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CO conversion to liquid fuel over a bi-functional Co/H-ZSM-5 catalyst: effect 
of support desilication and catalyst promotion
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ABSTRACT 
This study presents the performance of a bi-functional catalyst (Co/H-ZSM-5), supported on desili
cated H-ZSM-5 zeolite support and promoted with calcium, during Fischer-Tropsch synthesis (FTS). 
Desilication of the support was via alkaline treatment using 0.2 M NaOH aqueous solution at varied 
temperature (40 �C, 55 �C, and 70 �C). Co/H-ZSM-5 catalysts were prepared via incipient wetness 
impregnation, ensuring 10 wt.% of Co in the H-ZSM-5. In total, six catalysts were synthesized and 
named as follows: Co/H-ZSM-5, Co/H-ZSM-5(40), Co/H-ZSM-5(55), Co/H-ZSM-5(70), Ca-Co/H-ZSM-5, 
and Ca-Co/H-ZSM-5(55). Textural analysis of the catalysts reveal that the BET surface area of the cata
lyst increased from 391.81 m2/g to 419.75 m2/g and the CO conversion increased from 49.7% to 
84.2% upon H-ZSM-5 desilication. The Co/desilicated H-ZSM-5 catalyst (mesoporous H-ZSM-5) dis
played better selectivity toward higher hydrocarbons (C5 – C6þ) when compared to the original Co/ 
H-ZSM-5 during FTS. Addition of calcium as a promoter (1 wt.%) to the Co/desilicated H-ZSM-5 
further enhanced CO conversion and C5þ selectivity. The hierarchical ZSM-5 obtained via desilica
tion at 55 �C using 0.2 M NaOH aqueous solution was the most efficient support for the cobalt cata
lyst during FTS. Promotion of the hierarchical ZSM-5 catalyst (Ca-Co/H-ZSM-5(55)) enhanced both 
CO conversion and the selectivity toward C5 – C6þ to 90.9% and 57.2%, respectively. This study high
lights a new approach for further improvement of C5 – C6þ selectivity in FT synthesis.
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Introduction

Fischer-Tropsch synthesis (FTS) is a catalytic 
reaction that converts syngas (predominantly CO 
and H2), obtained from resources like coal, natu
ral gas, and renewable biomass, to clean hydro
carbons (liquid fuels) and other chemicals (Lu 
et al. 2010). F-T synthesis produces several 
hydrocarbons, mainly paraffins and olefins 
arranged in a product distribution based on the 
type of catalyst and industrial process used 
(Dagle et al. 2014). The common industrially 
used catalysts for F-T process are cobalt (Co) and 
iron (Fe). These catalysts can be applied on two 
industrial processes: low temperature Fischer- 
Tropsch (LTFT) and high temperature Fischer- 
Tropsch (HTFT) (Sartipi, Parashar, Makkee et al. 
2013; Sartipi, Parashar, Valero-Romero et al. 

2013; Sartipi, Van Dijk, et al. 2013). Either cobalt 
(Co)-based catalyst or iron (Fe)-based catalyst 
can be applied on LTFT but Co-based catalysts 
are more preferred to the Fe-based catalysts at 
LTFT because they demonstrate higher perform
ance at lower FT synthesis pressure when com
pared to the Fe-based catalysts (Dancuart and 
Steynberg 2007). In addition, at LTFT, Co-based 
catalysts display higher reactivity (activity and 
selectivity) to long-chain hydrocarbons (HCs) 
and they exhibit ability to produce more olefins 
in comparison to the Fe-based catalysts. Also, 
they are more stable and less prone to deactiva
tion than the Fe-based catalysts (Jahangiri et al. 
2014). The cobalt-based catalyst is employed in 
the F-T synthesis reaction for the production of 
hydrocarbons, mainly paraffins and olefins. In 
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the industry, hydrocracking and isomerization 
are also employed as the second step for isoparaf
fins (gasoline) after F-T synthesis catalytic 
reaction.

In recent years, many studies have been dedi
cated to developing effective F-T catalysts that 
can combine both syngas reaction and hydro
cracking and/or isomerization for desired prod
ucts (gasoline). Interestingly, zeolite has been the 
most useful hydrocracking and isomerization 
catalyst because of its acidity (Dry 2002). 
However, zeolite is naturally microporous, limit
ing access of reactants into the catalytically active 
acid sites. Consequently, many studies in litera
ture reported on the improvement of zeolite per
formance by synthesizing micro/mesoporous 
zeolite material, scientifically called hierarchical 
zeolite. The hierarchical zeolite is believed to 
increase the accessibility of reactants to active 
sites of these zeolites. The synthesis of this hier
archical zeolite can be done either by following 
non-templating or templating approaches (Zhou 
et al. 2011). Templating method uses templates 
such as carbon nanotubes, carbon nanoparticles, 
carbon nano-fiber, carbon aerogels, polymer 
aerogels, and calcium carbonate (Xing et al. 
2016). For instance, Janssen et al. (2003) success
fully generated mesoporous zeolites using carbon 
nanofibers. However, the process of synthesizing 
mesoporous zeolite by templating with carbon 
sources can be very challenging with high cost of 
materials particularly carbon nanotubes.

Recently, a few studies have focused on synthe
sizing mesoporous zeolite by non-templating 
method particularly dealumination or desilication. 
Ogura et al. (Ogura et al. 2001), reported that deal
umination treatment in acidic medium generates 
meso-porosity in zeolite and enhances the catalytic 
activity, but leads to zeolite framework structural 
change. The removal of Al ions from zeolite frame
work deforms the structure of zeolite since alumi
num is a more reactive acid medium compared to 
silicon. Alternatively, desilication method using 
alkaline medium can help preserve the structure 
and meso-porosity of zeolite (M€uller et al. 2000; 
Yoo et al. 2012). In order to prove the preservation 
of zeolite framework, Ogura et al. (Ogura et al. 
2001) investigated and found that treating ZSM-5 
zeolite with NaOH does not deform the structure 

of zeolite, but preserves both structural shape and 
the catalytic activity of the zeolite. In the same 
vein, Groen et al. (Groen et al. 2004), further inves
tigated optimization of desilication of ZSM-5 using 
NaOH and considered influence of temperature 
and time on the treatment. The authors concluded 
that the best optimal treatment conditions (NaOH 
concentration, desilication time, and desilication 
temperature) were NaOH concentration of 0.2 M 
at treatment time of 30 min at temperature of 
65 �C. Major emphasis of their work was mainly 
on optimizing the mesoporosity and structure of 
ZSM-5. Abell�o et al. (Abell�o et al. 2009) compared 
the performance of ZSM-5 prepared via desilica
tion using tetra-alkylammoniumhydroxide 
(TPAOH) with ZSM-5 prepared via desilication 
using sodium hydroxide (NaOH) aqueous solu
tions. The desilication was done at the optimal 
conditions reported by Groen et al. (Groen et al. 
2004). Abell�o et al. (Abell�o et al. 2009) reported 
that organic hydroxides have low reactivity com
pared to inorganic sodium hydroxide with a faster 
desilication by NaOH compared to TPAOH. Based 
on previous studies, Sartipi, Parashar,Valero- 
Romero et al. (2013) investigated the performance 
of Co/hierarchical H-ZSM-5 during FTS. The 
authors reported that the introduction of hierarch
ical ZSM-5 as a support for cobalt FT catalyst pre
pared via incipient wetness impregnation (IWI) 
method, enhanced its catalytic performance in 
term of CO conversion and selectivity to gasoline 
(C5 – C11) from syngas during FT synthesis.

