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Abstract

Thermokinetic research methods for irreversible and reversible reactions in the adiabatic
calorimeter are proposed. Four reaction systems, including an endothermic reaction, have been
studied with an adiabatic calorimeter and the validity of these methods is verified.
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Introduction

One of the objectives of thermokinetics is to study chemical and biochemical
reaction kinetics by calorimetry; many kinds of calorimeters have been applied for
this purpose [1]. Some approaches have been made to determine rate constants
of chemical and biochemical reactions with adiabatic calorimeters [2-5].

Thermokinetic research methods for first-order, second-order and reversible
reactions in the adiabatic calorimeter are proposed in this paper, and their va-
lidity has been verified by the results of calorimetric analysis of some reaction
systems, in the adiabatic calorimeter reported in Part I. The adiabatic calorime-
ter is considered suitable for thermokinetic studies of chemical and biochemical
reactions.

Theory and methods

Relationships between extent of reaction and calorimetric curve peak
height

Let us consider a closed adiabatic calorimeter system with constant volume,
in which a homogeneous reaction is taking place at constant temperature and
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pressure. If there are no other heat effects except the heat effect generated by
the chemical reaction, and if the temperature gradients, the concentration gra-
dients, and the change in the total capacity of the calorimeter system are small
enough to be ignored while the reaction is proceeding, then the calorimetric
curve peak-height A at time ¢ is proportional to the extent of reaction x, and the
rate of temperature change, i.e. the slope of the calorimetric curve at time ¢,
(dA/dp), is proportional to the reaction rate at time ¢, (dy/dr):

A=y M

and

(dA/dr) = Mdy/d) 2

where A is the proportionality constant.
When the reaction is complete, i.e. t — oo, we have

Ao = MY 3)
and
(dA/AdD) =0 4)

where A is the final calorimetric curve peak-height and ¥ is the final extent
of reaction. Equation (4) shows that when the reaction is complete, the part of
a curve corresponding to this period is a line parallel to the time axis and is
called the end period of the curve.

According to Eqs (1-3), we have

A/Dw = A/ Yo 5)

(dA/dt)/Aw = (dxe/dE)/xeo (6)
Equations (5) and (6) are the relationships between the extent of reaction
and the curve’s peak-height in the adiabatic calorimetric system.
Calorimetric curve analysis methods
Reversible reactions

A. Calorimetric equation

For reversible reactions of the type m-n, where m and n are the orders of the
forward and backward reactions, if the initial concentrations of the reactants are
A, and B,, respectively, and the initial concentrations of the products are equal
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to zero, then it can be proved that they obey a general differential kinetic equa-
tion:

dy/dt = k(xe - %) + ka(xe — 1)* @

where g is the extent of reaction when the reaction reaches equilibrium, i.e.
XE=7%», and is known as the final extent of the reversible reactions, while &; and
kn are called the kinetic parameters of the reversible reactions, whose values de-
pend only on the kinetic properties and initial concentrations of the reaction
systems, as shown in Table 1, where K and k are the rate constants of the for-
ward and backward reactions, respectively.

Table 1 Expressions of the kinetic parameters k; and &;; for reversible reactions

Reaction type.  Kinetic equation (dy/dt) ky ku
2-1 kdAo — X)(Bo = X) — ko, kiAo + Bo = 2¢E) + ko ke
2-2 kAo = )Bo~X) kx> kdAo + Bo—20E) + 2ksXe Kt ho
1-2 kfAo =) - kx® ke + 2keYE —*y

Next, we define a dimensionless parameter y as

Y= kl/(kn XE) (8)
where ky#0. From EQs (5-8), it can be proved that

NS Ca)) o
A A‘I’(‘«I’+1)e"“—1 ©)

Equation (9) is called the calorimetric equation of reversible reactions.

B. Calculation formulae for dimensionless parameter y and kinetic parameter A

We can obtain three peak-height data, Ay, A; and A;, from a calorimetric
curve of a reversible reaction under investigation, in a fixed time-interval, i.e.
At=t—ty=t-t1=constant, as shown in Fig. 2. And then, according to Eq. (9),
we can prove that

w = (Ao = A))(45 ~ 8)) = (A — A3)(As — A1) (B ~ A)) 10
(Bo-A)Ae D) ~ (Ao D) A (10)

_1 L (Ae = AY(A - Ay)
=™ (A~ 8a)(Ba - ) b
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From Eqgs (10) and (11), we can calculate the dimensionless parameter y
and the kinetic parameter %; from calorimetric data (A;, A2, As and As).

C. Calculation formulae for final extent of reaction %g, the kinetic parameter
ku, the rate constant k and £s,and the equilibrium constant K.

