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Separation of Short-chain Glucan Oligomers from Molten Salt 
Hydrate and Hydrolysis to Glucose 
Qiyu Liu,a Song Luo,b Wei Fan,*b,c Xinping Ouyang,*a and Xueqing Qiu,*a,d

Selective production of glucose from hydrolysis of cellulose is the key step for efficient utilization of lignocellulose biomass. 
Crystalline cellulose can be dissolved and hydrolyzed into glucose with a high selectivity in molten salt hydrates (MSHs). 
However, the separation of the formed glucose is challenging due to its high solubility in the MSHs. To address this issue, a 
stepwise method is introduced, where cellulose is hydrolyzed into short-chain glucan oligomers in the MSH of LiBr. We 
demonstarte that compared to glucose, the formed glucan oligomers with a degree of polymerization of 4-11 can be 
efficiently separated from the MSH hydrolysate using an anti-solvent precipitation method. The separated oligomers can be 
readily converted into glucose under mild conditions and used for other applications. Under optimized conditions, 90.3% of 
glucan oligomer can be produced from crystalline cellulose and separated from the MSH with the addition of methanol, and 
the precipitated glucan oligomer can be hydrolyzed into glucose with a yield of 99.7% using dilute sulfuric acid. We show 
that the precipitation efficiency is influenced by the glucan oligomer chain-length, glycoside bond type and concentration. 
Moreover, separation of glucan oligomer from cotton straw hydrolysate was also investigated in the MSH. 79.2% yield of 
glucan oligomer was obtained from hydrolysis of cotton straw at 130 oC for 2 h. With the addition of methanol, glucan 
oligomer was precipitated with the selectivity of 60.8%. 

Introduction
Cellulose is the most abundant homopolysaccharide in nature 
which consists of D-glucose units connected through β(1→4) 
glycosidic bonds.1 Selective production of glucose from 
hydrolysis of cellulose is the key step for efficient conversion of 
lignocellulosic biomass into fuels and value-added chemicals.1, 2 
Crystalline cellulose obtained from lignocellulosic biomass has a 
high degree of polymerization (DP), together with massive 
inter- and intramolecular hydrogen bonds in the structure, 
resulting in low solubility in water and limited accessibility to 
homogeneous and heterogeneous catalysts as well as 
cellulolytic enzymes.3, 4 In order to address this issue, several 
approaches have been developed.3, 5 One promising approach 
is to apply specific solvents, including ionic liquids,6, 7 deep 
eutectic solvents8 and molten salts hydrates (MSHs),9, 10 to 
dissolve and partially depolymerize crystalline cellulose. These 
solvents break the hydrogen bonds in cellulose structure,10-12 
therefore, increasing cellulose solubility in the solvents and 
possibly facilitates catalytic hydrolysis of cellulose. Selective 

production of glucose from cellulose has been achieved by 
catalytic hydrolysis using acid catalysts in the solvents.7, 13-15 

Despite the promising potential for selective production of 
glucose from cellulose using ionic liquid, deep eutectic solvent 
and MSHs, there is a significant challenge in separation of the 
produced sugars.16, 17 Table 1 summarizes representative 
studies of cellulose hydrolysis in ionic liquids, deep eutectic 
solvents and MSHs. It was found that cellulose can be effectively 
swollen, dissolved and partially depolymerized in those solvents 
at mild conditions, but separation remains the major 
challenge18, 19 (row 1 to 4). Physical adsorption of produced 
sugar on amorphous carbon and zeolites have been reported 
(row 5 and 6), however the desorption of the sugars from the 
adsorbents requires additional steps.20 Membrane separations 
have also been used for concentrating sugars from hydrolysates 
of cellulose (row 7). Compared to cyclic temperature swing 
adsorption processes using solid adsorbents, membrane 
separations including pressure driven nanofiltration (NF) and 
forward osmosis (FO) separations are easily scalable in 
continuous processes.21, 22 Membrane separations are often 
used to obtain concentrated sugars stream from lignocellulosic 
biomass pre-treatment in which salts are not used. In the 
presence of high concentration of salts, the selectivity for sugar 
over salts through the membrane separations need to be 
further demonstrated. In addition, fouling effects are also 
needed to be investigated. Ion exchange method is another 
promising method in sugar separation from ionic liquid (row 8) 
but the regeneration of  resin is challenging.23
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Table 1 Cellulose conversion in ionic liquids, deep eutectic solvents and MSHs

