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and Lewis acidity on phosphated
titanium dioxides for efficient conversion of
glucose to 5-hydroxymethylfurfural†

Siripit Songtawee,ab Bunyarat Rungtaweevoranit, a Chalida Klaysombc

and Kajornsak Faungnawakij *a

5-Hydroxymethylfurfural (HMF) derived from cellulosic sugars has become increasingly important as

a platform chemical for the biorefinery industry because of its versatility in the conversion to other

chemicals. Although HMF can be produced in high yield from fructose dehydration, fructose is rather

expensive because it requires multiple processing steps. On the other hand, HMF can be produced

directly from highly abundant glucose, which could reduce time and cost. However, an effective and

multifunctional catalyst is needed to selectively promote the glucose-to-HMF reaction. In this work, we

report a bifunctional phosphated titanium dioxide as an efficient catalyst for such a reaction. The best

catalyst exhibits excellent catalytic performance for the glucose conversion to HMF with 72% yield and

83% selectivity in the biphasic system. We achieve this by tuning the solvent system, controlling the

amount of Brønsted and Lewis acid sites on the catalyst, and modification of the reaction setup. From

the analysis of acid sites, we found that the addition of phosphate group (Brønsted acid site) onto the

surface of TiO2 (Lewis acid site) significantly enhanced the HMF yield and selectivity when the optimum

ratio of Brønsted and Lewis acid sites is reached. The high catalytic activity, good reusability, and simple

preparation method of the catalyst show a promise for the potential use of this catalytic system on an

industrial scale.
1. Introduction

Effective production of 5-hydroxymethylfurfural (HMF) is one of the
keys toward renewable chemical industry because HMF possesses
various functionalities amenable for subsequent chemical conver-
sion to manufacture various chemicals such as polymers, pharma-
ceuticals, and biofuels.1–3 To produce HMF, simple dehydration
mediated by Brønsted acid catalysts can yield HMF in high yield.4–6

Due to the high cost of fructose, it is more desirable to synthesize
HMF from highly available resources such as glucose, the most
common monosaccharide unit found in cellulose.7–9 However, this
process requires a catalytic system capable of performing (i) glucose
isomerization to fructose catalyzed by a Lewis acid and (ii) fructose
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dehydration to HMF which is favored under Brønsted acid condi-
tions.10–12 Consequently, the use of bifunctional solid catalysts,
consisting of both Lewis and Brønsted acid sites, is an efficient
approach to promote glucose conversion to HMF.11,13

In this context, different metal phosphates were reported for
catalyzing glucose to HMF in a biphasic system of water/methyl
isobutyl ketone (MIBK), producing HMF selectivity range from
30% to 60% depending on the ratio of the Brønsted to Lewis acid
sites.14 Yabushita and coworkers studied the glucose dehydration
over a phosphate modied Zr-based metal–organic framework
(MOF), NU-1000, and reported the HMF selectivity of 64% at
150 �C in a biphasic system of water/2-propanol.15 Fan et al. used
a solid heteropolyacid salt (Ag3PW12O40) as a heterogeneous cata-
lyst for the dehydration of glucose. They reported that the reaction
carried out at 130 �C for 4 h can produce theHMF yield of 76% and
selectivity of 85%.16 Several other bifunctional solid catalysts
including metal phosphates,17,18 metal sulfates,19–21 mixed metal
oxides,22,23 metal-supported catalysts,24,25 MOFs,26,27 and hetero-
polyacids,28,29 were also examined for the HMF production from
hexose sugar. Despite their efficient HMF production, the
synthesis of these catalysts is rather complicated, generates a large
amount of waste, and requires high production expense. There-
fore, it is necessary to seek a simpler and more environmentally
friendly process for the preparation of effective bifunctional solid
catalysts.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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View Article Online
Among various heterogeneous catalysts, titanium dioxide
(TiO2) is an attractive choice due to its low cost and its acidic
properties suitable for several catalytic reactions.30–33 As such,
TiO2 has recently been explored as a catalyst for the production
of HMF.34–36 For instance, Dutta et al. demonstrated the
synthesis of HMF from glucose over mesoporous TiO2 under
microwave-assisted heating conditions, providing the HMF
yield of 37%.37 Attempts to impart Brønsted acidity on TiO2 have
been shown to slightly improve the HMF yields. For example,
phosphate-immobilized TiO2 could yield HMF (34%).38 Simi-
larly, hybrid organic–inorganic anatase (hybrid-TiO2), which is
synthesized by a hydrothermal synthesis technique using citric
acid (CA), displays the HMF yield of 45%.39 Such low to
moderate HMF yields are likely due to the instability of HMF in
heated water leading to various side products.34

