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An effective continuous furfural production from xylose in a microreactor over dual-acid catalysts was

proposed. In this work, furfural was synthesized in an organic solvent-free system using formic acid and

aluminum chloride as catalyst. The role of these catalysts in the consecutive reactions was examined and

verified. The influence of operating conditions including xylose concentration, reaction temperature,

residence time, total catalyst concentration, and catalyst ratio on the yield of furfural was investigated

and optimized. The furfural yield of 92.2% was achieved at the reaction temperature of 180 �C, residence
time of 15 min, catalyst molar ratio of 1 : 1, xylose concentration of 1 g L�1, and total catalyst

concentration of 16 mM. The superior production performance of our process was highlighted in terms

of the low catalyst concentration and short residence time compared to those of other systems based

on the literature. In addition, a continuous in situ catalyst removal (purification) was demonstrated,

providing further insights into the practical development of continuous furfural production.
1. Introduction

Furfural has been regarded as a promising platform chemical
for numerous attractive bio-based chemicals and biofuels. 2-
Furanmethanol, furan-2-carboxylic acid, and maleic anhydride
are some of the furfural-based chemicals for biorenery and
pharmaceutical applications.1 Unfortunately, these chemicals
can be partially substituted by petroleum-based counterparts.
This is due to the relatively high price of furfural as raw mate-
rial. For example, the commercial price of maleic anhydride
derived from benzene was around 0.8–1.6 $ per kg 2 which was
in a similar range to furfural price.3 Further development of the
furfural production is required to improve efficiency, prot-
ability, and competitiveness against those of petroleum-based
competitors. One of the main causes for this issue is the inef-
cient furfural production (low yield), addressed as a signicant
barrier for sustainable development.4 The novel technologies
are required to enhance the competitiveness of furfural
production.

Conventionally carried out in a one-pot batch process,
furfural production has been associated with high production
costs with relatively low yield (<50%)5 (see Fig. 1: one-pot
process). In this process, lignocellulosic material (pentosans)
was converted to furfural through simultaneous hydrolysis and
dehydration reactions using highly concentrated mineral acid
as a catalyst. Side reactions such as condensation,
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isomerization, and resinication were responsible for the low
furfural yield.6 Over the past decade, the yield was successfully
enhanced to 50–80% via a two-step process (see Fig. 1: 2-step
process). The hydrolysis was carried out in the rst step to
convert pentosans into xylose, which was subsequently con-
verted to furfural via direct dehydration in the second step. The
side reactions were suppressed to some extent in the 2-step
process. However, the issues of side reactions and the large
amount of catalyst require further development to achieve
a higher yield (>80%). The limiting step for this process is the
conversion of xylose into furfural. Hence, as the most abundant
component in hemicellulose, xylose has been used as a starting
material/model compound for the development of a 2-step
furfural process.6

The indirect route of xylose conversion into furfural has
recently been introduced (see Fig. 1: 2 sub-steps within 2nd step)
to overcome the drawback of the 2-step furfural process. For this
method, xylose was converted into xylulose through isomeriza-
tion, followed by the dehydration of xylulose into furfural,
offering a relatively small degree of side reactions.7 This reac-
tion route allows milder operating conditions compared to that
of the direct dehydration of xylose into furfural and higher
furfural yield is generally observed.8 However, a drawback of the
indirect route of xylose conversion into furfural is the require-
ment of two different catalysts. The isomerization requires
Lewis acid and the dehydration is catalyzed by Brønsted acid
(Fig. 1). An interesting approach is to apply the effective bi-
functional or dual catalysts for the conversion of xylose into
furfural, where Brønsted acid and Lewis acid catalysts can be
used simultaneously. For example, in the work of Lopes et al.
(2017),9 who applied both formic acid (55 wt%) and aluminum
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Furfural production pathways.
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View Article Online
chloride (0.4 M) as catalyst for the furfural synthesis from xylose
in a batch process. Although the furfural yield of 70% was
achieved within 30 min of reaction time, the high concentration
of acid catalysts was the main weakness of this technique. In
addition, equipment corrosion can be another challenge for
this process. These problems have been observed in various
research works when dealing with highly corrosive acid cata-
lysts.8,10 Besides, the relatively long reaction time required to
achieve high furfural yield was also one of the major issues for
improvement.11 Inefficient heat and mass transfers have been
the main causes of these issues which could be overcome by the
use of microreactor technology. Note that the development
from batch to continuous process is mostly based on superior
productivity.

An alternative to conventional reactors, microreactors have
been regarded as efficient devices for process intensication in
various bio-based applications due to the excellent properties of
heat and mass transfer. For example, for the production of 5-
hydroxymethylfurfural (5-HMF), high conversion of mono-
saccharide into 5-HMF was achieved within a few minutes of
residence time instead of hours as generally required for the
conventional batch production, demonstrating the remarkable
performance of the microreactor.12–14 In our previous work,15

80% of 5-HMF yield from glucose conversion using 0.15 M of
HCl was obtained with the residence time of 3 min. Evidently,
the organic solvent is required to suppress the side reactions
(biphasic system), increasing the complexity of separation and
purication of the desired product. Moreover, the high price of
solvent and high catalyst concentration are the disadvantages of
this technique. Similar issues have been reported in the recent
studies of furfural production in a microreactor.16,17 For
example, in the work of Guo et al. (2022),16 the furfural synthesis
from xylose was studied in the water-MIBK system. The high
HCl concentration of 0.2 M was required to achieve the yield of
93% with the residence time of 4 min. In chemical processing,
the total production cost is heavily inuenced by the separation/
purication processes.18 Hence, in this work, the development
of continuous solvent-free furfural production from xylose in
© 2022 The Author(s). Published by the Royal Society of Chemistry
a microreactor using dual catalysts was proposed and
investigated.

