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Cobalt on alumina catalysts were prepared and tested in the partial oxidation of methane using dry
feed at moderate gas temperatures (700-973 K) and atmospheric pressure. The effect of adding small
amounts (1/15 molar ratio) of Ni, Fe, Cr, Re, Mn, W, Mo, V and Ta oxides was studied. The catalysts
were prepared using incipient wetness impregnation followed by direct reduction of catalyst precursors,
and characterized using Hp chemisorption, Ny sorption, TPx, XRD and XPS. The catalytic testing was
performed using air as oxidant with CH4/O; = 2 and a gas hourly space velocity of 15-150 NI CH4/(g h).
The product composition was compared to thermodynamic equilibrium at bed exit temperatures, and any
deviation from equilibrium could be explained by temperature gradients. It was found that the presence
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Activation of co-impregnated metals or metal oxides that may either form bimetallic or mixed oxide species with
Dissociation cobalt was detrimental to the catalyst performance. The most detrimental elements included Mo, W, V
Pyrolysis and Ta, and their poor activity for synthesis gas formation could be explained by the low cobalt metal
E’Lebt;i“e surface area determined from hydrogen chemisorption, as compared to the unmodified catalyst. Results
Alumina indicate that deactivation of cobalt involves oxidation of the active phase, and that carbonaceous deposits

may be involved in the deactivation. When increasing the gas hourly space velocity the presence of a
modifier had a dramatic effect on the catalyst performance, and only Ni improved catalyst stability and
yields. All other modifications tested were detrimental to methane conversion at the levels investigated.
Dissociation of methane was investigated by TPx, and the activation of C-H bonds was found to occur
above the hcp to fcc phase transition temperature of cobalt, indicating that methane activation to
synthesis gas could be structure sensitive on metallic cobalt. A 2-3 zone reaction mechanism involving
pyrolysis, combustion and reforming is suggested.

© 2008 Elsevier Inc. All rights reserved.

1. Introduction permselective membranes to remove hydrogen, would yield highly
concentrated CO, for sequestration, and Hy which could be used
in fuel cell applications.

Partial oxidation of methane is a well-known reaction with

The production of synthesis gas has been studied since the be-
ginning of the 20th century, and different approaches to synthesis

gas and hydrogen production have been reviewed on a regular ba-
sis [1-3].

CO, handling is a growing research topic, and the prospects
range from sequestration to utilization in the production of chem-
icals [4]. In this context, oxidative concepts like catalytic partial
oxidation (CPO) and autothermal reforming (ATR) seem attractive
for a number of reasons, such as efficient use of raw materials, low
energy demand and the potential of operation at high space veloc-
ity in compact reactors [5]. Compared to CO; capture from internal
combustion, where typically only 3-4 vol% of the exhaust gas is
CO,, synthesis gas production followed by water-gas shift, utilizing
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theoretical and experimental studies dating back to Liander [6]
and Prettre et al. [7]. The history of catalytic partial oxidation of
methane is rather extensive, even though the major body of sci-
entific contributions originated after the studies by Ashcroft et al.
[8,9] and Hickman and Schmidt [10]. Catalytic partial oxidation of
methane has been reviewed on a regular basis [5,11-17], and a
general review, with the exception of a few key points, is therefore
unnecessary in this context.
The ‘direct’ route in CPO, given by reaction (1),

CH4 + (1/2)0; — CO + 2H;, AHg98 k = —35.7 kJ/mol, (1)
is in principle ideal for the production of hydrogen or synthesis gas
for gas-to-liquid applications. The oxidation of methane is practi-
cally irreversible at all temperatures under atmospheric conditions.
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Fig. 1. Illustration of the change in Gibbs free energy for the oxidation of Co, Ni, Rh
and Pt as a function of temperature, calculated using HSC Chemistry 5.1.

However, it is typically observed that other overall reactions,
including combustion, reforming and shift, play important roles,
effectively limiting the yields by a global thermodynamic equilib-
rium. The more favoured combustion reaction (2) typically creates
a distinctive bed-temperature gradient which complicates the mea-
surements of intrinsic kinetic parameters:

CHg + 205 — €Oy +2H,0,  AHSq « = —802.3 kj/mol. )

H, and CO are the thermodynamically favoured products at
high temperatures (>1273 K), and it has been shown by Hickman
and Schmidt [18] that equilibrium can be obtained in an autother-
mal short-contact time reactor. However, commercialization of the
process at these temperatures will require expensive reactor mate-
rials. Different straight low chromium and austenitic stainless steel
materials (i.e. type 316) have an upper limit of about 1143 K for
intermittent service or 1198 K for continuous service in air [19].
Catalyst stability is also a critical issue at these temperatures. It is
therefore desirable to conduct production of synthesis gas at lower
temperatures, typically <1073 K.

The use of cobalt catalysts in methane partial oxidation has
recently been reviewed [17,20]. Cobalt has a strong tendency to
be oxidised at lower temperatures, as easily verified by thermody-
namic calculations as a function of temperature and illustrated for
Co, Ni, Pt, Rh, Mn and W in Fig. 1, and a promoter may therefore
be beneficial to keep it partially reduced. Ledeng et al. [20] inves-
tigated the effect of different transition metals including Ni, Pt, Rh,
Ru and Pd. The addition of Pt and Rh was found to be beneficial for
maintaining activity at low temperatures, while Ni promoted car-
bon formation and deactivation. No clear effects of Pd or Ru were
observed. Pt has previously been reported to promote the reduc-
tion of cobalt [21] leading to higher yields of synthesis gas [22,23].

The scope of the presented work was to study the effect of
modifying cobalt catalysts with a second metal oxide when tested
in the partial oxidation of methane. The idea behind this was to try
to investigate whether the cobalt crystals were decorated, covered
or encircled by a second phase and to what extent this affected
catalyst performance. The modifiers in this study was largely based
on the principle that in any chemical process it may be just as im-
portant to identify groups of elements that have negative effects as
identifying the best promoters.

Catalysts with similar average particle sizes were prepared on
an inert support and characterized by different methods including
H, chemisorption, XRD, TPx and XPS. The catalysts were subse-
quently tested for activity at moderate temperatures using dry

Table 1

Catalyst properties on «-Al;03 (18.5 m?/g).

