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Abstract

A series of mesoporous alumina (MA) supported cobalt (Co/MA) catalysts
with MA isomorphically substituted by zirconium (Zr) were synthesised and
evaluated for their performance in the Fischer-Tropsch synthesis. The Zr/(Zr
+ Al) atomic ratios varied from 1% - 15%. A zirconium-impregnated Co/MA
catalyst prepared by wet impregnation with a Zr/(Zr + Al) atomic ratio of 5%
was also evaluated to examine Zr incorporation’s effect method. The catalysts
synthesised were characterised using N, adsorption-desorption, X-ray Powd-
er Diffraction (XRD), Transmission Electron Microscopy (TEM), and X-Ray
Photoelectron Spectroscopy (XPS). It was found that Zr*" ions were incorpo-
rated into the framework of MA and kept intact up to a Zr/(Zr + Al) atomic
ratio of 5%. The cobalt dispersion and reducibility were improved as the
Zr/(Zr + Al) atomic ratio increased to 50%. The performance of these cata-
lysts for Fischer-Tropsch synthesis was evaluated using a fixed bed reactor at
temperature and pressure of 493 K and 20 bar, respectively. The feed syngas
had an H,/CO ratio of 2, diluted with 10% Ar. For isomorphically Zr-substituted
Co/MA, the CO conversion and selectivity of diesel (C,, - C,,) increased first
and then decreased with increasing the Zr/(Zr + Al) atomic ratio. The maxi-
mum 38.9% CO conversion and 34.6% diesel (C,, -
tained at Zr/(Zr + Al) atomic ratio of 5%. The isomorphic substitution me-

C,y) selectivity were ob-

thod was better than the wet impregnation method in CO conversion and di-
esel selectivity.
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1. Introduction

The development of liquid fuel production technology becomes one of the
pathways devoted to sustainable energy [1]. Fischer-Tropsch (F-T) synthesis is
an attractive process for producing high-quality liquid fuels from syngas, derived
from the gasification or reforming of coal, biomass, and natural gas [2]. Cobalt
(Co) catalyst is very appealing for the F-T synthesis due to its high reactivity and
high selectivity towards linear hydrocarbons, as well as the low activity for the
water gas shift (WGS) reaction and acceptable prices [3]. Adequate support for
the Co catalysts in F-T synthesis is alumina owing to its excellent texture, fine
Co dispersions and superb attrition resistance [3]. Recently, mesoporous alumi-
na (MA) earned considerable attention as catalyst support with its large surface
area and porosity, which enabled the high dispersion of a significant number of
catalytically active species [4].

One major issue associated with the alumina supported Co catalysts is that
they show limited reducibility due to the strong interaction between the cobalt
species and the alumina support. The reducibility of cobalt-based catalysts can
be enhanced to some degree by promotion with a metal or metal oxide such as
Ru, Pt, and ZrO, [5]. To date, a plethora of studies have revolved around zirco-
nia (Zr) as a promoter for the supported cobalt catalyst. Zr promoted Co cata-
lysts have been reported to enhance the catalytic activity and C.+ selectivity for
the F-T synthesis compared with the non-promoted counterparts. Zhao et al.
studied Zr-promoted Co/SiO, catalysts and proposed that the promotion of Zr
enhanced active sites at the interface between the Co metal and the Zr promoter
atom, which improved turnover frequencies [6]. Also, Zr addition was reported
could increase the cobalt cluster size and inhibit the formation of CoAl,O,, thus
improving the activity and C;+ selectivity of Co/Al,O; catalysts [7]. The effect of
pore size of the alumina support was investigated by Ma et al and found that Zr
primarily enhanced Co dispersion for the catalysts with wide pore size distribu-
tion while it mainly improved Co reduction for catalysts with very narrow pore
size distribution [8].

