Biomass and Bioenergy 193 (2025) 107550

Contents lists available at ScienceDirect

BIOMASS &
BIOENERGY

Biomass and Bioenergy

journal homepage: www.elsevier.com/locate/biombioe

ELSEVIER

Insights into the kinetics of furfural production from different monomers
and polymers derived from biomass in a subcritial water reaction medium
intensified by CO, as pressurization agent

A.E. Illera ®, H. Candela @, S. Beltran, M.T. Sanz

Department of Biotechnology and Food Science, Faculty of Science, University of Burgos. Plaza Misael Banuelos S/n, 09001, Burgos, Spain

ARTICLE INFO ABSTRACT

Keywords:

Furfural

Subcritical water/CO, reaciton medium
Reaction pathways

Kinetic models

A systematic kinetic study was conducted on the production of furfural from different sugar monomers, including
xylose, arabinose and glucose, and xylan, a biopolymer rich in pentoses, in a subcritical water reaction medium
intensified by the presence of CO; as pressurization agent. The temperature range was from 150 to 200 °C, and
different catalysts were employed, with CrCl; as a Lewis acid catalyst. Glucose yielded very low amounts of
furfural. Regarding pentoses, different reaction pathways were analyzed. The proposed mechanism involved the
presence of the corresponding ketoses, xylulose and ribulose, from xylose and arabinose, respectively, as in-
termediates in furfural production. Formic acid was identified as the main degradation product in this reaction
medium. It was concluded that formi acid was released into the medium from both pentoses and furfural. Pentose
aldoses isomerization to ketoses, followed by furfural formation was the primary reaction pathway in this system.
When using an acidic resin such as Nafion NR50 as catalyst, the isomerization of xylose was the rate-controlling
step. When starting from xylan, similar furfural yields were obtained, but producitivity values evaluated over
time were higher for xylose due to the two-step process involved in furfural production from xylan. The mo-
lecular weight distribution in the xylan system showed an initial increase for fractions in the range of 282-150
Da, while fractions of molecular weights higher than 1074 Da appeared only at the end of the treatment, likely

due to the formation of different polymeric products.

1. Introduction

Furfural is a key chemical commercially produced from agricultural
lignocellulosic residues with a high pentosan content under acidic
conditions involving acid hydrolysis and dehydration reaction [1,2].
Furfural has been identified by the United States Department of Energy
as one of the top building block chemicals that can be produced from
lignocellulosic biomass, being corn cobs and sugarcane the major
feedstocks currently used for furfural production [3]. Furfural can be
transformed into various commodity chemicals with a wide range of
industrial uses, especially in the production of pharmaceuticals, poly-
mers, resins, solvents, fine chemicals, fuel additives and biofuels [4,5].
Due to its numerous applications, global furfural production has gained
increasing attention with an estimated production between 200,0000
and 360,000 tonnes in 2020. Currently, furfural is produced by using
sulfuric acid (H2SO4) or hydrochloric acid as the most common cata-
lysts, with operating temperatures typically ranging between 150 and
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200 °C and achieving common yields of around 50 % [6]. High steam to
furfural ratio are also employed to strip furfural to avoid its degradation.
Therefore, these methodologies present drawbacks such as expensive
purifications steps and safety and environmental concerns due to toxic
waste effluents [7], what encourages the search for greener furfural
production approaches.

In previous work, the intensified pressurized system subcritical
water/CO5 (subW/COy) treatment showed potential for furfural pro-
duction from xylose, the main sugar derived from the hemicellulose
fractions, using different homogeneous and hetergoneous Lewis acid
catalysts [8].

SubW is defined as water at a temperature ranging from 100 °C to
374 °C and at a pressure high enough to keep it in its liquid state. It has
proven to be a good solvent to be used not only in extraction processes,
but also for chemical reactions due to its increasing self-ionization at
high temperatures [9]. When CO5 was added into the system as pres-
surization agent, higher furfural yields were obtained from xylose
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compared with the addition of an inert gas such a Nj. This is because
CO5, acts as a Brgnsted acid when dissolved in water and there was a
synergistic effect between CO5 and the Lewis acid catalyst [8]. Among
the different types of catalyst tested, CrCls and Nafion NR50 resin were
selected as the optimum catalysts for homogeneous and heterogeneous
sytems, respectively, due to their higher initial furfural production rate
determined for CrCl3 (51.9 + 0.9 % moles of furfural/moles of xylose-h)
and higher furfural selectivity (60.9 %) for the catalytic system for
Nafion NR50 [8].

The development of kinetic models is a key factor within the
framework of biorefinery concept for the production of chemical com-
pounds. Understanding the mechanisms and kinetics of furfural forma-
tion is crucial for the successful development of this catalytic system.
According to Relvas et al. [10] the reactive system subW/CO; is a
promising green technology for integration into a biorefinery frame-
work. Nevertheless, there is a lack of knowledge regarding reaction
mechanisms and intricacies of these kinetic processes. Therefore, there
is still much work to be done to understand the reactions in this highly
reactive medium, which usually involves multiple reactions.

The main objective of this study is to evaluate different kinetic
models for furfural production from various monomers derived from the
polysaccharide fraction of lignocellulosic biomass. Xylose, being the
most abundant sugar in hemicellulose and therefore the major compo-
nent released by hydrolysis of this fraction, was taken as the primary
starting material to develop different kinetic models in the subW/CO4
pressurized system. Since glucose (a hexose) and arabinose (a pentose)
are commonly found sugars in biomass, these two sugars were also
investigated for furfural production. Additionally, xylan was also used as
the biopolymer representative of hemicellulose fraction to produce
furfural.

In this work, different reaction mechanisms will be proposed based
on the kinetic experimental data, considering the formation of the cor-
responding ketose from its aldose form as the main intermediate com-
pounds, namely xylulose and ribulose from xylose and arabinose,
respectively. Futhermore the presence of the main degradation products
in this reactive system, especially formic acid, will be also considered in
the proposed kinetic models.

2. Experimental section
2.1. Chemicals

Glucose (99 %), xylose (99 %), furfural (99 %), xylulose (>95 %),
ribulose (>90 %), glycoaldehyde (98 %) and chromium (III) chloride
hexahydrate (98 %) were purchased from Sigma-Aldrich. Standards of 5-
HMF (97 %) from Alfa Aesar, formic acid (98 %) from Fluka, acetic acid
(99.8 %) from VWR, and levulinic acid (99 %) from Merck. Nafion NR50
resin, was purchased from Thermo Scientific. Xylan from corn core was
purchased from TCI. Other standards tipically reported in similar sys-
tems have not been detected in appreciable quantities in this study, and
therefore, they have not been included in the list of chemicals.

2.2. Equipment for subcritical water hydrolysis

Furfural production in subW/CO5 reaction medium was conducted
using a laboratory-assembled batch system equipped with a 0.5 L ca-
pacity reactor (pmax = 60 bar). The reactor was covered by a ceramic
heating jacket (230 V, 4000 W, ¢ 95 mm, 160 mm height) to achieve the
selected working temperature. After the reactor was closed, CO, was
added until reaching the desired operating pressure. A Pt100 sensor
placed inside the reactor and connected to a PID system allowed for
temperature control and recording during the reaction process. The
heating rate was 8 + 1 °C/min. A magnetic stirring bar was placed at the
bottom of the reactor to enhance homogeneity in the reaction medium.
A needle valve (Autoclave Engineers) followed by a cooling system, was
connected to withdraw samples to follow the reaction progress at
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regular time intervals. After a specified reaction time, the vessel was
cooled, and depressurized when the temperature was lower than 90 °C.
After treatment, the solid residue generated was washed, dried, and
subsequently weighed.

