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Abstract: This study focuses on the use of H-ZSM-5 catalyst modified with transition metals for the 
conversion of ethanol into liquid fuel hydrocarbons. The HZSM-5 catalyst was synthesized hydrothermally, 
and the transition metal (0.5 wt%) was incorporated by the incipient wetness impregnation method. The 
synthesized catalysts were tested in a fixed-bed reactor at varying weight hourly space velocities (WHSVs) 
and temperatures to investigate their effects on the selectivity of the liquid hydrocarbon product. The pure 
and metal-doped catalysts were characterized using XRD, FTIR, SEM–EDX, PSD, BET, N2 adsorption–
desorption, and NH3-TPD. The metal species were evenly dispersed on the catalyst support without 
affecting the porous framework significantly. The modification did not alter the morphology of the catalyst; 
however, the particle size was altered slightly. The pore distribution plot confirms the hierarchical porous 
framework of the catalyst. This unique feature facilitates internal diffusion and accelerates mass transfer, 
improving the selectivity and distribution of the liquid product. The catalytic evaluation showed ethanol 
conversion of more than 97% for all catalysts tested. A low space velocity (5 h−1) favored gaseous (C1-C4) 
hydrocarbons, but more liquid products (C5+) were generated at 12 h−1 (at 350 and 400 °C), with metal-
doped catalysts showing higher selectivity (> 79%). In comparison with the unmodified catalysts, the 
metal-doped catalysts enhanced the production of aromatics (benzene), with Ni/HZSM-5 showing higher 
selectivity (> 4%). This study showed that the synthesized catalysts are active in the selective production 
of liquid hydrocarbon and improve the transformation of ethanol to fuel-range hydrocarbons. © 2023 The 
Authors. Biofuels, Bioproducts and Biorefining published by Society of Industrial Chemistry and John 
Wiley & Sons Ltd.

Key words: catalyst; ethanol; HZSM-5; cobalt; nickel

Correspondence to: Ifeanyi Michael Smarte Anekwe, School of Chemical and Metallurgical Engineering, University of the 

Witwatersrand, Johannesburg 2050, South Africa. E-mail: anekwesmarte@gmail.com

mailto:
https://orcid.org/0000-0001-8582-5869
https://orcid.org/0000-0001-7381-6711
https://orcid.org/0000-0001-8272-3402
mailto:anekwesmarte@gmail.com
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fbbb.2536&domain=pdf&date_stamp=2023-09-14


© 2023 The Authors. Biofuels, Bioproducts and Biorefining published by Society of Industrial Chemistry and John Wiley & Sons Ltd.  
|  Biofuels, Bioprod. Bioref. 18:686–700 (2024); DOI: 10.1002/bbb.2536

IMS Anekwe, B Oboirien, YM IsaOriginal Article: Ethanol to higher hydrocarbons over metal-doped HZSM-5

687

Introduction

T
he synthesis of ethanol from renewable resources 
has the potential to make it an essential primary 
chemical in the petrochemical sector.1 Bioethanol 

can be synthesized by fermenting lignocellulosic feedstock 
such as wood, grasses, and other plant materials without 
affecting food production.2 The application of bioethanol 
directly as a fuel or as a constituent of gasoline blends 
offers several benefits, including an increased octane rating, 
extended combustion limits, and reduction of greenhouse 
gas emissions.3,4 On the other hand, ethanol, as a fuel, has 
several limitations, including effects on engines, the need 
for processes requiring significant energy input, such as 
distillation to remove water, and low energy density.5 Due to 
these limitations, investigations into ethanol enhancement 
techniques have increased.6 Some examples are the steam 
reforming of ethanol to produce H2 or synthesis gas, the 
synthesis of acetaldehyde and ethylene by dehydration, and 
the subsequent acid transformation of these substances into 
chemical building blocks and gasoline, upgrading ethanol to a 
hydrocarbon suitable for use as a fuel.7

Since the 1970s, researchers have studied the conversion 
of alcohol with zeolites, focusing mainly on lower alcohols.8 
Alcohol conversion using zeolites can produce a wide range 
of products, and correlations between the transformation of 
methanol to olefins and ethanol conversion have already been 
recognized. The transformation of ethanol to ethylene was 
the main focus of early research,9 followed by studies on the 
production of higher hydrocarbons (HCs).10 The synthesis 
of polyethylene, ethylene oxide, and dichloroethane requires 
ethylene. During ethanol transformation, other light olefins 
are also produced, such as propylene, an essential chemical 
in the polymer industry, and C4 olefins, which are utilized in 
processes such as the alkylation of isobutene with isobutane 
to produce iso-octane. Although they occur in much smaller 
quantities, other light olefins include light paraffins and 
aromatics. Hydrocarbons with a carbon number greater than 
5, including olefins, paraffins, and aromatics, have desirable 
fuel properties.7

In a recent article, the authors11 reviewed several works on 
ethanol-to-hydrocarbon (ETH) conversion over zeolites.11 
It has been shown that HZSM-5 is the best choice for 
major HC synthesis due to the distribution and stability of 
the products.12,13 The HC pool mechanism has also been 
postulated for the conversion of ethanol to HCs.14 Other 
proposed techniques include conventional alkene alkylation 
accompanied by cracking of higher olefins. This mechanism 
has been employed to build simpler kinetic models15 and a 
radical-based process.16 On the other hand, the acid-catalyzed 

transformation of ethanol to HCs on HZSM-5 remains a 
topic of discussion. Post-synthetic treatments are usually 
carried out to enhance the efficiency of the catalyst. Post-
synthesis modifications of zeolites include impregnation 
and ion exchange with metal salts to produce a metal-doped 
zeolite, promoting with phosphorus, alkali treatment, and 
vapor deposition. These treatments are expected to lead 
to either an improvement in hydrothermal durability, a 
reduction in deactivation, an increase in performance, or 
specificity for a particular product category.17,18

