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Crystallinity of regenerated cellulose from [Bmim]
Cl dependent on the hydrogen bond acidity/
basicity of anti-solvents+

Zhaosheng Fan,? Jianbo Chen,” Wenji Guo,? Fang Ma,? Sugin Sun? and Qun Zhou {2 *2
Cellulose, regarded as a potential sustainable resource for the future, can dissolve and regenerate in ionic
liquids (ILs) upon adding anti-solvents. Improving the regeneration conditions, like changing the anti-
solvents, could optimize the properties of regenerated cellulose-based materials. Previous studies
pointed out that the diffusion processes of anti-solvents plays a significant role in the determination of
the properties of regenerated cellulose fibers/films. However, the cellulose regeneration mechanism
from ILs has not been clarified. Here, attenuated total reflection Fourier transform infrared (ATR-FTIR)
spectroscopy was introduced to monitor the molecular diffusion processes of four anti-solvents in situ.
The crystallinity of regenerated cellulose showed a negative correlation with respect to the diffusion
coefficient. In addition, the interaction of imidazolium cations and anti-solvent molecules was evaluated
from the peak shifting during the diffusion processes. Furthermore, Taft and Kamlet scales were used to
quantify the interaction between IL cations/anions and anti-solvent molecules, eliciting distinct cellulose
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1 Introduction

Since biomass energy production and consumption have
comprised nearly 50% of the total renewable sources of energy
in the United States in the last two decades, biorenewable
resources are one of the promising alternatives for the looming
depletion of fossil resources. Much attention has been focused
on the utilization of biomass directly or after conversion for
a long time. Since cellulose is the most abundant biomass
around the world,> a large amount of research on cellulose
dissolution in ILs has been conducted since 2002. ILs refer to
fluids comprised entirely by ions at room temperature, and have
the advantages of negligible vapor pressure, low melting point,
general non-flammability, thermal stability over a wide range of
temperatures and simple recycling, among others.>* In partic-
ular, ILs can be reused after removing the dissolved cellulose
and anti-solvents.>® During the last few years, the mechanism of
cellulose and wood dissolving in ILs has been extensively and
thoroughly studied.”® After dissolving, cellulose can be
degraded to potential sustainable resources of fuel or chemicals
through chemical or biological™ strategies. Otherwise, cellu-
lose can be regenerated to fabricate cellulose-based materials*
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regeneration paths in different anti-solvents.

with excellent properties by adding anti-solvents such as water,
acetone and compressed carbon dioxide.”® It is important to
point out that the properties of regenerated cellulose varied
upon changing the regeneration conditions.' The properties of
cellulose-based materials may be optimized by adjusting the
regeneration conditions such as changing the anti-solvents.
However, there has been far less research on cellulose regen-
eration from IL solutions than cellulose dissolution.'® It has
been reported that the diffusion rates of the cellulose solvent
determined the mechanical properties of regenerated cellulose
films from NaOH/urea solution.'” Moreover, the initial modulus
of the cellulose fiber as well as the fiber cross-sectional shapes
were profoundly influenced by the diffusion rates of both the
cellulose solvent-NH;/NH,SCN and anti-solvents.* In addition,
cellulose fibers and films were also regenerated from an N-
methylmorpholine-N-oxide solution using alcohols with
different alkyl groups and water. Compared with water, alcohols
are softer anti-solvents. Therefore, the morphology of the
regenerated cellulose fibers and films exhibited an increasing
regularity as the length of the alkyl chains shortened. In addi-
tion, the mechanical properties of these regenerated cellulose
fibers and films decreased with the same trend.* Nevertheless,
the mechanism of the regular change has not been discussed
and verified further.

ATR-FTIR has been extensively used to monitor diffusion
processes.’*?* In this work, the diffusion processes of anti-
solvents into cellulose solutions were monitored in situ using
ATR-FTIR, revealing that the crystallinity of regenerated cellu-
lose gel was significantly impacted by the anti-solvent diffusion

This journal is © The Royal Society of Chemistry 2017
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coefficients. The anti-solvent diffusion coefficients were deter-
mined by the interaction between the anti-solvents and IL ions.
According to the peak shift, we evaluated the interaction of
imidazolium cation-anti-solvent complexes. We also proposed
charge transfer models of imidazolium cation-anti-solvent
complexes by multi-peak shifts. Through Taft and Kamlet
scales, we analyzed the hydrogen bond (HB) acidity/basicity of
each anti-solvent, suggesting that the HB acidity/basicity of the
anti-solvents determines their molecular diffusion coefficients
and impacts the crystallinity of regenerated cellulose. Further-
more, the Taft and Kamlet scales showed that the main driving
forces of the anti-solvents differ from each other, indicating that
there are various cellulose regeneration paths.

