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l doping on the coke formation of
a novel hierarchical HZSM-5 zeolite catalyst in the
conversion of 1-propanol to fuel blendstock†

Ifeanyi Michael Smarte Anekwe * and Yusuf Makarfi Isa

In this work, the effect of Ni doping on coke formation and the activity of a novel hierarchical HZSM-5

zeolite catalyst in the conversion of 1-propanol to fuel blends was investigated. The catalysts, which

were hydrothermally synthesised and modified with 0.5 wt% Ni, were characterised using different

techniques (XRD, FTIR, SEM, PSD, N2 adsorption, NH3-TPD, TGA-DTA) and tested at 350–400 °C and,

WHSV of 7 and 12 h−1 for the conversion of 1-propanol into fuel blendstocks. The catalyst

characterisation results confirmed the successful synthesis of hierarchical HZSM-5 and the incorporation

of nickel. The catalytic results showed that both catalysts exhibited >98% 1-propanol conversion with

considerable selectivity (>80%) for jet fuel and (>50%) gasoline blendstock. While Ni/HZSM-5 favoured jet

fuel, the undoped catalyst improved gasoline production. The stability and deactivation study showed

that HZSM-5 exhibited greater long-term stability and maintained a conversion rate of >95%, making it

well-suited for the extended conversion of 1-propanol. The moderate production of jet fuel and the

uniform selectivity of gasoline indicate a balanced distribution of products. In contrast, Ni/HZSM-5

initially provides higher jet fuel production and stable gasoline production, but the conversion rate drops

more sharply after 40 h on stream, which is due to rapid deactivation by coke accumulation or

deactivation of metal sites. The coking study showed that the Ni-doped catalysts produced more coke,

resulting in a weight loss of 6.4 wt% compared to the unmodified catalysts (6.1 wt%), which contributed

to their deactivation, as evidenced by a reduction in 1-propanol conversion. Characteristic spectral bands

from the analysis of the spent catalysts indicated the composition of the coke present, with key regions

at 1300–1700 cm−1 and 2800–3100 cm−1 showing that the spent catalysts consisted of polycondensed

aromatics, conjugated olefins and aliphatics. It can be concluded that the metal modification improves

the catalytic performance but increases the coking and deactivation tendencies compared to the

unmodified catalyst, which may limit the stability of the catalyst.
1. Introduction

According to the U.S. Energy Information Administration (EIA),
global energy consumption will increase by 2050 and overtake
progress in energy efficiency. In recent decades, efforts have
been made worldwide to research sustainable, economically
viable and energy-efficient methods of producing fuels and
chemicals. In the face of dwindling reserves and increasing
environmental concerns,1 renewable energy sources such as
lignocellulosic biomass have proven to be an abundant and
sustainable source of organic carbon worldwide. Utilising
biomass for the production of biofuels or biochemical products
is a promising way to replace fossil products and achieve
eering, University of the Witwatersrand,
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99
sustainability. In addition, biomass resources are currently
underutilised, and the establishment of bioreneries holds the
potential for societal benets such as strengthening the rural
economy and diversifying and securing energy resources.2,3

Numerous technologies have been developed to convert
biomass or its derivatives into fuels and chemicals, with catal-
ysis playing a central role.2,4–6

Different catalysts have been employed in the conversion of
propanol to HCs, including zeolite catalysts,7–9 metal-doped
catalysts,8 metal-containing mesoporous silica-based mate-
rials10 among others. Ramasamy and Wang11 investigated the
conversion of alcohols into transportation fuel-range hydro-
carbons using HZSM-5 catalyst (SiO2/Al2O3 = 30) at 360 °C and
300 psig. The study revealed that the catalyst lifespan was more
than twice as long for 1-propanol and 1-butanol compared to
methanol and ethanol. Aer 24 h time on stream (TOS), the
liquid products from the transformation of 1-propanol and 1-
butanol primarily consisted of higher olen compounds.11

Lepore, Li8 demonstrated that HZSM-5 zeolite catalysts possess
© 2025 The Author(s). Published by the Royal Society of Chemistry
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signicant versatility in improving the conversion of 1-propanol
into hydrocarbons. Their research indicated that raising the
reaction temperature beyond 230 °C shied the product
distribution towards C4

+ liquid HCs, promoting oligomerisa-
tion. In contrast, maintaining the temperature at 230 °C or
lower favoured dehydration reactions and enhanced propene
selectivity.8 In their study, Mentzel, Shunmugavel12 investigated
the conversion of isopropanol over HZSM-5 zeolite catalysts at
temperatures of 400 °C and pressures ranging from 1 to 20 bar.
They observed conversion rates between 40% and 80%, with
selectivity for C5

