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Abstract

Lignocellulosic biomass is considered a sustainable source for the production of biofuels and platform molecules such as
furfural (FAL). In this study, a series of solids with different acidity were tested for the production of FAL from xylose and
corn residues. Functionalized Cloisite Na™ (CLOI-SO;H) and Preyssler heteropolyacid (HPA-Preyssler) showed the best
catalytic performance in the production of FAL form xylose. Under optimal reaction conditions, the HPA-Preyssler catalyst
achieved a maximum yield of 75% in just 15 min and maintained its activity for 5 consecutive reaction cycles, while the
CLOI-SO;H catalyst obtained a 97% yield in 15 min, but its activity decreased considerably during reuse. Using techniques
such as FTIR, SEM, EDS, and TGA, the possible causes of the decrease in the activity of the catalysts were established. The
cellulose, hemicellulose, and lignin contents of different corn residues were determined to determine the most appropriate
for the production of FAL. Using the HPA-Preyssler, the temperature and amount of catalyst selected for the dehydration of
xylose to FAL, the appropriate time, amount of substrate, and type of solvent were established to obtain FAL directly from
yellow corn stalks, reaching a maximum yield of 14% concerning hemicellulose content in 3 h at 180 °C in DMSO without
performing any pretreatment to the corn residues, and the catalyst was recovered for subsequent reactions. Therefore, using
the HPA-Preyssler catalyst is a new alternative for efficiently converting xylose or residual lignocellulosic biomass into FAL.
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1 Introduction

A large number of compounds used as feedstock are pro-
duced from non-renewable fossil fuels [1]; for this reason,
new sources are needed to meet the chemical industry’s
demand for these compounds. An alternative for obtain-
ing compounds of industrial interest is the use of residual
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lignocellulosic biomass [2, 3] since this is produced in mil-
lions of tons per year around the world and is considered
a sustainable source for the production of biofuels [4] and
platform molecules [3-5]. Furfural (FAL) was recognized
as a competitive bio-based platform molecule by the US
Department of Energy because it can be used to produce
high-value-added compounds [6], including those used to
make novel surfactants and lube oils [7], for the pharma-
ceutical and agrochemical industry and refinery processes
[5]. The FAL produced from fossil resources is not profit-
able, so production options are sought that improve yields
without negatively impacting the environment [8, 9]. The
production of FAL at an industrial level uses homogeneous
acid catalysts such as H,SO, and HCI, but these processes
generate a large amount of liquid waste and gases leading
to equipment corrosion and increasing the production price
due to the high maintenance cost [10, 11].

Solid acids have been reported to overcome this common
disadvantage of homogenous acids. For example, Toumsri
et al. [12] designed a porous carbonaceous acid catalyst

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s13399-023-04707-7&domain=pdf
http://orcid.org/0000-0003-4357-404X

Biomass Conversion and Biorefinery

(SO3;H-MPBG), using sugarcane residues as a base, reach-
ing a yield of 55% and a conversion of 86% at 170 °C, 3 h in
y-valerolactone (GVL) as solvent. Rusanen et al. [13], with
the help of iron catalysts supported on carbon (5SFe-AC),
obtained a yield of 57% for 3 h at 170 °C in methyl isobutyl
ketone (MIBK). Zhigiang et al. [5] synthesized a new solid
carbon-based magnetic acid catalyst (MMCSA), reaching a
79% yield at 190 °C for 10 min using three times the amount
of catalyst in relation to the substrate in a biphasic MIBK/
water system. Xu et al. [3] synthesized a sulfonated carbona-
ceous solid acid catalyst, and the maximum yield was 80%
with 100% conversion using SP-170 at 170 °C for 1 h; these
results varied according to the degree of sulfonation of the
catalyst, which influenced the acidity of the catalyst. Wang
et al. [4] synthesized a mesoporous catalyst (OMC-SO;H)
using biomass lignin as a carbon source, reaching 76% yield
and 100% xylose conversion at 200 °C for 45 min in GVL:
water (85:1 %v/v). Zhou et al. [14] designed a tin oxide-
supported micro-mesoporous carbon catalyst (MC-SnOx)
for the production of FAL from xylose at 180 °C for 20 min
in a 0.2 M solution of NaCl in a mixture of H,O/2MTHF
(1:1 %v/v), reaching a yield of 53%, and the catalyst was
reused for five cycles.

Wang et al. [15] prepared and used a sulfonated clay zeo-
lite catalyst (PAL-SO;H), reaching a yield and selectivity of
87% and 96%, respectively, at 180 °C in 60 min using GVL-
water (95:5 %v/v), and the catalyst was reused four cycles.
Tran et al. [16] synthesized a functionalized mesoporous
silica catalyst (SO;H-KIT-6) by varying the molar ratio of
tetracthoxysilane and 3-mercaptopropyl(methyl)dimethox-
ysilane. The best catalyst was synthesized using tetraeth-
oxysilane and 3-mercaptopropyl(methyl)dimethoxysilane
at a molar ratio of 0.8:0.2, reaching 92% yield at 170 °C
for 2 h. Lu et al. [17] supported tungstophosphoric acid on
titanium oxide (TPA-TiO,), obtaining a 96% conversion and
a 76% yield for 1 h at 190 °C in MIBK-water. Sajid et al.
[18] obtained a 53% yield at 120 °C in 1 h using a mixture
of Bronsted and Lewis acids (pTSA-CrCl;-6H,0). Wang
et al. [19] used a zeolite modified by dealumination and ion
exchange as a catalyst, and the highest FAL yield achieved
was 77% with a xylose conversion of 99% in water/n-butanol
(1-1.5 %v/v) for 30 min and 180 °C.