The study of metal-modified zeolites is the focus of this 
work. The method by which zeolites are treated substantially 
impacts the metal concentration of the catalyst. For instance, 
in hydrocracking, the metal species and the acid function 
play a delineated and discrete with specific role: the alkane is 
dehydrogenated by the metal, producing an olefin. The olefin 
is then protonated at the acidic site, leading to isomerization 
and cracking of the carbenium ion. Finally, the process is 
repeated in reverse order.19 However, in a large number of 
processes the role of the metal is not properly recognized or 
described.20 The influence of Ni has been revealed in catalytic 
cracking but the addition of transition metals such as Ni gave 
remarkable results in the aromatization and cracking of light 
alkenes and alkanes.21,22 A previous study discussed nickel-
catalyzed reaction pathways on various supports.23 This is 
commonly applied for olefin oligomerization, especially 
ethylene oligomerization, to linear olefins, where the active 
species are recognized as Ni2+ ions. In catalytic cracking, 
there has also been speculation about the properties of iron 
modification, which could increase activity.24

In the ETH transformation, the introduction of metals 
into HZSM-5 has been investigated with nickel,25 iron,26,27 
zinc, and gallium,28 molybdenum,29 and rare earth metals.30 
It has been found that the addition of nickel to a catalyst for 
the transformation of ethanol to higher HCs can increase 
its hydrothermal stability. This is achieved through nickel’s 
ability to influence the acid site’s equilibrium, consequently 
influencing product distribution. The incorporation of 
gallium into HZSM-5 is reported to have the opposite effect, 
leading to an increase in the production of aromatics, and 
the introduction of iron into HZSM-5 is reported to limit 
the synthesis of aromatics and paraffins. These effects can be 
attributed to either inhibiting or facilitating hydrogen transfer 
processes. However, the effects of metal incorporation on 
catalyst features, reaction process and product specificity, 
particularly C5+ specificity, are rarely discussed. It can 
be challenging to determine how the presence of metal 
affects the efficiency of a catalyst based only on published 
research, as different reaction parameters, varying metal 
concentrations, and deactivation can complicate the 
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process.13,31 Moreover, to the best of our knowledge, no study 
has investigated the impact of metal loadings, specifically Ni 
and Co, on a non-commercial novel ZSM-5 catalyst with Si/
Al of 40 for the conversion of ethanol to C5+ hydrocarbons.

To this end, this study aimed to increase product 
distribution and selectivity of liquid (C5+) HC, which 
can be obtained from the catalytic conversion of ethanol 
by modifying ZSM-5 while adjusting both the reaction 
temperature and space velocities. The ZSM-5 zeolite catalyst 
active in converting low alcohol into hydrocarbon was 
therefore synthesized and modified with nickel and cobalt 
to enhance liquid product selectivity. To investigate the 
effects of metal doping on the catalytic activities of a zeolite 
catalyst, a methodological approach was used to test the 
incorporation of Co and Ni in a newly synthesized HZSM-5 
catalyst. The catalyst properties were investigated using a 
thorough characterization process to study the effects of 
metal promotion on the ZSM-5 support. The catalyst study 
considered whether a metal modification is best suited to 
improve the selectivity of liquid products in ETH conversion.

Materials and methods

Materials

The chemicals used for this study included (Na2O)SiO2.H2O 
(a silica source), Al2(SO4)3.18H2O (a source of aluminium), 
TPABr – C12H28BrN (a structure-directing agent, SDA), NaOH 
(97%), H2SO4 (98%) (for pH adjustment), NH4NO3 (for ion 
exchange), transition metal precursors: Ni(NO3)2·6H2O and 
Co(NO3)2·6H2O, and C2H5OH was used as the feedstock. All 
chemicals were analytical grade and obtained from Sigma-
Aldrich, Darmstadt, Germany. A stainless-steel hydrothermal 
reactor (HTR) with a Teflon cup of 200 mL with a 150 mL 
working volume was used for catalyst preparation.

Methods

Synthesis of transition metal-doped HZSM-5

The ZSM-5 catalyst support was fabricated using the 
hydrothermal method based on the molar ratio 10Na2O:4
0SiO2:1.0Al2O3:10.5TPABr:3740.6H2O. The first solution 
consisted of NaOH and silica source (Na2O)SiO2.H2O 
dissolved in deionized water. The structure-directing agent, 
TPABr, was dissolved in deionized H2O and was denoted 
as solution 2. The third solution contained the required 
amount of aluminium source, aluminium sulfate, dissolved 
in deionized H2O while stirring at ambient temperature. 
Solutions 1 and 2 were mixed under continuous agitation to 
hydrolyze the components of the mixture thoroughly. After 

1 h of agitation, solution 3 was added to the mixture and 
stirred vigorously at 2000 rpm for 5 h until a homogenous gel 
mixture was obtained. The initial pH of the gel was stabilized 
to final pH of 10.73 using 3 mL of sulfuric acid (98% conc.). 
The final solution (in gel form) was allowed to age for 12 h 
at room temperature and subsequently transferred into 
a Teflon-lined stainless-steel reactor for hydrothermal 
crystallization under autogenous pressure at 180 °C for 24 h. 
After the crystallization phase, the solid product was cooled 
to room temperature, recovered by filtration, and thoroughly 
washed with deionized H2O. The solid product obtained was 
dried at 110 °C overnight and then calcined at 550 °C for 
3 h to eliminate the organic template to obtain Na-ZSM-5. 
Following the calcination, the Na-ZSM-5 was ion-exchanged 
for 2 h with a 1 mol L−1 solution of NH4NO3 at 80 °C at 
10 mL g−1. After the ion exchange, the sample was filtered and 
washed with deionized H2O and dried overnight at 110 °C 
to obtain NH4+-ZSM-5. The ion-exchange method will be 
repeated twice. The recovered NH4+-ZSM-5 was calcined 
at 550 °C for 6 h to break down the ammonium ions and 
produce a hydrogen form of ZSM-5 (HZSM-5).

