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In this work, the cellulose phase separation behavior was investigated by using ionic liquids (ILs) as novel sol-
vents to acquire a green process for cellulose fiber spinning. The cloud point titration method combined with
the turbidity correlation equation was used to obtain the ternary diagram of IL/cellulose/coagulator throughout
the whole compositional range. The effects of the type of ILs, the cellulose materials, the kind of coagulators and
the regeneration temperatures for cellulose fiber manufacturing process on the phase separation behavior were
studied systematically. It was found that the linearized cloud point (LCP) curve correlation fits to experimental
data well and can be used to quantify the optimized coagulator, and among the studied cases, the system of
[EMIM]DEP, cotton pulp and water with the regeneration temperature at 298.15 K is the best. Meanwhile,
COSMO-RS was used to predict the interaction between solvent, cellulose and coagulator, and the comparison
with the LCP correlation shows good agreement. The crystal structure of the regenerated cotton pulp was deter-
minedwith XRD, and the result evidences that the crystal structure of the regenerated cellulose transforms from
cellulose I to cellulose II. The crystallinity decreases from 96.0% (raw cotton pulp) to 85.6% after 24 h dissolution
in [EMIM]DEP at 363.15 K, and it has a slight deviation from 24 h to 72 h, which illustrates that the spinning pro-
cess can run continuously at 363.15 K when using [EMIM]DEP as the solvent.

© 2019 Published by Elsevier B.V.
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1. Introduction

Textile fibers, notably the cellulose fibers, are crucially important for
textile manufacturing all over the world. The cellulose fabrication
method is mainly based on the dry-jet wet spinning or wet spinning
[1], electrospinning [2] and dye-printing [3], in which the dry-jet wet
spinning is more attractive due to the flexible manufacture processes
[4]. In the manufacture process with dry-jet wet spinning, the spinning
dope is extruded from spinnerets, entered into the coagulation bath and
formed fibers. To fabricate fiber, the coagulator induced phase separa-
tion is the most popular method, in which the spun fiber is immersed
in a coagulation bath and the solvent/coagulator exchange occurs be-
tween the spun fiber and the bath. The mechanism is on that the intru-
sion of coagulator reduces the thermodynamic stability of the polymer
solution, leading to a phase transition into two phases, i.e., polymer-
rich and polymer-poor phases. This process is controlled by diffusion ki-
netics and thermodynamic properties of the system [5].

For the coagulator induced phase separation method, three compo-
nents involve, and thus a ternary phase diagram is the most useful tool
ongguancun, Haidian District,

.ac.cn (S. Zhang).
to describe the thermodynamic behavior of such ternary systems (sol-
vent/polymer/coagulator) [6]. In the ternary phase diagram, the system
is composed of a one-phase region and a two-phase region. The misci-
bility of three components in the one phase region co-exists with the
two phase region. The boundary of liquid-liquid demixing is termed as
the binodal curve, within which the solution separates or demixes
into two phases [7].

The ternary phase diagram can be obtained either with experimen-
tal measurements or theoretical predictions. For the fiber-forming sys-
tem with solvent, polymer and coagulator, the extended Flory–
Huggins model [8] and the compressible regular solution model [9]
have been developed to determine the ternary phase diagram including
binodal and spinodal curves as well as critical points [10–12]. In the ex-
tended Flory–Huggins model, the interaction parameters are generally
concentration-dependent and difficult to acquire the reliable values,
resulting in unreliable predictions. The cloud point titration method
[13,14] is often used to determine the binodal curve experimentally.

For the fiber-forming system, water is the most commonly used
coagulator, and alcohols and other less-polar solvents such as acetone
can also be used as the coagulators [15]. In the cellulose dry-jet wet or
wet-spinning process, the conventional solvents are N-
methylmorpholine oxide (NMMO), N,N-dimethylacetamide/lithium
chloride (DMAc/LiCl), N,N-dimethylformamide/nitrous tetroxide
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Scheme 1. Chemical structures of the ILs used in this study.
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(DMF/N2O4) and aqueous NaOH [16]. Recently, ILs have been used as
the substitute of these conventional solvents because of the merits of
less-hazardous, conductive andnonflammable nature aswell as immea-
surably low vapor pressure and excellent chemical and thermal stability
of ILs [17–21]. To promote the development of fiber fabrication process,
the ternary phase behaviors of DMAc/polyamic acid (PAA)/water,
DMAc/PAA/ethylene glycol (EG), DMAc/PAA/ethanol [22], [BMIM]BF4/
saccharides/water [23,24], [EMIM]OAc/ethyl acetate/water, [EMIM]
OAc/1,4-dioxane/water, and [EMIM]OAc/tetrahydrofuran/water have
been investigated [25]. However, the study on the ternary phase behav-
ior of IL/cellulose/coagulator in the dry-jet wet orwet spinning regener-
ation process is still scarce. Jiang et al. studied the cellulose crystalline
structure and the ternary phase behavior of [BMIM]Cl/cellulose/H2O
system by the cloud point titration method for the cellulose dry-jet
wet spinning process [26]. It was found that the cellulose crystalline
structure transforms to the cellulose II from cellulose I in the dissolution
processwhen the temperature is above 353.15 K, and, for this system, it
is a liquid-liquid separation and conforms to the LCP equation.

