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The present paper deals with the construction of a highly adiabatic reaction 
calorimeter for the determination of the kinetic constants of liquid reactions at high 
GXMlcentratiOns. 

The performance of the calorimeter is proved by several moderate exothermal 
neactiOaS. 

1, IZ’flRODUCnON 

The cakufation of kinetic constants from hi@-concentration exothermal fiquid 
reaction measurements performed in the adiabatic mode shows substantial advantages 
over those in the diathermic modeXe3_ 

The discussion becomes acute on the question how to compensate the ever 
present non-adiabatic&y, namely shalf numerical methods be used to account for or 
611 the experimental set up be taken into account- The numericaI approach is 
extensively discussed previousIy3-5_ 

One of the striking points is the simplicity of the calculations when nearly 
adiabatic conditions are met, while CoasiderabJe computer facilities are required in the 

numerical approach in diathermic experiments. 
The condition for the experimental set-up Is that onIy the heat generated by the 

chemical reaction will be preserved_ This means that aLI temperature effects due to 
mechanical stirring and convective heat transfer ilvith the surroundings should be 
balanced. 

The rate of temperature change of a chemical liquid reaction in a batch system 
can be described by: 
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where r(n, r) is the reaction rate, W, is the heat of stirring, h is rhe average heat 

transfer weBSent, A is the specific heatuchanging surface area, cP and C are the 
spe&ic heat and heat capacity of the system, respectively, and T, is the ambient 

temperature- 
Since the relative importance of the two smaller terms in eqn (I) varies in the 

course of the reaction., it is clear that the combined etfect of these terms on the 
calcuIated kinetic constants will depend on the total length of the reaction time2. 
This &cct wiU be undone by constructing a reaction calorimeter in which the fate of 
heat production by stirring is compensated continuously by the rate of heat removaI 
due to the heat transfer to a cooling medium of variable temperature: 

W 
I 
c -J&T-T>=0 

Eqn (3) shows that the temperature difference between the reaction temperature 
and that of the tooting medium is constant and depends only on the heat of stirring 
and the heat transfer parameters. 

There are severaS methods in realising a cooling medium which gives a constant 
tcmpcraturc darence with tile reaction rcmperanrrc, Most fnequentry, systems are 
LISd with elccaric lzsiSance bearing 6--8 but many other principhzs are applied- io 
systems with large heat generation the demands on stability and accuracjr bernme 
insuvble for ohmic dissipation heaters. 

The homogeneous heat dissipation of chemical reactions can be used to Wise 

the same temperature riSe in the reaction chamber and its surruunding jacket9- lo- 
Richardsg- lo used an acid-base reaction in the realisation of the adiabatic shield- 
It is easier and more wnvenient from the design standpoint to use the same reaction 

of the adiabatic shield as for the reaction under investigation as will bedesctihed Wow- 

Z-AL 

For the invcst5gation of the thermal stability of continuousfy stirred reaction 

systnns, the kinetic wnstants of convenient exotfiermal liquid phase model reactions 
at high concentrations must be calculated. ?ia;s means that the reactor should be 
able to anzlysc reactions in wncentration ranges of I to 3 mot kg-‘. Depending 
on the heat of reactioa tern- jnmps of 10 to 40 K can he expected in 10 to 

60 min (depending on the reaction rate constants). This results in a rate of temperature 
changeofatmostO.2ZCs”. The operating range Is from 274 to 340 K.. 
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fig_ 1, Saztioual drawing of the calorimeter assanblyw 1 = BSks of outer reactor cdl; 2 = outer 
coppa tanpcxalurc SQLsoc; 3 = outer quartz tanpaaturc F 4 = turbinc-stimr in outer aSI; 
5 = alam- heating coil in outer cdl; 6 = pccspcx wail of the caIorimeter VesscI; 7 = cooling 
coil; 8 = paspawalloftheinnerall;9=bowdencablc;XO=supporttomovetheinnercclIwall; 
11 =spufgeartodriveinnerstirref;12 =bearingtopphteoft&inaercd~l3=bcaringbIockof 
the compkte CaIofimuff, 14 = mixing c&anlba onthct0p0ftheinncrcdl.15 =bafkofinnerctll; 
16 = inner turbine stim, 17 = inner copper tanpaaturc satsor; 1s = inner quartz tcmpcraturc 
salsor; 19 = o-ring to dose inner cell whul wail is set; 20 = inner heating coil for czmxation of 
CdOCilllCl~~ 
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The rtactions under consideration For the perturbation 
acida!a&ed hydrolysis of oxirane and its derivatives, with 
reaction of 90 kJ mo1-‘- 