Different sugars synthetic solutions were prepared: (1) a xylose so-
lution of 11 g L’l, (2) an arabinose solution of 11 g L'@3)a glucose
solution of 12 g L™, and (4) a xylan solution of 9.8 g L™} in 200 mL of
water. The synthesis of furfural was carried out at 180 °C using the
optimal catalysts identified in previous work, where different homoge-
nous and heterogeneous catalysts were tested. CrCl3-6H,0 (CrCls from
now on) and Nafion R50 were determined to be the best homogeneous
and heterogeneous catalysts, respectively [8]. Among different tri-
chloride catalysts tested by Illera et al. [8] (AI>T, Fe>* and Cr®"), CrCl;
was selected due to its initial faster furfural production. Different het-
erogeneous catalysts were also tested including zeolites (ferrierite
ammonium, Zeolite Hp), clays (montmorillonite K10) and acidic ion
exchange resins (Nafion NR50). It was found that Nafion NR50 could be
easily recovered after treatment and it provided the best selectivity
values towards furfural. CrCl; concentration was 2 wt % in relation to
sugars, while in case of Nafion NR50, supplied as solid spheres, 10 units
were added (0.48 g).

The kinetics of xylose conversion to furfural in the presence of CrCls
as catalyst were investigated at three different temperatures: 150, 180
and 200 °C. Additionally, a kinetic was conducted using NaCl (4 %) as an
enhacer of furfural production in conjunction with CrCls as the catalyst.

Kinetics for furfural production from xylan, arabinose, and glucose
were also determined at 180 °C by using CrCls as the catalyst and at the
concentrations previously indicated.

2.3. Analytical methods

2.3.1. Sugars and its degradation products

Mononeric sugars (glucose, xylose and arabinose) and their degra-
dation products, including furfural, dioses, trioses, and organic acids,
were determined by HPLC as described by Alonso-Riano et al. [11] and
based on the National Renewable Energy Laboratory (NREL) protocols
for “Determination of Sugars, byproducts, and degradation products in
liquid fraction process samples” [12]. The HPLC apparatus was equip-
ped with a Biorad Aminex-HPX-87H column, its corresponding
pre-column, and two detectors: a variable wavelength detector (VWD)
and a refractive index detector (RID). The mobile phase consisted of
0.005 M sulfuric acid, and both the column and the refractive index
detector were maintained at 40 °C. Samples (10 pL) were injected after
being filtered through a 0.2 pm syringe filter. Calibration was performed
using pure standards. Peak identification was done by comparison of the
retention times of sample peaks with those of standard pure compounds.
Although the HPLC apparatus was equipped with two detectos (VWD
and RID), the compounds determined in this work have been much
better quantified by using the RID by comparison of retention times of
sample peaks with those of pure standards.

Xylan characterization and the analysis of soluble xylan during cat-
alytic hydrothermal treatment were performed following an acid hy-
drolysis step to release the monomeric sugars from the oligomer for
quantification, in accordance with the NREL protocols for “Determina-
tion of structural carbohydrates and lignin in biomass™ [13]. The olig-
omeric form present in the reaction medium was determined as:

X}' lan oligomeric = Monomerafter hydrolysis — M ONOMET pefore hydrolysis [1]

2.3.2. Xylan hydrolysis characterization by size exclusion chromatography

The molecular weight distribution of the xylan hydrolysis and sub-
sequent furfural formation from the monomers released was character-
ized by size exclusion chromatography (SEC). The chromatographic
equipment consisted of an Agilent 1260 Infinity II LC system (Agilent
Technologies, CA, USA) with guard column (PL Aquagel-OH, 7.5 x 50
mm, 8 pm) and two columns linked in series (PL Aquagel-OH 30 and PL
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Aquagel-OH 40, 300 mm x 7.5 mm, 8 pm) from Agilent Technologies.
Characterization of xylan hydrolysis into smaller oligomers and the final
monomer was performed at 35 °C. 10 pL of samples were elucted in
isocratic mode with 0.01 M NH4Ac, at a flow rate of 0.7 mL/min. A
pullulan standard set (0.342-400 kDa) provided by PSS Polymer Stan-
dards Service GmbH (Mainz, Germany) was used for calibration and
data were analyzed with Agilent OpenLab Data Analysis 2.5 software.
Standards and samples were previously filtered through 0.22 pm syringe
filters. The total area of the chromatogram was integrated and separated
into fractions of five molecular weight (MW) ranges (>10000 Da,
10000-1074 Da, 1074-678 Da, 678-282 Da, <282 Da), expressed as the
percentage of the total area.

2.4. Parameters in furfural production

The reaction process was evaluated by determining the sugar
monomer conversion, the furfural yield and the selectivity towards
furfural formation. Sugar monomer conversion was evaluated as:

moles of sugar, — moles of sugar

)
100
moles of sugar )

Sugar conversion (%) = [2]
Furfural yield was evaluated considering the initial C content in the
solution feed and the C content in the furfural produced:

moles of C in furfural

F ield (%) =
urfural yield (%) moles of C in the initial feed sugar o)

100 [3]

A similar yield percentage was also evaluated for other organic
compounds produced in the reaction process, such as organic acids.

Additionally, the selectivity of the process towards furfural produc-
tion was evaluated considering the sugar consumption according to:

moles of furfural 100

F 1 selectivity (%) =
urfural selectivity (%) moles of sugar, — moles of sugar,

[4]

In equations [2-4], the subscripts (0) and (t) refer to initial time and any
other time during the treatment.

2.5. Kinetic models

Based on the compound profiles determined in this work, several
reaction mechanisms were screened, assuming first order kinetics for all
of them (see Fig. 1). In literature, it is also common to propose different
kinetic models gaining in complexity to account for different in-
termediates as well as other degradation products [2,14].
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2.5.1. Model 1

The simplest model involves a first-order reaction rate for the
degradation of xylose, leading to the formation of furfural or any other
degradation product (DPyyiose). Variation of furfural concentration
considers its formation from xylose and its degradation (DPpyyra1)- This
model does not consider any intermediate species and it has been
considered in the majority of research papers [15]:

dcxylase _

dr - kl.l nylase - k2.1 nylose [5]
dc,
% = kl.l nylose - k3,1 Cfurfural [6]

where kj 1 is the kinetic rate constat of furfural formation from xylose,
and ko1 and ks are the kinetic rate constants of xylose and furfural
degradation, respectively.

2.5.2. Model 2

Not many kinetic studies have focused on the determination of
pentoses intermediates and their further conversion to furfural [14].
Considering the compounds identified in the HPLC method described in
section 2.3.1, it seems clear that isomerization of pentose from its aldose
form to its ketose form takes place, which could also lead to furfural
formation. This suggests model 2:

ACyise
%los = — (k12 +k22 +ka2) Cytose -
dc ulose
% = k4.2CXyluse - (ks.z + k6~2)nylulose [8]
dg ra
% = kl 2 C)Q/lose+k5.2 nylulase - k3vzcﬁlrfural [9]

where k; o and ks 5 are the reaction rate constants for the formation of
furfural from xylose and xylulose, respectively, and k4  is the reaction
rate constant for the formation of xylulose from xylose. ks 5, k3 2 and k¢ »
are the rate constants for the degradation of xylose, furfural and xylu-
lose, respectively.

