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Commercial zeolites (Na-ZSM-5, NHy-feta, and Na-mordenite) were protonated, and sulfonic-acid functionalized
through microwave-assisted methods to be applied as acid catalysts for the selective production of levulinic acid
from furfuryl alcohol using acetone-water mixture as greener solvent. Sulfonated zeolites enhanced levulinic acid
formation due to their higher amount of more accessible Br@nsted acid sites. The different zeolite structure of the
catalysts clearly affected the accessibility of the reagents to the acid sites, especially for the one-dimensional H-

mordenite catalyst, which showed null selectivity to levulinic acid. Interestingly, this effect was in part overcome
by the sulfonic-acid functionalization of mordenite increasing considerably its selectivity to levulinic acid up to
40 %. This means that sulfonation mainly occurred on the external zeolite surface. Sulfonated feta catalyst
showed the highest selectivity to levulinic acid (76 %) for a complete conversion while H-feta had higher reuse
stability since deactivating products adsorbed during reaction can be eliminated by calcination.

1. Introduction

In recent years, there has been a growing interest in producing
chemicals from residual biomass, as this carbon source does not compete
with biomass intended for human consumption. This approach has a
lower environmental impact, enabling the production of high-value-
added chemicals and helping to reduce and mitigate the effects of fos-
sil fuels [1-3].

Levulinic acid (LA) is considered one of the 12 most valuable plat-
form chemicals derived from biomass [4], as it serves as a precursor to
high-value-added products such as fuel additives (y-valerolactone, lev-
ulinate esters, etc.) [5-10], fertilizers (5-aminolevulinic acid) [11,12],
and resin precursors (diphenolic acid) [13]. LA can be obtained through
acid catalysis from furfuryl alcohol (FOL), which is obtained from
furfural derived from lignocellulosic materials [14,15]. The catalytic
production of levulinic acid from furfuryl alcohol involves the hydration
and ring-opening of furan. However, undesirable side reactions, such as
the dehydration of the furan ring to form 4-hydroxy-2-cyclopentenone
(2-HCP) or the formation of furan resins, also called humins, are usu-
ally additionally obtained due to the high reactivity of FOL (Scheme 1)
[16-19].

Traditionally, homogeneous acid catalysts such as HySO4, HCl, or
HBr have been used to produce LA [17,19,20]. However, this method

has several disadvantages, including toxicity, handling risks, and
infrastructure requirements for proper use. Additionally, FOL easily
polymerizes in acidic aqueous media, which decreases the reaction yield
[21-25]. Some alternatives to prevent polymerization include reducing
the concentration of FOL or using an organic solvent.

In recent years, heterogeneous acid catalysts have been explored as a
more environmentally friendly alternative. LA yields of 60-70 % from
FOL have been reported using different H-zeolites as catalysts at 120°C.
However, this involved the use of highly polluting solvents like tetra-
hydrofuran (THF), an organic solvent that does not promote polymeri-
zation when mixed with water [26].

More recently, environmentally benign solvent systems such as
methyl ethyl ketone (MEK), acetone and cyclopentyl methyl ether
(CPME) have been employed, primarily using H-ZSM-5 (Si/Al= 50) as a
catalyst, achieving LA yields of 58 %, 32 % and 11 %, respectively [27].
Other zeolites like H-Beta or ultrastable zeolite in addition to other types
of catalysts, such as ion-exchange resins (Amberlyst),
heteropolyacid-type super acid, or sulfated zirconia superacid, were also
used, all with poorer results [27]. Guzman et al. concluded that the use
of moderate Hy pressures (10-15 bar) prevented polymerization re-
actions [27]. The introduction of mesopores and few Al sites in straight
and sinusoidal channels of ZSM-5 by an alkaline treatment of the com-
mercial zeolite followed by an acid treatment improved the LA yield to
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76 % at 120 °C using an acetone/water solvent mixture [28]. Further-
more, other catalysts, such as SOsH silica nanoflowers in y-valerolactone
(GVL) mixed with water were reported, achieving LA yield of 90 % at
120 °C for 2.5h [29], indicating that sulfonated materials could be a
promising alternative.

The aim of this work is to study the use of various acid-modified
zeolite materials as catalysts for the conversion of furfuryl alcohol into
levulinic acid using a greener solvent. Special attention will be paid to
study the effect of the structure, surface and acid properties of the cat-
alysts on the catalytic reaction.

