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Abstract

Cellulose has received significant attention, given its high demand for the transition to
sustainable fuels and renewable energy, addressing the environmental challenges of fossil
fuels. Fast pyrolysis is a process that can transform cellulose into bio-oil. Although the
bio-oils produced contain considerable amounts of oxygen and water, they are highly
corrosive and highly viscous, which limits their utility as biofuels. Pyrolysis bio-oils require
upgrading to remove oxygen and corrosive components, thereby enhancing their stability
for use as biofuels and their environmental sustainability. This study investigates the
catalytic pyrolysis of cellulose without a catalyst and with Ga/HZSM-5 catalysts with
various gallium loadings (0.3, 3 and 9 wt%) and bulk Ga2O3 catalysts using pyrolysis/gas
chromatography–mass spectrometry (Py/GC-MS). The catalytic influence of different
gallium loadings on HZSM-5 in cellulose pyrolysis reactions is discussed using a range
of characterisation techniques, including ICP, XRD, N2 porosimetry, DRIFTS, and TPRS.
The main production of oxygenated compounds (furan, sugar, ketone and phenol) and
hydrocarbon products, including total aromatic and monocyclic and polycyclic aromatics,
as well as benzene, toluene, xylene (BTX) and naphthalene compounds, using a family of
Ga-doped HZSM-5 catalysts for cellulose pyrolysis is investigated for making sustainable
cellulose-derived fuel. Ga(3)/HZSM-5 formed the highest amount of aromatics, displaying
that aromatic yield depends on the Brønsted-to-Lewis acid balance (2.3 ratio) and total
acidity (1.03 mmol·g−1), rather than on gallium loading alone.

Keywords: pyrolysis/gas chromatography–mass spectrometry (Py/GC-MS); gallium/
HZSM-5; bio-oil

1. Introduction
As an alternative fuel source, given the high demand for fossil fuels, biomass- and

cellulose-derived hydrocarbon fuels have received significant attention due to their po-
tential to reduce environmental impacts. Fast pyrolysis is one of the main processes
used to transform biomass into liquid hydrocarbons [1,2]. Fast pyrolysis is a reaction
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that pyrolyses biomass in an inert environment at atmospheric pressure in the absence of
oxygen [3,4]. Cellulose, hemicellulose, and lignin of biomass decompose into small oxy-
genated molecules as pyrolysis vapours when biomass is heated quickly at intermediate
temperatures (400–600 ◦C) in the absence of oxygen [5,6]. These pyrolysis vapours can be
cooled to yield a liquid fuel, normally denoted bio-oil or pyrolysis oil [7,8]. The bio-oil
produced is a combination of oxygenated species that typically contain phenolics, furans,
carboxylic acids, and other minor oxygenates that vary with different biomass sources and
processes [9,10]. The derived bio-oil requires upgrading to obtain valuable products such
as diesel, gasoline or valuable chemicals [11,12].

Zeolite catalysts can be used in the pyrolysis of biomass to convert pyrolysis vapours
into aromatic hydrocarbons directly in a single step [13–15]. Catalytic fast pyrolysis can
transform biomass into gasoline-range aromatics (C6–C12) in a single step [3,16]. Many
researchers have examined various zeolites for biomass transformation into aromatic pro-
duction [14,17–19]. HZSM-5, Zeolite Y, Zeolite Beta, Mordenite and numerous mesoporous
catalysts (Al-MCM-41 and Al-MSU-F) have been evaluated on different feedstocks, such as
sorbitol, glycerol, glucose and xylose. These findings reported that using zeolites increased
the aromatic hydrocarbon production significantly. Furthermore, CO and coke were pro-
duced during this reaction. Most of these studies suggested that HZSM-5 produced the
highest yields of aromatic hydrocarbons among zeolite catalysts [5,20,21].

Zeolite catalysts are desirable in fast pyrolysis reactions because of their shape selec-
tivity [22,23]. Shape-selective catalyst for pyrolysis is described as being initiated by either
transition state effects or transport phenomena [24,25]. Additionally, various zeolite pore
volume sizes between 5 Å and 12 Å influence mass transfer by selectively preventing reac-
tant molecules that are too large to fit within the pores. Hence, zeolites limit the formation
of compounds to a size exceeding the pore size of zeolites. Shape selectivity arises from
the restricted spaces found at the intersections of the pores. The confined spaces within
zeolite pores restrict certain transition states, thereby influencing the reaction pathway.
Additionally, the catalytic behaviour can be further complicated by reactions occurring on
the external surface of the zeolite [20,26].

