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ARTICLE INFO ABSTRACT

Keywords: The use of non-edible raw materials from agriculture as a form of biomass to obtain carbon-based compounds is

HMF the most viable solution to replace fossil resources. Within this, 5-hydroxymethyl furfural (HMF) is a platform

glMli monomer from which other high value-added monomers are obtained, such as 2,5-furandicarboxylic acid
eolites

Non-noble metals
Brgnsted acid sites
Lewis acid sites

(FDCA), a compound that can be obtained from 5-methoxymethyl furfural (MMF), and which can be used as a
fuel, fuel additive or polymer precursor. Several catalysts (mostly zeolites) have been tested to produce MMF.
Specifically, with a ZSM-5 zeolite a yield towards this compound of 97 % has been achieved, carrying out the

reaction in a batch reactor for 5 h. Through the characterization of the catalysts, a strong correlation has been
observed between the acidity of these catalysts and their effectiveness in the reaction of HMF through MMF.

1. Introduction

Looking for the global trends in material extraction, from 1970 to
2017, annual global extraction of materials grew from 27.1 billion tons
to 92.1 billion tons, an annual average growth of 2.6 per cent [1,2].
Within this frame of reference, fossil fuel global extraction decreased
from 23 per cent in 1970 to 16 per cent in 2017 [1]. Among the issues
associated with exploiting fossil resources, three could be highlighted:
availability, unequal geological distribution and contribution to climate
change [3,4]. The European Green Deal, presented in 2019, exposes the
EU’s efforts to achieve a more circular and sustainable economy, leaving
aside the linear ‘take-make-dispose’ model [5,6]. These are compelling
reasons to look for alternative ways to obtain comparable products to
those obtained from fossil resources. Within this paradigm, it is pointed
out in the Chemicals Strategy for Sustainability that biomass is a clear
candidate as a source for obtaining bio-derived high value-added
chemicals [6,7], among other types of products, such as biofuels and
bioenergy.

Agricultural non-edible raw materials such as starch, cellulose and
inulin [8] are renewable, inexpensive and verified starting materials for
manufacturing glucose and fructose. These last C6 monosaccharides,
together with C5 monosaccharides, can also be obtained from residual
lignocellulosic biomass, which can reduce the problems associated with
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generation and management of residues. Hexoses, glucose and fructose,
have been long studied and proved, especially fructose, to be a great
feedstock for producing 5-hydroxymethyl furfural (HMF) [9].

Firstly discovered in the 19th century [10], HMF, whose develop-
ment timeline was reviewed by Teong S.P, Yi G and Zhang Y [11], is
listed within the ‘Top 10 + 4’ bio-based building blocks [12,13],
meaning that HMF is an important platform molecule that bonds
biomass, specifically carbohydrates, with fuel and chemical precursors.
One of these mentioned precursors is 2,5-furandicarboxylic acid
(FDCA), a monomer that can be a green alternative for the production of
polymeric products. FDCA can substitute purified terephthalic acid
(PTA) which is used for the production of polyethylene terephthalate
(PET). The polymer that can be obtained from FDCA is called poly-
ethylene furanoate (PEF) [14,15] and it is a green organic alternative to
petroleum-based PET.

In this context, the monomer under study, 5-methoxymethyl furfural
(or 5-(methoxymethyl)— 2-furaldehyde, MMF), is framed. The interest
set in MMF, as one of the starting substrates for the industrial production
of FDCA, must be attributed to its better storage stability than HMF
[16-19] if the purpose is to storage raw material before the use in an
industrial process. It means, the HMF presents storage instability, hin-
dering the industrial FDCA production at low-cost [18]. Moreover, MMF
can be obtained either directly from fructose via dehydration or from
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HMF via etherification (see Fig. 1), both in methanol presence [16,20].

On the other hand, MMF itself could assume an important role as a
fuel candidate and as fuel additive [17,21]. However, within the
alkoxymethyl furfurals (AMFs), the 5-ethoxymethyl furfural (EMF) is the
most investigated in the past.

Based on this background, the focus of this study is the MMF pro-
duction though HMF/via etherification with methanol, aiming to
compare the activity and selectivity of different catalysts, mainly zeo-
lites. In this work, not only the production of MMF has been studied, but
also how it is influenced by the strength and nature of the Brgnsted and
Lewis acid centers, and how the incorporation of non-noble metals affect
the production of MMF due to the modification of the nature and
strength of the acid centers. For that purpose, the catalysts were tested in
batch reactor system and characterized to correlate their catalytic per-
formance with their physicochemical properties. Afterward, non-noble
metal containing catalysts were prepared using, as support, the cata-
lyst with the best performance in the etherification reaction. These
prepared catalysts were also tested, under the same operating condi-
tions, and then characterized using the same techniques.

2. Experimental section
2.1. Materials

Synthetic 5-hydroxymethyl furfural, HMF (Sigma-Aldrich, > 99.0 %)
was used as standard, for chromatography analysis, and as reactant, in
the chemical reaction. 5-methoxymethyl furfural, MMF (Fluorochem
Ltd, 95.0 %) was used as a standard.

Anhydrous methanol, MeOH (Sigma-Aldrich, 99.8 %) was employed
as reaction medium and reagent.

Zeolite Socony Mobil-5 (ZSM-5): CBV2314 with Si/Al mole ratio of
11.5 (commercialized as SiO,/Al,03 mole ratio = 23), CBV5524G with
Si/Al mole ratio of 25 (commercialized as SiO5/Al;03 mole ratio = 50),
CBV8014 with Si/Al mole ratio of 40 (commercialized as SiO5/Al,03
mole ratio = 80); and f zeolite CP814E with Si/Al mole ratio of 12.5
(commercialized as SiO2/Al;03 mole ratio = 25), were purchased from
Zeolyst International and employed as catalysts.

Another p zeolite with Si/Al mole ratio of 12.5 (commercialized as
Si0,/Al,03 mole ratio = 25), Y zeolite with Si/Al mole ratio of 2.5
(commercialized as SiO/Al03 mole ratio = 5), Mobil Composition of
Matter No. 41 (MCM-41) with Si/Al commercial mole ratio of 5 and
MCM-41with Si/Al commercial mole ratio of 10, were obtained from
ACS Material, LLC and they were also used as catalysts.

Cobalt (II) nitrate hexa-hydrate (Co(NO3)2-6 H20, 98.0-102.0 %)
and manganese (II) nitrate tetra-hydrate (Mn(NO3)2-4 H20, 98 %) were
provided by Alfa Aesar and, copper (II) nitrate tri-hydrate (Cu
(NO3)2-3 H0, 99.0-104.0 %) was acquired from Sigma-Aldrich. All of
these compounds were used as metal precursors.