experiments are the 

an expected heat of 

For these seasons and those mentioned before the adiabatic shield is reaSiseci 
by using the same reaction as in the measuring ceJi_ If there is no heat exchange with 
the surroundings and the heat production of the stirrers in the measuring ceII and the 
a&abazicsbicfd Mantes, the temperature in both will be continuously thesame when 
tie experiments are started at the same temperature and with thesameconcention- 
This mcam, if thtrc Is an unbalance in stirring heat production in the measuring cell 
and the adiabatic shield, there should be a heat f&ge through the shield and a 
possibility of extra Seat input into the siriefd by means of eIaSrical resIs?anee he&kg. 

Figurclgivesa cleta&d picture of the rzz~czion CaIorimefer assembly, The 
scparatt pa& arc accounted for in the figure legend, Only the major design points 
win be CGSUSWI in detail, The inner cell (15) is dtigxwd in such a way that it is 
cwnpIet.e~y surrounded by the adiabatic shield. To avoid a substantial heat ieakage 
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through the fastening of the inner cell we constructed a mixing chamber (14) on top 

of the ceh with a screw stirrer in it 
The wail of the cell (8) cam be lifted to above the liquid level, establishing a 

complete mixing, 
When the cell is closed, the dynamic behaviour” is that of a standard turbine 

stirred reactor (16). The quartz temperature sensor (18) gives the reaction temperature 
white the copper sensor (17) indicates the diff&ence with the shMd in cooperation 

with the copper sensor (I 2) in the outer cell. 
AI1 parts of the reactor not made from perspex are silver plated. 
In Fig- 2 the drive (9) of the stirrers is shown with its intermediate gear (22) for 

speed reduction_ The stirrer in the outer cell (4) has a speed of 1500 t-pm, while the one 
in the inner cell has a speed of 500 r-pm. The intermediate gear (22) serves for the 

reduction factor and as spanwheef as weII- 
After releasing the “no-shp” belt (23) and turning the bearing pIate (12) the 

inner cell is unlocked and can be removed from the calorimeter- 

22. 5Vze &la collection system 

To determine kinetic constants as accurately as possible, the number of data 

points taken during the reaction is in the order of IO0 to 200. This means that an 

differential 

4 channet 

digital scanner 

QW~* themmmeter 

Silkst 700 ASR 

twin cassette 
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adequate data collection system is uuxssaly. FigtIre 3 gives a detaired description. 
&cansc the HewZeff-Packard quartz thermometer has a digital output just as the 

pH-meter (Philips PW p408) we have chosen for a digital scanner (Philips PM 2645). 
The four digital input channels are scanned su~tiely after a pulse from the inkrval 
clock. The data gathered anz prirltcd out on paper and written on a digital cassette 

with a Siknt 700 ASR. The firs+ second aad third channel are connected with the 

pH-mctcr, the digital output from the temperature diffcrentiator and the quartz 
thermometer, respfxtively. The fourth channei is used for a single print-out of the 
time interval at the beginuiug of the reaction. 

A small adaptation of the quartz thermometer realkes a frequency output for 
the tcmperaturt signal. This fquency is converted to a DC-signal and fed to the 

dif&entiator and various analog recorders. 
The dIffkren= between the inner and outer cell is recorded by two copper 

sensors connected with a Knauer thermometer and fed to the control X-Y recorder. 
This signal is used to control t&e power input In the outer cell to establish adiabatic 
conditions in the inner cell. Ahhough the copper sensors are matched in response 

and output signal as much as possible, there wiiI be a difference in signal as a function 
of temperature. Figure 4 gives a typical example of a f&rly controlled adiabatic 
reaction experiment. The straight fines are respectively the stirring heat balancing 
temperature differcacc: between inner and outer cell as a function of temperature, the 
+O.OI K deviation line and the -0.01 K deviation line. The curved Ike is a typical 

example of the temperature difference signal (LIT) of a reaction experiment. 
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Besides the digital registration of the reacting variables there are three analog 
recorders. A three-pen recorder for the registration of temperature, pH and difference 

between inner and outer cell as function of time. An X-Y recorder is usexi for the 
function of dT/dt versus temperature. The third recorder is the one depicted in Fig_ 4. 

