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Abstract

A series of magnesia-modified alumina-supported cobalt catalysts were prepared with a two-step impregnation method using the incipient
wetness technique. N2 physisorption, X-ray diffraction (XRD), laser Raman spectroscopy (LRS), X-ray photoelectron spectroscopy (XPS),
H2 temperature-programmed reduction (H2-TPR), H2 temperature-programmed desorption (H2-TPD) and oxygen titration were used for
the characterization of the catalysts. A cobalt surface phase, which has strong interaction with the support, was detected by XPS, and its
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ontent decreased with introduction of the magnesia into the catalysts, indicating that Mg modification can inhibit the interaction
he cobalt oxide and the support. However, large amounts of magnesia caused a decrease in the catalysts reducibility due to the
gO–CoO solid solution. Small amounts of magnesia were found to improve the activity of cobalt catalysts for Fischer–Tropsch

ut larger amounts of magnesia decreased the activity, and the methane and CO2 selectivity increased for all the magnesia-modified catal
urthermore, the olefin to paraffin ratio increased with an increase in magnesia content. These observed effects of magnesia on
erformance of cobalt catalysts could deduce from poor reducibility of higher magnesia content catalysts and/or magnesia conten
atalyst surface reconstruction suppression.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Fischer–Tropsch synthesis (FTS) attracts great attention
s an option for clean transportation fuels and chemicals’
roduction via natural gas or cheap coal[1,2]. Fe, Co, Ni
nd Ru are typical FTS catalysts[1–3]. Recent interest in
TS catalysts for diesel fuel production from natural gas has
oncentrated on supported cobalt catalysts because of their
igh activity and selectivity for heavy waxy product at low

emperature FTS, lower water–gas shift reaction activity with
ydrogen-rich syngas as produced from natural gas than iron
atalysts and lower price than noble metals, as ruthenium
1,3].

The effect of support on cobalt FTS catalysts, such as
l2O3, TiO2, SiO2, C and MgO, etc., has been investigated

∗ Corresponding author. Tel.: +86 27 67843016; fax: +86 27 67842752.
E-mail address:lij@scuec.edu.cn (J. Li).

[4–7]. Alumina is often used as a support for cobalt F
catalysts due to its favorable mechanical properties, b
alumina-supported catalyst has a limited reducibility du
a strong interaction between the support and the cobalt o
[8–12]. The cobalt species, which strongly interact with
support, are generally inactive in CO hydrogenation du
their low reducibility. This can be improved to a certain ex
by adding metal or metal oxide promoters, such as Pt[13],
Re[14], ZrO2 [15], etc.

The interaction between the support and the cobalt o
depends largely on the chemical and physical properti
the support as well as the cobalt loading. This may resu
the formation of stoichiometric or non-stoichiometric cob
aluminate spinel when alumina was used[12,16]. Modifi-
cation of the support surface may suppress the intera
A number of investigations have been focused on mag
as a modifier for the cobalt-based catalysts[17–22]. Stud-
ies on the possibility of inhibiting the interaction betwe

381-1169/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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the cobalt oxide and the support by adding magnesia to an
alumina support has shown that the magnesia modification
increased not only the reducibility of cobalt oxide but also
the catalytic activity in CO hydrogenation[17]. The investiga-
tion of Co–Mg–Al layered double hydroxides showed that the
magnesia could decrease the amount of a non-stoichiometric
Co–Al spinel phase[23]. Lahtinen and Somorjai[24] stud-
ied carbon monoxide hydrogenation on polycrystalline cobalt
foils; they concluded that Mg reduced the methane selec-
tivity and increased the C4 and C5 hydrocarbons selectivi-
ties. On the other hand, the presence of magnesia decreased
the reducibility of SiO2-supported cobalt catalysts[18] and
cobalt-kieselguhr catalysts[19] but increased the dispersion
of cobalt on the SiO2 [18,22]. In addition, the order of impreg-
nation of magnesia and cobalt can also affect the activity and
selectivity of the magnesia promoted catalysts[18]. However,
the intrinsic effect of modification of the support by magnesia
on the metal–support interaction, the reducibility, the activ-
ity and selectivity of the cobalt catalysts for FTS are still
unclear.