Small-pore zeolites (SAPO-34 and ZK-5), medium-pore zeolites (ZSM-5, ZSM-11,
ZSM-23, Ferrierite and MCM-22) and large-pore zeolites (Zeolite Beta and Zeolite Y) were
evaluated for catalytic fast pyrolysis of glucose to produce aromatic hydrocarbons [20,27].
It has been reported that most reactants and aromatic products can be accommodated
within the medium- and large-sized pores of zeolites. Although small-pore zeolite catalysts
produced the largest mass fraction of coke, they did not form any aromatic hydrocarbons
with oxygenated products [20]. Medium-pore zeolites between 5.2 Å and 5.9 Å formed the
maximum amount of aromatic hydrocarbons. Furthermore, large-pore zeolites produced
an elevated quantity of coke and a small quantity of aromatics. Internal pore volume and
steric hindrance play an essential part in pore window size in the production of aromatics.
Medium-pore zeolites, such as ZSM-5 and ZSM-11, possessing moderate internal pore
space and steric constraints produced the maximum amount of aromatics with the least
coke formation [20].

Furthermore, the alumina content of zeolite particles plays an essential part in cata-
lyst hydrophilicity [28] and Brønsted acid site density, which may impact aromatic pro-
duction [29,30]. Foster et al. suggested that a silica-to-alumina ratio of 30 for HZSM-5
(SiO2/Al2O3 or SAR = 30) produced more aromatic products compared with SAR = 23, 50
and 80. This shows that the acid concentration of zeolite catalysts is an essential factor in
producing the maximum amount of aromatic hydrocarbons [31]. Zeolite catalysts modified
with transition metals such as Ce, Ni, Co and Ga produce a higher yield of aromatics and
higher selectivity than commercial zeolite catalysts in bio-oil upgrading [32–34].
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Several studies have investigated the effect of metal modification on HZSM-5 catalysts
for catalytic pyrolysis. Islam et al. [35] compared HZSM-5 with various metal-modified
forms, including Ga/ZSM-5, Ga/Ni/ZSM-5, Ga/Co/ZSM-5, and Ga/Cu/ZSM-5, and
reported that Ga/ZSM-5 yielded the highest liquid oil production, approximately 41%.
Dai et al. [36] further highlighted that gallium-modified HZSM-5 positively influenced
aromatic hydrocarbon formation, whereas iron-modified HZSM-5 reduced the amount of
aromatics but increased benzene, toluene, and xylene (BTX) selectivity from 51.1% to 58.1%.
In studies focusing on monocyclic aromatic hydrocarbons (MAHs), it was observed [37]
that 8Ni/HZSM-5 achieved a MAH yield of 53.5%, while 3 Ga/HZSM-5 produced an
even higher MAH yield of 61.4%, demonstrating the superior performance of gallium in
promoting aromatic selectivity. Therefore, gallium effectively promotes the conversion of
biomass-derived olefins into aromatic hydrocarbons [38].

There are different methods to introduce gallium into zeolite catalysts, such as incipient
wetness impregnation and ion exchange [39,40]. However, different preparation methods
of Ga/zeolite do not seem to have a considerable effect on the catalytic behaviour of
aromatisation [39,41].

Yung et al. [42] investigated biomass pyrolysis over Ga-modified HZSM-5 using a
multi-scale reactor approach, including (i) a pyroprobe reactor with 10 mg of catalyst
operated as a fixed bed at a WHSV of 36 h−1, (ii) a fixed-bed reactor with 500 mg of
catalyst at a WHSV of 6 h−1, and (iii) a large-scale fluidised-bed reactor using 1 kg of
catalyst at a WHSV of 7 h−1. Across reactor scales, Ga-doped HZSM-5 increased the yield
of aromatic liquid-range hydrocarbons by approximately 30% compared with HZSM-5-
derived oil. Furthermore, Mao et al. [43] found that compared with pure HZSM-5 after
five catalytic biomass fast pyrolysis runs, gallium-modified HZSM-5 catalyst showed
higher aromatic hydrocarbon selectivity (up to around 85% vs. 16%) and near-complete
recovery upon regeneration (activity index of around 98%), indicating strong potential for
industrial application.