Catalyst Co M Ha gifr® Hatot® £y t)'\(/[;])pp'“gc
ID (wt%) (wt%) (H:Co) (H:Co) (nm) (nm)

Co 14.2 0 0.016 0.033 171 16.1 + 0.6
Ni/Co 14.0 0.9 0.011 0.022 18.3 17.7 £ 0.5
Fe/Co 14.0 0.9 0.009 0.016 16.7 16.5 + 0.6
Cr/Co 141 0.8 0.008 0.017 15.1 123 £ 04
Re/Co 13.8 29 0.006 0.016 16.2 14.5 £ 0.9
Mn/Co 14.0 0.9 0.006 0.015 15.0 161 £ 0.7
W/Co 13.8 29 0.003 0.010 15.7 171 £ 0.6
Mo/Co 14.0 1.5 0.003 0.008 17.6 16.5 + 0.7
V/Co 141 0.8 0.000 0.000 16.0 18.0 £ 0.5
Ta/Co 13.8 2.8 0.000 0.000 17.8 18.9 + 0.6

2 The difference between first and second adsorption isotherm of H, adsorption
at 373 K. Sometimes referred to as the irreversible adsorption (chemisorption).

b Total H; adsorption at 373 K.

¢ The mapping is done with DIFFRACPlus Powder v.1.07, and the thickness is the
Scherrer thickness calculated from the FWHM of the peaks.

feed. Properties including the available cobalt surface area, parti-
cle sizes, and the nature of the cobalt and second metal or metal
oxide phases have been addressed.

2. Experimental
2.1. Catalyst preparation

The catalyst support was prepared from y-Al,03 (190 m?/g),
which was calcined to a surface area of 18.5 m?/g by heating at
10 K/min from ambient to 1298 K followed by 2 K/min 1298-
1398 K and 10 h at 1398 K. The support was cooled from 1398 K
to ambient inside the oven over a period of 10 h.

The cobalt catalysts were prepared by incipient wetness im-
pregnation using a watery solution of cobalt nitrate hexahydrate
Co(NO3)2-6H20, and a molar ratio of Al/Co =7 corresponding to
14.2 wt% Co/Al;03 before adding the modifier. After drying for 1 h
at 383 K the modifier percursors were added by incipient wet-
ness impregnation from the following precursors. Ni(NOs3),-6H,0,
Fe(NOs3);-9H,0, Cr(NOs3)3-9H,0, HReO4 (77.5% Re aq. solution),
MH(N03 )z-GHzo, HoWO4, H;Mo004-H;0, V,05 and TaCls. The pre-
cursors were added with molar ratios Co/M = 15, where M is the
second metal.

The nitrate precursors were all added using a watery solution,
while the W, Mo, V and Ta precursors are insoluble in water.
In order to avoid using alkaline solutions containing either K or
Na for HyWO4, H,Mo004-H,0 and V,0s5, or a carbon based sol-
vent such as ethanol for TaCls, the fine powders were mortared
and physically mixed with the cobalt impregnated catalyst before
dropwise addition of water was added to reach the incipient wet-
ness point. The purpose of this procedure was that the ultrafine
powdery precursors would be sucked into the catalyst pores by
capillary forces. The reason for avoiding K or Na was that these are
known promoters that were expected to modify the catalyst prop-
erties [20,24] and ethanol could potentially leave a carbon based
residue on the catalyst during direct reduction at elevated temper-
atures.

Direct reduction of catalyst precursors was carried out in a
quartz reactor at 823 K (4 h) with 50 Nml Hy/min in 100 Nml
He/min. Heating at 10 K/min from ambient to 773 K was followed
by 2 K/min from 773 to 823 K before 4 h steady reduction at
823 K, and subsequently cooled to ambient. Table 1 shows the cat-
alyst compositions ordered by the adsorption ratio H/Co.

2.2. Partial oxidation of methane

Catalytic partial oxidation was carried out in co-feed modus
in a quartz reactor at atmospheric pressure. The tubular reactor
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Fig. 2. Schematic illustration of the tubular quartz reactor (12 mm i.d.) containing
a closed-end internal axial quartz tube (4 mm o.d.) equipped with a movable K-
type thermocouple (1 mm) enabling the measurements of gas temperatures (left).
Enlarged image of the catalyst bed (right) and inert «-Al,0s3.

(12 mm i.d.) contained an axial quartz tube (4 mm o.d.) equipped
with a movable thermocouple for apparent gas temperature mea-
surements. Fig. 2 shows the reactor with catalyst and inert ma-
terial. The reactor was placed inside an electrically heated gold
insulated furnace (Thermcraft Trans Temp) giving an isothermal
profile in the absence of reaction. The bed exit gas temperatures
and gas hourly space velocities were typically in the range 573-
973 K and 15-150 NI CHg4/(gh), respectively. The catalyst particles
(<0.1 mm) were diluted with inert material («-Al;03) of a simi-
lar size and pre-reduced in 30 Nml Hy/min by heating at 10 K/min
from ambient to 923 K, followed by 2 h reduction at 923 K.

Product analysis was carried out by gas chromatography (Agi-
lent G2891A MicroGC) using a thermal conductivity detector (TCD)
and two columns: (A) Molecular Sieve 5 A with carrier gas Ar,
(B) PoraPLOT U with carrier gas He. Total concentrations calculated
by multiple non-linear calibration points typically added up to
99.0 + 1.0%, indicating good overall consistency, while carbon mass
balances where typically consistent to 96.0 &+ 1.0%. This discrepancy
was an artifact caused by the carbon mass balance closure using
N, as internal standard. It was found that the measured CH4/Ny
ratio was not independent of the total flow of these two species
even though the mass flow controller (MFC) calibration lines were
exceptionally good (R2 = 0.999+0.001). It was concluded that this
artifact was caused by properties related to the sampling of the GC
and not a real closure problem in the mass balances of the system.

The conversion X of methane, and selectivities S to Hy and CO
were calculated by the following equations based on normalized
gas concentrations:

YCHy
XcHy = =——> (3)
Y e
o
Sco= Y XcHy» (4)
Hy
YH, YH, XcH,
Shy = ) - ( ) (5)
22 iye) — Yo 2¥eng \1— Xcny

where y; are the gas concentrations in product stream. The de-
nominator in the expression for conversion is the carbon mass
balance.

