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Abstract

A kinetic study of the transformation of HGg®;-1.5H,0 into HGdRO;-0.5H,0 has been achieved by means of isothermal thermo-
gravimetry experiments under controlled water vapour pressure. This pressure was found to have an accelerating effect upon the rate of
reaction. The kinetic curves giving the extent of reaction versus time can be described using a Mampel's model. Via this modeling, values of
surfacic growth rate and frequency of nucleation have been determined.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction e asecond water molecule is involved in only one hydrogen
bond with an external oxygen atom of thed groups

Lanthanide phosphates have a wide range of applica- and situated in the Gd coordination sphere;

tions, particularly due to their optical properties. Thus, e athird water molecule is characterized by its high thermal

the way of synthesis of a series of lanthanide phosphates agitation. This one is not engaged in any interaction and

HLnP,O7-nH,O monocrystals has been studied, in order  does not belong to Gd coordination.

to determine their crystalline structure and to clarify their

decomposition process. Finally, their optical and electrical ~ Bearing in mind the results of thermal analysis, X-ray

properties have been characterif@f Recently, Chehimi- powder diffraction and IR spectroscopic studies, the ther-

Moumen et al. describe@], for the first time, the chemical ~ mal behaviour of HGdFO7-3H,O in the range 20-50CC,

preparation and structure of a lanthanide diphosphate acid:as proposed by Chehimi-Moumen et ], can be repre-

HGdR,0O7-3H,0. It was obtained as a single crystal. Its struc- sented schematically by the following steps:

ture has been solved in the triclinic system=(2). It was

found out that its atomic arrangement consists of pairs of (1) HGdRO7-3H,0 =HGdRO7-1.5H,0 +1.5H0

HP,0O,3~ anions interconnected by strong hydrogen bonds,  (71-150°C)

and that different types of hydrogen bondings exist. Con- (2) HGdR.O7:1.5H,0 =HGdR.07-0.5H,0 + H,0

sequently different kinds of water molecules can be distin- (150-223C)
guished in the formula unit, in fact: (3) HGAR,07-0.5H,0 =HGdRO7 +0.5H,0
(365-500C)

e one water molecule is engaged in two hydrogen bonds with

two external oxygen atoms of the®; groups; The aim of our work is to determine the mechanism of wa-
ter elimination in HGARO7-3H,0 and to find out the optimal
* Corresponding author. Tel.: +33 4 77 42 02 91; fax: +33 4 77 49 96 94. conditions to obtain its intermediate hydrates and anhydrous
E-mail addressfvaldivieso@emse.fr (F. Valdivieso). salt.
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In this paper we intend to study the influence of water
pressure upon the rate of the second step of HGIRBH,O
dehydration (2). Thermal evolution of this material has
been followed by temperature-programmed thermogravime-
try under Py,0 =5hPa and in situ XRD, in order to
determine the temperature and pressure conditions lea
ing to the intermediate hydrates containing 1z6Hand
0.5H,O. Then, isothermal dehydration according to reac-
tion (2) has been carried out under different fixed water

vapour pressures. A kinetic model based on nucleation and!0SS corresponding to the A-

growth steps is proposed to fit the corresponding kinetic
curves.

2. Materials and experimental set up

The preparation of HGd®7-3H,O was described by
Chehimi-Moumen et al[3]. The authors succeeded in ob-
taining crystals with an average size ofi x 120.m, and
a thickness of 10.m (Fig. 1).

In situ XRD measurements are made using “BRUKER D8
Advance” (Cu Karadiation, 1.5408 wavelength).

Decomposition experiments were carried out in a sym-
metrical thermoanalyser (SETARAM TAG 16) (Fig. 2), us-
ing 5mg of grounded sample placed in an alumina crucible
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3. Results
3.1. Temperature-programmed thermogravimetry

The TG curve (Fig. 3), obtained at a very slow heating rate

d_of 1 Kmin~1, illustrates the dehydration of HGg®;-3H,O

when heated undety,0 = 5 hPa.

The three stages described in the bibliograj@yccur as
follows: between A—B, B—C and C-D. The theoretical weight
B stage is 7%, the observed one
is about 8%. This difference is probably due to water adsorbed
at the surface of the powder, coming from ambient air. The
following weight losses (B—C and C-D) are in agreement
with the theoretical ones.