Here, we report a catalytic system comprising a phosphate-
modied TiO2 catalyst (P–TiO2) for high yield production of
HMF from glucose. We employed a collection of strategies
including (i) a biphasic system with an extracting phase (EP) to
prevent HMF degradation, (ii) a bifunctional catalyst with
suitable Lewis–Brønsted acid composition for enhancing HMF
production, and (iii) a semi-batch process where the substrate
was injected into the reactor at the desired reaction temperature
to suppress unwanted side reactions. We investigated several
biphasic systems to identify the suitable pairs of solvents with
high efficiency of in situ HMF extraction. A cheap and
commercially available catalyst, TiO2, was modied with phos-
phate via a simple impregnationmethod. The density Lewis and
Brønsted sites on TiO2 were controlled by varying the impreg-
nation content of phosphate which has a profound impact on
the HMF yield as veried by in situ diffuse reectance infrared
Fourier transform spectroscopy (DRIFTS) of adsorbed pyridine
combined with temperature-programmed desorption of adsor-
bed ammonia (NH3-TPD). Under the optimal conditions, the
bifunctional P–TiO2 catalytic material exhibits excellent cata-
lytic performance with remarkable HMF yield (72%) and HMF
selectivity (83%). The recyclability of the prepared catalysts was
also examined.
2. Experimental
2.1 Catalyst preparation

Phosphate functionalized TiO2 was prepared via a wetness
impregnation technique. Specically, titanium(IV) oxide-anatase
(TiO2, �325 mesh, $99% metals basis, Sigma-Aldrich) was dried
in an oven at temperature 80 �C for 12 h to remove residual water
prior to surface modication. The desired quantity of ammonium
phosphate monobasic (NH4H2PO4, Honeywell) was dissolved in
deionized water to obtain 15 wt%, 30 wt%, and 60 wt% of phos-
phate on TiO2. The dried TiO2 powders were mixed with the
NH4H2PO4 solution under a continuous stirring condition at room
temperature for 6 h. Then, evaporation of the excess solvent and
drying of the catalysts were implemented in an oven at 80 �C for
12 h. Aer that, calcination of the samples was done in air at
600 �C for 4 h. The nal catalysts are denoted as xP–TiO2, where
“x” indicates the amount of phosphate loading in wt%.
© 2021 The Author(s). Published by the Royal Society of Chemistry
2.2 Catalyst characterization

The specic surface area, total pore volume, and average pore
size of the catalysts were evaluated by the Brunauer–Emmett–
Teller (BET) N2 sorption method (Autosorb iQ3, Quantachrome
Instruments). The crystallinity was identied by powder X-ray
diffraction technique (PXRD; D8 ADVANCE, Bruker) using Cu
Ka radiation performed at 40 kV and 40 mA and equipped with
a LYNXEYE (1D mode) detector. The PXRD patterns at 2q of 10–
80� were recorded with a scan speed of 0.02� s�1 and a step time
of 0.5 s. Identication of functional groups on the catalysts was
done on the attenuated total reectance Fourier-transform
infrared spectroscopy (ATR-FTIR). The FTIR spectra were
collected in the 4000–400 cm�1 range, with a resolution of
4 cm�1 using an IRTracer-100 spectrophotometer (Shimadzu).

The elemental composition of the catalysts was analyzed by
micro energy dispersive X-ray uorescence spectrometer (m-EDXRF;
Orbis PC Micro-XRF, EDAX). The total acidity of the catalysts was
identied by temperature-programmed desorption of adsorbed
ammonia (chemisorption analyzer; ChemStar TPX, Quantachrome
Instruments). Before the measurement, each sample was pretreated
at 150 �C under a helium ow (30 mL min�1) for 1 h. Then, the
catalyst sample was saturated with ammonia (5% NH3 in He) at
60 �C for 1 h. Aer that, the helium gas streamwas re-introduced to
remove physically adsorbed ammonia molecules from the catalyst
sample. Finally, the ammonia desorption was performed by
increasing temperature from 60 to 600 �C with a ramping rate of
5 �C min�1, while the ammonia desorption prole was monitored
with a thermal conductivity detector (TCD). In situ diffuse reec-
tance infrared Fourier transform spectroscopy (DRIFTS) of adsorbed
pyridine was applied to identify the nature of acid sites. The exper-
iment was performed on a Nicolet iS50 equipped with an MCT
detector. 20 mg of the sample was introduced into the analysis cell
(Harrick Scientic) and activated at 150 �C under N2 ow. Pyridine
was introduced to the catalyst using N2 as a carrier gas at 150 �C for
1 h. Then, pyridine desorption was carried out from the sample
under N2 ow at 150 �C for 4 h while the IR spectra were collected at
15, 30, 45, 60, 120, and 240min. The carbon deposition on the spent
catalyst surface was analyzed by a carbon–hydrogen–nitrogen
analytical instrument (CHN; CHN628, LECO, Japan).
2.3 HMF production