Solvents Substrate Catalysts Temp. Time Products Yields Separation References

[C4min]+ salts a Cellulose None 70 oC 30 min TRS b and 

glucose

62% and 

14%

No Ref.124

[HMIM][HSO4] Cellulose MnCl2 150 oC 300 min 5-HMF 41.7% No Ref.225

L-Proline/Ethylene 

glycol

Cellulose FeCl3•6H2O 120 oC 120 min TRS 66.7% No Ref.326

LiBr•3.25 H2O Cellulose H2SO4 85 oC 30 min Glucose 82% No Ref.414

LiBr•3.25 H2O Cellulose None 130 oC 5 h Glucan 

oligomer

90.4% Yes c Ref.520

70 wt.% ZnCl2 Cellulose HCl 70 oC 60 min Glucose ~84% Yes d Ref.627

50 wt.% LiCl Sugar cane 

bagasse

HCl 80 oC 60 min Glucose 79.1% Yes e Ref.728

[C4mim]Cl Cellulose H2SO4 100 oC 9 min TRS 68% Yes f Ref.823

LiBr•3.25 H2O /Ethyl 

acetate

Poplar wood H2SO4 and AlCl3 120 oC 1 h Furfural and 5-

HMF

>80 mol% Yes g Ref.929

LiCl•3H2O/methyl 

isobutyl ketone

Cellulose NbOPO4/HZSM-5 175 oC 2 h Levulinic acid 94.0% Yes h Ref.1030

BMIMCI Cellulose Amberlyst-15 and 

p-TSA

100 oC 5 h Glucan 

oligomers

48% Yes i Ref.117

DES j Cellulose None 100 oC 2 h Cellulose 

nanocrystals

66-71% Yes k Ref.128

ZnBr2•4 H2O Cellulose None 70 oC 15 min Amorphous 

cellulose

99% Yes l Ref.1331

a Anions are Cl-, Br- and SCN-. b TRS refers to total reducing sugar. c Separation was performed by adsorption on amorphous carbon. d Separation was performed by 

adsorption on zeolite beta. e Separation was performed using nanofiltration. f Separation was performed by ion exchange. g Separation was performed by extracting 

furfural and 5-HMF using ethyl acetate. h Separation was performed by extracting levulinic acid using methyl isobutyl ketone. i Separation was performed by adding 

water as anti-solvent. j DES was prepared by mixing choline chloride and oxalic acid dihydrate. k Separation was performed by adding water as anti-solvent. l Separation 

was performed by adding water as anti-solvent.

Extraction of glucose from MSH using boronic acid has shown 
promising results, however, the efficiency and cost of the 
method requires further evaluation. Another possible approach 

is to upgrade glucose to other valuable chemicals in the solvents 
followed by biphasic separation or other separation methods 
(row 9 and 10).29, 30 Despite these efforts, maintaining the 

Page 2 of 11Green Chemistry



Journal Name  ARTICLE

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 3

Please do not adjust margins

Please do not adjust margins

glucose structure is still highly desired because of their value 
and versatile conversion pathways sugars provide. Precipitation 
using anti-solvents is simple, easily scalable and consumes low 
energy compared to adsorption-based separation and 
membrane separation.31 However, due to the high solubility of 
monosaccharide in ionic liquids, deep eutectic solvents and 
MSHs, the precipitation method cannot be used for separating 
glucose. Attempts have been made to separate oligomers with 
high DP of more than 300 or partially crystalline cellulose (row 
11 to 13). Production of glucose from the partially crystalline 
cellulose still requires relatively harsh reaction conditions and 
presents relatively low yields. Moreover, due to the complex 
structure of cellulose, the effects of anti-solvent on the 
precipitation efficiency have not been fully understood.

Glucan oligomer is a carbohydrate polymer with a low DP 
(commonly 2-10).32, 33 Crystalline cellulose can be selectively 
depolymerized into glucan oligomers with a yield of 90.4% in 
MSHs.20 The glucan oligomers are solvated and soluble in MSHs, 
and can be readily converted into glucose under mild conditions 
with a high selectivity.20, 34 It has been known that the solubility 
of glucan oligomers in water rapidly decreases with the increase 
of glucan chain length.35-37 For example, at room temperature 
glucose and cellobiose show solubilities of 47.8 wt.% and 6.8 
wt.% in water, respectively, while the solubility of linear β-
glucan oligomers with DP = 5-6 is less than 1 wt.% in water.35, 38 
Motivated by the low solubility of glucan oligomer in water 
compared to glucose, we argue that the solubility of glucan 
oligomers in MSHs also decreases with their chain length. 
Compared to glucose, precipitation of glucan oligomers with the 
DP of 4 to 11 from MSHs using anti-solvents should be feasible. 
Therefore, a stepwise hydrolysis process is examined in this 
study, where cellulose is selectively hydrolyzed into glucan 
oligomers in MSHs, and the oligomers are separated via anti-
solvents precipitation followed by hydrolysis into glucose under 
mild conditions. Our choice of separating glucan oligomers 
rather than glucose from MSH stems from not only being 
solvated and dissolved in MSH but importantly they can be 
precipitated from MSH at a much lower concentration than 
glucose, offering an improved separation efficiency. Compared 
with the previous work,  the anti-solvent precipitation method 
can reach the limitation of unable separation of glucose19 and 
insufficient separation of branched glucooligosaccharides32 
from MSHs. Additionally, oligomer is also considered as a value-
added product with unique applications in polymer production, 
agriculture, and food science.39-41 This study proposes a simple 
and economic process for separation of glucan oligomers and 
production of glucose from cellulose which is regarded as a 
bottleneck for the application of lignocellulosic biomass. 
Hydrolysis of cotton straw and separation of produced glucan 
oligomers were also studied in this work, providing a potential 
for direct utilization of the method for raw biomass.

