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Abstract A chlorozincate ionic liquid-functional-
ized biochar sulfonic acid (BC-SO;H-IL-Zn) was
designed and conveniently prepared via multistep
processes, involving the syntheses of biochar sulfonic
acid (BC-SOs;H) and 1-trimethoxysilylpropyl-3-
methylimidazolium chloride (IL)-ZnCl, (IL-Zn), fol-
lowed by grafting the IL-Zn onto BC-SOs;H. The
proposed catalyst was found to show a much higher
turnover number (TON, 5.91 for cellulose and 1.78 for
bamboo) for the microwave-assisted hydrolysis of
cellulose and bamboo to reducing sugars (RSs) in
water compared to the corresponding IL-functional-
ized BC-SOs;H (BC-SO5H-IL, TON, 3.23 for cellulose
and 0.46 for bamboo) and BC-SO;H (TON, 1.51 for
cellulose and 0.15 for bamboo). Furthermore, it, like
BC-SO;H-IL, possessed an excellent repeatability for
cellulose hydrolysis. The excellent catalytic perfor-
mance of BC-SO3;H-IL-Zn is likely due to the
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following reasons: Firstly, the introduction of ZnCl,
bestows the catalyst with a delignification function.
Secondly, in comparison with the OH groups of BC-
SOsH, the IL and especially IL-Zn groups flexibly
bound to BC-SO3H, like cellulose binding domain of
cellulose, show an stronger affinity for cellulose
molecules, on the other hand, they play a better
synergistic role and improved acidity in the SO;H
groups (as a catalysis domain of cellulase) catalyzing
cleavage of the B-1,4-glycosidic bonds of cellulose, as
supported by the adsorption experiments of catalysts
to oligosaccharides, their thermogravimetric analysis
and catalytic reaction results.

Keywords Cellulose - Bamboo - Hydrolysis -
Microwave irradiation - Ionic liquid - Biochar
sulfonic acid - Chlorozincate

Introduction

Cellulosic biomass is an extremely abundant and
renewable resource on earth, consisting of various
agricultural residues, fruit and vegetable wastes,
woods, municipal solid waste, waste from the pulp
and paper industry, and herbaceous energy crops
(Ragauskas et al. 2006). The development of some
highly efficient transformation technologies for cellu-
losic biomass has gained increasing research attention
due to their immense potential for the production of
sugars, alternative fuels, and chemical feedstocks.
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Among these transformation technologies, the hydro-
lysis of cellulosic biomass into reducing sugars (RSs) is
still the one of the key technologies for the transforma-
tion of cellulosic biomass, because its hydrolysis
products RSs can be converted into a range of important
industrial chemicals, including ethanol, hydrocarbons
and starting materials for the production of polymers
(Ragauskas et al. 2006; Zhang 2008; Zhang and Lynd
2004). Thus far, available technologies for cellulose
conversion into the RSs include enzyme hydrolysis
(Fan et al. 1987; Yang et al. 2006), dilute acid
hydrolysis (Fan et al. 1987; Mok et al. 1992), concen-
trated acid hydrolysis (Kontturi and Vuorinen 2009),
alkaline hydrolysis (Bobleter 1994) and supercritical
water hydrolysis (Sasaki and Fang 2000; Deguchi et al.
2006), but none of these methods are cost-effective for
large-scale applications. For example, acid hydrolysis
has a long industrial history, but usually proceeds at
high temperature and pressure, which leads to high
operating costs, low selectivity for RSs and the
production of various environmental pollutants (Mok
et al. 1992; Calvini et al. 2008). Supercritical water
hydrolysis has been proven to be very effective owing
to its unique physical and chemical effects (Broll et al.
1999), but it is carried out in an extremely short
residence time to avoid further degradation and dehy-
dration of produced RSs (Sasaki and Fang 2000; Saka
and Ueno 1999), which will cause difficulties in
developing a commercial reaction system with an
effective heat recovery. Enzymatic hydrolysis pos-
sesses mild reaction conditions, high hydrolysis activity
and excellent selectivity for RSs, These merits of
enzymatic hydrolysis originate from the inherent
characters of cellulases with catalytic domain (CD)
and cellulose binding domain (CBD), as well as full
topology structure (Gao 2003). Thus, enzymatic hydro-
lysis is one of the most promising hydrolysis technol-
ogies (Hamelinck et al. 2005). The commercialization
of enzyme hydrolysis is, however, hampered by the
prohibitive high cost of the currently available enzyme
preparations, the hard and fast conditions of enzyme
reaction, and the inconvenience of enzyme separation
(Mok et al. 1992). To solve these problems, Toda et al.
(2005), Onda et al. (2008), Zhang and Zhao (2009),
Suganuma et al. (2008) and our research groups (Wu
et al. 2010) have developed a process in which the
hydrolysis of cellulose is catalyzed by some solid acids;
however, this heterogeneously catalytic process shows
poor hydrolytic efficiency due to a mass transfer

