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Abstract: Catalytic conversion of fructose to levulinic and formic acids over tin-containing superacid
(Hp = —14.52) mixed oxide was studied. Mesoporous ZrO,-SiO,—-5SnO; (Zr:Si:Sn = 1:2:0.4) was
synthesized by the sol-gel method. The fructose transformation was carried out in a rotated autoclave
at 160-190 °C for 1-5 h using a 20 wt.% aqueous solution. The results showed that doping ZrO,-5iO,
samples with Sn** ions improved both fructose conversion and selectivity toward levulinic and
formic acids. Under optimal conditions of 180 °C, 3.5 h and fructose to catalyst weight ratio 20:1,
levulinic and formic acids yields were 80% and 90%, respectively, at complete fructose conversion. At
this, humic substances formed in the quantity of 10 wt.% based on the target products.
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1. Introduction

The acid catalyzed hydrolysis of various biomass fractions such as starch sugars,
cellulose, and fatty acids followed by conversions has long been known to produce use-
ful platform chemicals [1]. The most prevalent products reported are glucose, fructose,
furfural, 5-hydroxymethylfurfural, levulinic acid, and formic acid [1,2]. Levulinic acid is
a bifunctional chemical substance containing ketone and carboxylic acid groups, which
are important for the production of a wide range of chemicals such as levulinate esters,
y-valerolactone, acrylic acid, 1,4-pentanediol, angelica lactone, 2-methyl tetrahydrofuran,
d-aminolevulinic acid, etc. [1-3]. Formic acid is a low value commodity chemical sub-
stance used in the production of formaldehyde, rubber, plasticizers, pharmaceuticals, and
textiles [4,5], but in the future may find increased utilization in fuel cell applications [5].

The semi-commercial process for the production of levulinic and formic acids from
cellulosic feedstocks is based on the Biofine process [6]. The process claims to produce
a levulinic acid yield from cellulose that is 70-80% of the theoretical maximum, and
formic acid and tars make up the remainder [6]. The Biofine process involves the use of a
homogeneous catalyst—dilute sulfuric acid—but it cannot be considered as a promising
catalyst due to its limited recyclability, reactor corrosion, and waste generation.

Therefore, one of the tasks of commercializing levulinic acid is the synthesis of new
environmentally-friendly efficient solid catalysts to replace the traditional mineral acids
that may offer advantages due to their stability, reduced equipment corrosion issues, and
the ability to be easily separated and recycled.

Nowadays, few solid acids have been tested as catalysts for the conversion of carbohy-
drates to yield levulinic acid. For example, Thapa et al. investigated polystyrene based on
sulfonic acid resins as catalysts for fructose conversion (9% aqueous solution) and reached
58 mol% levulinic acid yield (near 60 mol% formic acid, fructose conversion—99%) after
24 h at 120 °C [7]. Upare et al. tested the sulfonated graphene oxide for glucose conversion
(13% aqueous solution) at 200 °C for 2 h, leading to a remarkable levulinic acid yield of
74 mol% (16 mol% formic acid, glucose conversion—91%) [8]. A HY zeolite modified by
metal halides was employed as a catalyst for converting 0.5-1% glucose with 62-66 wt.%
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of levulinic acid yield at 160-180 °C at 34 h [9,10]. A high yield (53.9 mol%) of levulinic
acid with excellent accountability and total conversion of cellulose (2% aqueous solution)
was achieved at 180 °C for 3 h on zirconium dioxide as a recyclable solid acid catalyst [11].
Additionally, the Ga salt of molydophosphoric acid was also used as a catalyst for the
conversion of various carbohydrates (glucose, starch, and cellulose) and rice straw via a
hydrothermal process at 175 °C for 10 h [12]. The maximum yield of 56 wt.% of levulinic
acid was obtained from 3.3% aqueous glucose [12].

