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An eco-friendly and low-cost lignosulfonate-based acidic carbonaceous catalyst (LS-SOsH) was effectively
fabricated using the sulfite pulping by-product of sodium lignosulfonate as a precursor by facile one-step
simultaneous carbonization and sulfonation, and employed for the synthesis of promising biofuel furan
derivatives from biorenewable feedstocks. The catalyst preparation conditions significantly affected the
preparation and properties of LS-SOzH. A relatively high catalyst preparation yield (40.4%) with strong
—SOzH density (1.33 mmol g~ were achieved when the lignosulfonate was treated in concentrated
H,SO4 solution at 120 °C for 6 h. The preparation yield of LS-SOzH was nearly twice as much as that of
one-step prepared catalyst using alkaline lignin (another technical lignin from pulping) as a precursor.
The as-prepared LS-SOzH had similar textural characteristics to the frequently-used two-step prepared

carbonaceous catalyst involving pyrolysis carbonization and sulfonation. LS-SOsH was found to show
Received 8th March 2018 . L . . . .
Accepted 21st April 2018 good catalytic activity for the synthesis of 5-ethoxymethylfurfural (EMF) in ethanol medium, affording

around 86%, 57% and 47% yields from 5-hydroxymethylfurfural (HMF), fructose and inulin, respectively.

DOI: 10.1039/c8ra02056f Also, a high HMF yield of 83% could be obtained from fructose when DMSO was replaced as reaction
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1. Introduction

With the diminishing fossil fuels and worsening environmental
quality, the development of alternative fuels and chemicals
from renewable biomass resources has been receiving much
needed attention.' As a key bio-based platform compound for
fuels and plastic, the synthesis of 5-hydroxymethylfurfural
(HMF) from biomass-derived carbohydrates has been broadly
investigated.” Recently, 5-ethoxymethylfurfural (EMF), as one of
the derivatives of HMF, has received considerable attention
purporting its potential use as an alternative biofuel owing to its
relatively high energy density (8.7 kW h L™").2 It is known that
these furan derivatives can be directly produced from one-pot
conversion of carbohydrates catalyzed by acid catalyst. Pres-
ently, solid acid catalysts such as protonated zeolites,* ion-
exchange resins,” sulfonated metal oxides,® heteropoly acid
salts,” metal-organic frameworks,® and carbon-based acids® are
widely applied in these reactions because they are less corrosive
than liquid acids, form less pollutants after reaction and can be
readily recycled.>* In spite of significant advances from the
persistent studies, the main obstacles for practical application
include the complex preparation procedures of the most solid
acids and expensive catalyst cost. Consequently, the develop-
ment of easy-prepared and low-cost solid acid catalysts for the
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medium. The used LS-SOsH was readily recovered by filtration, and remained active in recycle runs.

transformation of carbohydrates into furan derivatives such as
EMTF is still a challenge.

Lignin is the second most abundant lignocellulosic biomass
fraction after cellulose and the richest natural aromatic organic
polymer. At an industrial scale, technical lignin is generally
produced as a by-product of lignocellulosic biomass utilization
in pulp mills and it is traditionally divided into two distinct
classes, namely alkaline lignins (include kraft lignin and soda
lignin) and lignosulfonate.™* Of late years, lignin has attracted
increasing attention as an underutilized renewable material for
the preparation of high-value polymeric materials due to its
highly phenolic and aliphatic hydroxyl groups,'* as well as the
production of liquid fuels and chemicals.”® On the other hand,
lignin has higher carbon content than carbohydrates that
benefits the economics in carbonaceous material production.
Recently, lignin has been proposed as a superior carrier mate-
rial for the fabrication of carbonaceous solid acid catalyst, and
the related reports were summarized in Table 1.** Beyond
doubt, using lignin as a precursor of solid acid catalyst not only
provides an inexpensive and biorenewable catalyst source but
also supplies a complementary pathway for the resource utili-
zation of lignin as a part of biorefinery. It can be found from
literatures that alkaline lignins were usually used as lignin-
based solid acid catalyst materials, and the prepared catalysts
were active in the synthesis of biodiesel, cellulose hydrolysis,
and sugar dehydration. Nevertheless, it is a fact that almost all
alkaline lignins are burned to generate energy for conferring to

This journal is © The Royal Society of Chemistry 2018


http://crossmark.crossref.org/dialog/?doi=10.1039/c8ra02056f&domain=pdf&date_stamp=2018-04-26
http://orcid.org/0000-0002-6084-151X
http://orcid.org/0000-0003-4644-5905
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra02056f
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA008028

View Article Online

RSC Advances

Paper

1e3ns 3uronpal o3ul asoN[[ad

Y 2T ‘D, 081 ‘YOSPH :uoneuoynsg

4 € ‘D, 0S¥ :UOneZIuoqIed SISA[0IA]

