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ABSTRACT: To address the need for a sustainable chemical
industry, commodity chemicals including the aromatics benzene,
toluene, and xylenes (BTX) must be produced from renewable
feedstocks such as biomass-derived furans. Here, the conversion of
2,5-dimethylfuran (2,5-dmf) into aromatics was studied by step-
response experiments in a chemical flow reactor, catalyzed by a
series of phase-pure MFI framework Ga-zeotype catalysts with a
gallium content ranging from 0.5 to 11 wt %. The lifetime of the
catalyst and its aromatic production increase with increasing
gallium content, demonstrating a near-40-fold increase in benzene
production when increasing the gallium content from 0.5 to 8.6 wt
%, while a further increase to 11 wt % leads to a decrease in
benzene production due to rapid deactivation of the catalyst by coke. Acid site analysis reveals that aromatization occurs on strong
Brønsted acid sites, promoted by strong Lewis acid sites, while isomerization occurs on weak Brønsted acid sites. At high gallium
content (≥6.0 wt %), gallium-based nanoparticles are formed, whose presence results in faster catalyst deactivation. The catalysts
were active for five consecutive cycles and were readily regenerated, recovering the majority of their initial acid sites.

■ INTRODUCTION
The growing demand for a sustainable chemical industry
motivates the search for alternatives to petroleum-based
feedstocks. Chemicals that are interesting for this transition
are the light monocyclic aromatics benzene, toluene, and
xylenes (BTX), used in the production of dyes, pharmaceut-
icals, pesticides, plastics, pigments, and solvents.1 While the
demand for benzene in the leading industrial countries is
projected to remain stable up to 2040, its demand in the rest of
the world will skyrocket from 300 million tonnes in 2020 up to
800 million tonnes in 2040.2 Traditionally, BTX is produced
via the catalytic reforming of naphtha, although processes have
recently been developed to produce them from a renewable
and potentially sustainable feedstock: lignocellulosic biomass.
In countries with a developed forest industry, such as Sweden,
domestic BTX needs may be fully covered by biomass
feedstocks, provided there is a suitable chemical process.
Lignocellulosic biomass can be converted into molecules such
as the furanics furfural, 5-hydroxymethylfurfural, 2,5-dicarbox-
ylic acid, and 2,5-dmf, through processes based on gasification,
pyrolysis, and catalytic fast pyrolysis.3−6 These molecules can
be used directly as fuel7−11 or as platform chemicals for further
conversion into BTX.12−16

Suitable catalysts for these reactions are microporous acidic
zeolites, possessing high thermal stability, high surface area,
shape-selectivity, and tunability. To illustrate, 2,5-dmf has been
converted into para-xylene over zeolites via a Diels−Alder
cycloaddition mechanism, using ethene as coreagent.17−21

Several medium pore size frameworks, such as the MFI
framework, are often employed as their pore size of roughly 5.5
Å22 matches the molecular dimensions of monocyclic
aromatics (5.1−5.7 Å)23 and thus aids the formation of
BTX. In addition, BTX formation has been increased by
introducing metals into the zeolite, such as Zn24−27 and
Ga.20,25−30 Through ion exchange or impregnation, the metals
end up as extra-framework species such as oxides (GaO+/
Ga2O3), increasing BTX selectivity by inter alia narrowing the
micropores.28 Moreover, extra-framework species are often
associated with strong Lewis acid sites (LAS), which can
display synergistic interactions with Brønsted acid sites (BAS)
formed by framework aluminum or gallium.31 In this case, the
extra-framework species are referred to as framework-
associated gallium and their presence is often paired to a
decrease in the BAS/LAS ratio.25,32

In our recent work, the performance of an MFI framework
zeotype was studied with isomorphously substituted gallium
instead of aluminum.30 When comparing the Ga-MFI catalyst
to aluminum-containing ZSM-5 zeolites of similar or higher
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acidity, it displayed an increased conversion and selectivity
toward BTX in both cases, in particular toward benzene with a
near 10-fold increase. Additionally, the lifetime of the catalyst
was extended which was likely caused by the lower strength of
the gallium BAS compared to the aluminum BAS, slowing
down coke formation.33 The increased performance of Ga-MFI
zeotypes in the conversion of 2,5-dmf toward BTX motivates
further studies in which key performance parameters, such as
the gallium content, are systematically varied.

Here, MFI framework zeotypes with different Ga contents
were synthesized using a bottom-up hydrothermal synthesis
that was optimized to ensure phase-purity of catalysts with
gallium contents up to 11 wt %, either by using different
templates or by increasing the duration of the crystallization
step. The effect of gallium on the structural and chemical
characteristics of the catalyst was analyzed by several
techniques, as described in the experimental section. The
catalytic performance was studied during multiple consecutive
cycles of reaction, separated by regeneration steps.

■ EXPERIMENTAL SECTION
The materials studied in this work are gallium zeotypes
comprising the MFI framework, synthesized via hydrothermal
crystallization based on a method described elsewhere.30 Full
details of the synthesis can be found in the Supporting
Information (SI). Purely siliceous MFI zeolite (silicalite-1) was
used for comparison, named G0 which indicates a Ga content
of 0 wt %.34

The elemental composition of the catalysts, for elements
with an atomic number larger than eight, was determined by X-
ray fluorescence spectroscopy (XRF) using an AXIOS
spectrometer (Malvern-Panalytical) assuming silicon and
gallium to be in their oxide form.

