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Abstract—Partial oxidation of methane (POM) was systematically investigated in a fixed bed reactor over 12 wt%
Ni catalysts supported @rAl,O,, y-Al,O, and 8-Al,O, which were prepared at different conditions. Results indicate
that the catalytic activity toward POM strongly depends on the BET surface area of the support. Af-flsQyli/
catalysts showed high activity toward POM due to the less formation of inactivéONgplecies, the existence of
NiO, species and stabfAl O, phase. Although Nj*Al,O, showed the highest activity toward POM, long-time
stability cannot be expected as a result of the deterioration of the support at higher temperature, which is revealed from
BET results. From the reaction and characterization results, it is inferred that the optimal conditions for the preparation
of 8-Al,O; are 1,173 K and 12 h.
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INTRODUCTION cost and very limited reserves of precious metals, supported Ni cat-
alysts are more attractive and practical for the commercialization
Although the reserve of conventional petroleum, which is the of the POM process.
main raw material for basic chemicals, is limited, new deposits of Various supports such as@|, SiO,, MgO, ZrQ, CeQ and Lg0,
natural gas, one of the abundant resources, are being continuoushave been used for POM in nickel-based catalysts [Hu and Ruck-
discovered at a significant rate around the globe. In addition, nevenstein, 1996, 1999b; Au et al., 1996; Roh et al., 2001; Lu et al.,
sources of natural gas such as coal-bed methane, natural hydrat&898a]. The support plays an important role in catalytic performance
and biomass emissions are now being tapped [Zhu et al., 2001dlue partially to the strong interaction between Ni and support. The
So, the effective chemical utilization of natural gas to produce basienain problem with the supported Ni catalysts is the deactivation
chemicals is one of the desirable goals in the current chemical ineaused by carbon deposition and sintering of the catalyst at high
dustry. Although the direct conversion of methane to valuable chemtemperatures. Carbon deposition mainly comes from methane de-
icals such as methanol is the most effective route, there is still hnaomposition and CO disproportion. Besides the mechanistic stud-
practical or efficient catalyst or process that can be commercializedes for understanding the process in a more detailed way, the recent
presently. The most competitive process for the conversion of mettfocus has been on the development of a highly active and stable
ane is an indirect route in which methane is first converted to syngasickel-based catalyst for POM.
and then syngas is used as feedstock to synthesize chemicals viaAs a catalyst for POM, N#AI,O; has been studied [Lu et al.,
Fischer-Tropsch or other processes. The syngas and/or hydrogd®98b]. However, N§AI,O; is usually unstable at high tempera-
production via natural gas route, such as steam reforming of methtures (>973 K) because of the thermal deterioration of the support
ane (SRM), methane reforming with carbon dioxide, and POM, hagnd phase transformation. The addition of alkali metal oxide and
been investigated intensively [Ashcroft et al., 1991; Hickman andrare earth metal oxide was used to modify the catalyst both for a
Schmidt, 1993; Jung et al., 1999; Nam et al., 2000; Chang et alhigh activity and stability [Miao et al., 1997].
1998; Dong et al., 2001]. In comparison with SRM, which is a high-  In our previous studies [Roh et al., 2001a, b; Dong et al., 2002],
ly endothermic process, the catalytic POM is more attractive sincave have successfully developed catalysts for POM, SRM and Oxy-
the reaction is mildly exothermic and highly efficient and can produceSRM. By heat treatment gfAl,O, and impregnation of Ni salt, a
syngas with an $CO ratio of 2, which is well suitable for metha- Ni/8-Al, O, catalyst with high activity and high stability was ob-
nol synthesis and Fischer-Tropsch reaction [Pefia et al., 1996]. tained [Roh et al., 2001c]. This motivated us to further probe the
There has been a wide range of studies on POM over supportegason why this catalyst showed high activity and stability in POM.
metal catalysts, such as Rh, Ir, and Ni [Wang and Ruckenstein, 1999k comparison, Ni catalysts supportedosAl. O, y-Al,O, and&
Nakagawa et al., 1998; Choudhary et al., 1993; Tsang et al., 199%l,0, prepared under different conditions were systematically inves-
Diskin et al., 1998; Tang et al., 1998]. It has been reported that sugigated. To obtain enough samples for the surface and bulk analysis
ported precious metals have much higher activity and stability forof the used samples, a larger reactor was used in this study.
POM than nickel-based catalysts. However, because of the high
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Table 1. Summary of the pretreatment conditions and BET re- RESULTS AND DISCUSSION
sults of ALO, supports
Pretreatment conditions 1. Catalyst Characterization
S:;np;e Temperature Pretreatment BET ;5:23;39 area 1.1, Characteristics of the Supports .
®) time (h) g From the BET results of the supports shown in Table 1, we can

see that the BET surface arey-8i,0, decreased greatly when it

Y-Al:O; - - 234 was calcined at 1,173K for 6 h, which was caused by the phase

6-Al,04(A) 1173 6 149 transformation frony-Al,Q, to 8-:Al,O,. A further sharp decrease

