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Using compressed CO2 can provide us an easy and sustainable method for staged regeneration of 

cellulose from ionic liquid. 
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An efficient method to precipitate and refine cellulose from ionic liquid (IL) using compressed CO2 as 
gas anti-solvent was proposed. 1-butyl-3-methylimidazolium acetate ([Bmim]OAc) was used as the 
solvent of microcrystalline cellulose (MCC). The yield and degree of polymerization (DP) value of the 
regenerated cellulose can be finely tuned by control of the temperature, pressure, reaction time and 
addition of aprotic polar solvents. For better understanding the possible cellulose precipitation mechanism, 10 

the possible carboxylation reaction, volume expansion and solvatochromic parameters of the solution 
caused by compressed CO2 were investigated. The solvent strength of the system can be adjusted by the 
pressure and temperature of CO2. The regenerated cellulose samples from [Bmim]OAc by addition of 
different anti-solvents were characterized by solid-state cross-polarization/magic angle spinning 
(CP/MAS) 13C NMR, X-ray diffraction (XRD) spectra and atomic force microscope (AFM). In addition, 15 

the energy consumption analysis during anti-solvent process was discussed. The precipitation and staged 
bio-refinery cellulose from IL is easy, sustainable and cost-efficient. 

Introduction 
Biomass, mainly consists of polymers and oligomers, is abundant, 
biodegradable and biocompatible. With the increasing 20 

environmental pollution issues and decreasing fossil fuel 
resources, producing bio-fuels and chemicals using biomass is 
one of the inevitable trends of the chemical industry 
development.1-5 A series of chemicals such as fuels, solvents, 
paints and fibers can be obtained by refining the biomass.6-12 The 25 

efficient separation of the biomass products with different types 
is significant in the process of bio-refinery.13-15 Especially for the 
biomacromolecules, the degree of polymerization (DP) is one of 
the critical factors, which affects the property of polymers. As the 
most abundant natural polymeric compound, cellulose and its 30 

derivatives have been widely applied in making paper, plastic, 
membranes, medicines, and various fabrics and fibers due to the 
extensive polydispersity.16-17 
  Generally, the dissolution of cellulose by disruption of 
numerous inter- or intra-molecular hydrogen bonds is a 35 

prerequisite when processing it to desired products.18-20 Since the 
1970s, only a limited number of solvent systems, including 
LiCl/N,N-dimethylacetamide (DMAc), LiCl/N-methyl-2-
pyrrolidine (NMP), LiCl/1,3-dimethyl-2-imidazolidinone (DMI), 
dimethyl sulfoxide (DMSO)/tetrabutyl ammonium fluoride 40 

(TBAF), N-methylmorpholine-N-oxide (NMMO), some molten 
salt hydrates, such as LiClO4·3H2O, LiSCN·2H2O, and some 
aqueous solutions of metal complexes have been sought to 
dissolve cellulose.21-24 However, these solvent systems could 
result in solvent recovery difficulty and environmental pollution. 45 

Compared with the conventional organic solvents, room-

temperature ionic liquids (ILs), containing only ions and 
generally having a melting point below 100 °C, have been 
considered as green solvents mainly due to the negligible vapor 
pressure, high thermal and chemical stability, and their 50 

outstanding solvation potential.25-29 More importantly, ILs can be 
tuned to obtain desired property by different combinations of 
anion and cation. So ILs have been suggested to replace volatile 
organic compounds in many fields, including in cellulose 
dissolution processes.19, 30-36 55 

However, the cellulose dissolution by ILs still has drawbacks 
such as the difficulty of cellulose separation and purification. For 
cellulose, both the dissolution and the regeneration from solution 
systems are important. Up to date, the anti-solvent method using 
molecular solvent shows great advantage in the separation of 60 

cellulose from ILs.19, 21, 37-39 Briefly, water and ethanol can be 
added to a binary solution, and the interactions between solute, 
solvent and anti-solvent make the solubility of the cellulose 
reduced. Although the solute can be separate out, the problem of 
the separation of molecular solvent and IL is still needed to solve. 65 

In the meantime, the staged bio-refinery of cellulose cannot come 
true. Therefore, developing less energy consuming, more 
environmentally friendly, and highly efficient methods for the 
regeneration cellulose from IL are necessary. 

