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The main kinetic features of chemical reactions occurring in flow systems with complete mixing are surveyed. The
advantages are discussed of conducting a reaction in a flow system with stirring as compared with reactions under static
conditions in a laminar flow. Considerable attention is paid to the establishment of oscillatory {pulsating) régimes.
The dependence of the steady-state concentrations on the reaction conditions is examined, as also the kinetics of the
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I, INTRODUCTION

Investigations of the kinetics of reactions in open sys-
tems, with continuous supply of the starting materials and
withdrawal of the reaction products, arouse great interest
in connection with the opportunities created for studying
the mechanism of chemical reactions. These investiga-
tions are also of fundamental value because data on the

mechanism and kinetics of reactions occurring in an open
system are necessary for the design of present-day auto-
matically controlled technical processes.

When a process is conducted under static conditions,
certain quantities of starting materials are introduced into
the system, and then undergo several chemical changes.
In this case both the starting materials and the reaction
products remain within the system: i.e. they do not leave
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the reaction zone. The process is complete in a time
determined by the quantity of starting materials taken and
the rate constants of their conversion. The steady state,
which is reached in some cases, represents the establish-
ment of thermodynamic equilibrium. In an open system
the unlimited supply and withdrawal of all the components
of the reaction make it possible to establish a steady state
differing from the thermodynamic equilibrium and charac-
teristic not only for reversible but also for unidirectional
reactions.

Processes with continuous supply and withdrawal of
reactants can be conducted in two fundamentally different
ways—under conditions of ideal (or complete) displacement
and under conditions of ideal (complete) mixingyj.

A vessel having ideal displacement is a reaction vessel
into which a mixture of the reactants is introduced, and the
reaction mixture is removed when a particular degree of
conversion has occurred. Diffusion of the reactants in a
vessel of ideal displacement should be reduced to a mini-
mum. The composition of the reaction mixture in a given
element of volume is determined solely by the extent of
chemical reaction and varies along the length of the vessel.
The residence time of all species in the reaction zone (the
“contact time”) is the same. Henceforward reactions
occurring in vessels with ideal displacement will be termed
“reactions in a flow”.

The study of reactions in a flow is greatly complicated
at high temperatures by convection currents and the pres-
ence of temperature gradients.

The second type of reaction vessel for conducting a re-
action in a flow system is a “vessel with ideal mixing” (a
“gradient-free reaction vessel”). In a vessel with ideal
mixing the composition of the reaction products at a given
time should be kept uniform throughout the volume by dif-
fusion or by special mixing of freshly arriving substances
with the partly reacted mixture. Such systems are also
termed “open systems”, since, in contrast to reactions in
a streamlined flow, any given element of volume of the
reaction mixture is “open” to freshly arriving substances.
Change in the composition of the reaction mixture occurs
not only as a consequence of chemical reaction but also as
a result of the additional introduction of starting materials
and reaction products from adjacent volumes. The resi-
dence times of species in the vessel are not the same. The
mean residence time 7 of species in the reaction volume is
taken to be the reciprocal of the rate of supply of the
starting materials to unit volume: i.e. T = V/u, where V
is the volume of the reaction vessel and « the volume rate
of supply of the reactants.

Both principles of an unenclosed system—reaction ves-
sels of ideal displacement and of ideal mixing—are used in
chemicaltechnology. The latter are employed particularly
in heterogeneous catalytic reactions and in other reactions
involving solid particles, occurring in a “fluidised bed”.

Several other chemical reactions can be more suitably
conducted either in a laminar flow or with some definite
degree of diffusion, which eliminates laminarity but does
not guarantee complete mixing. However, it is fairly dif-
ficult to achieve conditions of complete laminarity and
especially of a specified degree of diffusion, and in some
cases, therefore, it is preferable to conduct the processes
in several reaction vessels of ideal mixing connected in
series,

T There may also be intermediate types of reaction
vessels, with breakdown of laminar flow but not com-
plete mixing.
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To study reaction mechanisms it is also more convenient
to use a “gradient-free reaction vessel”, since the study
of reactions in a streamlined flow requires either the care-
ful elimination of or allowance for diffusion, the latter
leading to rather unwieldy equations, which cannot be inte-
grated in quadratures even for simple types of reactions.

The use of flow systems with complete mixing to inves-
tigate the kinetics of chemical reactions was initiated in
1905 by Bodenstein's work! on the kinetics of the reaction
H, + I, = 2HL

Conducting a reaction in a gradient-free reaction vessel
enables the set of differential equations to be reduced to a
set of algebraic equations, which considerably simplifies
the task of determining the rate constants of complicated
reactions.

Conducting a process in an open system has a further
advantage over reactions under static conditions and in a
laminar flow: it becomes possible to study processes over
a considerably wider temperature range, since the continu-
ous supply of starting materials to the system eliminates
the possibility of the starting materials being completely
burned up.

The present review will give an account of the main
kinetic laws of homogeneous reactions occurring under con-
ditions ensuring complete mixing with continuous supply
and removal of substances to and from the reaction zone.
We shall not discuss the kinetics of the series of hetero-
geneous processes in a flow examined in the works of Bore-
skov, Slin'ko, Temkin, Ioffe, Panchenkov, Nagiev, and
other authors 27,

II. STEADY STATE IN AN OPEN SYSTEM

Various types of reaction vessel, with and without stir-
rers, can be used”,® to investigate homogeneous reactions
in a flow with complete mixing, depending on the type of
reaction and the necessary range of variation in flow rates.

For very rapid processes the completeness of mixing
can be judged from the kinetics of the accumulation of re~
action products being independent of the rate of mixing.
With slower processes a method can be employed®'° in
which a solution of a substance A, which undergoes no
chemical change under the experimental conditions, is fed
at a constant rate into a vessel filled with the pure solvent.
The kinetics of the accumulation of this substance in the
system will be described by the differential equation

d{a/ay) u u ( a
o3 @
where a, is the concentration of A in the solution fed into
the vessel, u the volume flow rate, and V the volume of the
system. Integration of Eqn. (1) yields

ln(-—“;"—— )=——:—-t (1a)
which describes the kinetics of the accumulation of A in the
system. The slope of the semilogarithmic plot of ‘
In[(a,/a) - 1] against ¢ will give the specific rate of supply
of the starting materials to the system. Agreement be-
tween the experimental value of #/V and the value calcu-
lated from the known volume of the reaction vessel and the
bulk rate of supply of A to the system indicates that mixing
is complete in the vessel.

If a reaction occurring in an open system involves no
change in volume, the concentrations both of the starting
materials and of all intermediate and final products of the
reaction will cease to change some time after the start of
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the process: i.e. steady-state concentrations of all the
components of the reaction are reachedj. A steady state
can be defined as a state in which it is impossible to dis-
tinguish any macroscopic changes in the system!!. Under
these conditions the sum of the rates of formation of a prod-
uct and of its supply to the reaction vessel is equal to the
sum of its rates of consumption and removal from the re-
action zone.
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Figure 1. Steady-state concentrations of urea
during its decomposition: a) in absence of an enzyme;
b) in the presence of additions of an enzyme; c¢) on
deactivation of the enzyme by AgNO; solution.

Establishment of a steady state in an open system has
been observed with several simple and complicated reac-
tions. Examples are the inversion of cane-sugar?®, the
initiated polymerisation of styrene!?, the enzymic decom-
position of urea!® (Fig.1), the decomposition of potagsium
persulphate catalysed by sulphuric acid*4, and the autoxi~
dation )of several hydrocarbons and their derivatives 5717
(Fig. 2).

1. Time of Establishment of Steady State

If the concentration of a reaction product is zero at the
start of a continuous process, the time of establishment of
a steady state will depend solely on the rate of supply of the
starting materials and the rate constants of the process !4,
The time for establishment of steady~state concentrations

of the starting materials will differ from the corresponding
time for the reaction products.

Let us examine the kinetics of the establishment of
steady-state concentrations of starting material and reac-
tion product in the case of a simple first-order reaction

A ’ﬂ B. The rate of consumption of the starting material
A in the gystem is

31y

. & L2

= (k1+v)a+vao.

Solution of this equation with the initial conditions @ = 0 at
t = 0 yields

_(k1+u/V)t=lnwﬁ‘ﬁ£'ﬂE=]n(l—€-) =In(l—a) (2)

where a is the degree of conversionand @ = aqu/V{k, +(u/V)]
is the steady-state concentration of A. It is seen that the

i If the system undergoes a change in volume,
steady-state concentrations may not be achieved.

3

time required to reach any given degree of conversion (e.g.
a = 0.99@, where @ is the steady-state concentration) de-
pends on the rate of flow and the rate constant &,:

46
ok = oo (3)
Conversion to 50% of the steady-state value is achieved at

0.639
B tulv

(3a)

t\w% =
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Figure 2. Kinetic curves for the accumulation of
adipic acid by the oxidation of cyclohexanone in a
reaction vessel of ideal mixing at 110°C with various
rates of flow (h™'): 1) 0; 2) 0.04; 3) 0.08; 4) 0.118;
5) 0.24; 6) 0.35; ') 0.47; 8) 0.55; 9) 0.79; 10)1.18.

We may note here that, when a first-order reaction is
carried out in an open system, the time required to reach
a definite degree of conversion of the starting material
(@ = aa) is independent of the concentration of A in the
solution supplied to the vessel. This is analogous to the
fact that under static conditions the time for a definite per-
centage conversion of the starting material to be achieved
is independent of its initial concentration, being determined
solely by the rate constant of the process.

The rate of accumulation of the final product B in a
first-order reaction is given by the differential equation

db u
—_—ka——b,
a4 v

In this case

4ty (4)

Vi,

When a steady-state concentration of A (a = 0.993) is
reached with «/V =k,, we have 1 - (b/b) = 0.09: i.e. the
steady-state concentration (b = 0.995) will not yet have been
reached. Calculation based on Eqn. (4) with u/V =~ &, shows
that the time required for a steady-state concentration of
the product B to be established will be approximately dou-
ble the time required to reach a steady-state concentration
of the starting material A.