Although high yields of FAL have been obtained from
xylose, its direct production from lignocellulosic residues is
undoubtedly a more difficult and complicated process because
it involves the process of breaking down the hemicellulose-
cellulose-lignin complex, hydrolysis of hemicellulose, and
xylose dehydration [20]. Ionic liquids (IL) have been used
for the production of FAL from lignocellulosic biomass,
with yields between 1 and 37% and demonstrating important
advantages for its production. However, its industrial use in
large-scale processes is hampered by economic, technological,
and environmental issues [21]. Furthermore, the development
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of effective methods for IL recovery and recycling is a great
challenge. In addition to the use of IL, in recent years, differ-
ent catalytic systems have been investigated to improve and
optimize the production of FAL from lignocellulosic biomass.
Liang et al. [22] treated corn lignocellulosic residues with
ultrasound and subsequently used a bio-based heterogeneous
catalyst (CSUTS-CSW), which obtained a 68% FAL yield at
180 °C in 15 min. Lee et al. [23] also pre-treated oil palm
leaves with ultrasound and subsequently carried out a reac-
tion in an aqueous solution of choline-oxalic acid at 120 °C
for 60 min, obtaining a 56% yield. Lyu [24] produced 85%
of FAL from corn bagasse through a tandem electrochemi-
cal route using AICl; as a catalyst. Li et al. [25] synthesized
a phosphotungstic acid functionalized biochar (PA-FCB) for
the production of FAL from corncob using GVL/water as the
solvent, resulting in a 96% yield at 205 °C for 120 min. Zhang
et al. [26] synthesized a sucrose-based N-doped sulfonated
activated carbon (SSUAC) catalyst for obtaining FAL from
wheat straw, reaching a maximum yield of 78% at 180 °C
for 90 min. Gong et al. [27] from sunflower stem and using a
carbonaceous solid acid catalyst SO,>~/Sn0O,-SSXR obtained
a yield of 82% in ChCI-MAA/toluene at 180 °C in 15 min.
Finally, Li et al. [28], by immobilization of the eutectic solvent
betaine: lactic acid on silica, synthesized a heterogeneous cata-
lyst B: LA-SG (SiO,) with which they obtained a 45% FAL
yield from corncob for 30 min and 170 °C.

As mentioned above, several works in recent years have
focused on obtaining FAL from xylose or residual lignocel-
lulosic biomass. However, there are still several disadvan-
tages such as high temperatures, long reaction times, use of
ionic liquids, expensive deep eutectic solvents, use of com-
plex catalysts to obtain, use of technologies difficult to scale
up to industrial levels such as microwaves and ultrasound,
and the difficulty of recovery and reuse of the catalyst. In
addition, when starting from lignocellulosic biomass, the
use of pretreatments increases production costs and, in some
cases, involves the use of corrosive reagents. In an attempt
to efficiently produce a larger amount of FAL, we studied
a series of solids with different acidic properties as hetero-
geneous catalysts for the production of FAL from xylose
and corn residues. For the first time, a high yield to FAL is
obtained in short periods of time compared with other previ-
ous works, using the HPA-Preyssler catalyst. The best reac-
tion conditions (temperature, time, catalyst loading, amount
of substrate, and solvent) were established.

2 Materials and methods

2.1 Materials

Reagent grade xylose (CAS: 58-86-6, 99%), dimethyl sul-
foxide (DMSO) (CAS: 67-68-5), and y-valerolactone (CAS:
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108-29-2, 98%) were purchased from ACROS ORGANIC.
Dichloromethane (75-09-2), ethanol (CAS: 64-17-5), ben-
zene (CAS: 1076-43-3, 99.5%), acetic acid (CAS 64-19-
7,96%), sulfuric acid (CAS: 7664-93-9, 95%), methanol
(CAS: 67-56-1, 99.8%), and methylisobutylketone MIBK
(CAS: 108-10-1) were purchased from MERCK. Sodium
hydroxide (CAS: 1310-73-2, 97%) and sodium chlorite
(CAS: 7758-19-2, 80%) were purchased from FISHER
SCIENTIFIC. The reagents were used without further
purification.

