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Synthesis of a Novel Allyl-Functionalized Deep Eutectic
Solvent to Promote Dissolution of Cellulose

Hongwei Ren,**® Chunmao Chen,** Shaohui Guo,* Dishun Zhao,® and
Qinghong Wang **

Deep eutectic solvents (DESs) offer attractive options for the “green”
dissolution of cellulose. However, the protic hydroxyl group causes weak
dissolving ability of DESs, requiring the substitution of hydroxyl groups in
the cation. In this study, a novel allyl-functionalized DES was synthesized
and characterized, and its possible effect on improved dissolution of
cellulose was investigated. The DES was synthesized by a eutectic
mixture of allyl triethyl ammonium chloride ([JATEAm]CI) and oxalic acid
(Oxa) at a molar ratio of 1:1 and a freezing point of 49 °C. The [ATEAm]CI-
Oxa exhibited high polarity (56.40 kcal/mol), dipolarity/polarizability effects
(1.10), hydrogen-bond donating acidity (0.41), hydrogen-bond basicity
(0.89), and low viscosity (76 cP at 120 °C) owing to the -1 conjugative
effectinduced by the allyl group. The correlation between temperature and
viscosity on the [ATEAm]CI-Oxa fit the Arrhenius equation well. The
[ATEAmM]CI-Oxa showed low pseudo activation energy for viscous flow
(44.56 kJ/mol). The improved properties of the [ATEAmM]CI-Oxa noticeably
promoted the solubility (6.48 wt.%) of cellulose.
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INTRODUCTION

Cellulose is the most abundant biopolymer on earth (Klemm et al. 2005; Huber et
al. 2012; Ramamoorthy et al. 2015). However, its utilization as an isolated polymer is
hindered by its water-insoluble crystalline structure and highly packed polymeric
macromolecules (Giimiiskaya et al. 2002; Sathitsuksanoh et al. 2013). Dissolution, which
prepares for the subsequent hydrolysis, saccharification, catalyzed reaction, etc., is the
principal step of cellulose processing (Alvira et al. 2010; Gericke et al. 2012; Chowdhury
et al. 2014; Castro et al. 2015). Conventional solvents, including sulfuric acid, phosphoric
acid, lithium chloride/N, N-dimethylacetamide, sodium hydroxide/urea, and tetrabutyl-
ammonium fluoride trihydrate/dimethyl sulfoxide, have shown efficient ability to dissolve
cellulose (Boerstoel et al. 2001; Nayak et al. 2008; Ru et al. 2015). However, the
conventional solvents involved in dissolution processing potentially cause severe
environmental pollution (Sun et al. 2011). Even the ionic liquids (ILs), which are generally
recognized as “green” solvents, have recently been argued against for their poor
biodegradability. The environmental concerns require ‘“greener” solvents for the
dissolution of cellulose (Pretti et al. 2008; Neumann et al. 2014).

The deep eutectic solvents (DESs), which are synthesized by a eutectic mixture of
a hydrogen-bond acceptor (HBA) and a hydrogen-bond donor (HBD), have recently
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emerged as a new class of solvents (Abbott et al. 2003). They have been used as various
media, such as extractants, electrolytes, catalysts, and solvents. This is due to their
advantages of low environmental impact, high reactivity, and low cost (Tang and Row
2013; Paiva et al. 2014; Juneidi et al. 2015). The choline chloride (ChCl)-based DESs
exhibit potential to dissolve various biopolymers, such as refined cork, starch, a-chitin, and
microcrystalline cellulose (Garcia et al. 2010; Hou et al. 2012; Zhang et al. 2012a; Xia et
al. 2014). However, the solubility for cellulose is usually less than 1.0 wt.% due to the
presence of protic hydroxyl (—-OH) groups in the choline cation (Francisco et al. 2012; Itoh
2014; Badgujar and Bhanage 2015). The competition to react with chloride between protic
—OH groups in the choline cation and hydrogen bonds in the cellulose causes decreased
solubility. Therefore, the substitution of the protic —OH groups in the choline cation
potentially improves the dissolving ability of ChCl-based DESs. However, the substitution
of the —OH groups by direct etherification is quite difficult due to the relatively inert
hydrogen in the choline cation (Vigier and Jérdme 2013). The allylation of the —OH groups
may be an alternative substitution process based on experiences to form allyl-
functionalized ILs (Zhang et al. 2005; Vitz et al. 2009; Ohira et al. 2012; Tang and Row
2013; Zhang et al. 2015).