Experimental section
Materials

Glucose (99.9%), microcrystalline cellulose (99%, 90 um), methanol 
(MeOH, 99.9%), γ-valerolactone (GVL, 98+%), dimethyl formamide 
(DMF, 99%), pyridine (anhydrous, 99.5+%) and phenyl isocyanate 
(98+%) were purchased from Alfa Aesar, Ltd., USA. Lithium bromide 
(LiBr, 99%) and D2O (99.9%) were purchased from Sigma-Aldrich, 
Ltd., USA. Ethanol (EtOH, 99.5%), isopropanol (IPA, 99.9%) and 
tetahydrofuran (THF, 99.9%) were purchased from Fisher Scientific. 
Cotton straw was produced from Jolgaon, India. The raw biomass 
was directly used after being grinded and sieved through a 60-mesh 
sieve.

Glucan oligomer preparation

Molten salt hydrate was prepared by dissolving 3.6 g of LiBr in 
2.4 g of deionized water, forming a MSH with 60 wt.% of LiBr. 
Hydrolysis reaction was carried out by mixing 100 mg of 
microcrystalline cellulose with 6 g of MSH in a 15 mL thick wall 
glass reactor (Synthware Ltd., China). The hydrolysis reaction 
was performed at 130 oC for 5 h in a preheated oil bath with a 
magnetic stirring at 300 rpm. A glucan oligomer yield of 90.4% 
was obtained.20 The hydrolysate was collected for the following 
precipitation study.

Measurement of glucose and glucan oligomer concentrations
Concentration of glucose in the MSH was detected by high 
performance liquid chromatography (HPLC) after 10 times 
dilution of the solutions. The HPLC (LC-20AT, Shimadzu) was 
equipped with refractive index (RID-10A) detector at an oven 
temperature of 85 oC. A Bio-Rad HPX-87H HPLC column with a 
guard column was used. HPLC grade dilute sulfuric acid (0.1 
mmol/L, Fisher) was used as a mobile phase with a flow rate of 
0.6 mL/min.

The method for measuring the concentration of glucan 
oligomers in the MSH has been introduced in our previous 
work.20 Namely, 1 g of hydrolysate was mixed with 5 g of 4 wt.% 
H2SO4 in a 15 mL thick wall glass reactor and hydrolyzed at 130 
oC for 1 h with stirring. The formed glucose solution was filtered 
by 0.22 um PTFE syringe filter and measured by HPLC. 

Measurement of the solubility of sugars in different anti-solvents
The solubility of glucose, maltose, cellobiose in MeOH and 
glucan oligomer in different anti-solvents were investigated, 
respectively. The glucan oligomers were obtained using our 
previous method.20 During the solubility measurements, 20 mg 
of sugar was mixed with 1 g of solvent in a 3 mL glass vial. The 
vials were heated on a hot plate with magnetic stirring at 600 
rpm at 30 oC for 48 h. Thereafter, the solution was filtered by 
0.22 um PTFE syringe filter to separate the insoluble part. The 
amount of glucose, maltose and cellobiose dissolved in the 
solutions were detected by HPLC. The amount of glucan 
oligomers dissolved in the solution were measured by HPLC 
after hydrolyzing the dissolved glucan oligomers by 4 wt.% 
H2SO4 in a 15 mL thick wall glass reactor at 130 oC for 1 h. The 
solubility of sugar was calculated using eqn.1.

Sugar solubility (𝑆𝑆) =   
𝑊𝐷𝑆

𝑊𝑆
× 100%                                               (1)
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here  is the weight of dissolved sugar in the solvent.  is 𝑊𝐷𝑆 𝑊𝑆

the weight of the solvent.

Hydrolysis of cotton straw in MSH

The composition of cotton straw was determined by the 
method reported in our previous study 42, 43 which was 
established by National Renewable Energy Laboratory (NREL).44 
Essentially, 0.3 g of dried biomass was mixed with 3 mL of 72% 
H2SO4 in a 25 mL beaker and placed in a water bath at 30 oC for 
1 h. Then 84 mL of deionized water was added into the mixture 
to dilute the acid concentration to 4% and reacted at 121 oC for 
1 h. The hydrolysate was detected by HPLC. Cellulose and 
hemicellulose amount were calculated based on soluble 
monosaccharides amount. The insoluble part after hydrolysis 
consists of lignin and ash. The amount of ash was determined 
by placing the filter in a furnace at 575 oC for 4 h. The quality 
loss during the process was lignin. The composition of cotton 
stover was measured as: 34.7% of cellulose, 20.4% of 
hemicellulose, 19.9% of lignin, and 25.0% of others.