Levulinic acid yield is influenced by the textural characteristics of the catalyst and
accessibility of acid sites on the surface [13-15]. The nature and strength of these acid sites
play an important role in the selectivity toward target products. For example, Brensted acid
sites led to high selectivity in the dehydration of fructose to 5-hydroxymethylfurfural [14].
Lewis acids are assumed to be more efficient concerning levulinic acid production [15].
A combination of Brensted and Lewis sites was effective for the chemical conversion of
carbohydrates in water [13]. Solid superacids consist of both the Bronsted and Lewis acids
sites. Chen et al. applied solid superacid, S,042~ /ZrO,—SiO, —Sm;O3, to catalyze the
decomposition of steam exploded rice straw for the production of levulinic acid [16] and
achieved the LA yield of 70% of the theoretical yield under optimal reaction conditions
(200 °C, 10 min, 13.3% of solid superacid to pretreated rice straw, and 1:15 of solid-liquid
ratio). The magnetic solid acid 8,052~ /ZrOy-TiOy-Fe304 catalyst provides 70.2% yield of
levulinic acid from glucose (30 g/L) at 200 °C for 2 h [17].

In our previous work, the new ternary acid ZrO,-5i0,-5nO; oxides, stronger than
100% HpSO4 (Hp < —12), were presented [18]. The highest strength (Hy = —14.52) and
content (1.6-1.1 mmol/g) of acid sites were observed for samples with 20 < Zr+t < 29,
60 < Si** < 67, 11 < Sn** < 20 at.%. It was shown that the surface of superacid ZrO,-
5i0,-5n0O; oxides possess both Lewis and Brénsted acid sites, high surface area, and
developed mesoporous structure [18]. The aim of this work was the investigation of the
catalytic activity of a new superacid ZrO,-5i0,-SnO; catalyst in the process of the chemical
conversion of fructose as typical monosaccharides obtained from biomass to levulinic and
formic acids, the search for optimal reaction conditions (reaction temperature, reaction
time, substrate to catalyst ratio), and the study of the solid superacid reusability.

2. Materials and Methods

The ZrO,-SiO; (atomic ratio Zr:Si = 1:2) and ZrO,-Si0,-Sn0, (atomic ratio Zr:Si:Sn = 1:2:0.4)
oxides were synthesized by the sol-gel method [18]. In a typical procedure, zirconium
oxychloride octahydrate (ZrOCl,-8H,0), tetraethyl orthosilicate (TEOS), tin (IV) chloride
pentahydrate (SnCly-5H,0), if necessary, and urea ((NH;),CO) were used as starting
materials. For pre-hydrolysis, TEOS was mixed with an aqueous ethanol solution with a
weight ratio of TEOS:C,H50H:H,0O = 15:8:77; the pH was adjusted using a 1 M solution of
HCI. The resulting solution was added to an aqueous solution of zirconium oxychloride
and tin chloride. To prevent rapid precipitation of metal hydroxides, a three-fold excess
of urea was added to the mixture and aged within 2 days at 93 °C. The obtained gel was
washed to remove Cl™ ions, dried at 120 °C, and calcined at 750 °C for 2 h. As a result of
sol-gel synthesis, the sample was obtained in the form of irregular granules with sizes of
0.5-2 mm.

The textural parameters of the samples were calculated from the adsorption-desorption
isotherms of nitrogen using the Brunauer—-Emmett-Teller method (BET) (Quantachrome
Nova 2200e Surface Area and Pore Size Analyzer, Quantachrome, Bryton Beach, FL, USA).
The computational error for specific surface area determination was <2%.

X-ray diffraction patterns of the samples were recorded with a DRON-4-07 diffractome-
ter (CuK« radiation with Ni filter, Burevestnik, St. Petersburg, Russia) with Brag—Brentano
registration geometry (20 = 10-85°). Diffraction patterns were identified through a compar-
ison with those from the JCPDS (Joint Committee of Powder Diffraction Standards PDF-2,
1998, Newtown Square, PA, USA) database.
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The morphology of the calcined powder particles was observed using transmission
electron microscopy (TEM) (JEM-1200 EX (JEOL, Tokyo, Japan)). The average size of the
particles was estimated from the TEM micrographs using standard software (Image]J [19]).

