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Calcined olivine supported nickel catalysts (Ni/olivine) were prepared by incipient wetness
method and used for CO, methanation. To investigate the structure-activity relationships
of the catalysts, the structure of the olivine during calcination and that of the Ni/olivine
after calcination and reduction were illustrated by means of powder X-ray diffraction,
temperature programmed reduction, Méssbauer spectroscopy and BET surface area mea-
surement, and the CO, methanation were evaluated by using Ni/olivine with different
calcination temperatures of the olivine, Ni loadings, calcination and reduction tempera-
tures of the catalyst. It was found that the FeO, phase formed on the surface of the calcined
olivine was extracted from the olivine during its calcination, laying the base for the
interaction between the surface FeOy and the NiO supported. The Ni—Fe alloy as the
effective active component was formed on the calcined olivine containing mainly
(MgyFe1 x)2 SiO4 and the thermal induced FeOy phase, from the reduced NiO and the
partially reduced FeO, during the reduction of the Ni/olivine. The unreduced FeOy between
the active phase Ni—Fe alloy and the olivine body, as the very support of the Ni—Fe alloy,
plays an important role in CO, methanation. With 6 wt.% Ni/olivine prepared under opti-
mized condition as catalyst, at temperature of 400 °C and a H,/CO, mole ratio of 6.0 and an
hourly space velocity of 11,000 h™?, the CO, methanation achieved 98% CO, conversion
with 99% selectivity to CH4. The Ni/olivine with strong resistance to coke deposition and
abrasion could be a promising methanation catalyst, especially for fluidized bed operation.

© 2016 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

[8,10—14]. Specifically, the supports with different specific sur-
face area, thermostability, acidity and basicity, redox property
and potential support-metal interactions could greatly influ-

Synthetic natural gas (SNG) could be produced by catalytic CO/
CO, methanation from syngas of various origins [1-5]. Among
variety of methanation catalysts, the supported nickel catalysts
are predominant because of their good activity and selectivity
and, important for commercial application, relative lower cost
[6—9]. The activity and stability of nickel catalysts vary with
support materials, promoters and preparation methods
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ence the catalytic activity of supported catalysts [15—17]. The
catalytic performance of nickel supported on Al,O3, SiC, SiO,,
MgAl,04, CexZr; xO,, rice husk ash, etc. has been studied
[8,10,11,13,15,16]. It was found that the lattice mismatch be-
tween the small Ni° particles and the support y-Al,O5 leads to
the formation of an additional thin interface composed by
mixed Ni-NiCy or NizC in Ni/y-Al,03, which could result in the
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detachment of the Ni-particles from the support during
methanation of biomass-derived synthesis gas [18]. Nickel
supported on SiC and MgAl,0, shows better resistance to coke
formation and sintering compared with Ni/y-Al,03 because of
less acidity of the support and moderate interactions between
the support and Ni [8,10]. Support matching with the supported
metal was suggested to be a key factor in developing supported
nickel catalyst with excellent stability [19]. Besides, the activity
and stability of the supported catalysts could be improved by
the supports via electronical modification and strong metal-
support interaction (SMSI) [16,20,21], characterized by reduc-
ible supports and reduction treatment under high temperature
(typically above 723 K). Based on the reducible nature of CeO,
and TiO,, M/Ce0O, and M/TiO, catalysts exhibiting some sort of
SMSI effect were widely studied and used in various applica-
tions [22—25]. Catalytic methanation of carbon dioxide by active
oxygen material Ce,Zr; 4O, supported Ni—Co catalyst was re-
ported by Hongwei Zhu et al. [16]. It was suggested that modi-
fications of the structural and redox properties of the support
could affect the catalytic performance, in particular, the active
oxygen site of Ce,Zr; O, can considerably improve the cata-
lytic activity.

Compared to the traditional Ni-based catalyst, bimetallic
NisFe or NiFe alloy were predicted to be more active and cost-
effective than the traditional Ni-based catalyst for methana-
tion by the DFT calculations [6,26,27]. Experimental works
focused on this topic were also reported [15,28,29]. A.L. Kustov
et al. found that bimetallic catalysts with compositions
25Fe75Ni at low metal loadings and 50Fe50Ni at high metal
loadings were efficient for CO methanation [28]. Dharmendra
Pandey et al. have systemically investigated the catalytic ac-
tivities of Ni—Fe bimetallic catalysts for CO, hydrogenation
and they found that Ni and Fe in the ratio of 3:1 supported on
Al, 03, ZrO,, TiO, and SiO, showed a higher CH, yield
compared to the supported Ni catalysts [15,29]. Both works
suggested that the Ni—Fe alloy formed in the Ni—Fe supported
catalysts was effective for CO/CO, methanation.