For cotton straw hydrolysis in the MSH, 300 mg of cotton 
straw was mixed with 6 g of the MSH in a 15 mL thick wall glass 
reactor with magnetic stirring at 600 rpm. The reactor was put 
into an oil bath for hydrolysis. After reactions, the reactor was 
taken out from the oil bath and rapidly cooled down to room 
temperature with cooling water. After the hydrolysis reaction, 
the hydrolysate was separated from solid residue by 0.22 um 
PTFE syringe filter. The glucose and glucan oligomer 
concentrations in the hydrolysate were measured by HPLC. 
Unreacted cellulose in the solid residue was dried in the oven at 
80 oC for 12 h before being measured by the method developed 
by NREL which was mentioned above. Glucose concentration in 
the solution was measured by HPLC.

The yields of different products in the hydrolysates obtained 
from cellulose hydrolysis are calculated using eqns. (2-4):

Glucose yield (𝑌𝐺𝐵) =  
𝑀𝐺𝐻

𝑀𝐺𝐵
 × 100%                                                (2) 

Oligomer yield (𝑌𝑂𝐵) =  
𝑀𝐺𝐻𝑂

𝑀𝐺𝐵
× 100%                                            (3) 

Unreacted cellulose yield (𝑌𝑈𝐶𝐵) =
𝑀𝐺𝐻𝑅

𝑀𝐺𝐵
 × 100%                    (4)  

Here  is the mole of glucose in the hydrolysate after the 𝑀𝐺𝐻

hydrolysis of cotton straw in the MSH.   is the mole of 𝑀𝐺𝐻𝑂

glucose units in the oligomers formed in the MSH hydrolysis of 
cotton straw.  is the mole of glucose units in the residual 𝑀𝐺𝐻𝑅

cellulose.  is the total mole of glucose units in the cotton 𝑀𝐺𝐵

straw. The products obtained from hemicellulose hydrolysis 
including xylan oligomer, xylose and unreacted hemicellulose 
were analyzed in the same way as cellulose. All data points were 
repeated for three times and error bars were made by dividing 
the standard deviation by the square root of 3.

Precipitation of products using anti-solvents

Anti-solvent precipitation was used to separate the soluble 
glucan oligomers formed from hydrolysis of cellulose and 
cotton straw in the MSHs. After hydrolysis in the MSHs, the 
hydrolysates were obtained after removing the undissolved 
solids by filtration. In the anti-solvent precipitation process, 1 g 
of the hydrolysate was added into varying amounts of anti-
solvents. After stirring for 5 h at room temperature, white solids 
were precipitated out from the MSHs. To fully separate the 
solids, the solution was centrifuged at 6,000 rpm (3823 RCF*g) 
for 10 min with a centrifuge (Xiangyi H1850, China). The 
supernatant was removed, and the precipitated glucan 
oligomers were isolated.

The amount of residual glucan oligomers in the MSH and the 
precipitated glucan oligomers were determined by HPLC after 
hydrolysis into glucose.

The precipitation yield of glucan oligomer from 
microcrystalline cellulose hydrolysis is calculated using eqn.5:

Precipitation yield (𝑌𝑃𝑂𝐶) =
𝑀𝐺𝑂𝐶 ― 𝑀𝐺𝑃𝑂𝐶

𝑀𝐺𝑂𝐶
× 100%        (5)  

here  is the moles of glucose units in residual glucan 𝑀𝐺𝑃𝑂𝐶

oligomers dissolved in the precipitation solution.  is the 𝑀𝐺𝑂𝐶

moles of glucose units in total oligomers in the hydrolysates 
after hydrolysis of cellulose in the MSH.

The precipitation yield of oligomer from biomass hydrolysis is 
calculated using eqn.6:

Precipitation yield (𝑌𝑃𝑂𝐵) =
𝑀𝐺𝑂𝐵 ― 𝑀𝐺𝑃𝑂𝐵

𝑀𝐺𝑂𝐵
× 100%        (6)  

here  is the moles of glucose units in residual glucan 𝑀𝐺𝑃𝑂𝐵

oligomers dissolved in the precipitation solution.  is the 𝑀𝐺𝑂𝐵

moles of glucose units in the total oligomers in the hydrolysates 
after hydrolysis of cotton straw in the MSH. All data points were 
repeated for three times and error bars were made by dividing 
the standard deviation by the square root of 3.

Solubility of sugars in MSH and precipitation performance

Different amounts of glucose, maltose and cellobiose were 
added into MSH followed by stirring at room temperature for 1 
h. The solution was filtered using 0.22 um PTFE syringe filter to 
remove the undissolved components. The sugar concentration 
in the solutions was measured by HPLC. To evaluate 
precipitation efficiency using the anti-solvent, MeOH, 1 g of the 
hydrolysate after removing the undissolved component was 
added into 10 g of MeOH. After stirring for 5 h at room 
temperature, the solution was centrifuged at 6,000 rpm (3823 
RCF*g) for 10 min. Then the supernatant was filtered by 0.22 
um PTFE syringe filter to measure the amount of dissolved sugar 
by HPLC.

