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Abstract Supported nickel oxide based catalysts were

prepared by wetness impregnation method for the in-situ

reactions of H2S desulfurization and CO2 methanation

from ambient temperature up to 300 �C. Fe/Co/Ni

(10:30:60)–Al2O3 and Pr/Co/Ni (5:35:60)–Al2O3 catalysts

were revealed as the most potential catalysts, which yiel-

ded 2.9% and 6.1% of CH4 at reaction temperature of

300 �C, respectively. From XPS, Ni2O3 and Fe3O4 were

suggested as the surface active components on the Fe/Co/

Ni (10:30:60)–Al2O3 catalyst, while Ni2O3 and Co3O4 on

the Pr/Co/Ni (5:35:60)–Al2O3 catalyst.

Keywords Nickel oxide � Catalyst � Methanation �
Desulfurization � Natural gas

1 Introduction

Malaysian crude natural gas is categorized as a sour gas

due to the contamination of carbon dioxide (CO2) and

hydrogen sulfide (H2S). Catalysts for the CO2 methanation

have been extensively studied because of their application

in the conversion of CO2 gas to produce methane, which is

the major component in natural gas. In fact, there is also

presence of H2S in real natural gas. Therefore, H2S should

be considered in invention of methanation catalyst, since it

could cause poisoning of the nickel catalyst. However,

fewer researches on the catalyst for in-situ reactions of CO2

methanation and desulfurization have been carried out.

The acidic nature of CO2 and H2S necessitates the

employment of a catalytic system with basic properties

such as Group VIII metals. According to Miao et al. [1],

the activity and selectivity of the catalysts are most

probably related to the changeable valence of M0/M2?.

The major reasons for the much slower development of

the catalysts science of mixed metal oxide is its signifi-

cant complexity compared with metal based catalysts e.g.

possible presence of multiple oxidation states, variable

local coordination, coexisting bulk and surface phases as

well as different surface termination functionalities such

as M–OH, M = O or M–O–M [2]. Nickel based catalysts

are generally considered as reference methanation cata-

lysts and proven to eliminate H2S by desulfurization

process. According to Inui et al. [3], the CO2 methanation

activity of the nickel based composite catalyst from the

substrates of iron group metals following this order:

Ni [ Co [ Fe. El-Shobaky et al. [4] observed a signifi-

cant increment in the catalytic activity of NiO/MgO

system due to treatment with small amount of CoO.

Souma et al. [5] investigated that methanation reaction

seems to be accelerated by the absorption of H2 on

metallic Ni or Co. Medina et al. [6] concluded that carbon

dioxide hydrogenation on Fe has the advantage of no

catalyst deactivation. Praseodymium has been investigated

as the most effective rare earth metal oxide when it was

doped onto NiO based catalysts for CO2 methanation

reaction at 400 �C. Later, cobalt oxide was found as the

most suitable dopant towards the Pr/Ni catalyst (WA Wan

Abu Bakar, ‘‘Personnel Communication’’ 2005). The

addition of increasing amounts of Pr6O11 caused the

conversion rate of side product to decrease with an

apparent minimum [7]. The selection of support is con-

sidered as important since it may influence both the

activity and selectivity of the reaction. It has been
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discovered that the addition of alumina may increase the

methanation activity although there is presence of low

concentration of H2S [8].

The nickel oxide based catalysts should be capable to

achieve both low temperature and high conversion of sour

gases to be applicable in gas industry. At low temperature,

application of the novel catalyst in gas industry is more

likely. However, problem arises because exothermic reac-

tion of conversion of CO2 to CH4 is unfavorable at low

temperature due to its low energy content.

2 Materials and Methods

2.1 Preparation of Catalysts

Ni (NO3)2 � 6H2O was dissolved with minimum amount of

distilled water. Mixed catalysts solution was prepared by

mixing appropriate amount of metal nitrate salts. Wet

impregnation method was used to prepare Al2O3 supported

catalyst by impregnating the catalyst solution on Al2O3

beads support for 15 min. It was then dried at 80 �C for

24 h and calcined in air at 400 �C for 5 h.