@ Springer

resistance between the solid acids and the insoluble
cellulose in water. Recently, ionic liquids (ILs)-med-
iated cellulose hydrolysis has gained increasing
research attention (Li and Zhao 2007; Wu et al.
2004), because some ILs possess a good solubility for
cellulose (Swatloski et al. 2002; Lee et al. 2009; Fort
etal. 2007; Fukaya et al. 2008). However, the high cost,
high viscosity and troublesome separation of ILs still
hamper their commercialized application. Conse-
quently, there is an urgent demand for simpler and
more efficient green technologies aimed at the hydro-
lysis of cellulose and especially lignocellulose, for the
production of various biomass products.

More recently, we reported that an 1-(trimethoxy
propyl silane)-3-methyl imidazolium chloride (IL)
functionalized biochar sulfonic acid (BC-SOs;H-IL)
shows much higher hydrolysis efficiency and better
repeatability for the hydrolysis of cellulose to RSs in
water compared to the corresponding biochar sulfonic
acid (BC-SO5H), being due to its unique functionality
mimicking cellulose (Zhang et al. 2012). Here, a novel
chlorozincate ionic liquid-functionalized BC-SO3;H
(BC-SO3H-IL-Zn) was prepared to strengthen its
biomimetic functionality for the heterogeneous hydro-
lysis of cellulose and bamboo in water under micro-
wave irradiation.

Experimental
Preparation of BC-SO3;H-IL-Zn catalyst

Synthesis of ZnCl, acidic 1-(trimethoxy propyl
silane)-3-methyl imidazolium chloride (IL-Zn) is
described as follows (see Scheme 1): 0.05 mol of
1-methyl-1H-imidazol and 0.05 mol of 3-chloropro-
pyl trimethoxy silane were mixed in 100 mL of
anhydrous toluene and the mixture stirred at the reflux
temperature of toluene (120 °C) for 12 h to obtain an
orange viscous ionic liquid 1-(trimethoxy propyl
silane)-3-methyl imidazolium chloride (IL-C1). Then,
the IL-Cl (0.05 mol) was mixed with 0.25 mol of
7ZnCl,-2H,0 in acetonitrile (MeCN, 100 mL) and the
resulting mixture stirred at the temperature of 85 °C
for 12 h to obtain a chlorozincate ionic liquid (IL-Zn).

A bamboo carbonization (BC) and its sulfonation
(BC-SO3H) materials were prepared following a
previously reported procedure (see Scheme 2) (Wu
et al. 2010; Zhang et al. 2012; Cao et al. 1994).
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Scheme 3 Synthesis process for the biomimetic catalyst BC-SO3H-IL-Zn

Preparation of the BC-SO;H-IL-Zn (see
Scheme 3): 5 g of BC-SO3H powder was treated with
20 mL of saturated aqueous solution of NaCl for
45 min under ultrasonic vibration (KQ-400LDB ultra-
sound bath), then washed repeatedly with hot distilled
water and dried at 120 °C for 12 h to obtain BC-
SO;Na powder. The BC-SO;Na was treated with the
IL-Zn (4.5 g) in anhydrous MeCN (60 mL) at the
refluxing temperature of MeCN for 12 h. After
silanization, the precipitate was filtered and washed
with anhydrous MeCN three times to obtain the solid
BC-SO;Na-IL-Zn. Finally, the BC-SO3Na-IL-Zn was
acidified by concentrated HCI, then washed by water
three times and dried at 120 °C for 12 h to yield the
catalyst BC-SO3;H-IL-Zn. For the sake of comparison,
an IL-Cl-grafted BC-SO;H material (BC-SO3;H-IL)
was also prepared based on our reported procedure
(Zhang et al. 2012).