Natural olivine with high attrition resistance and good
catalytic activity for tar reforming was widely studied in dual
bed gasification of biomass [30—34]. It contains (MgxFe; )»-
SiO,4 as the main phase and small quantities of MgSiO; and
FeO, species [35—37]. The interactions between supported NiO
and (MgcFe; ),SiO4 might lead to NiO—MgO solid solution
formation [36], which was reported to be helpful in enhancing
Ni species dispersion and stability of the Ni/olivine [36,38,39].
More importantly, the olivine could be a source of Fe for the
supported bimetallic Ni—Fe catalysts. Through high temper-
ature calcination, the iron in the bulk could partly be migrated
to the surface of the calcined olivine in the form of FeOy, thus,
the redox property of olivine in regards of the iron oxides is
controllable. In this way, calcined Fe-bearing olivine could be
a potential support behaving in a different way from the inert
supports, by providing suitable iron source for the formation
of active site (Ni—Fe) and affecting its catalytic activity
resulting from the distinctive metal-support relationship as
well. Calcined olivine supported nickel (Ni/olivine) has been
studied as a cheap steam-reforming nickel-based catalyst
[35,36,40] and Ni—Fe alloys were achieved during reduction of
the catalyst [36]. However, the calcination temperatures of Ni/
olivine were generally as high as 1100 °C—1400 °C to enhance

the stability in these works. As a result, the NiO grafted with
the support or integrated into olivine structure could hardly be
reduced at a temperature well below 910 °C [36,41,42] and
predictably has little catalytic activity for CO, methanation
[43]. Ni/olivine or Ni—Fe/olivine prepared for methanation
hasn't gained enough attention yet.

In the present work, olivine supported nickel catalyst and
its activity for CO, methanation are reported. Thermal trans-
formation of olivine and Ni/olivine during calcination and
reduction has been illustrated by means of powder X-ray
diffraction (XRD), temperature programmed reduction (TPR),
Mdssbauer spectroscopy, X-ray fluorescence (XRF) and BET
surface area measurement. The effects of calcination tem-
perature of the olivine, Ni loading, calcination and reduction
temperature of the catalyst, and reaction temperature on the
catalytic performance of the catalyst have been studied. The
structure-activity relationships and the method for catalyst
optimization are then proposed.

Experimental
Catalyst preparation

A natural occurring olivine received from the Chinese city of
Yichang was used as catalyst support after calcination at
different temperatures (600, 800, 1000 or 1200 °C) for 4.5 h.
The Ni/olivine catalysts were prepared by impregnation of
the calcined olivine (0.38—0.83 mm) with an aqueous solution
of nickel nitrate by the incipient wetness method. Prior to
impregnation, the supports were dried at 105 °C for 1 h. The
impregnated supports were then dried at room temperature
overnight, and heated in air up to different temperatures
(350, 600 or 900 °C) with a heating rate of 3 °C/min and kept at
the final temperature for 4.5 h. The prepared Ni/olivine cat-
alysts were denoted as x Ni/y-olivine-z, where x (wt.%) rep-
resented the mass ratio of Ni to olivine in the finished
catalyst, y the calcination temperature (in °C) of olivine and z
the calcination temperature of impregnated catalyst. Ac-
cording to the results of XRF analysis, the content of Ni
loading fits well within 12% accuracy of that aimed for in the
catalyst preparation procedure. As an example, the compo-
sition of the 3 Ni/1000-olivine-350 by XRF analysis is given in
Table 1. Here 3.28 wt.% NiO in catalyst equals to 2.66 wt.% Ni.
A commercial catalyst M-849H provided by Dalian Catalytic
Engineering Technology LTD. was used for comparison in
this work. As shown in Table 2, it contains 47.33 wt.% NiO
and equals to 37.18 wt.% Ni loading.

Catalyst characterization

Specific surface areas measurements of the supports and
catalysts were carried out using BET method on the basis of

Table 1 — Composition of 3 Ni/1000-olivine-350 by XRF

analysis (wt.%).

