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Abstract Conversion of cellulose to chemicals is an

economic and environmental route for biomass uti-

lization. In this work, efficient conversion of cellulose

to alkyl levulinates and levulinic acid was realized by

oxidation pretreatment combined with alcoholysis

over Al2(SO4)3 catalyst. Proper pre-oxidation condi-

tions including oxidation temperature and time are

important. By pre-oxidation, part of hydroxymethyl

groups on cellulose was converted to carboxyl groups

which provide the Brønsted acid sites near the

glycosidic bonds to improve the depolymerization of

cellulose to monosaccharide. Al2(SO4)3�18H2O can

play both Brønsted and Lewis acid roles in methanol

and catalyze the conversion of monosaccharide to

alkyl levulinates and levulinic acid. After pre-oxida-

tion at optimized conditions, cellulose can be con-

verted into methyl levulinate and levulinic acid over

Al2(SO4)3 in methanol efficiently, and total yield of

methyl levulinate and levulinic acid can reach 66.8%

at 180 �C for 3 h. Furthermore, the simple and cheap

Al2(SO4)3 catalyst is recyclable which is important for

the practical application.
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Introduction

Biomass is a sustainable feedstock for production of

renewable biofuels and chemicals. Cellulose, the main

component of lignocellulose, is a polysaccharide of

anhydroglucose units which are linked by b-1,4-
glycosidic bonds. Because of the highly repetitive

structural character, cellulose is a promising candidate

for synthesis of the simple value-added chemical

products (Akin and Yuksel 2019; Podrojková et al.

2018; Zhou et al. 2019a; Zhang et al. 2015). Levulinic

acid (LA) and alkyl levulinate are important chemicals

which can be widely applied in the fields of fuel

additives, agricultural chemicals, flavor and fragrance

additives, polyacrylates and so on (Ahmad et al. 2016;

Chatterjee et al. 2015; Li et al. 2018; Zhang et al.

2018a). Biomass can be used as renewable and

sustainable source for synthesis of LA and alkyl

levulinate (Chen et al. 2018; Li et al. 2017; Tiong et al.

2017). Compared to monosaccharides (e.g. glucose

and fructose) (Babaei et al. 2018; Jiang et al. 2018;

Zhang et al. 2019a) and furfuryl alcohol (the interme-

diates of cellulose conversion) (Zhang et al. 2019b),

cellulose is the more desirable substrate. One pot

synthesis of LA and alkyl levulinate from cellulose

eliminates the separation and purification processes

for the intermediates including glucose and furfuryl

alcohol. Thus, considerable effort has been devoted to

this attractive strategy.

Various catalytic systems have been developed for

the direct synthesis of alkyl levulinate and LA from

cellulose (Deng et al. 2017; Huang et al. 2018; Liu

et al. 2018; Wang et al. 2017; Tominaga et al. 2016;

Yu et al. 2017). By using liquid mineral acid as

catalyst is a conventional method (Dai et al. 2018;

Kang and Yu 2015; Wu and Fu 2012). Meanwhile,

acidic ionic liquids have also been reported for

conversion of cellulose to LA (Khan et al. 2018a, b).

Considering the simple separation and recyclable

characters of heterogeneous catalysts, many solid

acids including heteropoly acids (HPAs) (Démolis

et al. 2016; Song et al. 2016; Zhang et al. 2018a, b),

sulfated solid materials (Morales et al. 2014; Peng

et al. 2011; Shi et al. 2018; Xu et al. 2015), zeolites (Li

et al. 2017; Saravanamurugan and Riisager 2013;