Despite these promising results, the effects of varying gallium loadings on HZSM-5
surface acidity and their influence on cellulose fast pyrolysis remain poorly understood. In
particular, direct comparisons with bulk Ga2O3 under identical conditions have received
limited attention, and the relationships among catalyst composition, acidity, and pyrolysis
product distribution have been systematically explored to a limited extent.

This investigation will evaluate the effect of various gallium loadings (0.3, 3 and
9 wt%) on the surface acidity of HZSM-5 catalysts and compare them with bulk Ga2O3

to understand their behaviour in the fast pyrolysis of cellulose, using analytical pyroly-
sis/gas chromatography–mass spectrometry (Py/GC-MS). Py/GC-MS of cellulose with
Ga/HZSM-5 catalysts and bulk Ga2O3 is applied to simulate the heating rate and quantify
the fast pyrolysis yield to investigate the primary light- and medium-volatile decomposition
products generated from this feedstock.

2. Materials and Methods
2.1. Catalyst Preparation

HZSM-5 zeolite was first calcined in air at 550 ◦C for 4 h to remove surface impurities.
The HZSM-5 used was an industrial sample (SiO2:Al2O3 = 30; Zeolyst International, CBV
3024E, Conshohocken, PA, USA). Gallium was introduced via wet impregnation by mixing
3 g of the calcined zeolite with 20 mL of aqueous gallium nitrate hydrate (Ga(NO3)3·xH2O;
crystalline, ≥99.9% trace metals; Sigma-Aldrich, St. Louis, MI, USA) at concentrations
of 0.005 M, 0.03 M, and 0.1 M to achieve the desired loadings. The resulting slurries
were stirred at room temperature for 6 h, dried overnight at 90 ◦C, and subsequently
calcined at 500 ◦C for 4 h under static conditions. The prepared catalysts are denoted by

https://doi.org/10.3390/environments13020113

https://doi.org/10.3390/environments13020113


Environments 2026, 13, 113 4 of 15

Ga(wt%)/HZSM-5, where Ga(wt%) indicates the actual gallium content. For comparison,
bulk gallium oxide (Ga2O3; ≥99.99% trace metals; Sigma-Aldrich) was calcined at 500 ◦C
for 4 h and used as a reference material. Therefore, catalysts were synthesised via incipient
wetness impregnation, a well-established method that ensures uniform metal dispersion
and precise control of gallium loading, thereby enhancing catalytic performance [44].

2.2. Catalyst Characterisation

Elemental analysis using a Thermo Fisher (Waltham, MA, USA) iCAP 7000 induc-
tively coupled plasma optical emission spectrometry (ICP-OES) instrument was done to
measure the Ga loading. The crystalline phases of the catalysts were characterised by X-ray
diffractometry (XRD) on a Bruker D8 Advance diffractometer (Billerica, MA, USA) with
Cu Kα radiation, scanning 2θ from 10 to 60 ◦ at a step size of 0.04 ◦. Additionally, the
Scherrer equation was used to measure average particle sizes from the peak width of the
characteristic of the catalysts.

N2 porosimetry was done by a Quantasorb Nova 4000e porosimeter (Boynton Beach,
FL, USA) to measure mesopore volumes, surface areas and pore size distributions. Before
the analysis, the catalysts were outgassed under vacuum for around 20 h at 300 ◦C. Specific
surface areas were measured from the adsorption isotherms using the Brunauer–Emmett–
Teller (BET) model at P/P0 = 0.02–0.07. Micropore volumes were measured via the t-plot
technique by Lippens and de Boer at P/P0 = 0.2–0.5.

Lewis and Brønsted acid sites were assessed by diffuse reflectance infrared Fourier
transform spectroscopy (DRIFTS) following pyridine adsorption on catalysts diluted with
KBr (10 wt%). Excess physisorbed pyridine was removed by drying the catalysts overnight
under vacuum at 30 ◦C. DRIFTS characterisation was conducted by a Nicolet Avatar
370 MCT, incorporating a Smart Collector accessory and a liquid-nitrogen-cooled mercury
cadmium telluride (MCT-A) detector. Background-subtracted spectra were applied to
measure the relative amounts of Lewis and Brønsted acid sites from the proportion of
absorbance intensity bands at 1444 cm−1 and 1545 cm−1.

