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Abstract

The influence of reduction temperature on the catalytic behavior of 10 wt% Cpf£Eflysts, for C@ reforming of methane to synthe-
sis gas under atmospheric pressure, was investigated. Goeéfi@iase catalysts reduced at lower temperatste){3 K) showed stable
activities. On the other hand, the catalyst reduced at higher temperatutd238 K), where the crystal phase of Ti@& transformed from
anatase to rutile during the reduction, provided almost no activity. In addition, CafTitde also showed very low activity, regardless of the
reduction temperature. No carbon depositierD(01 wt%) was observed for any of the Co/Ti@atalysts. XPS and XRD analysis revealed
that the main cause of low activity and deactivation of the catalyst was the oxidation of metallic cobalt. Experimental observations suggest
that the large difference in initial activity corresponds to the different crystal structure efaftér reduction.
0 2004 Elsevier Inc. All rights reserved.
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1. Introduction suggests that the hydrocarbon is dissociatively adsorbed on
metallic sites, whereas GQs adsorbed on the support and

CO, reforming of methane to synthesis gas (CH the adsorbed oxygen species derived fromp©0 the sup-

CO, = 2CO+ 2H,) has been a topic of considerable interest Port reacts with the adsorbed carbon species derived from

for natural gas conversion. It is well known that deposition hydrocarbon on the met{8,4]. To minimize the deposition

of carbonaceous species on catalysts is a serious issue fopf carbon on the catalyst, it has been suggested that the cata-

the reaction, causing catalyst deactivation and pressure drogyst should be designed to avoid large ensembles of the metal

due to p|ugg|ng of the react@l]_ Carbon Originates main|y SpeCies that facilitates carbon formati[ﬂ} and to enhance

from two reactions: Chldecomposition (Chl— C + 2Hy) sorption of oxidants (i.e., C£and H0O) on the support that

and CO disproportionation (2C& C + COy) [2]. One of can remove the deposited carbon formed on the nigll

the mechanisms proposed for the reforming of hydrocarbons [N general, supported noble metals, such as Rh, Ru,
Pd, Pt, and Ir, can lead to lower carbon deposition in the

CH4/CO, reaction[2]. However, from a practical point of
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until recently, it has been revealed that Co/M{d and TiO2(a)) and at 1373 K (rutile phase, denoted ().

Co/Al>0O3 [8] showed considerable activity for the GIEO, The phase compositions were confirmed by X-ray diffrac-
reaction, which suggests that cobalt could be a suitabletion (XRD) analysis. The BET surface areas of 7{&) and
metal. TiOo(r) were 11 and 2 rhg 1, respectively.

In agreement with the mechanism mentioned above, Co/TiOy(a) and Co/TiQ(r) were prepared by incipient
a number of contributors have suggested that the naturewetness impregnation with the use of either (i@ or
of the support strongly affects the catalytic behavior and TiO(r) and an aqueous solution of Co(N)@- 6H,O. Cobalt
carbon deposition in the G#CO, reaction[2]. Among ox- loading was set to 10 wt%. The catalysts were dried at room
ide supports, TiQ[3,9-17]and ZrQ [4,18-22] which are temperature and then at 373 K overnight, followed by cal-
known to show strong interaction with the catalytic metal cination at 673 K for 4 h to remove ligands from the cobalt
[23-25] effectively suppress carbon deposition. The pro- precursor. The powder-form catalysts were pressed into pel-
posed mechanisi{8,4,21] suggests that, by Hreduction, |ets, crushed, and sieved to obtain grains with diameters be-
partially reduced oxide species, such as.T&d ZrQ., mi- tween 600 and 900 pm.
grate onto the metal particles to destroy large ensembles
o_f the metal and enhance the extent of the actiye interfa- 5 CH4/CO, reaction
cial region between the metal and support. In this respect,
pretreatment of Ti@Q- or ZrO,-supported catalysts with H
can directly change the nature of the support at the perime-
ter of the metal, which is assumed to be the active site for
CH4/COg reforming.

It should also be mentioned that TiGhas two kinds
of stable crystal structures, anatase and rutile. The anatas ) N ?
phase is irreversibly transformed to rutile at high tempera- reacuon,_tt]le cataly{sts were reduced n situ with 2w
ture. Studies of adsorption and reaction of (26—28]and (25 ml mir) at various temperatures in the range of 973—
alcohol [29,30] on TiO, suggested that the different bulk 1223 K Ilhe reqwr_ed Femperature was reache_zd at a rate of
crystal structures of Ti@influence the adsorption proper- 10 K min™=and maintained for 1 h. After reductionghbias
ties and catalytic activities for the reactions. However, little Purged with a flow of He gas, and the reactor was then set

is known about the influence of the structural phase obTiO [© & réaction temperature of 1023 K. @8O, gases were
in the CHy/CO; reaction. passed through a bypass of the reactor to measure the ex-

