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The catalytic effect of Lewis acid on xylose conversion to furfural has been widely reported, while the
underlying reaction network and kinetics are not fully elucidated. This work presents experimental and
kinetic modelling studies on xylose conversion to furfural, using AlClz/HCl as combined Lewis/Brensted
acid catalysts in monophasic water or a biphasic water—methyl isobutyl ketone system in a flow micro-
reactor. The reaction network and kinetics were developed, where Al(OH),* was identified as the catalyti-
cally active species for isomerization between xylose, lyxose and xylulose, while both Al(OH),* and H*
catalyze the sugar dehydration to furfural and side reactions leading to humins (e.g., sugar condensation
and furfural degradation). The promoting effect of AlCls is attributed to not only the tandem catalysis
through xylulose, but also the parallel A(OH),"-catalyzed sugar dehydration. Within the studied range
(120 to 180 °C, 0.05-0.4 M HCl, 0.04-0.12 M AICls), the furfural selectivity relied mainly on the concen-
tration ratio of HCl to AlCls rather than their individual concentrations or the temperature. The volcano-
like evolution of the maximum furfural yield with increasing HCI/AICls ratio is related to (i) the lower reac-
tion orders in Al(OH),™ for reactions forming furfural than for side reactions; and (i) a gradual shift of the
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dominant reaction pathway from the Al(OH),*-catalyzed one towards H*-catalyzed one. An optimized
furfural yield up to 90% was achieved with 40 mM AIClz and 100 mM HCl at 160 °C from 1 M xylose in a
continuous slug flow microreactor. The catalytic aqueous phase could be recycled and reused four times

rsc.li/greenchem without performance loss.

hemicellulose fraction (25-35% on a dry basis).” Dehydration
of xylose produces furfural, a versatile building block for the

1. Introduction

Worldwide industrial and economic development has led to a
steady depletion of fossil reserves and significant CO, emis-
sion. To alleviate these environmental issues, significant
research attention has been given to utilizing lignocellulosic
biomass, which is composed mainly of cellulose, hemi-
cellulose and lignin, as a green and sustainable alternative
feedstock for the production of fuels, materials and
chemicals."” In a biomass valorization network, one represen-
tative pathway is the conversion of lignocellulosic carbo-
hydrates to bio-based furanic platform chemicals.>* One such
carbohydrate is xylose, the most abundant pentose in the
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production of a spectrum of biofuels, biobased polymers and
chemicals.® For example, the hydrogenation of furfural pro-
duces furfuryl alcohol as the monomer of furan resins,’
2-methylfuran and 2-methyltetrahydrofuran as potential liquid
transportation fuel additives,>®° and tetrahydrofuran as a
widely used industrial specialty solvent.'® Moreover, furfural
can be transformed via a series of aldol condensation and de-
hydration/hydrogenation reactions to liquid alkanes that serve
as gasoline, diesel or aviation fuel."*

Typically, furfural is produced by xylose dehydration in
water under the catalysis of homogeneous Brgnsted acids such
as HCl, H,SO, and H;PO,, which involves the dehydration of
xylose to furfural and a series of undesirable side reactions
leading to humins, such as xylose condensation and furfural
degradation.”® Furfural production from biomass has a long
history of over 100 years (dating back to 1921 by the Quaker
Oats Company'®) and currently is still conducted in energy-
intensive processes using high-pressure steam to supply heat
and strip out furfural in batch or continuous reactors over
homogeneous acid catalysts, which gives limited furfural

This journal is © The Royal Society of Chemistry 2023
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yields of only ca. 50% due to the severe carbon loss to
humins.'® Heterogeneous catalysis is usually preferred due to
the ease of catalyst separation and reuse, and solid acid cata-
lysts have received significant attention for the synthesis of
furanics from C5/C6 sugars.'*'® However, issues still need to
be addressed such as the poor hydrothermal stability of solid
acid catalysts, long reaction time (>1 h), and need for frequent
regeneration due to the humin deposition.'*'*> Consequently,
a green and efficlent homogeneous catalytic system and
process is still attractive for (scaled-up) furfural production.
One typical strategy to improve the furfural yield is suppres-
sing the furfural degradation by its in situ extraction from the
aqueous reaction media using an organic phase (i.e., biphasic
solvent system). It is well known that batch reactors for reac-
tions in biphasic systems usually suffer from poor flow pattern
control and mixing when scaled up, and as such the low heat/
mass transfer efficiency therein tends to limit the xylose con-
version and furfural yield. Recently, continuous flow proces-
sing in microreactors has been used as a promising tool for
fast kinetic studies and an efficient production platform for
the synthesis of furanics such as 5-hydroxymethylfurfural
(HMF) or 5-chloromethylfurfural (CMF) from C6 sugars in
monophasic or biphasic solvent systems,'®>® due to advan-
tages such as the superior heat/mass transfer rates, precise
process control and ease of productivity increase.>”*®
Comparatively, there have been fewer reports about the appli-
cation of microreactors for furfural synthesis. We have recently
reported the use of a slug flow microreactor for xylose conver-
sion over an HCl catalyst in a water (with 10 wt% NaCl
addition)-methyl isobutyl ketone biphasic system, where a
promising furfural yield up to 93% was achieved at 180 °C and
4 min.?® The furfural extraction rate was estimated to be two
orders of magnitude higher than the rate of furfural formation
or degradation, rendering the reaction under kinetic control.
Besides furfural degradation, which can be mitigated by
efficient extraction, xylose condensation is the other cause of
the carbon loss to humins. Therefore, another strategy to
boost the furfural yield is to regulate the xylose reaction
network to reduce its condensation. Our recent work demon-
strated the use of chloride ions to improve the xylose reaction
kinetics by promoting the xylose dehydration and suppressing
its condensation.?® Beyond the high furfural yield (93% from 1
M xylose), the addition of 10 wt% NacCl in the aqueous phase
somewhat increased the viscosity and imposed additional
operation difficulty for the microreactor system. Therefore, in
this work we have explored another possibility to improve the
xylose conversion chemistry. It has been reported that xylulose,
an isomer of xylose, gives by far higher kinetic rates and fur-
fural yields compared with xylose.*® In the past years, several
mineral Lewis acids such as Cr(u), Fe(ur) and Al(u) have been
reported to be active for xylose isomerization to xylulose in
water.*°* This opens the opportunity for a concept of tandem
catalysis where xylose is isomerized in situ to xylulose (over a
Lewis acid) followed by xylulose dehydration to furfural (over a
Bronsted acid) in high yields. Among others, Cr(u) is toxic and
carcinogenic, and Fe(m) is highly active for the side reactions
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leading to humins,*" while Al(m) (e.g. AICl3) is cheap with low
toxicity. Yang et al.®® reported a furfural yield of 75% from
xylose in a NaCl-water/tetrahydrofuran biphasic system using
AICl; as the catalyst at 140 °C in a microwave-heated batch
reactor. Yang et al.>* reported a furfurai yieid of up to §7.8%
from xylan using Al,(SO,); as the catalyst under microwave
conditions, and the hexa-coordinated Al(OH)," species were
suggested to be the active sites for xylose-xylulose isomeriza-
tion via ESI-MS spectrometry. However, in both cases, Al(ui)
was used solely without the addition of an external Brensted
acid, which might deviate from the optimal scenario for
tandem acid catalysis. It is known that Al(u) hydrolyzes rapidly
in water to form various species such as [Al(H,O)¢]**, [Al(OH)
(H,0);]*" and [Al(OH),(H,0),]", etc., depending on the pH
value, initial Al(m) concentration and temperature.
Considering that Lewis and Brgnsted acids catalyze different
reactions, and the amount of Lewis acidic Al species is regu-
lated by Brensted acidity via a hydrolysis equilibrium (eqn
(S1)—(S4)t), it is important to investigate the interaction
between the two acid types and the relevant effects on the sub-
reactions within the xylose conversion network. Mittal et al.**
briefly reported furfural synthesis from hemicellulose (present
in untreated poplar wood) over a combination of 33 mM HCI
and 8 mM AICl; in a monophasic dioxane/water (4 : 1) solvent
system, where a promising furfural yield of 91% was obtained
at 200 °C in 5 min. Lopes et al®' investigated the catalytic
effect of CrCl;, FeCl; and AlCl; combined with formic acid as
the catalyst for xylose conversion in monophasic water, and
the best result was found with AICl;, giving a furfural yield of
ca. 70% at 130 °C. An empirical kinetic model was developed;
however, it lacks insights into the catalytically active Al species
and their amount variation with Brensted acidity, which limits
the model’s use for other conditions. In general, despite the
promising furfural yields over the AICl; catalyst as reported in
the literature, deep knowledge is still required on aspects such
as (i) the xylose conversion network and the role of Lewis and
Bronsted acids therein; (ii) the catalytically active Al species
responsible for the sub-reactions within the xylose conversion
network; (iii) the interaction between the Lewis acid (AICl;)
and Brensted acid (HCl), and their regulating effects on xylose
conversion; and (iv) a comprehensive kinetic model with the
quantitative incorporation of catalytically active Al species
under varying reaction conditions. Such a model has not been
reported so far, but is of great importance for a proper process
design and optimization for efficient furfural production from
xylose via synergetic Lewis/Brgnsted acid catalysis, and thus is
one of the aims in this work.

Herein, experiments on xylose (as well as lyxose, xylulose
and furfural) using AICl; or (and) HCI as the catalyst were
firstly performed in monophasic water in a flow microreactor
to study the kinetics under varying conditions (temperature of
120 to 180 °C, HCI concentration of 0.05 to 0.4 M, AICl; con-
centration of 0.04 to 0.12 M, and each substrate concentration
of 0.01 to 0.5 M). Based on the reaction results, the xylose con-
version network was developed and the role of Lewis and
Bronsted acids therein was elucidated. Advanced mass spec-
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troscopy on model reactants was performed to identify the cat-
alytically active Al species and study its variation with varying
AICI;/HCI ratios. The amounts of active Al species were quanti-
fied according to the hydrolysis equilibrium of AICl; and incor-
porated into the kinetic model, which consists of a separate
Bronsted acid-catalyzed part and a Lewis acid-catalyzed part.
Kinetic parameters for the conversion of individual sugars and
furfural over Al species or H' were estimated by fitting the
model to the experimental data. Furthermore, xylose conver-
sion using the combined AICl;/HCI catalyst was performed in
a water-methyl isobutyl ketone (MIBK; inexpensive, low tox-
icity and high furfural partition capacity) biphasic system in a
slug flow microreactor, where the results were shown to be well
described by the kinetic model with the incorporation of fur-
fural extraction between the phases. Process optimization for
the furfural yield was conducted based on the kinetic model.
Moreover, the recyclability and reusability of the homogeneous
catalyst were also demonstrated, and a performance compari-
son with literature work was made to highlight the potential of
the present process using microreactors for the efficient fur-
fural synthesis from xylose.

