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In this research, catalytic upgrading of commercial sucrose (CS) into 5-hydroxymethylfurfuraldehyde (5-
HMF) was carried out using a reusable system with a short reaction time. The catalytic behavior for facile
production of 5-HMF was systematically described via important factors such as catalyst amount,
reaction temperature, reaction time and choline chloride (ChCl) amount. The sulfonic-magnetic-copper
carbonized carbon (S@Fe-Cu-C) catalyst was prepared via pyrolysis + sulfonation processes, and also
specifically characterized in detail. The catalytic capabilities of S@Fe-Cu-C and ChCl were systematically
studied, and the results indicated dramatic efficiency for the selective production of 5-HMF from CS
conversion via hydrolysis, isomerization and dehydration. The highest percent yield of 5-HMF product
achieved was 86.7% using experimental design. The S@Fe-Cu-C also exhibited the highest turnover rate

for the conversion of CS to 5-HMF when compared with various commercial catalysts. Meanwhile, the
Received 19th June 2023

Accepted 19th October 2023 reusability of the catalyst was investigated for up to 10 cycles with little change in the 5-HMF yield, and
S@Fe-Cu-C and ChCl could be recovered in a good way. This research focuses on the catalytic/reusable

DOI: 10.1039/d35e00788] capabilities for green production of 5-HMF, and could be further expected to have actual applications in

rsc.li/sustainable-energy renewable industry.

1. Introduction

Due to the large-scale diminution of fossil fuels in the envi-
ronment, the evolution of sustainable techniques for selective
production of renewable chemicals/energy is being realized in
detail.* Herein, biomass resources are regarded as a suitable
material for the production of green chemicals due to their
worldwide presence in highly abundant amounts.> Recently,
many kinds of green chemicals, such as formic acid (FA), lactic
acid (LA), 5-(hydroxymethyl)furfural (5-HMF), alkyl levulinate
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(AL) and others, have been produced using developed synthetic
procedures.® As a focal point, 5-HMF is an interesting chemical
(based on a high value-added chemical), which can be applied
for further transformation to 2,5-furandicarboxylic acid
(FDCA), 2,5-bis(hydroxymethyl)furan (BHMF), 5-(ethox-
ymethyl)-2-furaldehyde (5-EMF) and/or 2,5-dimethylfuran
(DMF).** As such, sugar is a most suitable substance that can
be really converted into the above chemicals, probably due to
its uncomplicated structure with reaction requirement.*”
Perez et al.*® reported that sugars such as fructose, glucose and
sucrose can be easily converted to 5-HMF (with an obtained
yield of about 50-90%) and other chemicals using ionic liquids
and homogeneous acid catalysts such as [MBCIm]SO;Cl,
[BMIM]CI, HCl, HNO; and/or H,SO,. However, there are
several issues; for example, it is difficult to be removed out and
recovered from the reaction system. Also, it cannot be totally
reused due to the similar characteristics of the liquid phase.™
Meanwhile, the further hydration and polymerization of 5-
HMF to form levulinic + formic acids and humins can possibly
occur since it strongly requires harsh conditions, such as
a large amount of catalyst (>2 times the substrate amount),
high temperature (>120 °C) and long reaction time (>60 min).
Thus, a sustainable/reusable route for specific production of 5-
HMEF should be considered in order to overcome the above
problems.*>*®
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Several researchers are considerably focused on applying
and modifying solid acid catalysts, since they can be reused in
several cycles when suitable conditions are applied. Recently,
Gupta et al.*® found that solid acid-loaded natural zeolite (PMA/
NZ) could well catalyze the selective conversion of sugar
(glucose and fructose) to 5-HMF at 140 °C for 4 h. Eblagon
et al.”” managed to synthesize and apply niobium oxide-phos-
phorylated carbon xerogel composites for the catalytic produc-
tion of 5-HMF (30.8% yield) from glucose conversion at 180 °C
for 30 min. Wang et al.*® successfully synthesized 5-HMF with
a high yield under fructose dehydration at 180 °C for 2 h using
a lignin-derived mesoporous carbon. Niakan et al.* reported
that catalytic fructose dehydration to 5-HMF could be well
achieved over propylsulfonic acid-modified mesoporous SBA-
15. Herein, even these catalysts present good catalytic activity
for 5-HMF production with a range of about 30-70% yield, but
the separation process is still complicated via centrifugation/
filtration techniques, leading to long operation time and high
operation cost. The utilization of magnetic material (Fe;0,4) can
be regarded as an interesting alternative to solve the above
mentioned issues, since it has excellent physicochemical
stability for catalytic reactions, and can also be easily separated
from the reaction system by using an exterior magnetic field.*®
Unfortunately, due to only Lewis acid sites existing on pristine
magnetic material, the catalytic production of 5-HMF from
sugar conversion may not be totally achieved since Brgnsted
acid sites on the catalyst are required for some reactions, such
hydrolysis and dehydration. The modification of the active sites
on magnetic materials should be considered as a promising
alternative route for this research field. Hu et al*® studied
a method for the preparation of a magnetic lignin-derived
carbonaceous catalyst, and applied it for the dehydration of
fructose into 5-HMF in DMSO with notable catalytic efficiency
and reusability. Karimi et al.>* prepared a propyl sulfonic acid-
functionalized magnetic graphene oxide nanocomposite via
a covalent immobilization technique, leading to facile/fast
separation by a magnet after complete reactions for 5-HMF
production. Le et al?* discussed that sulfonated magnetic
carbon nanoparticles not only give a yield of 5-HMF (51.6%)
from fructose conversion at 180 °C for 30 min, but also pre-
sented good recyclability of the catalyst up to three cycles.
However, some undesired features still occurred, such as high
production cost for 5-HMF in the high temperature range of
about 120-180 °C. In this case, the 5-HMF yield can be reduced
to some extent by further transformation and degradation into
undesirable products, such as acidic compounds, humins and/
or complex polymers. Also, many research studies focus on
using fructose as a starting feedstock for facile production of 5-
HMF because it can be obtained with a high yield. But in fact, it
still requires industrial operation costs for CS conversion into
fructose via hydrolysis and isomerization processes first.

