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ARTICLE INFO ABSTRACT

Keywords: In the present study, the synthesis of an organic group-modified alumina by the sol-gel method is proposed. This
Fructose material has shown to have an enhanced catalytic performance with grafted organic groups and showed an
5—HM_F ) improved stability. The prepared material has shown to have several O—H groups and an enhanced surface
Modified alumina acidity. The alumina acidity was improved by incorporating thiol groups by grafting method, which promotes
DNP-NMR . . . . -

Grafting the tautomerization of fructose to its furanose form. Furthermore, the grafting of sulfonic groups catalyzes its

dehydration. The modified alumina was thermally treated up to 200 °C to improve the functional groups sta-
bility. After, this modified material was packed into a continuous reactor system, designed and built by this
group, to obtain 5-hydroxymethylfurfural (5-HMF) from fructose dissolved in a single-phase solution of tet-
rahydrofuran (THF) and H,O (4:1 w/w). The catalytic activity of this material was evaluated by the reaction of
fructose dehydration at different reaction temperatures (60, 70, 80 and 90 °C). Fructose conversion and se-
lectivity towards 5-HMF were determined by high performance liquid chromatography (HPLC), obtaining 95%
and 73% respectively for the highest temperature. The catalyst showed an efficient stability after 24 h in con-
tinuous flow at 70 °C. The loss of sulfur content was 15%, but the fructose conversion yield and the selectivity to
5-HMF after 24 h of continuous reaction did not undergo significant changes (less than 5%). The nuclear
magnetic resonance (NMR) tests confirmed the presence of the thiol and sulfonic groups before and after 24 h of
reaction, as well as the conservation of the same structure, demonstrating the efficient catalytic performance of
the material. The catalysts were characterized by nitrogen adsorption/desorption, X-ray diffraction and infrared
(IR) spectroscopy. Also, before and after use by utilizing elemental analysis and '"H-'3C cross—polarization
magic-angle spinning (CPMAS) and dynamic-nuclear polarization (DNP)-enhanced "H-'C and 'H-?°Si CPMAS
as well as directly excited 2°Si magic-angle spinning (MAS) NMR methods in solid-state.

1. Introduction

The need to create sustainable technological processes that use re-
newable raw materials, minimization of the use of energy and toxic
emissions generated during the process is the goal of many research
groups globally. In this way, it is desirable to convert waste streams into
valuable chemicals and materials with high market attractiveness
through advanced recycling approaches [1,2]. The large amount of
waste from existing industrial sectors (e.g., food industry, pulp and

paper industry, biodiesel and bioethanol production, etc.) [3] can be-
come an uncharted opportunity to turn the waste into a potential
feedstock for the production of sugar-based products to replace pet-
ro—chemicals [4,5]. In addition, the homogenous nature of the waste
presents an advantage in production of high—purity products via bio-
logical or chemical methods, such as, saccharification, adsorption, ion
exchange, isomerization, evaporation, etc. [6].

Currently, the development of new catalysts plays a central role in
the industry in many aspects, including the efficiency of the processes
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that are involved in obtaining and saving energy which in turn is a
friendly technology environment [7]. In this regard, the design of cat-
alysts with suitable properties for a specific application and catalytic
reactions in which wastes are converted to useful products are para-
mount. Alumina (Al,O3) is one of the transition metals oxides that
commonly had been used as a platform for the mechanical support and
catalytic reactions [8,9]. It has been suggested that the activity of the
alumina can be greatly enhanced by introducing functional groups such
as hydroxyl, carboxyl, amino, etc., that can be immobilized onto the
surface of the catalytic material. Therefore, there have been numerous
efforts in adding some target functional groups through diverse grafting
methods on the catalytic surface [10].

5-hydroxymethylfurfural (5-HMF) is one of the desired fructose
derivates. It is a versatile intermediate molecule, which could be used
as chemical platform due to its high reactivity and polyfunctionality
that is originated from the furan nature in its structure and the presence
of alcohol and aldehyde groups [11]. 5-HMF has been proposed to be
used as a feedstock for the synthesis of a wide variety of supplies in-
cluding pharmaceuticals, polymers, resins, solvents, and biofuels [12].
In addition, 5-HMF plays a significant role in the context of sustainable
development, being a product that can be obtained from renewable
sources, whose derivatives can replace compounds and materials that
have been obtained from petroleum [7,8]. 5-HMF also possesses po-
tential applications in the field of sustainable technologies to produce
polymers and biofuels [13]. Thus, based on its enormous potential
applications in the chemical industry and in the energy sector, it has
been considered that the 5-HMF is indeed a "sleeping giant" [14].

5-HMF can be obtained by the dehydration of fructose, glucose and
sucrose in the presence of acid catalysts. Some mineral catalysts, such
as HCl, H,SO4 and H3PO,, that have been used normally show a se-
lectivity value up to 50% toward 5-HMF from fructose, with 50%
conversion [15]. The incorporation of functional groups as sulfonic
acids and thioether groups in mesoporous materials as silica have
shown conversion and selectivity values of 80 and 70% respectively to
convert fructose into 5-HMF [16]. Also, the 5-HMF production in a
batch reactor is well-documented, but there have been relatively a few
reports on its continuous production [17]. The continuous dehydration
of mono- and polysaccharides to 5-HMF was reported in a biphasic
solvent system using titanium or zirconia as the catalyst [18]. Although
the titanium was deactivated, it was regenerated by calcination (the
regeneration of the zirconia catalyst was not discussed). Unfortunately,
the rate of 5-HMF production was not reported as a function of
time—on-stream, so the rates of deactivation are unknown. H-morde-
nite was tested in a continuous pilot plant reactor but catalyst stability
was not reported [19,20]. Several niobium-based catalysts were em-
ployed for the dehydration of aqueous fructose in a fixed-bed reactor
[21-23]. Mixed silica — niobia oxides showed stable activity for ~95h
on-stream at 373K, despite coke formation, although 5-HMF se-
lectivity was low (< 15%, at fructose conversions from 15 to 35%)
[24].