Tm [oww ‘sdnoid
PIOE JO SanIsua(

2oeJIns 1A9

QUITBISAID0IOTW JO SISA[OIPAH 88°0 TS°€E 7°88¥ Y 9 ‘"OdfH %0¥ :uoneudaiduwy uru3iy eV SPIOE PI[OS PIALIIP-UTUSIT
0T ‘D, 0ST ‘YOS®H :uoneuojng
Y T ‘D, 00F :UOIIBZIUOQIED SISA[OIA]
syro yuerd U T ‘D, 08T ‘[oUeyId
[eN30€ WoOoIj [9S3ATPOIq 2oNpoid 90'T Ge's VAL [BOTILIOQNS :UONBZIUOCIED [BUWLIIYIOA[OS urugi| aurexeaq SpIOe sSnoadeuoqIe)
9S0[N[[20-0UBU pUE ISOIN[S Y 02 ‘D, 00T :JUSWILAT) [BWIdYIOIPAH s19qy uoqIed s1sA[ered proe
03 9SO[N[[39 SISA[OIPAH 95°0 88°0 0S¥ Y 0T ‘D, 0ST ‘YOSTH :uoneuojns pareAnde paseq-urudry PI[OS [BUOISUIWIP-2UQ
Y 0T ‘D, 0ST ‘YOS?H ruoneuojng
AWH 03Ul U I ‘D, 00¥ :uoneziuoqied sisA[oikd urugiy 15ATeID SNOdBUOqIED
95030N1J Jo UoneIPAY2Q 1270 S6'T 9'¥€T Y ¢ ‘¥[D3d ,_1T [oww 0T :uopeudaidwy SISAJOIPAY dnewAzuyg PoALIOP-UTUSI oTIoUSeIN
uaINg-g-[Ay3owWIp-¢‘g
Jo uoneipAy pue
PIOE O1190® JO UONIBOYLINSH LE°0 TT'T XA S ‘D, 0S ‘OpHo[Yd [AIng[ns :uoneUojNS uru3iy SISA[0IpAY POy pIoe pI[os paseq-urugdIy
q 2T ‘D, 0ST ‘YOS°H :uoneuojng
Y 0T ‘D, ST 1SATeI8D pajeuoy[ns
urnut woiy uononpord JNH £8°0 1T 7> ‘O%H :UONBZIUO]IED [BUWLIIYIOA[OS urugdiy aurreNeaq paseq-uoqred snoydiowry
yooisdeos ueaqios BEY (:31:5)
POYIpIOe WOIJ [9SIIPOI] JO SISOYIUAS 980 LT Vi % YT ‘D, 0ST POSH “N :uoneuojns urudry SN0JJBUOQIED PIALIIP-UTUSIT
Y T ‘D, 00T ‘"OS®H :uoneuojng
[9sa1poiq 03 10 eydoiye[ Jo UOISIOAUOD U T ‘D, 00F :UODBZIUOQIRD SISA[OIA]
pUE pIdE J19]0 JO UONIBIYLIdISH 0€'T — 8°¥%S U T ‘POdfH %S8 :uoneudaiduwy uru3i| Jyeny 1sAe3ED pIoe pI[oS
uoneoryddy HfOS- pIoe [e10], ;3 ,w ‘eare poyrsw uonreredaig [elI93eW JOTIIRD) 1s4Te3RD

wSHodas snoinaud Ul sysAjeyed snoaoeuoqued dlpioe paseq-ulubl) jo uonedndde pue sanJadolid ‘poyyow uoneledald T 919el

'80US217 PaNoduN '€ [ RJBWWODUON-UO NG LMY suowiwoD aaieas) e sopun pasusol|stapnesiyl |IIETEEL (o)
"INV 9T°TE'E€ 9202/CT/T U0 papeo|umoq "8T0Z |1HdY 9z U0 paus!idnd 81y sse00y usdO

RSC Adv., 2018, 8, 15762-15772 | 15763

hemistry 2018

ciety of C

C

This journal is © The Royal S


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra02056f

Open Access Article. Published on 26 April 2018. Downloaded on 1/12/2026 3:31:16 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

the pulp mills self-sufficiency, only a small amount is currently
extracted for practical applications.” As for the preparation of
lignin-based solid acid catalysts, the previous report method
generally involves two steps: pyrolysis carbonization or sol-
vothermal carbonization of lignin and the subsequent sulfo-
nation of the resulting carbon material. In particular, acid
hydrolysis residual lignin was found to synthesize acidic
carbonaceous catalyst by one-step simultaneous carbonization
and sulfonation in concentrated sulfuric acid or sulfuryl chlo-
ride solutions.'**“ Presently, there were also some reports about
the one-step preparation of carbonaceous solid acid in
concentrated sulfonic acid solutions by using cellulose, glucose,
or cellulosic biomass as the carrier material.'® The one-step
method for the fabrication of carbonaceous solid acid is
highly facile with the promising potential for actual application.

Lignosulfonate is one of technical lignin, which was gener-
ally produced by the sulfite pulping process. It is found in large
quantities with a world production of around one million
tonnes of solids per year."” Currently, lignosulfonate was mainly
used for preparing of concrete admixtures, oil well dispersants,
dyestuff, coal water slurry dispersants, and industrial binders.*®
Herein, we first proposed to make use of lignosulfonate as
a precursor to synthesize a novel carbonaceous solid acid
catalyst by facile one-step simultaneous carbonization and
sulfonation. Effect factors of catalyst preparation were explored,
and the physicochemical properties of as-prepared catalysts
were well characterized using a variety of techniques. The
catalytic activities of as-prepared catalyst were evaluated for the
one-pot conversion of biorenewable carbohydrates to furan
derivatives including EMF and HMF.