The effects of different promoter incorporation methods on the catalytic per-
formance in the F-T synthesis reactions have also been extensively investigated
and reported in the literature. Zirconium’s introduction into SBA-15 using four
methods, impregnation, co-precipitation, isomorphic substitution (IS) and chemi-
cal grafting have been studied [9] [10]. They found that when IS was used to
prepare zirconium modified SBA-15 supports, the cobalt catalysts showed higher
activity than the one prepared by impregnation but lower activity than prepared
by grafting. Following this, a range of cobalt catalysts supported on the isomor-
phically Zr-substituted mesoporous SBA-15 with different Zr/Si ratios have been
investigated to elucidate the influence of Zr content [11]. It was found that the
catalyst with a Zr/Si ratio of 1/20 showed the best performance in terms of activ-
ity and C+ selectivity. However, Zr’s incorporation on MA supported cobalt

catalysts for F-T synthesis, especially by the IS method, has not been explored in
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depth.

In the present work, a series of Co/MA catalysts with isomorphically substi-
tuted zirconium were synthesised. The catalysts prepared were characterised by
N, adsorption-desorption, XRD, TEM and XPS. F-T synthesis’s catalytic per-
formance was tested in a fixed bed reactor at 493 K and 20 bar. The effects of
zirconium concentration in the mesoporous alumina structure were assessed in
terms of catalyst activity and selectivity. In the meantime, Zr incorporated Co/MA
catalysts with a Zr/(Zr + Al) ratio of 5% prepared by wet impregnation method
was used as a comparison to test the effects of Zr incorporation method on the

catalyst performance.

2. Experimental
2.1. Catalyst Preparation

Isomorphically Zr-substituted mesoporous alumina supports were synthesised
via a sol-gel method [12]. The support was composite metal oxides with a for-
mula of x mol% Zr — y mol% AlO,,, (x mol% = nZr/(nZr + nAl) x 100%, x +y =
100, denoted as MA-xZr(100 — x)Al in the following text). Typically, 4.08 g (20
mmol) of aluminium isopropoxide (Sigma-Aldrich) was added into a flask with
36 mL (2 mol) hot water (85°C) to make a controlled hydrolysis ratio, h =
[H,O]/[Al], at 100. After 15 minutes of vigorous stirring, another 0.097 ml nitric
acid (HNO,, 70%, [HNO,]/[Al] = 0.07) was peptised into the flask, and the tem-
perature of the suspension was increased to 85°C for 4 h to produce a transpa-
rent sol. The flask was kept uncovered for the first 1 h to allow the evaporation
of isopropanol formed during the hydrolysis. After 4 h, the zirconium nitrate
(99%, Sigma-Aldrich) and the Pluronic F127 template (Sigma-Aldrich) were
then added to the sol, and the mixture was gently stirred for 24 h at room tem-
perature. The sol was then dried in an oven at 70°C for 48 h to create the gel,
followed by further calcination in air at 700°C for 3 h with a heating rate of 2
K/min. The resulting MA sample was ground using a pestle and mortar into a
fine powder.

With a cobalt loading of 10 wt%, the catalysts were also prepared using the
wet impregnation method [3]. Cobalt nitrate (98%, Sigma-Aldrich) of 1.95 g
weight was dissolved in 10 ml of ethanol and stirred until a clear solution was
obtained. A cobalt salt solution was slowly added into 2 g of as-synthesised MA
support powder and vigorously stirred at room temperature until the sample
paste was formed. The sample paste was then dried at 110°C overnight and cal-
cined in air at 300°C for 4 h, respectively. The samples were labelled as 10Co/
xZrMA-(s) with s stands for zirconium isomorphic substitution. For compari-
son, another cobalt catalyst supported on zirconium impregnated MA, was pre-
pared by impregnating MA with an ethanol solution containing the desired
amount of cobalt nitrate and zirconium nitrate with Zr/Si atomic ratio of 0.05.
This catalyst was labelled as 10Co/5ZrMA-(i) with i stands for zirconium incor-

porated by a post-impregnation method. Meanwhile, commercial alumina ob-
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tained from Sigma-Aldrich was also used as a support to prepare a catalyst using
the wet impregnation method described above, which was labelled as 10Co/
Com-A.