6-Al,04(B) 1173 12 108 of the BET surface area was observed for the support calcined at

6-Al,04C) 1173 24 101 1,173 K from 6 to 12 hg:Al,O,(B)]. However, when the calcina-

6-Al,04(D) 1223 12 100 tion time was 24 hgAl,O,(C)], the BET surface area was main-

0-AlLO,(E) 1373 12 6 tained almost the same as thatd@l,O,(B). Wheny-Al,O, was

calcined at 1,223 K for 12 #{Al,O,(D)], very similar BET sur-
face area was obtained to that calcined at 1,173 K for 12 or 24 h.

Support materials used in this study werl ,0; (99.5%, Strem  However, fory-Al,O, calcined at 1,373 K for 12 lw{Al,O,(E)),
Chemicals)y-Al,O, (CONDEA Chemie GmbH) ar@Al O, which the BET surface area decreased to a very low value, which is similar
was prepared by heat treatmenty#l,0, at different conditions  to that ofo-Al,O,. XRD results (not shown) indicate tigah\l,O5(A),
as shown in Table 1. Among the pretreatment conditions, 1,173 KB-AlLO,(B), 8-Al,O4(C) and6-Al,O (D) showed broad diffractions
for 6 h, which was used in our previous study, was selected as af 6-Al, O, while only very sharp peaks assigned8l,0, were
standard condition. The temperature was carefully increased at abserved for the sample calcined at 1,373 K for T2Al JO,(E)].
1 K/min rate. Supported Ni catalysts (12 Ni wt%) were preparedSo, there exists a strong influence of heat treatment on the structure
by impregnating a Ni(N¢),-6H,0 solution and calcining at 823 K of AlLO, phases.
for 6 h. 1-2. XRD Analysis
2. Catalyst Characterization Fig. 1 shows the XRD patterns of thedNiI,O, samples that

The reduced and used samples were passivated by diluted oxyvere treated under different conditions. From Fig. 1 we can see that
gen of 0.5% Qin N, for 30 min at room temperature before unload- the Ni species aratAlLO, phases were clearly observed for all the
ing. The used samples were taken out under atmospheric conditiorsamples. The XRD patterns of 8iAl,O,(A) samples are given in
and stored in a dry room with inert gas of Ar for test. Fig. 2. The XRD lines of NiO and Ni over KAl O,(A) were broad,

The XRD patterns were recorded on a Rigaku 2155D6 diffrac-which is ascribed to smaller particle size of the Ni species on the
tometer using a copper target at 40 kVx50 mA and scanning speeslipport. Fig. 3 shows the XRD patterns of the use®iMi0, sam-
of 2 (26) per minute. Ni particle sizes were estimated from line ples. It is clear that NitAl,O,(E) shows the characteristic lines of
broadening analysis using Scherrers equation. The surface analysisAl,O, which means thatAl,O, was transformed @-Al,O; un-
of the catalysts was performed at room temperature on a VGiler the pretreatment conditions. For other samples, broad lines of
ESCALAB 210 spectrometer with an Alokradiation generated  6-Al,O, were observed. Although the XRD pattermn of MAlspinel
at 300 watts. The analysis was operated at pass energy of 20 gdhase is very similar to that of alumina, they can be distinguished
and a step size of 0.1 eV. Binding energies were adjusted relativiiom each other by the peak intensities of the main diffractions. Even
to adventous carbon at 284.6 eV. The specific surface areas of tbough NiALO, spinel phase was not detected for all the samples
samples, which were evacuated at 473 K, were measured by the this work, the formation of NiAD, was confirmed by TPR re-
BET nitrogen adsorption method in volumetric equipment Micro- sults [Roh, 2001d)] that the reduction peak at peak maximum of about
meritics ASAP-2400. 1,073 K, which can be assigned to the reduction of SiAbnly
3. Reaction Procedure appeared as a small shoulder peak. It is inferred that the content of

The catalytic POM was carried out in a fixed-bed reactor sys-
tem which consisted of reactant feed parts, a reactor, and an on-lir
GC. The reactants (Cldnd Q) and diluent (Y, which were con-
trolled by mass flow controllers, were mixed before the reactor. The
reactor (Incolloy 800H) with an inner diameter of 18 mm was heatec
in an electric furnace. The bed temperature was monitored by a K'S
type thermocouple placed in catalyst bed with a thermowell. Typi- i Used J z ’
cally, 2 grams of catalyst with a particle size of 16-20 mesh was & »