The catalyst was modified using transition metals (M = Co 
and Ni) at 0.5 wt% through incipient wetness impregnation, 
dried overnight, and calcined at 550 °C for 6 h. The transition 
metal-modified ZSM-5 were denoted M/HZSM-5, where M 
represents the transition metal.

The catalytic activity of Ni and Co catalysts supported on 
ZSM-5 zeolites was evaluated at 350–400 °C and a weight 
hourly space velocity (WHSV) of 5–12 h−1. The catalyst 
bed was supported using glass beads and 0.045 g of glass 
wool. Ethanol was used as the feedstock for the reaction. 
Conversion (X) and product selectivity (Si) were deduced as 
per Sun et al.32

Catalyst and product characterization

Powder X-ray diffraction (XRD) spectra of the parent and 
transition metal doped ZSM-5 were studied using an X-ray 
diffractometer (Bruker D2 phaser diffractometer) equipped 
with Cu K radiation (λ= 1.54184 Å), the crystallinity of 
the catalyst was analyzed in 2θ = 0 – 90o. N2 adsorption–
desorption studies were conducted on degassed materials at 
300 °C for 10 h with a Quantachrome instrument: Autosorb 
iQ Station 3 (Anton Paar, VA, USA). The Brunauer–Emmett–
Teller (BET) equation was used to calculate the surface area 
of the samples being studied. The Barrett–Joyner–Halenda 
(BJH) method and the N2 adsorption isotherm were used to 
calculate the pore volume and diameter. The morphology of 
the catalyst and the elemental composition were determined 
using a Ziess Sigma 300 VP, fitted with a field emission gun 
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for the scanning electron microscope (SEM) and an Oxford 
Instruments x-act PentaFET Precision Energy-dispersive 
X-ray spectroscopy (EDS). The Malvern instrument was 
employed to obtain the particle size distribution (PSD) data. 
NH3-TPD analysis was conducted using an AutoChem 
II 2920 chemisorption analyzer to determine catalyst 
acidity. Liquid HCs were analyzed using a YL6500 gas 
chromatography (GC) system.

Results and discussion

X-ray powder diffraction

The XRD patterns of the parent and metal-doped HZSM-5 
catalyst are shown in Fig. 1. In comparison with the standard 
sample, the characteristic peaks at 2θ = 7.97°, 8.88°, 14.81°, 
23.14°, 24.00°, and 24.49° were attributed to planes (101), 
(020), (301), (501), (303), and (133) of the zeolite crystal 
with MFI framework (JCPDS 96-154-02468). The existence 
of peaks in the ranges 2θ = 7–10o and 22–25o confirmed the 
presence of characteristic HZSM-5 peaks in all catalysts.33 
The XRD pattern of synthesized HZSM-5 was examined, and 
it was evident that the framework of ZSM-5 was successfully 
retained despite the introduction of metals. Hence, the 
addition of metal did not show any significant alteration. 
Both metal-coated catalysts retained the structure and the 
crystallinity of their respective parent catalysts. In these 
XRD peaks, which correlate with a well-crystallized MFI 
framework, no other peaks belonging to other phases were 
identified. This means that the Ni and Co metal species were 
uniformly distributed on the support and that any metal 

oxide was very small and undetectable. Another work has 
reported no noticeable peaks within the angles examined, 
suggesting the absence of metal oxide, the presence of doped 
metal in small amounts, or an unusually uniform distribution 
of the incorporated metal.34

Fourier-transform infrared spectroscopy 
(FTIR)

The FTIR spectra of ZSM-5 and metal-doped ZSM-5 are 
shown in Fig. 2 and cover the 400–4000 cm−1 range. The 
internal tetrahedral units AlO4

− and SiO4
4− are responsible 

for the vibration that produces the peak at 440 cm−1.35 The 
five-membered rings explain the absorption peak found 
at 543 cm−1.36 The asymmetric stretching vibrations of the 
internal and external bonds of TO4 are responsible for the 
absorption peaks at 791 cm−1 and 1218 cm−1,37,38 and the peak 
at 1633 cm−1 indicates the presence of hydroxyl groups (OH−) 
of absorbed H2O on the ZSM-5 surface.39 Confirmation that 
the calcination technique was successful and that appropriate 
amounts of template molecules were eliminated from 
the zeolite structure is provided by a faint peak at 2870–
2990 cm−1. This peak is due to the stretching absorption 
bonds of C-H. The bands at 3615 cm−1 and 3681 cm−1, 
respectively, are due to the vibration of bonds that defined 
the internal tetrahedral Si-OH-Al and terminal Al-OH 
groups, which denote the solid Brønsted acid sites (Si-Al-OH) 
and hydroxyl groups on extra framework Al.35 Within the 
wavenumber range, one can also obtain information about 
changes in the potency of the Brønsted acid site because of 
the addition of metal. There is a positive correlation between 
an increase in the total quantity of acid and an increase in the 
transmission intensity in the wavenumber range of around 
2125 cm−1. It can also be observed from the FTIR pattern 
that the loading of the ZSM-5 with Ni and Co did not lead to 
any significant change in transmission pattern in comparison 
with the parent ZSM-5 in the examined area. This supports 
the XRD data as there is no reduction in the above bands, 
indicating retention of crystallinity and functional groups 
after incorporation of the metal. This result is consistent 
with Dauda et al.,39 Razavian and Fatemi,40 Zhao et al.,41 and 
Gurdeep Singh et al.42