Furthermore, the research conducted by Tucker et al, [18] assessed
the activity, selectivity and stability of various acid catalysts such as
silica SBA-15 to continuously produce 5-HMF in a reactor from dis-
solved fructose in a solution of tetrahydrofuran (THF) and water. They
found that catalysts with structures containing ordered pores are more
selective and stable than those containing unordered pores. Moreover,
the stability of the catalysts of mesoporous silica functionalized with
propy! sulfonic acid depends both on the solvent system and tempera-
ture; the absence of an optimal combination of both generates a loss in
the catalyst activity, which can be caused by cleavage of the active sites
of the support, blocking access to the active sites or deposition of
products in insoluble reaction pores. Finally, they found that the sta-
bilities of the silica catalysts based on organosilica should be evaluated
in the demanding conditions typically required for efficient conversion
of biomass (elevated temperature range, 50-500 °C, and high-water
content) [18]. However, the disadvantage presented in this
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investigation is attributed to the deactivation of catalytic activity in the
modified catalyst, the loss of grafted functional groups was mainly
generated by hydrolytic cleavage of the active sites [15,16].

There has been no detailed investigation of the stability of solid acid
catalysts achieving a high selectivity to 5-HMF [18]. Hence, the pur-
pose of this work is to achieve superior catalytic stability using syn-
thetic surface-modified alumina. For this, alumina by the sol-gel
method was synthesized, and a thiol and sulfonic groups were grafted
on it for the dehydration of fructose and evaluate the selectivity rates in
the 5-HMF formation. Moreover, factors such as temperature and sol-
vent system during the catalyst synthesis (sol-gel and grafting methods)
and reaction processes were controlled [23,25]. The novelty of this
work is the design and use of this bifunctional catalyst in a continuous
reactor system and the stability of the catalyst has been studied by
solid-state NMR spectroscopy.

2. Experimental Methods
2.1. Reagents and materials

Aluminum tri-sec-butoxide (ATB, 97%), NaH (dispersed in mineral
oil, 60%), toluene, ethanol (99.5%), fructose (=99%), 3-mercapto-
propyl-trimethoxysilane (MPTMS, 95%), 2-butanol (2-ButOH, 99.8%),
1,3-propanesultone (PST, > 99%), hexane (95%), ethyl acetate
(99.9%), tetrahydrofuran (THF, 99.9%), HCl 37% and ethyl ether
99.99% were purchased from Sigma and used as received. Methanol
99.98% was obtained from JT Baker. For comparative purposes, com-
mercial alumina SBA-CATALOX 200 was purchased from Sasol and
used as received. 0.5 M ethereal HCl was prepared to add 4.9 g of HCl,
2.03 mL of methanol and gauged to 100 mL with ethyl ether. Deionized
and nanopure water was obtained by a PURELAB CLASSIC, Elga brand,
model Classic UVF. The alumina catalysts synthesized for this work
were dried at atmospheric pressure at 200 °C for 24 h and stored in a
glovebox prior to characterization. Previously to reaction studies, the
catalysts were stored in a desiccator to prevent adsorption of atmo-
spheric moisture.

2.2. Characterization

The characterization of the materials was conducted via X-ray dif-
fraction (XRD) using a Siemens X-ray equipment (model D5000, series
E04-0012). The parameters were as follows: the scale of 2 Theta, with
Ni-filtered Cu Ka radiation, starting at 5° and finishing at 90°, step size
of 1.4°, time per step of 1 min, and temperature of 25°C. FTIR-ATR
spectroscopy patterns were collected from 500 to 4000 cm™ (wave-
number), using a Perkin-Elmer, model Spectrum One. Computational
FTIR simulation was done to detect characteristic bands of 5-HMF, THF
and fructose, because in solution the characteristic bands of the 5-HMF
are transposed with those of the THF and fructose. For this, the mole-
cules were built and pre-optimized in Avogadro v. 1.0. Then, they were
transferred to Gabedit v. 2.4.8 for structural optimization and calcula-
tion of their vibrational frequencies through MOPAC2016 and the
Hamiltonian PM7. All the optimal structures had real frequencies.
Gabedit was also used to visualize the results of the MOPAC2016 cal-
culation and to generate the simulated IR spectra, by adjusting Lorentz
peaks at the frequencies reported by MOPAC2016. N, adsorption/des-
orption measurements were performed on an AUTOSORB-1
Quantachrome Automated Gas Sorption System Report. The point zero
charge of spent ASB catalyst was developed using the method reported
by Yun et al. [20]. 50 mg of spent ASB catalyst were placed in 50 mL
containers. By other hand, 21 solutions were prepared at specific pH
values using solutions of HNO3; 0.1 M and standard NaOH 0.1 M and
NaCl 0.1 M. 25 mL of each solution was added to the flasks containing
the spent ASB catalyst and were subjected to constant agitation of
250 rpm for 48 h at 25 °C. After 48 h were elapsed, the pH of the sam-
ples and the target were measured. DNP-enhanced 'H-?>°Si and 'H-'3C
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CPMAS and directly polarized >°Si MAS NMR spectra were recorded on
a wide-bore 600 MHz Bruker Avance III spectrometer and 395 GHz
gyrotron system equipped with a triple resonance 3.2 mm MAS probe.
The sample temperature for DNP experiments was maintained at about
100 K. DNP-enhanced 'H-'3C and "H-?>°Si CPMAS NMR spectra were
acquired after optimizations by employing a saturation recovery pulse
along the proton channel. For both cases, the optimal build-up times
was about 10 s. Typically, 256 scans were acquired at a spinning rate of
8 kHz. Chemical shifts were referenced using tetrakis—(trimethylsilyl)
silane. Two different type of DNP sampling conditions were utilized to
diagnose samples in different polarities. Under the hydrophilic sam-
pling condition, about 20 mg of each sample was mixed with 20 pL of
1-(TEMPO-4-o0xy)-3-(TEMPO-4-amino)propan—2-ol (TOTAPOL,
where TEMPO is 2,2,6,6-tetramethylpiperidine-1-oxyl) 5mM in 90%
D,0 and 10% H,0 for 'H-'3C CPMAS NMR spectroscopy and about
20 mg of each sample was mixed with 20 pL of nitroxide biradical
AMUPol 10 mM in 78% DMSO-dg, 14% D,O, and 8% H,O for 'H->°Si
CPMAS and directly excited 2°Si MAS NMR spectroscopy. Under the
hydrophobic condition about 20 mg of each sample was mixed with
20 pL of dinitroxide radical TEKPol 15mM in 90% tetrachloroethane
(TCE) and 10% DMSO-d for "H->°Si CPMAS and directly excited 2°Si
MAS NMR spectroscopy. Each sample mixture was pack into a 3.2 mm
zirconia rotor with a vessel cap for low-temperature experiments.
Conventional 'H-'3C CPMAS NMR spectroscopy at room temperature
was carried out on a wide-bore 500 MHz Bruker Avance III spectro-
meter equipped with 2.5 mm MAS probe. Typically, about 26,000 scans
were acquired for obtaining a 'H-'3C CPMAS spectrum at room tem-
perature at a spinning rate of 10 kHz. Chemical shifts were referenced
using tetrakis—(trimethylsilyl)silane. Elemental analysis was performed
by Antlatic Microlab, Inc. (Norcross, GA).

