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Abstract This work investigated the dissolution
rate of flax fibers in the ionic liquid 1-ethyl-3-meth-
ylimidazolium acetate [C2mim] [OAc] with the addi-
tion of a cellulose anti-solvent, water. The dissolution
process was studied as a function of time, tempera-
ture and water concentration. Optical microscopy is
used to analyse the resultant partially dissolved fibers.
Distilled water was added to the solvent bath at the
concentrations of 1%, 2% and 4% by weight in order
to understand its influence on the dissolution process.
The effect of the addition of even small amounts of
water was found to significantly decrease the speed of
dissolution, decreasing exponentially as a function of
water concentration. The resulting data of both pure
(as received from the manufacturers) ionic liquid and
ionic liquid/anti-solvent mixtures showed the growth
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of the coagulated fraction as a function of both dis-
solution time and temperature followed time tempera-
ture superposition. An Arrhenius behavior was found,
enabling the measurement of the activation energy
for the dissolution of flax fiber. The activation energy
of the IL as received (0.2% water) was found to be
64 +5 kI/mol. For 1%, 2% and 4% water systems,
the activation energies were found to be 74+7 kJ/
mol, 97 +3 kJ/mol and 116 +0.6 kJ/mol respectively.
Extrapolating these results to zero water concen-
tration gave a value for the hypothetical dry IL (0%
water) of 58 +4 kJ/mol. The hypothetical dry ionic
liquid is predicted to dissolve cellulose 23% faster
than the IL as received (0.2% water).

Keywords Cellulose - Dissolution - Time-
temperature superposition - Activation energy -
Water - Ionic liquid

Introduction

Biopolymer carbohydrates currently attract much
attention as renewable materials of biomass based
on products and applications, such as food packag-
ing, materials and renewable energy (Baranwal et al.
2022; Yang et al. 2014). The biopolymer cellulose is
considered to be the most abundant polymer on earth
(Khademian et al. 2020). It provides researchers with
a fascinating alternative to fossil fuel derivatives.
Lignocellulosic biomass is estimated at an annual
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production of around 10'! tons per year (Li et al.
2018).

Cellulose is insoluble in water and many organic
solvents due to strong hydrogen bond networks in
their highly ordered crystals, crystalline nature, and
interactions between rings with hydrophobic tenden-
cies (Li et al. 2020; Liang et al. 2021). Dissolving
cellulose is a key step of cellulose processing, before
its conversion to value-added products by coagulation
with anti-solvents (Ju et al. 2022; Li et al. 2018). The
coagulation process in cellulose-IL solutions involves
reforming the cellulose molecules into amorphous
and crystalline cellulose II (Mazlan et al. 2019). Anti-
solvents are critical in reconstructing dissolved cel-
lulose into valuable products; anti-solvents such as
water, acetone, and ethanol performed effectively in
regenerating dissolved cellulose, making them sub-
jects to numerous scientific studies (Tan et al. 2019).
For example, Zeng et al. compared water and ethanol
anti-solvent properties, noting that water performed
better when breaking cellulose-IL bonds (Zeng et al.
2020). Taokaew and Kriangkrai (2022) reported that
the regeneration of cellulose with water has exhib-
ited better thermal stability than the regeneration with
ethanol (Taokaew and Kriangkrai 2022). Afterwards,
the anti-solvents can be removed from the cellulose-
IL solutions by a drying process to evaporate the
coagulants (Huber et al. 2012). Cellulose regenera-
tion can yield mechanically high-quality products for
hydrogels, films, fibers, membranes, and many other
applications.

Researchers have studied the application of numer-
ous cellulose solvent systems, including NaOH/
CS, NaOH/urea, N-methyl morpholine-N-oxide
(NMMO), and many others, with commercial success
in various NMMO systems (Li et al. 2020; Rosenau
et al. 1999). The traditional cellulose dissolution sys-
tems have challenges that include adverse pollution,
high energy and reagent consumption, solvent evap-
oration, and non-trivial operation processes (Yang
et al. 2019). Therefore, there is still an increasing
demand for developing green alternative cellulose
solvents, to overcome these challenges.

