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The Properties of Choline Chloride-based Deep Eutectic
Solvents and their Performance in the Dissolution of
Cellulose
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A series of choline chloride-based deep eutectic solvents (ChCI-DESS)
were synthesized and characterized, and their performance in the
dissolution of cellulose was investigated. The hydrogen-bond donors
significantly (-value) affected the properties of ChCI-DESs, causing
differentiated dissolution performances. ChCI- imidazole (Im) showed the
highest Hammett acidity function (1.869), hydrogen bond basicity (0.864),
and dipolarity/polarizability effect (0.382) among the ChCI-DESs. The
ChCI-Im showed the lowest pseudo-activation energy for viscous flow
(31.76 kJ mol'*) among the ChCI-DESs. The properties of ChCI-Im caused
the highest solubility of cellulose (2.48 wt.%) relative to the other ChClI-
DESs. Polyethylene glycol (PEG), as a co-solvent, significantly (5-value)
enhanced the accessibility of ChCIl-Im to cellulose by breaking the
supramolecular structure of cellulose, promoting its dissolution. The
decrystallization of ChCl-Im-coupled PEG approximately doubled the
dissolving capabilities, and the solubility increased by more than 80% in
comparison with only ChCI-Im. The cellulose was directly dissolved by
ChClI-Im-coupled PEG, and no other derivatives were produced.
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INTRODUCTION

As the most abundant biological polymer, cellulose has been widely used in the
textile, chemical, pharmaceutical, and energy industries (Vitz et al. 2009; Yang et al. 2014;
Ramamoorthy et al. 2015). Raw cellulose is insoluble in aqueous and common organic
solvents because of its high crystallinity and supramolecular structure (Giimuskaya et al.
2003; Yanagisawa et al. 2004). Cellulose-derived products, including ester-, methyl-,
dexy-, and ether-celluloses, are all produced via heterogeneous processing (Alvira et al.
2010). The weak contact between the two phases lowers the accessibility to cellulose of
reactants. Harsh processing conditions, such as high pressure and temperature, are often
required (Castro et al. 2015). Therefore, dissolution is the principal step in the processing
of celluloses.

Conventional solvents, including sulfuric acid, phosphoric acid, lithium chloride/N,
N-dimethylacetamide, sodium hydroxide/urea, and tetrabutylammonium fluoride
trihydrate/dimethyl sulfoxide, can potentially cause severe pollution (Ruan et al. 2004; Ru
et al. 2015). Therefore, a cleaner dissolution of cellulose requires “greener” solvents (Sun
et al. 2011; Badgujar and Bhanage 2015). Deep eutectic solvents (DESs), formed by the
combination of a hydrogen-bond acceptor (HBA) and a hydrogen-bond donor (HBD), have
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emerged as a novel generation of solvents (Abbott et al. 2003). The synthesis of DESs
usually uses naturally derived raw materials, and no byproducts are produced. Therefore,
DESs have been applied in the separation and synthesis of inorganic and organic matters
because they are environmentally friendly (Dai et al. 2013; Paiva et al. 2014). The unique
structure of HBD and HBA in DESs has been shown to benefit the dissolution of cellulose
biomass (Vigier et al. 2015). Choline-based DESs exhibit the potential to dissolve refined
cork, starch, and microcrystalline cellulose (Garcia et al. 2010; Hou et al. 2012; Ohira et
al. 2012). However, the solubility of cellulose in choline-based DESs with HBDs, such as
urea, amino acids, and glycerol, is very low (Abbott et al. 2004; Francisco et al. 2012). The
development of a new and efficient HBD is needed.

The experiments in the present study were designed to synthesize environmentally
friendly choline chloride (ChCl)-based DESs with various HBDs as the solvents, to
dissolve cellulose. The ChCI-DESs were characterized and evaluated for their potential
role in the dissolution of cellulose. Additionally, the dissolution behavior of the substrates
was investigated.