The sugar concentration in MSH is calculated using eqn.7:

Sugar concentration (𝐶𝑆) =
𝑊𝑆

𝑊𝑇
× 100%                               (7)  

Here  is the weight of sugar dissolved in MSH,  is the total 𝑊𝑆 𝑊𝑇

weight of the solution.
The sugar precipitation yield after the addition of MeOH is 

calculated using eqn.8:
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Precipitation sugar yield (𝑌𝑃𝑆) =
𝑊𝐷𝑆 ― 𝑊𝑅𝑆

𝑊𝐷𝑆
× 100%      (8)  

Here  is the weight of dissolved sugar in MSH,  is the 𝑊𝐷𝑆 𝑊𝑅𝑆

weight of residual sugar dissolved in MSH after the addition of 
MeOH.

1H-NMR analysis of glucan oligomers from cellulose hydrolysis

To understand the structure of glucan oligomers obtained from 
cellulose hydrolysis in the MSH. 1H-NMR spectra were collected 
for the detection of the prevalence of glycosidic linkages and 
reducing ends. The sample was prepared by dispersing 5.0 wt.% 
dried oligomers in D2O with 10 mM 4,4-dimethyl-4-
silapentance-1-sulfonic acid (DSS) as an internal standard. 1H-
NMR samples were sonicated for 15 min and vortexed for 3 min 
followed by filtration before the measurement. The 1H-NMR 
measurement was performed with 32 scans. Peaks from 5.6 to 
4.0 ppm δ range was analyzed in this work. The relative peak 
positions of the hydrogens on α and β reducing ends (α-RE and 
β-RE), α(1→4), α(1→6), β(1→4) anomeric hydrogens which 
have been reported in previous literatures.35, 45 Abundance was 

calculated by a comparison of the integrated individual peak 
areas ( ) in the 1H-NMR spectra:𝐴𝐻𝑖

𝐴𝑏𝑢𝑛𝑑𝑎𝑛𝑐𝑒 =
𝐴𝐻𝑖

𝛴𝐴𝐻𝑖
× 100%                                                       (9)

Results and discussion
Glucan oligomer structural characterization

The glucan oligomers obtained from cellulose hydrolysis in the 
MSH of LiBr consist of a series of short-chain glucan oligomers 
with DP ranging from 4 to 11 (Figure 1a).20 1H-NMR was 
employed to identify the internal anomeric hydrogen of the 
oligomers. The 1H-NMR spectrum is shown in Figure 1b and the 
anomer distribution is listed in Table 2. The result indicates that 
93.2% of anomeric hydrogens in the oligomers are associated 
with β(1→4) linkages, and no α(1→4) and α(1→6) linkages were 
detected. It has been known that the solubility of glucan 
oligomers consisting of β(1→4) linkage is much lower than the 
oligomers formed by α(1→4) and α(1→6) linkage in aqueous 
phase,36 making it possible to precipitate glucan oligomers with 
β(1→4) linkage by anti-solvent precipitation.

Figure 1. (a) Molecular weight of glucan oligomers (outside the brackets) and number of glucose unit (DP, inside the brackets)20 and (b) 1H-NMR spectra of glucan oligomer 

obtained from cellulose hydrolysis in MSH at 130 oC for 5 h.

Table 2 Anomeric glucan oligomer abundance calculated from 1H-NMR a

Anomer α(1→4) α-RE α(1→6) β-RE β(1→4)

Percentage 0.0 1.3 0.0 5.5 93.2

a Glucan oligomers preparation: Crystalline cellulose hydrolysis in MSH at 130 oC for 5 h.

Effect of different solvents on glucan oligomer precipitation

After formation of the short-chain glucan oligomers by cellulose 
hydrolysis in the MSH, anti-solvent precipitation was employed 
to separate the oligomers. Anti-solvents evaluated in the study 
are miscible with the MSH and exhibit a low solubility for the 