2. Experimental section
2.1. Catalysts preparation

Microwave-assisted (Flexiwave, Milestone) sulfonic-acid function-
alization of the zeolite NHy4-Peta (Si/Al=12.5) from Zeolyst interna-
tional, Na-ZSM-5 (Si/Al= 20) from Akzo Nobel, and Na-Mordenite (Si/
Al=6.5) from Zeolyst international were carried out using the appro-
priate amounts of 2-(4-chlorosulfonylphenyl) ethyltrimethoxysilane
(CSPTMS) solution in methylene chloride (50 wt%, Gelest) in 2 M HCl
solution by refluxing with microwaves at 40 °C for 2 h. Samples were
filtered, washed with deionised water and dried overnight (S-peta, S-
ZSM-5, S-Mordenite).

Beta, Mordenite and ZSM-5 zeolites were also protonated. For this
purpose, ZSM-5 and Mordenite were treated with an aqueous solution of
1 M NH4NOj3 (Sigma-Aldrich) at 100 °C for 1 h and subsequently washed
with distilled water. Afterwards, both zeolites together with NHy-peta
were calcined at 540 °C for 5 h to obtain H-peta, H-Mordenite and H-
ZSM-5 catalysts.

2.2. Characterization of catalysts

Catalysts were characterized by X-ray diffraction (XRD) patterns of
the samples were obtained with a Siemens D5000 diffractometer using
nickel-filtered Cu Ka radiation. Samples were dusted on double-sided
sticky tape and mounted on glass microscope slides. The patterns were
recorded over a range of 20 angles from 5° to 40° and crystalline phases
were identified using the Joint Committee on Powder Diffraction Stan-
dards (JCPDS) files (48-0074 peta, 37-359 ZSM-5 and 43-0171 Mor-
denite). Crystallinity of the acid-modified mordenites was determined
by comparing the sum of the peak areas of (150), (202), (350) and (402)
(22-32° 20) with respect to commercial Na-mordenite. Crystallinity of
the acid-modified ZSM-5 samples was calculated using the (051) peak
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intensity compared with the commercial zeolite sample. The integrated
intensity of the signal at 20 = 22.4° was used to evaluate the crystallinity
of beta samples.

N, physisorption adsorption-desorption characterization was per-
formed using a 3FLEX Micromeritics equipment at —196 °C. Before
measurements all samples were outgassed at 300 °C for 6 h. The BET
specific surface areas were calculated using adsorption data in the
relative pressure range 0 < P/Py < 0.1 (6Ny = 0.162 nm?). External
surface areas were obtained by t-plot analysis of the adsorption data in
the 3.5 <t < 5A t range by adopting the de Boer reference isotherm
equation.

SEM was used to observe the morphology and particle sizes of the
samples. Experiments were performed on a scanning electron micro-
scope, JEOL JSM6400, operating at accelerating voltage of 25 kV and
work distances of 10 mm, and magnifications of 10.000X. This equip-
ment also has an Energy Dispersive X-ray Spectroscopy detector (EDX),
which was used for mapping the sulfur present in the spent and fresh S-
Beta catalyst.

Elemental ratio of Si/Al analyses of the samples were obtained by X-
ray fluorescence (XRF) with a Philips PW-2400 sequential analyzer with
Philips Super Q software. All measurements were performed by
triplicate.

Thermogravimetric analyses (TGA) were performed with a Mettler
Toledo TGA 2 equipment from 50 °C to 800 °C at 10 °C/min under
airflow to calculate the sulfur content of the sulfonic acid-functionalized
zeolites, and to characterize some spent catalysts with respect to the
fresh ones.

Acid capacity of sulfonated zeolites was measured by the determi-
nation of cation exchange capacity using 2 M aqueous sodium chloride
solution as cationic-exchange agent. The released protons were then
potentiometrically titrated using NaOH (0.01 M) and phenolphthalein
as a indicator. In the case of H-zeolites, the acidity was measured using
standard methods based on cyclohexylamine desorption [30-32].
Samples were exposed to liquid cyclohexylamine at room temperature,
rested overnight, and heated in an oven at 80 °C for 2 h to allow base
permeation [30-32]. The temperature was then raised to 250 °C for 2 h
to remove the physisorbed cyclohexylamine. TGA desorption curves
were recorded using a Mettler Toledo TGA 2 equipment. Samples were
heated from 50 to 700°C at 10°C/min under nitrogen flow
(25 mL/min). Weight loss from base desorption was used to calculate
acid content in mmol of cyclohexylamine per gram, assuming one mole
of cyclohexylamine equals one mole of protons [30-32].
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Scheme 1. Main reactions of furfuryl alcohol catalyzed by Br@nsted acid sites.
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2.3. Catalytic activity