2.2 Catalysts tested

Amberlyst® 15 acid resin was purchased from Sigma Aldrich
Catalyst. Preyssler heteropolyacid (H,,[NaPsW5,0,,,1-44H,0)
was prepared according to the method reported in the literature
(see Supplementary Information). The sulfonic acid-based cata-
lysts were obtained by direct organosilylation with 2-(4-chlo-
rosulfonylphenyl)ethyltrimethoxysilane (here designated by
-CSP) or direct sulfonation using chlorosulfonic acid (here
designated by -SO;H) of different materials: a montmorillonite
(Cloisite-Na*, here designated by CLOI), halloysite nanotubes
(here designated by HNT), multiwalled carbon nanotubes (here
designated by CNT), and silica nanoparticles with particles size
around 10 nm (here designated by SiO,-10). The previously
prepared catalysts (see Supplementary Information) HNT-CSP,
Si0,-10-CSP, CLOI-SO;H, and CNT-CSP were provided by
the University of Porto, and the synthesis and characterization
methodology were previously reported in the literature.

2.3 Catalytic activity

The selection of catalysts was performed in two stages as
follows: (a) selection of catalysts using water as solvent.
Briefly, 40 mg of xylose was dissolved in 3 mL of water,
and the catalyst (25 %w/w) was added, and the reactions
were carried out at 140 °C and 600 rpm. (b) The catalysts
that showed the highest catalytic performance were evalu-
ated under the same conditions, but using DMSO as sol-
vent. With the catalysts that showed the best catalytic per-
formance in DMSO, reactions were carried out in the range
of 150 to 180 °C, monitoring the percentage yield at FAL
at 0.08, 0.16, 0.25, 0.5, 1, 2, and 3 h, keeping all other con-
ditions constant. Carrying out the reactions with the time
and temperature conditions established in the previous step,
different solvents and solvent-mixtures were evaluated as
follows: y-valerolactone (GVL), DMSO, methylisobutylk-
etone (MIBK), water, GVL-water (1:1), DMSO-water (1:1),
MIBK-water (1:1), DMSO-GVL (1:1), DMSO-MIBK (1:1),
and GVL-MIBK (1:1). All other conditions were maintained
constant. With the solvent selected according to the previous
step, the optimum amount of catalyst (15 %w/w, 25 %w/w,

35 %wlw, or 45 %w/w) was established. The other reaction
conditions were constant.

Once the optimum reaction conditions were established,
catalyst reuse tests were carried out as follows: The HPA-
Preyssler catalyst was recovered taking as reference the
methodology proposed by Pardo et al. [29]. Before each
reuse, the catalyst was separated from the reaction mixture
by changing the polarity of the reaction medium with 5 mL
of CH,Cl, and later cooling to 4 °C for 30 min. Then, the
precipitated catalyst was recovered by centrifugation at 3500
rpm for 10 min, washed with CH,Cl, (2 X 3 mL), and dried
at 50 °C for 10 min.

.The CLOI-SO;H catalyst was recovered by centrifu-
gation at 3400 rpm for 10 min. Each of the catalysts was
washed with CH,Cl, (2 X 3 mL) and oven dried at 50 °C for
10 min before use in each reaction.

The quantification of FAL was performed by high-per-
formance liquid chromatography (HPLC) in an equipment
Agilent 1200 equipped with a C18 column (150 mm X 4.6
mm), reference number USKH056756, HP reverse phase,
with a UV nm detector. Methanol-water (60:40 %v/v), flow
rate 0.4 mL/min (isocratic method) at 40 °C was used as the
mobile phase. All samples were filtered with a pore size of
0.45pm. A calibration curve for FAL was performed. The
yield and selectivity to FAL and xylose conversion to differ-
ent reaction types are estimated according to the following
equations:

xylose concentration (mM)
FAL concentration (mM)

FAL yield from xylose (%) = + 100

FAL concentration (mg/mL)

2—67 # hemicellulose mass in corn

FAL yield from corn residues (%) = # 100

2.4 Catalyst characterization

The solids were prior to and after the catalytic measure-
ments by FT-infrared spectroscopy (FTIR), scanning elec-
tron microscopy and energy dispersive X-Ray spectroscopy
(SEM-EDS), and thermogravimetric analysis (TGA). FTIR
analysis was performed using a Thermo Scientific Nicolet
iS50 FT-IR equipment, in a range of 400-4500 cm™', and
the catalysts were placed directly on a Zn-Se plate and meas-
ured using the ATR technique. Each sample was scanned
60 times, and the scan resolution was 4 cm~'. SEM-EDS
analysis was performed on a ZEIZZ MA10 series scanning
electron microscope with SE1 (secondary) and BSD (back-
scattered) electron detectors. EDS analysis was performed
with an Oxford EDS lance. TGA studies were performed on
SETARAM equipment. Samples (20-50 mg) were measured
under the following conditions: stabilization: 30 °C for 10
min; heating: 10°C/min up to 800 °C; stabilization: 800 °C
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for 10 min; and cooling: 800 °C up to 30 °C for 40 min. The
above conditions were performed in an inert N, atmosphere.

3 Chemical characterization of yellow corn
(Z. mays) wastes

Samples of yellow corn wastes came from the municipality
of Santa Sofia, Boyacia-Colombia, and their chemical com-
position was determined in triplicate, following the method-
ology of the TAPPI standards (T 210 cm - 13, T 211 om - 16,
T 264 cm-07, T204cm-97, T222 om- 02, T9 wd - 75,
and T 203 cm - 09).