+ liquid HCs ranging from 35% to 60%. Notably,
at a pressure of 20 bar, the liquid product, aer about one-third
of the reaction time, primarily consisted of C4–C12 alkenes. The
study highlighted that the catalyst's longevity when converting
isopropanol was signicantly better than when using other
alcohols, while the selectivity of liquid products is closely tied to
the weight hourly space velocity (WHSV). It was found that both
the lifespan and conversion efficiency of the zeolite catalyst
improved markedly when isopropanol was employed as the
feedstock, compared to methanol or ethanol.12 In addition,
metal modications including Ni, Fe, Co and Ga have been
shown to promote the conversion of biomass derivatives,
including alcohol, into liquid HCs.9,13–17

Catalysts and operating conditions that favour the selectivity
of long-chain hydrocarbons lead to faster deactivation
compared to conventional systems.18 Guisnet and Magnoux19

proved that both the pore framework of the zeolite and the
operating conditions inuence coking and subsequent deacti-
vation in equal measure. At lower temperatures, coke deposi-
tion is mainly due to condensation and rearrangement
processes. At temperatures above 350 °C, however, coke
formation is also inuenced by hydrogen transfer. The deacti-
vation rates in different zeolite structures are signicantly
affected by the crystal size, the strength of the acid sites and the
concentration.20 Two systematic studies have correlated the
deactivation rates with the synthesis of polycyclic aromatic
compounds.21,22 Based on these correlations, it was assumed
that coke generation takes place predominantly on the outer
surface of the zeolite crystals.18,23–25 However, it has also been
theorised that coke formation on the outside of the catalyst only
occurs when the catalyst becomes inactive due to pore-clogging
coke formation on the inside.26However, Bjørgen, Svelle27 found
no link between the content of organic molecules trapped in the
pores and the deactivation of the zeolite at 350 °C. They inferred
that the decrease in activity with time in the stream was due to
coke deposition on the outer surface, which is consistent with
Schulz28 results. The characterisation of a deactivated sample
for a certain duration does not provide detailed insights into the
chemistry of the deactivation, as the sample contains various
coke deposits from several reactions. Bleken, Barbera29 studied
this problem by dividing the catalyst bed into sections and
analysing each separately. They reported an increase in the
weight or density of the coke species as the catalyst bed sank
downwards, indicating different chemical reactions responsible
for carbonaceous deposits depending on the nature of the
catalyst bed. Measures such as feedstock pretreatment, catalyst
enhancement and catalyst rejuvenation have been developed to
© 2025 The Author(s). Published by the Royal Society of Chemistry
address deactivation issues. However, further research is
required to fully understand catalyst deactivation and to
develop strategies to minimise its effects.

Therefore, this work uniquely evaluates the effect of metal
incorporation on stability and coke formation by employing
a newly developed hierarchical HZSM-5 zeolite catalyst
specically for the conversion of 1-propanol to fuel-range
hydrocarbons, unlike previous studies that focused on micro-
porous or commercial ZSM-5 or other heterogeneous catalysts
for this conversion. The hierarchical structure in the newly
developed HZSM-5 catalyst was designed to enhance diffusion
and prevent coke buildup within micropores, an issue that
limited the lifespan of traditional zeolites in earlier studies.
Additionally, nickel doping was employed to optimise
hydrogen transfer reactions, allowing efficient liquid HC
production. A range of physicochemical techniques were used
to characterise both the fresh and spent catalyst, providing
crucial insights into catalyst stability and coke deposition for
an informed discussion.
2. Materials and methods

The following chemicals were employed for this study: (Na2O)
SiO2.H2O, Al2(SO4)3$18H2O, C12H28BrN, NaOH: 97%, H2SO4:
98% conc. and NH4NO3. Ni(NO3)2$6H2O was used as Ni
precursor while 1-propanol was used as the feedstock. These
chemicals were procured from Sigma-Aldrich. A stainless steel
hydrothermal reactor with a Teon cup of 200 mL was used for
catalyst preparation.
2.1. Fresh catalyst preparation and characterisation

The newly developed hierarchical ZSM-5 catalyst support was
synthesised using the hydrothermal catalyst synthesis method
described in our previous study.15 The batch formula comprised
10Na2O, 40SiO2, 1.0Al2O3, 10.5TPABr and 3740.6H2O. Three
solutions were prepared: the rst contained the required
amount of (Na2O)SiO2$H2O and NaOH, the second contained
tetrapropylammonium bromide, and the third contained 3.80 g
aluminium sulphate. Aer mixing and stirring, sulphuric acid
(98%) was added to adjust the pH to 10.73. The gel was then
hydrothermally crystallised at 180 °C for 24 hours, ltered,
washed, dried at 110 °C and calcined at 550 °C for 3 h. Aer ion
exchange with NH4NO3, drying and calcination at 550 °C for 6
hours, the resulting NH4

+/ZSM-5 was modied with 0.5 wt%
nickel nitrate by dry impregnation. The modied catalyst,
designated as Ni/HZSM-5, was dried and calcined at 550 °C for
6 h.