Ni

loaded for the POM test. In a higher space velocity test, 50 mg cal ﬁ

s
. ) Reduced
alyst was loaded and tested in a quartz reactor. Before reaction, c: A \ A
Q
z
70 80

NiO

£__Nio

alyst was reduced at 973 K for 3 h with 5%ilN,. The ratio of
feed gases was fixed at @8,=1.95 and N(CH,+Q,)=1. A cold ....-J Fresh L..J
20 30 ; 40 50 60

trap at the outlet of the reactor was used to condense any water fro
26

the product gas stream. The products were analyzed by an on-lir
GC equipped with a TC detector and a Carbosphere packed cor-
umn (Alltech). Fig. 1. XRD patterns of the Nif-Al,O; catalyst.
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Fig. 2. XRD patterns of the NiB-Al,O,(A) catalyst.
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Fig. 3. XRD patterns of the used N#-Al,O, catalysts.

spinel phase was too low to be detected by XRD. The NiO phas
was not detected for samples reduced and used in POM for 24 £

although the samples were passivated with diluted oxygen at roor Veed X

temperature before unloading. This means that the bulk phase

the Ni was not oxidized under the passivation conditions. The in-

teraction between oxygen and Ni surfaces has been studied inte T T T T T e

80

bilized by heat treatment. To study the sintering of Ni, the particle
size was determined based on the line broadening by Scherrer’s equa-
tion. As the diffraction peak corresponding to NiO overlaps with
that of ALO,, only the particle size of Ni was estimated as shown

in Table 2. The particle sizes of Ni for &iAl,O, were much smaller

than that of N#-Al ,O,. Therefore, Ni has bigger particle size when

it is dispersed over low surface area support. This was confirmed
from the results for Nif-Al,O,(E) in whicha-AlLO,E) has a BET
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Fig. 4. The variation of the surface Ni/Al molar ratio detected by
XPS as a function of Ni loading for the fresh N8-Al,O;(A)
catalyst.

(a) Ni/9-AI203 (A) 854.8

Reduced

sity (a.u)

[
[

sively, and the oxidation of metallic Ni at room temperature brings 885 880 875 870 85 860 855 850

about the formation of a two-dimensional oxide with a thickness
of 2 to 3 NiO layers [Looij and Geus, 1997]. This low NiO content
cannot be detected by XRD. No observable phase transformatio (b) Ni/o-ALO
occurred for the samples used in POM by comparing the XRD pat e
terns of the fresh, reduced and used samples. IbAILB, is sta-

Table 2. Summary of the particle sizes of Ni obtained from XRD

Particle size (A)

Sample

Reduced Used
Ni/a-Al O, 665.6 585.1
Ni/y-Al,O, 78.1 1247
Ni/ 6-Al ,O,(A) 90.1 134.8
Ni/ 6-Al ,O,(B) 157.9
Ni/ 6-Al ,0,(C) 153.9
Ni/ 6-Al ,0,(D) 154.6
Ni/a-AlLO,(E) 449.6

Binding energy (eV)

Used 853.0
860.5

Intensity (a.u)

Reduced 855.0

| I3 l A l i l 'l l A l 'l ' A A
885 880 875 870 865 860 855 850

Binding energy (eV)

Fig. 5. XPS spectra of (a) N#-Al,O,(A) and (b) Ni/a-Al,O, cata-
lysts in Ni 2p region.
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surface area similar to that @fAl ,O.. 95
1-3. XPS Analysis =
To investigate the dispersion of Ni over the supporg-AlifO, 90
C . . 00000000=0=0=0~0= ~O=()= O O=0=On0=0=0
(A) catalysts with different Ni loadings were prepared and ana- — N 0=070=0-0400=0-0-0-0-0 00
lyzed by ?(PS as |IIustrateq in Fig. 4. The surface Nl/AI 'mo'lar ratlo. ‘S’ 86 =] OO0 0n30n (-1 Do 0-0- O e 3-Dmpey-0-0-0
versus Ni loading curve displayed a remarkable linearity in the Ni g
loading ranged from 3 wt% to 15 wt%. This indicates that Ni was f>:’ 'A}:
H i S 80 =
dispersed very well over the support and there was no obvious pa © DNAN AN A-ADAA AeBte p APt