Scanning electron microscope, energy 
dispersive spectrometer and PSD

Figure 3(a)–(d) displays the image obtained from 
the scanning electron microscope, energy dispersive 
spectrometer (SEM-EDS) examination of the catalysts. 
The catalysts have a spherical structure, and the PSD is 
homogeneous across the entire particle density, including 

Figure 1. X-ray diffraction powder patterns of the parent 
HZSM-5, Co/HZSM-5 and Ni/ZSM-5 catalysts.
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the smooth surface on the outside. On the ZSM-5 zeolite 
parent and modified catalysts, the MFI crystals have a 
homogeneous prismatic shape, the usual structure of MFI 

crystals. The micro-spherical aggregation of individual 
nanocrystals may be seen on the surface morphology of 
the parent catalyst and the modified catalyst. This kind of 

Figure 2. FTIR of parent and transition metal-doped HZSM-5.

Figure 3. SEM images and EDS spectra of (a and d) HZSM-5 (b and e) Ni/HZSM-5 (c and f) Co/HZSM-5.
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morphology results in a mesoporous structure, which, as per 
intra-crystal spaces, ultimately leads to an improvement in 
the diffusion of molecules within the structure of the catalyst. 
The morphology of ZSM-5 zeolites does not change following 
metal modification using the IWI synthesis approach;43 
nevertheless, the particle size of ZSM-5 zeolites was altered 
according to the PSD analysis. The particle size of the parent 
ZSM-5 (4.55 μm) increased by 0.19 and 1.78 μm with Co and 
Ni species incorporation, respectively. This indicates that 
incorporating metal species increased catalyst particle sizes, 
as nickel nanoparticles are larger than those of cobalt.44,45 
During the incipient wetness impregnation method, the Co- 
and Ni-metal species can diffuse into the zeolite’s channels 
and pores and cause lattice expansion or contraction.46 The 
charged metal species can also form oxides or clusters that 
can block the pore entrances partially and affect the effective 
size of the catalyst and other structural properties.46–48

Textural properties

The textural characteristics of the catalysts are outlined 
in Table 1. The as-synthesized ZSM-5 support showed a 
significant surface area and a multi-porous volume, both 
beneficial for dispersing active metal species and preventing 
aggregation.49 In comparison with catalysts from other 
studies, the synthesized ZSM-5 of the present study has 
a considerably specific surface area (397.5 m2 g−1). The 
introduction of a little quantity of transition metal species 
by the impregnation process resulted in changes to the 
BET surface area, pore volume, and pore diameter of those 
catalysts with respect to the parent ZSM-5 zeolite. Hence, a 
slight increase in mesopores was observed while the surface 
area and average pore diameter decreased with transition 
metal modification. The decrease in SBET is due to transition 
metals (Co, Fe, and Ni) species covering the surface of ZSM-5 
and partly blocking zeolite channels. During the modification 
process with transition metals, there is a tendency to clog 
the pores of the zeolite channels with metal species, resulting 
in the synthesis of a metal-doped zeolite with a reduced 
surface area.50 Consistent with this present study, Zheng 
et al.34 noted that the specific surface area of the unmodified 
H-ZSM-5 was quite high (338.44 m2.g−1) in comparison 

with the specific surface area of the improved catalyst, which 
reduces, ranging from 293 m2 g−1 to 287 m2 g−1. The pore 
volume reduced but the pore size improved, although the 
change was insignificant. The deposition of metal species 
probably caused this at the catalyst opening or deep inside the 
channel, clogging the catalyst channel’s interior and resulting 
in a decreased pore volume.48 In addition, the blockage in 
the mesopores triggers a decrease in overall pore size, which 
shows that the metal ions were distributed uniformly on the 
ZSM-5 surface. These findings are comparable with those of 
Schultz and Elmore.51

Figure 4(a) illustrates the N2 adsorption–desorption 
isotherms and the pore distribution of transition metal-
doped ZSM-5 zeolites. The figure shows that the pure and the 
metal-doped ZSM-5 zeolites fabricated via the impregnation 
approach had comparable N2 adsorption–desorption 
isotherms. The isotherms showed a hysteresis branch, which 
corresponds to a Langmuir isotherm (type IV) based on the 
IUPAC categorization, and the adsorption and desorption 
branches practically intersected at relatively low pressure, 
showing that the macro-mesoporous structures were well 
conserved after metal incorporation by the impregnation 
technique.52–54 The adsorbed volume increased continuously 
with relative pressure. The improved adsorption in the 
pressure range of 0.4P/P0 has occurred from the adsorption 
of nitrogen within and intra-crystalline mesopores as a 
result of the aggregation of the nanocrystals. The hysteresis 
loop at increased pressure region (P/P0 = 0.85) shows that 
large pores, from meso-to macro-pores, are observed for all 
catalysts studied. However, the larger hysteresis loop of 0.45 
to 1 of relative partial pressure (P/P0) in the HZSM-5 and 
Ni/HZSM-5 indicates that the sample contains a substantial 
mesoporous framework. It is important to note that the 
adsorbed amounts of HZSM-5 and Ni/HZSM-5 are almost 
an order of magnitude more than those of Co/HZSM-5, 
indicating that these catalysts (parent and Ni-doped) have a 
large surface area and a uniform pore structure. Hence, the 
BET surface area of HZSM-5 and Ni/HZSM-5 are 397.5 and 
381.4 m2 g−1, respectively, while Co/HZSM-5 has the lowest 
surface area (362.6 m2 g−1) as per the results of N2 absorption 
study. It can be inferred that, after incorporating the metal 
(Ni and Co) species framework, fewer mesoporous structures 