2.3. Methane dissociation

The activation of methane was investigated over Co/a-Al;03 by
temperature-programmed methane dissociation (TPMD) using the
micro GC for rapid sampling. The catalyst (0.20 g) was placed on
top of a-Al,03 (0.40 g) and pre-reduced in 30 Nml Hy/min by
heating at 10 K/min from ambient to 923 K, followed by 2 h re-
duction at 923 K. After cooling to room temperature the catalyst
was exposed to a feed consisting of 20 Nml CH4/min in 500 Nml
N/min, and heating was carried out from ambient to 1073 K at
5 K/min. Temperature-programmed oxidation (TPO) of dissociated
methane was carried out subsequently using a feed consisting of
50 Nml air/min in 500 Nml N;/min. The temperature was in-
creased from ambient to 1073 K at 5 K/min.

2.4. Catalyst deactivation

Following catalytic partial oxidation of methane over Co/wa-
Al;03, both active and deactivated samples were tested by in situ
temperature-programmed reduction (TPR) using the micro GC for
rapid sampling of the Hy signal. The catalyst (0.20 g) was placed
on top of «w-Al,03 (0.40 g). The feed consisted of 10 Nml Hy/min
in 500 Nml Ny/min, and the temperature was increased from am-
bient to 973 K at 5 K/min.

2.5. Surface area measurements with N, or Hy

Isotherms from volumetric adsorption and desorption of nitro-
gen were measured at the boiling point of liquid nitrogen using a
standard commercial equipment (Micromeritics Tristar 3000). The
sample (0.70 g) was placed in the quartz container, vacuum dried
at 573 K for 1 h and cooled to room temperature before the mea-
surements. The surface area was calculated using the BET [25] and
the BJH [26] methods. The BJH method applied assumed a slit pore
shape and stepped off the desorbed volume by using the Kelvin
equation and a film thickness equation.

Isotherms from volumetric chemisorption of hydrogen were
measured at 373 K in an apparatus (Micromeritics ASAP 2010) at a
pressure of <10~3 Pa. The sample (0.40 g) was placed in a U-tube
quartz reactor, dried and evacuated at 313 K and reduced in flow-
ing hydrogen for 2 h at 923 K. The sample was evacuated and
cooled to 373 K before chemisorption isotherms were obtained.
The hydrogen to metal ratio H/M was calculated using Eq. (6):

M
H/M=C—2, (6)
XM

Cy = Va4s/22711 is the total concentration of sites (mol/g), where
Vads was obtained from an extrapolation of the linear part of the
isotherm to zero pressure, 22711 (Ncm?/mol) is the ideal gas vol-
ume at 1 bar and 273 K. xy is the mol fraction of metal M and
My is the molar mass of metal M.

2.6. Temperature-programmed methods (TPx)

Temperature-programmed reduction (TPR) and oxidation (TPO)
was carried out in a U-tube quartz reactor. The sample (0.20 g)
was placed in an insulated furnace and heated from ambient to
1010 K at 10 K/min in a stream of 30 Nml/min 5% O, in Ar. Af-
ter cooling to ambient the sample was flushed with 30 Nml/min
Ar for 30 min before it was heated from ambient to 1210 K at
10 K/min in a stream of 30 Nml/min 7% Hy in Ar. The O, or Hj
consumption was measured from the effluent gas by a thermal



B.C. Enger et al. / Journal of Catalysis 262 (2009) 188-198 191

conductivity detector (TCD). The apparatus has been described in
detail elsewhere [27].

2.7. X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectra were obtained using a hemispher-
ical SES-2002 electron energy analyzer (GammaData Scienta).
A monochromatized AlK, (1486.6 eV) X-ray source (GammaData
Scienta) was used for the excitation. The total energy resolution
was about 0.7 eV as determined from the width of the Fermi edge.
The samples were crushed, mounted on carbon paper pads and
measured in angle integrated mode around normal emission.

2.8. X-ray diffraction (XRD)

X-ray diffraction spectra were obtained using a Siemens D5005
X-ray diffractometer with monochromatic CuK, radiation. The re-
sults were used to calculate particle diameters of metallic cobalt
and CoO using the Scherrer equation [28], and by using Gaussian
mapping in the software package DIFFRACPlus Powder v.1.07.

3. Results and discussion
3.1. Heat and mass transport

Considering the exothermicity of reactions relevant to CPO, heat
removal from the catalyst may be an issue, as illustrated by several
studies where IR thermography was used [29-34]. The presence of
internal or external diffusional limitations may be addressed by
the Weisz-Prater [35] and Mears [36] criteria, respectively. How-
ever, it has been illustrated by spatially resolved profiles, for ex-
ample of a Rh foam [37-39], that the conversion of oxygen and
methane is typically extremely rapid at the bed entrance, where
about 70-100% of the oxygen is consumed within 1 mm of the
10 mm catalyst bed. Even though the spatial profiles are likely dif-
ferent for these cobalt catalysts where air was used as oxidant,
applying the overall reaction rate to the Weisz-Prater and Mears
criteria substantially underestimates the actual reaction rate at the
bed entrance, and correspondingly underestimates the potential for
diffusional limitations. To correctly estimate the potential for dif-
fusional limitations, such criteria need to be applied to differential
segments of the catalyst bed using spatially resolved profiles for
the calculation of reaction rates. However, such spatially resolved
profiles were not obtained in this study.

In the absence of spatially resolved profiles, in order to obtain
a rough estimate of possible external diffusional limitations, the
Mears criterion given by Eq. (7) was calculated assuming 50% O,
conversion within 1 mm of the bed:

—raPpRN
NMears = LV <0.15, (7)

keCoa

where ra is the rate of reaction (mol/(gs)), pp is the bulk density
of the catalyst bed (g/cm?), R is the particle size (m), n is the reac-
tion order, k. is the film mass transfer coefficient (m/s) and Cpa is
the bulk concentration of A (mol/cm?). Diffusional limitations only
occur when k¢ < ug, where ug is the linear bulk fluid velocity. An
upper limit may therefore be calculated using ug in place of k..
Using this and assuming the reaction order of oxygen to be in the
range 0.5-2, according to reaction stoichiometrics for partial oxi-
dation and total combustion, it was found that Nyears Was in the
range 1.5-6.3 for a gas temperature of 1000 K at our highest gas
velocity (0.07 m/s). This indicates strong mass transfer limitations
on oxygen in all our studies. The same conclusion was reached for
methane assuming 30% conversion of methane within 1 mm of the
bed. The actual Nyears numbers are likely higher, since as already
mentioned, the bulk linear velocity ug was used in place of k.