2. Methods
2.1 Materials

p-Xylose (99 wt%), p-lyxose (99 wt%), aluminum chloride hexa-
hydrate (99 wt%), and hydrochloric acid (37 wt%) were all pur-
chased from Sigma-Aldrich Co., Ltd. MIBK (99 wt%) was pur-
chased from Acros Organics Co., Ltd. p-Xylulose was purchased
from Carbosynth, UK. All chemicals were of chemical grade
and used as received without any further treatment. Milli-Q
water was used to prepare solutions throughout all the experi-
ments. Perfluoroalkoxy alkane (PFA) tubing (inner diameter:

PEEK connector
(Inner diameter 1.65 mm)
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1.65 mm) was supplied by the Swagelok company and used as
capillary microreactors.

2.2 Experimental setup and procedure

Experiments on the conversion of sugars or furfural using HCl
and (or) AICl; as the catalyst were conducted in the microreac-
tor in monophasic water or biphasic water-MIBK solvent
systems. Monophasic experiments were performed to study the
xylose conversion network and the role of HCI and AICl; under
a wide range of conditions, including a temperature range
from 120 to 180 °C, initial concentration of substrates (xylose,
xylulose, lyxose and furfural) between 0.01 and 0.5 M, HCI con-
centration of 0.05 to 0.4 M, and AICI; concentration of 0.04 to
0.12 M (¢f more details in Table S1}). Biphasic experiments
were performed under some representative conditions men-
tioned above in a slug flow microreactor, with an initial
organic to aqueous volumetric flow ratio (O/A) of 1 to 4 (fed at
20 °C).

Fig. 1a shows the slug flow microreactor setup used for
xylose conversion to furfural. The setup and procedure are
similar to that reported in our previous work."**>*° Typically,
the aqueous feed contained sugars or furfural as well as HCl
and (or) AlCl; catalyst, and the organic feed was MIBK. Both
phases were fed to the microreactor using a binary HPLC
pump unit (Agilent 1200 Series). A uniform slug flow was gen-
erated in the downstream PFA capillary microreactor by mixing
two phases in a polyether ether ketone (PEEK) Y-connector
(inner diameter: 1.65 mm; Fig. 1b). The hydrophobic nature of
the PFA microreactor renders MIBK as the continuous phase,
and the aqueous reaction phase as droplets which are not in
direct contact with the microreactor to avoid humin deposition
on the wall causing blockage.'®?>*° The microreactor was
coiled around an aluminum block in an oven maintained at a
certain temperature. The reaction was quenched by a water
bath (ca. 20 °C) at the microreactor exit. The pressure in the

Temperature controller

= D Back
= I pressure
1 regulator

HPLC pump

Organic phase

O O

Inner circulation

(b) .

Heating oven

Cooling bath Aqueous phase

Slug flow capillary microreactor

=

\ ?

PFA tube (Inner diameter 1.65 mm)

Fig. 1

N |
Aqueous phase  Organic phase

(a) Schematic diagram of the slug flow microreactor system for continuous furfural synthesis from xylose. (b) The slug flow consisted of

aqueous droplets and organic slugs, where the inner circulation promoted mixing/reaction in the aqueous phase and enhanced furfural extraction

to the organic phase.
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microreactor was maintained at ca. 10 bar by a back-pressure
regulator at the end of the microreactor to maintain the
reactor content in the liquid state. Product samples were col-
lected after the system reached steady state (i.e., after ca. 4
times the residence time in the microreactor). The length of
the microreactor (L), i.e., the section inside the oven, is typi-
cally 3.3 m. For experiments aimed at investigating the mass
transfer limitation, microreactors of 1.2 m and 16.9 m length
were also used. The residence time (7) in the microreactor was
varied by adjusting the flow rates (details about the calculation
of 7 and the actual flow rates have been previously reported*®).
The collected aqueous and organic phases were filtered
through a polytetrafluoroethylene (PTFE, 0.45 pm) filter, and
subsequently analyzed by high performance liquid chromato-
graphy (HPLC) and gas chromatography (GC), respectively.

Monophasic kinetic experiments were performed in the
same setup as above with the organic-phase flow being
stopped. Before each run, the microreactor was flushed with
water to remove any possibly remained humins.

The above monophasic and biphasic experiments under
representative conditions were conducted at least twice, the
results of which are reproducible within a 5% standard
deviation.

2.3 Analysis and characterization

The composition of the aqueous phase was analyzed by an
Agilent 1200 HPLC, equipped with an Agilent 1200 pump, a
refractive index detector, a standard ultraviolet detector as well
as a Bio-Rad organic acid column (Aminex HPX-87H). A
diluted aqueous H,SO, solution (5 mM, 0.55 mL min~') was
used as the eluent, and the temperature of the column was
maintained at 60 °C. A difficulty in the analysis is in the
quantification of xylulose and lyxose due to their similar reten-
tion times on the HPLC chromatogram leading to severe
overlapping®®?! (12.9 min for xylulose and 13.1 min for lyxose
in this work; ¢f. Fig. S1at), which may be the reason that some
earlier studies have not reported lyxose as a xylose isomeriza-
tion product.***® In this work, this issue was addressed using
a Gaussian deconvolution method for data treatment,*' where
the peak areas of xylulose and lyxose were obtained by decon-
voluting their overlapped curve (Fig. S1b; the details are dis-
cussed in section S2 in the ESIt). The organic phase was ana-
lyzed by TraceGC Ultra GC, equipped with a flame ionization
detector and a fused silica column (Stabilwax-DA). The concen-
trations of the components in the aqueous and organic
samples were determined from the calibration curves obtained
using the standard solutions with known compounds and
concentrations.

Electro-spray spectra (ESI-MS)
recorded on an Orbitrap XL mass spectrometer (Thermo
Fisher Scientific) with ESI ionization in the positive mode.
Solution samples of xylose, lyxose, xylulose and furfural con-
taining AICl; and HCl were measured in the range of m/z
100-600 in positive mode. The data acquisition and analyses
were performed on Xcalibur software.

ionization mass were

This journal is © The Royal Society of Chemistry 2023
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2.4 Definitions and calculations

The conversion of substrate i (X;) and the yield of product j (Y;)
are defined by

_ Qaq,OCaq,sA,O - Qaq,lcaq.s,l

X x 100% (1)
s Qaq‘OCaq,s,O
C 1 Qaqa G
Y, = Qorg,1Corg.p1 1 Qaq,1Cagpa x 100% (2)
Qaq,0Caq;s,0

where Q,q and Q. represent the flow rates of the aqueous and
organic phases, respectively. C,q and C, are the concen-
trations in the aqueous and organic phases, respectively. The
subscripts 0 and 1 refer to the start of the reaction at the
microreactor inlet (i.e., at ca. 20 °C) and the end of the reaction
at the microreactor outlet (i.e., after being cooled to ca. 20 °C),
respectively. Due to the partial miscibility between MIBK and
water, Qaq,1 and Qorg,q differ from Q,q 0 and Qurg,0, respectively,
and were corrected as

Qaq.l = Qaq,oyaq (3)

Qorg,l = Qorg‘oyorg (4)

where y,q OT yorg is the correction factor which represents the
ratio of the volumetric flow rates at the microreactor outlet and
inlet (both at ca. 20 °C) for either the aqueous or organic
phase, respectively. The values of y.q and y,, are estimated
using Aspen Plus simulation'® and listed in Table S2} for
some given initial MIBK to water volumetric flow ratios.

The carbon balance is defined by

C amount in the products 4+ C amount in the remaining substrate
C amount in the starting substrate

C balance =

x 100%
(5)

The carbon balance is based on the quantified known pro-
ducts by HPLC and GC (xylose, xylulose, lyxose and furfural). It
does not account for the non-identified soluble/insoluble
byproducts.

The amount of aluminum species and H' in water under
varying temperatures and initial concentrations of AlICl; and
HCI is calculated according to the hydrolysis equilibrium of
AICl; in water. The calculation procedure and the results
under some representative conditions are provided in sections
S4, S8 and Table S5 of the ESL.}

3. Results and discussion

3.1 Furfural synthesis from xylose using HCI or combined
HCI/AICI; as the catalyst in a biphasic slug flow microreactor

We first demonstrated xylose conversion using HCI with or
without the addition of AICl; as the catalyst at 160 °C in the
water/MIBK biphasic system in slug flow microreactors. In a
typical run over the individual HCI (200 mM) catalyst, the fur-
fural yield increased gradually to a maximum of 79% at
25 min with a xylose conversion of 97%. In the meantime, the

Green Chem., 2023, 25, 5878-5898 | 5881


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3gc00153a

Open Access Article. Published on 04 April 2023. Downloaded on 1/21/2026 9:48:17 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

100G

—~
[
-

sor AT mMe—— o

60

40

Vv Xylose
Furfural
O C balance

Conversion or yield (mol%)

20

0 8 10 15 20 25
Residence time (min)

(C) v v 4
Tl g —
o
£
i)
)
>
5]
c
° v Xylose
5] > Lyxose
> A
5 v Xylulose
o Furfural
O C balance
o e T N
0 5 10 15 20 25

Residence time (min)

View Article Online

Green Chemistry

100G

G5
1
|
!
|
IO<
]
]
|
© 4
|
1
|
|
i

80

60

v Xylose

> Lyxose

A Xylulose
Furfural

O C balance

40

Conversion or yield (mol%)

20

=5 n . n A . m

T2

0 5 10 15 20 25
Residence time (min)

v Xylose
> Lyxose

/A Xylulose
Furfural
O C balance

Conversion or yield (mol%)

=
0,:(\JZ~~!>,, A A L B
0 5 10 15 20 25
Residence time (min)

Fig. 2 Furfural synthesis from xylose in a biphasic slug flow microreactor over (a) 200 mM HCl, (b) 200 mM HCl and 40 mM AICl3, (c) 200 mM HCl
and 80 mM AICl3, and (d) 200 mM HCl and 120 mM AICls. Reaction conditions: 160 °C, 0.1 M xylose, L = 3.3 m, O/A = 4. Symbols denote the experi-
mental data and lines are the model values (the same in Fig. 3, 7-9 and 14 shown hereafter).