Table 1. Textural properties of pure and transition metal-modified HZSM-5.
Catalysts  
(Si/Al)

SBET 
(m2 g−1)

Smicro 
(m2 g−1)

Vtotal 
(cm3 g−1)

Vmeso 
(cm3 g−1)

Vmacro 
(cm3 g−1)

Avg pore 
dia. (nm)

Metal 
(wt%)

Other studies 
(SBET m2 g−1)

HZSM-5 (40) 397.5 335.2 0.706 0.678 0.0285 2.224 0 342.957

321.158

Co/HZSM-5 362.6 312.4 0.461 0.456 0.0057 2.008 0.5 338.434

Ni/HZSM-5 381.4 318.9 0.590 0.582 0.0083 2.024 0.5 33859
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were destroyed, and fewer macroporous structures were 
produced. This demonstrates a high degree of congruence 
with the pore pattern depicted in Fig. 4(b),(c), which agrees 
with the study by Wei et al.54

The corresponding pore-size distribution diagrams for 
adsorption and desorption are shown in Fig. 4(b),(c). 
These plots are deduced using the adsorption branch of 
the N2 isotherm and the BJH method. The adsorption and 
desorption pore-size distribution diagram (Fig. 4(b),(c)) 
shows that HZSM-5 has a comparable pore size distribution 
with a hierarchical porous framework as its metal-doped 
counterpart (Ni- and Co-doped). However, the HZSM-5 
exhibits a larger average pore diameter and total pore 
volume of 2.22 nm and 0.71 cm3 g−1 (in comparison with 

Co/HZSM-5) (2.01 nm and 0.46 cm3 g−1) and Ni/HZSM-5 
(2.02 nm and 0.59 cm3 g−1). The hierarchical porous 
framework of these materials confirmed the porous hierarchy 
of the catalyst, where the porosity and structure of the 
porous framework encompass a range of pore sizes, from 
mesopores to macropores.55 These unusual structures are 
attracting much interest due to their diversity, versatility and 
significant performance; moreover, they are utilized widely 
as an essential family of functional materials in catalysis. 
Furthermore, the larger mesopore size has the potential 
to accelerate mass transfer and reduce the limitation of 
internal diffusion, which in turn affects activity and product 
distribution. These results are consistent with those of Vitale 
et al.47 and Zhang et al.56

Figure 4. (a) N2 adsorption–desorption isotherm; (b) BJH pore size distribution for adsorption, and (c) desorption of pure and 
transition metal-doped HZSM-5 catalysts.
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NH3-TPD results

Table 2 presents the NH3-TPD results, which show the 
presence of three distinct peaks at different temperatures. The 
desorption of ammonia at low temperatures, corresponding 
to weak acid sites, increased from 0.95 mmol g−1 NH3 in 
HZSM-5 at 198 °C to 1.05 and 1.06 mmol g−1 with the 
incorporation of Co and Ni metal species, respectively. The 
introduction of these metal species also caused a shift in the 
desorption temperatures, observed at 189 and 190 °C for 
the metal-doped samples. The desorption peaks at medium 
temperatures, known as moderately strong acid sites, showed 
a slight decrease with the addition of Co and Ni. The NH3 
desorption reduced to 0.69 and 0.68 mmol g−1 at 425 and 
435 °C, respectively, in comparison with HZSM-5, which 
recorded 0.74 mmol g−1 at 419 °C. In contrast, a significant 
reduction in strong acid sites, specifically Brønsted acid sites, 
was observed. The amount of desorbed ammonia decreased 
from 0.024 mmol g−1 at 686 °C in HZSM-5 to 0.015 and 
0.014 mmol g−1 at 667 and 688 °C, respectively. During the dry 
impregnation technique, it is important to note that some of 
the acidic protons responsible for the Brønsted acidity in the 
crystalline zeolite ZSM-5 may have undergone ion exchange 
with Co or Ni ions. The formation of metal oxides, which can 
function as Lewis or weak acid sites, also contributed to the 
significant reduction in Brønsted acid sites. The formation 
of these oxides may therefore reduce the availability of 
strong acid sites for NH3 adsorption, as the metal hydroxides 
or metal oxides occupy the sites of strong acidity or 
dehydroxylation.60

Catalytic performance

The catalytic activity of the catalysts was studied, focusing 
on their selectivity to various hydrocarbons (HCs). The 
catalytic activity of the catalysts was evaluated at different 
WHSVs (5 h and 12 h−1) and temperatures (350–400 
°C). For all conversions at different operating conditions, 
ethanol conversion greater than 98% and different product 
distributions were observed (Fig. 5). This is consistent 
with other studies,61–64 as ethanol conversion rates close 
to 100% were obtained for all reactions at similar reaction 
temperatures. Both before and after doping with transition 

