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Natural garnierite, a nickel-containing mineral from New Caledonia, was reduced in hydrogen.
The mineral and its reduced forms were characterized by X-ray diffraction, electron microscopy,
and microprobe analysis. The reduction was followed volumetrically and the Ni® phase character-
ized by H, chemisorption. The catalytic activity of this mineral was determined in the hydrogena-
tion reaction of carbon monoxide. Experiments were done in typical methanation and so-called
Fischer-Tropsch conditions. The mineral consists of a mixture of a 10-A phase (talc-like fluffy
particles) and a 7-A serpentine-like phase (fibers). The major amount of nickel is associated with
the talc phase. Minor amounts are in the serpentine fibers and possibly substituted in the lattice of
the minerals. Qualitative evidence for a redispersion of Ni in the serpentine fibers is advanced. At
the moment this occurs, the turnover numbers of CO disappearance are optimum. Compared to
other supports, they are considerably lower. The product distribution is within C,~C, and follows

closely a Schulz-Flory distribution.

INTRODUCTION

Ni-supported catlaysts are widely used
for the synthesis of hydrocarbons from CO
and H,, in particular for the production of
methane. In spite of the enormous amount
of work already done in this area, there has
been within the last years a remarked resur-
gence of interest for these reactions and for
the solids catalyzing them. This is a conse-
quence of the future problems expected to
result from the shortage of oil and natural
gas.

Several aspects of the reaction of metha-
nation and Fischer-Tropsch synthesis have
been the subject of recently published re-
view articles. Mills and Steffgen (/) dis-
cussed the importance of synthetic meth-
ane, the mechanistic aspects of metha-

nation, and the main methanation cata-
lysts. Vannice (2) has put more emphasis
on kinetics and adsorption. This author
also summarized the different mechanistic
models proposed for the reaction of CO,
while Ponec (3) provided some arguments
supporting a dissociative mechanism of
CO for methanation and possibly for the
Fischer-Tropsch synthesis.

Trimm (4) has mainly focused his atten-
tion on the problems of coke formation and
removal from Ni catalysts. Considering
only the Ni-supported catalysts, several
papers published recently deal mainly with
preparational aspects. They suggest that
improvements of catalyst performances can
still be expected by carefully controlling
particular parameters involved in their
preparation (5-7).

251

0021-9517/80/080251-09%$02.00/0
Copyright © 1980 by Academic Press, Inc.
All rights of reproduction in any form reserved.



252

Clay minerals have been used in the past
as catalysts or catalyst supports. The acid-
treated montmorillonite was used as a
cracking catalyst. In recent years, a series
of synthetic clay-based catalysts have been
proposed as catalysts, e.g., the Ni-contain-
ing synthetic montmorillonite (SMM) of
Granquist et al. (8) and the metal-substi-
tuted chrysotile of Robson (9, 10). These
catalysts were shown to develop high activ-
ity, e.g., in hydrocracking and hydroiso-
merization of n-paraffins (//) and even in
methanation (/2). The use of clay minerals
as catalysts has been reviewed by Swift
ar).

Naturally occurring Ni-bearing silicates
have been known for some time by clay
mineralogists. Garnierite is the general
name given to hydrous magnesium—nickel
silicates, which in many cases consist of
intimate mixtures of 1:1 (serpentine or
chrysotile type) and 2: 1 (talc-like) compo-
nents (/3). In terms of overall chemical
composition reduced garnierites may be
considered as Ni/MgO-SiO, catalysts.

This work aims to study the activation of
natural garnierite and its use for the hydro-
genation reaction of carbon monoxide in
methanation and Fischer—Tropsch condi-
tions.

EXPERIMENTAL
Material

The natural garnierite sample used in this
work came from New Caledonia and
showed a homogeneous pale green color. It
was ground, pelletized, and crushed before
use. Particles with a size of 140-180 um
were used in all experiments. The chemical
composition (in weight percentage) deter-
mined by atomic absorption spectrometry
was as follows:

Al,O3 = 0.10 CaO = 0.05 NiO = 16.75

Fe,0; = 3.76 K,O0 = 0.01 SiO, = 41.04
MgO = 25.04 Na,O = 0.03 H,O = 13.22.

i

Methods
X-Ray diffraction. X-Ray diffractograms
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were obtained on a Philips instrument, us-
ing the Ni-filtered CuK « line. The scanning
speed per minute was 20 = 1°.