Measurement and characterization of catalysts

Referring to published work (Mbaraka et al. 2003), the
measurement of SO;H groups on the catalysts is
described as follows: a catalyst (0.050 g) was treated
with 6.02 mol L' of NaCl solution (20 mL) for
45 min at 2040 °C under ultrasonic vibration. After
centrifugal separation, the supernatant solution was
titrated by 0.01 mol L™' of NaOH solution using
phenolphthalein as an indicator. The loading amount of
IL groups was measured by following our reported
procedure (Zhang et al. 2012). In addition, the content
of Zn ions on the catalyst was determined by
ethylenediaminetetraacetic acid disodium salt (EDTA)
complexometric titration. 0.2 g of catalyst was treated
with a solution of EDTA (0.01 mol L™', 25 mL) at
100 °C for 15 min, resulting in the catalyst’s Zn ions
being completely complexed by EDTA. After

@ Springer



1230

Cellulose (2014) 21:1227-1237

centrifugal separation, the remaining EDTA in the
filtrate was measured by a standard solution of Zn ions
(0.01 mol Lfl). The content of Zn ions on the catalyst
was calculated from the total consumption of EDTA
subtracting its remaining amount.

The thermogravimetric analysis (TGA) was carried
out in flowing N, (10 mL min~ ') at a heating rate of
20 °C min~' on a NETZSCH-STA 409PC.

Hydrolysis of cellulose and bamboo
under microwave irradiation

In a typical experimental run, 0.2 g pure microcrys-
talline cellulose (particle size, 20-100 pm; degree of
polymerization, 200—-1,000) or bamboo powder (par-
ticle size, 50-100 um, consisting of cellulose,
40.52 + 0.5 %; lignin, 21.8 £ 0.4 %; hemicellulose,
15.6 & 0.5 %; moisture, 19.1 &+ 0.5 %; ash,
2.0 £ 0.5 %.) and 0.1 g catalyst were milled for
20-30 min in an agate bowl, and then the solid
mixture was removed to a Pyrex reactor, followed by
adding the distilled water (1.5 mL). The reactor,
equipped with a microfeeder, was irradiated by an
experimental microwave oven with a frequency of
2.45 GHz, power from 0 to 1,000 W and an IR remote
sensing temperature controller (JQ NANJING Model
NJLO7-3). In the irradiation process, the distilled
water was successively added to the reactor through a
microfeeder to compensate for water consumed. After
hydrolysis, the reaction mixture was diluted with cold
water, filtered and neutralized with 0.5 mol L!
NaOH solution. The resulting filtrate was subjected
to the analysis of reducing sugars (RSs) and HMF.
Referring to the published literature (Miller 1959; Li
et al. 2008), the measurement of RSs is described as
follows: the filtrate (0.2 mL) was treated with 3,5-
dinitrosalicylic acid (0.15 mL) at 100 °C for 5 min,
then cooled to room temperature, and diluted to
50 mL. The absorbance of the diluted solution was
measured on an Agilent 8453 spectrophotometer at
520 nm, and the concentration of RSs was calculated
based on a standard curve obtained with glucose. The
measurement of HMF is described as follows: the
filtrated sample solution (0.2 mL) was diluted to
50 mL with the distilled water, and then its absorbance
was measured on an Agilent 8453 UV-Vis spectro-
photometer at 283 nm, and the concentration of HMF
was calculated based on a standard curve obtained
with its standard sample. The yield of RSs or HMF was
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calculated based on the following formula: RSs or
HMF yield =[RSs or HMF concentration
(mg mL™") x 50 x (V1/V,) x 0.9/

(A x M)] x 100 %. Here, V; and V, are the volume
of a hydrolysis solution and its sample solution,
respectively, M is the mass of raw material, A is the
content of cellulose and hemicellulose in raw material
(A = 1.00 for microcrystalline cellulose, A = 0.56
for bamboo).

Adsorption experiment

0.1 g of catalyst was immerged in a 10 mL of an
aqueous glucose solution (1.0 mg mL™") or a hydro-
lysis solution of cellulose (1.1 mg L' glucose and
0.5 mg mL ™" oligosaccharides) and stirred for 12 h at
room temperature. After filtration, the concentration
for glucose or the glucose plus oligosaccharides in the
filtrate could be directly estimated based on the DNS
method above described and subjected to the calcu-
lation of adsorption amount. Here, the hydrolysis
solution was obtained from the following hydrolysis
conditions: 0.2 g catalyst (BC-SOsH), 0.4 g cellulose,
water, 3.0 mL, microwave power, 350 W, tempera-
ture, 90 °C, time, 2 h. The resulting hydrolysis
solution was diluted to 10 mL and its glucose and
oligosaccharides concentrations were measured via on
a Shimazu 20AT HPLC equipped with ODS C18
column (Spherigel) and refractive index detector
(ERC-7571A).