EXPERIMENTAL

Materials

The cellulose used was a cotton linter pulp (size of 60 cm *25 cm), with a
polymerization degree of 575.6 (Helon, China). The cotton linter pulp was cut into small
pieces (size of 0.5 cm *1 cm). After drying at 100 °C for 12 h, the cellulose was prepared
for use in the present study. The ChCI was recrystallized with ethanol, followed by filtering,
and was dried under a vacuum prior to the experiment (Abbott et al. 2004). Imidazole (Im)
was dried at 50 °C for 5 h prior to use. All chemical reagents were of analytical grade and
purchased from Beijing Chemical Reagents Co. (Beijing, China).

Synthesis of ChCI|-DESs

The ChCI-DESs were synthesized based on the previously described methods
(Abbott et al. 2003; Morrison et al. 2009). The HBA (ChCl) and HBD (Im, urea (U),
ammonium thiocyanate (AT), caprolactam (CA), or acetamide (AA)) were added to a flask
at various molar ratios. The mixtures were heated with stirring until a homogeneous liquid
phase formed. The product was dried under a vacuum at 60 °C for 24 h, and then the ChCl-
Im, ChCI-U, ChCI-AT, ChCI-CA, and ChCI-AA were obtained. The conventional ionic
liquid (IL) 1-allyl-3-methylimidazolium chloride (JAMIm]CI) was synthesized according
to previous literature (Liu et al. 2012) for a comparative study.

Analysis of ChCI-DESs

Fourier transform infrared spectroscopy (FTIR) and nuclear magnetic resonance
spectroscopy (NMR) were used to analyze the structure of ChCI-DESs on a FTS-135
Fourier transform infrared spectroscope (Bio-Rad, Hercules, CA) and an AVANCE III
NMR spectrometer (Bruker Corp., Germany), respectively. The thermogravimetric
properties were measured using a TG209 TG/DSC thermal analysis instrument (Netzsch
Inc., Germany).

The dipolarity/polarizability effects (z*) and hydrogen bond basicity (8) were
calculated using Egs. 1 and 2, according to the Kamlet-Taft empirical polarity scale (Taft
and Kamlet 1976),
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m* = 0.649-0.314v(na) 1)
L= (1.035 vioena) + 2.64 - vinay) / 2.80 2

where vnay represents (Amaxna)y X 1077, voena) represents (Amaxoena)y X 10742, Amax
represents the wavelength of maximum absorption, and NA and DENA are abbreviations
for 4-nitroaniline and N,N-diethyl-4-nitroaniline, respectively.

The Hammett acidity function (Ho) was calculated according to Eq. 3 (Thomazeau
et al. 2003),

Ho= pK (Dag + log ([I]s/[1H*]s) 3)

where | represents the NA indicator, pK(l)aq is a constant (0.99), [I]s/[IH]s is determined
according to the Beer-Lambert Law, based on wavelength of maximum absorption (Amax).
[IH"]s and [I]srepresent the molar concentrations of the protonated and unprotonated forms
of I, respectively.

The Amax was measured using a U-2910 UV-vis spectrometer (Hitachi, Japan). The
viscosity and conductivity were measured using a VS4450 rotational viscometer (Marimex
Ind., Bottrop, Germany) and a DDS-307 conductivity meter (Leici, China), respectively.

The thermogravimetric properties of ChCI-DESs were measured by taking a
portion mass of ChCI-DESs, and loading it into a TG209 TG/DSC thermal analyzer
(Netzsch Inc., Germany). The sample was first cooled to the required temperature such as
-20 °C, and then heated to 140 °C at a rate of 1 °C min. The freezing temperature was
obtained at the temperature when the ChCI-DESs solid began to melt.