For a reaction A + B — F with a rate constant of 0.002
M™ min™, the time required for establishment of the
steady-state concentration of a starting material has been
shown to be 47, and that for the reaction product 67 (calcu-
lations approximate to 1%). 2
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In the case of the polymerisation of styrene in the pres-
ence of benzoyl peroxide it has been found!? that a steady-
state concentration of styrene is reached in atime 77 which
is independent of the order of the reaction (the order may
vary during the process and with different initial conditions).
The calculations were based on the known rate constant for
the consumption of styrene during polymerisation at 80°C.

2. Kinetics of Establishment of Steady State

The transition from one steady state to another with
change in the conditions under which the process is occur-
ring is of considerable interest. It is found that in sever-
al cases such transitions are not accomplished monotoni-
cally8,3,14,18,18: hefore the new steady state is reached the
concentrations of the substances may pass through a maxi-
mum or a minimum. Two different phenomena are pos-
sible (see Fig. 3).

Figure 3. Diagrammatic representations of “over-
shooting” and “false start” phenomena when a reac-
tion occurs in a vessel of ideal mixing.

1. In the phenomenon of the “false start” an initial
change in some parameter of the system is immediately
followed by a change in the concentration of the product in
the opposite direction to that of the new steady-state con-
centration. Thus if the initial steady-state concentration
of a substance A is a,, and its new steady-state concentra-
tion a,, a “false start” will give (da/dt); = ¢, < 0 when a, -
a, < 0 (a minimum is observed on the curve), or
(da/dt) = ¢, > 0 when @, = a, > 0 (a maximum is observed
on the curve).

2. In the “overshooting” phenomenon the initial change
in the concentration of a substance is towards the new
steady-state concentration: with a, — 4, < 0 we have
(da/dt); =t > 0, and with a, — @, > 0 the derivative
(da/dt) = t, <0. Ata certain time the concentration of

the reaction product exceeds the steady-state value (or is

Russian Chemical Reviews, 38 (1), 1969

lower than the latter), and only by passing through a maxi-
mum (or minimum) is the steady-state value reached.
The conditions under which a “false start” or “over-
shooting” occurs have been determined for a first-order
reversible reaction A = B and the consecutive reaction
A — B — C when the rates of supply of starting material
and of removal of reaction products differ greatly!¢ and
also when they are the same?®,
Let us examine in rather greater detail the possibility
of the occurrence of a “false start” and “overshooting” on
the kinetic curves for the accumulation of reaction prod-

ucts in the consecutive reaction A -» B % C with identical
rates of supply and removal of all products®. In this case,
denoting the concentrations of A and B by x and y, we can
write down the set of differential equations

dx

T~ tul)x + 25, (5)

where %, is the concentration of the component A in the
solution fed to the vessel, and

if‘{ =k —(ky+u/V)y. (8)
Introducing the new variables Av =x ~X¥and Ay =y = J

(where ¥ and ¥ are the steady-state concentrations of A
and B respectively), and remembering that

218

= —(ky+uV)x +5,=0 % = hx— (b + /V)g =0

we can reduce the differential equations (5) and (6) to the
form

BT (b +uV)Ax %)

dt

T = kubr— (b + V) Ay, (8)
Integration of (7) and (8) will give

Ax = Axoe—(‘x'f"‘/v) (t—ta}
Ay = _‘_‘1&'%*_:_‘ (e~ Uhtu) () _g—(hrbuV) (—4)} 4 Ay g—thebulV) ()

where Ax, = x, — ¥ and Ay, =y, — y are the deviations in
the concentrations x and y in the system from the steady-
state values at ¢t = £, (where £, corresponds to the instant
of transition from the continuous régime, change in the
rate of flow, etc.).

The derivative

day _ hdxe ebusY) (t—te) _ FrAX,
- (k‘+"m[k,—k, Ayo]e—( ) — 2 ) )

can vanish as £ — =, which corresponds to the establish~
ment of a steady state, and also when

1 Ao (ks — k)] ks wlV.
(t—t) = g in{[1 - 2B BT ®

If Eqn. (9) is satisfied, extremal values appear on the kine-
tic curves for accumulation of the intermediate substance.

Analysis of Eqn. (9) together with the differential equa-
tion (8) will give the following conditions for the appearance
of “overshooting” and a “false start” on the kinetic curve
for the accumulation of the intermediate B in the above
consecutive reaction®.

1. If Ax, > 0 and Ay, > 0 at zero time, a “false start”
with a maximum on the curve may be observed at values
of u/V < (kb Axo/Byy) = B
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2. With Ax, < 0 and Ay, < 0 a “false start” with a mini-
mum may be observed at velocities

uv < 2bh
Ay,

3. When Ax, > 0 and Ay, < 0 “overshooting” with a
maximum can be observed throughout the range of variation
in #/V, and when Ax, < 0 and Ay, > 0 “overshooting” with
a minimum on the kinetic curve can occur.

The phenomena of a “false start” and “overshooting”
have been observed experimentally in particular on the
kinetic curve for the accumulation of sulphuric acid (the
final product of the decomposition of potassium persul-
phate (Fig. 4a) accompanied by the liberation of atomic
oxygen %)

K,S,0, + H,0 — K80, 4 H,S0, + 0

and also in the enzymic decomposition of urea in the pres-
ence of urease and additions of silver nitrate, causing in-
activation of the enzyme'3, as well as in the complicated
chain oxidations of n-decane and ethylbenzene by atmos-
pheric oxygen (Fig. 4b).8

0.1 N NaOH, ml

[ROOH}, M

7

H L la” Il 1 I -1
[ w 200 300 s 4 8 12 #6 1

Figure 4. (a) “False start” on kinetic curve for
accumulation of sulphuric acid during decomposition
of aqueous potassium persulphate solution in reac-
tion vessel of ideal mixing. The arrow indicates the
instant at which the rate of diffusion changes.

(b) Kinetic curves for accumulation of hydroperoxides
in the oxidation of n-decane in a reaction vessel of
ideal mixing at 140°C: 1) “false start”; 2) “over-
shooting”.

The possibility of the appearance of “overshooting” and
“false starts” on kinetic curves for the consumption of
starting material in an open system has been examined in
a previous paper?°. If the reaction is of the first order
(see above) the derivative

_ ds:r = Axy (b + u/Vy g BuMIE—t

is able to vanish only at ¢ = £, i.e. in a steady state. At
all values of ¢ # {,, the concentration of the starting mate-
rial either increases monotonically when Ax, < 0 or falls
monotonically when Ax, > 0. Consequently the concentra-
tion of the initial reactant can only vary monotonically on
passing from one stationary state to another: the occur-
rence of any extrema is then impossible. This holds for
a non-autocatalytic reaction of any order 2°,

In fact, for a reaction of the nth order we have

AL — — kAP — V)AL + @V)1Al,

and when d[A}/dt = 0 the second derivative
4[A] i1y SIAL =
an [— A APt —u/V] dt =0

which corresponds to the establishment of a steady state.
Thus the kinetic curve for the consumption of A cannot
pass through extrema.

In autocatalytic reactions, unlike those of simple types,
“overshooting” and “false start” phenomena can be ob-
served even on the kinetic curves for the consumption of
the starting material?. Actually, if the starting material
A is consumed autocatalytically by interacting with the
reaction product B, its rate of accumulation in the system
is described by the differential equation

diAy _ _r 2
B k,[A}(B] v [A]+ v [Al,.
At the instant at which d[A]/dt = 0 the second derivative

= A [+ 2L

dr a dt
may differ from zero if at this instant d[B]/dt # 0. In this
case the kinetic curve for consumption of A will pass

through a maximum or a minimum before a steady state is
attained.

[RH], %
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Figure 5. “Overshooting” on kinetic curve for con-

sumption of ethylbenzene by oxidation in an open
system at 118°C with a rate of flow of 0.102 h™,

[RH], M
245,

R

2.

g r; /I7 zlf zlf h
Figure 6. Kinetic curve for consumption of starting
material in catalysed oxidation, calculated on M-20
electronic computer with [RH] = 5.2 M, [CoSt,] =
0.006 M, and u/V =5 X 1075 g~1,

The phenomenon of “overshooting” has been observed,
for example, on the kinetic curve for the consumption of
ethylbenzene during its autoxidation by oxygen (Fig. 5).1°

The possibility of the appearance of extrema on kinetic
curves for the consumption of the starting material has
been shown also in the catalysed oxidation of hydrocarbons
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in the presence of cobalt stearate?. The mechanism of
the process in this case is represented by the scheme
RO, +RH — ROOH R (&)
ROOH +-CoSts = ROOH-CoSts (ks, )
ROOH- CoSts + CoSty — RO’ ++ Co (OH) Sty + CoSts (%)
ROOH + Co (OH) Sty — CoSts+ Hs0 RO, (&)

n

8

The dependence of the steady-state concentration of radi-
cals 7 on the initial concentration of inhibitor #, is found by
solving the cubic equation

L (ZkIRH  u  uky\
i i w:,)” +
(. q —PakaRHL | u WR VNS uew 1)
Ve \™ 0 T g av) ¥ u Vik,

Equation (11) has three positive roots 7,, 7,, 7, (three
steady states of the process) provided that

z[u.kukm_g_]>&
ullkstuy VTR

mole %
72

0+

20 1 T Il 1 L

4 8 12 5 20 h

Figure 9. Kinetic curves for the accumulation of
adipic acid during the continuous oxidation of cyclo-
hexanone at 110°C with a rate of flow of 0.265 h~!,

However, analysis shows that one of the solutions is un-
stable. The dependence of the steady-state concentration
of the primary intermediate product, the hydroperoxide
ROOH (the concentration of hydroperoxide is proportional
to the concentration of radicals #), on the initial concen-
tration of the inhibitor4? ig shown graphically*4 in Fig.10.
The section afb corresponds to the steady state 7,, and the
section cd determines 7%;. The state #, (branch blc) is un-
steady and is not realised.