Using k1 and y, we can calculated the final reaction extent xg, as shown in Ta-
ble 2, and the kinetic parameter kg as shown below:

kn = ki/(xe¥) (12)

Then, the rate constants k and &, can be calculated as shown in Table 2. Fi-
nally, equilibrium constant K can be obtained:

K=k / ks (13)
Table 2 Formulas for calculating the final reaction extent %g, and the rate constants, ks and ky
Reaction type XE kg ky
-1 [AB/C¥ + 1)]* ku kiAo + B, — 2X£) kn
=2 _ABy (¥+42) ki + 2y ye k(Ao + B, = 2Yp)Ky
(4o + B;) (¥ +1) (4o + By) (4o + By)
12 ALY + DAY +1) ki + 2kir e ~kn

Therefore, from Eqs (8-13) and Table 2, we can determine the rate con-
stants and the equilibrium constant of a reversible reaction simultaneously by
analysing a calorimetric curve.

Second-order reactions

For a 2-2 type or 21 type reversible reaction, if ky is equal to zero, then it
will actually be a second-order reaction, whose rate constant is k,. If A.>B, and
defining

" = AJB, (14
we have xg =B, kn=ki=kz
ki = (4o - Bo)ka (15)
and
Y=r-1 (16)
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From Eqs (10) and (16}, it can be proved that

(B = 81)(43 = B9) = (B = A)(A3 = &) (A = Bg) 1 an
(Ao = M)A —A3) — (A = Ag)? A

From Eqs (11) and (15), we can also prove that

1 (A - A(Bs — A9) 8
M= A By A (B - A — ) 18

Equation (18) is known as the formula for determining the rate constant of a
second-order reaction with unequal initial concentrations by analysing its cal-
orimetric curve.

If r > 1, then the reaction can be treated as a second-order reaction with
equal initial concentrations, and from Eq. (17) we have

AlAz + A3 ~ 2A1A3
20, -A - Ay

Ay = (19)

and B, = A,. Combining Eqgs (18) and (19) and according to the L'hopital rule,
it can be proved that

2
b=t -4 - LA 20)
24, At (A5 = Ar)(As - Aj)(Ag - Ay) :

Equation (20) is known as the formula for determining the rate constant of a

second-order reaction with equal initial concentrations by analysing its cal-
orimetric curve.

First-order reactions

If r —> oo, then the reaction can be treated as a pseudo-first-order reaction.
From Eq. (17), we have

_ N -AN Q1)

= —

20 - A1 = A

and (4o~B,) — A,. Defining i as (k»4.), and combining Eqs (16) and (18), we
obtain

g =Lip B4 (22)
At A3 —-Ap
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Equation (22) is known as the formula for determining the rate constant of a
first-order reaction by analysing its calorimetric curve.

Experimental
Reaction systems

In order to test the reliability of the adiabatic calorimeter designed and es-
tablished in our laboratory (see part I) for thermokinetic studies, and to test the
validation of the calorimetric analysis methods proposed in the present paper,
four reaction systems were studied: the alkaline hydrolysis of benzyl chloride,
the saponification of ethyl benzoate, the proton transfer reaction between
tris(hydroxymethyl)-aminomethane and nitroethane, and the esterification be-
tween acetic acid and ethanol.

All reagents were analytically or chemically pure, and the chemically pure
reagents were purified by distillation under reduced pressure.

Experimental condition control and calorimetric measurements

The assembly of the calorimetric vessel, the glass-tube for injection, the
gals-tube for stirring and the glass-tube for air-pressure adjustment are shown
in Fig. 1. The glass-tube for stirring is connected to an air-compression mi-
cropump, which circulates once every 6 s.

Reactant solutions were made with the same solvent to eliminate the mixing
heat, the initial concentration ratios of the reactant solutions were adjusted to
eliminate the dilution heat, the reaction systems were stirred throughout the re-
action and adiabatic compensation was applied to reduce the effect of the stir-
ring heat to a minimum. Therefore, the heat effects (except for the reaction
heat) were eliminated on the whole, and thus the recorded curve as shown in
Fig. 2 is believed to be the curve of the reaction. For the experiments in this pa-
per, the final temperature changes of the calorimetric system were about
0.10~0.20°C.

Results and discussion
Alkaline hydrolysis of benzyl chloride

The alkaline hydrolysis of benzyl chloride in 80% (v/v) DMSO-H,0 is a
second-order reaction, of first order in each reactant. If benzyl chloride is pre-
sent in large excess, this reaction may be treated as a pseudo-first-order reaction
and ki =k,C, (benzyl chloride).

The calculated results at 20.0°C are summarized in Table 3, and Table 4 pre-
sents an example of the calorimetric analysis. These results shown that the cal-
culated values of the rate constant &, are self-consistent for a single curve and
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Fig. 1 Assembly of calorimeter vessel, injection tube, stirring tube and air-pressure adjust-
ing tube. A. calorimeter vessel; B. glass-tube for injection; C. glass-tube for stirring;
D. glass-tube for air-pressure adjustment; E. balloon; E connecting tube; G. air-com-
pression pump

reproducible for various curves, and the average value is in fair agreement with
that given in the literature [6]. Therefore, the validity of the curve analysis
method for first-order reactions should be tested.