The authors have studied Co/Bi@atalysts for high- act feed composition and subsequently introduced into the
pressure CHWCO, reforming, where coke formation is catalyst bed at a total flow rate of1 20;100 ml min(space
highly favorable[15-17} The catalytic behavior signifi- ~ Velocity (SV) = 1200-60000 mig,ih™-). An ice-cold trap
cantly depended on thesHeduction temperature, reaction Was set between the reactor exit and a gas chromatograph
pressure, and possibly the phase composition ob Ti@., (GC), to remove water formed during the reaction. The re-
anatase and rutilg15,16]} The optimized pretreatment pro- ~actants and products were analyzed with an on-line GC
vides the catalyst with a strong resistance to coke formation (Aera, M-200) equipped with a Porapak Q column, Molecu-
during the reaction, even at 2.0 MPa. However, because alar Sieve 5A column, and two thermal conductivity detectors
low loading of Co is essential for stable operation at high (TCDs). After the reaction, the reactant gas was replaced
pressure[15] and because of the practical difficulties of With He at the reaction temperature, and subsequently the
characterizing the catalysts in a high-pressure flow system,catalysts were cooled to room temperature for characteriza-
the nature of the Co/Ti@catalyst has not been well eluci- tion. A blank test in the absence of the catalyst revealed no
dated. In this contribution, the catalytic behavior and nature Yield of CO or H.
of Co/TiO; catalysts for CH/CO, reforming at atmospheric The exit composition of the gases, at the initial stage of
pressure will be discussed thoroughly. Prior to kinetic mea- the reaction, was continuously monitored by a quadrupole
surements, catalysts prepared with Tj@ccurring only in ~ mass spectrometer (Q-MS), M-QA200TS from ANELVA.
the anatase or rutile phase, have been reduceg at differ- Them/e values of 2 (H), 16 (CHy), 28 (CO), and 44 (Cg)
ent temperatures. To determine the parameters that influencavere used. The intensities for all gases were calibrated with
catalytic behavior and deactivation, extensive characteriza-the GC after stable catalytic activities were obtained. The
tion has been performed. contribution of CQ fragmentation to CQim /e = 28) was

appropriately taken into account.

All catalysts were tested at atmospheric pressure. Typi-
cally, 0.1-1.0 g of the catalyst was loaded into a fixed-bed
tubular inconel reactor (ID 6 mm) that was passivated with
alumina. The reactor was operated in an up-flow mode with
éhe catalyst bed held between quartz wool plugs. Before the

2. Methods 2.3. Catalyst characterization

2.1. Catalyst preparation
X-ray photoelectron spectroscopy (XPS) was performed

Two types of TiQ were obtained by calcination of TRO ~ with an ULVAC-PHI Model 3057 ESCA system and mono-
(Ishihara Sangyo, A-100) at 773 K (anatase phase, denotecchromated Al-K, (1486.7 eV, 200 W) under a pressure of
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approximately 10° Torr. Samples were pressed into pel-
lets and treated in the desired gas atmosphere and temperaz
ture. After each treatment, the pellets were purged in Ar and - ©
closed in glass capsules, then transferred into the spectrome- —o
ter system without exposure to the ambient air. The measure-g 40 T

ments were carried out under approximately ¢ 106 Pa, M
with the C1s peak at 284.8 eV as a reference. To compensate~ >g -+
for the loss of electrons during the measurements, a pass en-
ergy of 23.5 eV was used for all samples.

XRD analysis was performed with a Rigaku Multiflux
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X-ray diffractometer with monochromatized Cu;KMetal Time (h)
crystallite sizes were calculated from line broadening with
the Scherrer equatidai]. Fig. 1. CH; conversion vs. time on stream for Co/Ti@) reduced at var-

e s . . jous temperatures. Reduction temperatué) 973 K; () 1023 K; (@)
Quantification of deposited carbon was achieved by a 1073 K: () 1123 K. (<) 1173 K: (1) 1223 K. (Reaction conditions:

