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Influence of order—disorder parameters on the
reducibility of Ni- and Cu-containing silicates:
application to talc and chrysocolla
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Reference phyllosilicates (Ni-talcs and chrysocolla) have been synthesized with the aim of
identifying supported layered silicates in the preparation of Ni/SiO, and Cu/SiO, materials.
The analysis of temperature programmed reduction (TPR) profiles and X-ray diffraction
(XRD) patterns of talc synthesized at different temperatures shows a strong influence of the
crystallinity of the Ni silicate on its reducibility. Chrysocolla remains ill-crystallized whatever
the temperature of synthesis. The reducibility of the two silicates is discussed in terms of the
structure of the silicate and the reducibility of the transition metal-ion. The asymmetric shape
of the TPR curves of Ni-talcs is interpreted on the basis of the phase-boundary controlled
model and the presence of a heterogeneous particle size distribution. The results emphasize the
role of the crystallinity and show that the identification of supported silicate phases from
TPR only may not be reliable.
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1. Introduction

Supported transition metal ion catalysts constitute an important class of cata-
lysts. It is now well known that the preparation method induces various roles for
the support leading to different ion—support interactions [1]. Earlier work on the
characterization of silica-supported Ni catalysts prepared by precipitation meth-
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ods [2-5] and by ion exchanges [6,7] showed a strong interaction between silica
and Ni’* ions, suggesting the formation of Ni silicate layers on silica. Recently,
EXAFS spectroscopy was shown to be a powerful tool to identify a Ni layer silicate
in these catalysts prepared by ion exchange, impregnation or deposition—precipita-
tion [8,9]. The nature and the organization of the supported phase influence the
behaviour of the precursor during calcination and reduction pretreatments and
contribute to determine the size and dispersion of the metallic particles, which
strongly affect the catalytic properties. Recently, the ability to prepare Ni species
with controlled interactions with silica was used to produce, in a two-step proce-
dure, supported metallic Ni particles of a given size [10].

Temperature programmed reduction (TPR) profiles have recently been used as
fingerprints of the interaction of the metal ion with the support [11]: the stronger
the interaction, the higher the temperature of the TPR peak. In the case of silica-
supported copper catalysts, TPR was used to identify a silicate phase by compari-
son with mineral copper silicates of known structure [12]. In that work, supported
copper silicates were identified as chrysocolla-like phases, for catalysts prepared by
ion exchange and deposition—precipitation. In a subsequent paper, the identifica-
tion of the supported silicate as chrysocolla (Cu-containing silicate) was confirmed
by diffuse reflectance infrared Fourier-transform (DRIFT) spectroscopy [13].

Synthetic Ni-talc and antigorite [14] (2 : 1 and 1 : 1 phyllosilicates respectively,
see description in section 3) were used as references for the identification of differ-
ent phases in natural hydrous Ni-containing silicates, studied by XRD and TPR
[15]. The thermal stability of those synthetic materials has been related to their crys-
tallinity. However, this parameter has never been taken into account in the charac-
terization of supported silicates.

Because mineral compounds often contain impurities, their use as reference com-
pounds may appear questionable. This is the reason why we have synthesized
pure Ni 2 : 1 and 1 : 1 phyllosilicates (referred to as Ni-talcs and nepouites) with
various degrees of crystallinity, in order to identify the silicates produced in the
preparation of silica-supported Ni catalysts. A Cu-containing silicate of another
structure (chrysocolla) was also synthesized with the same objective and compared
to the natural mineral.

The crystallinity of Ni-talc and chrysocolla was controlled by XRD while their
reducibility was investigated using the TPR technique. This paper reports on the
dependence of the reducibility of those synthetic materials on their crystallinity and
points out the ambiguity of identifying silica supported silicates on the basis of
TPR only.

2. Structure of the phyllosilicates

The structure of 2 : 1 (TOT) and 1 : 1 (TO) phyllosilicates which are layered sili-
cates, is well known and was extensively described by Brindley and Brown [16a].
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The layer of Ni-talc corresponding to the formula SisNi;O19(OH),, is composed
of an octahedral (O) sheet linked to two tetrahedral (T) sheets while the layer of
nepouite (serpentine-like mineral of TO structure) is composed of an octahedral
sheet linked to an adjacent tetrahedral sheet (figs. 1a and 1b respectively). The tet-
rahedra are occupied by Si atoms and the octahedra by Niatoms.

