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THERMAL DEHYDRATION OF SOME URANYL CARBOXYLATE 
COMPOUNDS BY ISOTHERMAL AND NON-ISOTHERMAL 
PROCEDURES 
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The kinetics and mechanism of the thermal dehydration of uranyl trans-hexenedioate 
monohydrate IUO2(C6H604) �9 H20 ] and uranyl fumarate [UO2(C4H204 ) �9 H20 ] have 
been studied by means of isothermal and non-isothermal gravimetric methods. The rate 
equations that provide the most accurate fit to the experimental data were determined by 
the usual procedures and with a computer program that allows almost quantitative com- 
parison of each set of experimental (~, t) values with any rate equation F(~). For the 
experimental data obtained at linearly increasing temperatures the Coats and Redfern 
equation was used, but assuming that the functions estimated by means of the isothermal 
method are also valid for the non-isothermal runs. The kinetics parameters derived from the 
dynamic TG method show clear dependences on the heating rate and particle size, but they 
are related by the compensation law. 

The thermal dehydrat ion and decomposi t ion of some metal carboxylate com- 

pounds have been studied in great detai l ,  and in some cases the results obtained f rom 

the thermal data have been related w i th  their crystal structures [ 1 - 3 ] .  

In this paper we study the kinetics of thermal dehydrat ion of uranyl trans-hexene- 

dioate monohydrate  and uranyl fumarate monohydrate  by means of both isothermal 

and nOn-isothermal procedures; the data obtained under d i f ferent  condi t ions are 

analyzed and compared w i th  those obtained f rom the isothermal runs. 

Experimental 

Sample preparation 

Uranyl trans-hexenedioate monohydrate  was obtained f rom a very di lute aqueous 
solut ion of trans-hexenedioic acid, rubid ium hydrox ide and uranyl nitrate hexahydrate 

in the molar rat io 2 :1 :2 .  A f te r  a short standing, very small crystals appeared; they 

could not  be recrystatl ized because of the low solubi l i ty  in the most common solvents. 
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Uranyl fumarate monohydrate precipitated as a deep-greenish yel low powder on 

the addit ion to a solution of uranyl nitrate hexahydrate of a warm solut ion of fumaric 

acid and sodium hydroxide in the molar ratio 1:1:2 [4]. The addi t ion order has to 

be kept, as otherwise a sodium uranyl fumarate derivative is formed. 

The quanti tat ive analyses of these compounds were as fol lows: 

Calculated for [UO2(C6H60 4) �9 H20] :  %C 16.74; %H 1.86; %U 55.34. 
Found: %C 16.75; %H 2.01; %U 55.85. 

Calculated for [UO2(C4H204)  " H20] :  %C 11.94; %H 0.99; %U 59.20. 
Found: %C 12.88; %H 1.08; %U 59.17. 

The X-ray powder data for  these compounds and anhydrous uranyl fumarate are 

listed in Table 1. The X-ray powder diagram of anhydrous uranyl trans-hexenedioate 

shows only very poor ly defined lines. 

Table 1 X-ray powder data for uranyl fumarate monohydrate, anhydrous uranyl furnarate and 
uranyl trans-hexenedioate monohydrate 

[UO2(C4H204) �9 H20] [UO2(C4H204)] [UO2(C6H604)" H20] 
d, 1~ I / I  0 d, ~ I / I  0 d, ~ I / I  0 

6.00 70 6.14 50 6.48 30 
5.16 100 5.19 30 5.97 60 
5.04 65 4.88 15 5.44 10 
4.73 10 4.20 20 5.09 10 
4.28 50 4.00 100 4.41 100 
3.90 40 3.78 15 4.21 15 
3.87 90 3.53 10 4.05 50 
3.09 30 3.40 20 3.68 10 
2.94 20 3.13 10 3.52 10 
2.90 45 2.81 10 3.44 40 
2.82 45 2.64 15 3.25 10 
2.75 15 2.44 15 3.00 20 
2.53 10 2.92 10 
2.52 15 2.86 20 
2.37 5 2.65 30 
2.33 15 2.63 15 
2.31 5 2.54 30 
2.25 40 2.41 30 
2.22 10 2.34 10 
2.15 5 
2.13 10 