3.1 Catalytic activity using yellow corn residues

According to the better results of Section Catalytic activity,
the best catalyst was used by monitoring a reaction for 6 h
varying the amount of corn residue (40, 60, and 80 mg),
under the following conditions: 180 °C, 3 mL of DMSO, 45
%w/w of catalyst, and 600 rpm. Posteriorly, it was studied
the solvent effect for obtaining furfural from biomass using
GVL and GVL: MIBK (1:1) at 180 °C in 3 mL, 45 %w/w of
catalyst, and 600 rpm.

4 Results and discussion
4.1 Dehydration of xylose to furfural

The dehydration reactions of xylose to FAL were performed
in sealed glass tubes in an oil bath. Six catalysts with differ-
ent acidity were tested including HPA-Preyssler heteropoly-
acid, Amberlyst 15 acid resin, acid solids based on function-
alized halloysite nanotubes (HNT-CSP), carbon nanotubes
(CNT-CSP) montmorillonite clay (CLOI-SO;H), and silica
nanoparticles (Si0,-10-CSP). The activity of the catalysts
in the dehydration of xylose to FAL in decreasing order was
as follows: CLOI-SO;H > HNT-CSP > HPA-Preysseler >
Si0,-10-CSP > Amberlyst 15 > CNT-CSP. Overall, the FAL
yields obtained with all catalysts tested were below 20% at
the maximum reaction time (Fig. 1).

The low yield obtained with HPA-Preyssler is attributed
to its instability in aqueous media, changing the acidity of
the solutions [29, 30], while the low yields obtained with
the other catalysts are attributed to a decrease in acidity in
the xylose to FAL reaction because the acid sites (SO;H) are
hydrophilic and can absorb water [31]. Although the acid-
ity of the sulfonic groups of HNT-CSP is lower than that of
Si0,-10-CSP and CNT-CSP, by XPS analysis, it is possible
to observe that these —SO;H active sites are more on the
surface and therefore more available to catalytic reaction
than those of SiO,-10-CSP and CNT-CSP allowing better
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Fig. 1 Effect of catalyst on the FAL yield. Reaction conditions: 3 mL
of xylose solution (13.3 mg/mL in water), 10 mg catalyst (25 %w/w),
140 °C, and 600 rpm

Table 1 Sulfur bulk content (mmol/g) by elemental analysis (EA), S
surface content by XPS, and acidity by potentiometric titration of sul-
fonic acid-functionalized based catalysts

Material EA XPS Acidity
S (mmol/g) S (mmol/g) (mmol
H*/g)
SiO,_10_CSP 1.20 0.60 1.30
HNT_CSP 0.83 1.25 0.82
CLOI_CSA 1.05 0.90 1.78
CNT_CSP 1.07 0.15 0.90

Adapted from [32]

activity (Table 1). It is also important to note that amber-
lyst-15, despite having a very high amount of acid sites 4.7
mmol/g [31], did not give rise to a higher activity compared
to the catalysts presented in Table 1.

Based on the above results, the three catalysts with the
highest FAL yield were chosen, and their activity was evalu-
ated in DMSO as solvent using the same reaction condi-
tions. The use of DMSO favors the yield to FAL from xylose
due to inhibition of FAL degradation reactions. In addition,
these solvents increase the stability of the heterogeneous
catalysts, improving their activity, unlike aqueous systems
where leaching of the acid sites of the catalyst occurs at rela-
tively high temperatures [9], which reduces their catalytic
performance.

The activity of the catalysts in DMSO in decreasing order
was as follows: CLOI-SO;H > HPA-Preyssler > HNT-CSP.
With the catalyst CLOI-SO;H, the yield at FAL remained
constant (92%) after 3 h of reaction. With HPA-Preyssler,
a maximum yield of 57% was obtained in 3 h and then
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declined. With the HNT-CSP catalyst, a maximum yield of
16% was reached during 4 h of reaction (Fig. 2). The activ-
ity of CLOI-SO;H and HPA-Preyssler is extremely depend-
ent on the solvent used showing significant increases when
switching from water to DMSO. HNT-CSP does not show
significant improvements comparing with CLOI-SO;H, and
this difference can be mainly attributed to their lower acid-
ity (0.82 mmol, H* ¢g™!) when compared with CLOI-SO,H
(1.78 mmol, H" g=!) (Table 1). The catalytic performance
of HPA-preyssler is associated with its percentage of Bron-
sted and Lowry acid sites (52% Bronsted sites, 22% Lewis
sites, and 26% Lewis-Bronsted sites), determined in previous
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Fig.2 Effect of catalyst type on the yield at FAL. Reaction condi-
tions: 3 mL of xylose solution (13.3 mg/mL in DMSO), 10 mg cata-
lyst (25 %w/w), 140 °C, and 600 rpm
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work by our group using pyridine adsorption followed by
FTIR spectroscopy [33]. Due to the higher catalytic activity
demonstrated by the catalysts, CLOI-SO;H and HPA-Prey-
ssler were selected to continue establishing the best reaction
conditions.