The catalytic activity was evaluated in a batch reactor using 0.14 g of
furfuryl alcohol (98 %, Sigma-Aldrich), 20 mL of water/acetone solvent
with a ratio of 1:9, 700 rpm, 0.2 g of catalyst at 120 °C for 1 h. After
purging with Ny, 15 bars of Hy were added. The reaction products were
analysed by gas chromatography (GC) using a chromatograh model
Shimadzu GC-2010 equipped with a SupraWax-280 column and a FID
detector. Furfuryl alcohol conversion and selectivity to levulinic acid
(Sigma-Aldrich) were determined from calibration lines obtained from
commercial products, 1-butanol (Sigma-Aldrich) was used as internal
standard. 4-hydroxy-2-cyclopentanone was identified using the com-
mercial product (98 %, Cymit). The FOL conversion and the selectivity
towards levulinic acid were calculated using the following equations:

number of moles of converted furfuryl alcohol

number of moles of initial furfuryl alcohol x 100

% Conversion =

number of moles of FOL converted to levulinic acid

% Selectivi LA =
6 Selectivity to number of moles of converted furfuryl alcohol

3. Results and discussion
3.1. Characterization of catalysts

Acid-modified zeolites maintained the structure of their corre-
sponding parent zeolite although some decrease of crystallinity was
observed by XRD (Table 1), especially for the sulfonated samples, since a
decrease in the intensity and some broadening of the XRD peaks was
observed (Fig. 1). The harshest treatment of the acid-sulfonic function-
alization justifies the slight lower crystallinity observed for these
samples.

Ny adsorption-desorption isotherms of commercial and acid-
modified zeolites were of type I (Fig. 2), which correspond to micro-
porous materials, according to the Brunauer, Deming, Deming and
Teller classification [33]. ZSM-5 samples showed a relatively steep

of nitrogen adsorption at partial pressures up to P/Po= 0.2, which
has been related to phase

transition of Ny between different pore sizes [34], although a close
packing of the nitrogen molecules at the intersections of the channels
has also been suggested [35]. The nitrogen isotherms of beta samples

Table 1
Characterization of the acid-modified microporous catalysts.
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showed a minor contribution of the type IV isotherm with a hysteresis
loop between 0.8 and 0.9 P/P, indicating the presence of small fraction
of mesoporores. This could be related to the presence of stacking faults
in the structure of this zeolite [36].

All protonated samples showed slightly higher BET area and external
surface area values than those of the corresponding commercial zeolites
(Table 1). This can be related to the slight dealumination suffered by
these protonated samples, as observed by XRF (Table 1), due to the
temperature used during calcination, as reported by other authors [37].

Regarding microwave-assisted sulfonic-acid functionalized samples,
S-peta showed higher dealumination than S-mordenite, and S-Mordenite
higher than S-ZSM-5, as deduced from XRF results (Table 1). The more
flexible the zeolitic structure is, the easier it can be dealuminated [38].
peta, which is formed by a three-dimensional 12-ring pore system with
straight channels of diameter 6.6 x 6.7 A and sinusoidal channels of
diameter 5.6 x 5.6 f\, has a more flexible zeolitic structure than mor-
denite, which has a one-dimensional pore system with 12-ring channels
of diameter 6.7 x 7.0 A and compressed 8-ring channels of diameter
2.6 x 5.7 A, while ZSM-5 has a three-dimensional 10-ring pore system

x 100

with channels of diameter 5.1 x 5.5 A. Additionally, zeolite peta has
many structure stacking faults [36], as commented above, while mor-
denite, although less frequently, may also have. The presence of these
structural defects can favor dealumination [38]. Thus, ZSM-5 has the
most stable structure, explaining its lower dealumination (Table 1).

S-peta and S-ZSM-5 exhibited significant lower BET and lower
external surface areas than those of commercial feta and ZSM-5,
respectively (Table 1, Fig. 2). In contrast, S-Mordenite had higher BET
and external surface areas than commercial mordenite (Table 1, Fig. 2).
Several factors can contribute to explain these variations: the loss of the
zeolite crystallinity, observed by XRD (Fig. 1), the partial dealumination
of the sulfonated zeolites (Table 1), which depend on the zeolite struc-
ture and is a consequence of the acidic medium used during sulfonation,
and the fact that pores can be partially blocked by the incorporated
sulfonic groups. Thus, the increase of surface area observed after sul-
fonation of mordenite can be mainly attributed to the higher meso-
porosity generated because of the partial dealumination of this zeolite,
as reported before [38,39], while the decrease of surface area observed
for sulfonated peta and ZSM-5 samples should be related to the loss of
crystallinity together with the incorporation of the sulfonic acid groups
in the zeolite framework.