2 Experimental
2.1 Chemicals

An ionic liquid, 1-butyl-3-methylimidazolium chloride ([Bmim]
Cl, =99%), was purchased from Shanghai Macklin Biochemical
Co., Ltd and used without any pretreatment. Micro-crystalized
cellulose (MCC) and silver nitrate were purchased from Sino-
pharm Chemical Reagents Co. Ltd. Methanol, ethanol and »n-
propanol were all purchased from Tianjin Kemiou Chemical
Reagent Co. Ltd. (Tianjin City, China). Deionized water was
homemade in the laboratory.

2.2 Cellulose dissolution and reassembly

MCC was added into [Bmim]Cl (1 : 20, w/w) in a 25 mL round-
bottomed flask, and heated in an oil bath at 110 °C with
magnetic stirring at ca. 300 rpm for two hours. Afterwards,
a faint yellow homogeneous cellulose solution was obtained.
Approximately 1 mL of the cellulose solution was poured into
a 10 mL beaker and 9 mL of anti-solvent was then added. The
anti-solvent diffused into the cellulose solution and [Bmim]Cl
penetrated into the anti-solvent at room temperature. The anti-
solvent was replaced a few times with equivalent fresh anti-
solvent until the chloride ions in the cellulose gel were
washed out. The chloride ions were detected by aqueous silver
nitrate.

2.3 Characterization of the cellulose gel

X-ray diffraction (XRD). The XRD patterns with Cu Ko radi-
ation (A = 1.5406 A) operated at 40 kV and 40 mA were recorded
in the range of 26 = 5-60° with an XRD diffractometer (Bruker
D8 Advance, Germany).

Cross-polarization magic angle spinning carbon nuclear
magnetic resonance (*C CP MAS NMR). *C CP MAS NMR
spectra were recorded on a JEOL JNM-ECZ600R/M1 spectrom-
eter (Japan) with a static field strength of 14 T (600 MHz) at
ambient temperature. The contact time for CP was 2 ms with
a proton pulse of 0.1 ps, and 1474 scans were accumulated. The
MAS speed was 12 kHz. The delay time after the acquisition of
the FID signal was 2 s.

Scanning electron microscopy (SEM). The cellulose gels were
dried using supercritical carbon dioxide to retain the original
network of the cellulose gels. Water, methanol and n-propanol
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were exchanged by ethanol when conducting the supercritical
carbon dioxide drying. Before taking the images, a thin film of
gold was sputtered over the cellulose aerogels for better obser-
vation using a Hitachi (Japan) model SU-8010 scanning electron
microscope.

2.4 Diffusion test

The diffusion test was executed with a FTIR spectrometer (Per-
kinElmer, MA, USA) with a general ATR sampling accessory
(PerkinElmer, MA, USA) attached. The diamond/ZnSe trape-
zoidal inner reflection element ATR crystal has a refractive
index of 2.417. The incidence angle is 45°, giving three reflec-
tions in contact with the sample. The spectra were measured at
4 cm ™! resolution with 16 scans taking about 86 seconds. The
wavenumber range was from 4000 to 650 cm™'. A hollow
stainless steel tube with a diameter of 10 millimeters was placed
on the stage of the ATR accessory (Fig. 1). 100 microliters of hot
cellulose solution was added into the tube and freely spread
evenly over the diamond/ZnSe crystal. After cooling to ambient
room temperature, 1 mL of anti-solvent was slowly injected into
the tube. Meanwhile, the FTIR spectrometer started collecting
data continuously using the Timebase software.

