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Introduction

Insights into the role of molar ratio and added
water in the properties of choline chloride and
urea-based eutectic mixtures and their cellulose
swelling capacityt

Juho Antti Sirvid, © Terhi Suopajarvi® and

Henrikki Liimatainen

*3 Riikka Haataja,” Anu M. Kantola,

a

Eutectic mixtures and deep eutectic solvents (DESs) are promising green media for the pre-treatment of
lignocellulose materials. They can be harnessed for the swelling of cellulose and further facilitate
cellulose hydrolysis, derivatization, and production of cellulose-based (nano) materials. Several studies
indicated that water can take part in the formation of the nanostructure of DES; however, it is still
unclear how additional water influences many important properties and functioning of DES, especially
when the molar ratio of compounds differs from the eutectic point composition. Here, viscosity, pH,
conductivity, solvatochromic and solvatomagnetic solvent parameters, and fiber swelling capacity of
choline chloride and urea mixtures demonstrating different molar ratios were investigated in the
presence and absence of added water. The participation of water in the formation of molecular clusters
with choline chloride and urea was indicated by viscosity, pH, and conductivity measurements.
Hydrogen bond acceptor values of agueous mixtures increased as a function of water content, and the
results obtained using both methods were in line, indicating their suitability for the determination of
hydrogen bond acidity of aqueous choline chloride—urea mixtures. However, hydrogen bond basicity
determined by solvatochromic and magnetic methods exhibited almost opposite trends. The close
investigation of the chemical shift of solvatomagnetic probes indicated that the chemical environment of
the choline chloride—urea (1:2) mixture remained constant until the water content of 30 wt% was in line
with previous molecular simulations. When cellulose fibers were treated with mixtures under mixing, the
non-ideality of the choline chloride—urea mixture and the absence of water were found to be advanta-
geous; however, aqueous mixtures efficiently increased the diameters of cellulose fibers in the absence of
mixing, and water-containing mixtures appeared to be appealing systems for cellulose pretreatments.

donor(s) and acceptor(s), although other interactions such as
van der Waals forces can also contribute to DES formation.?

Eutectic mixtures and deep eutectic solvents (DESs) are a
versatile group of chemical systems used in numerous potential
applications, such as catalysts and extraction and modification
of metals and biomaterials." DESs can be described as eutectic
mixtures with eutectic point temperature lower than their
corresponding ideal liquid mixtures.” The formation of DES
is generally assumed to be due to the strong hydrogen bond
interaction between constituents, that is, hydrogen bond
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The strong interaction between DES compounds prevents the
crystallization of individual chemicals, thus depressing the
eutectic point temperature.

DESs can be easily produced from a wide range of chemicals,
including ones with low toxicity and good biodegradability,
although a direct conclusion on DES characteristics cannot be
made based on DES starting materials*® For example, DES of
choline chloride and urea exhibits low toxicity, and is readily
biodegradable,® and is widely recognized as “architype’” DES.

DESs are promising materials in various fields, including
nanoscience.” One of the potential applications is the production
of cellulose nanomaterials.>** Due to the recalcitrant structure
of natural cellulose fibers, the liberation of nano-sized cellulose
constituents is a highly energy-consuming process, thus decreasing
the environmental and economic feasibility of the processing.'?
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DESs can be used to swell cellulose fibers without notable chemical
modification,"*™® enabling the production of cellulose nanomater-
ials with lower energy consumption.'” Also, DESs and eutectic
mixtures can be used for the chemical modification of cellulose
fibers and wood to produce cellulose derivatives and nanomaterials
with different surface functionalities.'®>?

Cellulose and many DESs are highly hygroscopic materials,
and a certain amount of water is always present in the mixtures.>*
Complete drying of cellulose and DES prior to their use and
during solvent recycling requires extra energy, and thus, aqueous
DES could enable more straightforward cellulose processing.'* In
addition, due to the many positive characteristics, water can be
used as a potential co-solvent®® or even part of the DES system.>®
However, water is an amphiprotic molecule and can thus notably
alter the properties of DES.”” For example, water can form
competing hydrogen bonds and change the interactions between
DES and cellulose fibers. Furthermore, water can alter the polarity
of solvents and the bonding between DES and amphiphilic
cellulose. In addition, water can alter the dissolution properties
of DES, and multicomponent solvents formed between DES and
water could be used in areas other than cellulose processing. For
example, xylan was found to be highly soluble in 50 wt% aqueous
choline chloride-urea solution.”®

Several studies reported the properties of aqueous DESs
(especially in the case of choline chloride-urea).””*°** The
added water can take part in the molecular structure of DES,
yet an increase in the amount of water beyond a certain limit,
around 50 wt% in the case of choline chloride-urea, leads to
changes in the structure of the DES complex, and the mixture
behaves like a water solution of its individual compounds.*?
However, how the addition of water alters many important
properties of DES is still poorly understood, especially when
different molar ratios of DES compounds are used (i.e., when a
ternary system is formed at different molar ratios**). Here,
choline chloride-urea mixtures with molar ratios of 1:2, 1:1,
and 2:1 were prepared in the presence and absence of added
water (maximum water dosage of around 50 wt%), and their
viscosity, pH, and conductivity were investigated. Furthermore,
polarity (EY), dipolarity/polarizability (r*), and hydrogen bond
acceptor (o) and donor () properties were determined using the
solvatochromic method. Also, the o and f parameters were
revealed with the solvatomagnetic method, and results obtained
using these two approaches were compared. Finally, the swelling
of cellulose fibers in different choline chloride-urea mixtures
were investigated to elucidate the role of the molar ratio and the
added water in the alteration of cellulose fiber morphology.