2.2 Catalytic Activity Measurements

The supported catalyst sample was packed into a cylin-

drical glass tube with diameter of 10 mm and length of

360 mm and was stored in the furnace of the home-built

micro reactor as shown in Fig. 1. No pretreatment was

done prior to beginning the heating experiment. In-situ

reactions of methanation and desulfurization were per-

formed from ambient temperature up to 300 �C with the

increment temperature rate of 5 �C/min. Each experiment

was repeated twice and each treatment temperature was

maintained for 30 min before the next temperature incre-

ment was accomplished. It was found that the catalytic

activity on the second treatment did not differ significantly.

Composition of the reactant gases is depicted in Table 1, in

comparison with the real composition of sour gases in

Malaysian crude natural gas. The mixture of CO2 and H2

gases were introduced into the reactor system in a stoi-

chiometric ratio of 1:4. The product gas coming out from

the furnace was collected in FTIR sample cell and scanned

at every 20 �C by FTIR Shimadzu 8300 Spectrometer.

Percentage conversion of CO2 and H2S was obtained by

calculating the peak area of their respective stretching

bands relative to the peak area of the gas during calibration

without catalyst. Off line GC analysis (Hewlett Packard

6890 Series GC System) was done to determine the yield of

CH4 gas due to the low sensitivity of FTIR spectroscopy

towards the stretching band of CH4.

2.3 Characterization of Catalysts

XPS analysis was done by using Kratos instrument XSAM

HS surface analysis spectrometer with MgKa X-ray source

(1253.6 eV). Sample was introduced into the spectrometer

in flowing argon atmosphere, and evaporated at least

6 9 109 Torr before spectrum was recorded. The spectrum

was taken at 10 mA and 14 kV energy source at 2 sweeps.

N2 adsorption–desorption isotherms for the catalysts were

measured by Micromeritics ASAP 2010. All samples were

evacuated at 120 �C prior to the measurement.

3 Results and Discussion

3.1 In-situ Reactions of Methanation

and Desulfurization

Al2O3 supported NiO based catalyst was modified by dif-

ferent additives (Co, Fe, Cu, Mn, Pr, Sm, Zr) to study the

effect of modification additive. Table 2 shows the overall

conversion of CO2 and H2S resulted from screening by

FTIR spectroscopy up to reaction temperature of 300 �C.

At the highest studied temperature of 300 �C, supported

Co/Ni (40:60)–Al2O3 catalyst showed 90% conversion ofFig. 1 Schematic diagram of home-built micro reactor

Table 1 Reaction data with closely chemical composition to crude

natural gas from Telaga Bergading, Petronas Carigali Sdn. Bhd.,

analyzed by GC-MSa

Gas Reaction

data (%)

Composition in

crude natural gas (%)

CH4 – 47.9

CO2 19.0 23.5

H2S 4.8 5.4

Others (CO, O2, N2) – 24.1

H2 76.2 –

a GC-MS was conducted at UNIPEM, Universiti Teknologi

Malaysia, 2003
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H2S and 16% conversion of CO2. When manganese acted

as a dopant (Mn/Ni (40:60)–Al2O3), it generally gave low

catalytic activity, which did not exceed 10% conversion of

CO2. The H2S desulfurization activity also decreased at

reaction temperature higher than 280 �C. The conversion

rate of CO2 over Mn/Co/Ni (5:35:60)–Al2O3 catalyst was

increasing from reaction temperature of 200 �C to 300 �C.

However, its H2S desulfurization activity reduced starting

from 220 �C and showed a sudden drop at 300 �C. On the

other hand, the CO2 conversion activity over Mn/Co/Ni

(10:30:60)–Al2O3 and Fe/Mn/Co/Ni (5:10:25:60)–Al2O3

catalysts was less than 10% throughout the catalytic test-

ing. This phenomenon could be explained in terms of

reactivity, where MnO is easy to react with SO2 to form

MnSO4, an inactive compound that may deactivate the

catalyst [9]. When MnO contained in a higher composition

as in Fe/Mn/Ni (5:35:60 and 10:30:60)–Al2O3 catalysts,

there is an abnormal phenomenon occurred at 70–80 �C.

This is due to the adsorption property possessed by the

catalysts that may inhibit the CO2 methanation reaction.

Manganese is not a good dopant for nickel based catalyst.

This is in good agreement with Wachs et al. [2], which

concluded that, some active basic metal oxide components

such as MnO, CeO etc. do not interact strongly with the

different oxide functionalities present on oxide support and

consequently, do not disperse very well to form crystalline

phases.