2.2. Material Characterisation

N, physisorption was employed using a Tristar 3020 volumetric analyser (Mi-
cromeritics Co. Ltd) to determine the MA’s surface area, pore-volume, and pore
size distribution (PSD) supports and calcined catalysts. Before measurement, the
samples were degassed in a vacuum at 200°C overnight to remove moisture and
other absorbed species. The specific surface area was calculated from the adsorp-
tion data using the Brumauer-Emmett-Teller (BET) method in the relative
pressure range of 0.05 - 0.30 [13]. The PSD was derived from the Barrett-Joyner-
Halenda (BJH) calculations derived from desorption branches of the isotherms.
The diameter of pore size (D,) was determined from the peak positions of the
distribution curves. It should be pointed out that when D, reaches as high as
about 20 nm with broad PSDs, these values reflect only an approximate meso-
pore maximum. The average pore diameter (D,) was determined by BET, and
the pore volume (V) was calculated by the BJH desorption cumulative volume
of pores between 17 A and 3000 A.

To determine the crystal phase of as-prepared MA supports and the active
phase of cobalt, a powder X-ray diffraction analyser (Empyrean, PANalytical,
Cu-Ka radiation at 40 kV, 40 mA) was used to perform wide-angle X-ray scat-
tering (WAXS) from 10° to 80" [14]. Furthermore, to ascertain the dispersion of
active phases on the catalysts and their particle size, a transmission electron mi-
croscope (TEM) was obtained using a JEM-2100 JEOL electron microscope
equipped with LaB6 filament operating at 120 kV [15]. Samples were gently
ground, dispersed in ethanol by moderate sonication and then deposited on a Cu
grid (200 meshes). The samples were then allowed to dry in the air before imag-
ing.

The surface composition of the catalysts was determined by X-ray photoelec-
tron spectroscopy (XPS) using a Thermo ESCALAB 250 spectrometer with an Al
Ka source (1486.6 eV) at constant analyser pass energy of 20 eV [16]. The bind-
ing energy (BEs) was estimated to be accurate within 0.1 eV. All binding ener-
gies were corrected by reference to the Cls (284.6 eV) peak of the contamination
carbon and used as the internal standard. The Co 2p binding energy of the core
level was determined by computer fitting of the measured spectra. The pressure

of the analysis chamber was maintained at 5 x 107" mbar.

2.3. Evaluation of Catalyst Performance

The catalysts were evaluated in Fischer-Tropsch (FT) synthesis in terms of CO
conversion and selectivity (the percentage of the converted CO that appears as
hydrocarbon products) in a high-pressure fixed-bed reactor. In a typical run, 0.4

g of powder catalyst was packed into a stainless reactor (I.D: 10 mm) and re-
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duced in pure H, at a flow rate of 45 ml-min™" under atmospheric pressure at 623
K for 10 h. After the reduction, the reactor temperature was cooled down to 423
K under N, flow. Then the reactant gas mixture (in an H,:CO:Ar volume ratio of
6:3:1, Ar used as the internal standard) was introduced from the top of the reac-
tor at a flow rate of 30 ml-min~!, and the reactor pressure was increased to 20
bar. The reactor temperature was then increased at a rate of 1 K-min™ from 423
to 493 K. The selection of the very low heating rate is to avoid any catalyst bed
temperature surge due to the highly exothermic nature of F-T. The synthesis was
carried out for 20 h - 24 h to ensure the stabilisation of catalyst activity.

The reactor’s effluent was allowed to pass through and dissolved in a trap
containing 25 mL of ethyl acetate cooled with ice, in which liquid oil and solid
wax products were collected. Next, the gas stream was analysed on-line at a 2 h
interval by an Agilent 7890 A gas chromatograph (GC) equipped with a Gas-Pro
capillary column, a Hayesep Q column, a molecular sieve 5 A capped columns, a
flame ionisation detector (FID), and a thermal conductivity detector (TCD). The
Cs+ products collected in the ethyl acetate trap were analysed by another off-line
Agilent 7890 A gas chromatograph equipped with an HP-5 column and an FID.

3. Results and Discussion

The N, adsorption-desorption isotherms of the supports are shown in Figure
1(a). All the nitrogen adsorption-desorption isotherms of MA support, whether
pure MA or promoted with Zr, displayed typical type IV with an obvious H1
hysteresis loop at high relative pressure, indicating the presence of mesoporous
in the supports [17] [18]. However, with the increase of the Zr/(Zr + Al) molar
ratio, the isotherms became narrower, suggesting that the alumina’s mesoporous
structure was affected by the increasing Zr content [19].