Compressed CO2 is cheap, nontoxic, nonflammable, and quite 70 

soluble in various organic solvents. Many solutes are soluble in 
organic solvents but not in CO2 and it can be easily removed by 
depressurization.40-41 Thus the CO2 can act as a gas anti-solvent 
(GAS). Many GAS processes, such as extraction and 
fractionation, recrystallization of chemicals, and micronization 75 

have been explored.42-46 Very recently, we have explored and 
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reported the recovery of chitosan from its IL solution by 
compressed CO2 and found that chitosan micro-particles could be 
utilized as a catalyst in the reaction of forming imines more 
efficiently.47 Barber et al.48 have shown that the reaction of 1-
ethyl-3-methylimidazolium acetate ([Emim]OAc) and CO2 may 5 

occur with the formation of the carboxylate zwitterion, leading to 
coagulate chitin and cellulose from IL. The CO2 anti-solvent 
method is environmentally benign, which makes the post-
processing easier in comparison with the conventional additives 
that usually cause new issues in the separation process. In 10 

addition, the properties of the liquid solvents or the solute 
molecules can be tuned in situ by controlling the pressure and 
temperature of CO2.49-52 

In this study, the precipitation of cellulose from IL using 
compressed CO2 as anti-solvent to obtain the products with 15 

different DP values was investigated. 1-butyl-3-
methylimidazolium acetate ([Bmim]OAc) was used as the solvent 
of microcrystalline cellulose (MCC) for its excellent ability of 
dissolving cellulose. By control of the temperature, pressure, 
reaction time and addition of co-solvent, the yield and DP values 20 

of the regenerated cellulose can be tuned finely. The solvation of 
CO2 in [Bmim]OAc and the possible carboxylation reaction have 
been investigated by 1H, 13C and 15N NMR spectroscopy. The 
effects of volume expansion and solvatochromic parameters of 
these systems by compressed CO2 were also investigated to 25 

explore the possible anti-solvent precipitation mechanism. In 
addition, the regenerated cellulose samples from the IL by 
different anti-solvents were characterized by solid-state cross-
polarization/magic angle spinning (CP/MAS) 13C NMR, X-ray 
diffraction (XRD) spectra and atomic force microscope (AFM). 30 

Finally, the analysis of energy consumption during different anti-
solvent process was discussed and it shows that using compressed 
CO2 is more energy-efficient than using conventional high 
boiling-point solvents. 

Results and discussion 35 

Cellulose precipitation performance using compressed CO2  
As is known in previous reports,53-54 MCC can be directly 
dissolved in acetate-based ILs and then ethanol can act as anti-
solvent in separating it from IL. Our experimental results showed 
that the DP values of the native and the regenerated cellulose via 40 

ethanol were 282 and 163, respectively. The regenerated cellulose 
sample exhibits a lower DP value after dissolving at high 
temperature for a long time, which indicates that hydrogen bonds 
in the cellulose have been disrupted partially and cellulose 
degradation has occurred in the dissolution process.1, 55

 Very 45 

recently, Barber et al.48 explored CO2 could be used as a 
coagulation solvent for biopolymer-IL solution. CO2 is miscible 
with [Bmim]OAc and immiscible with cellulose, which is 
suitable as an anti-solvent for separation of cellulose and IL. Fig. 
S1 indicated that when the MCC/[Bmim]OAc system was 50 

exposed to compressed CO2 for a period of time, the cellulose 
precipitated as a transparent gel after depressurization and 
removal of CO2. 

In this part, the performance of the compressed CO2 on the 
precipitation of cellulose was discussed in detail. Fig. 1 shows 55 

that the regenerated cellulose yield increases at a relatively slower 
rate and reaches the maximum at a reaction time of about 3 h at 

6.60 MPa and 25 °C, and about 60 % of regenerated cellulose can 
be obtained by using compressed CO2 under this condition. The 
DP value of the regenerated cellulose also shows a decrease trend 60 

and tends to be stable in 3 h. For example, when the regenerated 
cellulose samples were obtained from compressed CO2 for 1 h, 2 
h, and 3 h, the DP values are 217, 208, and 202 respectively, 
which were much lower than the native cellulose (DP=282) and a 
higher than the regenerated one by ethanol (DP=163). It indicates 65 

that compressed CO2 cannot make cellulose recover completely 
in a short time. Obviously, the cellulose sample with a long chain 
could be easily influenced by the anti-solvent interaction of 
compressed CO2. However, by control of the reaction time of 
compressed CO2, as well as the pressure and temperature, we can 70 

precipitate cellulose with a specific DP value and narrow 
molecular weight distribution from [Bmim]OAc. 
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Fig. 1 The DP value and yield of the regenerated cellulose obtained by using 75 

compressed CO2 (25°C, 6.60 MPa) as anti-solvent in different reaction time. 