Natural samples of chrysocolla are poorly ordered 1 : 1 or TO layered silicates
containing Cuand Alions [16b]. The precise crystal structure is not well established
[17,18]. The structure described by Van Oosterwyck-Gastuche [18] shows alter-
nate corrugated sheets of SiO4 tetrahedra and discontinuous sheets of Cu octahe-
dra (fig. 1c).

3. Experimental
Synthetic clays were obtained following a process described in detail elsewhere

[19,20]. The initial step of the synthesis consists in a coprecipitation of a silicometal-
lic gel according to the reactions:
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Fig. 1. Projection onto the bc plane of a TOT layer of Ni-talc (a), a TO layer of nepouite (b), a TO
layer in the proposed structure for chrysocolla [18] (c).
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for Ni-talcs:
48i0,Na,0 + 3NiCl, + 2HCl — SiyNi3;0,9(OH), + 8NaCl,
for nepouite:
2810,Na,0 + 3NiCl, + 2NaOH — Si;Ni;Os(OH), + 6NaCl,
for chrysocolla:
2810,Na,0 + 2CuCl, + H,0 — CuyS8i,05(OH), + 4NaCl.

Gels were then hydrothermally treated for two weeks at temperatures ranging
from 25 to 500°C for Ni-talcs and Ni-serpentines, and at 25 and 80°C for chryso-
colla. Ni-talcs synthesized at 25, 150, 250 and 500°C are referred to as Tajys, Tayso,
Tayso and Taspo respectively. This synthesis procedure was shown to produce one
phase, i.e., the given clay mineral. Thus samples quenched at the earlier stage of the
coprecipitation were constituted of germs of the clay mineral only (the average
crystallite size growing with time of synthesis) [19,20].

X-ray diffraction (XRD) patterns were recorded with a Phillips diffractometer
using a Ni filtered Co Ko, radiation selected by a quartz monochromator. The rate
of recording was 1° 20 min~!.

The reducibility of the synthesized materials was investigated using the tempera-
ture programmed reduction technique (TPR). The samples (about 10 mg in
weight) were placed in a thin bed in a microreactor and reduced up to 900°C under a
5% H,/ Ar mixture at a 25 ml min~! (23.1 ml min~! NTP) flow rate and a heating
ramp of 7.5°C min~!. The TPR microreactor was computer interfaced in our
laboratory. The hydrogen consumption, based on area under the TPR curve, was
detected by the thermal conductivity cell of a catharometer. Separate lines of a 5%
H,/Ar mixture at the same controlled flow rate (25 ml min—!) were used for each
compartment (reference and measurement) of the catharometer. The calibration
was done with Ar, by switching, at the end of the TPR experiment, the 5% H,/Ar
mixture in the measurement line to pure Ar (the surface of the resulting square peak
recorded for a given time corresponding to the concentration of the 5% H;/ Ar mix-
ture during this time). The error on Hy consumption was estimated to be about
10%. The TPR profiles have been normalized to the Ni weight. The reduction
degree o was estimated from the ratio of the hydrogen consumption to the amount
of Ni present in the sample (taking into account the total amount of water). This
estimation was cross-checked with CuO.

4, Results and discussion
4.1. Ni-TALCS

The XRD patterns show that the crystallinity of the clay mineral increases with
the temperature of synthesis (figs. 2a-2d). Ni-clays synthesized at 25°C consist of
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Fig. 2. X-ray powder diffraction patterns of talcs synthesized at (a) 25°C, (b) 150°C, (c) 250°C, (d)
500°C and chrysocolla synthesized at () 80°C. (For talcs, the magnification of the intensity scale is
proportional to: 1 (500°C)and 6 (25, 150 and 250°C).