Temperature and reaction time are key parameters for
energy efficiency and costs during the production processes
of any compound. The effect of these reaction conditions
was determined using HPA-Preyssler and CLOI-SO;H cata-
lysts in DMSO as solvent by monitoring for 3 h at differ-
ent temperatures (Fig. 3). The highest yields to FAL using
the HPA-Preyssler catalyst were obtained at 170 °C and
180 °C. At 170 °C, the FAL yield increased with time to
reach the highest yield (85%) in 2 h, and after this time, the
yield decreased by 4%. At 180 °C, the yield reaches a maxi-
mum of 75% in 0.5 h, and after this time, the yield started
to decrease (Fig. 3a). Figure 3b displays the results of the
effect of temperature and reaction time using CLOI-SO;H.
It can be observed a readily formation of FAL in short times
of reaction at lower temperatures of reaction than Preyssler
heteropolyacid; however, as can be seen in Fig. 3b, the yield
at FAL increases with time up to a maximum point, after
which the yield begins to decay, being most noticeable at
170 °C and 180 °C. This behavior shown by the two catalysts
is possibly due to the formation of undesirable reactions of
xylose and FAL which promoted to give rise to humins [19,
34]. In both catalysts, as the reaction progresses, the catalyst
is saturated probably with humins that decreases the yields
to furfural obtained. Thus, 0.25 h of reaction at 180 °C and
160 °C was selected using the HPA-Preyssler and CLOI-
SO;H catalysts, respectively.

Table 2 shows the effect of the type of solvent on the
dehydration of xylose to FAL with each of the catalysts.
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Fig. 3 Influence of reaction temperature on the yield at FAL. Reaction conditions: 3 mL of xylose solution (13.3 mg/mL in water), 10 mg cata-
lyst (25 %w/w), 600 rpm. a HPA-Preyssler catalyst. b Catalyst CLOIS-SO;H
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Table 2 Effect of solvents on the reaction of xylose to FAL

Entry Solvent Yield to FAL (%)
CLOI-SO;H HPA-Preyssler

1 GVL 87 69
2 GVL-water!®! 5 2
3 DMSO 83 76
4 DMSO-water?! 14 15
5 MIBK 3 2
6 MIBK-AGUA® 2 2
7 MIBK-DMSO™ 80 75
8 MIBK-GVL/® 85 65
9 GVL-DMSOY 85 73

Reaction conditions: 3 mL of xylose solution (13.3 mg/mL of
solvent), 0.25 h, and 600 rpm. 10 mg CLOI-SO;H catalyst (25
%w/w), 160 °C, 18 mg HPA-Preyssler catalyst (45 %w/w), 180 °C.
lalyolumetric ratio (2:1); Plvolumetric ratio (1:1)

With pure solvents as well as with mixtures of solvents,
better yields were obtained with the CLOI-SO;H catalyst.
The highest yields were achieved with polar aprotic solvents
due to the stability of FAL in this type of solvents [35],
and within these, the highest yields obtained with GVL
(87%) using the CLOI-SO;H catalyst and those obtained
using DMSO (76%) with the HPA-Preyssler catalyst stand
out (Table 2, entries 1 and 3). Similarly, better yields were
obtained when mixtures of aprotic organic solvents were
used (Table 2, entries 7-9). The low yield obtained with
MIBK (Table 2, entry 5) was due to the low solubility of
xylose in this solvent. The low yield obtained with mixtures
including water (Table 2, entries 2, 4, and 6) was due to
the decreased acidity of the catalysts when mixed with this
solvent.

According to the results described above, GVL was
selected for reactions using the CLOI-SO;H catalyst and
DMSO for reactions using the HPA-Preyssler catalyst as the
most suitable solvents for obtaining FAL from xylose. GVL
is a promising solvent in the production of FAL due to its
high thermal stability, biodegradability, and the fact that it is
presented as a renewable chemical compatible with several
types of catalysts [9]. DMSO is an aprotic solvent used in
multiple organic and biomass transformation reactions due
to its high boiling temperature and high polarity [36, 37].