Fe, 03 A1203 CaO NiO
45.87 40.65 8.28 0.96 0.96 3.28
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Table 2 — Composition of M-849H by XRF analysis (wt.%).

NiO SIOQ P8203 A].203 CaO0 MnO Zl’OQ NazO SO3 BaO
47.33 031 0.13

36.63 046 863 520 0.88 0.34 0.09

N, physisorption at —196 °C (77 K) on a JW-BK122W appa-
ratus. The chemical composition of the sample was analyzed
on a Bruker SRS-3400 XRF analyzer. The crystallite phases in
the samples and the structural modifications after calcina-
tion and reduction were examined by XRD on a Rigaku D/
Max-2400 diffractometer with a nickel-filtered Cu Ko radia-
tion (0.15406 nm) and with a scanning rate of 4° per minute in
the 26 range of 30—55°. Crystallite sizes of the supported Ni or
Ni—Fe alloys were determined by the XRD peaks at 20 = 44.5°
using the Debye—Sherrer relation. TPR was conducted on a
Quantachrome ChemBET 3000 with a TCD detector. The as-
prepared sample (0.2 g) was pretreated at 250 °C in Ar for
2 h prior to TPR measurement, while 5 v/v% H,/Ar with the
flow rate of 40 mL/min was used during the TPR experiment.
To identify the different forms of iron presented in the
sample, the *’Fe M8ssbauer spectrum was recorded at 77 K
with a *’Co source on MFD-500A. The isomeric shifts were
determined by comparing with metallic iron standard and
the obtained spectrum was fitted with the MossWinn 3.0i XP
computer program. Thermal gravimetric analysis (TGA) of
the spent catalysts was performed under air flow at a heating
rate of 10 °C/min on a DTU-2B thermal balance. The carbon
deposited on the catalyst could be determined by the weight
loss.

Reactivity measurements

The catalytic performance of the catalysts in CO, hydroge-
nation was tested at atmospheric pressure in an electric
heated fixed-bed quartz reactor with 8 mm inner diameter. In
a typical test, 1 g of the sieved catalyst (0.38—0.83 mm) was
placed in the middle of the reactor with a K-type thermo-
couple placed in the center of catalyst bed to control the re-
action temperature. The influence of heat and mass transfer
limitations was negligible for CO, hydrogenation over Ni/
olivine with low Ni loading (about 6 wt.%) [8], as indicated in
the Supplementary materials. Prior to the activity measure-
ments, all catalysts were reduced in a gas mixture of Hy/
N, = 1/4 for 2 h and then the temperature was lowered to the
reaction temperature, typically in the range between 350 and
500 °C. A mixture of CO, and H, (H»/CO, = 3.2 or 6.0) was then
admitted to the reactor at an hourly space velocity of
11,000 h!. The concentrations of CO, CH, and other gas
products were monitored using a GC7890 gas chromatograph
equipped with both TCD and FID detectors. The CO, conver-
sion (Cco, = 1 — %) and CH, selectivity (Scu, = o, - a8, —)
were calculated based on the gas phase composition, where
CO, j» was the mole feed rate of CO,, CO; oyt and CHy oy the
mole rate of the effluent CO, and CH,, respectively. The
methanation activity was monitored at least for 1 h in every
experiment to ensure a stable catalyst performance. The de-
viation of the data was within 2% of the reported value indi-
cated by repeat tests.

Results and discussion

Thermal transformation of olivine and Ni/olivine during
calcination and reduction

Textural properties of olivine and Ni/olivine

As indicated in Table 3, both the as-received olivine (as-
olivine) and the 1000 °C calcined olivine (1000-olivine) show
relatively small specific surface area, i.e. 0.83 m?%g for the as-
received [35] and 5.64 m?/g for the calcined. The obvious in-
crease in surface area after calcination could be attributed to
dehydration [37,44] and the formation of extracted iron oxides
(indicated by XRD and TPR) during calcination. The surface
area of 6 Ni/1000-olivine-350 reaches to 8.48 m?/g, higher than
that of the 1000-olivine, indicating that the NiO particles were
supported mainly on the surface of 1000-olivine grain,
possibly on the thermal induced FeO, phase, rather than
blocking the pores of the support. The specific surface area of
the catalyst decreases rapidly with the increase of calcination
temperature as a result of phase modifications and increase in
the crystallite size of supported NiO species [36].

