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ABSTRACT 

In experimental studies on the dynamic behaviour of continuous reaction 
systems. there is an urgent need of reliable kinetic data on suitable exothermic model 
reactions. This has caused a renewed interest in attempts to obtain such data from 
careful analyses of temperature-time curves observed in adiabatic batch experiments. 

The present communication deals with some theoretical and experimental 
aspects of adiabatic reaction calorimetry and provides numerical solutions of the 
temperature-concentration relation in non-adiabatic systems. 

SOJIESCLATURE 

heat-transfer surface area 
concentration of key-reactant 
initial concentration of key-reactant 
average volumetric heat capacity 
energy of activation 
overall heat-transfer coefficient 
reaction order 
heat of reaction (positive for esothermic reactions) 
gas constant 
time 
absoIute temperature of reacting mixture 
initial temperature of reacting mixture 
activation-energy temperature, Eqn. ( 1) 
ambient temperature 
inflection-point temperature. Eqn_ (7) 
maximum adiabatic reaction temperature. Eqn. (4b) 
maximum non-adiabatic reaction temperature 
reaction rate 
reactant conversion, Eqn. (I 2a) 
dimensionless reaction temperature, Eqn. (I 2a) 
frequency factor, Eqn. (1) 
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7 -n modified frequency factor. Eqn. (5b) 

0 dimension!ess temperature variable. Eqn. (6 b) 

0l3 dimensionless temperature parameter. Eqn. (-6 b) 

T dimensionless time. Eqn. (6b) 

9’ dimensionless heat-transfer parameter. Eqn. (I 2b) 

IXlRODUC-TIOS 

For the purpose of investigatin, 0 the thermal stability of continuous stirred 

reaction systems. we scanned the available literature in search of convenient exo- 

thermic mode! reactions for conducting liquid-phase perturbation experiments. 

&cause of practical iimitations inherent in the latter experiments, such mode! 

reactions shouid satisfy rather restrictive requirements with regard to the heat of 

reaction, the ener_q and entrop_v of activation and the so!ubiIity of the reactants_ 

Moreover, within the range of conditions applied in the perturbation experiments. the 

expression for the reaction rate should preferably be of the type 

U(c, T) = 2 2 exp( - T,fT) with T,= E/R (1) 

Apart from the fact that very few reactions seem to cope with the particular 

combination of properties required for the perturbation esperiments. we w-ere also 

faced with the problem of evaluafin, 0 the kinetic constants II (reaction order), T, 

(activation-energy temperature) and 2 (frequency factor) of promising mode! reactions 

at moderate reactant concentrations. The conventional method of determining these 

parameters is based on concentration-time measurements in isothermal batch 
systems at various temperature levels. However. with strongly exothermic reactions 

involving appreciable reactant concentrations_ it is virtually impossible to keep ;he 

temperature of the reacting misture sufTicient!y constant_ We therefore considered the 

feasibility of conducting kinetic measurements in adiabatic batch systems (Gordon*-2). 

ADIABATIC REACTION CALORIWXRY 

In perfectly adiabatic batch systems_ the variation 

and reaction temperature T with time t is represented by 

dc 

z=- 
u and 

EIence, 

dT Q 

z=-c, 

of reactant concentration c 

the equations 

(2) 

(31 

Assuming Q/c, to be constant (Le. independent of temperature and composition). 

the integration of Eqn. 3 leads to the simp!e linear relation 

T= T, -5-c or c=S(T,--4) (da) 
CP Q 
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(43) 

the Eliminating the reactant concentration. \ve obtain the following expression for 
rate of temperature change in adiabatic batch systems: 

TEMPERATURE-TIME AXD TE~lI’ERATURE-COSCESTRATIO~ CURVES 

satisfying the initial and final conditions 

r=O. c = c-0: T= I, 

c=o. 
0 

I=%. T= T, = To + =-cc> 

‘P 

dT 
- = Z,(r,- T)” exp( - T,/T) 
dr 

(5.l) 

with 

The differential Eqn. (.5a) can be integated in terms of tabulated exponential 
integrais (Abramowitz and Ste~un”). For example. in the case of a second-order 
reaction (II = 3), one finds 

r = Ei(O,)-Ei(U) 
exp(Oo) I[ esp(0) 