2.3. Synthesis of alumina by sol-gel method

In a three-necked reactor 2-ButOH was added and brought to a
temperature between 90 and 95 °C. Then, ATB was added under stirring
and refluxed for 2 h. The system was brought to room temperature, and
deionized water was added and stirred for 2 h to obtain a clear gel. The
gel was transferred to a beaker and allowed to age at room temperature
for 24 h. The formed gel was dried at 110 °C for 24 h. Finally, the xer-
ogel obtained was calcined at 500 °C for 6 h in order to obtain a very
stable support with enough OH- available groups on the surface to the
functionalization process [8,17]. The molar ratios were as follows:
2-ButOH / ATB (60:1), H,O / ATB (1:1) [15,23]. The material obtained
was labeled as AS.

2.4. Modification of synthetic alumina with organic acid groups by grafting
method

A) Thiol group: 1.5 g of the AS were taken and suspended in 50 mL
of toluene; after 0.9 mL (4.60 mmol) of MPTMS and allowed to stir at
reflux for 36 h was added. The mixture was filtered, and the solid ob-
tained was washed three times with 15 mL of ethanol [15,23]. Finally,
it was dried at 200 °C in a muffle furnace for 12h. The synthesized
functionalized alumina was labeled as ASF. B) Sulfonic group: under
conditions of N, flow in a three-necked flask precooled to —78°C,
25 mL of THF was added and 1 g of ASF catalyst. Moreover, a suspen-
sion of NaH in THF (400 mg / 15 mL) was added slowly to the flask. It
was allowed to stand 30 min, and then 1.3 mL (14.52 mmol) of PST was
added and allowed to stir about 18 h while the flask reached room
temperature. The reaction was quenched with 50 mL of deionized water
then filtered. The solid collected was washed three times with 25 mL of
hexane and 25 mL of ethyl acetate, then washed with 25mL of 0.5 M
ethereal HCl and 75 mL of methanol [15,23]. Finally, the solid was
dried at 200°C in a muffle furnace for 12h. The bi-functionalized
catalyst was identified as ASB. In Fig. 1, can be shown the expected
mechanism after alumina synthesis and modification.
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Fig. 1. Synthesis and modification of alumina catalysts by (a) sol-gel method,
(b) grafting method with thiol group (functionalization) and (c) grafting
method with sulfonic group (bi-functionalization).

2.5. General procedures for continuous fructose dehydration

The reaction was carried out at the conditions reported by Tucker
et al. (2012), who have reported the highest conversion and selectivity
to 5-HMF from fructose in continuous processes [18]. The reaction was
developed in a continuous fluidized bed reactor of 316 stainless steel
schedule 10 and 1/4" diameter (Hoke) connected with 0.5um filter
(Swagelok) at the ends to prevent entrainment of the catalyst in the
system. In this, they have placed 500 mg of catalyst (ASB) and heated
up with an electric furnace between the temperatures of 60-90 °C, in
which tests the steady state for the determination of conversion and
selectivity were performed. During tests, it was observed that the steady
state was reached after 3 min of obtaining the reaction products. The
reactor was passed a solution of fructose which consisted of dissolving
2% by weight of fructose in a mixture of THF and nanopure water (Type
I) in a 4:1 w/w respectively, through an HPLC pump, driving a
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volumetric flow of 1 mL*min~, a contact time with the catalyst bed of
0.5 g*min*mL™ and a Liquid Hourly Space Velocity (LHSV) of 2
mL*min~'*g™!. After the reaction was complete, the product was ob-
tained by a cooling bath to prevent boiling of the mixture (Fig. 2). The
employed furnace during heating was brand SASABE, 8/9 Fusion
model. The pump used was HPLC—Class M1, Chrom Tech brand, model
LC10 SS SF DRS NPD FB-10. The nanopure water was obtained by a
PURELAB CLASSIC, Elga brand, model Classic UVF. During the reac-
tion, the product stream was analyzed using a Waters e2695 HPLC
system. Fructose and 5-HMF were analyzed using an Aminex HPX-87 P
column (Biorad) held at 358 K, with Milli-Q water as the mobile phase
at a flow rate of 0.6 mL min~". Fructose concentration was monitored
using a Waters 2414 refractive index detector, and 5-HMF concentra-
tion was determined using a Waters 2998 photodiode array detector at
320 nm. Fructose conversion was calculated as moles of fructose re-
acted per mole of fructose—fed. 5-HMF selectivity was calculated as
moles of 5-HMF produced per mole of fructose reacted.