This work represents the intensication of continuous
furfural production by applying microreactor technology,
particularly for the conversion of xylose into furfural under
organic solvent-free conditions. The aluminum chloride and
formic acid were used as the dual-acid catalysts. The role of
individual and combined catalysts in furfural production via
consecutive reactions was examined and veried. The effects of
operating conditions including xylose concentration, reaction
temperature, residence time, total catalyst concentration, and
catalyst ratio on the furfural yield were investigated and opti-
mized using response surface methodology. The production
performance of this proposed process was compared with the
literature. Moreover, the in situ continuous acid catalyst
removal was demonstrated using the xed-bed adsorption
technique.
2. Materials and methods
2.1 Materials

D-Xylose (>98%) from Alfa Aesar was used as a raw material for
furfural production. D-Xylose (>99%), D-xylulose (>98%), D-lyxose
(99%) and furfural (>98.5%) obtained from Sigma-Aldrich were
used for product analysis. Aluminum chloride (>95%) and for-
mic acid (88%) were purchased from Alfa Aesar. Acetonitrile
(99.9%) used as a mobile phase for the analysis of product was
obtained from RCI Labscan. Amberlyst 21 was purchased from
Alfa Aesar for the acid catalyst removal process.
2.2 Furfural production

The schematic diagram of our continuous furfural production
from xylose is shown in Fig. 2. A stream of xylose solution mixed
with dual-acid catalysts (formic acid and aluminum chloride)
was fed into a microreactor (VR: 4 mL; ID: 0.87 mm) at
a constant ow rate using HPLC pump (LKB Bromma 2150). The
volumetric ow rate (0.05 to 0.8 mL min�1), concentration of
sugar (1 to 20 g L�1), and the total catalysts amount (5 to 25mM)
RSC Adv., 2022, 12, 23366–23378 | 23367
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Fig. 2 Proposed continuous furfural production with acid catalyst removal.
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View Article Online
were adjusted depending on the conditions studied. The
microreactor was placed inside a convection oven to control the
reaction temperature. The reacting mixture exiting the reactor
was quenched as it passed through a cooling bath. A back-
pressure regulator (Idex, 100 psi) was installed at the end of
the cooling system to prevent the vaporization of reactants and
products. The cooled effluent was collected for product analysis
by HPLC technique. Furfural yield, xylose conversion, and
furfural selectivity were calculated from eqn (1)–(3).

Furfural yield ð%Þ ¼
�
moles of furfural produced

initial moles of xylose

�
� 100

(1)

Xylose conversion ð%Þ ¼
�
1�

�
moles of xylose unreacted

initial moles of xylose

��
� 100 (2)

Furfural selectivity ð%Þ ¼
�

furfural yield

xylose conversion

�
� 100 (3)
2.3 Acid catalyst removal process

Aer the furfural production as previously described, the
product obtained was in a mixture and the purication of
furfural was necessary. For the demonstration of in situ acid
removal (see Fig. 2), the product stream from the condenser
passed through a mini xed-bed (VR: 1.4 mL; ID: 4.6 mm) of
anion-exchange resin (Amberlyst A21, 0.8 g). The properties of
Amberlyst 21 according to the manufacturer were as follows: the
BET surface area of 35 m2 g�1, pore diameter of 11 nm, total
pore volume of 0.1 cm3 g�1, and particle size of 590 mm. The
system was operated at ambient temperature (�26 �C) and
pressure (�1 bar). The effluent was collected for the product
analysis by HPLC technique. This process was slightly modied
based on our previous work.15
Fig. 3 Direct and indirect pathways of furfural production from xylose.
2.4 Raw material and product analysis

The pentose sugar components (xylose, lyxose, and xylulose)
were analyzed by the HPLC-RI technique (RI 2300, Knauer). ACE
excel 5 NH2 (250 mm � 4.6 mm � 5 mm) was used to separate
and to quantify these sugars at a temperature of 40 �C. 85 : 15 (v/
23368 | RSC Adv., 2022, 12, 23366–23378
v) using acetonitrile and DI water as mobile phase at a volu-
metric ow rate of 0.7 mL min�1. The injection volume for each
analysis was 10 mL. Analytical standards were applied as refer-
ence peaks for sample identication. The concentration of
sugar sample (g L�1) was calculated based on the calibration
curve of each analytical standard which was prepared for the
range of 0.5 to 30 g L�1.