2. Experimental section

2.1. Materials

Glucose, fructose, sucrose, inulin, HMF, ethyl levulinate (EL),
NaOH, NaHCOj;, NaCl, and N,N-dimethylformamide (DMF)
were purchased from Aladdin Reagent (Shanghai, China). EMF
was obtained from Sigma-Aldrich (Shanghai, China). Ethyl
glucoside (EGO) and ethyl fructoside (EFO) were supplied by
Chemsynlab Pharmaceutical Science & Technology Co., Ltd
(Beijing, China). Ethanol, dimethylsulfoxide (DMSO), and
tetrahydrofuran (THF) were obtained from Fengchuan Chem-
ical Technology Co., Ltd (Tianjin, China). H,SO, (98%) and HCl
(38%) were from Kelong Chemical Reagent Factory (Chengdu,
China) and Chuandong Chemical Co., Ltd (Chongqing, China),
respectively. Sodium lignosulfonate (LS) was provided by
Jiangmen Sugarcane Chemical Factory Co., Ltd (Guangdong,
China). Alkaline lignin (AL) that is from kraft pulping process
was supplied by Cool Chemical Science and Technology Co., Ltd
(Beijing, China).

2.2. Catalyst preparation

A typical one-step fabrication procedure of lignosulfonate-based
acidic carbonaceous catalyst (labeled as LS-SO;H) was as
follows: 10 g LS powder and 100 mL concentrated H,SO, were
mixed into 250 mL three-necked round-bottomed flask. The
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flask was immersed in an oil-bath controlled at 120 °C and the
mixture was continuously stirred at 500 rpm for the reaction.
After 6 h, the mixture was cooled to room temperature, filtered
and washed with hot deionized water (80 °C) to dislodge the
physically absorbed sulfate ions until the washed water became
neutral. Finally, the resulting precipitated solid was dried in
avacuum oven at 80 °C for 12 h to obtain the prepared LS-SO;H.
For comparison, another lignin-based acidic carbonaceous
catalyst using AL instead of LS as the carrier material was
prepared with the same one-step procedure as above, which was
denoted as AL-SO;H. In addition, to find out the differences of
textural and catalytic properties, other lignosulfonate-based
carbonaceous catalysts were also prepared based on a known
and frequently-used two-step process including pyrolysis
carbonization and sulfonation for the preparation of carbona-
ceous solid acids.**#' Concretely, LS powder was first carbon-
ized at 200-500 °C for 1 h under N, gas flow in a tube furnace to
produce the lignosulfonate-derived amorphous carbon (labeled
as LSC). Subsequently, the obtained LSC was sulfonated at
120 °C for 6 h to introduce -SO;H groups. The next operations
were the same as the preparation of LS-SO;H. Finally, a series of
lignosulfonate-based carbonaceous catalysts (LSC-SO;H) were
obtained and labeled as LSC,y,-SO3H, LSC300-SO3H, LSC,0-
SO;H, and LSCs0-SO3H according to the carbonization
temperature of 200 °C, 300 °C, 400 °C, and 500 °C, respectively.

2.3. Catalyst characterization

Surface morphologies were obtained by using a Hitachi S4800
scanning electron microscope (SEM). Powder X-ray diffraction
(XRD) patterns were performed on a Bruker D8 advanced D8 X-
ray diffractometer with a Cu Ka radiation source, and the scan
range was 10-80° with a step of 0.02°. The functional groups of
samples were determined by a Nicolet 5700 Fourier transform
infrared (FT-IR) spectrometer in the wavenumber range of 400-
4000 cm™'. X-ray photoelectron spectroscopy (XPS) measure-
ments were conducted on a Thermo ESCALAB 250XI system
with an Al Ko radiation source. Thermo gravimetric analyzer
(TGA) was made on a TA Instruments Q500 TGA under N,
atmosphere at a constant heating rate of 10 °C min ' in
a temperature range of 30-800 °C. The N, adsorption-desorp-
tion isotherms were obtained by JW-BK 112 surface analyzer at
liquid nitrogen temperature. The surface areas of samples were
estimated by using the method of Brunauer-Emmett-Teller
(BET). The densities of total acids, -SO3H, —-COOH, and
phenolic -OH were measured by acid-base titration based on
the previous reported procedures.*

2.4. Typical procedure for the conversion of carbohydrate
into furan derivatives

In a typical synthesis of EMF from fructose, 1.08 g fructose and
30 mL ethanol solution contains 0.2 g catalyst were loaded into
50 mL cylindrical stainless steel pressurized reactor. The sealed
reactor was placed into a preheated oil-bath for the reaction and
stirred magnetically at 800 rpm. After running a given time, the
reactor was took out and placed into cool water to terminate the
reaction. Then, the liquid products and solid acid catalyst were

This journal is © The Royal Society of Chemistry 2018
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separated by filtration. The obtained filtrate was diluted and
analyzed by high-performance liquid chromatography (HPLC)
and gas chromatography (GC) analysis, respectively. To test the
catalyst reusability, the LS-SO;H catalyst was collected by
filtration after reaction. The recovered catalyst was washed
several times with ethanol, and dried in a vacuum oven at 80 °C
for 24 h. Then a new reaction with the recovered catalyst under
the identical conditions was started as a new cycle.

