during absorption. The percentage
conversion of irreversible processes tends to unity in the course of
time while that of reversible processes is always less than unity.

As far as reversible processes are concerned, two more definitions
are associated with the product yield. The theoretical or equilibrium
yield (zeq) is the ratio of the amount of the product at equilibrium
(Geq) to the maximum possible amount that is

Zoq = Gog/Gmax. (1.9)

The yield as percentage of the theory (z,) is the ratio of the actually
derived amount of the product to that expected at equilibrium, that
is

Ta = GalGoq = Go/Grasteg. (1.10)

In Egs. (1.9) and (1.10) just as in Eq. (1.4) Gpax can be expressed
as the sum of the amounts of the starting substances G A and Gg. In
the case of homogeneous media, the amouts of substances can be
substituted by their final concentrations (cf. Egs. (1.7) and (1.8)).
The product yield z may be dependent on many parameters and
even in the case of hydrodynamic similarity it is expressed a
complex function which can be written, for the reaction

mA + nB = pD .
as follows:
xr = f (T, t, P, CA, CB)- (1'11)

Proceeding from expression (1.11), the dependence of the product
vield on any parameter, such as temperature ¢, in all laboratory
works must be determined with all the other process parameters
included in this expression being constant, that is measurements
should be taken and analyses made at different temperatures but
after the same time interval T has elapsed from the onset of the
reaction, at the same starting substance concentrations, and at a
constant pressure P. In addition, to maintain the hydrodynamic
conditions constant, all experiments should be carried out using
the same experimental setup (or geometrically similar setups), at
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constant flow rates of the reaction masses, at a constant ratio between
the volumes of the interacting phases (S : L = const, S : G = const,
L : G = const, etc.), and under constant mixing conditions. Shoul.d
one of these conditions not be met, then, in comparing the experi-
mental results, for example, in plotting the yield-versus-tempera-
ture curve, one must introduce correction factors derived from other
experiments or calculations.

Typical curves showing the dependence of the product yield on the
basic process parameters with all the other experimental conditions

Z, ¢ z,0
4 i Gi
z
i\ : .
Z

c* o*

() )

Fig. 1. Product yield z and main starting substance concentration C versus
reagent residence time 7:
a—in plug-flow reactor; b—in pepfectly mixed reactor

being invariable are presented in Figs. 1 through 5; whatever de-
partures from these curves arise while the experimental data are
processed in the laboratory works should be explained in the reports
(the factors causing these departures must be mentioned). Fig. 1
represents the kinetics of a chemical process (a) in batch (non-flow)
reactors and plug-flow reactors in which the starting reagents are
not mixed with the reaction products and (b) in continuous reactors
with perfect mixing of the reagents with the reaction products.

In batch and plug-flow processes, the equilibrium (C* and Zeq)
is attained sooner than in processes involving mixing, however,
processes with mixing under isothermal conditions lead to an in-
crease in z.q and a decrease in the equilibrium concentration C*
of the starting substance, as compared to the adiabatic conditions
typical of plug-flow reactors. The plug-flow and perfect-mixing
conditions are extreme. The z and C curves for real processes occupy
an intermediate position between the plug-flow and mixing curves
(Fig. 1a, b,).
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The closest one can get to the plug-flow conditions is in apparatus
for homogeneous processes involving gases, packed towers, and reac-
tors with a solid filter bed, particularly shaft furnaces and conver-
ters. The perfect-mixing conditions are best attained in stirred
liquid reactors, bubble columns and
froth apparatus, as well as fluidized-
bed reactors.

Raising the temperature of an
exothermic process brings the system
to equilibrium much sooner but the
equilibrium shifts toward the starting
substances. As a result, the product
yield increases with temperature at a

Topt T point far from the state of equilibrium,
Wi, 8, Bifenk of tempersiyre s reaches the maximum at an optimal
conversion z and equilibrium temperature, then decreases as the
yield zoq in isothermal rever- temperature continues to rise (Fig. 2).
sible reactions When the temperature of an endo-

; thermic process is raised, the product
yield increases monotonically to a certain limit depending on
the nature of the reacting substances (Fig. 3).

Increasing pressure (Fig. 4) in gas reactions accompanied by a
reduction of the gas mixture volume and in absorption or conden-

Xmax

X o =T

S 2

= i

IS I

3 I

S 1

Temperature %pz‘ r

Fig. 3. Effect of temperature on Fig. 4. Product yield versus
equilibrium (zoy) and actual (z) pressure:
yields in endothermic reversible 1—in  processes with [decreasing
reactions at different reagent volume An < 0; 2—in processes with
residence times: T, > T, > 1, increasing volume An > 0

sation of gases and vapours leads to a continuous but gradually
slowing increase in the product yield. When the volume of the gas
mixture in such reactions expands, increasing pressure speeds up
the process but the equilibrium shifts toward the starting substances
(Le Chatelier’s principle). In the latter case, the yield curve 2 passes