2.5.3. Model 3

According to the HPLC method, the major organic acid determined in
these samples was formic acid. Therefore, the third model includes the
formation of formic acid. The formation of formic acid was considered
through two different pathways (1) formic acid only from furfural (ky 3
= 0) (2) formic acid from furfural and the initial pentose ((k73 # 0).

Model 1
k2,1 k1,1 k3'1
DPyyiose +— Xylose ———— Furfural — DPgysural
Model 2
Dvalose 4& Xylose — ki
B ks
l k4,2 Furfural DPFurfural
k
DnyIuIcse 22 X\/lUlOSQ {512'
Model 3
k k
DPyiose 2 ¥ylose ——>——» Formic acid o3, DPtormic acid
k
: l kaz 13 Ikgj
DPyyiiose «—°2 Xylulose — K533 Furfural ka3, DPyrtural
urfura

Fig. 1. Reaction pathways for the three models proposed in this work for furfural formation. DP: degradation products, k;;: kinetic rate constants.
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dcxylose _

=~ (ks tkas +kes +k73) Cotose (10}
% =k43Cxylose — (k5,3 + k6~3)CXﬂ“l‘”e ]
% = ki1,3Cyose k5,3 Cayutose — (k3.3 +ks 3) Cpupura [12]
% =k 3Cpurfurai+k7.3Cxytose — ko,3Cfomic acid [13]

Equations (5)-(13) also represent the rate equations for modelling
the kinetics of arabinose to produce furfural, where the subscripts xylose
and xylulose should be replaced by arabinose and the corresponding
ketose, ribulose, respectively.

The rate constants for the different kinetic equations proposed were
obtained by solving the set of differential equations simultaneously for
each model. The differential equations were solved numerically using a
fourth-order Runge-Kutta method, and the parameters were obtained by
minimizing the following objective function (O.F.) using the simplex
Nelder-Mead method:

n
Z Z abs(ci.exp - Ci.calc)
all compounds i=1

OF.= [14]

n

The quality of the fitting was evaluated by the root mean square error
(RMSE):

1
RMSEeuch compound — H Z (Clexp - Ci.culc)2 [1 5]
i=1

where the subscript “i” refers to the experimental kinetic data points for
each kinetic for the different individual compounds, the subscripts
“exp” and “calc” refer to the experimental and calculated mole con-
centration (mM) of the different components, respectively, and n is the
total experimental kinetic data considered in each expression.

3. Results and discussion
3.1. Furfural production from xylose

3.1.1. Catalysis by CrCls

Fig. 2a shows the furfural yield as a function of xylose conversion at
180 °C along with the yield of other by-products identified by HPLC. It
can be clearly observed that furfural was identified as the main reaction
product from xylose in the catalyzed subW/CO, system assisted by CrCls
as Lewis acid catalyst. However, the reaction mechanism is complex and
some organic acids were also determined, mainly formic acid, but also
small amounts of acetic acid. Retroaldol condensation products, mainly
glycoaldehyde, were also determined but at very low concentrations.
The product profile also indicated that isomerization reaction of xylose
to xylulose seems to be an important intermediate in furfural formation
in this reactive system, according to the amount of the ketose form
determined during the course of the reaction process.

Fig. 2b also shows the different product yields obtained in a subW
reaction medium in the absence of any Lewis acid catalyst, as reported in
previous work [16]. Comparison of both systems (Figura 2a and 2b)
showed the positive performance of the subW/CO5 system assisted by
CrClg catalysis on furfural yield, with a maximum furfural yield of 49.4
% at 96 % of xylose conversion versus a maximum of 32.2-32.7 furfural
yield at 60-80 % xylose conversion in the subW reaction medium. Ac-
cording to Sajid et al. [4] CrCl3-6H20 forms aqua-cations through
complexation with water molecules, resulting in Cr(H,0)s0H?*, which
are more reactive species and have a positive impact on sugar dehy-
dration [4]. The positive charge facilitates proton loss from water in the
hydration shell by weaking the O-H bond, with the metal ion acting as an
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Other products yield, %

Furfural and xylulose yield, %

Xylose conversion, %

50 A

(b)

40 A

Other products yield, %

Furfural and xylulose yield, %

Xylose conversion, %

Fig. 2. Furfural and other degradation products yield as function of xylose
conversion (a) subW/CO,, assited by CrCl; as catalyst (b) subW reaction me-
dium [16] @ furfural, O xylulose, ® glycoaldehyde, A formic acid, A acetic acid).
Lines plotted for furfural (continuous) and xylulose (discontinuous) are to guide
the eye.

acid [4]:
Cr(H,0);" = Cr(H,0)s(OH)*" + H

Additionally, as indicated by Ershova et al. [15] the formation of
intermediate complexes between the monomers and the metal ion may
result in a weakening of intramolecular bonds, thereby enhancing the
catalytic properties of cations. It is evident that the Lewis acid catalyst
promotes the formation of the ketose form as an intermeadiate in
furfural production, comparing to the yield of xylulose in a subW re-
action medium.

The dehydration of xylose to furfural in the subW/COy system
assisted by CrCl; as Lewis acid catalyst was conducted at 150, 180 and
200 °C. Before discussing model fitting, a comparison of furfural pro-
duction at the three selected temperatures is provided. The furfural yield
and xylose conversion were significantly influenced by the operating
temperature (see Fig. 3). At the highest temperature investigated in this
work, the furfural yield from xylose reached a maximum and then
decreased with increasing reaction time, probably due to decomposition
and depolymerization resulting in char formation [17]. This maximum
shifts to shorter reaction times with increasing temperature, but
degradation occurs at a common severity factor of 4.5-4.7 (see Fig. 3b),
evaluated according to Alonso-Riano et al., 2023 [11]:

log Rozlog(t-exp (T_ Tmf)) [16]

14.75

where t is the treatment time (min), T is the operating temperature (°C)
and Tyer is equal to 100 °C. This fact is supported by the increasing
amount of solids collected after reaction process: 1.4 %, 3.7 %, and 4.5 %
of the initial xylose charged into the reactor at 150 °C, 180 °C and
200 °C, respectively. According to Ershova et al. [14] the solids pro-
duced are formed either by resinification and polymerization reactions
of furfural or by condensation reactions between furfural and xylose. In
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Furfural Yield, C balance, %
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=
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Severity Factor

Fig. 3. (a) Furfural yield (circles) from xylose and C mass mass balance (stars)
in the subW/CO, + CrCl; system at 150 °C (@, ), 180 °C (@, ), and 200 °C (@,
) (b) Furfural yield as a function of the severity factor, 150 °C (@), 180 °C (@),
and 200 °C (@). Lines are to guide the eye.

any case, these values were lower than the solids collected in the study of
xylose degradation in subW reaction medium with values of 0.5 %, 6.5
% and 12.9 % at 150, 180 and 200 °C, respectively [16], proving that
char formation reactions are more prone to produce in subW reaction
medium supporting also the higher furfural yields obtained in sub-
W/CO,, assisted by CrCls.