3 Results and discussion
3.1 Characterization of the regenerated cellulose

Notably, the diffraction peak of the hydrogel is characteristic for
amorphous cellulose, while the peaks of the ethanol/n-propanol
gel are for crystallized cellulose (Fig. 2a).>* The diffraction peaks
become increasingly intensive and narrow in the order water <
methanol < ethanol < n-propanol, indicating that the crystal-
linity of the regenerated cellulose increased in the same order.
In the C CP MAS NMR spectra, the peak at 75.6 ppm gradually
becomes sharp in the opposite sequence (Fig. 2b). Considering
that the peak at ~75.6 ppm is characteristic for C2,3,5 attached
by cellulose hydroxyl groups, variation of the HB network in
cellulose could have an effect on this peak. In view of the crys-
tallinity of cellulose being highly dependent on its HB network,
this phenomenon also suggested that the crystallinity of the
regenerated cellulose varies as a function of the anti-solvent.
Our result differs from the result obtained through a molec-
ular dynamics study.'® From our point of view, the HBs of
cellulose-anti-solvents were not taken into account in their
calculation method. Without this, the analyzed targets are like

L = Cap

Stainless Steel Tube
Anti-solvent(eg. H,0)

—Cellulose solution
= Stainless Steel Stage

< ATRCrystal

Fig. 1 Schematic illustration of the diffusion

configuration.

experimental
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Fig.2 Characterization of the regenerated cellulose gels by (a) XRD, (b) **C NMR and (c)-(f) SEM. The intensive peaks in the NMR spectra of the
ethanol gel and n-propanol gel near 60 ppm are characteristic peaks of ethanol and n-propanol, respectively. The SEM images in (c), (d), (e) and
(f) are for the cellulose aerogels regenerated by water, methanol, ethanol and n-propanol, respectively.

dried cellulose gels. During the drying process, cellulose may re-
aggregate again. Moreover, the morphologies of the cellulose
aerogels obtained by supercritical CO, drying are pictured by
SEM (Fig. 2c-f). Evidently, fiber-like cellulose appeared in the
ethanol/n-propanol regenerated aerogels. In contrast, a worm-
like surface is presented for the water/methanol regenerated
aerogels. This suggests that cellulose tends to rebuild highly
crystallized cellulose in n-propanol, and amorphous cellulose in
water. The cellulose gels regenerated by methanol/ethanol are
transition states. Considering the relatively slow diffusion rates
of n-propanol/ethanol, the variety of cellulose crystallinity is in
all likelihood determined by the molecular diffusion rates of the
anti-solvent molecules.

3.2 In situ monitoring of the diffusion processes by time
dependent ATR-FTIR

To further explore the relationship between cellulose crystal-
linity and diffusion rates, time dependent ATR-FTIR was
introduced to monitor the molecular diffusion processes in situ
(Fig. 3a-d). At the very onset, only characteristic peaks of
[Bmim]Cl showed in the IR spectra, since the cellulose solution
film (~1000 pm) is thicker than the penetration depth of the
evanescent wave (~1 pm at 1000 cm™').?° As the anti-solvents
diffused into the evanescent field, characteristic absorption

41006 | RSC Adv., 2017, 7, 41004-41010

peaks of the anti-solvents appeared, which increased as diffu-
sion time prolonged and finally reached an equilibrium state. A
longer time was observed from the beginning to the first
detection signal of the anti-solvents in the sequence n-propanol
(3354 s) > ethanol (1720 s) > methanol (688 s) > water (86 s).
Additionally, the period of time to reach an equilibrium state
increased in the same order (Fig. 3e). To date, it has been
extensively accepted that free anions existing in ILs play
a significant role in disrupting inter- and intra-hydrogen-bond
networks of supramolecular cellulose.®** Due to the high
acidity of C2-H in the imidazolium ring, some researchers have
pointed out that the imidazolium cation is also indispensable
in dissolving cellulose.***® The key to regenerating cellulose
from ILs is disrupting the IL-cellulose HB network and
rebuilding the cellulose-cellulose HB network. Sun* and co-
workers measured the 'H, *C and "N NMR spectra of
[Bmim]OAc and [Bmim]OAc-CO,, where CO, was used as an
anti-solvent. Their results indicated that the reaction between
[Bmim]OAc and CO, resulted in cellulose regeneration. The two
peaks in the range 3200-3000 cm ' both belong to C-H
stretching in the imidazolium ring, where the wide peak at the
lower wavenumber can be assigned to C2-H stretching for its
strong acidic character and the higher wavenumber peak to C4/
5H stretching.”” Due to the formation of anti-solvent-imidazo-
lium ring HBs, blue shifts of these two peaks occurred during