As it can be observed the first and third stages (A—B) and
(C-D) are composed of at least two steps. Only the second
stage (B—C) occurs in a single step (Fig. 3). Its onset temper-
ature was found to be in the range 100-1G0

3.2. In situ XRD

Fig. 4 gives the diffractograms obtained from HGAR-
3H20 heated under helium at different temperatures. It shows
that the thermal decomposition of this hydrate involves in-
termediate phases which are well crystallized. According
to the characterization of HGdP7-3H,0 thermal products

(due to this small quantity, the whole powder is in contact quoted by Chehimi-Moumen et 48], the patterns obtained
with the surrounding atmosphere, thus it is assumed thatat 105 and 200C can be attributed to HGAR--1.5H0
the problems of mass and heat transfer through the sam-;4 HGdRO;-0.5H,0. According to the TG curves (Fig. 3),

ple are avoided). In both furnaces, the gas flow is com-
posed of two flows: the carrier gas (He) with a flow of
2.81h™1 is introduced at the top of the furnace, the auxil-
iary gas (1.21h1) consisting of helium and water vapour
is introduced at the bottom. In such way, the head of
thermobalance is protected from water vapour. The sys-
tem is purged with helium before each experiment. Sud-
den changes in water vapour pressure, fixed by a ther-
moregulated water bath, are carried out by means of two
baths.

Fig. 1. Photograph of HG@®7-3H,0.

these phases are obtained respectively after calcination of
HGdR07-3H20 at 135°C (B) and 205C (C).

3.3. Experimental kinetic curves

The isothermal thermogravimetry technique was used to
obtain the dehydration TG curves of HGAP-3H,O ac-

head

Am (O Carrier gas  Hein
JAY <
l 2.81/h
Auxiliary
evacuation system gas (dry)
1.21/h
T furnaces
| - sample
] =i
Flowmeter
control
H,O+He inA ’_Q !
g
H,O Thermoregulated
T Watcr bath

Fig. 2. Thermobalance used to decompose HE&HFRBH,O in H,O atmo-
sphere.
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Fig. 4. XRD patterns of HGdf;-3H,0 heated in situ at 3C min~1 under helium.

cording to reaction (2). It was also used to obtain the hy-
drate HGdRO7-1.5H,0. However the storage of the latter
was not easy because it rehydrates as soon as leaving th
thermobalance. Thus, HGgB;-1.5H,0 was prepared in situ

Weight loss (%) T (°C)

4150

from HGdR.O7-3H0, in isothermal and isobaric conditions: °
T=95°C, Pn,0 = 5hPafor 3h.
When the mass loss is stabilized at°@5 corresponding
to HGdRO7-1.5H,0 formation, the temperature is raised to 5| 1100

160°C and water vapour pressure is suddenly modified to 20
or 50 hPa. Athermogravimetric curve is representddgn5,
showing the in situ formation of HG@P;-1.5H,0 (the ex- :
perimental weight loss is about 6.77%, whereas the theo- -0/
retical one is 7%) and its dehydration to HGEAR-0.5H,0
(the experimental weight loss is about 5.3% (from the ‘ ‘
sample mass obtained at 95), the theoretical one being 0 8000 1610° 2410*
5.01%). These values of weight loss show that the dehy-
dration into HGdBO7-1.5H,0 is not finished at the end
of the isotherm at 95C, it ends during the temperature in-  Fig. 5. Isothermal TG curve of HG@R;-3H,0 under Py,0 = 5hPa at
crease up to 160C. The total weight loss ifrig. 5(11.7%) 95°C then at 160C.

HGAP 0, 1.5H .0

150
HGdPEOTO.SH 2O

time (s)
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=% 180 In Fig. 6, only the isothermal part of TG curves is shown,
the starting point being the time at which the sample temper-
ature has effectively reached 180.
160 The derivative ofx versus time, da/dt, is represented in
Fig. 6b as a function of. At the beginning (0« <0.2)
it seems that two reactions take place simultaneously, due
->—50 hPal 140 to the fact that the dehydration of HGgBy-3H,O into
~-*--20 hPa HGdR,O7-1.5H,0 (step 1) is not finished at the end of the
—*—5hPa isotherm at 95C, which gives a contribution to the measured
| I 1120 rate.
An accelerating effect of water vapour pressure is ob-
served on reaction (2) in the range 5-50 hPa.
7100 The sigmoidal shape of the curves giving the fractional
conversion versus time indicates that the dehydration reaction
involves a competition between the processes of nucleation
180 and growth of the HGdfD7-0.5H,O phasd4].