In the same vein, Yusuf et al. (2023) reported 
the application of desilication to enhance the activ
ity of a Zr-modified desilicated ZSM-5 catalysts 
during transesterification of soya bean oil into bio
diesel. The authors reported an optimal conversion 
of 97.84%; and also attributed this performance to 
the desilication of the catalyst. Furthermore, 
Daramola et al. (Daramola et al. 2017) investigated 
the catalytic activity of a bi-functional Co/H-ZSM- 
5 catalyst (without desilicating the support) at low 
pressure and temperature. The authors reported a 
decrease in CO conversion and more production 
of methane and C2 hydrocarbon at both pressure 
and temperature.

As far as could be ascertained, there are lim
ited or no reports from previous researchers on 
the effect of desilication temperature on 
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desilication of zeolite support and the effect of 
catalyst promotion on the hierarchical catalyst. 
Against this background, this study investigated 
the performance of a bi-functional catalyst (Co/ 
H-ZSM-5), specifically considering the effect of 
desilication of H-ZSM-5 zeolite and its promo
tion, on the performance of Co-based catalyst 
supported on H-ZSM-5 zeolite. The study used 
desilication method at different temperatures to 
remove silica from the original ZSM-5 zeolite, 
which has an initial Si/Al of 47. In addition, the 
study investigated the influence of a promoter, in 
this case, calcium on the cobalt-based catalyst 
toward the production of hydrocarbons. This 
study offers a new perspective to further enhance 
the activity and selectivity of Co/H-ZSM-5 cata
lyst during FT synthesis for the production of 
higher hydrocarbon chains (C5 to C6þ).

Experimental

Material

The ammonium form of Zeolite Socony-Mobil-5 
(ZSM-5) (with Si/Al ¼ 48) used in this study was 
purchased from Zeolyst in the USA. Sodium 
hydroxide (NaOH) and ammonium nitrate 
(NH4NO3) were purchased from Sigma-Aldrich 
(Pty) South Africa. Deionized water, with resistiv
ity of 18.2 MX, was prepared in house. Cobalt 
(II) nitrate hexahydrate (Co (NO3)2.6H2O) used 
as a cobalt source in this study was purchased 
from Sigma-Aldrich (Pty) South Africa. Syngas 
(composition: 20% CO, 50% H2, and 30% N2) 
used for the Fischer-Tropsch synthesis reaction, 
Argon (Ar), Hydrogen (H2), Nitrogen (N2), Air 
and calibration gas (consists of N2, H2, CO, CO2, 
CH4, C2H6 & C2H4) were purchased from Afrox 
(Pty) SA.

Catalyst preparation

Synthesis of un-desilicated catalyst
Ammonium form of Zeolite Socony-Mobil-5 
(ZSM-5) was calcined at 550 �C for 5 h and then 
dried overnight at 120 �C for 2 h to form H- 
ZSM-5. Thereafter, the Co supported on HZSM-5 
catalyst, containing 10 wt% of Co, was prepared 
using H-ZSM-5 as the support and cobalt nitrate 
solution as the cobalt source. The synthesis was 

done by using incipient wetness impregnation 
(IWI) method. The prepared catalyst was kept at 
room temperature in an oven overnight, at 
120 �C for 12 h, to remove moisture; and then 
calcined at 400 �C for 2 h. The final product 
obtained thereof is referred to Co/H-ZSM-5 
catalyst.

Synthesis of desilicated catalyst
The hierarchical mesoporous H-ZSM-5 was pre
pared using 0.2 M NaOH aqueous solution as 
desilication solution analogous reports of Sartipi, 
Parashar, Valero-Romero et al. (2013) and Groen 
et al. (Groen et al. 2004). The H-ZSM-5 was 
added into three separate vessels containing 
0.2 M NaOH aqueous solutions (volume base solu

tion/weight H-ZSM-5 ¼ 8.0 cm3 g−1). The vessel was 
heated in an oil bath under vigorous stirring for 
1 h. The desilication was carried out at varied 
temperature (40 �C; to 55 �C; and to 70 �C). 
Thereafter, the suspensions were cooled down to 
room temperature, then the solid fine particles 
were filtered by centrifuge followed by washing 
with deionized water until the pH was neutral. 
The subsequent solid samples were dried at 
373 K, and then dissolved in 1 M NH4NO3 aque
ous solution to convert it into H-form of zeolite. 
Then, the samples were filtered to remove Naþ

ions, and then followed by calcination at 550 �C 
for 5 h. The samples obtained after calcination 
are referred to as hierarchical mesoporous H- 
ZSM-5. Incipient wetness impregnation (IWI), 
described in Synthesis of un-desilicated catalyst 
section, was followed to produce additional three 
catalysts named: Co/H-ZSM-5 (40) (desilicated at 
40 �C), Co/H-ZSM-5 (55) (desilicated at 55 �C), 
and Co/H-ZSM-5 (70) (desilicated at 70 �C).

Promotion of catalyst
The Co/H-ZSM-5 catalyst (from the synthesis of 
desilicated catalyst section) that displayed the 
best F-T performance in terms of conversion and 
selectivity was subsequently promoted with cal
cium metal. The promoter was added during IWI 
method. Calcium nitrate solution, Ca (NO3)2, 
was used as the source of Ca for the promotion. 
Eventually the composition of the promoter in 
the catalyst was about 2 wt.%. Thereafter, the pro
moted catalysts were dried and calcined at the 
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same conditions as in synthesis of un-desilicated 
catalyst section.

Catalyst characterization

All the synthesized catalysts were characterized 
and tested for FTS. The following analytical 
techniques were employed for characterization of 
the prepared catalysts. X-ray diffraction (XRD) 
for crystalline structure of ZSM-5; nitrogen phys
isorption at 77 K for textural properties; and 
scanning electron microscopy (SEM) coupled 
with energy dispersive spectroscopy (EDS) for 
morphology and elemental composition of the 
catalyst. Fourier transform infrared (FTIR) spec
troscopy was used to study the surface chemistry 
of the catalyst. The pore size distributions of the 
materials were calculated using the Barrett– 
Joyner–Halenda (BJH) model with cylindrical 
pore geometry assumed.