Crystallite phases and iron distribution in olivine and Ni/olivine
The XRD spectra of the calcined olivine and Ni/olivine with
different calcination temperatures of the support and
different metal loadings are shown in Fig. 1. The Ni/olivine
catalysts were reduced in a 20% H,/N, mixture at 600 °C for 2 h
before XRD tests, while the calcined olivine were examined as
prepared. The XRD spectrum of the calcined olivine (Fig. 1a)
shows that, with the increase of calcination temperature, the
diffraction intensity of Fe,Os firstly increases and then de-
creases, in agreement with the TPR results (Table 6). The in-
tensity of the diffraction lines of enstatite (MgSiOs) and
clinoenstatite (MgSiOs) increase steadily up to 1200 °C [45].
Fig. 1b indicated that, the main olivine phase is maintained
after calcination and reduction of the catalysts, and a new
peak at 44.5° (20) appears which can be attributed to the main
reflection of the supported metal, i.e. Ni and/or Ni—Fe alloys
[36]. The Fe,O; peak decrease remarkably after reduction.
Additional peaks at 50.9° and 52° could be attributed to the
presence of the Ni—Fe alloy [15,29] and Ni [10], respectively. An
increase of the Ni—Fe alloy at the expense of Ni could be
achieved for Ni/olivine with olivine calcined at moderate
temperatures (600—1000 °C). As shown in Fig. 2c, the intensity
of the peak at 44.5° increases with the increasing of Ni load-
ings, while the intensity of the Ni—Fe alloy (50.9°) remains
stable. Ni (20 = 52°) is not detectable in Ni/olivine with 3% Ni-
loading and appears in the catalyst with Ni loading of 7.5%,

Table 3 — Textural properties of as-olivine, calcined
olivine and catalyst.

Sample BET surface area (m?%g)
as-olivine 0.83 [35]
1000-olivine 5.64

6 Ni/1000-olivine-350 8.48

6 Ni/1000-olivine-600 5.21

6 Ni/1000-olivine-900 4.10
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Fig. 1 — XRD spectra of (a) Olivine calcined at different temperatures, (b) 6 Ni/olivine-350 reduced at 600 °C with different
calcination temperatures of the support and (c) Ni/1000-olivine-350 reduced at 600 °C with different Ni loadings.

indicating a preferred contribution of the supported Ni to the
Ni—Fe alloys (26 = 44.5°) formation.

As displayed in Table 4, the olivines calcined at both 600 °C
and 1000 °C as support could lead to the decrease of the
crystallite size of Ni or Ni—Fe alloys supported, while that
calcined at 1200 °C could not. The metal crystallite sizes of
varied Ni loadings on the 1000 °C calcined olivine are almost
the same, which ensures a fair comparison of the catalytic
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Fig. 2 — ’Fe Méssbauer spectrum at 77 K of the 6 Ni/1000-
olivine-350 reduced at 600 °C for 2 h and the subspectra of
four components.

performance of the Ni/1000-olivine catalysts with different Ni
loadings by using reaction rates normalized to the metal
content (mole of CO, conversion or CH, production per mole
of metal in the catalyst per second) suggested by M.A. Vannice
[7] and J.K Ngrskov [28]. The comparison is illustrated in
Fig. 5b.

The >’Fe M6ssbauer spectra for the catalyst 6 Ni/1000-
olivine-350 reduced at 600 °C are shown in Fig. 2. The pa-
rameters of the subspectra, corresponding to the iron distri-
bution in different phases, are given in Table 5. The isomer
shift, quadrupole splitting and magnetic field of the sextet S1
(d=0.37 mm/s, A = —0.16 mm/s and M = 50.96 T) correspond to
the Fe3* ions presented in o-Fe,O3 oxide (hematite) [30,36].
The hyperfine parameters of S2 could be for Fe®. The isomer
shift is slightly positive compared to that of «-Fe and the
magnetic field is larger than that of iron as a result of the
presence of Ni [36], possibly in the form of Ni—Fe alloy [46]. D1

Table 4 — Metal crystallite size of Ni/olivine-350 reduced

at 600 °C with different Ni loadings and different
calcination temperatures of olivine.

