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DETERMINATION OF THE KINETICS AND MECHANISM OF
THERMAL DEHYDRATION OF SOME URANYL CARBOXYLATE
COMPOUNDS BY ISOTHERMAL AND NON-ISOTHERMAL
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The kinetics and mechanism of the thermal dehydration of uranyl trans-hexenedioate
monohydrate [UO,{CgHgO4) + Ho0O] and uranyl fumarate [UO,(C4H,04) « H,O] 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 {c,t} values with any rate equation Fla}. 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 dehydration and decomposition of some metal carboxylate com-
pounds have been studied in great detail, and in some cases the results obtained from
the thermal data have been related with their crystal structures [1--3].

In this paper we study the kinetics of thermal dehydration of uranyl trans-hexene-
dioate monohydrate and uranyl fumarate monohydrate by means of both isothermal
and non-isothermal procedures; the data obtained under different conditions are
analyzed and compared with those obtained from the isothermal runs.

Experimental

Sample preparation

Urany! trans-hexenedioate monohydrate was obtained from a very dilute aqueous
solution of trans-hexenedioic acid, rubidium hydroxide and urany! nitrate hexahydrate
in the molar ratio 2:1:2. After a short standing, very small crystals appeared; they
could not be recrystallized because of the iow solubility in the most common solvents.
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Uranyl fumarate monohydrate precipitated as a deep-greenish yellow powder on
the addition to a solution of uranyl nitrate hexahydrate of a warm solution of fumaric
acid and sodium hydroxide in the molar ratio 1:1:2 [4]. The addition order has to
be kept, as otherwise a sodium uranyl fumarate derivative is formed.

The quantitative analyses of these compounds were as follows:

Calculated for [UO2(CgHgO4) * 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 poorly defined lines.

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

[UB,(C4H204) + Hy0] [UO,(C4H,04)] [UD,(CgHgO4) - H20]
d A 7 d,A 11y d, A iy
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 20 313 10 3.52 10
2.90 45 2.81 10 344 40
2.82 45 264 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
233 15 263 15
231 5 2.54 30
2.25 40 2.41 30
2.22 10 2.34 10
215 5
2.13 10

Thermoanalytical methods

The dynamic TG and DTA curves of the two compounds in the temperature range
208—973 K are shown in Fig. 1. It can be seen that dehydration occurs at relatively
high temperatures; this may be indicative of the coordination of the water molecules
to the urany! ion, but this assumption is not supported by any additional evidence,
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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 carboxylates

Compound Isothermal studies Non-isothermal studies
P T.K Heating rates, deg/min -1

[UO,{CgHeO4) - H,01 508,513,518 5,10, 20
crystals 523, 528

[UO5(CgHgO4) - Hy0] 503, 508, 513 5,10, 20
powder 518,523

[UO,{C4H,04) » Hy0} 503, 5608, 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.

Kinetic 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 without 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 tin at
504.9 K with AH = 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 & (fraction reacted) obtained at the temperatures indicated in
Table 2 were plotted against t/tg 5 and t/tg g; 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/tg 5)exp. Vs (/g 5)m for common values of dgxp
and @,, is a straight line of unit slope through the origin, indicating that the selected
rate equation is obeyed; similarly, the plots of texp vs (t/tg 5)y are straight lines
with slopes (tg 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 com-
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Fig. 2 Plot of —InIn {1 —a) vs. In time for the dehydration of [UO,{CgHgO4) - 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{a) = kt; by
plotting against time the F(a) values obtained at every temperature, the rate equation
that best describes the mechanism of dehydration can be searched for. This will
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 fitting of the F{a) vs. time plot for the (a, t) values obtained at 508 K. On the
basis of these two criteria (r and §), the equations Rq, A and Ry 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 Fla) values lie, this being different for each rate equation (Fig. 4). Some additional
criteria based on the relative concepts, that dcl take into account the F(a) range,
have been introduced. The mean relative error (Er) and its associated standard devia-
tion (S) are considered, where

Z'lEr,-I 2\Er|—En2 1
Er="t—-uw- s=|l1——r 2
N N—-1

and N = number of experimental data.