Materials and methods

Materials

Choline chloride (98.0%) and urea (99.0-100.5%) were obtained
from Algry Quimica S. L. and Sigma-Aldrich, respectively. The
pH of the solvents was adjusted with 0.1 M sodium hydroxide
from FF Chemicals. Softwood Kraft pulp fibers used in the
swelling experiments were obtained from MetsdFibre, Finland.
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Deionized water was used throughout the experiments. Probes
used in solvatochromic measurements were 4-nitroaniline
(=99%) (NA) from Sigma-Aldrich, N,N-diethyl-4-nitroaniline
(98%) (DENA) from Apollo Scientific Ltd, and Nile Red from
Tokio Chemical Industry Co. The reference solvents were
dimethyl sulfoxide (>99.0%) from GC Chemicals and cyclohex-
ane (99%) from RCI Labscan. Probes used in solvatomagnetic
measurements were 4-fluoroanisole (>97.0%, GC Chemicals), 4-
fluorophenol (>99.0%, Tokyo Chemical Industry Co.), and pyr-
idine-N-oxide (95%, Sigma-Aldrich). Deuterated chloroform with
0.03% tetramethylsilane (99.80% D, Eurisotop) and trifluoroacetic
acid (>99.0%, Tokyo Chemical Industry Co.) were used as inter-
nal standards. The chemical structure of the compounds used to
produce solvent systems as well as used probes in solvatochromic
and solvatomagnetic experiments are presented in Fig. S1 (ESIT).

Preparation of choline chloride-urea mixtures with variable
molar ratios and amount of added water

Pure mixtures of choline chloride and urea corresponding deep
eutectic and non-eutectic point compositions were prepared by
mixing the compounds at molar ratios of 1:2, 1:1, and 2:1,
followed by heating in an oven at 100 °C for 20 h in a closed
Scott bottle. Next, mixtures with added water were prepared by
the addition of water into the above-mentioned choline chloride-
urea mixture at choline chloride-water molar ratios of 1:2, 1:4,
1:6,1:8, and 1:10 (12-51 wt% of whole mixture). The samples
were named as CCU,,, where x and y describe the molar ratio
between choline chloride and urea, and z is the moles of added
water per mole of choline chloride. As references, solutions of
choline chloride and water at molar ratio of 1: 2 (RefCC), urea and
water at a molar ratio of 2 : 1 (RefUrea), pure water (RefWater), and
RefCC and RefWater adjusted to pH 10 were used. The constitu-
tions and namings of the samples are presented in Table 1.

Viscosity, pH, and conductivity of choline chloride-urea
mixtures with various amounts of added water

The viscosity of solutions was measured using the Discovery
HR-1 hybrid rheometer, TA Instruments, with a flow sweep
procedure and a cone diameter of 40 mm and cone-plate angle
of 1.999° and step time of 35 s. Next, all the mixtures with added
water (except RefUrea, which is solid at room temperature) were
measured at 20 °C, while CCU;,, and CCU; 4., (melting point of
appr. 80 °C under moisture-free conditions®”) were measured at
a temperature of 100 °C.

Then, pH and conductivity were measured at a temperature
of 23 °C, expect for e RefUrea, which was measured at 50 °C.
CCU4 19 and CCU,,_ could not be measured due to the limita-
tion of the temperature range of pH and conductivity devices.
Both pH and conductivity were measured using an Accumet
model 20 pH/conductivity meter.

Measurement of solvent parameters of choline chloride-urea
mixtures with various amounts of added water

Solvatochromic method. UV-Vis spectra were measured for all
samples, which were liquid at room temperature with a VWR UV-
6300PC Double Beam Spectrophotometer using quartz cuvettes.

This journal is © the Owner Societies 2022
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Table 1 Chemical constitutions and naming of the solvent mixtures

Percentage of compounds (wWt%)

Sample name Choline chloride Urea Water
CCUys0 53.75 46.25 0
CCUjp 47.21 40.62 12.18
CCUjpy 42.09 36.21 21.70
CCUjp6 37.97 32.66 29.37
CCUj g 34.58 29.75 35.67
CCUj510 31.75 27.32 40.93
CCUi100 69.92 30.08 0
CCUj1. 59.24 2548 15.27
CCU,.,4 51.39 22.11 26.50
CCUj16 45.38 19.52 35.10
CCU, ;.4 40.63 17.48 41.90
CCUj140 39.77 15.82 47.41
CCUy1. 82.30 17.70 0
CCUy;-, 67.89 14.60 17.51
CCU,,., 57.78 12.43 29.80
CCUyy.6 50.29 10.82 38.90
CCU,pg 44.51 9.57 45.92
CCUyy.10 39.93 8.59 51.48
RefCC 79.50 0 20.50
RefUrea 0 62.52 37.48
RefWater 0 0 100
RefWater (pH 10) 0 0 100
RefCC (pH 10) 79.50 0 20.5

Next, baseline correction was made with CCU;,.,. DENA and NA
probes were dissolved in solvents separately at a concentration of
0.025 mg mL~" by heating the mixtures in an oven at 80 °C (a
temperature of 60 °C was used in the case of cyclohexane) for 3 h.
Then, Nile Red was used at a concentration of 0.0025 mg mL "
and dissolved by heating in an oven at 90 °C for 2 h.

The polarity parameter Ey, the dipolarity/polarizability para-
meter n*, hydrogen-bond basicity (fc), and acidity (oc) were
calculated using eqn (1),>® 2,°” 3,°>” and 4,® respectively:

EY = 28591.44/ max (1)
o= VN,N(solvent) — VN, N(cyclohexane)
VN,N(DMSO) — VN,N(cyclohexane)
(2)
ﬂ _ (Av(solvent) - AV(cyclohexeu‘le)) x 0.76
¢ AV(DMSO) - Av(cyclohexane)
Av = Avyn — Avgna [3]
= 107
’ )Lmax .
(4)
_19.9657 — 1.02411* — vNr
e 1.6078

where A is the maximum wavelength of the probe, vy, vana, nr
correspond to the wavenumber of probes (N, N-diethyl-4-nitroaniline,
4-nitroaniline, and Nile Red, respectively) in either studied solvent
(solvent) or reference solvents (cyclohexane or DMSO). Next, coeffi-
cients in eqn (3) were obtained from a previous publication.*®

Solvatomagnetic method

Nuclear magnetic resonance (NMR) measurements were per-
formed on a Bruker Avance III 600 spectrometer. Spectra were
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recorded with a single pulse sequence and waltz proton decou-
pling during the acquisition. Referencing for all measurements
were made at 25 °C.