The crystallinity of the catalysts was measured by powder X-
ray diffraction (XRD) on a Bruker AXS D8 Discover
diffractometer with monochromatic Cu−Kα radiation
(1.5406 Å) from 5 to 50° 2θ.

Thermogravimetric analysis (TGA) coupled with differential
scanning calorimetry (DSC) was carried out from 30 to 900
°C in 60 mL/min airflow using a Mettler Toledo TGA/DSC
3+ STARe system.

Textural properties of the catalysts were determined using
N2-physisorption at 77 K on a Micromeritics Tristar 3000
instrument after a pretreatment of 16 h in N2 at 250 °C.
Apparent surface areas were determined using the BET
method35 in the relative pressure range of p/p0 = 0.002−
0.03, according to the consistency criteria.36 The microporous
volume was determined by the t-plot method with the Harkins
and Jura equation,37 using a thickness of t = 5.0−8.0 Å to
minimize the underestimation caused by the curvature effect.38

Morphological analysis was performed using scanning
electron microscopy (SEM) on a Zeiss Ultra 55 FEG SEM
(1.5 kV), using energy-dispersive X-ray spectroscopy (EDX)
on a FEI Quanta 200 FEG ESEM (20 kV), and using high-
angle annular dark field scanning transmission electron
microscopy (HAADF-STEM) on a FEI Titan 80-300 TEM
(300 kV). Powder samples were loaded on carbon tape stuck
to an Al holder (SEM/EDX), uncoated or coated with 4 nm
Au using a Leica EM ACE600 sputter coater, as well as
dispersed on Holey Carbon Film supported Cu grids
(HAADF-STEM, Ted Pella).

Acid sites were analyzed by temperature-programmed
desorption of ammonia (NH3-TPD) in the catalytic reactor
right before and directly after the catalytic tests, as well as after
an oxidative calcination step after the reaction and after five
cycles. Full details can be found in the SI.

Figure 1. Overview of the structural analysis including a close-up of the XRD diffractograms (a) where the gray lines indicate the MFI-structure,41

nitrogen physisorption (b) where the numbers denote the gallium content in wt %, a representative SEM image of zeotype G6.7 (c), and the NH3-
TPD profiles (d).
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Additional acid site analysis was performed with pyridine
adsorption experiments using diffuse reflectance infrared
Fourier transform spectroscopy (DRIFTS) on a BRUKER
VERTEX 70 spectrometer after adsorption at 150 and 300 °C,
to probe either all acid sites or only the strong acid sites,
respectively. Full details can be found in the SI (Figure S1).

Evaluation of the catalytic activity and selectivity of the
zeotypes was carried out using a fixed-bed reactor. The liquid
reactant 2,5-dmf was introduced in the reactor through a gas
saturator (ca. 720 ppm, WHSV = 0.66 ± 0.04 gdmf gcat

−1h−1) and
the reaction was performed at 500 °C for 1 or 3 h.

The effluent product mixture was analyzed online by ion−
molecule-reaction mass spectrometry (IMR-MS) on an
Airsense Compact (V&F) and by Fourier-transform infrared
spectroscopy (FTIR) on a gas analyzer (MKS MultiGas 2030).
Products were quantified with the MKS software suite
MG2000 v.10.2 and FTIR-library v.R3 by FTIR according to
a method described in previous works,39,40 complemented by
IMR-MS. Full details can be found in Table S2 in the SI.

For selected zeotypes, the stability of the catalysts was
investigated by subjecting them to a total of five cycles of 3 h
2,5-dmf conversion at 500 °C, separated by 90 min oxidative
regeneration in 20% O2 at 600 °C (5 °C/min).

■ RESULTS AND DISCUSSION
This section describes the characterization of the physico-
chemical properties of the synthesized catalysts followed by the
analysis of their catalytic performance in the conversion of 2,5-
dmf.
Catalyst Characterization. The elemental composition of

the catalysts obtained by XRF spectroscopy is shown in Table
S3 in the SI. Besides the main elements silicon, gallium, and
oxygen, some samples contain low levels of impurities such as
sodium or potassium. The former originates from the
precursor sodium hydroxide whereas the latter comes from a
KOH bath used to clean the Teflon liners used for synthesis.

X-ray diffraction was measured to identify the crystalline
phases and a close-up of the diffractograms is shown in Figure
1a. The full diffractograms are shown in Figure S2 in the SI. All
measured peaks are associated with crystal lattice planes that
are characteristic of the MFI framework structure, of which the
most intense are marked with vertical gray lines.41 The absence
of other peaks indicates that no other crystalline phases of
long-range order have formed. Variations in the peak size and
shape such as peak broadening and overlap are observed when
the Ga content is increased, indicating the presence of lattice

distortions caused by defects.42 This effect of the large Ga
atom on the lattice crystallinity43 is illustrated by the merging
of the peaks at 23.2 and 23.4°, visible in G0 and G0.5, into one
peak at 23.3° as well as the merging of the peaks at 24.4 and
24.6°. Besides defects, the broad peaks in zeotype G6.7 could
indicate a smaller crystallite size.