carbon balance decreased gradually to less than 80%, due to
the carbon loss to humins via xylose condensation and furfural
degradation (Fig. 2a). After the addition of 40 mM AICl;, xylu-
lose and lyxose appeared as the respect isomerization and epi-
merization products of xylose, the yields of which showed
clear maxima at an early stage of the reaction, indicating that
these are intermediate products which were fast prone to
further chemistry (Fig. 2b). Moreover, a far higher xylose con-
version rate, as well as a higher furfural yield, were observed in
comparison with the case catalyzed by solely HCI (Fig. 2a). The
furfural yield reached 86% at 16 min and then stayed stable
with a prolonged residence time to 25 min. The improved
carbon balance, which remained over 85%, suggests a reduced
overall humin formation (Fig. 2b). A similar promoting effect
of AICl; was also observed with the addition of 80 mM AICl;
and 120 mM AICl;, and no distinct differences in the xylose
conversion and product yields were observed among these
different AICl; loadings under the current reaction conditions
(Fig. 2b-d). Besides AlCl;, other Lewis acids such as CrCl; and
FeCl; have also been reported to improve the furfural yield,
and most researchers attributed this to the tandem catalysis
comprising xylose isomerization to xylulose followed by xylu-
lose dehydration to furfural in higher yields.>** To compare

5882 | Green Chem., 2023, 25, 5878-5898

the reaction performance of xylose with its isomers, bench-
mark experiments with xylulose and lyxose as the substrate
were performed under otherwise the same conditions (160 °C,
200 mM HCl) (Fig. S27). Indeed, a higher conversion rate was
observed for xylulose and lyxose (Fig. S2at). However, despite
the higher furfural yield obtained from xylulose, the maximum
furfural yield is only ca. 82%, which is lower than that (ca.
86%) in the present work using combined HCI/AICI; as the
catalyst, not to mention the lower maximum furfural yield (ca.
74%) given by lyxose, the other isomer of xylose (Fig. S2bt).
Therefore, we believe that the tandem catalysis via xylulose at
least should not be the only reason for the promoting effect of
Lewis acid AICl;. To reveal more fine details for a deeper
process understanding and optimization, clear insights into
the xylose reaction network, the role of HCl and AICl; therein,
and the reaction kinetics are of great importance and will be
addressed hereafter (vide infra).

3.2 Xylose conversion network and the role of Lewis and
Bronsted acids: monophasic experiments with sugars or
furfural using AICl; or HCI as the catalyst in the microreactor

Since AICl; hydrolyzes in water to form various aluminum
species and H' (¢f eqn (S1)-(S6)7), the catalytic effect of AIC,

This journal is © The Royal Society of Chemistry 2023
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may be related to all of them. To understand the role of Lewis
acid (Al species from AICl;) and Bronsted acid (H") catalysts in
the reaction (e.g., glucose conversion), some researchers con-
ducted comparative reactions over individual AICl; or HCI
while maintaining the pH for both cases identical at room
temperature.>®> However, this might not be precise as the
hydrolysis equilibrium of AICl; in water is a strong function of
temperature (eqn (S6)7), and thus the actual H" concentration
in AICl; solution at the reaction temperature differs signifi-
cantly from that at room temperature. For example, the H' con-
centration in 40 mM AICl; solution was calculated to increase
from 0.39 mM at 20 °C to 19 mM at 160 °C (Table S57).
Therefore, to understand the xylose conversion network and
precisely distinguish the impact of Lewis and Bregnsted acids,
herein monophasic experiments with xylose and its reaction
intermediates (furfural, lyxose and xylulose) were compara-
tively investigated under the catalysis of either AICl; (40 mM)
or HCI (21.1 mM) with equal Brensted acidity (19.0 mM H') at
160 °C.

3.2.1 Experiments with furfural. When using furfural as
the substrate and AlCl; as the catalyst, the conversion of fur-
fural is 83.5% at a residence time of 25 min (Fig. 3a), which is
by far higher than in the reaction with HCI only (4.3%;
Fig. 3b). This implies that Al species, in addition to H', cata-
lyze the furfural degradation. The carbon balance in both
cases became worse with increasing furfural conversion, owing
to the more significant formation of unidentified products
(e.g., oligomers or humins).

3.2.2 Experiments with lyxose. When starting from lyxose
in the presence of AlCl;, the lyxose conversion increased
rapidly and reached over 99% within 8 min (Fig. 3c).
Simultaneously, the furfural yield decreased steadily from a
maximum of 64.7% at 2 min to 21.3% at 25 min, due to the
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3
=]
S
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severe furfural degradation to, among others, humins cata-
lyzed by both Al species and H' (Fig. 3a and b). Xylose and
xylulose were observed in small amounts at an early stage of
the reaction, the respective yields reaching maxima of 3.5%
and 0.9% at 2 min, while in the presence of only HCI (Fig. 3d),
no such isomer products were detected. This indicates that the
reversible epimerization between lyxose and xylose, as well as
the following isomerization between xylose and xylulose (and
possibly the isomerization between lyxose and xylulose), is
only catalyzed by Lewis acid (Al species). Besides, the HCl-cata-
lyzed lyxose conversion and furfural yield (being 67.4% and
47.4%, respectively, at 25 min and still on the rise), as well as
the formation of unidentified products (mainly humins; cf.
carbon balance), are by far lower than with AICl; (Fig. 3c). One
possible reason for the faster lyxose conversion and furfural
formation in the latter case is that Al species promote the iso-
merization of lyxose to xylose and xylulose, and subsequently
these isomer products are dehydrated to furfural and conden-
sation to humins under the typical catalysis of HCI in a much
higher rate than lyxose. However, control experiments using
xylose, lyxose and xylulose as substrates, comparatively per-
formed in the presence of 200 mM HCI at 160 °C, suggested
an order in the conversion rate of lyxose > xylulose > xylose,
and an order in the furfural yield of xylulose > lyxose > xylose
(Fig. S21). The even lower conversion rate of xylose and xylu-
lose indicates that the HCl-catalyzed dehydration of these
isomers is not the primary reason for the faster lyxose conver-
sion. Based on this, another possibility, which tends to prevail,
is that besides epimerization and isomerization, Al species
directly catalyzes the conversion of lyxose and its isomers
(xylose and xylulose) to furfural or humins. Additionally, it has
been widely reported that Lewis acid promotes the polymeriz-
ation of sugars such as xylose, fructose and glucose to
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Fig. 3 Conversion of furfural and sugars using AlClz or HCl as the catalyst in water in the microreactor: furfural conversion over (a) AlCls and (b)
HCL; lyxose conversion over (c) AlClz and (d) HCL; xylulose conversion over (e) AlCl3 and (f) HCL; xylose conversion over (g) AlCls and (h) HCL
Reaction conditions: 0.1 M substrate, 160 °C, L = 3.3 m, 40 mM AICl; or 21.1 mM HCl (both yielding the same Brgnsted acidity, i.e., 19.0 mM H*, at

160 °C).
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humins.'®?' Therefore, the condensation of lyxose and its
isomers to humins over Al species is also believed to contrib-
ute to the faster decrease of carbon balance in the presence of
AlCL.

3.2.3 Experiments with xylulose. Experiments with xylulose
as the substrate gave similar results compared with those with
lyxose. In the presence of AICl;, small amounts of isomeriza-
tion products such as xylose and lyxose were observed, the
respective yields reaching 5.2% and 0.5% at 2 min, and these
were then consumed rapidly to furfural or humins (Fig. 3e).
Xylulose was fully converted within 6 min, and a maximum
furfural yield of over 60% was obtained at 4 min (Fig. 3e).
Comparatively, the reaction catalyzed by the individual HCI is
much slower, as a xylulose conversion of 59.5% was obtained
with a furfural yield of 43.8% at 25 min and was still on the
rise (Fig. 3f). Similar to the case of lyxose, the by far faster
xylulose conversion and furfural formation with AICl; (than
those with HCI) are attributed to the catalytic effect of both Al
species and H' on the xylulose dehydration to furfural. In both
cases, the carbon balance decreased as the reaction proceeded
due to the sugar condensation and furfural degradation to un-
identified products, which are catalyzed by both H' and Al
species.

3.2.4 Experiments with xylose. For experiments with xylose
in the presence of AICl;, xylose was fully converted within
8 min. Lyxose and xylulose (mainly derived from the epimeri-
zation and isomerization of xylose, respectively) were observed
at a short residence time, the respective yields reaching 5.6%
and 3.8% at 2 min (Fig. 3g). The minor amount of the isomer
products (lyxose and xylulose; yields < 10%) from xylose is due
to their fast dehydration to furfural and condensation to
humins in the presence of AlCl; (Fig. 3¢, e and g). The furfural
yield reached a maximum of 50.7% at 4 min, followed by a
steady decrease together with the decreasing carbon balance
(Fig. 3g). In the presence of HCI, no lyxose and xylulose were
detected, indicating the absence of isomerization reactions,
and the xylose conversion and furfural yield are by far lower at
the same residence time (Fig. 3h). As discussed in the experi-
ments with lyxose and xylulose, the significantly faster xylose
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conversion, furfural formation and decrease of carbon balance
over AICl; are due to the additional catalytic effect of Al
species.

3.2.5 Xylose conversion network and role of catalyst com-
ponents. Based on the above experiments with furfural, lyxose,
xylulose and xylose using either AICl; or HCI as the catalyst
(under the same Brgnsted acidity at 160 °C), the xylose conver-
sion network and the roles of Lewis acid and Brensted acid
therein are proposed (Fig. 4). In summary, the network
involves the reversible isomerization and epimerization among
xylose, xylulose and lyxose catalyzed only by Lewis acids (cata-
Iytically active Al species), the dehydration of these sugars to
furfural and the degradation of sugars/furfural to among
others humins (catalyzed by both Al species and H'). Notably,
here the parallel Lewis acid-catalyzed direct sugar dehydration
to furfural (with higher rates than over H') is believed to also
contribute to the promoting effect of Lewis acid on xylose con-
version, in addition to the tandem catalysis via xylulose de-
hydration. Similar Lewis acid-catalyzed direct sugar dehydra-
tion has also been widely reported in the conversion of ligno-
cellulosic carbohydrates to furfural or HMF (another bio-based
platform chemical), over sole Lewis acid catalysts such as TiO,,
Nb,Os and Sc(OTf); without the presence of Brensted acid
(H")."®1%3573% However, the isolated Lewis acid is usually unse-
lective towards furfural or HMF due to severe Lewis acid-cata-
lyzed humin formation. Thus, its proper combination with
additional Brensted acids to regulate the reaction network is
necessary for an optimized furfural synthesis (vide infra).