Fig. 3a also shows the mass balance of C species evaluated as the
ratio of the C amount contained in the quantified reaction products to
the initial C content of the xylose introduced into the reactor:

>_moles of C in the compounds identified,,

%) = — 1
C mass balance (%) moles of C in the initial feed sugar o, 00

[17]

By increasing temperature, deviations in the C mass balance
increased, probably due to the formation of degradation products that
could not be identified and quantifed by the HPLC method. Analysis of
total organic carbon (TOC) was performed on the final reaction mixture
sample of each temperature, obtaining the following results: 4081 mgC/
L, 2573 mg C/L, and 2326 mg C/L at 150, 180 and 200 °C, respectively.
These results were compared with the total organic C obtained by
considering the chemical compounds identified and quantified by HPLC,
yielding values of 3408 mgC/L, 2307 mg/L and 1962 mg C/L, at 150,
180 and 200 °C, respectively. Therefore, more than 84 % of the organic
C in the liquid phase was properly identified (84 %, 90 % and 84 % at
150, 180 and 200 °C, respectively). In this regard, beside liquid and solid
products, gaseous products were presumable formed during the exper-
iments, specially at high temperatures; however, the analysis of these
products was not within the scope of this study. In any case, of the

Biomass and Bioenergy 193 (2025) 107550

identified chemical species in this reactive system (see Fig. 2a) more
than 95 % correspond to xylose, xylulose, furfural and formic acid. In
addition, when comparing the C-yield, formic acid was approximately
two to three times higher than acetic acid, with molar concentracions
four times higher for formic acid. Based on these results, model dis-
cussion will be mainly focused on these four reaction products.

3.1.1.1. Model 1. Table 1 presents the kinetic parameters determined
for the simplest two-step mechanism proposed, involving first-order
furfural formation and degradation. This model was able to fit the ki-
netic data quite well (see Fig. S1). However, the model does not consider
intermediates such as xylulose from xylose in the pathway to furfural
formation or any specific degradation products form xylose and/or
furfural. The good fit supports the assumption that furfural formation
from xylose in this reactive system can be predicted by a first order ki-
netic model. This is due to relatively low concentration of chemical
species and the non simultaneous high concentrations of furfural and
xylose, which minimizes the possible side reactions between xylose and
furfural, as indicated by Ershova et al. [14].

The ratio of the reaction rate constants kj ;/ks; showed that the
furfural formation was much faster than its degradation, with values for
this ratio much higher than the unity, although this ratio descreased
with temperature due to faster furfural degradation with temperature.
This trend agrees with the furfural productivity as a function of severity
factor (Fig. 3b), since severity conditions for the kinetic at 150 °C for 3.8
h did not reach this maximum value. According to the ratio ky1/ks 1,
xylose degradation was faster than furfural degradation at all the tem-
peratures tested.

3.1.1.2. Model 2. The second proposed mechanism for furfural forma-
tion from xylose involves either the isomerization to xylulose as an in-
termediate or a “direct” pathway from xylose that could involve the
formation of different intermediate compounds. The formation of
xylulose has been previously demonstrated in a previous study of xylose
degradation in subW reaction medium [16]. However, as previously
described (see Fig. 2b), the formation in a subW medium reaches a
maximum of only 1.7 %, whereas in the subW/CO3, system assisted by a
Lewis acid catalyst such as CrCls, the xylulose yield increased to a
maximum of 17 %. at 180 °C This indicates that the presence of a Lewis
catalyst favors the isomerization of aldose to ketose enhancing furfural
formation, as pointed out by Illera et al. [8].

The highest xylulose concentration was observed in the initial stages
of the reaction kinetics, showing a maximum that shifted to shorter re-
action times with increasing temperature. The highest amount of xylu-
lose formed was experimentally found at 200 °C with a molar
concentration of 14.5mM (2.2 g L’l) after 0.17 h of treatment time (see
Fig. 2S). Ershova et al. also identified xylulose as important intermediate
in the formation of furfural from xylose catalyzed by sulfuric acid (0.1
mol L_l) in a microwave reactor [14].

The kinetic parameters for model 2 are presented in Table 2 and
results are plotted in Fig. 2S. This model accurately fits furfural forma-
tion via xylulose (k4,2 + ks 2, see Fig. 1) or any other intermediates from
xylose (ky,2), according to the RMSD for xylose, xylulose and furfural.
The potential isomerization of xylulose back to xylose was also tested by
adding an additional kinetic parameter to model 2. However, this did
not improve the final fitting, and to avoid unnecessary complexity, it

Table 1
Kinetic rate constants (h™!) for model 1 (see Fi g. 1) in the subW/CO, system +
CrCls.

T, °C k1 ko1 ks ky,1/ks 1 ko,1/ks 1
150 0.0962 0.1949 0.0002 481 975

180 1.0093 0.9802 0.0148 68 66

200 1.9612 2.0665 0.0607 32 34
RMSD Xylose = 2.83 Furfural = 3.340
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Table 2
Kinetic rate constants (h~!) for model 2 (see Fig. 1) in the subW/CO, system + CrCls.
T,°C k2 koo k3o ka2 ks 2 ke 2 ks 2/kq 2 Kks,2/Ka 2 ka,2/ (k1 2+Ko.2)
150 0.0444 0.0120 0.00002 0.2348 0.3180 0.6274 7.2 1.4 4.2
180 0.0580 0.5916 0.0472 1.4298 2.9128 0.9453 50.2 2.0 2.2
200 0.2709 1.4989 0.0994 2.7316 3.7655 1.2230 139 1.4 1.5
RMSD Xylose = 2.93 Xylulose = 1.48 Furfural = 1.19

was not considered in the final model. This agrees with Ershova et al. in
the study of xylose conversion in a microwave reaction assited by sul-
furic acid who concluded that isomerization of xylulose back to xylose
was not identified [14].

The results suggests that furfural formation from both pathways (k1 »
and kq2 + ks2) coexists. However, the ratio of the reaction rate con-
stants ks o/kq o (furfural formation from xylulose versus furfural for-
mation from xylose) indicates that furfural formation is much faster
from xylulose than from xylose. Choudhary et al. [18] reported that
dehydration of xylulose to furfural over Brgnsted acids was faster than
the dehydration of xylose to furfural, which is beneficial for the furfural
production. When considering the ratio k4 o/(kq 24ks2), it is evident
that the isomerization of xylose to xylulose is faster than the combined
rate of its consumption for furfural production via other intermediates
and its degradation to other unknown products. The ratio of furfural
formation from xylulose to the isomerization of xylose to xylulose (ks
2/k4 2) suggest that the isomerization is only slightly lower than furfural
formation ranging form 1.4-2.0. In contrast, Ershova et al. reported
higher values for this ratio, ranging from 70 to 288 for sulfuric
acid-catalyzed xylose dehydration at temperatures from 180 °C to
220 °C, concluding that the formation of xylulose from xylose can be
considered as the rate-limiting step in furfural production via Brgnsted
acid catalysis by sulfuric acid [14]. The differences in the ratio ks 2/k4 2
can be explained by the fact that sugar isomerization is catalyzed by
Lewis acids, such as CrCls, but not by sulfuric acid. This demonstrates
the efficiency of the intensified systems subW/CO, assisted by CrCls,
where the metal chloride acts as a Lewis acid catalyst, and water and
CO5, as Brgnsted acids, enhancing xylulose conversion to furfural.