The furfural content was analyzed by the HPLC-UV tech-
nique (UV 2500, Knauer). The quantitative analysis was carried
out on ACE excel C18 (250 mm � 4.6 mm � 5 mm). The mobile
phase of acetonitrile and water (10 : 90 v/v) at a ow rate of 0.7
mL min�1 was used under the separation temperature of 40 �C
and the wavelength of 320 nm. The injection volume for each
analysis was 10 mL. The analytical standard of furfural was used
to identify and quantify this compound. The calibration curve
of furfural standard was in the range of 0.6 to 19.2 g L�1.
3. Results and discussion
3.1 Role and effect of formic acid on furfural production

In this work, the development of continuous furfural produc-
tion from xylose was proposed through indirect xylose conver-
sion into furfural. Two consecutive reaction steps of
isomerization of xylose into xylulose followed by dehydration of
xylulose into furfural were performed in a microreactor (see
Fig. 3). Formic acid and aluminum chloride were used as the
Brønsted and Lewis acid catalysts to separately accelerate
isomerization and dehydration reactions, respectively. Before
simultaneously applying these two catalysts for furfural
production through the two-step reaction pathway, the use of
individual catalysts for furfural production was investigated for
better understanding of the role and effect of each catalyst.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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A preliminary study on the role of formic acid in furfural
production was carried out with the catalyst concentration of
20 mM, initial xylose concentration of 10 g L�1, and residence
time of 20 min, while reaction temperature in a range of 130 to
180 �C was investigated. Note that, the side reactions easily
competed with the main reaction (dehydration) at high reaction
temperatures exceeding 180 �C even without the catalyst.19 The
furfural yield of less than 10% was obtained when the reaction
temperature was in the range of 130 to 150 �C (data not shown).
This indicated that the reaction temperature of greater than
150 �C was necessary to directly dehydrate xylose into furfural
using only Brønsted acid (formic acid) catalyst. The protonated
form of HCOOH (hydronium ions, H3O

+) was responsible for
this direct dehydration of xylose into furfural (see eqn (4)). This
result was in agreement with the research work of Binder et al.
(2010),20 who used hydrochloric acid as catalyst to directly
convert xylose into furfural. In their work, the furfural yield of
54.2% and xylose conversion of 93.1% were obtained at the
reaction temperature of 180 �C. However, the furfural yield
exceeding 60% (see Fig. 4(b)) could not be reached by further
increasing the reaction temperature due to the accelerated side
reactions and the relatively long residence time. Similar results
for this production pathway were observed in other research
works.21

HCOOH (aq) + H2O 4 HCOO� (aq) + H3O
+ (aq) (4)

The effect of operating conditions on the yield of furfural
produced using formic acid as catalyst was subsequently
investigated by varying the catalyst concentration (10 and 20
mM), the reaction temperature (160 and 180 �C), and the resi-
dence time (10 to 80 min). The xylose concentration of 10 g L�1

in the feed was kept constant for this study. Fig. 4(a) shows the
effect of catalyst concentration on the furfural yield and selec-
tivity and xylose conversion at the reaction temperature of
180 �C for different residence times. It was found that
increasing the catalyst concentration from 10 to 20 mM
promoted the furfural yield and xylose conversion; however,
furfural selectivity decreased with prolonged residence time due
Fig. 4 (a) Effects of formic acid concentration (conditions; xylose: 10 g
10 mM and xylose: 10 g L�1) on the furfural yield (Y)/selectivity (S) and x

© 2022 The Author(s). Published by the Royal Society of Chemistry
to the formation of by-products. The solid powder (humin) was
observed in the reaction product. The optimal furfural yield of
54.2%was obtained for the catalyst concentration of 20mM and
residence time of 20 min (58.2% of selectivity). Similar results
were reported in the work of Delbecq et al. (2016)22 despite the
application of biphasic system.

The effect of reaction temperature was further examined as
shown in Fig. 4(b). In this experiment, the catalyst concentra-
tion and xylose feed concentration were kept constant at 10 mM
and 10 g L�1, respectively. The ndings indicated that reaction
temperature was one of the main factors affecting the formation
of side products. At 160 �C, the rates of xylose dehydration and
side reactions were small and a prolonged residence time was
required to enhance the conversion of xylose. Note that the
conversion of xylose rapidly increased from 46% to 92% in
response to the change of residence time from 58 to 80 min.
However, a decline in the furfural selectivity was observed due
to the promoted side reactions. The residence time required for
the dehydration of xylose was signicantly shortened when the
reaction temperature was increased to 180 �C. Similar furfural
selectivity was obtained at 160 �C with 60 min of residence time
and 180 �C with 20 min of residence time. The latter was
conceivably more productive, possibly resulting in lower
production costs. To overcome the problem of direct conversion
of xylose into furfural by using sole formic acid as Brønsted
catalyst, the furfural production could be performed through
the indirect xylose conversion route (two consecutive reaction
steps) by using dual catalysts to possibly lower reaction
temperature, shorten reaction time, and lower the catalyst
concentration. Hence, another catalyst, aluminum chloride, as
a Lewis acid was further studied in our system.
3.2 Role and effect of aluminum chloride on furfural yield

In this section, the conversion of xylose to furfural via the
consecutive isomerization and dehydration using aluminum
chloride as Lewis acid catalyst was investigated. The feed
concentration of xylose was 10 g L�1 and the catalyst concen-
tration was 5 mM. The effects of reaction temperature in a range
of 120 to 180 �C and residence time in a range of 10 to 80 min
L�1 and temp: 180 �C) and (b) reaction temperature (conditions; FA:
ylose conversion (C) under various residence times.