The dehydration reactions were conducted in a stainless-steel
autoclave. In a typical experiment, the required amount of the
catalyst was added in a 130 mL reactor containing glucose
(0.3 g, Sigma-Aldrich) in a biphasic reaction media consisting of
saturated sodium chloride (NaClaq, 9 mL) and organic solvent
(21 mL) in a ratio of ratio 3 : 7 v/v. The reactor was purged with
nitrogen gas before being pressurized up to 15 bar. Note that
pressure ranging from 15 to 30 bar did not signicantly inu-
ence the activity of the catalyst. The autoclave was heated up to
the reaction temperature (170 �C) and the reaction was carried
out for 0–4 h with a constant stirring. To terminate the reaction,
the autoclave was cooled down to the ambient temperature with
an ice-water bath and the pressure was carefully released. The
liquid product from the organic phase was separated from the
aqueous phase by a separation funnel. In the study on reaction
RSC Adv., 2021, 11, 29196–29206 | 29197
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View Article Online
set-up and reusability test, the volume of reaction solution was
increased to 100 mL while the larger reactor vessel of 300 mL
and the higher N2 pressure of 30 bar were used to better
stabilize the reaction condition.

The concentrations of liquid products in both aqueous and
organic phases, such as glucose, HMF, and others were determined
with high-performance liquid chromatography (HPLC, LC-20A
Series, Shimadzu) equipped with an ultraviolet (UV) detector at
210 nm combined with a reective index detector and a Biorad
Aminex HPX-87H column. The temperature of the column oven was
set at 45 �C. The sulfuric solution (5 mM) used as a mobile phase
was fed to the column at a ow rate of 0.6 mL min�1. The glucose
conversion, the HMF yield, the HMF selectivity, and the extraction
ratio were calculated by eqn (1)–(4), respectively, as follows:
Glucose converstion ðXG; %Þ ¼
�
the number of mole of reacted glucose

the number of mole of initial glucose

�
� 100 (1)

HMF yield ðYHMF; %Þ ¼
�

the number of mole of HMF

the theoretical number of mole of HMF

�
� 100 (2)

HMF selectivity ðSHMF; %Þ ¼
�

the number of mole of HMF

the number of mole of reacted glucose

�
� 100 (3)

Extraction ratio ð%Þ ¼
�
the number of mole of HMF in organic phase

the total number of mole of HMF

�
� 100 (4)
The partition coefficient in the biphasic system is described
by eqn (5),
Partition coefficient ðRÞ ¼ concentration of HMF in organic phase

concentration of HMF in aqueous phase
(5)
3. Results and discussion
3.1 Characterizations of the phosphate functionalized TiO2

catalysts

The crystallinity of the prepared catalysts with different phos-
phate contents was examined using PXRD as shown in Fig. 1.
The diffraction patterns of all TiO2 catalysts with and without
phosphate modications exhibit strong diffraction peaks at 25�,
37�, 38�, 39�, 48�, 54�, and 55�, indicating the anatase phase of
TiO2 (JCPDS no. 21-1272). For phosphate functionalized TiO2

(xP–TiO2), the samples show a broad peak centered at 22� which
indicates the presence of titanium phosphate (TiP2O7) on the
catalysts.35 Additionally, the analysis of the crystallite sizes
using the Scherrer equation shows that the crystallite sizes of
TiO2 decreased from 14 to 6 nm with increasing phosphate
loading (Table 1).

The amount of phosphate in the catalysts was evaluated by m-
EDXRF technique (Table 1). As expected, the phosphorus
content (P) increases with a higher amount of phosphate
29198 | RSC Adv., 2021, 11, 29196–29206
precursor loaded during the impregnation process. It is worth
mentioning that the amount of phosphorous detected on TiO2

is approximately half the amount of the precursor added. The
specic surface areas of the catalysts were obtained by N2

sorption isotherms. The values of both metrics decrease with
the increasing amount of phosphate loading, suggesting that
the phosphate could partially block the pore of TiO2 (Table 1). In
addition, the decrease in the total pore volume and average pore
size in 15P–TiO2, 30P–TiO2 and 60P–TiO2 corresponds well with
the amount of phosphate loading.