The experiments in this study were designed to synthesize a new allyl-
functionalized DES to promote the dissolution of cellulose. The solvation properties of
allyl-functionalized DES, including Kamlet-Taft polarity model parameters and polarity,
were characterized, and the possible effect of improved dissolution of cellulose was
investigated.

EXPERIMENTAL

Materials

The cellulose used was cotton linter pulp with a polymerization degree of 575.6
(Helon, China). The cotton linter pulp was cut into small pieces and dried at 100 °C for 12
h. The ChCl was recrystallized with ethanol, filtered, and dried under vacuum prior to
experimentation (Abbott et al. 2004) (Beijing, China). The imidazolium (Im) was dried at
50 °C for 5 h prior to use (Beijing, China). All chemical reagents, including triethylamine,
allyl chloride, acetone, and oxalic acid (Oxa), were of analytical grade and purchased from
Beijing Chemical Reagents Co. (Beijing, China). The indicators of 2,6-dichloro-4-(2,4,6-
triphenyl-1-pyridinio) phenolate (Reichardt’s dye 30, RD), 4-nitroaniline (NA), and N,N-
diethyl-4-nitroanilin (DENA) were purchased from Fluorochem Ltd. (Old Glossop, UK).

Synthesis of Allyl-functionalized DES
The target allyl-functionalized DES was synthesized in a two-step process (Fig. 1).

The allyl-functionalized ChCI was synthesized first, as previously described (Bergthaller
1980; Du et al. 2013; Isik et al. 2013).

) acetone
/\N + H,C=CHCH,—Cl 55°C. 6h /\N+—CH2CH:CH2 cr-

Fig. 1. Synthetic routes of the [ATEAM]CI-Oxa
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Triethylamine and allyl chloride, at a molar ratio of 1:1.10, were added into an
acetone solvent in a 250-mL flask integrated with a reflux condenser under nitrogen
atmosphere. The mixture was stirred at 55 °C for 6 h. After the acetone solvent was
decanted, the solid product was placed at room temperature. The white crystal produced
was allyl triethyl ammonium chloride (JATEAm]CI).

The allyl-functionalized DES was then synthesized in accordance with previously
described methods. The [ATEAm]CI as a HBA and the Oxa as a HBD were added into a
250-mL flask at different molar ratios. The mixtures were heated and stirred until the
homogeneous liquid phase formed. The resultant liquid was dried under vacuum at 60 °C
for 24 h to obtain the product of [ATEAmM]CI-Oxa.

The ChCI-Oxa, as a conventional DES with protic —OH groups in the choline cation,
was synthesized as described (Abbott et al. 2003).

Analysis of ChCI-DESs

The thermogravimetric properties of the ChCI-DESs were measured by loading a
sample into a TG209 TG/DSC thermal analyzer (Netzsch Inc., Selb, 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.

Fourier transform infrared spectroscopy (FTIR) and nuclear magnetic resonance
(NMR) were used to analyze the structure of the DESs on a FTS-135 Fourier transform
infrared spectroscope (Bio-Rad, Hercules, CA, USA) and an AVANCE IlII NMR
spectrometer (Bruker, Karlsruhe, German), respectively. The viscosity was measured by a
V/S4450 rotational viscometer (Marimex, Bielefeld, Germany).

The polarity scale (Et(30)), dipolarity/polarizability effects (z*), hydrogen-bond
donating acidity (), and hydrogen-bond basicity () were calculated by Egs. 1 through 6,
according to Kamlet-Taft empirical polarity scales (Kamlet and Taft 1976; Taft and Kamlet
1976),

E1(30) = 28592 / Amax(rD) 1)
o = 0.0649E7(30) — 2.03 — (0.727*) )
7% = 0.649 — 0.314v(na) ©)
S = (1.035v(pena) + 2.64 — vnay) /2.80 4
where,
vina) = 1/ (Amaxvay X 107 (5)
VEENA) = 1/ (Amaxena) X 107) (6)

Here, Amax represents the wavelength of maximum absorption.

Dissolution of Cellulose

Cellulose was gradually added into 10 g of allyl-functionalized DES in a flask under
nitrogen protection. The dissolution of cellulose was investigated within a temperature
range of 60 °C to 120 °C, with intervals of 10 °C. The dissolution was monitored with a
polarization microscope. When the solution mixture became optically transparent under
the polarization microscope, additional cellulose was added until cellulose could not be
dissolved further within 2 h, which meant the dissolution of cellulose was completed. Ethyl
alcohol was added into the cellulosic solution. After the solution was filtered with a

Ren et al. (2016). “Allyl-type deep eutectic solvent,” BioResources 11(4), 8457-8469. 8459



PEER-REVIEWED ARTICLE b | oresources.com

Buchner funnel and washed by deionized water, the regenerated cellulose was obtained.
The regenerated cellulose was dried at 80 °C for 24 h prior to characterization.