Results and discussion
Characterization of catalysts

The main functional groups of three catalysts BC-
SOs;H, BC-SOzH-IL and BC-SOsH-IL-Zn were mea-
sured by chemical titration before use and after the 4th
operating run. It can be seen from Table 1 that the
densities of SO3H groups on the fresh BC-SO;H-IL-
Zn and BC-SO;H-IL were nearly equal to each other
(1.23 and 1.28 mmol g "), but obviously lower than
that on the fresh BC-SO;H (1.80 mmol g_l). We have
proven that the IL groups are mainly grafted on the OH
sites of BC-SO3H (Zhang et al. 2012). It is probable
that the silanization and then acidification processes
for the preparation of both the IL-containing catalysts
easily lead to the leaching of SO;H groups from the
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Table 1 Density of various functional groups on various biomass char sulfonic acids

Samples Content of functional groups (mmol g~') Adsorption value (mg g~")
The fresh catalyst The catalyst used Glucose Hydrolysis solution
SO;H 1L Zn SO;H IL Zn
BC-SO;H 1.80 - - 0.78 - - 3.05 25.44
BC-SO;H-IL 1.28 1.27 - 1.16 1.31 - 3.25 32.16
BC-SO;H-IL-Zn 1.23 2.01 2.38 1.21 nd* 2.26 3.00 54.40

Sample: 0.05 g for chemical titration; nd® presenced no detection

parent BC-SO;H. Secondly, the loading of IL-Zn
groups on BC-SO3;H-IL-Zn was obviously higher than
that of IL groups on BC-SO3;H-IL, thus implying that
the IL-Zn groups are grafted on the OH sites of BC-
SO5H via a silanization more easily than the IL groups.
Thirdly, the content of Zn ions on BC-SO;H-IL-Zn
was slightly higher than that of the corresponding IL
groups, illustrating that the chlorozincate bonded to
the IL group perhaps exists in the mixed form of
ZnCl;~ and Zn,Cls~ ions. Notably, after the three
catalysts were used repeatedly for 3 times in cellulose
hydrolysis (the results of recycling experiments will
be described later), the leaching of SOz;H groups
occurred easily on the BC-SOs;H, while such a
leaching was almost negligible upon the two catalysts
BC-SO3;H-IL and BC-SO3H-IL-Zn, illustrating that
the introduction of IL or IL-Zn groups can improve
significantly the stability of SO;H groups. In the
experiments of using three fresh catalysts to absorb a
glucose solution (1.00 mg L") and a hydrolytic
solution of cellulose (consisting of soluble glucose
(1.10 mg L_l) and oligosaccharides (0.50 mg mL_l),
respectively), we found that these catalysts possessed
a poor adsorption capacity for glucose (adsorption
value, 3.00-3.25 mg g~ "), but a very strong adsorp-
tion capacity for the hydrolysis solution
(25.44-54.40 mg g "), illustrating that they can selec-
tively adsorb the oligosaccharides in the solution, as
previously reported by Suganuma et al. (2008) and our
groups (Wu et al. 2010). This should be due a
hydrogen bond interaction of the catalysts with the -
1,4 glycosidic bonds of oligosaccharides. Further-
more, the adsorption capacity followed an increasing
sequence of BC-SO3;H-IL-Zn > BC-SO;H-IL > BC-
SOsH. Our adsorption experiments clearly indicate
that the introduction of IL and especially IL-Zn groups
into BC-SO3;H material can improve significantly such

a hydrogen bond interaction, which is likely due to
their C1™ ions being easily inserted into the hydrogen
bonding network of cellulose molecules. Additionally,
a high concentration of CI™~ ions and a coordinated
effect of Zn*" ions with oligosaccharides (Cao et al.
1994) are likely responsible for the ultra-high adsorp-
tion capacity on BC-SO;H-IL-Zn.