The catalytic activity of Cu/Ni (40:60)–Al2O3 catalyst

showed the highest 13.8% conversion of CO2 at reaction

temperature of 200 �C. However, it was decreased at

reaction temperature higher than 200 �C. 100% H2S

desulfurization was achieved over this catalyst at 280 �C.

Pr/Ni (40:60)–Al2O3 catalyst generally showed unstable

CO2 conversion rate that fluctuated around 10 ± 3%. It

could be assumed that the adsorption property of the cat-

alyst deteriorated its catalytic activity. However, it was

able to show 100% of H2S desulfurization at 250 �C. When

praseodymium was added towards Cu/Ni catalyst, Pr/Cu/

Ni (5:10:85)–Al2O3 catalyst did not show a higher con-

version of H2S and CO2 compared to Cu/Ni (40:60)–Al2O3

catalyst. Pr/Cu/Ni (3:7:90)–Al2O3 catalyst with 7% loading

of Cu was reported as the optimum ratio towards Ni by

Tavares et al. [10], who worked on silica-supported Ni and

Ni–Cu catalysts in CO ? H2 mixtures. However, this cat-

alyst was deactivated slowly by time. This is presumably

due to the occurrence of undesired side reactions at higher

temperature. In addition, CuO is similar with MnO. It may

also react with SO2 to form inactive compounds that would

deactivate the catalyst [9].

Fe/Co/Ni (10:30:60)–Al2O3 catalyst reached the highest

16.5% conversion of CO2 at reaction temperature of

120 �C. The conversion rate remained above 10% although

it was slightly reduced at higher reaction temperature.

Similar result had also been reported where the conversion

of CO2 at 192 �C was 14% over Fe/SiO2 catalyst [6]. Co

and Fe could be assigned as good dopants towards NiO

based catalyst. They are active basic metal oxides that

usually anchor to the oxide substrate by preferentially

titrating the surface Lewis acid sites, such as surface M-[ ]

vacancies, of the oxide support [2]. This is also in

Table 2 Percentage conversion of CO2 and H2S resulted from catalytic screening monitored by FTIR spectroscopy

Catalyst % Conversion of CO2 % H2S desulfurization

100 �C 200 �C 300 �C 100 �C 200 �C 300 �C

Co/Ni (40:60) 3.77 9.28 15.95 18.44 78.38 90.00

Mn/Ni (40:60) 7.57 4.47 1.33 50.60 91.31 89.98

Cu/Ni (40:60) 9.86 13.77 5.72 93.76 96.88 100.00

Pr/Ni (40:60) 10.99 11.43 11.2 43.19 86.54 100.00

Zr/Ni (40:60) 6.32 4.26 2.19 5.05 84.90 90.38

Fe/Co/Ni (5:35:60) 9.07 7.67 9.12 88.10 91.17 100.00

Fe/Co/Ni (10:30:60) 14.33 12.48 11.52 50.69 91.84 100.00

Mn/Co/Ni (5:35:60) 9.81 8.18 17.71 47.30 93.36 58.45

Mn/Co/Ni (10:30:60) 7.78 9.20 5.03 77.70 92.29 100.00

Fe/Mn/Ni (5:35:60) 9.04 10.14 16.45 53.81 93.38 95.60

Fe/Mn/Ni (10:30:60) 8.08 10.67 4.08 71.20 92.92 93.84

Fe/Mn/Co/Ni (5:10:25:60) 8.32 3.10 2.95 47.19 96.47 100.00

Pr/Co/Ni (5:35:60) 11.08 14.80 19.19 49.09 62.00 100.00

Pr/Co/Ni (10:30:60) 10.03 12.02 16.75 65.04 93.45 100.00

Pr/Cu/Ni (5:10:85) 8.83 13.84 6.76 61.02 91.87 100.00

Pr/Cu/Ni (3:7:90) 15.66 11.82 8.35 52.40 63.08 100.00

Sm/Zr/Ni (5:25:70) 7.76 8.87 13.84 82.40 90.66 100.00
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agreement with Wang et al. [9] that CO2 was strongly

chemisorbed on the Fe (110) surface with the strongest

binding energy. However, Fe is unfavoured in larger

amount because it tends to reduce the performance of the

catalyst by oxidizing the CO intermediate back to CO2

[11].