It has been discovered that the presence of water vapor
during FTS reaction can enhance the deactivation of cobalt-
based catalysts due to surface oxidation or compound for-
mation between the metal and the support[10,13,25]. A
series of works in our group was concerned with the effect
of modification of the support by metal oxide, such as
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impregnation and drying, the catalyst was calcined in a fur-
nace at 623 K for 5 h.

2.1.2. Co/MgO/Al2O3

The magnesia-modified alumina-supported cobalt cata-
lysts (Co/MgO/Al2O3) were prepared with the sequential
incipient wetness impregnation method. Firstly, magnesia-
modified supports were prepared by impregnating magne-
sium nitrate aqueous solution onto the same support (Al2O3)
as mentioned above (in the case of 9 and 12 wt% of MgO
content, a two-step impregnation was used due to the limited
solubility of the magnesium nitrate). After each impregna-
tion, the magnesia-modified alumina supports were dried at
393 K overnight in air and calcined at 823 K for 5 h in air.
Then, the Co/MgO/Al2O3 catalysts were prepared using the
same procedure as for the Co/Al2O3 catalyst.

The catalysts used in this paper are denoted as 15CoA
or 15CoXMA; 15 refers to 15 wt% of cobalt loading in the
catalysts, A refers to the Al2O3 support, MA refers to the
magnesia-modified alumina supports, andX refers to the
magnesium content in MA. The compositions of the cata-
lyst are shown inTable 1.

2.1.3. Reference samples
CoAl2O4 (spinel) was prepared by calcining 15CoA at

1273 K for 10 h, and CoO was obtained by calcining cobalt
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irconia [26] and magnesia on the deactivation of cob
ased catalysts for FTS. In the present work, a serie
agnesia-modified Co/Al2O3 catalysts were prepared a

haracterized by N2 physisorption, X-ray diffraction (XRD
aser Raman spectroscopy (LRS), X-ray photoelectron s
roscopy (XPS), H2 temperature-programmed reduction (H2-
PR), H2 temperature-programmed desorption (H2-TPD)
nd oxygen titration, and their catalytic performances w

ested in a fixed bed reactor. The aim is to investigate the e
f magnesia as a modifier for alumina on the metal–sup

nteraction, activity and selectivity of cobalt catalysts,
urther work is needed to identify the intrinsic effect of
odification on the deactivation of the catalysts due to
ater vapor.

. Experimental

.1. Materials

.1.1. Co/Al2O3

The alumina-supported cobalt catalyst (Co/Al2O3) was
repared with the incipient wetness impregnation u
cobalt nitrate aqueous solution. The support (�-Al2O3,

15#, Shandong Aluminum Co., China; BET surface a
21.03 m2 g−1; pore volume: 0.53 cm3 g−1; particle size
.4–0.6 mm) was first calcined at 873 K for 5 h before imp
ation. A two-step impregnation was used with drying
53 K in a rotary evaporator and then drying at 393 K
2 h in an oven following each impregnation. After the fi
3 4
itrate at 1073 K for 8 h.

.2. Catalyst characterization

.2.1. N2 physisorption
The BET surface area, pore volume, average pore di

er and pore size distribution of the catalysts were determ
y N2 physisorption using a Micromeritics ASAP 2405 au
atic system. Each sample was degassed at 10−6 Torr at
73 K for 4 h prior to N2 physisorption.

.2.2. X-ray diffraction
The XRD measurement was performed on a Philips X’

ro Powder Diffractometer with Cu K� radiation. The spec
ra were scanned with a rate of 0.002◦ min−1 from 10◦ to
0◦ (2θ). The identification of the phases was made with

able 1
atalyst compositions

amples
ame

MgO
(wt%)a

Co
(wt%)b

Bulk molar
ratio (Mg/Al)

Surface molar
ratio (Mg/Al)c

5CoA – 15.00 – –
5Co03MA 0.40 15.00 0.01 –
5Co08MA 1.06 15.03 0.02 0.13
5Co2MA 2.69 15.02 0.04 0.15
5Co5MA 6.68 15.00 0.11 0.23
5Co9MA 12.04 15.00 0.22 0.45
5Co12MA 15.87 15.00 0.31 –
a Magnesia content (wt%) in the prepared catalysts.
b Cobalt content (wt%) in the prepared catalysts.
c Obtained by XPS measurement.
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help of the Joint Committee on Powder Diffraction Standards
files (JCPDS). The average Co3O4 crystallite size of the cat-
alysts was calculated using the Sherrer equation[27]. The
diameter of a given Co3O4 particle could be used to calculate
the diameter of metallic Co crystallite by the formula below
[28]:

dCo = 0.75dCo3O4

2.2.3. Laser Raman spectroscopy
The LRS spectra of the samples were collected using a

Confocal Renishaw Raman Microprobe RM-1000 by pro-
jecting a continuous wave laser of argon ion (Ar+) (514.5 nm)
through the samples exposed to air at room temperature. A
count time of 30 s at focus with a 50 times objective lens and a
scanning range between 80 and 2200 cm−1 with a resolution
of 2 cm−1 was applied.