To solve the issues mentioned above, in this study, 5-HMF
was easily produced from the one-step conversion of CS using
a reusable process over sulfonic-magnetic-copper carbonized
carbon (S@Fe-Cu-C). Here, a deep eutectic solvent (DES) was
also applied for a new generation of recycling process based on
remarkable properties such as low vapor pressure/melting
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points, high thermal stability, good biodegradability and envi-
ronmental friendliness.” The DES integration in the presence
of ChCl + MeCN + S@Fe-Cu-C was newly developed and
systematically studied for facile/fast/selective production of 5-
HMF from CS conversion. The S@Fe-Cu-C was specifically
characterized using BET, XRD, SEM-EDS, VSM, XPS, TGA, NH-
TPD and Py-FTIR techniques. The 5-HMF production and its
possible mechanism were carefully studied and discussed via
optimization techniques. The turnover rate of S@Fe-Cu-C for CS
conversion was examined with commercial solid acid catalysts
such Alumina, H-ZSM-5, SiO,-Tosic acid and Amberlyst-55.
Finally, the S@Fe-Cu-C catalyst was tested for reusability and
stability for 10 cycles without a restoration procedure.

2. Experimental

2.1. Synthesis of the catalyst support (Fe-Cu-C)

In brief, a definite amount of dried Ulva powder was added into
a solution consisting of iron trichloride and copper dichloride
at a molar ratio of 10 Fe to 1 Cu. The mixed solution was then
continuously stirred for 2 h, followed by a drying procedure at
100-110 °C. After complete impregnation, the pyrolysis of the
dried sample was carried out at 550 °C for 1 h under nitrogen
flow.>* Here, magnetic-copper carbonized carbon (Fe-Cu-C) was
obtained.

2.2. Synthesis of the active catalyst (S@Fe-Cu-C)

In brief, a definite ratio of synthesized Fe-Cu-C and sulfuric
chlorohydrin (SC) was added into ethanol (50 mL) under a reflux
set-up.”® The mixed solution was then continuously stirred for 6
h under nitrogen flow. After complete sulfonation, the S@Fe-
Cu-C catalyst was separated, and cleaned with distilled water,
followed by a drying procedure in an oven at 105 °C. Herein, the
synthesized S@Fe-Cu-C catalysts were named as SO@Fe-Cu-C,
S1@Fe-Cu-C, S2@Fe-Cu-C and S3@Fe-Cu-C based on the weight
ratios of SC to Fe-Cu-C of 0:1,1:1, 2:1 and 3: 1, respectively.
In addition, the synthesis procedures of the S@Fe-Cu-C cata-
lysts were summarized in each step (Fig. S17).