Sample Metal crystallite size (nm)
3 Ni/1000-olivine 28
7.5 Ni/1000-olivine 28
6 Ni/as-olivine 35
6 Ni/600-olivine 25
6 Ni/1000-olivine 27
6 Ni/1200-olivine 35
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and (b) reaction equilibrium constants. GHSV = 11,000 h~*, H,/CO, = 3.2.

presented in the Mdssbauer spectra with an isomer shift of
1.25 mm/s and quadrupole splitting of 2.72 mm/s attributes to
Fe?* ions in the olivine structure [30,36,47]. The doublet D2
with 3 = 0.19 mm/s and A = 1.25 mm/s can be assigned to Fe**
in olivine, probably at M2 [47—50]. M@ssbauer spectroscopy
confirms 28.9% of total iron in the 1000 °C calcined olivine has
been reduced to Fe® at 600 °C, and Ni/(Ni + Fe) mole ratio in Ni/
1000-olivine is thus determined by the results of XRF and
Mobssbauer spectroscopy analysis.

Interactions between different phases in olivine and Ni/olivine
As shown in the H,-TPR profiles in Fig. 3a, the reduction peak
of NiO supported on 1000-olivine moves to higher

temperature compared to that on SiO,, indicating that there
was a stronger interaction between NiO and the 1000 °C
calcined olivine than that between NiO and SiO,.

H,-TPR profiles of the as-received olivine and the olivine
calcined at different temperatures between 600 and 1200 °C
are shown in Fig. 3b. The as-received olivine is only slightly
reduced before 750 °C, corresponding to the little free iron
oxides as observed with XRD. While the intensity of the
reduction peak increases greatly after calcination, mainly
contributed by the reduction of the thermal induced iron ox-
ides as illustrated in Fig. 1a and b. It could be conclude that
iron was extracted from the olivine structure during calcina-
tion [45] and the FeOy phase was formed on the surface of the
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Table 5 — Méssbauer parameters of components

presented in 6 Ni/1000-olivine-350 reduced at 600 °C.

d (mm/s) A (mm/s) M (T) R (%)
D 2 (Fe*") 0.19 1.25 _ 15.3
S 2 (Fe°) 0.0003 0.0016 33.13 28.9
D 1 (olivine) 1.25 272 _ 24.0
S 1 (re?) 0.37 -0.16 50.96 31.8

3, isomer shift related to metallic iron; A, quadrupole splitting; M,
magnetic field; R, relative area.

calcined olivine as indicated above. Table 6 shows the per-
centage of reduced iron (from the surface FeOy) in the as-
received and calcined olivine after reduction at 600 °C (or at
500 and 650 °C) for 2 h, which is calculated from the hydrogen
consumption during TPR experiments (1 mol H, could reduce
2/3 mol Fe,03 which is the main form of reducible iron in the
calcined olivine) [30]. The amount of reducible iron increases
with the calcination temperature rising up to 800 °C. However,
a slight reversal trend occurs when the calcination tempera-
ture continues to increase, which could be attributed to the
reintegration of the extracted iron into the olivine framework
at higher temperature [45,51]. It is noted that reducible iron
content increases again after calcination at 1200 °C, which
might result from the reaction between the amorphous silica
around iron oxide particles and olivine to form MgSiO,, facil-
itating the access of H,, and thus more iron oxides could be
reduced [45]. The formation of MgSiO; has been confirmed by

Table 6 — Metallic iron on olivine with different

calcination and reduction temperatures.

Reduction Fe® (wt.%)

temperature (°C)

Calcination
temperature (°C)

as-received 600 1.3
600 600 2.2
800 600 2.7
1000 600 2.4
1200 600 2.6
1000 500 1.9
1000 650 2.5

the increase of the intensity of MgSiO; in the XRD spectrum.
The weight percents of metallic iron after reduction of the
calcined olivine at different temperatures are also shown in
Table 6, indicating that the amount of reducible iron increases
with the increase of reduction temperature.

The TPR profiles for Ni/olivine catalysts calcined at
different temperatures are shown in Fig. 3c, in which a high
peak of hydrogen consumption between 350 °C and 550 °C is
observed, attributing to the reduction of nickel species and the
extracted iron oxides resulting from olivine calcination. For
the catalyst calcined at 350 °C, a small hydrogen consumption
at 260 °C is noticed, indicating that part of the supported
nickel was just deposited on the olivine surface in a weak
interaction type, possibly in the form of highly dispersed
nickel species [36,52]. For the catalyst after 900 °C calcination,
the major hydrogen consumption zone moves to higher
temperature, which results from the formation of NiO—MgO
solid-solution phase and grafted NiO [10,36,41].