Zhou et al. 2015b, 2019b) and niobium-based phos-

phate (Ding et al. 2015) were used to catalyze the

production of alkyl levulinate from cellulose. How-

ever, the catalytic activities of these solid acids were

generally low. Generally, for the solid acids, alkyl

levulinate yield with cellulose as substrate was much

lower than that with glucose as substrate. By using

H-USY as catalyst, 49% of methyl levulinate (MLE)

yield was obtained after 20 h under 160 �C when

glucose was the substrate. However, when cellulose

was used as substrate, only 13% of MLE yield was

obtained under the same reaction conditions (Sara-

vanamurugan and Riisager 2013). For the heteroge-

neous solid acid systems, both the reactant of cellulose

and the catalyst are in solid phase, and insoluble in the

solvent. Acid sites cannot attack the glycosidic bonds

in cellulose efficiently because solid–solid mass

transfer is very difficult. Besides catalyst systems

mentioned above, homogenous catalyst including

Brønsted (B) and Lewis (L) acid sites were also

designed for production of alkyl levulinate from

cellulose. Tominaga and coworkers applied
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2-naphthalenesulfonic acid and In(OTf)3 to catalyze

the conversion of cellulose and 75% MLE was

obtained (Tominaga et al. 2011). As a simple and

cheap catalyst, Al2(SO4)3�18H2O which can play both

B and L acid roles in methanol was also used for the

production of MLE from glucose and cellulose (Zhou

et al. 2014). Similar with the solid acids mentioned

above, much lower MLE yield was obtained with

cellulose as substrate than that with glucose as

substrate.

Contact of b-1,4-glycosidic bonds with the active

sites is the primary step for the depolymerization of

cellulose. However, abundant intra- and intermolecu-

lar hydrogen bonds and van der Waals forces make the

cellulose chains tightly packed and prevent the

diffusion of acid sites (H?/H3O
?) to b-1,4-glycosidic

bonds. This is why most of the acids are low efficient

for the hydrolysis of cellulose. Considering the

diffusion problem of liquid and solid catalyst to

internal crystalline structure of cellulose, our group

has reported an alternative strategy for depolymeriza-

tion of cellulose to monosaccharide (Zhou et al.

2015a). Pre-oxidation of cellulose can selectively

convert the hydroxymethyl groups on cellulose to

carboxyl groups. The generated carboxyl groups can

catalyze the depolymerization of cellulose to glucose

in water. Additional acid is not needed for depoly-

merization of cellulose to monosaccharide in this

method (Zhou et al. 2015a). However, to realize the

synthesis of alkyl levulinate and LA, the catalyst for

conversion of monosaccharide to alkyl levulinate and

LA is necessary. As reported in our previous literature,

Al2(SO4)3 is a cheap, simple, efficient and recyclable

catalyst for production of methyl levulinate from

glucose in methanol (Zhou et al. 2014). Here,

pretreatment cellulose by oxidation combined with

alcoholysis over Al2(SO4)3 was applied for the

efficient conversion of recalcitrant cellulose to alkyl

levulinates and LA. Oxidation pretreatment decreased

the crystallinity index and degree of polymerization

resulting in the increase of reactivity of cellulose. As a

simple and recyclable catalyst, Al2(SO4)3 can effi-

ciently catalyze the conversion of oxidized cellulose to

alkyl levulinates and LA. This work provides an

attractive strategy for synthesis of value-added chem-

icals from cellulose.

Materials and methods

Material

Microcrystalline cellulose was purchased from Alfa

Aesar (China). Al2(SO4)3�18H2O (C 99.0%),

Al(NO3)3�9H2O (C 99.0%) and AlCl3�6H2O

(C 97.0%) were obtained from Tianjin Fengchuan

Chemical Reagent (China). Glucose monohydrate

(Glu, analytical reagent) was obtained from Tianjin

Kermel Chemical Reagent (China). Fructose

(C 99.0%), methyl a-D-glucopyranoside (a-MG,

C 98.0%), methyl b-D-glucopyranoside (b-MG,

C 98.0%), and LA (C 99.0%) were purchased from

Aladdin Reagent (China). Methyl levulinate (MLE,

C 99.0%) was purchased from TCI Shanghai, China.

Other reagents used in this work were obtained from

commercial sources.

Pretreatment cellulose by oxidation

Microcrystalline cellulose was oxidized in a tube

furnace with O2 as the oxidant. Firstly, O2 was pumped

in a quartz tube (30 cm 9 2 cm) containing 2.0 g of

cellulose at a flowing rate of 50 mL min-1. Then, the

temperature of the furnace was elevated to set value

with a rate of 5 �C min-1. After oxidation for

designed time, the furnace was cooled down to room

temperature to get the oxidized cellulose. The oxi-

dized cellulose was denoted as Cellulose–x–y, where

x and y represented the oxidation temperature and

time, respectively.