2.5. Product analysis

The analysis of EMF and HMF were conducted on a Shimadzu
HPLC (LC-10AVP) with a UV detector. Samples were separated
by a Copsil C18 column (250 x 4.6 mm) at 30 °C with a detec-
tion wavelength of 280 nm. The samples were eluted using the
mixture solution of methanol and water (1 : 1 v/v) with the flow
rate of 1.0 mL min . A Copsil NH, column (250 x 4.6 mm) at
30 °C coupled with a refractive index detector was used to
determine sugars, EFO and EGO. The samples were eluted at 1.0
mL min~" with the mixture solution of acetonitrile and water
(7 : 3 v/v). EL was analyzed by GC on an Agilent 6890 instrument
with a capillary DB-5 column (30 m x 0.32 mm X 0.25 pm)
equipped with a flame-ionization detector. Operating condi-
tions were as follow: N, carrier gas with a flow rate of 1.0
mL min~", injection port temperature of 250 °C, oven temper-
ature of 200 °C, and detector temperature of 250 °C. The
amounts of detected substances were calculated according to
the external standard curves constructed as their authentic
standards. The yields of products were defined as the molar
ratio of the obtained products to the potential hexose monomer
in carbohydrates for the feed.

3. Results and discussion
3.1. Catalyst screening in the conversion of fructose to EMF

Initially, various lignin-based acidic carbonaceous catalysts that
prepared by one-step sulfonation or two-step treatment (i.e.,

View Article Online
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pyrolysis carbonization and sulfonation) of the technical lignins
(i.e., ligninsulfonate and alkaline lignin) were investigated for
the conversion of fructose in ethanol medium at 110 °C for 15 h.
The results of catalyst preparation yield, fructose conversion
and the yield of typical products (EMF, HMF, EL, EFO, and EGO)
are depicted in Table 2. The technical lignins directly as the
catalyst did not lead effectively to the conversion of fructose to
EMF, and there were no obvious difference with no catalyst
(Table 2, Entries 2-3). However, fructose was consumed with the
conversion of around 70%. Two main reaction products
including EFO and EGO were detected, which are the products
of the etherification and isomerization of fructose, respec-
tively.* On the contrary, the SO;H-functionalized lignin-based
catalysts except LSCs0o-SO3;H exhibited catalytic activity in the
synthesis of EMF, suggesting that -SO;H groups played a key
role in the reaction process. Among these as-prepared catalysts,
one-step prepared LS-SO;H and AL-SOz;H catalysts were found
to show similarly remarkable catalytic performance for the
conversion of fructose, giving EMF yields of above 50%.
However, it is important to note that AL was readily dissolved in
concentrated H,SO, and serious blebbing phenomenon was
observed in the one-step sulfonation process for AL-SO;H
preparation, thus lead to a relative low catalyst preparation yield
of 22.3%. Fortunately, the catalyst preparation yield of LS-SO;H
(40.4%) was obtained almost twice as much as that of AL-SO;H.
This could potentially be linked to the introduction of sulfonate
groups in LS from sulfite pulping process. Based on this
arresting superiority, LS was emerged as a preferred carrier
material for the one-step fabrication of acidic carbonaceous
catalyst. For comparison, other LS-based carbonaceous catalysts
that prepared by a frequently-used two-step process including
pyrolysis carbonization and sulfonation were investigated.
Although the catalyst preparation yield of LSC-SO;H was similar
to that of LS-SO;H, the yields of EMF and total detected prod-
ucts (EMF, HMF and EL) were found to be lower. Especially, the
prepared catalyst at elevated carbonization temperature
(LSCs500-SO3H) was inactive for the reaction. Considering the

Table 2 Catalyst preparation yield of various lignin-based carbonaceous catalysts and their catalytic performance for the conversion of fructose

in ethanol medium®

Product yield, %

Entry Catalyst CP yield®, wt% Conversion, % HMF EMF EL EFO EGO
1 — — 88.5 1.5 0 0.2 34.2 24.3
2 LS — 71.2 0.2 0.2 0 28.1 28.7
3 AL — 69.9 0.3 0 0 25.6 21.1
4 LS-SO;H 40.4 99.4 3.0 53.4 11.8 0 0.2
5 AL-SOz;H 22.3 99.5 7.4 55.9 8.1 0 0.5
6 LSC 61.7 68.4 0.5 1.3 0 23.0 22.6
7 LSC,00-SO;H 40.8 97.5 4.2 43.8 5.9 1.3 1.4
8 LSC300-SO;H 41.6 97.0 6.3 45.4 6.8 0 0.5
9 LSC,00-SO:H 39.6 96.5 6.1 42.9 6.0 0 0.4
10 LSCs00-SO;H 41.8 69.2 0.1 0.2 0 20.4 17.8
11 H,S0,° — 99.1 8.4 49.8 7.3 0 0.7

“ Reaction conditions: 1.08 g fructose, 0.2 g catalyst, 30 mL ethanol, 110 °C, 15 h. ” CPyield (representing catalyst preparation yield) was calculated
as the ratio of the weight of obtained resulting sample to the weight of initial material for catalyst preparation. ¢ 0.133 mmol H,SO, (H" amount of

loaded H,SO, is consistent with -SO;H amount of 0.2 g LS-SO;H).