3.1.1.3. Model 3. As previously described, the discussion will focus
mainly on the main four reaction products: xylose, furfural, xylulose,
and formic acid. Regarding formic acid formation, Ershova et al. [14]
observed in their study of furfural degradation in a microwave-assisted
system that furfural autooxidation could lead to its decomposition into
formic acid and polymeric products. When considering formic acid
formation only from furfural, the model did not yield good results for
formic acid fitting, and these data were not included in this work.
Therefore, model 3 includes formation of formic acid from both xylose
and furfural. According to Lange et al. protonation at C3-OH of xylose
would result in decomposition to formic acid and a C4 fragment, which
degrades very rapidly and it is not observed experimentally according to
these authors [19].

The good fit of model 3 to the kinetic data can be observed in
Fig. 4a—c. The kinetic parameters are listed in Table 3. Similar to model
2, the ratio of the kinetic rate constants ks 3/kj 3 shows that furfural
formation at the three studied temperatures was much faster from
xylulose as intermediate than through a “direct” pathway from xylose.
Furthermore, the ratio ks 3/ks 3 varies in the range 1.4-2.0 indicating
only slightly faster furfural formation from xylulose than the corre-
sponding isomerization reaction from xylose to xylulose. In any case,
xylulose isomerization cannot be considered the rate-limiting step in
furfural production, as the presence of a Lewis acid catalyst contributes
to faster xylulose formation compared to a Brgnsted acid such as sulfuric
acid [14]. The ratio ky 3/kg 3 compares the reaction rate of formic acid
formation from xylose and furfural. This ratio was higher than the unity,
indicating that formic acid production is faster from xylose than from
furfural, except at 150 °C, where the values was 0.65. A comparison of
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Fig. 4. Xylose (0), furfural (©), xylulose (A) and formic acid (¢) kinetic profile
in the reactive system subW/CO, + CrCl; at different temperatures: (a) 150 °C
(b) 180 °C (c) 200 °C. The continuous lines represent the results obtained with
model 3 (parameters are reported in Table 3).

the degradation kinetic rate constants for the four chemicals considered
in the furfural formation process showed that xylulose degradation was
the fastest among the compounds. At 180 °C and 200 °C, the trend in the
degradation kinetic constants followed the order: xylulose degradation
(ke,3) > xylose degradation (ky3) > formic acid degradation (kg3) >
furfural degradation (ks3). At 150 °C, the degradation kinetic rate
constant for xylose, furfural and formic acid were very low and of the
same order.
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Table 3
Kinetic rate constants (h~!) for model 3 (see Fig. 1) in the subW/CO, system + CrCls.
T,°C ki3 ko3 k33 ka3 ks 3 ke 3 k73 ks 3 ko3 ks3/ki 3 ks3/ka3 k7,3/ks 3
150 0.0483 0.00009 0.0002 0.2163 0.3118 0.5355 0.0265 0.0406 0.0005 6.5 1.4 0.7
180 0.0605 0.3294 0.0096 1.4298 2.8933 0.9645 0.2598 0.0360 0.0732 47.8 2.0 7.2
200 0.2757 0.9668 0.0411 2.7308 3.7537 1.2097 0.5352 0.0595 0.1102 13.6 1.4 9.0
Eq, kJ-mol ™! 53.2 322.1 182.6 86.1 86.5 27.6 102.3 10.8 187.6
In k, 11.9 82.8 43.5 23.0 23.6 7.3 25.5 —-0.24 46.1
RMSD Xylose = 2.93 Xylulose = 1.53 Formic acid = 0.56 Furfural = 1.14

The relationship between the reaction rate constants, k;, and tem-
perature was established by an Arrhenius type expression:

ki=k, exp( — }15;;) [18]

where k,, is the preexponential factor (h™1), E, the activation energy
(kJ ~mol’1) and T the absolute temperature (K). The higher the activa-
tion energy, the higher temperature dependence of the process. Based on
the activation energy values, the steps involving xylose, furfural and
formic acid degradation appear to be the most temperature-dependent
process. Danon et al. [20] studied the furfural formation from xylose
(0.05molL 1 =75 g LY in the presence of HCI (0.05 M) and NacCl as
catalysts, proposing a simple mechanism similar to model 1 of this work,
in the temperature range from 160 to 200 °C. These authors reported
activation energies of 126 kJ/mol and 102 kJ/mol for the degradation of
xylose and furfural, respectively. Compared to the values reported in
Table 3, higher Ea were obtained in the present work. According to
Table 3, lower Ea values for furfural formation from xylose and xylulose
(53 kJ/mol and 86.5 kJ/mol, respectively) were obtained compared to
those reported by Ershova et al. (166.2 and 133.9 kJ/mol, respectively)
in a HySO4-catalyzed system (0.1 mol-Lof catalyst) proposing a reac-
tion mechanism similar to model 2 [14]. Surprisingly, Ea values of the
same order for xylose isomerization to xylulose were obtained, 86.1
kJ/mol, when compared to the values reported by Ershova et al., 67.4
kJ/mol, although a different catalytic system was employed.
Conversely, higher Ea values for the degradation rates of furfural and
xylose, and a lower Ea value for xyluluose degradation were obtained
compared to their reported values (72 kJ/mol, 162.9 kJ/mol and 134.5
kJ/mol, respectively) [14]. These differences can be attributed to the
different reaction media, catalyst systems, or the choice of the reaction
pathway.

According to the authors’ knowledge, the reaction rate constants and
Ea values for the formation of formic acid from xylose and furfural, as
well as formic acid degradation have not been previously reported in
literature, and thus no comparison can be stablished.

3.1.2. Modelling the effect of salt in the catalysis by CrCls in the system
subW/CO4

The furfural production from xylose was also studied by adding 4 %
of NaCl when performing the treatment under the same conditions in the
subW/CO;, + CrCl;3 reaction medium at 180 °C. The kinetic profiles of
the main identified reaction products are plotted in Fig. 5a. Comparing
the kinetic profiles of the reactive system with and without NaCl addi-
tion, it can be observed that adding NacCl to the medium results in faster
furfural formation and higher furfural concentration. For instance, 41.5
mM of furfural was achieved at 1.2 h with NaCl addition, compared to
35.9 mM of furfural at 1.8 h without NaCl addition. Accordingly, xylose
consumption was faster, and the maximum xylulose concentration was
reached sooner with the addition of NaCl to the medium. In this regard,
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Fig. 5. Xylose (0), furfural (0), xylulose (A) and formic acid (¢) kinetic profile
at 180 °C in the reactive system: (a) subW/CO, + CrClz +NaCl (b) subW/CO,
+ Nafion NR50. The continuous lines represent the results obtained with model
3 (parameters are reported in Table 4).

Marcotullio & De Jong [21] concluded that the addition of metal halides
to aqueous acidic solutions has beneficial effect in terms of xylose con-
version into furfural.