Acid site strengths and loadings were evaluated by Sigma Aldrich n-propylamine
(≥99%) temperature-programmed reaction spectroscopy (TPRS) via Hofmann elimination,
which produces propene and ammonia. The experiments were conducted on a Mettler
Toledo TGA/DSC 2 STARe system (Columbus, FL, USA) coupled with a Pfeiffer Vacuum
ThermoStar GSD 301 T3 benchtop mass spectrometer (Nashua, NH, USA). Approximately
20 mg of catalyst was placed in an alumina crucible, with a minimum amount of liquid n-
propylamine (≥99%; Sigma-Aldrich) introduced in a controlled amount to ensure saturation
of surface acid sites. The sample was allowed to equilibrate at 30 ◦C, after which excess
physisorbed n-propylamine was removed under dynamic vacuum for 1 h to retain only
chemisorbed species. After that, the catalysts were heated at a rate of 10 ◦C·min−1 from
40 ◦C to 800 ◦C under a nitrogen flow (40 mL·min−1) using a thermogravimetric analyser
(TGA). The evolved gases were monitored by mass spectrometry (m/z = 41) to detect
propene formation. The propene peak was used to calculate the acid site loading, assuming
one mole of propene per site. Acid strength was measured from the desorption peak
temperature (Tmax), with lower Tmax values indicating stronger acid sites.

2.3. Pyrolysis/Gas Chromatography–Mass Spectrometry (Py/GC-MS)

Systematic Py/GC-MS was applied to measure and simulate fast pyrolysis heating
rates [45,46] and to investigate the primary light- and medium-volatile products formed
during cellulose pyrolysis. For each test, about 3 mg of cellulose and 5 mg of catalyst were
pyrolysed using a CDS 5200 pyrolyser coupled to a Varian 450-GC chromatograph and then
a Varian 220-MS mass spectrometer (Palo Alto, CA, USA). An excess of catalyst relative to
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cellulose (5:3) is used in Py-GC/MS catalytic fast pyrolysis to maximise contact between
the volatile pyrolysis products and the active sites on the catalyst [47,48].

Samples were pyrolysed at 550 ◦C with a residence time of 2 s at a heating rate of
20 ◦C·ms−1 (~2 × 104 ◦C·s−1), characteristic of micro-pyrolysis systems that simulate fast
pyrolysis conditions [49]. Separation was achieved on a Varian factorFour column (30 m,
0.25 mm id, 0.25 µm df). The oven was initially held at 45 ◦C for 2.5 min, ramped to 250 ◦C
at a rate of 5 ◦C·min−1, and maintained at 250 ◦C for 7.5 min. The devolatilised components
were transferred to the GC column via a heated line kept at 310 ◦C, while the PTV1070
injection port was held at 275 ◦C.

Compound identification was performed tentatively using the NIST05 mass spectral
library over m/z 45–300, with acceptable similarity scores (>75%), retention time con-
sistency, and characteristic fragmentation patterns [50]. No explicit isomer verification
or chromatographic deconvolution was applied. Potential coelution was addressed by
assigning peaks based on dominant library matches and diagnostic fragment ions. No
internal standard (IS) was used. Calibration standards (syringaldehyde, vanillin, creosol,
furfuryl alcohol, furfural, 2-methoxy-4-vinylphenol, phenol, guaiacol, catechol, p-cresol,
and levoglucosan, 500–4000 µg·mL−1 in GC-grade ethanol) were prepared only to verify
compound identification and detector response, not for quantitative calculations.

Pyrolysis products were quantified as relative peak areas (%), calculated as the indi-
vidual peak area divided by the total chromatogram area. Total aromatic hydrocarbons
were obtained by summing peaks assigned to benzene, toluene, xylene (BTX), monocyclic,
and polycyclic aromatics, with classes defined based on ring structure and functional
groups. All Py/GC–MS experiments were performed in duplicate, and reported values
represent the mean relative peak areas. Error bars indicate the variability between the
two replicate measurements. Data are therefore semi-quantitative, enabling comparison of
catalyst performance without reporting absolute concentrations.