When the correct Fla) is used, its plot vs. time will be a straight line through the
origin, the intercept with the y axis (Cg) being zero).

Table 3 shows the £r, S and Cq values calculated for the various equations and tem-
perature, together with the correlation coefficients {r) and errors (§). Figure 4 repro-
duces the plots of Fla) vs. time for the (o, t) obtained at 508 K for this compound;
the best agreement over the whole temperature range is observed for the equation Aj.

* This program, written in BASIC, is available on request from the authors.
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Fig- 4 Plots of Fla) vs. time for the dehydration of [UO,(CgHgO4) « H20] crystals, and their
regression lines at 508 K (the symbols are those of Hancock and Sharp). a: » Dy, © D5,
®D3;b:2Dg,cFp,®Ry;c:6R3,0R ,0A;,4A;

b. Uranyl! trans-hexenedioate monohydrate powdered samples

Crystals of this compound were ground and the fraction passing through a 200
mesh sieve was used.

In this case, the reduced time plots (Fig. 5) indicate that the experimental data fit
the Avrami—Erofe’ev equation [— In (1 — )]1/2 = kt up to an a value of 0.7, while
for 0.7 <a<0.9 they better fit the master curve obtained for an ¥y equation [7);
computer calculations led to the same results.
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Fig.5 Reduced time plots for the dehydration of powdered urany! trans-hexenedioate mono-

. . -07 .
hydrate; — — — master curve, ® experimental values o’ = ‘:—_ 0 ;’, t'=t—tp.7

c. Uranyl fumarate monohydrate

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

The rate equation that best fitted the experimental (&, t) data obtained at various
constant temperatures was determined as described above, and corresponded to a
second-order Avrami—Erofe’ev equation.

J. Thermal Anal. 30, 1985
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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-isotherma! 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(a) obeyed isothermally is also valid for the non-isothermal runs over all
the heating programs used [8—11]:

F(CY) (1__ 2RT) E

"2 AT

(1)
where the symbols have the usual meaning and § 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 (¢, t) was quite poor, but it
improved at higher heating rates, and the £, 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 («, 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 T¢ritical values for the reactions studied here were calculated via the expression

1 1 R EfB
= + 5 In——— 2
Ter Trax E RT?nax (2

where T ax is the temperature for da/dt maximum.

J. Thermal Anal. 30, 1985
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Table 6 Activation energies and pre-exponential factors obtained for the dehydration of the uranyl
carboxylate compounds under non-isothermal conditions

Dehydration

Compounds Heating rates, temperatures E,, A, Fla)
K + min—1 To, K Tr. K kd - moj—! sec 1
[UD,{CgHgO04) + H0] 20 519 570 93.34 8.16- 106 A,
crystals 10 509 563 105.27 1.13- 108
5 508 543 131.25 4.98 - 1010
[UO5(CgHgO4) + H,0] 20 505 546 8447  890-107 A,
powder 10 510 545 112.76 6.65 - 108
5 505 531 164.43 9.90- 1013
[UO,(CgHEO4) - Ha0} 20 546 571 142.01 8621011 F,
powder 10 545 573 166.18 159 - 1014
5 531 553 244.30 1.18 - 1022
[UO,(C4qH,04) + H,0] 20 521 569 126.65 182-1010 A,
powder 10 501 559 143.81 1.12- 1011
5 493 549 142.26 5.28 - 1011

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

Heating rate

deg - min—1 Trmax: K Ter K k
[UO,(CgHgO4) - HyO] 20 548 556569 0.9%
crystals 10 533.4 5622 097
5 523.7 5463 1.01

InA=096E,—143

[UC,{CcHgO4) + Hy0] 20 5385 5478 083
powder 10 535 550.7 0.96
5 . 526 541 1.00

InA =094 E, — 084

[UO,(C4H,04) - H30] 20 546 546.6 0.96
powder 10 535 5452 1.00
5 527 5468 1.01

INnA=090E, —0.38

The sufficiently close values obtained for 7, support the view that a compensation
relationship exists. In Table 7, the T, and T, ,x Obtained at several heating rates have
been listed and the relations obtained for each process are also indicated.