2.3. Catalyst characterization

The procedures for the characterization of the S@Fe-Cu-C
catalysts using BET, XRD, SEM-EDS, VSM, XPS, TGA, NH,-TPD
and Py-FTIR techniques are provided in the ESI (ESI).t

2.4. Catalytic experiment

The selective production of 5-HMF from CS conversion cata-
lyzed by S@Fe-Cu-C was proceeded using the traditional reflux
technique. In short, the exact amounts of CS and S@Fe-Cu-C
were added into a mixture of acetonitrile (MeCN) and ChCl
contained in a 100 mL glass tube (closed system). The reaction
conditions were systematically determined using experimental
design. After finishing the process, before ChCl was recrystal-
lized at a cool temperature, the spent S@Fe-Cu-C catalyst
should be rapidly separated out from the system using an
outward magnet. Meanwhile, the 5-HMF formed in the MeCN
layer was easily separated out after recrystallizing ChCl. Before
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the reusability test, the spent ChCl and S@Fe-Cu-C were care-
fully washed with butanone to remove some adsorbed organic
chemicals from their surfaces/structures.>®

2.5. Experimental design for 5-HMF production over the
S@Fe-Cu-C catalyst

Several advantages from experimental design were found; for
instance, (I) it could decrease some error in determining the
influence of each parameter and their interactions, (II) the
production cost of 5-HMF could be significantly reduced since
a lower number of experiments were carried out by DOE, and
(I1T) much more optimum conditions and response of the yield
could be obtained when compared with the conventional
experiments.” The effects of independent input parameters
such as X; = ChCl adding amount (g), X, = S@Fe-Cu-C adding
amount (g), X3 = reaction temperature (°C) and X, = reaction
time (min) on the response of 5-HMF yield were investigated to
find the significant levels using 2* factorial design at a 95%
confidence level. The ranges of factorial design consisting of
sixteen experiments with low (—1) and high (1) levels are shown
in Table 1. The regression model for determining the effect of
each parameter was provided as follows in eqn (1):

k
Y =80+ BX+ Y. > BXX (1)
i=1

i<j

where Y is the percentage of 5-HMF yield, £, is the intercept/
constant coefficient, §8; is the linear coefficient, §; is the inter-
action coefficient of each parameter and X; and X; are the codes
of independent input parameters.

The optimization of the synthesis of 5-HMF and the
responses under a deep eutectic solvent-biphasic system were
designed by using three levels of Box-Behnken model based on

Tablel Experimentalinvestigation of 5-HMF production derived from
2* factorial design®

5-HMTF yield
Run X (g) X, (g) X; (°C) X, (min) (%)
1 12(-1) 02(-1) 80(-1) 60(1) 45.4
2 6.0(-1) 02(-1) 80(-1) 60(-1) 51.5
3 12(-1) 141 80 (—-1) 60 (1) 45.0
4 6.0(-1) 14(1) 80 (—-1)  60(-1) 61.2
5 12(-1) 02(-1) 130(1) 60 (-1) 49.4
6 6.0(-1) 02(-1) 130(1) 60 (—1) 59.2
7 12(-1) 141 130 (1) 60 (-1) 51.8
8 6.0(-1) 14(1) 130 (1) 60 (—1) 76.0
9 12(-1) o02(-1) 80(-1) 120(1) 46.0
10 6.0(-1) 02(-1) 80(-1) 120(1) 50.9
11 12(-1)  14(1) 80 (—-1)  120(1) 40.8
12 6.0 (—1) 1.4 (1) 80 (—1) 120 (1) 62.0
13 12(-1) 02(-1) 130(1) 120 (1) 48.9
14 6.0 (—1) 0.2 (-1) 130 (1) 120 (1) 58.8
15 12(-1) 141 130 (1) 120 (1) 52.5
16 6.0 (—1) 1.4 (1) 130 (1) 120 (1) 80.2

% The factors are coded as follows: X; = ChCl adding amount (g), X, =
S@Fe-Cu-C adding amount (g), X; = reaction temperature (°C) and X,
= reaction time (min).
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quadratic/response surface methodology. This model was
defined from a combination of factorial with incomplete block
designs, presented in the shape of a box. Meanwhile, the
internal structure of the box was assigned by a wire frame,
which constituted the edges of the box. The number of experi-
ments in this design was fixed as Ney, = 2Np(Np — 1) + Nep,
where N, is the number of experiments, Nj, is the number of
input parameters and N, is the number of central points.*® The
ranges of this design consisting of fifteen experiments with low
(—1), medium (0) and high (1) levels are shown in Table 2. The
quadratic model for maximizing the 5-HMF yield was provided
as follows in eqn (2):

Y =By + B1 Xy + B2Xa + B3X5 + BriXi? + By
+ B33 Xs” + X1 X + B3 X1 Xz + B23Xa X5 (2)

where Y is the percentage of 5-HMF yield, @, is the intercept/
constant coefficient, 8;, 8, and (; are the linear coefficients, §4;,
822 and (33 are the quadratic coefficients, 81, ;3 and §,; are the
interaction coefficients of each parameter and X;, X, and X; are
the codes of independent input parameters.