2.2.4. X-ray photoelectron spectroscopy
The XPS spectra were recorded using a Physical Electron-

ics PHI-5800 spectrometer with a monochromatized Al K�
source (1486.6 eV). The C 1s line (284.6 eV) was taken as
a reference to correct for electrostatic charging. In order to
determine the intensity of the different cobalt species on the
samples, the recorded Co 2p regions were fitted, and 80%
G peak
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to Co3O4. The percentage dispersion (D%) was calculated
according to the equation[29]:

D% = 1.179X

WRed.%
.dy

whereX is the amount of chemisorbed H2 in micromoles per
gram of catalysts,W is the weight percent of cobalt. It should
be noted here that, with the introduction of reduction degree,
the unreduced cobalt oxide was not included in the calculation
of D%. The importance of the correction by introducing the
percentage reduction into the calculation of dispersion has
been stressed by Jacobs et al.[5]. The average crystallite
diameters of Co were calculated fromD% assuming spherical
metal crystallite of uniform diameterdwith a site density of
14.6 atoms/nm2 [29].

dCo = 96

D%

2.3. Fischer–Tropsch synthesis

FTS was carried out in a down-flow fixed-bed stainless-
steel reactor (i.d. 2.5 cm). The 6 g of catalysts, which were
diluted by 36 g of quartz (200–460 mesh) and 80 g of glass
bead (diameter of 4–6 mm) to minimize the temperature gra-
dients, was charged into the reactor. The temperature was
c was
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c oduct
a state.
aussian and 20% Lorentzian peaks were used in the
econvolution.

.2.5. H2 temperature-programmed reduction, H2
emperature-programmed desorption and oxygen
itration

H2-TPR was carried out using a Zeton Altamira AMI-2
ystem with a 10% H2/Ar mixture referenced to Ar. It wa
onducted using 150 mg of catalyst and a temperature
rom 323 to 1073 K at 10 K per minute. A thermal cond
ivity detector (TCD) was used to determine the amoun
ydrogen consumed.

The amount of H2 chemisorption was measured with H2-
PD using a Zeton Altamira AMI-200 system. The cata
amples were reduced using hydrogen at 723 K for 12 h
ooled under flowing H2 to 373 K. Then, the samples we
eld at 373 K under flowing Ar to remove physisorbed an
eakly bound species prior to increasing the temper
lowly to the reduction temperature. At that temperature
atalysts were held under flowing Ar to desorb the remai
hemisorbed H2. The TPD spectra were integrated and
umber of moles of desorbed H2 was determined by compa

ng to the areas of calibration pulses of H2 in Ar.
The reduction level of the catalysts was determine

xygen titration. After the H2-TPD, the samples were reo
ized at the reduction temperature by pulses of pure O2 in He
arrier referenced to He. After reoxidation of the reduced
lysts, the number of moles of O2 consumed was determin
sing a TCD. The percentage reduction (Red.%) was c

ated by assuming stoichiometric conversion of metallic
ontrolled using a three-zone furnace. A thermocouple
laced at the middle of the catalyst bed to assure a pr

emperature control during pretreatment and the reaction
ess. The mass flow controllers (Brooks 5850E) were
o control the flow rate of H2 and syngas. Prior to the FT
he catalysts were reduced in flowing H2 at 723 K and th
tmospheric pressure for 12 h; the space velocity of H2 was
N L g−1 h−1 (298 K, 0.1 MPa). After reduction, the ca

ysts were cooled to 453 K in flowing H2. Then, the synga
H2/CO = 2) was introduced and the pressure was incre
o 10 bar. The reaction temperature was then slowly incre
o 503 K (453–483 K for 3 h and 483–503 K for 4 h), and
pace velocity of syngas was2 S L g−1 h−1 (273 K, 0.1 MPa)
reliminary experiments in our group show that steady
as been reached after an initial reaction of 24 h unde
eaction condition, and then subsequent procedure below
onducted after the initial reaction. The duration of samp
as more than 50 h to achieve a good mass balance
teady state.

