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bstract

Thermal events encountered throughout the heat treatment of praseodymium acetate, Pr(CH3COO)3·H2O, were studied in nitrogen and air
tmospheres. The samples calcined at the 300–700 ◦C temperature range were characterized using XRD, IR and N2 adsorption. Moreover, in
itu electrical conductivity was employed to follow up the formation of the different decomposition intermediates. The results indicated that the

nhydrous salt decomposes to the final product, PrO1.833, through the formation of the following intermediates: Pr(OH)(CH3COO)2, PrO(CH3COO)
nd Pr2O2(CO3). PrO1.833 formed at 500, 600, and 700 ◦C possesses a surface area of 17, 16 and 10 m2/g and crystallites size of 14, 17 and 30 nm,
espectively.

2008 Elsevier B.V. All rights reserved.
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. Introduction

Praseodymium oxides comprise stoichiometric, Pr2O3 and
rO2, as well as non-stoichiometric oxides, PrOx (x = 1.833,
.810, 1.780, 1.714 and 1.67) [1–4]. Stoichiometric oxides
dopt hexagonal, Pr2O3, and fluorite, PrO2, structures whereas
on-stoichiometric ones are oxygen-deficient modifications of
he fluorite structure [1–4]. Praseodymium oxide PrO1.833 (or
r6O11) is usually produced via the thermal decomposition of
any salts such as acetate [1,5], oxalate [2,4], formate [6], nitrate

7], adipate and sebacate [8], and citrate [3]. In this context, it
as reported that PrO1.833 formed from the acetate precursor has
higher surface area than that obtained from oxalate one [1].

Pr6O11 is known to be utilized in the production of inor-
anic pigments. High-temperature calcinations of Pr6O11 and
eO2 produce PrxCe1−xO2 pigment which gives interesting
olor hues in ceramic glazes [9]. As a catalyst, Pr6O11 exhibits

ood activity performance during the oxidative coupling of
ethane [10]. C2H4 selectivity was enhanced by the presence of

etrachloromethane as a feed-stream additive and/or on loading
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rCl3 on Pr6O11. Parallel to that work, Asami et al. [11] showed
hat praseodymium oxide, Pr6O11, exhibits the highest yield for
he synthesis of ethane and ethylene from methane and carbon
ioxide. Earlier investigation of Hussein [2] has pointed out
hat Pr6O11 is highly active towards isopropanol decomposition.
owever, propylene selectivity was found to be lower compared

o that of Pr2O3, because of the lower acidity of Pr6O11 [2]. More
ecently, it was shown that incorporation of praseodymium oxide
nto ceria–zirconia yielding Ce–Zr–Pr–O solid solution which
xhibit good activity for soot oxidation [12].

Thermal decomposition of praseodymium acetate has been
tudied briefly. Hussein [1] and Shaplygin et al. [5] reported that
he first step in the decomposition pathway is the dehydration
iving the anhydrous salt. Like many other rare earth carboxy-
ates [2–4,6,8,13–17], the thermal decomposition proceeds via
he formation of oxycarbonate as intermediate leading eventu-
lly to the formation of the metal oxide. Here, however, Hussein
uggested that the formation of praseodymium oxycarbonate fol-
ows the formation of another intermediate, PrO(CH3COO) [1].
haplygin group [5] proposed the formation of another interme-
iate, Pr2(CH3COO)4CO3. In both investigations there is a lack

f information concerning the isothermal decomposition of this
alt.

The existence of special fast transport paths (e.g. surfaces,
ores, grain boundaries, etc.) for the decomposition of oxide

mailto:babuzied@aun.edu.eg
mailto:sa_soliman@yahoo.com
dx.doi.org/10.1016/j.tca.2008.02.002
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are maximized at 71, 151, 290, 358, 405 and 519 ◦C. Taking
into account the hygroscopic nature of this salt, the first WL
(0.33%) could be assigned to the removal of adsorbed water.
The second step brings a WL of 5.7% which is close to that
2 B.M. Abu-Zied, S.A. Soliman / Th

recursors eventually leads to materials possessing pores, lat-
ice imperfections and other characteristics that are necessary
or high surface reactivity [4]. The knowledge of all the inter-
ediate stages of thermal dissociation of the given material