glucan oligomers. The precipitation yield and oligomer solubility 
in different anti-solvents including MeOH, EtOH, IPA, THF, GVL, 
and DMF are shown in Figure 2. The result shows that 90.3% 
yield of oligomer was precipitated out from the MSH using 
MeOH and the other 9.7% of oligomer dissolved in the mixture 
of MSH and MeOH. When EtOH and IPA were employed in the 
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precipitation process, 79.6% and 78.5% yields of precipitated 
oligomers were obtained. Negligible oligomer solubilities in 
those three alcohols are observed as shown in Figure 2, but the 
precipitation yield in MeOH is slightly higher than EtOH and IPA. 
The reason may be due to the fact that MeOH has a higher 
polarity (0.762) than EtOH (0.654) and IPA (0.546), which means 
MeOH can form stronger interaction with the MSH and weaken 
the interaction between the oligomers and the MSH, facilitating 
oligomer precipitation.15 Besides, a series of solvents commonly 
emloyed in biomass conversion including THF, GVL and DMF 
were also studied as anti-solvents for the precipitation study, 
respectively. It was found that precipitation yields of  76.1% and 
50.9% were achieved with the addition of THF and GVL, and the 
oligomer solubilities in those two solvents are 0.06 wt.% and 
0.09 wt.%, respectively. These results indicate that effective 
anti-solvents should have a low solubility for the glucan 
oligomers. Moreover, the addition of DMF doesn’t show any 
oligomer precipitation. The reason is due to the fact that DMF 
can form specific interactions with LiBr solution and increases 
oligomer solubility, which is similar to the cellulose dissolution 
in the solution of DMF/LiCl/H2O.46 Among the six anti-solvents 
studied above, MeOH presented the highest precipitation 
efficiency. The higher precipitation efficiency achieved from 
MeOH is likley caused by the low solubility of oligomers in 
MeOH and strong interaction between MeOH and the MSH. 
Additionally, the effect of methanol dosage on glucan oligomer 
precipitation efficiency was also investigated. The result 
indicates that the precipitation yield depends on the 
MeOH/MSH weight ratio. When the MeOH/MSH weight ratio 
changes from 2 to 10, the precipitation yield was increased  
from 68.3% to 90.3% (Figure S1). Further increase of the MeOH 
dosage cannot enhance the precipitation efficiency. Thus, in this 
work, 10 times of MeOH was added into MSH for the purpose 
of achieving a sufficient precipitation result.

Figure 2. Precipitation yield of glucan oligomer with the addition of different anti-
solvents and the solubility of oligomers in different anti-solvents. Precipitation 
condition: 1 g of hydrolysate added in 10 g of anti-solvents. Dissolution condition: 
20 mg of solid oligomer was added into 1 g of solvent, stirring at 30 oC for 48 h.

Sugar dissolution in the MSH and precipitation efficiency

In order to further understand the effect of anti-solvent on the 
precipitation of sugars from the MSH, saccharides with different 

glucosidic linkages and chain lengths were investigated, 
including glucose (monosaccharide), cellobiose (disaccharide 
with β(1→4) glucosidic linkage), maltose (disaccharide with 
α(1→4) glucosidic linkage) and glucan oligomers (products from 
cellulose with DP of 4-11 linked by β(1→4) glucosidic linkages). 

The precipitation efficienty of different saccharides from the 
MSH using anti-solvent, MeOH, is summarized in Figure 3 and 
the pictures of the samples after precipitation are shown in 
Figure S2 with detailed data listed in Table S1. As shown in 
Figure 3, the linear glucan oligomer with β(1→4) linkage can 
precipitate from the MSH hydrolysate with MeOH addition at a 
concentration as low as 1.64 wt.%. On the contrary, glucose can 
not be precipitated with MeOH addition in the studied 
concentration range, which is due to the high solubility of 
glucose in the MSH.19 Disaccharides including cellobiose and 
maltose also show negligible precipitation when the saccharide 
concentrations are lower than 5 wt.%. For 5 wt.% of cellobiose 
in the MSH, 17.3 wt.% of cellobiose can be precipitated. Maltose 
is more difficult to be precipitated. No precipitation was 
observed at 5 wt.% of maltose. When the maltose 
concentration changed from 10 wt.% to 40 wt.%, the 
precipitation yield of maltose was gradually increased from 10.4 
wt.% to 40.2 wt.%. The difference in the precipitation yield of 
glucose, cellobiose and oligomer suggests that the precipitation 
efficiency increases with increasing the chain-length of the 
saccharides. Therefore, the anti-solvent precipitaton method 
can be used for separation of glucan oligomers at a 
concentration of as low as 1.64 wt.% with a yield above 90%. 
The precipitation results of cellobiose and maltose indicate that 
the saccharide with β(1→4) linkage is easier to separate 
compared to the  saccharide with α(1→4) linkage. This suggests 
that the separation of linear glucan oligomers with β(1→4) 
linkage prepared by cellulose hydrolysis in the MSH is more 
efficient than separating branched oligomers with α(1→4) 
linkage.32

Figure 3. Precipitation yields of sugars from the MSH of LiBr using MeOH as the 
anti-solvent. Precipitation conditions: 1 g of sugar solution mixed with 10 g of 
MeOH.
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The solubility of different saccharides in the MSH of LiBr and 
MeOH were studied in order to investigate the precipitation 
efficiency. The solubility of the saccharides in the MSH was 
measured by adding different amounts of the saccharides into 
the MSH after removing undissolved part by filtration. The 
status of the solutions is shown in Figure S3. The concentration 
of the saccharides in the solutions measured by HPLC and 
amount of the saccharides initially added into the MSH was 
plotted in the parity plot of Figure 4a. It indicates that glucose 
can be readily dissolved in the MSH with a concentration as high 
as 70 wt.% (Figure S3a). When maltose was employed in the 
dissolution study, the concentration of maltose in the MSH can 
reach to around 40 wt.%. When 50 wt.% of maltose was added 
into the MSH, the maltose can be well dispersed, but the 
solution exhibits a high viscosity and cannot go through the 0.22 
um PTFE syringe filter (Figure S3b). Cellobiose can be dissolved 
in the MSH when the concentration is lower than 5 wt.%. The 
undissolved solid was observed when the cellobiose 
concentration further increases (Figure S3c). The results 
support the claim that the solubility of saccharides in the MSH 
decreases with the chain length, and saccharides with α(1→4) 
linkage is prone to dissolve in the MSH compared to the 
saccharides with β(1→4) linkage. The glucan oligomer can be 