The wax and water mixture were collected from the w
rap (403 K), and the oil plus water were collected from
old trap (273 K). The wax was dissolved in dimethylb
ene and was analyzed using an Agilent 4890 GC with a
etector, and the oil was analyzed using an Agilent 68
C with a FID detector. Tail gas from the cold trap was a

yzed using an on-line Agilent Micro GC3000 with a TC
etector.

The carbon monoxide conversion (XCO%) and the hydro
arbon selectivities were calculated based on the gas pr
nalysis and the gas flow measuring results at steady
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The olefin to paraffin ratio was calculated from the respective
chromatographic peak areas.

3. Results and discussion

3.1. Texture of the catalyst

The BET surface area, total pore volume and average pore
diameter of the catalysts are shown inTable 2. The sur-
face area and the total pore volume decrease with increasing
magnesia content, while the average pore diameter increases
slightly indicating that the small pores of the Al2O3 support
are blocked by magnesia.

3.2. X-ray diffraction

XRD profiles of CoAl2O4, Co3O4 and the catalysts are
shown inFigs. 1 and 2. For all the catalysts, the cobalt species
is present mainly in the form of spinel Co3O4, but no MgO
phase was detected for the magnesia-modified catalysts (see
Fig. 1), indicating that the MgO is highly dispersed on the
alumina support[30]. The average crystallite size of Co3O4
increases slightly with increasing magnesia content, indicat-
ing that magnesia has minimal effect on the dispersion of
cobalt (seeTable 5). It can also be seen that the different cat-
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Fig. 1. XRD profiles of the prepared catalysts: (A) 15CoA; (B) 15Co03MA;
(C) 15Co08MA; (D) 15Co2MA; (E) 15Co5MA; (F) 15Co9MA; (G)
15Co12MA; ( ) Co3O4; (©) �-Al2O3.

gests that the Co3O4 phase in the surface of the high-magnesia
content catalysts have changed somewhat due to the addition
of magnesia and the different cobalt oxide–support interac-
tions, although the XRD data indicate that Co3O4 is still the
main phase. This can be explained by the fact that LRS can
only detect species on the sample surface with a thickness of
about 2 nm, but XRD can detect the bulk phase in the cata-

Fig. 2. XRD profiles of: (A) Co3O4; (B) CoAl2O4; (C) 15CoA; ( ) Co3O4;
(

lysts display almost the same peak intensities. It is diffi
o determine the CoAl2O4 phases for those catalysts ba
n the XRD characteristic alone because both Co3O4 and
oAl2O4 have cubic spinel structure with almost ident
iffraction peak positions (seeFig. 2), and the Co–suppo
ompound formation could not be detected by X-ray diff
ion [31]. Nevertheless, this can be resolved by LRS and
echnique.

.3. Laser Raman spectroscopy

The Raman spectra of reference samples and the cat
re shown inFig. 3. Alumina and magnesia themselves are
aman active[32]; thus, no Raman spectroscopy signals
e seen. As can be seen, the Raman spectra of the unmo
nd low-magnesia content catalysts show the same char

stic signals of Co3O4, suggesting that the surface of cataly
s covered with relatively large Co3O4 particles. This result
n agreement with the XRD measurements. With increa

agnesia content, all of the Raman bands of Co3O4 broaden
eaken noticeably and shift to lower frequencies. This

able 2

2 physisorption results

amples
ame

BET surface
area (m2 g−1)

Pore volume
(cm3 g−1)

Average pore
diameter (nm)

5CoA 143.87 0.377 10.48
5Co08MA 136.89 0.369 10.79
5Co5MA 119.02 0.324 10.89
5Co9MA 106.95 0.262 9.82
#) �-Al2O3; (©) �-Al2O3; (+) CoAl2O4.
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Fig. 3. Raman spectra of the reference samples and the prepared catalysts:
(A) CoAl2O4; (B) Co3O4; (C) 15CoA; (D) 15Co03MA; (E) 15Co08MA;
(F) 15Co2MA; (G) 15Co5MA; (H) 15Co9MA; (I) 15Co12MA.

lyst. It might be pointed out that the formation of CoO–MgO
mixed phase on the magnesia-modified catalysts surface can-
not be excluded[32,33].