RSC Adv., 2022, 12, 23366–23378 | 23369
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were examined to study the role and effect of this catalyst on the
furfural production. Results are shown in Fig. 5. Apparently,
side reactions occurred especially at high reaction temperatures
as indicated by the large difference between xylose conversion
and the yield of furfural (see Fig. 5(a)). For example, a high
xylose conversion of 94.5% was achieved at the reaction
temperature of 180 �C and the residence time of 10 min, while
only 39.8% of furfural yield was obtained at this reaction
condition. Therefore, xylose and furfural could be converted
into undesired products such as formaldehyde, oligosaccha-
rides, intermediate compounds, and humins.23 Lowering the
reaction temperature (<180 �C) caused the sharp decline in
xylose conversion while preventing the side reactions. This
result was in line with the research work of Yang et al. (2012).24

Compared to the direct dehydration of xylose to furfural using
formic acid (with the concentration of 10 and 20mM) as catalyst
(see Fig. 4), a higher xylose conversion was observed for the
lower concentration of aluminum chloride (5 mM), indicating
that the xylose could be effectively converted into xylulose via
isomerization. The isomerization of xylose was facilitated by the
presence of aluminum complex ions (such as [Al(H2O)5OH]2+

and [Al(H2O)4(OH)2]
+) from the dissolution of aluminum chlo-

ride in water (see eqn (5)–(12)).25 The main contribution of this
reaction was associated with [Al(H2O)4(OH)2]

+ ion.26 Note that,
the positive aluminum ions occurred under the acidic solution
(eqn (5)–(7)). Some furfural products could be obtained from
the reaction system using this catalyst due to the occurrence of
hydronium ions (see eqn (6) and (7)), which was able to convert
xylulose into furfural. However, the small amount of hydronium
ions (Brønsted acid) resulted in the small yield of furfural.

AlCl3 (s) + 6H2O (l) / [Al(H2O)6]
3+ (aq) + 3Cl� (aq) (5)

[Al(H2O)6]
3+ (aq) + H2O (l) 4

[Al(H2O)5OH]2+ (aq) + H3O
+ (aq) (6)

[Al(H2O)5OH]2+ (aq) + H2O (l) 4

[Al(H2O)4(OH)2]
+ (aq) + H3O

+ (aq) (7)
Fig. 5 Effects of reaction temperature and residence time on the furfural
5 mM and xylose: 10 g L�1).

23370 | RSC Adv., 2022, 12, 23366–23378
[Al(H2O)4(OH)2]
+ (aq) + H2O (l) 4

[Al(H2O)3(OH)3] (s) + H3O
+ (aq) (8)

[Al(H2O)3(OH)3] (s) + H2O (l) 4

[Al(H2O)2(OH)4]
� (aq) + H3O

+ (aq) (9)

[Al(H2O)2(OH)4]
� (aq) + H2O (l) 4

[Al(H2O)(OH)5]
2� (aq) + H3O

+ (aq) (10)

[Al(H2O)(OH)5]
2� (aq) + H2O (l) 4

[Al(OH)6]
3� (aq) + H3O

+ (aq) (11)

[Al(OH)6]
3� (aq) / AlO2

� (aq) + 2OH (aq) + 2H2O (l) (12)

The yield of xylulose produced at various residence times
and temperatures was analyzed as shown in Fig. 5(b). The
presence of xylulose in the product conrmed that the role of
aluminum chloride was to accelerate the isomerization of xylose
(see Fig. 3). Note that, lyxose, another isomerization product of
xylose, was not considered in this work due to the less kineti-
cally favorable pathway compared to that of xylulose.27 The
reaction temperature in the range of 140 to 160 �C provided
a high xylulose yield with a short residence time (<40 min),
indicating a suitable condition for the indirect pathway. The
reaction temperature exceeding 160 �C resulted in a low xylulose
yield due to further conversion of xylulose into furfural and
humins. Although higher furfural yield was obtained at the
reaction temperature of 180 �C (see Fig. 5(a)), large amount of
humins was evidently observed compared to those obtained at
lower reaction temperatures. A similar observation was reported
in the research work of Padilla-Rascón et al. (2020),28 who used
FeCl3 as catalyst for the conversion of xylose into furfural. In
their work, only 57% furfural yield was obtained due to the
formation of undesired products under the extreme reaction
temperature of 210 �C, suggesting that the use of Lewis acid
alone was not effective for the conversion of xylulose into
furfural.27 Hence, the simultaneous use of Lewis and Brønsted
yield (Y) and xylose conversion (a), xylulose yield (b); (conditions; AlCl3:

© 2022 The Author(s). Published by the Royal Society of Chemistry
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acid catalysts was required to enhance the production of
furfural from xylose via the indirect reaction pathway.