The crystallinity of the fresh catalysts was analysed using
a Bunker D2 phase diffractometer. Cu Ka radiation at 40 kV and
30 mA was used, with a sampling rate of 2° per minute. The
identication of functional groups of fresh catalysts was con-
ducted with a PerkinElmer Fourier Transform-Attenuated Total
Reectance-Infrared Spectrometer Spectrum-2 operating in the
range of 4000–400 cm−1. The textural properties of the catalysts
were determined using an N2 adsorption–desorption analyser
aer 6 hours of degassing at 400 °C. Morphological analysis was
RSC Adv., 2025, 15, 3988–3999 | 3989
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performed by scanning electron microscopy using a ZEISS
Sigma 300 VP, while the particle size distribution (PSD) was
recorded using a Malvern instrument. The elemental compo-
sition of the catalysts was carried out using energy-dispersive X-
ray spectroscopy (EDS) and X-ray uorescence techniques. NH3-
TPD analysis was performed on an AutoChem II 2920 chemi-
sorption analyser to determine the catalyst's acidity. The sample
was heated at a rate of 10 °C min−1 up to 700 °C to remove
adsorbed water while a TCD detector monitored the NH3

desorption signal. The characterisation results of fresh catalyst
can be found in the ESI.†

2.2. Catalyst evaluation for 1-propanol conversion and
product analysis

The catalyst was tested in the transformation of 1-propanol to
hydrocarbons at 350 and 400 °C, and a Weight Hourly Space
Velocity (WHSV) of 7 and 12 h−1 using 0.4–0.5 g catalyst. Cata-
lyst stability study was conducted at 7 h−1 and 350 °C for 40 h
time on stream (TOS). Aer the initial activation of the catalyst
at 400 °C for 40 min, 1-propanol was introduced at 0.075–0.125
mL min−1 into the stainless steel xed-bed reactor, which had
an inner diameter of 1.02 cm and a length of 64.52 cm, using an
HPLC pump. Glass beads and wool provided structural support
for the catalyst bed.

A YL6500 gas chromatograph (GC) system, equipped with
a Flame Ionization Detector (FID) and a capillary column, was
used to analyse hydrocarbons. The column program was as
follows: the sample was initially injected at 40 °C, then the
column was heated at 3 °C per minute to reach 50 °C and held
for 3 minutes. Next, the temperature was increased at a rate of
2 °C per minute to 60 °C and maintained for 1 minute. The
column was then heated at 5 °C per minute until reaching 200 °
C, where it was held for 1 minute. Finally, the temperature was
raised to 315 °C at 15 °C per minute and held for 5 minutes. In
the conversion of 1-propanol to fuel blendstock, the product
mixture can be categorized into distinct “product lumps,”
comprising light hydrocarbons (C1–C4), fuel-range hydrocar-
bons (C5

+), including gasoline-range hydrocarbons (C5–C8) and
jet-fuel-range hydrocarbons (C9–C16), and, in some cases,
aromatics or other heavy hydrocarbons (C16

+). The product
selectivity (S) and 1-propanol conversion (X) were determined
based on the study by Sun, Ma30 as shown in eqn (1) and (2).

X ¼ Amount of reacted 1-propanol

Initial amount of 1-propanol
� 100% (1)

S ¼ Amount of produced fuel-range HC

Amount of reacted 1-propanol
� 100% (2)

2.3. Spent catalyst characterisation (coke analysis)

XRD and SEM analyses were conducted to examine changes in
crystallinity and morphology of the spent catalysts, following
the procedure described in Section 2.1. Functional groups in
the coke deposited on spent catalysts were identied using
a PerkinElmer Spectrum-2 Fourier Transform-Attenuated
Total Reectance Infrared (FT-ATR-IR) spectrometer,
3990 | RSC Adv., 2025, 15, 3988–3999
operating within the range of 4000 to 400 cm−1.
Thermogravimetric/differential thermal analysis (TGA/DTA)
was performed to determine weight loss (due to the amount
of coke deposition on spent catalysts) using a TA Instrument
Q50 USA thermal analyser covering a temperature range of 30
to 800 °C with a heating rate of 15 °C per minute. The sample
was thermally treated in an N2 atmosphere (ow rate: 50
mL min−1) from 30 °C to 200 °C, then switched to air and
further heated to 800 °C.