According to Froment and Bischoff [40] a simple way to esti-
mate the maximum possible temperature difference between the
surface and gas phase Ts — T is using Eq. (8):

—AH ] [ln(l + 5APA/pt):|
Mmcp A ’

(8)

(AT)max = 0-7|:

Here AH is the reaction enthalpy, My, and cp are, respectively,
the molar mass and heat capacity of the fluid and pa is the par-
tial pressure of A in the feed. Assuming only partial oxidation
is taking place, which is mildly exothermic with AH = —25.9 to
—22.6 KJ/mol in the temperature range 673-1273 K, (AT)max Was
found to be 48-66 K. However, considering the exothermicity of
total combustion with AH ~ 800 kJ/mol and taking into account
the selectivity, AH was calculated to be about 120 kJ/mol for the
overall reactions. This corresponds to a (AT)max in the range 250-
300 K, and a maximum surface temperature not exceeding 1330 K:

Comparing our estimate to some literature values, Bizzi et al.
[41] reported a temperature difference between maximum surface
temperature and outlet gas temperature in the range 388-422 K
for rhodium coated alumina. Chang and Heinemann [42] reported
maximum temperatures in the range 1474-1573 K when studying
28 wt% Co/MgO, however, in their case the mixture was methane
and pure oxygen.

For rhodium supported on alumina the CPO process can be
roughly divided into 2-3 zones. At the reactor inlet high oxida-
tion states are present with correspondingly high probabilities for
complete combustion, and the reactor outlet with low or zero va-
lent oxidation states and correspondingly higher probabilities for
reforming reactions. These two distinctly different zones are sep-
arated by a narrow transition region where the oxidation state
changes rapidly as a function of the vertical position in the bed
[43]. It is highly probable that similar 2-3 zones with changing
oxidation states of the catalyst are present also for other reducible
catalysts during CPO, including our cobalt catalysts. An exception
to this could be platinum, which according to Fig. 1 is diffi-
cult to oxidise at high temperatures once present in the metallic
state.

3.2. Steady-state CPO

Table 2 summarizes the results from steady-state partial oxi-
dation at low GHSVs. It shows that modifying the available cobalt
surface area with a second metal or metal oxide has no appar-
ent effect on the selectivity or conversion level when these are

Table 2

Steady-state activity and ex-situ characterization data.

Catalyst Hy giff® BJH SAP BJH PV© Xcn, 9 Sh, Sco
ID (H:Co) (m?/g) (ml/g) (%) (%) (%)
Co 0.016 18.5 0.065 745 90 86

Ni/Co 0.011 19.2 0.070 73s 89 85

Fe/Co 0.009 19.2 0.071 57, 80 71

Cr/Co 0.009 225 0.083 745 90 86

Re/Co 0.006 20.2 0.070 755 90 86

Mn/Co 0.006 21.0 0.072 745 90 86

W/Co 0.003 21.6 0.076 14, 1 5

Mo/Co 0.003 21.8 0.079 7,¢ 2 12

V/Co 0.000 19.5 0.074 20, 1 7

Ta/Co 0.000 19.1 0.072 17, 1 2

2 The difference between first and second adsorption isotherm of H, adsorption
at 373 K. Sometimes referred to as the irreversible adsorption (chemisorption).

b Barrett-Joyner-Halenda surface area [26].

¢ Barrett-Joyner-Halenda pore volume [26].

4 Subscript s indicate steady-state while 4 or | indicate increasing or decreasing
values. GHSV = 15 NI CH4/(gh), CH4:02:N3 = 2:1:3.72, Tgyrnace = 923 K, values are
after 2 h on-stream.

€ After only 1 h on-stream.
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Fig. 3. Temperature profiles from the partial oxidation of methane with air (CH4/O,
= 2.0) at 923 K (oven temperature) and GHSV = 15 NI CHg/(gh). Steady state was
kept for 2 h before the oven temperature was decreased with 1 K/min. The catalysts
are indicated in order of appearance based on the peak maximums.

within experimental error of the equilibrium values at bed exit
gas temperatures. The presence of elements that likely will remain
unreduced oxides, or form mixed oxides with cobalt when oxygen
is present, in particular W, Mo, V and Ta, can be detrimental to the
H, and CO selectivity.

Fig. 3 shows steady-state temperature profiles during catalytic
partial oxidation of methane at 15 NI CHg4/(gh). It illustrates that
the addition of Mn, Re and Cr enhanced the combustion activ-
ity of the catalyst in the oxidation zone without significantly and
adversely affecting the reforming properties of the catalyst, as de-
tailed in the results in Table 2. The addition of Ni, which is known
as the commercial choice for a reforming catalyst, did not affect
the temperature profile at this low gas velocity.

The most likely explanation for the apparent position of the
temperature maximum infront of the catalyst bed is due to cat-
alyst fines sticking to the sides of the reactor wall during fill-
ing, which would then be present in the inert layer of alumina.
Other less likely explanations include gas-phase combustion, ei-
ther from back-diffused H, or from free radical reactions involving
CHy species. Free radical reactions, however, can be expected to
produce Cp4 species, but this was not observed in the product
gas indicating either that they were converted over the catalyst or
never produced. With oxygen breakthrough and deactivation the
ethane content present in the feed (30-40 ppm) was observed to
be unchanged. In support of Hy back-diffusion, spatially resolved
temperature and species profiles reported by Horn et al. [37] in-
dicated some conversion of O, to H,O upstream of a rhodium on
alumina foam catalysts, however this was not observed in a follow-
up [44].

Fig. 3 illustrates that the gas temperature dropped rapidly
through the catalyst bed. This may suggest a multi-step reaction
mechanism. Such steps could include pyrolysis, combustion and
partial oxidation at the catalyst surface followed by reforming reac-
tions throughout the catalyst bed approximately equilibrating the
gas mixture at the bed exit. The fact that the product appears to be
equilibrated at the bed-exit gas temperature is in accordance with
what has been reported where model simulations were compared
to temperature and concentration measurements with high space
resolution [37]. The surface temperature at the reactor entrance is,
however, typically not equilibrated with the gas temperature [30,
32,41,45,46], as was also suggested for our catalysts in Section 3.1.