Analysis of Cellulose

The dissolving process was observed with a XP-203 polarization microscope (PLM)
(Changfang, Shanghai, China). The structure was analyzed according to a previously
created FTIR method. The crystal form was judged by an XRD-6000 X-ray powder
diffraction (XRD) (Shimadzu, Tokyo, Japan) with 40.0 kV and a 40.0 mA electric current
in the cube target X-ray tube. The surface morphology was observed on an S-4800 scanning
electron microscope (SEM) (Hitachi, Tokyo, Japan). The solubility of cellulose was
calculated in terms of mass of cellulose dissolved per g DESs (g/g).

The crystallinity index (Crl) was calculated from the diffracted intensity results
using the empirical method (Segal et al. 1959; Saelee et al. 2016),

Crl (%) = (looz - lam) % 100 / loo2 (7

where Crl represents the degree of crystallinity and loo2 is the maximum intensity of the
principal peak (002) lattice diffraction. For cellulose I, 26 is 22.6° and for cellulose 11, 260
is 20.8°. lam is the diffraction intensity of amorphous cellulose between the plane (200) and
(110). For cellulose 1, 26 is 18.0° and for cellulose 11, 26 is 16.0°.

RESULTS AND DISCUSSION

Synthesis of Allyl-functionalized DES

The molar ratios of HBA to HBD were closely related to the successful synthesis
of a DES (Abbott et al. 2003; 2004). The lowest freezing point (Tr) of the eutectic mixture
occurred at a molar ratio of [ATEAm]CI to Oxa at 1:1 (Fig. 2). The T value of the eutectic
mixture was close to that of ChCl-Oxa (34 °C), but far lower than that of [ATEAmM]CI
(368 °C) and Oxa (189 °C). The low T value suggested the interaction happened between
[ATEAm]CI and Oxa, and the [ATEAmM]CI-Oxa DES synthesized.
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Fig. 2. The freezing point (Tr) values of eutectic mixture at different molar ratios of [ATEAmM]CI to
Oxa
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Structure of ChCI-DESs

The structure of [ATEAmM]CI and [ATEAmM]CI-Oxa was further analyzed. An allyl-
functionalized DES, the [ATEAmM]CI-Oxa, was successfully synthesized according to the
FTIR and NMR results.

The characteristic peaks of [ATEAm]CI based on FTIR (KBr) were 2987 cm™
(vascH, CHz, m), 1642 cmt (vscH, C=C, m), 1484 cmt (6cH, CHa3, s), 1365 cmt (ven, C=C,
w), 1164cm™? (8c-c, C-C, w), 1010 cm™ (vsc.n, C-C, m), 958 cm™ (vasc.v, RCH=CHR'’, w),
796 cm™ (vsc., C-C, s), and 688 cm™ (vscn, RCH=CHR', w). The hydrogen shifts of
[ATEAM]CI based on *H NMR (500 MHz, CDCls) were 5.593 ppm (1H, s, N=CH-C),
4.132~4.120 ppm (2H, d, N-CH>-C=C), 3.506~3.464 ppm (6H, m, N(CH2C)3), 2.345 ppm
(2H, s, N-C-C=CHpy), and 1.445~1.405 ppm (9H, m, N(CCHz)3). The characteristic peaks
of [ATEAM]CI-Oxa based on FTIR (KBr) were 3399 cm™ (vson, COOH, s), 2985 cm™*
(vascH, CHz, m), 1641 cm? (vscH, C=C, m), 1480 cm™ (8ch, CHs, s), 1395 cm? (ven, C=C,
w), 1189 cm™? (8c-c, C-C, w), 1012 cm (vsc.h, C-C, m), 958 cm™ (vasC-H, RCH=CHR',
w), 796 cm-1 (vsC-H, C-C, s), and 682 cm™ (vsCH, RCH=CHR’, w). The hydrogen shifts
of [ATEAm]CI-Oxa based on *H NMR (500 MHz, CDCls3) were 7.263 ppm (2H, s, HOOC-
COOH), 5.81 ppm (1H, s, N=CH-C), 4.143~4.128 ppm (2H, d, N-CH2-C=C), 3.511~3.467
ppm (6H, m, N(CH2C)z3), 2.111 ppm (2H, s, N-C-C=CH2), and 1.449~1.419 ppm (9H, m,
N(CCHs3)3). The carbon shifts of [ATEAmM]CI-Oxa based on 13C NMR (500 MHz, DMSO)
were 161.73~161.71 ppm (HOOC-COOH), 127.24 ppm (NC-C=C), 126.17 ppm (NC-
C=C), 52.62 ppm (NC-C=C), 40.32~39.66 ppm ((CH2)3), and 7.68 ppm ((CH3)s). The
newly appeared chemical peaks (3399 cm™) in FTIR spectra, 7.263 ppm (2H, s, HOOC-
COOH), and high-fields moves in tHNMR spectra demonstrated that [ATEAm]CI and Oxa
were interconnected through hydrogen bonds.
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Fig. 3. TGA (in nitrogen) curves of the [ATEAM]CI-Oxa