rovides a proper base for kinetic as well as mechanistic studies.
his, in turn, provides better understanding of the conditions

equired to obtain a solid having a specific features. Previous
esults in the literature are encouraging, but further engagement
s necessary to shed more light on the properties as well as the
atalytic activity of praseodymium oxides. In our paper, we
sed praseodymium acetate as a precursor of praseodymium
xide catalyst. Thermal decomposition of this precursor, in
ir and nitrogen atmospheres, was studied using TGA, DTG,
nd DTA analyses. In addition, the thermal decomposition of
his salt was studied isothermally. Moreover, in situ electrical
onductivity measurements were used to follow up the var-
ous steps accompanying the thermal decomposition. Based
n the thermal analysis results, the precursor was calcined at
00–700 ◦C temperature range. The obtained products were
haracterized using IR and XRD analyses. In addition, the tex-
ure of the produced solids was investigated using nitrogen
dsorption.

. Experimental

The praseodymium acetate, Pr(CH3COO)3·H2O, used was
9.9% pure (Strem Chemicals). Based on the thermal analysis
esults (vide infra) the parent salt, i.e. PrAc, was calcined at
00–700 ◦C, in air atmosphere, for 3 h. For simplicity, the calci-
ation products will be referred to by abbreviations Pr-x, where
indicated the calcination temperature.

The simultaneous TGA, DTG and DTA curves were recorded
ith a Shimadzu DT-60 apparatus using a heating rate of
0 ◦C min−1 in air and nitrogen atmospheres. The average
asses of the samples were 10 mg. �-Al2O3 was used as a

eference in the DTA measurements. The study of the isother-
al decomposition of praseodymium acetate was carried out

t 225–400 ◦C temperature range. The in situ electrical con-
uctivity measurements were carried out using a conductivity
ell described by Chapman et al. [18]. The temperature was
ontrolled with a WEMA temperature controller. The resis-
ance measurements were carried out using a Keithley 610C
olid-state electrometer. IR spectra of the different calcina-
ion products were performed by the KBr disc technique in
he wavelength range 4000–500 cm−1, using Shmadzu 470
nfrared spectrophotometer. Surface areas, SBET, were deter-

ined by BET analysis of the corresponding nitrogen adsorption
sotherms (measured at −196 ◦C) [19]. The isotherms were
btained by using Quantachrome (Nova 3200 series) multi-gas
dsorption apparatus. The St values were also obtained using
he Va−t plots of de Boer et al. [20]. Pore analysis was done
ccording to Barrett–Joyner–Halenda (BJH) method [21]. X-ray

iffraction patterns were recorded using a Philips diffractometer
type PW 103/00). The Philips generator, operated at 35 kV and
0 mA, provided a source of Cu K� radiation. Average particle
izes were estimated from X-ray line width broadening using

F
a

chimica Acta 470 (2008) 91–97

he Scherrer equation [22]:

= Kλ

Lw cos θ
(1)

here K is constant taken as 0.94 [23], λ is the X-ray wavelength
nd β is the corrected peak width. In these experiments, the width
s taken as the full width at half maximum intensity of the peaks
n the range 2θ = 25–32◦.

. Results and discussion

.1. Thermal analysis and in situ electrical conductivity
easurements

Fig. 1 depicts the TGA and DTG curves obtained for
raseodymium acetate, PrAc, in dynamic atmospheres of nitro-
en (a) and air (b) at a heating rate of 10 ◦C min−1. In addition,
hermogravimetric data and temperature intervals are summa-
ized in Table 1. A close inspection of Fig. 1 reveals that,
rrespective of the atmosphere utilized, heating the parent salt
p to 900 ◦C is accompanied by six weight loss (WL) steps.
hese steps which are more resolved in nitrogen atmosphere
ig. 1. TGA and DTG curves obtained by heating the parent praseodymium
cetate in nitrogen (a) and air (b) atmospheres.
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Table 1
Thermogravimetric data and temperature intervals in the thermal decomposition
of praseodymium acetate, Pr(CH3COO)3·H2O

Decomposition stage Temperature intervals (◦C) Weight loss (%)

Air Nitrogen

I 40–100 0.38 0.33
II 100–200 5.86 5.70
III 200–305 13.11 12.95
IV 305–370 16.48 17.80
V
V
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370–420 9.61 8.54
I 420–650 5.25 4.89