04

0.2

0 510° ' 110*
(a) time (s) o .
3.4. Kinetic modeling

0.0005 § Fig. 7 shows a particle of HGd®7-1.5H,0 obtained
dov/dt from HGdRO7-3H,0 heated at 95C underPH,0 = 5 hPa,
which presents a parallelepipedic shape (as in the starting
powder inFig. 1). For the kinetic modeling of the transforma-
tion, in order to simplify the calculations, HGgB7-1.5H,0
will be assimilated to a cylinder, with a mean radius of,20
and a mean height equal to 126h (we could also have con-
sidered plates, butin that case the thickness of the grains is ne-
glected besides the other dimensions, which is not true here).
The molar volumé&/,, of HGdR,O7-1.5H,0 is assumed to be
similar to the HGdRO7-3H,0 one (1298« 10~4 m3 mol~1).

In order to account for the sigmoidal shape of the kinetic
curves, we used a Mampel modél,6] which involves a
surface nucleation at different times, followed by isotropic
growth of the nuclei. The spherical interface advances in-
wards the particle. The rate-limiting step of the growth pro-
o cessisassumedto be located atthe internal interface (between
the HGARO7-1.5H,0 and HGdRO7-0.5H,0 phases).

At a given time, the particle shows several nuclei of var-
ious dimensions growing simultaneously. A schematic rep-
resentation of a particle during its transformation is given in

i i ) Fig. 8, andrig. 9shows a grain during the reaction£d.4),
is equal to the theoretical one corresponding to the dehy—in which some transformed areas can be observed
dration of HGdRO7-1.5H,0 into HGARO7-0.5H,0. It can '

be noticed that the successive steps of the dehydration of
HGdR,0O7-3H20 could be separated very well with SCTA ex-
periments, under controlled partial pressure of water vapour
[1].

The TG curves corresponding to reaction (2) were con-
verted into kinetic curves (Fig. 6a) giving the fractional con-
versiona versus time, in whiclx is defined by Eq(1):

0.0004

0.0003L.

0.0002

0.0001

0
(b)

Fig. 6. Kinetic curves of partial dehydration of HGgB-1.5H,0 for dif-
ferent water vapour pressures (5, 20, 50 hPa): fractional convessien
time (a), and derivative af vs.« (b).

a(r) = Am(t)/ Am, )

Am(t) is the mass loss at tilmand Amy, the theoretical total
mass loss (5.01%). The starting point in these curves is ob-
tained from the final experimental mass, taking into account Fig. 7. Photograph of HGA®;-3H,0 heated 3h at 95C underPy,0 —
the theoretical weight loss (AR). 5hPa.
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HGdR.O7-0.5H:0
HGdRO7-1.5H,0

Fig. 8. Schematic representation of the state of a particle during the reaction.

As previously dond5-8], it is useful to use dimension-
less numbers which allow computerized calculations of the
reaction rate and the extent of reaction. The calculations are
detailed inAppendix A.

The dimensionless numbers agdimensionless time)
and a parameteX, defined by:

Fig. 10. Examples of calculated kinetic curves for various values of the

9 = Vm¢t (2) parameteA of the Mampel’s model (40.01, 0.1, 1, 100, 1000).

ro

5070y The comparison between the experiments and the model is
A= 3) achieved by plotting the experimental and calculated reduced

V¢ rates versug for each experiment, and finding the value of
in which Vi, is the molar volume of the initial solid AWwhich gives the best agreement between the curves.
(HGAP07-1.5H,0), 5 the initial surface of the grainsg Fig. 11represents the experimental and calculated reduced

the radius of the cylindrical graing,the areic rate of growth ~ rates versug for various partial pressures in water vapour
(molm~2s1) andy the areic frequency of nucleation (nu- (PH,0 = 5and 20 hPa).

cleim?s™1). It can be seen that the calculated curves are not very well
This leads to an expression @efand %%t as a function of  Superimposed to the experimental ones. However, the general
6 for any value of the parametér. A software‘CIN’ has trend is reproduced, the difference between the curves can be

been developed in the Ecole des Mines de Saint-Etienne todue to the fact that:
calculate numerically under ‘Matlab’ these expressions.