F-T synthesis experiments

All the prepared catalysts were tested for F-T 
synthesis under same conditions indicated in 
Performance evaluation of the catalysts section. 
The F-T synthesis was carried out in a fixed-bed 
reactor (inner diameter of 16 mm) operated as a 
plug flow reactor (PFR) (see Figure 1). A 0.5 g 
catalyst was loaded in the reactor and reduced in 
H2 gas flow (30 cm3 STP/min) at 330 �C and 
8 bar for 17 to 20 h before reaction according to 
Sartipi, Parashar, Makkee et al. (2013). After the 
reduction of the catalyst, the reactor was allowed 
to cool down to room temperature at a cooling 
rate of 2 �C/min. A syngas of H2-to-CO ratio of 
2.5 was introduced into the reactor while heating 
it up to the desired temperature (250 �C) at a 
heating rate of 2 �C/min. The feed and the reac
tion products were analyzed by two pre- 
calibrated on-line gas chromatographs (GCs) 
equipped with thermal conductivity detector 
(TCD) and flame ionization detector (FID). 
Inorganics such as CO, H2, N2, and CO2 were 
analyzed by the online GC equipped with a TCD 
using argon as the carrier gas while the hydrocar
bons C1 – C6þ were analyzed using the GC 
equipped with an FID using nitrogen as the car
rier gas. The experimental set-up was equipped 

with two traps (tr-1 and tr-2, see Figure 1) to 
collect the heavy hydrocarbons and the water-oil 
mixture. The heavy hydrocarbons (wax) were col
lected in tr-1 while water-oil mixture was col
lected in trap (tr-2) and they were analyzed using 
an offline GC-MS. The data from the analysis of 
the products were received by the PC transmis
sion box detected on the computer screen using 
DataApex chromatograph software called ClarityVR 

(v.2.5). All the catalyst testing was conducted in 
the experimental setup in Figure 1 for a period of 
73 h. After attaining a steady state at 25 h, each 
experimental data was collected.

The CO conversion was calculated using 
Equation (1), a modified version of the equation 
used by Yao (2011). In addition, it is the modified 
version of the equation used by Su et al. (2019) in 
their work on syngas to light olefins conversion 
with high olefin/paraffin ratio using ZnCrOx/ 
AlPO-18 bi-functional catalysts (see the supple
mentary information), by Santos et al. (2017), 
Sartipi, Parashar, Makkee et al. (2013), though 
Sartipi et al. considered only C6 hydrocarbon. 

% CO Conversion ¼
FCO, in − FCO, out

FN2, in
FN2, out

� �

FCO, in
� 100 (1) 

Where FN2, in
FN2, out

� �
is the nitrogen gas correction 

factor. This value should be approx. 1 since 
nitrogen does not react during the reaction, its 
amount in the feed stream is equal to that in the 
outlet stream. The molar fraction of nitrogen in 
the reactor outlet ðXN2, outÞ was obtained from 
nitrogen balance around the reactor using 
Equation (2):

Fin∙XN2, in ¼ Fout ∙XN2, out (2) 

Where:
Fin ¼ total molar flow rate (mol/min) of the 

reactor;
Fout ¼ total molar flow rate (mol/min) of the 

outlet gas stream, calculated from measured volu
metric flowrate using standard volume flow of 
a gas.

XN2, in ¼ molar fraction of nitrogen in the 
reactor feed;

XN2, out ¼ molar fraction of nitrogen in the 
reactor outlet;

XCO, in ¼ molar fraction of carbon monoxide 
in the reactor feed;
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XCO, out ¼ molar fraction of carbon monoxide 
in the reactor outlet.

For the calculation of the selectivity, 
Equation (3) was used. Equation (3) is the modi
fied version of the equation used by Yao (2011) 
and also used by Matamela (2016).

Selectivity SHC, ið Þ ¼
NHC, i

DW

� �
1

−rco � trxn

� �
mol

g
�

g � h
mol� h

� �

(3) 

Then, Equation (4) was used in calculating the 
percentage selectivity.

% Selectivity ¼
SHC, i
P

SHC, i
� 100 (4) 

SHC, i ¼ selectivity of paraffin i;
P

SHC, i ¼ sum of all selectivity of paraffin i
NHC, i ¼ the number of moles of product for 

each component in a gas;
DW ¼ weight of a catalyst (g);
trxn ¼ total reaction time (h);
rco ¼ rate of CO conversion (mol.g−1.h−1)
Where FCO, in indicates molar flow of carbon 

monoxide before reaction, FCO, out represents 
molar flow of carbon monoxide after reaction, 
FN2 stands for molar flow of nitrogen, “n” is the 
carbon number, NHC, i represents moles of hydro
carbons containing i carbon atom, DW is catalyst 

weight, trxn is the reaction time and rco is the rate 
of CO conversion.

Results and discussion

Catalyst characterization

Textural property
The textural property, showing the surface area, 
the average pore volume and the average pore 
diameter of ZSM-5 zeolite, H-ZSM-5 zeolite, and 
Co/H-ZSM-5 catalyst, is presented in Table 1. The 
average pore size of these samples indicates the 
porosity nature of the materials, i.e. micropore or/ 
and mesopore. Materials of the pore size between 
0.4 and 2 nm are considered microporous while 
those with pore size between 4 and 50 nm are 
considered mesoporous. The results show that the 
BET surface area of the zeolite increased in 
this order: ZSM-5< un-desilicated H-ZSM-5 
<desilicated H-ZSM-5. The BET surface area of 
ZSM-5, un-desilicated H-ZSM-5 and desilicated 
H-ZSM-5 were 340.47 m2/g, 391.08 m2/g and 
419.74 m2/g, respectively. The increase in BET sur
face area of the zeolite from un-desilicated 
H-ZSM-5 (391.08 m2/g) to desilicated H-ZSM-5 
(419.74 m2/g), indicates a reduction in microspore 
volume from 0.12 m3/g to 0.09 m3/g while pore 

Figure 1. Experimental setup for catalyst testing.
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diameter increased from 5.27 nm to 8.81 nm. This 
could be attributed to the creation of mesopores 
on zeolite because of silica removal through desili
cation method. Sartipi, Parashar, Valero-Romero 
et al. (2013)reported an increase in BET surface 
area for desilicated H-ZSM-5 zeolite from 52 m2/g 
for H-ZSM-5 to 309 m2/g for desilicated H-ZSM-5 
zeolite (meso-HZSM-5). In addition, the reduction 
in Si/Al ratio from 48 for the undesilicated H- 
ZSM-5 zeolite to 26 for the desilicated H-ZSM-5 
zeolite shows a reduction in the silica content of 
the zeolite, thereby emphasizing the success of the 
desilication method. For the Co/H-ZSM-5 catalyst 
using the desilicated H-ZSM-5 zeolite, the BET 
surface area reduced from 419.74 m2/g to 
209.51 m2/g, indicating that Co particles (could be 
in form of oxide) were successfully impregnated 
onto the support (desilicated H-ZSM-5) via IWI. 
Similar trend was also observed for un-desilicated 
-H-ZSM-5 to Co/un-desili-H-ZSM-5 (from 
391.08 m2/g to 289.68 m2/g). The lower surface 
area and pore volume of Co-loaded samples (un- 
desilicated and desilicated) could be attributed to 
the cobalt compounds blocking the smaller nano
pore structure of the H-ZSM-5. The total pore 

volume of H-ZSM-5 was expected to increase after 
the desilication of H-ZSM-5 zeolite with NaOH.