5.36%) anticipated to the removal of crystalline water. The
hird step is accompanied by a WL of 12.95% which is related
o the start of the decomposition of the acetate anion. In this
espect, Hussein [4] suggested that anhydrous PrAc decom-
oses firstly giving the hydroxy-acetate, Pr(OH)(CH3COO)2,
ntermediate, whereas Shaplygin group proposed the formation
f Pr2(CH3COO)4(CO3) intermediate [5]. These two interme-
iates are accompanied by 12.51% and 8.64% WL, respectively.
ccordingly it seems that our results are in a good agreement
ith those reported by the first author. The hydroxy-acetate inter-
ediate was proposed also for the decomposition of lanthanum

14], samarium [13], and thulium [15] acetates. Hence, one may
rite the following pathway:

r(CH3COO)3(s)

290 ◦C−→ Pr(OH)(CH3COO)2(s)
+ CH2 C O(g)

(2)

he formed ketene (CH2 C O), which was detected using in
itu IR [13] and GC–MS spectroscopy [13,15], reacts readily
ith water molecule giving 1 mol of acetic acid according to

13,15,24]:

H2 C O(g)+H2O(g) → CH3COOH(g) (3)

he step maximized at 358 ◦C (Fig. 1a), i.e. step IV, is accom-
anied by 17.8% WL which matches satisfactorily with that
17.87%) expected for the removal of an acetic acid molecule
ccording to

r(OH)(CH3COO)2(s)

358 ◦C−→ PrO(CH3COO)(s) + CH3COOH(g)(4)

he WL determined by the end of event V (8.54%) is close to
hat (8.64%) expected for the formation of dioxymonocarbonate
s follows:

PrO(CH3COO)(s)
405 ◦C−→ Pr2O2(CO3)(s) + CH3COCH3(g) (5)

he formation of Pr2O2(CO3) was confirmed using IR and
RD analyses for the sample calcined at 400 ◦C (vide infra).
he final WL step, which maximized at 519 ◦C, proceeds via
4.89% WL. Such value is close to that (4.96%) expected for

he formation of PrO1.833. The formation of PrO1.833 and not

r2O3 as a final decomposition product in both atmospheres
uggests that the decomposition of Pr2O2(CO3) intermediate
roceeds via the formation of a mixture of CO and CO2. In
greement, it was reported that the thermal decomposition of

o
3
t
t

ig. 2. DTA thermograms obtained by heating the praseodymium acetate parent
ill 900 ◦C in air (solid curve) and nitrogen (dashed curve) atmospheres.

raseodymium dioxymonocarbonate till 800 ◦C leads to the for-
ation of PrO1.833 only in air and nitrogen atmospheres [2]. The

ormation of Pr2O3 was obtained only in hydrogen atmosphere
2]. Moreover, the formation of Pr2O3 was also reported as a
esult of heating the acetate precursor in air at temperatures as
igh as 950 ◦C [5]. In this context, it is to be mentioned that the
RD analysis (vide infra) of the samples calcined at 500–700 ◦C

ange reveal the presence of PrO1.833 as the only phase
etected.

The DTA thermograms of PrAc heated in air and nitrogen
tmospheres are shown in Fig. 2. From combining the data pre-
ented in Figs. 1 and 2 the following points can be raised: (i) the
rst two stages observed up on conducting the measurements in
ir atmosphere (Fig. 1b) are identical to those found in case of
eating the parent salt in nitrogen (Fig. 1a). In this respect, DTA
hermograms (Fig. 2) manifests that these steps are endother-

ic. (ii) The formation of Pr(OH)(CH3COO)2 intermediate in
itrogen atmosphere is accompanied by an endothermic effect
t 290 ◦C. On conducting the measurements in air the formation
f Pr(OH)(CH3COO)2 and PrO(CH3COO) intermediates pro-
eeds via two consecutive steps maximized at 290 and 343 ◦C,
espectively. In agreement, the reported work of Hussein [1]
ndicates that the anhydrous salt decomposes in air firstly via a
4.9% WL step. Such value is close to that (35.7%) anticipated
o the PrO(CH3COO) intermediate formation. Accordingly, he
uggested that the anhydrous salt decomposes directly to the
xyacetate intermediate. (iii) Steps IV and V, i.e. the formation
f PrO(CH3COO) and Pr2O2(CO3) are exothermic in nature
s shown by the two exothermic peaks located at 331 and
70 ◦C when the measurements were carried out in air and a
road peak extends from about 325 to 435 ◦C for the results
btained in nitrogen. Moreover, the high exothermicity of the
eak maximized at 370 ◦C (Fig. 2) is reflected in the disturbance
bserved in the corresponding TGA thermogram (Fig. 1b) at the