WhenA is varied, different curves O%E; versuse can be
calculated, some curves are representdegn10: they give
the “reduced rate” (ratio of the ral% to the value of this

rate whenx is equal to 0.5: g%)a=05) versusa and show _
that the shape of the curves (and particularly the position of ~ The value ofA can be determined from the best agreement

the maximum rate) is greatly dependent on the value of the between experimental and calculated rate, considering the
A parameter. position of the maximal rate and the variation in the slope of

the curves in the range af~ 0.6-0.7.
The interest of the kinetic analysis of Mampel is that it
gives the opportunity of determining the values of the ki-

e reaction (2) is not well separated from the previous step
(1) (@=<0.1);

e acylindrical shape is taken into account in the model rather
than a parallelepipedic one.

1.5 T T —

=i A= 0,16
reduced S

rate

Fig. 9. Photograph of HG@®7-1.5H,0 during its dehydration at 16@ Fig. 11. Comparison between the experimental (—) and calculated (---)
(2=0.4), underPiy,0 = 5hPa. curves of the reduced rates versuor different values ofA.
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Fig. 12. Variations with the water vapour pressure, of the frequency of nucleatiad the areic rate of growthdeduced from the kinetic modeling (i.e. the
value ofA corresponding to the best fit between the experimental and calculated curves, for each experiment performed at a given water vapour pressure).

netic constants related to nucleation gnd growth (¢. This effect of water vapour pressure is observed on both processes
is not possible with for example the Avrami-Erofeev anal- of nucleation and growth.
ysis, which is often used to account for sigmoidal kinetic Further work is necessary to propose a mechanism in ele-
curves. It should be emphasized that these valugsapid¢ mentary steps (adsorption—desorption steps, interface steps,
are areic quantities, so they do not depend on the geometriddiffusions), describing the growth of HGgB7-0.5H,0, and
characteristics of the solid (shape of the grains, size, etc.).involving its point defects. From such a mechanism, and us-
However, they may depend on the experimental variablesing the assumption of the rate-determining step, it would be
such as temperature and partial pressures, and also on thpossible to calculate theoretical laws #({Pn,0). The com-
chemical properties of the solid phase (impurities, defects, parison of theses laws with the experimental results would
etc.). allow to determine the rate-limiting step (which should be
Once the value oA has been determined for a given ex- located at the internal interface to be coherent with the Mam-
periment, the value af can be deduced from the linear rela- pel's assumptions) and to validate the growth mechanism.
tionship between (reduced time) antl(real time), given in Similarly, a nucleation mechanism could be proposed, to
(Eq. (2)). Then, using the value & leads to the frequency  account for the variations of with Ph,0.
of nucleationy.
The values of and¢ obtained for various isobaric exper-
iments (at 5, 20 and 50 hPa) have been reported as a functioAppendix A
of water vapour pressure fig. 12.
It can be seen (Fig. 12) that bothand ¢ are found to The Mampel mode[5] describes a random nucleation
increase with increasing water vapour pressure. process at the surface of the grains and the isotropic growth of
The origin of the kinetic influence of water vapour pres- the nuclei. The nuclei are assumed to appear on the surface of
sure on this kind of reaction (dehydration) has already beengrains and to grow inward. The rate-limiting step takes place
attributed to the so-called Smith—Topley effft10]. Future at the internal interface (between the starting phase and the
experiments would be helpful to investigate this behaviour growing new phase) and the expansion coefficient is equal to
in more details, especially in a wider range of water vapour 1. Furthermore, pressure and temperature are constant versus
pressure. time. The nucleation is assumed to be a space-time Poisson
process, with a mean areic frequency of nucleagiavhich
is expressed as a number of nuclei per unit of time and per
4. Conclusions unit of surface area. The growth process is deterministic and
spatially homogeneous. The areic rate of radial grogth
The kinetic curves of partial HG@P7-1.5H,0 dehydra- constant versus time in the case of isothermal and isobaric
tion to HGARO7-0.5H,0 under various water vapour pres- reactions. The rate is given in moles per unit of time and
sures were obtained by isothermal gravimetry. The curves per unit of surface area.

giving the fractional conversiamaversus time exhibited a sig- As previously done by other authd#s 7,8], the geomet-
moidal shape, which shows that a competition between therical model intends to find the values of areic frequency of
processes of nucleation and growth of the HEAR0.5H,0 nucleationy (nucleint2s~1) and of the areic reactivity of

phase has to be taken into account. A model based on Mam-growth (molnr2s-1) in any conditions of temperature and
pel'smodel has been used, considering a cylindrical geometrypartial pressure.