Characterization of the oxidized cellulose

Panalytical X’pert PRO diffractometer was applied at

40 kV to get the X-ray diffraction (XRD) patterns of

the cellulose. Radiation of the diffractometer was Cu

Ka (k = 0.15418). The FT-IR spectra of the cellulose

were obtained by a Bruker Tensor II instrument.

Mixture of cellulose (* 2 mg) and KBr (* 200 mg)

was used to prepare the pellet. Acid density of the

samples was determined by a titration method accord-

ing to the literature (Hu et al. 2001). Firstly, 1.0 g of

cellulose was added to 40 mL of NaOH aqueous

solution (0.05 mol L-1). After stirring for 24 h, solid–

liquid separation was carried out by centrifugation.

Then, 10 mL of the obtained liquid was titrated by

HCl aqueous solution (0.05 mol L-1). Finally, the
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acid density of cellulose was calculated based on the

titration result. Intrinsic viscosity of the cupriethylene-

diamine solution containing cellulose (0.5 M), mea-

sured by the ASTM standard D1795-96, was used to

calculate the average degree of polymerization of

cellulose.

Catalytic conversion of oxidized cellulose

Catalytic tests were carried out in a stainless autoclave

reactor equipped with heating system and magnetic

stirrer. Designed amount of oxidized cellulose and

catalyst were added to 15 mL of methanol in reactor

under stirring. After air in the reactor was replaced by

N2 for 4 times, the pressure of N2 was charged to

0.2 MPa. Then, the autoclave was heated. After

reaction at designed temperature for desired time,

quench the reactor in ice-water, and analyze the

obtained reaction mixture.

Product analysis

Solid–liquid separation of the reaction mixture was

realized by centrifugation. After the solid was dried to

constant weight, conversion of cellulose was calcu-

lated according to the weight loss after reaction. The

obtained liquid phase was diluted by methanol to

50 mL for analysis. By using naphthalene as internal

standard, an Agilent 7890A GC equipped with a FID

detector was used to analyze the product of methyl

levulinate. Capillary column of HP-5 was used for the

separation of products. Shimadzu LC-20AT HPLC

with a mobile phase of H2SO4 (0.005 M) aqueous

solution was applied to analyze other products.

Column of Aminex HPX-87H and refractive index

detector of RID-10A were used for the separation and

detection of products, respectively.

Conversion and yield measurement

The conversion of cellulose was calculated according

to the Eq. (1) where mB and mA represent the weight

of cellulose before and after reaction, respectively.

Conversion of cellulose ¼ mB�mAð Þ=mB ð1Þ

Yields for the products were calculated according

to the Eqs. (2) to (6), where YMLE, YLA, YGlu, Ya-MG

and Yb-MG are the yields of methyl levulinate,

laevulinic acid, glucose, methyl a-D-glucopyranoside

and methyl b-D-glucopyranoside, respectively; nMLE,

nLA, nGlu, na-MG and nb-MG are the molar amount of

these products as mentioned above, respectively;

nC6H11O5 unit is the molar amount of glucopyranosyl

unit in cellulose.

YMLE ¼ nMLE=nC6H11O5 unit � 100% ð2Þ

YLA ¼ nLA=nC6H11O5 unit � 100% ð3Þ

YGlu ¼ nGlu=nC6H11O5 unit � 100% ð4Þ

Ya�MG ¼ na�MG=nC6H11O5 unit � 100% ð5Þ

Yb�MG ¼ nb�MG=nC6H11O5 unit � 100% ð6Þ

Results and discussion

Characterization of the oxidized cellulose

Figure 1 shows the SEM images of the cellulose

samples. After pretreatment, no obvious change can be

observed on the surface structure of the cellulose, and

morphology was kept. Pre-oxidation was applied to

convert the hydroxymethyl groups at C6 of the glucose

unit of cellulose to carboxyl groups (Zhou et al.