Experimental data on the dependence of the steady-state
concentration of a reaction product on the initial conditions
have been obtained in an investigation of the inhibited oxi-
dation of n-decane“?. The steady-state hydroperoxide
concentration is found to depend on the initial concentration
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In an open system the oscillations are maintained indefi-
nitely. When malonic acid was replaced by malic acid,
for example, oscillation at two frequencies was observed®
under certain conditions (Fig.8).

The very fact that periodic chemical reactions can occur
is very interesting from the points of view both of chemical
kinetics and of biology. Among the clearest periodic pro-
cesses in biology are the biological sygtems for recordin'g
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with change in the inhibitor concentration right until the
latter corresponds to point . At this inhibitor concentra-
tion the steady state of the system changes in the direction
indicated by the arrow. Thus it is seen that, with the
same inhibitor concentration in the solution fed to the ves-
sel and different initial hydroperoxide concentrations in the
system ([ROOH], = 1.2 mole % and 0), two markedly differ-
ent steady states are attained. The broken section b~c
defines the magnitude of the unstable steady state. In the
oxidation of n-decane containing hydroperoxide from the
start, breaks are observed close to the critical inhibitor
concentration on the kinetic curve of the hydroperoxide
(sections a=b on the curves in Fig, 12),42

a_f
'\b
!
L
= L.
g Vg
LE' /’
.
-
td
’/
P14 4
[Inh}o —>

Figure 10. Dependence of steady-state concentra~
tion of hydroperoxide on initial concentration of in-
hibitor in a continuous process of oxidation (calcu-
lated results).

[ROOH], mole %
2044,
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Figure 11. Dependence of steady-state concentra-
tion of hydroperoxide on concentration of 1-naphthol
and initial hydroperoxide concentration in the system
during the oxidation of n-decane with continuous sup-
ply of a solution of 1-naphthol in n-decane, at 135°C
with rate of flow 1.45 X 107 g=1,
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With certain initial conditions ¥ auto-oscillations can be
expected also in a first-order exothermic reaction A —+ B
under non-isothermal conditions.

Auto-oscillations can occur when the process can be
described by a set of non-linear differential equations.

The possibility of the occurrence of oscillations has
since been discussed theoretically for a large number of
systems. In particular, detailed analysis has shown3~%
that oscillations are impossible under isothermal conditions
in systems in which only simple types of reactions take
place. Only the presence of an autocatalytic stage or of
a wall reaction can lead to the appearance of oscillations ¥.

In the system

A, +M1_"M: + B,
Ay +M;—M, +B,
Ay +M;—>M, +B,

where the M; are catalysts, damped and undamped oscilla-
tions are possible if the number of components in the reac-
tion exceeds 3.

The occurrence of oscillations about a steady-state val-
ue has been discussed in detail for a consecutive reaction
comprising n stages, all of which are autocatalytic, taking
place in an open system3%. It is shown that harmonic
oscillations about a steady-state value should be observed
if the number of consecutive stages does not exceed 3. If
the number of stages does exceed 3, anharmonic oscilla-
tions are produced owing to the superposition of oscilla-
tions. The occurrence of oscillations, and also their fre-
quency and amplitude, depend on the rate of supply of the
starting materials to the system and on the initial condi-
tions.

A detailed discussion of oscillatory phenomena in chem-
ical and biological systems will be found in Ref. 39.

IV. DEPENDENCE OF STEADY-STATE CONCENTRATION
ON CONDITIONS OF PROCESS

The steady-state concentration is determined by the
parameters of the system (temperature, pressure, pres-
ence of a catalyst or an inhibitor, and also the rate of flow).

The change in the steady state produced by addition of
a catalyst to a system has been shown, for example, in the
enzymic decomposition of urea!$ and the decomposition of
aqueous potassium persulphate solutions catalysed by sil-
ver sulphate'®. It was shown in the former case'? that
different steady-state concentrations of urea are estab-
lished in the system depending on the degree of inactivation
of the enzyme by silver nitrate solution (Fig.1). In the
decomposition of potassium persulphate in aqueous solu-
tions a change in the steady-state concentration of sulphuric
acid (a reaction product) has also been observed on the
addition of a catalyst (silver sulphate) to the system!4.

1t is interesting that, if a reversible reaction is taking
place in an open system, addition of a catalyst not only in-
creases the rate of establishment of equilibrium, as occurs
in a closed system, but also leads to a shift in the thermo-
dynamic equilibrium 32, This phenomenon has been in-
vestigated theoretically32 for the first-order reversible
reaction A = B.

Variation in temperature also influences the steady-
state concentrations in a system. For example, the mean
degree of vinyl polymerisation falls with rise in tempera-
ture?® (this parameter is a function of the concentration of
the monomer).

7

1. Dependence of Steady-State Concentration on Initial Con-
ditions

For most reactions, having highly diverse mechanisms,
the steady-state concentration under gradient-free condi-
tions is independent of the concentration of products in the
system at the instant of transition to a continuous régime.
In the simplest case, when a substance A is consumed by a
first-order reaction having a rate constant k,, we have for
the rate of the process the equation

da

by =—(k tu/V)a + (V)a,.

(10)

Integration gives
—(ky +uVya + (w/V)ay = [(u/V)ay— (B, + 8/V)a,] ethtuiit

where a, is the concentration of A in the vessel at time
t=0. Ast— a concentration @ is reached, which re-
mains unchanged with time (steady-state concentration),
and is given by

(u/V)ao

7= i
(kyt-u/V)

This is independent of a,, and is determined by the values
of b, and #/V.

The same formula for a can be obtained by equating the
derivative da/dt in Eqn. (10) to zero.

More generally we can write for the accumulation in an
open system of a substance X, formed at a rate w; and con-
sumed at a rate wy, the equation

i—‘-: =w¢— W (u/V)xg—u/V)x .

In this case the steady-state concentration x (determined
from the condition dx/dt = 0) is given by

being dependent only on x,, the rates of formation and con-
sumption of X, and the rate of fiow, but not on the concen-
tration of X in the vessel at the start of the continuous pro-
cess.

The fact that the steady-state concentration is indepen-
dent of the initial conditions can be illustrated, for example,
by the series of kinetic curves for the accumulation of adi-
pic acid in the autoxidation of cyclohexanone, obtained with
different initial degrees of oxidation (Fig. 9).1%

Autocatalytic reactions in which two stable steady states
can occur depending on the initial conditions constitute an
exception. This case has been analysed in the litera-
ture 14,34 41 -ls.

The possibility of more than one steady state appearing
in such a system has been investigated in detail by An-
dreev* on the basis of an actual scheme for the oxidation
of hydrocarbons in the presence of inhibitors which termi-
nate the oxidation chains

RH ~» ROs (o)
ROs +RH-— ROOH + R (k)
ROOH - RO" + OH (ks)

RO; + ROy — chain termination (k,)
RO; + Inh —» chain termination (k)
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The dependence of the steady-state concentration of radi-
cals 7 on the initial concentration of inhibitor i, is found by
solving the cubic equation

—_ 1 [ 2keky [RH) u  ukg\a
n3 3
ky ( (ks+uw/V)y 'V Vk,\, vt

11)

u-w,

4 .
+ Vi, (k‘ Th Vi,

kg [RHY | u Uk V),-l_
(ks +u/V) V u

Equation (11) has three positive roots 7,, 7,, 7, (three
steady states of the process) provided that

_V_[ZI:,I:.[RH]__L]>§!
u Lkt afV) V Ry

mole %
7z}

10 -

20 t i i s i

4 8 1 5 h

Figure 9. Kinetic curves for the accumulation of
adipic acid during the continuous oxidation of cyclo-
hexanone at 110°C with a rate of flow of 0.265 h™'.

However, analysis shows that one of the solutions is un-
stable. The dependence of the steady-state concentration
of the primary intermediate product, the hydroperoxide
ROOH (the concentration of hydroperoxide is proportional
to the concentration of radicals z), on the initial concen-
tration of the inhibitor42? is shown graphically*¢ in Fig.10.
The section afb corresponds to the steady state 7, and the
section cd determines 7%;. The state #, (branch blc) is un-
steady and is not realised.

Experimental data on the dependence of the steady-state
concentration of a reaction product on the initial conditions
have been obtained in an investigation of the inhibited oxi-
dation of n~decane*2?, The steady-state hydroperoxide
concentration is found to depend on the initial concentration
of hydroperoxide in the system. Fig. 11 illustrates ex-
perimental results on the inhibited oxidation of pure n-
decane and of n-decane containing 1.2 mole % of the hydro-
peroxide before the start of the reaction. The point 2 on
this diagram indicates the steady-state hydroperoxide con-
centration in the absence of inhibitor, this being 0.8 mole %
under the experimental conditions. If the pure hydrocar-
bon is being oxidised, the steady state of the system at high
inhibitor concentrations is represented by the section c~d.
At an inhibitor concentration corresponding to point ¢ a
sharp change occurs in the steady state of the system, in
the direction indicated by the arrow. I the hydrocarbon
contains a certain quantity of the hydroperoxide [ROOH], >
a at the start of the reaction, the concentration of hydro-
peroxide in the steady state will vary along the section a=b
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with change in the inhibitor concentration right until the
latter corresponds to point b. At this inhibitor concentra-
tion the steady state of the system changes in the direction
indicated by the arrow. Thus it is seen that, with the
same inhibitor concentration in the solution fed to the ves-
sel and different initial hydroperoxide concentrations in the
system ([ROOH], = 1.2 mole % and 0), two markedly differ-
ent steady states are attained. The broken section b=c
defines the magnitude of the unstable steady state. In the
oxidation of n-decane containing hydroperoxide from the
start, breaks are observed close to the critical inhibitor
concentration on the kinetic curve of the hydroperoxide
(sections a=b on the curves in Fig.12).42

[ROOH] —>
N

[Inh}g —=

Figure 10. Dependence of steady-state concentra-
tion of hydroperoxide on initial concentration of in-
hibitor in a continuous process of oxidation (calcu-
lated results).