In the regeneration process, the cellulose fiber formation capacity
can be influenced by the type of coagulators and the regeneration tem-
peratures, and it will be desirable to use a rapid and priori screening
method to predict the cellulose coagulation capacity. The Conductor-
like ScreeningModel for Real Solvents (COSMO-RS) integrates the dom-
inant interactions of H-bonds (HB), misfits (MF, the specific interaction
energy per unit area), and van der Waals forces (VDW) in IL systems
[27], and previous reports have evidenced that this is a rapid screening
method to predict the properties of ILs for cellulose dissolution and IL
recovery [16,18]. COSMO-RS can be used for the calculations at various
temperatures, and it has been used as a reliable tool to screening ILs for
specific tasks [28].

The aim of this workwas to study the phase behavior of IL/cellulose/
coagulator ternary system by the cloud point method combined with
empirical correlation to provide knowledge for cellulose spinning, and
the effects of ILs, cellulosematerials, coagulators, and regeneration tem-
perature were studied systematically. COSMO-RS was used to predict
the coagulation order of the systems with different coagulators as well
as the interactions between solvent, cellulose and coagulator at differ-
ent temperatures for comparing with the experimental results. Mean-
while, crystallinities of the raw and the regenerated celluloses were
measured with XRD.

2. Experimental

2.1. Materials

Microcrystalline cellulose (MCC, Column Chromatography), ethanol,
triethyl phosphate, and ligarine were purchased from Sinopharm
Chemical Reagent Co., Ltd. Cotton pulp was provided by Henan Dingda
Biological Technology Co., Ltd. N-methylimidazole (≥99%) was supplied
from Shanghai Wokai Chemical Reagent Co., Ltd., and 1,5-diazobicyclo
[4.3.0]non-5-ene (DBN, ≥98%) was provided by Aladdin. Acetic acid
was purchased from Xilong Chemical Industry Co., Ltd.

2.2. Synthesis of ionic liquids

1-Ethyl-1,5-diazabicyclo[4.3.0]-non-5-enium diethylphosphate
([DBNE]DEP) was synthesized by mixing equimolar amounts of DBN
and trialkyl phosphate at 393.15 K under reflux for 8 h. The synthetic
procedure for 1,5-diazabicyclo[4.3.0]non-5-enium acetate ([DBNH]
OAc) followed the work by Hauru et al. [29] and Liu et al. [30] 1-ethyl-
3-methylimidazolium diethylphosphate ([EMIM]DEP) was prepared
by mixing N-methylimidazole and triethyl phosphate under the same
conditions as reported previously [16]. The structures of the synthesized
ILs are shown in Scheme 1.

All the synthesized ILs were purified by washing with ligarine and
dried with rotary vacuum evaporation at 348.15 K for 4 h, and then
further dried under vacuumat 353.15 K for 48h to remove the residuals.
The water content in the ILs was measured with a C20 Coulometric KF
Titrator (Mettler Toledo) before use (see supporting information of
Table S1). The purity and structure of these ILs were analyzed via elec-
tronic spray mass spectra (see supporting information of Table S1 and
Fig. S1) and NMR (see supporting information).

2.3. Cloud point measurements and phase diagram

The experimental measurements of the cloud points for IL/cellulose/
coagulator were carried out as follows:

1. A certain amount of MCC or cotton pulp was mixed with each IL and
then heated in a thermostatic oil bath at 363.15 K by mechanical
mixing to obtain a clear liquid of 0.5, 1.0, 1.5, 2.0, and 2.5 wt% cellu-
lose solution, respectively.

2. The prepared cellulose solution was put into the standard turbidity
bottle, and the initial mass of the cellulose solution was measured
and noted asM0. The cloud point of each cellulose solutionwasmea-
sured with the cloud point apparatus (HACH, TL2300), and the aver-
age value of three measurements was reported as the cloud point
(CP0).

3. The cellulose solution was heated to a desired temperature (298.15
or 313.15 K), and the coagulator (water or ethanol) was added. The
turbidity bottle with M1 water or ethanol was put in the ultrasonic
instrumentwith the temperature of 298.15 or 313.15K until themix-
ture is homogeneous and all the bubbles are eliminated. Afterwiping
the water or ethanol in the outside of the turbidity bottle, the cloud
point was measured and reported as (CP1).

4. Repeating step 3 by adding water or ethanol with a mass of Mn and
obtaining CPn. When CPn and CPn−1 show has a mutation, and CPn 1

has a more obvious mutation than CPn−1, CPn was determined as
the cloud point and the amount ofwater or ethanol is the summation
of M1, M2, …, and Mn.

5. Based on the measured cloud points for the solutions in the low vis-
cosity range, the phase diagram of the whole compositional region
can be obtained combined with an empirical equation (Eq. (1)
[31]) to estimate the weight fractions of coagulator, IL and cellulose.

ln
w1

w2
¼ bln

w2

w3
þ a ð1Þ

where wi is the weight fraction of component i. 1, 2 and 3 represent
coagulator, IL and cellulose, respectively, a is the intercept of linearized
cloud point (LCP), and b is the slope of LCP.