This journal is © The Royal Society of Chemistry 2018
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Table 3 Physicochemical properties of various lignin-based carbonaceous catalysts

Densities of acid groups, mmol g~ *

Catalyst BET surface area, m> g~ " Total acid -SO;H -COOH Phenolic ~-OH
LS 1.4 1.28 0.23 0.63 0.42
AL 1.1 — — — —
LS-SO;H 2.0 5.51 1.33 3.32 0.86
LS-SO;H* 1.4 4.23 0.82 2.66 0.75
AL-SOz;H 5.4 5.89 1.41 3.44 1.04
LSC 0.8 2.13 — 0.74 1.39
LSCa00-SO;H 2.2 5.57 1.08 3.05 1.44
LSC300-SO;H 2.8 5.35 1.11 3.09 1.15
LSCy00-SO:H 3.3 4.58 0.83 2.46 1.29
LSCs00-SO,H 3.9 1.25 0.05 0.31 0.79

¢ Recovered LS-SO;H catalyst after the third recycle run.

preparation and properties of catalyst, the one-step prepared
LS-SO3;H catalyst was well characterized and applied for the
synthesis of furans in the subsequent explorations.

3.2. Catalysts characterization

The structural parameters and acid densities of carbonaceous
materials derived from LS and AL are listed in Table 3. It can be
seen that all samples had small BET surface areas (0.8-5.4 m>
g™ "). It was considered as devoid of porous structures due to
incomplete carbonization, and a great quantity of hydrogen and
oxygen atoms still reserved without the formation of porous
particles.”” The measurement of acid densities showed that the
catalyst preparation method evidently affects the acid densities.
LS-SO;H exhibited higher densities of ~SO;H (1.33 mmol g™ %)

and ~COOH (3.32 mmol g ') than LSC-SO;H. Nevertheless, the
acid densities of LS-SO;H was slightly lower than AL-SO;H.
Combined with the results of catalytic reaction in Table 2, it can
be concluded that the -SO;H density of carbonaceous catalyst is
a sensitive indicator for the production of EMF. Fructose could
not be converted effectively into EMF only by -COOH and
phenolic -OH groups without a certain amount of -SO;H
groups, as reflected by the results of LSC and LSCs0o-SOzH.
However, when H,SO, was selected as the catalyst (H' amount
of loaded H,SO, in keeping with -SO;H amount in used LS-
SO;H), the EMF yield became lower than that for LS-SO;H. It
follows that the catalytic activity of carbonaceous catalyst for the
synthesis of EMF was probably attributed to the synergic effect
of -SO;H, -COOH and phenolic -OH groups.

Fig.1 SEM images of the LS (a), LSC (b), LS-SOzH (c), LSC300-SO3H (d), AL (e), and AL-SOzH (f).

15766 | RSC Adv., 2018, 8, 15762-15772
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Fig. 2 XRD patterns (a), FT-IR spectra (b), XPS analyses (c), and TGA curves (d) of the samples.

As can be observed from SEM images in Fig. 1 that all
samples had an anomalous structure and covered by some
irregular particles. LSC (Fig. 1b) and LS-SO;H (Fig. 1c) had
relatively smooth surface topography with a particle size of 20~
40 um. After sulfonation for LSC, the surface of LSC-SO;H was
etched to be rough and had layered structures (Fig. 1d). This
phenomenon was even more distinct for AL-SO;H (Fig. 1f). The
former could be attributed to the release of the volatile
substances and decomposition of sulfonate groups in LS from
the combination of pyrolysis carbonization and sulfonation
process, and the latter could be due to the release of more
volatile substances in AL from the strong acid attack during the
sulfonation process.***>* This may be the reason for the low
catalyst preparation yield and relatively high BET surface area of
AL-SO;H.

XRD patterns of the samples are given in Fig. 2a. All carbo-
naceous materials exhibit a broad and weak diffraction peak (26
= 20-25°), which is typical of amorphous carbon consisting of
aromatic carbon sheets oriented in a random fashion.** The
diffraction pattern of LS was similar to that of the carbonaceous
materials. However, a closer examination reveals that the
diffraction peak of LS appears at the 26 of 22.4°, which may be
due to remnant cellulose contained in the LS.*® AL appears

This journal is © The Royal Society of Chemistry 2018

many distinct diffraction peaks, and these peaks disappeared
after sulfonation (AL-SO;H), presumably because AL includes
some sugars composition®® and they were destroyed during the
sulfonation process. Beyond that, there was a highly similar
texture property between the one-step prepared catalyst (AL-
SO;zH, LS-SO3H) and the two-step obtained catalyst carbonized
at 300 °C (LSC309-SO;H). It suggests that amorphous structure
can be successfully formed by one-step sulfonation process of
ligninsulfonate. In addition, two new diffraction peaks at 26 =
42° and 62° were observed by increasing the carbonization
temperature from 300 to 500 °C (LSC50-SO3H) due to stacking
of carbon sheets.””

