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The kinetics and thermodynamics of the thermal dehydration of crystalline powders of 
MgC204 �9 2 H20 were studied by means of thermal analyses both at constant temperatures 
and at linearly increasing temperatures. The dehydration of the dihydrate is regulated by 
one of the Avrami--Erofeyev laws. The kinetic parameters from TG at constant tempera- 
tures are in good agreement with those from TG at the lowest rate of rising temperatures. 
The dynamic dehydration kinetics was also examined, using DSC recorded simultaneously 
with TG at linearly increasing temperatures. The validity of the estimated mechanism and 
kinetic parameters is briefly discussed. 

Recently, we have reported kinetic studies on the thermal dehydration of several 
salt hydrates, using TG both at constant temperatures and at linearly increasing tem- 
peratures [1]. The dehydration of ground crystalline powders of these hydrates was 
found to obey a random nucleation and subsequent growth mechanism. 

It seems worthwhi le to examine such kinetics along these lines, since the results of 
different authors are often different. The present paper deals wi th an investigation of 
the kinetics and thermodynamics of the thermal dehydration of MgC204 ~ 2 H20 by 
means of dynamic TG-DSC, recorded simultaneously under various measuring condi- 
tions, as well as TG at constant temperatures. 

Exper imenta l  

Magnesium oxalate dihydrate was prepared by the double decomposition of ammo- 
nium oxalate and magnesium chloride in hot aqueous solution. The dihydrate was 
identified from IR spectra and TG traces. The dihydrate was ground and sieved to 
four fractions: 100-170, 170-200, 200-280 and 280-350 meshes. 

TG-DSC traces were recorded simultaneously at heating rates of 0.58, 1.22 and 
2.33 degree min -1  in a f low of nitrogen at a rate of 25 ml min -1  for the fraction 
170-200 mesh, using a TG-DSC (8085 El)  apparatus of Rigaku Denki Co. About 
15.0 mg of the sample was weighed into a platinum crucible 5 mm in diameter and 
2.5 mm in depth, wi thout  pressing. TG traces at constant temperatures were also 

Correspondence author 

J. Thermal Anal. 29, 1984 



88 TANAKA, TOKUMITSU: DEHYDRATION OF MAGNESIUM OXALATE DIHYDRATE 

recorded under the same measuring condit ions as in the dynamic run. Other experi- 
mental procedures were the same as those described previously [1 ]. 

R e s u l t s  a n d  d i s c u s s i o n  

I s o t h e r m a l  m e t h o d  

We can assume the fo l lowing relation for  the isothermal dehydrat ion of MgC204 �9 
�9 2 H20:  

F((z) = k t  (1) 

where F(~) is a funct ion depending on the mechanism of isothermal dehydrat ion, 

is the fraction dehydrated at t ime t, and k is the rate constant. The correct F((~) can 
be estimated to some extent by plot t ing i t  against t. Various F(c~) derived on the basis 
o f  theoretical models [2] have been examined. Table 1 lists such F((~). Table 2 shows 

the correlation coefficients r and standard deviations o in the least square f i t t ing of 

F(e) vs. t plots. In view of . the values of  r and o, both R n and A m mechanisms are to 
be selected as the correct F(e). The mean values of n and m were determined to be 

1.56+0.12 and 2.36+0.04, respectively, over the temperature range 159.8-175.0 ~ by 
"scanning" the values wi th  a computer. Typical  plots of  F((x) vs. t are shown in Fig. 1. 

Values of  k at various temperatures, deduced from the plots using the mean values of  

n and m, are listed in Table 3. Table 4 shows the activation energy E and frequency 
factor A ,  together wi th the value o f  r derived from the Arrhenius plot. It is seen that 
the identical kinetic parameters result f rom either the A m or Rn mechanism. 

Our result is not compatible wi th  those of  other workers [3, 4], which may be 0ue 

to the di f ferent sample and measuring conditions. 