3. Results and discussion
3.1. Catalyst evaluation in the conversion of 1-propanol to
fuel blendstocks

3.1.1. Effect of operating conditions in 1-propanol
conversion and product distribution. The conversion of 1-
propanol to fuel blendstocks was investigated at weight hourly
space velocities (WHSV) of 7 and 12 h−1, and temperatures of
350 and 400 °C. Fig. 1a–c present the 1-propanol conversion and
the selectivity of individual catalysts for gaseous and liquid HC
products. Results showed that all catalysts achieved over 98% 1-
propanol conversion, producing broad product distributions
with a notable preference for gaseous products at a WHSV of 7
h−1 and more liquid products at 12 h−1 (Fig. 1c). At 350 °C and
a WHSV of 7 h−1, the HZSM-5 catalyst exhibited the highest
selectivity for gasoline (42.39%), while Ni/HZSM-5 showed
increased selectivity towards BTX (12.40%). However, the
production of jet fuel remained low under these conditions for
both catalysts, with yields below 30%. Raising the temperature
while maintaining the same WHSV resulted in a slight increase
in the production of BTX, gasoline, and jet fuel for the Ni/
HZSM-5 catalyst, accompanied by a decrease in gaseous HC
yields. The undoped catalyst, however, did not exhibit signi-
cant changes with this change in operating condition. In
contrast, increasing the WHSV to 12 h−1 led to a signicant
reduction in gaseous HC selectivity and a corresponding
increase in gasoline and jet fuel production at 350 °C, achieving
68.79% and >90% selectivity for HZSM-5 and Ni/HZSM-5,
respectively. In addition, when the temperature was raised to
400 °C under the same WHSV, there were slight shis in
product distribution, with both gasoline and jet fuel production
improving. Specically, HZSM-5 and Ni/HZSM-5 recorded
selectivity of 84.97% and 53.70%, respectively. These ndings
indicate that Ni doping in the catalyst reduced C1–C4 HC
production while increasing selectivity for C5

+ liquid hydrocar-
bons. This behaviour can be attributed to the enhanced oligo-
merisation reactions facilitated by Ni incorporation during the
initial stages of the dehydration process.31

The conversion of alcohols to hydrocarbons has been
extensively studied using various catalysts, with zeolites and
modied zeolites being the most employed.32–36 Depending on
the catalyst, different reaction mechanisms have been
proposed. For ZSM-5 zeolite catalysts, the mechanism is
thought to involve intermediate species, with hydrocarbons
forming through secondary reactions.36,37 In this study, we
hypothesise that 1-propanol rst undergoes dehydration to
form olens, which are subsequently converted into
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Product selectivity (S) over HZM-5 and Ni/HZSM-5 at (a) 7 h−1 and (b) 12 h−1 WHSV (c) average phase selectivity (P.S) and conversion (X)
from the 1-propanol conversion to fuel blendstock. Reaction conditions: 350 and 400 °C; WHSV = 7 and 12 h−1.
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hydrocarbons (such as C3
+ olens, BTX, and C5

+) through acid-
catalysed oligomerisation–cracking and oligomerisation–aro-
matisation pathways (Fig. 2).36,37
Fig. 2 Reaction pathway for the conversion of 1-propanol to olefin
(PTO) and to fuel blendstock (PTF).