The conversion activities of CO2 and H2S over Pr/Co/Ni

(5:35:60)–Al2O3 catalyst was lower compared to the Fe/Co/

Ni (10:30:60)–Al2O3 catalyst at low reaction temperature.

However, its catalytic performance increased drastically at

reaction temperature of 300 �C. Pr is believed to be able to

assist in the generation of active site for the in-situ reactions

of CO2 methanation and H2S desulfurization at elevated

temperature. Miao et al. [1] had observed that rare earth

metal oxides could increase the stability of catalyst during

high temperature and avoid the sintering of nickel. Yama-

saki et al. [12] have been reported that amorphous alloy of

Ni–25Zr–5Sm catalyzed the methanation reaction with 90%

conversion of CO2 and 100% selectivity towards CH4 at

300 �C. However, Sm/Zr/Ni (5:25:70)–Al2O3 catalyst pre-

pared by wet impregnation technique in this research did

not perform such a high catalytic activity as performed by

the above said amorphous alloy catalyst.

Figure 2 shows the details trend plot of the CO2 con-

version and H2S desulfurization activities over both of the

potential catalysts: Fe/Co/Ni (10:30:60)–Al2O3 and Pr/Co/

Ni (5:35:60)–Al2O3 catalysts.

In this research, H2S is converted to unharmful sulfur

and water as shown in the equation below. The presence of

sulphur was supported by the Energy Dispersive X-ray

Analysis (EDX) that revealed 0.94% of sulfur on the spent

Pr/Co/Ni (5:35:60)–Al2O3 catalyst, while 2.68% of sulfur

on the spent Fe/Co/Ni (10:30:60)–Al2O3catalyst.

H2Sþ 1=2O2 ! Sþ H2O

There are two possible reactions occurred during the CO2/

H2 methanation reaction. Carbon monoxide and water

would also be formed in addition to methane. The

production of methane gas was determined by GC due to

the low sensitivity of FTIR spectroscopy towards the

absorption band of methane. Table 3 depicts the testing

results of in-situ reactions of CO2 methanation and H2S

desulfurization by the potential Al2O3 supported NiO based

catalysts.

CO2 could be physisorbed on most of the metal surfaces

according to Wambach and Freud [13]. Two states of

molecular associative adsorption were observed for CO2 on

the clean metal surfaces: a physisorbed linear CO2 state

and a bent chemisorbed CO2 state. The chemisorbed, par-

tially negatively charged species turns out to be the

precursor for CO2 dissociation. It had been reported that

CH4 formation from carbon is easier on Co (100) than on

Fe (110) [14]. The presence of subsurface carbon tends to

increase the activation energy required for the hydrogena-

tion steps and hence CH4 formation becomes more difficult

in the presence of Fe-carbides. Therefore, Fe/Co/Ni

Fig. 2 Conversion plot of CO2

conversion and H2S

desulfurization over potential

Al2O3 supported Fe/Co/Ni

(10:30:60) and Pr/Co/Ni

(5:35:60) catalysts

Table 3 Testing results of CO2/H2 methanation reaction during

in-situ reactions condition over Al2O3 supported NiO based catalysts

Catalyst Temperature

(�C)

Converted

CO2 (%)a
Unreacted

CO2 (%)

CH4 CO ? H2O

Fe/Co/Ni (10:30:60)–

Al2O3

100 0.50 13.83 85.67

150 1.12 11.93 86.95

200 1.51 10.97 87.52

250 2.44 11.75 85.81

300 2.89 8.63 88.48

Pr/Co/Ni (5:35:60)–

Al2O3

100 0.41 10.67 88.92

150 0.39 14.61 85.00

200 0.66 14.14 85.20

250 1.81 13.53 84.66

300 6.09 13.10 80.81

a Calculation based on CO2 detected via FTIR and CH4 detected via

GC
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(10:30:60)–Al2O3 catalyst could not achieve high metha-

nation reaction at higher studied temperature compared to

Pr/Co/Ni (5:35:60)–Al2O3 catalyst.