Ionic liquids (ILs) are organic salts made up
of cations and anions and were first synthesised
by Paul Walden, who discovered the IL of ethyl
ammonium nitrate ([EtNH;] [NO;]) with a melt-
ing point below 100°C (Walden 1914). ILs have
excellent properties compared with traditional
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solvents, such as low vapor pressure, high thermal
stability and potential recyclability (Ghandi 2014;
Liu et al. 2015a, b). Therefore, over the last dec-
ades they have been shown to have great potential
to be green cellulose solvents (Earle et al. 2006;
Miao and Hamad 2013; Walden 1914; Yang et al.
2020). Since 1934, molten salts have been identi-
fied as playing an important role in the dissolution
process of cellulose. For example, Graenacher, who
dissolved cellulose in the salt (N-alkyl pyridinium
chloride) at melting point 118 °C, and so not strictly
an IL according to the prior Walden’s definition of
having a melting point below 100 °C (Plechkova
and Seddon 2008). In 2002, Swatloski et al. first
described the dissolution of cellulose using methy1-
imidazolium - based ionic liquids with melting
points below 100 °C (Swatloski et al. 2002). Since
then, the dissolution of cellulose in ionic liquids
has interested a number of researchers to produce
and study cellulose in solution (Huber et al. 2012;
Khan et al. 2018). However, It is worth noting that
the purity of the IL (98% in our case) may have also
impact the dissolution due to derivatizing reactions
or additional side reactions (Liebner et al. 2010).
Within their work, they cautioned that if the IL con-
tains significant impurities, additional side reactions
with cellulose can occur. Furthermore, (Zweckmair
et al. 2015) describe the acetylating action of ILs
(1,3-dialkylimidazolium acetate) with cellulose may
occur with resultant impurities. They also note that
ILs that are pure do not exhibit this reaction.

The potential of cellulose dissolving was inves-
tigated for many ILs, particularly room temperature
ionic liquids (RT-ILs) where higher cellulose solubil-
ity was documented. For example, Zhang et al. (2005)
used 1-allyl-3-methylimidazolium chloride ([AMIM]
[CI]) in order to produce solutions that contained up
to 5 wt% of cellulose (Zhang et al. 2005). Fukaya
et al. (2008) wused 1-ethyl-3-methylimidazolium
methylphosphonate ([EMIM][CH;PO;]) to prepare
solutions containing 10 wt% of cellulose (Fukaya
et al. 2008). In addition to the examples given, there
are certain ILs that have a solubility of up to 22%
wt. of cellulose (Fukaya et al. 2006). Brehm et al.
(2019) have reported that the solubility of cellulose is
dependent on the anion due to the strong interaction
between hydrogen bonds and anions (Brehm et al.
2019). It is widely acknowledged that the breaking
up of the intra- and intermolecular hydrogen bonds in
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cellulose is the crucial point in the dissolution of this
polymer (Bochek 2003; Lindman et al. 2017).

In current work, water was used as an anti- sol-
vent to investigate the dissolution of cellulose in an
IL/water mixture. This is a very important area to
study as among ionic liquids, imidazolium based
ILs are prone to water absorption (Miyamoto et al.
2014). The absorption of water can reduce the avail-
able H-bond of the anion, and as a result, decrease the
capability of dissolving cellulose (Zhao et al. 2015).
Several studies have found that the presence of small
amounts of water may reduce the ability of dissolv-
ing ILs, as well as the cellulose dissolution due to the
moisture content (Le et al. 2012; Manna and Ghosh
2019; Mazza et al. 2009). The water content can also
modify the diffusion of the cation and anion. The dif-
fusivity of the cation is faster than the anion in the
pure ionic liquid, this trend is reversed by presence of
water (Hall et al. 2012; Le et al. 2012).

The presence of water can also reduce the inter-
action between ions due to water breaking the H-
bonds between the cation and the anion (Gupta et al.
2013). Liu et al. (2015a, b) found that the interactions
between cation and anion in the pure ionic liquid are
stronger than in the solution. For the solution, the
average interactions between anion and cation are
about — 1309 kJ/mol. However, the average interac-
tions in the pure IL are much higher than the solu-
tion at around — 6725 kJ/mol. This indicates that the
interaction between ions is stronger in the neat IL as
compared to the mixture of IL and water (Liu et al.
2015a, b).

In current work, a fundamental study of the dis-
solution mechanism of flax fiber bundles, and the
effect of water, in an ionic liquid is reported, along
with a method to measure the dissolution energy
(Chen et al. 2020a) employed by our research group
(Hawkins et al. 2021; Liang et al. 2021; Zhang et al.
2021). Optical microscopy allowed the growth of the
dissolved and coagulated fraction at various tempera-
tures and times to be directly measured. The effect of
addition of various concentrations of water on the dis-
solution speed and activation energy in cellulose/IL
mixtures is studied with time-temperature superposi-
tion (TTS). These measurements displayed an Arrhe-
nius behavior, which allowed the measurement of the
required activation energy for the dissolution for each
of water concentration to be determined. The effect of
the addition of small amounts of water on dissolution

speed is also investigated. The focus of this study is
to understand and explore the fundamental science
in order to ultimately prepare all-cellulose compos-
ites, where control of matrix fraction is needed for
optimum mechanical properties. We believe that the
results obtained in this study will be useful to future
research on the production of all-cellulose composites
(Chen et al. 2020b; Gindl and Keckes 2005; Nishino
et al. 2004; Victoria et al. 2022). Flax fiber based
composites provide a promising way of replacing
manufacturing materials without significant environ-
mental damage due to excellent mechanical perfor-
mance, being fully bio-based and potential recyclabil-
ity (Moudood et al. 2020).