The effect of catalyst loading on the dehydration of xylose
to FAL is shown in Fig. 4. The mass of CLOI-SO;H which
promotes a better yield to furfural (97%) was 14 mg (35
%w/w) of catalyst. The increase of the catalyst amount to 18
mg (45 %w/w) allowed a decline of 10% in the FAL yield.
This behavior is possible because relatively high amounts
of catalyst increase the number of acid sites that promote
the dehydration of xylose to FAL [38] but at the same time
favor the formation of resignification and condensation
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products, decreasing the amount of FAL, similar to the
results reported by Ji et al. [39]. Regarding the effect of
using different amounts of HPA-Preyssler catalyst, a linear
trend can be easily observed even for every increase of 4—5
mg of catalyst up to 14 mg of catalyst with an increase in
yield of ~ 10-15%. However, using 18 mg instead of 14 mg,
the increment was smaller (5%) going from 70 to a maxi-
mum of 75% FAL yield. Considering that some saturation
had already occurred, we selected 18 mg (45 % w/w) as
the optimal amount of catalyst to promote a higher FAL
yield. The use of DMSO in the absence of the catalyst HPA-
Preyssler yields 27% of FAL, possibly through a mechanism
similar to that reported for fructose dehydration [40]. Sev-
eral researchers in recent years have studied the conversion
of xylose to FAL using heterogeneous catalysts, but their
yields have been limited by the amount of catalyst. Wang
et al. [4] used 60% catalyst at 200 °C, while Dai et al. [41]
used 100% catalyst loading and 190 °C, obtaining 77 and
74% yields, respectively. Ji et al. [39] used 50% catalyst
loading at 170 °C for 4 h of reaction to obtain 70% yield.
The CLOI-SO;H and HPA-Preyssler catalysts demonstrated
high catalytic performance at short reaction times, relatively
low temperatures, and low catalyst loadings, which makes
these catalysts promising catalysts for the efficient produc-
tion of FAL from xylose, using conventional methods and
thus reducing production costs in terms of time and catalyst
mass. According to our results, 35 %w/w of the CLOI-SO;H
catalyst, and 45 %w/w of the HPA-Preyssler catalyst were
selected as the most suitable amount for further research.
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Fig.4 Effect of catalyst loading on the dehydration of xylose to FAL.
Reaction conditions: with CIOI-SO;H, 3 mL of xylose solution (13.3
mg/mL in GVL), 160 °C, 0.25 h, and 600 rpm and with HPA-Prey-
ssler catalyst, 3 mL of xylose solution (13.3 mg/mL in DMSO), 180
°C, 0.25 h, and 600 rpm
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The yield at FAL in the first reuse of the CIOI-SO;H cata-
lyst decreased by 64%, and in subsequent reuses, it decreased
considerably reaching 5% in the fourth reuse (Fig. 5).

The decrease in the activity of the catalyst is attributed
to the loss of sulfonic groups (-SO;H) from the clay, as a
consequence of its instability at relatively high temperatures
due to the type of bond established with the clay. The results
by TGA-DTG of the fresh CIOI-SO;H catalyst showed a
34% weight loss between 61 and 169 °C with a maximum
desorption peak according to the DTG curve peak at 121
°C, due to physisorbed water the sulfonic acid adsorbed to
the surface and a 48% weight loss between 192 and 284
°C with a maximum desorption peak at 262 °C due to the
decomposition reactions of the catalyst (Fig. 6a), while the
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Fig.5 Catalyst reuse. Reaction conditions: 3 mL of xylose solution
(13.3 mg/mL in GVL), CIOI-SO;H catalyst (35 %w/w), 160 °C, 0.25
h, and 600 rpm; 3 mL of xylose solution (13.3 mg/mL in DMSO),
HPA-Preyssler catalyst (45 %w/w), 180 °C, 0.25 h, and 600 rpm
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reused CIOI-SO;H showed a weight loss of 7% between 47
and 134 °C with a maximum desorption peak at 89 °C due
to physisorbed water originating during xylose dehydration,
a 15% loss between 118 and 189 °C with a maximum des-
orption peak at 144 °C due to loss of sulfonic groups, and
two weight losses of 24% and 2% between 190 and 290 °C
with a maximum peak at 235 °C and between 572 and 645
°C with a maximum peak at 618 °C, respectively (Fig. 6b),
possibly due to catalyst decomposition reactions and desorp-
tion of reactants and reaction products. Similar results were
reported for sulfonated coals [42].

EDS analysis results established a 4-fold decrease in
sulfur content in the reused catalyst (Table 3). In addition,
X-ray mapping spectra showed the decrease and change in
sulfur distribution in the reused catalyst (Fig. 7). On the
other hand, when comparing the microstructure of the fresh
catalyst with that of the reused catalyst, it is observed that
the particles in the latter tend to aggregate, resulting in a
loss of the homogeneous dispersion observed in the former.
Moreover, the reused catalyst exhibits a higher number of
aggregation clusters compared to the fresh catalyst, which
may be attributed to the leaching of acid sites (-SO;H) and
subsequent formation of loose particles (Fig. 8). Addition-
ally, the reused catalyst displays the presence of lamellae, a
characteristic feature of non-functionalized clays [43].