50–400 ◦C temperature range. This could, also, be related to
he combustion of the evolved organic gases accompanying the
hermal treatment.
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ig. 3. Plot of log σ vs. temperature for praseodymium acetate during decom-
osition in air (—) and nitrogen (- - -) atmospheres.

In situ electrical conductivity is an interesting tool for fol-
owing up the phase changes occur during the heat treatment of
olids. Combination of this tool with other tools such as thermal
nalysis, XRD, and IR gave a much more detailed view of the
ecomposition processes [25,26]. In situ electrical conductivity
easurements were performed in nitrogen and air atmospheres.
ig. 3 illustrates the temperature dependence of electrical con-
uctivity (σ) in both atmospheres. The value of σ remains nearly
onstant (region A) up to 145 and 160 ◦C in air and nitrogen
tmospheres, respectively. Then it shows a steep increase till
bout 208 ◦C, followed by a steady increase, respectively, to
82 and 300 ◦C passing minima at 265 and 270 ◦C (region B).
n this context, thermal analysis results (Figs. 1 and 2) revealed
hat the dehydration process, which maximized at 151 ◦C, was
ollowed by the decomposition of the anhydrous acetate to the
ydroxy-acetate (maximized at 290 ◦C). Hence, it seems that
he dehydration did not bring a marked change in the electrical
onductivity. On the other hand, the formation of the hydroxy-
cetate is accompanied by an increase in the number of charge
arriers, thus being responsible for the observed conductivity
ncrease. Further heating of the parent salt up to 336 ◦C in air
nd 343 ◦C in nitrogen (region C) brings a continuous decrease
n the electrical conductivity values. Such decrease could be
elated to the formation of PrO(CH3COO) at this temperature
ange. Raising the heating temperature to about 385 ◦C in air
nd 400 ◦C in nitrogen is associated with another increase in the
easured conductivity values (region D). This increase can be

ssigned to the final decarboxylation process, i.e. the formation
f dioxycarbonate intermediate. This suggestion is consistent
ith the fact that Pr2O2(CO3) is the only phase detected for the
ample calcined, for 3 h in air, at 400 ◦C as indicated by infrared
nd X-ray diffraction analyses (vide infra). This finding copes
ith the work of Nikumbh group [26] who observed an increase

n the σ values during the decarboxylation of copper and zinc

h
t
1
a

ig. 4. Plot of fraction decomposed (α) vs. time (min) for the isothermal decom-
osition of praseodymium acetate in air atmosphere.

alonate, maleate, and succinate complexes. In the final step
E), the σ values increases continuously in air, whereas in nitro-
en it shows a mild decrease followed by a gradual increased
ill 500 ◦C (the temperature limit of our conductivity cell). This
ncrease can be attributed to the formation of PrO1.833 through-
ut the gradual decomposition of dioxycarbonate intermediate
t the same temperature range. Here, again, the electrical con-
uctivity measurement is in a good agreement with IR and XRD
nalysis where PrO1.833 is the only phase detected at 500 ◦C.

.2. Isothermal decomposition of PrAc

The rate of decomposition of praseodymium acetate was fol-
owed under isothermal conditions at 225–400 ◦C temperature
ange. The obtained data are plotted in Fig. 4 as the fraction of
he reactant decomposed, α, versus time, t, with α defined as