Moreover, pore size distribution curves showed the Zr incorporated MA sup-
ports have quite narrow pore size distributions (PSD) ranging from 2 nm to 50
nm, as shown in Figure 1(b). For Com-A, the BET surface area, pore volume
(Vp) and average pore diameter (Dp) were smaller than its mesoporous coun-
terparts, with which these parameters decreased with increasing Zr/(Zr + Al)
atomic ratio (Table 1). Remarkable BET surface area and pore volume decreased
was noticed when the Zr/(Zr + Al) atomic ratio exceeded 5%, suggesting the
possible collapse of the mesoporous structure during the synthesis and subse-
quent calcination process due to the high content of Zr. Moreover, the pore size
and pore volume reduced gradually as the Zr/(Zr + Al) atomic ratio increased,
indicating the possible blocking to mesoporous channels due to the formation of
single ZrO, particles outside the mesostructure.

The N, adsorption-desorption isotherms of the catalysts are shown in Figure
2(a). The isotherms of the MA supported catalysts still showed the H1 hysteresis
loop, indicating they retained the mesoporous structure. However, the isotherms
were broader, suggesting the mesoporosity decreased due to Co’s deposition
onto the surface of supports. This result is in line with the results shown in Fig-

ure 2(b), in which the PSD curves broadened after Co loading. As expected, the
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Figure 1. Nitrogen adsorption-desorption isotherms (a) and BJH pore size distribution
(b) of supports.

BET surface area, V, and D, of all the catalysts were smaller than their sup-
port’s corresponding values (Table 1). The BET surface area, V, and D, of 10Co/
5ZrAl-(s) were larger than 10Co/5ZrAl-(i). It shows that alumina’s mesoporous
structure was better preserved when the sample was prepared by isomorphic
substitution.

As seen from the XRD patterns shown in Figure 3(a), all the supports, with
and without Zr incorporation, showed a group of diffraction maxima at 45.8°,
67.0°, 37.6°, which was assigned to the diffraction of y-alumina [400], [440] and
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Figure 2. Nitrogen adsorption-desorption isotherms (a) and BJH pore size distribution (b)
of catalysts.

[311] faces (JCPDS Card No. 10-0425). It is worth noting that for supports with
a Zr/(Zr + Al) atomic ratio lower than 5%, the characteristic diffraction maxima
of zirconium compounds were not observed, suggesting that zirconium was well
dispersed in the alumina matrix [20]. When the Zr/(Zr + Al) atomic ratio was
higher than 5%, the characteristic diffraction maxima linked to the tetragonal
ZrO, phase were observed. The diffraction maxima intensity of the tetragonal
ZrO, phase increased with the increase of Zr/(Zr + Al) ratio. It indicates that
isolated tetragonal ZrO, particles formed on the catalyst’s surface [21]. These
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Table 1. Adsorption parameters of supports and catalysts.

Sample BET Surfzace Pors Volzlme Pore Diameter
Area® (m?*/g) Vp® (cm’/g) Dp© (nm)

Com-Al 150.0 0.91 -
MA 268.9 1.48 13.3
MA-1Zr99Al 236.6 1.26 13.0
MA-2Zr98Al1 220.2 1.15 12.4
MA-5Zr95A1 206.3 1.09 12.0
MA-10Zr90Al 193.4 1.02 11.4
MA-15Zr85Al1 180.5 0.97 10.8

10Co/Com-A 80.1 0.72 -
10Co/MA 238.4 1.29 10.8
10Co/1ZrMA-(s) 220.6 1.17 10.3
10Co/2ZrMA-(s) 202.2 1.02 10.0
10Co/5ZrMA-(s) 193.3 0.93 10.1
10Co/5ZrMA-(i) 179.4 0.84 7.5
10Co/10ZrMA-(s) 173.2 0.82 7.4
10Co/15ZrMA-(s) 161.3 0.77 7.2

“BET surface area measured in the relative pressure range of 0.05 - 0.30; *The BJH desorp-
tion cumulative volume of pores between 17 A and 3000 A wide; “The peak positions of
the distribution curves by BJH.

results are in good agreement with the N, adsorption-desorption and could also
explain the surface area and pore size decrease, as mentioned in Table 1. When
the support was loaded with Co catalyst, the spinel phases of Co,0, and the dif-
ferent crystal phases of Co;0,-Al, 0, species, including CoAl,O, were observed,
as shown in Figure 3(b). However, diffraction maxima for the tetragonal ZrO,
phase were not observed, possibly because they were masked by other relatively
strong diffraction maxima.