The HPA-Preyssler catalyst showed more stability in its
activity during the reuses (Fig. 5). In the first reuse, the yield
to FAL decreased by 14%; in the subsequent three reuses,
the yield decreased less until a 45% yield was obtained in the
4th reuse. The decrease in the catalytic activity of the HPA-
Preyssler is attributed to the loss of catalyst during the reuse
process because, at the end of the 4th reuse, a 33% total
catalyst mass loss was obtained, distributed in 5%, 8%, 9%,
and 11% during reuses 1, 2, 3, and 4 respectively. However,
the calculated turnover number (TON), for the fresh catalyst
was 74, while for reuses 1, 2, 3, and 4 were 64, 61, 62, 62,
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Fig.6 Thermogravimetric TGA-DTG analysis of a fresh CLOI-SO;H catalyst and b reused CLOI-SO;H catalyst
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Table 3 Percentage by weight of elements determined by EDS

Element Wt %

[a] [b]
(0] 70.0 £9.0 68.8 +3.3
Al 53+14 48 +0.5
Si 127+7.3 14.1 £5.0
S 112+ 1.3 4.6+29

[a]Fresh CLOI-SO;H. [b]Reused CLOI-SO;H
Mean value =+ standard deviation; n = 3

o Al Si S

Fig.7 X-ray mapping of the CLOI-SO;H catalyst. a Fresh catalyst
and b reused catalyst

and 63, respectively, indicating that the catalyst activity is
maintained after the first reuse.

The decrease in activity after the first reaction cycle could
be due to the adsorption of products on the catalyst surface
(FAL and humins), [19, 44] which was followed by FTIR
analysis of the spent catalysts (Fig. 9). The bands at 3009
and 2933 cm™! can be assigned at C-H tension vibration
attributed to the aldehyde group of FAL and band at 1337
cm™! attributed to stretching of the C-H bond of the alde-
hyde group, and a band at 1407 cm™! is attributed to the
C=C bond of the aromatic ring of FAL. These bands are
observed after the reuse of catalysts and can indicate some

Fig.8 Scanning electron
microscopy (SEM). a Fresh
catalyst. b Reused catalyst

@ Springer

irreversible adsorption of FAL on the surface of the catalyst
inhibiting its activity after first reuse. These results were
reinforced by the thermal stability showed by TGA-DTG of
HPA-Preyssler before and after reuses (Fig. 10). The fresh
HPA-Preyssler showed a total weight loss of 9.5% between
67 and 253 °C due to physisorbed water with a maximum
desorption peak according to the peak of the DTG curve
at 146 °C (Fig. 10a). The reused HPA-Preyssler showed a
total weight loss of 9.4% divided into a 2.3% loss between
47 and 129 °C with a maximum desorption peak at 88 °C
due to physisorbed water, a 7% loss between 145 and 257
°C with a maximum desorption peak at 208 °C possibly due
to adsorption of FAL on the catalyst surface, and a 0.5%
between 357 and 435 °C with a maximum desorption peak
at 409 °C (Fig. 10b) possibly due to adsorption of humins
on the catalyst surface.

4.2 Characterization of yellow corn (Z. mays)
residues

Lignocellulosic residues have different compositions accord-
ing to the source, species, and environmental conditions,
among others [45]. The chemical characterization of resi-
dues from yellow corn (Z. mays) is shown in Table 4. The
cellulose, hemicellulose, and lignin content in yellow corn
stalks and corncob was similar to that reported by Isikgor
et al. [46]. Hemicellulose content in corncob, leaves, and
stalk of yellow corn was similar, being slightly higher in
leaves and stalk, while the lowest content was found in
corncob obtained from unripe corn. The lignin content was
lower in stalks compared to leaves, possibly because the
latter have a greater number of tissues (epidermal, photo-
synthetic, xylem, and phloem) that provide a greater amount
of lignin, while the stalk is mostly constituted by vascular
tissues since their main function is the transport of water and
nutrients between roots and leaves [47]. The yellow corn-
cob obtained from unripe corn presented a higher moisture
content compared to the other yellow corn wastes because
this sample comes from a lower stage of corn maturation.
Considering that it has been established that the amount of
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Fig.9 FTIR. a Fresh HPA-Preyssler. b HPA-Preyssler reused 1 time.
¢ HPA-Preyssler reused 4 times

lignin present in lignocellulosic wastes directly influences
the obtaining of furan derivatives [48] and that the yield
to FAL is directly proportional to the amount of hemicel-
lulose, wastes from yellow corn stalks were selected for the
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production of FAL, using the conditions established in the
dehydration of xylose to FAL.

4.3 Obtaining furfural from yellow corn stalks

The amount of substrate is an important variable at the time
of transformation of residual lignocellulosic biomass. The
yellow corn stalk substrate was screened with a pore size
of 0.105 mm since it has been reported that particle sizes
smaller than 0.4 mm do not affect the reaction rate and yield
[49]. The effect of the amount of substrate for obtaining FAL
from corn stalk residues is shown in Fig. 11. It was observed
that using 40 mg of yellow corn stalks, the highest yield
to FAL (14%) was obtained in less time. As the amount of
substrate was increased, the yield decreased, possibly due to
diffusional problems since the substrate adhered to the tube
walls which did not allow good contact between the sub-
strate and the catalyst, a similar phenomenon was reported
by Lyu [24] when obtaining an inverse relationship in the
production of FAL with respect to the corncob substrate
loading. Moreover, this decrease could also be due to an
increased formation of humins that may be trapped in the
catalyst. On the other hand, this result may be attributed to
the recalcitrance conferred by the polyphenolic structure of
lignin, which makes it difficult to access those substrates
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Fig. 10 Thermogravimetric TGA-DTG analysis. a Fresh HPA-Preyssler catalyst. b Used HPA-Preyssler catalyst