Thermoanalysis. TGA, DTG, and DTA
curves were obtained simultaneously on a
Mettler Thermoanalyzer between 300 and
1273 K, using a heating rate of 8 K/min.
Inert AL Q; was used as reference. Runs
were done under helium and hydrogen at a
flow rate of 2.22 ml s,

Electron microscopy and microprobe
analysis. Transmission electron micro-
scope (AEI EM6G equipment) and micro-
probe analyses (JEOL TEMSCAN 100 C
instrument, fitted with an energy dispersion
spectrometer (EDS)) were also used to
characterize the sample of garnierite.

Volumetric measurements. Tempera-
ture-programmed reduction (TPR) and
reoxidation (TPO) were done in a low-
volume all-glass recirculation reactor. This
circuit consisted of a high-speed piston
pump, a reactor, a cold trap, and a Bell and
Howell Type 4-326 pressure transducer
(0.2% accuracy). Hydrogen chemisorption
was carried out in the same instrument.
One gram of sample was used in these
experiments.

Catalytic measurements The rates of CO
hydrogenation and product distributions
were determined in a continuous-flow reac-
tor, operating in the differential mode at
low conversions. The catalyst bed was 8 x
4 mm (diameter X depth). Product analysis
was done on-line, using a Hewlett Packard
5830 reporting gas chromatograph equipped
with TC and FID detectors. The columns
used were a 1-m Chromosorb 105 adsorp-
tion column for separation of CO, CO,, and
C,-Cs hydrocarbons, and 1 100-m 0V101
capillary column for the higher hydrocar-
bons.

RESULTS AND DISCUSSION

Physicochemical Characterization of the
Garnierite Sample and Its Reduced
Forms

X-Ray diffraction data. The X-ray dif-
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fractogram of garniertie (Fig. 1A) shows the
lines of a serpentine-like mineral together
with a talc-like mineral, with basal spacing
of 7 and 10 A, respectively. Quartz is
present as an impurity.

Reduction below 673 K (Figs. 1B and 1C)
hardly affects the basal reflection of the 7-A
and 10-A phases, while the quartz diffrac-
tion lines increase in intensity. A hydrogen
treatment at 773 K (Fig. 1D) appreciably
reduces the band intensities of the serpen-
tine-like material, while the 001 diffraction
line of the 10-A phase remains unaffected.
At the same time, a broad band (20 = 44.5)
due to metallic Ni starts to develop.

After reduction at 873 K (Fig. 1E), the
lines of the 7-A phase have vanished, while
the [001] reflection of the 10-A phase is still
weakly visible. The two main lines of me-
tallic Ni (268 = 44.5 and 51.8°) are strongly
developed. At the same time, two new
bands appear near 14.7 and 25°A (i.e., 20 =
3.53 and 6.01, respectively). This also is
observed by other authors (/4), after heat
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FiG. 1. X-Ray diffractograms of garnierite: orginal
sample (A) after hydrogen reduction at 573 (B), 673
(C), 773 (D), and 873 K (E). 10-A phase = 001
reflection; 7-A phase = 002, 004, 201, 202, and 006
relfections; reflections common to both phases = 020,
060.
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F16. 2. Thermoanalytical curves of garnierite in a
hydrogen (1) or helium (2) atmosphere: (a) weight loss
and (b) DTA curves.

treatment above 843 K of nickel-rich garni-
erite. The explanation for this behavior
could be the formation of a disordered
phase (14).

Thermoanalysis of the garnierite sample.
TGA curves obtained under He and H, are
shown in Fig. 2a. The total weight loss is
almost 14% in each atmosphere. Below 773
K the sample weight loss is only around
3%. The main weight changes occur be-
tween 773 and 1073 K and correspond to
the dehydroxylation of the 7-A serpentine-
like mineral and possibly also of the 10-A
talc-like phase. The corresponding DTA
curves are given in Fig. 2b. An endothermic
peak at 543 K under helium is due to
dehydration~dehydroxylation of an amor-
phous Ni-oxide-Ni-hydroxide phase (15).
Under H, this peak is absent due to overlap
with an exothermic effect resulting from
NiO reduction. The endotherm near 873 K
due to the dehydroxylation of the 7-A phase
and probably also of the 10-A mineral is
followed by an exotherm caused by recrys-
tallization into olivine (I/4).