[ROOH], mole %
a0yl

1 1 d ]
o5 10 15 20
[InH), 10%(Ink}q

Figure 11. Dependence of steady-state concentra-
tion of hydroperoxide on concentration of 1-naphthol
and initial hydroperoxide concentration in the system
during the oxidation of n-decane with continuous sup-
ply of a solution of 1-naphthol in n-decane, at 135°C
with rate of flow 1.45 X 10~* g=,

With exothermic processes different steady states can
be established according to the initial conditions even for
simple types of reactions. The occurrence of two greatly
differing régimes when a reaction is conducted under adia-
batic conditions in a gradient-free reaction vessel was
first established by Zel'dovich*® for thermal ignition. I
has been shown 3 that different steady states may be estab-
lished, depending on the initial conditions, when a first-~
order exothermic reaction is conducted under non-isother-
mal conditions in a gradient-free vessel.
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Thermal ignition phenomena with a sharp transition from
a steady state to a non-stationary régime are inherent in
exothermic processes even under static conditions. How-
ever, open systems are distinguished by sharper bound-
aries between ignition and a steady state. When exother-
mic processes are conducted in open systems, the possibility
arises of determining the true concentration limit of igni-
tion (this is impossible under static conditions because the
mixture is consumed).

S XN »
S 8 88 §

S S
N

hydroperoxide concn., mole %

a0 2 4

L
0 1

Figure 12. Kinetic curves for the accumulation of
hydroperoxide in the oxidation of n-decane containing
an initial hydroperoxide concentration of 1.0 mole %
at 135°C with a rate of flow of 1.45 X 10™ g™, and
with different inhibitor concentrations (M) in the solu-
tion fed into the vessel: 1) 4.0 X107™4; 2) 4.1 X 1074;
3) 4.3 X104,

[ROOK), mole % 4

a8t T i s
st /A
2 en,m, mole %
i "y A ”.’ R
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ost b
2 a2t
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Figure 13. (a) Kinetic curves for the accumulation
of hydroperoxide in the continuous oxidation of n-
decane at 120°C, with rate of flow of 0.53 h™, in the
presence of 1-naphthol (M): 1) 0; 2) 3 X107% 3)
7.5 X 10-¢; 4) 9.0 X107%; 5) 9.05 X 107%. (b) Depen-
dence of steady-state concentration of hydroperoxide
on initial concentration of 1-naphthol.

A greater sharpness of critical transitions in open than
in static systems has been observed also in an investiga-
tion of the inhibited oxidation of n-decane*®, The inhibi-
tors used were 1-naphthol and tri-(3,5-di~t-butyl-4-hydro-
xybenzyl)amine, under identical temperature conditions in
open and static systems. When the process is conducted
continuously a very sharp transition is observed from the
autocatalytic reaction to the steady-state reaction at a
critical inhibitor concentration4® (Fig.13). Under the
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same conditions in a closed system the induction period of
the process increases linearly with increase in the inhibi-
tor concentration, and limiting phenomena are not ob-
served*? (Fig.14). The causes of the sharpness in the
transitions in open systems have been analysed*s,

102[ROOH], M

wh 28 & 5
a

ast+

4 8 1216 W 1
ting, h R

I

Figure 14. (a) Kinetic curves for the accumulation
of hydroperoxide in the oxidation of n-decane under
static conditions at 120°C with different initial con-
centrations (M) of inhibitor (1-naphthol): 1) 0; 2)
8x1077; 3)1.2X107% 4)4.1x107% 5)17 X107,
(b) Dependence of induction period on inhibitor con-
centration.

2. Dependence of Steady-state Concentration on Flow Rate

The variation in steady-state concentrations with change
in the rate of supply of the starting materials has been dis-
cussed in the greatest detail in the literature. It has been
shown for simple reactions (of the first, second, and third
order) that increase in the rate of supply of starting mat-
erials (and of withdrawal of reaction products) diminishes
the steady-state concentration of reaction products, while
that of the starting materials increases monotonically 4.

As example let us examine the reaction A - C, where
conversion of A into the product is a first-order reaction.
Then the variation in the concentrations of A and C will be
described by the differential equations

d{A]

u u
dt = —kllA]—V IA] +V‘[A]o
d[C]
Tar
where u is the bulk rate of supply of the substances, V is
the volume of the system, [A], is the concentration of A in
the solution entering the vessel, .and [A] and [C] are the
instantaneous concentrations of A and C in the solution.
In the steady state d[A]/dt = d[C]/dt = 0, and the steady-
state concentrations are

=k [Al—(Cl,

— (/)AL

(A) = ot ) (12)
ARl bIAL
(€ ulV (R + u/V) 3)
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With increase in #/V the steady-state concentration of C
will fall, while that of A will increase, since the factor
u/V(k, +u/V) increases with increase in u/V.

Analogous equations can be written for second- and
third-order reactions ®s%,

The steady-state concentration of the intermediate prod-
uct in a consecutive reaction will depend in more compli-
cated fashion on the flow rate.

With increase in the rate of supply of the starting mate-
rials the steady-state concentration of the intermediate in
the consecutive reaction A — B — C first increases and
then falls. This extremal dependence on «/V is due to the
fact that increasing this parameter produces an increase
in the steady-state concentration of the initial substance A,
which results in an increase in the concentration of B,
while the more rapid removal of B from the system tends
to diminish its steady-state concentration.

This can be illustrated by the interaction of the iron(II)
ion with the thiosulphate ion %’

et 125,03 2P 4 5,01,

The reaction involves intermediate formation of an unstable
complex between these two ions. Determination of the
concentration of this complex has shown that its steady-
state concentration passes through a maximum with in-
crease in the rate of flow (Fig. 15).

w0 W

rate of flow, g 5!
Figure 15. Dependence of steady-state concentra-
tion of intermediate complex in the reaction of Fe¥*

with the thiosulphate ion on rate of supply of S,0§~
(rate of supply of Fe3* constant at 0.388 g s™).

The rate of flow at which the maximum steady-state
concentration of the intermediate is reached will depend on
the rate constants of its formation and consumption*®. In

the simple consecutive reaction A %B3 C, for example,
the variation in the concentration of the intermediate sub-
stance B is given by the differential equation

d[(B) _ _ __u
= k,[A] — k&, [B] v (Bl
The steady-state concentration of B is

A — 14k
Tt uV) ket aV) *

(B} (14)
It is seen from Eqn. (14) that the steady-state concentration
[B] - 0asu/V—0andas«/V— =, Since [B] has some
value different from zero within the range of variation of
u/V from 0 to =, the steady-state concentration of B must
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pass through a maximum with increase in #/V. Differen-
tiating [B] with respect to «/V, we obtain
d(Bl_ _ 1Ak liks — (u/V)Y)

d(u/V) (By 4 u/V)* (kg ufV)?

The dependence of [B] on «/V will pass through a maximum
when d[B]/d/V) = 0, i.e. at a rate of flow «/V = vk k,.

If more than one intermediate is formed in the system,
the steady-state concentration of each product should pass
through a maximum, and that of the first intermediate
should be reached at higher rates of flow than that of the
second intermediate®. Thus in the consecutive reaction

A 3 B 3 C 3 D the maximum steady-state concentration
of B is reached at a rate of flow «/V satisfying the condi-
tion d[B]/d(u/V) = 0. For the steady-state concentration
of the second intermediate C we have

LICL _ b, (B)— &y [C] — . [T = (B
i =k BI—kCl—uwV(C) € = B
At the maximum in [B], when d[B}/d(«/V) = 0, we find that
dlC] _ _ __ w8l b 4Bl g
d(u/v) (st afVy — (ks+afV) d(u/V)

i.e. [C] is a diminishing function of «/V. This implies
that the maximum value of C is reached at lower values of
#/V than is [Blyax.

The above rules for the variation in steady-state con-
centrations of final and intermediate products and of
starting materials with rate of flow, derived for simple
reactions, are maintained for more complicated processes.

M M
az0lg daso
o15\-0075 akaed
030
on0|-005
{020
aost-o0es dow
1

Il Il L 1 aq
g o4 08 ¢ 1§ 20 u, mi bl

Figure 16. Dependence of steady-state concentra-
tions of oxidation products on rate of supply of ethyl-
benzene at 118°C: 1) hydroperoxide (right-hand
scale); 2) 1-phenylethanol (outer left-hand scale);
3) acetophenone (inner left-hand scale).

An example is the liquid-phase oxidation of ethylbenzene

in the presence of azoisobutyronitrile as initiator!”. The
process goes by a chain mechanism with the following se-
quence of products

ethylbenzene — a-hydroperoxide — 1-phenylethanol —
acetophenone

Thus two intermediate products—the hydroperoxide and the
carbinol—and one final product—acetophenone—are formed
in the system. Investigation of the oxidation of ethylben-
zene in a gradient-free reaction vessel has shown that with
increase in the flow rate the steady-state concentrations
both of the hydroperoxide and of the carbinol pass through
a maximum (Fig.16). In complete agreement with what
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has been stated above, the maximum steady-state concen-
tration of the alcohol is reached at lower rates of flow than
is that of the hydroperoxide. The steady-state concentra-
tion of the ketone falls monotonically with increase in u/V
(Fig. 16).

Systems can also exist in which the above variation in
steady-state concentration with rate of flow does not occur.
Among them are processes involving the intermediate
formation of complexes, e.g. by the scheme

A—B (&)
B+CD (Fa, k)
D—E (ka) .

If equilibrium is established sufficiently rapidly and is not
disturbed, either by conversion of D into E or by with-
drawal of D from the system, i.e. provided that

kD] <k [D] > 2 (D]

the steady-state concentration of B will not pass through a

maximum?®, The steady-state concentration of A in such
a system is
(&) — @NIAL
(ky + u/V)

while the rate of change in the concentration of B is des-
cribed by the differential equation

L — k1Al — & [BI(C] + £, D1 — LB
When thermodynamic equilibrium is maintained k,[B][C] =
k_,[D] and d[B]/dt = k,[A] = (u/V)[B]. The steady-state
concentration of the intermediate B

B __’El! — ki [A
(Bl = u (Al ky +ulV

increases steadily with decrease in «/V, tending to [A],,
and does not pass through a maximum.