Ni-talc layers regularly intercalated with water molecules (H,O : Siratio = 2 : 4).
The structure is turbostratic, i.e., talc layers are stacked with random rotation and/
or displacement stacking faults. Therefore XRD patterns exhibit only a (001)
basal reflection and (hk0) reflections (biperiodic structure) for samples synthesized
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in the 25-100°C temperature range. Thus, the (001) reflection appears as a broad
shoulder for samples synthesized at 25°C (fig. 2a). When the temperature of syn-
thesis increases, stacking faults are less numerous and the water content decreases.
For clays synthesized at 150°C (H,O:Si=0.5:4), a few Akl reflections are
observed. The 001 and 003 lines sharpen while asymmetric lines are still observed
for (hk0) reflections (fig. 2b). For samples synthesized in the 170-250°C range,
XRD patterns show skl reflections indicating thus a triperiodic structure (fig. 2c).
These materials are almost completely dehydrated. Talc synthesized at 500°C is
perfectly crystallized as shown by intense symmetric lines (fig. 2d) (the magnifica-
tion scale chosen allows the observation of (001) and (4k0) reflections only).

The crystal size (crystal size coherency) in a direction parallel to the (001) layer
plane, was estimated from the Scherrer formula: L = KA/B cos 6, applied to the
(060) and (330) reflections for samples synthesized in the 25-500°C range. The K
value was fixed to 0.9 as usual in clay studies [16c]. The number of stacked layers
was estimated from the peak broadening of the (001) reflections, assuming the
absence of interstratification faults (table 1). This hypothesis seems reliable since
similar values for the number of stacked layers were found from TEM measure-
ments on ultra thin cuts. The number of stacked layers associated within one clay
particle is shown to increase with the temperature of synthesis (table 1). The aver-
age particle size measured by TEM is greater than the corresponding crystal size
coherency and grows with improved crystallinity.

Fig. 3 exhibits the TPR profiles of Ni-talc synthesized at 25, 150, 250 and
500°C. The corresponding maxima of the TPR peaks are observed at 470, 668, 745
and 846°C respectively. The better the crystallinity, the higher the TPR peak. For
the lowest temperature of synthesis (25°C), the low crystallinity in the (a, b) plane
may indicate that the silica tetrahedra do not form extended sheets and therefore
incompletely shield the Ni octahedral sheet, leading thus to an easier reducibility of
Ni as shown by the TPR maximum at 470°C. However, it can be noticed that the
existence of local silicate structure even ill-organized, keeps this TPR maximum
(470°C) far above that of Ni(OH), which is observed at about 300°C[8,15].

Asymmetric profiles are registered for all silicates which present a tail towards

Table 1
X-ray data for synthesized Ni-talcs

Synthesis temperature (°C) Crystal size ® (A£5%) Average number of stacked layers ® (1)

25 25 2
80 50 4
150 85 7
250 310 11
500 580 33

2 The crystal size was estimated from the (060) and the (330) reflections, which corresponds to a crys-
talline coherency range in a direction parallel to the layer planes.
b Estimated from the (001) reflection.
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Fig. 3. TPR profiles of Ni-talc synthesized at (a) 25°C, (b) 150°C, (¢) 250°C, (d) 500°C.

lower temperatures (fig. 3). The TPR curve of Tasg is composed of a very weak
peak around 400°C (the origin of which is not clear) and a sharp peak at 846°C. Its
profile is more symmetric and presents a shoulder towards higher temperatures
(fig. 3d). The full width at half maximum increases with the temperature of syn-
thesis up to 250°C then remains constant up to 500°C. Table 2 displays the data con-
cerning these profiles.

For interfacial processes, Lemaitre [21], in agreement with earlier work [22,23],
proposed two main reaction models: the phase boundary-controlled reaction
model and the nucleation-controlled reaction model. Theoretical TPR curves have
been calculated for both models and for the latter one, quite symmetric peaks
shifted towards lower temperatures with increasing particle size are observed.

Table2

TPR data for synthesized Ni-talcs ® and natural Ni-kerolite

Material Weight Full width at Maxima of TPR Onset of A4(C)
(mg) halfheight (°C) peaks (°C) reduction (°C)

Tays? 9.5 44 470 325 145

Tayso ® 10.6 62 668 380 288

Tazs ? 10.1 78 745 420 325

Taseo ® 11.2 78 846,sh 851 625 216

Tasso ° 10.8 170 780, 830 475

Ni-kerolite © 23 170 730, 800

# This work.

® Ni-talc synthesized by Martin et al. [14] and studied by Lemaitre and Gérard [15].
¢ Natural mineral studied by Lemaitre and Gérard[15].
¢ Temperature shift between the maximum of the TPR peak and the onset of the reduction.
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Thus, this model is not consistent with our results (peaks shifted towards higher
temperatures with increasing particle size) since improving the crystallinity
increases the crystal size coherency and therefore the average particle size
(table 2).