- -_ 
0 0 1 

where 

-C= 
Z, T, I (,=2-T,_ 

T L 
T, 
r, 

(Gal 

(6b) 

A typical temperature-time plot calculated from Eqn. (6a) is shown in Fig. 1. 
correspondin g to the parameter values 7-Y, = IO 500 ‘K, To = 300 K and r, = 350 K ; 
with rising reaction temperature. the dimensionfess temperature variable U then drops 
from 0, = 5 to zero. Sigmoid temperature-time curves of this type are frequently 
observed in adiabatic reaction caIorimetry_ 

The location of the inffection-point temperature ri in Fig. I f-olIo\+-s from the 
relation 

(7) 

derived by differentiating Eqn . Sa uith respect to t or X Since the reaction tempera- 
ture is restricted to the temperature range T, < T < T,. no inflection point is observ-ed 
if Ti would be low-er than To. The condition for obtaining a truI> sigmoid tempera- 

Thermochim. Acfa, (1971) 133-142 



I34 

turc-time curve therefore is 

W. R. DAMMERS, W. FRANKVODR-I-, M. TELS 

(8) 

Fig. 1_ Tl-pica1 tcmpcraturc-time cur-v-z in adiabatic rcsction calorimrtry, caiculatcd from Eqn. 

6a with O0 = 5 (corresponding ttmpcraturcs: T, = 10 500 K. To = 300 -K and T,.,, = 350 ‘K). 

If the condition in Eqn. (g) is satisfied, Eqn. (7) may be used to calcuIate TJrz 

directIy from observed values of T, and pi. The inffection-point temperature can be 
determined fairly accurately from the maximum of a plot of dT/dr ZWSZIS T; an 
example of this type of graph is shown in Fig. 2 (based on the parameter values used 
in Fig. I)_ Such graphs are most readiIy obtained through continuous differentiation 
of :he esperimental temperature signal by means of appropriate electronic devices 
and subsequent recording of the derivative as a function of the corresponding reaction 
temperature- 

In practice, the integrated temperature-time relation Eqn. (6) is of littIe use for 
deriving kinetic constants T, and 2, from experimental II I or d;T;:dr, T curves. For 
the latter purpose_ the diEerential Eqn. (5a) is transformed into 

In 
1 _dl (T,-T)" dr 1 = InZn-s T 

or. for sufficiently small time intervaIs, 

In 
[ 

I AT 

(T,- +dt 1 = In 2, - f 

with 

At = tk+t-tk, AT= Tktl-Tk, ‘r’;= $(T,+ 1 + TJ 

CW 

WI 

(94 
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Fig. 2. The rate of temperature change as a function of temperature in adiabatic reaction caiorimetry. 

calculated from Eqn. (51) with n=2. 7;= 10 5OO’K and 7,=350’K. 

According to these expressions, a plot of the left-hand side of Eqn. (9a) or (9b) 
I-~KSZLY the reciprocal (average) reaction temperature should yieId a straight line, from 
which T, and 2, can be derived by suitabk regression methods. This procedure 
largely depends on the availability of reliable values for the reaction order II (which 
should be constant throughout the temperature and concentration range involved) 
and for the maximum adiabatic reaction temperature T, (vvhich can usually be 
estimated quite accurately from the esperimental T. L cur\-e). 

Starting from the T, t curve. the quantities defined in Eqn. (-SC) are calculated 
from a series of successive temperature readings at a number of narrowly spaced 
times I,, r2. t3. ____ Substitution of these values into Eqn (9b) then gives the linear 
relation from which 27, and Z, can be derived_ If a d7;ldt, T plot is available. this 
curve can be used directly in combination with Eqn. (9a) for calcuIating r, and Z,. 
The uncertainty inherent in evaluating the sIope of the 7+, t curve from finite ATand 
At values then does not arise. 