The absence of a maximum steady-state concentration
of an intermediate product has been shown for the oxidation
of n-decane catalysed by cobalt stearate?*°, As already
mentioned above (Section II, 2), breakdown of the hydro-
peroxide (intermediate product) in this process is preceded
by formation of the complex ROOH.CoSt,. Fig.17 shows
that the plot of [ROOH] against «/V does not reach a maxi-
mum down to relatively small rates of flow. The absence
of a maximum is indicated also by the fact that in the un-
catalysed oxidation of n~decane a maximum is reached at
u =2.5mlh™. Yet it can be shown that increasing the
rate of initiation by adding cobalt stearate should shift the
maximum to higher rates of flow. Thus if ROOH is formed
and consumed by a chain mechanism (with rate constants
k,andkg respectively), the rate of flow at which a maximum
steady-state concentration of the hydroperoxide is reached

1s
u kyks —
&= ]/T Ve

(kg being the recombination constant of RO; radicals), and
increases with increase in the rate of initiation. Calcu-
lation of the scheme of catalysed oxidation (Section II, 2)
on an M-20 electronic computer, with the equilibrium

ROOH +- CoSty 7= ROOH-CoSt,

maintained, showed that the steady-state concentration of
ROOH does not pass through a maximum up to 88% conver-
sion of the starting material.

1"

Variation in the rate of supply of the starting materials
affects not only the steady-state concentrations of the in-
dividual reaction products but also the proportions of the
products, since change in #/V influences the steady-state
concentration of the final products to a far greater extent
than that of the intermediates. This effect is especially
clearly developed in the oxidation of cyclohexanone by oxy-
gen at 110°C.*% With change in the rate of supply of cyclo-
hexanone from 0.079 to 1.175 h™' the steady-state concen~
tration of the hydroperoxide changes from 0.298 to 0.242
mole %, i.e. by a factor of 1.2, whereas the steady-state
concentration of adipic acid changes by a factor of 12.

102[ROOH], M
28
05
o%
a2

00 L I 1 L
5 7 % 20

rate of flow &, ml h'!

o

Figure 17. Dependence of steady-state hydroperox-
ide concentration on rate of flow in the oxidation of
n-decane catalysed by cobalt stearate ([CoSt,], =
0.006 M) in a reaction vessel of ideal mixing at 130°C,

Furthermore, when cyclohexanone is oxidised in a gra-
dient-free reaction vessel, the extent of oxidation of adipic
acid to carbon dioxide is considerably diminished. If with
4.5 mole % of adipic acid the rate of evolution of carbon
dioxide per mole of adipic acid is 0.124 mole h™ under
static conditions, in an open system it is only 0.032 mole
h-t,

. . LR R R

In general in the consecutive reaction A - B = C =D
increase in the rate of supply of the starting materials will
enrich the mixture in the intermediate products. Thus the
concentration of C in the steady state is given by

ky [B] — (k5 + 4/V)[C] =0, whence % = ot alV)

ks
With increase in /V the ratio [B]/[C] increases: i.e. the
relative content of B in the mixture of reaction products is
increased.
This conclusion may not apply to more complicated re-
actions, such as the oxidation of organic compounds *°.
Analysis of a process of oxidation involving chain branching

by the reaction ROOH 3 HO' + RO* and quadratic recom-

bination of radicals (RO} + RO, -% products) shows that the
ratio of the steady-state concentrations of the hydroperox-
ide (ROOH) and a product C, the latter formed from the
hydroperoxide by a molecular mechanism (constant %) and
consumed by a chain mechanism§ (constant %,), is given by

_ IROGH] _ _ka-kaks [RH) u/V
(€ kky (k -+ ulV) I3

n

§ If the reaction product is not used up or is con-
sumed by a molecular mechanism, this scheme yields
a result identical with that obtained from consideration
of a simple consecutive reaction.
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in which k&, is the rate constant of chain propagation RO; +
RH — ROOH + R°. It is seen from this expression that
the ratio of the steady-state concentrations increases at
small rates of flow, but with further increase in »/V it
falls. The maximum value of 7 is attained at the rate of
flow

ulV = V————“’i“l HL k.

Thus with consecutive chain reactions variation in the flow
rate over a certain range may result in enrichment of the
mixture withthefirst intermediate, and over another range
enrichment with the second intermediate. The concentra-
tion ratio of intermediate and final products increases
steadily, as with simple consecutive reactions'°,

With variation in the rate of supply of ethylbenzene the
ratio of the steady-state concentrations of the hydroperox-
ide and 1-phenylethanol formed by its oxidation passes
through a maximum (Fig.18).17 At the same time the
ratio of the steady-state concentrations of the hydroperox-
ide and of acetophenone (AcPh) increases monotonically,
as can be seen from the following data

u, ml h™! 0.40 0.55 0.75 0.95 2.0 2.2
(ROOH]/{AcPn] 5.2 5.7 8.4 9.3 45 157,

[ROOH]}/[alcohol]

a2

T

28|

24}

Lﬂ 1 e 1 L
o5 10 15, 20 4 mind

Figure 18. Dependence of ratio of steady-state
concentrations of hydroperoxide [ROOH] and 1-phe-
nylethanol on the volume flow rate of ethylbenzene to
a reaction vessel with ideal mixing at 118°C.

In concluding this Section it is appropriate to mention
that the maximum steady-state concentration attainable in
an open system is always lower than the maximum concen-
tration of a product under static conditions with the same
process conditions. Thus in the consecutive reaction

A 3 B 23 C the steady-state concentration of the final prod-
uct C
= 1% &
C=GFmeram
is always lower than the maximum possible concentration
[C] = [A], under static conditions, and tends to it as the
rate of flow diminishes. The maximum possible steady-
state concentration of the intermediate product B, attain-
able at a rate of flow u/V = vk,k,, is

Al - &y

(Blnax = — 2k B
T VR +Vhy
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Yet for the maximum concentration of this product under
static conditions!! we have

(Bl =[Al, (’2

Raf(ky-ts)
%)

Writing k,/k, = k, we find that the ratio of the maximum
concentration of B under static conditions to its maximum
concentration in an open system is

X

o B
Blax  (Vx+1)2”

Hence it follows© that at all values of & the function y =
y(k) is less than unity: i.e. [Blmax always exceeds [B]qy-
The calculations given here are valid, of course, only
for a simple consecutive reaction. The influence of fur-
ther complication of the system on the ratio of the maxi-
mum concentrations in open and closed systems requires

special examination.

V. DEPENDENCE OF REACTION VELOCITY ON FLOW
RATE IN VESSELS HAVING IDEAL MIXING

The rate of change in the concentration of any substance
in an open system, as already mentioned above, is given
by

¢ _ -
i Uty

In the steady state («/V)[C] = wg = wy. Thus the product
of the rate of supply of the starting materials by the steady-
state concentration of a given substance gives the rate of
accumulation of this substance in the reaction. In an open
system, as under static conditions, the reaction velocity
changes with the extent of the process.

For reactions of the first, second, and third order the
reaction velocity (the rate of consumption of the starting
material) is 2 maximum at the maximum concentration of
the starting materials46. In this case, therefore, the
maximum reaction velocity is reached with the maximum
possible rates of supply of the starting materials. In
practice, however, such rates are used very rarely, owing
to the difficulty of isolating the reaction products from
dilute solutions.

Let us examine the variation with the rate of flow in the
rates of accumulation of intermediate and final products in

k
the consecutive reaction A% B 3 C.® The steady-state
concentration of the intermediate product B is (see Sec-
tion IV, 2)

Bl = [Alo &, - u/V. )
(R u/V) (ks + u/V)

Hence its rate of accumulation

L [E] = [Alo &y (u/V)2
14 (k1 + u/V) (ks + ufV)
increases monotonically with increase in the rate of supply
of the starting materials, as in the case of the reaction
A — B, where B undergoes no further change.
For the final product C we have correspondingly

L dW/VICY) _ Al kiks [Riks — (u/V)Y)
d(u/V) (R1 + u/V)* (ks + u/V)*

2 = [Alo ykgu/V
v ey + ufV) (ks + /vy °
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It is seen that, when #/V > Vk;k,, the derivative

(2e)

“dwv) <0

and the rate of accumulation of the final product falls with
increase in u/V. When u/V < Vk,k,, we have

d(u/VICDH
d(4/V) >0

i.e. the quantity [CJu/V increases with increasing rate of
supply of the starting materials. Thus the dependence of
rate of accumulation of the product C on u«/V passes
through a maximum at u/V = Vkk,. This same rate u/V
corresponds to the maximum steady-state concentration of
the intermediate product (Section IV, 2).

If in a consecutive reaction A — B — C the product B is
formed autocatalytically from its precursor, not only the
rate of accumulation of C but also that of B and even the
rate of consumption of A should pass through a maximum
with increase in the rate of flow®. An extremal depen-
dence of the overall rate of the process and the rate of
accumulation of each product on the rate of supply of the
initial substances is observed in an open system whenever
the kinetic curve for accumulation of the given product
under static conditions is S-shaped.

mole % h'!
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Figure 19. Dependence, on specific rate of supply
of cyclohexanone during its continuous oxidation at
110°C, of: 1) steady-state concentration of adipic
acid; 2) rate of accumulation of adipic acid.

In the oxidation of cyclohexanone in an open system the
rate of accumulation of adipic acid first increases with
increase in u/V, passes through a maximum, and then
falls !5 (Fig.19). Analogous extremal variations in the
rate of consumption of hydrocarbon and of accumulation of
each of the reaction products with increase in «/V have
been observed also in the oxidation of n~decane at 140°C
(Fig. 20).® It is seen from Fig. 20 that the rates of accu~
mulation of all the products of the reaction pass through a
maximum, including the rate of accumulation of the first
intermediate product, the hydroperoxide. The maxima
in the rates of accumulation of all the products with varia-
tion in the flow rate are displaced relative to each other,
being reached at different flow rates. h

k
With the simple consecutive reaction A - B 3 C > D
as example it has been shown!? that the maximum rates of
accumulation of the individual reaction products should be
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observed at different values of u/V. For the accumula-
tion of C and D we can write the differential equations

a[c) _ _ —0; 4D _ —4 D)=
TAk’[B] (ks + w/V)[C] =0; ey k3 [C) V[D];O.