We then characterized the phosphate species on the catalyst
surface using FTIR (Fig. 2). The FTIR spectra of 15P–TiO2, 30P–
TiO2, and 60P–TiO2 catalysts before calcination were similar in
peak positions. The phosphate functionalized TiO2 without
calcination (Fig. 2a) showed the band at 1627 cm�1 and around
2600–3600 cm�1 which are attributed to the bending and
stretching vibration of O–H group, respectively. These peaks can
also be dedicated to the vibration of OH groups of water
adsorbed on the surface of the sample.36,40 Several bands
assignable to phosphoric acid were found including 2328 cm�1

(P–H vibration band), 1402 cm�1 (stretching vibration of the P]
O), 1265 cm�1 (asymmetric stretching vibration of PO2

�),
910 cm�1 (stretch vibration of P–OH), and 526 cm�1 (PO4

3�

vibrational band).41–43

The FTIR spectra of phosphate functionalized TiO2 calcined
at 600 �C for 6 h are shown in Fig. 2b. The bands related to O–H
group of water and phosphoric acid disappeared while the
peaks associated with the phosphate species emerged. The
band at 953 and 1190 cm�1 corresponded to the valence
vibration of P–O–P bridge and the asymmetric vibration of P–O,
respectively. While the band at 1038 cm�1 is assigned to the
stretch of Ti–O–P skeleton similar to this reported by Attia
et al.43 who suggested the heat treatment (>500 �C) can
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 PXRD patterns of TiO2, 15P–TiO2, 30P–TiO2, and 60P–TiO2.
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transform phosphoric acid in the presence of TiO2 to titanium
pyrophosphate (TPP) or other phosphate derivatives.43–45 This
result conrms the presence of titanium pyrophosphate
corroborating the PXRD analysis.46

Catalytic dehydration of glucose into HMF requires optimal
acid sites. It is therefore critical to understand the quantity and
types of acid sites located on the catalyst surface. We employed
the NH3-TPD technique to determine the total acidity and the
acid strength of the catalysts.

Generally, the desorption peak of NH3 of the materials
appears at different temperature ranges which are correlated
with the acid strength. The NH3 released below 200 �C, 200–
400 �C, and above 400 �C are considered to be adsorbed on
weak, medium, and strong acid sites, respectively.19,47 Fig. 3
presents NH3-TPD spectra of TiO2 with different phosphate
content and their deconvoluted peaks tted with the Gaussian
model. Pristine anatase–TiO2 shows one NH3 desorption peak
related to the medium acid sites (blue) located on the titanium
center48 which have been reported as a reaction site for the
glucose conversion.49 In the phosphate-modied TiO2 catalysts,
one additional NH3 desorption peak was observed which can be
assigned to the weak acid sites (orange). This peak must
therefore be related to the O–H group bound to phosphorous of
the titanium pyrophosphate species on TiO2

50 which is in
agreement with the presence of the Brønsted acid site found
from in situ DRIFTS of adsorbed pyridine discussed below. This
feature has also been reported as a catalytic site for the dehy-
dration to HMF.4,51 From the NH3-TPD analysis (Table 1), the
total acid site increases from 0.080 mmol g�1 in TiO2 to
0.267 mmol g�1 in 15P–TiO2 indicating that more acidic sites
are formed on the catalyst surface. However, further increase of
phosphate loading results in a decrease of the number of total
acid sites to 0.130 mmol g�1 in 30P–TiO2 and 0.043 mmol g�1 in
60P–TiO2. In terms of acid site density, aer the functionaliza-
tion with phosphate, the total acidity and acid site densities
experience a signicant decrease from 0.267 mmol g�1 and
0.026 mmol cm�2 for 15P–TiO2 to 0.130 mmol g�1 and
0.005 mmol cm�2 for 60P–TiO2. This reduction is well
© 2021 The Author(s). Published by the Royal Society of Chemistry
correlated with the catalyst surface areas. Accordingly, the
decrease of the acid densities and surface area would lead to
lower available catalytic sites for the HMF production. The
surface area could be relatively responsible for inuencing the
total acidity in terms of accessibility of the probe gas to available
acid sites. The increase in phosphate loading induces the
agglomeration and low dispersion, which decreased the surface
area, pore volume, and acidity. Maarouf et al.52 reported that the
P NMR spectroscopy demonstrated the coexistence of phos-
phorus sites inside the mixed phosphate structure in accor-
dance with the IR observations.