The effect of aluminum chloride concentration (5 to 20 mM)
on the furfural yield was investigated under three different
conditions including (1) high temperature with short residence
time (180 �C and 10 min), (2) moderate temperature with
moderate residence time (160 �C and 40 min) and (3) low
temperature with long residence time (140 �C and 57.1 min), as
shown in Fig. 6. We observed the positive effect of increasing
the catalyst concentration on the yield of furfural at the reaction
temperature of 140 �C. On the contrary, for the reaction
temperature of 160 �C, signicantly promoted the side reac-
tions. Note that the effect of catalyst concentration was subdued
when a short residence time was used at high reaction
temperature. However, the furfural yield of greater than 40%
could not be achieved in this system with only Lewis acid
catalyst, conrming that the addition of Brønsted acid, as the
second catalyst, was required to improve the conversion of
xylulose into the furfural.
3.3 Furfural synthesis with dual catalysts

To demonstrate the furfural synthesis via the indirect pathway,
a set of experiments were performed using dual-acid catalysts.
The reaction temperature in a range of 140 to 180 �C, aluminum
chloride-to-formic acid molar ratio of 1 : 1 (total of 10 mM), and
residence time in a range of 10 to 80 min were applied. The
results, as shown in Fig. 7(a), illustrate that the use of dual-acid
catalysts offered a higher furfural yield than that of the indi-
vidual catalyst at a reaction temperature of above 140 �C. For
example, at the reaction temperature of 160 �C, residence time
of 40 min, and 10 mM, a furfural yield of 47.1% was obtained
using dual-acid catalysts, while the furfural yields of 26.9% and
22.3% were found for the individual uses of aluminum chloride
and formic acid, respectively. Another example is shown in
Fig. 7(b), when high temperature and short residence time
(180 �C and 10 min) were applied for the synthesis of furfural,
Fig. 6 Effect of aluminum chloride concentrations on the furfural
yield under the various operating conditions (conditions; xylose: 10 g
L�1).

© 2022 The Author(s). Published by the Royal Society of Chemistry
the use of dual-acid catalysts signicantly improved furfural
yield compared to those of sole catalysts, verifying the effective
implementation of this synthesis route. Hence, the dual
catalyst-based synthesis was used for further development in
this work.
3.4 Effect of operating conditions on furfural yield

The effects of reaction temperature and residence time on the
furfural yield and xylose conversion were preliminarily investi-
gated when the dual-acid catalysts were applied at the molar
ratio of 1 : 1 (total catalyst concentration of 10 mM). The results
are shown in Fig. 8. It was found that increasing both reaction
temperature and residence time considerably promoted the
furfural yield and xylose conversion, indicating a signicant
effect of these operating parameters on the furfural production
performance. According to the results shown in Fig. 8 and 9, the
appropriate ranges of reaction temperature and residence time
that can potentially provide high furfural yield and xylose
conversion were 140 to 180 �C and 10 to 57.1 min, respectively.
Moreover, the improvement of furfural yield and xylose
conversion could be implemented by adjusting the operating
conditions such as the total catalyst concentration, the xylose
feed concentration, and the proportion of the two catalysts.
Compared to the heterogeneous-based process,29,30 our process
provided a signicant improvement in terms of reaction time
and temperature. For instance, in the work of Wang et al.
(2021),30 the conversion of xylose performed at 200 �C and
45 min provided the furfural yield of 76.6%. Another concern
with the use of these solid catalysts was catalyst stability.31 This
leads to the difficulty for developing a practical large-scale
production.

Three operating parameters including the aluminum chlo-
ride to formic acid molar ratio, total catalyst concentration, and
xylose concentration were further examined to determine the
optimal operating conditions of furfural synthesis. The experi-
ments were carried out with the residence time in a range of 10
to 57.1 min and reaction temperature in a range of 140 to
180 �C. The effect of aluminum chloride-to-formic acid molar
ratio on furfural yield is shown in Fig. 9. The xylose concen-
tration of 10 wt% in the feed stream and the total catalyst
concentration of 0.01Mwere kept constant for this study. At low
reaction temperature (140 �C), the xylose conversion into
furfural using aluminum chloride catalyst was more effective
compared to the cases of formic acid and mixed catalysts as
shown in Fig. 9(a). However, prolonged residence time (>40
min) was required to achieve a furfural yield of higher than
30%, which was lower than the yield obtained at reaction
temperatures of 160 and 180 �C with shorter residence time.
When the reaction temperature was increased to 160 �C and
180 �C as shown in Fig. 9(b) and (c), respectively, the dual
catalysts with aluminum chloride-to-formic acid molar ratio of
2 : 1 and 1 : 1 signicantly improved the furfural yield and also
shortened residence time. This was due to the increase in the
hydronium ions (Brønsted acid) as the aluminum chloride-to-
formic acid molar ratio decreased, accelerating the conversion
of xylulose into furfural. The negative effect of an increase in
RSC Adv., 2022, 12, 23366–23378 | 23371
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Fig. 7 Furfural yield comparison between the uses of individual catalyst and dual catalysts; (a) at 140 and 160 �Cwith various residence times, (b)
at 180 �C and 10 min (conditions; catalyst: 10 mM and xylose: 10 g L�1).

Fig. 8 Effects of residence times and temperatures on the furfural
yield (Y) and xylose conversion (C), synthesized under the dual-acid
catalysts (condition: AlCl3-to-FA: 1 : 1, total catalyst: 10 mM).
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formic acid proportion on furfural yield was found at the cata-
lyst molar ratio beyond 1 : 1 as the excess of Brønsted acid could
lead to the formation of undesired products. In addition, the
active components of aluminum ions ([Al(H2O)5OH]2+ and
[Al(H2O)4(OH)2+) were decreased due to the equilibrium shiing
to the le side (Al(H2O)5OH]3+), resulting in the slower rate of
isomerization. Based on these results, the molar ratio of 1 : 1
provided the promising yield of furfural. Therefore, this molar
ratio was used for further study in this work. In addition, the
highest furfural yield of 54.8% was achieved in a very short
reaction time of 10 min when the reaction was carried out at
180 �C with the aluminum chloride to the formic acid molar
ratio of 1 : 1.