This journal is © The Royal Society of Chemistry 2017
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Fig.3 ATR-FTIR spectra of the molecular diffusion processes: (a) water, (b) methanol, (c) ethanol, and (d) n-propanol, and diffusion curves of the
four different anti-solvents (e). The peaks enclosed by blue dashed boxes are characteristic for the anti-solvents: (a) O—H bending of water, and
(b)—(d) C-0O stretching of methanol, ethanol and n-propanol, respectively. The interval time between two spectra is 86 seconds. The solid lines in
(e) are fitting results according to the Fickian diffusion model when A/Ae < 0.6.

the diffusion processes (Fig. 4). Simultaneously, the C-O
stretching peaks of the alcohols shifted to a lower wavenumber
field (Fig. 3b-d). These peak shifts could be interpreted as
a redistribution of charge densities through the formation of
imidazolium cation-anti-solvent complexes rather than the
simple direct C-H---O interaction.”®** Fig. 5 exhibits the
supposed schematic charge transfer modes of the imidazolium
cation-ethanol complex. The blue shift of the C-H stretching
peaks of the alcohol and alkyl groups in the imidazolium ring
confirmed the proposed charge transfer model (Fig. S17).
Moreover, the blue shift range of C2-H was much more than
that of C4/5H, suggesting that C2-H interacts with the anti-

This journal is © The Royal Society of Chemistry 2017

solvent molecules more strongly than C4/5H. Such a conclu-
sion was also confirmed by NMR.** When conducting proton
exchange with deuterium, the exchange rates of all the ring
protons increased greatly when adding NaOD, making the
solution basic. Besides, deuterium exchange is faster for C2-H
than for C4/5H. Meanwhile, larger blue shifts were also shown
in the sequence n-propanol < ethanol < methanol < water. A
larger range of blue shift means a stronger interaction between
the imidazolium cation and anti-solvents. To quantify the
diffusion processes, the diffusion coefficients of the anti-
solvents were calculated based on the simplified Fickian diffu-
sion equation (eqn (1)).*°

RSC Adv., 2017, 7, 41004-41010 | 41007
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where A; and A, are the areas of the selected absorption peak of
the anti-solvent at time ¢ and at equilibrium, respectively. L is
the thickness of the cellulose solution film. The equation is
usable when A,/A. < 0.6.

The diffusion coefficient of each anti-solvent can be calcu-
lated based on eqn (1) (Table 1). As is shown, a fine linear
relationship between A,/A. and t°° appeared when A/A. < 0.6
(Fig. 3e).

3.3 Semi quantitative analysis of the regenerated cellulose

Fig. 6a and b show the semi quantitative relationship between
cellulose crystallinity and the diffusion coefficients of the anti-
solvents. Both inter- and intra- cellulose chain HBs and cellu-
lose-anti-solvent HBs may exist in the cellulose gel. The exis-
tence of cellulose-anti-solvent HBs has a negative effect on
cellulose crystallinity, regenerating more amorphous cellulose.
The inter- and intra- cellulose chain HB forms are mostly O(3)
H---0(5), O(2)H---O(6) and O(6)---O(3).** Consequently, the peak
shape at ~75 ppm, which is characteristic for C2,3,5 of cellu-
lose, is influenced by HBs (Fig. 2b).*> The relative sharpening of
the peak at ~75.5 ppm may be caused by cellulose-anti-solvent
HBs, decreasing the regenerated cellulose crystallinity. It is well
known that the full width at half maximum (FWHM) of the
diffraction peak is highly related to grain size. We calculated the
relative peak height (RPH) of the peaks at ~75.5 and ~73.7 ppm
after peak fitting using Origin 7.0 to semi quantify the crystal-
linity of the regenerated cellulose (Fig. S2t). Coupled with the
ILs being solvated, the cellulose-cellulose HB network was
rebuilt. With the ILs solvated slowly, the cellulose-cellulose HBs
could rebuild finely, regenerating highly crystallized cellulose.
Otherwise, cellulose—cellulose HBs were rebuilt as messy
tangles of wires, regenerating amorphous cellulose. As a result,

Table 1 Diffusion coefficients, Taft and Kamlet scales and kinetic diameter of each anti-solvent