Thermoanalyt ical methods 

The dynamic TG and DTA curves of the two compounds in the temperature range 

2 9 8 - 9 7 3  K are shown in Fig. 1. It  can be seen that dehydrat ion occurs at relatively 
high temperatures; this may be indicative of the coordinat ion of the water molecules 
to the uranyl ion, but this assumption is not supported by any addit ional evidence, 

J. Thermal Anal. 30, 1985 



ROJAS et al.: KINETICS OF SOME URANYL CARBOXYLATE 85 

Exo 0 

i -  
AT 020 

I = 

Exo 0 

AT o 20 

Endo ~ 40 

DTA 

b) L 
{ I 

373 673 973 
Temperature j K 

Fig. 1 DTA and TG curves of a) uranyl fumarate monohydrate, b) uranyl trans-hexenedioate 
monohydrate 

Table 2 Temperatures and heating rates used for the isothermal and non-isothermal dehydration 
of the uranyl carboxyiates 

Isothermal s t u d i e s  Non-isothermal studies Compound 
T, K Heating rates, deg/min- 1 

[UO2(C6H604) �9 H20] 508,513,518 5, 10, 20 
crystals 523, 528 

IUO2(C6H604) �9 H20] 503,508, 513 5, 10, 20 
powder 518, 523 

lUO2(C4H204) �9 H20] 503, 508, 513 5, 10, 20 
powder 518,523 

since the crystal structures of these compounds have not yet been resolved and their 
i.r. spectra do not provide enough information. 

Kine t i c  methods 

The isothermal runs were performed in static air atmosphere, using a 951 Dupont 
Thermogravimetric Analyzer coupled with a 990 Thermal Analyzer, at the tempera- 
tures indicated in Table 2. Powdered samples which passed through a 200 mesh sieve 
(0.074 mm internal diameter) were used for both compounds, and crystals of uranyl 

trans-hexenedioate monohydrate were also studied wi thout  being subject to initial 
grinding. About 8 mg sample was weighed in each run. 

The dynamic TG traces obtained at different heating rates (Table 2) were recorded 
under otherwise identical conditions. 

The DSC measurements were made with a Dupont DSC cell at 10 deg/min-1 ;  
temperature and enthalpy change were calibrated via the melting point of t in at 
504.9 K with ~ = 14.14 mcal/mg. 
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Microscopic observations 

Microscopic examination of uranyl trans-hexenedioate monohydrate crystals 
during dehydration was made with a Karl Zaner Wetzlar microscope having a hot-stage 
attachment. 

Photographs were taken on crystals directly heated on the hot-stage at about 
20 deg/min -1 ,  and on crystals placed on the stage previously heated and held at 
513 K; in this case pictures of the crystals were taken every 8.--10 s. Photographs 
were also taken of crystals isothermally heated in the thermobalance at 508 K for 
different periods of time. 

Results and discussion 

Isothermal studies 

a. Uranyl  trans-hexenedioate monohydrate crystals 

The experimental e (fraction reacted) obtained at the temperatures indicated in 
Table 2 were plotted against t / to.  5 and t / to .9;  the In In approximation [5] indicates 
that the reaction is isokinetic in the temperature range considered (Fig. 2). From these 
two methods it can be estimated that a second-order Avrami-Erofe'ev equation fits 
the experimental data very well, and the Jones approach [6] leads to the same con- 
clusions. In Fig. 3a, the plot of (t / to.5)exp. vs (t / to.5) m for common values of (~exp. 
and Q:m i$ a straight line of unit slope through the origin, indicating that the selected 
rate equation is obeyed; similarly, the plots of texp. vs (t / to.5) m are straight lines 
with slopes (t0.5)exp. passing through the origin. 

Nevertheless, the above methods of identification of the rate equations can be 
shortened by using a computer program. A program that allows quantitative corn- 

A 528K 
[ / 523K 

,._= | ,o,,m,o 

Fill. 2 Plot of --In In (1 --~) vs. In time for the dehydration of [UO2(C6H604) �9 H20] crystals 
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Fig. 3 Reduced time plots obtained by application of the Jones method to the dehydration of 
uranyl trans-hexenedioate monohydrate crystals 

parison between any rate equation and each set of experimental (~, t) values obtained 
at any temperature has been used.* 

It is well known that rate equations can be expressed in the form F(Q) = kt; by 
plotting against time the F(~) values obtained at every temperature, the rate equation 
that best describes the mechanism of dehydration can be searched for. This wil l  
generate a straight line of slope k (rate constant) passing through the origin. 