2.6. 5-HMF analysis

The 5-HMF products were determined by an Agilent 1200 high
performance liquid chromatography (HPLC) system, operating
with an ultraviolet (UV) detector at 284 nm, an analytical
column at 30 °C and a mobile phase of water/methanol (0.8/0.2
(v/v)). The CS conversion was determined by an Aminex HPX-
87H column, operating with a Refractive Index (RI) detector and
analytical column at 65 °C using 0.05 M H,SO, as a mobile
phase at a flow rate of 0.55 mL min~*. The amount of 5-HMF
product (%mol) were calculated based on an external standard
method.” To confirm their reproducibility, each experiment
was repeated at least 3 times under the same conditions.

Table 2 Experimental investigation of 5-HMF production derived
from Box—Behnken design®

5-HMF yield (%)

Run X1 (g) X () X; (°C) Observed Predicted
1 1.2(-1)  02(-1) 105 (0) 59.0 59.9
2 6.0 (1) 0.2 (—1) 105 (0) 65.2 62.1
3 1.2 (-1)  1.4(1) 105 (0) 58.9 62.0
4 6.0 (1) 1.4 (1) 105 (0) 70.6 69.7
5 1.2(-1)  0.8(0) 80 (—1)  69.2 66.2
6 6.0 (1) 0.8 (0) 80 (—1) 72.3 73.3
7 1.2(-1)  0.8(0) 130 (1) 69.3 68.3
8 6.0 (1) 0.8 (0) 130 (1) 68.2 71.2
9 3.6 (0) 02(-1) 80(-1)  73.7 75.8
10 3.6 (0) 02(-1) 80(-1)  75.3 75.3
11 3.6 (0) 1.4 (1) 130 (1) 70.4 70.4
12 3.6 (0) 1.4 (1) 130 (1) 82.8 80.7
13 3.6 (0) 0.8 (0) 105 (0) 85.1 85.1
14 3.6 (0) 0.8 (0) 105 (0) 85.4 85.1
15 3.6 (0) 0.8 (0) 105 (0) 84.8 85.1

“ The factors are coded as follows: X; = ChCl addition amount (g), X, =
S@Fe-Cu-C addition amount (g) and X; = reaction temperature (°C).
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3. Results and discussion

3.1. Catalyst characterization results

The investigation of the N, sorption behaviors via isotherms
and porous distributions of the S@Fe-Cu-C catalysts at different
weight ratios of SC to Fe-Cu-C are provided in Fig. 1. As repre-
sented in Fig. 1A, all of the prepared catalysts exhibited IUPAC
(type IV) isotherms, which were specific to mesoporous mate-
rials. It should be noted that a few micropores might have
generally existed since high adsorption capacity at low adsor-
bate pressure was found for all catalysts. Remarkably, the
capacity of the hysteresis loop found in each isotherm
decreased when the weight ratios of SC to Fe-Cu-C increased,
resulting from the substantial existence of sulfonic groups on
the porous catalysts.** For Fig. 1B, the range of porous distri-
bution in each catalyst had no notable change, indicating that
the functionalization process in this study had no effect on
porous blockage nature.** These BET-BJH results were well
supported in detail as shown in Table 3. Here, the surface area
and pore volume decreased from 598.1 to 522.7 m*> g ' and
1.11 to 0.78 cm® g%, respectively, when the weight ratios of SC
to Fe-Cu-C were increased in series.

The SEM result of S2@Fe-Cu-C is provided in Fig. 2A. It is
clearly observed that S2@Fe-Cu-C presented an irregular
morphology. Meanwhile, no bulks/particles of iron and/or
copper oxides were clearly found on the S2@Fe-Cu-C surface,
indicating that the dispersive natures of these oxides were good
during the preparation process.*” In Fig. 2B-E, the EDX results
confirm that the actual existence of sulfur, iron and copper
elements was detected with a valid distribution on the S2@Fe-
Cu-C structure. Fig. 3 shows the XRD results of the S@Fe-Cu-C
catalysts at different weight ratios of SC to Fe-Cu-C. One can

(A)

S0@Fe-Cu-C

S1@Fe-Cu-C

S2@Fe-Cu-C

S3@Fe-Cu-C

Relative adsorbed volume (a.u.)

T T T T T

02 04 06 08
Relative pressure (P/P)

0.0 1.0

Fig. 1
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observe that the reflective peaks of the magnetic structure were
found at about 30, 35, 44, 54, 57 and 63° while the intensity
peaks were notably decreased with an increase in the weight
ratio of SC to Fe-Cu-C, suggesting that sulfonic groups were well
covered on the S@Fe-Cu-C structure.**?* It should be remarked
here that no reflective peak of copper oxide was detected,
resulting from a small loading amount as well as very small
particle sizes.