The transmission electron micrographs of the catalysts are shown in Figure 4.
It can be seen that different from the Com-A supported Co catalyst, and all MA
supported Co samples showed wormhole-like pores. There was no significant
difference in morphology between the MA and Zr-modified MA supported cat-
alysts. However, as the Zr/(Zr + Al) atomic ratio increased, the co-species ag-
glomeration became more pronounced.

The XPS data are shown in Table 2 and Figure 5, indicates that the 10Co/
Com-A catalyst showed the highest binding energy (BE) for Co 2p,,, (781.78 eV)
while 10Co/5ZrMA-(s) had the lowest (780.42 eV). The Co 2p;;, BEs of the MA
supported catalysts noticeably decreased with increasing Zr/(Zr + Al) atomic ra-
tio but remained in the region of 780.42 eV for 10Co/5ZrMA-(s) and
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Figure 3. Powder XRD patterns of supports (a) and catalysts (b).

Table 2. Co 2p,,, binding energy (BE) of different catalysts.

Catalyst Co 2p,,, BE (eV)
10Co/Com-A 781.45
10Co/MA 781.04
10Co/1ZrMA-(s) 780.97
10Co/2ZrMA-(s) 780.86
10Co/5ZrMA-~(s) 780.52
10Co/5ZrMA-(i) 780.83
10Co/10ZrMA-(s) 780.66
10Co/15ZrMA-(s) 780.77
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Figure 4. TEM images of catalysts: 10Co/Com-A (a), 10Co/MA (b), 10Co/1ZrMA-(s) (c),
10Co/2ZrMA-(s) (d), 10Co/5ZrMA-(s) (e), 10Co/5ZrMA-(i) (f), 10Co/10ZrMA-(s) (g),
10Co/15ZrMA-(s) (h).
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Figure 5. XPS spectra of the Co 2p level for catalysts.
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781.04 eV for 10Co/MA. This suggests that the main phase on the catalyst’s sur-
face was Co;0,, which is in good agreement with the XRD results. The BE for
10Co/Com-A was higher than that of pure Co,0, (BE = 780.3 eV), indicating the
formation of cobalt-alumina phase on the catalyst surface [22].

Notably, the XPS spectra show that with increasing Zr content, the Co 2p,,
region was shifted to a lower BE value. It suggests that Zr’s addition inhibited
the formation of the cobalt surface phase. Therefore, the interaction between the
cobalt species and the alumina support was possibly suppressed [7] [8]. Howev-
er, as further increasing Zr content (10Co/10ZrMA-(s) and 10Co/15ZrMA-(s))
or for the catalysts prepared by wet impregnation (10Co/5ZrMA-(i)), the Co
2ps), peak shifted toward relatively higher BE, suggesting the interaction between
cobalt species and supports had increased.

The results of F-T synthesis activity and product selectivity of the catalysts are
summarised in Table 3. As expected, the CO conversion of 10Co/Com-A was
the lowest among catalysts under the same conditions, attributed to the lowest
surface area, pore volume and reducibility of the cobalt species in the catalysts. It
can be seen that CO conversion increased with the increase of Zr content from 0
to 5%, and then decreased with a further increase from 5% to 15%. In theory,
reduced cobalt catalysts activity depends on the concentration of surface metal
cobalt sites [23]. In this study, when Zr*" ions were introduced into the alumina
framework of MA to support Co particles, they created and retained a relatively
high surface area and large pore volume, leading to the high probability of Zr**
ions contacting Co,0, particles. With increasing Zr content, the extent of Co
reduction increased, forming more accessible cobalt active surface sites and thus
higher CO conversion. However, when the Zr/(Zr + Al) atomic ratio increased
from 5% to 15%, the mesostructure was destroyed, giving rise to a decrease in

the surface area and pore volume (Table 1). As a result, the interaction between

Table 3. Performance of the as-synthesised catalysts in F-T synthesis.