For the measurement of hydrogen bond acidity (o), 47.55 mg
of pyridine-N-oxide was dissolved into 2 mL solvent in an oven at
40 °C for 12 h. CCU,,, was further heated for an additional
2 hours at 80 °C to fully dissolve pyridine-N-oxide. Next, for *C
measurements, a 30° pulse was used, spectral width was 240 ppm,
relaxation delay was 2 s, and the number of scans was 128.
Deuterated chloroform with tetramethylsilane was used as an
internal standard for 25 °C measurements (TMS = 0 ppm) and
deuterated chloroform for 100 °C measurements (chloroform
77.16 ppm). The chemical shifts of C2 (J,) and C4 (J,) were
recorded, and the oy was calculated using eqn (5):*"%°

on = —0.15 X dpy + 2.32 (5)

where d,, iS 04 — 5.

The hydrogen bond basicity (fy;) was measured by preparing
individual solutions containing either fluorophenol or fluoroanisol.
Both probes were mixed individually with mixtures at a concen-
tration of 1 mg mL™'. Fluoroanisol was dissolved at room
temperature, whereas fluorophenol solutions were heated in
an oven at 80 °C for 12 h, to obtain complete dissolution. In '°F
measurements, a 90° pulse was used, spectral width was
30 ppm, relaxation delay was 10 s, and the number of scans
was 64. Trifluoroacetic acid (76.55 ppm) was used as an internal
standard. The By was calculated using eqn (6):*°

[~0(F)ou] = {1:009 = [=5(*F)gy,| } — 1257
3.041 ©

Bm =

where §(*°F)on and §(*°F)ome are chemical shifts of fluorine of
4-fluorophenol and 4-fluoroanisole, respectively.

Treatment of cellulose fibers with choline chloride-urea
mixtures with various amounts of added water

A precalculated amount of choline chloride, urea, and water
was weighed in a 250 mL Schott bottle. Next, the bottle was
closed with a cap to minimize the evaporation of water, placed
in an oil bath at 100 °C, and the mixture was mixed with a
magnetic stirring bar until a clear liquid was formed (no clear
liquid was formed in case of CCU,;.). Dry sheets of cellulose
were torn into smaller pieces (around 1 x 1 cm) by hand and
added to the mixture at a solid :liquid mass ratio of 1:50 and
mixed for one hour. Then, 20 mL of water was added, and the
suspension was filtered and washed with 1000 mL of water.
Samples were stored at 4 °C. Reference samples without any
mixing treatment were prepared in a similar manner excluding
the mixing step after the addition of cellulose.

Fiber dimensions of the original and treated cellulose
samples were analyzed using a Valmet FS5 image analyzer.
The analysis was conducted as triplicates, and the results were
averaged. A reference sample analysis of non-treated pulp was
prepared according to the ISO5263-1:20041 standard.
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Results and discussion

Appearance and viscosity of choline chloride-urea mixtures

The choline chloride-urea mixture at a molar ratio of 1:2
(sample CCUj,.) has often been considered to represent the
eutectic point composition (i.e., true DES) exhibiting a melting
point notably lower (the lowest melting point, i.e., eutectic point
temperature in the phase diagram) compared to either starting
materials and their predicted ideal mixture. The behavior of the
synthesized solvents supported this definition, as CCU;, was
the only sample that remained liquid at room temperature
without the addition of water. However, after several months
of storage, CCU;,., slowly crystallized.

The melting point of the DES 1: 2 mixture of choline chloride
and urea has been reported to be below room temperature
(12 °C).*' However, the reported low melting point of choline
chloride-urea can be due to the presence of a minor amount of
water (due to the hygroscopicity of the two chemicals®*), and the
melting point of 31.8 °C has been reported for CCU;,., after the
extensive drying step.’” Here, we did not use any additional
drying step, and mixtures are expected to contain a minor
amount of water, supported by the presence of a small peak of
water in the "H NMR spectrum of CCU,,., (Fig. S2, ESI¥).

CCU;4 formed a liquid when heated to 100 °C, but the
mixture solidified when cooled to room temperature. Conversely,
CCU,,o was a highly viscous and turbid mixture even when
heated to 100 °C for 24 h. In addition, RefUrea remained a
supercooled liquid at room temperature, and it solidified when
mixed. All the other water-containing samples were liquid at
room temperature.

At room temperature, all water-containing choline chloride-
urea samples exhibited a strong shear thinning (non-Newtonian)
property, that is, their viscosity decreased with the increase in the
shear rate (Fig. 1). The shear thinning is most notable at a shear
rate from 0.1 to 1 s~ * (insert in Fig. 1), after which the viscosities
of all samples remained at a similar level (viscosities of all
samples at a shear rate of 10 s were in the range of 1.16-1.71
Pa s). The non-Newtonian viscosity is in agreement with the
previous observation of acid-based DESs.*” Shear thinning beha-
vior has also been reported with some ionic liquids, particularly
those demonstrating free amine, thiol, or hydroxyl groups, which
can act as hydrogen bond donors and acceptors.*® In the case of
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the ionic liquid, the shear thinning is assumed to originate from
the formation of molecular aggregates, for example, via hydrogen
bonding. By applying an external force, these aggregates are
disintegrated, resulting in a decrease in viscosity, as molecules
are oriented along the shear direction.