Additionally, the effect of gallium was shown by the
incomplete crystallization of a high gallium precursor gel
(Si/Ga = 10) into the MFI structure. After 5 days of
crystallization, the synthesized catalyst G7.8-amorph contains
an amorphous phase, as indicated by a broad peak from 20 to
25° in the XRD diffractogram (Figure S3 in the SI). To
prevent this and ensure the complete crystallization of gels
with a high gallium content to the MFI phase, the duration of
the crystallization was increased from 5 to 10 days, resulting in
G6.0, G12-imp, and G14-imp. Here, “imp” denotes the
presence of phase impurities detected besides MFI, such as
α-quartz44 (SiO2) and gallium albite45 (GaNaSi3O8), as shown
in Figure S3b in the SI. These phases were formed because of
the long crystallization time and the high sodium content of
the precursor gel. NaOH was added to neutralize the acidic Ga
precursor and to increase the pH of the synthesis gel to the
basic conditions required for zeotype crystallization. All three
zeotypes G7.8-amorph, G12-imp, and G14-imp possess a low
apparent surface area, low number of acid sites, and exhibit a
low conversion of 2,5-dmf (Table S4 in the SI). For the
synthesis of G6.0, less sodium hydroxide was needed and
phase-pure MFI zeotype was obtained, as shown in Figures 1
and S2 in the SI. These issues were solved by using the basic
template TPAOH instead of TPABr and reducing the duration
of the crystallization step to 5 days again. This resulted in the
synthesis of phase-pure MFI framework zeotypes with a high
gallium content, named G6.7, G8.6, and G11.

The textural properties of the catalysts were studied by N2-
physisorption and the isotherms are shown in Figure 1b. An
increase in gallium content appears to result in a decrease in
the total nitrogen uptake, as G0.5 (red) shows the highest
uptake and G11 (light blue) the lowest.

All zeotypes display a steep uptake of nitrogen at low relative
pressures (p/p0< 0.01), associated with the filling of micro-
pores.46 The amount of nitrogen adsorbed in the micropores in
this initial step decreases stepwise with increasing gallium
content, demonstrating a decrease in microporous volume.
The isotherms are composites of type I, associated with
microporous adsorbents, and type IV, associated with
mesoporous adsorbents. All isotherms display hysteresis

Table 1. Physicochemical Properties and Catalytic Performance of the Synthesized Ga-MFI Zeotypes

SAa Vmicro
b acidityc BAS/LASd benz. one he benz. three he Scoke

f

sample m2 g−1 cm3 g−1 mmol g−1 mmol g−1 mmol g−1 %

G0 395 0.175 0.002 ∞ 0.00 0.00 0.0
G0.5 445 0.185 0.039 ∞ 0.05 N/A 4.2
G1.2 435 0.175 0.119 3.3 0.39 N/A 7.7
G3.1 420 0.162 0.268 3.0 0.53 0.89 8.0
G6.0 390 0.142 0.256 1.3 0.65 0.73 10.6
G6.7 401 0.148 0.423 2.1 1.39 1.65 12.7
G8.6 368 0.135 0.433 1.8 1.28 1.89 14.3
G11 336 0.127 0.612 3.8 0.99 1.14 16.4

aApparent surface area determined by N2-physisorption and BET method35 (p/p0= 0.002 − 0.03 following consistency criteria36). bBy t-plot
method37 (Harkins and Jura equation, t= 5.0 − 8.0 Å). cAcid site density from NH3-TPD. dRatio of Brønsted to Lewis acid sites from pyridine-
FTIR. eBenzene produced after 1 or 3 h 2,5-dmf conversion at 500 °C. fTotal coke selectivity after 1 h (G0.5 and G1.2) or 3 h 2,5-dmf conversion
at 500 °C.
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loops of type H4 from p/p0= 0.42 − 0.98, caused by capillary
condensation in mesopores. These mesopores are thought to
be between crystallites or in larger aggregates of zeotype
crystals.46 The sharp cutoff in the hysteresis at p/p0 = 0.42
could be used to determine the pore size distribution but is
rather regarded as an artifact, typically observed for N2
adsorption at 77 K. This artifact, named the tensile strength
effect, is caused by the mechanical stability of liquid nitrogen in
micropores.47,48 The adsorption isotherm of G0.5, as well as
G0 in Figure S4 in the SI, displays a second step between p/
p0= 0.1 − 0.25, accompanied by a slight hysteresis. Low-
pressure hysteresis could indicate insufficient outgassing prior
to adsorption or improper equilibration during the measure-
ment.49 Instead, this step is considered to be caused by
noninert N2-molecules that undergo reorientation to permit a
more favorable quadrupole−quadrupole interaction. First, at
low pressures, the adsorbed nitrogen transitions from a
disordered phase, presumably a fluid, to a localized fluid-like
phase. Second, a quasi-crystalline order is formed by the
formation of a chain-like solid phase, displaying a second
adsorption step, which is accompanied by hysteresis to
overcome the energy barrier associated with the reverse
reorientation of the adsorbed nitrogen.50−53 For zeotypes with
a gallium content of ≥1.2 wt %, the hysteresis loop is not
observed due to preferential adsorption of nitrogen to gallium,
essentially skipping the initial disordered phase while the
second transition is smoothed out.54

An increase in gallium content is paralleled by a reduction in
the available surface area and microporous volume, as shown in
Table 1. For example, the apparent surface area decreases from
445 m2 g−1 down to 336 m2 g−1 when increasing the Ga
content (samples G0.5 to G11). Similarly, the microporous
volume decreases from 0.185 cm3 g−1 in G0.5 to 0.127 cm3 g−1

in G11. Care must be taken in interpreting these values as
measures of absolute volume because helium was used to
measure the free space before nitrogen adsorption. Helium
may get trapped inside micropores, which renders them
inaccessible to nitrogen, resulting in an underestimation of the
true microporous volume. The observed inverse correlation
between both the surface area and the microporous volume
with changing gallium content can be explained by two
reasons: first, the ionic radius of the substituting ion,
gallium(III), is much larger than the radius of silicon(IV):
62 and 40 pm, respectively. Second, gallium can also be
present inside the micropores, either as extra-framework
species or as framework-associated species which is gallium
positioned in the cation position in the proximity of framework
gallium.31 This effectively reduces the accessible space and
surface area of the catalyst. The zeotype G6.0 has a lower
surface area and microporous volume than the observed trend
would suggest, likely owing to the longer crystallization time of
10 days instead of 5 days, favoring the formation of larger
particles.