= �W

�Wmax
(6)

here �W and �Wmax are the weight loss at time t and the
aximum weight loss (assuming that the PrO1.833 is the final

roduct), respectively. It is evident that α–t curves are sigmoid
n shape. The obtained values of α were 0.2 and 0.92 at 225
nd 400 ◦C, respectively. It is of interest to supplement the
sothermal measurements with some information gathered from
tructural characterization tools such as IR and XRD analy-
es. The holder of our TGA balance contain too little sample
o make X-ray diffraction after recording the isothermal data.
herefore, the obtained residues were subjected to infrared
nalysis. Fig. 5 shows eight spectra recorded in the lattice
ibration region (2000–500 cm−1) where interesting informa-
ion could be expected. The spectrum recorded for the sample

eated at 225 ◦C (α = 0.2) reveals the presence of the absorp-
ions at 1600–500 cm−1. These bands are located at 1570, 1440,
345, (1053 and 1025), 953, 675, and 641 cm−1. Such bands
re assigned, respectively, to νas(COO−), νs(COO−), δs(CH3),
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ig. 5. IR spectra of the praseodymium acetate heated isothermally, 10 min in
ir, at 225 ◦C (a), 250 ◦C (b), 275 ◦C (c), 300 ◦C (d), 325 ◦C (e), 350 ◦C (f),
75 ◦C (g) and 400 ◦C (h).

(CH3), ν(C C), δ(COO−), and π(COO−) vibration modes of
cetate anions [1,13–15,27,28]. The IR spectra recorded for the
amples heated up to 275 ◦C, i.e. till α = 0.68 reveals the per-
istence of the above-mentioned vibrations, no other phases
ere detected. In this regard, it is worth noting that α value,
.68, is close to that (0.72) expected for the oxy-acetate for-
ation. A 25 ◦C raise in the measuring temperature, i.e. for

he 300 ◦C treated sample, is accompanied by a decrease of
he intensities belong to acetate anion vibrations and a disap-
earance of the band at around 670 cm−1 (due to δ(COO−)
ode). Meanwhile, new bands emerged at 1385 and 856 cm−1

hich is assigned to carbonate oxide vibrations [14,15]. At
his stage a value of α = 0.80 was obtained. This lies between
hat expected for PrO(CH3COO), α = 0.72, and for Pr2O2(CO3),
= 0.90. Accordingly, one would expect the presence of these

wo phases for the sample heated at 300 ◦C for 3 h, a fact which
atches beautifully with the XRD analysis (see next section).
urther heating of the precursor till 400 ◦C produces continu-
us intensity increase of the bands due to carbonate anion at the

xpense of those due to acetate one. The value of fraction decom-
osed, α, at 400 ◦C is 0.92 which is close to that expected for
r2O2(CO3), α = 0.90. Here, again, this value is in a good agree-
ent with XRD analysis by confirming that the sample heated,

[
b
w
t

ig. 6. XRD powder diffractograms obtained for the praseodymium acetate
arent (a) and its calcination products at 300 ◦C (b), 400 ◦C (c), 500 ◦C (d),
00 ◦C (e), and 700 ◦C (f).

t 400 ◦C for 3 h in air, composed mainly of the dioxycarbonate
hase.

.3. Characterization of the calcinations products of PrAc

.3.1. X-ray diffraction
XRD patterns obtained for PrAc as well as its calcination

roducts formed in air at the 300–700 ◦C temperature range
re shown in Fig. 6. It is evident that heating the parent salt
o 300 ◦C is accompanied by a noticeable change in the rele-
ant XRD patterns. Our analysis showed that the Pr-300 sample
Fig. 6b) consists of two phases. The first one (minor phase)
as identified to be Pr2O2(CO3) [ICDD No. 37-805]. The sec-
nd phase (major), with reflections at 2θ = 6.95, 31.71, 32.49
nd 36.10, did not matched with the ICDD data for hydrated or
nhydrous acetates. In this respect, the IR spectra of the sam-
le heated at 300 ◦C for 10 min (Fig. 5d) or that heated for 3 h
not shown) revealed the presence of absorptions due to acetate
nion. Searching in the ICDD data bank reveals the absence
f Pr(OH)(CH3COO)2 or PrO(CH3COO) cards. Accordingly,
he obtained reflections could be related to the presence of
cetate phase probably PrO(CH3COO), however, this sugges-
ion needs further investigation. XRD diffractogram for Pr-400
ample (Fig. 6c) matched well with that reported for Pr2O2(CO3)

ICDD No. 25-696]. The detection of another phase of dioxycar-
onate for the sample heated at 400 ◦C is in a good agreement
ith the reported work of Hussein [1] who assigned a phase

ransition Pr2O2(CO3) (I) to Pr2O2(CO3) (II) to occur exother-
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Table 2
Texture data for the calcination products of praseodymium acetate

