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Abstract

A series of different-sized Ni catalysts (4.5-45.0 nm) were prepared and used for methane autothermal reforming with CO; and O3 in a
fluidized-bed reactor. It was found that the activity and stability of Ni catalysts depend strongly on the particle size and the operating space velocity.
Small sized Ni is more active and stable at space velocity <54,000 h~!. Characterizations disclosed that methane decomposition rate decreases
with the enlarging Ni particle size, and some of the surface carbons (derived from methane decomposition) are inactive in CO; atmosphere. As
the methane decomposition rate slows on larger Ni particles and at higher space velocity to ensure complete conversion of the oxygen, surface Ni

will be gradually oxidized by remaining O5, leading to Ni deactivation.

© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

The transformation of methane and carbon dioxide, the
cheapest carbon-containing materials and the most problematic
greenhouse gases, into more valuable compounds has long at-
tracted the attention of researchers. Among published results,
the catalytic CO; reforming of CHy to synthesis gas [Eq. (1)]
has been investigated comprehensively over the past few years,
as has been well summarized in recent reviews [1-5]. The syn-
thesis gas generated from CO; reforming of CH4 has a low
H,/CO ratio and thus is suitable for the Fischer—Tropsch syn-
thesis of higher hydrocarbons and for the synthesis of oxy-
genate products. Rostrup—Nielsen’s group [6,7] and Rucken-
stein’s group [1,5,8] have made significant contributions to im-
proving the understanding of steam and CO; reforming over Ni
catalysts in both experimental research and theoretical studies:

CHs +CO; — 2CO +2Hy, AHagsk =247 kJ/mol. (1)

Most of the group VIII metals are more or less active toward
this reaction, and Ni has been popularly explored for its high
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activity and low price [1-5,9]. Due to the inherent inertness
of methane and CO», high temperature (typically, 800-900 °C)
is needed to achieve a meaningful yield. Under such severe
conditions, carbon deposition and/or sintering of the metal par-
ticles occur on the surface of the catalyst, and sintering further
accelerates carbon deposition because large metal ensembles
stimulate coke formation [8].

Another drawback is that CO;, reforming of methane is a
highly endothermic reaction (247 kJ/mol). The addition of oxy-
gen to the reforming reactants is an effective method of sup-
plying heat, because partial oxidation of methane to synthesis
gas is an exothermic reaction [Eq. (2)]. This combined CO; re-
forming and partial oxidation of methane, also called methane
autothermal reforming [MATR], has drawn significant inter-
est in recent years in alternative routes for the conversion of
methane to synthesis gas [Eq. (3)] [10-16]:

CHy + (1/2)02 — CO +2Hs, A Haosk = —38 kJ/mol, (2)
CH4 + xCO3 + ((1 — x)/2)02 — CO + 2H,,
AHaosk = (285x —38) kJ/mol (0 <x < 1). 3)

In published papers, it is suggested that MATR is carried out
in two separate reaction zones in the fixed-bed reactor—in the
first zone, part methane is combusted into CO, and steam to en-
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sure the complete conversion of the oxygen in feed, producing a
hot (>1300 °C) stream, and in the second zone, the unconverted
methane is reformed to synthesis gas by CO, and steam. A sig-
nificant temperature gradient in the catalyst bed formed, which
ultimately resulted in the thermal sintering and deactivation of
catalyst [10,17,18]. It is of great practical interest to overcome
this limitation of the MATR process in fixed-bed reactor.

Tomishige [11-13] and Zheng [15,19,20] reported their
studies on the MATR process in a fluidized-bed reactor, and
they suggested that the high rates of heat transfer and high
stability of operation be obtained. Fluidization has a favorable
effect on the inhibition of carbon deposition, which is probably
because the catalyst particles are circulated between the oxidiz-
ing zone and reducing zone and carbon gasification proceeds
readily in the oxidizing zone. Moreover, catalyst can maintain
a suitable level of reducibility during fluidization that enhances
the conversion of methane [11-13,15,19,20].