The empirical equation is based on the LCP curve correlation with
parameters of a and b [13], provided that two conditions are met [31]:

(1) The polymer is strongly incompatible with the coagulator.
(2) Liquid-liquid demixing is the mode of phase separation.
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2.4. Crystallinity analyses [X-ray diffraction (XRD)]

The X-ray diffractionwas performed on both the raw cellulosemate-
rial and regenerated cellulose. The results were collected at the room
temperature using a Bruker D8 Focus instrument. Diffraction intensities
were recorded at 45 kV and 200mAwith 2θ ranging from 5° to 40° at a
scan speedof 0.05 s−1 [32]. The crystallinity index (CI), indicating the rel-
ative degree of crystallinity, was calculated by Eq. (2) [33] with an as-
sumption that only a single crystalline phase is along with an
amorphous phase [34].

CI %ð Þ ¼ Itotal−Iam
Itotal

� 100% ð2Þ

where Itotal is the total scattered intensity at themain peak, and Iam is the
minimum scattered intensity between the main and secondary peaks
for the detected samples [35].

3. Computation

The interactions between solvent (i.e., ILs), cellulose and coagulator
can be predicted with COSMO-RS, in which the EMIM , DEP−, OAc− and
coagulator COSMOfiles were taken from the COSMO-RS database. The
DBNE , DBNH , and cellobiose model which has been identified as the
Table 1
Weight fractions of [EMIM]DEP, cellulose and coagulator in ternary phase systems.

[EMIM]DEP/MCC/Water (298.15 K) [EMIM]DEP/MCC/Ethanol (298.15 K)
w1 w2 w3 w1 w2 w3

Water [EMIM]DEP MCC Ethanol [EMIM]DEP MCC
0.1361 0.8596 0.0043 0.1405 0.8552 0.0043
0.1107 0.8804 0.0089 0.1239 0.8674 0.0087
0.1011 0.8854 0.0135 0.1129 0.8738 0.0133
0.0875 0.8942 0.0183 0.1079 0.8743 0.0178
0.0820 0.8951 0.0229 0.0970 0.8804 0.0226
0.0755 0.8945 0.0300 0.0933 0.8767 0.0300
0.0682 0.8818 0.0500 0.0869 0.8731 0.0400
0.0629 0.8871 0.0500 0.0819 0.8681 0.0500
0.0586 0.8814 0.0600 0.0778 0.8622 0.0600
0.0551 0.8749 0.0700 0.0744 0.8556 0.0700
0.0522 0.8678 0.0800 0.0714 0.8486 0.0800
0.0496 0.8604 0.0900 0.0687 0.8413 0.0900
0.0473 0.8527 0.1000 0.0663 0.8337 0.1000
0.0386 0.8114 0.1500 0.0568 0.7932 0.1500
0.0325 0.7675 0.2000 0.0496 0.7504 0.2000
0.0278 0.7222 0.2500 0.0437 0.7063 0.2500
0.0240 0.6760 0.3000 0.0386 0.6614 0.3000
0.0207 0.6293 0.3500 0.0341 0.6159 0.3500
0.0178 0.5822 0.4000 0.0301 0.5699 0.4000
0.0153 0.5347 0.4500 0.0264 0.5236 0.4500
0.0130 0.4870 0.5000 0.0229 0.4771 0.5000
0.0110 0.4390 0.5500 0.0198 0.4302 0.5500
0.0091 0.3909 0.6000 0.0168 0.3832 0.6000
0.0075 0.3425 0.6500 0.0140 0.3360 0.6500
0.0059 0.2941 0.7000 0.0114 0.2886 0.7000
0.0046 0.2454 0.7500 0.0090 0.2410 0.7500
0.0033 0.1967 0.8000 0.0068 0.1932 0.8000
0.0022 0.1478 0.8500 0.0047 0.1453 0.8500
0.0013 0.0987 0.9000 0.0028 0.0972 0.9000
0.0005 0.0495 0.9500 0.0012 0.0488 0.9500
0.0001 0.0099 0.9900 0.0002 0.0098 0.9900

The data points in gray were measured from cloud point apparatus. The rest of the data points
best to represent cellulose were acquired by three steps [36]: (1) opti-
mizing the cellobiose structure with the quantum chemical Gaussian09
package; (2) acquiring the COSMO continuum solvationmodel with the
BVP86/TZVP/DGA1 level theory based on the optimized structures; and
(3) determining the excess enthalpy and σ-profiles with COSMOtherm
(implementation: COSMOtherm version C3.0 release 14.01 combined
with parameterization BP_TZVP_C30_1401, COSMOlogic, Leverkusen,
Germany) [16]. In prediction, for the solvent of IL, the mole fractions
of the IL-cations and -anions were set to be equal and the IL was as-
sumed to be completely dissociated.