The total number of acid sites was determined by reverse titration using n-butylamine
or 2,4-dinitrophenol solution in cyclohexane, respectively, with bromothymol blue as an
indicator. The highest acid strength and concentration-strength acid site distribution were
examined by the Hammett indicators method [20] using 0.1% solution of the corresponding
indicators in cyclohexane.

For catalytic experiments, a relatively concentrated solution of 20 wt.% solution of
D-fructose (N98%, Merck Life Science Sp.z.0.0., an affiliate of Merck KGaA, Darmstadt,
Germany) in deionized water was used as a reaction mixture. The experiments were carried
out in a rotated autoclave (60 rpm) at 160-190 °C for 1-5 h. Usually, 2 g of fructose, 10 g
of deionized water, and the sieved fraction (0.5-1 mm) of the catalyst were placed into a
25 mL Teflon can (Kyiv, Ukraine). When the reaction ended, the reactor was immediately
put into an ice water bath to decrease the temperature. Then, the reaction mixture was
filtered, the residue was washed with deionized water, and then dried at 110 °C for reserve.

The concentrations of fructose and reaction products were analyzed using '*C NMR
spectroscopy (Bruker Avance 400, Karlsruhe, Germany using D,O as a solvent) and by
HPLC (Waters HPLC system; Alliance, MA, USA) with an Aminex HPX-87H chromato-
graphic column (300 x 7.8 mm, Bio-Rad Laboratories, Inc. Richmond, CA, USA) equipped
with a Waters 2414 refractive index detector, Waters 717plus autosampler, and Waters
1515 isocratic HPLC pump. The conditions for the analysis were set as follows: 4 mM
H,SOy4 as the mobile phase with a flow rate of 0.5 mL min~! at 40 °C. The peaks for the
different compounds were confirmed and quantified using external standards.

The conversion values of fructose (X) and yields of products (Y, mol%) were calculated

as follows:
fructose]i — [fructose]pr

X (mol%) — | — % 100 (1)
Y (mol%) = —Produetl 00 @)
>~ [fructose]i

3. Results and Discussion

The physicochemical characteristics of the synthesized catalysts are given in Table 1.

Table 1. Texture and acid parameters of the synthesized catalyst.

Specific Surface Area,

Average Pore Radius, Total Acidity [HB],

3 .

Catalyst m? /g Pore Volume, cm°/g am mmol/g Acid Strength, Hy
Zr0,-Si0,-Sn0O; 340 0.20 1.2 1.5 —14.52
Zr0,-Si0, 360 0.27 1.5 1.7 —11.35

The structural analysis for the ZrO,-5i0,-SnO; oxide, obtained from the X-ray diffrac-
tion patterns, shows the intensity of diffuse halos at 26 = 30° and 51°, which is associated
with the amorphous structure of the ZrO,-5iO, matrix (Figure 1).

The absence of characteristic peaks assigned to tin oxide for ZrO,-5i0,-5n0, indicates
its high dispersion on the surface or in the volume of the ZrO,-5iO, matrix. Adsorption
data revealed that the introduction of tin ions into the ZrO,-SiO, matrix led to a reduction
in the specific surface area and pore volume of the ternary oxide (Table 1). The reduction
can be attributed to the presence of SnO, species within the ZrO,-SiO, pores and channels.
Both samples were mesoporous with an average pore diameter of 2.4-3.0 nm.

According to TEM, the ZrO,-SiO, binary (Figure 2a) and ZrO,-5i0,-5n0O, ternary
(Figure 2b) oxides consist of spherical particles. Modification of ZrO,-5iO, with tin led to
an increase in the average particle size from 3—4 nm to §-12 nm.
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Figure 1. X-ray diffraction patterns of the ZrO,-5iO, and ZrO,-5i0,-SnO, samples after calcination
at 750 C for 2 h.
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Figure 2. TEM images of ZrO,-SiO; (a) and ZrO,-SiO,-SnO; (b).