Generally, methane selectivity over the supported cata-

lyst is higher as the CO2 conversion is increased. Davis [15]

found out the major reason for the increment of methane

formation when there is high CO conversion, is due to the

presence of higher concentration of water. The selectivity

towards CH4 over the potential supported catalysts in this

research was low, especially at ambient temperature. Most

of the converted CO2 did not yield CH4 but tend to form

CO. This is due to the indirect conversion of CO2 into C1

hydrocarbons, via the intermediate formation of CO, as

suggested by Silver [16]. Furthermore, carbon dioxide

readily forms bicarbonate. This bicarbonate may decom-

pose to CO and CO2. Therefore, the conversion of CO2 in

this research could be considered as incomplete as it yielded

higher percentage of CO, which is the intermediate, before

yielding CH4, which is the final desired product.

3.2 Characterization of Catalysts

3.2.1 X-ray Photoelectron Spectroscopy (XPS)

Figure 3 shows the XPS spectra resulted from wide scan in

the region of 0–1,100 eV, while Fig. 4 reveals high reso-

lution XPS spectra obtained over fresh and spent Pr/Co/Ni

(5:35:60)–Al2O3 catalysts. Table 4 depicts the parameters

obtained by deconvolution of XPS spectra for these two

catalysts.

1.57% of Ni was detected in the surface composition of

fresh Pr/Co/Ni (5:35:60)–Al2O3 catalyst. The binding

energies of Ni (2p) were characteristic of NiO at the Eb of

854.21 eV (2p3/2) and 871.72 eV (2p1/2). Similar assign-

ment of NiO to the data obtained also made by Lorenz et al.

[17] who studied XPS on NiO/SiO2 and NiO–Al2O3/SiO2

catalysts; and Nefedov et al. [18] who investigated on

oxides of various elements. Eb value of 529.41 eV resulted

from the deconvolution of O (1 s) also confirmed the

existence of NiO. However, the existence of Ni (2p) peak

at Eb of 856.83 eV (2p3/2) and 874.30 eV (2p1/2) was

attributed to the existence of Ni3? in Ni2O3. According to

Nascente [19] who worked on Ni/Pd thin metallic film, Eb

of 856 eV was corresponding to Ni2O3. Alumina supported

nickel oxide calcined at 350 �C also revealed the charac-

teristic peak corresponding to Ni3? at Eb = 856.9 eV [20].

The most intense peak at Eb of 531.52 eV resulted from

deconvolution of O (1 s) over the fresh catalyst also

referred to the existence of Ni2O3 and Al2O3. Ni3? showing

a higher binding energy because the Eb of the metal

increases when the covalency decreases [21]. In other

words, as the ionic radius of Ni2? [ Ni3? and furthermore

the covalency of Ni3? decreases compare to Ni2?. Ni3? is

known to be more reactive than Ni2? due to its higher

metallic property. Ni2O3 is suggested to be responsible as

active site for this catalyst. By observing 2p3/2 peak area,

the existence of NiO was observed as 31% more than

Ni2O3. When NiO was more dominant on the fresh Pr/Co/

Ni (5:35:60)–Al2O3 catalyst, low catalytic activity was

observed. It is presumed that the lower H2S desulfurization

Fig. 3 XPS spectra resulted

from wide scan of fresh and

spent Pr/Co/Ni (5:35:60)–Al2O3

catalysts
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Fig. 4 High resolution a Ni 2p,

b Co 2p, c Al 2p, and d O 1 s
XPS spectra obtained from fresh

and spent Pr/Co/Ni (5:35:60)–

Al2O3 catalysts

Table 4 Parameters obtained by deconvolution of XPS spectra for fresh and spent Pr/Co/Ni (5:35:60)–Al2O3 catalysts

Catalyst Phase Ni 2p3/2 Ni 2p1/2 Co 2p3/2 Co 2p1/2 Al 2p O 1 s

Pr/Co/Ni (5:35:60)–Al2O3 fresh NiO 854.21 871.72 529.41

Ni2O3 856.83 874.30 531.52

Co3O4 779.79 793.96 529.41

Al2O3 74.70 531.52

Al3?–OH 76.63 533.19

Surface hydroxyl 533.19

Pr/Co/Ni (5:35:60)–Al2O3 spent Ni2O3 856.80 874.32 531.78

Co3O4 781.70 796.11 529.73

Al2O3 74.11 531.78

Surface hydroxyl 533.62
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activity over Pr/Co/Ni (5:35:60)–Al2O3 catalyst at reaction

temperature below 200 �C was due to lack of Ni2O3, which

is an oxygen rich compound. Ni2O3 structure is believed to

play an important role in the nickel cation reduction and

the oxygen release process [22]. This suggestion is further

supported when the dominant nickel form on the surface of

Ni impregnated AlMCM-41 catalyst was found out to be

Ni2O3 [23], as such contribute bigger surface area.