23. The physicd properties 
The dynamic bebaviour of the caforimeter is described by the following two 

equations: 

dT, 
--iii- 

=~M,,T,)- -- Q * K2 
%2 c2 

W), tT 

c2 
2 - n + 

where the subscripts I and 2 stand for the inner and outer celt, respectively_ W, is 
the aett term to realise the adiabatic conditions in the inner ceh, its value can be 

positive (heating) or negative (cooling). 
Under steady-state conditions the differences between inner and outer cell and 

thermostatted bath are respectively: 

and 

iXibratic?n ex@z-iments with r(mr, Tr) = r(rrr2, T2) = 0 but different ekctricaf energy 
inputs give tie possibility of calculating all tkse constants by normal regression 
procedures of (dT/di) versus (T, - Ta) and (Tz - T,), respectively2_ 

These cafcufations result ins. 

- = 3*60- 10-4Ks-’ Kl w -Z&L= 
Cl c2 

‘ST-IL - 10-4KS-L 

WO, = 1.85 - lo-= s-’ (hA)t 

c, G 
= 2.97 - 1o-4 s-I 

(Tf - TaS = 19 mK (T2 - T& = 251 K 

The heat of the ma&ion can be cakulated ou the basis of the total tempetiture 
rise in the inner cell of the experiment2: 



Using the techniques outlined by white and Sturtevar~t’~- x3 the heat of the 
zcactioa is cakulatcd usil.Jgr 

where Cl and C,, are the beat cqacitie!s of the liquid mixture and the materials (iike 
sensors, etc) in the inner cell, eely- V, and pr are the reaction liquid voIumt 
and the mass density of the reaction liquid, respe&vely. 

Qliirations performed with demineralizd water (conductivity less than 
2 j4s nn-1) gave for c&,: 

c mat =71& 12JK-‘: 

where the relatively large error merely results from the fact that the calibrations do not 
take into consideration the temperature dependence on the mass density and specific 
beat of water. 

Because the volume of the inner cell is 163-O mI_ the heat capacity Cm, is about 
10% of the total heat capacity of the inner cell, 

Adiabatic experiments were always started with a temperature in the outer cell 
of about 25f K above that in the thermostatted bat&- The advantage of this is a stabIe 
starting temperatunz Wuse of the dynamic behaviour of the calorimeter, this 
temperature will not change for a considerable time- Owing to this the components 
may be mixed for a reZatively Jong time before a noticeable deviation of adiabaticity 
is observed_ In practice, mixing is completed within four seconds. The extra heat 
input by electrical energy is about 20% of the total heat generated in the outer ceil_ 

24 27ie practical operpiio~ 
For systems with compfetiy unknown values of the kinetic constants, pre- 

limimuy experiments are carzied out in the simple Dewar reaction calorimeter 
dcscrkd by Frankvoort and Dammers *_ Considering the physical properties, like 
boiling point, the starting temperature is selected and thus the temperature of the 
tkrmo!zatkdbathkfixcd- 

For the reaction system of the acid-cataJm hydrolysis of methykxirane 
(see section 3) the inner cclI consists of a mixture of sulphuric acid and water with a 
concentration which is about eleven times that of the final reaction conamtrations~ 
The outer ceU contains a mixture of water and methyl-oxirane with an acidity as 
neutd as possible to diminish the reaction betwter; the constituents. 

After temperature equrl%ration between the inner and outer cell the reading 
of the copper sensors on the ATversus Trecorder are fixed on the control curve_ When 
thtttmpera~of~th~oscattedbathisT,thediffertnccsare 

G=(T, - 251) and TS = (T, - 0.019)_ 
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After putting on the data logging system the wall of the inner cell is opened, 
the cooling coil activated and the electrical heating set stand by_ In three to four 
seconds CompIete mixing is established and the inner ccl! is closed. ‘At the beginning 
of the reaction extra cooling is required- With rising temperature the cooling capacity 

is reduced as fast as possible and e!ectricaI heating is used to balance the conditions 
for adiabaticity in the inner cell. The control of the cooling coil as well as the electrical 
heat dissipation are carried out manually. 