Recently, we have found that the activity and stability of
Ni catalysts during the MATR in fluidized-bed reactor depend
strongly on the particle size of Ni and the operating space veloc-
ity. Larger-sized Ni catalysts (average Ni particle size > 16 nm)
are inactive at higher space velocity (90,000 h~!) and deactivate
rapidly (at low space velocity, 18,000 h~!). Whereas small-
sized ones (average Ni particle <9.5 nm) are more active and
stable at the space velocity <54,000 h~!. Characterizations of
the spent catalysts have found that neither carbon deposition nor
metal sintering would form on the deactivated catalysts. That is,
the deactivation mechanism of Ni catalysts during the MATR
process in a fluidized-bed reactor cannot be explained by those
achievements of CO, reforming of methane. More fundamen-
tal studies are still needed to reveal the deactivation mechanism
of Ni catalyst in the MATR process in the fluidized-bed reactor.
The aim of this work is to correlate the particle size of Ni and
the operating space velocity with its catalytic performance and
deactivation. For this purpose, MATR at different space veloc-
ities, methane decomposition (in both continuous and pulsed
methane flow) and the reactivity of carbon deposited during
methane decomposition toward CO, and O, were determined
on different-sized Ni catalysts.

2. Experimental
2.1. Catalyst preparation and characterizations

Ni catalysts sized from 4.5 to 45.0 nm were prepared
via direct impregnation of [Ni(en)3]2Jr (en, ethylenediamine),
[Ni(EDTA)]?>~ (EDTA; ethylenediaminetetraacetic acid), nick-
el(IT) acetylacetonate dihydrate (994 %), nickel(II) acetate, and
Ni(NO3)2-6H>0 onto a spherical SiO, support (special prod-
uct for fluidized reactor, Sggr = 330 m? g_l, average diam-
eter 0.25-0.38 mm, Qingdao, China). Nickel(II) acetylaceto-
nate dihydrate (99+%), nickel(Il) acetate, and Ni(NO3),-6H,0
were purchased from Acros Organics (Beijing Branch, China).
[Ni(en)3]** and [Ni(EDTA)]?>~ were prepared as described pre-
viously [21-23]. The loading amount of Ni was controlled at
5 wt% of the support. The precursors were dried at 80 °C in
vacuum and calcined at 800 °C in stagnant air for 4 h.

The morphologies of these catalysts were characterized by
X-ray diffraction (XRD) and transmission electron microscopy
(TEM). XRD was obtained in D8 Advance (Bruker, Germany)
equipment using nickel-filtered CuK o radiation at 40 kV and
40 mA. Diffraction data were recorded using continuous scan-
ning at a rate of 0.02°/s, step 0.02°. Average Ni particle
size was calculated according to Scherrer—Warren equation.
TEM images were obtained using an accelerating voltage of
200 kV (TEM, JEOL-2020F). Samples were first ground to
powder, reduced in hydrogen, and dispersed on Cu grids in
tetrachloromethane under supersonic-wave shaking.

2.2. MATR on different-sized Ni catalysts

MATR was carried out in a quartz fluidized-bed reactor
(id = 12 mm). As noted previously [24], the minimum fluidiza-
tion velocity (wmf) and the maximum fluidization velocity (wy)
could be calculated as

dg (rs —r g)g

Wmf = Tollg (m/s) “4)

and

2 (ry — ry)g
o=——
181ug

where dj, and r are the diameter and the density of catalyst, and
g and rg are the viscosity and density of the reactant mixture.
In this experiment (d}, = 0.25-0.38 mm, ry = 470-500 kg/m>,
rg =0.32 kg/m? and g = 37.5 uPa/s), the total feed gas flow
rate must be controlled between 78 and 3070 ml/min to ensure
the efficient fluidization of catalysts particles in the reactor at
700°C.

