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The present work deals with the behaviour in air of two neodymia samples prepared by 
calcination of a hydroxynitrate phase at 1020 and 1310 K, respectively. Both oxides behave 
similarly so that after approximately 50 days of air exposure, at normal temperature and 
pressure, they are thoroughly transformed into hydroxide. When stabilization is reached the 
two aged samples are also carbonated in the bulk; evidence for this latter process, which is 
much less intense than the hydration reaction, cannot be obtained from X-ray diffraction 
studies. These findings indicate the existence of close analogies between the oxides inves- 
tigated here and several hexagonal lanthana and monoclinic samaria samples studied earlier, 
which supports the classification of the rare earth oxides based on their behaviour with atmos- 
pheric CO2 and H20, as recently proposed by us. The additional experiments of carbonation 
reported here suggest that the ageing in air of the hexagonal neodymium oxides leads to the 
formation of a hydroxycarbonate-like phase, which does not agree with the crystalline ancylite- 
type hydroxycarbonate, formed when these oxides are suspended in water. 

1. In troduct ion  
In the past few years we have been investigating the 
reactivity with atmospheric H20 and CO2, at normal 
temperature and pressure, of the lanthanide sesqui- 
oxides [1-7]. The results of this study have been 
analysed in a very recent review work [8], where three 
groups of rare earth sesquioxides have been distin- 
guished. Differences between the three groups of 
oxides were found both in the intensity of the ageing 
process and in the nature of the resulting aged phases. 
Our study of the behaviour in air of the 4f sesqui- 
oxides has also shown that one of the clues to interpret 
the differences observed might well be the structural 
nature of the starting oxide phases. Thus, we have 
found [5-7] that oxides of the same element with 
different structure, i.e. monoclinic [5, 7] and cubic 
[5, 6] samaria, show differences of behaviour larger 
than those observed between oxides of different ele- 
ments [8]. 

The present work is aimed at extending the experi- 
mental basis of the classification of the rare earth 
oxides proposed in earlier [8] by investigating the 
evolution in air, at normal temperature and pressure, 
of two hexagonal neodymia samples, prepared in our 
laboratory. Some preliminary results on a commercial 
neodymium oxide, also with a hexagonal structure [8] 
have been obtained. 

The properties of neodymium oxide as a catalyst [9] 
and support of highly dispersed metals [10, 11], have 
been reported earlier. However, studies devoted to 
characterization of the phases resulting from its 

storage and manipulation in air are rather scarce 
[12-14]. Furthermore, these latter works have ignored 
an important aspect of the chemistry in air of neo- 
dymia, i.e. the occurrence of carbonation reactions 
affecting the oxide in bulk. 

From our point of view, a study of the evolution 
undergone by the rare earth sesquioxides when exposed 
to atmospheric CO2 and H20 should be considered 
essential not only to improve our current knowledge 
of the general chemistry of this interesting group of 
oxides, but also to devise new synthetic routes to 
prepare mixed oxide phases containing 4f elements 
which, according to the very recent literature [15], 
constitute novel ceramic materials with very interest- 
ing electric properties. 

2. Experimental details 
The two neodymia samples investigated in the present 
work, Nd203-A1 and Nd203-A2 were prepared by 
decomposing, in flowing helium, at a heating rate of 
9Kmin ~, a partly carbonated neodymium hydro- 
xynitrate phase precipitated from an aqueous solution 
of the neodymium nitrate, Fluka 99.9% pure, with a 
large excess of concentrated ammonia p.a. from 
Merck. The precipitate was carefully washed with dis- 
tilled water to eliminate excess ammonia. The differen- 
ces between samples A1 and A2 consisted of the final 
calcination temperature, 1020K for NdzO3-A1, and 
1310K for Nd203-A2, as well as the time that the 
sample was held at that temperature, 4 h in the case of 
A1, and 3 h in the case of A2. As soon as the samples 
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were cooled, again under a flow of helium, they were 
studied by X-ray diffraction, and their nitrogen 
adsorption isotherms at 77 K determined. 

The two samples showed the hexagonal, A-type, 
structure of the rare earth sesquioxides, and their 
surface areas were found to be 6.4m 2 g-1 for Nd203- 
A1, and 2.2m 2 g-1 for Nd203-A2. 

The thermogravimetric (TG) experiments were 
carried out with a microbalance, Mettler, model ME- 
21. The flow of helium was 1 cm 3 sec 1, and the heat- 
ing rate 0.1 K sec- i. 