The data of an experiment written digitally on a cassette are transferred with a 
Silent 700 ASR-terminal to the CDC-cyber-73-28 digital computer system of SARA 
(Stichting Academisch Rekencentrum Amsterdam). Suitable computer programs’-3 
are available written in AlgoMO_ 

3, REQlz.Ts AhlD DlsCUsslON 

The liquid phase reactions used to explore the properties of the adiabatic 

calorimeter are the acid catalyzed hydrolysis of methyloxisane (propylene oxide) 
into 1,2-propanediol (glycol) and of 2,3-epoxy-I -propanol into !,2,3-propanetrio! 
&lycerol)_ 

These moderateIy exothermic reactions with a heat of reaction of about 

90 W mol- ’ have been studied by several investigators * 4- * 7_ Pritchard and Long’ ** I9 

concluded thar the most likely course for the hydrolysis is given by: 

H 

/“\ 

0’ 

kr /\ 
RHC4Hz i Hi e RHC4H2 

kfJ 

fast 

H 

/“; 

OH 

I 
RHC------CH, + RHC*-CH, 

k, 

slow 

OH OH 

I I 
RHC*-CH, +- Hz0 --+ RHC-CH, t H* fast 

I 
OH 

(IQ 

(12) 

where R is CH, or CH,OH. 
In a wide range of conditions with regard to the acidity and the water content 

of the reacting mixtures, the reaction rate is found to be of the first order in methyl- 
oxirane and proportional to the Hi concentration_ 
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The tcmperaturc_change &termining step is given by eqn (II). The reaction rate 

aquation is 

M,T)=k,m, (13) 

where m, is the conccn~tion of the coojugated acid of the epoxide. From eqn (10) 

the concentration m, is cahlatcd as 

kc mar mu+ = kb m, 04) 

w-hex-c m,,, and M,, are the concentrations of epoxide and hydrogen ion, respechely. 
Snbstitutioa in eqn (13) and putting 

k2 +. 
b 

(15) 

gives 
rCm, ;r) = k2 mu+ m.,, 
Equation (16) will be transformed in a mod&d Arrbenius equation with 

k2 = 

From thermodynamic caIcuIations the enthalpy of the reaction of methyl- 
oxiranezo-23 (R = CH,) is AH = - 94.37 W mol-* and of 2&epoxy-I-pkopa- 
nolzo. 22- 2(-26 (R = CH,OH), AH = - 88.83 kJ mol-*. 

From the literature data the follokng values for the activation energy tempera- 
ture T, the second-order frequency factor 2, and the sezcond-order rate constant 

kz (at 298 K) are obtained. 

The cakuIations for 2,3+poxy-I-propanol are based on two sets of data. The 

one at 273.15 K is from Pritchard and Longx5, the other from Briksted et al.lr 

was carried out at 293.15 K_ Combination of these two stts and using cqn (14) result 
in the former mentioned values. 

with the calorimeter descSbed in section 2.1, a number of experiments have 
been conducted in which the hydroIysis of methyf-oxhane and 2,3_epoxy-I-propanoI 

and the adiaWicity is controlled according to the procedures outlined in sections 23 
and 24. The measured T, t relations are converted into dT/d& Trelations by means 
of the methods described by Frankvoort and Dammers2. 

Au experiments have an initial rezuXant cortaentmtion of about 1.0 and 2.0 
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reel k g - t an in i t ia l t e m p e r a t u r e of a b o u t 279 K and a p H of a b o u t i .0. The a v e r a g e
v a l u e s o f Tffi, Z2 and o f the s e c o n d - o r d e r rate c o n s t a n t s (298 K) are f o u n d to be."

T , Z2 k~ (298 K)
(K) ( k g mol - t s -1) ( k g real - l s - t )

methy l - -ox~ne 8932 ~ 10 (1_33 -:- 0_04) - 101± 0.128 ~ 0.002
2,3-cpoxy-i-propanol 8827 ~" 16 (8 .5 __--" 05) - i0se 0.0118 ~ 0.0007

T h e h e a t s of reac t ion , Q, c a l c u l a t e d with eqn (9) are for: methyl-oxirane:
93.6 ~ 5.3 kJ r e e l - 1 a n d for ?_,3-epoxy-l-propanol: 88.2 ~ 1.9 kJ r e e l - 1.

The calcula t ions for methyl-oxirane c o u l d u n d e r some res t r ic t ion be c o m p a r e d
with the data of P r i t c h a r d and Long t 7 T h e i r v a l u e s are ca lcula ted from exper iments
c a r r i e d out u n d e r iso thermal c o n d i t i o n s with in i t ia l c o n c e n t r a t i o n s of a b o u t 0.05
to 0.2 mol ! - 1 In par t icu la r , the v a l u e s for the f r e q u e n c y f a c t o r d e v i a t e c o n s i d e r a b l y
a n d thus also t h o s e for the r e a c t i o n rate c o n s t a n t k 2.