Properties of Allyl-functionalized DES
Thermostability of ChCI-DESs

The temperatures of 163 °C and 258 °C coincided with weight losses of 10% and
90%, respectively, in [ATEAmM]CI-Oxa, according to thermogravimetric analysis (TGA)
(Fig. 3). The results indicated that [ATEAmM]CI-Oxa was steady up to 163 °C. The
dissolution temperature of cellulose was usually below 120 °C to prevent carbonation
(Kilpeldinen et al. 2007; Wang et al. 2012). Therefore, the [ATEAmM]CI-Oxa showed
sufficient thermostability for the dissolution of cellulose.
Solvation properties
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The Kamlet-Taft polarity model has been widely employed to evaluate the
solvation properties of solvents (Badgujar and Bhanage 2015). Polarity (E+(30)) and three
solvent parameters, 7*, a, and S, were employed to investigate the solvation properties of
[ATEAmM]CI-Oxa, based on the Kamlet-Taft polarity model (Abbott et al. 2003; Spange et
al. 2003; Taft et al. 2003). The parameters of [ATEAmM]CI-Oxa and ChCI-Oxa are listed in
Table 1. The E7(30), 7z*, a, and /5 values of [ATEAmM]CI-Oxa were all higher than those of
ChCI-Oxa. The allyl group induced the m-m conjugative effect on [ATEAm]CI-Oxa
(Badgujar and Bhanage 2015; Zhao et al. 2012). The charge was delocalized between the
allyl group and the choline cation. The enhanced charge mobility in [ATEAmM]CI-Oxa
resulted in higher solvent than ChCI-Oxa. The enhanced solvation properties via allylic
substitution improved the dissolving ability of [ATEAmM]CI-Oxa.

Table 1. Solvation Properties of the [ATEAmM]CI-Oxa and ChCI-Oxa (25 °C)

Solvents Et(30) kcal mol™? ™ a B
[ATEAmM]CI-Oxa 56.40 1.10 0.41 0.89
ChCI-Oxa 47.78 0.92 0.24 0.52
Viscosity

The solubility of cellulose was dynamically dependent on the viscosity of the
solvents (Cruz et al. 2012; Francisco et al. 2013; Badgujar and Bhanage 2015). Low
viscosity benefited the accessibility of the solvent with hydrogen bonds in cellulose. Most
of the DESs exhibited high viscosity, limiting their dissolving ability (Tang and Row 2013;
Paiva et al. 2014). The low viscosity of the allyl-functionalized DESs was expected based
on previous reports on allyl-functionalized ILs. The viscosity of the two DESs decreased
as temperature increased (Fig. 4). The [ATEAm]CI-Oxa showed far lower viscosity than
ChCI-Oxa at the same temperature. The viscosity of [ATEAmM]CI-Oxa decreased from 780
cP to 76 cP as temperature increased from 40 °C to 120 °C. The low viscosity was most
likely caused by the charge delocalization between the allyl group and the ammonium
cation (Zavrel et al. 2009). The viscosity-temperature relationship of the two DESs fits the
Arrhenius equation (Eg. 8) well (Zhang et al. 2012b; Badgujar and Bhanage 2015),

Iny =Inyo + E, I RT (8)

where 7 represents the value of viscosity, T is the absolute temperature, E, is the pseudo
activation energy for viscous flow, and 7o is a constant. The values of the parameters 7o,
En, and R? are listed in Fig. 4. A good linear correlation was observed between Iny and 1/T
values over the two DESs (R? > 0.97). The [ATEAm]CI-Oxa showed low E, values (44.56
kJ mol ™) compared with ChCI-Oxa (57.82 kJ mol ™). The low E, value suggested a weaker
entanglement of hydrogen bonds between chloride and Oxa in [ATEAmM]CI-Oxa. The
[ATEAmM]CI-Oxa may release more free active ions to react with the hydrogen bonds in
cellulose to improve dissolution.