3. Results
3.1. Catalyst Characterisation

Table 1 shows ICP elemental analysis results for Ga(wt%)/HZSM-5 and Ga2O3.
Figure 1a displays XRD profiles for HZSM-5 at various gallium loadings and for bulk
Ga2O3. No reflections attributable to gallium oxide phases were observed at any loading,
indicating either the formation of highly dispersed Ga2O3 nanoparticles within the HZSM-5
pores or the incorporation of Ga3+ ions into the framework in place of Al3+ (protons on the
zeolite surface) [51].

Table 1. ICP elemental analysis and XRD of catalysts.

Properties Unit HZSM-5 Ga(0.3)/HZSM-5 Ga(3)/HZSM-5 Ga(9)/HZSM-5 Ga2O3

Ga loading wt% 0 0.3 ± 0.05 3 ± 0.6 9 ± 1.7 75 ± 1.5
Crystallite size nm 65 ± 3.3 55 ± 2.7 50 ± 2.5 62 ± 3.1 26 ± 1.3

Nitrogen adsorption–desorption isotherms are displayed in Figure 1b. BET sur-
face area and pore volume analysis are reported in Table 2. The acid characteristics of
Ga(wt%)/HZSM-5 and Ga2O3 are investigated by pyridine-adsorbed DRIFTS (Figure 2a).
The ratio of Brønsted to Lewis acid sites is determined by comparing the intensities of
the 1545 cm−1 and 1444 cm−1 infrared bands (Figure 2b). Propylamine TPRS is employed
to assess acid strength (Figure 3a). Additionally, Figure 3b presents the acid site con-
centrations and the ratio of strong to weak acid sites for HZSM-5 catalysts with varying
gallium loadings.
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(a) (b) 

Figure 1. (a) XRD profiles and (b) nitrogen porosimetry of catalysts.

Table 2. Nitrogen porosimetry analysis of catalysts.

Properties Unit HZSM-5 Ga(0.3)/HZSM-5 Ga(3)/HZSM-5 Ga(9)/HZSM-5 Ga2O3

VTotal mL·g−1 0.294 ± 0.01 0.290 ± 0.01 0.249 ± 0.01 0.210 ± 0.01 0.08 ± 0.004
Vmicro mL·g−1 0.141 ± 0.03 0.140 ± 0.03 0.106 ± 0.03 0.099 ± 0.03 -
SBET m2·g−1 426 ± 20.0 420 ± 20.0 339 ± 15.0 313 ± 15.0 8 ± 0.5

 

(a) (b) 

Figure 2. (a) DRIFTS of pyridine-saturated and (b) ratio of Brønsted to Lewis acid sites (1545 cm−1:
1444 cm−1 bands) for catalysts.
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(a) (b) 

Figure 3. (a) Propene formation from propylamine TPRS and (b) acid site analysis of catalysts.

3.2. Analytical Pyrolysis

It should be considered that the pyroprobe reactor exhibits substantial differences
compared with large-scale reactors used for the production of liquid hydrocarbons via
catalytic pyrolysis, such as heat and mass transfer, and catalyst substrate ratio [52]. There-
fore, these results may only partially reflect the composition of fast pyrolysis products in
larger-scale reactors. The pyroprobe technique is very useful for comparing the efficiency of
reactant–catalyst combinations and for catalyst screening and the identification of reaction
intermediates [52].

Figure S1 shows the Py/GC-MS peaks for cellulose pyrolysis in the absence of a catalyst
and over different gallium loadings on HZSM-5 as well as Ga2O3 catalysts. Significant
differences can be observed in cellulose decomposition in both the absence and presence of
various catalysts. Table S1a,b list the numbered compounds from Figure S1, which were
observed by Py-GC/MS.

3.3. Catalytic Activity in Pyrolysis

A series of Ga-doped HZSM-5 catalysts was applied to study the catalyst framework
effect on the cellulose pyrolysis reaction. Figure 4a shows the relative abundance of the
main produced chemical groups (furan, sugar, ketone, phenol and total aromatics) and
correlation with the Brønsted:Lewis acid ratio. Figure 4b represents the main compounds,
as well as monocyclic and polycyclic aromatics, and their correlation with the acid site
loading of different catalysts. Figure 5 shows that BTX and naphthalene are produced with
a series of catalysts.

https://doi.org/10.3390/environments13020113
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(a) (b) 

Figure 4. (a) Relationship between the relative abundance of major compound groups and Brønsted:
Lewis ratio and (b) relationship between the relative abundance of major compound groups and the
acid site loading of catalysts.