The three proposed models were also tested for this reactive system,
and good fitting was obtained for all three. However, the fitting quality
is only presented for model 3, as it is the most comprehensive. The ki-
netic rate constants are presented in Table 4, along with the quality of
fitting. When comparing the reaction rate constants between the systems
with and without the addition of NaCl, the most important difference
was the high value determined for furfural formation from xylose
through the “direct pathway”, kq 3, which is ten times higher in the
system with NaCl. This high value of k; 3 could explain the low degra-
dation rate constant of xylose in the system with NaCl addition (ky3 =
0.0002) and support the lower value of the ratio ks 3/ky 3 in the system
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Table 4
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Kinetic rate constants (h~ ') for model 3 at 180 °C for different reaction systems for furfural production: (1) From xylose: subW/CO, + CrClz + NaCl (2) From xylose:

subW/CO, + Nafion NR50 (3) From arabinose: subW/CO, + CrCls,

Sugar Catalyst ki3 ka3 k33 ka3 ks,3 ke 3 k7,3 kg3 ko3 ks 3/k 3 ks 3/ka 3 ky,3/kg 3

Xylose CrCl3+NaCl 0.6887 0.0002 0.0002 1.6781 2.7041 1.5946 0.3653 0.0719 0.1408 3.93 1.61 5.08
RMSD Xylose = 2.17 Xylulose = 0.72 Formic acid = 1.83 Furfural = 1.07

Xylose Nafion NR50 0.0563 0.0214 0.0043 0.2912 3.4392 0.5988 0.0824 0.0456 0.3530 61.1 11.81 1.81
RMSD Xylose = 2.14 Xylulose = 0.32 Formic acid = 0.41 Furfural = 1.11

Arabinose CrCls 0.0186 0.1260 0.0077 1.2456 2.2240 0.9530 0.2603 0.0591 0.1623 119.6 1.79 4.40
RMSD Xylose = 1.15 Xylulose = 0.66 Formic acid = 0.61 Furfural = 0.63

with NaCl compared to the system withouh NaCl, 3.93 and 47.8,
respectively. In the presence of NaCl xylose reacts faster to form furfural
due to the faster “direct pathway”, but no significant effect was observed
on the isomerization to xylulose and further dehydration to furfural,
since the values of the ks3 and k43 were of the same order in both
systems, with and without NaCl. No significant difference were also
observed in the formation of formic acid, with faster production from
xylose than from furfural, indicated by the ratio ky 3/kg 3 of 5.08.
Similar conclusions were reached by Marcocutllio & De Jong [21] in
their study on the effect of increasing chloride salt concentracion on
furfural production. These authors observed that xylose reacts signifi-
cantly faster to form furfural, while no significant effect was observed on
the side reactions. This led to a higher furfural yield, around 10 %
higher, along with higher furfural selectivity in the presence of NaCl.
This outcome is clearly illustrated in Fig. 6a and b, where furfural yield
and selectivity for the systems with and without NaCl are plotted for
comparison. For instance, selectivity in the NaCl system was 53.5 %
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Fig. 6. (a) Furfural yield and (b) Furfural selectivity at 180 °C in different
reactive systems (®): xylose as starting sugar: subW/CO + CrCls (A); xylose as
starting sugar: subW/CO, + CrClz + NaCl (0); xylose as starting sugar: subW/
CO, + Nafion NR50 (@); arabinose as starting sugar subW/CO, + CrCls. The
continuous and discontinuous lines represent model 3 (parameters listed in
Tables 3 and 4).

after 0.5 h, whereas in the system without NaCl this value was 31.7 %.

In any case, it must be pointed out that although higher NaCl con-
centrations could lead to increased furfural yields, there are three main
disadvantages to its use; 1) Salt depositions in the pressure reactor and
sampler, increasing cleaning time and difficulty, 2) Analytical problems
related with salt depositions in the HPLC column, being necessary to
improve analysis methods, and 3) Further step is required to remove
NacCl from the final solution. Harry et al. [1] also pointed out that a high
salinity can corrode components of the reactor or form scale due to a
high percentage of salts particles.

3.1.3. Modelling the catalysis by the heterogeneous catalyst Nafion NR50

In previous work, extensive testing was carried out on different
heterogeneous catalysts for furfural production in a subW/CO, reactive
system. Among them, the perfluorosulfonic acid Nafion NR50 was
selected as the optimum heterogeneous catalyst due to its higher
selectivity towards furfural and the possibility of reuse, as its catalytic
activity remained unchanged after 10 runs. Nafion NR50 showed a good
chemical and thermal stability (Tmax = 220 °C according to the
manufacturer) under the treatment conditions for furfural production
from xylose tested in this work, specially compared to the other het-
erogeneous catalyst tested by Illera et al. [8], being worth modelling
furfural production from xylose in the Nafion NR50 system.

The kinetic profile for the four selected components is plotted in
Fig. 5b. It can be clearly observed that xylose conversion and furfural
formation rates were lower compared to those observed when using the
homogeneous Lewis acid, CrCls. When dealing with heterogeneous
catalyst, mass transfer limitations could be of importance. Internal mass
transfer limitations must be considered due to prior diffusion step of
xylose through the matrix of the resin to reach the hydrophilic cluster-
channels of the acid groups [8]. Nafion NR50 may shrink or swell
when exposed to harsh conditions, such as those tested in subcritical
water treatments. In the literature, it has been noted that water showed a
moderate capability for swelling the resin, which is advantageous to
provide a greater acid site accessibility [22].

Swelling of Nafion NR50 in water would led to a significantly
reduction in internal mass transfer limitation in this heterogeneous
catalytic system. Therefore, the three proposed models were tested for
this reactive system to compare the results with homogeneous catalysts.
The kinetic parameters and the fitting quality are only presented for the
model 3 (see Table 4). An anlysis of the reaction rate contanst values can
help elucidate and compare the mechanism in the presence of CrClz and
Nafion NR50. The ratio ks 3/k; 3 was of the same order as for the CrCls
system with values of 61.1 and 47.8, respectively, indicating that
furfural is produced faster through xylulose than from the “direct
pathway” from xylose for both catalysts. However, the ratio ks 3/ka3
was an order of magnitude higher for Nafion NR50 compared to CrCls
(with values of 11.81 and 2.0, respectively), suggesting that sugar
isomerization reactions are catalyzed by Lewis acids, but not by the acid
sites of Nafion NR50, being xylose isomerization the rate limiting step.
This conclusion was also reached in the literature in furfural production
from xylose via Brgnsted acid catalysis by sulfuric acid [14]. Regarding
formic acid formation, as a degradation product, its formation from both
xylose and furfural is significant, as indicated by the ratio ky3/kg3
which has a value of 1.81 (compared to 7.2 for CrCls).
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Fig. 6 also includes the furfural production yield and selectivity for
the Nafion NR50 catalytic system. Furfural production was slower by
using Nafion NR50; however, selectivity towards furfural remained 10
% higher during the treatment, which also aligns with the lower formic
acid production (see Fig. 5b).

3.2. Furfural production from other sugars catalyzed by CrCls

3.2.1. Furfural production from arabinose

D-xylose is the main component of most of the hemicellulose fraction
in most lignocellulosic biomass. It has been used as a model compound
for the conversion to furfural to explore various reaction models.
However, arabinose can also constitute a significant fraction of hemi-
celluloses, making it worthwhile to investigate its behavior in the subw/
CO4 + CrCl;3 system. The kinetic of furfural formation from arabinose
has also been studied at 180 °C. Fig. 7 shows the kinetic profile of the
main identified compounds in the reactive system when arabinose was
used as pentose. A similar profile to that described for xylose was ob-
tained. The ketose form of arabinose, ribulose, was identified as an in-
termediate in the furfural production pathway, showing a maximum in
the initial stages of the reaction. This indicates a similar reaction
pathway to the one observed for xylose.