Dissolving of Cellulose in Allyl-functionalized DES

The solubility of cellulose in the two DESs increased as the temperature was
increased from 60 °C to 120 °C (Fig. 5). The highest solubility (6.48 wt.%) for
[ATEAmM]CI-Oxa occurred at 110 °C. Higher temperatures (> 110 °C) may cause
decomposition of [ATEAmM]CI-Oxa, thereby decreasing the dissolving ability (Wang et al.
2012; Vigier and Jérome 2013). The [ATEAmM]CI-Oxa exhibited far higher solubility than
ChCl-Oxa at the same temperature by allylic substitution.
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Fig. 5. Solubility of cellulose in [ATEAmM]CI-Oxa and ChCI-Oxa over temperature

The original cellulose showed characteristic diffraction curves of cellulose I (Fig.

6). The crystalline peaks at 14.93° (101 plane), 16.57° (101 plane), and 22.84° (002 plane)
were observed. The Crl of the original cellulose was 85.4%, which indicated that the
crystalline structure dominated. The broader and weaker diffraction peaks appeared for the
[ATEAmM]CI-Oxa dissolved cellulose. The shifted peaks (26 = 22.06), reduced Crl
(55.38%), and dropped peak intensity suggests the crystal form was changed from | to II.
The results were consistent with the previous reports (Wang et al. 2015; Zhang et al. 2015).

Ren et al. (2016). “Allyl-type deep eutectic solvent,” BioResources 11(4), 8457-8469. 8463



PEER-REVIEWED ARTICLE b | oresources.com

Y]
o
o

Intensity

Original cellulose

i Regener: lul
oty b egel e‘ at?d cel u?se

A

5 10 15 20 25 30 35 40 45 50
2-Theta(deg)

Fig. 6. XRD patterns of original cellulose and regenerated cellulose from dissolving [ATEAmM]CI-
Oxa

The FTIR characteristic peak at 3449 cm™ (-OH group) was unchanged after
dissolution, which suggested that cellulose was directly dissolved in [ATEAmM]CI-Oxa and
that no derivatives were generated (Fig. 7). The slight blue shifts, increased peak width,
enhanced peak strength, and newly occurred small peaks in the fingerprint region of the
regenerated cellulose all demonstrate the breaking of hydrogen bonds in cellulose, which
was consistent with previous studies (Sirvid et al. 2015; Rashid et al. 2016). The fibrils of
regenerated cellulose (Fig. 8b) became swollen compared to the original cellulose (Fig.
8a). The surface of the original cellulose was ordered and condensed under the SEM (Fig.
8c). The surface became rough and disordered after being dissolved by [ATEAmM]CI-Oxa
(Fig. 8d). More accessible surface area would benefit the subsequent processing of
regenerated cellulose (Singh et al. 2009).
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Fig. 7. FTIR spectra of the original cellulose and regenerated cellulose from [ATEAmM]CI-Oxa
dissolution
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Table 2. Band Assignments in Original and Regenerated Cellulose for FTIR
Spectra

Band of cellulose (cm1) .
— Assignment
original regenerated
3449 3455 O-H vibrations
2898 2904 Strong C—H vibrations in saturated hydrocarbon groups
1647 1654 C=0 stretching (Conjugated)
1377 1389 Strong C—H vibrations in saturated hydrocarbon groups
1064 1072 Strong C—-O deformation in primary alcohol

Fig. 8. SEM micrographs of the original cellulose (a and c¢) and regenerated cellulose (b and d)
from [ATEAmM]CI-Oxa dissolution

CONCLUSIONS

1. A novel allyl-functionalized deep eutectic solvent (DES), the [ATEAmM]CI-Oxa, was
synthesized based on allylic substitution of ~OH group in choline cation.

2. The allyl group induced z-z conjugative effect formed a charge-delocalized system on
[ATEAmM]*. Accordingly, the solvation properties and viscosity of [ATEAmM]CI-Oxa
were improved and the solubility of cellulose was significantly promoted.

3. This study demonstrated a simple and effective functionalization method of DESs for
superior dissolution of cellulose.
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