3.3 Insights into the catalytically active Al species for the
sub-reactions within the xylose conversion network

In order to establish a comprehensive kinetic model that incor-
porates the interaction between Lewis and Brgnsted acids and
the corresponding impact on the xylose conversion under
varying reaction conditions, it is important to determine the
catalytically active Al species for the sub-reactions within the
xylose conversion network. Lewis acidic metal ions such as
Cr’, Fe’" and AI’* have been reported to catalyze the xylose
conversion to furfural.*** However, it is difficult to identify

\l_/B y L/B

}
@Ao

Xylulose Furfural

L/B

L: Lewis acid

[ By-products (oligomers, humins, etc) J B: Brgnsted acid

Fig. 4 The reaction network of xylose conversion in water and the role of Lewis and Brgnsted acids in the sub-reactions.
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their catalytically active species, due to the presence of a
number of metal species that are in equilibrium with each
other in water. For instance, AlCl; rapidly hydrolyzes in water
to form various species such as [Al(H,0)e]**, [Al(OH)(H,0)5]*",
[Al(OH),(H,0),]" and [Al(OH),], the amount of which
depends on the initial AICl; concentration, Brensted acidity
and temperature (¢cf section S4 in the ESI{).*’ Yang et al**
observed xylose-coordinated Al(OH)," compounds in ESI-MS
spectroscopy and suggested AI(OH)," as the active sites for
xylose—xylulose isomerization using Al,(SO,4); as the catalyst in
water. However, the coordination of Al species with other inter-
mediates (lyxose, xylulose and furfural) within the xylose con-
version network was not studied in their work and thus it
lacks a comprehensive overview of the active Al species for
different sub-reactions.

To gain insights into the active Al species for all the sub-
reactions, herein aqueous AICl3/HCI solutions (40 mM AlCl;
and 200 mM HCI) containing xylose, lyxose, xylulose or fur-
fural were prepared and characterized by ESI-MS spectroscopy
(Fig. 5). Peaks of [C5sugar + Al(OH),~2H,0]", [C5sugar + Al
(OH),-3H,0]", [2C5sugar + Al(OH),~2H,0]" and [2C5sugar + Al
(OH),-3H,0]" fragments (at m/z = 175.02, 157.01, 325.07 and
307.06, respectively) are present in the ESI-MS spectra of both
the xylose and lyxose solutions (Fig. 5a and b). The spectrum
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of the xylulose solution also shows peaks at m/z = 157.01 and
175.02, corresponding to [xylulose + Al(OH),-3H,0]" and [xylu-
lose + Al(OH),-2H,0]’, respectively (Fig. 5¢). Peaks from fur-
fural-coordinated Al(OH)," compounds such as [furfural + Al
(OH),]" and [furfural + Al(OH), + 2H,0]" were also observed in
the spectra of furfural solution at m/z = 157.01 and 193.03,
respectively (Fig. 5d). The above-mentioned coordination com-
pounds of [Al(OH),]" with xylose, lyxose, xylulose and furfural
indicate that [Al(OH),]" is the main species that coordinates
with xylose and its intermediates during the xylose conversion.
Moreover, peaks corresponding to [Al + (xylose),]**, [A[(OH) +
(xylose),** or [Al(OH); + xylose + nH]"" species were not
detected in the ESI-MS spectra of all samples. Therefore, [Al
(OH),]" is believed to be the catalytically active Al species for
the sub-reactions within the xylose reaction network.

An increase in the intensity of the peaks from xylose-co-
ordinated Al(OH)," compounds was observed with increasing
AlCl; loading (Fig. S37), indicating that the amount of Al
(OH)," as the catalytically active sites is a function of the rela-
tive Lewis/Brensted acidity of the solution (cf eqn (S1)-(S5)7).
To provide more quantitative insights into the amounts of H"
and Al(OH)," for kinetic studies, their concentrations under
varying temperatures and initial concentrations of AICl; and
HCl were calculated and shown in Fig. 6. Generally, the
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Fig. 5 ESI-MS spectra of the aqueous solution of 200 mM HCl and 40 mM AICl; containing (a) 0.1 M xylose; (b) 0.1 M lyxose; (c) 0.1 M xylulose; and
(d) 0.1 M furfural. Insets in (a) and (b) show a magnified view of the m/z region at 305-330.
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Conditions: 160 °C, 40 mM AICls, 100 mM HCIl (unless otherwise stated); concentrations are estimated according to eqn (S5)—(S8).7

increase of temperature and AlCl; concentration promotes the
hydrolysis of AICl; towards producing more H" and Al(OH),"
(Fig. 6a and b; the slight decrease of H' concentration from
120 to 140 °C is caused by the volume increase of water at
higher temperatures), while the increase of HCI concentration
largely suppresses the formation of Al(OH)," (Fig. 6b). Such an
interaction between AlCl; and HCI clearly indicates the impor-
tance of optimizing the relative Lewis/Bronsted acidity for the
maximized furfural yields.

3.4 Kinetic behavior of the conversion of xylose, lyxose,
xylulose and furfural in the microreactor

To acquire kinetic insights into xylose conversion over AlCl,/
HCI in water, monophasic experiments were conducted in
microreactors regarding the effect of the reaction temperature
and concentrations of substrate and catalyst (individual HCI,
AICl; or their combination) on the conversion of xylose, lyxose,
xylulose and furfural in water. Moreover, biphasic experiments
with varying O/A ratios and temperatures were also performed
in microreactors to study the effect of the biphasic operation
on the xylose conversion.

3.4.1 Monophasic experiments: effect of temperature and
concentrations of acid catalyst and substrate. In the presence
of HCI (200 mM), a higher temperature promotes both the con-
version of sugars (and furfural) and the corresponding furfural
yields (¢f Fig. 7a, b, and S4t), indicating the higher activation
energy for the desirable sugar (xylose, lyxose and xylulose) de-
hydration reactions forming furfural than for furfural-involved
side reactions over HCl. Comparatively, sugar conversions
under the catalysis of AlCl; (40 mM) show somewhat different
trends. That is, with increasing temperature, all substrate
(xylose, lyxose, xylulose or furfural) conversion increased
whereas the maximum yield of furfural as well as intermediate
sugars (isomerization products) became lower at temperatures
above ca. 160 °C (Fig. 7c, d and S5-S8%). Possible reasons
could be a higher activation energy for the Al(OH),"-catalyzed

5886 | Green Chem., 2023, 25, 5878-5898

side reactions than for furfural formation, as well as an overall
higher activation energy for the consumption of these isomeri-
zation products (to furfural or humins) than for their for-
mation. Nevertheless, it was noticed that the amount of Al
(OH)," and H' largely increased with increasing temperature
(Table S5, entries 1-47); e.g., the AI(OH)," concentration in
40 mM AICl; solution was estimated to increase from 0.72 mM
at 120 °C to 2.72 mM at 180 °C (and from 7.1 to 25.6 mM for
H"), which might also have a significant impact on the
product yields if the reaction orders in catalyst concentration
for the sub-reactions are different. Thus, a comprehensive
kinetic model should capture the temperature-dependency of
both the sub-reactions of xylose conversion and the formation
of AI(OH)," and H" in water quantitatively (vide infra).

For the HCl-catalyzed reactions of xylose, lyxose, xylulose
and furfural in water, a higher HCI concentration significantly
promoted their consumption rate, whereas a minor effect was
observed on the maximum furfural yields from the sugars
(Fig. S97), which suggests similar reaction orders in H' con-
centration among the HCl-catalyzed sub-reactions. For the
AlCl;-catalyzed reactions, a very slight increase in sugar
(xylose, lyxose and xylulose) conversion and a decrease in fur-
fural yield were observed at higher AlCl; concentrations within
the studied range (40-120 mM; Fig. S10-S137), indicating an
overall smaller reaction order in AI(OH)," for the desirable
reaction forming furfural than for side reactions involving fur-
fural within the AlCl;-catalyzed sugar conversion network.
Moreover, it was noticed that the actual concentration of the
produced Al(OH)," did not differ much between these
different initial AICl; concentrations without the external HCI
addition (being 1.93, 2.10 and 2.18 mM for 40, 80 and 120 mM
AlCl3, respectively; ¢f. Fig. 6b, entries 3, 5 and 6 of Table S51),
which explains the performance similarity in the sugar conver-
sion among these varying AICl; concentrations.

As revealed in Fig. 6b, a relatively larger difference in the
amount of Al(OH)," between different initial AICl; concen-

This journal is © The Royal Society of Chemistry 2023
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Fig. 7 Effect of temperature on xylose conversion in monophasic water in the microreactor. (a) Xylose conversion and (b) furfural yield over HCL; (c)
xylose conversion and (d) furfural yield over AlCls. Reaction conditions: L = 3.3 m, 0.2 M HCl or 0.04 M AICl;, 0.1 M xylose.

trations can be realized with a proper addition of HCI
(20-200 mM). Thus, AICl; was used in combination with HCI
(100 mM) to better study the effect of AI(OH)," concentration
as well as the synergy between Lewis and Brgnsted acids on
the xylose conversion. It was observed that although the xylose
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conversion over combined AlCIl;/HCI is slower than in the
AlCl;-only case, it is still much faster compared with the HCI-
only case, and increased monotonically with increasing AlCl;
concentration (Fig. 8a). Considering the much smaller amount
of AI(OH)," (in the AlCl;-catalyzed case) than that of H' (in the
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Fig. 8 Effect of the AlClz/HCl molar ratio on (a) xylose conversion and (b) furfural yields in water in the microreactor. Reaction conditions: 160 °C,
0.1 M xylose. The yields of lyxose and xylulose are given in Fig. S16.1
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HCl-catalyzed case), the faster xylose conversion in the former
case indicates a significantly higher activity of Al(OH)," than
H'. The higher concentration of AICl; (and thus Al(OH),") pro-
moted both the formation and consumption of the intermedi-
ate sugars, leading to their higher yields in the beginning but
lower yields at later stage of the reaction (Fig. S16b and cf¥),
which suggests lower reaction orders in Al(OH)," for the xylose
isomerization reactions than for the further conversion of
these isomers (to furfural or humins). Moreover, a relatively
lower maximum furfural yield was obtained over AICI;
(40 mM) than over HCI (100 mM), due to the more severe side
reaction over Al(OH)," leading to humins (Fig. 8b).
Comparatively, the combined AICI;/HCI catalyst gave higher
furfural yields than both AICl; and HCI (Fig. 8b), though the
furfural yield decreased with increasing AICl; (or Al(OH),")
concentration within the studied range (40-200 mM). This
trend is in line with the xylose conversion over an AlCl;-only
catalyst of different amounts (Fig. S10dt). Thus, side reactions
are believed to be of a higher reaction order in Al(OH)," than
reactions forming furfural within the studied AICl; concen-
tration range.

