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In addition to studies of reaction kinetics by a transient method in a batch reactor (non-
steady-state), such studies should also be carried out by continuous operation in a stirred-flow
reactor (steady-state). Only in this way, for instance, can the extent be recognized to which the
simplifying assumptions often made in the evaluation of industrial kinetics from transient
investigation are reasonable and whether the kinetics obtained are applicable to complex reactor
design. The thermokinetic reactor (TKR), with which it" has only been possible to
measure the rate of heat evolution in experiments under transient conditions (batch TKR), has
now been modified so that investigations can also be carried out in the stirred-flow manner
(steady-state TKR).

It is well known that an exact knowledge of the reaction mechanism (i.e. of the
system of elementary reactions taking place), the corresponding reaction rate
equations and the heats of reaction is absolutely necessary for the optimal and safe
design of a reactor. As a rule, this knowledge is obtained from laboratory
experiments carried out in a batch reactor under transient conditions (non-steady-
state).

In such an experiment, a series of data points is obtained; in contrast, a steady-
state measurement in a stirred-flow reactor only affords one data point. The
question therefore arises as to why steady-state laboratory experiments should be
carried out at all:

A planned large-scale continuous operation can be studied on a laboratory scale;
deactivation processes can be better investigated in a stirred-flow reactor; the
kinetics of certain reactions, such as copolymerizations, are appropriately
investigated under steady-state conditions. An additional reason is that reaction
kinetics obtained by experiment in a batch reactor under transient conditions
should be checked for accuracy.

The rate of an elementary reaction in the concentrated reaction mixtures mostly
found in industrial processes is, as a rule, a function of the activities of the reactants.
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These activities are known to depend on the concentrations of the components
of the reaction mixture (i.e. reactants, products, by-products—which arise, for
example, by dissociation, solvation, etc.—and the solvent) [1-3], The reaction rate.
is therefore a function of the concentrations of all the components of the reaction
mixture. As a result of analytical and mathematical difficulties, however, simplified
approaches in the functional description of the reaction rate are made in practice.
Practice-oriented kinetics (industrial kinetics) are obtained by representing the rate
of an elementary reaction merely as a function of the reactant concentrations, and
including the influences of all other components (main products, by-products and
solvent) in pseudo rate factors.

To be precise, “‘average values”™ are obtained, since with the transient method the
composition of the reaction mixture changes during the reaction. The danger exists
that a significant influence exerted by the products and the solvent will only be
determined to a limited degree, or even remain undetermined in this procedure. The
degree of accuracy of the reaction kinetics obtained using the described transient
method should therefore be checked by laboratory testing under a significantly
different set of conditions (e.g. by carrying out testing at the steady-state of the
reaction). Only thus can it be determined whether the applied simplifications are
reasonable and whether the kinetics obtained (i.e. the functional representation of
the reaction rate) are applicable to the design of complex reactor installations, or
whether they must be modified.

In recent times, different types of calorianalytical equipment have been used in
the chemical industry for kinetic studies of reactions in which the progress of the
reaction cannot be followed by classical analytical methods. However, no
calorianalytical apparatus is available with which kinetic studies could be carried
out on reactions at the steady-state and under practice-oriented conditions. Using
the thermokinetic reactor (TKR) [4, 5], it was only possible to investigate
substantially liquid reaction mixes in a transient mode (batch TKR) by measuring
the changing rate of heat evolution over time and to elicit the reaction kinetics
from the measured data [6-8]. The TKR has now been modified so that
investigations by the stirred-flow method can also be carried out (steady-state
TKR).

Operating principle of steady-state TKR
A throughput vessel,, the reactor, equipped with input and output lines for the
feed components and the reacted mixture, is enclosed in a jacket containing a liquid

in turbulent flow. This jacket of liquid is an intermediate thermostat, since it is in
turn immersed in a base thermostat, which is also turbulently stirred (Fig. 1).
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Fig. 1 Operating principle of the steady-state TKR

The throughput vessel is equipped with a stirrer, four baflles, a regulated heating
element and a temperature sensor. The intermediate thermostat is similarly
equipped. The temperature T, of the base thermostat is kept at a constant level. The
controlled heating power L , of the intermediate thermostat maintains a constant
set temperature difference AT between the intermediate thermostat and the base
thermostat; the controlled heating power L, in the stirred throughput vessel
maintains a constant temperature difference AT, between the reactor and the
intermediate thermostat. The base thermostat is at the lowest temperature, T, ; the
intermediate thermostat is at the middle temperature, T,+ 4T, ; and the reactor is
at the highest temperature, 7+ A47T,,+4T,,. With the use of a controlled
thermostatting facility, the reaction components which are separately and
continuously metered in are individually preheated to the constant reactor
temperature 7, + AT, + AT, before entering the reactor; this avoids possible pre-
reaction in the input line and ensures that no change in enthalpy takes place in the
reactor due to temperature differences between the input and the reactor contents.