Figs. 4a-4b illustrate the effect of increasing the gas veloc-
ity. Re/Co and Cr/Co deactivated at relatively low GHSVs, while
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Fig. 4. Results from the partial oxidation of methane with air (CH4/O, = 2.0) at
923 K (oven temperature) and GHSV = 15-150 NI CHg4/(gh). Each steady-state was
kept for at least 1 h before changing the GHSV. CH4 conversion levels versus time
on-stream for different GHSV's on (a) Co, Ni/Co, Cr/Co and Re/Co, (b) Fe/Co and
Mn/Co and (c) gas temperatures as a function of gas velocity for Ni/Co.
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pure Co and Ni/Co remained active even at 150 NI CH4/(gh). An-
other extensive study on cobalt catalysts in the partial oxidation of
methane, with different reducible promoters at relevant conditions
has been published elsewhere [20]. Those results indicated that
depending on the support and activity of the promoters, modified
cobalt catalysts may remain active at higher GHSVs and at lower
temperatures than pure cobalt. However, the low-temperature ac-
tivity could possibly be heavily affected by the activity of the pro-
moter itself as the nature of the cobalt phase was not investigated
in situ.

Unmodified Co/a-Al;03 experienced some deactivation at high-
er GHSVs. This can be seen from the lower conversion level at the
end of the run where the gas velocity was returned to the initial
value, see Fig. 4a. The Ni/Co catalyst did not experience the same
deactivation.

It is believed that cobalt deactivates by surface reoxidation,
since it is observed experimentally that it deactivates very rapidly
when oxygen breakthrough is observed. It has been reported in
literature that Co304 and FepOs3 activate methane very poorly at
lower temperatures when tested at increasing temperatures, but
performed better at decreasing temperatures once they were acti-
vated [47]. The conclusion is that cobalt is not easily reduced by
the interaction of methane with its oxidised surface, but requires
pre-reduction to become active for dissociative methane activation.
All catalysts tested in this study were pre-reduced. In situ TPR was
carried out on both active and deactivated Co/x-Al;03 catalysts to
further investigate the reason for deactivation. This is discussed in
Section 3.5.

Fig. 4b shows that Mn/Co requires a long period of activa-
tion before it reaches a conversion level comparable to that of
pure Co or Ni/Co, and it deactivated slowly once the gas veloc-
ity was increased. The deactivation could possibly be caused by
Mn-enhanced reoxidation of the cobalt phase, but carbon forma-
tion cannot be ruled out without further investigations. The Fe/Co
catalyst deactivated even at low GHSVs, and carbon formation was
observed on the used catalyst.

It is suggested that on the catalysts modified with Mo, W, V
and Ta, the reducibility of the catalysts was too poor to effectively
dissociate methane at the applied conditions. For all these catalysts
total combustion was observed to dominate, which correlates to a
lack of active sites for methane dissociation and H, formation, as
indicated by the low H/Co values in Table 2.

3.3. Temperature-programmed cooling during CPO

Figs. 5a-5c show that the product composition at only 15 NI
CHy4/(gh) is approximately equilibrated at the bed exit gas temper-
ature before the catalysts deactivate around 800 K. This deactiva-
tion coincides with oxygen breakthrough.

The apparent differences between the conversion levels and se-
lectivities of different catalysts prior to deactivation may be related
to variations in actual surface temperatures, as the steady state
temperature profiles in Fig. 3 indicated variations in gas tempera-
tures, however, only gas temperatures were measured in this study.
Another possibility is that the bed exit gas temperature may have
been affected by minor discrepancies, by fractions of a millimetre,
in the positioning of the thermocouple. Complicating the temper-
ature measurements, the temperature gradient close to the bed
exit increases with decreasing bed exit temperatures, rendering the
measurement of actual bed exit temperatures more uncertain as
the temperature is decreased.

3.4. Methane activation

The dissociation of methane on freshly reduced cobalt catalysts
began around the phase transition temperature (695 K) from hcp
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Fig. 5. Results from the partial oxidation of methane with air (CH4/0O, = 2.0) at
923 K (oven temperature) and GHSV = 15 NI CHg4/(gh). Steady state was kept for
2 h before the oven temperature was decreased with 1 K/min. Results during tem-
perature cooling (—1 K/min) showing (a) CH4 conversion, (a*) detail illustrating the
deactivation of Co/a-Al,03, (b) Hy selectivity and (c) CO selectivity as functions of
the bed exit gas temperature.
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Fig. 6. Temperature-programmed methane dissociation carried out in situ using
the micro GC, 20 Nml CH4/min in 500 Nml N;/min. Temperature was increased
from ambient to 1073 K at 5 K/min. (1) ‘Red. (923 K) indicates reduction at
923 K, (2) ‘Recycled (923 K)' is run (1) re-reduced at 923 K with subsequent TP-
decomposition, (3) ‘Red. (1073 K)' indicates reduction at 1073 K.

to fcc structure [48]. All plots from the temperature-programmed
methane dissociation at 5 K/min are given in Fig. 6. The subse-
quent TPOs are given in Figs. 7a and 7b. From the TPOs it follows
that carbon is present on the catalyst, and that the combustion
of this carbon occurs in two steps where the first begins around
600 K. The presence of two CO, peaks could possibly be related
to the combustion of multilayer carbon (whisker) followed by the
combustion of carbon bound to the surface (graphitic), or it could
be that some carbon has been deposited on the support. Another
explanation could be differences in Co-C binding energies, in ex-
ample comparable to those found by Bjgrgum et al. [49] on nickel.
The second CO, peak does not correspond to a large peak in O,
consumption. There are most likely more than one process occur-
ring, including oxidation of the exposed cobalt particles, and the
exact nature of this process requires further studies by in situ X-ray
absorption fine structure analysis.

The presence of two types of carbon formed during methane
dissociation over transition metals (iron, cobalt and nickel) was re-
ported several decades ago by Robertson [50,51]. At that time these
two types of carbon was termed single crystal graphite and poly-
crystalline non-graphitic carbon (filamentous carbon). Dissociation
of methane has later been studied in order to grow filamentous
carbon nanotubes [52,53]. Avdeeva et al. [52] reported fcc cobalt
structure from XRD analysis of the passivated used catalyst, where
the catalyst had been used for methane dissociation and carbon
growth. The temperature-programmed dissociation measurements
reported in this paper is consequently in line with literature.