For both HCl-catalyzed and AlCl;-catalyzed cases, the reac-
tion of xylose, lyxose, xylulose or furfural at different substrate
concentrations shows a similar conversion of sugars (as well as
the corresponding furfural yield) and conversion of furfural
with the catalyst concentration (Fig. S14-S161), which is
indicative of an overall first-order reaction order with respect
to the substrate (especially regarding the furfural formation)
for both catalysts.

3.4.2 Biphasic experiments: effect of O/A ratios and temp-
erature. To improve the furfural yield, xylose conversion experi-
ments were performed in biphasic water-MIBK solvent
systems (with 40 mM AICl; and 100 mM HCI). Generally, a dis-
tinct improvement of the maximum furfural yield was realized
by the biphasic operation (Fig. 9a), due to the furfural extrac-
tion into the organic phase leading to less furfural degradation
in water. For example, the maximum furfural yield was
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increased from ca. 74% in monophasic water (at 160 °C in
12 min), to ca. 90% in the water-MIBK system (O/A = 4)
(Fig. 9). Moreover, the promoting effect of increasing O/A ratio
on the furfural yields quickly reached saturation as similar fur-
fural yields were obtained at O/A ratios above 1. This indicates
that the driving force and capacity for furfural extraction is
sufficient even at a relatively low O/A ratio of 1, due to the high
partition coefficient of furfural in MIBK being ca. 8 at 160 °C
(eqn (31)). Moreover, the furfural yields also tend to be more
stable in a biphasic system at prolonged residence times com-
pared with monophasic water, though furfural in the organic
phase is expected to be extracted back to water given a much
longer reaction time, and to undergo further side reactions
leading to a yield decrease. Furthermore, the effect of tempera-
ture on furfural yields in biphasic system was studied at an
O/A of 4 (Fig. 9b). Similar to the results in monophasic water
(Fig. 7b), the maximum furfural yields became lower at higher
temperatures than 160 °C (Fig. 9b). In the biphasic system,
temperature increase also promotes the phase partial miscibil-
ity leading to a more significant decrease in aqueous phase
volume and thus an increase of two orders of magnitude in
the Al(OH),” concentration (e.g., 0.0042 mM at 120 °C to
0.3076 mM at 180 °C; Table S5, entries 14, 16-18%). Moreover,
a higher temperature also leads to a lower furfural partition in
MIBK (¢f: eqn (31)). Therefore, the decrease of furfural yields at
higher temperatures is an integrated result of these effects as
well as the intrinsic kinetic properties of the sub-reactions, cor-
roborating the importance of temperature selection and the
development of a kinetic model for precise process analysis
and optimization.

3.5 Kinetic modelling studies

The experimental studies in section 3.4 have shown a different
temperature-dependency of xylose conversion over AlCl; and
HC], a different activity of AICl; and HCI, as well as a positive
effect of their combination for xylose conversion to furfural.
For a comprehensive process understanding and optimization,

0 5 10 15 20 25
Residence time (min)

Fig. 9 Effect of (a) O/A ratios and (b) temperature on the furfural yield from xylose in the biphasic system. Reaction conditions: 160 °C (for a), 0.1 M

xylose, 40 mM AICl; and 100 mM HCl, O/A at 4 (for b).
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Fig. 10 Simplified overview of the xylose conversion network in the monophasic (water) and biphasic (water/MIBK) systems. An additional mass
transfer of furfural between the two phases is present in the biphasic system. Label meanings are explained in the text.

a kinetic model that quantitatively captures the role of both
Lewis and Brensted acids (Al(OH)," and H') in xylose conver-
sion and incorporates the furfural extraction between the
phases is addressed herein.

In this section, the kinetic model for reactions in monopha-
sic (water) and biphasic (water/MIBK) systems was established
based on a simplified overview of the revealed xylose conver-
sion network (¢f. Fig. 4 and 10). In Fig. 10, R;x, R,x, Rsx and
R,x represent the reaction rates for xylose conversion to lyxose,
xylulose, furfural and humins, respectively; Ri1, R,;, and Ry,
are the reaction rates for lyxose conversion to xylose, furfural
and humins, respectively; Rixy, Roxu and Rzx, denote the reac-
tion rates for xylulose conversion to xylose, furfural and
humins, respectively; Ry is the reaction rate for furfural degra-
dation; and S;p is the transfer rate of furfural from water to
MIBK phase.

3.5.1 Kinetic model in the monophasic water system. The
kinetic model was developed based on the results of reactions
in monophasic water in microreactors using individual xylose,
lyxose, xylulose and furfural as the starting substrate over HCI or
(and) AICI; as the catalyst, in which the substrate conversion
and product yields were demonstrated as a function of the reac-
tion temperature, residence time, and concentrations of acid
catalyst and substrates (¢f Table S1t and Fig. 3, 7, 8, S4-S157).
Thus, the dependencies of the reaction rates on the temperature
and concentrations are all captured by the kinetic model.

In the present monophasic microreactor system, it has been
proved that the axial diffusion is negligible (characterized by
the sufficiently large Bodenstein numbers of xylose and fur-
fural of the order of ca. 10°-107), and the parabolic velocity
profile within the laminar flow can be compensated by the fast
radial diffusion (characterized by the Fourier numbers of
xylose and furfural being (much) larger than 1) to afford an
approximate plug flow behaviour.>>*' Therefore, here a simpli-
fied plug flow model was adopted for kinetic modelling.

Based on the reaction network in Fig. 10, the mole balance
of different substances in water in microreactor can be
expressed as

dCaq,xylose

de = —Rix — Rox — R3x — Ryx + Rixu + RiL (6)

dcaq.lyxose

4 = —Ri1 — Ry1, — R3p, + Rix (7)
T

This journal is © The Royal Society of Chemistry 2023

dC xyluls
w = —Rixu — Roxu — Raxu + Rox (8)
T
dCagq furtural
% = —Ryr + R3x + Ror, + Roxu. (9)

In the present work, experimental studies regarding the
effect of substrate concentration show that the sugar conver-
sions (and the corresponding furfural yield) and the furfural
conversion over either AICl; or HCI are independent of the
substrate concentrations (Fig. S14 and S151). Therefore, a first-
order dependence on the reactant is assumed for all H'-cata-
lyzed and AI(OH), -catalyzed sub-reactions. According to the
role of Lewis and Brensted acids in the xylose conversion
network (Fig. 4), the rates of the sub-reactions (R;; i = 1, 2, 3 or
4;j =X, L, Xu or F, representing xylose, lyxose, xylulose or fur-
fural, respectively, the same hereafter) can be divided into two
groups: the ones catalyzed by only Lewis acids and the other
ones catalyzed by both Lewis and Brgnsted acids.

For reactions catalyzed by only Lewis acids (i.e., Rix, Rox,
Ry, and R;xy; Fig. 4 and 10), the reaction rates are defined as

Rix = Ky Cagxylose (10)
Ry = kili'licaq,lyxose (11)
Rixu = kipll;(u Caq.xylulose (12)

and the rates of reactions catalyzed by both Lewis and
Bronsted acid catalysts (i.e., Rsx, Rix, Ror, Rar, Roxu, Raxu and
Ryr; Fig. 4, 8) are defined as

Rix = (ki + k57%) Caqaylose (13)
R = (Kify + kgt ) Cag eose (14)
Rixu = (kiﬁiu + k%) Cagxylulose (15)
Rip = (ki + KiR) Caq furfural (16)

In the above eqn (10)-(16), k{’% and k% (i=1, 2,3 or 4; j =
X, L, Xu or F) are the apparent reaction rate constants for the
sub-reactions catalyzed by a Lewis acid Al(OH)," and Brensted
acid H', respectively (cf. the more detailed definition in
Table S6t). Considering the reversible epimerization between
xylose and lyxose, and the isomerization between xylose and

Green Chem., 2023, 25, 5878-5898 | 5889
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xylulose, there are ki*f} = k" ix/Kix and k', = ki'x/Kax, where
K;x and K,x are the éorresponding equilibrium constants. The
values of K;x and K,x under different temperatures are calcu-
lated from the kinetic parameters reported in the literature*>
and provided in Table S7.f

At the start of the reactions, the temperature of the reactant
can be quickly raised from the initial room temperature (ca.
20 °C) to the final reaction temperature (T) within seconds
due to the excellent heat transfer efficiency in the current
microreactor setup;'® as such this heating-up stage is reason-
ably neglected for kinetic modelling in this work. After
heating-up, the density of the aqueous phase decreased so that
its volumetric flow rate at the reaction temperature T (Qaq)
differed from its initial value at ca. 20 °C (Qaq,0), and is cor-
rected as

Qaq = Qaq,O(lmono,aq (17)

where mono,aq (fanging from 1.06 to 1.14 within 120-180 °C)
is the ratio of the densities of the aqueous phase at 20 °C and
T, and can be estimated as a function of T (in °C) from>®

Qmono,aq = 0.921 + 0.062¢%007T (18)

Considering the phase volume change, the conversion and
yield in the model are calculated as

_ Caq,s,0 — Omono,aqCaq,s

X, = x 100%

19
Caq,s,O ( )

_ O®mono,aq Caq4 P

Y, x 100%. (20)

Caq,s,o

In summary, the developed kinetic model for xylose conver-
sion in monophasic water in microreactors comprises a set of
nonlinear ordinary differential equations (ODE) for the mole
balances of sugars and furfural (eqn (6)-(9)), together with
equations to describe the reaction rates (eqn (10)-(16)) and
phase volume change (eqn (17) and (18)). The apparent reac-
tion rate constants (k{'y and k) were then determined by
simultaneously processing the experimental data in Matlab
R2010a (MathWorks) using the Isqnonlin nonlinear least-
squares fitting function, based on a Trust-region-reflexive
algorithm to perform a local minimization of the errors
between the model values and experimental data (i.e., in terms
of the reactant conversion and product yields).