2015a). The impact of this method on the crystalline

structure of the cellulose was investigated by XRD. As

shown in Fig. 2, all the samples before and after

treatment have similar diffraction peaks at 2h& 15.7�,
22.6� and 34.6� which are the characteristic peaks for

the cellulose I structure (French and Cintrón 2013;

Shakouri and Nazockdast 2018). The corresponding

tabular XRD results are listed in Table S1. Pre-

oxidation method has obvious impact on the crys-

tallinity of the samples. Based on the intensity in the

region of 2h& 18.3� and intensity of the peak at 2h&
22.6� as listed in Table S1, crystallinity index of the

samples were calculated (Table 1) (Shakouri and

Nazockdast 2018). Compared to untreated cellulose,

crystallinity of the oxidized samples is lower. When

the pre-oxidation time was 10 h, crystallinity of the

cellulose decreases slightly from 87.1 to 81.3% with

the elevation of oxidation temperature from 170 to

200 �C. However, further increase the temperature to

210 �C, crystallinity of the sample decreases obvi-

ously to 67.6%. With the increase of oxidation time,

crystallinity also decreases. After oxidation at 200 �C
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for 20 h, crystallinity of 68.2% was obtained, which is

much lower than that of the sample oxidized at 200 �C
for 5 h (84.3%). Average degree of polymerization

(DP) of cellulose was also collected (Table 1). How-

ever, Cellulose-170-10, Cellulose-180-10 and Cellu-

lose-200-5 have similar DP indicating lower oxidation

temperature and/or short reaction time did not change

the DP of cellulose. When the temperature is higher

than 190 �C, further increase the oxidation tempera-

ture would lead to the dramatic decrease of DP

implying the split of cellulose chains. For example, DP

value of Cellulose-210-10 is only 55. Meanwhile,

increase of the oxidation time at proper temperature

would also cause the decrease of DP. Based on the

results mentioned above, it can be concluded that

when the oxidation temperature is low and/or the time

is shorter, depolymerization of the cellulose chains is

slight, but the cleavage of the hydrogen bonds between

the chains can occur which causing the decrease of

crystallinity. Only when the oxidation temperature and

time are proper (for example, at 200 �C for 10 h),

depolymerization of the cellulose can occur.

FT-IR method was applied to detect the carboxyl

groups which were derived from the hydroxymethyl

Fig. 1 SEM images of the untreated cellulose (a, b), and the Cellulose-200-10 (c, d)
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Fig. 2 XRD patterns of the cellulose before and after pre-oxidation
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groups on cellulose by pre-oxidation. As shown in

Fig. 3, the intensity of band at 898 cm-1 reflects the

crystalline structure of cellulose (Proniewicz et al.

2001). With the elevation of oxidation temperature

(Fig. 3a) or prolongation of time from 5 to 20 h at

200 �C (Fig. 3b), intensity of 898 cm-1 band

decreased indicating the formation of more disordered

structure (Proniewicz et al. 2001). This is consistent

with the XRD results as mentioned above. The band at

1732 cm-1 is assigned to C=O vibration of the

carboxyl group in cellulose (Saito et al. 2006; Zhou

et al. 2015a). Intensity of band at 1732 cm-1 increased

with the elevation of temperature implying the

increase of carboxyl group amount (Fig. 3a). Similar

trend can be observed when the oxidation time

increased at 200 �C. Changes of carboxyl group

amount reflected in FT-IR are in accordance with the

results of acid amount of the samples listed in Table 1.

When the temperature elevated from 170 to 200 �C,
acid amount increased from 0.16 to 0.68 mmol g-1;

however, further elevated the temperature to 210 �C,
acid amount increased dramatically to

1.52 mmol g-1. Besides, acid amount also increased

with the prolongation of pre-oxidation time. For

example, when the oxidative treatment time was

20 h under 200 �C, 1.72 mmol g-1 of acid amount

was obtained which is much higher than that for the

sample treated for 5 h (0.2 mmol g-1). Figure 4

shows the plot of the cleavage of glycosidic bonds in

pre-oxidation versus the acid density. The cleavage of

Table 1 Physical and chemical properties of the cellulose before and after pre-oxidation