3. Results and discussion
3.1. Characterization of alumina support by XRD

Fig. 3 shows the X-ray diffraction pattern of the alumina support
synthesized by sol-gel method, starting from the precursors ATB and
2-butanol as solvent [8], calcined at different temperatures. Similarly,
to ensure the similarity of the samples with a standard, a sample of
commercial alumina (AC) brand CATALOX® SBa-200 Sasol was run,
which was duly identified according to the JCPDS card No.
00-029-0063 of the y-alumina phase, whose arrangement is cubic
centered on the faces [26].

According to Fig. 3, it can be observed how the X-ray diffraction
pattern in the four samples shows peaks with intensities centered at 37°,
46° and 67°, characteristics of the y—alumina [27] related to the planes
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Fig. 2. Schematic representation of fructose catalytic dehydration
process in a continuous reactor, where: (1) liquid feed which
consisted of dissolving fructose (2wt.%) in a mixture of
THF-water 4:1 w/w, (2) HPLC pump driving a volumetric flow of
1 mL*min™}, (3) %” diameter reactor loaded with ASB pure cata-
lyst and 0.5 pum stainless porous disk at the extremes, (4) reactor
heating zone, (5) pressure and temperature meter, (6) cooler and
(7) reaction products measured by HPLC.

(311), (400) and (440) respectively [28]. It can also be observed that
the greater the degree of heat treatment applied on the synthetic alu-
mina supports, the greater the degree of crystallinity, evidence of which
is the greater intensity of the peaks. Obviously, commercial alumina is
much more crystalline because it is calcined at temperatures around
1000 °C [29], which indicates a much more crystalline arrangement.

3.2. Characterization of alumina catalysts by FTIR

In order to monitor the grafted functional groups on the alumina
after modification, in Fig. 4 the infrared spectra of commercial alumina
(AQ), synthetic alumina (AS), functionalized synthetic alumina (ASF)
and bi-functionalized synthetic alumina (ASB) are shown.

In Fig. 4, the band at 3473 cm™ is related to the vibrations of O—H
groups, which are more intense in AS than in AC. These results were
expected since the sol-gel synthesis method favors a greater amount of
O—H groups, and because at low calcination temperatures favor low
loss during dehydroxylation of O—H groups. This feature is important
because the O—H groups favor the grafting of the thiol group [17]. It is
evident that the modified catalysts have bands around 2853 cm™ re-
lated to vibrations stretching symmetrical and asymmetrical of the
methyl C—H (CH3 and CH,) bonds, which indicate the presence of the
propyl group from MPTMS, observed in ASB more intensely due to the
presence of the propyl group from 1,3-propanesultone [30]. Also, a
very small band around 2570 cm™, which corresponds to thiol group
(S—H) bonds, was observed and virtually disappeared when bi—-
functionalization was carried out with sulfonic acid groups (SOsH)
[31]. This bi-functionalization gave rise to the appearance of new
bands around 1043, 1146, and 1198 cm™ relating to the grafted sul-
fonic acid groups [14,15].

Therefore, when the functionalization with MPTMS was carried out,
the C—H band of the propyl group from MPTMS was more intense in the
ASF spectrum and thus decreased the O—H band compared to AS,
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Fig. 3. Comparison between X-ray patterns of commercial alumina (AC) and supports of synthetic alumina (AS) calcined at different temperatures (500, 550 and

600 °C). Phase y—alumina (4).

which means there is a greater amount of the functionalized group. In
addition, the band at 1035 cm™ in ASF is related to the symmetric and
asymmetric stretching of sulfonated groups which are partially trans-
posed with the vibrations of the silane group (Si—0) [32]. After bi—-
functionalization with sulfonic groups, which bind to the S—H groups
available at the surface, the intensity of the band at 2570 cm™ is said to
decrease [33]. It should be noted that not all S—H groups are occupied
by sulfonic acid groups, some are free. Related bands were more intense
for sulfonic groups in the ASB catalyst because this one had a high
quantity of S—H groups available to be grafted by sulfonic. Further-
more, it is also seen that the intensity of the O—H band increases, due to
O—H stretching in sulfonic acid, silanol, and remaining water groups
[34-37]. The band at 850cm™"' is attributed to tetrahedral Al—O
stretching [35,36].

3.3. Textural properties of the catalysts under study by BET and BJH
methods

The samples were analyzed by using nitrogen adsorption/deso-
rption isotherms at 77.4 K, and isotherms were calculated by multipoint

Table 1
Textural properties of studied catalysts.

Catalyst Surface Area  Pore Diameter  Pore Volume  Pore Classification
BET (m?/g) BJH (nm) BJH (cc/g) (IUPAC)

AC 199.1 6.12 0.40 Mesopores

AS 375.4 6.12 2.16 Mesopores

ASB 142.1 4.62 0.80 Mesopores

BET method (Brunauer-Emmet-Teller) surface area and the BJH
method (Barrett-Joyner-Halenda) the volume and pore size. The re-
sults of the AC, AS and ASB catalysts are shown in Table 1. Accordingly,
the alumina catalysts synthesized by sol-gel have higher surface area
and pore volume than commercial alumina, which is more favorable for
the catalytic activity of this material in the reaction process under
study, which is supported by the literature [37,38]. Moreover, when
transition alumina undergoes processes of calcination at higher tem-
peratures, significant growth of the primary particle is produced due to
small and continuous structural rearrangements of aluminum ions,
which is evidenced by decreasing BET surface area [39-41]. In the same

Transmitance (%)

1 |
I : SO,H

Fig. 4. FTIR spectra of: (a) commercial alumina (AC, yellow line),

a 3;;17H3 1:5:)0 >1000 °C (b) synthetic alumina (AS, blue line), (¢) functionalized catalyst
- 2 with thiol groups (ASF, red line) and (d) bi—functionalized catalyst
I ! o with thiol and sulfonic groups (ASB, green line) (For interpretation
1 1 500 °C of the references to colour in this figure legend, the reader is re-
| ferred to the web version of this article).
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Fig. 5. Fructose conversion (diagonal stripes) and selectivity towards 5-HMF (horizontal stripes) at different reaction temperatures.

way, it is seen that the incorporation of organic groups decreased sur-
face area from 375.4 m?/g (catalyst AS) to 142.1 m?/g (catalyst ASB),
which may be due to the organic groups changing the properties of
alumina, such as acidity [17], resulting in a lower specific surface area,
during grafting. Moreover, as these groups are grafted on the catalyst
surface, available sites were occupied taking place the same phenom-
enon. Similarly, it was found that the pore volume and average pore
diameter also decreased for the catalyst ASB, which can relate to the
above, in that the organic groups incorporated by grafting may be de-
posited on the catalyst surface covering the mesopores and leaving
available macropores.