It is worth to consider that if we adjust the pressure of CO2, the 
yield of the regenerated cellulose might be changed and the 
cellulose with different DP values should be staged finely. To 
affirm this opinion, compressed CO2 with different pressure were 80 

added to the cellulose/[Bmim]OAc systems for 3 h at 25 °C. Fig. 
2 shows that the yield of regenerated cellulose increased 
remarkably with the increasing CO2 pressure less than 6.6 MPa 
(6.6 MPa are approach to the phase transformation of CO2 at 
25 °C), and then increased slightly when the pressure exceeded 85 

6.6 MPa. Similarly, the DP value of the regenerated cellulose 
decreased gradually with the increasing pressure by two stages, 
which also had decreased slowly above 6.6 MPa. It illustrates that 
more regenerated cellulose was precipitated at higher pressures, 
especially for the cellulose with relatively lower molecular 90 

weight.  
Particular care should be taken that the DP value of the 

regenerated cellulose changes significantly with CO2 pressure. In 
our experiment, the pressure of compressed CO2 was controlled 
in the range of 2-20 MPa. The DP values of the cellulose 95 

precipitated from IL were in the range of 162-233. The most 
significantly change occurred at 6-6.6 MPa, which had DP values 
of 215 (6 MPa) and 202 (6.6 MPa) respectively. The cellulose 
(with degradation definitely in the dissolution process) in the IL 
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can be staged by control of the pressure of gas anti-solvent. This 
was very different from the anti-solvent reaction in ethanol, 
which cannot separate the cellulose with different DP, and 
indicated that the staged bio-refinery of cellulose from IL systems 
can be easily realized by using compressed CO2 as anti-solvent. 5 
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Fig. 2 The DP value and yield of the regenerated cellulose obtained by using 
compressed CO2 during a 3 h anti-solvent reaction under different pressure at 25°C. 

The effects of the temperature on the anti-solvent reaction at a 10 

given compressed CO2 pressure (10 MPa) and reaction time 3 h 
were also investigated. The yields of regenerated cellulose were 
64.2 % (DP = 184) at 15 °C, 60.4 % (DP = 189) at 25 °C, and 
58.9 % (DP = 190) at 40 °C, respectively (Fig. 3). A higher 
temperature did not benefit the extraction of cellulose due to the 15 

lower density and the weaker solvation strength of CO2 at higher 
temperature under the certain pressure. It was difficult for the 
short chain cellulose to be precipitated from the system, so the 
average DP value of the regenerated cellulose became higher at 
high temperature. 20 

 

15 20 25 30 35 40

184

185

186

187

188

189

190

191

Temperature 	
  /	
  oC

D
P
	
  o
f	
  
ce

llu
lo
se

59

60

61

62

63

64

65 T
h
e	
  yield

	
  o
f	
  cellu

lo
se

	
  /	
  %

 
Fig. 3 The DP value and yield of the regenerated cellulose obtained by using 
compressed CO2 during a 3 h anti-solvent reaction under a pressure of 10 MPa at 15, 25 

25, and 40 °C. 

Influence of co-solvent on the anti-solvent process 

As reported in the literatures,56-58 addition of a co-solvent has 
significantly influence on the solubility of cellulose in IL. In 
addition to some desired advantages like low viscosity, high 30 

dissolution speed and non-derivatization, the prominent feature of 
the novel systems is that cellulose can be easily dissolved at 
relatively mild condition with high solubility. It is known that 
these co-solvents are aprotic polar solvents, which can be 
speculated that addition of them in IL will result in the further 35 

dissociation of IL to produce more solvated cations and free 
anions, providing more opportunities to interact with cellulose.56  

Based on these information, the compressed CO2 anti-solvent 
on the systems of [Bmim]OAc/co-solvent (1:1(w/w))/MCC (10 
wt%) with three kinds of aprotic polar solvents, including DMSO, 40 

DMI, and N,N-dimethylformamide (DMF), were investigated. 
Table S1 shows that more cellulose could be regenerated from the 
IL/co-solvent/MCC systems than the neat IL/MCC system in the 
same reaction time by using compressed CO2 (6.6 MPa, 25 °C) as 
anti-solvent, and using DMSO was the most striking. 45 

Additionally, the lower DP of regenerated cellulose can be 
precipitated from the systems with co-solvent.  