metals, the products of ZSM-5 contain a variety of 
hydrocarbons with disparities in distribution. All catalysts 
exhibited a range of gaseous and liquid HCs product 
distributions, including C1-C4, C5-C8, C9-C12, C12+, and 
aromatics. At 5 h−1 and 350 °C, the product distribution 
showed significant selectivity for gaseous HCs (C1-C4), 
with the unmodified catalyst exhibiting the highest gaseous 
product (85.2%) compared to the metal-modified catalysts 
with 45.5% and 66.5% for Co/HZSM-5 and Ni/HZSM-
5, respectively (Fig. 5(a)). The selectivity of the gaseous 
product at these operating conditions may be attributed 
to the WHSV of 5 h−1, a low WHSV (in comparison with 
12 h−1), which favors prolongation of the reaction time and 
a tendency to side reactions such as cracking of heavier HCs 
into lighter fractions. Co- and Ni-doped catalysts showed 
higher selectivity for liquid HCs than the parent catalyst. 
Among the catalysts evaluated at 5 h−1 and 350 °C, Co/
HZSM-5 exhibited the highest C12+ selectivity (40.7%), while 
Ni/HZSM-5 favored benzene aromatic products with 2.2% 
selectivity. Moreover, the unmodified catalysts exhibited 
the lowest liquid HC fractions, and no aromatic products 
were generated. Previous research found that ethanol feed 
produced less than 5% aromatics and some fractions of 
lightweight HCs.65

In contrast to the results at 5 h−1, the catalyst test at 12 h−1 
and the same temperature of 350 °C showed higher selectivity 
for liquid hydrocarbon and better wider product distribution 
than 5 h−1 WHSV. Ni/ZSM-5 produced more C5-C8 (48.4%) 
and benzene (4.9%) than Co/HZSM-5 (29.8% and 1.1%) and 
unmodified catalysts, which had the lowest values of 28.6% 
and 1.0%, respectively (Fig. 5(b)). However, HZSM-5, Co/
HZSM-5 and Ni/HSM-5 showed the highest selectivity for 
C12+, C9-C12 and C5-C8 HCs, respectively. As-synthesized 
HZSM-5 exhibited the highest C12+ selectivity (52.1%) but a 
decrease in this HC fraction was observed for metal-doped 
catalysts, resulting in increased C9-C12 (16.2%) and benzene 
(4.9%) production for Co/HZSM-5 and Ni/HZSM-5, 
respectively. This operating condition favored the production 
of condensable hydrocarbons (large molecules), mainly C5-C8 
and C12+. Previous studies have shown that the complete 
dehydration of ethanol, leading to the formation of gaseous 
products (C1-C4 hydrocarbons), occurs at temperatures 

Table 2. NH3-TPD results of pure and metal-doped catalysts.
Catalysts Acidity conc. (mmol NH3 g

−1) Total acidity

Weak (T = 100–300 °C) Moderate (T = 300–500 °C) Strong (T = 500–700 °C)
HZSM-5 0.95 0.74 0.024 1.714

Co/HZSM-5 1.05 0.69 0.015 1.755

Ni/HZSM-5 1.06 0.68 0.014 1.764
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between 200 °C and 300 °C,29,66–69 while the aromatization 
of ethanol, leading to the formation of liquid products, 
only occurs at temperatures of 350 °C and above.7,13,65,70 
This further explains the rise in liquid HCs because ethanol 
oligomerizations were more favorable at temperatures 
starting at 350 °C.

Increasing the operating temperature to 400 °C decreased 
gaseous HC selectivity at all of the WHSVs studied (Fig. 5(c)). 
Ethanol conversion over HZSM-5 and metal-doped catalysts 
showed that all investigated catalysts achieved ethanol 
conversion greater than 98% at this operating parameter. At 
5 h−1 and T = 400 °C, Co- and Ni-doped catalysts produced 
more C5-C8 (30.9 and 48.8%) and lower amounts of C9-C12 
(1.1 and 2.1%) and benzene (0.85 and 0.92%) aromatics, 
compared to unmodified HZSM-5, which favored gaseous 
(56.5%) and C12+ (21.4%) HCs. However, at 12 h−1 and 400 
°C, the product contained more liquid than gases, which is 
due to the reaction parameters used (Fig. 5(d)). The WHSV, 

the factor that regulates the contact time with the catalyst, 
can be used to explain this; for example, a higher WHSV 
indicates a higher flow rate and, thus a lower residence time 
with the catalyst. The less interaction the hydrocarbon has 
with the catalyst, the fewer secondary reactions occur, leading 
to higher selectivity and production of heavier HCs.71,72 This 
operating condition promotes the production of C8-C12, with 
the unmodified HZSM-5 having a reasonable selectivity of 
75.1%. Compared with the unmodified HZSM-5, the slightly 
lower selectivity of the C5-C12 HC fractions observed with the 
metal-doped catalysts Co/HZSM-5 and Ni/HZSM-5 can be 
due to the presence of metal species in the catalysts, leading 
to a shift in C5-C12 selectivity toward other HC fractions. 
Consequently, for Co- and Ni-doped catalysts, an increase 
in the selectivity of the HC fractions C12+ (17.2 and 25.9%) 
and benzene (3.8 and 3.9%) was observed in the product 
distribution. These values correspond to an increase in these 
HC fractions compared to 5 h−1.71,72 We suggest that the 

Figure 5. Hydrocarbon product distribution for parent and transition metal-doped HZSM-5 at T = 350 and 400 °C and 
WHSV = 5 and 12 h−1.
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promoters lead to oligomerization and possible aromatization 
reactions.