3.4. Catalytic activity

Fig. 5 shows the conversion of fructose and selectivity to 5-HMF
percentages in the presence of alumina modified catalyst (ASB) at dif-
ferent steady-state reaction temperatures. According to the results in
Fig. 5, the conversion of fructose is higher as reaction temperature in-
creases, in such a way that when the temperature reaches 90 °C, the
fructose results in a steady state conversion of 95%. The same behavior
occurs with the selectivity to 5-HMF, since as the temperature increases
the selectivity also increases. Reaching a value of 73% when the reac-
tion temperature is 90 °C.

On the other hand, in this work the rate of reaction and the rate of
5-HMF production as initial TOF (turnover frequency, measured under
steady-state conditions) were 2.97 X 10 mol/s-g... and 0.2 s re-
spectively. In this regard, Tucker et al, reported the rate of reaction and
initial TOF values of 6.34 X 10° mol/s-g.,c and 0.091 min™*
(1.52 x 1072 s7) respectively [18], in which it can be observed that the
rational surface modification of the ASB catalyst significantly improved
the activity of the "active" site, which explains the increase in conver-
sion and selectivity (see Table 3). For this work, the reaction rate was
calculated using the next equation, —r’'4 = F4 X x/W, where Fy is the
inlet molar flow of 5-HMF (in mol/s), x is the conversion fraction
(dimensionless), and W is the weight of catalyst (in grams). Also, the
turnover frequency was calculated as TOF = —r',4/S, where S is the
number of active sites (in mol/g). The number of active sites was es-
timated from the experimental initial amount of sulfur contained in the
catalyst and obtained from elemental analysis of sulfur [18,26] (see
Table 4).

Due to our laboratory facilities, the tests were performed at atmo-
spheric conditions at the outlet of the reactor, and it was not possible to
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carry out tests at higher reaction temperatures since solvent system
boils and the fructose caramelizes from 90 °C, but other authors have
conducted the dehydration of fructose at higher pressure [24,25,41,42].
Furthermore, according to the analysis and despite limitations, the
values obtained in this work (fructose conversion and selectivity to
5-HMF) at 90 °C are comparable with the current values of the litera-
ture in the scientific community worldwide [16-18] (see Table 3).

3.5. Monitoring the reaction by FTIR

To demonstrate the formation of 5-HMF during the reaction, ali-
quots were taken at steady state analyzed by FTIR and compared with a
target of tetrahydrofuran-water—fructose (TWF) system without the
presence of 5-HMF. Fig. 6a and b show the spectra of the analysis.
According to results shown in Fig. 6a, it can be seen in the TWF system
O—H group band at 3385cm™ due to stretching vibrations of these
groups in fructose and water [43]. This band increases its intensity at
the higher reaction temperature, which can be explained by the
stretching vibrations of the O—H bond present in the alcohol group of
the molecule 5-HMF, indicating the presence of the latter in the pro-
ducts [24]. It can also be observed at 2980 and 2877 cm™ the presence
of two characteristic peaks of THF, due to the vibrations of C—H
asymmetric stretching, it is noted that while increasing the reaction
temperature these are decreasing, which is explained by THF being a
volatile compound, the concentration decreases at higher temperatures,
demonstrating the decrease in the bands [44].

Moreover, it is also apparent the 1650 cm™ characteristic peak
transposes between C—C bonds, the torsional vibration of THF, and the
C=0O0 stretching vibrations (aldehyde) of 5-HMF, forming a single peak
[24,44]. Note, that said peak intensity increases with increasing reac-
tion temperature, this is because as the THF concentration lowers, the
peak increases due to an increase in the 5-HMF concentration in the
product. Furthermore, 1522 cm™ shows a small band due to C=C
stretching vibrations from the 5-HMF ring in the molecule [24]. Sig-
nificantly, this small band is not observed in the spectrum of the TWF
system but begins to appear in the spectra of the reaction product and
start becoming more noticeable as the temperature increases, which
clearly indicates, again, the appearance of 5-HMF in the reaction pro-
ducts and its increase in concentration. Fig. 6b shows a zoomed image of
Fig. 6a between 1700 and 1500 cm™, in order to observe more detail as
the 1650 cm™ band, from C=O0 vibrations stretching of the aldehyde
group in the 5-HMF, and the band at 1522 cm™, due to C=C stretching
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Fig. 6. FTIR spectra of the reaction products at different temperatures, where

(a) scanning from 500 to 4000 cm™! and (b) scanning-zoom from 1500 to
1700 cm™. TWF is tetrahydrofuran-water—fructose system.

Table 2

Vibrations of the bonds in the reaction product species analyzed in FTIR.
Wavenumber (cm™) Molecule

5-HMF [24] Fructose [43] THF [44]

3385 v(0O-H) v(0O-H) _
2980 v(C-H) V,5(C-H)
2877 0,5(C-H) o(C-H) 0,5(C-H)
1650 o(C =0) 7(C-C)
1522 o(C=0C) _
1462 vy(C-H)
1056 0,45(C-0) 0,5(C-0)
893 (C-C) v5(C-0)

Bonds were obtained from computational FTIR simulation in Avogadro v. 1.0
and Gabedit v. 2.4.8 software’s and compared some of them with reported re-
ferences.