The furfural yield and selectivity was also included in Fig. 6, along
with the results from the different reactive systems using xylose at the
same temperature. A very similar behaviour was observed for both
pentoses in the subW/CO5 + CrCls system. In contrast, Danon et al. [20]
observed much faster xylose conversion and furfural production
compared to arabinose in the temperature range from 160 °C to 200 °C,
using a 0.5 mol L™! pentose solution catalyzed by HCl and sodium
chloride. This difference in furfural yield between the two pentoses has
been attributed in the literature to the difference in the activation en-
ergies for the dehydration reaction of the two pentoses, with lower
values for xylose compared to arabinose [23-26]. However, in this
study, it can be concluded that in the Lewis acid (CrCls) catalyzed
subW/CO;, system, both pentoses exhibit similar kinetic behaviour for
furfural production, indicating a similar stability in this reactive
medium.

The three models (1-3) were tested for furfural production from
arabinose. Nevertheless, the kinetic parameters and the fitting quality
were only presented for model 3 (see Table 4), as it was the most
complete one. A comparison between the kinetic reaction constants
between xylose and arabinose at 180 °C can be stablished. The ratio ks 3/
k3 for both pentoses shows that furfural formation from the ketoses,
xylulose and ribulose, respectively, was faster than via other in-
termediates, as represented in model 3 as a “direct pathway”. However,
a higher value for this ratio was obtained for arabinose, 119.6, compared
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Fig. 7. Arabinose (0), furfural (), ribulose (A) and formic acid (¢) kinetic
profile at 180 °C in the reactive system subW/CO; + CrCls. The continuous
lines represent the results obtained with model 3 (parameters are reported
in Table 4).
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to xylose, 47.8, which agrees with the slightly higher value of the
ribulose (maximum value of 14.7 mM) during the course of reaction
compared to the value of xylulose (maximum value of 11.5 mM). For
both pentoses, the ratio ks 3/k4 3 was of the same order, showing the
isomerization is not the rate-controlling step, opposite to a Brgnsted acid
catalyst systems [14]. Formic acid was produced faster from both pen-
toses than from furfural. Finally, furfural degradation was similar in
both systems (kss = 0.077, 0.0096 for arabinose and xylose,
respectively).

3.2.2. Furfural production from glucose

Glucose is one of the primary sugars derived from biomass. Conse-
quently, the potential production of furfural from glucose using CrCls as
Lewis acid catalyst in the subw/CO, system was explored at 180 °C.
Fig. 8a shows the kinetic profile of some of the products identified in the
glucose system. The major identified product was the dehydration
product of glucose, 5-hydroxymehtylfurfural (HMF), while furfural was
present at very low concentractions, lower than 1.05 mM. This low
concentration implies a yield of less than 1.3 % on a C basis (Eq. (3)).
The primary reaction products identified using glucose as the substrate
were HMF, fructose, and levulinic and formic acids (see Fig. 8b). Glucose
degradation routes in a subW reaction medium have been described in
the literature [16]. Glucose isomerizes to fructose, and both isomers can
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Fig. 8. (a) Kinetic profile of glucose (@), fructose (a), HMF (#), and furfural (m)
(b) Compounds yield as function of glucose conversion: HMF (4), fructose (o),
furfural, (m), formic acid (), levulinic acid (O) (c) Glucose degradation (model
2) in the reactive system: glucose - subW/CO, + CrClz at 180 °C. The contin-
uous lines represent the results obtained with model 2 adapted to glucose
(parameters reported in Table 5).
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Table 5

Kinetic rate constants (h~') at 180 °C for the catalyzed subW/CO, + CrCls system. Model 2 applied to glucose (see Fig. 8c and Egs [7-9]).
kio koo k32 ks ks o Ke,2 ks 2/k1 2 ks,2/ka 2 ka,2/ (k1 2+Ko.2)
0.0507 0.4040 0.3705 0.2869 2.4788 0.0033 48.9 8.6 0.63
RMSD Glucose = 4.85 Fructose = 1.02 HMF = 1.97

dehydrate to HMF. Additionally, water can rehydrate HMF to form
levulinic and formic acids. The addition of a Lewis acid reduces the
retro-aldol pathway since very few retro aldol products were detected.

Based on the product profiles, none of the previously established
models apply to the formation of furfural from glucose due to its low
production. Additionally, the aim of this work was not to model glucose
degradation in the reactive medium subW/CO, + CrCls. However, to
compare the HMF formation pathway via glucose isomerization to
fructose with the furfural formation pathway via xylose isomerization to
xylulose, a similar kinetic model to model 2 was tested. A set of differ-
ential equations, analogous to those proposed for model 2 (Egs (7)-(9))
can be arranged by simply substituting xylose, xylulose, and furfural for
glucose, fructose, and HMF, respectively, as well as their corresponding
degradation products, according to the mechanism proposed in Fig. 8c.

Table 5 presents the corresponding kinetic parameters for glucose
dehydration in the presence of CrCls in a subW/CO3 reaction medium.
According to the ratio ks 2/k; 2, it can be concluded that HMF formation
is faster from fructose than from glucose. This is similar to the formation
of furfural, from xylulose and xylose, with similar values for both sys-
tems: 48.9 and 50.2, respectively. However, the ratio ks2/ks o (HMF
formation from fructose/isomerization of glucose to fructose) was
higher for glucose, 8.6, compared to the xylose system, 2.0. This in-
dicates that glucose isomerization is slower than xylose isomerization
when compared to the formation of the corresponding dehydration
products from ketoses. The degradation kinetic rate constants followed
the order: glucose (ky 2) > HMF (ks 2) > fructose (ke 2).

3.3. Modelling of furfural production from xylan catalyzed by CrCl3

The furfural production study was extended to use xylan as the
starting material. Xylan, a polysaccharide rich in pentoses, constitutes a
major fraction of the hemicelluloses in the biomass. Characterization of
the commercial xylan used is this work was performed according to the
NREL protocols. It revealed that the pentose content comes mainly from
xylose (86.9 wt %), while arabinose accounted only for 2.1 wt% and
glucose 10.0 wt %. The initial acetic acid group content was 1.0 wt %.
Due to its physical and chemical structure, the hydrolysis of the cellulose
fraction in most lignocellulosic biomass will be limited under subcritical
water conditions tested in this work. Under these conditions, the pro-
duction of platform chemicals from the hemicellulose fraction of the
biomass will primarily be derived from xylose and small amounts of
arabinose and glucose. Therefore, xylan is a good candidate for studying
the potential interactions between monomers released from the poly-
saccharide fraction hydrolzed under the conditions tested in this work.
An aqueous solution of xylan was prepared to obtain a pentose con-
centration similar to that used in experiments with pure xylose.

Fig. 9a and b show the kinetic profile of the chemical compounds
determined in this reactive system. The content of xylan, arabinan, and
glucan as oligomers in the course of the reaction was determined by
performing a sulfuric acid hydrolysis step to release monomeric sugars
from oligomers. The free monomer content before hydrolysis was sub-
stracted to determine the actual oligomer content. The monomers

released -xylose, arabinose, and glucose-showed a maximum in theirs
concentrations. This maximum indicates that, initially, the production
rate of these monomers was faster than their degradation. After reaching
this maximum, the monomers underwent various degradation path-
ways, leading to a continuous decrease in their concentrations. The
ketose intermediates from arabinose and glucose were not detected in
significant amounts due to the lower concentration of these monomers
in the reaction medium.