4. Results and discussion

4.1. Cloud point

The cloud points of the cellulose solution samples (pulp and MCC)
weremeasured according to the procedure described in the experimen-
tal section, in which the ILs of [EMIM]DEP, [DBNE]DEP, and [DBNH]OAc
were chosen as solvents, water and ethanol were chosen as coagulators,
and the temperatures were set to be 298.15 and 313.15 K. The determi-
nation of the cloud point for each samplewas provided in supporting in-
formation. Taking [EMIM]DEP 2.5% MCC solution with water as the
coagulator as an example, from the results in the supporting informa-
tion, it was found that the cloud point value of CP6 is 2.35 with a
[EMIM]DEP/MCC/Water (313.15 K) [EMIM]DEP/Pulp/Water (298.15 K)
w1 w2 w3 w1 w2 w3

Water [EMIM]DEP MCC Water [EMIM]DEP Pulp
0.1352 0.8605 0.0043 0.1245 0.8711 0.0044
0.1174 0.8738 0.0088 0.0919 0.8990 0.0091
0.1076 0.8790 0.0134 0.0871 0.8992 0.0137
0.0955 0.8864 0.0181 0.0768 0.9047 0.0185
0.0930 0.8843 0.0227 0.0562 0.9202 0.0236
0.0861 0.8839 0.0300 0.0568 0.9132 0.0300
0.0796 0.8804 0.0400 0.0496 0.9104 0.0400
0.0747 0.8753 0.0500 0.0445 0.9055 0.0500
0.0707 0.8693 0.0600 0.0405 0.8995 0.0600
0.0673 0.8627 0.0700 0.0374 0.8926 0.0700
0.0644 0.8556 0.0800 0.0348 0.8852 0.0800
0.0618 0.8482 0.0900 0.0325 0.8775 0.0900
0.0595 0.8405 0.1000 0.0306 0.8694 0.1000
0.0504 0.7996 0.1500 0.0236 0.8264 0.1500
0.0436 0.7564 0.2000 0.0191 0.7809 0.2000
0.0382 0.7118 0.2500 0.0158 0.7342 0.2500
0.0336 0.6664 0.3000 0.0132 0.6868 0.3000
0.0295 0.6205 0.3500 0.0111 0.6389 0.3500
0.0259 0.5741 0.4000 0.0093 0.5907 0.4000
0.0226 0.5274 0.4500 0.0078 0.5422 0.4500
0.0195 0.4805 0.5000 0.0065 0.4935 0.5000
0.0167 0.4333 0.5500 0.0053 0.4447 0.5500
0.0142 0.3858 0.6000 0.0043 0.3957 0.6000
0.0118 0.3382 0.6500 0.0034 0.3466 0.6500
0.0095 0.2905 0.7000 0.0027 0.2973 0.7000
0.0075 0.2425 0.7500 0.0020 0.2480 0.7500
0.0056 0.1944 0.8000 0.0014 0.1986 0.8000
0.0038 0.1462 0.8500 0.0009 0.1491 0.8500
0.0023 0.0977 0.9000 0.0005 0.0995 0.9000
0.0009 0.0491 0.9500 0.0002 0.0498 0.9500
0.0001 0.0099 0.9900 0 0.0100 0.9900
were calculated by Eq. (1).
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corresponding amount of water as 1.6282 g. When increasing the
amount ofwater to 1.7458 g, the cloudpoint value of CP7 is 3.08. The dif-
ference between CP7 and CP6 is 0.73, which is larger than that between
CP6 and CP5 (0.2). With a further increase of water toM8 (0.1103 g), the
cloud point value shows a sudden increase to 4.44. According to the cri-
terion described in the experimental section, the cloud point at CP7
(marked in yellow in supporting information) is termed as the point
that MCC starts to coagulate. Based on the results in supporting infor-
mation, the weight fractions of IL, cellulose and coagulator can be ob-
tained, and all the results are listed in Tables 1 and 2 marked in gray.

4.1.1. Effect of coagulator
In this work, water and ethanol were chosen as the coagulators for

the regeneration of MCC from [EMIM]DEP and their effects on themea-
sured cloudpointswere further studied at 298.15K. Based on the exper-
imental results, listed in Table 1 and marked in gray, we can see that
water as a coagulator is more effective compared to ethanol because
the amount of ethanol is larger than that for water when MCC starts
to coagulate in the same mass percent of MCC solutions. For example,
the amounts of water are 3.1537 and 1.7458 g when coagulating MCC
from [EMIM]DEP 0.5% and 2.5% MCC solutions, respectively. For com-
parison, if ethanol is used as the coagulator, the amounts are 3.6382
and 2.1396 g, respectively for the same solution of [EMIM]DEP MCC.
Therefore, water was chosen as the coagulator for further studies.
Table 2
Weight fractions of IL, pulp and water in ternary phase systems.

[DBNE]DEP/Pulp/Water (298.15 K)
w1 w2 w3

Water [DBNE]DEP Pulp
0.2246 0.7715 0.0039
0.2198 0.7724 0.0078
0.1665 0.8210 0.0125
0.1532 0.8299 0.0169
0.1315 0.8468 0.0217
0.1240 0.8460 0.0300
0.1016 0.8484 0.0500
0.1016 0.8484 0.0500
0.0941 0.8459 0.0600
0.0879 0.8421 0.0700
0.0827 0.8373 0.0800
0.0782 0.8318 0.0900
0.0742 0.8258 0.1000
0.0594 0.7906 0.1500
0.0493 0.7507 0.2000
0.0416 0.7084 0.2500
0.0354 0.6646 0.3000
0.0302 0.6198 0.3500
0.0257 0.5743 0.4000
0.0218 0.5282 0.4500
0.0184 0.4816 0.5000
0.0154 0.4346 0.5500
0.0126 0.3874 0.6000
0.0102 0.3398 0.6500
0.0080 0.2920 0.7000
0.0061 0.2439 0.7500
0.0043 0.1957 0.8000
0.0028 0.1472 0.8500
0.0016 0.0984 0.9000
0.0006 0.0494 0.9500
0.0001 0.0099 0.9900