J. Thermal Anal. 30, 1985
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Microscopic observations

Photomicrographs of two different crystals of uranyl trans-hexenedioate mono-
hydrate, heated isothermally or dynamically, are shown in Fig. 6.

When dehydration starts, the edges of the crystals become opaque (dark zones in
the photographs) and identical behaviour is observed under the different conditions
(Fig. 6b, e). When the reaction proceeds under non-isothermal conditions, many cracks
appear on the crystal face directly 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 (UO3(C4HgO4) + H30)! 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 predominantly from the edges of the crystal inwards.

These two different types of behaviour suggest that when the dehydration takes
place under non-isothermal conditions, a new mechanism overlaps with the interface
advance from the edges inwards.

The existence of this new mechanism, that is not considered when the second-order
Avrami~Erofe'ev equation is assumed to hold over the entire non-isothermal runs,
could explain the disagreement observed between the kinetic parameters obtained with
the two methods.
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Zusammenfassung — Kinetik und Mechanismus der thermischen Dehydratisierung von Uranyl-
trans-hexendioat-Monohydrat [UQ3(CgHgO4) + H20] und Uranylfumarat [UO2(C4H,04) + H,0]
wurden mittels isothermer und nicht-isothermer gravimetrischer Methoden untersucht. Die die
experimentellen Werte am genauesten beschreibenden Geschwindigkeitsgleichungen wurden durch
libliche Methoden und mit Hilfe eines Computerprogramms bestimmt, das einen nahezu quantita-
tiven Vergleich aller Versuchsdatenreihen (a, t) mit jeder Geschwindigkeitsgleichung Fla) ermog-
licht. Zur Auswertung der bei linearer Aufheizgeschwindigkeit erhaltenen experimentellen Daten
wurde die Gleichung von Coats und Redfern unter der Annahme benutzt, daB die durch isotherme
Methoden bestimmten Funktionen auch fiir nicht-isotherme Versuche giiltig sind. Die durch
dynamische TG erhaltenen kinetischen Parameter sind von der Aufheizgeschwindigkeit und der
Teilchengr6fe abhiingig.

PesloMe — C nOMOLWBLIO W30TEPMUYECKMX U HEW3OTEPMUYECKUX IDABUMETDUYECKUX METOAOB
M3YYyeHa KUHETUKAE U MExX3HU3M TePMMYECKOHR [eruapatauuu MOHOTMADATOB coneid ypanuna
c dymaposon [UO,(C4H,04) - H,0] 7] TPaHC-reKCeHaM KapBoHOBOM KUCNOTOM
[UO3(CgHgQ4) + Hy0]. YpaeHenua ckopocTH peakuuii, HaMBonee TOWHO COOTBETCTBYIOWMNX
IKCNEPUMEHTaNbHLIM  A8HHLIM, GbINKM ONpegeneHbl OOGLINHLIMU METOAaMW U C  NOMOLLBLIO

J. Thermal Anal. 30, 1985
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nporpammbl Ha 3BM, 4T0 NMO3BONMNO NPOBECTM NOYTU KONWUHYECTBEHHOE CPaBHEHUE KEAOTO
Habopa 3IKCNepUMEeHTanbHeIX 3HaveHuit (o, t) ¢ KakMM-NMBO YPaBHEHMEM CKOPOCTU peaKuuu
Fla). nA sKcnepuMeHTanbHbix AGHHBIX, MONYYEHHBLIX NP NUMHENHO-YBENMUMBAIOIMXCA TeMne-
paTypax, 6sin0 ucnonssosaHo ypaeHeHue Koyvca u PaadepHa, HO npeanonaran npu 3ToM, 4TO
nonyueHHole U30TEPMUYECKUM METOAOM (DYHKUWOHAaNbHbIE 3aBUCUMOCTM, CNPaBEANMBLI TaKKe
v ANA HenloTepmuueckux npoueccos. KnHeTMyeckue napameTpbl, YCTAHOBNEHHbIE HAa OCHOBE
AnHamuueckod TI, NOKas3anu YeTKO BLIPAXEHHYID 3aBUCUMOCTb OT CKOPOCTM Harpesa W pas-
Mepa yactuu.
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