© 2025 The Author(s). Published by the Royal Society of Chemistry
3.1.2. Catalyst stability study. The stability study for both
hierarchical catalysts showed that the initial conversion of 1-
propanol was close to 100%, with a gradual decline observed
over time. For HZSM-5, the conversion slightly decreases,
reaching 97.5% aer 40 h. Ni/HZSM-5, however, shows a more
signicant drop in conversion, falling to 77.5% by the 40 hmark
(Fig. 3a). This suggests that HZSM-5 maintains higher stability
in terms of conversion over extended reaction times compared
to Ni/HZSM-5. The presence of nickel in Ni/HZSM-5 likely
contributes to an initial high catalytic activity but may also lead
to faster deactivation over time, potentially due to coke forma-
tion or other structural changes affecting active sites.
RSC Adv., 2025, 15, 3988–3999 | 3991
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Fig. 3 Catalyst stability study at 7 h−1 and 350 °C for 40 h TOS showing (a) 1-propanol conversion (X), and product distribution for (b) HZSM-5 (c)
Ni/HZSM-5 catalysts.
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Both catalysts show distinctive trends in product distribution
over time. Both catalysts, HZSM-5 and Ni/HZSM-5, exhibit
distinct trends in product distribution over time. For HZSM-5, gas
production uctuates notably, starting at 20.67% and peaking at
32.24% at 16 h, then stabilizing around 13–15% by 40 h (Fig. 3b).
In contrast, Ni/HZSM-5 shows lower initial gas production
(14.68%) and maintains a relatively low, stable gas yield, sug-
gesting amore efficient conversion of 1-propanol into liquidHCs,
particularly jet fuel (Fig. 3c). Gasoline selectivity in HZSM-5
generally increases over time, peaking at 51.12% by 40 h, indi-
cating a gradual shi toward gasoline production. Ni/HZSM-5
3992 | RSC Adv., 2025, 15, 3988–3999
follows a similar trend, reaching a peak of 50.53% at 40 h,
although itmaintains amore stable gasoline selectivity compared
to the uctuations observed with HZSM-5. For jet fuel production,
HZSM-5 starts with selectivity around 31–32% and gradually rises
to 47.02% at 24 h before levelling off at 35% by 40 h. Ni/HZSM-5,
however, consistently produces higher jet fuel, peaking at 59.47%
around 32 h, indicating its suitability for prolonged jet fuel
production. Regarding aromatic compounds (BTX), HZSM-5
begins with a BTX content of 5.9 7% but reaches a maximum
of 46.57% at 20 h before eventually dropping by 40 h. In contrast,
Ni/HZSM-5 sustains a low but steady BTX output (1.7–8.85%)
© 2025 The Author(s). Published by the Royal Society of Chemistry
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throughout the reaction. This consistent BTX production
suggests that Ni/HZSM-5 may better maintain aromatic stability,
though it could also contribute to coke formation over time,
affecting its overall stability. In addition, the resultant liquid
product, which has a very low aromatic content, presents a valu-
able raw material for the chemical industry and could be readily
applied or blended to serve as high-quality clean fuels, similar to
the results obtained by other studies.12,38–40

HZSM-5 demonstrates a higher long-term stability in
conversion rates, making it more suitable for prolonged use in
1-propanol conversion. Its lower jet fuel and consistent gasoline
yields suggest a balanced distribution across product types. Ni/
HZSM-5, on the other hand, provides a higher initial yield of jet
fuel and shows enhanced stability in gasoline production but
experiences a sharper decline in conversion, likely due to faster
deactivation from coke buildup or metal site deactivation.

3.2. Characterisation of spent catalysts and coke deposition
study

3.2.1. Phase identication, morphology, and textural
properties of spent catalysts. The XRD spectra of the spent
catalysts showed that the intensity of the diffraction peaks did
not change signicantly aer 1-propanol conversion, even when
Fig. 4 XRD pattern of spent HZSM-5 and Ni/HZSM-5 catalysts.

Fig. 5 SEM of spent HZSM-5 and Ni/HZSM-5 catalysts.

© 2025 The Author(s). Published by the Royal Society of Chemistry
coke deposits were present (Fig. 4). This indicates that the MFI
zeolite framework was still intact aer catalytic activity, as no
breakdown of the framework was observed aer the reaction.
These results showed that the presence of active Ni metal
contributes to the stabilisation of the zeolite structure and
could, therefore, reduce the likelihood of framework collapse.
In addition, the SEM images (Fig. 5) of the spent catalysts show
that the coke deposits on the catalyst surface have not changed
the morphology of the catalyst. However, the presence of reac-
tive metals can inuence the formation and distribution of the
coke deposits on the catalyst surface and, thus, possibly change
the surface properties of the modied catalyst.

Similar to the fresh catalyst (Fig. S4, ESI†), all isotherms for
the spent catalyst displayed a combination of type IV isotherms
and H4 hysteresis loops,46,47 occurring at a pressure, P/P0 > 0.4
which indicates the presence of a hierarchically porous struc-
ture comprising mesopores and macropores.41 However,
adsorbate uptake at P/P0 > 0.4 decreased drastically for the spent
samples to 37.5 and 18.4 cm3 g−1 for the spent HZSM-5 and Ni/
HZSM-5, respectively, compared to the pure samples (Fig. 6).
The reduction in surface area corresponded with increased coke
deposition, with spent Ni/HZSM-5 decreasing by 85.5%
compared to 71.5% for spent HZSM-5, hence, the incorporation
of metal species further reduces the total surface area available
for adsorption due to increased coke deposition42,43 (Table 1).
This result correlates with the TGA results, which indicate that
catalysts with larger coke deposits have a lower surface area.
The decrease in mesopores and total pore volume of spent
catalysts could be attributed to 1-propanol conversion, coke
formation and subsequent pore plugging. Despite the decrease
in pore volume, the catalysts still maintain their hierarchical
macro–mesoporous nature. Complex reactions during 1-prop-
anol conversion, such as oligomerisation and dehydration,
contribute to pore plugging and surface area reduction, as long-
chain molecules tend to cover the active sites and hinder access.
The formation of aromatic molecules and coke deposits from
secondary reactions further reduces the mesopore volume and
surface area and limits the availability of reactants at the active
sites.44,45