FT-IR spectra of the samples from Fig. 2b showed that the
intensities of two absorption peaks at 1040 cm ' and 1190 cm ™*
from O=S=0 symmetric and asymmetric stretching vibrations
enhanced after sulfonation,”® meaning that -SO;H groups were
loaded on catalyst surface successfully. The absorptions at
1440 cm ™', 1640 cm " and 3430 cm ™ " are contributed by C=C,
C=0 and O-H stretching vibration in aromatic carbons,
-COOH and phenolic -OH groups, respectively.” The intensi-
ties of C=0 and O-H peaks increased after carbonization and
sulfonation. There were no obvious differences in characteristic
bands between LS-SO;H and LSC3,,-SO;H. However, AL and AL-
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Table 4 Effects of preparation conditions of LS-SOzH catalyst on the catalyst characteristics and the conversion of fructose to EMF

Catalyst preparation conditions” Product yield‘, %

H,SO, -SO;H density,
Entry dosage, mL Temperature, °C Time, h CP yield’, wt% mmol g * Conversion, % HMF EMF EL
1 5 160 4 38.9 0.92 98.8 9.6 37.7 4.2
2 10 160 4 37.1 1.11 98.3 7.7 45.7 5.8
3 15 160 4 34.7 1.05 97.6 8.8 44.8 4.6
4 20 160 4 25.8 1.09 97.6 7.4 45.6 6.2
5 25 160 4 19.6 1.13 97.7 5.6 46.8 7.4
6 30 160 4 14.3 1.07 98.8 8.7 45.3 4.2
7 10 120 4 33.8 1.31 99.0 4.1 53.5 9.1
8 10 140 4 35.4 1.14 96.3 8.9 46.3 4.9
9 10 180 4 37.9 0.83 90.1 14.2 29.0 3.0
10 10 200 4 39.2 0.76 91.6 13.1 23.4 2.6
11 10 120 6 40.4 1.33 99.6 3.0 53.4 11.8
12 10 120 8 40.7 1.40 99.2 6.0 55.2 5.5
13 10 120 10 41.1 1.39 99.6 3.7 55.1 11.1
14 10 120 12 41.6 1.35 99.4 7.4 53.8 3.7

“ 1 g ligninsulfonate was used for sulfonation. ” CP yield represents catalyst preparation yield. © Reaction conditions: 1.08 g fructose, 0.2 g LS-SO;H,

30 mL ethanol, 110 °C, 15 h.

SO;H had a very strong C=C absorption at 1440 cm ™", indi-

cating abundant aromatic carbons exist in AL. In short, all
prepared lignin-based carbonaceous catalysts probably
composed of polycyclic aromatic carbon sheets bearing -SO;H,
-COOH, and phenolic -OH groups.

Fig. 2c presents the elemental compositions of LS, LS-SO;H
and LSC30,-SO3;H determined by XPS analysis. The 4.1% S for LS
is due to the existence of sulfonate groups in LS. After sulfo-
nation, the S content had visibly increased, meaning that
a certain amount of -SO;H groups was introduced into the LS-
SO;H and LSC3,-SO;H. The S content of LS-SO;H was similar to
that of LSC;y,-SO;H. This observation is consistent with the
result of FT-IR spectra. The single S2p peak at 168.4 eV from XPS
spectrum of LS-SO;H (Fig. 2¢) was attributed to the contribution
of -SO;H groups. The C content was distinctly enlarged after
carbonization and sulfonation. There was an almost C content
between LS-SO;H and LSC;0-SO;3H, indicating that the similar
carbonization level can be achieved by one-step directly sulfo-
nation of LS.

As can be seen from TGA spectra in Fig. 2d that the LS-SO;H
and LSC300-SOzH had similar thermal stability. A weight loss of ca.
10% was detected below 100 °C on account of the removal of
adsorbed water and volatile components. Further, a sharp weight
loss was observed from 220 to 300 °C, which is caused by the
decomposition of -SO;H groups.”** When the temperature over
300 °C, a continuous weight loss may be attributed to further
condensation of amorphous carbon.** From a reaction tempera-
ture perspective, the lignin-based acidic carbonaceous catalysts
can be fully qualified for the reaction of this study.

3.3. Effect of catalyst preparation conditions on the
properties of LS-SO;H

The LS-SO;H catalyst was directly prepared by one-step treat-
ment of LS in concentrated H,SO,. Here, the influences of

15768 | RSC Adv., 2018, 8, 15762-15772

preparation conditions on the catalyst characteristics and the
conversion of fructose into EMF were evaluated. As can be seen
from Table 4, the yield of EMF increased first and after that it
kept an approximate constant with the increase of H,SO,
dosage. The change rule of EMF yield were in good consistent
with -SO;H density. However, with increasing of H,SO, dosage,
the catalyst preparation yield continued to diminish. The
sulfonation temperature had significantly affected -SO;H
density and EMF yield. The formation of EMF was favored at low
sulfonation temperature. A possible explanation is that the
elevated temperature may lead to the collapse of carbon skel-
eton structure to affect the introduction of -SO;H group.*” But
unfortunately, hardly any LS-SO;H catalyst could be obtained by
separation when sulfonation temperature below 120 °C. The
effect of sulfonation time (4-12 h) showed that the catalytic
activity of LS-SOzH catalyst was not fundamentally changed
with the prolonging of time, and the catalyst preparation yield
had risen notably from 4 to 6 h. From the above, the sulfonation
conditions significantly affected the preparation and properties
of LS-SO;H catalyst. Taking the preparation yield and catalysis
of LS-SO;H into considerations, the right catalyst preparation
process was as follows: 1 g LS was sulfonated at 120 °C for 6 h
with 10 mL concentrated H,SO,.