Dissolution of Cellulose

The cellulose was first activated by ultrasonic-assisted saturated calcium chloride
solution prior to dissolution. The activated cellulose, with a 65.4% degree of crystallinity,
was gradually added to the ChCI-DESs or ILs in a flask. The solubility of cellulose in
different ChCI-DESs or ILs was investigated from 20 to 120 °C at a rate of 10 °C intervals.
The effects of the co-solvents, including aprotic solvents, quaternary ammonium salts
(QASs), and polyethylene glycols (PEG) were investigated to promote the dissolution. The
mass ratio of a co-solvent to a ChCI-DES was 5% in the dissolution experiment. The
dissolving ended when a completely dark substance was observed under a polarization
microscope (PLM; XP-203, Company, Changfang, China). The cellulose was generated by
washing with ethanol three to five times.

Analysis of Cellulose

The structure of cellulose was analyzed according to a previously described FTIR
method. The dissolution of cellulose in the ChCI-DESs was observed with the XP-203
polarization microscope (Company, Changfang, China). The surface morphology of
cellulose was observed on an S-4800 scanning electron microscope (SEM; Hitachi Ltd.,
Tokyo, Japan). The crystal form was evaluated using an XRD-6000 X-ray powder
diffraction apparatus (XRD; Shimadzu, Japan) with a 40.0 kV working voltage and 40.0
mA electric current of the cube target X-ray tube. The solubility of cellulose was calculated
in terms of the mass of cellulose dissolved per gram of IL (g g %) (Swatloski et al. 2002).

The crystallinity index (Crl) of cellulose was calculated from the diffracted
intensity, using the empirical method suggested by Segal et al. (1959),

Crl (%) = (looz - lam) x 100/ looz 4
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where Crl represents the degree of crystallinity and looz is the maximum intensity of the
principal peak (002) lattice diffraction. The 26 was 22.6° for cellulose | and 20.8° for
cellulose 1l. lam is the diffraction intensity of amorphous cellulose between the plane (200)
and (110). For cellulose I, 26 was 18.0° and for cellulose Il 26 was 16.0°.

RESULTS AND DISCUSSION

Screening of ChCI-DESs

The type of HBD (Im, U, AT, CA, or AA) and the molar ratios of ChCl to HBD
that affected the solvation properties of ChCI-DESs were investigated (Table 1). The
eutectic freezing point (EFP) of DESs (Tr) and EFP of raw HBD (Tm) differed, suggesting
that interactions existed between ChCl and HBDs. The ChCI-CA and ChCI-AA at any
molar ratio of ChCI to HBD had negligible cellulose dissolving ability. The ChCI-Im,
ChCI-U, and ChCI-AT showed relatively high cellulose solubilities at their optimized
molar ratios (3:7, 1:2, and 1:1, respectively) (Supplementary Material Fig. Al-Fig. A5).
Among these, ChCI-Im showed the best dissolving ability for cellulose (2.48 wt.%) in
comparison with ChCI-AT (0.85 wt.%) and ChCI-U (1.43 wt.%), the most commonly used
DESs.

Table 1. Properties of the Synthesized ChCI-DESs

ChCl- Opralgr:izred Ti Tm 4 Appearance Sc?lelillzlllcl;[ge()f Dissolution
HBD ratio °C) | (°C) (°C) (Wt%) time (h)
ChCl-Im 37 56 | 91 35 Low viscosity, 2.48 15
transparent
chcl-U 1:2 12 | 1327 | 120.7 | Medium viscosity, 1.43 2.0
transparent
ChCI-AT 11 58 | 149.6 | 91.6 | Medium viscosity, 0.85 3.0
translucent
chClCA | 11 60 | 71 | 11 | Highviscosity, 0.16 40
opaque
ChCI-AA 1:2 68 | 823 | 15.3 | High viscosity, 0.22 24.0
opaque

ChCI-HBD: Choline chloride-hydrogen-bond donor; ChCl-Im: Choline chloride-Imidazole; ChCI-U:
Choline chloride-Urea; ChCI-AT: Choline chloride-Ammonium thiocyanate; ChCI-CA: Choline
chloride-Caprolactam; ChCI-AA: Choline chloride-Acetamide; EFP: Eutectic freezing point; Tr =
EFP of ChCl- DESs; Tm = EFP of raw HBD; A = the difference between Tmand T

Structure of ChCI-DESs

The structure of three relatively high-performance ChCI-DESs, including ChCI-Im,
ChCI-U, and ChCI-AT, were further analyzed. The ChCI-DESs were successfully
synthesized, according to the results of FTIR and NMR analyses.