As mentioned above, an optimal quantity of reducible iron
and Ni/Fe ratio could be achieved in Ni/olivine with the
adjustment of the calcination temperature of the support and
the calcination and reduction temperature of the catalyst.

CO, methanation over Ni/olivine catalysts

Effect of the reaction temperature

The temperature dependences of CO, conversion and CHy
selectivity over 6 Ni/1000-olivine-350 reduced at 500 °C are
shown in Fig. 4a. CO, conversion increases with the reaction
temperature rising up to 400 °C and then decreases. The CH,
selectivity remains constant between 350 and 400 °C, followed
by rapid decrease in selectivity with increasing reaction
temperature. The results are in the level of the reported highly
efficient catalysts [11,17,53,54] for CO, methanation at atmo-
spheric pressure. From the viewpoint of thermodynamics, as
shown in Fig. 4b, the CO, methanation reaction approaches to
chemical equilibrium at reaction temperature higher than
450 °C while the reverse water gas shift reaction nears to
chemical equilibrium in a wide range of 350—500 °C. Thus, the
chemical equilibrium restricted the methanation at higher
reaction temperature [14,55]. In addition, a higher reaction
temperature promoted side reactions, leading to the lower
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CH, selectivity. Therefore, 400 °C is the optimum reaction
temperature for hydrogenation of CO, over the provided cat-
alysts. Notably, 350 °C should be recommended as the
appropriate reaction temperature to evaluate the catalytic
activities of Ni/olivine with different Ni/(Ni + Fe) mole ratio, at
which the methanation is far from chemical reaction equi-
librium and is controlled by dynamic factor.

Effect of Ni loading and Ni/(Ni + Fe) mole ratio

In Fig. 5, the catalytic activities of the Ni/olivine catalysts for
CO, methanation at 350 °C are shown as a function of Ni
loading and Ni/(Ni + Fe) mole ratio. The CO, conversion and
CH, selectivity increase with the Ni loading up to 6.5%, and
then remain stable. The maximum rate of CO, hydrogenation
over Ni/olivine with different Ni/(Ni + Fe) ratio is found to be
around 0.75. The results conforms the experimental CO/CO,
methanation data [15,28,29]. It has been suggested that NizFe
alloy formed in the supported Ni—Fe catalysts was effective
for CO/CO, methanation [15,28,29], although other irregular
Ni—Fe alloys with the composition NiFe, NisFe, and Ni,Fe have
also been reported [28]. In addition, The literature computa-
tional screening results [6,26,56] revealed that the NisFe alloy
(Ni/(Ni + Fe) ratio = 0.75) was the most active component
among Fe, Ni and Ni—Fe alloys with other Ni/Fe ratios. It ap-
pears that the Ni—Fe alloy formed indicated by XRD, such as
NisFe, improves the catalytic activity of Ni/olivine with opti-
mized composition.

Effect of the olivine calcination temperature

The calcination temperature of the support can greatly affect
the catalyst activity as shown in Fig. 6. Catalyst with the
support calcined at moderate temperature has a better cata-
lytic performance than those with either the as-received
olivine (corresponding to the calcination temperature the Ni/
olivine underwent, i.e. 350 °C) or 1200-olivine as support,
resulting from the smaller metal particle sizes (Table 4) and
the Ni—Fe alloy formation. As mentioned above, NiO particles
were supported mainly on the thermal induced FeOy phase on
the surface of 1000-olivine grain. The amount of the thermal
induced FeOy increased with the calcination temperature
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Fig. 6 — Effect of the calcination temperature of the support
on CO, conversion and CH, selectivity for CO,
hydrogenation over 6 Ni/olivine-350 reduced at 600 °C.
GHSV = 11,000 h™, H,/CO, = 3.2, T = 400 °C.

rising up to 800 °C and then decreased due to the reintegration
of the extracted iron into the olivine framework at higher
temperature. Olivine calcination at 600—1000 °C gained more
FeO, compared with the as-received olivine and 1200-olivine
and thus could provide much more surface to improve the
dispersion of the supported NiO particles, which may also
promote the formation of the Ni—Fe alloy indicated by XRD as
mentioned above.