2.2. Catalysts preparation
The ZSM-5 zeolites were purchased on their ammonia (NH4) form
thus, to achieve the protonated form (HZSM-5), they were calcined in

static air at 550 °C for 3 h. p zeolites and Y zeolites were treated the same
way. Finally, MCM-41 materials were tested on their commercial form.

U
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For now on, the nomenclature used to name the different catalysts is the
following: material Si/Al, where material stands for the protonated
zeolite or the MCM-41, and Si/Al is the ratio value between these
elements.

The metal containing catalysts were prepared by wet-impregnation
[22], incorporating approximately a 3 wt% of metal loading on the
selected support. Only HZSM-5_11.5 zeolite was used as parent zeolite
for this purpose and, Co(NOs3)2:6 HoO, Cu(NOg3)s-3 HoO, and Mn
(NO3)2-4 H20 were employed as metal precursors to prepare these cat-
alysts. For this impregnation process, the calculated mass of metal pre-
cursor was mixed with 1 g of the parent zeolite and 10 mL of MiliQ
water in a 50 mL flask. This flask was stirred at 70 °C in a water bath for
1 h and, then, the temperature was raised up to 80 °C and vacuum was
used to evaporate most of the water. After this, the flask was placed,
overnight, in an oven at 100 °C, to ensure the mixture was completely
dry. As a final point, the obtained powder was transferred into a re-
fractory vessel and placed in an oven where it was reduced at 540 °C for
2h under a 10 mL/min Hy atmosphere, using a ramp of 5 °C/min.
Nomenclature of these prepared catalysts will be M/material_Si/Al,
where M ascribes the metal specie added to the support. Nomenclature is
summarized in Table 1.

2.3. Characterization techniques

2.3.1. Textural properties

The Brunauer-Emmet-Teller (BET) surface area and pore character-
istics of the catalysts were estimated from the Ny adsorption-desorption
isotherms obtained at — 198 °C over the whole range of relative pres-
sure. For this characterization an Autosorb®— 1-C/TCD (Quantach-
rome, USA) was the equipment employed. The sample was analyzed
after outgassing at 500 °C for 6 h.

2.3.2. Temperature-programmed desorption of anmonia (TPD-NH3)

The catalysts total acidity was measured by ammonia desorption
using an AutoChem II Instrument (Micrometrics, USA) equipped with a
TCD detector. Firstly, the sample was heated up to 500 °C, holding this
temperature for 1 h, then the temperature was cooled to 100 °C and, at
this point, NH3 (10 % v/v of NHj3 diluted in He) was fed to the sample for
30 min. The physisorbed NH3 was removed with He for 30 min. Finally,
the chemisorbed NH3 was detected by the TCD, heating the sample to
700 °C at a rate of 10 °C/min and recording data every 1.0 s

2.3.3. Fourier-transform infrared spectroscopy (FTIR)

2.3.3.1. Py-FTIR. The density of Brgnsted and Lewis acid sites (BAS and
LAS) was determined by analyzing the 1400-1700 cm™ wave region in
the FTIR spectrum, using pyridine (Py, 99.5 %, Scharlau) as probe
molecule, at 150 °C. The measurements were performed on a Nicolet
6700 FTIR spectrometer (Thermo Fisher Scientific, USA), using a Specac
catalytic chamber on-line connected to it. Brgnsted/Lewis acid site ratio
(BAS/LAS) was quantified from the ratio between the intensity of pyr-
idine adsorption bands at 1545 and 1450 cm™, respectively, and bearing
in mind the molar extinction coefficients proposed by Emeis for both
adsorption bands (eg = 1.67 cm/pmol) and (g, = 2.22 cm/pmol) [23].

_=0
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Heterogeneous acid catalyst (H*)

MMF (R1= methyl)

Fig. 1. Simplified reaction mechanism of HMF etherification to MMF.



P. Diaz-Maizkurrena et al.

Table 1
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Chemical composition and textural properties of the catalysts used in HMF etherification.

Nomenclature Commercial name Si/Al ratio Added metal composition SBET Vimicro Vineso Average pore diameter
% m2.g? cm®.g? cm®.g? nm
HZSM-5_11.5 CBV2314 11.5 298.90 0.123 0.092 2.96
HZSM-5_25 CBV5524G 25 368.30 0.100 0.351 3.82
HZSM-5_40 CBV8014 40 295.20 0.114 0.089 1.70
Hp1.12.5 CP814E 12.5 607.10 0.203 1.151 8.69
Hp2_12.5 Hp 12.5 324.50 0.162 0.311 5.18
HY 2.5 HY 2.5 328.10 0.281 0.080 3.43
MCM-41_5 MCM-41 5 549.54 0.000 1.674 12.19
MCM-41_10 MCM-41 10 - 588.66 0.000 2.363 18.58
Co/HZSM-5_11.5 - 11.5 2.89 271.00 0.116 0.072 2.66
Cu/HZSM-5_11.5 - 11.5 2.92 288.00 0.123 0.082 2.61
Mn/HZSM-5_11.5 - 11.5 2.87 301.80 0.133 0.079 2.70

2.3.3.2. CD3CN-DRIFT. Deuterated acetonitrile (CD3CN, 99.8 atom %
D, Sigma-Aldrich) was used as probe molecule to assess the nature and
strength of the surface acid sites. CD3CN diffuse reflectance infrared
Fourier transform (DRIFT) spectra were collected with a Nicolet 5700
spectrometer equipped with an Hg-Cd-Te cryodetector with high
sensitivity and working in the spectral range of 4000-650 cm '. A
diffuse reflectance accessory (Praying Mantis-Harrick Co) was used as an
optical mirror accessory. Samples were placed in a high-temperature
catalytic reaction chamber (HVC-DRP Harrick Scientific Products,
USA) that allows treatment in situ at high temperatures. Before intro-
ducing the probe molecule, the solid sample was treated at 200 °C for 1 h
under an argon flow (50 mL/min) to clean the surface and cooled to 25
°C. Then, the probe molecule was added sufficiently to saturate the
sample. The CD3sCN physisorbed fraction was removed by flushing with
Ar flow at 100 °C for 10 min. All spectra of the deuterated acetonitrile
were recorded with 128 scans accumulation and a resolution of 4 cm™.

2.3.4. Inductively coupled plasma-optical emission spectroscopy (ICP-OES)

The metal content of the catalysts was measured by ICP-OES on an
Optima 2000 DV (PerkinElmer, USA) device. Prior to analyses, a 0.05 g
of the samples were digested at 180 °C for 30 min in a mixture of 2 mL
HCl, 3 mL HNOg, and 3 mL HF using an ETHOS 1 Advanced Microwave
Digestion System (Milestone S.r.l., Italy).