The introduction of tin ions into the ZrO,-SiO, matrix also led to an increase in
the acidity of the samples (Table 1). According to the concentration—strength acid site
distribution for the synthesized ZrO,-5i0,-5nO, sample, about 13% of acid sites corre-
sponded to the superacid range (—13.16 > Hy > —14.52) and ~33%—to medium strength
(—8.2 > Hy > —11.35) (Figure 3).

In comparison, the ZrO,-5iO; surface contained acid sites of only medium strength
(~45%) (Figure 3). The presence of octahedral and tetrahedral-coordinated Sn** on the
surface of the ZrO,-Si0,-SnO, oxides refers to Bronsted and Lewis acid sites [18]. Based
on the obtained data in [18], it was supposed that the bridging -OH groups on the VIZr4*
and VSn** cations could be assigned to Bronsted sites, but the induced positive charge on
zirconium ions in ZrO,-5i0,-Sn0O; could form the strong L-sites (Hy = —14.52).

The acid ZrO,-5iO, and superacid ZrO,-5i0,-5SnO; mixed oxides were tested as
catalysts for the conversion of 20 wt.% fructose in an aqueous medium to yield levulinic
(LA) and formic (FA) acids. Based on experimental data, the most widely described route
for the formation of levulinic and formic acids from fructose is as follows (Scheme 1):
(1) formation of 5-hydroxymethylfurfural (5-HMF) by acid catalyzed dehydration of
fructose via cyclic [21-23] or acyclic intermediates [23-25] as the first step, in which three
water molecules are consecutively removed from the fructose molecule; and (2) the 5-HMF
is then rehydrated to FA and LA, also requiring two moles of water according to the
mechanism described by Horvat el al. [26]. Additionally, 5-HMF easily condenses, together
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with fructose and fructose degradation products, into brown insoluble charred materials
often called “humins” [27].

/- zr0,Sio, 7
- Zr0,-Si0,-Sn0,

506 F -
3
g
£
O 04}

02}

0.0 :

T T
-14.52 -13.16 -11.35 -5.6

Figure 3. Concentration—strength acid site distribution for ZrO,-SiO, and ZrO,-5i0,-SnO, samples.

HOH,C o 0
-3H,0 o . +2H,0 oH *+ Ho /\O
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H \ / H
HO CH,OH 5
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Scheme 1. Levulinic and formic acid formation from fructose.

The influences of the reaction temperature on fructose conversion and product yield
are presented in Figure 4. It should be noted that for theZrO,-5iO,-SnO; catalyst, fructose
conversion was >99% in the range of the investigated temperature. The yield of both LA
and FA grew with an increase in the reaction temperature, 5-HMF was not observed after
180 °C. Fructose conversion for the less acidic ZrO,-SiO; catalyst was <90% in the range of
the investigated temperature.

Figure 5 shows a fructose conversion and yield of products versus reaction time in the
presence of the ZrO,-5i0,-5nO; catalyst. The conversion of fructose and yield of LA and
FA gradually increased as the reaction progressed. The LA yield reached the maximum of
82%, and the yield of FA was 92% after 3.5 h, whereas the 5-HMF yield gradually decreased
and after 3.5 h of reaction time was not observed in the '>*C NMR spectra. On the less acidic
ZrO,-5i0; catalyst after 3.5 h, 90% conversion of fructose occurred with the formation of
the following products—formic and levulinic acids, 5-hydroxymethylfurfural, acetic and
lactic acids, and some furanic products.

The fructose to catalyst ratio is an important parameter to be studied to obtain the
optimal product yield. In [7], it was reported that a fructose to catalyst ratio of 1:1 was
optimal for the dehydration of fructose to LA using various polystyrene-based sulfonic
acid resin catalysts in pure water. In [28,29], it was shown that for catalyst loadings below
1:1, the LA yield gradually decreased. Under our experimental conditions (180 °C, 5 h)
without a catalyst, a slight dehydration of fructose to 5-HMF (21 mol%) was observed
at 27% fructose conversion. Varying the concentration of the ZrO,-5iO,-SnO; catalyst
showed that complete fructose conversion and about 80% and 90% LA and FA yield,