Fig. 6 shows that the recycled catalyst required higher tem-
peratures to activate methane during temperature-programmed
methane dissociation. This could indicate changes in the surface
morphology of the catalyst. Higher carbon formation could be re-
lated to seeds for carbon growth remaining on the recycled cata-
lyst. This is suggested by the increased formation of CO, in Fig. 7b.

3.5. Catalyst deactivation

The deactivation process observed during temperature cool-
ing has already been illustrated in Fig. 5a, where the conversion
of methane was plotted as a function of bed exit temperatures.
Based on Fig. 5a* the deactivation of Co/x-Al;03 can be inter-
preted to involve a heat wave from the oxidation zone which
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Fig. 7. TPO profiles obtained in situ using the micro GC, 50 Nml air/min in 500 Nml
N;/min. Temperature was increased from ambient to 1073 K at 5 K/min. The pro-
files correlates by name to those in Fig. 6. As functions of the temperature showing
(a) Oz consumption and (b) CO, development during TPO.

moves through the bed upon deactivation. This coincides with oxy-
gen breakthrough and corresponding changes in the selectivities.

As already mentioned, bulk cobalt metal changes its structure
from hcp to fcc at 690-695 K [48], but the cobalt catalysts de-
activated rapidly before this limit was reached, as illustrated in
Figs. 5a-5c. It is therefore unlikely that the deactivation of cobalt
is in any way related to such metallic phase transition.

To further investigate the deactivation process, in situ TPR was
obtained for both active and deactivated Co/-Al,03 catalysts. The
results are given in Fig. 8. The TPR profile labeled ‘TPO-TPR’ was
obtained on a catalyst first oxidised by TPO which was not tested
in CPO. The three other signals were obtained for catalysts tested
in the partial oxidation using 30 NI CH4/(gh). One after 2 h steady-
state at 988 K (‘TPR-988’), a second during temperature cooling
before deactivation at 833 K (‘TPR-833’), and the third after com-
plete deactivation for synthesis gas formation at 773 K (‘TPR-773’).

Fig. 8 indicates that deactivation is associated with reoxidation
of the active phase, and that the working catalyst is only par-
tially reduced. The profile labeled ‘TPR-773’, which was obtained
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Fig. 8. TPR profiles obtained in situ using the micro GC, 10 Nml H/min in 500 Nml
N3/min. Temperature was increased from ambient to 973 K at 5 K/min. ‘TPO-TPR’
was obtained on a catalyst first oxidised by TPO which was not tested in CPO. The
three other signals were obtained for catalysts tested in the partial oxidation using
30 NI CHg4/(gh). ‘TPR-988’ after 2 h steady-state at 988 K, ‘TPR-833" after tempera-
ture cooling before deactivation at 833 K, and ‘TPR-773’ after complete deactivation
for synthesis gas formation at 773 K.

after deactivation, has a shoulder that is not found on the catalysts
investigated after steady-state operation or after temperature cool-
ing before deactivation. Such shoulders are commonly observed in
TPR measurements, and when extending beyond the temperature
range of the two-step cobalt reduction process, these are typically
related to small particles with strong support interactions, rang-
ing from small metal oxides to surface spinels and bulk spinels
(>1050 K).

Effects on the deactivation relating to carbon deposition was
not investigated. The literature [54,55] suggests that carbon depo-
sition over cobalt catalysts is a much smaller problem than over
nickel, in fact, cobalt has successfully been added to nickel cata-
lysts to reduce carbon deposition [54]. Nishimoto et al. [55] sug-
gested different reaction pathways on cobalt and nickel to explain
the high resistance to carbon deposition on cobalt. Another ex-
planation for the promoter effect observed when adding cobalt to
nickel could be an increased dispersion of nickel, creating smaller
ensembles such that the structure sensitive growth of carbon fil-
aments [56,57] is inhibited. However, dispersion measurements
which could elucidate this has not yet been reported.

3.6. Adsorption properties

The reason for carrying out H, chemisorption measurements
was to clarify whether reduced metallic species are present when
the catalyst is exposed to a reducing atmosphere. It is known that
dissociative methane activation and H, formation requires metal-
lic sites when investigating nickel catalysts [58,59]. Furthermore, it
was expected that the intrinsic formation of Hy as well as the re-
forming properties of the catalyst would depend on its available
metal surface area.

The calculated H/Co adsorption ratios in Table 1 correspond
to the metal dispersion if there is no contribution from the sec-
ond metal and it is assumed that the adsorption stoichiometry
on cobalt is H/Co = 1.0 [60]. Small contributions from the sec-
ond metal can in general not be excluded on the basis of simple
chemisorption measurements, but based on thermodynamic con-
siderations only nickel is suspected to have yielded species present
in its zero valent state.

It is therefore more likely that the large variations in the
measured adsorption ratio H/Co reflects the effect of the second
metal/metal oxide by covering a fraction of the cobalt surface, or
by inducing an increased oxidation state of Co. This view is sup-
ported by Scherrer thickness calculations from the XRD spectra of
Co®. The cobalt particles were all in the range 15-18 nm, indicat-
ing comparable dispersions. It could be suggested that the second
metal or metal oxide would reduce the available cobalt surface
area by blocking pore entrances, but the measurements of volu-
metric adsorption of nitrogen given in Table 2 do not indicate any
pore blocking. This view is further supported by the XPS measure-
ments where surface enrichment of the promoter relative to cobalt
is observed. See Section 3.9 for further details on the XPS mea-
surements.

According to the metal phase diagrams of relevant bimetallic
species, Co-Ni and Co-Re are completely miscible in the temper-
ature range relevant to this study. Co-Cr may form a variety of
different phases, while Co-Mo forms an intermediate phase with a
Co/Mo ratio of about 1. W, V and Ta are known to form bimetal-
lic compounds with Co with M/Co ratio of about 1/3, i.e. CosM
or Co7M;. However, based on thermodynamic calculations using
the software HSC CHEMISTRY 5.1, it is believed that most of the
modifiers were oxidised at the conditions applied during methane
partial oxidation.