Thermal stability of the aforementioned materials
was checked by thermogravimetric analysis (TGA)
technique and their TGA and differential thermogravi-
metry (DTG) curves are shown in Fig. 1. Three main
peaks for loss of weight in the range 25-800 °C were
observed in the DTG curves of these materials. Among
them, the first strong peak at 90—100 °C should arise
from an evaporation of the adsorbed water molecules,
the second weak peak in the range 240-310 °C can
likely be assigned to a decomposition of the surface’s
SO;H groups (Wu et al. 2010; Zhang et al. 2012; Xu
et al. 2008) and the third broad peak appearing in the
range 470-600 °C may be attributed to the further
carbonization of these materials (Wuetal. 2009). When
the IL or IL-Zn groups were anchored to the BC-SO;H
material, a new peak near 350-370 °C was noticed
upon the DTG curves of both the materials (see curves 2
and 3), which was likely due to the decomposition
process of IL or IL-Zn groups anchored on the OH sites.
We previously reported that the introduction of IL into
the BC-SO;H could cause both the decomposition
peaks for SO;H and IL groups to be shifted to the high
temperature region and partly overlap each other
(Zhang et al. 2012). Here, the decomposition peaks
for SOsH and IL-Zn groups in the DTG curve of BC-
SOz;H-IL-Zn appeared at 310 and 370 °C, respectively,
showing much bigger shifts toward the high tempera-
ture region than both corresponding peaks in the DTG
curve of BC-SO;H-IL. We believe that an intramole-
cular electrostatic bonding interaction between SO;H
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Fig. 1 DTG curves of BC-SO;3H (/), BC-SO;H-IL-Zn (2) and
BC-SO3H-IL (3) samples

and IL or IL-Zn groups should be responsible for the
thermal stability of both the groups. In comparison with
the IL group, the IL-Zn group can strengthen such an
interaction due to its high concentration of C1™ ions, as
supported by the foregoing chemical titration.

Hydrolysis of cellulose and lignocellulose

The hydrolysis of cellulose and lignocellulose (bam-
boo powder) catalyzed by BC-SO3;H, BC-SO;H-IL or
BC-SO;H-IL-Zn in water, [ BMIM]CIl-water or DMA -
LiCl-water was checked under microwave irradiation
and the results are listed in Table 2. The heteroge-
neous hydrolysis process for cellulose in a water
medium could efficiently proceed over these catalysts,
giving RSs (yield, 22.0-58.7 %) as main hydrolysis
products with turnover numbers (TONs) of 1.51-5.91.
In addition, a trace amount of HMF (usually lower
than 0.2 %) was also observed. In comparison with a
pure water medium, the mixed media [BMIM]CI-
water promoted significantly the hydrolysis of cellu-
lose, providing relatively higher TONs (1.69-6.30).
This is likely due to a good solubility of [BMIM]CI for
cellulose (Swatloski et al. 2002; Lee et al. 2009; Fort
et al. 2007; Fukaya et al. 2008; Ohno and Fukaya
2009; Amarasekara and Owereh 2009). Another
mixed media DMA-LiCl-water were found to be less
advantageous for this hydrolysis, giving relatively
lower TONs (0.48-3.32).

Table 2 Microwave-assisted hydrolysis of cellulose and bamboo catalyzed by BC-SO3;H, BC-SO3;H-IL and BC-SO3;H-IL-Zn in

some solvents

Materials Reaction media BC-SO;H BC-SO;H-IL BC-SOz;H-IL-Zn
Yield of products (%) Yield of products (%) Yield of products (%)
RSs* HME® TON® RSs HMF TON RSs HMF TON
Cellulose Water 22.0 <0.1 1.51 334 <0.1 3.23 58.7 0.2 591
[BMIM]CIf 20.0 4.6 1.69 60.2 5.1 6.30 36.2 22.7 5.92
DMA-LiC#® 1.0 6.0 0.48 8.0 15.0 2.22 14.7 18.4 3.32
Bamboo Water 39 <0.1 0.15 8.6 <0.1 0.46 30.3 0.9 1.77
[BMIM]|CI¢ 12.1 1.6 0.55 19.6 2.3 1.22 42.6 9.6 3.10
DMA-LiCI® 10.3 1.2 0.45 17.6 2.1 1.10 39.0 8.9 2.84
Water" 18.0 <0.1 0.69 27.8 <0.1 1.52 44.0 0.7 2.53
Water® 4.6 <0.1 0.18 15.5 <0.1 0.84 28.7 <0.1 1.62

Reaction conditions unless otherwise specified: catalyst: 0.1 g, cellulose or bamboo: 0.2 g; water: 1.5 mL, 350 W for cellulose and
750 W for bamboo, reaction temperature and time, 90 °C and 2 h for cellulose and 110 °C and 2 h for bamboo

? RSs indicated reducing sugars, consisting of soluble glucose and oligosaccharides

® HMF indicated 5-hydroxymethylfurfural

¢ Turnover number was evaluated on the basis of the molar amount of converted substrate per mole effective acid sites (SO;H)

(mol molfl)