Changing the temperature on catalytic activity revealed 
that an increase in temperature from 350 °C to 400 °C at 
constant WHSV (5 h−1) resulted in a shift in selectivity 
from gaseous HCs to liquid HCs, which favored more of 
C5-C8 hydrocarbons. In addition, the metal-doped catalyst 
produced more C9-C12 and small amounts of aromatics 
in contrast to non-modified catalysts. However, a WHSV 
of 12 h−1 and an increase in reaction temperature led to a 
rise in the production of C9-C12 and benzene, resulting in 
a decrease in C12+ selectivity at 400 °C. Benzene and more 
liquid product distribution were observed with the metal-
doped catalysts.7,13,65,70 Figure 6 shows the phase selectivity 
of the different catalysts studied at different operating 
conditions. It was found that a lower WHSV (5 h−1) favored 
gaseous HC while increasing the WHSV to 12 h−1 shifted the 
selectivity toward the liquid HC fractions at all temperatures 
studied (Fig. 6). However, at WHSV of 5 h−1, more liquid HC 
fractions are produced at 400 °C than at 350 °C operating 
temperature. In general, the unmodified catalyst showed 
the lowest selectivity for liquid hydrocarbon, while Co- and 
Ni-doped catalysts showed the highest selectivity (>79%) 
at a WHSV of 12 h−1 and 5 h−1 favors gaseous product. This 
indicates that the metal-doped catalyst favors the production 
of liquid HCs and improves product distribution.59

It has been suggested that ethanol is converted to liquid, or 
C5+ HCs, using a dual-cycle HC pool that first dehydrates 
the ethanol before aromatization. The process known as 
the ethanol hydrocarbon pool (HCP) begins with ethylene 
synthesis, which is then converted to BTX by the intrinsic 
framework of the HZSM-5 pore.14,69 Due to the enormous 
size of some aromatic and C9+ HCs concerning the pore size/
volume capacity, the ethanol HCP approach can only produce 
a small amount of these HCs.14 However, more C9+ HCs are 

generated because of the multiporous structure of the catalysts 
used in this study. This can be explained by the fact that the 
pore space is large enough to contain a greater number of 
intermediate HCs and BTX for single-stage transformation 
into C9+ HCs. The wider pores in the doped ZSM-5 also 
enhance the liquid hydrocarbon yield (LHY) because 
they allow a considerable proportion of active metal to be 
incorporated into the zeolite pores.59 Heavyweight C9+ HCs 
can form on the exterior surface of ZSM-5 or within its pores 
due to the C7/C8 alkylation with C1/C2 HCs.59 Any chains 
that are too long to pass via the pore mouth will either have to 
break into smaller molecules capable of escaping through the 
zeolite’s micro/mesopores, or they will need to disassemble 
and deposit carbon on the walls, which will either obstruct the 
adsorption or clog the micropores. Due to the high surface 
area and combined mesopores and macropores in HZSM-5 
and modified-HZSM-5 framework and the operating 
conditions employed, performing successive ethanol 
dehydration, aromatization, and alkylation was feasible, 
which enhanced the production of long-chain (C5+) HCs. 
This combination also helped minimize the trapping of heavy 
C8+ HCs, which would have otherwise cracked into smaller 
molecules that could escape or pyrolyze into coke, interfering 
with the catalytic activity inside the pores.59 Hence, the 
findings of this investigation demonstrated that the catalyst 
could sustain a stable synthesis of C5+ HCs. Due to decreased 
support crystallinity and metal–support contact, the 
specificity to liquid HCs with more than eight carbon atoms 
(mainly C9-C12) declined dramatically in some instances. 
However, by preserving crystallinity while enhancing pore 
capacity, post-treatment of ZSM-5 with transition metal-
doping (Ni and Co) enhanced both liquid hydrocarbon yields 
(LHYs) and selectivity to C5+ HCs. By facilitating metal 
mobility into ZSM-5 channels and promoting strong metal–
support contacts, increasing pores via metal doping allowed 

Figure 6. Hydrocarbon gaseous and liquid phase selectivity at varying operating conditions.
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for a substantial increase in C5+ specificity from ethanol 
dehydration, aromatization, and alkylation. The innate pore 
framework of ZSM-5 and metal-doped ZSM-5 therefore 
played a crucial role in regulating and promoting LHYs. This 
is consistent with Seemala and Wyman.59

The typical pathway for transforming primary alcohols, 
like ethanol, involves intermolecular dehydration, leading 
to the formation of ethylene and diethyl ether (DEE) 
through a concerted mechanism (a pathway involving a 
single transition state and no intermediate). This pathway is 
preferred due to the high energy barrier associated with the 
formation of a primary carbocation intermediate. It has also 
been suggested that DEE can undergo cracking, generating 
ethylene, which can then participate in subsequent 
reactions, creating an alternative reaction pathway for 
ETH conversion. The cracking of DEE, as a secondary 
carbocation intermediate, can occur through acid-
catalyzed or radical mechanisms depending on the reaction 
conditions and catalyst properties. Ethylene produced 
from the dehydration and cracking steps can further 
undergo dehydrogenation reactions to form ethyl radicals. 
These ethyl radicals are highly reactive intermediates that 
can participate in various secondary reaction pathways. 
In the dehydrogenation step, ethyl radicals react with 
adsorbed hydrocarbon species on the ZSM-5 catalyst, 
forming a carbocation. Aromatization reactions involve 
the cyclization of carbocation formed initially, producing 
aromatic hydrocarbons such as benzene. These reactions 
occur through a series of rearrangement reactions of 
the carbocation intermediates. Besides aromatization, 
ZSM-5 catalysts also facilitate the formation of long-chain 
hydrocarbons, C5+, through oligomerization reactions. 
These HCs are typically formed through secondary 
carbocation reactions or additional transformations of the 
intermediates generated during aromatization.6,73–75 In the 
case of the metal-doped ZSM-5, the enhanced performance 
of the doped catalyst can be attributed to the presence of 
metal species that actively participate in the HC reaction. 
Compared to the unmodified catalysts, the metal species 
(Co2+ and Ni2+) present in the metal-doped catalysts play 
a crucial role in promoting the formation of intermediates. 
These intermediates act as Lewis acid sites during the 
HC reaction. The Lewis acid sites facilitated by the metal 
species promote the dehydration of ethanol, leading to 
increased ethylene production. The availability of more 
ethylene promotes secondary reactions, resulting in broader 
product distribution.6 However, metal doping can increase 
the likelihood of coke deposition and subsequent catalyst 
deactivation. As a result, the unmodified catalyst exhibits 
greater stability than the metal-doped catalyst.