Considering the phase volume change, for a given set of
initial concentrations of AICI; and HCI at 20 °C (Cacy,, 0 and
CHcl,0), there are Cyici, = Caicl,y 0/@mono,aq and Crcr = Crcio/
@mono,aq at the reaction temperature, which are needed for the
estimation of Cyyom),- and Cu' (¢f. section S4 and Table S57).
For a first-order reaction with respect to the catalyst, the corres-
ponding apparent reaction rate constant should be linearly
dependent on the catalyst concentration. Such a linear
relationship was clearly observed between kg and Cy" for all
H'-catalyzed sub-reactions (at 160 °C; Fig. S17aft), indicating a
first-order for H" concentration. Thus, it is reasonable to
describe '} as
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KPP =k Cu™

B.jj (21)

Comparatively, a non-linear relationship was observed
between kiﬁf and Cyjon),- (e.g, at 160 °C; not shown for
brevity). Therefore, for Al(OH),'-catalyzed sub-reactions a
power law approach was applied with the reaction order in Al
(OH)," as the unknown, and then k" was described as

PP

Li = kL.ij CAI(OH)2+HLA’lj (22)

In eqn (21) and (22), kg ;; and k; ; are the intrinsic reaction
rate constants for H'- and Al(OH),-catalyzed sub-reactions,
respectively. iy ; represents the reaction order in Al(OH),". Eqn
(22) can be rearranged as

In &% = 15 In Ciomy, + + In kg

Lij (23)

A linear relationship between In k**?

L and InCyjom),r was
obtained (Fig. S17b¥), and after a linear regression, the corres-
ponding reaction orders n;,; and intrinsic reaction rate con-
stants k. ; were determined from the slopes and intercepts,
respectively.

The temperature dependency of the intrinsic reaction rate
constants (kg or ki ;) is described according to the Arrhenius

equation as

Eag
In kg = — R];,’ZJ +1n ko, or

Eay (24)
In kL,lj = — # + In kO,L,ij

where Eag ; or Eay; is the activation energy, and ko g ; or ko1
is the pre-exponential factor, for the H'- or Al(OH), -catalyzed
sub-reactions, respectively. R is the gas constant (R = 8.3145 ]
mol ™" K™'). The activation energy (Eag; or Eay, ;) and pre-expo-
nential factor (ko p; or ko1 ;) for each sub-reaction were then
estimated by plotting the natural logarithm of the intrinsic
kinetic constant (Inkgy or In kg ;) versus the inverse reaction
temperature (1/7) and fitting according to the Arrhenius
expression (eqn (24)). The best estimations of the intrinsic
kinetic parameters and their standard deviations are given in
Table 1. Generally, the H'-catalyzed reactions have higher acti-
vation energies compared with the Al(OH), -catalyzed ones, in
line with the observed higher activity of Al(OH)," than H'
(Fig. 8). For H'-catalyzed reactions, the activation energies for
the desired sugar dehydration reaction producing furfural
(Eagsx, Eag o1, and Eag ,x,), and for the side reactions of sugar
condensation to humins (Eag ax, Eag s, and Eag sxy), are both
higher than that for furfural degradation to humins. Similar
results were also found in Al(OH), -catalyzed reactions, where
activation energies for sugar condensation to humins (Eay, 4,
Eay, 31, Eay, 3xu) are even higher than that for sugar dehydration
to furfural (Eay sx, Eay o1, Earpxa)- This suggests that the for-
mation of both furfural and humins from the sugars is pro-
moted at higher temperatures, corroborating the importance
of temperature analysis for maximized furfural yields
(vide infra). Moreover, the reaction orders in Al(OH)," (n ;) are
smaller than 1, consistent with the higher activity of A[(OH),"
than H" at a low amount, which was also revealed by the by far

This journal is © The Royal Society of Chemistry 2023
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Table 1 Estimated kinetic parameters for sub-reactions within the xylose conversion network over a Lewis acid Al(OH),* and Brensted acid H*

catalyst
H' [AI(OH),]"

ij Reaction In ko g ; b Eag ; (K] mol™) Inkoy ;° Eay; (k] mol ™) Ny ¢

1X Xylose to lyxose® — — 26.4 3.3 94.7 £ 11.4 0.28 £ 0.02
2X Xylose to xylulose” — — 27.2 £1.7 97.3£6.0 0.26 £ 0.02
3X Xylose to furfural 38.1+1.0 139.7 £ 4.4 15.0 £ 0.7 58.7+2.4 0.25 £ 0.04
4X Xylose to humins 34.6 £4.4 131.9+6.3 31.5+2.5 99.7 £ 8.7 0.95 + 0.04
2L Lyxose to furfural 45.2 £ 2.7 162.8 +18.2 24.8 +0.5 82.3 +1.8 0.19 + 0.04
3L Lyxose to humins 469 £ 2.4 171.1 £ 8.6 33.0+0.7 99.4+2.4 0.99 +0.03
2Xu Xylulose to furfural 26.4 £ 0.0 94.2 £ 0.0 25.5+24 88.7 £ 8.3 0.21 £ 0.03
3Xu Xylulose to humins 23.2+2.7 86.7 + 8.9 324+1.1 101.5 £ 3.7 0.98 +0.03
1F Furfural to humins 21.2+1.1 85.4+5.1 8.1+1.1 26.7 £ 4.0 0.56 + 0.02

“ Corresponding reversible reactions (Ry;, and R;x,) were modeled using equilibrium constants calculated from the literature** (¢cf Table S67).

b Units of k, expressed in L mol™ min™*

higher " than &’} at the same catalyst concentration within
the studied range (Fig. S18a and bt). The reaction orders in Al
(OH)," (ny,5) for sugar dehydration to furfural (ngsx, 711,
nyoxa) are also smaller than those for sugar condensation
(ML,4x, M1 31, ML 3xu) and furfural degradation to humins (7, 15),
implying that humin formation from furfural and sugars is
more enhanced at higher concentrations of Al(OH)," compared
with furfural formation. This is consistent with the lower fur-
fural yields over sole AICl; than that catalyzed by combined
AICI;/HCI (Fig. 8b); as such, the selection of acid concentration
and a proper AICL;/HCI ratio is of importance in the process
optimization (vide infra).

3.5.2 Kinetic model in the biphasic water/MIBK system. In
the biphasic system, as a result of the partial miscibility
between MIBK and water as well as the temperature depen-
dency of the liquid density, the volumetric flow rate of both
phases changed after mixing and fast heating from ca. 20 °C to
the reaction temperature (T).”° Therefore, for a given initial
volumetric flow rate of two phases at 20 °C (Qaq,0 OF Qorg,0)s
their flow rates at the reaction temperature are corrected as>’

Qaq1 = Qaq,0Qbiaq (25)

Qorg,l = Qorg,oabi,org (26)

where apiaq Or apiorg is the correction factor that denotes the
ratio of the flow rate after mixing at reaction temperature T to
the initial flow rate at 20 °C (before mixing) for either the
aqueous or the organic phase. For a given initial MIBK to
water volumetric flow rate ratio (O/A) at 20 °C, ay, is a function
of T and estimated as*°

api = u +ve¥T (27)

where the values of the fitting parameters (x, v and w) are
given in Table S3.}

It is assumed that the organic solvent MIBK is non-reactive
and served only as an extraction medium;*® then the mole
balance in both phases (Caq,furfural and Corg surfural) is described
by

This journal is © The Royal Society of Chemistry 2023

. © Units of k, expressed in L™ mol ™% min~".

dCanfurfural _

ar = —Ryr + R3x + Ror + Roxu — S1r (28)

dCorg,furfural _ Qaq
dr Qorg

Sir (29)
where S;r is the extraction rate of furfural from the aqueous
phase to the organic phase (Fig. 10), and is calculated as

(30)

Corg turfural
g furfura
Sir = Kpa (Caq‘furfural -

m

where kia is the mass transfer coefficient and m is the
partition coefficient of furfural between MIBK and
water. The value of m was measured (¢f details in section
S10 and Fig. S191) and estimated as a function of temperature
by29

m=a—bT (31)

where @ = 10.137, b = 0.0154, and T is in °C.

In the current biphasic experiments in slug flow microreac-
tors, the mass transfer limitation has been both theoretically
estimated and experimentally proved to be absent (¢f. section
S11 and Fig. S211); therefore the furfural concentrations in
both phases can be also assumed to reach equilibrium
immediately, as expressed by

Corg,furfural = mCaq,furfural (32)

By combining with eqn (29) and (32), eqn (28) is simplified
to

dCagq furfural  —R1r + Rax + RoL + Roxu

dr 14+m Qorg

aq

(33)

For given concentrations of HCI and AICl; at 20 °C (ie.,
Caicl,0 and Cyciyo), their concentrations at the reaction temp-
erature in the biphasic system are corrected as Cajci, = Caict, o/
Qpiag and Cuci = Cucio/0biag, Which are used for the esti-
mation of Cajion),- and Cy- (¢f- section S4 and Table S51t).
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The model equations in the current biphasic system are
represented by eqn (6)-(8) and (33) for the aqueous phase con-
centration and eqn (32) for the organic phase concentration.
Based on the estimated kinetic constants (Table 1), the m
values (eqn (31)) and the phase volume change (eqn (25)-(27)),
the component concentration during the reaction was mod-
elled. Then, substrate conversion (X;) and product yield (Y},) in
the biphasic system in microreactor are calculated by

_ Caq, 5,0 — QAbi, anaq, s

X x 100%

34
Caq,sA,O ( )

Y, = QorgCorg.p + QaqCaqp 100%. (35)

Qaq,ocaq, s,0

3.5.3 Evaluation of the kinetic model. The predicting accu-
racy of the kinetic model was evaluated by comparing the
model predictions with the experimental data via parity plots
(Fig. S227). The goodness of the fit was assessed by the coeffi-
cient of determination (R?), calculated by

|
=
~
G

-

(x;

=
©
\
[N
I
i
KN

(36)

=
B
|
=
N
©

||
JuN

where x; is the experimental data (conversion or yield of the
components), %; is the predicted value by the kinetic model, %
denotes the mean of the experimental data, and n indicates
the number of experimental data.

For monophasic experiments, the developed kinetic model
precisely predicts the evolution of the conversions or yields of
all the components during the reaction in microreactors
(Fig. 3, 7, 8, S4-5137), and a good fit between the experimental
data and model values was obtained for all components, as
reflected in the corresponding R* being close to 1 (Fig. $22at).
In the biphasic system, though the experimental data thereof
were not used for kinetic parameter estimation, still a good
prediction of the evolution trend of the components (Fig. 2
and 9) as well as a good agreement between the experimental

85
sl ——40 mM AICIs
80 mM AICIs
. 120 mM AICIs
---------- 200 mM AICls

Max furfural yield (mol%)
(2] [2] ~
o [3)] o
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Fig. 11
trations. Other conditions: 160 °C, 0.5 M xylose, monophasic water.
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data and model predictions (Fig. S22bt) was achieved, support-
ing the validity of the current kinetic model.