One of the primary goals of this work was to develop the
efficient process for converting xylose to furfural using a rela-
tively small amount of catalyst. Hence, the next operating vari-
able studied was the total catalyst concentration. In this
experiment, the total catalyst concentration in a range of 5 to
25 mM was studied, while the aluminum chloride-to-formic
23372 | RSC Adv., 2022, 12, 23366–23378
acid molar ratio of 1 : 1 and xylose concentration of 10 g L�1

were kept constant. The optimal residence time for each reac-
tion temperature as previously reported for the effect of
aluminum chloride-to-formic acid molar ratio was used in this
study. Fig. 10 shows the effect of total catalyst concentration on
the furfural yield. It was found that the maximum furfural yield
was obtained with the catalyst concentration in the range of 15
and 25 mM, depending on the reaction temperature and resi-
dence time. At low reaction temperature, a relatively high
concentration of catalyst was required to accelerate the reac-
tions. The highest furfural yield of 57.8% was found when the
total catalyst concentration of 15 mM was used at the reaction
temperature of 180 �C and the residence time of 10 min. This
result illustrated that using dilute acid catalyst was sufficient to
achieve the high furfural yield when compared to other research
works. For example, in the work of Lopes et al. (2017)9 who
applied the combination of metal trichloride and formic acid
for the batch synthesis of furfural (400 mM of AlCl3 and 55 wt%
of formic acid), the mixed catalysts were required for their
system to achieve the furfural yield around 62%. Although the
reaction was performed at 130 �C, the high operating cost
associated with the corrosion and degradation of equipment
and waste treatment was a signicant disadvantage. Marco-
tullio and Jong (2010)32 reported that 62% furfural yield was
obtained with the use of 113 mM of FeCl3 and 50 mM of HCl
catalysts at the reaction temperature of 200 �C. Therefore, our
reduced catalyst concentration could be used to mitigate the
problems of homogeneous-based industrial furfural production
(corrosion and environmental issues), while still maintaining
the high furfural product yield. This allows the development of
economic and effective furfural production. Hence, the total
catalyst concentration of 20 mM was selected for further
investigation in our study.

The effect of xylose feed concentration on the furfural yield
was examined in a range of 1 to 20 g L�1. The reaction
temperature of 180 �C, aluminum chloride-to-formic acid molar
ratio of 1 : 1, and total catalyst concentration of 20 mM were
kept constant for this study. Fig. 11 shows that the furfural yield
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra03609f


Fig. 9 Effect of aluminum chloride to formic acid molar ratios on the furfural yield under the various residence times and temperatures; (a) at
140 �C, (b) 160 �C, and (c) 180 �C (condition: total catalyst: 10 mM).

Fig. 10 Effect of total catalyst amounts on the furfural yield under the
various conditions; 140 �C and 57.1 min; 160 �C and 40 min; 180 �C
and 10 min (condition AlCl3-to-FA: 1 : 1).

Fig. 11 Effect of initial xylose concentrations on the furfural yield
under the various residence times (condition: AlCl3-to-FA: 1 : 1, total
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continuously declined as the initial xylose concentration
increased. This might be due to the polymerization and retro-
aldol condensation reactions of xylose into humins and
aldehyde-based compounds, respectively,33,34 resulting from the
© 2022 The Author(s). Published by the Royal Society of Chemistry
high concentration of xylose in the system. As shown by the
embedded picture in Fig. 11, the solid humins and yellowish
soluble by-products were observed in the product when the feed
concentration of xylose exceeded 5 wt%. These side reaction(s)
was also conrmed by the nearly complete conversion of xylose
catalyst: 20 mM, temp: 180 C).

RSC Adv., 2022, 12, 23366–23378 | 23373
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Table 1 Operating variables and boundaries for optimization study

Variables Symbol

Levels

Constrains�1 0 1

Independent variables
Residence time (min) X1 5 10 15 In the range
Total catalyst concentration (mM) X2 10 15 20 In the range
Reaction temperature (�C) X3 160 170 180 In the range

Dependent variable
Furfural yield (%) Y Maximize
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for the entire range of xylose inlet concentration studied. Note
that, the prolonged residence time for furfural production
under the high feed concentration (>5 wt%) may cause clogging
inside the system. Hence, the initial feed concentration for the
continuous-ow furfural production in a microreactor was
limited by the formation of humins. The attractive furfural yield
of 82.8% was achieved when the feed concentration of xylose
was 1 g L�1, which was in agreement with the literature.8,35,36 For
example, the furfural yield of around 76.3% was reported in the
work of Choudhary et al. (2012),8 who used the initial xylose
concentration of �1 wt% for the biphasic furfural production
(water-toluene) with CrCl3 (6 mM) and HCl (100 mM). Another
work was published by Agirrezabal-Telleria et al. (2011)35 who
applied Amberlyst 70 as catalyst for the biphasic furfural
production (water-toluene) from xylose. The initial concentra-
tion was studied in the range of 1 to 7 wt% and the maximum
yield of 65% was achieved at the initial concentration of 1 wt%
with the reaction time of 6 h at 175 �C. In addition, the
conversion of lignocellulosic biomass by the ow-through
hydrothermal pretreatment (HTP) technology provided the
suitable xylose concentration of 0.4–1.4 g L�1 (ref. 37 and 38) as
a desired product which could be further converted into furfural
via our in situ continuous furfural production process. There-
fore, the semi continuous-ow system for furfural production
from lignocellulosic biomass could possibly be competitive with
the conventional processes.
Fig. 12 Chromatograms of product outlet between with/without acid
catalyst removal process.
3.5 Optimization and validation