Calcination temperature (◦C) SBET (m2 g−1) St (m2 g−1) Vp (10−2 cm3 g−1) Average pore diameter (Å)

300 12 14 2.7 403
400 19 25 4.3 415
500 17 23 4.1 407
6 4.2 402
7 2.1 406
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ally at 390 ◦C during the DTA measurements. Moreover, he
etected only Pr2O2(CO3) (II) for the sample heated in air, for
h, at 350 ◦C. Accordingly, the exothermic effects located at
70 ◦C in air and that at 409 ◦C in nitrogen (taking into account
ts broadness which extends from about 325 to 435 ◦C, Fig. 2),
hich was related to the decomposition of the salt and/or com-
ustion of the volatile organic gases, can be also assigned to this
hase transition. In other words, the peaks at 370 ◦C in air and
hat at 409 ◦C in nitrogen atmospheres are complex in nature and
an be assigned to describe many simultaneous processes. XRD
nalysis of the samples heated at 500–700 ◦C illustrated the pres-
nce of PrO1.833 [ICDD No. 6-329] as the only phase detected.
oreover, the peaks intensity increases with increasing the cal-

inations temperature indicating the increased crystallinity. In
his context, the calculated crystallite sizes of PrO1.833 for the
amples heated at 500, 600, and 700 ◦C were found to be about
4, 17, and 30 nm, respectively.

.3.2. Texture analysis
The surface characterization data are displayed in Table 2.

itrogen sorption isotherms for the calcinations products of
rAc (Fig. 7) are of type II of Brunauer’s classification [29,30].
he hysteresis loops are nearly of type H3. This suggests that

he surface pores are slit-shaped or interplating [30]. The closure
f the hysteresis loops for the samples calcined at tempera-
ures ≥400 ◦C is shifter to higher relative pressure values with
ncreasing the calcinations temperature which indicates the pore
arrowing which results from sintering and agglomeration of the
rystallites. This goes parallel with the XRD crystallite size anal-
sis for the samples calcined at 500–700 ◦C range. Raising the
alcination temperature from 300 to 400 ◦C is accompanied by
arked increase in the surface area. This can be correlated with

he weight change of the acetate parent as illustrated by thermal
nalysis and XRD results. Thus, the evolved gases together with
he decomposition of the salt leading to the formation of dioxy-
arbonate are responsible for the creation of new system having
he observed higher surface area. With further increase in the
eating temperature produces a mild decrease in the measured
urface areas till 600 ◦C and a sharp decrease for the sample
alcined at 700 ◦C. This trend of variation could be attributed
o two opposing effects: (i) evolution of CO2 which expected to
ncrease the surface areas, and (ii) sintering effect which leads to
urface area decrease. Accordingly, it seems that the later effect

redominates for the Pr-700 sample. On the whole, for all the
amples studied, the St values obtained from the slope of the
inear parts of the Va−t plots (not shown) agrees satisfactorily
ith the corresponding SBET values (Table 2). Meanwhile, the

1

ig. 7. Nitrogen sorption isotherms for the praseodymium acetate calcined at
arious temperatures.

rend of variation of St values with the calcination temperature
s similar to that exhibited by SBET values.

. Conclusions

Combining all the information collected from the present
nvestigation led us to conclude the following points:
. Thermal decomposition of PrAc proceeds with the formation
of Pr(OH)(CH3COO)2, PrO(CH3COO), and Pr2O2(CO3)
intermediates leading eventually to the formation of PrO1.833.
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Moreover, two different phases of praseodymium dioxy-
carbonate were detected as stable intermediates during the
thermal genesis of PrO1.833.

. In conjunction with the results inferred from the thermal
analysis, in situ electrical conductivity measurements pro-
vide an interesting technique to follow up the formation of
the previously mentioned intermediates.

. Texture analysis revealed that the 300–700 ◦C calcined sam-
ples exhibit a mesoporous nature. PrO1.833 formed at 500 ◦C
has a surface area of 17 m2 g−1 and a crystallites size of
14 nm. The SBET value drops to 10 m2 g−1 whereas the crys-
tallites size jump to 30 nm for PrO1.833 obtained at 700 ◦C.
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