The data points in gray were measured from cloud point apparatus. The rest of the data points
4.1.2. Effect of temperature
To study the temperature effect on the thermodynamic behavior, the

cloud point measurements were conducted at 298.15 and 313.15 K, in
which [EMIM]DEP was selected as the solvent, water was chosen as
the coagulator based on the investigation in the foregoing section.
Based on the results listed in Table 1, it was found that to make MCC
starting to coagulate from the five mass percent cellulose solutions,
the weight fractions of water is always larger at 313.15 K than those at
298.15 K, implying that MCC is easier to coagulate at 298.15 K than
313.15 K. Thus, 298.15 K was chosen as the regeneration temperature
for further studies.

4.1.3. Effect of celluloses
MCC and cotton pulp were chosen as two types of cellulose to study

their effects on the thermodynamic behavior, where [EMIM]DEP was
used as the solvent, water was used as the coagulator, and temperature
was set to be 298.15 K. The samples are ([EMIM]DEP 0.5, 1.0, 1.5, 2, and
2.5%/MCC) and ([EMIM]DEP pulp) solutions. Based on the cloud point
measurements, theweight fractions of each componentwere calculated
as listed in Table 1. It shows that for the MCC samples, the weight frac-
tions of water are 0.1361, 0.1107, 0.1011, 0.0875, and 0.0820, respec-
tively, while they are 0.1247, 0.0919, 0.0871, 0.0768, and 0.0562,
respectively, for the cotton pulp samples. Therefore, MCC needs more
water than the cotton pulp.
[DBNH]OAc/Pulp/Water (298.15 K)
w1 w2 w3

Water [DBNH]OAc Pulp
0.1565 0.8393 0.0042
0.1235 0.8677 0.0088
0.1112 0.8755 0.0133
0.0939 0.8880 0.0181
0.0793 0.8977 0.0230
0.0750 0.8950 0.0300
0.0595 0.8905 0.0500
0.0595 0.8905 0.0500
0.0545 0.8855 0.0600
0.0505 0.8795 0.0700
0.0471 0.8729 0.0800
0.0442 0.8658 0.0900
0.0417 0.8583 0.1000
0.0326 0.8174 0.1500
0.0265 0.7735 0.2000
0.0221 0.7279 0.2500
0.0185 0.6815 0.3000
0.0156 0.6344 0.3500
0.0132 0.5868 0.4000
0.0111 0.5389 0.4500
0.0093 0.4907 0.5000
0.0076 0.4424 0.5500
0.0062 0.3938 0.6000
0.0050 0.3450 0.6500
0.0039 0.2961 0.7000
0.0029 0.2471 0.7500
0.0020 0.1980 0.8000
0.0013 0.1487 0.8500
0.0007 0.0993 0.9000
0.0003 0.0497 0.9500

0 0.0100 0.9900
were calculated by Eq. (1).
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4.1.4. Effect of ILs
Three ILs of [EMIM]DEP, [DBNE]DEP and [DBNH]OAcwere chosen to

study the water precipitation capacity under the optimized conditions,
i.e., the cotton pulp as the cellulosematerial andwater as the coagulator
at 298.15 K. Based on the experimental results listed in the supporting
information and Table 2, it was found that the amounts of water are
5.2774, 3.3424, and 3.1537 g for the 0.5% pulp solutions with [DBNE]
DEP, [DBNH]OAc and [EMIM]DEP to make the dissolved cotton pulp
starting to coagulate, respectively. Therefore, [EMIM]DEP is the best sol-
vent for the cellulose regeneration in this study.

4.2. LCP correlation

The empirical equation (i.e., LCP, Eq. (1)) was used to correlate the
thermodynamic phase behavior in order to generate the phase diagram
of the whole compositional region. The correlations for the IL/cellulose/
coagulator systems are shown in Figs. 1 and 2 based on the experimen-
tal results listed in Tables 1 and 2. An excellent fitting of the LCPwas ob-
served according to the experimental data, indicating that the cloud
points of experimental mutation follow the LCP relation. As shown in
Fig. 1, the slope b is always N1,which evidences that the [EMIM]DEP/cel-
lulose/coagulator system studied in this work conforms to the mode of
liquid-liquid separation [26]. The larger the absolute value of a, the
stronger the coagulator power, and the smaller the amount of the
coagulator needed for separation [5]. Therefore, the absolute value of a
(i.e., the coagulation power) can be used as an index for the selection
of a suitable coagulator for the cellulose regeneration. As shown in
Fig. 1, the absolute values of a for water and ethanol are 3.6116 and
3.0237, respectively. Therefore, the coagulation power ofwater is stron-
ger than that of ethanol. This observation is consistent with the experi-
mental results determined directly with the cloud point measurement.
Fan et al. [37] also studied the effect of coagulator on the ternary system
of [BMIM]Cl/cellulose/coagulator with the in-situ ATR-FTIR. A larger
blue shift of the C\\O stretching peak was acquired in water than that
in ethanol, indicating that water has a stronger interaction with the sol-
vent than ethanol. Therefore, the observations from this work and Fan
et al. [37] agree with each other. In addition, as indicated by Fan et al.
[37], water acted mostly as an H-bond donor, making anions being sol-
vated more intensively, and the interaction between IL ions and cellu-
lose hydroxyl groups was broken in a relatively sharp path in water. In
contrast, ethanol interacts with the imidazolium-cations more inten-
sively, and the interaction between cellulose and anion/imidazolium-
cations was broken mostly by solvation, which is a slow path.