Electron microscopy and microprobe
analysis. Samples of the initial and of the
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F1G. 3. Electron micrograph of natural garnierite (top) and after reduction at 773 K (bottom). (A) A
fiber; (B) a fluffy particle; and (C) a kaolinite-type particle.

reduced garnierites have been examined by The 7-A phase appears as elongated fibers
transmission electron microscopy (TEM). (A), much like those of chrysotile, while the
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10-A mineral is made of fluffy particles (B)
(Fig. 3). Microprobe analyses made on sev-
eral particles belonging to the two types of
morphology clearly showed (Fig. 4) that Ni
is not homogeneously distributed between
the two silicates. Ni is almost absent in the
7-°A phase mineral (fibrous component),
but is mainly associated with the fluffy
particles (10-A mineral).

The electron micrographs show that
upon reduction at 573 K Ni metal particles
start to appear on the 10-A phase (average
diameter = 5-6 nm). When the garnierite is
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F1G. 4. Microprobe analyses on garnierite: (A) on a
fiber and (B) on a fluffy particle: (A’') on a fiber after
reduction at 773 K; (C) on kaolinite-type particle.
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reduced at higher temperatures, the size of
the particles increases. Only after a 773 K
reduction are metal particles visible within
the chrysotile fibers, in the form of small
plugs (5 x 12 nm) (Fig. 3 (bottom)). At the
same time the number and the size of the Ni
particles on the 10-A mineral further in-
crease (up to 20 nm). The electron micro-
graphs of the sample after reduction at
different temperatures have been published
and discussed in detail elsewhere (/5).

Conclusions. The physicochemical ex-
periments qualitatively give more informa-
tion on the behavior of natural garnierite
during a hydrogen reduction.

(i) The original sample mineralogically
contains serpentine-like and talc-like
phases and minor amounts of quartz. The
serpentine phase (7 A) morphologically
has a tubular form like chrysotile and con-
tains only a few nickel ions. The fluffy talc-
like particles contain most of the nickel as
an amorphous nickel oxide-hydroxide
phase. Dehydroxylation of the two min-
erals starts above 823 K, while recrystalli-
zation into olivine occurs above 1023 K.

(ii) During the hydrogen activation above
673 K, the two minerals decompose. the
talc-like mineral represents the more stable
phase.

(iii) Nickel metal particles first appear in
the talc-like phase and finally Ni is found as
plugs in the serpentine-like fibers. Qualita-
tively this may indicate either a migration
of Ni’ from outside toward the tubular
pores of serpentine or a sintering of the
small amount of Ni initially present in the
fibers, substituted in the lattice for Mg or in
the pores as amorphous material.

Chemical Characterization of Natural
Garnierite and Its Reduced Forms

Reduction-oxidation cycles. The rate of
reduction in hydrogen of natural garnierite
during a TPR experiment is given in Fig. 5.
Three maxima in the rate of hydrogen up-
take (trace a) show that three distinct Ni
species are present in the original garnier-
ite. The TEM and microprobe results
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Fi16. 5. Temperature-programmed reduction (a), reoxidation (b), and second reduction (c) of natural

garnierite.

strongly suggest that the first maximum is
associated with the talc-like phase and cor-
responds to the reduction of an Ni-oxide-
hydroxide phase physically adsorbed on
the talc-like crystals. _

The broad and intermediate maximum of
weak intensity is found in a temperature
region slightly higher than expected for the
reduction of bulk nickel oxide (see trace c,
first maximum; for its assignment see be-
low). This maximum may therefore be due
to the reduction of minor quantities of Ni
present in the serpentine pores, which are
associated with deposits of amorphous sil-
ica. It is well known that interaction of
silica with Ni decreases the reducibility of
Ni (16, 17). This kind of Ni metal upon
sintering may give rise to the plug-like Ni
crystals observed after reduction at 773 K
(Fig. 3). The third maximum is only ob-
served when the minerals start to decom-
pose (see thermogravimetric results of Fig.
2), just before the sudden dehydroxylation
of the lattice hydroxyls occurs. Therefore
the third maximum may be assigned to the
reduction of lattice-substituted Ni ions,
which are liberated only when the crystal-
linity of the material declines. This kind of
Ni is for the major part present in the talc-
like mineral.