CHy (99.99%), CO; (99.9%), and O, (99.9%) were intro-
duced into the reactor controlled by three sets of mass flow
controller (Brooks 5850E) at a molar ratio of CH4:CO,:0;, =
10:4:3. Catalyst is first reduced in H, at 700 °C for 1 h. The
effluent gas was cooled in an ice-water trap and analyzed us-
ing an online gas chromatograph (Shimadzu, GC-8A) with a
packed column (TDX-01) and a thermal conductivity detector.
All spent catalysts were further characterized by XRD and TG-
DTA (PE-TGA7) at 50-900 °C in air flow.

(m/s), ®)

2.3. The reactivity of surface carbons on different-sized Ni
catalysts

The reactivity of surface carbons toward CO; and O, was in-
vestigated via coking reaction (CH4 temperature-programmed
decomposition [CH4-TPDe]) and followed temperature-pro-
grammed oxidation with CO, (CO;,-TPO) and O,-TPO. Before
these experiments, catalysts were first reduced in H, flow at
700 °C for 1 h, then cooled to 50 °C in Ar. CH4-TPDe was per-
formed in 10% CHg4/Ar (50 ml/min) from 50 to 800°C at a
ramp of 15°C/min and held at 800 °C for 20 min. Then the
catalyst bed was cooled to 50 °C in Ar, and CO,-TPO was per-
formed in 10% COy/Ar (50 ml/min) from 50 to 800°C at a
ramp of 15°C/min. Finally, after the catalyst bed was cooled
to 50°C in Ar, consecutive O>-TPO was carried out in a flow
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of 10% O>/Ar (50 ml/min) from 50 to 800 °C at 15°C/min.
All gases in effluent were detected by a mass analyzer (Om-
niStar GSD301, Switzerland) and recorded as functions of tem-
perature. Parallel experiments were performed simultaneously,
and carbons formed in CH4-TPD and residual carbons after
CO,-TPO were detected by TG-DTA from 50 to 900 °C in air
flow. The morphologies of the surface carbons (formed in CH4-
TPDe) were characterized by TEM.

2.4. Methane activation on different-sized Ni catalysts

Methane activation and catalytic conversion on different-
sized Ni catalysts in various atmospheres (CH4, CH4/CO3, and
CH4/0;) were investigated via pulse-injected surface reaction.
CH4, CH4/0O2 (2:1), or CH4/CO; (1:1) pulse (total volume,
500 pL with 250 uL. CH4 and Ar in balance) was injected into
the reduced catalysts (20 mg) with a 6-port gas sampling valve
under a stream of Ar carrier gas (100 mL/min). The reaction
temperature was kept at 700 °C. All gases in effluent were de-
tected, the turnover frequency of methane (TOF, defined as mol
of CH4 converted/mol of Ni atom per second) was calculated
on the basis of methane conversion.

2.5. Reducibility of different-sized Ni catalysts after CHy
decomposition

The reducibility of different-sized Ni catalysts was detected
via consecutive CH4—O,—H, pulse experiments in the same
equipment as described in Section 2.3. Six methane pulses
(250 pL per pulse) were first injected into the reduced catalyst
(20 mg), followed by three oxygen pulses, and then hydrogen
pulses in a stream of Ar carrier gas (100 mL/min). The reaction
temperature was kept at 700 °C, and all gases in effluent were
recorded.

3. Results
3.1. The dimensions of Ni on SiO»

Table 1 summarizes the TEM and XRD analysis results of
the Ni/SiO; catalysts prepared from different Ni precursors.
The mean size of nickel crystallites was detected by XRD and
calculated from the broadening of the Ni(111) according to the
Scherrer—Warren equation. The calculated average Ni particle
sizes increased from 4.5 to 45.0 nm in these Ni/SiO; catalysts
prepared via [Ni(en)3]2Jr and nickel nitrate. In the Ni/SiO cat-
alysts prepared from [Ni(EDTA)]?~, nickel(II) acetylacetonate,
and nickel(Il) acetate, the calculated average Ni particle sizes
were 6.0, 8.5, and 16.0 nm, respectively.