Figure 2A depicts the nitrogen adsorption and 
desorption isotherms at 77 K for ZSM-5, H-ZSM-5 
and desilicated-H-ZSM-5. Both parent ZSM-5 and 
calcined H-ZSM-5 reveal a type I isotherm with a 
horizontal plateau shape at low relative pressures, 
no clear hysteresis loop was observed, and are con
sidered to be of microporous characteristics (Hong 
and Fripiat 1995). After the removal of silicon 
from zeolite via the alkaline desilication, the N2 
isotherm of the desilicated H-ZSM-5 increased at 
(P/PO) between 0.4 and 0.5. The Nitrogen adsorp
tion isotherm of this desilicated H-ZSM-5 in 
Figure 2A is classified as type IV according to 
Hong and Fripiat (Hong and Fripiat 1995). This 
type IV isotherm combined with hysteresis loop is 
an indication of meso-porosity of the sample, with 
a similar observation reported by Wang 
et al.(Wang et al. 2013). The presence of meso- 
porosity in the desilicated sample is also witnessed 
by an increase in mesopore surface area and 
decrease in micropore volume given in Table 1.

The meso-porosity of desilicated-H-ZSM-5 was 
further confirmed by BJH pore size distribution 

Table 1. Textural properties of the ZSM-5, H-ZSM-5 zeolites, and Co/H-ZSM-5 catalysts.
Catalyst BET surface area (m2/g) Microspore pore volume (m3/g) Pore diameter (nm) Si/Al ratio

ZSM-5 340.47 0.1107 5.9217 47
H-ZSM-5 (un-desil) 391.08 0.1209 5.2705 48
Co/H-ZSM-5(un-desil) 289.68 0.0839 6.0706 n/a
H-ZSM-5 (desilicated) 419.74 0.0963 8.8087 26
Co/H-ZSM-5 (desil) 209.51 0.0463 13.3103 n/a

Figure 2. (A) N2 adsorption-desorption isotherm; (B) BJH pore size distribution of H-ZSM-5 and Co/H-ZSM-5.
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in Figure 2B. Prior to desilication process, 
H-ZSM-5 showed a narrow BJH pore size distri
bution. The silica removal with the 0.2 M NaOH 
aqueous solution altered the size of the meso
pores. As shown by BJH pore size distribution, 
a desilicated-H-ZMS-5 zeolite formed mesopores 
centered at about 14.3 nm. Abell�o et al. (Abell�o 
et al. 2009) reported the formation of smaller 
pores (10 nm) in H-ZSM-5 zeolite subjected to 
NaOH (0.2 M, 338 K, and 30 min). This BJH 
pore size distribution of desilicated-H-ZSM-5 
are in the range of 2-50 nm, indicating the 
meso-porosity of this sample. Che and Vedrine 
(Che and V�edrine 2012) reported that the range 
of meso-porous solid samples is between 2 and 
50 nm whereas that of micropores is between 
0.4-2 nm. However, incipient wetness impregna
tion (IWI) of cobalt shifted the curve slightly to 
the left. In other words, the pore size of Co/ 
desilicated-H-ZSM-5 decreased to 12.5 nm as a 
result of pore clogged up by the introduced 
cobalt particles into the desilicated H-ZSM-5. 
Nonetheless, the shift in the pore size distribu
tion of Co/desilicated H-ZSM-5 is not very 
obvious and thus, it is an indication that the 
mesoporous structure of the Co loaded desili
cated H-ZSM-5 is retained. Interestingly, the 
pore size distribution curves of both desilicated- 
H-ZSM-5 and Co/desilicated-H-ZSM-5 catalyst 
have the same shape.

XRD patterns
Figure 3 illustrates the XRD patterns of Co/H- 
ZSM-5 catalyst, desilicated and un-desilicated H- 
ZSM-5 zeolite. Figure 3 also contains the simulated 
XRD patterns of H-ZSM-5 zeolite obtained from 
the International Zeolite Association (IZA) data
base and was used as the reference for comparison. 
The diffraction patterns of synthesized H-ZSM-5 
seem to match perfectly with that of the simulated 
H-ZSM-5. The high intensity peaks observed at a 
range of 2h ¼ 7 – 9� and 22 – 25� represent the 
crystallinity of H-ZSM-5 zeolite and the MFI 
morphology of zeolite with a high presence of sili
con and aluminum elements. No structural 
changes in H-ZSM-5 after desilication took place; 
hence, the desilicated H-ZSM-5 retained the same 
diffraction patterns. However, the intensity of 
peaks particularly at 2h ¼ 22 – 25� reduced in size 

as a result of silicon removal. Upon incipient wet
ness impregnation of cobalt on H-ZSM-5 zeolite 
support, diffraction peaks emerged at 37.0 �C, 
44.9 �C, 59.6 �C and 65.5 �C representing the suc
cessful impregnation of cobalt. In addition, the 
cobalt peaks at the stated 2h degrees, correspond 
with the crystal planes of Co3O4 from the 
American Mineralogists Crystal Structure database 
(Downs and Hall-Wallace 2003).

Catalyst morphology and elemental compositions
The SEM images of calcined H-ZSM-5 and Co/H- 
ZSM-5 are shown in Figure 4. The surface of Figure 
4A is observed to be a little rough. After adding 
cobalt particles, the surface in Figure 4B which is for 
Co/H-ZSM-5 catalyst is observed to be rougher 
compared to Figure 4A. Looking at Figure 4B, it can 
be concluded that cobalt was successfully deposited 
on H-ZSM-5 zeolite surface represented by the 
agglomerated “whitish” particles.

The EDX spectra in Figure 5 show the elemental 
composition of the zeolite support and the synthe
sized catalysts. Looking at Figure 5A, initially before 
desilication of zeolite, calcined ZSM-5 zeolite 
detected 48.14% O, 1.08% Al and 50.78% Si of elem
ental weight percentages. Since zeolite is mainly 
defined as alumino-silicate materials, it is essential 
to specify its silica-to-alumina molar ratio. From 
Figure 5A, the ratio of Si/Al was 47 (as presented in 
Table 1), which is almost the same as that of ammo
nium form of zeolite (� 48). Same spectrum was 
observed for the desilicated-H-ZSM-5 as depicted in 
Figure 5B, but with an additional element of sodium 
(Na) appearing. The observed Na element could 
have come from the alkaline desilication using 
NaOH solution. The Si signal intensity of the desili
cated H-ZSM-5 (Figure 5B) reduced as a result of 
silica extraction during the desilication process. 
Very interestingly, the Si/Al molar ratio dramatically 
decreased from 48 (for ammonium form zeolite) to 
26, confirming the success of the desilication 
process.

The EDX results presented in Figure 5C and 
Figure 5D reveal an element of cobalt, which was 
impregnated onto the zeolite support. During the 
incipient wetness impregnation method, zeolite 
support was loaded unto 10% weight of cobalt as 
reported by Sartipi, Van Dijk, Gascon et al. 
(2013), but only 7. 98 wt% of Co was detected in 
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Figure 3. XRD patterns of synthesized H-ZSM-5, desilicated H-ZSM-5, and Co/H-ZSM-5 catalyst.