For ChCI-Im, the characteristic peaks, based on FTIR (KBr), were 3214.3 cm™ (v
C-NH, Im, s), 3028.7 cm™ and 2926.2 cm™ (v CH, CHz, s), 2831.2 cm™ (v CH, CHz, s),
1639.6 cm™ (v CH, C=C, w), 1482.4 cm™ (v CH, CHs, m), 1362.2 cm™ (v CH, CN, w),
1257.8 cm (v CH, CHs, w), 1087.4 cm™ (v OH, w), 1063.5 cm™ (v C-O, m), 955.2 cm™*
[v N(CHa)3, m], 759.9 cm™ (v C-C, Im, m), and 664.3 cm™ (v CH, Im, s). The hydrogen
shifts, based on *H NMR (500 MHz, CDCl3), were at § 7.645 (1H, s, N=CH-C), 7.009 (2H,
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d, N-CH=CH), 3.809 to 3.838 (2H, m, CH20H), 3.425 to 3.445 (2H, m, NCH), and 3.141
(9H, s, N(CHs3)3). The carbon shifts, based on **C NMR (500 MHz, DMSO), were 135.6
ppm (C=N), 122.17 ppm (C=C), 67.41 ppm (CH20H), 53.56 to 53.63 ppm (CH:zN), and
39.46 to 40.46 ppm [(CHs)3N)].

For ChCI-U, the characteristic peaks, based on FTIR (KBr), were 3334.5 cm™ (v
NH, NHz, s), 1667.3 cm™ (v CO, CON2Hsg, s), 1621.9 cm™ (v CN, OCNHz, s), 1476.1 cm
! (v CH, CHs, m), 1083.3 cm™ (v OH, w), 954.4 cm™ (v NH, NH2, w), and 587.8 cm™ (v
CH, CH2, w). The hydrogen shifts, based on *H NMR (500 MHz, CDCls), were at § 7.260
[4H, s, CO(NH2)2], 4.460 (1H, s, OH), 3.925 (2H, m, CH20H), 3.497(2H, m, NCH?>), and
3.178 [9H, s, N(CHs3)s3].

For ChCI-AT, the characteristic peaks, based on FTIR (KBr), were 3290.0 cm™ (v
NH, NHz, s), 3021.0 cm™ (v CH, CHz, w), 2361.1 cm™ (v CN, SCNH, s), 2054.2 cm™ (v
CH, CHa, s), 1479.7 cm™ (v CH, CH3, m), 1410.1 cm™ (v OH, CH20H, w), 1083.1 cm™ (v
OH, w), 1052.8 cm™ (v C-0, m), 954.7 cm™ [v N(CHz3)3, m], and 861.7 cm™ (v NH, CNH,
w). The hydrogen shifts, based on *H NMR (500 MHz, CDCls), were 3.310 (1H, s, N=CH-
C), 7.009 (2H, d, N-CH=CH), 2.535 to 2.531 (2H, m, CH20H), 2.062 to 2.043 (2H, m,
NCH), and 1.766 [9H, s, N(CHs)3].