Figure 5. Correlation between BTX and weak:strong acid site ratio of catalysts.

4. Discussion
4.1. Catalyst Characterisation

ICP elemental analysis (Table 1) showed that Ga at different loadings is impregnated
with the HZSM-5 catalyst. Crystalline phases were analysed using XRD (Figure 1a). It has
been reported that impregnation promotes the formation of Ga2O3 and the trace surface
GaO+ species on HZSM-5, resulting in the introduction of weak Lewis acidity [53]. How-
ever, ion exchange through refluxing HZSM-5 in aqueous Ga(NO3)3 at 70–100 ◦C favours
framework dealumination in Ga/HZSM-5 [41,54,55]. Despite the similarity between the
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reported synthesis procedures and the current study’s impregnation conditions, it remains
unclear whether Ga is present as surface GaO+ clusters or incorporated into the zeolite
framework. Protons are well known to play an essential part in governing interactions
between metal oxides and zeolite surfaces [56,57]. XRD analysis confirmed that the refer-
ence gallium oxide was monoclinic Ga2O3, showing characteristic reflections at 2θ values
around 19◦, 30–32◦, 33–35.5◦, 37–39◦, 42.8◦, 46–49◦, and 57.5◦ [58,59]. Additionally, the
parent HZSM-5 crystallite sizes showed no significant changes with varying Ga loading
(Table 1).

Nitrogen porosimetry showed type IV isotherms for different gallium loadings on
HZSM-5 (Figure 1b), where the mesoporosity is due to interparticle voids [51,60]. Increasing
Ga loading on HZSM-5 led to progressive decreases in micropore volume, total pore
volume and BET surface area (Table 2), suggesting that extra-framework gallium deposition
partially blocked the micropores [61]. Bulk Ga2O3 exhibited an extremely low surface area
(<9 m2·g−1).

Following pyridine adsorption, Figure 2b revealed bands at 1545 cm−1 and
1444 cm−1, corresponding to Brønsted and Lewis acid sites, respectively, while the band at
1490 cm−1 indicates adsorption on both types of acid sites [61]. The Brønsted:Lewis ratio
showed a more significant decrease for Ga(9)/HZSM-5, consistent with previous literature
reports [61–63]. DRIFTS investigation of pyridine on Ga2O3 revealed two weak bands at
1452 cm−1 and 1614 cm−1, indicating the presence of Lewis acid sites, as noted in previous
studies [51,64,65].

Reactively formed propene (Figure 3a), produced from the breakdown of propy-
lamine at active sites, was identified in two desorption peaks at approximately 480 ◦C and
540–555 ◦C, corresponding to strong and weak acid sites, respectively, for various gallium
loadings on HZSM-5. The former may be attributed to high-index facets or defects [66,67].
The temperature of the weak desorption peak shifted slightly with the increase in Ga
loading. However, bulk G2O3 is dominated by weak Lewis acid sites with negligible
strong acidity [68]. Additionally, acid site loadings and the strong:weak acid site ratio
for Ga/HZSM-5 catalysts decreased with the increase in Ga loading (Figure 3b). With
the increase in gallium content, the strong-to-weak acid site ratio declined monotonically,
attaining a value of about 1.0 for Ga(9)/HZSM-5. This decline in acid strength is attributed
to the substitution of less electronegative Ga3+ ions for Al3+ in the zeolite framework, which
reduces hydroxyl polarisation and, consequently, weakens the Brønsted acid sites [51,62].

4.2. Analytical Pyrolysis

Table S1a,b show the variation among products across various compound classes as
the catalyst is varied. It is clear that the non-catalytic pyrolysis of the cellulose sample
produced a large amount of sugars and furans, whereas the use of gallium on HZSM-5
catalysts formed a large amount of aromatic hydrocarbons. Furthermore, the bulk Ga2O3

catalyst did not produce any significant amount of aromatic hydrocarbons.

4.3. Catalytic Activity in Pyrolysis

Non-catalytic pyrolysis (Figure 4a) of the cellulose sample formed only a trace amount
of aromatic compounds but a more significant amount of sugar and furan [69]. However,
the aromatic hydrocarbons increased when using the HZSM-5 catalyst [17,70]. Lin et al.
reported that anhydrosugars produced from cellulose undergo dehydration to form fu-
rans [69]. Over HZSM-5, furans subsequently undergo acid-catalysed reactions, including
cracking, dehydration, oligomerisation, cyclisation, and aromatisation. These pathways
lead to the formation of olefins and aromatic hydrocarbons, with CO, CO2, and H2O gener-
ated as secondary products through decarbonylation and decarboxylation reactions [71,72].
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These transformations are facilitated because of the structure, pore size, internal pore
volume and acid properties of the zeolite catalyst [71,72].