The nickel metal formed is also reox-
idized (trace b) in three distinct tempera-

ture regions. When the reduced sample is
held in hydrogen at high temperatures (873
K, as done during the first TPR experi-
ment), severe sintering may be expected.
The plug-type Ni particles encaged in the
serpentine fibers are expected to better
resist oxidation than the Ni crystallites as-
sociated with the talc phase. The metal
coming from reduction of lattice-substi-
tuted Ni ions is assumed to be intercalated
between the mineral layers and as a result is
oxidized only at high temperatures. The
relative increase of the intermediate TPO
peak compared to the TPR trace cannot be
accounted for by sintering of the small
amount of Ni coming from the serpentine
phase. Therefore, as suggested already by
the electron micrographs, redispersion of
Ni crystallites has to occur in the serpen-
tine fibers.

The second TPR trace shows that severe
sintering occurs in oxygen. The first maxi-
mum has disappeared and Ni-QO species are
reduced at the temperature where bulk NiO
is reduced.

Hydrogen chemisorption on Ni®. Sam-
ples of the parent garnierite were reduced
for 1 h at the temperatures indicated. Re-
duction temperatures were selected in such
a way that three samples contain the Ni°
species I, I + II, and I + II + III, respec-
tively (see Fig. 5). The surface area of the
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TABLE 1

Characterization of the Nickel Metal
Phase of Reduced Garnierite by
Hydrogen Chemisorption

Reduction Degree of H®
temperature reduction Ni®
(K)
623 0.365 0.30
673 0.402 0.35
723 0.574 0.12

¢ H, chemisorption at 300 K.

Ni metal phase in each case is given in
Table 1, together with the degree of reduc-
tion. It is clear that upon increasing the
reduction temperature, more Ni comes to
the metallic state.

The dispersion of the metal phase with
increasing reduction temperature is ex-
pected to decrease monotonically. How-
ever, the data of Table 1 show an optimum
value at intermediate reduction tempera-
ture. This can be the result of a redispersion
process, which already was invoked previ-
ously.

Conclusions. The hydrogen activation of
natural garnierite results in the reduction of
three different Ni forms: oxidic Ni associ-
ated with the talc phase, Ni oxide in inter-
action with occlusions in the serpentine
fibers, and lattice-substituted nickel ions.
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Their reducibility decreases in the same
order. Semiquantitatively, it is clear that
redispersion of Ni metal has to occur, as a
result of a migration of Ni from bulky
crystallites to the serpentine fibers. As a
consequence a reduction temperature for
optimum Ni dispersion exists.

Catalytic Characterization of Reduced
Garnierite: Carbon Monoxide
Hydrogenation

Methanation of carbon monoxide. Perti-
nent data on the kinetic behavior of CO
methanation in a hydrogen-rich feed and at
atmospheric pressure over reduced garnier-
ite are shown in Table 2. The activation
energy and orders in the reactants are very
close to those reported by Vannice (18) for
Ni on alumina. The order in hydrogen is
very high, while a negative order for CO is
obtained. The turnover values for CO hy-
drogenation under the same conditions are
also given. Here again, an optimum value is
observed at intermediate reduction temper-
atures. This shows that when Ni metal is
redispersed in the serpentine fibers and
before it sinters to the plug shape, the Ni
metal keeps a particularly favorable size in
these pores. Since the system is very com-
plex, it is difficult to attribute this to a
particle size effect or to a support effect.

