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ABSIRACI- 

The hydrogen isotope effect in the activation ener_gy for the dehydration of 
caIcium oxaiate monohydrate has been investigated as a function of the progress of 
the reaction using thermogravimetry- Although the activation eneqry appears to 

decrease during the course of the reaction, contrary to the data in the literature no 
significant isotope effect is apparent when the activation enerH for the protonated 
and deuterated hydrates are compared at the same degree of conversion_ Theoretical 

considerations rule out an isotope effect greater than one kilocalorie, a value which 

is well within the experimental error for non-isothermal kinetics. 

IFiTRODIKl-ION 

With the appearance of the publication of Heinzinger and Rae’ on the hydrogen 
isotope effect among the different dehydration stages of copper sulfate pentahydrate, 

interest in this isotope for studying dehydration processes in crystals has increased 

considerably. Investigations have proceeded in several directions. One direction may 
be termed equilibrium studies using natural water for the formation of the hydrates. 
Here the mass spectrometer has been used to analyze the D/H ratio at various stages 

of dehydration _ 2- 3 Another direction has been the studies of fully deuterated and 

fully protonated hydrates. In this case, the relative thermal stability and phase 
transition temperatures have been investigated’* ‘_ The kinetics of the dehydration 
prm of deuterated and of protonated hydrates constitutes another type of study. 

The Iatter work has centered on the activation energy of the process using non- 

isothermal procedun5. 
The kinetic isotope effect found in some cases have been enormous. Fcr 

example6, it has been reported that the activation energy for the initial stage of 

dehydration of the copper sulfate pentahydrate is 19 kcal mol- ’ for the protonat& 

sampIe compared to 33 kcal mol-’ for the deuterated one; for the monohydrate the 
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activation energies are reported as 30 and 53 kca! moi’ ‘, respective!y. Yet, the 

reported enthalpies of these reactions did not distineish between the protonated and 

deuterated hydrates. 

in the cze of calcium oxalate monohydrate, va!ues of I2 and 31 kca! mo!- ’ 

for the Hz0 and DzO varieties. respectively, have been reported’. Chaudhuri and 

Pathak6 znd others9 have investigzted the activation ener_rz of the dehydration of a 

number of double saits and have dimmed no clear trend in the relative values for the 

fully dcuterated and fully protonated compounds, the isotope ef&ct going either way. 

We have reinvestigated the isotop effect of the activation ener_q for calcium oxalate 

monohydrate in view of the fact that this compound is a primary standard in thermal 

procedures. We have UXC! a thermogravimetric procedure. 

inves@arors working with solid state chemical reactions are in the habit of 

charzcterizing a reaction w-ith a sir@ set of kinetic parameters. Here the assumption 

is made that the thermal decomposition of a solid involves a single mechanism. This 

vicsc has resulted in numerous curve fitting procedures for obtaining the set of 

ki.netic pxameters’ I. 

Solid state chemical reactions may involve nucleation, nuclei growth, diffusion 

of reactants and productq and movement of phase boundaries. Hydrates of salts 

contain u-ater molecules, anions, and cations packed together yielding a chzacteristic 

structure which usuaI!y coI!apses upon dehydration. The resulting anhydrous s*~cture 

may bear no resemblance to the original hydrate. In addition to structural &an_= 

which will invclve increasing imperf&tions in the crystal during the pro_- of the 

reacrion, there are imposed expcrimenta! conditions that appear to influence the 

kinetics, such as particle size and shape, size of sample, and heating rates”. 

To yield more meaningful kinetic results, differential thermal methods may bc 

considered’L. The methods are based upon siopes, but the more diffe_rentia! the 

method becomes the greater the experimental scatter. These methods also involve as 

a rule an analytical function for the progess of the reaction, f(=), which is taken to 

be independent of the temperature. We have used such method in the past’ ‘. I ‘. 

but the rtiiability of the activation energy is not better than & 5 to + 10% and 

represents an avenge va!ue over an appreciable part of the reaction. In looting over 

the number of non-isothermal methods for determining the activation energy, since 

such procedures were used in the previously reported isotope e!i&zts, we chose the 

method of hearing rates for the present purpose. The method involves relatively a 

large amount of txperimenta! work and yields only a single kinetic parameter. How- 

ever- it ap_pears to allow the following of the activation ener_gy during the entire course 

of the reaction with as -great an accuracy as can be obtained with non-isothermai 

procedUreS_ 

.MoSi important, the method of heating rates is an experimental procedure that 

makes @bIe the calculation of the activation ener_ey as a function of the progress 

of the reaction without any assumption as to the form of the function describing the 

pro_- of the reaction. The particular method of heating rates as described by 

FIynn and WaII’i and 0zawa’ 5 was used. 
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CALCULATION OF THE ACX-lVATION ENERGIES 