3.6 Model implication and process optimization

3.6.1 Interaction between Lewis and Bronsted acids and its
effect on xylose conversion. As elaborated in sections 3.2 and
3.3, both Lewis and Brensted acids play a catalytic role in the
xylose conversion network (Fig. 4), and Brensted acidity regu-
lates the hydrolysis of AICl; and thus the amount of the cataly-
tically active AI(OH)," species (Fig. 6b). Therefore, fine tuning
of the concentration (ratios) of AlCl; and HCl is of importance
for process optimization towards maximized furfural yields.
The developed kinetic model enables the prediction of the
maximum furfural yields in monophasic water under varying
AICI;/HCI concentrations (e.g., at 160 °C), and the corres-
ponding time required to reach the maximum (Fig. 11). It is
known that the increase of HCl addition leads to a sharp
decrease in the amount of Al(OH),", which gradually levels off
to a low value at high HCI concentrations (e.g., <0.03 mM Al
(OH)," obtained from 40 mM AICl; with a high HCI concen-
tration above 200 mM; cf. Fig. 6b). Accordingly, for all AlCl;
concentrations, the maximum furfural yield firstly increases
with increasing HCI addition and quickly reaches a maximum,
due to the reduced Al(OH),'-catalyzed humin formation.
Subsequently, with a further increase of H' but decrease of Al
(OH),", the maximum furfural yield decreases gradually from
the peak, as H'-catalyzed reactions (including that leading to
humins) gradually become prevalent (Fig. 11a).

Generally, at a low HCI addition (0-20 mM), a minor differ-
ence in the maximum furfural yield was found between
varying AICl; concentrations within the studied range (Fig. 11),
as also reflected in the experimental results of xylose conver-
sion over 40, 80 and 120 mM AICl; (Fig. S10%), which is
because of the similar amount of Al(OH)," and H' therein
(Fig. 6b). At a moderate HCI addition (e.g., 20-200 mM), where
a relatively large difference in the amount of Al(OH)," and H"
was realized, a higher AICl; addition leads to a lower
maximum furfural yield, due to the higher reaction orders in

(b)15
o —— 40 mM AICI5
M 80 mM AICls
120 mM AICls
.......... 200 mM AICls

Time to max furfural yield (
o

0 1 1 1 L
0 100 200 300 400

HCI concentration (mM)

500

(a) Maximum furfural yield and (b) time to reach the maximum furfural yield as a function of HCl concentration at different AlCls concen-
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Al(OH)," for reactions leading to humins than that for reac-
tions producing furfural (Table 1). At a high HCI concentration
over 200 mM, the difference in the maximum furfural yield
among different AICl; additions becomes minor again (a
slightly lower furfural yield at lower AICl; loading), as the
hydrolysis of AICl; is highly suppressed by high Brensted
acidity leading to a small amount of Al(OH)," generated, and
as such xylose conversion tends to be catalyzed mainly by H'.
This is also consistent with the experimental findings that a
minor difference in xylose conversion and furfural yield was
observed for different AICI; additions in combination with
200 mM HCI (Fig. 2). Moreover, a generally higher AlCI; con-
centration promotes the overall reaction rate (less time is
required to reach the maximum furfural yield; Fig. 11b).
Regardless of the AlCl; addition, with increasing HCI addition
the overall reaction rate firstly decreases as the prevalent Al
(OH),"-catalyzed reactions are gradually suppressed, and then
increases when H'-catalyzed reactions are promoted and turn
prevalent. Above all, the cooperativity between the AICl; and
HCI is dependent on the relative amount of the catalytically
active AI(OH)," and H' therein, which affords different activity
and selectivity for xylose conversion to furfural. Generally, the
implications here are also well consistent with the experi-
mental results reported in the literature on the C5/C6 sugar

100
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—~ 80+
<
I
~ 60}
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2
>
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conversion to furfural or HMF over combined Lewis/Brgnsted
acid catalysts (e.g., CrCl3/HCI) in water.>**"**%* Towards a
maximized furfural yield and acceptable reaction rate, here
40 mM AICl; and 100 mM HCI was selected as the optimized
combination of Lewis and Brgnsted acidity within the studied
concentration range.

3.6.2 Effect of the biphasic operation: sensitivity analysis
of extraction efficiency. As described in eqn (30), in the bipha-
sic solvent system the furfural extraction rate is regulated by (i)
the mass transfer coefficient (Kpa), (ii) the partition coefficient
(m), and (iii) the organic to aqueous volumetric flow ratio
(O/A). Among others the inverse of the mass transfer coeffi-
cient (1/Kpa) represents the extraction resistance, and both m
and O/A influence the driving force and capacity for furfural
extraction. Herein, a sensitivity analysis of these process para-
meters is performed to better understand their effect on fur-
fural yields, using the kinetics under the optimal conditions of
40 mM AICl; and 100 mM HCI at 160 °C (Fig. 12).

Generally, at a sufficient O/A of 4 and m of 8 (the partition
coefficient of furfural in water/MIBK at 160 °C; eqn (31)), the
furfural yield increases rapidly with the increase of Kpa (i.e.,
decrease of mass transfer resistance), and levels off after Kia
reaches 0.5 min~" (Fig. 12a). The plateau at K;a above 5 min~*
is due to the by far higher rate of furfural extraction than fur-
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fural degradation, indicating an absence of the mass transfer
limitation. In principle, increases of both O/A and m lead to a
higher driving force and capacity for furfural extraction. Under
a high Kia of 5 min~" and a high m (e.g. m = 8), the furfural
yield increases fast with increasing O/A and reaches a plateau
even at a low O/A ratio (e.g., O/A = 0.5; Fig. 12b). Notably, a too
high O/A ratio such as 8 might decrease the furfural yield due
to the large phase volume change causing the AICl;/HCI con-
centration (ratio) to deviate from the optimal value (Fig. 12b
and Table S5, entries 11-15%). Similarly, the analysis of m com-
bined with high Kya (5 min™') and O/A (4) indicates that fur-
fural yield increases with increasing m and quickly levels off
even at a relatively low m of 2 (Fig. 12c). The analysis of O/A
and m suggests their complementary relationship and similar
promoting effect on the driving force and capacity for furfural
extraction.

In our biphasic experiments in slug flow microreactors (L =
3.3 m), the Ka value is estimated to be sufficiently high (e.g.,
being 2.5-8.9 min~" for an O/A of 4, and should be even
higher for lower O/A ratios given the higher interfacial area
therein; cf. section S11). Considering also the high partition
coefficient (m) of furfural in the water-MIBK system (being ca.
7-8 at 120-180 °C; cf. eqn (31)), our case is exactly the one
shown in Fig. 12b, where the furfural yield should increase
fast with the increase of O/A and reach a plateau even at a rela-
tively low O/A level. This is correctly reflected in our experi-
mental results regarding the effect of O/A ratios (Fig. 9), where
the furfural yield was largely promoted even at a low O/A ratio
of 1 while further increasing the O/A ratio only led to a slight
further increase in the furfural yield. Considering also the cost
of the organic solvent and its downstream separation, an
initial O/A ratio of 4 was selected as the optimal for furfural
synthesis.

3.6.3 Effect of temperature on xylose conversion in the
monophasic and biphasic systems. Temperature plays a vital
role in regulating the kinetic behavior of xylose conversion
over combined AICl; and HCI as the catalyst in a monophasic
or biphasic system. Firstly, it regulates the kinetics of the
different sub-reactions. The effect of temperature (within
120-180 °C) on sugar conversion and product yields over the
individual Brgnsted acid H' (120 mM) or Lewis acid Al(OH),"
(0.1 mM) in monophasic water is studied based on the kinetic
model, as shown in Fig. S23-S26.1 Generally, an increase of
temperature significantly promotes the conversion rates of the
sugars. In the presence of H', the increase of temperature
leads to higher maximum furfural yields from xylose, lyxose
and xylulose (Fig. S23%), due to the higher activation energies
for sugar dehydration to furfural than for furfural degradation
(Table 1). Under the catalysis of Al(OH),", a higher reaction
temperature leads to higher yields of intermediate sugars
(Fig. S24-26%), due to the relatively higher (or similar) acti-
vation energies for their isomerization or epimerization com-
pared with that for the further conversion of these intermedi-
ate sugars to furfural (or humins; ¢f. Table 1). In addition, the
maximum furfural yield from the sugars is enhanced at higher
reaction temperatures. This is because the activation energies
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for sugar dehydration are higher than that for furfural degra-
dation (Table 1). Moreover, for all Al(OH),"-catalyzed sugar
conversions, the activation energies for sugar condensation to
humins are the highest (Table 1). As such, the maximum fur-
fural yields from all the sugars level off at temperatures over
160 °C (Fig. S10 and S11%), as the sugar condensation to
humins is also significantly promoted, and a gradual decline
of the maximum furfural yield is expected after extrapolation
to a higher temperature beyond 180 °C.

In the presence of combined AlICl; and HCI as the catalyst,
a higher reaction temperature not only promotes the kinetics,
but also tends to shift the hydrolysis equilibrium of AICl; in
water towards generating more H' and Al(OH)," (Fig. 6). In the
biphasic system, the increase of temperature leads to lower fur-
fural partition in the MIBK phase (Fig. S19%) and thus less
capacity and a lower driving force for furfural extraction.
Moreover, the temperature also regulates the liquid density
and partial miscibility between the water and MIBK, leading to
the volume change of the two phases (Table S2t) and further-
more the concentration change of the reactants and catalysts.
Taking into account all the abovementioned effects of temp-
erature, the furfural yield from xylose conversion in the mono-
phasic and biphasic systems at varying reaction temperatures
is modeled under the optimized conditions (40 mM AICl;,
100 mM HCI, O/A = 4), as shown in Fig. 13.

In monophasic water, the maximum furfural yields are gen-
erally similar for temperatures between 120 and 160 °C, and
gradually decrease at higher temperatures than 160 °C
(Fig. 13a). In the biphasic system, a more distinct decreasing
trend of furfural yields with increasing reaction temperature is
found (Fig. 13b). This evolution trend of furfural yields with
temperature is apparently different from that catalyzed by indi-
vidual H" or Al(OH)," in water, where a higher temperature
leads to higher furfural yields (Fig. $23-S26%). In the current
water-MIBK biphasic system, the partition coefficient of fur-
fural (ca. 7-8) and the actual O/A ratios (ca. 5-6) at 120-180 °C
have been revealed to be sufficient (Fig. 12b) and thus should
have a very limited effect on furfural yields with varying temp-
eratures. Therefore, the decreased furfural yields at higher
temperatures should be a result of the decreased aqueous
phase volume and significantly increased concentration of Al
(OH)," and H' in water (Table S57), leading to somewhat of a
deviation of the AI(OH),"/H" concentration ratio from the
optimal value. Generally, considering also the longer residence
time to reach the maximum furfural yield at lower tempera-
tures, 160 °C was selected as the optimized temperature for
xylose conversion in the biphasic system.