An exampIe of the resuIts obtained with the former method (z-it. analysis of the 
7’, t curve) is shown in Fig_ 3, which is based on measurements conducted in a simple 
Dewar calorimeter of the type used by Pritchard and Skinners (see also Skinner, 
Sturtevant and Sunner’). The reaction under consideration is one of the model 
reactions selected for our perturbation experiments, CL. the homogeneous first-order 
decomposition of hydrogen peroxide in acid soWion catalyzed by ferric ions 
(Baxendale6). Both this method and the development of a sufficiently stable dif- 
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ferentiating circuit for obtainins smooth dT,.Jr. T curws are subject to 

investigation at our laborator\- 

3s. TELS 

further 

Fig_ 3. hlodificci cSrrhtnius plot dcrivcd from an diabaric rcmpcraturc-time cun-c for the first-order 
dwomposirion of hydrogen psroxid~ tchc kincric constants cakulatcd from the linear rclationschip 
arc 7-,=I1 6-K) K and z,=%=I_69iyx Io”scC-‘}. 

The methods outlined in the precedin g section arc based on the assumption. 

that the reaction system closely approaches adiabatic behnviour. In order to establish 

the effect of deviations from adiabaticit?; due to heat exchange with the surroundings_ 
we did some numerical calculations on reaction systems satisfyin_e the equations 

dc -c and 
dT -= 

cl1 
Cp - - 

dr 
= Qt--h:ftT- 7,) 

with rmction rate L’given by Eqn. ( I j. Eqns. (10) correspond to systems in which the 

reaction vessel is complctel>- immersed in a medium of constant temperature T, : 

quantit? Ir represents the overall heat-transfer coefficient between the reactin mixture 

and the surrounding medium and A is the specific heat-exchanging surface area. 

From Eqns. (_lO) and (I‘}. the relation betxveen the reaction temperature and the 

reactant concentration is found to be 

dT 0 Q Izri(T-2;) 
-= --‘+ 11-4 t T- r,, = _-_i 
dc zc, can 

(11) 
L-P CP t- L’ 

P 

Introducing the dimensionless variabIes 

s = I 
c 

-- and ?‘= c, 
c 0 OCO 

. 

(12a) 
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and the dimensionless parameters 

Eqn. (I I) changes into 
i 

For adiabatic systems (cp = 0) this equation reduces to 

d_r _ 1 
z- 

and. hence, J- = l’oi” = Jm--(l-S) 

where 

CP To CT 
r-0 = and 

DO 

_‘m 
=-!?-z=-v,+_I 

DO 
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(1Zb) 

(13) 

WW 

i14b) 

At constant ‘o_ the _r’. s curves of all adiabatic reaction systems. in accordance with 
Eqns. (3) and (4). thus are represented by a single straight line with slope unity. which 
starts at (_u = 0, _r = _ro) and ends in (.x = l7 _I- =-v, = _vo i- 1). 

Considering reaction systems, which are neither adiabatic nor isothermal 
(0 < cp c .x), the _r. _x- curves again start at Ix = 0. _r =_v~). but must eventually end in 
(x = l_ _I’ = ;I_ For a giv-en value of _1;. the shape of these curves depends on the 
magnitude of cp (i.e. on the degree of non-adiabaticity) and on the value of xc 
(dimensionless ambient temperature) relative to jso (dimensionless initial temperature). 

If -1; c _ro (and, hence. T, -c To : cooIed reaction vessel). the _r_ x curve is com- 
pletely confined to the region below the adiabatic line y = _Y~ -6x On the other hand. 
with .1; > ?;n (and hence, T, > I,: heated reaction vessel). the .r. x curve is entirely 
restricted to the region above the adiabatic line. In the intermediate case 
_ro < ); < _ro -t 1 (and, hence. To < T, < T’,.‘,.) 

dj 

i > .& r=O 
= 1 -v((J‘o-_rE)exp 

the initial slope 

(15) 

is greater than unity and the _r. _K curve thus starts steeper than the adiabatic line. 
However. since _1; cc _i;l,. the _I’. x curve must end below the adiabatic line and, there- 
fore. will intersect with the latter Iine. The location of this intersection point and the 
maximum of the _.J-: x curve of course depend on the magnitude of _t; and cp. 