Interestingly, the loss of aluminum during the sulfonation treatment

Catalyst Crystallinity (%)" Si/Al (XRF) BET Surface area (m?/g) t-plot External surface area (m2/g) Sulfur content” Acid capacity
(mmol H'/g)

NHy-peta 100 12.5 630 190 - -

Na-ZSM-5 100 20.0 505 26 - -

Na-Mordenite 100 6.5 303 31 - -

H-peta 89 13.7 636 214 - 0.60°

H-ZSM-5 100 20.2 510 93 - 0.37¢

H-Mordenite 93 6.9 312 38 - 0.18°

S-peta 45 71.3 333 183 0.71 0.74°

S-ZSM—5 54 28.6 263 79 0.68 0.52¢

S-Mordenite 31 26.4 433 58 0.63 0.80°

2 Calculated from XRD;

b (mmol organic sulfonic acid group/g sample) calculated by TGA.
¢ Obtained by TGA of adsorbed cyclohexylamine.

4 Determined by potentiometric titration.
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Fig. 2. N, adsorption-desorption isotherms a) peta and S-peta b) ZSM-5 and S-ZSM-5 ¢) Mordenite and S-Mordenite.

Fig. 3. SEM of catalysts a) peta, b) S-peta, c) ZSM-5, d) S-ZSM-5, e) Mordenite and f) S-Mordenite.
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led to the formation of additional silanols that can react with the sul-
fonating agent, increasing the amount of H in S-zeolites with respect to
the H-zeolites. This explains the higher acidity of the sulfonated cata-
lysts, in agreement with the sulfur content calculated by TGA (Table 1).

Scanning electron microscopy was used to monitor the morphologies
and sizes of the particles of the sulfonic acid-functionalized S-feta, S-
ZSM-5 and S-Mordenite with respect to their corresponding commercial
zeolites (Fig. 3). S-peta and S-Mordenite samples appeared less
agglomerated, with less densely packed crystallites, than their corre-
sponding commercial ones. Besides, the micrographs of ZSM-5 samples
were very similar.

3.2. Catalytic activity

Fig. 4 shows the catalytic activity results of the acid-modified zeolites
for the conversion of furfuryl alcohol (FOL) at 120 °C, 15 bar of Hj for
1 h using a water/acetone ratio of 1:9 as green solvent. Acetone was
used due to the ability of ketone groups to inhibit humin formation [17,
27,28], ensuring the catalytic surface remains accessible. Furthermore,
its miscibility with water allows for the creation of a homogeneous re-
action medium, enhancing interactions between the reactants and the
catalyst. Small amounts of water are essential for controlling reaction
kinetics and favor hydrolysis of FOL [17,27,28]. Wang et al. optimized
the water/acetone ratio at 1:9 for this reaction [28].

Conversion was complete for all catalysts except for H-Mordenite
(Fig. 4). These total conversion values agreed with previous results re-
ported for this reaction because of the high reactivity of FOL [26-29].
The lower conversion of H-Mordenite may be explained by the lower
accessibility of the reagents to the active sites in the one-dimensional
pore structure of mordenite when compared with peta and ZSM-5
samples, which have three-dimensional pore structure. Additionally,
H-Mordenite had the lowest external surface area (Table 1).

Regarding selectivity values, H-peta and H-ZSM-5 catalysts showed
moderate selectivity to levulinic acid (52-58 %) (Fig. 4). This can be
related to the amount of Br@nsted acid sites present in these catalysts
(Table 1). It is interesting to remark that the selectivity to LA was slightly
higher for H-ZSM-5 having less amount of Br@nsted acid centers and
lower external surface area than H-peta (Table 1). This confirms the
effect of the structural characteristics of the catalyst, affecting accessi-
bility, in addition to the acidity for this reaction, as proposed by other
authors [28]. In contrast, for H-Mordenite, LA was not detected. This
was the catalyst with the lowest amount of Br@nsted acid sites, lowest
external surface area (Table 1) and with a less flexible and less accessible
one-dimensional pore structure.