The morphological features of zeotypes were observed by
SEM and an example of a recorded image of G6.7 is shown in
Figure 1c (SEM images of other zeotypes are shown in Figure
S5 in the SI). Here, G0 possesses the well-known’ coffin-shape
of two parallelepipeds embedded in one another whereas after
gallium introduction in G0.5, G1.2, and G3.1, smaller, cubic-
shaped crystals are formed. These crystals aggregate to form
larger intergrown particles of various dimensions. When the
duration of the crystallization is increased from five to 10 days,
for G6.0, the crystal shape becomes more irregular and no

microscopic order is visible. The zeotypes G6.7, G8.6, and G11
contain intergrowths of well-defined crystallites of different
shapes and sizes, including the coffin-shaped. The individual
spherical crystals in G6.7 are the smallest, typically ranging
from 500 nm to 1 μm in diameter, which explains the peak
broadening observed in the X-ray diffractogram in Figure 1a.
The small crystal size could be beneficial to its catalytic
performance because of the reduced lengths of diffusion
pathways of reagents and products.

Further investigation of the morphology was performed by
HAADF-STEM, as shown in Figure S6 in the SI. The G0
crystals, whose thickness makes them challenging to image at
high magnification, are uniform in size and shape. All samples
with a high gallium content of 6.0 wt % and higher contain
nanoparticles, likely gallium oxide (GaOx), indicated by bright,
intense spots. Although not enough particles were imaged to
give a statistical approximation, it appears that the number of
nanoparticles increases in the order of G6.7 < G8.6 < G6.0 <
G11. Additionally, the size of the nanoparticles also seems to
follow this trend. These images confirm the presence of extra-
framework gallium and explain why a decrease in SSA and
microporous volume is observed when the Ga content is
increased: the large nanoparticles have a low surface area
compared to micropores and potentially block access to the
micropores. Moreover, the relatively high number of gallium
oxide nanoparticles in G6.0 validates the suggestion that the
increased crystallization time resulted in sintering and
formation of extra Ga-based nanoparticles.

To determine the distribution of the different elements
throughout the crystals, EDX was measured, and the elemental
maps of zeotype G8.6 are shown as an example in Figure S7 in
the SI. The main components silicon, oxygen, and gallium are
all homogeneously distributed over the different crystals, as
well as the impurity potassium which was measured in low
amounts. The presence or composition of the nanoparticles
was not detectable at the micrometer length scale.

The hydrothermal stability of the final protic zeotypes was
tested by TGA, as shown in Figure S8a in the SI. Here, all
catalysts are stable over the temperature range of 30 to 900 °C,
losing 1.4 wt % for G0 up to 3.1 wt % for G11. Most of the
weight loss occurred between 100 and 200 °C, which is
ascribed to the desorption of water that had been adsorbed
from the air. However, a small second weight loss step can be
seen for G11 (black) at 550 °C which is ascribed to the loss of
NH3, replacing the framework-attached NH4 by H. This
indicates that the calcination of the ion exchanged NH4-G11
was incomplete, possibly due to a low presence of oxygen in a
muffle furnace with insufficient ventilation. Nevertheless, its
catalytic performance was not affected because of the
pretreatment step before the reaction (1 h in 20% oxygen at
500 °C), ensuring full conversion of NH4-G11 to H-G11. An
increase in gallium content appears to correlate to an increase
in water content, likely owing to the preferential adsorption of
water to gallium and the acid sites it provides. To simulate the
calcination of the zeotypes, TGA/DSC analysis was performed
in airflow on the as-synthesized zeotypes (Figure S8b,c), still
containing tetrapropylammonium (TPA). Here, all zeotypes
display a large loss of weight between 380 and 500 °C, ascribed
to the exothermic decomposition of TPA. The size of this
weight loss decreases from 11 wt % in G0 (not shown) to 6.2
wt % in G11. This decrease in TPA content could be an
indication that not all of the gallium atoms are isomorphously
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substituted in the framework but instead present as extra-
framework species, obstructing access for TPA.

The acidity of the Ga-zeotypes was measured by NH3-TPD
and the profiles are shown in Figure 1d. Purely siliceous MFI,
G0 (bright red), contains almost no acid sites displaying only a
minor peak around 140 °C ascribed to terminal silanol groups.
After introducing gallium, two peaks appear, corresponding to
a weak acid site below 200 °C and a strong acid site between
250 and 350 °C. Upon increasing the gallium content, both
peaks increase in size which signifies an increase in the number
of acid sites. Additionally, the peaks shift toward higher
temperatures, indicating that each type of acid site becomes
stronger, likely because of synergistic effects between multiple
gallium species. This is further supported by an increase in the
number of extra strong acid sites, desorbing NH3 at
temperatures >350 °C and mainly prevalent in G6.0, G6.7,
G8.6, and G11. At 600 °C, ammonia was still desorbing from
extra strong acid sites, suggesting that the TPD was
incomplete. To limit structural damage to the catalysts, the
temperature was not further increased but instead remained at
600 °C for 20 min to ensure complete desorption of NH3 from
the catalysts before the catalytic tests.