temperature-programmed oxidation (TPO) method. After CH,/COy = 1; 1023 K; 0.1 MPa; S\= 6000 mig;1h—L)
the reaction, the catalyst was heated to 1273 K, at a heat-
ing rate of 10 Kmir®, in an G/He mixture (595 vol/vol
with a total flow of 50 mImirrl). CO, gases derived from  reduced at 973—-1073 K showed relatively high/ienver-
deposited carbon were monitored with a methanator and asions and became only slightly deactivated with prolonged
flame ionization detector (FID). usage. On the other hand, the catalysts reduced at 1123-
The specific surface area of the catalysts afterret 1223 K showed fairly low activity from the beginning of the
duction was determined by the BET method. The amounts reaction. The activities for the Co/TiQ) catalysts reduced
of chemisorbed CO were determined by a pulse injection Within the temperature range of 973-1123 K were all very
method. Typically, 0.1 g of catalyst was reduced in situ at low from the initial stage of the reactiofigble 1.
the required temperatures for 1 h in a fiow and flushed Fig. 2shows the relative gas compositions for exit gases
with He (> 99.999% purity) for 15 min at each temperature. Monitored by Q-MS as a function of time, focusing on the
Pulses of 1.08 ml containing 1% CO in He were injected initial time on stream € 60 s). For the Co/Tig(a) cata-
over the catalysts at room temperature until no further ad- lyst reduced at 1023 K (I), after the reactant gases were
sorption of CO was detected with a TCD. Dispersion of the introduced into the reactor, concentrations for all of the gas
metal was calculated with the assumption of a 1:1 Co:CO components including reforming products, CO ang -
stoichiometry. creased and remained stable during the measurements, indi-
Temperature-programmed reduction (TPR) measure-cating consistency with the reforming shownFfig. 1 On
ments were carried out over 0.1 g of calcined catalyst from the other hand, for the Co/Tia) catalyst reduced at 1173
room temperature to 1223 K, at a rate of 10 Kmiinn K (I) and the Co/TiQ(r) catalyst reduced at 1023 K (lII),
flowing Hp/Ar gas mixture (395 vol/vol with a total flow ~ the concentrations of the reforming products, CO and H
of 30 mImin~1). The hydrogen consumption was monitored increased only initially and decreased rapidly to a very low
with a TCD. A water-trap column was placed after the reac- level (20-40 s irFig. 2(ll) and (Ill)). The decreases in CO
tor to remove the water formed during the TPR. and H occurred simultaneously with increases in £dhd
TPO of the reduced catalyst was carried out with the use CO.. These phenomena indicate that reforming proceeded
of CO, to investigate oxidation behavior. The temperature only slightly at the beginning of the reaction, and almost
was increased from room temperature to 1223 K at a rate ofall catalytic activity was lostimmediately. The concentration
10 Kmin~1. The increase in the catalyst weight during oxi- of CHa increased more rapidly than that of g@ndicating
dation of the reduced catalyst in flowing @@as monitored ~ greater consumption of GQhan of CH,. It should be noted
by differential thermogravimetry (SSC/5200, Sil!). that CO and H were still produced after deactivation of the
catalyst. This suggests that the reaction proceeds, however,
only in small quantity.

3. Results The Co/TiQ(a) catalysts reduced at 973-1073 K showed
relatively stable activitiesHig. 1). Therefore, activity tests
3.1. Catalytic behavior of the Co/TiO2 catalysts for the Co/TiQ(a) catalyst reduced at 1023 K were per-

formed over a wide range of SV (1200-60,000 @)
Fig. 1shows CH conversions versus time on stream over Fig. 3shows CH conversions versus time on stream at SV
the Co/TiQ(a) catalysts reduced at different temperatures at of 1200, 6000, and 60,000 n@é h=1. The conversion per-

SV of 6000 mlg;h~1. Conversions of Chiand CQ for centages are listed ifable 1 The CH; conversion increased
the Co/TiQ(a) and Co/TiQ(r) are listed inTable 1 From with decreasing SV as expected. However, the equilibrium
Fig. 1, it is obvious that the activities of Co/Ti(a) de- values for conversions (83.5% for GJHand yields were not

creased with increasing reduction temperature. The catalystobtained even at the lowest SV of 1200 @1@‘1. At this
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Table 1
Conversions, yields and coke amounts for CoA(&) and Co/TiQ(r) reduced at various temperatures
Catalyst Reduction temperature Space velocity Time Conversion (%) Coke amount
(K) (migeath™) () CHy Co,  (wi%)
Col/TiOy(a) 973 6000 1 65 717
24 471 584 n.d2
1023 1200 1 82 819
50 598 66.6 n.d2
6000 1 557 64.3
24 434 547 n.d2
60,000 1 206 331
24 n.d. n.d. 0.02
1073 6000 1 39 512
24 265 389 n.d2
1123 6000 1 &) 9.2
12 n.d. n.d. n.d
1173 6000 1 a 20
12 n.d. n.d. n.d
1223 6000 1 n.d. Q
12 n.d. n.d. n.d
ColTiOy(r) 973 6000 1 2 54
12 n.d. n.d. n.d
1023 6000 1 3] 20
12 n.d. n.d. nd
1123 6000 1 n.d. n.d.
12 n.d. n.d. nd

@ n.d. (not detected) is below 0.01 wt%.

SV, deactivation was pronounced at the beginning of the re-fer of TiO, from anatase to rutile was observed at 1073 K
action (within 6 h) but was suppressed with time. At a SV and predominantly so at 1123-1223 K. After the reaction
of 60,000 mlg,:falt h~1, the catalyst initially showed reform-  (seeFig. 5 (II)), the metallic cobalt phase remained in the
ing activity (CHs conversion: 20.5%). However, the cata- catalysts reduced at 973—-1073 K, with higher intensities than
lyst gradually lost activity with time and completely within  those before the reaction. However, for the catalysts reduced

20 h. at 1123-1223 K, the peak intensities for ‘Cdecreased
slightly during the reaction, and, instead, a CoJighase
3.2. Characterization of the Co/TiO; catalysts was formed. Similarly, in the XRD pattern of the Co/Ti@)

catalyst after the reaction at a SV of 60,000 @1@—1, the

First, the TPO results revealed that no carbon was de- COTiOs phase was observed with small intensity, as shown
tected & 0.01 wt%) for any of the Co/Ti@ catalysts after ~ in Fig. 5(Il) (A’). On the other hand, for the XRD pattern
the CHy/CO, reaction (sedable J). of the catalyst after reaction at a SV of 1200 @ﬁ@—l (not