Tab le  I The mechanistic functions F(~) examined for the thermal dehydration of MgC204 �9 2 H20 

F(<x) Symbol Rate-controlling process 

cz2 

r + (1 -- ~) In (1 -- ~) 

[1 - (1 -- <z)1/312 

1 2 _ ~ _  (1 -- ~)2/3 
3 

In [(x./(1 -- ~)] 

1 - -  (1 - -  ~)  ]J'n 

[-- In (1 -- Q)]U'm 

D 1 One-dimensional diffusion 

D 2 TWo-dimensional diffusion 

D 3 Three-dimensional diffusion (Jander function) 

D 4, Three-dimensional diffusion (Ginstling--Broushtein function) 

A u Autocatalytic reaction (Prout--Tompkins function) 

R n Phase-boundary reaction; n = 1,2 and 3 (one-, two- and 
three-dimensional, respectively) 

A m Random nucleation; m = 1 
Random nucleation and subsequent growth; m = 2, 3 and 4 
(Avrami--Erofeyev functions) 
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T a b l e  2 The correlation coefficient r and standard 
deviation e for the least square f i t t ing of 
F(~) vs. t plot for the isothermal dehydra- 
t ion of MgC204 �9 2 H20 at 159.8 ~ in the 
~x range 0 .2-0 .9  

D I  D2 D3 D4 

r 0.9961 0 .9847  0.9551 0.9764 
a X 10 2 2.205 3.567 2.520 1.205 

Au R1 R 2 R 3 

r 0.9988 0.9952 0.9994 0.9968 
a X 102 5.102 2.198 0.6219 1.133 

A t  A2 A3  A 4  

r 0.9845 0.9996 0.9992 0.9978 
o X 102 10.90 0.9386 0.8762 1.080 

t 09 
1.5 (~ 

05 
1.0- 

0.5 - 03 

0 -  0 L i 
Time ~ rain 

Fig. 1 Typical F(c~) vs. t plots for the dehydration of MgC204 �9 2 H20 at a Constant temperature 
of  159.8 ~ in the ~ range 0.2--0.9 

Non-isothermal method 

Typ i ca l  T G - D S C  traces ob ta ined  s imu l taneous l y  f o r  the  t he rma l  d e h y d r a t i o n  

o f  M g C 2 0 4  " 2 H 2 0  are shown  in Fig. 2. The  k i ne t i c  parameters  can be der ived  in 

te rms  o f  the  equa t i on  [5,  6 ] :  

- - -~-  AR (1 -- 2RT~ E 1 (2) 
In TZ = ln a c  E } R T 

where  T is the  abso lu te  t empe ra tu re ,  R is the  gas cons tan t ,  and a is the  l inear  heat ing  

rate. I f  the  co r rec t  F (e )  is used, a p l o t  of. In [F(cz)/T 2] vs. 1 /T  shou ld  g ive a s t ra ight  
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Table 3 The rate constants k for the isothermal de- 
hydration of MgC20 4 �9 2 H20 in terms of 
R n and A m functions 

Temperature, o C 
k X 104, s - !  

R n (n = 1.56) A m (m = 2.36) 

159.8 2.7901 3.6105 
161.4 2.8536 3.7212 
162.5 3.5833 4.6168 
165.7 3.9950 5.1473 
166.1 4.1946 5.3842 
170.7 5.8315 7.5647 
170.9 5.7227 7.3466 
175.0 7.1656 9.3802 

Table 4 The Arrhenius parameters E and A,  
and the correlation coefficient �9 from 
the analysis of the isothermal dehydra- 
t ion of MgC20 4 �9 2 H20 

F(<~) E, kJ m o l -  1 log A,  s -  ! - r 

Rt.S6 103.5• 8.93• 0.9915 
A2.36 103.9• 9.10• 0.9927 

Exo 
T dQIdt 

Endo 

J 

' " t  / 

.L %% it / 

160 180 ZOO 
Temperature ~oC 

Fig. 2 Typical simultaneous traces of TG ( ) and DSC ( . . . .  ) for the dehydration of 
MgC20 4 �9 2 H20 at a heating rate of 1.22 degree ra in -  t 
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line, f rom which the values o f  E and A are derived. Table 5 shows typical  values o f  

E and A ,  together w i th  the value of  r, for  all F(a)  l isted in Table 1 except A u. I t  seems, 

in view of the reasonable order of  magnitude of  E and A ,  and the reasonable value of r,  

that  an A m mechanism should regulate the dehydrat ion of  MgC20 4 ~ 2 H20.  