4 5 mL of 1-butyl- 3-methylimidazolium chloride [BMIM]CI and 5 mL of water

¢ 5 mL of DMA-containing 9 wt% LiCl and 5 mL of water

f Bamboo (2 g) was pretreated with an 40 % aqueous ZnCl, solution (8 mL) under microwave irradiation (350 W, 120 °C and 1 h)

¢ Adding 0.225 mmol ZnCl,
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In comparison with cellulose hydrolysis, the direct
hydrolysis of bamboo in a pure water medium did not
easily proceed, providing very low TONs (0.15-1.77)
even if the high MW power (750 W) and temperature
(110 °C) were used; this is likely due to the imped-
iment of the lignin which was wrapped on the
cellulose. The mixed media DMA-LiCl-water and
especially [BMIM]CI-water could promote obviously
the hydrolysis of bamboo, providing relatively high
TONSs (0.45-2.84 in DMA-LiCl-water and 0.55-3.10
in [BMIM]CI-water), being due to both the mixed
media possessing a good solubility for lignocelluloses
(Joseph and Ronald 2009; Vancov et al. 2012; Guo
et al. 2012). Additionally, such two mixed media
showed an obviously promoted effect on the further
transformation of RSs into HMF in the hydrolysis of
cellulose and lignocellulose. Notably, a two-steps
process, which bamboo was pretreated with an 40 %
aqueous ZnCl, solution and then hydrolyzed over BC-
SOsH or BC-SO3H-IL under microwave (MW) irra-
diation, could significantly accelerate the hydrolysis of
bamboo, providing a high hydrolysis efficiency (TON,
1.52). This should be due to such accessional
pretreatment efficiently removing the lignin in bam-
boo, as previously reported by us (Wu et al. 2012).
When a catalytic amount of ZnCl, was introduced into
the hydrolysis system of bamboo, the BC-SO;H-IL’s
TON (0.84) was improved obviously, but the BC-
SOs;H’s TON unchanged nearly. Interestingly, if
7ZnCl, was anchored on the IL sites of BC-SO;H-IL
to form a monolithic catalyst BC-SO;H-IL-Zn, the
catalysis efficiency of such a catalyst bearing -SO;H
and IL-Zn groups in all the solvents was found to be
obviously superior to that of BC-SO;H-IL and espe-
cially BC-SO3H, whether cellulose or bamboo powder
was used as a substrate and this predominance in
activity was more strikingly apparent in a water
medium. For example, the TONs of BC-SO3;H-IL-Zn
for cellulose and bamboo hydrolysis in water were ca.
5.91 and 1.77, being 0.83- and 2.85-fold higher than
the corresponding TONs of BC-SO;H-IL, respec-
tively. Furthermore, The TON of BC-SO3;H-IL-Zn
was also slightly higher than that the two-steps process
described above, and by far better than that in the co-
presence of BC-SO3H-IL and ZnCl,. This is likely due
to a good synergistic effect between the IL-Zn and
SO3H groups joined to the BC-SO5H, as supported by
the aforementioned TGA characterization. Addition-
ally, the BC-SO3;H-IL-Zn was found to show much

60 - |mmaBC-SO;H
{ |mmmBC-SO,H-IL
50 4 |EZBC-SO;H-IL-Zn

Yield of RSs/ %

Fig. 2 Temperature-dependence of RSs yield for the micro-
wave-assisted hydrolysis of cellulose catalyzed by three
catalysts in a water medium (power, 350 W, time, 120 min)

60 1 [1,BC-SO,H
2, BC-SO;H-IL
3, BC-SO,H-IL-Zn
50 -
S
~
A
L 404
e
=]
=
230
S|
20

20 40 60 80 100 120 140 160
Irradiation time / min

Fig. 3 Irradiation time-dependence of RSs yield for the
microwave-assisted hydrolysis of cellulose catalyzed by three
catalysts in a water medium (power, 350 W, temperature,
90 °C)

higher selectivity for HMF in a water medium and
especially two mixed media than the other two
catalysts, which was probably due to the catalytic
interaction of its Lewis acids (Rasrendra et al. 2010).