2.3.5. X-ray photoelectron spectroscopy (XPS)

A Physical Electronics PHI5700 spectrometer with non-
monochromatic Mg Ka radiation (300 W, 15 kV and 1253.6 eV) with a
multichannel detector was used to determinate the X-ray photoelectron
spectra of the samples. These spectra were recorded in the constant pass
energy mode at 39.35 eV using a 720 ym diameter analysis area. Charge
referencing was measured against adventitious carbon (C 1s at
284.8 eV).

2.4. Activity test

Regarding the experimental conditions, the employed pressure was
established taking into account the literature [24], being the selected
value 20 bar of N». In the case of the reaction temperature, a catalytic
screening of reactions was carried out increasing temperature from 120
°C to 220 °C with a step of 20 °C, finally chosen a temperature of 160 °C.
In this way, the pressure and the temperature played part of fixed con-
ditions, taking the reaction time as variable condition. The catalytic tests
were carried out for 1 and 3 h of reaction time. After that, those catalysts
with the best catalytic were also tested for 5 and 10 h of reaction time.

All reactions were carried out in a 50 mL ( £+ 5mL) batch-type
Teflon-lined stainless-steel autoclave lined with a 30 mL ( & 5 mL)
glass vessel (Iberfluid instruments, S.A. and Kalrez Spectrum). The
production of MMF from HMF was carried out using 15 g solution of
HMF/MeOH (1/99 wt ratio) and 0.05 g of the selected catalyst [24].
After loading this mixture in the reactor, it was sealed and pressurized
by 20 bar of N3 and then placed in a heated plate with 500 rpm magnetic

stirring. Once the reaction time has been completed, the autoclave was
cooled down by placing it in an ice bath to ensure the end of the reaction,
then, the pressure was released. The liquid product obtained was filtered
and then analyzed by a high-performance liquid chromatograph (HPLC
1260 Infinity equipped with a Hi-Plex H column and infrared detector,
Agilent Technologies, USA) using MiliQ water as mobile phase. This
same equipment was used to determine the amount of HMF fed. The
quantification was carried out using the external standard method. An
internal pattern, specifically 3 wt% isoProOH in MiliQ water, was
employed, to ensure the optimal performance of the device.

Catalytic activity results are expressed as conversion of HMF and
yield of MMF, which are calculated by the following equations:

in out
N HMF — N

Conversion (%) = —HME 100 (@)
Nor
N()ltt
Yield (%) = ~2M7..100 )
Nowr

being N, moles of each compound.

Additionally, gas chromatography/mass spectrometry (GC/MS-
QP2010 SE Shimadzu, Agilent Technologies, USA; equipped with a TRB-
WAX column, Teknokroma Analitica SA, Spain) analyses were also
conducted to evaluate qualitatively the possible secondary products.

3. Results and discussion
3.1. Catalysts characterization

3.1.1. Chemical composition and textural properties

The nomenclature used for easier identification of samples, the
chemical composition determined by ICP-OES and the textural proper-
ties obtained from Ny adsorption-desorption isotherms for outgassed
samples are given in Table 1. Data associated with chemical composition
showed that metal loading achieved by wet-impregnation method was
near to the nominal one.

Regarding textural properties, the BET surface area (Spgr), the
microporous volume (Vpjcro) Obtained by the t-method (Boer, Linden,
van der Plas and Zondervan), the mesoporous volume (Vpeso) which was
calculated using the BJH method (Barrett, Joyner and Halenda) and the
average pore diameter are the parameters presented in Table 1.

The HZSM-5_11.5 and HZSM-5_40 catalysts show similar porosity
properties, being only the average pore volume slightly higher in the
case of HZSM-5_11.5. The HZSM-5_25 catalyst registers the highest Sggr
of the HZSM-5 type catalysts, as well as the highest mesoporous volume,
in contrast with the lowest microporous volume, and the highest average
pore diameter. Summing this up, it could be said that HZSM-5_25 pos-
sesses higher pore volume due to its pores are bigger than its HZSM-5
counterpart’s, resulting in higher BET surface area.

The HpP1_12.5 catalyst shows a value of BET surface area of 607 m?/
g, almost twice the one of the HZSM-5 catalysts, having also higher
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mesoporous volume. This observation seems to be in accordance with
the results reported in the literature [25]. In the case of the Hp2 12.5
zeolite, its pore structure presents lower Sggy than the HB1_12.5 catalyst,
similar to the one of the HY 2.5 zeolite and HZSM-5_25. Unless the
HY_2.5 zeolite has similar BET surface area to the HB2_11.5 one, its
average pore diameter and mesoporous volume are lower, being higher
the proportion of micropores and being this proportion of microporous
volume similar to Hf1_11.5.

The MCM-41 catalysts show surface area, pore volume and average
pore diameter above 500 m%/g, 1.7 cm3/g, and 12 nm, respectively.
These data mean that these catalysts have the largest pore size and,
therefore, the most mesoporous structure of catalysts screened, since
they do not present microporous contribution as can be seen in Table 1.
This fact is concordance with bibliography [26].

As aforementioned, the HZSM-511.5 catalyst has also been
employed as support to prepare the monometallic catalysts indicated on
the last three lines of Table 1. According to these data, the incorporation
of cobalt or copper into the support has reduced the parameters pre-
sented in the table. This fact indicates that metals were deposited pref-
erentially within the porous structure. A similar phenomenon is
observed for the Mn monometallic catalyst. However, it shows slightly
higher Sggr than the no-loaded HZSM-5_11.5, suggesting that superficial
exposure of Mn particles is better than the superficial exposure on
supported Co and Cu catalysts [27].

3.1.2. Temperature-programmed desorption of ammonia

The acidity properties of the tested catalysts were measured by two
complementary techniques, the temperature-programmed desorption of
ammonia (NH3-TPD) and the infrared Fourier spectroscopy (FTIR).
These mentioned techniques are commonly employed for zeolite char-
acterization [28]. Since NH3-TPD only provides information on total
acidity and acid strength distribution of solid catalytic materials [29],
the Py-FTIR and CD3CN-DRIFT techniques were used to differentiate the
Brgnsted and Lewis acid sites and their strength, respectively.

Profiles obtained with NH3-TPD technique are shown in Fig. 2 and
Fig. 3, while the derived data, associated with distribution of acid sites
and total amount of acid sites, are shown in Table 2. The profiles of the
catalyst without metal load are shown in Fig. 2 and they can be classified
in three well-defined shapes. One of these shapes belongs to the HZSM-5
type zeolites. The second one belongs to the H zeolites, and the HY
zeolite. The third one is the one related to the MCM-41 materials.