The Co 2 XP spectra for the Co/Tigfa) catalysts re- shown), the CoTi@ phase was not observed as it was for a
duced at 1023 and 1123 K, before and after reaction (1 h), SV of 6000 ml g.; h~* (Fig. 5(I1)). The XRD patterns of the
are shown inFig. 4 Peaks located at 777.4 and 777.5 eV, Co/TiOy(a) catalysts reduced at 973 and 1223 K, before and
characteristic for metallic cobalt, appeared for the catalysts after reaction, were similar to those of the catalysts reduced
reduced at 1023 and 1123 K, respectively. For the catalystat 1023 K (A) and 1173 K (D), respectively (hence, these
reduced at 1023 K, smaller intensity peaks in the 779.5— are excluded from the figures). With respect to CoAlifd
781 eV region, attributed to an oxide phase of cobalt, were the XRD results displayed a tendency similar to that of the
also observed. A peak at 777.2 eV, which can be assigned toCo/TiO,(a) catalyst reduced at 1173 K before and after the
metallic cobalt, remained after the reaction. However, a large reaction (not shown).
shift of this peak to 780.1 eV was observed for the catalyst ~ Physicochemical properties of the catalysts are compiled
reduced at 1123 K. This indicates that metallic cobalt was in Table 2 For Co/TiG(a), the specific surface area de-
oxidized during the CH{CO; reaction. creased with increasing reduction temperature. The spe-

Fig. 5 shows the XRD patterns of the Co/Ti(@) cata- cific surface area decreased drastically with the reduction at
lysts (I) reduced at 1023-1173 K, before the L&D, reac- 1123 K, which corresponds to the predominant phase tran-
tion, and (l1) after the CE/CO, reaction, respectively. Prior  sition of TiO, from anatase to rutile. For Co/TiQ), the
to the CH/CO; reaction (seéig. 5(1)), the metallic cobalt specific surface areas were the same for catalysts reduced
phase was observed for all of the catalysts (see the expandedt 973—-1123 K, because of the strongly sintered structure of
scale on the right dfig. 5). In addition, a slight phase trans-  TiOx(r) after calcination at 1373 K.



K. Takanabe et al. / Journal of Catalysis 230 (2005) 75-85 79

_ He {CH,/CO, 0 . 100
5 <« i—> Co S g0 -
2 N
~ =
Of .§ H, % 60 -M:
% g A z 40 M
5| CH 3
2 ; = 20 A
S | CO, @ ?Eg
- 0 - S, t }
! t ' 0 10 20 30 40 50
0 20 . 40 60 80 Time (h)
Time (sec)

Fig. 3. CH; conversion vs. time on stream for Co/Ti@) reduced at 1023 K
S . —1,.-1. —1lp-1.

He {CH,/CO, (11) W|th_cjiﬁejint SV Q) 1200 m'I.Qat h™*; (@) 6000 ml g h~; (O) 60,000

mlggai ™. (Reaction conditions: CkfCOp = 1; 1023 K; 0.1 MPa.)

CH,

Co,

Co 2p;),

CO

Relative
concentration (a.u.)

. o % oee

0 20 40 60 80
Time (sec)

Intensity (a.u.)

He iCH,/CO, (111)
Sl il

CH,
CO, )

Relative
concentration (a.u.)

90 H, 810 800 790 780 770
Binding Energy (eV)

i

Fig. 4. XP spectra of (A) Co/Tig(a) reduced at 1023 K before reaction,
0 20 40 60 80 (B) ColTiOo(a) reduced at 1023 K after reaction, (C) Co/%{@) reduced
Time (sec) at 1123 K before reaction, and (D) Co/Ti() reduced at 1123 K after
reaction. (Reaction conditions: GHCO, = 1; 1023 K; 0.1 MPa, 1 h.)

Fig. 2. Relative intensity of the exit gases at the initial stage of the reac-
tion. (I) Co/TiOy(a) reduced at 1023 K; (1) Co/Tigda) reduced at 1173 K;

(Il Co/TiO2(r) reduced at 1023 K. ble values (26—-35 nm) were obtained for all of the catalysts,
regardless of the support phase composition. For all cata-

Dispersion of cobalt was evaluated by CO pulse chemi- lysts, the cobalt crystallite sizes increased slightly during
sorption measurements. For Co/%(@), the dispersion of  the reaction at 6000 migih~2, indicating that the cobalt
cobalt decreased with increasing reduction temperature upparticles experienced moderate sintering. It should be noted
to 1073 K (0.36 to 0.11%) and then remained comparable that the peak intensities for metallic cobalt, in Co/Z{&) re-
above 1073 K (between 0.06 and 0.12%). For Cos{i) duced at 1123-1223 K and Co/Ti(@®), decreased after the
dispersion of cobalt decreased gradually with increasing re-reaction, and formation of CoT#was observed for these
duction temperature from 973 to 1123 K. It should be men- catalysts. For the Co/Tiga) catalysts reduced at 1023 K,
tioned that the dispersions for Co/Ti() catalysts reduced the crystallite size after the reaction (39 nm) at a SV of
at 973 (0.22%) and 1023 K (0.19%) were lower than those 1200 ml g’alt h—1, was distinguishably larger than before the
for the Co/TiQ(a) catalysts reduced at 973 (0.36%) and reaction (26 nm), indicating that the catalyst had under-
1023 K (0.30%), but higher than those for the Co/J(&) gone sintering. For the catalyst after the reaction at a SV of
catalyst reduced at 1073-1223(K 0.12%). 60,000 ml g; h~1, the formation of the CoTi@phase was