Samples Acid amount (mmol g-1) DPa Crystallinity index (%)b

Cellulose untreated * 0 213 90.2

Cellulose-170-10 0.16 213 87.1

Cellulose-180-10 0.24 214 84.8

Cellulose-190-10 0.40 194 84.8

Cellulose-200-10 0.68 82 81.3

Cellulose-210-10 1.52 55 67.6

Cellulose-200-5 0.20 209 84.3

Cellulose-200-8 0.48 161 82.4

Cellulose-200-15 1.16 55 79.3

Cellulose-200-20 1.72 39 68.2

aDP represents the average degree of polymerization of cellulose
bCrystallinity index = (Icrystalline - Iamorphous)/Icrystalline 9 100% where Icrystalline represents the intensity of the peak at 2h & 22.6�
and Iamorphous represents the intensity in the region of 2h & 18.3�
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Fig. 3 FT-IR spectra of the cellulose oxidized under different temperature (a) and time (b)
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glycosidic bonds are correlated linearly to the acid

amount. This explains the decrease of DP after

oxidation treatment mentioned above. We had proved

that the DP of cellulose treated in N2 was much higher

than that in O2 under the same treatment conditions

(Zhou et al. 2015a). This indicates the main reason for

the decrease of DP is not the thermal decomposition.

Thus, the acid sites on cellulose formed in oxidation

catalyze the depolymerization of cellulose and this is

the primary reason for the decrease of DP.

Screening catalysts

Conversion of oxidized cellulose to MLE is a complex

process including depolymerization, isomerization,

dehydration and so on. Both B and L acid sites are

needed. Al2(SO4)3�18H2O can play both the L and B

acid roles in methanol. It is an efficient catalyst for the

conversion of glucose to MLE (Zhou et al. 2014).

Thus, Al2(SO4)3�18H2O was used as catalyst in this

work. Meanwhile, some mineral acids and other Al3?

salts were also tested as catalysts (Table 2). For

comparison, the untreated and pre-oxidized cellulose

samples were applied as reactants in absence of

catalyst, respectively (Table 2). As shown in Table 2,

pre-oxidation cannot improve the conversion of cel-

lulose without catalyst; only 5% of conversion was

obtained no matter oxidized or un-oxidized celluloses

were used. When B acid (HCl or H2SO4) was used as

catalyst, conversion of the oxidized cellulose was

improved. Meanwhile, catalytic performance of

H2SO4 is better than that of HCl (Dai et al. 2018).

However, yields of MLE and LAwere only 11.0% and

1.3% when H2SO4 was used, although conversion of

oxidized cellulose reached 52%. Besides a few of

glucose (Glu), a large amount of MG including a-MG

and b-MG were obtained which can be converted to

MLE via fructose over L acid sites. When Al2(SO4)3-
18H2O was used as catalyst, conversion of oxidized

cellulose reached 66% which is higher than that for

H2SO4. Meanwhile, higher MLE (38.5%) and LA

(4.7%) yields and lower MG yield (11.2%) were

obtained compared to that over H2SO4. Thus

Al2(SO4)3�18H2O is a better catalyst than H2SO4,

because the L acid sites in Al2(SO4)3�18H2O can

improve the conversion of cellulose to MLE and LA

(Huang et al. 2018). Furthermore, pre-oxidation of

cellulose indeed facilitates the production of MLE.

When the untreated cellulose was used as substrate,

both the cellulose conversion and the MLE yield were

lower. Moreover, AlCl3�6H2O and Al(NO3)3�9H2O

were also tested as catalysts. Al(NO3)3�9H2O has no

catalytic activity on conversion of oxidized cellulose.