In the case of ionic liquids, the addition of water (around
10 wt%) resulted in changes of non-Newtonian viscosity to
Newtonian as the viscosity was observed to be independent of
the shear rate.*® Here, all the studied water-containing choline
chloride-urea systems demonstrated higher water contents
(minimum added water content was 12 wt%), yet the shear
thinning behavior was observed even with the sample containing
51 wt% of water (CCU,;.14). Therefore, viscosity results indicated
that the added water does not merely dilute the choline chloride-
urea systems, but becomes a part of the molecular clusters, as has
been proposed previously.>****> Furthermore, it is notable that
viscosity values do not decrease as a function of added water,
despite some previous studies showing that the viscosity of
choline chloride-urea (molar ratio of 1:2) decreases at the func-
tion of added water.*® The difference from the current study
might originate from the use of a different measurement type
(cone-plate rheometer vs. rolling-ball microviscometer). For
example, at all choline chloride-urea molar ratios, the highest
viscosity at a shear rate of 0.1 s~ " was found when 4 mol of
water was added per mol of choline chloride (water content of
22-30 wt%). When the shear rate increased, the differences
between samples decreased, and at a high shear rate, the
differences in viscosities were negligible.

It is also noteworthy that the RefCC sample, which con-
tained only choline chloride and water, exhibited strong shear
thinning behavior (Fig. S3a, ESIT), and the viscosity values were
similar to those observed with water-containing choline chloride-
urea systems. The shear thinning of RefCC indicates that mole-
cular aggregates were also formed between pure choline chloride
and water. Water forms a eutectic mixture with NaOH* as well as
dimethyl sulfoxide,"® and the mixture between choline chloride
and water may also behave as a kind of eutectic solvent. Recently,
the mixture of choline chloride and water at a molar ratio of
1:3.33 has been described as DES, where water acts as a hydrogen
bond donor.*® Furthermore, the solid-like behavior of the N to
B-CH (-CH,-O-) coupling determined by NMR led to the assump-
tion of the formation of a semi-rigid framework clathrate structure

1407, 1407 0y 1407,
CCU,,, = CCU,,, o = CQUy,
L ® CCU,, *CCU,4 ® CQUz4
1204 oo 120 w| | accu’s 120 4 COUne
120; v CQU,, v CCU,,, s Y v CQUng
100 ! Oy 100 = CCU,1 100 ¢ )
o _ o ® > . v > | +™ &
© @ © @100{ 8 © @ A
L gf Lw L g €& . L s{ Lo 2
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Fig. 1 The viscosity of the choline chloride—urea mixtures at molar ratios of 1: 2 (a), 1:1 (b), and 2 : 1 (c) with different amounts of added water per mole

of choline chloride as a function of shear rate at room temperature.
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of choline chloride (and other halide ions) at a low level of
hydration (i.e., at a small amount of added water).”®

Despite being liquid at room temperature, CCU;,., was too
viscous to be measured at room temperature with the used
measurement setup, and viscosity was, therefore, measured at
100 °C (Fig. S3b, ESIf). CCU;30 was liquid at an elevated
temperature, and its viscosity was also measured at 100 °C;
however, due to the high viscosity and the presence of solid
particles, CCU,,., could not be measured even at 100 °C. The
viscosity of DESs decreases drastically with the increase in
temperature,’® and at 100 °C, CCUj,, and CCUy,, showed
lower viscosity values compared to water-containing mixtures at
room temperature. Especially, the effect of elevated temperature
is notable at high shear rates. For example, at room temperature,
the viscosity of CCU;,., was 1.4 Pa s at a shear rate of 10 s
whereas at the same shear rate, the viscosity of CCU;,, was
0.2 Pa s. At the low shear rate, CCU,,., with higher urea content
showed lower viscosity values, which is in line with computed
viscosities,”” yet at a higher shear rate, no difference was found
between the two samples.

PH and conductivity of choline chloride-urea mixtures

The pHs of all choline chloride-urea mixtures and RefUrea
were found to be alkaline (from 9.27 of RefUrea to 10.97 of
CCUj,.), whereas the pH of RefCC was slightly acidic (Fig. 2a).
The pH values of water-containing samples are in line with the
previous studies.”® Alkaline pH indicates that the pH of choline
chloride-urea systems is due to the presence of urea. Urea is a
very weakly basic molecule and exists mainly as a neutral
molecule in water, yet the oxygen atoms of urea can act as basic
sites®® (urea can even form a salt with strong acid). However, it
is noteworthy that urea® and choline chloride-urea DES*’ are
thermally labile compounds, and the degradation of urea into
basic ammonium and carbon dioxide might also occur.
Conversely, the quaternary ammonium group of choline chloride
is a salt of a strong acid and base and is thus mainly neutral, while

= CCU,,
14 a) ® ® CCUy4
A CCUy,
10.5 v RefCC
Py ¢+ RefUrea
104 - o, .
[ .l .
Ae
I 95- 4
5 v
4.5 T T T T T T
0 0.1 0.2 0.3 0.4 0.5

Mass fraction of water
Fig. 2
(conductivity of RefUrea was measured at 50 °C).
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the slightly acidic pH of RefCC is due to the mild acidity of the
hydroxyl group.>*

In all the different molar ratios between choline chloride and
urea, the addition of water decreased the pH value, which was
due to the decrease in the concentration of compounds (mainly
urea). However, when the molar ratio between choline chloride
and urea increases, the pH increases, and this effect is most
clearly observed at lower water content. For example, the pH
values of CCU;,.,, CCU;4.,, and CCU,;., were 10.05, 10.10, and
10.25, respectively, whereas the urea contents were 40.62, 27.58,
and 14.60 wt%, respectively. In addition, the pH of RefUrea, with
the highest urea content, was lower compared to any choline
chloride-urea mixtures. It is plausible that the degradation of
urea® is accelerated in the presence of choline chloride, how-
ever, it has been previously shown that a non-ideal mixture with
high choline chloride content exhibited higher thermal stability
than a mixture with the ideal molar ratio (1:2).%°

The possibility exists that the hydrogen bonding interaction
between urea and choline chloride increases the basicity of
urea. Researchers proposed that the main interaction in the
choline chloride-urea system is between protons of amide
(-NH,) groups of urea and chloride ions of choline chloride.>
The interaction of negatively charged chloride ion and urea can
lead to the increase of electron density of the urea molecule,
thus making it more basic (i.e., a better acceptor for proton).
Previously, studies have shown that hydrogen bonding with
dimethyl sulfoxide increases the basicity of water.>® Additionally,
the increase in chloride ion concentration in choline chloride-
urea systems increases the probability of interaction between
urea and chloride ion, thus increasing the overall basicity of the
systems, despite the decrease in urea content.