Compared the results at different coagulation temperatures, it was
found that the absolute value of a at 298.15 K is greater than that at
313.15 K when using water as the coagulator, indicating that the coag-
ulation power at 298.15 K is stronger. On one hand, the kinetic capacity
Fig. 1. The LCP plots for the [EMIM]DEP/cellulose/coagulator systems.
of IL in the cellulose fiber increaseswith increasing the coagulation tem-
perature. On the other hand, more hydroxyl groups in the cellulose in-
teract with IL, hindering the cellulose regeneration from the IL [26].
Again, the observation is consistentwith that based on the experimental
results of cloud points. For b, the smaller the value of b, the larger the
molecularweight for the polymer. It is because,with the increase ofmo-
lecular weight, the solubility will decrease, and then a less amount of
coagulator is needed for phase separation. Therefore, under the same
coagulation condition, the molecular weight of the cotton pulp is
smaller than that of MCC used in this study (Fig. 1).

Combining the results at different temperatures with different
coagulators, the coagulation power for the studied ternary systems is
in the order of: [EMIM]DEP/pulp/water (298.15 K) N [EMIM]DEP/
MCC/water (298.15 K) N [EMIM]DEP/MCC/water (313.15 K) N [EMIM]
DEP/MCC/ethanol (298.15 K). Under the optimized regeneration condi-
tions, the coagulation power of [EMIM]DEP, [DBNE]DEP and [DBNH]OAc
with water was investigated (Fig. 2). It can be found that the absolute
values of a in these three ternary systems follow the order of [EMIM]
DEP/pulp/water (298.15 K) N [DBNH]OAc/pulp/water (298.15 K) N

[DBNE]DEP/pulp/water (298.15 K). This result illustrates that [EMIM]
DEP is the best solvent for the cellulose regeneration studied in this
study, which agrees well with the observation according to the experi-
mental cloud points. The regeneration of cellulose from IL is a process
disrupting the cellulose-IL H-bond network followed with rebuilding
the cellulose-cellulose H-bond network [37]. Both the cations and an-
ions of ILs play a crucial role in the cellulose dissolution process [16],
and thus the regeneration process depends on the types of IL-cations
and -anions. In this work, for the ILs with the same anions but different
cations (i.e., [EMIM]DEP and [DBNE]DEP), the smaller the size of the cat-
ions (i.e., EMIM b DBNE ) [38], the higher the capacity to form the H-
bonds with water for the cellulose regeneration. While for the ILs with
similar cations but different anions (i.e., [DBNH]OAc and [DBNE]DEP),
the higher the basicity and dipolarity of the formed H-bond between
the anion and water (i.e., OAc− N DEP−) [39], the greater the ability of
the IL and water to coagulate cellulose.

4.3. Phase diagram

Based on the fitted a and b and with the LCP correlation, the weight
fractions of IL/cellulose/coagulator system can be extrapolated to the
whole compositional range. The extrapolation results are summarized
in Tables 1 and 2. The phase diagrams of IL/cellulose/coagulator systems
throughout the whole compositional range were then derived. Fig. 3 il-
lustrates the binodal curves for the IL/cellulose/coagulator systems,
where A is the one phase region and B is the two-phase region. From
Fig. 3, it can be found that the binodal curve of [EMIM]DEP/pulp/water
(298.15 K) is the closest to the one phase region, while the binodal
Fig. 2. The LCP plots for the IL/pulp/water systems at 298.15 K.



Fig. 3. The binodal curves of IL/cellulose/coagulator systems. The black square: [EMIM]DEP/MCC/water (298.15 K), the red circle: [EMIM]DEP/MCC/ethanol (298.15 K), the blue triangle:
[EMIM]DEP/MCC/water (313.15 K), the green triangle: [EMIM]DEP/pulp/water (298.15 K), the orange pentagon: [DBNE]DEP/pulp/water (298.15 K), the pink five-pointed star: [DBNH]
OAc/pulp/water (298.15 K). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 4. XRD of raw cotton pulp and regenerated cellulose at different dissolving times.
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line of [DBNE]DEP/pulp/water (298.15 K) is the farthest from the one
phase region. The other four binodal curves are in the middle of those
for [EMIM]DEP/pulp/water (298.15 K) and [DBNE]DEP/pulp/water
(298.15 K). This illustrates that the phase separation is more easily
occur in the ternary system of [EMIM]DEP/pulp/water (298.15 K).
When water and ethanol are selected as coagulators, the binodal
curve of [EMIM]DEP/MCC/water (298.15 K) is close to the one phase re-
gion but not for [EMIM]DEP/MCC/ethanol (298.15 K), indicating that
water has a stronger interaction with [EMIM]DEP than ethanol. In addi-
tion, for the [EMIM]DEP/MCC/water system,with the increase of the co-
agulation temperature, the binodal curve shifts further away from the
IL-cellulose axis and the one phase region increases, indicating that
low coagulation temperature is preferable for the phase separation.
Huang et al. constructed the phase diagram of polyacrylonitrile (PAN)/
[BMIM]Cl/coagulator based on the LCP curve correlation and investi-
gated the effects of coagulators and the coagulation temperatures [40].
It was found that water has a stronger capacity to coagulate PAN com-
pared to ethanol, and the phase separation is easier to achieve at
323.15 K compared to 343.15 and 363.15 K. All these observations
agree well with those obtained in this work.