In order to verify the influence of co-solvent on the cellulose 
precipitation, some analysis was further investigated. Fig. 4 
shows the dependence of the yield and DP value of regenerated 50 

cellulose from the system of [Bmim]OAc/DMSO 
(1:1(w/w))/MCC (10 wt%) with CO2 pressure. Adding co-solvent 
in the IL/MCC displayed high reaction rate for the regenerated 
cellulose and it took only 2 h to reach equilibrium. It can be also 
found that the regenerated cellulose yield increased slowly above 55 

6.6 MPa, while the products can be staged more fine with 
different DP values. The DP values of the cellulose were in the 
range of 157-175 obtained at CO2 pressure of 6.6-20 MPa, which 
indicated that one could get regenerated cellulose with narrow 
molecular weight distribution when adding DMSO in the systems. 60 

Fig. S2 and Fig. S3 reveal that DMI and DMF have similar 
effects as DMSO. 
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Fig. 4 The DP value and yield of the regenerated cellulose obtained from the system 65 

of [Bmim]OAc/DMSO (1:1(w/w))/MCC (10 wt%) by using compressed CO2 during 
a 3 h anti-solvent reaction under different pressure at 25°C. 

The mechanisms of precipitation and staged bio-refinery of 
cellulose 
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The above results show that reaction time, pressure, temperature 
and co-solvent are all main factors affecting the cellulose 
precipitation and staged bio-refinery process. We then attempted 
to explain the possible reasons. CO2 is a non-polar molecule, and 
it has a strong quadrupolar moment arising from two opposed 5 

dipoles in the linear molecule,59-60 which allows for strong 
interactions with the cations and anions of IL. [Bmim]OAc can 
be used to capture CO2 efficiently. The chemical absorption of 
CO2 with [Bmim]OAc may form the carboxylate zwitterions,48, 61 
leading to the disruption of the hydrogen bonding between 10 

cellulose and IL, and also compete for solubilizing acetate anions, 
thus resulting in precipitation of cellulose from [Bmim]OAc.  

To explore the species changes in this system further, we 
compare the 1H and 13C NMR spectra of [Bmim]OAc before and 
after charging CO2 (Fig. 5A and 5B). 1H NMR has been used to 15 

confirm the formation of the carboxylate zwitterions 
imidazolium-2-carboxylate ([Bmim+-COO-]).48 The proton 
decoupled 13C spectra were also displayed to compare with the 
differences between the [Bmim]OAc and the mixture of 
[Bmim]OAc/CO2. We can observe that a new 13C resonance at 20 

152.85 ppm after charging CO2. Since the isolated CO2 has a 
single resonance at 125.4 ppm,62 the new resonance cannot 
correspond to the CO2 molecule that dissolved into IL directly. 
Therefore, it can be attributed to the reaction between 
[Bmim]OAc and CO2. The acidic proton at C(2) may take place a 25 

chemical exchange from the imidazolium ring to the acetate 
anion,63 and the addition of CO2 can disturb the equilibrium by 
the carboxylation reaction, leading to the formation of a CO2-
carbene intermediate and the new species of [Bmim+-COO-]. 
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Fig. 5 1H (A), 13C (B) and 15N (C) NMR spectra of [Bmim]OAc without (a1, b1 and 
c1) and with charging CO2 (a2, b2 and c2)  at 25°C. 