The cobalt metal crystallite sizes for the reduced cata- accompanied by a decrease in the intensity of the Co metal-
lysts were evaluated from XRD line broadening. Compara- lic phase.
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Fig. 5. XRD patterns for Co/Tig(a) reduced at different temperatures. (I) after the reduction, (Il) after the reaction. Right box shows narrow scanning
diffraction peaks for Co(200). Reduction temperature: (AY) (2023 K; (B) 1073 K; (C) 1123 K; (D) 1173 K{) co’; (A) CoTiOg; (@) TiOs-anatase;

(M) TiOo-rutile. (Reaction conditions: C{CO, = 1; 1023 K; 0.1 MPa. S\= 6000 mIQ_alt hil, except (A) 60,000 ml Q_alt h-1)

Table 2
Specific surface area, metal surface area, arftiocBetallite size for Co/TiG(a) and Co/TiQ(r) reduced at various temperatures
Reduction temperature Specific surface &rea CO adsorptioft Cobalt dispersion Space velocity Co crystallite Qiemm)
(K) (m2ged) (umol ) (%) (mlgeih™1) Beforé® After®
ColTiOy(a)
973 11 607 036 6000 30 32
1023 10 507 030 1200 26 39
6000 26 28
60,000 26 38
1073 9 180 011 6000 30 35
1123 5 108 006 6000 33 a4
1173 5 148 009 6000 34 3¢
1223 3 200 012 6000 33 48
Co/TiOy(r)
973 2 370 022 6000 29 d
1023 2 316 019 6000 29 d
1123 2 144 008 6000 35 d

@ Before CH,/CO; reaction (after reduction).

b Calculated from line broadening applying the Scherrer's equéibh
€ After CH4/CO, reaction.

d CoTiOg phase was formed.
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Fig. 6. XRD patterns for Co/Tig(a) and Co/TiQ(r) after different treat-
ments. (A) Co/TiQ(a) after calcination at 673 K (before reduction); (B)
ColTiOx(a) after CQ/He treatment at 1023 K following the reduction
at 1023 K; (C) ColTiQ(r) after calcination at 673 K (before reduction);

(D) ColTiOy(r) after CQ/He treatment at 1023 K following reduction at
1023 K. @) Co304; (A) CoTiOg3; (@) TiOp-anatase;M) TiO,-rutile.
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Fig. 7. TPR profiles for (A) Co/Ti®(a) calcined at 673 K, (B) Co/Tiglr)
calcined at 673 K, (C) Co/Tigfa) oxidized in CQ/He at 1023 K, and (D)
ColTiOx(r) oxidized in CQ/He at 1023 K.

an oxide, CgQg, after calcination at 673 K for both anatase
and rutile phased:igs. 7A and B show TPR profiles of the
calcined Co/TiQ(a) and Co/TiQ(r). Both catalysts had two
main peaks with maxima at 590-650 K, and thge ufptake
ended below 850 K. These results indicate thag@owas

first reduced to CoO, and subsequently to metallic Co, as
discussed in an earlier repdB2]. Since cobalt oxide was
reduced completely below 850 K, the lowest reduction tem-
perature of 973 K in this study was sufficiently higher than
the temperature required to reduce the cobalt oxides com-
pletely.

The XP spectra and the XRD patterns suggested forma-
tion of an oxidized phase of cobalt in some catalysts inves-
tigated during the reaction; therefore, the oxidation behav-
ior of the reduced catalyst in GQOwas investigated. After
Co/TiO(a) and Co/TiQ(r) were reduced at 1023 K, the cat-
alysts were treated in a G@He (1:1) mixture at 1023 K.
The XRD patterns after this treatment are showRigs. B
and D for Co/TiQ(a) and Co/TiQ(r), respectively. It was
found that the metallic cobalt in Co/TOwas oxidized at
1023 K by CQ to form CoTiG;, regardless of the Ti®
phase composition. After this treatment, TPR measurements
were carried out; the profiles are shown kig. 7C for
Co/TiOx(a) and inFig. 7D for Co/TiOx(r). Each profile had
one peak at approximately 1000 K, indicating that reduc-
tion of CoTiO; had taken place for both Co/Ti(a) and
Co/TiOx(r). It should be noted that the reduction temperature
of CoTiO3 was much higher than that of @0, (< 850 K).

This implies that once CoTi@is formed it is difficult to re-
duce under the reaction conditions.

4. Discussion

4.1. Catalytic behavior and causes of deactivation for the
ColTiO, catalysts

There is general agreement that catalytic deactivation
during the CH/CO; reaction is caused by carbon deposition
on active sites, sintering of metal particles, and oxidation of
the metal[2]. In the present study, no carbon was detected
(< 0.01 wt%) for any of the Co/TiQ catalysts. The cause
of the deactivation for the Co/Tifxatalysts in this study is,
therefore, metal oxidation and/or sintering of metal.