The effects of microwave temperature and irradi-
ation time on the heterogeneously catalytic hydrolysis
of cellulose in a pure water medium were further
investigated with 350 W of MW power and the results
are summarized in Figs. 2 and 3, respectively. It can
be seen in Fig. 2 thatthe yield of RSs increased
gradually with the increase in temperature in the range
of 70-90 °C, but decreased when the temperature was
further increased to 100 °C, as a consequence of RSs
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to be further converted into HMF and other smaller
molecules. Among the three catalysts examined, the
catalyst BC-SO3;H-IL-Zn showed the best activity for
this hydrolysis, and this predominance in activity
became more noticeable at a relatively low tempera-
ture (70 °C). For example, when the temperature was
90 °C, 58.7 % of RSs yield was obtained on BC-
SO;H-IL-Zn, this yield being 0.76- and 2.67-fold
higher than the corresponding yields on BC-SO;H-IL
and BC-SO3H, respectively. When the temperature
was 70 °C, the yield on BC-SO;H-IL-Zn was ca.
28.5 %, being 2.7- and —6.5 fold higher than yields on
BC-SO;H-IL and BC-SOzH, respectively. On the
other hand, at the high temperature (100 °C), the BC-
SO;H-IL-Zn, unlike BC-SO;H-IL, showed a high
activity for the further transformation of RSs to HMF
(about 1 %), followed by the conversion of HMF into
lIevulinic acid and formic acid (about 10 %), as well as
other smaller molecules (no detection), this is prob-
ably due to the existence of its Lewis acid. Figure 3
illustrates that the curve of RSs yield upon BC-SO;H
(curve 1) climbed sharply with time until it achieved a
maximum at 60 min, after which it fell gradually due
to serious degradation of RSs. On the contrary, an
increase of RSs yield with time was monotonic upon
the IL-or IL-Zn-containing catalysts although this
increasing trend was weakened clearly after a rela-
tively long time (curves 2 and 3), indicating that when
relatively mild hydrolysis conditions were used, the
degradation of RSs could be restrained efficiently in
the presence of IL or IL-Zn groups.

Based on the relatively high selectivity for HMF in
DMA-LiCl and water, we investigated the effect of
microwave power on the BC-SO3;H-IL-Zn-catalyzed
hydrolysis of cellulose in this mixed media at 100 °C
for 120 min. As shown in Fig. 4, when MW power
was elevated from 350 to 750 W, the yield of RSs
gradually decreased from 19.8 to 12.0 %, with a
concomitant increase in HMF from 22.2 to 30.4 %.
This is probably because a high MW power produces a
stronger and more direct coupling of MW energy with
the molecules in reaction system than a low MW
power (Dallinger and Kappe 2007), easily leading to
the further transformation of RSs into HMF.

The effect of irradiation temperature and time on
bamboo hydrolysis was also examined in water using
the best catalyst BC-SO3;H-IL-Zn as an example and
the results are shown in Fig. 5. Within the examined
range of temperature, the accelerating effect of

@ Springer

HMF

Yields of RSs and HMF /%

350 550 750
MW power / W
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LiCl-water media (temperature, 100 °C, time, 120 min)
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Fig. 5 MW temperature and time-dependence of RSs and
HMF yields for the hydrolysis of bamboo catalyzed by BC-
SO3H-IL-Zn in water (Power, 750 W)

temperature on this reaction was evident, and the
yield of RSs and HMF gradually increased with
increasing temperature from 100 to 110 °C and time
from 20 to 150 min. However, a further prolonging of
time at the high temperature (110 °C) slightly lowered
the yield of RSs, as a consequence of the RSs to be
further converted into smaller molecules. The reaction
solid mixture was easily spattered to the reactor’s
internal wall at the temperature higher than 110 °C,
which can seriously influence the hydrolysis effi-
ciency. Therefore, the temperature higher than 110 °C
was not checked here.
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Fig. 6 The catalyst’s repeatability in hydrolysis of cellulose or bamboo to reducing sugars in a water medium under MW irradiation

The results obtained from Table 2 and Figs. 2, 3, 4
and 5 fully indicate that the catalyst BC-SO;H-IL-Zn
show much higher hydrolysis efficiency than BC-
SO;z;H-IL and especially BC-SOs;H whether cellulose or
lignocellulose was used as a substrate. This is likely due
to the following reasons: firstly, ZnCl,, as supported by
our designed experiment in which about a half of the
lignin was removed from the bamboo treated with 40 %
aqueous ZnCl, solution under MW irradiation (Wu
et al. 2012), possesses a functionality of efficiently
removing the lignin which is wrapped around cellulose,
and its introduction can improve significantly the
catalyst’s activity for bamboo hydrolysis. Secondly,
the IL-Zn groups flexibly bound to BC-SO;H, like the
CBD of cellulase, possess a good solubility and
activated capacity for cellulose molecules via their
CI™ ions efficiently breaking the hydrogen bonding
network of cellulose molecules. Thirdly, their C1™ ions
probably share the H ions of the SO;H groups (with a
CD function of cellulase) through a strongly intramole-
cular electrostatic bonding interaction, which can lead
to a good synergistic effect between the IL-Zn and
SOzH groups, as well as the improved acidity.
Furthermore, the IL-Zn groups with a high concentra-
tion of CI™ ions can bestow the catalyst with a more
excellent functionality mimicking the CBD of cellu-
lase, a better synergistic effect and improved acidity
compared to the IL groups, as supported by the
aforementioned characterization and reaction results.