Figs. 1A—1E show the typical TEM images of Ni/SiO; cat-
alysts prepared from [Ni(en)3]*t, [Ni(EDTA)]>*~, nickel(II)
acetylacetonate, nickel(Il) acetate, and nickel nitrate. The his-
tograms of the particle size distribution are inserted in the
top-right corner of the TEM images. Highly dispersed Ni par-
ticles were detected in those Ni/SiO; catalysts prepared from
[Ni(en)3]2+ and [Ni(EDTA)]z_, and the detected Ni particles
were concentrated at 5.1 and 7.0 nm, respectively. The average

Table 1
The dimensions of Ni on SiO, from different Ni precursors?

Ni precursors Ni diameter (nm)

TEM XRDP
Aqueous solution of [Ni(en)3]2+ 5.1 4.5
Aqueous solution of [Ni(EDTA)JZ* 7.0 6.0
Ethanol solution of nickel(II) acetylacetonate 9.4 8.5
Aqueous solution of nickel(II) acetate 16.1 16.0
Aqueous solution of Ni(NO3), 51.2 45.0

4 Sample was reduced in Hy at 700 °C for 1 h.
b Calculated according to Scherrer—Warren equation.

particle size of Ni (summarized in Table 1) was calculated as

Y nid}
Yonid}

where n; is the number of particles having a characteristic di-
ameter d; (within a given diameter range).

In Ni/SiO, catalysts prepared from nickel(II) acetate and
nickel nitrate, a lower density of Ni particles on the support
should be expected. However, the silica support appeared to be
almost completely covered by Ni particles (Fig. 1D), suggest-
ing that the Ni could be unevenly distributed within the silica
spheres, with some parts heavily loaded with Ni and others
bearing only few Ni particles.

(6)

dTEM =

3.2. MATR on different-sized Ni catalysts

Fig. 2 shows the activity of different-sized Ni/SiO; catalysts
for MATR in fluidized-bed reactor at 700 °C and a space veloc-
ity of 18,000 h~!. The detected conversions of CH4 and CO,
were higher and more stable on the smaller-particle Ni cata-
lysts (<9.5 nm) than that on the larger-particle ones (>16 nm).
Moreover, the oxygen in the feed was consumed completely on
the smaller-particle Ni catalysts. The highest CH4 and CO; con-
versions were 77.0 and 67.9%, respectively. But on the 45.0-nm
Ni catalyst, the initial conversions of CH4 and CO, were only
47.2 and 27.5%, and the catalyst deactivated rapidly. The resid-
ual oxygen in effluent increased during the deactivation process.

At higher space velocity (54,000 h™!), the detected conver-
sion of methane on 4.5-nm Ni catalyst decreased rapidly from
71.0 to 66.4% in the first 4 h and remained constant in the
following 38 h (Fig. 3). But the 45.0-nm Ni catalyst deacti-
vated completely in only 2 h. When the space velocity was
enhanced to 90,000 h™!, the detected conversion of methane
on the 4.5-nm Ni catalyst decreased continuously from 67.2 to
37.2% in 48 h on stream, and the 45.0-nm Ni catalyst was inac-
tive at this space velocity.

Fig. 4 shows the durability of the 4.5-nm Ni catalyst for
MATR in a fluidized-bed reactor at lower space velocity. It re-
mained stable during 100 h on stream (at 9000 h™!), with the
detected conversion of CHy decreasing only slightly, from 81.3
to 80.8%. At 18,000 h~!, the detected conversion of CH4 de-
creased from 77.0 to 70.0% in the first 26 h, but it recovered
in the following 16 h and remained stable (72.0%) for the last
38 h.
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3.3. The reactivity of surface carbons on different-sized Ni
catalysts

Figs. 6A and 6B show the typical MS signals of effluent
gases during the coke reaction via CH4-TPDe on the 45.0- and
4.5-nm Ni catalysts, respectively. Three CH4 decomposition
peaks can be seen at 410-800 °C on the 45.0-nm Ni catalyst,
and four peaks can be seen at 370-800 °C on the 4.5-nm Ni cat-
alyst. These peaks can be assigned to different kinds of carbons
formed as described in earlier work [25]. It is interesting to note
that the initial CH4 decomposition temperature decreased from

410 °C (on the 45.0-nm Ni catalyst) to 370 °C (on the 4.5-nm Ni
catalyst), and the amount of deposited carbons decreased from
12.9 to 1.7 mmol/gc (Table 2).