Figure 4. SEM images of (A) calcined H-ZSM-5, and (B) Co/H-ZSM-5, all in 10 000� magnification.
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the final Co/H-ZSM-5. It is very arguable that 
the possible reason for obtaining 7.98 wt. % Co 
loading instead of 10 wt.% loading could be that 
the area mapped during the EDX analysis had 
less of Co particles. Daramola et al. (Daramola 
et al. 2017) reported a 25 wt. % of Co after fol
lowing the same IWI method. Sartipi et al. 
(Sartipi et al. 2014) reported a weight percentage 
of 9.3 wt. % Co loading in the Co/SiO2 catalyst. 
A sudden increase of Cobalt wt% from 7.98% to 
22.75% was observed in Figure 5D, attributable 
to the mesoporous surface of H-ZSM-5 that 
accommodate more Co particles as active sites.

It can be observed in Figure 5E that calcium, 
used as a promoter, was successfully added to the 
catalyst (1.64 wt. %). The addition of the calcium 
promoter resulted in a decrease of the cobalt 

loading from 7.98% (see Figure 5C) to 5.95% (see 
Figure 5E). This could be attributed to the cata
lyst surface being covered by Ca. This is due to 
the fact that Ca(NO3)2 has a higher solubility in 
water than Cobalt nitrate, so calcium metal may 
be more concentrated on catalyst surface precur
sor after precipitation. Tao et al. (2006) reported 
the reduction in content of iron carbides on the 
surface of their catalyst after the addition of cal
cium as a promoter.

Surface chemistry of the catalysts
The spectra of the FTIR analysis shown in 
Figure 6 show the nature of acidity of the ZSM-5 
zeolites. Figure 6A gives the comparison between 
the spectra of the desilicated H-ZSM-5 zeolite 
and the undesilicated H-ZSM-5 zeolite. It is 

Figure 5. Energy dispersive spectroscopy (EDS) of (A) calcined-ZSM-5, (B) desilicated H-ZSM-5, (C) Co/H-ZSM-5, (D) Co/desilicated- 
H-ZSM-5, and (E) Ca-Co/H-ZSM-5.
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known that zeolite is an alumino-silicate material. 
According to Figure 6A and 6B, the band 
433 cm−1 could be attributed to the T–O bending 
vibration of internal tetrahedral (where T¼ Si or 
Al). The band 542 cm−1 is for the double ring; 
band 797 cm−1 for the external symmetric stretch 
as reported by Zhao et al. (2015). The T–O bend
ing vibration of internal tetrahedral (where T¼ Si 
or Al), especially for the internal asymmetric 
stretch and the external asymmetric stretch could 
be observed at band 1076 cm−1 and 1220 cm−1, 
respectively, agreeing with previous reports 
(Coates 2006; Zhao et al. 2015; Hosseinpour et al. 
2016; Rostamizadeh and Taeb 2015). These iden
tified absorption bands are considered as charac
teristic signals for the framework vibration of 
ZMS-5 zeolite. Both desilicated H-ZSM-5 and 
undesilicated H-ZSM-5 zeolite exhibit these char
acteristics. However, the intensity of the internal 
asymmetric stretch at 1076 cm−1 decreased in the 
desilicated zeolite, attributable to the removal of 
silica by the desilication.

For H-ZSM-5 zeolite, presence of hydroxyl 
(-OH) group could be identified at band 3570– 
3200 cm−1, which was well pronounced before 
calcination at band 3409 cm−1 for Co/undesili
cated H-ZSM-5 catalyst; and at band 3506 cm−1 

for the Co/desilicated-H-ZSM-5 (see Figure 6B). 
According to Coates (2006), the hydroxyl anion 
alters the structure of zeolite ([Al – Si – O]) by 
introducing that of a silanol group, a functional 
group in silicon chemistry with the connectivity 
Si–O–H. The IR band located at 3506 cm−1 signi
fies a strong BrØnsted acid or acidic hydroxyl Si- 

OH-Al sites, which is closely similar to the IR at 
band 3610 cm−1 at which Holm et al. (Holm 
et al. 2009) reportedly observed strong BrØnsted 
acid or acidic hydroxyl Si-OH-Al sites. Upon 
desilication in diluted 0.2 M NaOH, the intensity 
of band of Si-OH-Al groups in zeolite reduced 
and narrowed as represented in Figure 6B, attrib
utable to partly amorphization of zeolite, agreeing 
with the observation of Sadowska et al. 
(Sadowska et al. 2013), though a complete dis
appearance of Si-OH-Al band was reported by 
the authors when the treatment was with 1 M 
NaOH. NaOH solution is believed to have 
reduced the acidity of zeolite regardless of the 
ion exchange with NH4

þ.

Performance evaluation of the catalysts

The Co/H-ZSM-5 zeolite catalyst was tested dur
ing F-T synthesis to evaluate its performance. 
Carbon monoxide conversion and selectivity of 
hydrocarbons products were the performance 
evaluators. In addition, performance of catalysts 
prepared with undesilicated H-ZSM-5 zeolite was 
compared to those prepared using desilicated H- 
ZSM-5 zeolite to assess the effect of desilication 
on the performance of the catalysts. A further 
investigation on whether the temperature treat
ment during desilication method and promotion 
of catalyst on H-ZSM-5 can influence the per
formance of Co/desilicated-H-ZSM-5 during F-T 
synthesis was also carried out. The tests were car
ried out using the following conditions: H2/CO 
of 2.5, reaction temperature of 250 �C, total 

Figure 6. The FT-IR spectra of (A) desilicated and undesilicated-H-ZSM-5 zeolites, (B) Co/undesilicated H-ZSM-5 and Co/desilicated- 
H-ZSM-5 before calcination, Co/H-ZSM-5 catalyst.
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pressure of 15 bar, flow rate of 1200 gas hourly 
space velocity (GHSV) and 0.5 g catalyst.

Effect of desilication
Under the process conditions mentioned in 
Performance evaluation of the catalysts section, 
the CO conversion obtained over Co/H-ZSM-5 
(un-desilicated) was 49.7% (see Table 2). 
Daramola et al. (Daramola et al. 2017) reported 
CO conversion of 53.77% under similar condi
tions while Sartipi et al. (Sartipi et al. 2014) 
reported CO conversion of 62% (un-desilicated) 
under different process conditions (reaction tem
perature of 240 �C, 2.4 m3

STP.kgcat
−1.h−1, and H2/ 

CO ¼ 2; see Table 3). The slight difference in 
CO conversion of Daramola et al. (Daramola 
et al. 2017) and the conversion in this study 
could be attributed to the difference in the reac
tion time. In this study, CO conversion was cal
culated every 2 h for 73 h after attaining a steady 
state within 25 h (as presented in Figure 7), 
which gives an average conversion of 49.7%, 
while Daramola et al. (Daramola et al. 2017) 
recorded CO conversion every 2 h for about 96 h 
with an average of CO conversion of 53.77%. 
The disparity in CO conversion of Sartipi et al. 
(Sartipi et al. 2014) and this study could be attri
buted to the difference in process conditions. 
Figure 7 shows that the CO conversion obtained 
from Co/un-desilicated H-ZSM-5 catalyst was 
very unstable in comparison to the CO conver
sion obtained from the Co/desilicated H-ZSM-5 
catalyst. Furthermore, Calleja et al. (Calleja et al. 