If f- F = a represents the heat transferability, the heat a, - AT, flows from the
reactor to the intermediate thermostat, while at the same time the heat «, - AT, is
transferred from the intermediate thermostat to the base thermostat.

In the controlied thermal equilibrium, the following equations apply:

a) Reactor:
Sum of all heating powers in the reactor = heat flow from reactor:

g+qutL,+Lg, =a, ATy, (1

24*% J. Thermal Anal. 32, 1987



1994 LITZ: CONSTANT FLOW REACTOR

b) Intermediate thermostat:
Sum of all heating powers in the intermediate thermostat = heat flow from the
intermediate thermostat:
oy AT+ L+ L g, = ;- AT, 2
It therefore follows that
q+qy = (oy AT~ Lg)—(L,+L,+Ly,)

The heat transferability o, and the stirring power L g, of the intermediate
thermostat are not affected by. the reaction in the throughput vessel, but can be
considered as apparatus constants. The value of AT, remains constant, since L ,,
which is regulated by means of a control loop changes inversely congruent with any
change of the heat flow a, * AT, from the reaction to the intermediate thermostat*.
It therefore follows that

gqtqy =const—(L ,+L,+Lg,)=
= (L1+L2+LR2)_(L1+L2+LR2) = LO——L(t)slead

before during
metering metering
cont. with L , = const.

The difference in the sums of the heating power of the reactor, the heating power
of the intermediate thermostat and the stirring power in the reactor before and
during metering is therefore-always equal to the sum of the thermal reaction power
g and the thermal mixing power g,,. The value of g, can be determined if the dosage
of reactants)is stopped at ¢t = ¢,, the steady-state operation immediately reverts to
transient operation. Since no further mixing takes place and hence no further
mixing heat arises, the compensating heating power of the stirred vessel changes
abruptly by the thermal mixing power g, (Fig. 2). Thus, g, is given by the
difference of the sum of the power under transient conditions at time (z,),
L(t = t,)ians.» and the (constant) sum under steady-state conditions, L (f < )s.eaq.-
This can be written as

Iu = L (ts)trans. -L (t < ts)slead.

* The heat transferability «, and the stirring power L g, always change during the reaction as a result
of the inevitable change of the physical properties of the reaction mixture (viscosity, etc.), and also due to
variations in the fluid level of the reactor. The heat transferability a, also changes due to deposition of
constituents of the reaction mixture on the wall of the vessel.

J. Thermal Anal. 32, 1987



LITZ: CONSTANT FLOW REACTOR 1995

Power L

Lt<t, hrans
Adjusiment phase
of the steady- {
state under con-

tinous operation /Transiem operation

Start of metering €nd of metering
Start of transient operation

Fig. 2 For evaluation of thermokinetic measuremont in the steady-state TKR

Example

The alcoholysis of acetic anhydride EA with excess methanol using pyridine as a
catalyst will be studied as an example. The reaction proceeds according to the
overall equation:

(CH,CO),0+2 CH,0H —P"4re

2 CH,COOCH, +H,0
as catalyst
For the discontinuous study, 100 ml methanol and 10 ml acetic anhydride were
premixed in the batch TKR, heated to 45°, and then 0.4 ml pyridine was injected at
once to initiate the reaction. Figure 3 shows the change in the thermal reaction

A

Power

T=45°C

Start

Time ,t

Fig. 3 Measurement trace of the alcoholysis of acetic anhydrid (transient operation), 100 ml methanol,
10 ml acetic anhydride, 0.4 ml pyridine
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power g during the reaction. If In ¢ is plotted versus time, a straight line is obtained
(Fig. 4). This shows that the reaction rate may be described in empirical kinetics by a
first-order law (r=k-C* with a=1). The reaction rate constant k
(45°) = 4.6- 1073 s lis obtained from the slope of the straight line, and the heat of

reaction AH = —62.4 kJ/mol from the intersection of the straight line with the
ordinate.
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Fig. 4 Elicitation of the reaction rate r = kC from thermokinetic measurements by transient operation,
alcoholysis of acetic anhydride

With the same volume ratio of methanol, acetic anhydride and pyridine and the
same temperature as in the transient procedure, the reaction was next carried out
under stirred-flow conditions in the steady-state TKR. Figure 5 shows a trace of a
measurement. The average residence time of the reaction mixture in the reactor was
varied.