The study by D́ıaz, Epelde46 has shown that in addition to the
reduction in surface area,47 coke deposition also decreases the
HZSM-5 catalyst's total acidity, primarily by blocking the active
acidic sites and causing pore obstruction. This buildup of
RSC Adv., 2025, 15, 3988–3999 | 3993
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Fig. 6 N2 adsorption–desorption isotherm for spent catalysts.
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carbonaceous deposits, especially near or on the Brønsted acid
sites, reduces the number of available acid sites and restricts
access to the catalyst's internal surface area.46 Consequently, the
catalytic activity decreases as fewer acid sites are available for
reaction, leading to reduced conversion efficiency and selec-
tivity over time. Moreover, coke deposition can alter the
Fig. 7 TGA-DTA of spent HZSM-5 and Ni/HZSM-5 catalysts.

Table 1 Textural properties of pure and spent catalysts

Catalysts
SBET
(m2 g−1)

Vtotal(BJH)

(cm3 g−1)
Vmeso(BJH)

(cm3 g−1)
Vm
(c

HZSM-5 (S) 113.23 0.669 0.039 0.
Ni/HZSM-5 (S) 55.43 0.202 0.176 0.

3994 | RSC Adv., 2025, 15, 3988–3999
strength of the remaining acid sites, oen causing a loss in both
strong and weak acid sites.46,48 This deactivation reduces the
catalyst's ability to drive desired reactions, especially those
requiring high acidity, such as the formation of hydrocarbons
in alcohol conversion processes. The extent of deactivation
depends on factors like coke composition, reaction conditions,
and the catalyst's structure.

3.2.2. Coke amount: TGA-DTA results. Coke formation on
spent catalysts was studied by TGA-DTA analysis. The deposi-
tion of carbonaceous species on the surface of the catalyst is
a common phenomenon in catalytic processes with hydrocar-
bons. At T = 0–200 °C, the initial weight loss is due to the
elimination of absorbed water and volatile compounds. During
1-propanol conversion, both catalysts have a considerable
surface area, which enhances the adsorption of H2O and volatile
compounds. The weight loss in this temperature range is
considered normal and has nothing to do with the accumula-
tion of coke. Due to its high acidity, the HZSM-5 is known to
promote coke deposition during 1-propanol conversion. As
a result of the burning of so and hard coke, the HZSM-5
catalyst showed weight losses of 2.80% and 2.24% at 200 to
400 °C and 400 to 600 °C, respectively (Fig. 7). The elimination
of non-volatile molecules from the 1-propanol conversion
process was responsible for the observed weight loss of the
spent catalysts at 600–800 °C. The acidity of the HZSM-5
contributes to the observed coke deposition, as it facilitates
acro(BJH)

m3 g−1)
Avg pore dia.
(nm)

Volume@STP
(cm3 g−1)

Metal loading
(wt%)

630 40.03 37.50 0.0
026 4.65 18.41 0.5

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Coke deposition (wt%)–summary

Catalysts Volatiles So coke Hard coke Non-volatile Total wt. reduction

HZSM-5 (pure) 1.4 0.1 0.1 0.1 1.7
HZSM-5 (spent) 0.6 2.8 2.2 0.5 6.1

Fig. 8 Composition of coke deposited on spent catalysts (FTIR
spectra: 1250–3750 cm−1 region).
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the splitting of 1-propanol into smaller molecules and thus
promotes coke deposition. Xia, Huang49 conrmed these results
in their study. Compared to the HZSM-5, the Ni/ZSM-5 showed
an increased hard coke content, which reached up to 3.01 wt%,
together with 2.49 wt% of so coke. The catalytic role of nickel
in the oxidation of coke leads to improved burning of so coke
on the Ni/ZSM-5 catalyst attributed to its redox properties and
the large surface area of the Ni/HZSM-5.50 As a result, there is
less accumulation of so coke on the catalyst surface, which
improves long-chain HCs selectivity. This is reected in the
broader product distribution observed with the Ni/ZSM-5. The
formation of so coke in this scenario results from the accu-
mulation of intermediates on the catalyst surface. These inter-
mediates lead to the formation of long-chain HCs and coke
during further polymerisation, which might ultimately lead to
the Ni/HZSM-5 deactivation.51–53

The pure HZSM-5 catalyst, which had not been used previ-
ously, showed the least weight loss as it was not exposed reac-
tion process, hence no coke formation. As can be seen in Fig. 7,
the DTA curve shows a higher peak for the Ni/HZSM-5, indi-
cating a susceptibility to coke formation. This result agrees with
the higher coke formation observed in the TGA analysis for Ni/
HZSM-5. From the coke study, it can be deduced that the
conversion of 1-propanol to HC for the Ni/HZSM-5 catalyst
could decrease with longer time-on-stream (TOS) due to the
formation of hard coke. The addition of Ni species leads to
a decrease in strong acidity and an increase in pore size, both of
which contribute to the improved selectivity of this catalyst for
long-chain HCs. The reduced BAS results in less cracking and
less condensation, which favours the formation of long-chain
HCs, which tend to block the catalyst pores.54 Consequently,
high coke deposition on the Ni/HZSM-5 increases the diffusion
resistance and minimises the available active sites, which in
turn contributes to increased catalyst deactivation. A summary
of the coke deposition and weight loss of the spent catalysts can
be found in Table 2.