CO conv. Product distribution (wt.%)
Catalyst @
(%)* C, GC,-C, C,-C, C,-Cy, Cy+

10Co/Com-A 20.4 25.2 23.5 22.3 23.6 54 0.67
10Co/MA 25.6 15.6 20.1 27.3 29.5 7.5 071
10Co/1ZrMA-(s) 27.5 11.6 18.1 29.4 32.3 86 0.75
10Co/2ZrMA-(s) 354 9.1 15.2 30.7 33.4 11.6 0.79
10Co/5ZrMA-(s) 38.9 7.7 11.0 31.7 34.6 15.0 0.80
10Co/5ZrMA-(i) 26.8 14.4 18.7 28.2 30.7 8.0 0.72
10Co/10ZrMA-(s) 29.7 10.3 16.1 30.1 32.8 10.7  0.74
10Co/15ZrMA-(s) 28.3 13.7 18.2 28.8 31.0 83 0.78

*Reaction conditions: 493 K, 20 bar, H,/CO = 2, feed flow rate = 30 ml-min™.
Chain-growth probability (a) obtained from the ASF plot in the C, - C,, hydrocarbons
range.
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the cobalt species and the supports was weakened, leading to a decrease in cobalt
reduction and thus lower CO conversion. It is also evident that at the same Zr
level, the CO conversion of the 10Co/5ZrMA-(s) prepared by isomorphic subs-
titution was higher than 10Co/5ZrMA-(i) prepared by wet impregnation.
Regarding product selectivity, 10Co/Com-A gave the highest methane selec-
tivity and the lowest diesel (C,, - C,,) selectivity (Table 3). For MA supported
catalysts with Zr incorporation, methane selectivity decreased from 15.6% to
7.5% when Zr content increased from zero to 5% and increased with further in-
crease in the Zr content. On the other hand, diesel selectivity was relatively con-
stant with the increase of Zr content. When the 10Co/5ZrMA-(s) and 10Co/
5ZrMA-(i) were compared, the former showed lower methane selectivity and
higher diesel selectivity than the latter, indicating its advantage Zr incorporation
to MA through the IS method for diesel production. High methane selectivity
was usually found over catalysts with low cobalt reducibility and surface area
[24]. The formation of unreduced cobalt oxides catalysed the WGS reaction. As
shown in XPS data, the 10Co/Com-A exhibited a strong interaction between the
cobalt species and the supports and small surface area, which would result in the
low reducibility of cobalt species, resulted in high methane selectivity. By con-
trast, when Zr was added, the interaction of the cobalt species with the supports
was initially suppressed (XPS data in Figure 5) up to Zr/(Zr + Al) atomic ratio
of 5%, but then enhanced when the Zr/(Zr + Al) atomic ratio was further in-
creased up to 10%. The higher diesel selectivity of all MA supported samples
could also be attributed to the space confinement effect of mesoporous, which
enhanced the re-adsorption of the a-olefin intermediates produced during the

reaction further enhanced chain growth [22].

4. Conclusion

Isomorphic Zr substitution in mesoporous alumina (MA) support did not affect
the structural integrity and properties of the parent MA at low zirconium con-
tents. However, when the Zr/(Zr + Al) ratio was higher than 5%, a partial col-
lapse of the mesostructure was incurred. For the MA supported Co catalysts
used in F-T synthesis, by introducing low levels of Zr (Zr/(Zr + Al) ratio < 5%),
the interaction of Co species with the support was suppressed, facilitating the
reduction of cobalt oxides and increasing the CO conversion and diesel (C,, -
C,,) selectivity. However, when further increasing Zr/(Zr + Al) ratio from 5%,
the CO conversion and diesel selectivity dropped. It was possibly due to the de-
preciation of cobalt reducibility caused by the reduction of surface area and pore
volume. All MA supported catalysts showed better catalytic performance than
the Com-A supported catalyst without mesoporous structure. Compared to the
wet impregnation method, the isomorphic substitution method was better in CO

conversion and diesel selectivity.
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