To prove this point further, we measured the 15N NMR spectra 
of pure [Bmim]OAc and the mixture of [Bmim]OAc/CO2 (Fig. 35 

5C). For pure [Bmim]OAc, the spectrum presents two resonances 
at 172.13 and 184.10 ppm assigned to the nitrogen atoms of the 
imidazolium ring. However, in the mixture of [Bmim]OAc/CO2, 
two additional 15N resonances upfield shifting each of the 
previous resonances can be observed at 170.37 and 182.49 ppm. 40 

It indicated that another chemical environment was formed for 
the nitrogen atoms on the imidazolium ring after charging CO2. 
Combined with the previous 13C NMR, the carboxylation reaction 
at the position of C(2) may form [Bmim+-COO-] and increase the 
electron cloud density around the nitrogen atoms, which also 45 

supports our previous conclusion concerning the chemical 
reaction between [Bmim]OAc and CO2. In addition, it is noted 
that the ratio of integral relative peak area of two 15N resonances 
for the [Bmim]+ and [Bmim+-COO-] is 4:1. That is to say, 1 mol 
IL may fix 0.2 mol CO2, which approaches the greatest amount of 50 

CO2 uptake of [Bmim]OAc under atmosphere pressure at 25 °C. 
It can be concluded that the interaction site of hydrogen bonds of 
[Bmim]OAc can combine CO2 molecule prior to the cellulose. 
Overall, the chemical interaction between [Bmim]OAc and CO2 
can greatly improve the precipitation of cellulose from IL. 55 

On the other hand, the volume expansion of IL caused by 
compressed CO2 may impel the distance between cellulose and 
IL to move longer. The attractive intermolecular force of the 
compressed CO2 might drive the cellulose molecule to a more 
favorable region. The cellulose molecule may be distribute 60 

abundantly around by CO2 and promote the separation from IL. 
In the anti-solvent process, the cellulose with long chain and 
large molecular weight has more opportunities to be surrounded 
by CO2, as well as the poor interaction with IL, so it can be 
precipitated easily. As the anti-solvent interaction of compressed 65 

CO2 can be tuned by control of the temperature, pressure and 
reaction time, cellulose with different DP values can be obtained 
and the staged bio-refinery of cellulose may be accomplished 
successfully. 

Furthermore, the regenerated cellulose can be also precipitated 70 

from the systems if an aprotic polar solvent is added into 
[Bmim]OAc. Fig. 6 shows that the systems of [Bmim]OAc/co-
solvent/cellulose expanded significantly than that of 
[Bmim]OAc/cellulose after dissolution of CO2. The volume 
expansion ratio obtained in this study and dipole moment of the 75 

aprotic polar solvents according to literature64 follow the order: 
DMSO > DMI > DMF. Some previous reports have shown that 
the solubility of cellulose in IL can be enhanced by adding the 
aprotic polar solvent.56, 65 This research reveals that using 
compressed CO2 as anti-solvent the addition of aprotic polar 80 

solvent in IL also contributes to the precipitation of cellulose. The 
three-dimensional hydrogen-bonded network in the pure 
[Bmim]OAc can be disrupted by addition of the aprotic polar 
solvents,56, 66 leading to present more free OAc- anions and 
solvation of [Bmim]+ cations. The discrete units in the IL can 85 

provide more opportunities to interact with CO2 molecules. So 
the solution can be expanded more significant after charging CO2 
in the system of [Bmim]OAc/co-solvent. The longer distance 
between cations and anions caused by compressed CO2 at the 
high pressure can make the regenerated cellulose precipitate from 90 

Page 5 of 10 Green Chemistry

G
re

en
C

he
m

is
tr

y
A

cc
ep

te
d

M
an

us
cr

ip
t



 

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00–00  |  5 

the system of [Bmim]OAc with co-solvent more easily and 
rapidly than the pure IL. 
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Fig. 6 The volume expansion ratio (Vm/V0) of 10.0 wt% MCC/[Bmim]OAc (a) and 5 

10.0 wt% MCC/[Bmim]OAc/DMSO (b) solution at 25 °C after charging 
compressed CO2. The inset in figure shows the influence of co-solvent on the 
volume expansion ratio of 10.0 wt% MCC/[Bmim]OAc solution; from bottom to top 
is no co-solvent adding, adding DMF, DMI, and DMSO, respectively. 