Regarding the HZSM-5 catalysts, their ammonia desorption profiles
show two desorption peaks at, around, 195-230 °C and 400-440 °C,
indicating that these catalysts have centers with different acid strength.
According to literature [26,30-35], the peaks that appear at low tem-
peratures can be ascribed to weak and/or medium bonded ammonia
desorption. While the peaks at higher temperatures are associated with

HZSM-5_11.5
—— HZSM-5_25
—— HZSM-5_40
. HB1_12.5
2 —— Hp2_12.5
t ——HY_2.5
gﬁ MCM-41_5
7 —— MCM-41_10
o)
O
&=

1 1
100 200 300 400 500 600 700

Temperature (°C)

Fig. 2. NH;3-TPD for tested catalysts (without metal).
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Fig. 3. NH3-TPD for HZSM-511.5 and non-noble metal impregnated
HZSM-5_11.5.

Table 2
Data obtained from deconvolution of NH3-TPD profiles for all of the tested
catalysts.

Sample Distribution of acid sites Total amount of
. acid sites (mmol
Weak-medium Strong NHg-gl)
Trnax mmol Tmax mmol from 100° to 550°C
(C)  NHpgg  (°C)  NHago
HZSM- 230 1.538 440 1.155 2.693
5115
HZSM-5_25 200 0.550 420 0.420 0.969
HZSM-5_40 195 0.326 400 0.249 0.574
Hp1_12.5 195 0.586 370 0.371 0.957
Hp2_12.5 190 0.412 350 0.378 0.790
HY 2.5 190 0.776 370 0.287 1.063
MCM-41_5 200 0.073 260 0.569 0.642
MCM- 185 0.165 255 0.340 0.506
4110
Co/HZSM- 205 1.244 450 0.370 1.614
5115
Cu/HZSM- 205 0.899 440 0.875 1.774
5115
Mn/HZSM- 195 1.117 440 0.255 1.373
5115

desorption of ammonia strongly interacting with acid sites.

Above this group, the highest amount of acid sites is represented by
the HZSM-5_11.5 catalyst (2.693 mmol NHj3/g.) followed by the
HZSM-5_25 and HZSM-5_40 samples, showing values of 0.969 and
0.574 mmol NH3/g.., respectively. These results indicate that the
increment of Si/Al ratio reduces the amount of acid sites, which is in
accordance with the results reported in literature [36,37]. In fact, the
amount of chemisorbed NHj is closely related to the aluminum content
in the catalysts, which plays an important role as acidity source in ze-
olites [38].

The profiles of the Hps (HB1_12.5 and HB2_12.5) and HY_ 2.5 cata-
lysts register another characteristic shape due to a contribution of two
desorption peaks, being the most distinguishable the one that is linked to
the weak-medium strength ones (around 190-195°C) and the one
related to strong acid sites in the range between 350 and 370 °C [26,34].
Therefore, the peak associated to strong acid sites of these catalysts is
shifted at lower temperatures when compared with the HZSM-5 cata-
lysts, indicating that the amount of strong acid sites in them is lower
than in the HZSM-5 ones. The contribution of weak-medium acid sites,
instead, is higher and, regarding total amount of acid sites considering
these three catalysts, the one that shows the highest is the HY 2.5
zeolite, followed by the HB1_12.5 zeolite and, finally, the Hp2 12.5
zeolite (see Table 2).
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The ammonia desorption profiles of the MCM-41 catalysts represent
the contribution of two peaks with similar shapes to those obtained in
bibliography [37]. The maximum temperatures for each desorption
peak are around 185-200 °C and 255-260 °C (see Table 2), suggesting
that these catalysts hold, mainly, weak and medium acid sites [39].
Regarding the total amount of acid sites, the MCM-41_10 catalyst has the
lowest acidity, since the MCM-41_5 catalyst shows a total acidity closer
to the HB1_12.5 catalyst one.

Concerning to the monometallic catalysts, the incorporation of metal
species on the HZSM-5_11.5 zeolite decreases the maximum tempera-
ture ascribed to weak-medium acid sites. In contrast, the maximum
temperature attributed to strong acid sites remains almost constant.
Nevertheless, the intensity of the peak related to the strong acid sites
shows a drastic drop on every of the metal-containing catalysts profiles
(see Fig. 3), meaning that the strength of those strong acid sites is
affected by the metal incorporation. Therefore, the total acidity of these
samples is mainly due to their weak-medium acid sites. The strong acid
sites disappearance could also suggest that the incorporated metals are
mainly deposited over these strong acid sites of the support, indicating
that metal species have more affinity for strong acid sites and end
blocking these ones.

3.1.3. Fourier-transform infrared spectroscopy

3.1.3.1. Py-FTIR. As aforementioned, the Py-FTIR was used to
discriminate between the type of acid sites (Brgnsted or Lewis) and to
quantify the density of these acid sites among the different employed
catalysts. The deconvolution of the obtained spectra provides peaks at
different adsorption bands and quantitative data related to the ratio of
Brgnsted and Lewis acid sites (BAS/LAS), which are shown in Table 3.
All these catalytic samples register characteristic bands at around 1545
and 1454 cm™! bands (see Fig. 4 and Fig. 5), the first one associated with
Brgnsted acid sites (pyridinium ion) and the second one related with
Lewis acid sites (pyridine coordinately bounded to accessible Al3+) [40].
Between these two characteristic bands a third band appears, at
1490 cm’Y, this band is related to contribution of both type of acid sites,
Lewis and Brgnsted (and is not quantified in Table 3).

Above all the Py-FTIR characterized catalysts, the ones that provide
the highest BAS/LAS ratio are the HZSM-5 ones, reaching their top value
at 21.6 for the HZSM-5_11.5 catalyst. The integration value for the
Brgnsted peak is similar for the HZSM-5_25 and HZSM-5_40 catalysts,
while the value corresponding to the Lewis peak decreases for the
HZSM-5_40, providing for this catalyst higher BAS/LAS ratio than for
the HZSM-5_25 catalyst.

In the case of the Hp1_11.5 and HB2_11.5 catalysts, both  protonated
zeolites, they show very similar BAS/LAS ratios due to the contribution
of Brgnsted and Lewis acidities, which are similar in both samples. The
HY 2.5 catalyst shows slightly higher BAS/LAS ratio than the p pro-
tonated zeolites, because it has a greater contribution of Brgnsted acid
sites, while Lewis acid sites also increase but to a lesser extent.