After exposure towards the catalytic testing environ-

ment, the surface composition of Ni3? was increased to

2.28%. The existing peaks were attributed to Ni3? in Ni2O3

species at the Eb value of 856.80 eV (2p3/2) and 874.32 eV

(2p1/2). NiO was disappeared in the spent catalyst. This was

also supported by 59% reduction of peak area on the O

(1 s) peak at 529.73 eV. It is believed that NiO was

transformed into Ni2O3 during prolong catalytic testing

process. Similar phenomenon was also reported by Djaidja

et al. [24], where NiO phase was disappeared in their used

Ni/Sm2O3 and Ni/La2O3 catalysts. They suggested that

Ni2O3 phase is necessary in the oxidative transformation of

methane reaction course. Dong et al. [25] had also

observed the growth of Ni2O3 layers on the surface of Ni

particles after exposure in a mixture of H2 and Ar gas

atmosphere of 760 Torr. No NiO phase was detected by

them. The absence of NiO is presumably responsible for

the increasing of the catalytic performance over this cata-

lyst at maximum study temperature of 300 �C.

There was 0.49% of Co revealed in the surface com-

position of fresh Pr/Co/Ni (5:35:60)–Al2O3 catalyst.

Binding energies of 779.79 eV (2p3/2) and 793.96 eV (2p1/2)

suggesting the presence of spinel compound, Co3O4, on the

surface of the catalyst. This is in good agreement with Kim

[26] who studied the electronic structure of cobalt oxides

and Zeng et al. [27] who worked on the effect of ZrO2

matrix on surface Co3O4–CO position. The presence of

Co3O4 is supported by the O (1 s) peak at Eb value of

529.41 eV, which was also suggested by Natile and Gli-

senti [28], who studied on NiO/Co3O4 nanocomposite

catalyst. NO2 formed during the decomposition of Co(N-

O3)2 � 6H2O in the preparation could oxidize Co2? to Co3?

even at low calcination temperature. The Co ions have a

high tendency to form Co3O4 once oxidized [29]. The

existence of the spinel compound in the catalyst is pre-

sumed to be good for the catalytic efficiency as it provides

more active sites for the reaction and also it could change

forms easily according to the environment; whether it is

more to Co2? or Co3?. After catalytic testing, the Co (2p)

peaks shifted to a higher Eb of 781.70 eV (2p3/2) and

796.11 eV (2p1/2), but indicating no changes of Co oxi-

dation state on the surface of the catalyst. The O (1 s) peak

remained in the same region, at Eb of 529.73 eV, with 59%

reduction of peak area. This peak is attributed to the

existence of Co3O4 only. This reduction on peak area was

due to the disappearance of NiO. 0.48% of Co was still

observed on the spent catalyst surface. In this stage, an

optimum amount of Co spinel compound is presumed to be

the reason for the increasing of the catalytic activity [30].

There are two Al (2p) peaks obtained from the fresh Pr/

Co/Ni (5:35:60)–Al2O3 catalyst, indicating the existence of

Al in two different environments. At Eb value of 74.70 eV,

it is attributed to Al2O3. The O (1 s) peak at 531.52 eV also

referred to the existence of Al2O3. When Al atom is on the

outermost surface, the influence of the surrounding chem-

ical environment on Al 2p spectrum is significant. On the

outer surface, alumina is in contact with atmosphere and

absorbed water. Therefore, the surrounding chemical

environment of alumina on the outer surface is different

from that in inner layer [31]. This contributed to the for-

mation of Al3?–OH which was shown at Eb of 76.63 eV.

As the binding energy increases, so does the ionic character

of the bonding. Wojcieszak et al. [23] also observed similar

XPS result from their AlMCM-41 support. Al2O3 (Eb

75 eV) was assigned to framework aluminium species and

to extra framework Al3? (Eb = 77.5 eV). The extra

framework Al3? species is easily affected by the sur-

rounding environment. Adsorbed water on the catalyst

surface or Al3? with the surface hydroxyl was observed at

the O (1 s) Eb value of 533.19 eV. However, only one peak

was detected at Eb value of 74.11 eV on the spent catalyst.