The temperature-programmed decomposition 
(TPD) experiments were recorded under the following 
conditions: helium flow rate, I cm 3 sec-~; heating rate, 
0.1 K sec- 1. Analysis of the evolved gases was perfor- 
med by mass spectrometry (MS) with an instrument 
Vacuum Generator, model spectralab SX 200, inter 
faced to a microcomputer Apple IIe. 

The infrared spectra were recorded either with an 
FTIR instrument, Nicolet, model 5 DXE, or with a 
grating spectrometer, Perkin Elmer, model 710 B. The 
sample discs were prepared by pressing a mixture 
containing about 5% of the oxide and 95% KBr under 
5 ×  10 6pa. 

The X-ray diffraction (XRD) patterns were obtained 
using a Siemens instrument, model D-500. The radia- 
tion was either MoK~ or CuKc~; the filters were zir- 
conium in the former case, and nickel in the latter. 

3. R e s u l t s  a n d  d i s c u s s i o n  
The evolution in air of samples AI and A2 of neo- 
dymia, was investigated by means of TG, TPD-MS, 
infrared spectroscopy and XRD. In addition, the total 
weight increase of  a reference portion of the two 
oxides was routinely determined throughout the 
whole stabilization process with a conventional ana- 
lytical balance. The results obtained from the latter of 
these studies are reported in Fig. 1. 

According to Fig. 1, ageing in air of  the two hexag- 
onal neodymia samples exhibitions an induction 
period of several days in which no weight gain can be 
detected. This induction period is shorter in the case of 
Nd203-AI, and oxide prepared at lower temperature, 
1020 K, and concomitantly with higher BET surface 
area, 6.4m 2 g i. It can also be deduced from Fig. 1 
that, in order to reach the apparent stabilization of the 
samples, approximately 50 days of exposure to air are 
needed. In the case of hexagonal lanthana [4] the 
stabilization is achieved in less than 24 h. This would 
indicate that the rate of ageing of 4f sesquioxides 
becomes slower as the atomic weight of the lanthanide 
ion increases. Quite similar findings have already been 
reported for the rate of hydration of  rare earth ses- 
quioxides [16]. It should be noted, however, that this 
conclusion, generally assumed in the literature [17], 
should not be considered in its strict sense, because, as 
Trillo et al. [18, 19] have shown for some heavier 
members of the series and our own results support, 
factors other than the nature of the 4f ion, specifically 
those related to the method followed in the prepara- 
tion of the oxides, can have a strong influence on their 
reactivity. 

Figs 2 to 5 show results for the study of the 
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Figure 1 Total weight gain against time curves corresponding to 
Nd203-A1 and Nd203-A2 exposed to air, at normal temperature 
and pressure. The weight increase is given as a precentage of  the 
initial weight. The time is expressed in days (d). 
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Figure 2 Study by TG of the process of ageing in air of Nd203-A2. 
The exposure time in days (d) is indicated on the left-hand side. The 
initial weight of  sample is given on the right-hand side. 
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Figure 3 Study by TPD-MS of the evolution in air of Nd203-A2. 
The exposure time in days (d) is given on the right-hand side. 

stabilization process carried out by means of TG, TPD- 
MS, infrared spectroscopy and XRD, respectively. 
Because the behaviour of samples A1 and A2 was 
found to be essentially the same, Figs 2 to 5 corres- 
pond all to Nd203-A2. 

Fig. 2 shows the TG diagrams of  the neodymia 
sample exposed to atmospheric CO2 and H20 for 
increasing periods of time. For  exposure times longer 
than 48 days, the TG diagram does not undergo further 
modifications. Accordingly, the last diagram in Fig. 2 
agrees with that of the sample stabilized in air. The 
shape of the diagrams depicted in Fig. 2, which, on the 
other hand, does not seem to suffer significant altera- 
tions throughout the whole stabilization process, is 
characterized by three well-defined steps, being similar 
to those reported earlier tbr hexagonal lanthana aged 
in air [4, 20] as well as for monoclinic samaria [5, 7]. 
These analogies of behaviour are also supported by 
the results of our studies by TPD-MS, infrared spec- 
troscopy and XRD reported below. 

Fig. 3 shows results for the TPD-MS experiments 
carried out at different stages of stabilization in air of 
Nd203-A2. Among the signals routinely analysed in 
the mass spectrometer are those for re~e: 18 (H20), 44 
(CO2) and 16 (H20 and CO2). In Fig. 3 we have 
plotted the latter of  these signals because it sum- 
marizes the evolution of  both water and carbon 
dioxide. The choice of  rn/e -- 16 is particularly suit- 
able in the present case because, on the one hand, no 
gaseous products other than H20 and CO2 have been 
detected, and on the other, the evolution of H20 and 
CO2 occurs through well-resolved steps. In effect, 
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Figure 4 Infrared spectra corresponding to Nd203-A2 exposed to 
air for the time, in days (d), indicated in the Figure. 
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Figure 5 XRD pattern of Nd20~-A2 exposed to air for the time, in 
days (d), indicated on the left-hand side. The radiation used was 
CuK~. 