It can also be seen that no characteristic Raman bands cor-
responding to CoAl2O4, which is related to a sharp, intense
signal at 201.95 cm−1, a broad bands at 512.85 cm−1 and two
weak bands at 409.22 and 786.07 cm−1, exist in the spectra of
any of the prepared catalysts. This indicates that none or very
little CoAl2O4 was formed during the pretreatment. How-
ever, it does not imply the absence of the strong interaction
between the cobalt and the support.

3.4. Surface spectroscopic analysis

X-photoelectron spectroscopy was used in an attempt
to obtain more insight into the surface composition of
Co/MgO/Al2O3 catalysts. The XPS spectra of the Co 2p
regions for the catalysts are shown inFig. 4. The CoAl2O4 and
Co3O4 spectra are included for reference. The peaks of Co
2p have been deconvolved for all the samples and the XPS
analytical results on Co 2p3/2 binding energies are shown
in Table 3, followed by the literature data of various Co-
containing compounds inTable 4. It can be seen fromFig. 4
that the main peaks (Co 2p3/2,Co 2p1/2) of pure CoAl2O4
exhibit a shoulder at their high-energy side while that of
C ake-

Fig. 4. The Co 2p XPS spectra of the reference samples and the pre-
pared catalysts: (A) Co3O4; (B) CoAl2O4; (C) 15CoA; (D) 15Co08MA;
(E) 15Co2MA; (F) 15Co5MA; (G) 15Co9MA.

Table 3
Co 2p3/2 binding energy (BE) of different compounds and the relative inten-
sity ratios of cobalt surface phase to Co3O4 (ICSP/ICo3O4) for the catalysts

Samples
name

Co 2p3/2 BE (eV) ICSP/ICo3O4

Co3O4 BE CoAl2O4 BE CSPa BE

Co3O4 779.66 – – –
CoAl2O4 – 781.25 – –
15CoA 779.69 – 781.30 0.62
15Co08MA 779.60 – 781.34 0.41
15Co2MA 779.34 – 781.30 0.41
15Co5MA 779.75 – 781.40 0.50
15Co9MA 779.40 – 781.20 0.49

a Cobalt surface phase.

Table 4
The XPS data and characteristics of the cobalt-containing reference materials
[37]

Materials Co 2p3/2 BE (eV) Reliability (eV) Shake-up satellite

Co3O4 780.0 ±0.7 Weak
CoAl2O4 781.9 ±0.5 Strong
CoO 780.1 ±0.9 Strong
Co(OH)2 780.9 ±0.2 Strong
Co(NO3)2 781.9 – Strong
o3O4 peaks are remarkably weak. It is due to the sh
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up process of Co2+ in the high-spin state, but the low-spin
Co3+ ion does not show a shake-up process[19,34]. Com-
parison of peaks shape and binding energy reveals that the
magnesia-modified cobalt catalysts closely resemble Co3O4
whereas the peaks shape and binding energy of 15CoA cat-
alyst are intermediate between that of CoAl2O4 and Co3O4.
These results indicate that the addition of magnesia modi-
fies the surface characteristics of alumina-supported cobalt
catalyst.

The Co 2p3/2 peaks at about 779.6 eV indicate that most
of the surface cobalt is Co3O4 for all the catalysts. Although
the binding energy of the peaks at about 781.3 eV is similar
to that of Co 2p3/2 peak of CoAl2O4, these peaks may be
related to a cobalt surface phase (CSP) rather than CoAl2O4
[35–37] because of the weaker, or the absence of shake-up
satellite.

The CSP was believed to be highly dispersed on the sup-
port after calcination and presumably present in monolayer
thickness[36]. The Raman spectroscopic results also sug-
gested that the surface cobalt–support compound was not
identical to CoAl2O4 (spinel) but was probably a surface
compound deficient in Co[31]. It can be concluded that the
strong interaction between the CSP and the support is very
favorable, and the formation of cobalt–support compound is
facile.
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Fig. 5. TPR profiles of the prepared catalysts: (A) 15CoA; (B) 15Co03MA;
(C) 15Co08MA; (D) 15Co2MA; (E) 15Co5MA; (F) 15Co9MA; (G)
15Co12MA.

density of the support layers when Co2+ is replaced by diva-
lent cations of smaller ionic radius, such as Mg2+ [23].