Besides the amount of acid sites, the other factor affecting
the efficiency of glucose dehydration is the types of acid sites.53

Therefore, we carried out the in situ DRIFTS of adsorbed pyri-
dine experiments (Fig. 4) to investigate the nature of acid sites
on the catalysts. TiO2 sample exhibits the adsorption band at
1445 cm�1 corresponding to the Lewis acid sites indicating that
TiO2 is a pure Lewis acid catalyst.54 Modication of TiO2 with
phosphate appends the Brønsted acidity on the catalyst as
indicated by the appearance of 1545 cm�1 peak (Fig. 4).11,13,22,55

By comparison of the peak areas of pyridine bound to Lewis and
Brønsted acid sites, we observed an increase in Brønsted acid
sites with increasing phosphate loading.
3.2 Screening for a suitable solvent system

The biphasic system was selected as a reaction media of choice
in this work due to its ability to promote HMF yield by trans-
ferring the HMF produced in the aqueous phase to the organic
one and thereby suppressing the HMF degradation in the
aqueous phase. For the aqueous phase, we chose NaCl solution
because of the increased ionic strength compared to water
which further enhances the HMF partitioning into the organic
phase and thereby shis the reaction equilibrium toward
HMF.56–60 Thus, one of the key remaining factors dictating the
reaction efficiency in this system is the choice of organic solvent
as an extraction phase (EP). This EP aids in the effective and
continuous transfer of HMF product to the organic phase aer
HMF was formed in the reactive phase (RP).61 We rst investi-
gated the effects of the polarity of the EP systematically in the
absence of a catalyst by using solvents with different properties
comprising non-polar solvents, polar protic solvents, and
aprotic polar solvents. These solvent systems include NaClaq:-
toluene, NaClaq:MIBK, and NaClaq:1-butanol. All experiments
were carried out with a xed ratio of NaClaq : organic solvent ¼
3 : 7 v/v at 170 �C for 2 h. In a controlled experiment, heating
glucose in pure water gave HMF in 20% yield with a low glucose
conversion of 29% (Fig. 5). In comparison, all biphasic systems
offer higher glucose conversions and HMF yields than the
monophasic system. The NaClaq:1-butanol solvent system
provides the highest HMF yield of 38% followed by NaClaq:-
MIBK and NaClaq:toluene (Table 2). To understand this trend,
we measured the concentration of HMF in the aqueous and
organic phases and calculated the partition coefficient (R)
which is the relationship between the HMF concentration in the
organic phase and the aqueous phase.60 From these results, we
found that the R values follow the order of 1-butanol > MIBK >
RSC Adv., 2021, 11, 29196–29206 | 29199

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra06002c


T
ab

le
1

P
h
ys
ic
o
ch

e
m
ic
al

p
ro
p
e
rt
ie
s
o
f
th
e
ca

ta
ly
st
s

Sa
m
pl
es

Ph
os
ph

or
ou

s
lo
ad

in
g c

al
ca

(m
ol
e)

Ph
os
ph

or
ou

s
lo
ad

in
g e

xp
b

Su
rf
ac
e
ar
ea

(m
2
g�

1
)

T
ot
al

po
re

vo
lu
m
e
(c
m

3
g�

1
)

A
ve
ra
ge

po
re

si
ze

(n
m
)

C
ry
st
al
li
te

si
ze

c
(n
m
)

T
ot
al

ac
id
it
y

(m
m
ol

g�
1
)

A
ci
di
ty

de
n
si
ty

d

(m
m
ol

m
�
2
)

W
ea
k
to

m
ed

iu
m

ac
id

si
te

ra
ti
oe

(%
)

(m
ol
e)

T
iO

2
—

—
—

13
0.
06

4
18

.7
14

0.
08

0
0.
00

6
0.
0

15
P–

T
iO

2

0.
16

7.
6

0.
09

10
0.
07

2
28

.3
11

0.
26

7
0.
02

6
0.
11

4

30
P–

T
iO

2

0.
31

15
.2

0.
17

9
0.
05

2
22

.3
9

0.
13

0
0.
01

4
0.
17

2

60
P–

T
iO

2

0.
63

28
.2

0.
29

9
0.
02

5
10

.8
6

0.
04

3
0.
00

5
0.
21

7

a
C
al
cu

la
te
d
ph

os
ph

or
ou

s
lo
ad

in
g
ba

se
d
on

th
e
am

ou
n
to

fN
H

4
H

2
PO

4
em

pl
oy
ed

du
ri
n
g
th
e
sy
n
th
es
is
of

P
w
as

ad
de

d
in

th
e
E
xp

er
im

en
ta
ls
ec
ti
on

.b
E
xp

er
im

en
ta
lp

h
os
ph

or
us

lo
ad

in
g
m
ea
su

re
d
by

m
-E
D
X
R
F
te
ch

n
iq
ue

.c
C
al
cu

la
te
d
by

th
e
Sh

er
re
r
eq

ua
ti
on

.d
C
al
cu

la
te
d
by

di
vi
di
n
g
th
e
to
ta
la

ci
di
ty

by
su

rf
ac
e
ar
ea
.e

C
al
cu

la
te
d
by

di
vi
di
n
g
th
e
w
ea
k
ac
id

si
te

pe
ak

ar
ea

by
th
e
m
ed

iu
m

ac
id

si
te

pe
ak

ar
ea
.