T A B L E ! Study of the ageing in air of two hexagonal, A-type, neodymia samples 

Samples Starting oxides Aged samples 

C.S.* SBET "~ Weight gain C.S.* SBE~ + 

H 20  CO 2 H 20  CO 2 
(%) (%) (molnm 2) (molnm-2) 

A1 890 6.4 15.0 2.5 289 20 320 14.8 
A2 1180 2.2 15.3 2.2 389 23 240 11.2 

* C.S., crystallite size (nm). 
* SBEV, surface area (m 2 g- i ). 

according to the TPD traces for m/e  = 18 and rn/e = 

44, the peaks at around 560 and 680 K correspond to 
H20, whereas that centred at 800 K can be assigned to 
CO2. From these results, it is obvious that the TG 
diagrams i~ Fig. 2 would allow an easy determination 
of both the total weight gain and the amounts of H20 
and CO2 taken up by the neodymia samples. These 
data are reported in Table I, in which the latter 
amounts have also been expressed in the form of 
molecules per square nanometre of BET surface area 
of the samples aged in air. 

Taking into account that for purely surface reac- 
tions the amounts of either H20 or CO 2 should not 
exceed 8molnm 2 [21], it is obvious that both the 
hydration and carbonation undergone by samples A 1 
and A2 of neodymia occur in the bulk. As we observed 
in the case of lanthana [8], it can also be deduced from 
Table I that the hydration is much heavier than the 
carbonation reaction. Furthermore, if we consider the 
series of rare earth sesquioxides that behave similarly, 
which includes, in addition to Nd203-AI and Nd203- 
A2, the three lanthana samples investigated by us [4], 
the so-called Sm203-M [5], as well as the commercial 
sample of hexagonal neodymia studied earlier [8], it 
can be noted that the amount of CO2 per unit of BET 
surface area remains approximately constant: 20 to 
30molnm -2, whereas that corresponding to H20 
varies within a much wider range. This suggests that, 
in contrast to the hydration reaction, the extent of 
which does not seem to be related to the surface area 
of the oxides, the intensity of the carbonation process, 
though affecting the bulk of the oxides, is in some way 
related to the surface of the samples. 

If it is taken into account that the theoretical weight 
increase for the transformation of Nd203 into 
Nd(OH)3 is around 16%, the results in Table I suggest 
that, when stabilization in air is reached, the neo- 
dymium oxides have completely disappeared. A quite 
similar effect has also been observed by us on the 
samples that behave like the hexagonal neodymias 
[4, 5]. 

In order to gain some structural information con- 
cerning the nature of the phases formed through the 
ageing process of Nd203-A1 and Nd?O 3-A2 we have 
also investigated their evolution in air by infrared 
spectroscopy and XRD. Figs 4 and 5 account for the 
results obtained from the studies carried out on 
Nd203-A2. 

According to Fig. 4, from 20 days of exposure, 
the time at which the first indications of ageing are 
observed, onwards, the structure of the infrared 
spectra remains essentially unmodified, no matter 

what stage of the stabilization is considered. The only 
differences between one spectrum and the next con- 
sists of the steady increase of intensity of the bands, all 
of which can actually be observed in the early steps of 
the ageing process. One of the most characteristic 
features of the spectra depicted in Fig. 4, otherwise 
very similar to those recorded by us for several lan- 
thana samples as well as for the so-called Sm203-M 
[8], previously stabilized in air, is the sharp and strong 
band at 3600 cm -1 . According to various authors [20, 
22, 23] this band should be ascribed to a stretching OH 
mode in rare earth hydroxides. As can be deduced 
from the work of Swanson et al. [24], the frequency at 
which this band is observed does not significantly 
change with the lanthanide ion. The presence of 
Nd(OH)3 in the two neodymia samples aged in air is 
also suggested by the strong band appearing at 
660cm -1. As is discussed previously [8], on the 
grounds of the study of the vibrational modes of 
Ln(OH)3 carried out by Swanson et al. [24], this band 
can be assigned to a deformation mode of L n - O H ,  
the frequency of which increases on going from 
La(OH)3 to Yb(OH)3. A quite similar band has been 
observed by us at 640 cm-i in the case La(OH)3 , and 
6 8 0  c m  1 for Sm(OH)3 [8]. 