TEM images and EDX analysis of the carbon-covered Ni
catalysts are shown in Figs. 7 and 8. Large amounts of en-
capsulating carbon and whisker carbon [26-28] formed on the
45.0-nm Ni catalyst, completely enwrapping the Ni particles
(Fig. 7A). EDX analysis (in the circled area) of the enwrapped
Ni particles found that the surface C/Ni ratio reached 96.3/3.7
(Fig. 7B). In contrast, the 4.5-nm Ni catalyst showed high dis-
persion (Fig. 8 A), with a surface C/Ni ratio of 9.6/2.1 (Fig. 8B).
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Table 2
The amount of carbon on the 45.0 nm and the 4.5 nm sized Ni catalysts

Catalyst Carbon (mmol/gcat)
Total Removed by CO, Inactive carbon
45.0 nm 12.9 10.4 2.5
4.5 nm 1.7 1.3 0.4

The reactivity of the deposited carbons on different-sized
Ni catalysts during CH4-TPDe was investigated via consecu-
tive CO,-TPO and O,-TPO (Figs. 9 and 10). In the effluent

of CO,-TPO, CO (formed via the gasification of surface car-
bons by CO;,) was detected at 500°C. On the 45.0-nm Ni
catalyst, the detected CO reached a maximum at 736 °C, and
10.4 mmol /g, deposited carbons in CH4-TPDe were removed
by CO; (as confirmed by TG analysis of CO,-TPO spent cat-
alyst). But on the small-particle Ni catalysts (<16 nm), CO in
effluent reached its maximum at 590 °C and the amount of the
produced CO decreased continuously thereafter with decreas-
ing Ni particle size. On the 4.5-nm Ni catalyst, 1.3 mmol/gcar
carbons were removed by CO; (Table 2).
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It was surprising to find that carbons formed in CH4-TPDe
cannot be removed completely by CO;, (even at 800°C for
20 min). CO; (formed via the reaction between the remain-
ing carbons with O,) was detected (Fig. 10) in the consecu-
tive O-TPO, suggesting that this carbon was inactive in CO,
atmosphere. The amount of inactive carbon decreased from
2.5 mmol /g, on the 45.0-nm Ni catalyst to 0.4 mmol/gcq; on
the 4.5-nm Ni catalyst. These kinds of inactive carbons would
accumulate and cause a heavy carbon deposition, which is a
main drawback of the dry reforming process [26]. In this re-
spect, Oy in feed is very important in solving the complete loss
of catalyst activity (due to carbon deposition) of CO, reforming
of CHy.

Table 3
Methane turnover frequency (TOF) in different atmosphere (700 °C)

Pulse Catalyst
No.

CHy4 decomposition ~ CHy4—CO, CH4-0Oy
(TOF (s~ 1)) (TOF (s~ 1)) (TOF (s~ 1))
45.0 nm 4.5 nm 45.0 nm 4.5 nm 45.0 nm 4.5 nm
1 9.8 12.6 15.6 20.6 164 22.5
2 7.6 9.6 15.2 20.3 15.8 22.4
3 7.0 9.5 12.1 21.2 15.4 23.0
4 6.8 8.8 11.3 20.7 15.4 22.4
5 6.3 7.4 114 21.3 12.0 22.4