The maximum furfural yield from xylan (48.23 %) was similar to the
maximum furfural yield from xylose (49.4 %, see Fig. 9c). However, the
maximum yield in case of xylose was achieved significantly faster. This
is evident when examining the furfural productivity, evaluated as the
ratio of the amount of furfural produced to the initial amount of xylose
in the substrate over time (mol furfural/mol xylose-h). The productivity
is markedly higher when starting from xylose (see Fig. 9¢). The lower
productivity of furfural from xylan can be attributed to the two-step
mechanism involved in its production. Initially, xylan is converted to
xylose through hydrolysis, followed by the dehydration of xylose to
furfural. This two-step process is outlined in the proposed mechanism
for the commercial reaction of xylan reaction in the subW/CO, + CrCl;
system, as illustrated in Fig. 10a. This mechanism also takes into account
the conversion of arabinan to arabinose and glucan to glucose, as well as
the formation of acetic acid from xylan. Although some acetic acid is
produced from pentose degradation, its yield was very low, as previ-
ously described, and thus it was not included in previous models. The
corresponding equations are provided in Equations (19)-(28).

% = - (k10.3 + k11,3)nyl<m [18a]
% =k10,3Cxytan — (k1_3 +koz+kas+ k7.3) Ciylose [19]
% =ka3Cxyt0se — (k53 +Ke.3) Cuytutose [20]
Coariinan _ _ k13 3Carabinan [21]
dt

% =k133Carabinan — (k14.3 + k15,3) Carabinose [22]
% =k1.3Coytose+ks.3Cuytutose +K14.3Carapinose — (k3,3 + Ks.3) Curfurar

[23]
W = ks 3Churfura+k73Cuytose — ko.3Cformic acia [24]
dCac;ic ad _pia Cuytan — k12.3Cacetic acid [25]
%: — ki6,3Calucan [26]
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Table 6

Kinetic rate constants, h~?, for furfural production from commercial xylan at 180 °C.

kg3

k7,3

Ke,3

ks3

ka3

k3

ka3

ki3

k173

kie3

kis;3

kia3

ki3

kio3

ki3

kio,3

ko3

0.0016 0.0372 0.3683 2.0079 0.3311 0.1143 0.0688 1.0868 2.0873 0.2215 0.0002 2.0578 0.4438 0.0537 1.0178 0.3626

0.2298

1.7

ky7,3/ks 3
Glucose = 0.36

=55

ks 3/ka 3

ks 3/ki3 =87

Arabinose = 0.08
Formic = 0.19

Ratio of rate constants

Xylulose = 00.32

Xylose = 3.52

=1.95

Xylan

Acetic = 0.84

Glucan = 0.43

Arabinan = 0.07

Furfural

RMSD

0.80
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nglucose
dt

The kinetic rate constants of equations (19)-(28) are listed in Table 5.
For some of the parameters a comparison has been stablished between
the systems of pure monomers. The ratio ks 3/ki 3 was lower for the
xylan system compared to the pure monomer xylose system with values
of 8.7 for xylan and 47.8 for xylose. Nonetheless, furfural production
from xylulose was faster than for xylose in both systems. Additionally,
the ratio ks 3/ks 3 is higher for xylan than for xylose, indicating a relative
slowdown in the conversion of xylose to xylulose compared to its
transformation into furfural. Furthermore, the reaction rate for the
production of formic acid from xylose and furfural becomes more similar
in the xylan reactive medium (ky 3/kg 3 = 1.7) than in the pure xylose
system, with a value of 7.2. The degradation reaction rate constant for
furfural was higher in the xylan system (k33 = 0.0372), compared to
xylose system (k3 3 = 0.0096). In this context, Danon et al. [23] observed
a faster degradation rate in more complex saccharide solutions, attrib-
uting this behaviour to the presence of pentose and hexose degradation
products that enhance furfural degradation. In any case, high furfural
yields were still achieved in this system. Finally, the reaction rate con-
stants for the conversion of biopolymers -xylan, arabinan, and
glucan-into their respectives monomers -xylose, arabinose, and
glucose-were similar for xylan (kio3 = 2.0873 and arabinan (kiz3 =
2.0573), and slightly lower for glucan (ki3 = 1.0178).

Molecular weight distribution. Fig. 10b presents the molecular
weight distribution (MWD) of the samples collected throughout the
treatment process. Initially, the percentage of fractions in the range
150-282 Da (corresponding to 1-2 units of xylose, expressed as pullulan
equivalents) showed an increasing trend due to the hydrolysis of the
biopolymer. The percentage reached a maximum at approximately 1.2 h
of reaction time, after which it experienced a slight decline. Conversely,
the larger fractions in the range 282-678 Da (3-5 xylose units expressed
as pullulan equivalents) and 678-1074 Da (5-8 xylose units expressed as
pullulan equivalents) initially decreased, but showed a slight increase at
approximately 1.7 h. Notably, there were no fractions detected in the
range of 10000-1074 Da at the start of the treatment. However, by the
end of the treatment, this fraction exceeded 10 %. This can be attritubed
to the nature of furfural as an intermediate product itself, which is
sensitive to acidic compounds. Acid-catalyzed cleavage of the furan
structure and auto-oxidation can lead to the decomposition of furfural
into formic acid and various polymeric products. This polymeric prod-
ucts likely accounts for the increase in high molecular weight polymeric
fractions observed by the end of the treatment.

:k16.3cglucan - k17.3Cglucan [27]

4. Conclusions

The presence of a Lewis acid catalyst (CrClg) in the furfural pro-
duction system from pentoses in a subW/CO5 reaction medium led to
higher furfural yield and lower char formation compared with the yield
obtained in a subW reaction medium.

The furfural production kinetic route proposed in this work included
intermediates as well as the presence of the main degradation product.
Based on the kinetic parameters it can be concluded that the pentose
isomerization from it aldose form to their corresponding ketoses, xylu-
lose and ribulose, from xylose and arabinose respectively and their
further furfural formation is the primary reaction pathway in the subW/
CO4 + CrCls system. Lewis acid catalyst enhanced sugar isomerization
reaction, but in the presence of acidic resins, such as Nafion NR50,
xylose isomerization was rate-limiting. The “direct pathway” to furfural
production was promoted by the addition of NaCl. Based on the kinetic
profile of the main identified compounds and the kinetic parameters, it
was also concluded that formic acid was released into the medium from
both pentose and furfural.

When starting from xylan to obtain furfural, similar yields were
obtained, but producitivity of furfural evaluated over time was much
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Fig. 9. (a) Xylan @, xylose O, furfural 0, xylulose A, and formic acid ¢ kinetic profile (b) Arabinan @, arabinose O, glucan @, glucose O, and acetic acid A. (¢) Furfural
yield from xylan @, from xylose m, Productivity of furfural from xylan O and from xylose 0 as a function of time. Reactive system subW/CO, + CrCls at 180 °C. The
continuous and discontinuous lines represent the results obtained with model 3 (parameters are reported in Table 6 for xylan and Table 3 for xylose).
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Fig. 10. (a) Xylan degradation route in the reactive system subW/CO; + CrCls at 180 °C (b) Molecular weight distribution profile of commercial xylan kinetics (® <
282 Da, ¢ 282-678 Da, A 678-1075 Da, m > 1074 Da).The lines are to guide the eye.

higher for xylose than from xylan. Molecular weigh distribution of xylan
system showed an initial increase for fractions in the range of 282-150
Da due to the first hydrolysis step of the biopolymer while the fraction
corresponding to MW higher than 1074 Da appeared only at long
treatment times, likely due to the formation of different polymeric
products.
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