Fig. 2 FTIR spectra of xP–TiO2 (a) before and (b) after calcination at
600 �C for 4 h.
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toluene > water which coincide with the trend of HMF yields
similar to this report by Gomes et al.59 who suggested that the R-
value is correlated with the HMF yield. Besides the R-value,
many researchers employ the Conductor-like Screening Model
for Realistic Solvation (COSMO-RS) computational methods to
estimate activity coefficients of HMF, allowing identication of
high performing solvents for solvent selection.62–64 The effect of
HMF partition coefficient (PHMF) has been reported by Blu-
menthal et al.63 who found that 1-butanol with a value of 1.7 is
the better than MIBK (PHMF ¼ 1.1). Wang et al.62 studied the use
of sigma potential for measuring pseudo-chemical potential
experienced by a molecular surface segment carrying a specic
surface charge density. They found that the toluene exhibits
a parabolic shape with positive chemical potentials for polar
surface segments, indicating unfavorable solvent interactions
of these segments of HMF and water.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) NH3-TPD profiles of catalysts with various phosphorous contents and (b–d) the NH3-TPD peak deconvolution of 15P–TiO2, 30P–TiO2,
and 60P–TiO2. The orange and the blue area represent acid sites with weak acid and medium acid strength, respectively.
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As for NaClaq:toluene system, the existence of a high
concentration of HMF in the aqueous phase is detrimental as
HMF is transformed to byproducts resulting in low HMF yield.
In contrast, 1-butanol having similar polarity as HMF facilitates
the HMF transfer from the aqueous phase to the organic phase
prohibiting the decomposition of HMF while driving the reac-
tion toward HMF production.34,65 Thus, NaClaq:1-butanol was
Fig. 4 In situ DRIFTS spectra of pyridine adsorbed on TiO2, 15P–TiO2,
30P–TiO2, and 60P–TiO2. B and L represent Brønsted acid and Lewis
acid sites, respectively.

© 2021 The Author(s). Published by the Royal Society of Chemistry
chosen as a solvent system of choice for further study in this
work due to the highest value of the partition coefficient (R ¼
4.1) and the highest extraction ratio (91%). Besides, the use of
primary alcohols such as ethanol, isopropanol, acetone, and n-
butanol as EP is more feasible for HMF production because they
have low boiling points enabling the product isolation and they
are environmentally friendly.61 In addition, unlike unsaturated
Fig. 5 Effect of organic solvent in the biphasic system on glucose
dehydration to HMF without a catalyst. The reaction was performed at
170 �C for 2 h.
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Table 2 Partition of HMF concentration between the organic and
aqueous phases, and values of the partition coefficient (R) for the
glucose dehydration reactiona

Solvent system

HMF in
organic
phase (%)

HMF in
aqueous phase
(%)

Partition
coefficient
(R)

Water 0 100 0
NaClaq/toluene 44.3 55.7 0.3
NaClaq/MIBK 70.7 29.3 1.0
NaClaq/1-
butanol

90.6 9.4 4.1

a Reaction condition: total volume 30 mL of solvent, reaction
temperature at 170 �C, reaction time 2 h.

Fig. 6 Effects of phosphate contents on the catalytic activity of
phosphate modified TiO2. Reaction conditions: glucose 0.3 g
(0.3 wt%), catalyst loading 0.1 g, total volume 30 mL (NaClaq/1-butanol
¼ 3 : 7 v/v), reaction temperature 170 �C for 4 h.
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solvents like toluene or MIBK, 1-butanol is inert during our
hydrogenolysis stage.64

3.3 Effects of phosphate modication on catalytic reactivity

We then investigated the effects of functionalization of phos-
phate on TiO2 for the glucose conversion to HMF using 3 : 7 v/v
of NaClaq/1-butanol as the solvent (Fig. 6). Addition of phos-
phate to TiO2 results in a slight decrease in glucose conversion
which is corresponded to the total acidity.