3.4. Methane activation and catalytic conversion on
different-sized Ni catalysts

Methane activation and catalytic conversion on the 45.0 and
4.5-nm Ni catalysts in various atmospheres (CH4, CH4—-O3,
and CH4—CO,) were investigated via pulse-injected surface re-
actions. The calculated TOFs of methane are summarized in
Table 3. In methane decomposition (with only CHy injected),
the calculated TOF of methane was 9.8 s~! on the 45.0-nm Ni
catalyst, comparable with previously reported values [9]. On
the 4.5-nm Ni catalyst, the calculated TOF of CH4 increased
to 12.6 s~!. These data demonstrate that the small-particle Ni
catalyst was more active for methane decomposition. With the
addition of CO; and O in the feed, the detected TOF of CHy
was greatly enhanced compared with the separated CH4 decom-
position. In CH4—CO; atmosphere, the TOF of CHy increased
to 20.6 s~! on the 4.5-nm Ni catalyst and remained stable dur-
ing the first 5 pulses. On the 45.0-nm Ni catalyst, the initial
TOF of methane was 15.6 s~ !, but decreased continuously with
the pulse number. In CH4—O, atmosphere, the TOF of methane
further increased to 22.5 s~! on the 4.5-nm Ni catalyst and to
16.4 s~! on the 45.0-nm Ni catalysts. The calculated TOF of
methane decreased with the pulse number only on the 45.0-nm
Ni catalyst. These results indicate that both CO; and O, ac-
celerated the conversion of methane, but the small-particle Ni
catalyst was more effective and stable.

3.5. Reducibility of different-sized Ni catalysts in MATR

Fig. 11 illustrates the MS spectrum of the consecutive CH4—
0O,-H; pulse experiment on the 4.5 and 45.0-nm Ni catalysts.
In the first six methane pulses, the residual methane increased
with the pulse number. In the subsequent O; pulse, no residual
oxygen was detected in effluent; H>O did not form on the 4.5
or the 45.0-nm Ni catalyst, suggesting that mainly carbon (not
CH,,) deposited during methane decomposition. Moreover, the
amount of CO formed on the 45.0-nm Ni catalyst decreased
quickly (Fig. 11A). In the consecutive Hy pulse, H, was ob-
viously consumed, and a large amount of HoO was detected
simultaneously (in the effluent of the 45.0-nm Ni catalyst). H,O
formation could be derived from the reaction between H, and
Ni oxide. These results indicate that part of the metallic Ni was
oxidized during the O, pulse because of an insufficient amount
of carbon formed in the foregoing CH4 decomposition; how-
ever, on the surface of the 4.5 nm sized Ni catalyst, a large
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Fig. 11. MS spectrum of the consecutive CH4—O,—Hj pulse: (A) on the 45.0 nm
sized Ni catalyst and (B) on the 4.5 nm sized Ni catalyst.

amount of CO was formed, and Hy consumption and H,O re-
lease were limited (Fig. 11B).

4. Discussion
4.1. Deactivation of Ni catalysts during MATR

MATR, the combined CO; reforming and partial oxidation
of methane, is of great interest in the conversion of natural gas
to synthesis gas for its lower energy requirements due to the
opposite contributions of exothermic methane oxidation and en-
dothermic CO; reforming [10-20]. And fluidized-bed reactor is
recommended for performing this combined reaction efficiently
due to its high heat transfer rate and high operational stability.

Our findings indicate that the activity and stability of the Ni
catalysts depended strongly on the Ni particle size and the oper-
ating space velocity in the fluidized-bed reactor. On the 4.5-nm
Ni catalyst, the best conversion of 77.0% of CHy and 67.9% of
CO, at 18,000 h~!. But on the 45.0-nm Ni catalyst, the con-
versions were only 47.2% of CHy and 27.5% of CO, (Fig. 2).
The 4.5-nm Ni catalyst exhibited high stability at a relatively

higher space velocity (<54,000 h=!). On the other hand, the
larger-particle Ni catalysts (>16 nm) deactivated rapidly.

Unlike methane dry reforming with CO;, the deactivation
of the larger-particle Ni catalyst was not caused by carbon de-
position or sintering of the metal particles. XRD analysis of
the spent catalysts (Fig. 5) indicates that the smaller-particle
Ni catalyst maintained a high dispersion state as a fresh sam-
ple (Fig. 1A), but NiO obviously formed in the spent 45.0-nm
Ni catalyst (Fig. 5). These results indicate that large Ni parti-
cles are less active than small ones and do not ensure complete
conversion of the oxygen added in the feed, leading to Ni oxi-
dation.