dissolved in the MSHs up to 1.64 wt.%, which is corresponding 
to the glucan oligomer concentration in the hydrolysate 
prepared by cellulose hydrolysis in the MSH. The result suggests 
that the glucan oligomers produced from the cellulose 
hydrolysis in the MSH can be fully dissolved in the MSH. Further 
increase in glucan oligomer concentration in the hydrolysates is 
possible by increasing the amount of cellulose added into the 
MSH. However, our previous study showed that the selectivity 
to glucan oligomer from hydrolysis of cellulose decreased with 
increasing the amount of cellulose in the MSH.20 Optimized 
reaction conditions for the hydrolysis led to a yield 1.64 wt.% of 
glucan oligomer with a selectivity of 90.4%.

The solubility of different saccharides in MeOH was analyzed 
and listed in Figure 4b. All saccharides show low solubilities in 
MeOH. Glucose and maltose present a similar solubilities of 
0.23 and 0.19 wt.%, while cellobiose and oligomer present 
negligible solubilities, respectively. The solubilities of glucose, 
cellobiose and oligomer in MeOH indicate that the increase of 
chain-length has negative effects on their solubilities in MeOH, 
which is the same as in water.35 The solubility difference 
between maltose and cellobiose suggests the disaccharide with 
α(1→4) linkage is easier to dissolve in MeOH compared with 
disaccharide wth β(1→4) linkage.

Figure 4. (a) Dissolution of saccharides with different concentrations in the MSH of LiBr, and (b) the solubility of different saccharides in MeOH.

Hydrolysis of precipitated glucan oligomers 

The precipitated glucan oligomers were hydrolyzed into glucose 
using dilute sulfuric acid at 130 oC. Microcrystalline cellulose 
was hydrolyzed under the same conditions as controlled 
experiments. According to the hydrolysis results shown in 
Figure 5, the crystalline cellulose presented glucose yields from 
0.3% to 3.7% with the reaction time increasing from 10 min to 
60 min, suggesting an insufficient hydrolysis at 130 oC. When 
the precipitated oligomer was hydrolyzed under the reaction 

conditions, glucose yields increase from 24.4% to 99.7% when 
reaction time increases from 10 min to 40 min. The results 
indicate that the precipitated oligomer can be selectively 
hydrolyzed into glucose compared with crystalline cellulose at 
the mild reaction temperature of 130 oC, which is due to its 
short-chain structure and easy access to the acid catalyst. The 
easy separation of the glucan oligomers from the MSH, the high 
selectivity to glucose and mild reaction conditions for hydrolysis 
of the glucan oligomers provide a promising way to selectively 
convert crystalline cellulose to glucose.

Page 7 of 11 Green Chemistry



ARTICLE Journal Name

8 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins

Please do not adjust margins

Figure 5. The glucose yield produced from the hydrolysis of precipitated glucan oligomers and microcrystalline cellulose by dilute sulfuric acid. Hydrolysis conditions: 40 
mg of substrate, 5 g of 4 wt.% H2SO4, 130 oC.

Hydrolysis and precipitation of glucan oligomers from cotton straw 
in MSH
Cotton straw was investigated as raw biomass for producing 
glucan oligomers from hydrolysis in the MSH and anti-solvent 
precipitation. In order to optimize the glucan oligomer yield 
from the hydrolysis of cotton straw, the reactions were carried 
out at two different temperatures. The result in Figure 6a shows 
that the cellulose hydrolysis continuously proceeds at 120 oC 
with time increased from 1 h to 4 h. During the process, 
cellulose content decreased from 92.2% to 39.0% with glucan 
oligomers increased from 7.5% to 60.5%, indicating a selective 
conversion from cellulose to glucan oligomers. When the 
reaction was carried out at 130 oC, a faster depolymerization 
was observed. Cellulose was hydrolyzed into glucan oligomer 
with a yield of 77.5% at 2 h and then totally hydrolyzed at 3 h 
with a glucan oligomer yield of 85.2%. Further increase of 
reaction time to 4 h led to a decreased glucan oligomer yield to 
69.2% and a glucose yield of 20.4%.

Due to the relative high yield of glucan oligomers achieved 
from the hydrolysis at 130 oC, the hydrolysates obtained at 1 h, 
2 h, 3 h and 4 h were employed for anti-solvent precipitation. 