If  the isothermal ly-determined F(a),  i.e. R 1.66 and A2.36,  are appl ied to Eq. (2), 
the values of E and A listed in Table 6 are obtained. I t  is seen that  the parameters 

decrease w i th  increase in the heating rate. This t rend may be explained by a thermal  

lag between the furnace and the sample [7] ,  as can be seen f rom the change in de- 

hydrat ion temperature [8]. The dehydrat ion temperatures derived f rom DSC and TG 

traces are given in Table 7. 

Table 5 The Arrhenius parameters E and A, 
and the correlation coefficient r for 
the dehydration of MgC20 4 �9 2 H20 
from a single TG trace at a heating 
rate of 1.22 degree rain -1  in the 
range 0.1-0.9 

F(a) E, kJ too l -  1 log A, s -  1 - r 

D 1 347 37.3 0.9730 
D 2 385 41.7 0.9820 
D 3 435 47.0 0.9904 
D 4 402 43.0 0.9853 
R l 170 16.7 0.9718 
R 2 202 20.3 0.9864 
R 3 214 21.6 0.9901 
A 1 241 25.3 0.9953 
A 2 117 10.7 0.9949 
A 3 75.3 5.71 0.9946 
A 4 54.4 3.20 0.9942 

Table 6 The Arrhenius parameters E and A for the dehydration of MgC20 4 �9 2 H20 at various 
heating rates in the a range 0,1-0.9 

Heating rate (deg/min) 

F(a) Method 0.58 1.22 2.33 

E, kJmo l -1  IogA, s-1 E, kJmo l -1  IogA, s -1  E, kJmo1-1 IogA, s - I  

TG 188 19.0 180 17.9 152 14.5 
R]'S6 DSC 217 22.5 201 20.3 167 16,3 

TG 95.4 8.11 91.3 7.67 76.2 5.94 
A2'36 DSC 108 9.68 101 8.81 81.2 6.53 
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It is noted here that the parameters for A2.36 at the lowest heating rate are com- 

parable with those from the isothermal method, whereas those for R 1.56 are not. 

We may thus assume that the dehydration of MgC204 �9 2 H20 is regulated by an 
A m mechanism [1]. The A m mechanism is supported by the fact that the rate con- 
stant k is practically unaffected by the particle size. The effect of particle size on the 

values of E, A and k is shown in Table 8. The A m mechanism seems to be probable 

too in that ground crystalline powder samples were used in the present study [9]. 
It is interesting that the values of E and A from TG are smaller than those from 

DSC, whereas the values of k are practically equal. The compensation effect also 

seems to result in this case. The smaller values of E and A for TG may be ascribed to 
the fact that the volatil ization of liberated water is not instantaneous, but a time lag 
may appear [7]. This may be seen in the effect of the particle size on the difference 
of E between TG and DSC analyses. Table 8 shows the tendency that the difference 
of E decreases with decrease in the particle size. 

Table 7 The extrapolated onset temperature Teo from 
the DSC trace, the temperature of half<le- 
hydration Tl l  2 from the TG trace, and the 
peak temperature Tp from the DSC trace for 
the dehydration of MgC204 ~ 2 H20 

Dehydration Heating rate (degree/min) 

temp., ~ 0.58 1.22 2.33 

Teo 146.5 154.2 158.2 
T1/2 164.4 173.5 181.3 
Tp 168.4 178.0 186.7 

Table 8 The effect of particle size on the kinetic parameters E, A and k for the dehydration of 
MgC20 4 �9 2 H20 at a heating rate of 1.22 degree rain -1 