Hence the rates of accumulation of these products are

U = b [Blu/V | u
20 = 2B 2
vV (k3 +u/Vy  V

AL

(D1 =k [C) = ;7 =

The maximum rate of accumulation of D is reached when
4 [l_ﬁl_] —0:
d(uiV) Lks+u/V) ’

and the maximum rate of accumulation of C when

dlslcll,,,kzu d [ 1B} ]

o, BBl _
d(u/V) Vo dV) Lks+ u/V)

(ks+ufVy

At the point d(u[D}/V)/d(u/V) =0we have du[C]/V)/d(w/V) >
0: i.e. the maximum rate of accumulation of C is reached
at higher values of «/V than is that of D. If one of the
stages in the sequence or all of the stages in this process
are autocatalytic, the maximum rates of accumulation of
individual products are also observed at different rates of
flow.

.
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Figure 20. Dependence, on rate of supply of n-
decane during its oxidation in reaction vessel of ideal
mixing at 140°C, of rates of accumulation of:

1) hydroperoxides (outer scale); 2) acids (outer
scale); 3) ketones (inner scale); 4) alcohols (inner
scale).

As already remarked above, the maximum rate of accu-
mulation of any final product of a simple consecutive reac-
A — B — C is reached at the same rate of supply of the
starting materials as is the maximum steady-state concen-
tration of the intermediate which is the immediate precur-
sor of the given final product (see above), independently of
whether B can be consumed only by conversion into C or in
more than one way. This property of an open system has
yielded a possible method for determining the routes by
which the final reaction products are formed.

The method consists in comparing the maximum rates
of accumulation of the final products and the steady-state
concentrations of the intermediates with variation in the
flow rate. If these maxima are reached at the same flow
rate, the intermediate can be regarded as the direct pre-
cursor of the given final product®.

However, this method of determining the paths by which
the final products are formed is not general, and requires
careful analysis of the mechanism and the conditions under
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which the process is conducted. Thus in the autocatalytic
consecutive reaction A - B — C — D, where the reaction
product B accelerates consumption of C, the maximum rate
of accumulation of D and the maximum steady-state con-

centration of C should be reached at different values of u/V.

However, some modification of the method enables the paths
by which D is formed to be determined even in this case!®.

Analysis of the scheme for a chaim oxidation in the liquid
phase, where the product D is formed by a chain mecha-
nism involving free peroxy-radicals RO; formed by the
breakdown of B (with a rate constant %;), shows that the
rate of accumulation of D in this case is u[D]/V =k,[C][RO;],
or u[D]/V = kye(ki[B][C]/ke)*'2, since with quadratic recom-
bination of radicals (rate constant k;) we have [RO;] =
(e3[B]/ks)* 2.

Since the amount of B is affected by change in the flow
rate, the maxima in the relations u[D)/V = f,(«/V) and
u[C)/V = f,(u/V) will not coincide. However, if a sub-
stance which will ensure a sufficiently rapid rate of forma-
tion of radicals RO; is added to the system together with
the starting materials, so that wj > &J[B], we have

uV 1D = k(€Y ROy — 2Ly
' Vi
By varying the initiator concentration so that w;j remains

constant with variation in the flow rate, these maxima can
be made to coincide.
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Figure 21. Dependence, on rate of supply of ethyl-
benzene at 118°C, of: 1) steady-state concentration
of hydroperoxide; 2) steady-state concentration of
1-phenylethanol; 3) rate of accumulation of aceto-
phenone.

The method has been tested for the oxidation of ethyl-
benzene!’. (Preliminary experiments had shown that ace-
tophenone was formed directly from 1-phenylethanol, not
by decomposition of the hydroperoxide—see below.) Fig.21
illustrates the dependence of the rates of accumulation of
acetophenone and of the steady-state concentrations of
ethylbenzene hydroperoxide and 1-phenylethanol on the rate
of supply of ethylbenzene. The rate of initiation of chains
was maintained constant to +4% while «/V was varied from
0.096 to 0.041 h~. It is seen from Fig. 21 that the maxi-
mum rate of accumulation of acetophenone is reached at
the same value of #/V as is the maximum steady-state con-
centration of 1-phenylethanol.

When the final product in a complicated consecutive—
parallel reaction is formed by two or more parallel routes,
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it is also possible to establish these paths. Thus it has
been shown!?, for example, that in the consecutive—~paral-
lel reaction

C
A-8{}
)
the maximum steady-state concentration of B is reached at

the same value of 4/V as is the total rate of accumulation
of the products C and D.

V1. USE OF REACTIONS IN VESSELS HAVING IDEAL
MIXING AS METHOD OF INVESTIGATING THE MECHA-
NISM OF CHEMICAL REACTIONS

Study of the kinetics of reactions in vessels with ideal
mixing enables the paths by which the final products are
formed to be assessed from the dependence of the steady-
state concentrations of the intermediate substances and the
rates of accumulation of the final products on the rate of
flow. However, this is not the only possibility for studying
reaction mechanisms and rates of formation of products
provided by open systems.

One of the greatest advantages of open systems is that
the use of gradient-free reaction vessels makes it possible
to study a reaction under perfectly constant experimental
conditions, for variation in the conditions during an ex-
periment makes it difficult to interpret the results. The
influence of such factors as the pH of the medium, the di-
electric constant, etc. is far more easily established when
the reaction is conducted in an open system, where constant
conditions can be maintained as long as desired.

Such systems present a considerable advantage also for
the study of rapid chemical reactions. This method has
been used, for example, to study the rapid interaction of
iron(I) ions with sodium thiosulphate?’. The reaction in-
volves the intermediate formation of a violet complex.
Under static conditions the coloration disappears extremely
rapidly, and it is practically impossible to obtain the spec~
trum of this compound. Conducting the reaction in an open
system with solutions of sodium thiosulphate and of an iron
salt fed separately to the vessel enabled the spectrum of
the intermediate complex to be obtained. At sufficiently
high rates an intense violet coloration was established,
which was stable with time and enabled the absorption
spectrum of the complex to be recorded. The lifetime of
the complex was found to be 10 s.

The attainment of steady-state concentrations when
chemical reactions are conducted in gradient-free reaction
vessels simplifies mathematical analysis of the set of ki-
netic equations describing the process. This in turn con-
siderably facilitates the task of determining the rate constants
for reactions of differing order from known concentrations
of the reaction components.

1. Determination of Rate Constants for Simple Types of
Reactions

The rate constants of first-order reactions in open sys-
tems can be determined quite simply 3° both from the
steady-state concentration of starting material or final
product (see Eqns. 12 and 13) and from the time required
to reach half the steady-state concentration (Eqn. 3a).
These formulae do not take into account a possible change
in volume during the reaction. Yet most first-order re-
actions in the gas phase involve a change in volume. Use
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of the formulae (13) and (12) then becomes impossible be-
cause of the inequality in the rates of withdrawal of prod-
ucts and supply of starting materials, so that the formula

py = U 1Ab — @V, 1A}
[A]
where u/V is the rate of supply and (x/V), the rate of with-
drawal of the starting material A from the system, must
be applied®!,

It is thus sufficient to know merely the speed of the gas
on entering and on leaving the vessel in order to deter-
mine the rates of the process. Nevertheless, a change
in volume during the process greatly increases the diffi-
culty of studying reactions in a laminar flow system, since
it is then necessary to know the law governing the change
in volume throughout the length of the vessel.

As example of the determination of a first-order rate
constant we can cite the gas-phase decomposition of chloro-
cyclohexane (A), which is accompanied by the evolution
of elementary chlorine32. Progress of the reaction was
followed from the change in concentration of chlorine.
Since the process involves a change in volume, the rate
of withdrawal of chlorine from the system is not equal to
the rate of supply of chlorocyclohexane. The rate of
change in the chlorine concentration can be written

d[Cl
LA — b~ cly

where «(], is the space velocity of removal of chlorine

from the system. After a steady-state chlorine concen-
tration has been established, when d[Cl,]/dt = 0, the con-
stant k, is determined by means of the formula

v [A]

=
The value obtained for the decomposition rate constant of
chlorocyclohexane was identical with that determined pre-
viously under static conditions, which indicates that reac-
tion rate constants can be determined by this method.

A similar study has been made of the pyrolysis of ethyl
acetate, which is also a first-order reaction accompanied
by a change in volume?®S, The rate constant was deter-
mined over the temperature range 376-531°C, and it was
found that the activation energy varied with temperature.

The possibility of determining the rate constants of bi-
molecular reactions has been examined in detail for the

reaction A + B E» C. In this case & can be determined by
measuring the concentration of at least one of the sub~
stances present in the system (e.g. C), provided that the
initial concentrations a, and b, of A and B in the mixture
entering the vessel are known, together with the rate of
supply of A and B to the system 3. Thus if A and B enter
the system with different space velocities up and up,
while the reaction product is removed from the system at
the rate u = up + up, the constant is determined by means
of the formula

(Viu) k& (uy-a9 —u-c) (ug by —u-c)
C =

u*

The rate constant of a bimolecular reaction in a gradient-
free reaction vessel was first measured by Bodenstein?,
as already mentioned.

Use of a reaction vessel with ideal mixing facilitates the
task of determining the rate constants not only of simple
but also of complicated, multistage reactions, among
which are consecutive, parallel, and consecutive—parallel
reactions.
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The individual rate constants of each process can be
determined for a series of parallel reactions. In one of
the simplest cases, e.g. when several parallel reactions

A+ B~ C (k)

A3+ B — Cy (ka)

A,+B= G (k)
are occurring in a system, each of the constants can be
determined by conducting the process with various rates
of supply of the starting materials, only the steady-state
concentration of these substances being measured. In
fact, the rate of change in the concentration of B is

S — kIAJIBI— & (A [BI— ... — kalAdd (Bl — - B + - [Blo.

(15)
When d[B]/dt = 0, this equation is converted into an alge-
braic equation, in which all the %2; can be determined pro-
vided that there are » such equations. If the parallel
reactions take place in the gas phase and are accompanied
by change in volume, the formulae for calculating the in-
dividual constants are somewhat complicated5!.