The reduction temperature had a strong influence on the
catalytic behavior of Co/Tig(a) (Fig. 1). It was clearly
shown that the Co/Tigfa) catalysts, reduced at 1123-
1223 K, showed low activities for the reforming reaction
(Fig. 1). At the beginning of the CHHCO, reaction Fig. 2),

COy, consumption for the Co/Tigja) catalyst reduced at
1173 K (II) was much larger (complete G@onsumption

To follow the changes in the catalyst structure during within 10 s) than that for the Co/Tif0a) catalyst reduced at
the reduction, we carried out XRD analyses and TPR mea-1023 K (I). The reforming did not occur significantly over

surements.Figs. 6A and C show the XRD patterns of
Co/TiOx(a) and Co/TiQ(r) calcined at 673 K (before re-

the Co/TiQ(a) reduced at 1173 K, as seen by a small pro-
duction of hydrogen and its complete loss within 1 min. It

duction). These patterns indicate that cobalt was present ashould be noted that the higher concentration of,€bim-
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pared with CQ (or higher concentration of CO toJj for the reaction and then gradually declined over time. XRD
all of the catalysts, is ascribed to a preferential reverse waterpatterns of the catalyst after reaction indicate the metallic
gas shift reaction (C®+ H, — CO + H0) over reform- cobalt phase was retained during the reaction, but cobalt

ing. However, in this case, the large g©@onsumption is sintering occurred during the reaction, as was seen from a

not due mainly to reforming, but to oxidation of the cata- change in crystallite size from 26 to 38 nm. This degree of

lyst surface. It is assumed that the oxidation of the surface sintering and increase in crystallite size was much greater

metal and the reforming reaction occur simultaneously. For than that which occurred at a SV of 6000 rafh— (26

the Co/TiQ(a) catalyst reduced at 1023 K, reforming was to 32 nm). Therefore, the sintering of metal causes deacti-

faster than the oxidation, showing constant activity for re- vation in this case. Although there are no additional data to

forming, and for the Co/Tig(a) catalyst reduced at 1173 K reveal the causes and the incidental effects of sintering, it is

and Co/TiQ(r) reduced at 1023 K, the oxidation of the metal suggested that the gas atmosphere of the latter part of the

was faster, resulting in a low activity for reforming. catalyst bed, where there are more products and fewer re-
XPS and XRD results give direct information about the actants, might have some influence on the catalyst, thereby

surface state and the bulk state of the catalysts. In the Coaccelerating sintering of the metal.

2p XP spectraFig. 4C and D) for Co/TiQ(a) reduced at With regard to the reaction at a SV of 60,000 @%@*1,

1123 K, which showed fairly low activity toward the reac- Co/TiOy(a) reduced at 1023 K initially showed a 20% &£H

tion, the metallic cobalt (777.4 eV) was oxidized during the conversion but was deactivated with time and completely

reaction (broad peak at approximately 780.1 eV). It was re- lost catalytic activity within 20 hFig. 3). Formation of the

ported that CoO, GsiD4, and CoTiQ have binding energies  CoTiO3 phase after the reactiofify. 5(11) (A’)) suggested

of cobalt at 780.0-780.5, 779.5-780.2, and 781.2 eV, respec-that the metallic cobalt on Tiga) was gradually oxidized

tively [33—36] Although the exact species of cobalt cannot with time. The degree of sintering was not significafa-

be clearly identified, the results obviously revealed that sur- ble 2). Therefore, the main cause of complete deactivation

face Co atoms in the catalysts were oxidized téCand/or would be oxidation of the metal. It can be assumed that

Co** during the CH/CO;, reaction. In addition, XRD pat-  higher SV provides the catalyst with more contact with the

terns show the formation of a CoTi@haseFig. 5(11)). The reactants (C@ CHg). In this context, the inlet part of the

XRD patterns still indicate the presence of metallic cobalt, catalyst in the reactor could be oxidized more easily because

even if the catalyst had lost all activity. However, sharp peaks of a higher concentration of GOOnN the other hand, metallic

of metallic cobalt were not observed, and peak intensities Co in the latter part of the catalyst bed is exposed to reductive

were lowered during the reaction, which confirms that the products and could be sintered (as observed for the catalyst

degree of sintering of metal was not significant. Therefore, after the reaction at a SV of 1200 mifh~1). From this

it was assumed that the oxidation of metallic cobalt would point, the cause of deactivation of the catalyst, reduced at

occur at the surface of Co particles, as was confirmed by 973—-1073 K during reaction at a SV of 6000 mafgh1, is

XPS, and that CoTi@phase crystallization would proceed attributed to slow oxidation of metal from the front part of

in the periphery between the metal and 7i@ is also as- the catalyst bed and sintering of metal at the latter part of the

sumed that Co in the core of the particles still remains metal- catalyst bed.