The increase in the water content demonstrated a clear
trend in the increase in the conductivity of the mixtures
(Fig. 2b). Previously, researchers postulated that the decrease
of viscosity significantly contributes to the increase of conduc-
tivity in choline chloride-urea DES.>” Lower viscosity facilitates

100

b)
= CCU A
80 12 "
® CCUy, o
§ 4 CCUy4 A
@ 604 v RefcC »
£ ¢ RefUrea u
>
= A
2 40 .
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2 n
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O 204 LY
°
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(a) pH and (b) conductivity of the choline chloride—urea mixtures and their individual components as a function of water at room temperature
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the mass transfer and thus fluidity of the solvent, which increases
the conductivity. However, in the previous study, the maximum
water content studied was 6 wt%, which is well below the
minimum added water content used in the present work
(12.70 wt% in the case of DES;,,). The decrease in the viscosity
was significant at low water content (from 1080 mPa s of pure DES
to 81 mPa s of DES containing 6 wt%). However, the differences in
the viscosity of water-containing systems were minimal in the
current study, and other mechanisms might contribute to the
increase in conductivity. Furthermore, when a large amount of
water is added, the concentration of ionic species decreases. For
example, choline chloride content decreased from 47.21 wt% of
CCUj,., to 31.75 wt% of CCUj,.4,, yet the conductivity notably
increased from 8.23 to 62.36 mS cm ™ *, respectively.

The conductivity of the systems under study increased along
with the increase of choline chloride content. For example, the
conductivities of CCU;5.19, CCU;1.19, and CCU,;_ 4, were 62.36,
77.48, and 85.69 mS cm ', respectively. Upon increasing the
choline chloride content, the number of ionic species is
increased, thus resulting in higher conductivity. However, the
conductivity is not merely dominated by the amount of choline
chloride as RefCC demonstrated the highest choline chloride
content (79 wt%) of all water-containing samples, whereas the
conductivity was below most of the studied choline chloride-
urea systems. For example, CCUj,_4 (choline chloride and water
content of 42.08 and 21.7 wt%, respectively) demonstrated a
conductivity of 28 mS cm™ "', which was almost 40% higher
compared to RefCC (choline chloride and water content of
79.50 and 20.50 wt%, respectively).

As discussed above, studies have proposed that in a pure
state, urea is associated with chloride ions in a choline chloride—
urea mixture. The bulky urea group hinders the mobility of
chloride ions and thus charge transport, and the low conductivity
of CCUy,., might originate from both, the high viscosity and low
mobility of chloride ions. When water is added to the system,
some of the urea molecules are replaced by a smaller water
molecule® (molecular mass of urea is 3.33 times higher than
that of water and the molecular volume of urea is estimated to be
around 2.48 times that of water’®), thus making the charge
transfer faster. In addition, molecular simulations showed that
the replacement of urea by water pulls chloride ions closer
together, forming a chain-like structure,*® which could also con-
tribute to the increased conductivity. However, as was shown, with
the relatively low conductivity of RefCC, urea also plays a role in
the high conductivity of water-containing choline chloride-urea
systems, although urea itself exhibits a low conductivity in water
(conductivity of RefUrea was 0.64 mS cm ™" at 50 °C). Although the
addition of water results in the replacement of urea with water
molecules, urea remains part of the nanostructure,*® contributing
to the charge transport. However, to better understand the role of
urea in the mixture, more research is requested.

Solvent parameters choline chloride-urea mixtures

Solvatochromic dyes are widely used to determine solvent
parameters,” such as polarity (EY), dipolarity/polarizability
(m*), and hydrogen bond acceptor () and donor (i) properties.
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Alternatively, hydrogen bond acceptor®® and donor’® properties
can be determined using solvatomagnetic methods. Here, to
investigate the effect of the molar ratio and added water on the
solvent properties of choline chloride-urea mixtures, both sol-
vatochromic and solvatomagnetic methods were used.

EY describes the electron transition between the solvent and
solute®® and was measured using Nile Red as a solute, and the
values are presented in Fig. 3a as a function of the mass
fraction of water. As CCU;,, was the only mixture without
added water that remained liquid at room temperature, the
dashed line represents the theoretical values that could be
predicted by the rule-of-mixture of two individual solvents
(CCUy,. and water).

In all different choline chloride-urea mole ratios, the addi-
tion of water decreased the EY, thus displaying the increase in
solvent polarity as a function of water content. The lower
polarity of choline chloride-urea mixtures compared to water
is in line with values previously obtained using Nile Red.®!
Similarly, the increase in polarity as a function of the water
content of choline chloride-urea DES has been observed when
using betaine dye as a probe.®®> Researchers also observed that
all the values of CCU;,., with added water were below the ideal
values (dashed line). The deviation of the polarity from the
predicted ideal values can be due to the preferred solubility of
Nile red in the aqueous phase, which, however, contradicts the
poor solubility of Nile red in pure water. Therefore, the possi-
bility exists that an increase in the polarity is due to the
alteration of the nanostructure of the solvent mixture by the
addition of water, resulting in the formation of a mixture with
higher polarity than their individual compounds.

When comparing different molar ratios between choline
chloride and urea, it is notable that the polarity parameter of
CCUj,.o with the highest urea content showed the lowest values
(i.e., highest polarity). The difference between CCU;,, and
CCU,, is small, but generally, the CCU;,, with higher urea
content exhibited lower EY values. When comparing CCU;,.,,
CCUj;q,, CCU,y,, and RefCC, demonstrating similar water
contents (12, 15, 18, 20 wt%, respectively), the polarity
decreases in the order of their choline chloride content. This
observation might be due to the alteration of the alkyl groups
(i.e., methyl and methylene) contents of the solvent system®® by
the increase in the choline chloride content.