Different gallium loadings over HZSM-5 formed high aromatic hydrocarbons because
of the total pore volume of HZSM-5 in the range of 0.210–0.295 mL·g−1 (Table 2), which is
consistent with the literature [20,73]. Wang et al. reported that in the methanol-to-olefins
(MTO) reaction, the hydrocarbon pool intermediates could not form in H-ZSM-22 with
a smaller channel diameter of 5.7 Å, while the reaction proceeded in H-ZSM-12 with a
channel diameter of 5.7–6 Å, indicating that the key reactive intermediates require channels
larger than 5.7 Å [74]. In this study, the total pore volume of HZSM-5 (0.294 mL·g−1;
Table 2) could provide sufficient space for the adsorption and diffusion of furan and other
small intermediates, thereby supporting efficient catalytic conversion.

Cellulose pyrolysis over bulk Ga2O3 catalysts did not produce any aromatic hydrocar-
bon (Figure 4a), while it formed a high abundance of furan, ketone and phenol because
Ga2O3 does not have the structure of zeolite catalysts to produce any hydrocarbon, and it
acts just as a Lewis acid site. The conversion of furan into aromatic products is significantly
limited when Brønsted acid sites are absent [41].

Figure 4a,b show that Ga(3)/HZSM-5 produced the highest levels of total and mono-
cyclic aromatic hydrocarbons. The Ga(0.3)/HZSM-5 and Ga(9)/HZSM-5 catalysts gener-
ated similar amounts of monocyclic and polycyclic aromatics, but both produced lower
total aromatics than Ga(3)/HZSM-5.

One possibility could be that increasing the gallium loading on HZSM-5 catalysts
affects both framework and extra-framework Ga species. It is reported that at low Ga/Al
ratios (<2.0), Ga predominantly forms extra-framework GaO+ species, enhancing Lewis
acidity, while at higher Ga/Al ratios (>2.0), Ga3+ partially incorporates into the zeolite
framework via Ga–O–Si bonds, generating weaker Brønsted sites and limiting space for
extra-framework species [62]. Therefore, this shift in the Brønsted/Lewis balance reduces
Brønsted-driven cracking and influences aromatisation, as shown in Figure 4a.

As a result, Ga(3)/HZSM-5 provides a balance of Brønsted and Lewis acid sites,
accelerating the aromatisation reaction [75]. Park et al. reported that 1 wt% Ga on Meso-MFI
zeolite increased the monocyclic aromatic yield from 20% to 38%, while 5 wt% Ga decreased
it to 18% due to a reduction in Brønsted acidity [76]. Kwak et al. studied Ga/HZSM-5
catalysts for propane aromatisation, finding that propane undergoes dehydrogenation over
Lewis acidic gallium sites to form propene, with aromatisation occurring over HZSM-5
sites [77].

Also, another possibility for the maximum total aromatic production for Ga(3)/HZSM-
5 is that the excessive Ga (above 3 wt% Ga) could block active acid sites more extensively,
thereby decreasing the number of active sites (Figure 4b) and decreasing the BET surface
area from 425 m2·g−1 for HZSM-5 to 310 m2·g−1 for Ga(9)/HZSM-5 (Table 2), which di-
minishes catalytic efficiency and inhibits aromatisation reactions [76]. Kelkar et al. reported
that the loading of 2.5 wt% gallium on HZSM-5 decreased the aromatic yield by 5% in
comparison to pure HZSM-5 [78]. Furthermore, Schulz et al. reported that maximum
aromatic selectivity was obtained for 3 wt% Ga on HZSM-5 catalyst with gallium contents
ranging from 1.5 wt% to 6 wt%, while using above 3 wt% gallium on HZSM-5 did not
increase the aromatic yield for the aromatisation of ethane [79]. Therefore, the selectivity
of aromatic production is not necessarily improved by adding more gallium to HZSM-5
catalysts [62,75,78].