3.2.3. Coke composition study. FTIR spectroscopy was
used to identify the binding vibrations of the spent (coked)
catalyst and adsorbed hydrocarbons on the spent catalysts aer
1-propanol conversion. The identication of coke can be
deduced from the characteristic spectral bands of the hydro-
carbon molecules. The important regions in the FTIR spectrum
that are of interest for the characterisation of coke are the 1300–
1700 cm−1 and 2800–3100 cm−1 regions (Fig. 8). The vibrations
in 1300–1700 cm−1 are due to the presence of polycondensed
aromatics, conjugated olens and some aliphatic bending
modes, while the vibrations in the 2800–3100 cm−1 region
indicate aliphatics (asymmetric and symmetric stretching) and
single ring aromatics (Table 3).55–58 However, these values are
© 2025 The Author(s). Published by the Royal Society of Chemistry
approximate and may contain slight deviations due to certain
variables. The dominant band at 1625 cm−1 was more
pronounced in the Ni/HZSM-5, indicating the formation of
more double-bonded or olenic HCs in contrast to Ni/HZSM-5.
In addition, the Ni-doped catalyst exhibited a higher abundance
of CH3 groups and CH2 groups than the unmodied HZSM-5.
These results are consistent with previous studies,55,56,58 indi-
cating that metal species promote the formation of olenic
hydrocarbons and long aliphatic chains in the coke composi-
tion through processes such as aromatisation and oligomer-
isation. The observed trends in reaction products in Fig. 1a and
b and adsorbed hydrocarbons are consistent with expectations
for the 1-propanol conversion.58–60 The data presented show
a correlation between olen production and conversion level,
suggesting that olens act as reaction intermediates while
heavy aliphatic and aromatic compounds are end products,
which is consistent with the general mechanism of 1-propanol
conversion.

In contrast to unmodied HZSM-5, the deactivation of Ni/
HZSM-5 can be attributed to the poisoning of the active sites
by coke deposits. Hydrocarbon molecules can be dehydrated,
fragmented, and polymerised during the reaction, forming coke
that is attached to the surface of the catalyst and hinders the
active sites. With nickel-doped HZSM-5, coke formation is more
evident due to the high performance of Ni in promoting dehy-
drogenation, which produces carbonaceous species. Coking
tends to occur at more acidic sites and accelerates the catalyst
deactivation. This deactivation is due to coke deposition, which
RSC Adv., 2025, 15, 3988–3999 | 3995
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Table 3 FTIR wavenumbers and functional group representations for unused and spent catalysts

FTIR wavenumber (cm−1) Representation/functional groups Ref.

1300–1700 range Polycondensed aromatics (PCA), conjugated olens, and aliphatic 55–58
2800–3100 range Aliphatics and single-ring aromatics
1390 Terminal –CH3 groups
1450 Aliphatics and alkyl aromatics
1595 Coke band or PCA
1620 Double bonds or olens
2850 –CH2 groups
2960 –CH3 groups
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reduces the surface area of the catalyst and hinders reactants'
accessibility to the active sites, hence reducing catalytic
performance.61,62

The ndings of this study align with those reported by Wan,
Li,63 where two ZSM-5 catalysts, one with nanocrystals around
100 nm in size and the other with microcrystals approximately
13 mm, were synthesised and evaluated for methanol-to-
gasoline (MTG) conversion efficiency, with particular
emphasis on coke formation and characteristics. When meth-
anol conversion dropped to 50%, marking the catalyst's effec-
tive lifespan, the nanocrystal catalyst accumulated 31.1 wt%
coke, compared to 14.1 wt% in the microcrystal catalyst.
Remarkably, the nanocrystal catalyst's lifespan was nearly seven
times longer than that of the microcrystal counterpart. This
difference in longevity was investigated by analysing the rate of
internal coke formation and the external coke structure using
nitrogen physisorption, TGA, and TEM techniques. Findings
showed that internal coke in the microcrystal catalyst accu-
mulated more rapidly, leading to faster active site coverage and
pore blockage, which in turn hastened deactivation. Conversely,
coke mainly formed on the nanocrystal catalyst's exterior,
producing a porous, graphitic layer that minimally impacted
catalytic performance. Aer regeneration, the coke-laden
nanocrystal catalyst demonstrated an extended lifespan in
repeated tests under similar conditions, likely due to decreased
aluminium content enhancing catalytic durability.63