Based on the studies on ve operating parameters discussed in
Sections 3.3 and 3.4, the feed concentration of xylose of 1 g L�1

and the aluminum chloride-to-formic acid molar ratio of 1 : 1
were kept constant, while the three remaining operating
parameters including, total catalyst concentration, residence
time, and reaction temperature were the factors for the opti-
mization to achieve high furfural yield. In this work, 3-factor
and 3-level response surface methodology based (RSM) on Box–
Behnken design was employed to maximize the furfural yield
and the experimental boundaries are shown in Table 1. The
relationship between process variables and furfural yield is
represented by eqn (13). The P-value of 0.334 for the lack of t
indicated that the actual response was well-represented by the
model. The coefficient of determination (R2) of 99.6% also
conrmed themodel accuracy. Themodel suggested that 93.1%
23374 | RSC Adv., 2022, 12, 23366–23378
furfural yield can be accomplished when synthesized at the
reaction temperature of 180 �C, the residence time of 15 min,
and the total catalyst concentration of 16 mM. This was exper-
imentally validated and the furfural yield of 92.2% was obtained
(error of 0.97%). To the best of our knowledge, this is the
highest furfural yield achieved in the monophasic system
(hydrothermal process) without any additives (such as salt39).
The use of a very dilute acid catalyst and short residence time
allowed the system to be further developed as the high-
throughput production process.

Furfural yield ¼ �1020 + 6X1 + 15600X2 + 9X3

� 1.967 � 105X3
2 � 65X1X3 � 46X2X3 (13)

3.6 In situ acid catalyst removal process

The in situ acid catalyst removal of this proposed process was
performed through the adsorption in a mini-xed bed column
where the commercial basic ion-exchange resin (Amberlyst 21)
was packed. Note that, the weakly basic ion-exchange resin is
a promising adsorbent for acid removal.40,41 The results found
that no signicant amount of acid components and unknown
compound was detected at the product outlet as shown in
Fig. 12, indicating the effective acid removal of this method.
However, the trace of 5-HMF was still detected due to the low
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 Conceptual design of furfural purification process (heat
exchangers (E101–E102), flash drum (V-101), distillation tower (C-101),
and mixer (M-101)).

Table 2 Purification process data

Information C-101 V-101

Number of stages 7 —
Feed stage number (above-stage) 2 —
Reux ratio 11 —
Bottom to feed ratio (mass) 0.965 —
Total heating duty (kW) 1519.1 37.88
Total cooling duty (kW) 1455.1 —
Mass owrate of top product (kg h�1) 237.6 177.0
- Furfural (wt%) 90.1 87.0
- Water (wt%) 9.9 12.9
Mass owrate of bottom product (kg h�1) 9939.5 60.5
- Furfural (wt%) 0 99
- Water (wt%) 100 1
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affinity of adsorption on the resin. The loss of furfural yield due
to the acid removal process was not observed. These results
indicate that our technique of catalyst removal was effective,
while the operating conditions at ambient temperature (�26 �C)
and pressure (�1 bar) suggested the low energy consumption.
The output of this step could be puried using a simple distil-
lation to achieve the high purity of furfural product (>99%) (see
Section 3.7). Therefore, the in situ continuous furfural produc-
tion from xylose and acid removal processes could be achieved
through our technique. Note that, the economic feasibility of
this process should be further studied for its practical
application.
3.7 Furfural purication process

The conceptual design and simulation of furfural purication
process with a production capacity of 10 000 kg h�1 were per-
formed using Aspen plus V12 with Soave–Redlich–Kwong (SRK)
thermodynamic model. The design of this process was based on
the furfural composition obtained aer the acid removal, con-
taining 99.4 wt% of water and 0.6 wt% furfural. The process
design and simulation data are presented in Fig. 13 and Table 2.
In our design, one distillation tower (C-101) and one ash drum
(V-101) were required for the purication to achieve the furfural
purity up to 99%. The distillation tower was operated near
azeotropic conditions (reboiler temperature of 101.2 �C,
condenser temperature of 99.1 �C, 1 atm) to remove the large
amount of water without the loss of furfural (stream 4.1). This
stream was recycled without any pretreatment as a make-up
water source for the production process. Note that, the azeo-
tropic temperature of furfural-water mixture at 1 atm is 97.9 �C.
The number of trays of this tower was 7, which was lower than
the typical applications (20–30 stages).42 The remaining water in
the distillate or furfural rich-phase (stream 3) was separated by
the simple ash drum (V-101) at 144 �C and 1 atm. The water-
rich stream (stream 5.1) was returned to the C-101, while the
bottom stream (stream 6) containing 99% of furfural was sent to
the storage tank. However, the optimization of the distillation
process design and heat integration require further study to
© 2022 The Author(s). Published by the Royal Society of Chemistry
minimize the capital cost and energy consumption. For the
conventional production of furfural, on the other hand, the
complex downstream processing such as the combination of
distillation and solvent extraction is essential.42,43 The energy
performance of our purication process in terms of energy
consumption per mass of furfural produced (kW kgfurfural