No BTX and naphthalene are produced in the absence of a catalyst and in the pres-
ence of a Ga2O3 catalyst for cellulose pyrolysis (Figure 5). Pure HZSM-5 produced
toluene, xylene and naphthalene with no significant changes compared to Ga(0.3)/HZSM-5,
Ga(3)/HZSM-5, and Ga(9)/HZSM-5 catalysts. However, adding more gallium to HZSM-5
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gradually increased the benzene aromatic [62,80], accompanied by elevated Lewis acidity
and an increased weak-to-strong acid site ratio (Figure 5). Adjaye et al. reported that light
organics from cellulose can be deoxygenated and cracked with zeolite catalysts into C2-C6

olefins, which then aromatise them into benzene, toluene, xylene, and other aromatics [81].
Cheng et al. studied that HZSM-5 formed more toluene and xylene than Ga/HZSM-5,
while Ga/HZSM-5 increased benzene yield compared with HZSM-5 [41]. Thus, HZSM-5 is
a selective catalyst for BTX formation [82], but the selectivity toward benzene on Ga/HZSM-
5 increased with the weak-to-strong acid site ratio, indicating a preference for weak Lewis
acid sites. While environmental fuel standards limit aromatic content in finished fuels,
increasing aromatics during catalytic pyrolysis remains valuable. Ga-modified HZSM-5
enhances deoxygenation and energy density of bio-oil, producing mainly monocyclic aro-
matics that can be further upgraded or refined to meet fuel regulations [38,83]. Therefore,
Ga-modified catalysts can be justified as an intermediate step toward higher-quality bio-oil
production or the production of valuable chemicals.

5. Conclusions
Cellulose pyrolysis was investigated using Py/GC-MS analysis, both uncatalysed

and in the presence of HZSM-5, Ga(0.3)/HZSM-5, Ga(3)/HZSM-5, Ga(9)/HZSM-5, and
bulk Ga2O3 catalysts. XRD indicated no separate crystalline Ga2O3 phase, and Ga may be
highly dispersed and/or present as extra-framework species across loadings from 0.3 wt%
to 9 wt%. Increasing Ga loading on HZSM-5 has no significant impact on the zeolite’s
crystallite size but decreases Brønsted acidity and BET surface area. Non-catalytic cellu-
lose pyrolysis yielded trace amounts of aromatics but significant amounts of oxygenated
compounds, including furans and sugars, which are associated with limited bio-oil applica-
bility and low fuel stability. However, catalytic Py/GC-MS with Ga/HZSM-5 produced
abundant aromatics, showing the importance of Lewis and Brønsted acidity as well as
shape selectivity for cellulose upgrading. Bulk Ga2O3 failed to generate aromatics due to
its lack of Brønsted acidity and shape selectivity, which are crucial to aromatic production.
Furthermore, adding more gallium to HZSM-5 did not necessarily increase total aromatic
production for cellulose pyrolysis, which could be related to the balance between Brønsted
and Lewis acid sites, as well as the overall acid site loading, showing that Ga(3)/HZSM-5
produced the maximum total aromatics. Pure HZSM-5 is a selective catalyst promoting BTX
production; however, benzene production from cellulose pyrolysis was proportional to the
weak:strong acid site ratio, demonstrating that benzene production with Ga/HZSM-5 cata-
lysts favourably occurs at weak acid sites. Therefore, Ga(3)/HZSM-5 can be a promising
catalyst for industrial cellulose upgrading and bio-oil pre-treatment, providing guidance
on designing catalysts with optimised Ga loading, acid site balance, and shape selectiv-
ity. Finally, Py/GC-MS provides an effective method for quantifying and simulating fast
pyrolysis, enabling the investigation of major light- and medium-volatile decomposition
products formed in the presence of the catalysts.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/environments13020113/s1, Figure S1. Py/GC-MS chromatograms
for cellulose: (a) no catalyst and with (b) HZSM-5, (c) Ga(0.3)/HZSM-5, (d) Ga(3)/HZSM-5,
(e) Ga(9)/HZSM-5 and (f) Ga2O3; Table S1a. Cellulose pyrolysis compounds in the absence of catalyst
and with HZSM-5 and Ga(0.3)/HZSM-5 (continued); Table S1b. Cellulose pyrolysis compounds in
the presence of Ga(3)/HZSM-5, Ga(9)/HZSM-5 and bulk Ga2O3.
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