In the phase boundary-controlled reaction model, the interfacial reaction
moves towards the bulk of the solid along one, two or three directions and the reac-
tion rate is assumed to be proportional to the surface area of the unreacted parti-
cle. This model, applied to a single particle size, gives TPR shapes with tailing
towards lower temperatures. It was shown that increasing the particle size led to
broader peaks shifted towards higher temperatures with decreased intensities.
These trends could be consistent with the profiles observed for the first three talcs
of the series (figs. 3a—3c).

The experimental profiles could fit an interfacial front of reaction moving along
two or three directions [21]. The question which now arises is whether the crystalli-
nity influences the preferential routes for hydrogen. For layered structures, the
obvious routes for hydrogen correspond to the layer planes and/or the ¢ axis. The
accessibility of octahedral Ni?* ions to hydrogen proceeds from the destruction of
OH groups (constitutional OH groups which are perpendicular to the layer plane
and edge OH groups at the boundaries of the particle). Although the contribution
of these two populations is strongly dependent on the crystallinity (poorly crystal-
lized particles exhibit a larger fraction of edge OH groups than well crystallized par-
ticles), the transport of hydrogen along the ¢ axis, after destruction of the
constitutional OH groups, seems improbable since, once constitutional OH groups
are attacked, hydrogen must pass through the barrier of SiO4 tetrahedra before
reaching the next octahedral layer. Whatever the crystallinity degree, edge OH
groups are immediately accessible and more reactive than constitutional OH
groups. After the destruction of edge OH groups localized at the external octahe-
dra, it is possible to speculate that the front of the reduction moves towards the core
of the particle within the octahedral layer planes through the attack of lattice oxy-
gen atoms. Therefore, the reduction of Ni?* ions requires the collapse of the sili-
cate structure which depends on the degree of crystallinity. Infrared results show
that calcination of the phyllosilicate at increasing temperatures leads to progres-
sive dehydroxylation of constitutional OH groups and therefore to the structure
breakdown into amorphous silica and NiO [24]. This is shown by the concomitant
decrease of v and § OH bands of structural OH groups and the appearance of silica
SiO bands around 1105 and 800 cm~!. This dehydroxylation process is all the
more favoured as the synthesis is performed at lower temperatures. This fact is con-
sistent with the easier reducibility of poorly crystalline talcs corresponding to smal-
ler particle sizes. However, in this case (synthesis at 25°C) the presence of faults
facilitates also the passage of hydrogen through the crystal.

From a general point of view, the experimental profiles are more complex than
those expected from the boundary-controlled reaction model: thus, slight inflex-
ions are observed on the low temperature side of the TPR curves for Tass and Taysg.
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On the other hand, the existence of a single particle size is unlikely and it may be
assumed that there is a particle size distribution. Unfortunately, the particle size
distribution function, which may strongly affect the TPR curve is not available
from TEM studies since the particles are often associated. Thus, a multimodal size
distribution could lead to multiple TPR peaks.

The existence of a continuous distribution of the particle sizes produced during
the synthesis may also explain the asymmetric shape of the TPR peak, the asym-
metric tail towards lower temperatures corresponding to particles of smaller sizes.
The close values observed for the onset of the reduction of the first three talcs of
the series (325-420°C) as compared to the shift with the values of the correspond-
ing TPR maxima (A values) are consistent with the presence of particles of smaller
and comparable sizes which remain even after synthesis at 250°C (table 2). A distri-
bution with a slightly larger fraction of particles of smaller sizes could account for
the inflexions found for the TPR profiles of Tays and Ta;so. By contrast, when the
synthesis is performed at 500°C, the crystal size coherency increases to the detri-
ment of the particles of smaller size which are no longer observed as shown by the
higher value of the onset of the reduction which occurs near 630°C.