Table 4 Chemical composition of lignocellulosic wastes from maize (Z. mays) in % expressed on a dry basis

Type of waste Moisture Ash Extractable Lignin Cellulose Hemicellulose Others
Corncob* 61.53 +£0.80 0.95 +0.39 1.91 £ 0.31 33.05+0.53 37.47 £0.77 22.39+0.78 4.22
Corncob 4.85+0.48 177 £ 0.16 1.44 +0.39 21.33 £ 0.94 39.93 £0.85 26.59 +0.92 8.94
Leaves 2.64 +0.51 0.95 +0.43 2.07 £0.44 2442 +0.55 38.14 £0.35 27.65 +0.51 6.78
Stalks 20.55 £ 0.59 0.82+0.21 2.13+0.57 18.37 £ 0.98 41.99 +0.93 27.68 + 0.87 9.01

*Obtained from unripe corn

Mean value =+ standard deviation; n = 3
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Fig. 11 Effect of substrate amount on the transformation of yellow
corn stalks to FAL. Reaction conditions: HPA-Preyssler catalyst (45
%w/w), 3 mL of DMSO, 180 °C, and 600 rpm

(hemicellulose and cellulose) retained within the ligno-
cellulosic biomass [50]. Pretreatments could contribute to
improved performance at FAL, but some require sophisti-
cated ultrasound or microwave equipment that is expensive
and not competitive on a large scale, and others involve high
energy costs or include strong acids or bases that corrode the
equipment and generate a negative impact on the environ-
ment [51]. Different authors have used low substrate con-
centrations to obtain higher performance results; e.g., Yang
T et al. [52] started from an amount of corn stover equal to
ours, using GVL as a solvent, 190 °C for 80 min, obtaining
a 53% yield at FAL, while Lyu [24] used 2 mg/mL of corn-
cob in cyclopentyl methyl ether as a solvent for 2.5 h at 200
°C obtaining 85% yield. On the other hand, Li X et al. [25]
used 10 mg/mL of corncob in a two-phase GVL/water (8:2)
system, at 195 °C for 120 min, obtaining 96% yield at FAL.
It should be emphasized that in the present work, the direct
conversion of residual biomass from yellow corn stalks to
FAL was achieved using readily available and environmen-
tally friendly solvents, as well as a low catalyst loading and
without high operational costs. Moreover, the use of HPA-
Preyssler at relatively high temperatures and in the direct
conversion of biomass to FAL has not been reported before.

GVL is one of the most popular solvents for biomass to
FAL transformation, as it can solubilize degradation prod-
ucts of both FAL and lignin [9] and help to fractionate
biomass, contributing to improved yield [53]. On the other
hand, it has been reported that the use of biphasic MIBK:
GVL and GVL: water systems can contribute to improv-
ing FAL production from lignocellulosic biomass [4, 5, 9]
since it is more stable in organic systems. For this reason,
reactions were carried out using GVL and a GVL: MIBK
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mixture (1:1) under the same conditions when DMSO was
used as the solvent. Surprisingly, FAL was not obtained
using pure GVL or with the biphasic mixture, possibly due
to the relatively low temperature established using the HPA-
Preyssler catalyst (180 °C) compared to works reported by
other authors using this type of solvent [49]. Lignin has
been reported to undergo pyrolysis in the range of 200—-400
°C where most of the ether bonds are broken [54]. Thus,
lower temperatures further complicate the access of the sub-
strate to the catalyst, while the synergistic effect between
DMSO and HPA-Preyssler catalyst facilitated the pyrolysis
of lignin and thus the interaction between hemicellulose and
the catalyst.

5 Conclusions

Among different types of catalysts and solvents, CLOI-SO;H
and HPA-Preyssler catalysts were identified with the highest
catalytic activities in the conversion of xylose to FAL using
GVL and DMSO as solvents, respectively. Within 15 min,
97% yield to FAL at 160 °C was achieved with CLOI-SO;H,
while 75% was achieved with HPA-Preyssler at 180 °C.
However, during reuses, only HPA-Preyssler maintained its
activity and showed higher stability. The decrease in the cat-
alytic activity of HPA-Preyssler after the first reaction cycle
was attributed to the adsorption of FAL and humins on the
surface of the catalyst; however, its activity was maintained
in the following reuses, with a calculated TON value around
62. Stalk corn residues presented concentrations of hemicel-
lulose (27.7%) and lignin (18.4%), which are more appropri-
ate for obtaining FAL. Under optimum reaction conditions, a
14% yield of FAL was obtained from yellow corn stalk using
HPA-Preyssler and DMSO as solvent at 180 °C for 3 h, with-
out any pretreatment, and the catalyst was recovered without
loss of activity. Finally, it should be noted that a high yield
to FAL was obtained in a short time from xylose and that the
methodology allowed obtaining an acceptable yield directly
from residual biomass under mild reaction conditions using
for the first time the HPA-Preyssler.
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