For AlCl3�6H2O, both cellulose conversion and MLE
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Fig. 4 The plot of the cleavage of glycosidic bonds in pre-

oxidation versus acid density. The cleavage of glycosidic bonds

was calculated from the DP before and after pre-oxidation

Table 2 Catalytic

conversion of cellulose over

different catalystsa

aReaction conditions:

cellulose-200-10 (0.34 g),

catalyst (0.6 mmol, based

on Men? or H?), methanol

(15 mL), 0.2 MPa N2,

160 �C, 5 h
bSubstrate is the untreated

cellulose

Catalyst Conversion Yield (%)

(%) MLE LA Glu a-MG b-MG MG

None 5 0 0 0.2 1.7 1.3 3.0

Noneb 5 0 0 0 0 0 0

HCl 11 1.6 0 0.1 2.9 1.6 4.5

H2SO4 52 11 1.3 1.4 16.4 9.7 26.1

AlCl3�6H2O 16 3.6 0 0 2.6 1.4 4.0

Al(NO3)3�9H2O 5 0 0 0 2.7 1.5 4.2

Al2(SO4)3�18H2O 66 38.5 4.7 0.7 7.0 4.2 11.2

Al2(SO4)3�18H2O
b 50 25 5.9 1.1 9.2 5.9 15.1
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yield were much lower than that over Al2(SO4)3-
18H2O. It had been reported that pH of Al2(SO4)3-
18H2O methanol solution is lower than

Al(NO3)3�9H2O or AlCl3�6H2O methanol solution

(Zhou et al. 2014). This might be the reason for the

better catalytic performance of Al2(SO4)3�18H2O than

Al(NO3)3�9H2O and AlCl3�6H2O. In this work, formic

acid (FA) was also detected which is inevitable in the

production of MLE and LA from cellulose (Khan et al.

2018a).

Effects of pre-oxidation conditions

Effects of pre-oxidation temperature and time on

production of MLE from cellulose were studied. As

shown in Fig. 5, when the oxidation temperature was

in the range from 170 to 190 �C, conversions of

cellulose were comparable and products distributions

were similar. Further elevation of the temperature led

to the increase of cellulose conversion. When the

oxidation temperature increased from 190 to 210 �C,
cellulose conversion increased from 54 to 70%

indicating that higher oxidation temperature than

190 �C can improve the depolymerization of cellulose

obviously. This is consistent with the DP results listed

in Table 1. Otherwise, when the oxidation temperature

was 200 �C, total yield of MLE and LA was the

highest. Lower oxidation temperature cannot realize

the efficient depolymerization of cellulose. For exam-

ple, when the temperature is 190 �C, the DP value of

the treated cellulose (194) is comparable to that for

untreated sample (213). This is unfavorable for the

following production of MLE and LA from cellulose.

When the oxidation temperature is 210 �C, total yield
of MLE and LA is slightly lower than that for 200 �C.
However, higher conversion for 210 �C means lower

selectivity of MLE and LA. Furthermore, total yield of

a-MG and b-MG for 210 �C is much lower. As

mentioned above, MG including a-MG and b-MG is a

potential feedstock for production of MLE and/or LA

under proper reaction conditions. Thus, 200 �C was

applied for the pre-oxidation of cellulose in the

following study.

Figure 6 shows the effect of pre-oxidation time on

the production of MLE and LA from cellulose. When

the pre-oxidation time increased from 1 to 5 h,

conversion of oxidized cellulose and yield of MLE

did not changed obviously. This is consistent with the

characterization result mentioned above. After oxida-

tion at 200 �C for 5 h, the DP value of the cellulose

(209) is similar to that of the untreated cellulose (213).

Further prolongation of the treatment time from 5 to

10 h, conversion of cellulose and yield of MLE

increased obviously. This is related to the obvious

decrease of DP of the treated samples in this time

range. When the cellulose oxidized at 200 �C for 10 h

was used as substrate, 66% cellulose conversion and

38.5%MLE yield can be obtained; meanwhile, the DP

value of the cellulose-200-10 is 82. When the treat-

ment time further increased to 20 h, DP value

170 180 190 200 210
0

20

40

60

80

C
on

ve
rs

io
n 

an
d 

yi
el

d 
(%

)

Pre-oxidation temperature (oC)