The results showed in Table 3 indicate that, in general, Brgnsted

Table 3

Py-FTIR numerical results.
Sample BAS 1545 cm™? LAS 1454 cm™ BAS/LAS?

mmol-g! mmol-g?! mmol-mmol™

HZSM-5_11.5 0.79 0.04 21.59
HZSM-5_25 0.20 0.08 2.41
HZSM-5_40 0.30 0.07 4.53
Hp1_12.5 0.16 0.28 0.59
Hp2_12.5 0.19 0.32 0.60
HY 2.5 0.23 0.31 0.75
Co/HZSM-5_11.5 0.25 0.77 0.32
Cu/HZSM-5_11.5 0.26 0.54 0.49
Mn/HZSM-5_11.5 0.33 0.57 0.57

# The applied molar extinction coefficients by Emeis [23].
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Fig. 4. Py-FTIR spectra of HZSM-5, Hp and HY_2.5 zeolites.
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Fig. 5. Py-FTIR spectra of HZSM-5_11.5 catalyst and HZSM-5 with non-noble
metals impregnated by wet-impregnation.

acidity contribution in the HB1_12.5, HB2_12.5 and HY_2.5 zeolites de-
creases when compared with HZSM-5 zeolites. This fact agrees with the
NH3-TPD profiles, where the peak detected at around 425-450 °C re-
duces its intensity and shifts to lower desorption temperatures when
comparing the HZSM-5 catalysts to the other mentioned zeolites. In this
sense, it seems probable that the NH3 desorption peaks spotted at around
190-200 °C belong to Lewis acid sites, while peaks detected around
425-450 °C correspond to Brgnsted acid sites [28,41].
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As shown in Fig. 5, the addition of metals by wet-impregnation on
the HZSM-5_11.5 zeolite causes a drastic decrease of the Brgnsted type
acidity and a severely increase the Lewis acid sites. The reduction of BAS
could be due to the preferential deposition of metals on BAS, which is in
concordance with the NH3-TPD results. As stated above, the LAS type
acidity increases significantly, especially in the Co-loaded one, followed
by the Mn and Cu ones.

3.1.3.2. CD3CN-DRIFT. Deuterated acetonitrile (CD3CN) was used as a
complementary probe molecule to pyridine (Py) to evaluate the surface
acidity of the samples. The use of CD3CN allows to differentiate between
Brgnsted and Lewis acid sites, just like pyridine, but due to its higher
sensitivity, this molecule also allows to distinguish the strength of the
acid sites.

DRIFT spectra after CD3CN adsorption are collected in Fig. 6. For the
assignment of the infrared bands, it must be taken into account that the
frequencies of the registered signals are > 2300 cm™® and are associated
with Lewis acid sites, while that when they are < 2300 cm™! they are
attributed to Brgnsted acid sites. Furthermore, the strength of these acid
centers increases with higher frequencies [42,43]. The intensity of all
the spectra has been normalized with overtones of the Si-O bond.

Three infrared bands can be distinguished in the case of the HZSM-5
zeolites, except for the HZSM-5_11.5. These three peaks are associated
with strong/medium Lewis acid sites (Ls,y) at 2318 cm'l, strong
Brgnsted acid sites (Bg) at 2295 cm'l, and weak Brgnsted acid sites (Bw)
at 2275 em™ [42,43]. Among the HZSM-5 supports, the HZSM-5_11.5 is
the one that gives the highest signal for Bg and Lg/y;, which means that
this zeolite has the highest amount of both types of acid sites. Conse-
quently, considering these results and those of Py-FTIR, the
HZSM-5_11.5 is the catalyst with the highest BAS/LAS, and these BAS
are also very strong.

The Hps and HY_2.5 zeolites, also contained strong/medium Lewis
acid sites, strong Brgnsted acid sites and weak Brgnsted acid sites, and
most of their acidity splits between Lg,\; and By type of acid sites. Being
well noted that the HB1_12.5 catalyst presents the highest value of
strong/medium Lewis acid sites, unlike the HY 2.5 catalyst, whose
highest peak is related to weak Brgnsted acid sites.
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Fig. 6. DRIFT spectra for all of the employed catalysts.
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The addition of non-noble metals on HZSM-5_11.5 significantly
modified the nature and strength of the surface acid centers, as can be
seen in Fig. 6 and Fig. 7 (deconvoluted spectra). With the addition of Co,
a new peak appears at 2305 cm’! that corresponds to Lewis weak acid
sites (Lw) and it has been previously associated with the presence of
Co3* ions supported on zeolites [44-46]. In the Co/HZSM-5_11.5 cata-
lyst, the peak related to medium/strong Lewis acid sites rises drastically
compared to the parent zeolite in contrast to the strong Brgnsted acid
sites. The addition of Mn highly increases the peak related to strong
Brgnsted acid sites, but there is no presence of strong/medium Lewis
acid sites, unlike weak Lewis acid sites. As aforementioned, the
Mn/HZSM-5_11.5 has a low BAS/LAS ratio with higher presence of LAS
so, combining these results, it could be said that, even though the
presence of BAS is low, its strength is very high and the opposite is
observed for LAS, its presence is higher but they have no or very little
response peaks for interaction with CD3CN. This difference could be due
to the differences in pyridine and deuterated acetonitrile adsorptions
[47,48].

MCM-41 catalysts were not analyzed by any of these FTIR methods
due to the impossibility of compressing the sample, which is necessary to
carry out the Py-FTIR analysis, and the small quantity available of each
catalyst.

3.1.4. X-ray photoelectron spectroscopy

The XPS technique has been employed to get insights into the surface
characteristics of the employed catalysts. Concretely, the XPS provided
information about coordination state of the surface species and their
ratio. The binding energies (BE) associated to O 1 s, Si 2p, Al 2p, Cu 2p3,
2, CuLMM, Co 2p3,2, Mn 2p3/, core levels are summarized in Table 4. As
can be observed, all of the catalysts showed O 1 s, Si 2p and Al 2p peaks
at around 533.4, 103.5 and 75 eV, which can be assigned to regular
lattice oxygen from zeolites, Si*2 and Al*® species [27,49,50], respec-
tively. This fact indicated that O, Si and Al species coordination did not

2295

”
Cu/HZSM-5_11.5

Kubelke-Munk (a.u.)
=

il 2275

Co/HZSM-5_11.5

2305 5

2

2400 2350 2300 2250 2200
Wavenumber (cm™)