Fig. 4 also confirms the occurrence of carbonation 
phenomena, which is supported by the presence of two 
strong characteristic features in the region 1300 to 
1600 cm-1 of the infrared spectra. 

Fig. 5 accounts for the evolution undergone by the 
XRD diagrams of Nd203-A2 exposed to air for 
increasing periods of time. As in the case of the studies 
reported above, the first alterations to the starting 
oxide are observed after approximately 20 days. For 
this exposure time, in effect, the intense diffraction 
line, appearing at 0.557nm (15.9 ° in Fig. 5) charac- 
teristic of Nd(OH)3, can already be observed. For 
increasing periods of time, the XRD diagrams show 
the coexistence of lines of the hexagonal, A-phase, of 
Nd203 with those due to hydroxide. After 40 days 
exposure to air, the oxide appears as a residual phase, 
and finally, after 70 days, the only diffraction lines 
present in the diagram are those corresponding to 
Nd(OH)3. 

Two aspects of the results reported in Fig. 5 deserve 
further comment. Firstly, the XRD study, like those 
by TG, TPD-MS and infrared spectroscopy, indicate 
that the phases formed in the first stages of the ageing 
process are the same as found later on in the sample 
stabilized in air. Secondly, it is worth noting that, in 
spite of the occurrence of bulk carbonation phenom- 
ena on the two hexagonal neodymia samples, the 
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Figure 6 TG study of (a) Nd203-A2 aged in air; (b) sample (a) 
further suspended in water for 10 days; (c) sample (a) treated with 
flowing CO2, at normal temperature and pressure, for I0 days. The 
initial weight of the samples is indicated on the right-hand side. 

study by XRD of either the phases corresponding to 
intermediate stages of the ageing process or to the final 
samples stabilized in air does not support the existence 
of any sort of carbonated phase. This seems to be a 
characteristic feature of the whole series of rare earth 
sesquioxides which behave like Nd2 O3-A1 and Nd 2 0 3- 
A2. 

The results above pose the question of the actual 
nature of the carbonated phase formed upon ageing in 
air the series of oxides above. In the case of lanthana 
[4], it has been suggested the formation of an hydroxy- 
carbonate-like phase, Ln(OH)2(3_x)(CO3)~, x = 1, 
similar to those reported by Caro and Lemaitre-Blaise 
[25] in their study of the ternary system Ln203-H20- 
CO2, under conditions that can be considered not too 
far from those operating in air; i.e. suspension in 
water, in contact with air, at room temperature, of 
lanthanide oxides, hydroxides, carbonates and oxy- 
carbonates. The tentative suggestion made by us [4] 
was based on stoichiometric calculations carried out 
on the corresponding TG diagrams, as well as on some 
additional evidence obtained from the study by infra- 
red spectroscopy and XRD of the phases formed 
throughout the whole process of the thermal decom- 
position of the aged lanthana samples. 

As in [25] the hydroxycarbonate phase could be 
identified by XRD, and we fail in the observation of 
any line belonging to such a phase, we devised two 
types of additional experiments aimed at obtaining 
some further information about the carbonated phase 
formed when the hexagonal neodymia samples were 
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Figure 7 Study by XRD of(a) NdzO3-A2 aged in air; (b) sample (a) 
further suspended in water for 10 days; (c) sample (a) further treated 
with flowing CO2, at normal temperature and pressure, for 10 days. 
The radiation used was MoKc~. 

exposed to air. On the one hand, we treated a sample 
of Nd203-A2 aged in air as Caro and Lemaitre-Blaise 
[25] did, i.e. we suspended a portion of the oxide above 
distilled water, not specially pretreated, for approxi- 
mately 10 days, at room temperature. In the second 
experiment, we treated the Nd2 O3-A2 aged in air with 
flowing CO2, at normal pressure and ambient tem- 
perature, in an attempt to increase the carbonation 
level reached spontaneously by the oxide in air. 

The results of the study by TG and XRD of the 
phases resulting from the two treatments above are 
reported in Figs 6 and 7, respectively. For com- 
parative purposes these figures also include diagrams 
corresponding to Nd203-A2 simply aged in air. 