On the contrary, HMF selectivity increases with increasing
phosphate loading from 39% to 50% and 58% over TiO2, 15P–
TiO2, and 30P–TiO2, respectively, before decreasing with 60P–
TiO2 catalyst. A comparable trend was observed for the yield
of HMF where the maximal yield of 57% was obtained with
30P–TiO2. These results obviously reveal that the presence of
Brønsted acid from the phosphate groups in combination
with a suitable ratio of Brønsted and Lewis acid sites are
required for attaining optimal HMF yield and selectivity as
displayed in the 30P–TiO2 catalyst. At excessive loading of the
phosphate (60 wt%), sharp drops of HMF yield and HMF
selectivity were observed, possibly resulting from insufficient
total acidity and acid density of the catalyst. Note that the
extraction ratio of all reactions was maintained at a constant
indicating that the difference in the conversion, selectivity,
and yield are solely correlated with the intrinsic properties of
the catalysts.

3.4 Effects of reaction setup

Another factor that could affect the catalytic reactions is how
the reaction is set up. Typically, a reaction containing a cata-
lyst, glucose, and solvent is heated up from room temperature
to the desired temperature. However, the HMF production is
highly sensitive to the reaction temperature.4 Undesirable side
reactions favored at low temperatures could occur during the
temperature ramp-up. To avoid such an issue, we injected
glucose solution into the system that was already preheated to
the setpoint temperature. Specically, 30P–TiO2 (0.3 g) and 1-
butanol (70 mL) were added into a 300 mL semi-batch reactor.
The system was pressurized with nitrogen gas to 30 bar and
heated up to 170 �C. When the system reached the set
29202 | RSC Adv., 2021, 11, 29196–29206
temperature at 170 �C, 0.3 wt% of glucose concentration in
30 mL of NaCl solution was introduced into the reactor by
a liquid pump with a feed ow rate of 10 mL min�1. It takes
3 min to introduce the 30 mL of glucose/NaCl solution to the
system. The reaction was performed for 9 h with a sampling
interval of 3 h yielding the concentration prole shown in
Fig. 7.

From the catalytic testing, glucose conversion increased
rapidly in the rst 6 h and reached 92% conversion aer 9 h
while HMF selectivity and yield increased up to 6 h of reaction.
The drop of HMF selectivity and yield at the prolonged reaction
(9 h) might be associated with the rehydration of HMF as
indicated by the increased concentration of formic acid.51,66

Besides, humins formed via HMF polymerization were also
observed in the reaction for an extended amount of time which
could be noticed from the darker color of the used catalyst and
the product solution.67,68 Overall, the optimal reaction time is
6 h giving 86% of glucose conversion and 72% of HMF yield,
showing a signicant improvement over the typical reaction
setup.

The direct conversion of glucose to HMF was studied over
various catalytic systems as shown in Table 3. Zeolites, metal–
oxides, and metal–organic frameworks have been reported to
catalyze this reaction. The reaction temperature basically
ranged in 120–200 �C, althought the temperature below 140 �C
typically gave relatively low HMF yield.26,38,39 The HMF yield
above 50% were obtained from catalysts functionalized by acids
including SO3H-ZSM-5,69 SnP,70 PO4/NU(half),15 and Fe/AR.67

The SO3H-SPPS catalyst exhibited very high HMF yield of 87% in
an ionic liquid [EMIM]Cl as a reaction medium, yet the cost
effectiveness of ionic liquid remains controversial in an indus-
trialization aspect. Besides, the microwave system combined
with Ni-rGO71 and NiGO-FD71 catalyst would give excellent HMF
yield of 75% and 95%, respectively, althought scaling up
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Concentration–time profile of glucose, HMF and formic acid
and time-dependence on glucose conversion to HMF via 30P–TiO2.
Reaction conditions: glucose 0.3 wt%, catalyst loading 0.3 g, total
volume 100 mL (NaClaq/1-butanol ¼ 3 : 7 v/v), reaction temperature
170 �C.
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microwave reactor to industrial application is highly chal-
lenging. The present work applying a simple modication on
a cheap commercial catalyst like TiO2 could offer the promising
HMF yield above 70% in conventional thermal process. The use
of 1-butanol as a solvent is benecial for biomass conversion
applications, while 1-butanol can be produced by the fermen-
tation of biomass-derived carbohydrates providing integrated
biorenery concept. Moreover, the developed catalyst could
work effectively with a greener solvent system using alcohol as
the extraction phase. It should be noted that setup and
conguration of the reactor (such as reactor size and heating
process) as well as reaction conditions could strongly inuence
the performance and behavior of the catalyst and system.
Table 3 HMF yields from various catalytic systemsa

Catalyst

Reaction condition

Medium Total volume (mL)

MIL-101(Cr)–SO3H H2O/THF 5
Phosphate-TiO2 H2O/SBP 8
Hybrid-TiO2 Water 160
Hb zeolite H2O/THF 9.5
SO3H-ZSM-5 H2O/DMSO N/A
SnP NaClaq/THF 12
PO4/NU(half) H2O/2-propanol 1
Fe/AR NaClaq/THF 40
SO3H-SPPS [EMIM]Br 5
Ni-rGOM-A H2O/THF 4
NiGO-FDM-A H2O/THF 4
30P–TiO2 NaClaq/1-butanol 100

a N/A: not available. M-A: microwave-assisted.