The framework structure, pore-size distribution, textural 
characteristics, and acidity of the ZSM-5 catalyst all play 
essential roles in determining the low alcohol conversion 
performance.76,77 The distributions of the products were 
affected by the properties of the catalysts because, following 
metal incorporation, the attributes of the HZSM-5 support 
were altered. The acidity and surface area of the catalyst were 
among the most critical factors that determined its catalytic 
performance.78 Recent research has shown that acidity plays 
an integral part in the design of low-alcohol conversion 
catalysts.79 These findings have highlighted the requirement 
for optimal strength and concentration of acid sites to achieve 
an adequate product distribution over the catalyst. Thus, 
metal impregnation alters catalyst acidity, increases catalytic 
activity, and produces a very effective catalyst for the reaction 
involving low alcohol. The impregnation also minimizes 
severe acidity and reduces undesired secondary processes.58 
It was discovered that the introduction of transition metals 
increased the number of Lewis acid sites in the original 
HZSM-5.78 In contrast to Brønsted acid sites, this form of the 
acid site can decrease significantly the secondary cracking of 
liquid into gaseous HCs. As a result, the synergistic action of 
metals with HZSM-5 led to improved product distribution 
efficiency compared to the stand-alone original HZSM-5 
catalyst. This explained the high liquid yield in the present 
study using metal-doped ZSM-5. However, the low yield of 
benzene observed in the current study can be attributed to 
the specific operating parameters employed, which may not 
favor high benzene selectivity. This finding is consistent with 
previous studies,13,65,80 which reported similar benzene yields. 
A study by Calsavara et al.81 also highlighted a predominance 
of xylene and toluene aromatics compared to benzene during 
ETH conversion at 400 °C.

Notably, fuel-range hydrocarbons account for a more 
significant proportion of the liquid HCs produced by all 
catalysts considered in this work. The relative abundance 
of heavy HCs in the liquid content of the HZSM-5 catalysts 
experienced a modest increase after the metal-modified 
catalyst was employed. This can be attributed to the 
appropriate environment provided by transition metal species 
incorporated on HZSM-5 for the oligomerization reaction 
of shorter-chain alkenes. Consequently, the bifunctional 
properties of the metal sites and acid sites ultimately lead 
to the generation of heavier HCs.82 Moreover, these metals 
(Ni and Co) modified zeolites showed a notable affinity 
for oligomerization in this study. Metal oxide is frequently 
utilized to increase the yields of liquid HC and aromatics. 
It is mostly studied in catalytic cracking reactions: metal 
oxide introduces extra functionality when dehydrogenation 
and aromatization occur, and oligomerization, cyclization, 

 19321031, 2024, 3, D
ow

nloaded from
 https://scijournals.onlinelibrary.w

iley.com
/doi/10.1002/bbb.2536 by South A

frican M
edical R

esearch, W
iley O

nline L
ibrary on [27/08/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



© 2023 The Authors. Biofuels, Bioproducts and Biorefining published by Society of Industrial Chemistry and John Wiley & Sons Ltd.  
|  Biofuels, Bioprod. Bioref. 18:686–700 (2024); DOI: 10.1002/bbb.2536

IMS Anekwe, B Oboirien, YM IsaOriginal Article: Ethanol to higher hydrocarbons over metal-doped HZSM-5

697

dealkylation, transalkylation, and isomerization occur on the 
acid site. In most instances, this is carried out at increased 
temperatures.79 As more C1-C4 HCs are detected at lower 
WHSVs, they can be termed the reactants for the formation 
of C5+ HCs. The oligomerization of olefins can result in the 
synthesis of heavier HCs. These HCs can further undergo 
cracking or hydrogen transfer process depending on factors 
(including catalyst promoters and operating conditions) to 
produce target HC products.

Conclusion

The transformation of ethanol to fuel-range HCs was studied 
on metal-doped synthesized HZSM-5 (Si/Al = 40). HZSM-5 
was modified with transition metals (Co and Ni) at 0.5 wt%. 
A combined catalytic test and thorough catalyst study (XRD, 
FTIR, SEM, EDS, PSD, BET and N2 adsorption) identified 
various influences of metal doping on HZSM-5 catalyst and 
activity. Ethanol conversion of more than 98% was achieved 
with all catalysts studied. The transition metal-doped catalysts, 
Ni/HZSM-5 and Co/HZSM-5, showed wider product 
distribution and selectivity for liquid C5+ HCs at a WHSV 
of 12 h−1. The unmodified catalyst exhibited the highest 
selectivity for gaseous (C1-C4) HCs (85.2%) at 5 h−1 and 350 °C,  
but Co/HZSM-5 was more selective for liquid HCs with 58.16, 
16.17, 40.7 and 3.9%, while Ni/HZSM-5 exhibited 51.25, 
2.0, 29.8 and 5% for C5-C8, C9-C12 and C12+ and benzene, 
respectively. The study showed that incorporating metal into 
HZSM-5 improved the production of liquid HCs and benzene 
selectivity. The synthesized catalysts can therefore be viable for 
upgrading ethanol into fuel-range hydrocarbons.
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