Defining the pro_gress of the reaction in terms of CL, the degree of conversion, 

the rate of the reaction may be witten as 

dz 
di = k(T)f(=) (1) 

where T is the temperature. Assuming an Arrhenius relationship for the temperature 
pati of the function and using a linear heating rate, @, eqn (I) becomes 

dz A -EMT f(%) -=-e 
dT @ (2) 

where A is the Arrhenius factor, Es the activation ener_gy, R the gas constant, and 
f(z) is the function that describes the progress of the reaction. It is usual to assume 
some particular form for f(a) to determine E.. for the thermal curve*‘* I’_ However, 
if a series of linear heating rates are used, then this assumption may be avoided. 

Rearranging eqn (2) it may be shown that 

(3) 
0 

where x = EJRT. 

The assumption implicit in eqn (3) are that both A and E, are independent of 

the temperature and that F (z) is a unique function of the de-e of conversion. 
Defining the function in brackets in eqn (3) as p(x) we write 

AE 
log F(x) = log * - log G + log p(x) 

Dovlet9 has shown that log p(x) may be approximated by _ 

log p(x) z - 2.315 - 0.457 EJRT (5) 

for EJRT 2 20. In our present work 20 c EJRT < 30. in this range, the error in 
eqn (5) is as high as 1-I % at x = 20 to less than 0.2% at x = 30. In comparing the 
activation energies for the light and heavy hydrates at the,same values of a, the errtir 

involved in eqn (5) is vanishingly small. 
Substituting eqn (5) in (4) and taking the derivative with respect to (l/T), 

[%I*= (-qg-E, (6) 

(7) 
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Thus., plots of !og 4 versus (I jT) at a fixed degree of conversion yield E,- The various 

values of E, were obtained for the range of z = 0.3 to O-9. 

The CaC,04 - Hz0 and CaC,O, - DzO were prepared from Fisher Scientific 
Company reagent _-de calcium oxaWe monohydrate powder, lot number 751593_ 
A smaii quantity of this salt was sieved with an Allen-Bradley Sonic Sifter_ The 

faction passing throug% the 53 p sieve was colIected and used for all the experiments 

described in this paper_ The powder MXS divided into two parts and placed in an 

oven set at 2OOT for 24 h. The two samples were transferred to two previously 
prepped chambers, one saturated with Hz0 and the other with D,O_ After a few 
days., the samples were transferred to desiccating chambers containing Pros_ 

liht identity of each of thest salts wz made from absorption spectra taken on a 

Beckman 4240 infrared spectrophotomettr as weli as from stoichiometric considera- 

tions from thermoc~vimetry. 

ThetmogtMmctric cutxs were obtained using a Perkin-Elmer TGS-1 thermo- 
balance and a Perk&Elmer UU-I temperature pro_mmmer_ Small gauge chromel- 

alumel thermocouples. referenced to O’C ice bath, were UQXI to adjust the progmmmer 

to give optimum furnace temperature linearity in the range of temperatures in- 

vestigated in this study_ 
For exh anaI_vsis, 5.00 mg of sample 1%~ weighted in a platinum crucible_ For 

this purpose, a C&m G-2 microbalance was used_ The sample was then transferred to 
the stirrup of the thermobalance. Dry nitrogen -pas was allowed to fiow at a rate of 
20 ml min- I during the course of the reaction. To test whether this gas flow was 

adequate to prevent a reversing reaction. duplicate runs were made using a fiow-rate 

of 40 ml min-‘_ Comparison of the resulting thermomms indicated RO dixcmible 
diffcrenocs. 

Eight samples of CaCTOI - Hz0 were analyxd at heating rates of 0_3125, 
0.625. 1.25.2_5,5, 10.20. and 4O’C min- I_ Similarly, eight samples of CaC,O, - DzO 
were an&& at these same heating rates_ 

From each of the thermorams, the actual weight fesses were normal&d in 
terms of fractional u-eight losses, z_ The temperature at constant conversion for z = 
0.3, OS, O-7 and O-9 were recorded for all sixteen_ A lmst square linear plot of log 
of heating rate (@) versus the rcciproca1 absolute temperature (l/T], was made for 

the dehydration of each of the salts. From the slopes, the activation energy were 

c3lcuJated according to eqn (7), i.e., 

E, = - 4.35 Edlog Qzfd(l/T)] 

A least square soiution was obtained for the slopes of iog @ vs, l/T as well as the 