for the grains of the powder. From this model, the variations  Let us consider the transformed volume, by calculating
of the growth reactivity and the frequency of nucleation with the intersection between a spherical nucleus and a cylinder
the water vapour pressure could be obtained: an acceleratingf radiusp <rg (Fig. 13).
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Table Al
Expressions o, andN according to the time at which the nuclei appeared
X2
Time at which nuclei appeared Sg(t, 7, p) = 4f \/(RZ + rg — p2 — 2xrg) dx N
X1
D) >1— 0= P 0 0
N Vg o 1
nnrp 0 2,2 2, 2 2 o
2)t — <T<t— — —x1=ro—p, —x2=——VaV(t—-1)+ry5— —
(2 Vit Vd 1=r0—p 2 2ro(m (t=)+rg—p P
@r<i-2LF —xi=ro—p. —x2=ro+p o,
m¢ 14
Table A2
Expressions of the rate calculated according to the Mampel model for cylindrical geometry
3/2 0—/62—¢2
o<1 ddiel = %./3(62 —?)¥ exp[e(1 5 [0(262 5¢2)/62 — 2 — 3¢ In (7[0 ¢ )]] de
R LY o e ) [

- %Af%,(,[(ez—(Z— 92— (0% - o)’ ]exp[ﬁ(1 3 [9[(262 52— ¢)?))/62 - (2 - ¢)* - (26° — 5¢7)V/6? — ¢?]

3010 — VI~ 2/g) — 32— )*In(0 — /6% — (2— p)/(2 w))ﬂ d

3/2

6>2 U = S0 - @ A - 7 = D e | iy |01 - 52— 0262 - @~ 02 - @ - 5P = 2

3¢*In6 — V62 — ¢2/¢) = 32— 9)*In(6 — /62 — (2— ¢)*/(2 - w))ﬂ d

Furthermore let us consider w,(p the fractional non- The extent of conversiow, takes the following form:
transformed surface, which is introduced in order to avoid 2,
overlapping between different nuclei, given by: o= / —((1—w(p,1)dp (A2)
0
w(p, 1) = exp— / N x Sqy(t, 7, p) dr (A1) This allows a computerized calculation of the reaction rate

(derivative of fractional conversiosm).

We introduce the dimensionless numbers which are de-
notedy (which corresponds to the timereduced time replac-
ingt) andA (called the model parameter), and are defined by:

whereNis the number of intersecting surfaces between nuclei
and a cylinder of radiug, S (t, 7, p) the intersection area
between the spherical nuclei and the cylinder of radigsg.
According to the timer at which the nuclei appeared
(Fig. 13),S; andN take different expressions (Table AL). n= Vo Z 9 — qubt A= Soroy

y

o ro V¢

The calculations lead to the expressions givi%@(@),
reported inTable A2.

References

[1] F. Chehimi-Moumen, PhD Thesis, Bizerte, Tunisia, 2002.

[2] F. Chehimi-Moumen, D. Ben Hassen-Chehimi, M. Ferid, M.
Trabelsi-Ayadi, Mater. Res. Bull. 36 (1/2) (2001) 365-373.

[3] F. Chehimi-Moumen, D. Ben Hassen-Chehimi, M. Ferid, M.
Trabelsi-Ayadi, Mater. Res. Bull. 36 (12) (2001) 2175-2181.

[4] M. Soustelle, M. Pijolat, Solid State lonics 95 (1997) 33—40.

[5] K.L. Mampel, Z. Phys. Chem. A 187 (1940) 43-57 and 235-
249.

[6] B. Delmon, Introductiona la Ciretique Heterogene, Technip, Paris,
1969.

[7] F. Valdivieso, V. Bouineau, M. Pijolat, M. Soustelle, Solid State
lonics 101-103 (1997) 1299-1303.

[8] J.P. Viricelle, M. Pijolat, C. Zing, M. Soustelle, J. Chem. Soc., Fara-

21, day Trans. 91 (24) (1995) 4431-4435.

[9] B. Topley, M.L. Smith, J. Chem. Soc. (1935) 321.

[10] G. Bertrand, M. Lallemant, G. Watelle-Marion, J. Inorg. Nucl. Chem.
36 (1974) 1303.

t t_fh-p t_fhotp t—
Vi Vi ¢ Vb

Fig. 13. Progression of nuclei which appeared at different times



	Kinetic study of a HGdP2O7·3H2O dehydration step
	Introduction
	Materials and experimental set up
	Results
	Temperature-programmed thermogravimetry
	In situ XRD
	Experimental kinetic curves
	Kinetic modeling

	Conclusions
	Appendix A
	References