|- % Conversion 227 % Selectivity to Levulinic Acid

100 100 100 100 100

H-ZSM-5 |H-Modernite

S-ZSM-5 |S-Modernite

Fig. 4. Catalytic activity for the conversion of furfuryl alcohol to levulinic acid.
Reaction conditions: solvent: water/acetone ratio of 1:9, 0.2 g of catalyst at 120
°C, 15 bar Hj for 1 h. Error bar is indicated for the best catalyst.
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A significant increase in LA formation for a total conversion was
observed for all sulfonated zeolites when tested at the same reaction
conditions than H-zeolites. This can be related to the higher amount of
Br@nsted acid sites, due to the incorporation of the sulfonic groups
(Table 1). Interestingly, the negative effect of the zeolite structure
observed with H-Mordenite catalyst was in part overcome by the
sulfonic-acid functionalization of mordenite since a considerable in-
crease in the selectivity to levulinic acid up to 40 % for a total conver-
sion was obtained when using S-Mordenite catalyst. This means that
sulfonation probably mainly occurred on the external zeolite surface
improving the accessibility of the acid centers. The highest selectivity to
LA (76 %), achieved by S-feta (Fig. 4), can be attributed to its higher
amount of Br@nsted acid centers, higher external surface area in addi-
tion to the higher accessibility of S-peta, due to the higher flexibility of
its structure when compared to S-ZSM-5. This result is comparable to the
best catalytic result reported for this reaction using zeolites [28] in
which the increase in the mesoporosity of the ZSM-5 zeolite after its
treatment with an alkaline solution followed by an acid solution
improved the accessibility of the acid sites leading to 76 % of LA yield
[28]. In this work, the sulfonic-acid functionalization mainly in the
external zeolitic surface increased the amount and improved the
accessibility of Br@nsted acid centers.

In addition to levulinic acid, 4-hydroxy-2-cyclopentenone (4-HCP),
was detected by gas chromatography for all catalysts with except for H-
Mordenite, the less active catalyst. 4-HCP is a by-product caused by the
dehydration of the furan ring, which competes with the ring opening for
the formation of levulinic acid (Scheme 1), and which is also catalyzed
by acid centers. The dehydration reaction was greater for acid-modified
ZSM-5 catalysts than for the acid-modified peta ones, with small dif-
ferences between protonated and sulfonated forms for each zeolite
(Fig. 5). This means that the effect of the acidity strength was not sig-
nificant for the formation of 4-hydroxy-2-cyclopentenone. However, the
higher amount of the acid centers in peta in addition to their surface and
structural properties seems to favor the formation of levulinic acid in
front of 4-hydroxy-2-cyclopentenone. The use of Hy pressure has been
previously reported to prevent the formation of furan resins, thus
favouring the formation of levulinic acid [27]. In the case of H-Mor-
denite the entire conversion should be derived from the formation of
furan resins, since no ring hydration or other reaction products were
detected by GC [21-25].

The stability of the best catalyst, S-feta, was studied by performing 3
cycles using the reaction conditions of 0.2 g of catalyst at 120 °C, 15 bar
Hj for 1 h (Fig. 6). After each reaction, the catalyst was filtered, washed
with the solvent (water/acetone ratio of 1:9) and dried at 80 °C before
using for the next run.

Conversion remained complete after 3 cycles. However, a progres-
sive decrease in the selectivity of levulinic acid was observed. To

Il Ratio 4-Hydroxy-2-cyclopentone/1-butanol|

H-Beta S-ZSM-5 |H-Modernite |S-Modernite

Fig. 5. 4-hydroxy-2-cyclopentenone/internal standard (1-butanol) ratio for
all catalysts.
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Fig. 6. Reusability of the catalyst S-feta. Reaction conditions: 0.2 g of catalyst,
120 °C, 15 bar H, for 1 h. Solvent: water/acetone ratio of 1:9. Error bars are
indicated for the first and second cycle.
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elucidate what was happening, spent S-feta catalyst but also H-feta
catalyst were characterized by XRD and TGA techniques to be compared
with the corresponding fresh catalysts (Figs. 7 and 8).