lic, as detected by XRD. Similar results for the Co/3{©)

catalysts reduced at 973-1123 K were obtained by XRD 4.2. Key parameters for the differencesin catalytic

analysis. Therefore, it was concluded from the kinetic mea- behavior of the Co/TiO, catalysts

surements and the XPS and XRD results that low activities

of Co/TiOy(a) reduced at higher temperatures 1123 K) After calcination at 673 K (before reduction), €foy was
and Co/TiQ(r) can be attributed to rapid oxidation of the the only cobalt phase identified by XRD in the catalysts
surface cobalt. (Fig. 6A and C). InFig. 7, the TPR spectra of Co/Tif{a)

In contrast, the Co/Tigla) catalysts reduced at 973— and Co/TiQ(r) suggest that the lowest reduction tempera-
1073 K showed relatively high and stable activiti€gg( 1). ture, 973 K, must be high enough to reduce all cobalt ox-

However, a moderate decrease in catalytic activity was ob-ides in the catalysts. However, the Cp XP spectrum for
served during the reaction. Metal sintering during the reac- Co/TiO,(a) reduced at 1023 K showed a rather small peak
tion was not significant compared with the decrease in ac- attributed to an oxide phase of cobalt. Note that the TPR
tivity (Table 9. Therefore, it is speculated that deactivation gave evidence that CoT#was less reducible than @04
for these catalysts is due to both metal sintering and oxida- (Fig. 7). These results indicate that trace amounts of C@TiO
tion. The surface of metal particles can be oxidized slowly, can be formed by calcination at 673 K and are not reduced
and therefore the catalysts showed mild deactivation. by a reduction at 1023 K, although the amounts were too
To confirm this idea, the Co/Tigla) catalyst reduced at  small to be detected by TPR and XRD analysis. This is
1023 K was tested at different space velocities. Thes CH in agreement with the report by Ho et §3] that surface
conversion of the catalyst at a SV of 1200 g was CoTiOs-like species, relatively less reducible, were formed
higher than that at 6000 mgé h=1, as expectedHig. 3). in Co/TiOy by calcination at 673 K. However, because the
Deactivation was observed especially at the beginning of catalyst reduced at lower temperature 1123 K) showed
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much higher activity than the catalyst reduced at higher tem- = 80
perature £ 1123 K), it is concluded that the difference in % 60 1 . M
the reduction degree of cobalt is not a crucial factor regard- &
ing catalytic behavior. S 40 1 .
For the Co/TiQ(a) catalysts reduced at 973-1073 K, §
which showed relatively high activity, and only moderate de- = 207
activation during the reaction, catalytic activities decreased © Lo e .
with increasing reduction temperatuféd. 1). Among these 0 0 o1 0'2 0'3 04

catalysts the cobalt crystallite size, phase composition of
TiO2, and the specific surface areas were very similar, Dispersion (%)
and therefore the differences in activity are attributed to
the amounts of cobalt available on the surface, which de- Fig. |8- Ch dconvgrsiog_ fé;\t 1hvs. diSPGFS;O.rl) (ch C/gtgzlt( f;)r tze Cg/zTiO
creases with increasing reduction temperatliable 9. The ~ catalysts reduced at different temperature@.) (Co/TiOx(a) reduced at
CofTi talvsts h gb . dp ¢ ( ametal sup-273-1073 K; W) ColTiOy(a) reduced at 1123-1223 KD ColTiOy(1)

o _|Oz catalysts have been reported as strong UP-equced at 973-1123 K.
port interaction (SMSI) catalys{87]. It has been reported
for TiO2-supported catalysts that the surface oxygen oL TiO ) o )
could be removed in the range of the temperatures investi- et value for conversions decreased with increasing reduc-
gated & 773 K), and TiQ species would be generated and 110N temperatureRig. 1, Table J.
cover the metal surface so that less CO chemisorption is de- Compared with Co/Tig(a) reduced at 973-1073 K,
tected. The possibility has also been discug@et2] that ~ the CO/TiG(a) catalyst reduced at 1123-1223 K and the
TiO, species could block a large ensemble of metal parti- ?9’_“02(0 catalyst relzdu_ced at 973_112_3 Kshowed low ac-
cles that facilitate Cidecomposition and the resultant coke t|\;]|t|es frolm the ﬁggm_nmg ?f the .react|o(;h‘-|gs/. 1 andb)Z
deposition. In addition, the generation of those Tipecies | ne Metal crystallite sizes o Col/Tiga) and Co/TiQ(r) be-
would have a number of oxygen defect sites that enhancefore the reaction (after reduction) were almost the same for
CO, dissociation and thus supply oxygen to the metal par- these catglystsT(abIe 2. _Accor_d_lng to thes_e_r_esults, the dif-
ticles and therefore remove the surface carbon species. Thderences in the catalytic activity at the initial stage of the
synergistic effects of creating new active sites ony(CH, reaction weranot attributed to the metal crystallite size. The
reaction in the metal-support interfacial region will lead to "€lationship between CHconversion and cobalt dispersion

an increase in turnover frequency (TOF) 5 [12,13] In for the Co/TiQ catalyst is described ifig. 8 As shown

this study, the dispersion was roughly estimated from the in this figure, low activities observed at the beginning of the
crystallite size from the following equatida7]: reaction arenot related to cobalt dispersion. The phase trans-

fer from anatase to rutile was observed for the Cos(&)
D (%) = 96.2/d, catalyst at a reduction temperature of 1123Hg( 5), and