Additionally, we present a survey of Kamlet–Taft 10 

solvatochromic parameters, which are the most comprehensive 
and frequently used quantitative measure of solvent properties.67 
Our previous studies47 indicate that the addition of CO2 in neat 
[Bmim]OAc caused a relatively obvious decrease in 
polarity/polarizability (π*) but a slightly change in the hydrogen 15 

basicity (β) and acidity (α). In this part, we examine the effect of 
adding DMSO/DMI/DMF into [Bmim]OAc on these parameters 
as a function of CO2 pressure. The amount of probe molecules 
partitioning into the CO2 fluid phase is negligible. The pressure-
dependent data for three kinds of [Bmim]OAc/co-solvent 20 

(1:1(w/w)) at 25 °C are shown in Fig. 7. Fig. 7A shows that the 
π* of [Bmim]OAc/co-solvent decreased significantly with the 
increasing CO2 pressure, which is similar as that of pure 
[Bmim]OAc. The π* value of [Bmim]OAc/DMSO decreased 
from 0.907 to 0.857 at 25 °C, as the CO2 pressure increased from 25 

0 to 20 MPa, which were remarkably higher than those of 
[Bmim]OAc/DMI and [Bmim]OAc/DMF, but were lower than 
that of [Bmim]OAc. It followed the same order as dipole moment 
of the aprotic polar solvents. The polarity of system with aprotic 
polar solvent changed little, which could be used to explain the 30 

relatively narrow molecular weight distribution and DP values of 
regenerated cellulose by compressed CO2.  

Fig. 7B, 7C, and 7D demonstrate the effect of CO2 on the β, α, 
and (β-α) values for [Bmim]OAc/co-solvent (1:1(w/w)) at 25 °C, 
which represent the hydrogen bond accepting ability, donating 35 

ability, and net basicity, respectively. The β values were 
dependent on the co-solvent, and the pressure of CO2 had little 
effect on β values for all the systems studied. Compared with the 
results for pure [Bmim]OAc previously reported,47 the α values 
were all much lower and increased with the increasing pressure, 40 

with DMF was the most significant one. When combined it with 
β values, a similar order can obtain as the order of π*. It indicated 
that CO2 molecule can interaction with the cations and anions of 

IL through hydrogen bonds to some extent. Meanwhile, the high 
(β-α) values can be viewed as the evidence of high ability of 45 

cellulose dissolution, leading to incomplete precipitation of 
cellulose by using compressed CO2 as anti-solvent. 
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Fig. 7 Kamlet-Taft parameters for [Bmim]OAc/CO2 mixtures with different co-50 

solvents adding at 25 °C under different pressure, including adding DMSO (a), DMI 
(b) and DMF (c), respectively. 

Characterization of the regenerated cellulose  
Then, the cellulose samples regenerated from [Bmim]OAc using 
different anti-solvents were characterized. The CP/MAS 13C 55 

NMR spectra of the samples are shown in Fig. 8. The spectrum of 
the native cellulose is typical of cellulose I, and the signals at 
89.3 and 65.7 ppm correspond to the C(4) and C(6) of crystalline 
cellulose, respectively.68-70 The regenerated cellulose samples 
obtained from both compressed CO2 and ethanol were 60 

transformed into the typical of cellulose II. It was noted that the 
signal attributed to C(4) of crystalline cellulose almost 
disappeared as compared with the native one, which indicated 
that the crystallinity dramatically decreased due to the dissolution 
and anti-solvent treatment processes. 65 
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Fig. 8 13C CP/MAS spectra of the cellulose samples: a) the regenerated cellulose by 
compressed CO2 under 6.6 MPa; b) the regenerated cellulose by compressed CO2 
under 20.0 MPa; c) the regenerated cellulose by ethanol; d) the native cellulose. 5 

Fig. 9 shows the XRD profiles of the native and regenerated 
cellulose from the solution of [Bmim]OAc/cellulose (10.0 wt%). 
It is noted that the native cellulose shows a better diffraction 
pattern (with obvious peaks at 2θ = 15.4, 22.4 and 34.4 degrees) 
than the regenerated cellulose (only a large broad amorphous at 10 

2θ = 19.8 degree), which suggests that the regenerated cellulose 
has less crystallization degree than the native one. Two possible 
reasons can be used to explain the phenomenon: one is that some 
of the intrinsic inter- and intra- molecular hydrogen bonds and the 
crystalline formation have been destroyed in the process of 15 

dissolution in [Bmim]OAc; the other is the methods of the 
regenerated cellulose using compressed CO2 or ethanol cannot 
reconstituted the structure of crystallization. 
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Fig. 9 XRD patterns of the cellulose samples: a) the regenerated cellulose by 
compressed CO2 under 6.6 MPa; b) the regenerated cellulose by compressed CO2 
under 20.0 MPa; c) the regenerated cellulose by ethanol; d) the native cellulose. 