Effect of the catalyst reduction temperature

The effect of reduction temperature on catalyst activity for
CO, methanation at 400 °C was studied based on the catalyst 6
Ni/1000-olivine-350 and the result is shown in Fig. 7. The CO,
conversion and CH, selectivity decrease with the reduction
temperature increasing from 500 to 650 °C. As indicated in
Table 6, more iron in olivine would be reduced at higher
reduction temperature, which could alter the Ni/(Ni + Fe) ratio
of Ni/olivine and the amount of the active metal support FeOy
(indicated by TPR and Md&ssbauer spectra) remained. The Ni/
(Ni + Fe) ratio of the catalyst reduced at 650 °C is closer to the
optimal value compared with that reduced at the lower tem-
peratures while its CO, conversion and CH, selectivity are
worse, indicating that the Ni/(Ni + Fe) ratio of the catalyst
could not be the only decisive factor of its catalytic activity. It
has been suggested that the unreduced iron oxides supply
adsorbed carbonate species for the CO, hydrogenation to
occur more efficiently [29]. In addition, the reducible support
were reported to greatly affect the activity and stability of
supported catalysts by electronical modification and SMSI
[16,20,21]. As shown in Fig. 7, the catalytic performance of the
catalyst is related to the reduction temperature, which could
determine the Ni/(Ni + Fe) ratio and the amount of FeOx
remained as well. More FeO, would be remained at lower
reduction temperature. It is reasonable to deduced that the
unreduced FeOy between the active phase Ni—Fe alloy and the
olivine body, as the support of the Ni—Fe alloy, plays an
important role in CO, methanation, though further work is
needed to clarify the mechanism of the promotion effect of
the FeO,.

100 y——— ‘O\O 1.00
£ —@—CO, conversion |
‘? 801 —O— CHy selectivity [ 0.95
E —— Ni/(Ni+Fe) :—CE;
P =
“. 60+ F0.90 3
as) £
o =
3 i
§ 40 F0.85 L
z
§ =
g 4
<201 -0.80
o
&)

0 T T T T T T 0.75
400 500 600 700

Reduction temperature (°C)

Fig. 7 — GO, conversion and CH, selectivity of CO,
hydrogenation at 400 °C over 6 Ni/1000-olivine-350 of
varied reduction temperature and Ni/(Ni + Fe) mole ratio.
GHSV = 11,000 h~*, H,/CO, = 3.2.
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Effect of the catalyst calcination temperature

Fig. 8 displays the effect of calcination temperature of the
catalyst on its catalytic performance for CO, methanation at
400 °C. With the increase of the calcination temperature, the
CO, conversion decreases rapidly and the CH, selectivity
drops slightly. The decrease of BET surface area (as shown in
Table 3) and the loss of exposed active sites by the formation
of grafted NiO and NiO—MgO solid solution [36,57] which is
difficult to reduce under methanation conditions, as shown by
TPR (Fig. 3c), deteriorate the catalytic activities. The TPR re-
sults also reveal that the peak of highly dispersed Ni species
(at 260 °C in Fig. 3c), which is active for CO, methanation [52],
disappears at calcination temperatures higher than 600 °C.
Furthermore, the thermally induced sintering could resultin a
decrease of surface area of the Ni particles and a loss of
catalyst activity [58].

Comparison of the Ni/olivine with a commercial catalyst
Comparison of the catalytic behavior between 6 Ni/1000-
olivine-350 and the commercial catalyst M-849H are shown
in Table 7 and Fig. 9. The catalytic activity of 6 Ni/1000-olivine-
350 is comparable to that of M-849H with a Ni loading as high
as 37 wt.%. Due to the formation of the Ni—Fe alloy and the
active support, Ni/olivine with low Ni loading obtained a high
methanation efficiency. At methanation temperature of
400 °C and H,/CO, of 6.0, the Ni/olivine reduced at 500 °C,
achieves 98% CO, conversion with 99% selectivity to CH,. The
results also indicate that 6 wt.% Ni/olivine catalyst can be a
potential catalyst for CH4 production from CO, hydrogenation.
The TGA profiles of both the 6 wt.% Ni/olivine and the
commercial catalyst, after methanation at 400 °C for 5h in a
mixture of CO, and H, (H,/CO, = 3.2) at an hourly space velocity
of 11,000 h™?, are shown in Fig. 9. The curves can be divided
into two stages, the first stage, below 300 °C, related to the
removal of moisture and volatile materials absorbed on the
catalyst [59], while the second stage, above 300 °C, corre-
sponding to the burning of carbon species and oxidation of the
supported metal on the catalyst [8]. The distinct weight in-
crease of the commercial catalyst between 250 and 400 °C is
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Fig. 8 — Effect of the calcination temperature of catalyst on

CO, conversion and CH, selectivity for CO, hydrogenation

over 6 Ni/1000-olivine reduced at 600 °C.