The Kamlet-Taft dipolarity/polarizability (n*) parameter
describes the nonspecific interactions such as dipole-dipole
and dipole-induced dipole interactions and the polarizability.
The * parameter followed the same trend with EY (Fig. 3b), as
the polarizability increased as a function of water content,
similar to that previously observed with the same probe
(DENA).*

The solvatochromic hydrogen bond acidity (o), that is, the
ability of the solvent to act as a hydrogen bond donor, was
measured using two probes, DENA (to determine 7*) and Nile
red. Pyridine-N-oxide was used as a sole probe with the solvato-
magnetic method to determinate oy, The o parameter measured
using both methods displayed similar behaviour, that is, the
value increased as a function of water content (Fig. 3c and d).
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Fig. 3 Polarity (E}) (a), dipolarity/polarizability (n*) (b), hydrogen bond acidity (2) (c and d) of the choline chloride—urea mixtures as a function of mass
fraction of water. « values were measured using the solvatochromic (c) and solvetochromic (d) methods.

An almost linear correlation was observed with the solvatomag-
netic method, whereas some deviations were observed with the
solvatochromic method, likely due to the measurement errors
caused by the use of two probes. Thus, both methods seem to
be suitable for the determination of hydrogen bond donor
properties of an aqueous mixture of choline chloride and urea,
although the solvatomagnetic method could be more reliable.
The oc of CCUy,, (0.68) and water (1.11) are slightly lower
compared to previous literature values (0.92 and 1.17,
respectively),’® but in a similar range.

A small, but notable divergence, in the o values, was found
when comparing different choline chloride-urea molar ratios.
The highest values are observed with CCU;,., demonstrating
the highest urea concentration. Urea exhibits two hydrogen
bond donor groups compared to one in choline chloride, and
thus, a higher concentration of urea results in a higher « value.

The hydrogen bond basicity (fic) parameter can be deter-
mined using the solvatochromic method by comparing UV
absorption spectra of 4-nitroaniline (hydrogen bond donor)
and 4-nitro-N,N-diethylaniline (reference for non-specific, that
is, other than hydrogen bonding interactions). The fi values of
all choline chloride-urea mixtures decreased with the addition
of water (Fig. 4a), and the decrease is in line with predicted

This journal is © the Owner Societies 2022

values by the rule-of-mixture. Only a small difference was found
between CCU;,.o and CCU;o; however, the fi values of CCU,4
were higher compared with the other choline chloride-urea
mixtures. Furthermore, the highest ¢ value (0.51) was observed
with RefCC.

The results of fic values measured using the solvatochromic
method appear logical, and the values of water (0.13) and
CCU,, are similar to those observed previously (0.14 and
0.50, respectively). However, the reliability of the solvatochro-
mic methods for the determination of the fic parameter has
been debated, especially in the case of amphiprotic solvents,
such as water.®® The main disadvantages of the solvatochromic
method are reported to be the stoichiometry of hydrogen
bonding of the amine group of nitroaniline (i.e., the amine
group can form 1:2 and 1:1 hydrogen-bonded complex, as well
as the mixture of those two with hydrogen bond acceptor) and the
formation of hydrogen bonds with the nitro group. Therefore, the
solvatomagnetic method, which is based on the fluorine chemical
shift of fluorophenol and fluoroanisole, is introduced as an
alternative approach for the analysis of the fic parameter.

The S\ values obtained using the solvatomagnetic method
were notably different compared to those determined using the
solvatochromic method. The value of CCU;, , was in a similar
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Fig. 4 The hydrogen bond basicity (f5) of the choline chloride—urea mixtures as a function of the mass fraction of water measured using solvatochromic
(a) and solvatomagnetic (b) methods and *°F chemicals shift of fluorophenol (c) and fluoroanisol (d) in choline chloride—urea mixtures as a function of the

mass fraction of water.

range in both methods, but the water exhibited a different
influence on fy. For example, the solvatochromic fc value
dropped from 0.49 of CCUj,. to 0.23 of CCUy,.¢ (Water content
of 29 wt%). Conversely, Sy values determined using the solva-
tomagnetic method remained at similar levels (between 0.5 and
0.6) until water content exceeded 29 wt%, after which the values
increased sharply and reached the value of 0.77 with CCU;,.4,
(the highest value of 0.82 was observed with CCU,.4,). Next, the
pm value of water determined using the solvatomagnetic
method was 0.44 (close to the value of 0.37 reported previously),
and therefore, researchers observed that the f\, value deter-
mined using the solvatomagnetic method did not obey the rule-
of-mixture (Fig. 4b).

When determining the chemical shift of both fluorophenol
and fluoroanisol, iy values are mainly dictated by the value of
fluorophenol, as the shape of the f3; value curves and chemical
shift of fluorophenol as a function of water are similar, that is, a
notable increase in chemical shift of fluorophenol is observed
after water content exceeded 29 wt% (Fig. 4c and d). However,
an interesting phenomenon can be seen in the chemical shift of

28616 | Phys. Chem. Chem. Phys., 2022, 24, 28609-28620

fluoroanisol. When a small amount of water (<29 wt%) was
added to the CCU,,, the chemical shift of fluoroanisol remained
at a similar level compared to CCU;,, without any additional
water. However, when the amount of water was further increased,
the chemical shift of fluoroanisol approached the chemical shift
of pure water.

Previous studies have indicated heterogeneity in the struc-
ture of hydrated DESs. Molecular diffusion studies of water
with pulsed field gradient NMR led to the conclusion that water
is not homogenously mixed with choline chloride and urea, but
separate ‘“microscopic” phases are formed at high water con-
centrations (highest studied water content of 17.5 wt%).>*
Furthermore, the addition of a small amount of water (<6.48 wt%)
led to a slight alteration of the chemical structure of the choline
chloride-urea mixture (molar ratio of 1:2), as water contribu-
ted to the hydrogen-bonding network.>® At a water content of
~ 50 wt%, DES clusters still exist; however, they are diluted with
water. The mixtures with water content above ~ 50 wt% can, in
turn, be described as an aqueous solution of DES compounds.
In addition, molecular dynamics simulations indicated that the

This journal is © the Owner Societies 2022
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two dominating nanostructures existed until around 30 wt% of
the water content.*> At a water region from 0 to around 30 wt%,
the addition of water changed the relative prevalence of these
nanostructures; however, water does not alter their salient
structural features. Therefore, it is plausible that the constancy
of the chemical shift of fluoranisol and only minor changes in
the chemical shift of fluorophenol is due to the prevalence of
the nanostructure of DES until the amount of added water
exceeded 30 wt%. Although significantly more research is
needed, the chemical shift of fluoroanisol as a function of
added water can be amongst the first experimental signs that
the addition of a small amount of water does not notably alter
the salient structure of nanoclusters of choline chloride-
urea DES.