For non-adiabatic and non-isothermal systems. no analytical solution of the 
differential Eqn. ( 13) can be given. In this case, the precise shape of thej) xcurve has to 
be estabhshed by numericai integration. Some of the results obtained with an ALGOL 
integration programme using a modified Runge-Kutta procedure (Zonneveld’) are 
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presented in Figs_ 4 and 5. These graphs are based on the parameter values -1; = 300 

and _vO = 10 (and, consequentiy. _rm = _vo+ 1 = I I). which are scpposed to be re- 

Fig_ 4_ Son-adiabatic tcmpcrature-conccntration curves from computer soluiions of Eqn. (I?.! far 
r=Z. ?;=300. _rO= 10.0. r;= 10.5 and the folloxing values of heat-transfer parameter q: O(I). 10 -Ii 
(2). io-‘3 (3). 3 x IO- 1’ (4). lo- I= f.5). 3 x lo- * = (6). 

9b - t 

\ 

96- 

i_____~ __.-‘\ 
C 02 CL G5 09 IG 

Fig_ 5_ Non-adiabatic temperxturc-concentration curws from computer soluiions of Eqn. (13) for 
n=2, _a-a=.xO. J-o= 10.0, fjC= lo- I3 and the folio%-wing values of the dimcnsionlcss .-mbitnt tempcra- 
ture. );: 9.5 (1). 10.0 (Z}. 10.5 (j), 11.0 (4). 11.5 (5% 
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presentative for another model reaction in our perturbation experiments. rig. the 
oxidation of thiosulphate by hydrogen peroside (AbeIs)_ 

TABLE1 

CO~IPARISOS OF CXLCCLATED ASD ASSUMED S,,d \-ALUES 

9.6 
9.8 
10.0 
10.' 
10.1 

10.6 
10-s 
11.0 
11.2 
11.4 

10.1569 
10.5455 
IO.SOS9 
II.0543 
11.187~ 

os1so 
0.s701 
0.9o-a3 
@.9277 
@.9444 

Y.97Sl 0.3467 0.309c 
10.17'7 0.3850 0.4350 
IO.4044 0.4123 0.45'7 
106'7' .__ O.-%X! 0.4625 
IO.8137 0.4&S 0.472, 

Recently, this reaction has been employed by several investigators (Cohen 
cv aL9, Keaims and l’vlanning’“. Root and Schmitz’ ‘) in connection with experimental 
studies on the properties of various types of continuous reaction systems. Cohen and 
Spencer’ also reported values for the activation energy and frequency factor derived 
from non-adiabatic measurements (see also Griegel”) In analyzing their temperature- 
time curves obtained lvith reaction mixtures of constant initial reactant concentration 
and varying initial reaction temperature, the authors assumed that all reaction 
mixtures considered would have the same reactant concentration C,i, at temperature 
T nid half-way between the initial and maximum reaction temperature (To and 7,,,. 
respectively). 

Clearly, the latter assumption is based on the applicability of Eqn. (-la, or (I-la I. 
which only holds for perfectly adiabatic systems. In order to test its utility for non- 
adiabatic conditions. we calculated values of _~,i, corresponding to dimensionless 
temperatures 

for a number of cases with r; = 300. p = lO-‘A and various values of _ro = _t;_ The 
results are shown in Table I, which also contains _~~id values from Cohen and Spencer’s 
assumption. 2-k. 

where conversion _r,,, corresponds to dimensionless temperature_rm,, (see also Fig. 6). 
For perfectly adiabatic systems (cp = 0) both -u,id values should of course be equal to 
0.5 for all values of jb_ In non-adiabatic systems. hovvever, the quantities arid and 
-arid have no particuiar significance: moreover. the smid values obtained \vith Cohen 
and Spenceis assumption deviate quite considerably from the correct values dr rived 
from computer solutions of Eqn. (-13). One might therefore be inclined to question the 
reliability of kinetic constants calculated on the basis of this assumption_ 

Thermocfrim. Acln. 3 (1971) 133-142 
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a.50 

Fig_ 6_ Comparison of _Y,$~ x--alucs cntculatcd from computer so~uiions Of EqiI. i.? with -r-id YaiLKS 

k.xscd on Cohen and Spencer‘s assumption (see also Table 11. 
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