AFM images of the regenerated and native cellulose from 25 

[Bmim]OAc are shown in Fig. 10. The native cellulose shows a 
heterogeneous texture (Fig. 10A), while the regenerated ones 
indicate a much more uniform morphology. On the other hand, 

the thickness of samples becomes thinner obviously after 
regeneration, which is consistent with DP findings of the samples. 30 

Unlike the loose architecture of that precipitated by ethanol (Fig. 
10B), the regenerated cellulose obtained by compressed CO2 
shows much higher density and the inerratic and crimped surface 
(Fig. 10C, 10D). Additionally, it is worth noting that the pressure 
of CO2 affects the morphology of the regenerated cellulose. As 35 

the increase of pressure, the homogeneous structure can be 
changed from flocculent products (Fig. 10C) to the fiber-like 
pieces (Fig. 10D). We can conclude that the regenerated cellulose 
from IL is breathable and remains intact when using compressed 
CO2 as anti-solvent. 40 

 
Fig. 10 AFM images of the cellulose samples: A) the native cellulose; B) the 
regenerated cellulose by ethanol; C) the regenerated cellulose by compressed CO2 
under 6.6 MPa; D) the regenerated cellulose by compressed CO2 under 20.0 MPa. 

Energy consumption comparison with different anti-solvents 45 

Conventional anti-solvent method using high boiling-point 
solvents (e.g., ethanol, dichloromethane, water) has been widely 
applied in regenerating cellulose. However, the used solvents 
might cause environmental issues and additional processes are 
demanded for the IL recovery and purification, which might 50 

result in the increase of the production cost. By comparison, 
compressed CO2 is well-suited for regenerated cellulose as anti-
solvent. We gave an approximate evaluation on the energy 
consumption of the cellulose precipitation from IL by ethanol and 
compressed CO2 as anti-solvent, and the results were given in the 55 

Electronic Supplementary Information. The results showed that 
the compressed CO2 consumed is more energy saving than 
ethanol in the anti-solvent process for cellulose precipitation from 
IL, and it offers facile solvent removal solely by depressurization. 

Conclusions 60 

In summary, an easy and efficient method to precipitate cellulose 
from IL using compressed CO2 as gas anti-solvent was designed. 
The yield and DP values of the regenerated cellulose can be 
finely tuned by control of the temperature, pressure, reaction time, 
and addition of aprotic polar solvents. Generally, it is found that 65 

the yield of regenerated cellulose is increasing and the average 
DP value is decreasing with the increasing of reaction time until 
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the regeneration process is carried out completely. The increasing 
pressure, the decreasing temperature and adding aprotic polar co-
solvent may all contribute to precipitate the lower molecular 
products, leading to reduce the average DP value of the 
regenerated cellulose. In this process, the carboxylation reaction 5 

between [Bmim]OAc and CO2 can be detected, which helps the 
precipitation of cellulose from IL. In the meantime, the solvent 
strength of the certain system can be regulated by the condition of 
CO2 loading, including the volume expansion of the solution and 
reducing the polarity and net donating ability of hydrogen bonds, 10 

which indicated that CO2 may occupy the initial space between 
cations and anions of IL instead of cellulose. In addition, the 
regenerated cellulose from the IL by compressed CO2 has some 
specificity, which overcomes the drawbacks of the native 
cellulose or the regenerated cellulose using some conventional 15 

anti-solvent systems. Combined with the energy consumption 
comparison, it can be concluded that compressed CO2 anti-
solvent may provide us an easy, sustainable and cost-efficient 
method for regeneration and staged bio-refinery of cellulose from 
IL. 20 

Experimental 
Materials  
The microcrystalline cellulose (MCC) was purchased from Sigma 
Aldrich (St. Louis, U.S.A.). The cellulose samples used were 
dried in vacuum at 100 °C for about 12 h. N2 (99.999%) and CO2 25 