The rate constants of parallel reactions have been de-
termined for the gas-phase decomposition of isopropyl and
s-butyl chloroformates, which is accompanied by change
in volume 52,5, When the gaseous compounds are heated
to high temperatures, they may undergo either substitution
or decomposition with formation of alkenes; in the case
of the s-butyl ester, two stereoisomeric compounds—cis-
and trans-but-2-ene—can be formed. Conducting these
processes in an open system has enabled the rate constants
of each of the parallel stages to be determined at various
temperatures.

In the case of a simple consecutive reaction of the type

A Ii‘» B,@» C with the same rate of supply of the starting
materials, both constants can be determined from the
steady-state concentrations of the initial and intermediate
substances (A and B) by means of the equations¥

— k(B — - [A] + {;— [Al, =0 (16)

ki (Al — &y [B] — - [B] =0 - 1n)
If the concentration of the intermediate cannot be measured,
the constants %, and &, can be determined from the steady-
state concentrations of the final reaction product (C) with
various rates of supply of the starting materials, by means
of the formula

= kyka [Al,
C) = —Saka [l
1 (ky + u/V) (k, + u/V)

or

1 1 1 1 1 u
uTv{Te—]—mo “ s TR

In the latter case, by plotting

1 1 1
ufV ( Icn E)
against #/V, we can determine k, and %, separately.

Determination of the rate constants for all stages in a
process is possible also when a common component takes

T Use of an analogous method under static condi-
tions necessitates the graphical differentiation of the
kinetic curves for the consumption of A and the accu-
mulation of B, which diminishes the accuracy of the
constants obtained.
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part in every stage in a consecutive bimolecular reaction .
The possibility of determining rate constants for consecu-
tive bimolecular reactions has been examined in detail for
chlorinations represented by the scheme

A+BSA,
A +B A A; etc.

In this case the constant 2, can be determined from the
formula

By= 2
'“Vvia-x

(1—a) (18)
where a is the steady-state mole fraction of A in the reac-
tion vessel, while x is the number of moles of chlorine
which have reacted per mole of the initial substance A con-
sumed. The value of x is given by the sum of the mole
fractions of all the chlorinated reaction products multiplied
by the appropriate coefficients:

. x=a,+2a,+3a;+ ... +na,
The constant &, can be determined if the steady-state mole
fractions of A and A, are known:

b=y = (—a—a) (19)
The above formulae (18) and (19) have been used to de-

termine the rate constants for the chlorination of 1,2-di-
chloroethane at 100°C, which is represented by the scheme

1,2-dichloroethane A ,1,2-trichloroethane

ky .
i,1,2,2-tetrachloroethane | j ,}‘etrachloroethane
penta::hloroethane

hexaclixloroethane
The constants &,, k,, and k; were determined in the chlo-
rination of 1,2-dichloroethane, and it was shown that
1,1,2,2-tetrachloroethane does not undergo further chlori-
nation. The constants %, and 2, were measured in the
chlorination of 1,1,2-trichloroethane® and of 1,1,1,2-tetra-
chloroethane % under analogous conditions.

Conducting a process in open systems enables not only
the rate constants but also the order of the reaction to be
determined. I a reaction of the nth order with respect to
some component, e.g. nA — B, is conducted in an open
system with different rates of supply (¢/V), and (1/V), of
the starting materials, the steady-state concentrations
[A], and [A], are given by

RIAY, = () (Ab—(AL) (20)

EIA = () (AL, — A}

(A = (5 ), (Al —[Al) (21)
Dividing Eqn. (20) by (21) term by term and taking logar-
ithms, we obtain

nlg Al _y { N ([Alo—-@.)}’
[Als 4s ([Alo—I[Al)

the slope of the plot of 1g([A},/[A],) against the right-hand
gide of this equation giving the order % of the reaction.
Determination of the order of a reaction is a far more
laborious task in open systems than under static conditions,
since it requires many experiments to be made, whereas
under static conditions a kinetic curve with a practically
unlimited number of points is obtained in one experiment.
Nevertheless, in several complicated processes the order
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with respect to some component is better determined in
open systems. Among such reactions are all those pro-
cesses in which change in the composition of the product
during the reaction changes the apparent order of the reac-
tion.

Thus, for example, the order of the polymerisation of
styrene in the presence of an initiator—benzoyl peroxide—
has not been accurately established. From some results
it has been assumed that the reaction is of the first order
with respect to the monomer, whereas other results indi-
cate an order of 1.5. Study of this process in open sys-
tems has shown!? that the apparent order of the reaction
with respect to the monomer varies from 1.18 to 1.36 de-
pending on the composition of the reactant mixture.

A property of open systems which is among the most
valuable for the study of reaction mechanisms is the possi-
bility of investigating the reaction over a wider temperature
range—both downwards and upwards—than under static
conditions.

When reactions are studied in open systems, it becomes
possible to conduct processes at very small degrees of
conversion, which cannot be used under static conditions
because of analytical difficulties. The practically unlim~
ited volumes of gases or liquids leaving the reaction vessel
in open systems make it possible to accumulate analytically
detectable amounts of products even at low degrees of con-
version. As a consequence, the temperature of the reac-
tion can be considerably lowered in comparison with static
conditions.

At the same time the continuous supply of starting ma-
terials to the system prevents them from being completely
burned out, so that reactions in open systems can be con-
ducted at considerably higher temperatures than under
static conditions. Thus in an investigation5? of the ther-
mal decomposition of chlorocyclohexane in the gas phase
in a flow-type reaction vessel with stirring, it proved pos-
sible to raise the temperature from 385°C (the maximum
temperature at which the decomposition of this substance
had been studied under static conditions) to 476°C, i.e. by
almost 100 deg. Study of the decomposition of ethyl ace-
tate in open systems over a wide temperature range en-
abled a change in mechanism of pyrolysis with rise in tem-
perature to be detected®®: at high temperatures (above
500°C) the activation energy of pyrolysis is 44 kcal mole™,
but when the temperature is lowered to 376-414°C the
activation energy falls to 41 kcal mole™'.

The possibility of determining rate constants for simple
types of reactions, as well as for parallel and consecutive
reactions, is undoubtedly a merit of open systems. In
most cases, however, especially for simple types of reac-
tions, these constants can easily be determined also under
static conditions.

The advantage of “open” systems over all other methods
of conducting a process is shown most clearly when it is
necessary to study complicated reactions. Variation in
conditions during the process (e.g. change in the ionic
strength of the solution, the dielectric constant, the pH,
etc.) makes the determination of rate constants under static
conditions extremely inaccurate, and interpretation of the
results difficult. To maintain the ionic strength, pH, etc.
constant under static conditions special methods are used
(e.g. buffer solutions or continuous titration of the solu-
tions during the process, which changes the volume of the
system and thereby introduces additional difficulties).

Open systems enable a process to be conducted under
conditions which remain unchanged for a long time, so that
the reaction velocity can be measured accurately with the
composition of the reaction mixture rigidly fixed. An
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example is provided by the bromination of acetone under
conditions of ideal mixing%’. The rate constant of this
process, determined from the scheme for a simple consec-
utive reaction, varies considerably with the extent of reac-
tion, so that it was concluded that this reaction is more
complicated than the scheme adopted in the literature.

2. Determination of Rates of Reactions involving Reactive
Intermediates

The method described above for determining the rate
constants of individual stages in parallel and consecutive
reactions cannot always be used to determine the rates of
chain reactions involving active intermediate species,
whose concentration is often impossible to measure.

The kinetics of the accumula.tionRof.an intermediate B in

consecutive chain reactions, e.g. A———»zB———>2C, in an open
system is described by the equation

d B . .

St = mIROJAI— kRO BI— () B =0.  (22)

If the steady-state concentration of the initial substance A
is known, Eqn.(22) can be used, together with the equation

d[A]
dt

= — & [RO;1[A] — - (1A] —[A];) =0 (23)
for the consumption of A, to determine the products %,[RO;]
and 2,[RO;], and hence the separate rates of formation and
consumption of B for a given rate of supply of the sub-
stances.

In general, if the number of unknown rate constants ex-
ceeds the number of component concentrations which can
be measured, it is impossible to determine the rates of
formation and consumption of a substance from an experi-
ment conducted at a single rate of flow. For example, the
sequence of reactions

\ vi&"
B , E

A &

NEA

in the steady state can be described by a set of five equa-
tions with six unknown constants, and it becomes possible
to determine all the constants only by conducting the reac-
tion with several different velocities. In several cases,
however, change in the rate of flow has a complicated
effect on the concentration of free radicals, and separate
determination of the rates of formation and of consumption
of intermediates becomes impossible.

The rates of formation and consumption of products in
chain reactions are now being very successfully measured
by a kinetic method of labelled atoms, in which small addi-
tions of intermediates labelled with a radioactive isotope
are introduced into the system?3. However, the method
is quite laborious, and involves isolation of the given inter-
mediate from a complicated mixture of reaction products,
which is often a quite difficult task. Use of the labelled
atoms method in an open system %® makes this problem
slightly easier.

A new method has recently been suggested for deter-
mining the rates of formation of intermediates®. It con-
sists in conducting the reaction in an open system until a
steady state is established. From then a certain quantity
of the intermediate, whose rates of formation and consump-
tion are to be measured, is added to the reaction vessel
together with the starting material. The bulk rate of
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supply of the substance to the vessel should not be varied.
In this case the steady-state concentrations of the initial
substance and of the branched product (and hence also the
steady-state concentration of free radicals) remain un-
changed, since the rate of supply of the starting materials
is constant. The difference in the steady-state concentra-
tions of the intermediate established in the two cases en-
ables its rates of formation and consumption in the system
to be determinedf.