Fig. 7. Deconvolution results of DRIFT analysis of non-noble metal impreg-
nated catalysts.
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Table 4
Binding energies (eV), referenced to Cls= 284.8 eV, and surface Si/Al ratio.
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Sample Ols Si 2p Al 2p Cu 2p3/» CuLMM Co 2p3,2 Mn 2p3/» Ratio Si/Al
HZSM-5_11.5 533.4 103.7 74.9 11.3
HZSM-5_25 532.4 103.2 75.0 27.8
HZSM-5_40 533.1 103.6 74.8 42.5
Hp1_.12.5 533.1 103.8 74.9 15.5
Hp2_12.5 532.9 103.6 75.2 12.0
HY 2.5 531.9 102.7 74.8 1.7
Co/HZSM-5_11.5 532.7 103.5 75.0 781.6 14.7
Cu/HZSM-5_11.5 532.5 103.2 74.9 933.5 573.6 11.4
Mn/HZSM-5_11.5 532.6 103.3 74.8 642.7; 12.5
646.7

*Note: Si/Al ratio follows the expected trend (seen in Table 1), being the values different because this is surface Si/Al ratio.

suffer variations. However, the detection of different values for Ols in
the zeolites suggested de presence of different surface oxide species.
Based on the literature [51] zeolites can be presented as Si-OH
(533.7 eV), S=0 (532.3 eV) and SiO5 (533.1 eV) species on the surface.

Taking into account this and the data presented in Table 4, it seemed
that the zeolites showed contribution of different species, being the
silanol species more important for the HZSM-5_11.5 catalyst. This fact
seemed to be in accordance with the high acidity presented by this
catalyst. The binding energy of the O 1 s level for the other zeolites
shifted to lower BEs suggesting a major contribution of other surface
species such as S=O and SiO,. The detection of these species could be
due to the lower acidity presented by these zeolites when compared with
HZSM-5_11.5.

Regarding metal catalysts, the Co supported zeolite presented a peak
at 781.6 eV which corresponds to Co*t species [52], fact that was
confirmed by the presence of its satellite at 787.6eV. The
Cu/HZSM-5_11.5 catalyst showed Cu 2ps,2 level at 933.53 eV which can
be ascribed to Cu™ [52,53]. The presence of this specie was also
confirmed by the detection of CuLMM peak at 573.6 eV binding energy.
The absence of the satellite peak in the Cu 2py/3 level excluded the
possibility of having Cu?' species on the surface. Regarding the
Mn/HZSM-5_11.5 catalyst, it showed two BE for Mn 2p3,, peak, one at
642.7 and other at 646.7 eV, corresponding the first one to Mn?* species
and the second one could correspond to the MnO satellite feature [54].
According to the literature [55], the presence of the double peaks of Mn
2p implies that the Mn species are successfully introduced in the zeolite
framework through interactions between Mn species and the silanols
(Brgnsted acid sites) to form Si-O-Mn.

Based on this, it seemed that Co, Cu and Mn addition reduced the
Brgnsted acid sites, as was confirmed by Py-FTIR measurements. On the
other hand, the addition of metal species on HZSM-5_11.5 zeolite pro-
voked a slight decrease on the binding energies ascribed to O 1 s level,
reaching values close to 532.5 eV. This phenomenon could be related to
the aforementioned phenomenon or to the presence of lattice oxygen
from metal oxides. Apart from this, the Si/Al ratio slightly increases,
which could indicate that the metal could be depositing on the surface of
the Al

3.2. Activity results

3.2.1. Preliminary tests for 1 and 3 h

The characterized acid catalysts were experimentally tested to study
their catalytic activity at different reaction times, specifically at 1 and
3 h. The results are presented in Table 5 for the HZSM-5 type zeolites,
Table 6 for the HBs and HY_2.5 zeolites, and Table 7 for the MCM-41
catalysts.

Regarding HZSM-5 type catalysts, the catalytic activity for these
zeolites after 1 h of reaction was similar. The increase of the reaction
time from 1 h to 3 h improved the HMF conversion and yield towards
MMF product, reaching values above 90 % and 75 %, respectively, for
these catalysts. However, between these zeolites, the HZSM-5_40

Table 5
Catalytic activity results obtained with HZSM-5 catalysts. Reaction conditions:
160 °C, 20 bar of N,, 500 rpm.

Sample Reaction time HMF conversion MMF yield

h % %
HZSM-5_11.5 1 89 74

3 92 79
HZSM-5_25 1 90 74

3 92 86
HZSM-5_40 1 92 76

3 100 95

Table 6

Catalytic activity results for Hp and HY catalysts. Reaction conditions: 160 °C,
20 bar of Ny, 500 rpm.

Sample Reaction time HMF conversion MMF yield

h % %
Hp1.12.5 1 91 73

3 92 33
Hp2_12.5 1 94 86

3 96 67
HY_ 2.5 1 36 25

3 70 61

Table 7

Catalytic activity results for MCM-41 catalysts. Reaction conditions: 160 °C,
20 bar of No, 500 rpm.

Sample Reaction time HMF conversion MMF yield

h % %
MCM-41_5 1 65 59

3 61 50
MCM-41_10 1 74 52

3 94 69

showed better catalytic activity after 3 h of reaction than the HZSM-
5_11.5 and HZSM-5_25 catalysts. In particular, this zeolite provided a
complete HMF conversion and MMF yield of 95 %. The good behavior of
this catalyst was followed by the HZSM-5_25 and HZSM-5_11.5 catalysts,
respectively, which presented similar catalytic activity after 3h of
reaction.

Reaction mechanism of HMF reaction with methanol towards MMF
could be extrapolated from the suggested one for the production of EMF
with ethanol [17]. Being the reaction by-products, the
5-(dimethoxymethyl)— 2-furanmethanol  (or  5-hydroxymethyl)—
2-(dimethoxymethyl)furan, HMFDMA), methyl levulinate (mL) and
methyl formate (MF). Based on this, the enhancement of MMF yield,
with little enhance of HMF conversion, when reaction time increases
would be due to the transformation of HMFDMA into MMF. This
by-product that equilibrates MMF generation has been identified by
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GC/MS, together with mL, which can be obtained from MMF or HMF
[17].

In the case of the Hf1_12.5, HB2_12.5 and HY_2.5 zeolites, their
catalytic activity showed more important differences than the HZSM-5
zeolites at the two different reaction times selected for preliminary
tests. As can be observed in Table 6, the HMF conversion and the MMF
yield for the HB1_12.5 and HB2_12.5 zeolites were similar to the ob-
tained ones for the HZSM-5 after 1 h of reaction. The HY_2.5 zeolite
presented a lower catalytic activity than its counterparts. Moreover, the
increase in the reaction time enhanced HMF conversion, following the
same trend as the one showed by the HZSM-5 catalysts. However, within
the catalysts shown in Table 6, the HY 2.5 zeolite was the only catalyst
that improved MMF yield when reaction time was increased. This
mentioned catalyst provided an HMF conversion of 70 % and a yield
towards MMF of 61 % at 3 h of reaction. Regarding the HB1_12.5 and
Hp2_12.5 catalysts, they enhanced the conversion of HMF until
achieving its almost complete conversion, reaching values above 90 %.
However, their ability to produce MMF decreased with the increment of
reaction time from 1 h to 3 h. Specifically the Hp1_12.5 catalyst pro-
vided a MMF yield of 73 % that decreased to 33 %. Although the
HpP2_12.5 catalyst presented the same trend regarding MMF yield as the
HpP1_12.5 catalyst, the decrease is less pronounced.