Table 3 lists the correlation coefficients (r) and errors (8) calculated for the least 
squares f i t t ing of the F(e) vs. time plot for the ((x, t) values obtained at 508 K. On the 
basis of these two criteria (r and 5), the equations R 1 , A 2 and R 2 could describe the 
dehydration process. The question arises as to how to choose between them. At this 
point it is worth bearing in mind that the criteria based on the absolute error concepts 
are not sufficient and can lead to errors, since they do not consider the range in which 
the F(e) values lie, this being different for each rate equation (Fig. 4). Some additional 
criteria based on the relative concepts, that do take into account the F(e) range, 
have been introduced. The mean relative error (Er) and its associated standard devia- 
tion (S) are considered, where 

~"Er i '  [~i ( 'Eri ' -  Er)21~ ~r= i 2 
N , S= ~ - ~  

and N -- number of experimental data. 
When the correct F(e) is used, its plot vs. time wil l be a straight line through the 

origin, the intercept wi_th the y axis (Co) being zero). 
Table 3 shows the Er, S and C O values calculated for the various equations and tem- 

perature, together with the correlation coefficients (r) and errors (5). Figure 4 repro- 
duces the plots of F(e) vs. time for the (e, t) obtained at 508 K for this compound; 
the best agreement over the whole temperature range is observed for the equation A2. 

* This program, written in BASIC, is available on request from the authors. 
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Fig. 4 Plots of F(Q) vs. time for the dehydration of [UO2(C6H604) �9 H20] crystals, and their 
regression lines at 508 K (the symbols are those of Hancock and Sharp). a: ~ D l, o D2, 
�9 D3;  b: z~ D4  ' c F1 ,  �9 R2;  c: z~ R3 ' o R1 ,  �9 A 2 ,  �9 A3 

b. Uranyl trans-hexenedioate monohydrate powdered samples 

Crystals of this compound were ground and the fract ion passing through a 200 

mesh sieve was used. 
In this case, the reduced t ime plots (Fig. 5) indicate that the experimental data f i t  

the Avrami -Ero fe 'ev  equation [ - I n  (1 - e ) ]  1/2 _ -k t  up to an (~ value of 0.7, whi le 

for 0.7 < e  < 0.9 they better f i t  the master curve obtained for  an F 1 equation [7] ;  

computer calculations led to the same results. 

a A a~& 
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0.2 

f QE / 
Y 

f 
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s I I 
0.4 1.2 2'0 b 

tlt(~ 5 

6 S 

f 
f 

- p  

/ L I I 
0.4 1.2 2.0 

Fig. 5 Reduced time plots for the dehydration of powdered uranyl trans-hexenedioate mono- 
- 0 . 7  hydrate; -- -- -- master curve, �9 experimental values ~' - ~- - -~- ,  t '  = t -- to.- / 

c. Uranyl fumarate monohydrate 

This compound was obtained as a microcrystal l ine powder, and the fraction passing 
through a 200 mesh sieve was used. 

The rate equation that best f i t ted the experimental ((x, t) data obtained at various 
constant temperatures was determined as described above, and corresponded to a 
second-order Avrami -Ero fe 'ev  equation. 
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The rate constants at various temperatures, the activation energies and pre-ex- 
ponential factors derived from the Arrhenius plots, and the enthalpy changes obtained 
for the dehydration reactions studied here are given in Table 4. 

Non-isothermal methods 

With these methods, the reaction kinetics can be studied from a single curve, this 
being the main advantage of the procedure; nevertheless, the results obtained are not 
very consistent, since under dynamic conditions the mechanism of the reaction 
depends on numerous physico-chemical factors and experimental conditions. Very low 
heating rates are usually used in the hope that these better reproduce the isothermal 
conditions. However, as shown below, the discrepancy between the values of the 
kinetic parameters obtained with the two methods is considerably higher when lower 
heating rates are used. 

In the analysis of the dynamic TG curves obtained at linearly increasing tempera- 
tures, the Coats and Redfern equation has been used; it has been assumed that the 
function F(cz) obeyed isothermally is also valid for the non-isothermal runs over all 
the heating programs used [8-11 ]: 

F(___~)_ = In AR 2RT~ E 
In T2 - ~ -  (1 -----E--J RT (1) 

where the symbols have the usual meaning and/3 is the linear heating rate. 
The kinetic parameters obtained for each compound are listed in Table 6, with the 

heating rates used and the temperatures of inception and completion of the dehydra- 
tion reactions; the latter increase as the heating rate does, but the opposite trend is 
observed in the activation energies and in the values of the pre-exponential factor. 