�1)
was 50.2 kW kgfurfural

�1. This was similar to the work of Millán
et al., (2021)44 (49.3 kW kgfurfural

�1) who applied the combina-
tion of solvent extraction and distillation to obtain the furfural
purity of 97.8%.
3.8 Production performance

Our production process was compared to the other related
processes as reported in Table 3. Various operating conditions,
productivity term (P0), process and system type, and furfural
yield were used to demonstrate our production performance.
Apparently, the continuous microreactor process offers a supe-
rior furfural yield with the short residence time compared to
that of the stirred batch and microwave-assisted batch
processes. This was due to the main features of microreactors
such as high surface-to-volume ratio and short diffusion length,
which improve the mass and heat transfers of the reacting
liquids. Note that, both mass and heat transfers are signicant
parameters affecting the overall reaction rate. Compared to the
biphasic microreactor system, the phase separation/
purication and solvent recycling are not required in our
monophasic system, reducing the post-treatment cost. Another
highlight of our process was the low concentration of catalyst
compared to that of other homogeneous catalyst-based systems.
This could contribute to a signicant reduction in the cost of
chemicals and separation process. The higher productivity of
our process (52 gfurfural gcat

�1 min�1) over batch processes was
achieved due to the low requirement of both catalyst concen-
tration and residence time. Hence, with the moderate operating
conditions (180 �C and 15 min) and the high yield of furfural of
92.2%, the highly effective furfural production could be further
developed based on our continuous monophasic synthesis in
a microreactor. The yield and productivity of our process might
be further improved via the little addition of the promoter.45
RSC Adv., 2022, 12, 23366–23378 | 23375
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Table 3 Comparison of furfural process from xylose with literature

Process System Reactor Solvent
Catalyst and promoter
amount (mM)

Temp
(�C)

Time
(min)

Yield/
select.
(%)

P0
a � 10�3

(gfurfural
gcat

�1 min�1) Reference

Batch Monophasic Microwave-
assisted batch

Water Maleic acid (250 mM) 200 28 67 0.8 46

Batch Monophasic Microwave-
assisted batch

Water HCl (50 mM) + NaCl (500 mM) 200 40 62.5 0.04 47

Batch Monophasic Stirred batch Water Formic acid (2700 mM) +
betaine (0.07 g)

170 60 80 0.2 22

Batch Biphasic Stirred batch Water/THF AlCl3 (100 mM) + NaCl (6 mM) 140 45 75 0.9 24
Batch Biphasic Stirred batch DMSO/H2O PWSn0.625Cs0.5PW (0.08 g) 200 180 63 4.3 48
Batch Monophasic Stirred batch Water MC–SnOx (0.1 g) + NaCl (200 mM) 180 20 53.9 0.02 49
Continuous Biphasic Millireactor Water/

toluene
H2SO4 (100 mM) 190 6.6 62 NA 17

Continuous Biphasic Microreactor Water/MIBK HCl (200 mM) + NaCl (10 wt%) 180 4 93 NA 16
Continuous Monophasic Microreactor Water Formic acid (8 mM) + AlCl3 (8 mM) 180 15 92.2 52 This work

a Productivity ¼ gfurfural gcatalyst
�1 reaction time.
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4. Conclusion

High-performance continuous production of furfural from xylose
was proposed with the use of a microreactor and dual-acid cata-
lysts (formic acid and aluminum chloride). Indirect xylose
conversion into furfural via xylulose was the main route of this
proposed process, avoiding the side reactions that were signicant
for the conventional direct pathway. Formic acid was used as
a Brønsted acid catalyst, while aluminum chloride was considered
as Lewis acid catalyst. According to the optimization results, the
furfural yield of 92.2% was achieved at the reaction temperature of
180 �C, residence time of 15 min, xylose feed concentration of 1 g
L�1, and the total catalyst concentration (1 : 1mol of formic/mol of
aluminum chloride) of 16 mM, indicating superior reaction
performance compared to the literature. The low catalyst require-
ment and short residence time of our monophasic system support
the development of a high-throughput furfural production. The in
situ catalyst removal process without the loss of furfural product
could be completed via the continuous adsorption in a mini xed-
bed adsorber, offering the opportunity to reduce the separation
cost and energy consumption. The furfural productivity of 52
gfurfural gcat

�1 min�1 was obtained. The purity of furfural of 99%
could be achieved via the simple purication process, comprising
distillation and ash drum units.
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36 E. I. Gürbüz, S. G. Wettstein and J. A. Dumesic, Conversion
of hemicellulose to furfural and levulinic acid using
biphasic reactors with alkylphenol solvents, ChemSusChem,
2012, 5, 383–387.

37 G. Gallina, E. R. Alfageme, P. Biasi and J. Garćıa-Serna,
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