vibrations of 5-HMF ring in molecule, increases [24]. Finally, it can be
observed 3-stripes on fructose and THF decreasing intensity at higher
reaction temperature, including: at 1462 cm™ vibrations C—H sym-
metric stretching of THF, at 1056 cm™ vibrations C—O asymmetrical
stretching of THF and C—O asymmetric stretch of fructose, and
893 cm™! vibration C—O symmetric stretching of THF and torque C—C
fructose [43,44]. These bands are decreasing in intensity because
fructose is consumed in the reaction and the THF is volatilized due to
reaction temperatures. It is important to mention that all FTIR data is in
agreement with the HPLC data related to the detection of fructose, THF
and 5-HMF. Table 2 summarizes the band assignments for each of the
species analyzed.
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3.6. Stability tests

In order to observe ASB catalyst stability over time, tests were
performed on the continuous reaction system operating for 12h at
70 °C, because at 90 °C after two hours of running the reactions is
possible to begin the caramelization phenomena of fructose and the line
of the continuous reactor can be blocked and to have low safety con-
ditions. Fig. 7 shows the results of that test. The conversion and se-
lectivity behavior remain almost constant over time, presenting small
and insignificant falls. This result shows that for a continuous 24-hour
reaction conversion and selectivity drop is less than 5%, which shows
the efficient stability of the ASB catalyst. It is remarkable, that silica
catalyst designed by Tucker et al., which for the first 10 h of activity
had a drop in the conversion of 15% approximately. However, the
catalyst presented the entrainment of the grafted groups, therefore,
they needed to install a silica—gel bed at the exit of the reactor in order
to capture the released functional groups [18]. In the case of the batch
reactor systems used for the production of 5-HMF at 180 °C, it is im-
portant to mention that the conversion and selectivity are favored since
a pressurized system of the solvent system is formed in the closed re-
actor that favors the reaction because it allows that solvent system does
not vaporize the medium or that the fructose to these conditions car-
amelize. That is why, it can be confirmed that the method of mod-
ification of alumina synthesized by sol-gel, with these same organic
groups, gives this material better catalytic properties compared with
other previous works, and performed efficiently in the process of de-
hydration of fructose as shown in Table 3. The increase in selectivity of
5-HMF compared to other works is due to a bifunctional effect from the
surface modifier, since the thiol group is in charge of the tautomer-
ization of the fructose to pyranose form, and according to Scott group,
this is the major factor of this increase [16]. Even the catalyst lost 15%
of sulfur in 24 h, showing a better stability than other similar catalyst in
continuous reactor [18].

3.7. Point of zero charge

Fig. 8 shows the Point of Zero Charge (p.z.c), obtained by po-
tentiometric titration of spent catalyst, which is around pH 8.2, which
indicates the presence of OH- groups from alumina and sulfonic group
grafted on it. Ozawa et al analyzed the p.z.c of several oxide compounds
among them alumina, in which they determined that the measured data
of p.z.c for alumina were 8.4, since alumina shows both acidic and basic
properties on the surface site due to its specific adsorption of OH— and
H+ [45]. In a previous work the acid sites characterization was con-
ducted by desorption of pyridine using FT-IR technique (DPFT) and
TPD-NHj3 where it was shown that modified alumina catalyst with thiol
and sulfonic groups had stronger Lewis acid sites where the con-
centration of medium-strength acid sites was higher than commercial
alumina catalyst [17]. It is essential to develop the catalytic tests of the
ASB catalyst without adsorption interaction, but this could be carried
out for other phenomena such as Van der Waals forces and hydrogen
bridges among others.

3.8. Elemental analysis of fresh and spent catalysts

By contrast, to confirm the stability property of the modified alu-
mina catalyst and thus, establish the relationship between aggregate
quantities of precursors for grafting, and quantities of grafted functional
groups, an elemental analysis of the ASF and ASB fresh catalysts and
ASB spent 12 h and 24 h of continuous reaction at 70 °C was performed.
As it is shown in Table 4, for the fresh ASF catalyst, after all the
functionalization methodology only 65.6% was grafted, contrary to the
expected amount, while for the fresh ASB catalyst 52.9% of grafting was
achieved. The methodology in the bi—functionalization is a bit more
complex due to the required deprotonation of the sulfonic acid group
before grafting, and the amount of solvents used during washing to



F.J. Morales-Leal et al.

Applied Catalysis B: Environmental 244 (2019) 250-261

Table 3
Comparison of catalysts studied by catalytic researchers in the conversion of fructose to 5-HMF.
Catalyst Reactor Reaction temperature Conversion® (%) Selectivity” (%) LHSV® (ml/ Reaction rate® (mol/ TOF® (s™1)
Qo] min-gear) $=8cat)
Modified SBA-15 (Crisci et al) Batch 180 66 74 — — —
[16] (time 30 min)
Modified alumina (Solis et al) [17] Batch 180 72 55 — — —
(time 30 min)
Modified SBA-15 (Tucker et al) Continuous 130 80 70 0.5 6.34 x 107° 1.52 x 107
[18]
ASB Continuous 90 95 73 2.0 2.97 x 107 0.20

(this work)

2 Fructose conversion was calculated as moles of fructose reacted per mole of fructose—fed.

> 5_HMF selectivity was calculated as moles of 5-HMF produced per mole of fructose reacted.

¢ LHSV was calculated as volumetric flow rate per unit weight of catalyst loaded in the reactor.

4 Reaction rate was calculated as molar flow fed multiplied by conversion fraction per unit weight of catalyst loaded in the reactor.

¢ TOF was calculated as reaction rate per number of active sites.
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Fig. 7. Stability tests of ASB catalyst during 24h of continuous reaction at
70 °C. Fructose conversion (squares) and selectivity towards 5-HMF (triangles).

remove impurities used during bi—functionalization is greater. More-
over, the thiol groups that were not grafted by sulfonic groups may also
be removed during this change. It is therefore assumed there is a de-
crease in the percentage of grafted groups. Similarly, for ASB catalysts
used, it may once again confirm the stability thereof, since, after 12 and
24 h of continuous reaction, no large losses of grafted groups were
observed, which is evident from the measured sulfur content after re-
action process. After 12 h of reaction, 88.1% of the groups were grafted

Table 4
Content of sulfur in the catalysts.