Using water as coagulator to regenerate cellulose in ILs has been
studied by others. It was found that, to regenerate 1 wt% cellulose, the
minimum amounts of water needed are 15 and 21 wt%, respectively,
for [EMIM]OAc/MCC/water (283.15 K) [41] and [BMIM]Cl/cellulose/
water (393.15 K) [42]. In this work, as listed in Tables 1 and 2, the
amounts of water needed are 9.19–12.39% for [EMIM]DEP/cellulose/
coagulator, 12.35% for [DBNH]OAc/pulp/water (298.15 K), and 21.98%
for [DBNE]DEP/pulp/water (298.15 K). Except [DBNE]DEP/pulp/water,
the amounts of water needed for the system studied in this work are
less than those from literatures [41,42]. This indicates that, compared
to [EMIM]OAc/MCC/water (283.15 K) and [BMIM]Cl/cellulose/water
(393.15 K), the phase separation is easier for [EMIM]DEP/cellulose/
coagulator (298.15 K), [DBNE]OAc/pulp/water (298.15 K) but more dif-
ficult for [DBNE]DEP/pulp/water (298.15 K).

4.4. Crystallinity of regenerated cellulose

Based on the investigation conducted in this work, [EMIM]DEP and
water are the remarkable solvent and coagulator, respectively, and
pulp is the remarkable material for the cellulose spinning process.
Therefore, they were chosen in the further studies.

In order to investigate the crystallinity of the regenerated cellulose,
10 wt% of the raw cotton pulp was dissolved in [EMIM]DEP at
363.15 K to form the spinning solution. The fiber spinning procedures
were given in our previouswork [20]. The XRD analyses for the raw cot-
ton pulp and regenerated cellulose fiber by the spinning at different dis-
solving times are depicted in Fig. 4. The major peaks of the raw cotton
pulp pattern were labelled according to Garvey et al. [34]. The raw cot-
ton pulp displays three peaks, i.e., (1) a strong peak around 2θ= 23.1°,
the main peak of cellulose I, corresponding to the (002) crystal plane of
cellulose; (2) a composite peak corresponding to the (101) and (101)
crystal planes at 2θ= 15.2° and 16.8° approximately. The broad shoul-
der peak at ~16° is considered as the feature of cellulose I; (3) the (040)
is a broad reflection of low intensity, visible in all diffraction patterns at
an angle of approximately 35.0°.

After dissolving the pulp in [EMIM]DEP at 363.15 K for different du-
rations of time (3, 6, 12, 24, and 72 h), the peak at 12.5° with the crystal
plane of (110) clearly indicates that a small amount of dissolution oc-
curs, resulting in the formation of cellulose II upon precipitation, while
the peaks at 20.5°, (110) and 21.8°, (020) could be due to the cellulose
II or to a mixture of cellulose II with another structure [35]. The reduc-
tion of the peaks at 12.5, 20.5, and 21.8° suggests a disturbance of the ar-
rangement of cellulose chains within the hydrogen-bonded sheets. The
result indicates that the original cellulose I was distorted and trans-
formed into a less ordered intermediate structure after the regenera-
tion, being consistent with the previous results [43].

The crystallinities of the raw cotton pulp and regenerated cellulose
were calculated with Eq. (2). Based on the calculation results listed in
Table 3, the crystallinity of the raw cotton pulp is 96.0%. After dissolving
in [EMIM]DEP at 90 °C for 3, 6, 12, 24, and 72 h, the crystallinities of the
regenerated cotton pulp are 88.2, 90.5, 91.7, 85.8, and 85.2%, respec-
tively. The crystallinity of the regenerated cotton pulp decreases from
96.0 to 85.8% as the dissolving time increases up to 24 h, and a further
increase of the dissolving time after 24 h shows a slight effect on the



Table 3
Crystallinities of the raw cotton pulp and regenerated cotton pulp.