One may notice that the method of preparation has a strong influence on the
shape of the TPR curve. Thus, Ni-talc and Ni-antigorite (serpentine-like struc-
ture), prepared from hydrothermal treatment at 350°C of stoichtometric mechani-
cal mixtures of pure and high surface area Ni(OH), and SiO; [14], gave rise to a
double reduction peak [15]. The maxima for the Ni-talc are observed at 780 and
830°C. A broad peak was registered for Ni-kerolite (talc-like structure) which
exhibited a maximum at 730°C and a shoulder around 800°C. Table 2 indicates a
full width value at half height of about 170°C for these samples whereas a maxi-
mum value of 84°C is found for Tajso. In order to be reliable, this comparison
requires that the experiments be carried out under the same conditions. Although
the same 5% H,/Ar mixture and similar sample weights were used, the flow rate
and the heating rate were slightly different. We have checked that a weak variation
of these parameters does not significantly influence the TPR width, by using the
same conditions as those of Lemaitre and Gerard [15] (fig. 4). Therefore, the pres-
ence of two maxima for the Ni-talc synthesized by Martin et al. [14] could suggest
the existence of a bimodal population of particle sizes of nearly equal number. Our
method of synthesis gives rise to a continuous distribution of particle sizes for
synthesis performed at temperatures lower than 250°C. At 500°C, a narrower dis-
tribution of particle sizes is produced.

Table 3 exhibits the values for the reduction degree (o) of the Ni silicates synthe-
sized at 25, 150, 250 and 500°C respectively. The average value appears close to
75%. In past years, Wendt [25] found a reduction degree of 80% for a Ni-talc pre-
pared by hydrothermal synthesis at 400°C of Ni(OH), and SiO;. One may wonder
why these talcs are not completely reduced. Since our equipment did not allow heat-
ing beyond 900°C, one may think that the ultimate reduction of the phyllosilicate
occurs at temperatures higher than 900°C. Nevertheless, the dependence of the
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Fig. 4. Influence of the flow-rate f and the heating rate / on the TPR profile of Tays. (a) f = 23.1 ml
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reducibility of the synthesized materials with the degree of crystallinity is not well
accounted for by the single average value found for a (75%), all the more as the
reduction of talc synthesized at 25°C (fig. 3a) is achieved at 575°C. One should
rather expect decreasing o values with increasing crystallinity. This result
prompted us to measure the reduction degree by another method.

After TPR up to 900°C, the sample was purged under flowing Ar and the tem-
perature lowered to 500°C and maintained for 1 h, to eliminate hydrogen chemi-
sorption. The Ni particles were then dissolved and reoxidized by 9 N H,SO4
according to the procedure described by Coenen [26], and the hydrogen released

Table 3
Reduction degree (o) estimated from TPR #
Sample Weight (mg) H,O Ni (wt%) o
9.5 0.77
Tays 41 26.1 28 0.80
149 0.85
Taiso 10.6 17.8 31.1 0.66
10.8 0.76
Tass0 8.8 12 33.1 0.73
10.1 0.76
Tasoo 11.2 7 35.2 0.74

& Performed up to 900°C.
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measured by volumetry. Unfortunately the sample remained black indicating that
the metallic particles were not fully reoxidized, and a value of 50% was found for
the reduction degree. The failure of the reoxidation method applied to bulk phyllo-
silicates arises from the presence after TPR up to 900°C of metallic particles of
probably large size, a fraction of which were encapsulated in silica.

4.2. CHRYSOCOLLA

Pure chrysocolla containing only copper was synthesized in the 25-80°C tem-
perature range. Although the degree of crystallinity of the synthetic samples
appears to be more important than that of the natural mineral, it still remains low.
In contrast to Ni silicates, the XRD patterns showed that the crystallinity was not
improved by syntheses performed above 80°C. Fig. 2e shows the XRD diffracto-
gram of chrysocolla synthesized at 80°C.

Fig. 5 exhibits the TPR curves of samples of chrysocolla synthesized at 25 and
80°C. The corresponding maxima are observed at 230 and 276°C respectively. The
natural chrysocolla investigated by Van der Grift et al. [12] showed a sharp maxi-
mum at 217°C and a broad one at 277°C whereas the synthesized materials exhib-
ited a unique sharp maximum. The existence of two maxima in natural chrysocolla
may be due to the heterogeneity of the material, the broad maximum correspond-
ing to a better organized phase. The maximum at 217°C for natural chrysocolla cor-
responds to the maximum at 230°C for the sample synthesized at 25°C. The weak
shift towards lower values (217°C) is well accounted for by the lower hydrogen par-
tial pressure in our experiments (5% H,/Ar mixture instead of 10% H,/Ar) [21].
When a 5% H,/Ar mixture was used to reduce natural chrysocolla [13] the TPR
maximum was found to occur at 235°C.
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Fig. 5. TPR profiles of chrysocolla synthesized at (a) 25°C, (b) 80°C.
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In contrast to Ni-talcs, the TPR profiles for chrysocolla appear quite symmetric
and sharper, probably indicating a narrower distribution of particle sizes. Silica
supported Cu samples also exhibit sharp profiles [12], contributing to an easier
identification of the supported phase.