1995) reported that a high H2/CO ratio enhances 
high CO conversion. Comparing the CO conver
sion of 75% reported by Sartipi et al. (Sartipi 
et al. 2014) for Co/desilicated H-ZSM-5 catalyst 
with the CO conversion of 84.2% obtained in this 
study for Co/desilicated H-ZSM-5 catalyst (desili
cated at 55 �C), clearly confirms the submission 
of Calleja et al. for enhanced CO conversion at 
higher H2/CO ratio because this study used H2/ 
CO ratio of 2.5 while Sartipi et al. used H2/CO 
of 2.

Results of testing of the Co/desilicated H- 
ZSM-5 catalyst reveal that the CO conversion 
dramatically increased to >75%. The increase in 
CO conversion can be attributed to an increase 
in cobalt dispersion or Co loading due to an 
increase in surface area of the H-ZSM-5 by desili
cation. This result agree with the report of 
Mochizuki et al. (2012) and Yusuf et al. (2023) 
where the conversion of soya bean during trans
esterification reaction to produce biodiesel was 
increased to 94.% as a result of desilication of 
ZSM-5 zeolite that was used as the support for 
the catalyst. The CO conversion of the Co sup
ported on un-desilicated H-ZSM-5 zeolite 
increased from 49.7% to 76.9% for H-ZSM-5 sup
port desilicated at 40 �C; to 84.2% for for H- 
ZSM-5 support desilicated at 55 �C and to 79.9% 
for H-ZSM-5 support desilicated at 70 �C. Sartipi 
et al. (Sartipi et al. 2014) reported CO conversion 
of 75% for their Co/meso-H-ZSM-5 catalyst 
whose desilication was done at 70 �C (note that 
the testing was carried out at reaction tempera
ture 240 �C and H2/CO ¼ 2; see Table 3). 
According to Calleja et al. (Calleja et al. 1995), 
increasing H2/CO ratio increases CO conversion. 
The CO conversion over Co/H-ZSM-5 (un- 
desilicated) is low since it is prevented by diffu
sion limitations of reactants caused by micropore 
sizes of H-ZSM-5 and poor metal dispersion over 

Table 2. CO conversion during FT synthesis using Co-based 
catalyst supported on desilicated H-ZSM-5 supports.
Catalyst Average conversion (%)

Co/H-ZSM-5 49.7
Co/H-ZSM-5 (support desilicated at 40 �C) 76.9
Co/H-ZSM-5 (support desilicated at 55 �C) 84.2
Co/H-ZSM-5 (support desilicated at 70 �C) 79.8

Table 3. Results compared with literature.
Process conditions Catalyst %XCO Selectivity to C1 Selectivity to C2 – C4 Selectivity to C5þ

1200 mL−1.gcat−1.h−1,15 bar, 250 �C, H2/CO ¼ 2.5  
(This study)

Co/H-ZSM-5 49.7 47.8 43.4 8.8
Co/H-ZSM-5(40) 76.9 49.8 39.7 12.3
Co/H-ZSM-5(55) 84.2 21.7 30.4 47.9
Co/H-ZSM-5(70) 79.8 21.5 49.5 29.0

2400 mL−1.gcat−1.h−1,15 bar, 240 �C, H2/CO ¼ 2  
(Sartipi et al.,2014)

Co/H-ZSM-5 62 21 16 50
Co/meso-H-ZSM-5(70) 75 16 14 55

1200 mL−1gcat−1.h−1,15 bar, 250 �C, H2/CO ¼2.5  
(Daramola et al. ,2017)

Co/H-ZSM-5 53.7 34.6 50.4% 15%

Xco¼ CO conversion.

1906 T. L. MUDAU ET AL.



H-ZSM-5 support. The highest CO conversion 
obtained for this research over Cobalt supported 
by H-ZSM-5 (desilicated at 55 �C) is 84.2%. The 
alkaline treatment temperature of 55 �C in 0.2 M 
NaOH can be regarded as optimal amongst other 
investigated alkaline treatment temperatures (i.e. 
40 �C and 70 �C). This agrees with the observa
tion of Groen et al. (2004). In the study reported 
by Groen et al.(Groen et al. 2004), where the 
effect of alkaline treatment of ZSM-5 zeolite in 
0.2 M NaOH for 30 min at different temperatures 
(from 308 K to 358 K) was investigated, the 
authors observed broadening in the pore-size dis
tribution that led to a higher mesopore volume 
until 338 K. After 338 K, this property decreased. 
Consequently, the authors reported an optimal 
temperature of 338 K (65 �C) for the alkaline 
treatment of ZSM-5 in a 0.2 M NaOH aqueous 
solution for 30 min.

The development of bi-functional Co/H-ZSM- 
5 catalyst in this study is expected to break or 
challenge the Anderson-Schulz-Flory (ASF) prod
uct distribution, which states that in most con
ventional FT catalysts, the products follow the 
ASF distribution, yielding a maximum selectivity 
of gasoline (C5 – C11) and diesel (C12 – C20) 
hydrocarbons, 45% and 30% for C5 – C11 and 
C12 – C20, respectively. Literature reveals that 
zeolite, which is acidic, acts as a determining fac
tor for product distribution since its function is 
hydrocracking and isomerization once 

hydrocarbons are formed by F-T catalyst. 
Methane is referred as C1 and C2 – C4 are con
sidered a lower or middle distillate. Methane 
selectivity in Table 3 is the average methane rela
tive to both Olefins and paraffins while methane 
selectivity in Figure 8 and Figure 9 is the 
methane percentage relative to paraffins only.

Under the same conditions given in 
Performance evaluation of the catalysts section, 
the product distribution in terms of both olefins 
and paraffins selectivity, comparing the perform
ance of cobalt metal loaded on H-ZSM-5 (un- 
desilicated) and H-ZSM-5 (desilicated) zeolite 
was studied. The bi-functional catalyst (Co/H- 
ZSM-5) is more selective to olefins over paraffins. 
The highest selectivity to methane (C1) was 
58.9%, with only 8.8% C5þ selectivity over Co/H- 
ZSM-5 (un-desilicated) where methane selectivity 
is closely analogous to 53% reported by 
Daramola et al. (Daramola et al. 2017) under the 
same conditions (see performance evaluation of 
the catalysts section). Sartipi et al. (Sartipi et al. 
2014) reported the selectivity of methane (C1) 
and C5þ as 21% and 50%, respectively (see Table 
3). Methane selectivity of this study is almost 
three times higher than that of Sartipi et al. 
(Sartipi et al. 2014). This could probably be due 
to a higher H2 diffusion rate in the zeolite surface 
than CO diffusion. This was evidenced by 
Vervloet et al. (2012) that higher H2/CO ratio 
yields higher methane production. Co/H-ZSM-5 