The TPD profiles were quantified and an overview of the
acid site densities is shown in Tables 1 and S5 in the SI. Here,
an increase in gallium content correlates to an increase in acid
site density, ranging from 0.039 mmol g−1 for G0.5 to 0.612
mmol g−1 for G11. However, the series is not monotonically
increasing as G6.0 has a relatively low acid site density of 0.256
mmol g−1; close to G3.1 with an acid site density of 0.268
mmol g−1 even though it contains nearly twice the amount of
gallium. Extending the crystallization duration from 5 days for
G3.1 to 10 days for G6.0 has resulted in the sintering of
gallium into extra-framework species, such as clusters or
gallium-based nanoparticles, as was shown by HAADF-STEM.

Normalizing the number of acid sites to the gallium content
reveals that each gallium atom in the high Ga content zeotypes,
such as G6.0, G6.7, G8.6, G11, contributes less to forming an
individual acid site, owing to the presence of extra-framework
species such as nanoparticles.

To further elucidate the chemical environment of the acid
sites, pyridine adsorption was studied by DRIFTS at different
temperatures. Like ammonia, pyridine is a basic probe
molecule that binds both to Brønsted acid sites, forming the
pyridinium ion Py-H+, and to Lewis acid sites. These different
species absorb infrared light of different frequencies, allowing
for the distinction between BAS and LAS. The background-
subtracted FTIR spectra of the zeotypes after pyridine
adsorption at 150 and 300 °C are shown in Figure S9 in the
SI, focusing on the region of interest around the peaks ascribed
to BAS (1545 cm−1) and LAS (1455 cm−1).55 Adsorption at
high temperature probes the strong and extra-strong acid sites
while probing at low temperature probes all sites; the weak and
medium strong acid sites are derived from the difference. An
increase in gallium content corresponds to an increase in the
number of BAS sites, in agreement with the results from NH3-
TPD. By contrast, the vibrations of the LAS (panel c and d)
reveal a slightly different trend, with G6.0 having a relatively
high number of LAS and G11 a relatively low number. After
background subtraction, the peaks were integrated using the
molar attenuation coefficients ϵ of ϵBAS = 1.67 and ϵLAS =
2.22.56 The results are shown in Table 1 and Figure 2,
displaying both the relative distribution of the different acid
sites as well as the absolute density of each acid site based on
NH3-TPD.

G0 contains only weak Brønsted acid sites (wBAS), ascribed
to terminal silanol groups. After introducing gallium, strong
BAS (sBAS) are formed in G0.5, and a further increase to G1.2
also introduces weak Lewis acid sites (wLAS). Strong LAS
(sLAS) are first detected in G3.1 although the majority of its
sites are weak and strong BAS, with a BAS/LAS ratio of 3.0.
This ratio shifts to 1.3 for G6.0 due to its high amount of sLAS
and low amount of sBAS. G6.7 and G8.6 have similar acid site
distributions while G11 has a notable high BAS/LAS ratio of
3.8, equaling a LAS content of 22%. As shown by HAADF-
STEM, Ga-based nanoparticles are prevalent in the high Ga
content zeotypes in varying degrees. However, this does not
correlate to a specific detected acid site such as a Lewis acid
site, since G11 contains more nanoparticles than G8.6 but has

Figure 2. Distribution of the acid sites on the zeotypes as determined by pyridine adsorption given as a percentage (left axis) or as an acid site
density based on NH3-TPD (right axis). Sites are classified into strong and weak Brønsted acid sites (sBAS and wBAS), and strong and weak Lewis
acid sites (sLAS and wLAS). G11 was measured twice and the error bars indicate the deviation from the average value. After exposure to 6 cycles of
3 h of 2,5-dmf conversion at 500 °C, pyridine adsorption was performed on the coked zeotypes G6.7c, G8.6c, and G11c.
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fewer Lewis acid sites. Therefore, the nanoparticles are
suspected to not contribute to the formation of extra acid
sites, although their presence might affect the strength and
access of nearby sites. Pyridine FTIR shows that the strong and
extra-strong sites can not simply be ascribed to one type of acid
site, but are instead a combination of BAS and LAS; the latter
potentially being present in complex ways as framework,
framework-associated, or extra-framework species, analogous
to what has been seen for Al-zeolites.57

Catalytic Activity and Selectivity. The catalytic perform-
ance was tested in a fixed-bed reactor by introducing 720 ppm
2,5-dmf at 500 °C and running the reaction for 1 or 3 h. The
conversion and product selectivities (excluding coke) were
calculated (see eqs 1 and 2 in the SI) and an overview of the
main products over zeotype G6.7 is shown in Figure 3. At the

start of the reaction, full conversion of 2,5-dmf into benzene
takes place with a maximum selectivity of 95%. Toluene is also
formed in low concentrations with a maximum selectivity of
6%, as well as alkenes such as ethene and propene. Xylenes
were formed in very low concentrations and were only
detected by MS, as shown in Figure S10 in the SI. After
roughly 1.5 h time on stream (TOS), the conversion of 2,5-
dmf and the benzene selectivity rapidly decrease to 53 and
10%, respectively, indicating deactivation of the catalyst toward
aromatics. Simultaneously, the selectivity shifts to isomer-
ization products including 2-methylcyclopentenone (2-mcpo),
3-methylcyclopentenone (3-mcpo), and 2,4-dimethylfuran
(2,4-dmf), reaching 10, 6, and 63% selectivity after 3 h TOS
at 14% conversion, respectively. In previous work, it was
concluded that the isomerization toward 2,4-dmf is promoted
by the steric confinement of the MFI framework, the presence
of an acid site, and lower reaction temperatures of around 350
°C.58 Moreover, the demethylation product 2-methylfuran (2-
mf) is observed as well as the polycyclic aromatic indene; the
latter peaking at 15% selectivity after 1 h TOS.