Kinetic 
F(<z) parameter 

Particle size fraction, mesh 

100--170 170--200 200- -280 260--350 

TG DSC TG DSC TG DSC TG DSC 

E, kJ mol-1 
R1.56 IogA, s -1 

kX 104, s -1 

E, kJ mol-1 
A 2.36 log A, s- 1 

kX 104, s -1 

198 222 180 201 203 233 173 175 
19.8 22.6 17.9 20.3 20.6 24.1 17.1 17.4 
5.12 4.50 7.02 6.42 5.94 5 . 4 5  7.36 6.31 

100 111 91.3 101 104 113 87,1 90.4 
8.65 9.95 7.67 8.81 9.09 10.2 7,17 7.57 
8.64 8.60 9,91 10.0 9,53 9.50 9.88 9.53 

J. Thermal Anal. 29, 1984 



TANAKA, TOKUMITSU: DEHYDRATION OF MAGNESIUM OXALATE DIHYDRATE 93 

It  seems w o r t h w h i l e  to  compare the  value o f  E fo r  the dehyd ra t i on  of  MgC20  4 �9 

�9 2 H 2 0  w i th  the corresponding en tha lpy  change, ~ - / .  The z3H value per mo le  o f  

water  evolved was determined to  be 61 .20+0 .21  kJ m o 1 - 1 .  The isothermal ly-deter-  

mined value of  E (ca. 104 kJ mo1-1  ) is considerably  larger than the ~ value. This 

di f ference is exp la ined by  a possible con t r i bu t i on  of  nucleat ion o f  the solid p roduc t  

to  the ac t iva t ion  energy [10] .  This can be regarded as another  argument  fo r  the 

proposed dehydra t ion  mechanism: the random nucleat ion and its subsequent g rowth  

mechanism. 
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Zusammenfassung -- Kinetik und Thormodynamik der thermischen Dehydratisierung yon kristalli- 
nen Pulvern von MgC204 �9 2 H20 wurde thermoanalytisch bei konstanter und linear ansteigender 
Temperatur untersucht. Die Dehydratisierung des Dihydrats folgt einem der AvramiiErofeyev-Ge* 
setzen. Die aus TG-Messungen bei konstanter und bei rnit der geringsten Geschwindigkeit linear an- 
steigender Temperatur erhaltenen kinetischen Parameter stimmen gut ~berein. Die Kinetik der 
dynamischen Dehydratisierung wurde ebenfalls durch DSC und gleichzeitiger Registrierung der 
TG-Kurven untersucht. Die Zuverl~ssigkeit des ermittelten Mechanismus und der bestimmten kine- 
tischen Parameter wird kurz diskutiert. 

Pe310Me - MeTOAOM TepMHqeCKOI'O aHanx3a npx nOCTORHHblX H JIHHeHHO-BO3pOCTalOu~HX TeM- 
nepaTypax H3yqeHa KHHeTHKa H TepMOAHHaMHKa TepMHqeCKO~ ~erHD, paTau, HH KpHcTannHqeCKHX 
nOpOLUKOB MgC204 �9 2 H20. PeaKU, HR Aerl~ApaTalJ, HH nOAqHHReTCR O~HOMy H3 ypaBHeHH~ 
ABpaMH--EpodDeeBa. KHHeTHqeCKHe napaMeTpH, ycTaHOBneHHble Ha OCHOBe TI- npH ROCTORHHOM 
HarpeBe, xopoLuo cornacyloTCR c TeMH, KOTOpble 6blnH BblBe~,eHbl H3 ~aHHblX TI- npH CaMOH 
HH3KOH CKOpOCTH no/~eMa TeMnepaTyp. ~HHaMHKa KHHeTHKH AerH/~paTa~HH 6bma Hccne/~o- 
BaHa COBMeLu, eHHblM MeTOAOM ~CK-TI -  npH nHHeHHOM Harpeee. KpaTKO 06Cy>KAeH MexaHH3M 
H napaMeTpbi KHHeTI4KH peaKU, HH AerxApaTattxH. 
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