(99.995%) were purchased from Beijing Huayuan Gas Chemical 
Industry Co., Ltd. (Beijing, China). [Bmim]OAc with a purity 
over 99.9 wt% was purchased from Lanzhou Greenchem. ILs, 
LICP, CAS, China (Lanzhou, China). The water contents of IL 
was determined by Karl-Fischer titration after drying it at 40 °C 30 

under vacuum conditions for 96 h, and it has a water content less 
than 1000 ppm. The standard reagent of 1 mol/L copper (II)-
ethylenediamine (Cuen) solution in water was purchased from 
Acros Organics. 
Dissolution of MCC in IL and IL/co-solvents  35 

Under the continuous stirring, finely grinding MCC powder (0.1 
wt% of the IL) was added into a flask with about 5.0 g dried 
[Bmim]OAc at 110 °C under a nitrogen atmosphere. Additional 
MCC (another 0.1 wt% of the IL) was added until the solution 
became clear. Considerable repeated operation was needed to add 40 

into the system until the concentration of MCC reached 10.0 wt% 
of the [Bmim]OAc. The MCC/[Bmim]OAc/co-solvents solution 
with 10 wt% MCC were also obtained via the same method.  
Recovery of cellulose from IL and IL/co-solvents by 
compressed CO2  45 

The apparatus consisted of a high-pressure view cell with a 20-50 
ml variable volume, a water bath with a constant temperature 
controller (± 0.1 °C), a high-pressure syringe pump (DB-80), a 
gas cylinder, a magnetic stirrer, and a pressure gauge (± 0.025 
MPa) in the pressure range of 0-22 MPa. In a typical experiment, 50 

1 g MCC solution was loaded into the view cell and then was 
placed in the water bath with the desired temperature. After 
removing the air, CO2 was charged into the cell until the thermal 
equilibrium had been reached. The system was kept up under 
certain conditions for several hours and then removed it under 55 

vacuum to exhaust CO2. The isolated yields of regenerated MCC 
can be calculated after washing the aerogels completely by 

ethanol. The DP of cellulose samples that dissolved in the 
standard reagent of 1 mol/L (Cuen), were then determined by 
intrinsic viscosity measurement using an Ubbelodhe viscometer. 60 

NMR measurements of pure IL and IL/CO2 system 
The binary system of IL [Bmim]OAc and CO2 was prepared by 
loading the dried IL in the high-pressure view cell, and charging 
CO2 into the cell (6.6 MPa at 25 °C). After it was kept to 
equilibrate for at least 12 h, redundant CO2 was removed and the 65 

pressure released to the normal pressure (0.1 MPa). The NMR 
samples were measured as neat liquids using co-axial capillary 
containing D2O as a lock solution. 1H NMR and 13C NMR 
measurements were performed on a Bruker DMX 300 
spectrometer operating at 300 MHz for 1H and 75 MHz for 13C. 70 
15N NMR spectra of samples were acquired with a Bruker 
Avance 600 MHz spectrometer operating at 60 MHz. 
Measurement of solvatochromic parameters of IL/co-solvent 
mixtures at different pressures  
The apparatus and processor to determine the solvatochromic 75 

parameters were similar with previous reports.71-74 Briefly 
speaking, the UV-vis absorbance spectrum of [Bmim]OAc and its 
mixtures with three aprotic polar solvents with three kinds of 
dyes, N,N-diethyl-4-nitro-aniline (DENA), 4-nitroaniline (NA) 
and Reichardt’s dye 33, were recorded by a TU-1201 Model 80 

spectrophotometer (Beijing General Instrument Company) under 
different CO2 pressures. The maximum absorption wavelengths 
(λmax) of the dyes were used to calculate the solvatochromic 
parameters (π*, α and β), and the λmax stated was the average of 
three separate scans. 85 

Characterization of the regenerated and native cellulose 
CP/MAS 13C NMR spectra were obtained at 100.4 MHz using a 
Bruker Avange III 400M spectrometer. The crystal phases of the 
regenerated and native cellulose film samples were determined by 
XRD (Rigaku D/max-2500) using Cu Kα as X-ray radiation 90 

under 40 kV and 200 mA. The scanning range is 2θ = 5-60° with 
a step of 2θ = 0.02° and 0.5 s per step. AFM images of cellulose 
samples were obtained in the tapping mode with a silicon tip 
under ambient conditions, a scanning rate of 1 Hz, and a scanning 
line of 512 using the Veeco D3100 instrument (Veeco 95 

Instruments 151 Inc., USA). 
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