3.6.4 Analysis of humin sources. The analysis of the humin
sources based on the kinetic model indicates an increased
humin formation from both xylose condensation and furfural
degradation during the reaction under the catalysis of 100 mM
HCI in monophasic water (Fig. S27af). After the addition of
40 mM AICl;, the HCl-catalyzed humin formation from xylose
and furfural are both largely suppressed, leading to a signifi-
cantly improved maximum furfural yield (e.g., from 59% to
75% at 160 °C), in spite of the presence of Al(OH),"-catalyzed

This journal is © The Royal Society of Chemistry 2023
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humin formation from xylose and furfural (Fig. S27a and bf).
Furthermore, the modelling for the biphasic operation in slug
flow microreactors (O/A = 4) proves the large elimination of
both H'- and Al(OH),"-catalyzed humin formation from fur-
fural degradation. As a result, the maximum furfural yield is
further promoted from 75% to close to 90% (Fig. S27cf¥).
Therefore, by a proper combination of HCI and AlCl; as well as
the efficient furfural extraction in slug flow microreactors, the
humin yield can be suppressed to a very large extent.

3.7 Optimized furfural synthesis in microreactors, catalyst
recyclability and performance comparison with literature
works

Based on the experimental results and model implications,
favorable process conditions such as 160 °C, 40 mM AlCl;,
100 mM HCI and O/A = 4 were adapted in combination with a
high xylose concentration (i.e., 1 M) to optimize the furfural
(space-time) yields in slug flow microreactors. A highest fur-
fural yield of up to 90% was achieved within a short residence
time of 12 min at an almost full xylose conversion (Fig. 14a).
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The majority of furfural (e.g., over 98% at 20 °C with O/A = 4)
being extracted into the organic MIBK phase with a complete
xylose conversion also largely facilitates the recycling of the
catalytic aqueous phase by a simple phase separation (via
decantation) followed by filtering out the small amount of
humins. The recycled aqueous phase was then reused to
prepare the fresh xylose feedstock for the following reaction
runs. As shown in Fig. 14b, no distinct performance loss was
observed after four consecutive 8-hour runs, corroborating the
stability and sustainability of the present process. Additionally,
the MIBK phase is also recyclable as it is feasible to separate
furfural (boiling point: 162 °C at 101.3 kPa, and 90 °C at 8.7
kPa *®) from MIBK (boiling point: 117 °C at 101.3 kPa, and
25 °C at 2.66 kPa**) by vacuum distillation at relatively lower
temperatures (<80 °C) to avoid the thermal degradation of fur-
fural which usually occurs at temperatures over 100 °C.*®

The performance of the current catalytic and microreactor
system was compared with the representative literature using
homogeneous or heterogeneous catalysts for furfural synthesis
from xylose in water-organic biphasic systems in batch or flow
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(a) Optimized xylose conversion in slug flow microreactors; (b) reusability of the catalytic aqueous phase containing AlClz and HCI (resi-

dence time 8 min and each run lasted for 8 hours). Reaction conditions: 160 °C, 1 M xylose, 40 mM AIClz, 100 mM HCl, O/A = 4 (fed at 20 °C).
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reactors. Generally, in this work a much higher furfural yield
(.2, Yrurfural = 90%) and space-time yield (e.g., STYfurfural =
11.64 mol min~" m™>) were achieved from 1 M (15 wt%) xylose
feedstock, compared with the literature using a batch reactor
(Yeurfural = 42-80%; STYgureural = 0.03-7.5 mol min™" m™) (cf;
details in Table S8t). The lower STYgy,fura1 in the literature is
attributed to a lower substrate concentration, large reactor
volume, and particularly the batch operation mode with an
extended reaction time and limited furfural yields. In contrast,
literature works related to the continuous flow reaction mode
usually give a better STYgyfuralr FOr example, Papaioannou
et al.”” conducted xylose conversion to furfural using H,SO, as
a catalyst in a water-toluene biphasic system in a slug flow
millireactor (inner diameter: 4.1 mm). Despite the limited fur-
fural yield (ca. 56%), still a good STYfufurat Was obtained
(19.89 mol min~" m~>) thanks to a small reactor volume and a
short residence time (2.5 min). In our previous work,*! xylose
conversion was performed over HCI/NaCl in a slug flow micro-
reactor, where a meritorious furfural yield (93%) and
STYfurfural Of 35.96 mol min™* m™ were achieved from 1 M
xylose. However, it was found that the addition of 10 wt% NacCl
(used as a promotor) in water largely increased the viscosity
and thus the operation difficulty for the microreactor system.
As such, the present catalytic system in this work holds its
unique merits in addition to desirable furfural (space-time)
yields (e.g., mild operation requirements for the microreactor
setup with only a low concentration of AICl; as an additional
catalyst component). Besides water, non-aqueous solvents have
also been reported to be effective for xylose conversion, such
as ionic liquids, polar aprotic solvents like DMSO, and deep
eutectic solvents.**>® However, though good yields were
obtained (over 60%), these systems are still in the early stage
of lab-scale research and gave a relatively low STY¢yrfural due to
a long reaction time and batch reaction mode, not to mention
the high cost and difficulty in downstream furfural separation.
Therefore, this work using water as a cheap and green solvent,
and AICI;/HCI as a low-cost, recyclable and low-toxicity cata-
lyst, with the high furfural (space-time) yield achieved in a
slug flow microreactor, represents a promising approach for
efficient furfural synthesis.

4. Conclusion

Furfural production from lignocellulose-derived carbohydrates
such as xylose represents an important reaction with a long
history in bio-refineries. Experimental findings have been
reported regarding the promoting effect of a Lewis acid (in
combination with a Brgnsted acid) on xylose conversion to fur-
fural. In order to acquire deep insights into the reaction
network and kinetics for better process understanding and
optimization, we performed systematic experimental and
kinetic modelling studies on xylose conversion, using AlCl;/
HCI as a combined Lewis/Brgnsted acid catalyst in both mono-
phasic water and biphasic water-MIBK systems, over a broad
range of reaction conditions such as a temperature window of
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120 to 180 °C, HCI concentrations of 0.05 to 0.4 M, AlCl; con-
centrations of 0.04 to 0.12 M, and initial substrate (xylose,
lyxose, xylulose and furfural) concentrations of 0.01 to 0.5
M. Microreactors were used as both a platform for the fast
monophasic kinetic experiments, and a process intensification
tool for the efficient furfural synthesis in the biphasic system
(under slug flow pattern). After optimization, a furfural yield
up to 90% from 1 M xylose was achieved over 40 mM AICl; and
100 mM HCl at 160 °C and 12 min.

Based on the experimental results, an extensive reaction
network was revealed covering a series of parallel and tandem
reactions of isomerization, dehydration and degradation from
xylose. The regulatory role of the Lewis and Brgnsted acids
therein was interpreted as that only Lewis acid catalyzes the
isomerization and epimerization between xylose, lyxose and
xylulose, while both the Lewis and Brensted acids are active
for sugar dehydration to furfural and side reactions leading to
humins such as sugar condensation and furfural degradation.
Particularly, the promoting effect of Lewis acid on xylose con-
version to furfural is attributed to not only the tandem cataly-
sis via xylulose, but also the parallel direct Lewis acid-catalyzed
sugar dehydration. Through ESI-MS spectroscopy characteriz-
ation, Al(OH)," was identified as the active Al species that coor-
dinates with xylose, furfural and intermediate sugars (lyxose
and xylulose) in water, thus behaving as Lewis acid sites
responsible for the sub-reactions within the xylose conversion
network. The amount of Al(OH)," and H' in water was deter-
mined via the hydrolysis equilibrium of AICl; given a certain
temperature and initial concentration of AlICl; and HCI, and
used for the development of the kinetic model from the results
of the monophasic experiments. The model can also predict
well the results of biphasic experiments after the incorporation
of furfural extraction between the two phases, with the con-
sideration of phase volume change as a function of tempera-
ture and phase partial miscibility. The rates of all sub-reac-
tions behave with a first-order dependency on the substrates
and H', while their reaction orders in Al(OH)," were estimated
to fall in the range 0.19-0.99. Experimental results and model
predictions revealed a volcano-like dependency of the achiev-
able maximum furfural yields (in monophasic water) on the
relative molar ratios of HCl to AlCl; (and furthermore, the
molar ratio of AI(OH)," to H'), whereas varying the concen-
tration of HCI or AICl; as a sole catalyst is not effective for
improving furfural yields. This evolution trend of furfural
yields with the increase of HCI/AICl; molar ratio is related to
(i) the lower reaction orders in Al(OH)," for the reactions pro-
ducing furfural than that for side reactions; and (ii) a gradual
shift of the dominant reaction from Al(OH),"-catalyzed path-
ways towards H'-catalyzed ones.

Model prediction assuming Al(OH)," or H' as the sole cata-
lyst shows higher furfural yields with temperature increase
within the studied range for both Al(OH),"- and H'-catalyzed
reactions due to the higher activation energy for furfural for-
mation reactions than that for furfural degradation. However,
in the AlCl;-involved reactions (containing both Al(OH)," and
H") the experiments and model implication show similar (for

This journal is © The Royal Society of Chemistry 2023
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monophasic experiments) or lower (for biphasic experiments)
furfural yields with the increase of temperature. This is due to
the more promoted hydrolysis of AICl; and significant phase
volume change (particularly for the biphasic system with
larger partial phase miscibility) at higher temperatures,
leading to a deviation of the AI(OH),"/H" molar ratio from the
optimal value and thus lower furfural yields. In the present
slug flow microreactor, the furfural extraction rate was esti-
mated to be two orders of magnitude higher than the rate of
furfural degradation, rendering the reaction under Kkinetic
control, which has also been experimentally proved with
varying microreactor lengths. An analysis of humin sources
(i.e., xylose condensation or furfural degradation) indicates
that the former side reaction is largely suppressed by the
improved chemistry from properly combined AICl;/HCI, and
the latter is almost completely prevented in the biphasic
system by the efficient furfural extraction and high furfural
partition into MIBK. As a result, the furfural (space-time) yield
in this work is rather promising compared with the literature.
High furfural partition into the organic phase also allowed a
simple downstream phase separation and recycling of the cata-
lytic aqueous phase, which was used for four consecutive
8-hour runs without distinct performance loss.

Generally, this work revealed useful insights for under-
standing the complicated reaction network and kinetics of
xylose conversion over combined Lewis/Bronsted acids, and
demonstrated an efficient and sustainable process for furfural
synthesis using slug flow microreactors as a production
platform.
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