The solvatomagnetic ), and chemical shift of fluorophenol
at different molar ratios of choline chloride and urea demon-
strated similar behavior. The values remained at a similar level
until around 30 wt% water content and were significantly
increased by further addition of water. However, with CCU;4
and CCU,,.y, the chemical shift of fluoroanisol first decreased
until around 40% of the added water and then showed some
increase (a small plateau is seen with CCU,;.). This different
behaviour in the chemical shift of fluoroanisol might indicate
that the DES nanostructure is altered in a different manner at
various molar ratios.

Choline chloride-urea mixture demonstrating a molar ratio
of 1:2 (CCUj,. in the current study) was earlier noted to exhibit
the largest deviation (decrease) in the melting point at a water
content of 30 wt%>* (corresponding to the largest population
CI-Cl pairs in aqueous DES structure®’). In the case of a non-
ideal choline chloride-urea mixture at a molar ratio of 2:1
(CCUy; in the current study), a mixture with lowest melting
point is achieved with slightly higher amount of water (around
40 wt%).>* These previous observations are well in line with the
observations of the chemical shift of fluoroanisol, and although
causation is currently not clear, our results suggest that water
demonstrates different effects on the nanostructure of choline
chloride-urea mixture, depending on the initial molar ratio of
the two compounds.

The roles of choline chloride and urea molar ratio and added
water in cellulose morphology and swelling

The swelling of cellulose fibers induced by choline chloride-
urea mixtures was determined by monitoring the fiber widths,
and the values were compared with the dimensions of the
original fibers as well as several reference systems. All the
choline chloride-urea treated fibers showed larger widths
(36.71-37.56 um) compared to the original fibers (36.03 pum),
indicating the swelling of cellulose during the treatments
(Table 2). These differences in fiber diameters can be consid-
ered statistically significant as the analysis is based on the
dimensions of thousands of individual fibers (std < 0.1 pm).
The maximum swelling of fibers with DES was found to be
relatively small (4%), it has been previously shown that a small
increase in the diameter plays an important role in the production
of cellulosic nanomaterials with mechanical disintegration. **>"”
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Table 2 Fiber properties of original pulp and after treatment with different
solvent systems for one hour at 100 °C under mixing

Width Length Curl Kin Kink Fines
Sample (0tm)  (mm) (%) (m™Y) angle(°) (%)
Original pulp 36.03 1.839 15.23 4065 31.43 10.44
CCUj5.9 36.81 1.818 15.49 4060 31.09 9.77
CCUj5, 37.05 1.884 15.77 4015 30.91 8.05
CCUjp4 3722  1.848 17.14 4194 32.16 8.21
CCUj56 36.62 1.831 16.05 4086 31.31 8.17
CCUjps 36.77 1.832  16.62 4116 31.64 7.34
CCUyz10 36.99 1.865  16.26 3999  31.39 7.87
CCUj1-9 37.20 1.846 16.33 4193 31.63 9.49
CCUy1» 37.10 1.87 16.36 4082  31.96 7.21
CCUq14 36.94 1.856 16.16 4115 31.84 7.88
CCUj46 36.85 1.87 16.93 4277  32.49 7.04
CCUy g 37.09 1.826 17.38 4271  33.34 8.62
CCUi110 36.88 1.865  16.32 4115 31.74 7.36
CCUyy.0° 37.56 1.858  16.39 3916 32.55 7.48
CCUy;-» 3712 1.877 15.85 4053 31.53 7.65
CCU,y, 37.09 1.847 1671 4100 32.77 8.37
CCUy,.4 36.71 1.843  15.79 3940 31.33 8.02
CCU,;.g 36.9 1.848 15.61 3854 31.57 8.12
CCU31-10 37.12 1.851 17.36 4154  32.62 7.67
RefCC 37.04 1.865 15.92 4043 31.62 7.09
RefUrea 36.98 1.851 16.01 3884  30.61 7.84
RefWater 37.00 1.795 18.34 4398  32.83 8.63
RefWater (pH 10) 36.70 1.766  19.02 4504  34.78 9.26
RefCC (pH 10) 36.98 1.857 16.24 4082  31.99 7.42

“ No mixing due to the high viscosity.

Furthermore, the swelling ratio of cellulose fibers was demon-
strated to be in line with the swelling of cellulose fibers after
(2,2,6,6-tetramethylpiperidn-1-yl)oxyl-mediated oxidation (swel-
ling from 27.71 to 28.50 um),** which is amongst the most well-
known pre-treatment methods for the production of cellulose
nanomaterials. However, recently notable higher swelling from
29.4 to 44.7 um was demonstrated for aqueous KOH-urea
solution, yet a very long swelling time (24 h) at —10 °C was
required.**

Interestingly, the deep eutectic point composition, that is
CCUj,., resulted in the lowest width value of all the samples
without the added water, and the width of the treated fibers
increased as a function of the amount of choline chloride, with
the CCU,,., treated sample showing the largest width. This
behavior might be attributed to the increased chlorine ion
content of the solvent systems.®® Based on the molecular
simulations, the main interaction between DES of choline
chloride and urea with cellulose is via hydrogen bonding of
the chloride ion of choline chloride and hydroxyl groups of
cellulose.®® Therefore, the increase of choline chloride in the
mixture could increase the interaction probability between
cellulose and chloride ions and, thus, result in a higher degree
of swelling. However, the physical properties of the solvents
might also contribute to the swelling, and in the following
section, the effect of the mixing on the swelling is discussed.