Because TPR maxima in different natural copper minerals are found in separate
temperature ranges (TPR maxima for dioptase are observed 200°C higher than
for chrysocolla) and because these materials are particularly ill-crystallized, the
identification from TPR profiles of silica supported Cu catalysts with chrysocolla
was in this case reliable.

How can we explain the better reducibility of chrysocolla in comparison to
Ni-talc as shown by their respective TPR maxima (230 and 470°C for the materials
synthesized at 25°C)? Several parameters occur in the reduction process of a transi-
tion metal ion containing compound. For a given transition metal ion, the nature
of the phyllosilicate intervenes: thus Ni phyllosilicates of 1 : 1 type (nepouite-like
structure) are found to be more reducible than Ni phyllosilicates of 2 : 1 type (talc-
like structure) [15], owing to the better accessibility of the octahedral sheet which
is directly exposed to hydrogen. On the other hand, the proximity of structural OH
groups in the octahedral layer of nepouite (fig. 1b), makes the dehydroxylation pro-
cess easier for this phyllosilicate in comparison to talcs where OH groups are sepa-
rated by SiO, tetrahedra (fig. 1a). For a given compound, the reducibility of the
transition metal ion has also to be taken into account. Thus thermodynamic data
suggest that CuO is more easily reduced than NiO as indicated by the values of AG®
for the formation of NiO and CuO [27] (AG%;,, = —12 kJ mol~! and AGY
= —101 kI mol~!) and this is in agreement with their TPR maxima observed at 400
and 300°C respectively. Finally, the particular structure of chrysocolla with discon-
tinuous sheets of Cu octahedra gives rise to channels (fig. 1¢), also contributing to
an easier access to hydrogen. All these factors may account for the differences in
the reducibility of these materials.

5. Conclusion

This study was carried out with the aim of identifying silica-supported layered
silicates produced during the preparation of Ni/Si0; and Cu/SiO; catalysts. A set
of pure reference compounds Ni-talc and chrysocolla were synthesized at various
temperatures and investigated using XRD and TPR. The degree of crystallinity of
the Ni phyllosilicates was shown to increase with the temperature of synthesis in
contrast to chrysocolla samples which remained ill-organized. In the case of Ni
phyllosilicates, the marked asymmetry of the TPR profiles towards lower tempera-
tures has been discussed in connection with the phase boundary-controlled reac-
tion model developed by Lemaitre [21]. This model could be applied provided that
there is a heterogeneous distribution of the clay particle sizes. A significant propor-
tion of particles of smaller size for synthesis temperatures lower than 250°C
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accounts for the shapes of the corresponding talcs. In this respect, Ta;so exhibits
the highest fraction of particles of smaller size. At 500°C, the talc is well crystallized
and the distribution is narrower and shifted towards particles of larger size.

Our results, in line with those of Lemaitre and Gérard [15], emphasize the influ-
ence of the crystallinity of phyllosilicates on their reducibility. It appears first that
well-crystallized synthetic silicates as reference compounds should be preferred to
ill-crystallized natural minerals. On the other hand, the crystallinity degree is a
parameter to be taken into account for the identification of supported silicates.
Indeed, the preparation method and the experimental conditions (pH of the solu-
tion, nature of the Ni salt, ageing, hydrothermal treatment) may influence the
degree of crystallinity of the supported Ni silicate and therefore the position of the
TPR peak. Thus, the identification of the supported silicate by TPR only appears
questionable. The use of several complementary techniques such as FTIR, EXAFS
and TEM is highly recommended. In the case of Ni, EXAFS [8,9] and FTIR [9,24]
were found to be relevant tools to determine the nature of the supported silicate
(talc or nepouite). These investigations may be extended to other systems where
supported phyllosilicates are produced.
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