Properties of ChCI-DESs
Thermostability of ChCI-DESs

The temperatures at 10% weight loss for ChCIl-Im, ChCI-U, and ChCI-AT were
147, 143, and 199 °C, respectively, according to the results of thermogravimetric analysis
(TGA; Fig. 1). The dissolution temperature of cellulose was usually below 120 °C to
prevent carbonization (Wang et al. 2012). Therefore, these three ChCI-DESs showed
sufficient thermostability for the dissolution of cellulose.
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Fig. 1. Thermogravimetric analysis (in nitrogen) curves of ChCI-DESs

Solvation properties of ChCI-DESs
The Kamlet-Taft polarity model has been widely used to evaluate the solvation
properties of solvents (Badgujar and Bhanage 2015). The $ and z* values of the three ChCl-
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DESs and the [AMImM]CI, a comparative ILs, were calculated and included in Fig. 2. The
order of S values was ChCI-Im (0.864) > [AMIm]CI (0.830) > ChCI-U (0.821) > ChCI-AT
(0.810). The sequence of z* values was ChCI-Im (0.382) > ChCI-U (0.319) > [AMIm]CI
(0.298) > ChCI-AT (0.258), differing from that of # values. The order of solubility of
cellulose was ChCI-Im (2.48 wt. %) > [AMIm]CI (1.89 wt. %) > ChCI-U (1.45 wt. %) >
ChCI-AT (0.83 wt. %), consistently correlating with that of 8 values (Fig. 2). The essence
of cellulose dissolving was the breaking of hydrogen bonds in the supramolecular structure.
Based on the “electro donor-electron acceptor” mechanism (Pinkert et al. 2010; Liu et al.
2011), the accessibility of hydrogen bonds for a solvent is positively related to its
dissolving ability. Therefore, the hydrogen bond basicity (5) of ChCI-DESs controls the
solubility of cellulose compared to the dipolarity/polarizability effects (z*). The #z-n
conjugative effect of the imidazole ring plays a key role in improving the hydrogen bond
basicity of ChCl-Im and [AMIm]CI (Ab Rani et al. 2011; Jessop et al. 2012); thus, better
solubility is obtainable.
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Fig. 2. B and * values of the ChCI-DESs and the solubility of cellulose

The acidity of a solvent is greatly associated with the dissolving ability (Badgujar
and Bhanage 2015). The Hammett acidity function (Ho) was used to express the acidity of
a solvent (Thomazeau et al. 2003). The order of Ho values was [AMIm]CI (2.189) > ChCl-
Im (1.869) > ChCI-U (1.732) > ChCI-AT (1.575), based on the UV-vis spectra in Fig. 3.
The ChCI-Im showed a high acidity relative to [AMIM]CI, which agreed with the order of
p values. The high polarity promoted the dissociation of cations and anions in the ChClI-
DESs, providing high ion activity and acidity. Therefore, the ChCI-Im showed higher
solubility of cellulose than [AMImM]CI. Though the acidity was relatively low, the ChCI-Im
dissolved more cellulose relative to ChCI-U and ChCI-AT. The reason was probably
related to the existence of an active hydrogen bond network in the ChCl-Im (Montes et al.
2003; Turner et al. 2003; Payal et al. 2015).
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Fig. 3. UV-vis spectra of the ChCI-DESs and ILs

Viscosity of ChCI-DESs

The viscosity of the ChCI-DESs decreased with increasing temperature (Fig. 4).
The ChCI-Im showed the lowest viscosity and the highest solubility among the ChCI-DESs
at the same temperature. The viscosity of ChCI-Im decreased from 124 cP to 5.1 cP ina
range of 20 to 120 °C. The high solubility at 2.48 wt.% of cellulose in the ChCI-Im was
obtained under a viscosity below 10 cP. The solubility was dynamically dependent on the
viscosity. Low viscosity benefited the accessibility between the solvent with hydrogen
bonds in cellulose (Badgujar and Bhanage 2015; Cruz et al. 2012). The low viscosity of
ChCI-Im would make the imidazole moiety and anion of chlorine into a charge delocalized
system through hydrogen bonds. A similar effect has been found in imidazolium-based ILs
(Alcalde et al. 2015).
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Fig. 4. Viscosity-temperature relationship and the solubility of cellulose for ChCI-DESs
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The viscosity-temperature relationship of the three ChCI-DESs is well-described
by the Arrhenius equation (Eg. 5) (Abbott et al. 2004; Zhang et al. 2012a),

Iny =Inpo + E; / RT (5)

where 7 represents the value of viscosity, T is the absolute temperature, E, is the pseudo-
activation energy for viscous flow, and #o is a constant. The values of 7o, E;, and R? are
listed in Fig. 5.