Catalysts Sulfur concentration (wt. %) Grafted (%)
Calculated” Measured”
Fresh ASF 5.26 3.45 65.6
ASB 9.49 5.02 52.9
Spent ASB-12h 5.02 4.42 88.1
ASB-24h 5.02 4.25 84.7

@ Calculated by stoichiometric ratio.

> Measured by elementary analysis of sulfur.

¢ Calculated as: calculated value divided by measured value and then mul-
tiplied by 100.

to the catalyst, while after 24 h just 84.7% were grafted.

3.9. DNP-enhanced solid—state CPMAS NMR spectroscopy

The DNP-enhanced 'H-?°Si CPMAS NMR spectra shown in Fig. 9
(the second and third rows) confirm the binding structures of the
grafted, hydrophilic functional groups that are tethered on the surface
of the support (the first row). The second and third rows show
DNP-enhanced 'H-?°Si CPMAS spectra acquired under hydrophilic
(AMUPol in 78% DMSO-d¢, 14% D,0, and 8% H,0) and hydrophobic
(TEKPol in 90% TCE and 10% DMSO-dg) conditions, respectively. As
can be seen in Fig. 9, the catalysts exhibit the characteristics of the
tertiary silicon bonds. Both the fresh and used catalysts exhibit 2°Si
NMR signals at -75 and -55 ppm that correspond to T°> and T? en-
vironments, respectively, to the silicon atom [15,16]. These spectral
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Fig. 8. Potentiometric titration of spent catalyst.
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Fig. 9. DNP-enhanced "H->?Si CPMAS (first and second row) and directly excited 2°Si MAS (third row) NMR spectra of: (a) fresh ASF catalyst, (b) fresh ASB catalyst,
(c) ASB catalyst after 12 h of reaction and (d) ASB catalyst after 24 h of reaction. Both hydrophilic and hydrophobic environments were explored for DNP sampling
conditions. DNP experiments were carried out at 100 K by adding 256 transients with a recycle time of 10s.

results indicate that in each thiol group the silicon is bound to the
surface of the alumina by means of two or three hydroxyl groups. Al-
though these catalysts have the bonds T> and T3, it is clear that in all
cases there is a greater amount of type T> bonds (bonds with two hy-
droxyl groups) than T> bonds as we can decide based on their relative
NMR peak intensities. The relative abundance of each T" site depends
on the modification technique [17].

When 'H-?°Si CPMAS NMR spectra are acquired under the hydro-
philic DNP sampling condition, a decrease in the 'H-2°Si CPMAS signal
intensity of ASB spectrum (Fig. 9b) was observed as compared to that of
ASF sample (Fig. 9a) when the catalyst is not used. This would be due to
an increase in the size of the functional group by the second functio-
nalization that makes the resultant functional group in ASB with longer,
hydrophobic —CH,CH,-S —CH,CH,- chain before the terminal sul-
fonic acid. Then, an inefficient CP signal transfer effect would be re-
sulted in between the NMR detecting 2°Si nuclei and the hydrogen
atoms in water molecules in DNP juice that experience a signal en-
hancement effect from the electrons in biradicals by the DNP cross—
effect [46,47]. This is because the longer, hydrophobic chains in the
functional groups hinder water molecules from approaching closer to

the Si atoms, resulting in longer 'H(water)->°Si dipolar coupling in-
teractions and thus a decrease in the efficiency for 'H-2°Si CP transfer.
Also, the washing and heat treatments which were imposed on the
catalytic sample during the synthesis step might have removed some
thiol groups, which were weakly anchored on the surface. Under the
hydrophobic DNP sampling condition (the third row in Fig. 9), how-
ever, the observed trend is the opposite that the signal intensity ob-
served in the DNP—enhanced 'H-2°Si CPMAS spectrum of ASB is actu-
ally stronger than that of ASF. In this case the polarities of the
DNP-enhanced, hydrophobic TCE in DNP juice and the hydrophobic
—CH,CH,-S — CH,CH,- chain in the functional group are matched,
resulting in TCEs’ closer approach to 2°Si atoms in the functional
groups.

When 2°Si MAS spectrum of each sample was acquired directly
under microwave irradiation, no DNP enhancement effect was observed
regardless of the type of the sampling conditions. These spectra also do
not have enough spectral resolution to distinguish the T? and T>
structures (the bottom row of Fig. 9). As in the case of those directly
excited 2°Si MAS spectra in which no DNP effect was seen in all cases
measured at both sampling conditions, when the catalytic reaction was
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Fig. 10. '"H-"3C CPMAS NMR spectra of: (a) fresh ASF catalyst, (b)
fresh ASB catalyst, (c) ASB catalyst after 12 h of reaction and (d)
ASB catalyst after 24 h of reaction. For (b) and (d) DNP-enhanced
TH-'3C CPMAS spectra (red spectra) were additionally shown that
were acquired under a hydrophilic DNP sampling condition (the
same as in Fig. 9). Each conventional 'H-'3C CPMAS spectrum
measured at the room temperature required 26,000 scans while
each DNP-enhanced one required only 256 scans. The signal en-
hancement factors of the DNP-enhanced spectra were about
e = 40 ~ 45. Spectra measured at 100 K with no microwave ir-
radiation were not shown (For interpretation of the references to
colour in this figure legend, the reader is referred to the web
version of this article).
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proceeded and lasts for more than 12 h, the DNP enhancing effect is lost
even in the "H-?°Si CPMAS spectra obtained in both hydrophilic and
hydrophobic DNP sampling conditions. During the use of a catalyst for
reactions for 12 and 24 h, some amount of thiol groups would have
been degraded from the catalytic surface, leaving only those that were
strongly anchored as is validated by what was raised during the results
of the elemental analysis. It is also important to note that after con-
tinuous catalytic reaction the T® species are decreased in their con-
centration, which means that by the reaction conditions this form of
bond is entrained or leached from the support. In general, however, it
was observed that even after 24 h of catalytic reactions the functional
groups were remained anchored to the support, albeit at a lower con-
centration.