The FT-IR spectra of S2@Fe-Cu-C are shown in Fig. 4A. As
expected, the major FT-IR peaks of the organic compounds in
S2@Fe-Cu-C at wavenumbers of about 3400, 1600, 1370, 1100
and 1020 cm ™" were detected, belonging to sulfonic, carboxylic
and phenolic groups on the catalyst structure.*® Meanwhile, the
FT-IR peaks of magnetic and copper oxides were found at
around 550 and 510 cm ™', respectively.*® The XPS spectrum of
S2@Fe-Cu-C is shown in Fig. 4B-E. As detected, (I) the peaks of
S 2p were detected at 168.8 (S=0) and 167.6 (C-S) eV; (II) the
peaks of O 1s were detected at 533.5 (C=0), 532.8 (S=0), 531.8
(C-0), 531.1 (Cu-0O) and 530.4 (Fe-O) eV; (I1I) the peaks of Fe 2p
were detected at 710.8 (Fe**), 712.0 (Fe*"), 723.8 (Fe**) and 725.9
(Fe*") eV; (Iv) the peaks of Cu 2p were detected at 934.1 (Cu®),
943.0 (Cu**), and 953.9 (Cu®) eV. The FT-IR and XPS results
confirm that the active sites in S2@Fe-Cu-C were well present
for the catalytic reaction.’

The NH,-TPD results of the S@Fe-Cu-C catalysts at different
weight ratios of SC to Fe-Cu-C are presented in Fig. 5A. Here,
only two TPD peaks were basically classified as two kinds of acid
sites. A lower temperature range of about 75-200 °C for
ammonia desorption was observed for weak acidic sites, while
that for strong acidic sites was at a higher temperature of
200-300 °C. For SO@Fe-Cu-C, one main peak at low temperature
was detected, belonging Lewis acidic sites. It should be

(B)

S0@Fe-Cu-C

S1@Fe-Cu-C

S2@Fe-Cu-C

Relative dV(logd) (a.u.)

S3@Fe-Cu-C

L B T T T T T T T

0 2 4 6 8 10 12 14
Pore size (nm)

(A) N> sorption isotherms and (B) pore size distributions of the S@Fe-Cu-C catalysts at different weight ratios of SC to Fe-Cu-C.
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Table 3 Physical and chemical properties of various as-prepared catalysts

Surface area Pore volume Pore size Acidity (mmol
Catalyst (m> g™ (em® g™ (nm) g
S0@Fe-Cu-C 598.1 1.11 3.45 1.86
S1@Fe-Cu-C 583.4 1.03 3.44 2.97
S2@Fe-Cu-C 565.3 0.92 3.41 3.58
S3@Fe-Cu-C 522.7 0.78 3.42 3.21
Spent S2@Fe-Cu-C* 548.1 0.67 3.12 3.50

@ After reusability test for 10 cycles.

remarked here that Lewis acidic sites were generally generated
by compositions of magnetic and copper oxides present in the
catalyst structure. Remarkably, after increasing the weight
ratios of SC to Fe-Cu-C from 0:1 to 2:1, the ammonia
desorption peak at high temperature was continuously

increased, suggesting that Breonsted acid sites were greatly
introduced on the catalyst structure via a functionalization
procedure of sulfonic acid groups. Unexpectedly, the pattern of
ammonia TPD peak was notably changed for S3@Fe-Cu-C when
compared with S1@Fe-Cu-C and S2@Fe-Cu-C. This might have

S element

Cu element

Count

Map Sum Spectrum

Fig. 2

This journal is © The Royal Society of Chemistry 2023

(A) SEM image, (B—D) EDS mapping images and (E) EDS spectrum of S2@Fe-Cu-C.
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Fig. 3 XRD patterns of the S@Fe-Cu-C catalysts at different weight
ratios of SC to Fe-Cu-C.