Figure 7. Time on the stream of CO conversion recorded every 2 h for 73 h during FTS after attaining a steady state at 25 h. 
Experimental conditions: Reaction temp.: 250 �C, total pressure: 15 bar, H2/CO: 2.5, GHSV ¼ 1200, amount of catalyst: 0.5 g.
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catalyst (see Figure 8A) proved to be favorable 
toward lower hydrocarbons (C2 – C4). Selectivity 
to paraffin C2 was 26.5%, and to olefin C3 was 
31.2%. Thereafter, selectivity decreased from C3 
to C4 due to over cracking of HCs in the zeolite, 
which further resulted in a poor selectivity to 
desired products (C5 – C6þ) with C5 and C6þ
paraffin of 3.3% and 1.1%, respectively, together 
with C5 and C6þ olefins of 11.6% and 16.2%. 
Daramola et al.(Daramola et al. 2017) reported 
C5 paraffin and C5 olefins of 4% and 8%, respect
ively. However, the overall (both paraffins & ole
fins) C5 – C6þ selectivity in this study was 
calculated to be 16.1%, which is closely equal to 
15% reported by Daramola et al.(Daramola et al. 
2017). In summary, the presence of micropores 
of acidic zeolite sites causes over-cracking of pri
mary hydrocarbons because of the slow transpor
tation of products inside zeolite reported (Bao 
et al. 2009). Apart from the �50% CO conver
sion of syngas to liquid fuels, the gasoline-range 
or higher HCs were poorly produced. However, 
the introduction of meso-porosity into H-ZSM-5 

zeolite via desilication enhanced the selectivity of 
these gasoline-range hydrocarbons (GRHs), see 
Figure 8B–D.

The product selectivity depends on the desili
cation temperature for mesoporous ZSM-5. For 
the meso-H-ZMS-5 prepared using 40 �C treat
ment temperature, which is denoted as Co/H- 
ZSM-5(40), the methane (C1) and C2 – C4 
selectivity decreased to 57.2% and 37.9%, 
respectively, while C5 – C6þ selectivity increased 
from 8.8% to 12.3%. In more detail (see Figure 
8A and 8B), the selectivity to C2 paraffin 
decreased from 26.5% to 15.3%, and the select
ivity to C3 and C4 olefin decreased from 31.2% 
to 3.7% and 22.5% to 6.3%, respectively. The 
performance of Co/H-ZSM-5(40) catalyst sig
nificantly increased the selectivity to C5 and 
C6þ olefin hydrocarbons from 11.6% to 37.6% 
and 16.2% to 22.3%, respectively. Through 
results observation, the desilicated-H-ZSM-5 
prepared using 0.2 M NaOH aqueous solution 
at 40 �C had no major influence on paraffin 
higher hydrocarbons.

Figure 8. Product distribution of paraffins and olefins during F-T synthesis. A¼ Co/H-ZSM-5(un-desilicated), B¼ Co/H-ZSM-5 (desili
cated 40 �C), C¼ Co/H-ZSM-5 (desilicated 55 �C) and D¼ Co/H-ZSM-5 (desilicated 70 �C). Experimental conditions: Reaction temp.: 
250 �C, total pressure: 15 bar, H2/CO: 2.5, GHSV ¼ 1200, amount of catalyst: 0.5 g.
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Further increases in NaOH temperature treat
ment to 55 �C for mesoporous H-ZSM-5 
increased the C5 – C6þ selectivity to 47. 9% and 
dramatically decreased C1 selectivity to 26.2%. 
Figure 8C depicts the product distribution results 
of Co/desilicated H-ZSM-5 catalyst desilicated at 
55 �C using 0.2 M NaOH, which is denoted as 
Co/H-ZSM-5(55). Comparing Figure 8B and 
Figure 8C, the selectivity to C3 & C4 paraffin and 
olefins remains unchanged. Interestingly, about 
50% significant drop toward C1 and C2 selectivity 
was observed. For instance, selectivity to C2 
hydrocarbons decreased from paraffin (15.3%) 
and olefin (30.1%) to 11.2% and 6.7% for paraffin 
and olefin, respectively. It is important to men
tion an increase in C5 hydrocarbons (from 37.6% 
to 56.5% C5 olefin) was observed. It can be con
cluded that the performance of desilicated-Co/H- 
ZSM-5(55) catalyst, could also be attributed to 
the mesoporosity of the support after desilication 
(see Figure 8C) allowing an easier and faster 
access to higher hydrocarbons compared to the 
performance of Co/H-ZSM-5(40) catalyst (see 
Figure 8B). Groen et al. (Groen et al. 2004) 
reported an increase of BET surface area to 
550 m2/g for ZSM-5 desilicated at about 65 �C 
using 0.2 M NaOH aqueous solution.

Unexpectedly, the performance of desilicated- 
Co/H-ZSM-5(70) catalyst during FTS brought 
about no better results (Figure 8D) when com
pared to the results in Figure 8C. This can be 
attributed to production of more undesirable 
methane (40.5%) and C2 – C4 selectivity (49.5%) 
with a drop in C5 – C6þ selectivity (29.0%). 
However, the use of Co/H-ZSM-5(70) catalyst 
maintained high selectivity to some hydrocarbons 

(HCs). For instance, selectivity to C5 olefins 
slightly increased to 39.5%. The higher selectivity 
to (C5 – C6þ) can be the result of the weak acid
ity of catalysts. Though no experimental investi
gation, such as NH3-TPD of the catalyst, was 
carried out in this study to confirm this because 
this instrument was faulty at the time this study 
was carried out, our discussion was based on pre
vious studies. For instance, the study from Su 
et al. (2019) on the conversion of syngas to light 
olefins resulting in high olefin/paraffin ratio 
using ZnCrOx/AlPO-18 bi-functional catalysts 
confirm this speculation. In addition, the work 
of Wang et al. (2020) on effective iron catalysts 
supported on mixed MgO − Al2O3 for 
Fischer − Tropsch synthesis to olefins provide a 
similar explanation to the reported observation of 
this study. In other words, desilication increased 
the catalytic activity; caused a loss in the acidity 
of zeolite, thus improved the selectivity of HCs 
(Yusuf et al. 2023). A clear observation between 
Figure 8B and Figure 8D is that although desili
cated Co/H-ZSM-5(70) catalyst outperformed 
desilicated Co/H-ZSM-5(40), in terms of 
gasoline-range (C5-C6þ) hydrocarbons, it cannot 
be recommended due to its hydrocracking char
acteristics. In terms of overall performance, the 
best results were achieved over desilicated-Co/H- 
ZSM-5(55) (i.e. CO coversion 84.25; C5þ selectiv
ity of 47.9%).

According to a few studies reported in litera
ture, presence of the Naþ in the support from 
the alkaline desilication of the support could 
enhance catalyst selectivity (Xiong et al., 2015; 
Zhao et al. 2018). For instance, the studies by 
Zhao et al. (2018) for c-Al2O3 support and by 

Figure 9. Product distribution of paraffins and olefins during F-T synthesis. A¼ Co/H-ZSM-5(un-desilicated), B¼ Co/H-ZSM-5 (desili
cated 40 �C), C¼ Co/H-ZSM-5 (desilicated 55 �C) and D¼ Co/H-ZSM-5 (desilicated 70 �C). Experimental conditions: Reaction temp.: 
250 �C, total pressure: 15 bar, H2/CO: 2.5, GHSV ¼ 1200.
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Auepattana-Aumrung et al. (2020) for the ZSM-5 
support reported that presence of Naþ in their 
catalysts enhanced the conversion and selectivity 
of their catalysts. These authors also reported 
that presence of Naþ can reduce the acidity of 
catalyst support, thereby preventing or reducing 
the rate of coke formation. The enhanced CO 
conversion and selectivity displayed by the Co- 
based catalysts supported on H-ZSM-5 desilicated 
using 0.2 M NaOH might be partly attributed to 
the presence of residual Naþ observed in the 
catalyst support (see the EDX results presented in 
Figure 5). This explanation is speculative based 
on reported studies; such as studies have shown 
that presence of Naþ can reduce the acidity of 
catalyst support as demonstrated by Zhao et al. 
(2018) for the c-Al2O3 and Auepattana-Aumrung 
et al. (2020) for the ZSM-5 support.