Additional TPR experiments were carried out for the
15Co5Mg and 15Co12Mg samples, which were recalcined at
673 K for 5 h, to illustrate the effect of magnesia on the ther-
mal stability of NO3

− in the magnesia-modified catalysts,
and the results are shown inFig. 6. One can see that the nar-
row and intense peak at 608 K is actually attributed to the
reductive decomposition of cobalt nitrate, which can only be
entirely decomposed at 673 K.

It can also be observed that the reduction peaks at high tem-
perature for magnesia-modified catalysts shift gradually to a
higher temperature with increasing magnesia content. It has
been suggested that this is due to a decrease in the reducibil-
ity of catalysts with the formation of a non-stoichiometric
spinel phase containing Mg[22] or a CoO–MgO solid solu-
tion [18,38].

In general, the interaction between a metal oxide and
a support may be classified into three categories[16]: (1)
very weak interaction in which the support acts only as a
dispersing agent, such as SiO2-supported cobalt; (2) solid
solution formation, such as CoO–MgO–Al2O3 system; (3)
strong interaction or surface compound formation, such as
TiO2- or Al2O3-supported cobalt. In supported catalysts, the
reducibility of the cobalt species often depends on the extent
Since all the XPS spectra were synthesized under the
tting method, the relative intensity ratio of the differ
eaks obtained can represent the relative content of th

erent species. It can be seen fromTable 3that the relative
ntensity ratio of CSP to Co3O4 decreases with introductio
f magnesia into the catalysts, indicating that the add
f magnesia inhibits the formation of cobalt surface ph

hus, the strong interaction between the cobalt specie
he support is presumably suppressed.

.5. Catalyst reducibility

The H2-TPR profiles of the prepared catalysts are sh
n Fig. 5. All the TPR profiles show two major regions
ower temperature region located between 473 and 7
nd a higher temperature region located between 723
073 K. For the unmodified catalyst (15CoA), the T
eak at around 623 K is related to the two-step reduc
o3O4 → CoO→ Co0, which usually exhibits only one TP
eak [5], while the broad peak between 673 and107

s related to the reduction of cobalt oxide species (C2+

nd Co3+), which strongly interact with the support[5], or
he amorphous surface cobalt–support compounds[16]. The
eak at around 553 K for 15CoA can be attributed to
eductive decomposition of some cobalt nitrate remainin
he catalyst after calcination. For all the magnesia-mod
obalt catalysts, the TPR peaks at 473–573 K are more in
han that of 15CoA, and the peaks at around 623 K are m
arrow and more intense for 15Co9Mg and 15Co12M

s suggested that the enhanced thermal stability of NO3
− in

agnesia-modified catalysts is due to the higher local ch
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Fig. 6. TPR profiles of: (A) 15Co5MA; (B) 15Co5MA recalcined at 673 K
for 5 h; (C) 15Co12MA; (D) 15Co12MA recalcined at 673 K for 5h.

of the metal–support interaction. The reduction temperature
of the cobalt species depend on the nature and the amount
of other cations in the catalyst due to the great ability of Co
to be combined in spinel-like phases, and this is particularly
true when the neighboring cations are Al and Mg[23].

LRS results indicated that CoO–MgO solid solution was
formed in the prepared catalysts, it is believed that the forma-
tion of CoO–MgO solid solution affects the reduction of cat-
alysts. In the TPR study, some CoO still exists in the catalyst
above 623 K. The surface Mg/Al molar ratio of magnesia-

modified catalysts obtained by XPS is much higher than its
bulk ratio (seeTable 1), indicating an enrichment of surface
Mg in these catalysts. XPS study has shown that the addition
of magnesia inhibited the major interaction between alumina
and cobalt. However, magnesia may interact with cobalt to
some extent in the TPR process. With increasing magnesia
content, the surface Mg is more enriched than the bulk, and
the interaction between MgO and CoO is enhanced with the
formation of CoO–MgO solid solution above 623 K. This
kind of cobalt species can only be reduced at an elevated
temperature.