 Conversion
 MLE                   Glu  α-MG  β-MG            LA

Fig. 5 Effect of pre-oxidation temperature on the catalytic

conversion of cellulose over Al2(SO4)3�18H2O. Pre-oxidation

time = 10 h; Catalytic reaction conditions: cellulose (0.34 g),

Al2(SO4)3�18H2O (0.3 mmol), methanol (15 mL), 0.2 MPa N2,
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Al2(SO4)3�18H2O (0.3 mmol), methanol (15 mL), 0.2 MPa N2,

reaction temperature = 160 �C, reaction time = 5 h
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decreased to 39, and cellulose conversion further

increased to 71%. However, slight decrease of the

MLE yield was observed. This phenomenon also

existed in the sample of cellulose-210-10 as men-

tioned in Fig. 5. As listed in Table 1, acid amount of

cellulose-210-10 and cellulose-200-20 were 1.52 and

1.72 mmol g-1, respectively. The singularly high acid

amount was caused by the over-oxidation of the

cellulose; besides oxidation of hydroxymethyl group,

oxidative cleavage of C–C bonds might occur.

Oxidative cleavage of C–C bonds can also lead to

the formation of carboxyl groups; however, the

destruction of the glucopyranosyl unit is unfavorable

for the production of the MLE. Besides MLE, LA is

also our target product. From Fig. 6, it can be seen that

yield of LA increased with the prolongation of

treatment time; meanwhile, yields of a-MG and b-
MG decreased. It seems that the formation of LA is

related to the decrease of MG. The formation pathway

of LA was investigated by using a-MG and MLE as

substrate, respectively. As shown in Table 3, a-MG is

unstable under the reaction conditions. The main

products of the a-MG conversion over Al2(SO4)3-
18H2O were MLE and LA; meanwhile some unknown

by-products formed. Furthermore, when a-MG was

used as substrate, MLE yield decreased and LA yield

increased with the prolongation of time. Is the LA

formed by hydrolysis of MLE in the presence of water

provided by Al2(SO4)3�18H2O? To answer this ques-

tion, conversion of MLE over Al2(SO4)3�18H2O was

also carried out. Conversion of MLE indeed occurred

under the same reaction conditions (Table 3). How-

ever, hydrolysis of MLE is just one part of the MLE

conversion. For example, when the reaction was 3 h,

only 6.9% of LA yield was obtained while 17% MLE

conversion was observed. This explains the decrease

of MLE yield with prolongation of time when a-MG

was used as substrate. Meanwhile, this also explains

the decrease of MLE yield with the prolongation of

time from 3 to 10 h when oxidized cellulose was used

as substrate under 180 �C as shown in Fig. 5. Based on

the results listed in Table 3, it can be concluded that

formation of LA was realized by direct conversion of

MG and hydrolysis of MLE. Meanwhile, direct

conversion of the MG to LA is the main route.

Effects of reaction conditions

Figure 7 shows the time courses of the cellulose

conversion and products distributions under different

reaction temperatures. Higher reaction temperature

means higher conversion rate of cellulose and higher

formation rates of MLE and LA. When the reaction

temperature were 160 and 180 �C, 34% and 81%

cellulose conversion can be obtained after reaction for

1 h, respectively. Meanwhile, total yield of MLE and

LA were 12% and 53.4%, respectively. Otherwise,

trends of time courses of MLE formation under 160,

170 and 180 �C are different. Under 160 �C, MLE

yield increased with the prolongation of time within

10 h. When the temperature was 170 �C, MLE yield

increased within the first 5 h and kept comparable in

the following 5 h. Under 180 �C,MLE yield increased

within the first 3 h and decreased in the following 7 h.

This indicates that MLE is unstable under the

temperature higher than 180 �C. For the tested reac-

tion temperatures, LA yields increased as the prolon-

gation of time. Meanwhile, a-MG and b-MG yields

increased at 160 �C and decreased at 170 and 180 �C
with the increase of time. As reported in previous

reports, MG is an intermediate compound in the

conversion of cellulose to MLE (Ahmad et al. 2016;

Zhang et al. 2019a). In this work, low temperature

(160 �C) is unfavorable for the conversion of MG to

MLE and/or LA. Glucose are also detected and listed

in this work; however, the amount is very small.

Considering the effects of temperature and time on the

cellulose conversion and products distributions,

higher temperature and shorter time were needed to

realize the efficient production of MLE and LA. The

total yield of MLE and LA can reach 66.8% at 180 �C
for 3 h.