3.4. Effect of reaction parameters on EMF synthesis from
fructose

To achieve the highest possible yield of EMF, the effects of
reaction parameters including reaction temperature and cata-
lyst dosage on the conversion of fructose into EMF were studied
as a function of reaction time. Fig. 3 exhibits the effect of
reaction temperature (90-130 °C) on the yield of products.
Rising temperature can greatly increase the reaction rate, and
the yield of EMF increased rapidly in the initial reaction stage.
However, when temperatures exceed 110 °C, the yield of EMF

This journal is © The Royal Society of Chemistry 2018
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Fig. 3 Effect of reaction temperature on the yield of products (EMF, HMF, and EL) from fructose conversion in ethanol medium as a function of
time. Reaction conditions: 1.08 g fructose, 0.2 g LS-SOzH, 30 mL ethanol.

first increased and then decreased with the time continued, and
the yield of HMF was significantly reduced. Instead, the
production of EL was favored when elevating temperature and
prolonging time. These findings showed that HMF and EMF are
instable at elevated temperature, which is readily further
degraded to form stabilized EL.** Hence, the elevation of
temperature is also unfavorable for the extent of reaction, and
the optimized temperature was set to 110 °C in this reaction.

Fig. 4 presents the influence of catalyst dosage on the
conversion of fructose to EMF. Fructose was almost entirely
consumed within a short reaction time of 2 h for all test catalyst
dosages. When the catalyst dosage was 0.05 g, the yield of EMF
increased slowly and a relatively high HMF yield of 17.7% could
be obtained after 20 h. With increasing the catalyst dosage, the
increased total number of available acid sites result in a faster
reaction rate to facilitate the conversion of fructose to EMF. The
catalyst dosage had a similar influence rule as the temperature
for fructose conversion and the yield of products. The highest
EMF yield of 57.3% was achieved at 110 °C for 11 h with the
catalyst loading of 0.4 g. However, the equilibrium yield of EMF
showed no remarkable difference between the catalyst loading
of 0.4 and 0.2 g. Therefore, low catalyst loading of 0.2 g was used
in the next experiments.

This journal is © The Royal Society of Chemistry 2018

3.5. Reusability of catalyst

The recycle experiments of LS-SO;H catalyst were carried out for
the conversion of fructose in ethanol medium to synthesize
EMF. The used LS-SOzH catalyst could be sufficiently separated
from the resulting reaction mixture by filtration. After cleaning
and drying, it was directly employed in a new experiment under
identical reaction conditions. As seen from Fig. 5, the recovered
LS-SO;H remained catalytic active for each recycle run, although
the EMF yield decreased from 53.4% (Run 1) to 48.8% (Run 2)
and 34.3% (Run 3). To explore the stability of acid groups on the
catalyst, the density of acid groups on the used catalyst after the
third recycle run was measured (Table 3), and it was found that
the -SO;H density on the used catalyst (0.82 mmol g~ ') declined
compared with the fresh catalyst (1.33 mmol g ). It suggests
that the shedding of functional groups from the LS-SO;H might
be occurred. However, a verification experiment revealed in
Fig. 6 that the yield of EMF remained constant over the reaction
time when the LS-SO;H catalyst was removed after 5 h, implying
that no active groups exist in the homogeneous system for the
reaction. The decreases of -SO;H density and catalytic activity of
the recovered LS-SO;H did not major caused by the leaching of
acid groups. On the other hand, the catalyst recovery rate, which
is defined as the weight ratio of the recovered catalyst to the

RSC Adv., 2018, 8, 15762-15772 | 15769
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Fig. 4 Effect of catalyst loading on the yield of products (EMF, HMF, and EL) from fructose conversion in ethanol medium as a function of time.

Reaction conditions: 1.08 g fructose, 30 mL ethanol, 110 °C.

initial catalyst load in the feed, was determined to be 110% after
the first run. This is likely due to the adsorption and deposition
of humin products on the surface of catalyst,** thus resulting in
the partly shielding of surface acid sites and the decrease of
catalytic activity for the recovered LS-SO;H. Fortunately, the
slightly-deactivated catalyst could be easily regenerated by
simple treatment in concentrated H,SO, solution at 120 °C for
1 h, and a similar high EMF yield of 56.8% was regained in
a subsequent recycling experiment (Fig. 5, Run 4).