GHSV = 11,000 h~%, H,/CO, = 3.2, T = 400 °C.

Table 7 — Comparison of CO, conversion and CH,
selectivity for CO, hydrogenation over 6 Ni/1000-olivine-

350 reduced at 500 °C and a commercial catalyst with H,/
CO, = 3.2 and 6.0, GHSV = 11,000 h~%, T = 400 °C.

Catalyst H,/CO, mole CO, CH,
ratio conversion/%  selectivity/%
Ni/olivine 3.2 67.2 98.7
6.0 98.4 99.9
M-849H 3.2 67.1 98.8
6.0 98.2 99.9
102
- — Ni/olivine
—— M-849H

TG weight (%)
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Fig. 9 — TGA curves of the spent 6 Ni/1000-olivine-350 and
a commercial catalyst.

due to the metal oxidation overwhelming the burning of car-
bon species, while an opposite tendency appears at higher
temperature. The potential oxidation peak of the metallic
nickel and iron in Ni/olivine (corresponding to the reduction
peak at 450 °C in Fig. 3) disappears under the effect of the
oxidation peak of carbon [8]. The small weight loss of the Ni/
olivine catalyst indicates its strong resistance to coke deposi-
tion compared with the commercial catalyst. The remarkable
carbon-deposition resistance may result from the formation of
the Ni—Fe alloy [36] and the SMSI state which might originate
from the strong interaction between the Ni—Fe alloy and the
partially reduced FeOy, and the strong bonding of the Ni—Fe
alloy to the support resulting from the formation of small
amounts of NiO—MgO solid-solution phase [10,36].

Conclusions

Thermal transformation of olivine and Ni/olivine during
calcination and reduction, and its influence on the catalytic
performance of Ni/olivine in CO, methanation were studied.

The thermal transformation of olivine during calcination
and the following reduction of the catalyst determines the
crystallite size and species of the active phases, Ni/(Ni + Fe)
ratio and redox property of the support. During the calcination
of olivine, FeO, were extracted from the olivine and formed on
its surface. The amount of the thermal induced FeOy
increased with the calcination temperature rising up to 800 °C
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and then decreased. The olivine calcined at moderate tem-
perature could improve the dispersion of the metal supported
due to more FeOy extracted which would act as the support of
the supported NiO and provide more surface area.

The calcination of olivine laid the base for the interaction
between the surface FeOx and the NiO supported during the
catalyst reduction. The thermal induced iron transfer during
the reduction could affect the Ni/(Ni + Fe) ratio as well as the
amount of the FeO,. More iron in the FeO, could be reduced at
higher reduction temperature, thus the Ni/(Ni + Fe) ratio of Ni/
olivine and the amount of the remained FeO, decreased. The
catalyst with around 0.75Ni/(Ni + Fe) (mol/mol) gained the
maximum CO, methanation activity, which could result from
the formation of the Ni—Fe alloy. The unreduced FeO, between
the active phase Ni—Fe alloy and the olivine body, as the very
support of the Ni—Fe alloy, plays an important role in CO,
methanation. The balance between the Ni—Fe alloy and the
remained FeOy is crucial for catalyst optimization. Neverthe-
less, the role of the FeO, should be further elucidated.

The catalytic activity of 6 Ni/1000-olivine-350 after 500 °C
reduction was comparable to that of commercial catalyst. At
temperature of 400 °C and a H,/CO, mole ratio of 6.0 and an
hourly space velocity of 11,000 h™', the CO, methanation
achieved 98% CO, conversion with 99% selectivity to CH,. Ni/
olivine with low Ni loading, simple preparation and high
attrition resistance could be a promising methanation cata-
lyst, especially for fluidized bed methanation.
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