Taft and Kamlet scales

(MPal/Z)
Kinetic diameter
Diffusion coefficient® (10™® cm® s ) R o g * (nm)
Water 27.39 £ 1.68 0.989 + 0.010 1.17 0.47 1.09 0.26
Methanol 10.5 £ 1.51 0.990 + 0.008 0.98 0.66 0.60 0.38
Ethanol 3.32 £ 0.82 0.995 + 0.001 0.84 0.90 0.54 0.43
n-Propanol 2.03 + 0.47 0.995 + 0.003 0.84 0.90 0.54 0.47

“ Taking the intensity of the absorption band into account, we selected 1740-1010, 1080-970, 1070-1010 and 990-970 cm " for water, methanol,
ethanol and n-propanol, respectively. The area of each selected absorption band was corrected by the corresponding baseline points. Each anti-

solvent was tested three times and the results are reproducable.
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Fig. 6 The relationship between the diffusion coefficient of the anti-solvent and cellulose crystallinity: (a) cellulose crystallinity measured by the
FWHM of the diffraction peak; (b) cellulose crystallinity measured by the RPH at ~75 ppm in NMR, and plots of the diffusion coefficients of the
anti-solvents with respect to (c) the Taft and Kamlet scales (7* + « + 8) and (d) the kinetic diameter of the anti-solvent molecules.

the cellulose crystallinity shows a negative correlation with
respect to the diffusion coefficient.

3.4 Possible regeneration paths of the different anti-solvents

Taft and Kamlet scales have been extensively used to evaluate
the interaction between molecules and ions.?**3* Here, the
sum of a + 8 + 7* was introduced to evaluate the interaction
between the ILs and anti-solvents (Fig. 6¢). Perplexingly, the
m* + o + @ values of ethanol and n-propanol are identical, while
the diffusion coefficients of them are unequal. We considered
that the volume of the anti-solvent molecules also has a signif-
icant effect on the diffusion coefficients (Fig. 6d). Interestingly,
the « and 7* values exhibit an opposite tendency to that of (,
consistent with the varying trend in diffusion coefficient (Table
1). Since « measures HB donor acidity, this indicates that the
anti-solvents tend to make chloride ions solvated prior to imi-
dazolium cations. This result agrees with the conclusion drawn
by T. Welton.>**® Welton and coworkers confirmed that all the
imidazolium ring protons were hydrogen-bonded by halide
anions by multinuclear NMR spectroscopy. Therefore, the imi-
dazolium ring does not serve as a HB acceptor. In the following
studies, they concluded that the water-anion complex existed as
a 1:2 type, indicating an anion---HOH---anion structured

This journal is © The Royal Society of Chemistry 2017

complex. Furthermore, the peak shifts of C2-H (Fig. 4) were
determined by not only 8 (HB acceptor basicity) but also 7*
(molecular polarity). The relative values of «, 8 and «* are e > 7*
> (@ for water, « > 8 > «* for methanol and 8 > « > =* for
ethanol/n-propanol. Since the main driving forces of the anti-
solvents differ from each other, we assumed they have distinct
regeneration paths. To be specific, water acted mostly as a HB
donor rather than as a HB acceptor, making anions solvated
more intensively. The interaction between imidazolium cations
and cellulose was broken by solvation or electrostatic interac-
tion. The interaction between IL ions and cellulose hydroxyl
groups was broken in a relatively sharp path in water, resulting
in amorphous cellulose. In contrast, ethanol/n-propanol more
intensively interact with imidazolium cations. The interaction
between cellulose and anion/imidazolium cations was broken
mostly by solvation. With this relatively soft path, crystalized
cellulose was regenerated. Methanol is a transition between
water and ethanol/n-propanol.

4 Conclusion

Based on time dependent ATR-FTIR, we monitored in situ the
diffusion processes of four anti-solvents into cellulose solution.

RSC Adv., 2017, 7, 41004-41010 | 41009
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More crystallized cellulose was regenerated by anti-solvents
with a lower diffusion coefficient. The interaction between
imidazolium cations and anti-solvent molecules was evaluated
through the blue shifts of C2-H stretching peaks. Besides,
a charge transfer model for imidazolium cation-anti-solvent
complexes was proposed according to the peak shifts. In addi-
tion, distinct cellulose regeneration paths for different anti-
solvents were put forward through analysis of the interaction
between ILs and anti-solvents using Taft and Kamlet scales.
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