resulted from over loading of sulfonic acid groups on the
catalyst, leading to significant destruction of the catalyst
structure during the preparation procedure. Based on these
NH;-TPD results, their acidities were well supported in detail as
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shown in Table 3. Here, the total acidities were increased from
1.86 to 3.58 mmol g~ " with an increase in their weight ratios of SC
to Fe-Cu-C from 0:1 to 2 : 1, while the acidity of S3@Fe-Cu-C was
3.21 mmol g '. The Py-FTIR spectra results of the S@Fe-Cu-C
catalysts at different weight ratios of SC to Fe-Cu-C are presented
in Fig. 5B. It should be remarked here that three major peaks at
vibrating wavenumbers of about 1450, 1490 and 1545 cm™ ' were
specifically correlated to Lewis acidic, Lewis-Brensted acidic and
Brensted acidic positions, respectively.*>*" As anticipated, more
loading amount of sulfonic groups on the catalyst, such as
S1@Fe-Cu-C and S2@Fe-Cu-C, could greatly enhance in number/
position the Brensted acidity with their intensity peaks. The ob-
tained results from Py-FTIR were in good agreement with the
NH;-TPD survey. The additional results and discussion of
TGA and VSM are provided in SI (Fig. S2 and S3t). Based on
these characterization results, the existence of active sites on the
S@Fe-Cu-C catalyst, including Brgnsted and Lewis acid sites, was
highly useful for catalytic reactions, especially for hydrolysis,
isomerization and dehydration reactions.

3.2. Catalytic design for 5-HMF production

Since S2@Fe-Cu-C had the highest acidity, it was applied for all
catalytic reactions. Table 1 shows the results of 5-HMF
production from CS conversion over S@Fe-Cu-C in each batch
experiment via 2* factorial design using a rectilinear model. As
shown by the results, the product yields of 5-HMF produced
from CS conversion over the S@Fe-Cu-C catalyst were in the
range of about 40-80%. As represented in Fig. 6, the probability
plots were investigated to primarily scrutinize the significant

' A) (B)

Relative intensity (a.u.)

Relative transmittance (a.u.)

Relative intensity (a.u.)

2800 2000 1200 172 171 170

Wavenumber (¢cm™)

3600 400

Relative intensity (a.u.)

735 730 725 720 715 710 705
Binding energy (eV)

Fig. 4
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(A) FT-IR spectra of S2@Fe-Cu-C. XPS spectra of S2@Fe-Cu-C: (B) S 2p, (C) O 1s, (D) Fe 2p and (E) Cu 2p.
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Fig. 6 Normal probability plot for the catalytic production of 5-HMF
from CS conversion over S@Fe-Cu-C.

factors for 5-HMF production. One can survey that three
significant factors, namely ChCl addition amount (X;), S@Fe-
Cu-C addition amount (X,) and reaction temperature (X3),
including X, X, interaction between the added amount of ChCl
and S@Fe-Cu-C, had a great impact on the yield of 5-HMF. The
major sequence of each factor that affected catalytic production
of 5-HMF from CS conversion was ChCl addition amount >
reaction temperature > S@Fe-Cu-C addition amount. It should
be remarked here that the range of reaction time (60 to 120 min)
had no notable effect for increasing the yield of 5-HMF. Actu-
ally, a long reaction time was highly needed for 5-HMF forma-
tion by our conventional system, but it could lead to further

This journal is © The Royal Society of Chemistry 2023
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(A) NH3-TPD profiles and (B) pyridine-FTIR spectra of the S@Fe-Cu-C catalysts at different weight ratios of SC to Fe-Cu-C.

production of polymeric humins via general condensation or
polymerization.*” This indicated that fast production of 5-HMF
was well achieved in this work via the excellent catalytic system.
Thus, the catalytic production of 5-HMF in the shortest reaction
time of 1 h was conditionally fixed for all catalytic testing. Table
4 shows the variance analysis for the catalytic production of 5-
HMF from CS conversion over S@Fe-Cu-C under a precise level
at 95% (Fo.05)-

In addition, the maximal and minimal F-values were 900.30
and 220.67, belonging to ChCl addition amount and S@Fe-Cu-C
addition amount, respectively. It should be remarked here that
ChCl and S@Fe-Cu-C should be loaded with suitable amounts.
These analysis results were in good agreement with the survey
of normal probability as shown in Fig. 6. From these results, the
predicted 5-HMF yield was carefully calculated via a rectilinear
model, and provided as follows in eqn (3):

Y =54.99 + 7.501X, + 3.714X, + 4.626X; + 3.661X1 X, (3)
where Y is the 5-HMF yield (%), X; is the ChCl addition amount
(g), X, is the S@Fe-Cu-C addition amount (g) and X; is the
reaction temperature (°C).