It is notable that when water was added, all the choline
chloride-urea mixtures showed a similar degree of swelling of
cellulose fibers. In addition, the reference systems showed fiber
swelling that was comparable with those of choline chloride-
urea systems with added water and even with those of CCU;,.
and CCU;4.
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Also, the choline chloride-urea mixtures slightly affected the
length of the fibers. However, the overall level of the fiber
length was similar, indicating that no cutting or major degra-
dation of fibers was observed, and also supported the small
changes in the fine content of the samples. Only notable
differences in the fiber length were observed when cellulose
fibers were treated with pure water or water at a pH of 10 as
both samples showed fiber lengths lower than 1.8 mm. The
change in the fiber length by the pure and alkaline water
treatment might be the deformation of the fiber, as the
percentage of the curls and kinks were notably higher in these
samples compared to others. Therefore, it is apparent that
although pure water can result in fiber swelling, DES treat-
ments might be more desirable if fiber deformation needs are
to be minimized. The difference in the fiber deformation
plausibly originates from different viscosities of the systems.
In highly viscous systems (choline chloride-urea mixtures),
more mechanical energy is consumed by the solvent, and a
lower amount of energy is exposed to fibers; thus, the deforma-
tion induced to fibers is not as severe as in the case of low-
viscosity solutions (water). However, several other factors, such
as the loosening of the fiber structure by the solvent-induced
swelling can be expected to demonstrate an effect on the
formation of curl and kinks, and more research is needed to
verify the hypothesis related to the effect of viscosity.

Influence of mixing on the fiber swelling in choline chloride-
urea mixtures

The CCU,;, was a highly viscous solution, and the mixing of
pulp suspension was not possible with a magnetic stirrer.
Therefore, the role of mixing was also elucidated with all other
choline chloride-urea systems without the added water and
with the highest water content as well as with pure water
(Table 3). In all treatments, the width of the fibers was higher
when no stirring was applied. Interestingly, without stirring,
the highest swelling of the fibers was observed in the case of
CCUj;.0 (fiber width of 38.11 pm), demonstrating a water
content of 41 wt%. Therefore, the aqueous choline chloride-
urea system can increase fiber swelling, particularly in the
absence of stirring.

Mechanical treatments, such as mixing, can cause changes
in the ultrastructure of the fibers with the closure of micropores
and opening of macropores.®® The closure of the micropores
could in turn decrease the interaction of the solvent and

Table 3 Fiber properties after treatment with different solvent systems
without mixing

Width  Length  Curl Kink  Kink
Sample (um) (mm) (%) (m™") angle (°) Fines (%)
CCUy5.9 37.9 1.802 19.93 4483 35.04 8.91
CCUypye 3811 1784 211 4730  36.42 9.38
CCU,., 3794  1.831 19.47 4475  34.94 8.32
CCUy1p0  38.09  1.791 207 4698  36.07 10.67
CCU,y, 3771 1.827 18.43 4421  34.15 7.68
CCUy10 3774  1.773 20.95 4777  36.68 10.6
RefWater 37.86 1.763 21.13 4880 36.94 10.05
28618 | Phys. Chem. Chem. Phys., 2022, 24, 28609-28620
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cellulose fibers, which in turn leads to a lower degree of
swelling, as the solvent is unable to penetrate inside of the
fibers as efficiently during the mixing. Also, it is plausible that
the mixing changes the orientation of the nanostructure of
molecular clusters of the choline chloride-urea complex (as
demonstrated by the non-Newtonian viscosity of mixtures),
which can then alter their interaction with cellulose fibers
(solid surface).

Conclusions

In this study, the properties of choline chloride-urea mixtures
demonstrating variable molar ratios were investigated as a
function of added water. A clear effect of the added water on
the conductivity (increase) and pH (decrease) of the mixtures
was observed. These changes are not merely due to the dilution
of the solution by the addition of water but are related to the
chemical composition of the mixtures, that is, the presence of
choline chloride and urea and their molar ratios. Next, the
participation of water in the formation of the molecular
clusters with choline chloride and urea was indicated by the
cone-plate viscosity analysis as the addition of water did not
decrease the viscosity values nor changed the viscosity behavior
of the mixtures from non-Newtonian to Newtonian, even at the
highest water content (around 50 wt%). Solvent parameters,
that is, polarity, dipolarity/polarizability, and hydrogen bond
acceptor property, determined using the solvatochromic
method showed small, but notable, deviations from the theo-
retical values predicted by the rule-of-mixture. Hydrogen bond
acceptor values, calculated using solvatomagnetic methods,
were in line with those obtained using solvatochromic meth-
ods, indicating that both methods are suitable for the determi-
nation of hydrogen bond acidity of aqueous choline chloride-
urea mixtures. However, hydrogen bond basicity determined
using solvatochromic and magnetic methods exhibited almost
opposite trends. Based on the results obtained here, whether
the differences between the two methods are due to the biased
results originating from the complex solvent system or if these
methods measure different behaviors cannot be concluded.
Thus, solvent parameters of the binary or ternary protic systems
should be critically evaluated, especially when compared with
those of molecular solvents. Inspection of the chemical shift of
the solvatomagnetic probes, especially those of fluoroanisol in
choline chloride: urea molar ratio of 1:2, indicated that the
chemical environment remained similar until the addition of
around 30 wt% of water, which is in agreement with previous
molecular simulations about the molecular clusters of DES.
Furthermore, although no direct connection between the swel-
ling of cellulose and solvent parameters could be made based
on current data, it was demonstrated that an aqueous mixture
can efficiently increase the diameters of cellulose fibers in the
absence of mixing, and the best swelling capacity was achieved
with the choline chloride-urea-water molar ratio of 1:2:10
(water content of 41 wt%.). An aqueous solvent system could
significantly enhance for example the pre-treatment of cellulose
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fibers prior to enzymatic hydrolysis or nanofibrillation as energy-
intensive drying of the solvent and fibers could be avoided.
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