When the equation proposed by Flor [8] was used to check the above assumption, 
the agreement between the experimental and calculated (e, t) was quite poor, but it 
improved at higher heating rates, and the E a and A values obtained under these con- 
ditions almost agreed with those determined with the isothermal procedures. All the 
other rate equations commonly used were also tested, but no agreement between the 
experimental and calculated (c~, t) could be attained. At  this point we have to consider 
the possibility that a single rate equation cannot account for the dehydration process 
under non-isothermal conditions. 

In spite of the disparity of the values obtained for the activation energy and the 
pre-exponential factor, they seem to be related by the compensation effect [12, 13] 
according to the relation In A = a + bE. 

The Tcritical values for the reactions studied here were calculated via the expression 

1 _ 1 + /7 E/3 
Tcr Tma x E I n - - R T  2 (2) 

m a x  

where Tma x is the temperature for de /d t  maximum. 

J. Thermal Anal. 30, 1985 
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Table 6 Act ivat ion energies and pre-exponential factors obtained for  the dehydration of  the uranyl 
carboxylate compounds under non-isothermal condit ions 

Dehydration 
Compounds Heating rates, temperatures E a, A ,  F(oz) 

K - rain - 1  T O , K Tf,  K kJ �9 tool -- I  sec - !  

[UO2(C6H604)  �9 H2OJ 20 519 570 93.34 8.16 �9 106 A 2 
crystals 10 509 563 105.27 1.13-  108 

5 508 543 131.25 4 .98 -  10 lo 

IUO2(C6H604) �9 H20 ] 20 505 546 84,47 8.90 �9 103 A 2 
powder 10 510 545 112.76 6.65 - 108 

5 505 531 164.43 9 .90 .  10 ]3 

[UO2(C6H604 ) - H20 ] 20 546 571 142.01 8.62 - 1 0 ] ]  F t 
powder 10 545 573 166.18 1.59 �9 10 14 

5 531 553 244.30 1.18.  1022 

[UO2(C4H20 4) �9 H20 ] 20 521 569 126.65 1.82 �9 10 ]0 A 2 
powder 10 501 559 143.81 1.12-  10 ] ]  

5 493 549 142.26 5.28 �9 10 t l  

Table 7 Compensation relationships for  dehydration of the uranyl carboxylate 
compounds under non-isothermal conditions 

Heating rate 
deg - ra in -1  Tma x, K Tcr, K k 

[UO2(CbH604) �9 H2OI 20 548 555.9 0.95 
crystals 10 533.4 552.2 0.97 

5 523.7 546.3 1.01 

In A -- 0.96 E a -- 1.43 

[UO2(CbH60 4) * H20 j 20 538.5 547.8 0.93 
powder 10 535 550.7 0.96 

5 526 541 1.00 

In A = 0.94 E a - -  0.84 

[UO2(C4H204) �9 H20 ] 20 546 546.6 0.96 
powder 10 535 545.2 1.00 

5 527 546.8 1.01 

InA = 0.90 E a --  0.38 

T h e  s u f f i c i e n t l y  c lose values o b t a i n e d  f o r  Tcr  s u p p o r t  the  v iew t h a t  a c o m p e n s a t i o n  

re l a t i onsh ip  exists. In T a b l e  7, t he  Tcr and T max o b t a i n e d  at  several hea t ing  rates have 

been l isted and the  re la t i ons  o b t a i n e d  f o r  each process are also ind ica ted .  

J. The rma /  Ana l .  30,  1985  
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Microscopic observations 

Photomicrographs of two di f ferent crystals of uranyl trans-hexenedioate mono- 
hydrate, heated isothermally or dynamical ly,  are shown in F ig. 6. 

When dehydrat ion starts, the edges of the crystals become opaque (dark zones in 
the photographs) and identical behaviour is observed under the di f ferent condit ions 
(Fig. 6b, e). When the reaction proceeds under non-isothermal condit ions, many cracks 
appear on the crystal face direct ly observed under the microscope (Fig. 6f). They are 

not sites of emergent dislocations, since they penetrate into the bulk and increase 
in number as the reaction proceeds. 