Finally, the catalyst’s repeatability in MW-assisted
hydrolysis of cellulose and lignocellulose medium was
checked in water. After the first reaction was carried
out under the optimum conditions, the solid residue
containing the catalyst and substrate was separated
and recovered from the hydrolytic solution via

filtering and washing with water. After some cellulose
or bamboo was supplemented, the ground residue was
used directly for the next hydrolytic reaction under the
same conditions. Figure 6 a shows the repeatability of
three catalysts in cellulose hydrolysis (reaction con-
ditions: 350 W and 60 min at 90 °C for BC-SO3H,
350 W and 120 min at 90 °C for BC-SO3H-IL and
BC-SO;H-IL-Zn). The yield of RSs upon the catalyst
BC-SO;H decreased gradually with recycling times,
indicating that the gradual loss of activity occurs easily
upon this catalyst. On the contrary, the yield of RSs
upon BC-SO3;H-IL or BC-SO3;H-IL-Zn hardly
decreased in each recycling run, indicating that both
the catalysts have an excellent repeatability. We
measured the content of SO3;H, IL groups and Zn ions
on the three catalysts before use and after the 3rd
recycling run, and found that the leaching of surface
SO5H groups on BC-SO3;H was very serious after the
3rd operating run (see Table 1, 1.80 wvs.
0.78 mmol g~ '). However, this leaching could be
severely restrained in the presence of IL or especially
IL-Zn groups (1.28 vs. 1.16 mmol g~ for the BC-
SO;H-IL, 1.23 vs. 1.21 mmol g~ for BC-SO;H-IL-
Zn). The leaching of IL groups or Zn ions upon both
the catalysts was almost negligible (IL groups for BC-
SO;H-IL, 1.27 vs. 1.31 mmol g_l; Zn ions for BC-
SO5H-IL-Zn, 2.38 vs. 2.03 mmol g~ "). Evidently, the
poor repeatability of BC-SOs;H should be due to a
serious leaching of its surface SO3H groups under
microwave irradiation. A strongly intramolecular
electrostatic bonding interaction between IL or IL-
Zn and SOzH groups is responsible for the excellent
repeatability of both the groups.

Figure 6b illustrates the repeatability of BC-SOs;H-
IL-Zn in bamboo hydrolysis (reaction conditions:
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750 W and 120 min at 110 °C). As shown in Fig. 6b,
the yields of RSs and HMF upon BC-SO;H-IL-Zn had
a definite decrease in the 1st recycling run, but hardly
decreased in the following 2nd to 3rd recycling run,
illustrating that the catalyst still has a good repeat-
ability for bamboo hydrolysis. The measured content
of SO;H groups and Zn”" ions on the catalyst after the
3rd recycling run was slightly lower than that on the
fresh catalyst (1.02 vs. 1.23 mmol g~' for SOsH
groups and 2.03 vs. 2.38 mmol g~ for Zn ions),
indicating that the leaching of both the functional
groups in bamboo hydrolysis occurs more easily than
that in cellulose hydrolysis due to its harsh reaction
conditions (high MW power and temperature).

Conclusion

In summary, for the first time we have designed and
prepared chlorozincate ionic liquid functionalized
biochar sulfonic acid (BC-SO3;H-IL-Zn) as an efficient
catalyst for the heterogeneous hydrolysis of cellulose
and lignocelluloses to reducing sugars and HMF under
microwave irradiation. The new catalyst has the
following merits: (1) Using more available and cost-
effective lignocellulosic bamboo as a raw material of
the preparation of the catalyst. (2) The introduction of
IL-Zn groups bestows the catalyst with more excellent
mimetic CBD and CD functions of cellulose, as well as
adelignification function compared to that of IL groups,
which can improve significantly the activity and
repeatability of the catalyst. (3) Facile operation and
an environmentally benign process. It is anticipated that
this kind of catalyst will have competitive potential for
direct and highly efficient conversion of lignocellulosic
materials into useful sugars and other chemicals if its
delignification function is further improved.
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