As shown in Figure 6b, with the addition of MeOH, 79.2% of 
glucan oligomers were precipitated from the hydrolysate 
obtained after 1 h of hydrolysis. With the increase of hydrolysis 
time, the precipitated yields of glucan oligomers gradually 
decreased. For the hydrolysates obtained at 2h, 3 h and 4 h, only 
60.8%, 47.3% and 26.2% of glucan oligomers were precipitated, 
respectively. The decreased precipitation yield with increasing 
the hydrolysis time is due to the fact that the further cleavage 
of the β(1→4) glycosidic bonds of the glucan oligomers, 
resulting in a decrease in the chain-length of glucan oligomer. 
The produced oligomers with a shorter chain-length have a 
higher solubility in the mixture of MSH and MeOH than the 
oligomers formed in the early stage of the hydrolysis which have 
a longer chain-length. It is more difficult to precipitate the 
oligomers with a relatively short chain-length using the anti-
solvent precipitation method. Hydrolysis and precipitation of 
hemicellulose in the cotton straw was also investigated. The 
highest xylan oligomer yield of 78.2% was obtained after 
hydrolysis in the MSH at 130 oC for 2 h (Figure 6c), and the 
precipitation yield of 53.2% was obtained with MeOH addition 
(Figure 6d).
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Figure 6. Hydrolysis of cotton straw in the MSH and precipitation of glucan oligomers from the hydrolysates. (a) Product distributions obtained from the hydrolysis of 

cellulose of cotton straw in the MSH. (b) Precipitation yield of glucan oligomer hydrolyzed at 130 oC with MeOH addition. (c) Product distributions obtained from the 

hydrolysis of hemicellulose of cotton straw in the MSH. (d) Precipitation yield of xylan oligomer hydrolyzed at 130 oC with MeOH addition. Reaction conditions: MSH 

hydrolysis: 300 mg of biomass, 6 g of MSH; Precipitation: 1 g of hydrolysate, 10 g of MeOH.

Recycle of MSH after precipitation 
After the precipitation of the formed glucan oligomers with MeOH 
addition and filtration, MeOH in the MSH solvent was removed with 
rotary evaporation at 60 oC for 1 h. The recycled MSH was used again 
for the hydrolysis microcrystalline cellulose. The hydrolysates and 
oligomer yield before and after recycling two times were shown in 

Figure S4. It was found that the hydrolysates changed from 
transparent yellow solution to turbid solution and then to gel with 
oligomer yield decreased from 90.4% to 73.5% and then to 39.7% 
during the recycle process. The largely reduced oligomer yield may 
be because of the by-products formed during the hydrolysis, which 
includes 5-HMF, formic acid, levulinic acid, et al (shown in Table S2). 
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The organic components, in particular, 5-HMF and LA can facilitate 
the further hydrolysis of glucan oligomer into glucose and formation 
of humins.47, 48 In order to fully recycle the used MSHs, a purification 
process for removing the compounds such as selective adsorption is 
required. 

Conclusion
Separation of the sugars from ionic liquid, deep eutectic solvent 
and MSHs is one of the major challenges for applying the 
solvents in hydrolysis of lignocellulose biomass. In this study, we 
demonstrate that compared to glucose it is more efficient to 
separate glucan oligomers from the MHSs using MeOH as an 
anti-solvent. Based on the discovery, a stepwise process was 
introduced to selectively convert crystalline cellulose and 
cotton straw into monosaccharide, as shown in Scheme 1. In the 
process, crystalline cellulose was first hydrolyzed into glucan 
oligomers in the MSH of LiBr with a yield as high as of 90.4%. 
The produced glucan oligomers were precipitated out from the 

MSHs by adding MeOH as an anti-solvent. It was found that the 
precipitation efficiency was affected by the solubility of the 
glucan oligomers in the anti-solvent and MSHs. MeOH as an 
anti-solvent can precipitate the glucan oligomer as the 
concentration as low as 1.64 wt% with a yield of 90.3%. 
However, glucose is highly soluble in the MSH and cannot be 
precipitated using the anti-solvent precipitation method. The 
precipitation efficiency increases with the chain length of the 
glucan oligomers. Oligomers with β(1→4) linkages are easier to 
precipitate than branched oligomers with α(1→4) linkages. The 
precipitated oligomers can be further hydrolyzed into glucose 
with a yield of 99.7%. The method can be also used for selective 
production of glucan oligomer and xylan oligomers from raw 
biomass. The technique provides an efficient way to hydrolyze 
cellulose and separate produced oligomers even at low sugar 
concentration of 1.64 wt.%. The obtained oligomer can be 
selectively converted into monosaccharide or might be used in 
other emerging applications such as healthcare and 
agriculture.49-51

Scheme 1. The stepwise process for hydrolyzing cellulose into glucan oligomers in MSHs followed by separation using MeOH as an anti-solvent.
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