The conversion of 2,5-dmf was also performed under
identical conditions for the other zeotypes, as shown in Figure
4. G0 was not active for the reaction (not shown), indicating
that the presence of gallium and acid sites are required to
convert 2,5-dmf.30 G0.5 (a) displays a stable conversion of
72% to the isomerization products 2,4-dmf and 2-mcpo, with
benzene only being detected during the initial minutes of the

reaction. Linking selectivity with the acid site distributions
(Figure 2), it follows that the weak Brønsted acid sites (wBAS)
are responsible for the isomerization reactions while the sBAS
are responsible for the production of monocyclic aromatics
such as benzene, as well as polycyclic aromatics (indene),
leading to further coking and deactivation of the few available
sBAS. When the gallium content (and the number of sBAS) is
increased, benzene becomes the main product at the start of
the reaction, reaching 50% selectivity at 78% conversion over
G1.2 (d). Even though the number of wBAS did not increase
from G0.5 to G1.2, the production of 2-mcpo is higher after 1
h TOS with 23% selectivity at 55% conversion. Based on the
decrease in benzene selectivity, it is assumed that the sBAS are
deactivated. Logically, it follows that the increased 2-mcpo
production is promoted by the wLAS present in G1.2. A
further increase in the gallium content results in an initial
benzene selectivity and conversion of 72 and 95% over G3.1
(b), respectively, while reaching 100% for G6.0 (e), G8.6 (c),
and G11 (f). Even though G6.0 has more gallium than G3.1, it
has fewer acid sites (0.256 vs 0.268 mmol g−1), as well as fewer
sBAS. This results in a faster deactivation toward benzene over
G6.0 than over G3.1, reaching 12 and 28% selectivity after 0.75
h, respectively. The increased coking of G6.0 is illustrated by a
high indene selectivity of 16% after 0.4 h. However, the initial
benzene production over G6.0 is substantially higher,
indicating that the other acid sites such as sLAS, promote
benzene production. Like G6.7, all zeotypes demonstrate
deactivation toward benzene accompanied by a shift in
selectivity toward 2,4-dmf, although their lifetime varies.
G8.6 displays the longest lifetime toward benzene production
while G11, the zeotype with both the highest gallium content
and the highest acid site density, deactivates toward benzene
around 1.1 h. An explanation for this behavior is that the
density of the strong Brønsted acid sites is too high, promoting
the formation of coke via alkylation, condensation, and
dehydrogenation.59 Similar behavior was observed for
aluminum-containing MFI-framework zeolites in another
work, where the zeolite with an Al content of 3.5 wt %
(0.538 mmol g−1 acid sites) deactivated twice as fast as a
zeolite with an Al content of 1 wt % (0.173 mmol g−1 acid
sites).30

The benzene concentrations measured during the first hour
of the reaction are displayed in figure S11 in the SI. Here, a
clear correlation is observed between the gallium content and
benzene production: increasing the Ga content from 0 to 6.7
wt % increases the benzene production. Further increasing the
gallium content to 8.6 and 11 wt % does not give a higher
benzene yield, although these catalysts have a higher acid site
density. One possible reason could be the smaller average
crystal size of G6.7, promoting diffusion and mass transfer of
reagents and products. However, after 0.7 h, the benzene
production over G8.6 surpasses G6.7 as G8.6 appears to
deactivate slower. The total production of benzene is
quantified and shown in Tables 1 and S6 in the SI. Although
more benzene is produced after 1 h TOS over G6.7 (1.39
mmol g−1) than over G8.6 (1.28 mmol g−1), this shifts to G8.6
(1.89 mmol g−1) after 3 h TOS compared to 1.65 mmol g−1

over G6.7. As their acid site density and distribution is nearly
identical, the presence of extra gallium in G8.6 appears to
promote benzene production; potentially by providing extra-
strong framework-associated acid sites. The effect of the
smaller crystal size of G6.7 could be two-sided, as this also
increases its surface-to-volume ratio, resulting in the

Figure 3. Conversion of 2,5-dmf and selectivities (a) of the main
products including benzene, toluene, propene, ethene, 2-mcpo, 3-
mcpo, 2,4-dmf, 2-mf, and indene (b) as a function of time over
zeotype G6.7 for 3 h at 500 °C. Concentrations were determined
every 2 s and the selectivities do not account for the formation of
coke.
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uninhibited production of external coke on the surface and
thus quicker deactivation of the catalyst.1

Catalyst Deactivation and Mechanistic Insights. To
further investigate the regeneration of the catalysts, zeotypes
G6.0, G6.7, G8.6, and G11 were subjected to 4 more cycles of
3 h of 2,5-dmf conversion at 500 °C, as shown in Figure S12 in
the SI. For each zeotype, the conversion of 2,5-dmf and
selectivity toward benzene gradually decrease with each cycle,
likely due to the loss of acid sites. To illustrate, after 5 cycles,
the zeotypes G6.0, G6.7, G8.6, and G11, possessed roughly 85,
85, 80, and 69% of their initial acid sites, respectively (Table S8
in the SI). Remarkably, G11 showed hardly any reduction in
conversion of 2,5-dmf and selectivity to benzene over the
course of the 5 cycles, although it experienced the largest
decrease in acid sites of 31% after 5 cycles. This indicates that
the function of the lost acid sites is taken over by other acid
sites, since the acid site density is sufficiently high.