The probability and distribution plots of the residuals are
provided in Fig. 7. As found, the rectilinear model had great
preciseness with R* > 0.9 (variance level = 98.39%), while the
distribution behavior was devoid of anomaly characteristic.
From this factorial design, the shortest reaction time (60 min)
was chosen for the next step on optimization of 5-HMF
production from CS conversion over S@Fe-Cu-C via Box-
Behnken design with a quadratic model. Table 2 represents the
experimental results of optimum production of 5-HMF from CS
conversion over S@Fe-Cu-C. The predicted 5-HMF yield was
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Table 4 Analysis of variance (ANOVA) determined from 2* factorial design for the catalytic production of 5-HMF from CS conversion over S@Fe-

Cu-C*

Source of variation Sum of square Degree of freedom Mean square Foalue Feritical
X, 900.30 1 900.30 75.76 5.32
X, 220.67 1 220.67 18.57

X3 342.44 1 342.44 28.82

X4 0.02 1 0.02 0.00

XX, 214.48 1 214.48 18.05

X, X3 52.49 1 52.49 4.42

Error 106.95 9 11.88 —

Total 1784.85 15 — —

“ The factors are coded as follows: X; = ChCl addition amount (g), X, = S@Fe-Cu-C addition amount (mmol), X; = reaction temperature (°C) and X,

= reaction time (min).
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Fig.7 (A) Normal probability plot of residual value and (B) distribution
plot of residual versus predicted 5-HMF vyield determined from 2*
factorial design for the catalytic production of 5-HMF from CS
conversion over S@Fe-Cu-C.

carefully calculated via the quadratic regression model, and
provided as follows in eqn (4):

Y =85.1+2.483X, +2.421X, + 0.011X; — 13.746X;> — 7.934 X2
— 1.614X3% + 1.38X, X, — 1.055X, X5 + 2.703X,X; (4)
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where Y is the 5-HMF yield (%), X; is the ChCl addition amount
(2), X, is the S@Fe-Cu-C addition amount (g) and X; is the
reaction temperature (°C).

The predicted yield of 5-HMF was calculated from eqn (4)
and the result is shown in Table 2. As shown in Fig. 8, as found,
the quadratic model had great preciseness with R* > 0.9 (vari-
ance level = 95.36%), while the distribution behavior was
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Fig. 8 (A) Plot of observed versus predicted values of 5-HMF yield and
(B) distribution plot of residual value versus predicted 5-HMF yield
determined from Box—Behnken design for catalytic production of 5-
HMF from CS conversion over S@Fe-Cu-C.
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devoid of anomaly characteristics for 5-HMF production in this
work. To understand the interaction in each significant factor,
the optimization via response surface methodology is provided
in Fig. 9. The 3D interaction between the ChCl addition amount
and S@Fe-Cu-C addition amount for the catalytic production of
5-HMF from CS conversion at a constant value of reaction
temperature pf 105 °C (medium level) is represented in Fig. 9A.
The incremental increase of the ChCl addition amount from 1.2
to 3.6 g could have exclusively enhanced the formation rate of 5-
HMF from 68.8 to 85.8%. However, when a ChCl addition
amount of >3.6 g and/or a S@Fe-Cu-C addition amount of >0.92
g were used, the 5-HMF yield was obviously decreased, resulting
from high viscosity in the mixture system. Also, too many active
sites might promote catalytic polymerization of 5-HMF into
humins, leading to low selective production of 5-HMF.* Inter-
estingly, the existence of ChCl with a suitable amount could
suppress the side reactions as well as avoiding its further
degradation during the reaction process. Anyway, if too large an
amount of ChCl was used, the 5-HMF molecule that might be
possibly adsorbed on ChCI recrystallized after finishing the
reaction process, resulting in the reduction of the 5-HMF yield.
It should be noted that the ChCI crystal was not destroyed even
when a large amount of S@Fe-Cu-C (heterogeneous acid cata-
lyst) was added. This was totally different when compared with
using HCI (homogeneous acid catalyst).>® The ChCl molecule

5-HMTF yield (%)

5-HMF yield (%)

Sustainable Energy & Fuels

could be easily destroyed when too large an amount of HCI was
used, leading to improbability for recrystallization and recycling
processes of the spent ChCl. Here, the possible reaction path-
ways for catalytic conversion of CS into 5-HMF and other
products, including their discussion, are thoroughly provided
in the SI (Fig. S47).

In Fig. 9B, the 5-HMF production was maximized at 85.4%
from interaction between a ChCl addition amount of 3.6 g with
a reaction temperature of 105 °C at a constant value of S@Fe-
Cu-C addition amount = 0.8 g (medium level). In the case of
Fig. 9C, a little higher yield of 5-HMF (85.6%) was evidently
obtained at 105 °C using S@Fe-Cu-C and ChCl amounts of 0.9
and 3.6 g, respectively. It should be remarked here that the
reaction temperature used in this study never exceeded 105 °C
even though a higher reaction temperature was usually required
as a gainful influence, probably due to further conversion of 5-
HMF into humins. In addition, active solvent might be evapo-
rated during the reaction when an unsuitable temperature was
applied. Thus, experimental design was beneficial for optimal
production of 5-HMF from CS conversion over the DES (ChCl +
MeCN + S@Fe-Cu-C) system. From these designs, the 5-HMF
product could be optimally formed with 86.2% predicted yield
under the best conditions, such as ChCl addition amount of
3.82 g, S@Fe-Cu-C addition amount of 0.91 g, reaction
temperature of 105 °C and reaction time of 60 min. To confirm