: ., RO; RO;

In the consecutive reaction A—"B—"C the steady-
state concentration of B when only the initial substance A
is fed to the system is given by the equation

#,[RO;] [A] — £, [RO; } (B] — - [B] =0 (24)

but when solutions containing additions of B at concentra-
tion [B], are supplied we have

&y [RO;} [A] — £, [RO, ] (B, — 5 (B, + 5[810 =0. (25)
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Figure 22. Oxidation of ethylbenzene in reaction
vessel of ideal mixing at 118°C, with rate of flow
0.102 h™, during supply of ethylbenzene (sections a)
and of 0.106 M and 0.17 M solutions of 1-phenylethan~
ol in ethylbenzene (sections b and ¢). Kinetic curves
for the accumulation of: 1) aicohols (outer scale);

2) hydroperoxides (inner scale); 3) ketones (outer
scale).

As mentioned above, the steady-state concentrations of A
and RO; are not affected by supplying to the system a solu-
tion containing B. Solution of Eqgns. (24) and (25) gives

(1+ k [RO,] V) (Bl
u [Bl — [B]

For a first-order reaction [B], — [B] can be plotted
against [B],, the slope giving #,[RO;], from which &,[RO;]
can be calculated, as well as the ratio of the rate constants
for formation and consumption of B. If B is consumed by
an nth-order reaction, Eqn.(26) becomes

(26)

b [RO,IV (Bl + [B]" — [BIf

— 2mn
u [Bl,— [B]

T This method cannot be used if addition of the inter-
mediate has a substantial effect on the rate of chain
branching.
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Use of this method to study the autoxidation of n-decane
and ethylbenzene has yielded the ratios of the rate con-
stants for interaction of RO, radicals with the alcohol, the
hydroperoxides, and the hydrocarbon®2, For example,
the rate of formation of 1-phenylethanol in the oxidation of
ethylbenzene has been determined from experiments in
which 0.106 M and 0.17 M solutions of the alcohol in ethyl-
benzene were supplied to the vessel. Fig.22 shows that
the steady-state concentrations of the alcohol (1) and of
acetophenone (3) increase. The constancy of the hydro-
peroxide concentration (2) indicates that the concentration
of radicals remains unchanged for all additions of the al-
cohol. The steady-state concentrations of 1-phenylethanol
(B) obtained are plotted in Fig. 23 as [B], — [B] against [B],.
From the slope of the straight line obtained it was calcu-
lated that k,[RO,] = 0.15min~1, The same method has been
used to measure the rates of formation and consumption of
products of the oxidation of n-decane catalysed by cobalt
stearate. In this process the greater part of the alcohols,
ketones, and acids were shown to be formed directly from
the RO, radicals 3, not by decomposition of a hydroperox-
ide (as occurs in the absence of a catalyst).

[Blo, M
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Figure 23. Dependence of difference between the
steady-state concentrations of alcohols_in experi-
ments with supply of 1-phenylethanol ([B];) and of
pure ethylbenzene ([B]) on concentration of 1-phenyl-
ethanol ([B],) in solution supplied to vessel at 118°C,
rate of flow 0.102 h™*.

The variation in the steady-state concentration of the
final product C, formed from B, with variation in the con-
centration of B in the solution fed to the vessel enables the
rate of formation of C from B to be determined even if C is
formed by several parallel routes. Actually, the rate of
accumulation of C when the pure starting materials are
supplied is

diCl _ s 21 LA e P
= + k[RO,1([B] V[C]—O

and when a solution of B is supplied to the system we have

d[C

=
where w} is the rate of formation of C from all products
other than B. Hence the rate of formation of C from B is

+ £ [RO,] (B, — 17 [Ch =0,

£ [RO}] [B] = N UC) + [Ch) (B]
(18T, + [B])
In this way the rate of formation of acetophenone (the

final product in the oxidation of ethylbenzene in the absence
of a catalyst!7,%2) from 1-phenylethanol has been calculated
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of a catalyst!7,%2) from 1-phenylethanol has been calculated
from the steady-state concentrations of acetophenone at
various concentrations of the alcohol in the solution fed to
the vessel, and oxidation of 1-phenylethanol has been
shown ®2 to be the only route by which the ketone is formed
during the oxidation of ethylbenzene.

The mixture of reaction products often contains not only
various functional derivatives but also a large number of
isomeric products differing not only in the structure of the
carbon skeleton but also in the position of the functional
group in the molecule. When areaction is conducted under
static conditions it is extremely difficult to determine the
rates of formation and consumption of each isomer, pri-
marily because each such isomer must be isolated from
the complicated mixture of reaction products. Conducting
the process in an open system enables the rates of con-
sumption of each of the isomers to be determined by ana-
lysing the total content of isomers in the system 1,95,

Let various isomeric products B, B,, ..., By be formed
in a reaction. It is required to determine the rate con-
stant for consumption of a component Bx. Then for the
total rate of accumulation of the isomers we have

n n n
S =Dk~ 3 kRO B~ kRO B —5 3} (Bi— (%) (B =0
T o

(28)

When the isomer By is fed to the system at a concentration
[Bklos the steady-state concentrations of all isomers other
than Bi remain unchanged, and the total accumulation of
isomers will be described by the set of equations

B> kE— 3, 1RO B — MIRO Bl +

=1
o e S (29)
+7 2 Bl— B+ [Belo =0 .
=1
(ik)
Subtracting Eqgns. (28) from (29), we obtain
— ke [RO; 1 1By — (Bel) — 7 ([Bely — (Bul) + 1 [Belo =0

RO = 4P BT Bl _wf p,  Bb }
V. [Bh— (B v {Bels — (Bl
but
-— d — — n — - -
Beli— (Bl = 3 B+ B — 3 (Bl — [Bal = (By] — (B]
fe=y i=1

{t5%k) (i4k)
where [B], and [B] are the total concentrations of all the B
isomers. Hence

N B,
kk[RO,]:_;.{_l_‘__ﬁ_}‘

[Bly— (B

The method was used to determine the reactivities of
the isomeric decanols ®® in the oxidation of n-decane at
140°C. After a steady-state concentration of the alcohols
had been established with pure n-decane supplied to the
vessel (Fig. 24, curve I, section 1), the supply was begun
of n-decane containing 0.205 M decan-2-0l. After a new
steady-state had been established (straight line I, 2), the
supply of decan-2-0l was terminated, and the supply was
begun of a similar solution of decan-4-ol (straight line
1, 3), followed by decan-5-0l (I, 4).

Since the steady-state concentrations of the total alco-
hols were the same with all three alcohols supplied to the
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vessel, it could be concluded that all the decanols had the
same reactivity towards the RO; radical.

---00o--~

The purpose of the present review was to examine the
kinetics of reactions occurring in vessels having ideal
mixing, and the opportunities which such systems present
for studying the mechanism of complicated chemical reac-
tions. Among a large amount of published information,
therefore only those papers have been considered which
make it possible to formulate or substantiate certain gen-
eral features of open systems.
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Figure 24. Steady-state concentrations of alcohols
() and hydroperoxides (II) during the oxidation of n-
decane in an open system at 140°C with a rate of flow
of 0.0027 min=, during supply of: 1) n-decane con-
taining no alcohol; 2) 0.205 M solution of decan-2-ol
in n-decane; 3) 0.205 M solution of decan-4-ol in
n-decane; 4) 0.205 M solution of decan-5-0l in n-
decane.

Investigation of reaction kinetics in vessels having ideal
mixing enables very important conclusions to be reached
for the selection of reaction conditions for particular pro-
cesses. Thus if the rate of accumulation of a product
passes through a maximum, the maximum rate of the pro-
cess can be permanently maintained by conducting it in
vessels of ideal mixing. In this case the process is more
suitably conducted in an open system than under static con-
ditions 18,9,

Sometimes it is important to vary the reaction condi-
tions during a process in order to obtain maximum yields,
and this can be done especially conveniently by conducting
the reaction in several vessels of ideal mixing connected
in series. This procedure often enables the efficiency of
a process to be increased considerably®~7%, For exam-
ple, in the sequence of processes

A4+B - X
X+B—Y

represented in particular by chlorination, the product X is
obtained in highest yield if the volumes of all the reaction
vessels are the same. If primary and secondary products
are formed by two parallel reactions of different order

244 B> X+Y
A+B—2Z

the highest yield of X is obtained by steadily increasing the
velume from one reaction vessel to the next!®.

Most complicated reactions (consecutive and consecu-
tive—parallel) involve many stages, each characterised by
a definite activation energy, so that certain temperatures
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are required for the reactions. The possibility of varying
the temperature during a process may lead to a very con-
siderable increase in the yields.

The effect of variation in temperature has been demon-
strated!® for a model reaction represented by the scheme

2 4
A+B->X-Y
9] i3
P Q

occurring in two reaction vessels of ideal mixing connected
in series, Y being the required product. It was shown by
calculation that, with the same temperature in the two re-
action vessels, the yield of the final product cannot exceed
20-25%, whereas maintaining different temperatures in the
two vessels makes it possible to increase the yield to 60%,
i.e. by factors of 2.5-3.18

Another example of the favourable effect of change in
temperature during a process is the catalytic oxidation of
sulphur dioxide to sulphur trioxide®8,%°., If a definite de-
gree of conversion (e.g. 97%) is specified, and the reaction
is conducted in several vessels of ideal mixing connected
in series and maintained at different temperatures, the
quantity of catalyst used can be considerably diminished.
In one reaction vessel of ideal mixing at 447.6°C the con-
sumption of catalyst with 97% conversion is 0.633 m® h
kmole™. If, however, the process is conducted in two
series-connected reaction vessels, so that 92% conversion
is achieved in the first vessel at 480°C, while in the sec-
ond vessel complete oxidation of the dioxide to sulphur tri-
oxide occurs at 447.6°C, the consumption of catalyst per
kilomole of sulphur dioxide per hour with an overall degree
of conversion of 97% is only 0.0577 m?®, i.e. one-eleventh.

In several cases it is extremely useful to conduct poly-
merisation processes in open systems. The constancy of
the monomer concentration with time in an open system
should lead to a narrower molecular-weight distribution *4,7°,
but, on the other hand, the unequal residence times of the
polymeric species in the reaction zone tends to broaden the
molecular-weight distribution. Which of these factors
predominates will depend on the lifetime of the growing
polymer chain.
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