After five cycles, G6.7, G8.6, and G11, were exposed to a
sixth cycle (not shown) to allow for the analysis of the spent
catalyst using XRD, N2-physisorption, TGA/DSC, SEM, and
EDX, as shown in Table S7 in the SI. The selectivity to coke
after 1 cycle appears to increase when the gallium content is
increased, ranging from 4.2% for G0.5 to 16.4% for G11
(Table 1). Normalizing to the benzene production, the most
benzene per coke molecule is formed in the order of G8.6 >
G6.7 > G11. The absolute weight of the coke was determined
by TGA between 400 and 900 °C (Figure S13 in the SI), and
decreases in the order of G6.7 > G11 > G8.6. This further
confirms that different coke species are formed on different
zeotypes, and that G6.7 may have experienced faster
deactivation than G8.6 due to its smaller crystal size and
thus higher external coke formation. Structural analysis of the
spent catalysts by XRD revealed that the MFI framework
remained intact (Figure S14 in the SI), although coke-induced

unit cell distortion has taken place, demonstrated by the
transformation of a doublet of diffraction peaks into one at
23.2 2θ, as well as at 45.3 2θ.60−62

The morphological features of the coked zeotypes were
analyzed by SEM and EDX, shown in Figures S15 and S16 in
the SI, respectively. SEM reveals that the coked zeotypes
possess a morphology that is similar to their fresh counterparts,
though the measured particles were directly taken from the
reactor setup and thus in the size range of 300 to 355 μm. EDX
analysis (map and point spectra) of G6.7-coked reveals that the
main components Si, O, Ga, and C, are all well dispersed over
the surface of the catalyst and that the measured coke content
is between 7 and 14 wt %. The impurity potassium was not
measured and was most likely removed during the reaction or
covered by coke.

To determine the correlation between catalyst deactivation
and its acidity, NH3-TPD was performed on the most active
catalysts after the reaction (S17 in the SI). The acid site
density of all zeotypes decreases substantially during the
reaction (black), as is quantified and shown in Table S8 in the
SI. In particular, the numbers of strong and extra-strong acid
sites are reduced, confirming that the formation of both
benzene and coke occurs on these sites.

The regeneration step after the reaction recovered most of
the acid sites, ranging from 84% recovered for G11 to 94% for
G6.7. The reduction in the number of acid sites is either
caused by the migration of gallium under high reaction
temperatures, leading to sintering and formation of clusters
and nanoparticles, or by the incomplete removal of coke.
Although some hard coke species require temperatures beyond
600 °C to be removed, this upper temperature limit was
chosen to prevent damaging the catalyst.

Pyridine FTIR adsorption was performed on the coked
zeotypes G6.7, G8.6, and G11, after 6 cycles of 3 h conversion

Figure 4. Conversion of 2,5-dmf and selectivities of the main products over zeotypes with a gallium content of 0.5 (a), 1.2 (d), 3.1 (b), 6.0 (e), 8.6
(c), and 11 (f). Concentrations were determined every 2 s (G6.0, G8.6, G11), 4 s (G3.1), or 60 s (G0.5, G1.2) and the reaction was run for 1 h
(G0.5, G1.2) or 3 h (other catalysts).

Industrial & Engineering Chemistry Research pubs.acs.org/IECR Article

https://doi.org/10.1021/acs.iecr.4c03465
Ind. Eng. Chem. Res. 2025, 64, 2025−2035

2031

https://pubs.acs.org/doi/suppl/10.1021/acs.iecr.4c03465/suppl_file/ie4c03465_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.iecr.4c03465/suppl_file/ie4c03465_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.iecr.4c03465/suppl_file/ie4c03465_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.iecr.4c03465/suppl_file/ie4c03465_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.iecr.4c03465/suppl_file/ie4c03465_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.iecr.4c03465/suppl_file/ie4c03465_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.iecr.4c03465/suppl_file/ie4c03465_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.iecr.4c03465/suppl_file/ie4c03465_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.4c03465?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.4c03465?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.4c03465?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.4c03465?fig=fig4&ref=pdf
pubs.acs.org/IECR?ref=pdf
https://doi.org/10.1021/acs.iecr.4c03465?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


at 500 °C, as shown in Figure 2. Compared to their fresh
counterparts, coked zeotypes have lost most of their strong
Brønsted acid sites, with only 14, 12, and 7.8% of sBAS
remaining for G6.7, G8.6, and G11, respectively. The number
of weak sites was reduced to a lesser extent, indicating that
these do not play a major role in the formation of benzene and
coke as they are likely not strong enough for cracking,
decarbonylation, and dehydration. Instead, their role in the
isomerization reactions of 2,5-dmf into 2,4-dmf, 2-mcpo, and
3-mcpo is confirmed, seeing as these are still formed after 3 h
TOS.