Dissolving time (h)

0 3 6 12 24 72

Crystallinity (%) 96.0 88.2 90.5 91.7 85.8 85.2
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crystallinity. This indicates that the transformation of cellulose I to cellu-
lose II is basically completed after 24 h, and thus the spinning process
can run continuously at 363.15 K.
Fig. 6. Contribution to the excess enthalpy of [EMIM]DEP cellulose water/ethanol
systems at 298.15 and 313.15 K predicted by COSMO-RS at mole fraction of [EMIM]DEP:
cellulose:coagulator = 0.5:0.25:0.25.
5. COSMO-RS prediction

The interaction between solvent, cellulose and coagulator is an im-
portant factor for the cellulose regeneration process. In this part,
COSMO-RS was used to predict the interaction at 298.15 and 313.15 K
for the systems with [EMIM]DEP as a typical solvent, cellulose as a sol-
ute and water and ethanol as two typical coagulators. Figs. 5 and 6 dis-
play the total excess enthalpy and the contribution of each interaction
(HB, MF and VDW) to the total excess enthalpy of [EMIM]DEP, cellulose
and water/ethanol. As shown in Fig. 5, the excess enthalpies for the so-
lutions with the same mole fractions follow: [EMIM]DEP cellulose
water (298.15 K) N [EMIM]DEP cellulose water (313.15 K) N

[EMIM]DEP cellulose ethanol (298.15 K). This indicates that the inter-
action of [EMIM]DEP-cellulose-water is stronger than that of [EMIM]
DEP-cellulose-ethanol, and the interaction of [EMIM]DEP-cellulose-
water at 298.15 K are larger than that at 313.15 K. This observation
agrees with that based on the LCP result that the coagulation power of
water is stronger compared to ethanol and it is higher at 298.15 K com-
pared to 313.15 K. These observations can be explained as that the po-
larity of water is larger than that of ethanol, leading to a stronger
coagulation capacity of water. The temperature increases will result in
an increase of the solubility of cellulose in the ILs, and thus the system
needs more coagulator for regeneration.

The contributions to the excess enthalpy of [EMIM]DEP cellulose
coagulator systems at the mole ratio of 0.5:0.25:0.25 are shown in
Fig. 6. This mole ratio was selected based on theminimum in the excess
enthalpy for the studied [EMIM]DEP cellulose coagulator systems.
Fig. 6 indicates that HB is the dominant part, followed by MF and
VDW. This result agrees with the report in our previous study [18].
Fig. 5. Excess enthalpy of [EMIM]DEP cellulose water/ethanol at 298.15 and 313.15 K
estimated by COSMO-RS.
Fig. 7 shows the σ-profiles for EMIM , DEP−, water and ethanol. The
σ-profile calculated by COSMOtherm provides information on molecu-
lar interaction, which can be divided into three main regions: the H-
bond donor region (σ b −0.0082 e/Å2), the H-bond acceptor region (σ
N 0.0082 e/Å2) and the nonpolar region (−0.0082 b σ b 0.0082 e/Å2)
[44]. From Fig. 7, it can be seen that the σ-profiles of water and ethanol
have the same tendency in the H-bond donor and H-bond acceptor re-
gions, and both of them are not particularly complementary with the
σ-profiles of EMIM and DEP− in these regions. Nonetheless, water is al-
most symmetric with EMIM and DEP− in the non-polar region, which
has a wider symmetric region than that for ethanol. This illustrates
that water is more miscible with [EMIM]DEP than ethanol. This agrees
with the experimental cloud point measurements that less water is
needed to regenerate the same amount of cellulose compare to ethanol.

6. Conclusion

The ternary phase behavior of cellulose spinning dope was investi-
gated for different types of ILs, cellulose materials, coagulators, and re-
generation temperature via cloud point measurements in the low
cellulose concentration region. The LCP correlation shows an excellent
linearized based on theweight fractions of coagulators, ILs and cellulose
that determined by the cloud point measurements. The investigation
shows that the coagulation power is in the order of [EMIM]DEP/pulp/
water (298.15 K) N [DBNH]OAc/pulp/water (298.15 K) N [EMIM]DEP/
Fig. 7. σ-profile of [EMIM] , DEP−, cellulose, water and ethanol studied in this work,
COSMO-RS prediction.
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MCC/water (298.15 K) N [DBNE]DEP/pulp/water (298.15 K) N [EMIM]
DEP/MCC/water (313.15 K) N [EMIM]DEP/MCC/ethanol (298.15 K).
The best optimized solvent and cellulose material for the cellulose dis-
solution and regeneration are [EMIM]DEP, cotton pulp and water. The
COSMO-RS prediction of the excess enthalpy indicates that the interac-
tions follow an order of [EMIM]DEP cellulose water (298.15 K) N

[EMIM]DEP cellulose water (313.15 K) N [EMIM]DEP cellulose etha-
anol (298.15 K), which is consistentwith the experimental result. In ad-
dition, the COSMO-RS prediction reveals that the HB interaction is the
key contribution to the excess enthalpy between [EMIM]DEP and water
or ethanol, followed by MF and VDW. The predicted σ-profile shows
that water is more miscible with [EMIM]DEP than ethanol because of
thewide symmetric regionwith EMIM and DEP− in the non-polar region.
XRD result evidences that the cotton pulp structure shifts from cellulose I
to cellulose II after the regeneration. During the cotton pulp dissolving
process from 0 to 72 h, the cellulose crystallinities first decrease from
96.0% and then have a slight change at 85.6–85.2% approximately from
24 to 72 h. This result indicates that the spinning process can run contin-
uously at 363.15 K when using [EMIM]DEP as the solvent.
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