3.7. X-ray diffraction

Table 1 summarizes XRD results giving estimates for Co® par-
ticle sizes. In addition to zero valent cobalt, CoO peaks were ob-
served on the Cr/Co and Mn/Co catalysts corresponding to particle
sizes of 7.6 &+ 0.5 nm and 5.5 + 0.7 nm, respectively. If CoO was
present on the other samples it was undetectable indicating crys-
tallite sizes <2-3 nm. Other detected peaks were CoWO4 (21.0 +
0.8 nm) and TaO; (31.6 £ 3.7 nm).

Assuming spherical particles and the approximation that the
diameter of a spherical particle is about 1.25 times that of the
Scherrer thickness, d = 1.25t [61], the dispersion of the catalyst
can be estimated using Eq. (9),

96.2
D%=—=, (9)
1.25t

and the Scherrer thickness obtained from XRD [62,63]. It follows
that the dispersion for all samples in this study is in the range
4.3-5.2% using XRD, which does not correlate well with the Hj
chemisorption experiments. These apparent discrepancies in dis-
persion values are most likely caused by surface layers of modifier
oxide or selective poisoning of chemisorption sites. This is dis-
cussed further in Section 3.9 on XPS,

It cannot be ruled out that some of the discrepancies in disper-
sion values for the modified catalysts as compared to the unmod-
ified catalyst could be related to larger crystallite clusters on the
modified catalysts, as schematically illustrated in Fig. 9b as com-
pared to Fig. 9a. However, it is unlikely that this is the main reason
when comparing the different modified catalysts. Fig. 9c illustrates
a case where the dispersion from XRD is most correct, and where
a modifier is covering the cobalt crystallites effectively blocking
chemisorption sites. The true picture is most likely a combination
of Figs. 9b and 9c.

3.8. Temperature-programmed reduction/oxidation

Figs. 10a and 10b illustrate TPR profiles of both oxidised cata-
lysts (solid lines), and directly reduced catalyst precursors subse-
quently exposed to air at room temperature before TPR (stippled
lines).

The stippled lines are composed of two distinct features. There
is a peak at lower temperatures, in the range 500-700 K, and on
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Fig. 9. Illustration of how crystallite clusters affect the measured dispersion value
D(XRD) or D(Hy). A dispersion value calculated on the basis of cobalt crystallite
size from XRD does not account for the effect of crystallite clusters. XRD and H
dispersion values are comparable when no clusters are present. (a) High dispersion
with some small clusters, D(XRD) > D(H;), (b) low dispersion with large clusters,
but no surface oxide layers, D(XRD) > D(Hy) and (c) high dispersion with surface
oxide layers, D(XRD) > D(Hy).

some catalysts there is also a peak at higher temperatures, in the
range 900-1100 K. These peaks are most likely related to the fol-
lowing properties:

The low-temperature peaks can either be related to the re-
duction of cobalt nitrate, which is known to occur in two steps
in the range 500-700 K [64], or they can be related to surface-
reoxidised species. If the peaks are related to cobalt nitrate, the
shifts seen in the low temperature peak when comparing differ-
ent TPR profiles could indicate the degree of availability of nitrate
species to the reducing agent (hydrogen). If the peaks are related
to oxygen species, the shifts and splits could indicate different co-
ordination numbers of oxygen for the surface-reoxidised species.
Only elemental analysis on nitrogen could clarify further whether
these species are cobalt precursors or surface oxygen species. In
either case these species were not observed with XRD. The ef-
fect of calcination temperature and atmosphere on residual nitrate
was investigated by Borg et al. [65]. Significantly less residual ni-
trate is typically observed on «-Al,03 supports as compared to
y-Al;03 [66]. Considering the thermodynamic stability of cobalt
metal exposed to air, it is expected that some degree of reoxida-
tion has occurred, supporting the view that the low temperature
peaks are at least partially related to surface-reoxidised species or
chemisorbed oxygen.

The high-temperature peaks are related to highly dispersed
CoO, with the exception of the W/Co catalyst where CoWO4 was
observed with XRD. On Cr/Co and Mn/Co there were observed CoO
crystallites with XRD, while this was not detectable on the other
catalysts, most likely due to a higher dispersion and consequently
smaller particle sizes. Very small high-temperature peaks were ob-
served for all catalysts.

Since TaO, was observed with XRD, this phase appears to be
very difficult to reduce since no clear TPR peak is found. This ob-
servation is supported by thermodynamic calculations using HSC
Chemistry 5.1.

Following the first TPR (stippled lines) the catalysts were com-
pletely oxidised by TPO. Since the support was calcined at a high
temperature (1398 K), it was possible to do this without the for-
mation of bulk spinel structures that might otherwise occur in
metal-alumina systems exposed to O, at elevated temperatures. If
present this would be observable as a peak in the range 1100-
1200 K, but no such peak was detected.
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Fig. 10. TPR profiles obtained at 10 K/min. Dotted lines represents TPR signals of
fresh catalysts. Solid lines are TPR signals after TPO. f correlates the area under
each TPR curve relative to the unmodified Co catalyst. f < 1.00 indicate a catalyst
which is more difficult to reduce, while f > 1.00 indicate either additional reduc-
tion of MOy and/or promoted reduction of Co. The uncertainty in f is about £+0.02.
The TCD signals were scaled to force fit all samples in the same figure. (a) Diagrams
for Co, Ni/Co, Fe/Co, Cr/Co and Mn/Co, and (b) diagrams for Re/Co, Mo/Co, W/Co,
V/Co and Ta/Co.

All catalysts, with the exception of V/Co and Ta/Co, oxidised at
approximately the same rate during TPO. When compared to Co/
«-Al;03, the TPO peak on V/Co and Ta/Co were shifted to higher
temperatures by 55 K and 135 K, respectively, which could indi-
cate poor availability of metallic cobalt exposed to the oxidizing
agent (oxygen) on these samples. This is in accordance with the
chemisorption results. Several catalysts exhibited shoulders sug-
gesting the oxidation of different species or different oxidation
states.

The TPR plots shown by the solid lines in Figs. 10a and 10b
were obtained after TPO and focusing on the first maxima it can be
seen how the reduction of Co?* shifts depending on the modifying
species.

The TPR profiles were reproducible. The variations in H, con-
sumption, or the TPR fine structure, is most likely related to dif-
ferent CoOy species, their particle sizes and support interactions.
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Table 3
XPS analysis results.