Fig. 6 Sequence of photomicrographs of two crystals of (UO2(C6H604) ~ H20)~ a) room tem- 
perature, b, c) 513 K, 20-minute interval between them, d) room temperature, e) 523 K, 
f) 553 K; heating rate: about 20 deg . min-1 

J. Thermal Anal 30, 1985 
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When the temperature is held at 513 K, some small scratches are also observed, but  

the interface advance occurs predominant ly  f rom the edges of the crystal inwards. 

These two  d i f ferent  types of behaviour suggest that  when the dehydrat ion takes 

place under non-isoth~.rmal condit ions, a new mechanism overlaps w i th  the interface 

advance f rom the edges inwards. 

The existence of this new mechanism, that  is not  considered when the second-order 

Av ram i -E ro fe ' ev  equation is assumed to  hold over the entire non-isothermal runs, 

could explain the disagreement observed between the kinet ic parameters obtained w i th  
the two  methods. 
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Zusammenfassung - Kinetik und Mechanismus der thermischen Dehydratisierung yon Uranyl- 
trans-hexendioat-Monohydrat |UO2(C6H604) * H20 ]und Uranylfumarat [UO2(C4H204) �9 H20 ] 
wurden mittels isothermer und nicht-isothermer gravimetrischer Methoden untersucht. Die die 
experimentellen Werte am genauesten beschreibenden Geschwindigkeitsgleichungen wurden durch 
~ibliche Methoden und mit Hilfe eines Computerprogramms bestimmt, das einen nahezu quantita- 
riven Vergleich aller Versuchsdatenreihen (e, t) mit jeder Geschwindigkeitsgleichung F(~) erm6g- 
licht. Zur Auswertung der bei linearer Aufheizgeschwindigkeit erhaltenen experimentellen Daten 
wurde die Gleichung von Coats und Redfern unter der Annahme benutzt, dab die dutch isotherme 
Methoden bestimmten Funktionen auch fiJr nicht-isotherme Versuche g(Jltig sind. Die durch 
dynamische TG erhaltenen kinetischen Parameter sind vonder Aufheizgeschwindigkeit und der 
Teilchengr6f~e abh~ingig. 

Pe3)oMe - -  C nOMOLt,tblO H3OTepMHqeCKHX H HeH3oTepMH4eCKHX FpaBHMeTpH4eCKHX MeTOAOB 
H3y4eHa KHHeTHKa H MeXcaHH3M TepMH4eCKO~ ~erH/~paTaU, HH MOHOFH~paTOB coJte~ ypaHH.qa 
c ~yMapOBO~ [UO2(C4H204) �9 H20 ] H TpaHc-reKCeHAHKap6oHOBO~I KHCROTOH 
[UO2(C6H604)' H20],  Yp~aBHeHHR CKOpOCTH peaKU, H~, HaH~onee TONHO COOTBeTCTBylOUJ, HX 
aKcnepHMeHTa.qbHblM AaHHblM, 6bLRH onpeAeneHbl O6bIHHblMH MeTo/~aMH H C BOMOLU, blO 

J. Thermal Anal. 30, 1985 
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nporpaMMbl Ha 3BM, qTO no38onHno npoaecTH nOqTH KO/lVlLleCTBeHHOe cpaBHeHvle Ka)K,o, or'o 
HS~Opa 3KcnepHMeHTallbHblX 3Ha4eHH~l ((~, t) C KaKHM-J1H60 ypaBHeHHei CKOpOCTH peaKu.HH 
F(~). ~$1R 3KcnepHMeHTanbHblX ~,aHHblX, nonyqeHHblX np(4 /1HHe~HO-yBerlHqHBaIOuJ.HXCR TeMne- 
paTypax, 6bsno Hcno$1b3OBaHO ypaBHeHHe KOyTCa H P3A~bepHa, HO npeAnonaraR npH 3TOM, tlTO 
nony~eHHb=e HaoTepMH4eCKHM MeTOAOM ~yHKLtHOHanbHble 3aBHCHMOCTH, cnpaBeAnHBbl TaK>Ke 

~nR He~3oTepMHqeCKHX npoLLeccoB. KHHeTHqeCKHe napaMeTpbl, yCTaHOBneHHble Ha OCHOBe 
AHHaMH~eCKO~ T r ,  noKa3anH qeTKO BbJpa)KeHHy~O 3aBHC~MOCTb OT CKOpOCTH HarpeBa H pa3- 
Mepa ~aCTH LL. 

J. Therma/ Anal. 30, 1985 