Saponification of ethyl benzoate

The saponification of ethyl benzoate in 50% (v/v) CH;CH,OH-H;0 is a
second-order reaction. The calculated results at 25.0°C are summarized in Ta-
ble 5, and the correctness of the calorimetric analysis method for second-order
reactions should be demonstrated.
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Fig. 2 Calorimetric curve of an exothermic reaction (a); Calorimetric curve of an endother-
mic reaction (b)

Proton transfer reaction between tris(hydroxymethyl)aminomethane and
nitroethane

The proton transfer reaction between Tris and nitroethane in water (n=1.0)
is a 2-2 type reversible reaction. The calculated results are summarized in Ta-
ble 6. The calculated values of the rate constants of the forward and backward
reactions (kr and k) are in fair agreement with those given in literature [8], and
thus the validity of the calorimetric analysis method for reversible reactions has

been verified.
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Table 3 Rate constant of alkaline hydrolysis of benzy! chloride (solvent: 80% DMSO-H;0;
T: 25.0°C; ki = ko)

No. Ao (benzyl chloride)/ B,(KOH)/ 10* ki/ 10%/
mol I"! mol 17 st I mot™ s

1 0.2820 0.0124 3.42 1.22

2 0.2820 0.0124 3.38 1.20

3 0.3139 0.0124 3.84 1.22

4 0.3318 0.0138 4.09 1.24

5 0.3454 0.0124 4.20 1.22

average value: 1.22

literature value [6] 1.27

Table 4 Example of thermogram analysis (No.5 in Table 1)

A Ay A At 10%; 10k

mm mm mm s s 1 mol™ s
93.3 118.9 134.5 1200 4.13 1.20
107.1 127.8 140.0 1200 4.41 1.28
118.9 134.5 144.1 1200 4.05 1.17
93.3 127.8 144.1 1800 4.17 1.21
average value: 1.22

Table § Rate constant of saponification of ethyl benzoate (solvent: 85% CH3CH,OH-H0;
T: 25.0°C; r = A./B,

No. Adlester)/ B.(KOH)/ r 10%ky/
mol 1™ mol 1! 1 mol™s™

1 0.4006 0.0691 5.80 1.32

2 0.4302 0.0737 5.83 1.36

3 0.4476 0.0766 5.84 1.33

4 0.4512 0.0766 5.89 1.40

5 0.4512 0.0765 5.90 1.36

average value: 1.35

literature value [7]: 1.32

Esterification between acetic acid and ethanol

The esterification between acetic acid and ethanol was undertaken in 0.5 M
H>S04 solution. As water is present in large excess, this reaction system can be
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Table 6 Rate constants of reaction between Tris. and nirtoethane (solvent: H2O, p=1.0;

T: 30.0°C)
No. Aq(nitroethane)/ B,(Tris.)/ 10°%; 10%
mol I mol T Imol™ s 1 mol™ 5™

1 0.1450 0.1386 5.76 0.944
2 0.1692 0.1691 5.98 1.37
3 0.1933 0.1918 5.83 1.03
4 0.2174 0.2164 5.93 1.13
5 0.2416 0.2528 5.76 1.01
average value: 5.85 1.09
literature value [8]: 5.20 0.93

Table 7 Rate constants of acid-catalyzed esterification between acetic acid and ethanol (solvent:
H,0; T; 30.0°C)

No. Ad{ethanol)/ B.(acetic acid)/ 10%/ 10%
mol |”! mol I”! 1 mol™ 5™ st

1 1.32 1.31 1.42 3.41
2 1.40 1.40 1.53 3.58
3 1.50 1.49 1.47 3.52
4 1.60 1.60 1.25 3.31
5 1.70 1.70 1.27 3.40
average value: 1.39 3.44

treated as a 2—1 type reversible reaction. Further, this reaction is an endother-
mic reaction and its curve is recorded as shown in Fig. 2b. The calculated
results at 30.0°C are presented in Table 7.

The rate constants of the acid-catalysed esterification of a fatty acid are
much affected by the experimental conditions, and especially by the solvent and
the catalyst. Under the experimental conditions applied in this paper, the values
of the rate constants of the forward and backward reactions were not found in
the literature. For the backward reaction, i.e. the acid-catalysed hydrolysis, the
hydrolysis property of ethyl acetate is similar to that of methyl acetate [9], and
the value of the rate constant of the hydrolysis of methyl acetate under the same
experimental conditions as in this work, which was reported in [10], is close to
the value measured in this work. Therefore, the calculated results in this work
may be believed, and the adiabatic calorimeter designed in our laboratory
should be suitable for thermokinetic studies of endothermic reactions.

In conclusion, the thermokinetics of two irreversible reaction systems and
two reversible reaction systems have been studied with the adiabatic calorime-
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ter. The calorimetric analysis methods proposed in this paper are valid and this
calorimeter can be used to study the thermokinetics of both endothermic and
exothermic reactions. This calorimeter and these research methods can be
widely applied to studies on the thermokinetics of chemical and biochemical re-
actions.
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