3.6. H2 chemisorption and O2 titration

The results of H2 chemisorption (H2-TPD) and O2 titra-
tion are shown inTable 5. It is evident that H2 chemisorption
decreases significantly with increasing magnesia content.
This indicates that the cobalt active sites decreased when
large amounts of magnesia were added to the catalysts. Simul-
taneously, the percentage reduction of the catalyst increases
slightly for low-magnesia content catalysts and decreases sig-
nificantly for high-magnesia content catalysts. It is suggested
that small amounts of magnesia could suppress the interac-
tion between the cobalt and the support, and the reducibility
of the catalysts was improved. At higher magnesia content
catalysts, the reducibility of the catalysts decreased due to the
i rma-
t een
r

on of
m od-
i The
X hib-
i hly
d rease
o obalt
d

ddi-
t ag-
n

Table 5
H2 chemisorption (H2-TPD) and O2 titration results

Samples name H2 desorbed
(�mol g−1)

Uncorrected
D%d

Uncorrected
diametera,d (nm)

15CoA 93.6 7.36 14.0
15Co03MA 55.1 4.33 23.8
15Co08MA 56.6 4.44 23.2
15Co2MA 49.8 3.91 26.4
15Co5MA 44.8 3.52 29.3
15Co9MA 15.6 1.22 84.5
15Co12MA 14.5 1.14 90.4

a The cobalt cluster diameter.
b Average diameter of Co3O4 crystallite obtained by XRD measurement.
c Percentage reduction of catalysts.
d The data were uncorrected by percentage reduction.
e The data were corrected by percentage reduction.
nteraction between magnesia and cobalt oxide with fo
ion of CoO–MgO solid solution. This result has also b
evealed by our LRS, XPS and TPR experiments.

It can also be seen that the corrected cobalt dispersi
agnesia-modified catalysts is lower than that of the unm

fied catalyst, but is independent of magnesia content.
PS results also indicated that addition of magnesia in

ted the formation of cobalt surface phase, which is hig
ispersed on the support. It is suggested that the dec
f highly dispersed species induced the decrease of c
ispersion.

Furthermore, the cobalt cluster size increases with a
ion of magnesia and is independent of the amount of m
esia. This is consistent with the XRD results (seeTable 5).

Red.%c Corrected
D%e

Corrected
diametera,e (nm)

Co3O4

diameterb (nm)

51.43 14.31 7.2 18.3
54.12 8.00 12.88 18.1
56.16 7.90 13.03 18.7
45.58 8.58 12.03 22.5
41.31 8.52 12.10 20.2
16.7 7.29 14.10 21.0
13.6 8.39 12.30 21.8
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Table 6
Catalytic performance data of the magnesia-modified Co/Al2O3 catalysts for FTS

Samples name CO conversion (%) CO2 selectivity (%) Hydrocarbon selectivity (%)

CH4 C2 C3 C4 C5
+

15CoA 32.06 1.09 16.23 1.52 2.04 1.39 77.73
15Co03MA 32.07 1.53 18.54 1.12 1.81 1.34 75.67
15Co08MA 35.56 1.70 19.16 0.96 1.78 1.31 75.16
15Co2MA 24.67 1.76 20.56 1.34 1.89 1.44 73.20
15Co5MA 15.78 1.20 21.47 1.25 1.73 1.99 72.35
15Co9MA 7.15 1.37 19.94 1.32 1.75 1.81 73.82
15Co12MA 6.25 1.47 20.76 1.61 1.45 1.60 73.05

The catalysts were reduced in a flow of H2 at 723 K for 16 h before FTS.
Reaction conditions:H2/CO = 2; space velocity of syngas was2 S L g−1 h−1 (273 K, 0.1 Mpa); temperature was 503 K; pressure was 10 bar.

3.7. Fischer–Tropsch synthesis (FTS)

The results of catalytic performances for FTS are listed
in Table 6. Three trends are apparent fromTable 6: (1)
with increasing magnesia content, the CO conversion first
increases slightly and then decreases; (2) the CO2 and
methane selectivities of magnesia-modified catalysts are
higher than that of unmodified cobalt catalyst; (3) the C5

+

hydrocarbon selectivity of the magnesia-modified catalysts
is slightly lower than that of unmodified cobalt catalyst and
mild decreases with increasing magnesia content.