If a rate equation of the type r = k- C? holds true, a straight line should resuilt
when Ing/V-(—AH) = Inr is plotted versus In(l1—g/(ny,-(—4H))) = In(1—-U).
The reaction order a is obtained from the slope of the line, and the rate constant &

steady- state

Power L

Ltrcns:em

Time ,t

Fig. 5 Measurement of the alcoholysis of acetic anhydride with methanol using pyridine as a catalyst
(steady-state operation); volumetric ratio: methanol/acetic anhydride/pyridine = 250/25/1
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Fig. 6 Elicitation of the reaction rate r = k-C® from thermokinetic measurements by steady-state
operation: alcoholysis of acetic anhydride T = 45 °C

from the ordinate value b at the abcissa value 1. Figure 6 reveals that
a=1
k(45°) =47-10"3s7!

This result agrees with the result from the transient method and, indeed, it stands
to reason that it would be very surprising if the kinetics of this dilute reaction system
elicited by the transient and the steady-state methods were to differ.

In the steady-state experiments, the conversion changes as a result of the
variation in the residence time of the reaction mixture in the'reactor. As a result,
different mixing heats arise during the individual measurements, since the mixing
heat is a function of the composition of the reactor contents, i.e. the partial molar
enthalpies. An averége mixing heat was determined according to the formula

¢

-

! = 5.02 kJ/mol EA

AH, = m
M no;

~ | -
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Explanation of symbols

a Reaction order

c Concentration

Co Initial concentration

EA Acetic anhydride

F Heat exchange surface

AH Reaction erithalpy

AH,,  Mixing enthalpy

k Rate constant

L, Heating power in the intermediate thermostat

L, Heating power in the stirred throughput vessel

L, Mixing power in the intermediate thermostat

Lz,  Mixing power in the stirred throughput vessel

L L,+L,+Lg,

ng Molar input flow

q Thermal reaction power (heat production rate)

du Thermal mixing power

r Reaction rate

AT,,  Temperature difference between intermediate thermostat and base
thermostat ‘

AT,,  Temperature difference between stirred throughput vessel and inter-
mediate thermostat

Ty Temperature in the base thermostat

U Conversion

V Volume of the reaction mixture

v Volumetric input flow

oy Heat transferability of the system intermediate thermostat/base thermostat

o, Heat transferability of the system reactor/intermediate thermostat

B Heat transfer coefficient
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Zusammenfassung — Neben reaktionskinetischen Untersuchungen in diskontinuierlicher Arbeitsweise
sollten tunlichst solche in kontinuierlicher Arbeitsweise (steady-state) durchgefithrt werden. Nur
dadurch ist beispiclsweise zu erkennen, inwieweit die bei der Eruierung einer Formalkinetik aus
diskontinuierlich durchgefithrten Versuchen oft gemachten, vereinfachenden Annahmen vertretbar
sind und die erarbeitete Formalkinetik fiir komplexe Reaktionsplanung verwendbar ist. Der
Thermokinetische Reaktor TKR, mit dem es bisher nur moglich war, in diskontinuierlich
durchgefithrten Versuchen den zeitlichen Verlauf der Wirmeproduktionsrate zu messen (Batch TKR)
wurde déhingehend weiterentwickelt, daB nunmehr auch Versuche in kontinuierlicher Arbeitsweise
durchgefihrt werden kénnen (steady-state TKR).

Pestome — Mccrie1oBaHns peakLMOHHON KHHETHKHM METOIOM N1E€PEXOTHOTO COCTORHMSA B 3arPy304HOM
peaKTope (HEYCTAHOBHBIIRICA) MOTYT ObITh TaKXe NPOBEICHB METO/IOM HENPEPLIBHOTO NEHCTBHS B
PEAKTOPE CO CMELIAHHBIM NTOTOKOM (yCTAaHOBHBILHICA). OHAKO, 3TO MOXKET ObITh NPHEMIIEMO TOJILKO
IpY  pa3syMHbIX YNPOLIAIOLUMX MPEANOJOKEHHAX, YACTO JOMYCKAEMBIX NPH  ONPENCIICHHH
IIPOMBILLIEHHOH KHMCTHKH B METO/IE IEPEXOAHOIO COCTOSHHA, a MIOJTYYEHHBIE IIPH 3TOM KMHETHYECKHE
JIAHHBIE TIPUMECHHMbI IS KOHCTPYKHMH CIIOXKHOrO peakTopa. TepMokuHeruueckuii peaktop (TKP), ¢
[IOMOWIBID KOTOPOTO paHee B METOAE MEPEXOMHOr0 COCTOSAHMS MPEACTABJIANIOCH BO3MOXKHBIM
H3MEPHTL TOJbLKO CKOPOCTb BbljejIeHMs TeIld, Tenepb MOAHOHUMPOBAH TaKHM 00pa3oM, 4YTO
1103BO.IACT IIPOBOUHTL HCC.ICAOBAHHS TI0 METOAY CMELAHHOTO NOTOKA (ycraHoBuBiuMiAcs TKP).
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