These phenomena, related to the enhancement of the HMF conver-
sion and the decrease of the MMF yield, could suggest that MMF reacts
under operation conditions. As previously mentioned, mL and MF could
be formed from MMF, explaining the MMF yield decrease and the HMF
conversion increase.

The important difference between the catalytic activity of the group
of the HZSM-5 zeolites and the group of Hf (HB1_12.5 and Hp2_12.5)
and HY_2.5 zeolites did not seem to be related with their textural
properties. However, within these zeolites Hfs and HY_2.5, the textural
properties also seem to play an important role when it adds up to the
acidity. In contrast with Hfs, HY 2.5 zeolite possesses the smallest
mesoporous volume, being its greater contribution of pore volume the
microporous type one. This fact together with the presence of weak-
medium acid strength and Brgnsted acid sites, corroborated by NHs-
TPD and Py-FTIR, seems to be the responsible of the catalytic behavior
presented by the HY 2.5 zeolite.

Total acidity, strength of acid sites, and ratio between Brgnsted and
Lewis acid sites of the catalysts seemed to play an important role in the
HMF etherification reaction. In terms of acidity, the HZSM-5 catalysts
exhibited stronger acid sites corroborated by maximum temperatures
obtained by NHj3 desorption and FTIR analysis, using as probe molecules
both pyridine and deuterated acetonitrile.

By the FTIR analysis, the majority of their acid sites were Brgnsted
acid sites, depicted by the high BAS/LAS ratio and, as previously seen in
Fig. 4, these Brgnsted acid sites are, above all, strong Brgnsted acid sites.
In this sense, the HB1_12.5, HB2_12.5, and HY_2.5 zeolites presented
lower acid strength, having more Lewis type acid sites and weak type
Brgnsted acid sites when compared to the HZSM-5 catalysts. This
observation suggests that a combination of acid strength (as measured
by NH3-TPD) and the greater presence of Brgnsted acid sites (as esti-
mated from Py-FTIR spectra), specifically strong Brgnsted acid sites (as
indicated by CD3CN-FTIR), resulting in a higher BAS/LAS ratio, are key
factors for HMF etherification, as reported literature proposes [56]. In
this sense, the decrease in MMF yield with reaction time observed for the
Hp and HY catalysts could be a consequence of consecutive reactions of
the MMF formed during the first hour caused by an increase in the Lewis
acidity of these materials. These reactions, apart from the aforemen-
tioned by-products, could generate humins or heavy products, which
can be accumulated in the active sites provoking the decrease of MMF
yield, even the deactivation of the catalysts.

Regarding the MCM-41 catalysts, they showed different behaviors
depending on the Si/Al ratio, as shown in Table 7. When Si/Al ratio is
low, the catalyst provided a HMF conversion and a MMF yield below 65
% at 1 and 3 h. Moreover, in this case, these two activity parameters
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decreased when reaction time increased, indicating that this catalyst
was not active toward HMF transformation and selective enough for
MMF production after 1h. The catalytic activity loss of MCM-41_5
catalyst could be due to the formation of humins [57] and, even,
heavy products, generated from HMF degradation in water, that could
lead the way to deactivate the catalysts.

As previously mentioned, this phenomenon was also observed for the
Hp1_12.5 and HP2_12.5 catalysts, being the loss of yield towards MMF
for those two catalysts higher than the one detected for MCM-41 with
low Si/Al ratio. On the other hand, the catalyst with higher Si/Al ratio
presented higher HMF conversion at both reaction times and it improved
the MMF yield from 52 % to 69 % when reaction time was increased.
However, neither of these catalysts were able to provide similar HMF
conversions and MMF yields when compared with the HZSM-5 catalysts.
These two catalysts presented a similar total amount of acid sites than
some of the other employed catalysts. Nevertheless, the maximum
temperature of NH3 desorption associated with the acid sites of this
mentioned catalysts shifted from high temperatures (400 °C approx.) to
low temperatures (260 °C approx.), indicating that the average strength
of the MCM-41 s strong type acid sites is clearly lower than the strengths
showed by the zeolites (HZSM-5 s, Hfs, and HY_2.5).

Among all the tested catalysts, the HZSM-5 s showed the best cata-
lytic activity in the etherification reaction of HMF towards MMF, while
the worst catalytic activity by means of MMF yield variation while
increasing the reaction time, was for the HB1_12.5 zeolite. The good
catalytic behavior of HZSM-5 zeolites could be referred to the higher
acid strength of its acid sites and to the presence of more and stronger
Brgnsted acid sites. Considering these statements and the small differ-
ence observed in catalytic activity of the HZSM-5 catalysts, the next step
was incrementing the reaction time up to 5 and 10 h.

3.2.2. Activity test at higher reaction time for 5 and 10 h

Results achieved under these conditions were collected in Table 8,
where results of the HZSM-5 zeolites and the HB1_12.5 were presented
for comparing them, as this was the catalyst (between Hfs and HY 2.5
catalysts) that seemed to have the worst performance through time.
Also, in Fig. 8, results of the HZSM-5_11.5 and the HB1_12.5 are repre-
sented in order to see the tendency of the activity tests results using these
two catalysts. Results of the HB1_12.5 showed that although longer re-
action times increased the HMF conversion (at 5 and 10 h), it was not
capable of improving the MMF yield, indicating that this catalyst is not
selective enough towards the MMF formation. In this sense, this zeolite
contained sites with similar acid strength than the ones of some HZSM-5
catalysts, providing similar HMF conversions. But it had higher strong/
medium Lewis acid sites and low Brgnsted ones, being these Brgnsted

Table 8
Catalytic activity results with HZSM-5 catalysts and HB1_12.5 catalyst. Reaction
conditions: 160 °C, 20 bar of N, 500 rpm.