5-HMF yield (%)

Fig.9 Response surfaces determined from 5-HMF yield: (A) interaction effect of ChCland S@Fe-Cu-C addition amount, (B) interaction effect of
ChCl addition amount and reaction temperature, and (C) interaction effect of S@Fe-Cu-C addition amount and reaction temperature.
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the experimental infallibility, three experiments under the
above conditions were performed, and the results evidently
found that the actual yield obtained was 86.7%, demonstrating
that these designs were reasonable for 5-HMF production. To
compare and update, as shown in Table S1 and Fig. S5, the
results indicate that our catalytic activity for 5-HMF in current

was in a good way.**™*®

3.3. Catalytic reusability

Fig. 10A presents the reusability and stability of S@Fe-Cu-C and
ChCl for catalytic conversion of CS into 5-HMF under the
optimum conditions obtained in Section 3.2. It is found that
a few reductions of 5-HMF yield were detected during the
reaction for 10 cycles, demonstrating that the co-application of

100

Paper

S@Fe-Cu-C and ChCl was good for sustainable production of 5-
HMF. In contrast, as presented in Fig. 10B, the long-term
reusability of H,SO, with ChClI for selective production of 5-
HMF was remarkably lower when compared with using both
S@Fe-Cu-C and ChCl. Here, when S@Fe-Cu-C was applied, the
percent yield was reduced only 7.3% for 10 cycles while H,SO,
caused a 46.8% reduction in 5-HMF yield. This phenomenon
should be attributed to the destruction of the ChCl structure,
resulting in low availability of active sites, especially using
a homogeneous H,SO, catalyst. In the case of spent S@Fe-Cu-C,
slight deactivation should be due to the adsorption of polymeric
intermediates on the active surface.*® This could be obviously
verified from the slight reduction of surface area (from 565.3 to
548.1 m” g~ ') and pore size (from 3.41 to 3.12 nm) of the spent

5-HMF yield (%)
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Fig. 10 Catalytic reusability for 5-HMF production from CS conversion using (A) S@Fe-Cu-C and (B) H,SO4.
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catalyst (Table 3). It should be noted here that the acidities of
the fresh and spent catalyst were not remarkably different,
indicating that no sulfonic leaching significantly occurred
during this test.

Here, the amount of H,SO, added in the reaction system was
defined using the same concentration with S@Fe-Cu-C acidity.
From the results, one can see that the catalytic performance
(ChCl + H,S0,) based on 5-HMF yield was drastically decreased
to some extent with the escalation in recycling number. These
phenomena should be attributed to the integrating influence
between H,SO, and ChCl, leading to further transformation of
5-HMF into side products.”® Remarkably, the efficiencies for
ChCl recrystallization and the recycling processes were clearly
suppressed when a homogeneous catalyst such as H,SO, was
applied with the escalation of each recycling number. In
contrast, the utilization of a heterogeneous catalyst such as
S@Fe-Cu-C could well maintain the ChCI recrystallization/
recycling processes, including sustainable production of 5-HMF
up to ten cycles. Thus, it can be summarized that the as-devel-
oped sustainable system was likely preserved for long-term
stability/reusability, and had high possibility to be further
applied in practical processes for 5-HMF production from CS
conversion.

4. Conclusions

The preparation of the S@Fe-Cu-C catalyst was achieved, which
could be co-applied with ChCl for green production of 5-HMF.
The physical and chemical characteristics were summarized in
detail. Three factors, namely ChCl addition amount, S@Fe-Cu-C
addition amount and reaction temperature, had a great impact
on the yield of 5-HMF in this study. Co-application between
S@Fe-Cu-C and ChCl was found to be of great usefulness for
facile production of 5-HMF in traditional systems. The contri-
bution of magnetic and copper oxide on the catalyst structure
perfectly supported catalytic conversion of CS, especially for the
isomerization cycle. The 5-HMF product could be actually
produced with an average yield of 86.7% under the best
conditions, namely ChCl addition amount of 3.82 g, S@Fe-Cu-C
addition amount of 0.91 g, reaction temperature of 105 °C and
reaction time of 60 min. The reusability test confirmed that the
contribution of the heterogeneous catalyst could maintain the
perfect stability of the ChCl structure, leading to sustainable
production of 5-HMF. This research provided a suitable route
for selective production of 5-HMF using green catalysts.
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