Colloids Interfaces 2022, 6, 4

6 0f 9

respectively, occurred with a fructose to catalyst weight ratio of 20:1 (Figure 6). Such a
relatively small amount of catalyst can be explained by the presence of superacid sites on
its surface (Table 1), since it is known that the stronger the acid sites, the greater the amount
of LA yield [30,31].
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Figure 4. Yield of reaction products versus temperature. Reaction conditions: fructose (2 g, 11.1 mmol,
20 wt.%), HyO (10 mL), ZrOy-5i0,—-SnO; catalyst (0.1 g) for 5 h.
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Figure 5. Fructose conversion and yield of products versus reaction time. Reaction conditions:
fructose (2 g, 11.1 mmol, 20 wt.%), H,O (10 mL), ZrO,-SiO,-SnO; catalyst (0.1 g) at 180 °C.

Theoretically, one molecule of fructose converts into one molecule of each formic
and levulinic acids. However, numerous experimental data showed that the real yields
of LA and FA were far from the 1:1 ratio [7,8,11,28,32]. Tarabanko proposed that levulinic
acid reacts with fructose, producing humic substances [33]. The formation of humins is
inevitable in LA production. Humic substances form in the quantity of at least 5-10 wt.%
based on the target products during the acid-catalyzed conversion [33]. Our experiment
showed that the increase in temperature and extension in the reaction time led to an increase
in insoluble humins (Figures 4 and 5). Additionally, the increase in the catalyst amount,
and, accordingly, the number of superacid sites, also led to an increase in insoluble humins
from 10 to 17 wt.% for the fructose to catalyst ratios of 20:1 and 10:1, respectively.
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Figure 6. Effect of catalyst concentration on the yield of the reaction products. Reaction conditions:
fructose (2 g, 11.1 mmol, 20 wt.%), H,O (10 mL), ZrO,-SiO,-SnO; catalyst at 180 °C for 5 h.

Stability of the ZrO,-5i0,-SnO, was investigated by recycling the catalyst for three
consecutive batch reactions for fructose conversion at optimal conditions (Figure 7). Due to
the granular shape of the sample, the product is easily and quickly filtered. For reutilization
of the solid superacid, the dried filter residues were calcined at 550 °C for 1 h to separate the
solid superacid catalyst from the residues. The regenerated solid superacid was reused to
produce LA under the optimal conditions. Fructose conversion remained 100% during all
three consecutive batch reactions. However, the yield of LA dropped significantly during
the third run and the FA yield remained unchanged. At the same time, during the third
run, a significant amount of HMF was formed, and the amount of insoluble humins also
increased. This could be a likely confirmation that levulinic acid reacts with fructose to
form humins.

100

0]
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1
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Figure 7. Recycling study of the ZrO,-5i0,-SnO, catalyst in the conversion of fructose to LA and
FA. Reaction conditions: fructose (2 g, 11.1 mmol, 20 wt.%), H,O (10 mL), ZrO,-SiO,-SnO; catalyst
(0.1g)at 180 °C for 3.5 h.
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4. Conclusions

Mixed acid ZrO,-SiO; and ZrO,-5i0,-5n0O; oxides were synthesized by the sol-gel
method. The introduction of tin ions into the ZrO,-SiO; (Zr:Si = 1:2) matrix leads to an
increase in the average particle size and acidity of the ZrO,-5iO,-SnO; (Zr:Si:Sn = 1:2:0.4)
sample. The acid ZrO,-5iO; and superacid ZrO,-5i0,-5nO; mixed oxides were tested as
catalysts for the conversion of 20 wt.% fructose in aqueous medium to levulinic and formic
acids. Superacid ZrO,-5i0,-5nO, oxide (Hp = —14.52) provides levulinic and formic
acid yields of 80% and 90%, respectively, with full fructose conversion at 180 °C for 3.5 h
and a fructose to catalyst weight ratio of 20:1. Due to the granular shape of the obtained
catalyst, the product is easily and quickly separated. Therefore, it is possible to achieve a
relatively low level of humic substance formation under optimal conditions, even using a
concentrated solution containing 20 wt.% fructose.
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