These explanations however still do not validate the disappearance
of the DNP enhancement effect in the 'H-2°Si spectra for both sampling
conditions measured under microwave irradiation. This observation
rather suggests that the accessibility of the 'H-containing solvent mo-
lecules, such as H,O or TCE, in DNP juice to the grafted 296 atoms is
hindered, indicating that, as the reaction progresses, the Si atoms on the
surface of the catalyst are covered by molecules or molecular fragments
formed during catalytic reactions. Another possibility is that the
structure of the C—Si—C sites in the functional groups might be mod-
ified, separating them away from the outer surface of the catalyst. This
phenomenon is believed to occur if the grafted functional groups on the
surface of the catalyst are modified or just buried by the adsorption of a
small amount of the reactants, products or intermediates produced
during the catalytic reaction [47,48]. Because the amount of these
molecules accumulated on the catalytic surface is low, they are hard to
be detected in the conventional "H-?°Si CPMAS spectroscopy but are
readily visible in the DNP-enhanced 'H-?°Si CPMAS spectroscopy that
is specialized in surface analysis. Thus, DNP-enhanced 'H-*°Si and
'H-13C (vide infra) CPMAS methods would be an adequate surfa-
ce-enhanced spectroscopy (SENS) to monitor the structural changes on
catalytic surfaces with a great sensitivity.

DNP-enhanced 'H-'3C CPMAS NMR spectra measured under the
hydrophilic condition (20 mg sample + 20 pL of 5mM TOTAPOL in
90% D0 and 10% H,0) allowed to follow the functionalization of the
thiol group and the bi—functionalization of the sulfonic acid group. This
mode of measurements confirms that the anchoring of the groups was
successful, demonstrates that the structure of functional groups was

grafted on alumina catalyst, and verifies that these groups were kept
after the reaction. In addition, the measured spectra verify the hy-
pothesis made previously in Fig. 9 that exhibited are additional '°C
peaks from unknown chemical species that would be adsorbed and
accumulated on the catalyst surface as the reaction underwent. Fig. 10
shows the NMR results of the modified alumina catalysts before and
after the reaction measured at an ambient temperature. Additionally,
shown in (b) and (d) in red lines are the DNP-enhanced ‘H-'3C CPMAS
NMR spectra of ASB measured at 100 K before (b) and after (d) being
used for catalytic reaction for 24 h. Note the relative signal gains re-
sulted in from the DNP-enhanced CPMAS spectra measured at 100 K
with respect to the conventional CPMAS spectra measured at an am-
bient temperature that only 256 scans were utilized for obtaining
DNP-enhanced spectra while as many as 26,000 scans were utilized for
obtaining those conventional spectra. The signals at 15 ppm (C-Si) is
related to carbon, which is directly linked to silicon (-Si—CH,-). The
signal at 28 ppm (-C-) confirms the incorporation of the sulfonic group
(—CH, —CH»-S —CH,— CH,-) and 50 ppm (—C-S-C-) is related to the
thiol group (— CH,-S — CH,-). Finally, the signal at ~ 60 ppm (-C-S) is
related to the carbon bound to the sulfonic group (—CH,-SO3H)
[15,17,18]. The structure of the grafted catalyst is shown on the left
side of each spectrum in Fig. 10. The spectra of Fig. 10c and d show that
after the reaction some types of deactivation in the catalyst occurred by
the entrainment, leaching, or degradation of the groups. In addition,
degradation or adsorption and accumulations of some unknown che-
mical species on the surface are confirmed in Fig. 10d. Those additional
peaks in Fig. 10d may correspond to (-C),~Si and C—O moieties ac-
cording to the chemical shift positions of the peaks. The presence of
(—C)4-Si moiety evidences a structural modification occurred on the Si
site. As was discussed in Fig. 9, not only the structurally modified
functional groups but chemical species adsorbed and accumulated on
the catalytic surface would bury Si sites into inner layers, screening
them from the approach of the proton—containing solvent molecules in
DNP juice [49-51]. The amount of these species modified or adsorbed
on the surface would be scarce as these species were not effectively
detected in the conventional CPMAS spectrum as shown in (d). How-
ever, the DNP-enhanced *H-'3C CPMAS method was proven that it was
sensitive enough to detect structural changes on catalytic surfaces. Still,
it also shows that after 24 h continuously the catalyst kept an efficient
stability and the groups remained anchored thereto.



F.J. Morales-Leal et al.

4. Conclusions

This work shows that was possible to obtain novel catalyst as syn-
thetic alumina support by the sol-gel method, which was a better
support than commercial alumina, due to its high contents of O—H
groups and great superficial area. The modification of the catalyst was
confirmed by the presence of thiol and sulfonic groups by FTIR. The
formation of the reaction product was evidenced by FTIR, observing
that the increase in concentration of 5-HMF in solution by action of the
reaction temperature produces the increase of the band at 1648 cm ™!
due to C=O0 vibrations stretching of the aldehyde group in the 5-HMF
and at 1522 cm ™~ ! due to C=C stretching vibrations of 5-HMF ring. For
the system, it was observed that the conversion of fructose and the
selectivity to 5-HMF were higher as reaction temperature increases,
obtaining values of 95 and 73% at 90 °C respectively. The modified
catalyst showed no loss in activity during 24 h of continuous reaction at
70 °C. However, it was observed that the loss of sulfur content was 15%
at these conditions by elemental analysis, which shows a better stability
of the catalyst compared with previous works as shown in Table 3.
Moreover, the yield in the conversion of fructose and the selectivity to
5-HMF did not undergo significant changes (less than 5%). This was
also confirmed by NMR and DNP NMR, where it was observed that the
thiol and sulfonic groups remained anchored to the catalyst after 12 and
24 h of reaction although the grafted functional groups on the catalytic
surface might be buried by the adsorption and accumulation of mole-
cules formed during the catalytic reactions. Finally, in the field of
catalytic reactions in which wastes are converted to useful products, the
ASB catalyst presents a potential to be used in the continuous processes
of 5-HMF production.
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