It is attributed to the existence of Al2O3. The detected

weight percentage of Al also decreased in the spent catalyst

compared to the fresh catalyst; in agreement with the only

peak existed in the spent catalyst. After exposure to the

catalytic testing environment, the increment of O (1 s)

peak area at 533.62 eV is due to the adsorbed water on the

surface, one of the products from methanation reaction.

From the surface composition detected by XPS, 0.09%

of Pr was revealed on the surface of fresh Pr/Co/Ni

(5:35:60)–Al2O3 catalyst. After catalytic activity mea-

surement, the percentage of Pr was reduced to 0.02%. This

reduction would be either due to the deposition of sulfur, or

agglomeration of other elements that forced the Pr element

to move into the bulk of the catalyst.

Figure 5 depicts XPS spectra resulted from wide scan in

the region of 0–1,100 eV. The high resolution XPS spectra

over fresh Fe/Co/Ni (10:30:60)–Al2O3 catalyst is shown in

Fig. 6.

The atomic concentration of Ni detectable by XPS was

low (0.93%), indicating the possibility of partial surface

encapsulation of Ni in the alumina support [20]. The Ni

(2p3/2) and Ni (2p1/2) peaks at Eb = 856.67 eV and

874.37 eV are registered in the XPS spectra of Ni 2p level

of the fresh Fe/Co/Ni (10:30:60)–Al2O3 sample, respec-

tively. This assignment is also been suggested by Nascente

[19] and Salagre [20]. The O 1 s peak at Eb of 531.77 eV

obtained from fresh Fe/Co/Ni (10:30:60)–Al2O3 catalyst
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was attributed to the O2- in Ni2O3. Ni2O3 could act as an

active site for oxidation reaction because its oxygen storage

property is needed for the H2S desulfurization reaction. It is

known that the presence of Ni3? may enhance the p-type

character (oxygen rich) of the catalyst.

0.66% of Fe was revealed in the surface composition.

The oxides of a-Fe2O3, c-Fe2O3 and Fe3O4 have almost

identical core binding energies, but the absence of satellite

peak had confirmed that the Eb at 711.45 eV (2p3/2) and

725.09 eV (2p1/2) is due to Fe3O4. This is also supported by

the appearance of O 1 s peak at Eb of 530.05 eV. This

assignment is in good agreement with McIntyre and

Zetaruk [32], who studied iron oxides with XPS and

Yamashita and Hayes [33], who had analyzed XPS spectra

Fig. 5 XPS spectra resulted

from wide scan of fresh Fe/Co/

Ni (10:30:60)–Al2O3 catalyst

Fig. 6 High resolution a Ni 2p,

b Fe 2p, c Al 2p, and d O 1 s
XPS spectra obtained from fresh

Fe/Co/Ni (10:30:60)–Al2O3

catalyst
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of Fe2? and Fe3? ions in oxide materials. It is believed that

spinel compound of Fe3O4 is good for the catalytic reaction

as it able to provide more active sites. Based on the

mechanism of the Fischer-Tropsch synthesis involving

unreduced iron catalyst [34], it is attractive to consider

the oxidized state of iron as the active phase in Fischer-

Tropsch synthesis. It is of interest to note that the partially

pre-reduced catalyst containing Fe3O4 as a major phase

was more active than the catalyst pre-reduced to a-Fe2?.

According to Iyer et al. [35], Fe3O4 was also reported as

active phase in their enhanced hydrogen production inte-

grated with CO2 separation.

There are two peaks indicating Al3? in Al2O3

(Eb = 74.11 eV) and Al3?–OH (Eb = 76.30 eV) on the

fresh Fe/Co/Ni (10:30:60)–Al2O3 catalyst. When Al is on

the outermost surface, it is in contact with atmosphere and

absorbed water thus resulting in higher Eb.

Merely 0.08% of cobalt was revealed in the surface

composition compared to 0.66% of iron. Similar condition

was also detected by Kozhukharov et al. [36], where the Co

2p partial contribution was not well expressed when there

was presence of iron. It is believed that Co ions react with

the substrates during the calcination and sintering process.