Table 3 Catalytic conversion of MLE and a-MGa

Substrate Conversion (%) Reaction time (h) Yield (%)

MLE LA

a-MG 100 3 59.5 25.5

a-MG 100 5 51.7 27.3

a-MG 100 10 48 31.5

MLE 17 3 – 6.9

MLE 18 5 – 7.1

MLE 26 10 – 9.2

aReaction conditions: substrate (2 mmol), Al2(SO4)3�18H2O

(0.3 mmol), methanol (15 mL), 0.2 MPa N2, 180 �C
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Figure 8 shows the effect of catalyst amount on the

conversion of cellulose to MLE and LA. Compared to

blank experiment, addition of slight Al2(SO4)3�18H2O

(0.05 mmol) improved the cellulose conversion and

products yields dramatically indicating the critical role

of Al2(SO4)3�18H2O in this reaction. Yield of MLE

increased when the amount of Al2(SO4)3�18H2O

increased from 0.05 to 0.3 mmol, and then decreased

when the Al2(SO4)3�18H2O amount further increased

to 0.4 mmol. Differently, yield of LA increased while

yields of glucose, a-MG and b-MG decreased with the

increase of Al2(SO4)3�18H2O amount from 0.05 to

0.4 mmol. Considering the dosage of catalyst,

0.3 mmol Al2(SO4)3�18H2O is proper for this reaction.

Changes of the products distributions are related to the

reaction pathway which had been discussed above.

One-pot conversion of large amount of cellulose to

a lot of MLE and LA is also one respect of the

efficiency of the catalytic system. Thus, the effect of

cellulose amount on the production of MLE and LA

was studied. As shown in Fig. 9, when the cellulose

amount increased from 0.34 to 0.972 g, cellulose

conversion changed from 83 to 82% and the total yield

of MLE and LA changed from 66.8 to 62.7%. These

changes are slight indicating the amount of active sites

provided by the Al2(SO4)3�18H2O is very large. This is

desirable for the industrialization of the conversion of

cellulose to MLE and LA. Besides methanol, ethanol

and n-butanol were also applied as solvents to produce
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Fig. 7 Time courses of the conversion of cellulose-200-10 over Al2(SO4)3�18H2O at different temperature. Reaction conditions:

cellulose-200-10 (0.34 g), Al2(SO4)3�18H2O (0.3 mmol), methanol (15 mL), 0.2 MPa N2
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the corresponding alkyl levulinate and LA from

cellulose over Al2(SO4)3�18H2O (Fig. 10). With the

increase of the carbon chain, the corresponding

cellulose conversion, alkyl levulinate yield and LA

yield decreased. This might be caused by that the

longer carbon chain leads to the greater steric

hindrance effect.

Reuse of the catalyst

Catalyst of Al2(SO4)3 can be reused easily in this

work. Firstly, unconverted cellulose was separated

from the reaction mixture. After removing of methanol

from the solution by evaporation, CH2Cl2 was used as

solvent, in which Al2(SO4)3 was un-dissolvable, to re-

dissolve the products. The solid Al2(SO4)3 was

separated from the CH2Cl2 solution. After drying

under room temperature, the obtained Al2(SO4)3 was

used for the next run. Figure 11 shows the MLE yields

of the reuse tests. Yield of MLE after five runs did not

decrease compared to that for the first run indicating

the recyclability of the Al2(SO4)3 catalyst. This is

important for the practical application of the catalyst.

Conclusion

Pre-oxidation strategy was applied for the conversion

of cellulose. By pre-oxidation, hydroxymethyl groups

on cellulose can be converted to carboxyl groups

which can improve the following conversion of

cellulose to MLE and LA over catalyst. Proper pre-

oxidation conditions are important for the following

conversion of cellulose. A simple salt of Al2(SO4)3-
18H2O, which can play both B and L acid roles in

methanol, was applied as an efficient catalyst for this

conversion. After optimization of reaction conditions,

total yield of MLE and LA can reach 66.8%.

Furthermore, Al2(SO4)3 is stable and recyclable in

this work. This work provides an attractive strategy for

synthesis of value-added chemicals from cellulose.
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