CH
1

ticle size variation with the increase of Ni loading.
To obtain information on the surface state of the catalysts, XPS 75 =

was carried out for the reduced and used samples. The XPS spe

tra of the samples in Ni 2p region are depicted in Fig. 5. It has bee S | I I P P O O I T I P Y

well established that there is a shake-up satellite peak for,Ni 2p

of NiO at about 862 eV and no peak for metallic Ni although the 00

Ni 2p,;, binding energies of NiO and Ni are very close (~853 and -

~852 V). It is clear that both Ni and NiO were present on the sur: AP0 e 0n 000 PO 3000
face of all the tested samples although they were passivated by ¢ %9 o 0= "

oy

luted oxygen. This confirms the fact that the oxidation of dispersec 3\; -

Ni is very limited at room temperature. The deconvolution of the 3 9 = "~

XPS peak at about 853 eV for separating Ni and NiO is very dif- % AMMAAI A"A'AAAAA.A.A—A‘A/A'A-A.A_A_A_A_AA
ficult to carry out when both NiO and metallic Ni are present in the p - .

same sample. So, we used the ratio of I~862 eV/(1~862 eV+I~85: © =L Nig-ALOs (A)

eV) as a measure of the NiO proportion in the surface of the sarr L Nifa-A,0

ple, which was proposed by Takeguchi et al. [Takeguchi et al., 2001 ~ O Nit-Al0,

The results are given in Table 3. It is clear that the proportion of Ni IS P I Y T P T |
in the used samples was higher than that of the reduced sample 0 2 4 6 8 10 12 14 16 18 20 22 24
This can be explained on the basis that the oxidation of Ni was im Time on stream (h)

paired by the deposited carbonaceous materials on the used samplﬁg. 6. Methane conversion and CO selectivity as a function of time
1-4. BET Surface Area on stream over Nif-Al, O, Ni-AlLO, and Ni/8-AlLO4(A)

Table 4 shows the BET surface areas for the fresh, reduced and catalysts (Reaction conditions: P=1 atm, T=1,018 K for Ni/

used catalysts. There was no difference between the BET surface B6-Al,04A) and 1,033 K for Nifa-Al,O; and NiA+AlLO;, CH,/

areas of the fresh, reduced and used-Ai,O, samples within the 0,=1.95, N/(CH,+0,)=1, GHSV=27,600 ml g, h™).

test error. However, the BET surface area of the usgeAND,

decreased sharply in comparison with that of the reducgdIMD;, Ni/68-Al,O,(D) are comparable with those of the corresponding used

resulting from the deterioration ¢#AI,O, at high temperatures. samples. In the case of 8#Al,O,(A), the BET surface area of the

The BET surface areas of the freshBMil,O4(B), Ni/6-Al,O;(C), used sample was slightly decreased compared with that of the re-
duced sample. Moreover, all the usedf,O, samples showed

Table 3. The ratios of NiO to total Ni species over the catalysts ob- similar BET surface area, Wh'Ch suggests that t@MO, cata-
tained from XPS lysts were obviously not sintered after POM for 24 h.

- - 2. Catalytic Performance
Samples Nifa-AlO, Nifo-AlO(A) Fig. 6 presents the results of POM at atmospheric pressure and
R* u R u total GHSV of 27,600 mlg h™. The reaction temperature of POM
I~gsd (I~eso*1~e59 ~ 0.298  0.227 0.294 0.238 over NilB-AlL,O4A) was 1,018 K, and 1,033 K for MiAl,O; and
Nify-Al,O;. There was no obvious deactivation based ondoht
version for NiB-Al,O;(A) during 24 h of time on stream (TOS).
However, CH conversion for Nif-Al O, decreased gradually with-

*R: reduced samples; U: used samples

Table 4. Summary of the BET surface area of the catalysts in the initial TOS of 4 h, and then became stable during the fol-
BET surface area (ify) lowing TOS of 20 h. At the same time, Cebnversion for N&
AlL,O;(A) was much higher than that of &Al,O, although the
Fresh Reduced Used Ni/8-Al,O4(A) catalyst was tested at a temperature of 15K lower
Ni/a-Al,O, 3 3 3 than that of NB:Al,O, catalyst. In the case of MiAl,O, the high-
Ni/y-Al,O; 191 160 141 est CH conversion was maintained for 24 h. The average stable
Ni/ 8-Al,04(A) 145 101 96 selectivities of CO for NB-ALLO(A), Ni/y-AlL,O, and Nit-Al,O,
Ni/ 8-Al,04(B) 96 - 88 catalysts were 95.2%, 95.3 and 89.1%, respectively.
Ni/ 8-Al,04(C) 85 - 78 The performance of NFAI,O, catalysts, whose supports were
Ni/ 8-Al,04(D) 90 - 83 pretreated at different conditions, is given in Fig. 7. It is clear that
Ni/a-Al ,O5(E) 7 - 5 all the catalysts showed stable @dnversions during 24 h of TOS.
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Fig. 7. Methane conversion and CO selectivity as a function of time  Fig. 8. Methane conversion and CO selectivity as a function of time