T h e same r e m a r k s a p p l y for the d a t a o b t a i n e d for exper iments with ?_,3-epoxy-
l - p r o p a n o l .

C o m p a r i n g h igh ly a d i a b a t i c with d i a t h e r m i c3 exper iments b e t t e r a g r e e m e n t
is f o u n d for the hydrolysis of methyl-oxirane. As extensively s h o ~ by F r a n k v o o r t3
the v a l u e s for Ta, Z2 a n d k 2 ( 2 9 8 K ) d e t e r m i n e d by the d i a t h e r m i c m e t h o d t u r n e d out
to be: ( 8 8 0 3 ~ 28) K, (5.9 ~ 1 .4 ) i0 ! ! kg m o l - l s - ! (0.089 -~ 0.020) kg m o l - is - l
respectively.

T o find a poss ib le s y s t e m a t i c e r r o r due to the m e t h o d of calcula t ing the kinet ic
c o n s t a n t s from a d i a b a t i c exper iments the in tegra t ion m e t h o d o u t l i n e d by F r a n k -
v o o r t3 is a p p l i e d to the data from methyl-oxiran¢ exper iments . T h e resu l t s c o r r e s p o n d
very well to t h o s e calcula ted by the m e t h o d m e n t i o n e d before .

This indica tes t h e r e is still an exper imenta l bias b e t w e e n the i s o t h e r m a l ( d i l a t e -
m e t r i c ) m e t h o d used by P r i t c h a r d and L o n g , the d i a t h e r m i c m e t h o d and the a d i a b a t i c

m e t h o d expla ined in tlu~ p a p e r . A l t h o u g h in all c a s e s the ra te-de termining step is
eqn (! !) a n d the heat e v o l u t i o n is c o n n e c t e d to it, some exper imenta l c o n d i t i o n s will
inf luence the results.

In the di la tometr ic exper iments care s h o u l d be t a k e n r e s a r d i n g the un i fo rmi ty
a n d c o n s t a n c y of the t e m p e r a t u r e . The response time in the v o l u m e c h a n g e r e a d i n g
may i n t r o d u c e a s y s t e m a t i c e r r o r .

• In d i a t h e r m i c e x p e r i m e n t s3 systemat ic e r r o r s will o c c u r from c h a n g e s in the
r e a c t o r a m b i e n t and f luctuat ion~ in the s p e e d of stirrln~. T h e s e f luctuat ions r e s u l t in
c h a n g i n g v a l u e s for the heat of s t i r r ing and heat t r a n s f e r coefficient, used as k n o w n
c o n s t a n t s in the n u m e r i c a l ca lcula t ions .

In a d i a b a t i c e x p e r i m e n t s the grea tes t e r r o r poss ib le is a w T o n g power-cont ro l
c u r v e (see Fig. 4). This resu l t s in a s y s t e m a t i c heat i n p u t to or heat w i t h d r a w a l from
the i n n e r cell w h i c h resu l t s in a s y s t e m a t i c h i g h e r respectively l o w e r v a l u e for the
heat of reac t ion . C o m p a r i n g the resu l t s o f the a n a l y s e d reac t ions with the c a l c u l a t e d
e n t h a l p y of r e a c t i o n the d e t e r m i n e d r e a c t i o n rate c o n s t a n ~ a p p e a r to be very u ~ f u l .
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4, NOTATION 

heat -r sutiace area 
average specific heat 
heat capacity 
overal heat transfer coefficient 
thermodynamicalIy calculated enthafpy of reaction 
pseudo reaction rate constant 
molaIity of reaction soiution 
initiaJ moIaIity of reaction soIution 
heat of restion (Q = - AH) 
&on rate 
time 
absolute temperature of reacting mixture 
activatioIHnergy temperature 
zmblent temperature 
maximum adiabatic reaction temperatune 
volume of reaction cell 

w, external heat input 

w, heat of stirring 
z frequency factor in the Arrirenius equation 

za modified frtqueuq factor 

P mass density 

6 
7 
8 
9 

10 
11 
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14 
15 

I6 
17 
18 
I9 
20 
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