It has been suggested that the activity of cobalt catalyst
was directly dependent on the catalyst reducibility for FTS
[39]. Thus, the trend in variation of CO conversion with mag-
nesia content is similar to that of percentage reduction of the
catalysts, and the higher CO2 selectivity may also originate
from the presence of more unreduced cobalt species, which
are active for the water–gas shift[40].

The appropriate interaction between cobalt and alumina
support can keep the stabilization of cobalt active sites dur-
ing the FTS. However, a certain extent of cobalt surface
reconstruction during the early initial reaction time by CO
(in the presence of H2) occurs. The self-organization proce-
dure (reconstruction) of the cobalt surface, via segregation of
the catalyst surface planes, plays a dominant role to increase
activity and to change/improve selectivity, this should be
r
B and
t oor-
d -hole
s sites
w ime
[

ions
( sites
a poi-
s xtent
m na-
t ining
p rally
l or-
t ites)
[

From discussion above, the interaction between MgO and
CoO is enhanced with the formation of CoO–MgO solid
solution during reduction of catalyst; thereby, it is under-
stood that MgO could suppress the process of reconstruction
of the cobalt surface under FTS conditions, this conduces
sites to remain on the plane sites or sites of higher coordi-
nation. Thus, the remaining plane sites to growth sites ratio
increases with magnesia content increasing. Anyway, the loss
of activity, lower C5

+ hydrocarbon selectivity and excessive
methane formation on higher magnesia-modified cobalt cat-
alysts might be deduced from that MgO hinders the process
of catalyst reassembling under FTS conditions.

Zhang et al.[44] have suggested that supports with lower
acidity led to the higher activities, higher C5

+ hydrocarbon
selectivity and lower methane selectivity. The number of
acidic sites on the magnesia-modified Al2O3 was higher than
that of Al2O3 and the addition of magnesia can decrease the
strong acidic sites and increase the weak acidic sites[45,46].
Thus, the increase in acidic sites with increasing magnesia
content may also induce the poor catalytic performance, but
this need further experiment to testify.

Fig. 7 clarifies the effect of the magnesia content on the
olefin to paraffin ratio. The ratio of olefin to paraffin decreases
with increasing chain length for all catalysts, and a signifi-
cant trend can be observed that the ratio of olefin to paraffin
increases with increasing magnesia content.

F : (+)
1
(

egarded as an essential feature of FTS with cobalt[41,42].
y this process, the number of sites increases largely

he sites disproportionate into sites of lower and higher c
ination on the expense of plane sites (on-top sites, in
ites and on-plane sites, respectively). These different
ould exhibit different catalytic properties in the FTS reg

41].
During the steady state of FTS, most of major react

chain growth, CO dissociation) are related to on-top
nd in-hole sites, whereas on-plane sites are widely
oned through CO chemisorption. However, some e
inor reactions (olefin isomerization, olefin hydroge

ion and methane formation) are related to these rema
lane sites, Moreover, olefin readsorption, which gene

eads to modification of product distribution, is an imp
ant olefin secondary reaction on growth sites (on-top s
43].
ig. 7. Effect of the magnesia content on the olefin to paraffin ratio
5CoA; (©) 15Co03MA; ( ) 15Co08MA; (�) 15Co2MA; (×) 15Co5MA;
	) 15Co9MA; (�) 15Co12MA.
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Schulz and Claeys[47] have suggested that the change
of olefin selectivity (olefin to paraffin ratio) could be well
described as an effect of the olefin readsorption on the on-top
(growth) sites probability, which due to the different resi-
dence times of reaction products. It should further be noted
that the chain length-dependent reaction products solubil-
ity, which increases with increasing carbon number, has the
governing effect on chain length-dependent residence times
of reaction products in the liquid-filled pores of the catalyst
[48]. Iglesia and co-workers[49] advanced that the decrease
in pore volume of catalyst can induce a decrease in pore res-
idence time of reaction products, further causing a decrease
in olefin readsorption. Thus, the olefin selectivity increases.

The total pore volume of catalysts decreases with increas-
ing magnesia content at present study (seeTable 2). However,
the inhibition secondary olefin reactions (olefin readsorp-
tion), which deduces from a decrease in the on-top growth
sites to remaining plane sites ratio via that MgO hinders
the surface reconstruction of cobalt catalysts during initial
reaction time, could has a major effect on the magnesia
content-dependent olefin selectivity.

4. Conclusions

The effect of magnesia on Co/AlO FTS catalysts has
b
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