TABLE 1 

RESULXS OF THE KlS&t-IC ANALYSIS OF THE -l-HER!!XAX’L~~C DATA 

Fructional comersion, a 

0.3 
0.5 
0.7 
0.9 

Es (kcd nwFJ 

cuczu4 - Hz0 CaCtor - DtO 

225 & 1.5 243 & I-8 
20.5 & l-2 2x& I5 
19.3 2 1.1 20.7 & 1.4 
18.3 5 1.0 19.5 f 1.2 

-- 

standard deviation of the slopes_ The data are summarized in Table 1. A definite 
trend is seen from these results, namely, that the activation enerw decreases during 
the progress of the reaction. However, comparison of the protonated and deuterated 
sak show that, at the same point of the dehydration, there is no significant isotope 

effect, 

This result may be seen more clearly in Fig_ I where plots at CL = 0.3 and 0.7 
for the protonated and deuterated hydrates are given for the log of the heating rate 

versus the reciprocai of the temperature. 

22 24 26 
load K-’ _I_. 

T 

Fig. 1_ Least square plot of the logarithm of the heating rate, @, versus the reciprocal of the absolute 
tcmpcratu~~ for the dehydration of CaCz01- Ha kirclcs) and C2C&4 - DzO (trbngks), at a = 0.3 
(open symbols) and a = 0.7 (dark& symbols). A singIe curve has been drawn through all points 
forasingk~~ofa.IIhc~vationenagicrcalculatcdata =0.3andO.?are23.3 f 1.1 and 
19.9 5 0.8 Cal mol-1, respoztivcly_ 



value of about 20 keal mol’ ’ for the activation ener=T for the 
protonaced calcium oxalatt monohydrate is about thesame as that previouslyreported 
using other non-isothermal proceduresi7~ “‘_ The d ecreasing value of some 20% 
during the pro_- of the reaction is not entirely unexpected in view of enormous 
strucfuml change that the react@ solid continuously undergoes. The difference in 
activation energies between the deuterated and protonated hydrates as listed in Table 1 

cannot be considered significant in view of the uncertainty in the precision of each 
of the values at the same point of conversion. 

It is interesting to estimate the theoretical range of the isotope effect for the 
activation ener=T_ The dehydration may be considered as consisting of bond cleavage, 
difiusion of the water molecule to the surfice of the czyst.4 followed by desorption. 
The maximum isotope effect in each of these processes may be estimated as follows: 

The dcsorption may be considered as haking an activation ener_eapproximating 
the latrnt heat of vaporization, this being about 10 kcal mol- ‘_ This contribution to 
&he activation ener_e may Oe taken as a constant during the progress of the dehydra- 
tion- The difference in the activation ener,ey for the desorption of Hz0 and DzO, 
ai a mean temperature value of 1543°C. may be calculated on the basis of the Van 
Hook equation “_ 

(8) 

The Van Hook values for the constants A and f? yield a final value of about 150 
calories as rhe diKerence between the latent heat of D,O and H20i. 

The p<rsible isotope efEct for the remaining IO kcal mol- ’ in the activation 
enew may be ascribed in pan to bond cleavage. Here, one may use absolute rate 
theory. The Bigeleisen ’ o treatment indicates, that depending upon the activated 
complex postulated, the isotope diKerena in activation ener_ey can cover a range from 
zero to rhe diflerences in the zero point energies of the reacting molecules and their 
mpective activated complexes- Corisider the primary isotope effect where the bond 

tinking the hydrogens of the \;i-?ter molecule to some other atom in the hydrated 
crystal is cieaved in the early staze of dehydration. The corresponding stretching 
mode in the tmnsition state wouId become the aperiodic motion along the reaction 
coordinate and the comzspon<cf;~g stretching frequency would be excluded from the 
sum of the zero point eneqies in the transition state. This would yield a factor of 
1.05, the square ruot of the ratio of the mass of D1O to H,O, for the activation 

energ change since the difference in the zero point eoer_gy of the initial states of the 
reactants would determine the change in activation energies for this process. This 



factor would lead to an increase of abut 0.5 kcal mol- ’ for the deuterated salt since 
there is only some 10 kcaI remaining for nondesorption stage. 

If a diffusion mechanism is considered, the upper limit appears to be a factor 
I-1 I this being the ratio of the masses of I)+3 to H20. The activation ener_qy for 
diffusion mechanism may be considered as consisting of two parts, one for the 
creation of a vacancy and the other for the jump frequency, the energy to move the 
water molecule into the urioccupied site. Both parts are roughly of the same values. 

Thus, the kinetic isoiope effect may bc as hi& as one kcal mol- I. For a total 
activation of 20 kcal, the isotope effect, if it exists, would bc swamped by the experi- 
mental error- 
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