A good linear correlation was observed between In » and 1/T values over the three
ChCI-DESs (R? > 0.97). The ChCI-Im showed the lowest E, value (31.76 kJ mol™),
compared with ChCI-U (52.21 kJ mol™t) and ChCI-AT (53.92 kJ mol ™). A low E, value
suggests weaker entanglement of the hydrogen bonds between the anions and the HBD in
the ChCI-DESs (Abbott et al. 2004). The ChCI-Im may release more free active ions to
react with the hydrogen bonds in cellulose to promote dissolution.

8

B ChCl-Im
® ChCl-U | 4
71 » ChCl-AT 4
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2.8 29 3.0 31 32 33 3.4 35

10°TH(K™)
Fig. 5. Arrhenius-fitted curves of Inn versus 1/T for the ChCI-DESs. ChCl-Im: no = 9.51, E;=31.76
kJ mol?, R? > 0.99; ChCI-U: no =15.56, E;=52.21 kJ mol™, R? > 0.98; ChCI-AT: no =16.12, E,
=53.92 kJ mol™?, R2 > 0.98

Solubilization of Co-Solvents

Co-solvents can improve solubility by reducing the hydrophobicity of cellulose or
enhancing the reactive activity of solvents (Gericke et al. 2012; Zhao et al. 2013). Three
classes of co-solvents, including aprotic co-solvents, QASs, and PEG (Supplementary
Material Fig. A6), were evaluated, and the solubilization effects are shown in Fig. 6. The
aprotic co-solvents dimethyl sulfoxide (DMSO), N,N-dimethylformamide (DMF), and
N,N-dimethylacetamide (DMA) had negligible solubilization to ChCI-Im. The QASs
(surfactants) showed better solubilization to ChCI-Im, which was in agreement with a
previous report (Zhang et al. 2012b). The solubility of cellulose was increased from 2.48
wt.% to 3.12 wt.%, 2.69 wt.%, and 3.80 wt.%, respectively, with the addition of
tetrabutylammonium bromide (TBAB), tetraethylammonium bromide (TEAB), and
tributylmethylammonium chloride ([TBMA]CI), respectively. The [TBMA]CI, having the
structure of an asymmetric long chain alkyl, displayed strong amphiphilicity, which
promoted the accessibility between the hydrophilic ChCIl-Im and hydrophobic cellulose
(Gimiuskaya et al. 2003; Yanagisawa et al.2004).
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The PEG significantly promoted the dissolving ability of ChCI-Im, and the
solubility of cellulose was dramatically enhanced from 2.48 wt. % to 4.57 wt. %. The ample
flexible alkoxy groups [-(CH2—CH2-0)-] in PEG were hydrophobic, and they could easily
absorb on the surface of cellulose. At the same time, the hydroxyl groups of PEG were
hydrophilic, making cellulose more accessible with DES. Thus the hydrophobicity of
cellulose decreased, which was consistent with previous studies (Lindman et al. 2010;
Tang et al. 2012a; Ohira et al. 2012). The oxygens of alkoxy group (CH2-CH2-O) units
could behave as hydrogen-bond acceptor. They could react with the hydrogen of hydroxyl
group in cellulose (Zhao et al. 2008; Tang et al. 2012b). The two effects of PEG jointly
improved the dissolution of cellulose in DES.
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Fig. 6. Effect of co-solvents on solubility of cellulose (mass ratio of ChCI-Im to co-solvent of 20:1)

Dissolving Behavior of Cellulose in ChCI-Im

The dissolving of cellulose in ChCl-Im-coupled PEG was observed under the
polarizing microscope. The fibrils of the original cellulose were tightly intertwined (Fig.
7a). The fibrils swelled after 20 min of dissolving, suggesting that a reaction occurred
between the solvents and the hydrogen bonds in cellulose (Fig. 7b). The fibrils had become
shortened after 45 min of dissolving, indicating the breaking of hydrogen bonds in cellulose
(Fig. 7c). The dark sight in the PLM at the end of dissolving demonstrated that all of the
hydrogen bonds were broken down (Fig. 7d).