Even if CO is hydrogenated with less

TABLE 2

Kinetic Parameters for CO Hydrogenation at 573 K on Natural Garnierite

Reduction H,/CO Reactant E, Xe Y* N x 10®
temperature pressure (kJ /mol) s™
(K) (MN m™?) (500-573 K)
623 3 0.101 97.8 1.80 —0.45 0.08 (0.07)°
673 3 0.10t 111.0 1.80 —0.40 6.99 (7.01)
723 3 0.101 105.0 1.70 -0.47 1.18 (1.17)
573 1.5 2.130 26.04 (33.1)
673 1.5 2.130 50.53 (58.2)
723 1.5 2.130 47.43 (37.5)

“r =k pu,* Pco"-

® Molecules CO hydrogenated per surface Ni® and per second.
¢ Turnover numbers determined using H, chemisorption data on the used catalyst.
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hydrogen in the feed and at higher pres-
sures, the same optimum reduction temper-
ature still exists (Table 2). It becomes more
pronounced when the metal surface is used
which is obtained when the catalyst is oper-
ating at steady state.

Absolute values of N determined at 573
K can be compared with the turnover num-
bers of Vannice (I8) determined at 548 K
for a whole series of more classical sup-
ports. The latter values always are consid-
erably higher, indicating that garnierite is
not a good support. At the moment, it is
difficult to advance any fundamental reason
for the low preexponential factors encoun-
tered with this system. Indeed, the activa-
tion energies reported for supported nickel
(18) are very close to our data.

Fischer-Tropsch products. When CO is
hydrogenated in a rich hydrogen feed and at
atmospheric pressure, the only carbon-con-
taining product is CH,. At elevated pres-
sures (1.5 MN m™2) and with an H,/CO
ratio of 1.5, other hydrocarbons are also
found. However, no products with carbon
number higher than C, can be detected, nor
are oxygen-containing compounds in the
product stream.

log C
(log mol °.)

1
1

FiG. 6. Schulz-Flory distribution (C.N. =
number) of Fischer—Tropsch products over
garnierite reduced at: (a), 573 (b) 673, and (c) 723 K.

carbon

JACOBS, NIJS, AND PONCELET

TABLE 3

Olefin/Paraffin Ratios in the Products of CO
Hydrogenation over Reduced Garnierite®

Reduction Carbon number
temperature
(K) C, Cs C,
573 — 0.47 2.16 1.94
673 -— 0.40 1.41 1.39
723 — 0.09 0.50 0.05

e At 573 K; H;/CO = 1.5; 2.13 MN m™,

The hydrocarbon concentration can be
plotted according to the so-called Schulz-
Flory equation (1/9). This is done in Fig. 6
for three reduction temperatures. This dis-
tribution of products corresponds to a
“‘normal’’ distribution encountered in a po-
lymerization reaction. For most of the cata-
lysts for which a detailed product distribu-
tion is given, this Kinetic law is followed
from C; or C; onward (/9-21). In each
case, too much methane is found and not
enough C, hydrocarbons. In the present
case, the relation is much more satisfactory
since the excess of C, formed has de-
creased and more C, is obtained. It is also
seen that the higher catalyst reduction tem-
peratures favor methane selectively. This
behavior is typical for nickel.

The positive effect of low reduction tem-
peratures is also observed when
olefin/paraffin ratios in each carbon frac-
tion are considered (Table 3). For each
carbon number the olefin content decreases
at the higher reduction temperatures. This
cannot be due to an effect of conversion,
since it is kept between 5 and 10%. How-
ever, since the system is very complicated
and contains at least a bimodal distribution
of metal particle sizes, it is impossible to
assign this to a particle size effect or to a
support effect. The C; fraction is most rich
in olefins. Unfortunately, no detailed data
exist for the moment for Ni on other sup-
ports, in order to show whether the latter.
behavior is typical for the garnierite sup-
port.
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CONCLUSIONS

Reduced garnierties as support for Ni
metal are less favorable than other supports
in the hydrogenation of CO. An enhance-
ment in activity due to the matrix appears
at the moment redispersion of Ni occurs in
the serpentine fibers and before this type of
Ni sinters into plug-like particles. The ki-
netic parameters (orders in reactants and
activation energy) are not substantially dif-
ferent from Ni on other supports.

The product distribution in Fischer—
Tropsch conditions follows very closely a
Schulz-Flory distribution, even at the low-
est carbon numbers. Lower reduction tem-
peratures give a more olefin-rich product.
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