Interpreting the different conversion behaviors of G6.7 and
G8.6 based on their acidity proves to be challenging, owing to
their similar acid site distribution and acid site density (0.423
and 0.433 mmol g−1, respectively). However, through analysis
of the acid site distribution of the coked zeotypes, the
following insights are generated: G6.7 has lost more of its
wBAS (76%) than G8.6 (59%), while G8.6 has in turn lost
more of its sLAS (69 vs 57% over G6.7). This is in line with
the increased production of 2,4-dmf over the wBAS of G6.7, of
which some deactivate, as well as with the increased benzene
production over 3 h of G8.6, promoted by sLAS. Additionally,
the rapid deactivation toward benzene over G11 has been
previously assigned to its high number of sBAS, rapidly
promoting the formation of benzene and coke. In fact, analysis
of the coked zeotype G11c shows that it still possesses 49% of
its wBAS, 91% of its wLAS, and 94% of its sLAS after complete

deactivation, indicating that the LAS were hardly involved in
the reaction or have not had the possibility to participate
before sBAS completely coked and G11 deactivated.

This stresses the importance of a balance between the
number of strong BAS and strong LAS, as the ratio sBAS/sLAS
is 2.2, 2.0, and 4.5 for G6.7, G8.6, and G11, respectively. LAS
can promote aromatization to benzene provided that there are
sufficient sBAS to initiate the reaction, as has been shown for
G6.7 and G8.6 compared to G6.0. However, when there are
too many sBAS, rapid coking results in blocking the
accessibility to wBAS, wLAS, and sLAS, either by blocking
the micropores or encapsulating particles, as was observed for
G11. This results in the complete deactivation toward both
aromatics and isomers although there is still a high fraction of
uncoked wBAS.

Based on the catalytic tests, as well as the analysis of the
acidity of the zeotypes, presented in this work, the following
reaction scheme is proposed (Figure 5). First, 2,5-dmf binds to
either a Lewis acid site (not explored, grayed out) or a
Brønsted acid site, resulting in protonation and saturation of
one of the double bonds. This intermediate was determined to
be more likely to form than O-H+-dimethylfuran.58 Sub-
sequently, it can be converted over a wBAS in a micropore to
2,4-dmf through a methyl shift.58 In addition, ring-opening can
occur on sBAS resulting in cracking, decarbonylation, and
dehydration, into smaller molecules such as ethene, propene,
and butadiene; constituting the hydrocarbon pool. This is

Figure 5. Proposed reaction pathways for the conversion of 2,5-dimethylfuran over Ga-zeotypes at 500 °C.
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followed by aromatization into monocyclic aromatics,
promoted by sBAS and sLAS, or polycyclic aromatics,
promoted by sBAS and potentially wBAS and LAS too. If
this preferred mechanistic route is impeded, for example
because of the deactivation of sBAS, isomerization dominates
through the formation of 2,4-dmf or 2- and 3-mcpo through
ring-closing followed by another methyl shift and deprotona-
tion. We hypothesize that deprotonation could also result in
the formation of 4-mcpo, although this molecule was not part
of the reference database and therefore has not been detected.
The conversion of 2-mcpo was favored over 3-mcpo and
possibly promoted by wLAS, although 3-mcpo was observed
before 2-mcpo over every zeotype; this suggests that 3-mcpo
could be an intermediate for 2-mcpo. Further conversion
experiments using different feedstocks, such as 2-methylfuran,
2,4-dmf, 2-mcpo, or 3-mcpo, could help elucidate the
mechanism.

■ CONCLUSIONS
Phase-pure gallium zeotypes have been successfully synthe-
sized comprising the MFI framework. High gallium contents
can be realized by increasing the duration of the hydrothermal
crystallization step or by using TPAOH as template. An
increase in gallium content results in a decrease in specific
surface area and microporous volume due to the formation of
Ga-based nanoparticles, e.g., GaOx. The gallium content has
been shown to play an important role in the conversion of 2,5-
dmf into aromatics like benzene. An increase in gallium
content results in an increase in the conversion and selectivity
toward benzene. However, after 0.5 to 1.5 h, the catalyst
deactivates due to the formation of coke and the selectivity
toward aromatics and benzene drops rapidly. Instead, the
isomerization product 2,4-dmf becomes the main product,
accompanied by the isomerization products 2-mcpo and 3-
mcpo. Acid site analysis has determined that benzene is mainly
formed on the strong and extra-strong Brønsted acid sites,
promoted by strong and extra-strong Lewis acid sites, while
coke is formed on sBAS which could be promoted by wBAS
and LAS. The isomerization products are formed on the weak
Brønsted acid sites. Regeneration of the acid sites was possible
and the catalysts were active for four more cycles without a
major loss of performance.

A gallium content of 6.7 wt % was optimal for a TOS up to 1
h, after which the zeotype with 8.6 wt % Ga produced the most
benzene, suggesting that the additional gallium promoted the
aromatization toward benzene instead of coke, most likely as
sLAS. When the gallium content is too high, i.e., 11 wt %, the
high number of sBAS favors rapid formation of coke leading to
the deactivation of the catalyst. The importance of a balanced
ratio between BAS and LAS, more specifically sBAS and sLAS,
is shown, amounting to an optimal ratio of sBAS:sLAS = 2.0

This work explores the conversion of 2,5-dmf into aromatics
like benzene, highlights the tunability of Ga-MFI zeotypes, and
highlights the importance of the gallium content and acid site
distribution for the optimization of this reaction.

Further work could focus on mapping the exact location of
gallium in the zeotype, clarifying the character and role of
specific gallium species, and elucidating the reaction
mechanism by cofeeding reagents or using different feedstocks.
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