Taking into account that CO2 is the only gaseous 
product evolved during the highest temperature step 
of the TG diagrams, it could be concluded from Fig. 6 
that the two treatments described above considerably 
increase the carbonation level with respect to that 
reached by the sample of Nd 2 O3-A2 simply stabilized 
in air. When the results of the XRD study are con- 
sidered (Fig. 7) it can be noted that in spite of the 
increase of the carbonation level occurring when the 
aged Nd203-A2 is treated with CO2, no alteration of 
the XRD pattern can be observed at all. By contrast, 
the sample submitted to the wet treatment shows a 
diagram in which, in addition to the diffraction pat- 
tern characteristic of Nd(OH)3, some weak lines, 
marked with asterisks in Fig. 7, which can be assigned 
to ancylite-like hydroxycarbonate, Nd(OH)CO3-A 
[27] can be observed. This type of hydroxycarbonate 
phase is the same as that found by Caro and Lemaitre- 
Blaise [25] when several lanthanide phases, including 



carbonates and hydroxides, were suspended in water, 
in contact with air, at ambient temperature. 

The results summarized in Figs 6 and 7 essentially 
agree with those recently reported by us [27] for a 
hexagonal phase of lanthana aged in air, treated as 
Nd203-A2. Furthermore, we also found [27] that 
once the nucleation of the ancylite-like hydroxycar- 
bonate had occurred, this phase could grow by simple 
exposure to air, at normal temperature and pressure, 
of the wet pretreated sample. As neither on oxides 
exposed to air, even for years, nor on the samples 
treated with flowing CO2, could the formation of 
Ln(OH)CO3-A be detected [27], it could be concluded 
that the phase formed as a consequence of the wet 
treatment of the hexagonal samples of both lanthana 
and neodymia are not the same as those observed by 
us upon ageing these samples in air. In other words, 
the results reported by Caro and Lemaitre-Blaise [25] 
cannot be used as a general guide to interpret the 
behaviour in air of the rare earth sesquioxides. This 
means that in order to improve our current knowledge 
on the latter of the topics above, specific experiments 
should be devised. 

We have also investigated the effect of the ageing pro- 
cess on the BET surface area as well as on the crystal- 
lite size of the two hexagonal neodymia samples. 
Table I gives the results of this study. The estimate of 
the mean crystallite size was carried out from studies 
of widening of the XRD lines. For this purpose, 
Scherrer's equation [28] was applied to the line at 
0.221 nm in the diffraction pattern of both the hex- 
agonal oxide and the hydroxide. 

As can be deduced from Table I, the ageing process 
induces, on the one hand, a decrease of the mean 
crystallite size and, on the other hand, a notable 
increase of the BET surface area of the oxide sample. 
These results essentially agree with those reported by 
Rosynek for hexagonal lanthana [19, 20], who on the 
grounds of his studies of nitrogen adsorption at 77 K 
and scanning electron microscopy (SEM) suggested a 
procedure to increase the surface area of lanthana 
samples consisting of submitting the oxide sample to 
a series of hydration-dehydration cycles. This pro- 
cedure has been further applied to several other rare 
earth oxides, not always with hexagonal structure. It 
would be noted, however, that on cubic rare earth 
oxides the hydration process does not seem to induce 
alteration of their surface area [29]. 

To summarize, the present work, which should be 
included in a general research programme aimed at 
investigating the behaviour of the rare earth ses- 
quioxides with atmospheric H 2 0  and CO2, at normal 
temperature and pressure, reports the evolution in air 
of two hexagonal neodymia samples, prepared in our 
laboratory. According to our study, the TG, TPD- 
MS, infrared spectroscopy and XRD data support 
that from the first stages of the ageing process the only 
phases observed are those found later, on the samples 
finally stabilized in air. When the apparent stabiliz- 
ation of the samples is reached the starting oxides have 
thoroughly transformed into neodymium hydrox- 
ide The samples have also undergone carbonation 
phenomena, which, though much less intense than the 

hydration reaction, affect the samples in bulk. The 
behaviour of the two neodymia samples was found to 
be similar, the only difference worthy of note being 
the rate of the ageing process: somewhat slower in 
the case of Nd203-A2, the oxide calcined at higher 
temperature, with lower BET surface area, and larger 
crystallite size. This behaviour, on the other hand, 
agrees closely with that reported earlier by us for 
several lanthana samples, with hexagonal structure [4] 
as well as for monoclinic samaria samples [5, 7, 8]. The 
rate of the process was much faster in the case of the 
lanthana samples so that the stabilization was reached 
in less than 24 h, whereas in the case of the monoclinic 
samaria sample it was much slower [7]. By contrast, 
the behaviour of the hexagonal neodymium oxides 
was clearly different from that reported previously [5, 
6, 8] for several cubic rare earth oxides. These results 
give further support to the classification into three 
well-differentiated groups of the lanthanide ses- 
quioxides on the basis of their behaviour with atmos- 
pheric H20 and CO 2. 
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