To mitigate coke deposition and prevent deactivation in
metal-doped ZSM-5 zeolite catalysts during the conversion of
alcohol to fuel-range hydrocarbons, several strategies can be
adopted to enhance coke resistance. By improving meso-
porosity, the hierarchical pore system will enhance the diffu-
sion of larger hydrocarbon intermediates, effectively reducing
internal coke formation, which oen clogs micropores in
conventional ZSM-5. In addition, alumina coating has been
shown to restrict coke formation on the surface, further
improving resistance to carbon deposition without compro-
mising active internal sites.64,65 Carefully optimising reaction
conditions can minimise coke deposition, particularly by
reducing the formation of hard coke, and enable longer oper-
ating cycles between regenerations.66,67 Furthermore, a correc-
tive coke mitigation approach can be applied. This involves
catalyst regeneration through a dual-stage coke combustion
approach, in which so coke is removed by sweeping with N2 or
combustion under mild conditions to maintain structural
3996 | RSC Adv., 2025, 15, 3988–3999
stability while hard coke is selectively oxidised at controlled
temperatures not exceeding the calcination threshold. This
method preserves the catalyst framework and extends its life-
span and performance without the harsh thermal treatments
(>700 °C) that oen lead to the dealumination of ZSM-5 cata-
lysts.68 Through these advanced strategies, the metal-doped
ZSM-5 catalyst can achieve improved performance and dura-
bility in alcohol conversion, maintaining high activity and
selectivity for fuel-range hydrocarbons with minimised coke-
related deactivation.

The ndings on coke deposition in ZSM-5 catalysts during 1-
propanol conversion to fuel have promising implications for
industrial applications and commercial catalyst development.
The hierarchical structure of ZSM-5, which demonstrated
resistance to coke formation, suggests a scalable approach to
creating catalysts that retain activity over extended use. This
could reduce regeneration cycles, lowering operational costs
and enhancing efficiency for continuous fuel production. The
study's insights on reaction conditions and metal-incorporated
catalyst design offer a roadmap for developing commercial
catalysts that minimise coke formation while maintaining high
conversion rates. By optimizing catalyst structure and opera-
tional conditions, these ndings provide a foundation for
producing durable catalysts suitable for industrial alcohol-to-
fuel processes, such as alcohol-to-gasoline or alcohol-to-jet
fuel, supporting sustainable fuel production on a larger scale.
4. Conclusion

The effect of nickel modication on the coke formation of
hierarchical HZSM-5 catalysts for the conversion of 1-propanol
into fuel blendstocks was investigated at 350–400 °C and 7–12
h−1. The evaluation of these catalysts in the conversion of 1-
propanol showed a consistent conversion of >98% for both
catalysts. While both catalysts showed signicant selectivity for
jet fuel and gasoline blends at >80 and >50%, respectively, Ni/
HZSM-5 improved BTX production (19.4%). The stability study
indicates that HZSM-5 offers greater stability and lower deacti-
vation over time, whereas Ni/HZSM-5 shows higher initial
activity, especially for jet fuel, but with a tendency for faster
deactivation. These ndings suggest that hierarchical HZSM-5
may be preferable for continuous long-term operations, while
Ni/HZSM-5 could be benecial for shorter-term processes where
high jet fuel output is desired. The coke study showed that
© 2025 The Author(s). Published by the Royal Society of Chemistry
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HZSM-5 exhibited coke deposition of 2.80% and 2.24% at 200–
400 °C and 400–600 °C, respectively. Ni/HZSM-5 showed higher
deposition of hard coke (3.01 wt%) than so coke (2.49 wt%),
which can be attributed to the catalytic role of Ni in the oxida-
tion of so coke, resulting in improved selectivity for long-chain
HCs. These results were conrmed by a DTA analysis, which
showed that the Ni-doped catalyst has a higher affinity for
coking and is more susceptible to deactivation than the
unmodied catalyst. These results show the effect of Ni doping
on coke deposition and catalyst performance. The coke
composition showed that spent catalysts comprise poly-
condensed aromatics, conjugated olens and some aliphatics.
This study provides valuable insights for biomass and biomass-
derived technology developers as it contributes to the under-
standing of coke formation, catalyst deactivation and lifetime.
This understanding will facilitate the development of more
effective and stable hierarchical catalysts, leading to lower
process costs in the long term.

The ESI† le provides detailed characterization results of the
fresh catalysts.
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