Effect of Ca promotion
Since a higher conversion was obtained from Co/ 
H-ZSM-5(55) catalyst as reported in Table 2; thus, 
investigation of effect of promotion with Ca was 
carried out using this catalyst. Both un-desilicated 
and desilicated catalysts were promoted with Ca 
and tested under the same conditions. Calcium 
promoted catalysts of both Co/H-ZSM-5 and Co/ 
H-ZSM-5(55) are denoted as Ca-Co/H-ZSM-5 
(un-desilicated) and Ca-Co/H-ZSM-5(55) 
(desilicated at 55 �C). The addition of Ca to Co/H- 
ZSM-5 improved the activity of the catalysts. By 
promoting with calcium, CO conversions 
increased to 50.2% and 90.9% for Ca-Co/H-ZSM-5 
and Ca-Co/H-ZSM-5(55), respectively (see Table 
4). These results agree well with the outcome of 
the investigation of Tao et al. (Tao et al. 2006) 
where the authors have reported that presence of 
calcium as a promoter in their catalyst favors the 
dissociative adsorption of CO but suppresses H2 
adsorption during F-T synthesis reaction.

The selectivity for the catalysts to C5 – C6þ
paraffin over olefin, calculated using Equation (4)
was also influenced by the calcium promotion. 

According to Equation (4), a decrease in the ole
fin ratio indicates an increase in paraffin. The 
results show that C6 olefin ratio decreased from 
93.5% for Co/H-ZSM-5 catalyst (undesilicated) to 
89.5% for Ca-Co/H-ZSM-5 (undesilicated). C5 
olefin ratio decreased from 77.0% for Co/H- 
ZSM-5(55) (desilicated) to 68.0% for Ca-Co/H- 
ZSM-5(55) (desilicated), while C6þ olefin ratio 
dropped from 47.5% for Co/H-ZSM-5 (desili
cated) to 19.9% for Ca-Co/H-ZSM-5(55) (desili
cated).

Olefin Ratio ¼
Olefin

Olefinþ Paraffin
(5) 

Ngantsoue-Hoc et al. (2002) reported that the 
fraction of alkene (olefin ratio) decreased as the 
CO conversion increased for both unpromoted 
and calcium promoted catalysts. In general, the 
C5 – C6þ selectivity continued to increase after 
the promotion of the catalysts. C5 – C6þ selectiv
ity increased to 9.7% from 8.8% (unpromoted 
Co/H-ZSM-5) and to 57.2% from 47.9% (unpro
moted Co/H-ZSM-5(55)). Figure 9B shows that 
both C5 and C6þ paraffin drastically increased 
from 11.1% to 22.8% (for promoted Co/H-ZSM- 
5) and from 7.5% to 34.5% ((promoted Co/H- 
ZSM-5(55)). From these data and according to 
those reported by De La Osa et al. (2011) and 
Bao et al. (Bao et al. 2009), C5þ selectivity 
increased due to the promotion of the catalyst (in 
this case, calcium promotion).

Promoting the catalysts with calcium enhanced 
the selectivity of the catalyst to C5 – C6þ selectiv
ity. Re-adsorption of smaller reactive products 
(such as ethene and propene) toward increasing 
longer hydrocarbons (C5þ) has been attributed to 
the presence of Ca as a promoter in Co/zeolite- 
based catalysts (Schulz and Claeys 1999; Van Der 
Laan and Beenackers 1999; De La Osa et al. 
2011). Similar observation is seen in this study. 
Thus, presence of Ca in the catalyst has enhanced 
the selectivity of the catalyst toward a longer 
chain hydrocarbon (C5 – C6þ). The retained high 
selectivity to higher hydrocarbons (C5 – C6þ) 
manifests the advantage of the presence of cal
cium in cobalt-based catalyst which is known for 
its re-adsorption of smaller reactive products 
(such as ethene and propene) into increasing, 
adding to (C5þ) longer hydrocarbons (Schulz and 

Table 4. Effect of low pressure on CO conversion over cal
cium promoted Co/H-ZSM-5 catalyst during FT synthesis.
Catalyst Pressure (bar) CO conversion (%)

Ca-Co/H-ZSM-5 (55) 8 47.7
Ca-Co/H-ZSM-5 (55) 2 17.4

1910 T. L. MUDAU ET AL.



Claeys 1999; Van Der Laan and Beenackers 1999; 
De La Osa et al. 2011).

Conclusion

From microporous H-ZSM-5 zeolite (Si/Al ¼ 47), 
a mesoporous H-ZSM-5 zeolite was successfully 
obtained via alkaline desilication using 0.2 M 
NaOH aqueous solution for 30 min at treatment 
temperatures 40 �C, 55 �C, and 70 �C. Co-based 
catalysts were synthesized using the H-ZSM-5 zeo
lite (un-desilicated and desilicated) as the catalyst 
support. The prepared catalysts were promoted 
using calcium to enhance their catalytic reactivity 
(i.e., conversion and selectivity). The promoted 
and unpromoted catalysts were tested in F-T syn
thesis for production of gasoline-range (C5 – C6þ) 
hydrocarbons from syngas.

CO conversion increased from about 50% for 
the Co catalyst, supported on undesilicated H- 
ZSM-5, to >75% for Co catalyst, supported on 
desilicated H-ZSM-5. The high selectivity to C5 – 
C6þ was recorded for Co/HZSM-5 catalyst pre
pared using H-ZSM-5 zeolite desilicated at 55 �C. 
A 60% selectivity of higher-HCs (C5 – C6þ), 
including both paraffins and olefins was obtained 
over Co/HZSM-5 (55) catalyst. The Co catalyst 
supported on the desilicated H-ZSM-5 displayed 
a reduced selectivity to both methane (C1) and 
lower-HCs (C2 – C4).

In conclusion, this study highlights a new approach 
for further improvement of C5 – C6þ selectivity in FT 
synthesis. However, understanding the effect of vary
ing the concentration of NaOH solution during desi
lication on the formation of mesoporosity and 
performance of catalyst obtained thereof might be 
important. In addition, MgO-based catalyst, a study 
from Wang et al. where MgO has been introduced to 
the catalyst can be studied further for further 
improvement of C5–C6þ selectivity in FT synthesis 
because according to the authors the catalyst dis
played improved CO conversion and promoted ole
fin-to-paraffin ratio with C4 and C5 obtained for 50% 
MgO-loaded catalyst (Wang et al., 2020).
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