3.6. Synthesis of EMF from various biorenewable feedstocks

To explore the application scope of the catalyst system for the
production of EMF catalyzed by LS-SO;H, other biorenewable
feedstocks such as HMEF, inulin, sucrose and glucose were
subjected as the starting material, and the results are shown in
Fig. 7. The conversion of HMF gave 74.5% of EMF yield, along
with 22% yield of EL at 110 °C for 15 h, indicating that HMF was
easily translated into EMF by etherification reaction. Further,
an improved EMF yield of 85.5% could be achieved under
milder conditions at 80 °C for 11 h. When glucose was subjected
to our reaction system, the reactant was almost entirely con-
verted. However, hardly any furans products (i.e., EMF, and
HMF) were observed, and instead ethyl glucoside (EGO) with

15770 | RSC Adv., 2018, 8, 1576215772
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Fig. 5 Reusability of the LS-SOszH catalyst on the conversion of
fructose into EMF. Reaction conditions: 1.08 g fructose, 0.2 g LS-
SOszH, 30 mL ethanol, 110 °C, 15 h. The recovered catalyst was used
without any pretreatment in the first three runs, and the fourth used
catalyst was regenerated at 120 °C for 1 h in concentrated H,SO4
solution. Catalyst recovery rate was defined as the weight ratio of the
recovered catalyst to the initial catalyst load in the first run.

This journal is © The Royal Society of Chemistry 2018


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra02056f

Open Access Article. Published on 26 April 2018. Downloaded on 1/12/2026 3:31:16 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper
60
454
X
=
)
2 304
=
=
=
154
] —8— LS-SO:H exist throughout the reaction
—B8— LS-SOsH removal after 5 h
04

0 3 6 9 12 15
Reaction time, h

Fig. 6 The experiment results for the synthesis of EMF from fructose
after the removal of LS-SOzH at 5 h. Reaction conditions: 1.08 g
fructose, 0.2 g LS-SOzH, 30 mL ethanol, 110 °C.

a high yield of 77% yield was formed. This result clearly indi-
cates that the LS-SO;H catalyst did not work for the isomeriza-
tion of glucose to fructose, and EGO was obtained preferentially
from the direct etherification of glucose and fairly stable in the
reaction system. For sucrose, a moderate yield of EMF (25%)
and EGO (41%) could be achieved, it follows that the conversion
of sucrose followed the accumulation of the reaction pathways
of fructose and glucose. In this case, the EMF was formed from
the fructose unit in sucrose and the EGO was formed from the
glucose unit in sucrose. Interestingly, when inulin was used as
the substrate, a good EMF yield of 46.8% could also be ob-
tained, although it was slightly lower than that from fructose
(53.4%). Consequently, these results suggest that the LS-SO;H
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Fig. 7 Synthesis of EMF using various biorenewable feedstocks in
ethanol medium over LS-SOsH. Reaction conditions: 1.08 g substrate,
0.2 g LS-SOzH, 30 mL ethanol, 110 °C, 15 h. ®The reaction was per-
formed at 80 °C for 11 h.
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Table 5 Dehydration of fructose into HMF in different solvents over
LS-SOzH catalyst®

Temperature, Time, Conversion, HMF
Entry Solvent °C h % yield, %
1 DMF 140 3 98.1 45.1
THF 140 3 90.9 19.7
3 DMSO 140 3 98.4 83.1
4P DMSO 140 3 72.3 3.9
5 DMSO 80 16 97.6 63.8

¢ Reaction conditions: 1.08 g fructose, 0.2 g LS-SO;H, 30 mL solvent.
b The reaction was carried out without catalyst.

catalyst could not only catalyze the dehydration of fructose and
the etherification of HMF, but also facilitate the hydrolysis of
inulin into fructose.

3.7. Synthesis of HMF from fructose

The catalytic activity of LS-SO;H catalyst was further evaluated
for the dehydration of fructose into HMF as far as possible, and
various solvents including DMF, THF and DMSO were used as
the reaction medium. As shown in Table 5, the HMF could be
produced from fructose in these solvents media catalyzed by LS-
SO;H. A high HMF yield of 83.1% was obtained in the presence
of DMSO at 140 °C for 3 h, which was comparable with the
previous obtained by carbonaceous solid acid catalysts.**** In
addition, a good yield of HMF was also achieved at lower
temperature of 80 °C after 16 h. By contrast, HMF was formed in
traces without catalyst. It follows that the LS-SO;H can also act
as an efficient catalyst for the conversion of fructose to HMF.

4. Conclusions

The LS-SO;H catalyst was efficiently synthesized by a foolproof
one-step process of directly sulfonating sodium lignosulfonate.
The catalyst preparation conditions (ie., H,SO, dosage,
temperature, and time) markedly affected the preparation and
properties of LS-SO;H. The as-prepared LS-SOz;H catalyst was
found to be highly active in the conversion of fructose into furan
derivatives, giving a 57% yield of EMF in ethanol and a 83%
yield of HMF in DMSO, respectively. Also, this catalyst was
efficient for the one-pot transformation of fructose-based
inulin, and a 47% yield of EMF could be achieved in ethanol
medium. The used LS-SO;H catalyst was readily separated from
the resulting reaction mixture by filtration, and reused with
slight deactivation that is attributed to the adsorption of humin
by-products on the catalyst surface. The activity of slightly-
deactivated catalyst could be completely regained by a simple
re-doping process in concentrated H,SO, solution. In summary,
this study not only develops an easy-prepared and low-cost
recyclable solid acid catalyst for the efficient synthesis of
promising furan derivatives from biorenewable feedstocks, but
also provides a novel and complementary strategy for the
resource utilization of pulping by-product lignosulfonate.
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