© 2021 The Author(s). Published by the Royal Society of Chemistry
3.5 Reusability of catalyst

The reusability of catalyst is an important parameter deter-
mining the process feasibility. The spent catalysts were sepa-
rated from the product solution by ltration and then rinsed
with deionized water and ethanol until a clear supernatant was
obtained. Finally, the spent catalyst was dried in an oven at
80 �C for 12 h. Aer that, the catalyst was reused under the
optimal conditions described in Section 3.3. Fig. 8 shows that
the glucose conversion remains rather stable aer ve cycles
while slight decreases of the HMF yield and the HMF selectivity
were observed. The results suggest that the catalytic sites for the
reaction were partially blocked. The PXRD patterns of the fresh
catalyst and the spent catalysts (5th cycle), shown in Fig. 9 were
quite similar suggesting that the crystallinity was retained
although the peak intensity was slightly decreased. The spent
catalyst turned slightly darker in color indicating the carbona-
ceous deposition on the catalyst surface. Regarding the
elemental analysis, the carbon content of 1% was observed aer
the 5th cycle, in which the catalyst performance was slightly
suppressed. Besides the carbonaceous deposition, ion exchange
on the catalyst surface may also contribute to the catalyst
deactivation. Tang et.al.74 reported that the protons of Brønsted
acid can be replaced by common cations such as Na+ and K+ in
the reaction solution. Proton in the system would become free
protons depending on the extent of ion exchange. Aer that, the
process was catalyzed by both the free proton and the remaining
protons of the solid acid. The amount of phosphorus and
sodium in the spent catalysts in this work were evaluated by m-
EDXRF technique (see Fig. S1 and Table S1†). The phosphorus
content of the spent 30P–TiO2 decreased from 15 to 12% while
the sodium content increased to ca. 5%, conrming that the
catalyst deactivation was partially attributed to the cation
exchanged on the catalyst. When the phosphorus content is
reduced, the HMF yield and HMF selectivity both decrease
slightly.
HMF yield (%) Ref.Temp (�C) Time (h)

130 24 29 26
120 2 34 38
130 7 45 39
180 2 50 72
140 4 54 69
175 1 61 70
140 5 64 15
160 1 68 67
140 4 87 73
200 1 75 71
200 1 95 71
170 6 72 This work

RSC Adv., 2021, 11, 29196–29206 | 29203
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Fig. 8 Stability and reusability of the 30P–TiO2 catalyst in the
conversion of glucose to HMF. Reaction conditions: glucose 0.3 wt%,
catalyst loading 0.3 g, total volume 100mL (NaClaq/1-butanol¼ 3 : 7 v/
v), reaction temperature 170 �C for 6 h.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
Se

pt
em

be
r 

20
21

. D
ow

nl
oa

de
d 

on
 7

/1
3/

20
25

 1
1:

19
:1

3 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
4. Conclusion

We report here a facile and green synthesis of bifunctional P–
TiO2 catalysts for the one-pot conversion of glucose into HMF.
Effects of solvent composition, nature of acid sites, and reaction
setup were investigated and found to play an important func-
tion to obtain high HMF yield. Under optimal reaction condi-
tions with the semi-batch process to reduce undesirable side
reactions during the preheating step, the catalyst exhibits
exceptional glucose conversion of 86% and HMF yield of 72% at
170 �C for 6 h. The low cost, ease of synthesis, high catalytic
activity, and good reusability of this catalyst make it a good
candidate for industrial implementation.
Fig. 9 PXRD patterns of fresh 30P–TiO2 and spent 30P–TiO2.
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S. Godavarthi and J. G. Torres-Torres, Catal. Commun.,
2019, 129, 105273–105279.

23 L. Atanda, A. Silahua, S. Mukundan, A. Shrotri, G. Torres-
Torres and J. Beltramini, RSC Adv., 2015, 5, 80346–80352.

24 M. Moreno-Recio, J. Santamaŕıa-González and P. Maireles-
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