4.2. Promotion effect of oxygen in feed

It was surprising to find that part of the carbon (derived from
methane decomposition) was inactive in CO, atmosphere even
at higher temperatures and longer contact times (800 °C for
20 min). This kind of inactive carbon forms on Ni catalyst of
any particle size and accumulates and causes carbon deposi-
tion, a main drawback of the dry reforming process [26-31].
For this reason, O3 in feed in the MATR process is very im-
portant in solving the complete loss of catalyst activity (due to
carbon deposition) of CH4 dry reforming. The addition of oxy-
gen to the reforming reactants is not only an effective method of
providing a heat supply, but also a very important way to avoid
catalyst deactivation by carbon deposition. But oxygen in feed
has a negative influence at higher space velocity on the larger-
particle Ni catalysts in the oxidation of metallic nickel to NiO,
causing catalyst deactivation, because of the lower methane de-
composition rate on the larger Ni particles.

4.3. Methane decomposition on different-sized Ni catalysts

Numerous mechanistic studies have suggested that during
the CHy dry reforming and partial oxidation to synthesis gas,
CHy is decomposed to reactivate carbon species (CH,, x =
0-3) on the metallic sites, which are further oxidized to CO by
the oxygen-containing species that originate from CO, and O,
[1-9]. In this study, coking reactions on different-sized Ni cat-
alysts demonstrate that the larger-particle Ni catalyst is more
facile for methane decomposition and carbon deposition in a
continuous methane flow, due to the formation of encapsulating
carbon and whisker carbon (Figs. 6 and 7), and the amount of
deposited carbon increases with the Ni particle size (Table 2).
However, these results cannot explain the deactivation of larger-
particle Ni catalysts in the MATR process, because no carbon
deposition was observed on the surface of the deactivated cata-
lysts.

On the other hand, pulse-injected surface reactions of
methane at different atmospheric conditions demonstrated that
the small-particle Ni catalyst was more effective and stable for
methane decomposition and catalytic conversion. The TOF of
methane decreased with increasing Ni particle size, and the
larger-particle Ni catalyst deactivated continuously with the
pulse number in both the CH4—CO, and CH4—O; atmospheres.
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The deactivation of the larger-particle Ni catalyst in the CHy—
CO; pulse experiment can be attributed to carbon deposition,
because part of the carbon derived from methane decomposition
is inactive in CO; atmosphere. In the O,—CH4 atmosphere, the
deactivation may have been caused by the Ni that was oxidized
due to the slow methane decomposition rate. But the smaller-
particle Ni catalyst remained stable during the first 5 pulses
in CO,- and O;-containing flow. These results indicate that
CH4-TPDe in a continuous methane flow can represent only
the tolerance of carbon in different-sized Ni catalysts, whereas
there is no clear relationship between carbon tolerance and the
detected catalytic activity [32,33]. Because the controlled con-
tact time is short, pulse surface reaction can disclose the CHy
decomposition rate related to the detected catalyst activity.

4.4. Deactivation of Ni catalysts at higher space velocity

The relative rate of carbon formation (methane decomposi-
tion) and its oxidative removal play very important roles in its
deactivation. These two steps need to be maintained in a dy-
namic balance to achieve stable operation. When the former
step is faster than the latter, excessive carbon deposition will
occur; when the former step is slower than the latter, the metal-
lic Ni particle becomes exposed in the remaining oxygen and
oxidized. But this relationship is contradictory in methane dry
reforming; the reason for deactivation of the larger-particle Ni
catalysts and deactivation at higher space velocity in the MATR
process is that the relative rate of carbon formation (methane
decomposition) is lower than its oxidative removal. We sup-
pose that the highest space velocity for the stable operation
of this oxygen-containing flow should be controlled at a rate
of methane decomposition equal to that of the oxidative re-
moval of surface carbons. At this space velocity, oxygen should
be consumed completely (and the minimum methane conver-
sion should be kept >60%, because CH4/O; = 1/0.3 in feed).
Above this space velocity, the relative rate of methane decom-
position is lower than its oxidative removal; consequently, the
remaining oxygen leads to Ni oxidation and deactivation. This
hypothesis could be contributing to the continuous deactiva-
tion of the 4.5-nm Ni catalyst at 90,000 h~!. Whereas in our
previous work [19,20], the coupled catalytic partial oxidation
and steam methane reforming process operated at lower space
velocity (<9000 h~1) [34], the reforming reaction is expected
to occur simultaneously with the oxidative conversion reaction,
and the composition of the product gases is expected to be close
to thermodynamic equilibrium. The stability of these catalysts
at the lower space velocity (<9000 h~!) does not demonstrate
the dynamic balance between methane decomposition and its
oxidative removal.