XRD patterns did not show practically differences between spent and
fresh catalysts (Fig. 7). Therefore, the zeolite structure maintained
during the reaction. However, from TGA results a different behavior was
observed when comparing the two catalysts. Thus, a significant decrease
of weight was detected around 300 °C for the spent H-feta catalyst that
was not present in the TGA profile of fresh H-feta (Fig. 8). This should be
attributed to the presence of adsorbed reagents or reaction products
formed during the reaction, such as humins. Previous studies show that
the degradation of biomass-derived humins, characterized by TGA
without being supported on any substrate, exhibits mass losses at
210-260 °C. These losses are attributed to the release of low molecular
weight compounds present in the polymers, which are formed through
condensation or polymerization between fragments—these being the
weakest fragments. Another mass loss has been reported between
400-500 °C, which is attributed to the decomposition of the polymer
itself [40,41]. Additionally, other authors have reported that poly(fur-
furyl alcohol) can improve its thermal stability when supported on
different materials, such as clays, montmorillonite, or SiO2, with an in-
crease of 50-100 °C [42,43]. This suggests that the weight loss observed
in the catalysts of the current work at 300 °C could be attributed to weak
humin fragments, while the loss observed at 550 °C could correspond to
the formation of more stable and longer-chain humins. Interestingly, for
spent catalyst S-peta, a lower decrease of weight was observed but at
higher temperatures (around 400 °C) than for the spent H-feta (Fig. 8).
Considering that the loss of sulfonic groups occurred at 360 °C-660 °C, as
observed in the TGA profile of fresh S-feta catalyst, sulfonated catalysts,
with stronger Brgnsted acidity, led to lower amounts of undesired
humins. Nevertheless, this complexity hinders the precise attribution of
the different signals to specific types of humins or sulfur-containing
groups. However, the shift of sulfonic groups to lower temperatures,
along with the absence of a peak at 300 °C, suggests a significant pres-
ence of low molecular weight compounds attached to the active centers
of the catalyst. Furthermore, a slight weight loss observed at 700 °C may
be associated with the presence of longer-chain humins. These TGA
results could explain the decrease in the selectivity to LA observed
during reuse of S-feta (Fig. 6), as the humins formed exhibit increased
thermal stability due to their strong interaction with active sites,
limiting their degradation and potential removal. The sulfur content was
similar for the fresh and used catalyst, as determined by SEM-EDX,
confirming that the presence of humins should be the responsible for
catalyst deactivation. Therefore, washing of the spent catalyst with the
solvent was not enough to remove these adsorbed compounds.

In order to improve the reuse, and eliminate the adsorbed organic
compounds, the spent catalyst H-feta was calcined at 400 °C during 3 h
before its reuse. The catalytic result (Fig. 9a) showed a slight decrease of
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Fig. 8. TGA profiles of the spent (Rx) and fresh catalysts a) S-peta and b) H-peta. Dashed lines are the corresponding derivatives.
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the selectivity to LA in the second cycle according to the TGA profile of
the spent H-feta after calcination at 400 °C during 3 h (Fig. 9b), in which
no weight loss at 300 °C was observed.

Therefore, calcination at moderate temperatures can eliminate the
products retained during reaction increasing the catalytic life of the
zeolite catalyst. This methodology for reactivating the catalyst could not
be applied for S-feta since the calcination process would eliminate
partially the sulfonic groups, responsible for the catalytic activity. The
adsorption of the organic compounds was not irreversible, so other
catalyst cleaning methodologies or reactivation methods should be
developed for sulfonated catalysts to increase their recyclability.

4. Conclusions

Protonated and sulfonic-acid functionalized peta, ZSM-5 and Mor-
denite zeolites were active for the selective obtention of levulinic acid
from furfuryl alcohol with the exception of H-Mordenite. A mixture of
acetone/water was used during reaction as greener solvent. Sulfonated
zeolites led to higher selectivity to levulinic acid than H-zeolites due to
the higher amount, strength and accessibility of their Br@nsted acid
sites. Sulfonated zeolites maintained the zeolitic structure although
some loss of crystallinity and partial dealumination was observed,
especially for S-peta and S-Mordenite. The null selectivity to levulinic
acid obtained for H-Mordenite increased up to 40 % for S-Mordenite due
to the higher amounts and especially accessibility of the Br@nsted acid
sites generated after sulfonic-acid treatment, which probably was
mainly produced on the external surface. The highest selectivity to LA
(76 %) was achieved by S-feta for a total conversion. This can be
attributed to its higher amount of Br@nsted acid centers, higher external
surface area and higher accessibility of peta zeolite, which has a more
flexible structure. Additionally, ZSM-5catalysts led to higher amounts of
4-hydroxy-2-cyclopentenone, an undesirable by-product, than feta and
Mordenite catalysts. H-peta showed higher stability in the reuse than S-
Beta because the deactivating products adsorbed during reaction can be
eliminated by calcination.
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