The original cellulose showed the characteristic diffraction curves of cellulose 1.
The strong crystalline peaks at 14.93° (101 plane), 16.57° (101° plane), and 22.84° (002
plane) of cellulose were observed. The Crl of the original cellulose was 65.4%, which
indicated that the crystalline structure dominated. Broader and weaker diffraction peaks
appeared in the regenerated cellulose, which was dissolved by the single ChCI-Im. A
shifting of the peaks (to a 26 value of 28.60 degrees), a decrease in Crl (to a value of
41.6%), and a greatly reduced peak intensity all suggested that the crystal form had
changed from cellulose I to a portion of cellulose 11 combined with a majority of essentially
amorphous cellulose.

The regenerated cellulose, which was dissolved by the ChCI-Im-coupled PEG,
retained its crystalline form, I1. The peak shifted to 26 of 22.31, and the Crl was reduced
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to 21.83%, suggesting that the PEG enhanced the breaking of crystallinity in cellulose (Fig.
8). No marked change happened for the FTIR characteristic peak (3449 cm™) of the
original, single ChCl-Im and ChCIl-Im-coupled PEG dissolved cellulose (Fig. 9).
Accordingly, the cellulose was directly dissolved by ChCl-Im or ChCI-Im-coupled PEG,
and no other derivatives were generated.

Fig. 7. Polarizing microscope images of cellulose in ChCI-Im-coupled PEG dissolving at different
time frames (110 °C): a) 0 min; b) 20 min; ¢) 45 min; d) 90 min
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Fig. 8. X-ray diffraction patterns of the original and regenerated celluloses: a) original cellulose;
b) regenerated cellulose after dissolving in ChCI-Im; c) regenerated cellulose after dissolving in
ChClI-Im coupled with PEG
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Fig. 9. Fourier transform infrared spectra of the original and regenerated cellulose: a) original
cellulose; b) regenerated cellulose after dissolving in ChCI-Im; c) regenerated cellulose after
dissolving in ChCI-Im coupled with PEG

The surface of the original cellulose appeared ordered and condensed under SEM
(Fig. 10). The rough and disordered surface of regenerated cellulose appeared after
dissolving in ChCI-Im (Fig. 10). The ChCI-Im-coupled PEG co-solvent further loosened
the surface (Fig. 10). A more accessible surface facilitates the further processing of
regenerated cellulose (Singh et al. 2009).

LR

Fig. 10. Scanning electron micrographs of the a) original cellulose; b) regenerated cellulose after
dissolving in ChCI-Im; c) regenerated cellulose after dissolving in ChCI-Im coupled with PEG

CONCLUSIONS

1. This study demonstrated the properties of the choline chloride deep eutectic solvents
(ChCI-DESs) and their performance in the “green” dissolution of cellulose. Five
different types of ChCI-DES, with various hydrogen bond donors (HBDs), were
successfully synthesized.

2. The ChCl-Imidazole (ChCI-Im) exhibited the best dissolving ability of cellulose
because of its high hydrogen bond basicity, dipolarity/polarizability effects, and
Hammett acidity function, as well as a low viscosity and a high conductivity.
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3. The polyethylene glycol (PEG) displayed great solubilization to ChCI-Im, and the
dissolution of cellulose was improved by employing ChCI-Im-coupled PEG.

4. The study showed the potential of ChCI-DESs for the dissolution of cellulose in an
environmentally friendly way.
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APPENDIX

Supplementary Material, Part 1

The curves of melting point vs. molar ratio for DESs
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Supplementary Material, Part 2

Effect of chain lengths of PEG on solubility of cellulose
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