Methane decomposition on the surface of Ni catalyst is very
important to prevent oxidation of metallic Ni by O in feed.
Thermodynamic analysis has indicated that both carbons de-
posited on Ni (such as NizC) and free carbons are more reactive
toward O, than metallic Ni in the reaction conditions (700 °C):

NizC + (1/2)0, — 3Ni + CO,
AGoggg = —448.4 kJ/mol, @)

C+(1/2)0, — CO, AGoogk = —197.8 kJ/mol, (8)
Ni+ (1/2)0; — NiO, AGgosk = —151.5 kJ/mol. )

Carbons can protect metallic nickel from being oxidized in
the Oy-containing flow. When methane decomposition rate is
slow on larger-particle Ni at higher space velocities, the amount
of formed surface carbon is insufficient to ensure complete con-
version of the oxygen added in the feed.

4.5. Deactivation mechanism of Ni catalyst during MATR

According to the above results and discussion, we can char-
acterize the reaction mechanism of MATR and deactivation
mechanism of Ni catalysts in the fluidized bed as follows:

(1) Methane first adsorbs and decomposes on the surface of
metallic Ni catalysts. The small-particle Ni catalyst is more
active and effective for methane decomposition. This step
can be expressed as

CHy4 + nNi — CH,—Ni,, + (4 —x)H-Ni  (x =0-3),
(10)

CH,—Ni,;, - C—Ni,,_, + xH-Ni, an

and

2H-Ni — Hj + 2Ni. 12)

During methane decomposition, hydrogen releases quickly
to the gas phase, but carbon deposits on the surface of Ni
catalysts.

(2) Carbon deposited on the surface of Ni catalysts is gasified
by O and CO»:

C—Ni,, + (1/2)0> — CO + Ni,, (13)
and
C—Ni,, + COs — 2CO + Ni,,. (14)

The highest space velocity for the stable operation of this
oxygen-containing flow should be controlled at the rate of
methane decomposition equal to that of the oxidative re-
moval of surface carbons. Above this space velocity, metal-
lic Ni particles will be oxidized to NiO [Eq. (9)], and NiO
can be readily reduced hydrogen flow,

NiO + H; — Ni 4+ H,O. (15)

(3) On larger Ni particles and/or at higher space velocity,
methane decomposition is slower than the oxidative re-
moval of surface carbons, and complete conversion of the
oxygen added in the feed cannot be ensured. Surface Ni
will be oxidized gradually into NiO by remaining O;, caus-
ing further Ni catalyst deactivation.

5. Conclusion

We found that both the activity and stability of the Ni cat-
alysts depend strongly on the particle size and the operating
space velocity in MATR process in a fluidized-bed reactor. The
smaller-particle Ni catalyst was more active and stable than
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the larger-particle Ni catalyst at space velocity <54,000 h~!.
Methane activation reactions in various atmospheres demon-
strated that the methane decomposition rate decreased with the
Ni particle size. When the methane decomposition rate was
slow and the amount of formed surface carbon insufficient (on
larger Ni particles and/or at higher space velocity) to ensure
complete conversion of the oxygen added in the feed, surface
Ni was oxidized gradually to NiO by remaining O, causing
further Ni catalyst deactivation.
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