therefore the catalytic behavior seems to depend on the main
where D (%) is the dispersion percentage of cobalt, and TiO, structures, anatase or rutile. In other words, it is pos-
d is the particle size of cobalt, assuming an fcc structure sible to say that the Co/Tiffa) catalyst, which retained the
for Co. This calculation resulted ir- 3% dispersion for anatase phase, showed relatively high activity, whereas both
all of the catalysts studied, which is more than 10 times Co/TiO,(a), which obtained the rutile phase during reduc-
larger than the values calculated from CO adsorption mea-tion, and Co/TiQ(r), originally supported on rutile phase,
surements (the highest dispersion is 0.36% for Cof{ap showed fairly low activity due to rapid oxidation of metallic
reduced at 973 K)Table 3. Therefore, it is confirmed that Co to CoTiQ.
a higher reduction temperature increased the, Ti@verage Interestingly, the large differences in catalytic behav-
on metallic cobalt for the Co/Ti@catalysts, without increas-  ior are in accord with different Ti@ phase compositions,
ing the metal crystallite size significantly. Strong resistance that is, formation of CoTi@ is more favored on rutile
to coke deposition would be due to a small exposure of the than on anatase phase in a €0, reaction. Hence, the
cobalt surface, which destroys the large ensemble of metallicCoTiO3 formation rate under Cotreatment was compared
cobalt (coke deposition site) and creates active sites for re-for CoTiOx(a) reduced at 1023 K and for Co/Ti@®) with
forming, especially C@activation in the periphery of metal  the use of TPO with C®(Fig. 9). Oxygen uptake was ob-
particles. In the current work, the TOF increased with in- served above 773 K for both catalysts. Co/d(&) gave a
creasing reduction temperature; for example, TOFs fof CH maximum at 1030 K, and Co/Ti0r), a maximum at 1100 K.
conversions after 1 h were estimated to be 4.0, 4.1, andThe O/Co ratio, calculated from the net amount of oxygen
8.1 s'1 for the Co/TiQ(a) catalysts reduced at 973, 1023, uptake, was approximately in the range from 1.0 to 1.1. In
and 1073 K, respectively (TOFs were calculated from the addition, CoTiQ was the only cobalt species observed with
molar flow rate of converted CHdivided by moles of CO  XRD after these measuremenisgs. 8 and D). Therefore,
adsorbed to the metal). However, TiGpecies may also the oxygen uptake would mainly correspond to the forma-
block active metallic sites for reforming, and therefore the tion of CoTiO; (Co+ TiO2 4+ CO, — CoTiOs + CO). Since
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Co/TiO,(r) the catalytic behavior of Co/Ti© Remarkably, all of the
Co/TiOy(a) Co/TiO, catalysts showed strong resistance for coke depo-
sition (< 0.01 wt%) in the CH/CO, reaction at 1023 K.
The catalysts reduced at relatively lower temperatures (973—
1073 K), where TiQ retained the anatase phase, had rel-
atively high and stable activities. On the other hand, the
Col/TiO, catalysts, where the anatase phase was mainly
transformed to the rutile phase by reduction at higher tem-
peratures (1123-1223 K) or where the cobalt was supported
on the rutile phase, showed fairly low activities from the
beginning of the reaction. Both kinetic measurements and
Temperature (K) characterization with XPS and XRD techniques revealed
that low activities are ascribed to rapid oxidation of metal-
lic cobalt. Since the differences in catalytic activity cannot
be correlated with the differences in Co dispersion and Co
crystallite sizes, it is suggested that the large difference in
the initial activities could be ascribed to the differences in
the TiQ,; bulk crystal structure. As a result, oxidation of
cobalt supported on rutile is more favored than that of cobalt
supported on anatase during 80, reforming. This in-
dicates that Ti@, together with Co, strongly participates
in the reaction and is of importance to the optimization
of a balance between GHand CQ. Knowledge obtained
from this study, for example, the influence of reduction tem-
perature and Ti@ phase composition on the catalytic be-
havior of TiO;-supported catalysts, can be judiciously ap-
plied.

dTG (a.u.)

373 573 773 973 1173

Fig. 9. Differential weight increase of Co/T§(a) and Co/TiQ(r) reduced
at 1023 K flowing CQ. Ramping rate: 10 K min.

ColTiOy(a) had a lower temperature onset of the peak and

peak maximum compared with Co/Ti(®), it can be sug-

gested that Co/Tig{a) was more reactive with GQhan was

ColTiOy(r) to form CoTiGs. This tendency toward forming

CoTiOz in CO, was different from that in the CHCO; re-

action, because the CoTi@hase was formed more easily in

ColTiOy(r) after the CH/CO; reaction than in Co/Tig(a).

In other words, the tendency to form CoB@ CH4/CO,

cannot be predicted from the reactivity of Co supported on

TiO2 with only CG,. Therefore, the difference in catalytic

activities would correlate with the state of active sites (both

metal and support participate),4,19,21Jon the catalyst sur-

face and with the kinetics of the reactions with £80,

on those sites, where reductive (HH2, CO) and oxida-

tive (CO,, H,0) species coexist. When the reaction between Acknowledgment
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