on stream over NiB-Al,O, catalysts (Reaction conditions: on stream over NiB-Al,O, catalysts (Reaction conditions:
P=1atm, T= 1018 K, CH/O,=1.95, N/(CH,+0O,)=1, GHSV P=1atm, T=1, 018 K, CH/O,=1.95, N/(CH,+0,)=1, GHSV
=27,600 ml g; h™). =276,000 ml §; h™).

Among them, Ni#-AlL,O,(E) showed the lowest GHonversion high, the supported catalyst showed low activity. Therefore, the cal-
of about 75%, which is similar to that overaNiAlLO,. However, cination conditions for preparing the support must be optimized to
both NiB-AlLO,(B) and NiB-Al,O,(C) showed higher CHcon- obtain a catalyst with both high activity and stability. The present
version of about 86%, which is almost the same as that over Nifesults support the above idea.
B-AlLO,(A). When compared with NFALLO;(B) and NiB-AlL,O4(C), Ni/a-AlLOy(E) and Nix-Al,O, showed lower CHconversion
Ni/ 8-AlLOL(D) showed slightly lower CHonversion of about 84% and CO selectivity as a result of low surface area of the supports.
although three catalysts showed similar stability during the test for 29Dver Nibi-AlLO5(E) and Nigi-AlLO;, as revealed from XRD in which
h. Related to the CO selectivity, only ¢iAl,O;(E) showed slightly  sharp diffraction peaks were observed for Ni or NiO, larger NiO or
lower value (92%) than the others, which gave about 95% CO seNi particles were formed as a result of the very low surface area of
lectivity. the supports. This is consistent with the TPR results. The fresh Ni/
To further evaluate the performance of the catalyst§AiO, 0-Al,O; showed almost the same TPR pattern as free NiO [Roh,
(B) and NiB-AlLO4(C) were tested at higher space velocity and the 2001d], which suggests that the interaction between Ni@and
results are shown in Fig. 8. In comparison with Fig. 7, it is clearAl,O; is very weak. So, the two factors, e.g. bigger particle size of
that the CH conversion over the two catalysts was lower obvi- NiO and weak interaction between NiO ané\l,O,, are responsi-
ously at higher space velocity. Moreover, NM ,O,(B) catalyst ble for the lower activity of Nd-Al,O, and Nibti-Al ,O4(E).
showed slightly higher CHonversion and CO selectivity than Ni/ In the case of NFAILQO;, the highest CHconversion was ob-
B-AlL,O,4(C) catalyst did. served for POM. This may be related partly to the smallest particle
3. Discussion size of Ni among all the samples as a result of the highest surface
In combining the results shown in Fig. 6 to Fig. 8 and Table 1,area of the~Al,O, support. Moreover, TPR results [Roh, 2001d)]
we can see that the activity of the catalysts strongly depends on thirdicate that two high temperature peaks, which can be assigned to
phase and surface area of the supports, which are determined Bye reduction of NiQspecies and highly dispersed NiJ spe-
calcination conditions. As POM must be carried out at high tem-cies, appeared for the freshyMM,O,. This suggests that there exists
peratures, thermal stability of the support for POM catalyst is resstrong interaction between NiO apd\l,O,. But, from the BET
quired. However, as the temperature for calcining the support is toaesults, a great loss of surface area occurred when the sample was

Korean J. Chem. Eng.(Vol. 19, No. 5)
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applied to POM for TOS of 24 h, which is mainly caused by the deposited carbonaceous materials, which impair the oxidation of

deterioration of the thermally unstalfél,O.. So, as expected, a Ni.

long-term stability for Nif-Al O, cannot be expected from the above 4. The surface Ni/Al molar ratio versus Ni loading curve dis-

fact. plays a remarkable linearity in the Ni loading ranged from 3 to 15
In our previous study, N#AILO,(A) was developed and applied wt%, which indicates that Ni is dispersed very well over the sup-

to POM in a quartz reactor and the catalytic activity was main-port and there is no obvious particle size variation with the increase

tained for 100 h. First, as broad diffractions were observed in XRDof Ni loading.

the Ni dispersed ovetAl,O,(A) with an appropriate high surface

area has a smaller particle size. The TPR results of 12 w6 Ni/ REFERENCES
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