Part of them being high chemical mobility and reactivity

are incorporated into the bulk of the support. Furthermore,

previous study suggested that the sorption affinity of cat-

ions depends not only on the valence of the cations but also

on their radius. The ionic radii of Co2? and Co3? are

74 pm and 61 pm while Fe2? and Fe3? are 78 and 65 [37].

The smaller radii of the Co ions could disperse highly into

the matrix and penetrate deeper into the support. Therefore,

results in lower surface concentration of Co. The synthesis

of highly dispersed Co catalysts requires the initial for-

mation of very small CoO or Co3O4 crystallites. The

formation of these small oxide clusters in turn requires

strong interactions between the support and the Co pre-

cursor [38]. Because the mean free path of electrons in

solids is very small, the detected electrons originate from

only the top few atomic layers. While ionization occurs to a

depth of a few micrometers, only those electrons that

originate within tens of angstroms below the solid surface

can leave the surface without energy loss [39].

3.2.2 Nitrogen Adsorption Analysis

From Table 5, the surface area of the spent Pr/Co/Ni

(5:35:60)–Al2O3 catalyst is 8.6% higher than the surface

area of its fresh catalyst. As such for this catalyst, it can be

concluded that the increment of the surface area, did

increase the catalytic activity of the Pr/Co/Ni (5:35:60)–

Al2O3 catalyst at higher temperature (300 �C). By referring

to the XPS analysis, it was known that Co ions with high

mobility were incorporated into the bulk of the support

when there was presence of Fe ions. For the Pr/Co/Ni

(5:35:60)–Al2O3 catalyst, Co ions were detected as spinel

compound of Co3O4 on the surface. Therefore, Co3O4 is

presumed to give contribution on the increment of surface

area over this catalyst. Besides that, NiO was present in the

fresh Pr/Co/Ni (5:35:60)–Al2O3 catalyst but disappeared

after catalytic testing. The transformation of NiO into

Ni2O3 is believed to be able to generate new active sites for

the in-situ reactions of methanation and desulfurization. In

addition, the Ni2O3 phase was suggested to serve as a

matrix to decrease the Ni atom agglomeration [23]. Con-

sequently, the surface area is increased when there is

generation of new active sites. The average pore diameter

of Pr/Co/Ni (5:35:60)–Al2O3 catalyst was increased after

catalytic testing. The enlargement of pore diameter over

the spent catalyst is believed to be resulted by the collapsed

of pores during the prolonged testing condition.

On the other hand, there was 5.5% reduction on the BET

surface area of spent Fe/Co/Ni (10:30:60)–Al2O3 catalyst.

This reduction is believed to result from the deposition of

sulfur (from EDX analysis; not shown) on the catalyst

surface or collapsed of the pores. The smaller pore diam-

eter shown by spent catalyst also proved the blockage of

the pores by sulfur. Catalytic activity over this catalyst also

decreased after reaching maximum 16.5% conversion of

CO2 at 120 �C. The BET surface area is reduced when

there is no generation of new active sites. No transforma-

tion of active species occurred during the catalytic reaction

as reported by XPS analysis.

4 Conclusion

According to XPS analysis, Ni2O3 and Co3O4 were sug-

gested as the active sites on the Pr/Co/Ni (5:35:60)–Al2O3

catalyst. Meanwhile, Ni2O3 and Fe3O4 acted as the active

phases on the Fe/Co/Ni (10:30:60)–Al2O3 catalyst. The aim

to achieve high H2S desulfurization rate at low temperature

was achieved. However, further investigation is still

Table 5 BET surface area and BJH desorption average pore diameter

of the Fe/Co/Ni (10:30:60)–Al2O3 and Pr/Co/Ni (5:35:60)–Al2O3

catalysts in fresh and spent conditions

Catalyst Condition SBET (m2 g-1) d (nm)

Fe/Co/Ni Fresh 175.01 9.24

(10:30:60)–Al2O3

Fe/Co/Ni Spent 165.37 5.12

(10:30:60)–Al2O3

Pr/Co/Ni Fresh 166.22 5.63

(5:35:60)–Al2O3

Pr/Co/Ni Spent 180.45 5.88

(5:35:60)–Al2O3
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needed in the attempt to obtain catalyst that is able to

catalyze high CO2 methanation rate at low temperature in

the presence of H2S, which is a deactivation source.
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