Sample Reaction time HMF conversion MMF yield
h % %
HZSM-5_11.5 1 89 74
3 92 79
5 98 97
10 98 68
HZSM-5_25 1 90 74
3 92 86
5 96 90
10 96 65
HZSM-5_40 1 92 76
3 100 95
5 100 85
10 100 63
Hp1.12.5 1 91 73
3 92 33
5 96 22
10 98 12
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Fig. 8. Catalytic activity results with HZSM-5_11.5 (in green) and Hp1_12.5 (in
blue) through reaction time. Filled squares are for conversion of HMF and
empty circles for yield to MMF.

acid sites distributed between strong and weak. These facts seem to be
the cause of the decrease in the BAS/LAS ratio, provoking the lower
MMF yields obtained.

Regarding HZSM-5 catalysts, the HMF conversion remained constant
between 3 and 10 h of reaction time when the HZSM-5_40 catalyst was
used, while the MMF yield was reduced from 95 % to 63 %. The HZSM-
5.11.5 and HZSM-5_25 zeolites enhanced the HMF conversion and the
MMF yield up until 5 h of reaction time. However, after 10 h of reaction,
the HMF conversion remained almost constant while the MMF yield
decreased from 97 % to 68 % using the HZSM-5_11.5 catalyst, and from
90 % to 65 % using the HZSM-5_25 one. In this sense, and as can be seen
in Table 8, all the HZSM-5 catalysts showed a severe decrease in the
MMF yield when 10 h of reaction time were reached. Based on these
catalytic results, the catalyst that showed the best performance along
time was the HZSM-5_11.5, showing its best performance after 5h of
reaction time, achieving values around 97 % for the MMF yield and 98 %
for the HMF conversion. In contrast, HZSM-5_40, achieved its highest at
3 h but its stability decreased by increasing reaction time, probably due
to deactivation of these catalyst through reaction time.

Within the HZSM-5 catalysts, the one that showed a drastically
higher amount of acid sites is the HZSM-5_11.5 zeolite, being the
strength and type of them mostly strong Lewis and, above all, strong
Brgnsted acid sites. These were the reasons that led to conclude that this
type of acid centers is the one that most favors the reaction, resulting in
better selectivity results towards MMF production.

In summary, based on the results, it can be seen that the best
behavior is presented by HZSM-5_11.5 and HZSM-5_40 zeolites. In the
case of HZSM-5_40, a yield of 95 % towards MMF is reached earlier,
however, by increasing reaction time, this catalyst loses selectivity to-
wards the product desired in this study, reaching a yield of 63 % at 10 h.
In the case of the HZSM-5_11.5, the yield is slightly higher after 5 h of
reaction time, being its selectivity towards the MMF practically com-
plete. However, after 5 h it also loses selectivity although this loss is
slightly lower than in the case of HZSM-5_40. The good performance of
the HZSM-5_11.5 can be associated to its acid characteristics, such as
high acid strength, high concentration of acid sites, specifically,
Brgnsted acid sites and, consequently, high BAS/LAS ratio.

Based on these observations, the HZSM-5_11.5 zeolite was employed
as support of different non-noble metals, specifically: Co, Cu and Mn,
being the metal content of around 3 wt%. These prepared metal cata-
lysts were tested at the same reaction conditions as the bare zeolites,
choosing as reaction time 5 h, trying to see if the incorporation of these
metal affects in the HZSM-5_11.5 performance. The activity results
achieved with these metal containing catalysts are displayed in Table 9.
As can be observed, the incorporation of different metals did not
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Table 9

Catalytic activity results, 5 h reaction time, with HZSM-5_11.5 catalyst and
HZSM-5_11.5 with non-noble metals. Reaction conditions: 160 °C, 20 bar of N,
500 rpm.

Sample HMF conversion MMF yield
% %
HZSM-5_11.5 98 97
Co/HZSM-5_11.5 88 85
Cu/HZSM-5_11.5 94 87
Mn/HZSM-5_11.5 98 97

improve the catalytic activity of the HZSM-5_11.5 support. In particular,
the presence of Co and Cu in the zeolite reduced the catalytic activity of
the bare support, resulting in a lower HMF conversion and a lower MMF
yield. The presence of Mn seemed to have no influence on the activity of
the HZSM-5_11.5 support, based on the HMF conversions and MMF
yields, which were almost the same as the ones obtained with the bare
support.

The behavior of these metal catalysts can again be related to the loss
of part of their acid sites (see Table 2) due to the preferential disposition
of metals over Brgnsted type acid sites in the case of Cu and Co incor-
poration, which has been confirmed as the most interesting type of acid
site to favor the reaction towards the desired product, the MMF. On the
contrary, in the case of Mn incorporation, although the BAS/LAS ratio
(Py-FTIR) decreases, the presence of strong Brgnsted acid sites (CD3CN-
DRIFT) maintains the initial performance of the HZSM-5_11.5 zeolite.
Therefore, it is not only important to have a high BAS/LAS ratio, but also
strong Brgnsted acid sites are required to reach high HMF conversions
and MMF yields.

Regarding repeatability catalytic tests for the HZSM-5_11.5 zeolite
were performed in triplicate, obtaining an experimental error around
+ 6 %.

4. Conclusions

The catalytic conversion of HMF through its etherification towards
MMF was carried out in a discontinuous batch type reactor, employing
as catalysts different silico-alumina catalysts (most of them with zeolitic
structure). The most promising zeolite type catalyst was the selected one
to be used as support of newly prepared catalysts by non-noble metal
(Co, Cu, and Mn) wet-impregnation.

All the catalysts were tested for the desired reaction, maintaining
constant all the operation conditions with the exception of the reaction
time. Starting with reaction times of 1 and 3 h, all catalysts were tested
and MCM-41 catalysts were discarded for further experiments, as well as
the HY_2.5 zeolite and the HP2_12.5 zeolite because of their poorer
behavior; keeping for the next step the HZSM-5 zeolites as well as the
Hp1_12.5 zeolite.

The activity results were analyzed taking into account the informa-
tion from the characterization of the catalysts. The results of these
characterization techniques confirmed that acidity was the most
important catalyst characteristic to explain the differences in activity
and selectivity observed for the different catalytic samples. Confirming
that the HZSM-5_11.5 and the HZSM-5_40 zeolites are the ones that
present greater behavior in the production of MMF having, both, higher
concentration of BAS than LAS. However, Lewis and Brgnsted acid sites
could be active in the HMF etherification, but strong Brgnsted acid sites,
as seen in HZSM-5_11.5 catalyst, were the most selective for the for-
mation of the MMF as product.

The addition of non-noble metals to the HZSM-5_11.5 zeolite did not
lead to any improvement, seeming that the addition of metal blocked
part of the strong acid centers of this catalyst. The incorporation of metal
did not change the structure of the HZSM-5_11.5 but, in general,
decreased significantly the BAS/LAS ratio.
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