Cozp; Crap, Mog, Tayg, Tagss Vap Wayg,  Waygg

X/Cozp,*? 1.00 0.27 0.70 0.84 0.90 124 079 098
(X+ Cozp;)/Als  0.029 0.050 0.088 0.024 0.025 0113 0112 0.116

2 X here represents the peaks i.e. Copp, or Crap,, etc.

On the modified samples the CoOx-MOy interactions are likely to
have contributed, where M is the second metal, and the different
contributions in this fingerprint method are therefore not possible
to identify without additional structure sensitive information be-
ing obtained simultaneously. The following prominent features of
the TPO-TPR catalysts are worth noting:

The addition of Cr appears to exert a negative effect on the
overall degree of reduction of cobalt. This could either be related
to the numerous possible Co-Cr phases observed in the bimetallic
phase diagram [67], which could have formed during preparation,
or the presence of strong CoOx—CrO,, interactions.

The Ta modified catalyst is by far the most difficult catalyst to
initiate the reduction of, and as noted earlier also the most difficult
catalyst to oxidise after the reduction of catalyst precursors.

3.9. X-ray photoelectron spectroscopy

The results from XPS investigations on some of the catalysts are
given in Table 3. For the catalysts promoted with V and Ta the XPS
measurements were especially important in order to elucidate the
surface properties of the catalysts since chemisorption of H; failed
to yield any dispersion value.

Comparing the values for X/Coyp, all samples that were unsuc-
cessful in converting methane to synthesis gas (see Table 2) have
a X/Coyp, ratio 2-4 higher than Cr/Co, which yielded equilibrium
conversion and selectivity. The fact that the impregnated ratio of
X/Co was 1/15 indicates that in all cases the available surface is
enriched with the modifier. This surface enrichment can either in-
dicate a higher dispersion of the second phase, or it can indicate
the formation of surface layers on cobalt, bimetallic or mixed ox-
ide species with cobalt. In any case it is observed that Mo, Ta, V
and W decrease the available surface area of cobalt as compared
to Cr, which is in line with the chemisorption experiments.

Comparing the values for (X 4 Copp,)/Alys the support signal
on the sample with Ta is much higher as compared to the other
samples. The support signal is actually comparable to the unmodi-
fied cobalt sample, which could indicate either that Ta had a large
negative effect on the Co dispersion or that Ta-species are in inti-
mate contact with cobalt either as bimetallic species or more likely
as surface oxide layers. The XRD measurements indicated that the
cobalt crystallites were perhaps slightly larger on Ta/Co as com-
pared to the other modified samples, but the results using the
Scherrer thickness equation and peak mapping were not conclu-
sive in this respect. Consequently the formation of surface layers
of TaO,, a phase which was observed in XRD, appears to be the
best explanation.

The (X + Coyp,)/Alys values for Cr, Mo, V and W modified cata-
lysts are higher than for the pure cobalt catalyst, indicating either
that the dispersion of cobalt is increased or that the second phase
contributes to cover the support. The chemisorption values, how-
ever, indicate reduced available cobalt surface area with modifica-
tion, which does not speak in favour of an increased dispersion.
The XRD results also support this view. It is therefore more likely
that the second element is highly dispersed, most likely as an ox-
ide and at least to a some degree on the support.

Because the XPS signal resolution was rather low with only 20
passes of a large spectrum, it was not possible to investigate chem-
ical shifts in detail, but XRD and TPx have already testified the

Table 4
XPS peak positions (eV) and charging shifts.

Co CoCr CoMo CoTa CoV CoW
Cozp, 793.4 793.4 794.8 795.6 787.4 798.2
Cis 297.8 298.0 299.0 300.2 291.6 302.8
Alpg 132.0 131.8 133.4 134.2 125.8 137.6
2ACozp, 0.0 0.0 1.4 2.2 —6.0 5.0
ACqs 0.0 0.2 1.2 2.2 —6.2 5.0
AAly 0.0 —-0.2 1.4 2.4 —6.2 5.6

2 The A here compares the signals of CoX to Co, i.e. ACozp, for CoTa and Co is
795.6 —793.4=2.2.

presence of mostly Co® and small amounts of Co®*. All the sig-
nals were, however, observed to shift in the XPS spectrum. Table 4
gives the peak positions of Coyp,, Cis and Alys. By comparing the
positions of these peaks in the catalysts Cr/Co, Mo/Co, Ta/Co, V/Co
and W/Co relative to the unmodified Co catalyst, all these peaks
were shifted by the same amount of energy. The Cys signal is the
background signal from the carbon paper pads on which the cat-
alyst samples were mounted, and it is consequently not part of
the catalyst itself, although contamination from organic materials
are usually present yielding a clear Cys signal. This signal should
therefore not shift in the spectrum depending on the catalyst in-
vestigated. Hence it is concluded that these shifts are caused by
sample charging. According to [68] the binding energies of Copp,,
Cis and Alys are 7819 (or 778.4 eV for Co?), 284.7 and 119.9 eV,
respectively. Based on this it is calculated that all samples experi-
enced charging to the extent of 5-15 eV.

4. Conclusions

Different modified cobalt catalysts were investigated in the par-
tial oxidation of methane using air as oxidant with CH4/O; = 2.
The reaction was most likely affected by diffusional limitations on
heat and mass transport, and the product composition appeared
to be limited by global thermodynamics. Any deviation away from
equilibrium could be explained by temperature gradients.

The presence of a modifying species that forms oxides at condi-
tions relevant to methane partial oxidation, in particular elements
with less than 5 d-electrons on the highest level, such as W, V and
Ta are especially detrimental to catalyst performance. Fe is also
not very suitable in catalytic partial oxidation of methane, both
because of its propensity to be oxidised and because it promotes
the formation of carbon deposits.

XPS measurements indicated that the surface was enriched
with modifier, and that this modifier to some degree covered the
support surface around the cobalt particles. However, from com-
bining XPS with H; chemisorption and XRD measurements the
results strongly indicated selective poisoning or partial coverage
of the cobalt particles by the modifier. The presence and possible
effects of bimetallic species could not be excluded based on the
reported investigations.

Using in situ temperature-programmed methods the activation
of methane and catalyst deactivation were investigated over Co/a-
Al;03. C-H bond activation was found to occur around the hcp
to fcc phase transition temperature of cobalt, and deactivation of
cobalt catalysts in catalytic partial oxidation of methane appeared
to involve reoxidation of the active phase.
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