Experimental material
Materials

Flax fibers were obtained from Airedale Yarns,
Keighley, UK. Flax fibers were chosen to be the cel-
lulose source which is formed from a continuous yarn
fiber with a diameter of 0.5 mm. The solvent used
was 1-ethyl-3-methyl-imidazolium acetate [C2mim]
[OAc] with a purity >98% which was purchased from
Proionic GmbH, Grambach, Austria. Epoxy (Epoxi-
cure, Cold Cure Mounting Resin from Buehler, UK)
was used to embed samples to examine and measure
the fraction of dissolved fibers at each set of process-
ing conditions.

Preparation sample

Flax fiber threads were wound separately around a
polytetrafluoroethylene (PTFE) Teflon picture frame
of dimensions 5 cm X 5 cm, fixing both ends of
each fiber bundle (Fig. 1a). Four separate fiber sam-
ples were wound onto each frame for testing, to give
repeat measurements at the various chosen times and
temperatures during processing (Fig. 1b). The IL
[C2mim] [OAc] was used and first pre-heated in a
PTEE tray for 1 h to stabilise at the chosen target tem-
perature before the dissolution experiments were com-
menced. Then, the frames were submerged into the
Teflon dishes which were filled with the IL [C2mim]
[OAc] (Fig. lc), and then quickly returned to the
vacuum oven (Fig. 1d). Shellab 17 L Digital Vacuum
Oven SQ-15VAC-16, Sheldon Manufacturing, Inc.,

@ Springer



7622

Cellulose (2023) 30:7619-7632

Teflon frame (b)

Drying at room temperature (g)

Fig. 1 The process of dissolving flax fiber bundles in [C2mim][Ac]

USA, was used to dissolve the flax samples at various
temperatures and times (Fig. le). After the dissolving
process, the flax fiber samples were removed from the
IL [C2mim] [OAc] and then immediately soaked in a
water bath for 24 h at room temperature to coagulate
the dissolved cellulose, as shown in (Fig. 1f), and the
used IL [C2mim] [OAc] was collected for recycling.
A drying process was employed after removing the
fibers from the water bath, leaving to dry for more
than 24 h at room temperature before cutting the sam-
ples from the frame (Fig. 1g).

Characterization and qualification
Optical microscopy

Optical microscopy (BH2-Olymous Corpora-
tion, Japan) was used in conjunction with a CCD
(Charge-coupled- device) camera to analyse the
cross- sectional images of the microstructures of

Fig. 2 The epoxy resin
embedding method. a Flax
fiber bundles were embed-
ded in an epoxy resin, b
fiber threads before ground-
ing down and polishing, ¢
fibers after fully curing to
allow clear images

@ Springer

_li‘_g_

Teflon dish (c) (C2mim)[OAc] bath (d)

Vacuum oven (e)

Water bath (f)

both the flax fibre bundles (raw fibres) and the par-
tially dissolved (composite fibres). Epoxy resin was
used to encapsulate the fiber samples for optical
microscopy. Each set of four samples were embed-
ded in an epoxy resin, which were then ground
down and polished to the fiber surface before exam-
ining in reflection to allow for clear images, as
shown in Fig. 2. To measure the ratio between the
raw fibers (undissolved fiber, inner area) and the
coagulated fraction (dissolved fiber, outer area),
Image]J processing software was used, as shown in
Fig. 3. The coagulated fraction CF was calculated
using,

CF =Aq/Ar (1)

where A is the area of the cross-sectional of
the coagulated cellulose and Ay is the total area of
cross- sectional for coagulated cellulose plus raw
cellulose.

(b) (c)
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Fig. 3 A partially dissolved fiber shows the raw cellulose
(inner core), the coagulated cellulose area and the total area of
both raw and coagulated fiber (outer layer)

Antisolvent distilled water

The antisolvent (distilled water) was mixed into
the IL with a magnetic stirrer for 10 min prior to
use. Three water concentrations were used: 1%, 2%
and 4% by weight. We have chosen 4 wt% water as
our upper limit, for when we exceed this, the dis-
solution process became too slow to be practically
observed. This result is in line with a publication
that demonstrated only swelling of single flax fib-
ers occurred in this IL, when containing 5 wt%
water (Chen et al. 2020a).

Karl Fisher Titration (KFT) was used before
and after the dissolution process to determine the
amount of water content of the IL. KFT on the
IL as received from the manufactures Proionic,
showed this to contain 0.2% water. By adding 0.8%
water to the original 0.2% water to make 1%, 1.8%
water added to make 2% water, and 3.8% water
added to make 4% water. The IL/water mixture
exhibits a much higher vapor pressure and may
thus evaporate under vacuum. Thus, the vacuum
oven atmosphere was replaced with a nitrogen
atmosphere to avoid evaporation. Several research-
ers have studied the interaction between [C2mim]
[OAc] and water and found that their properties
could be significantly changed in the presence of
water; for example, the melting point, polarity,
viscosity and surface tension of ILs are changed
(Duchemin et al. 2014; Jacquemin et al. 2006; Reid
et al. 2017; Zhou et al. 2020).

Results and discussion
Optical data

Figure 4 is a representation of typical micrographs
of both raw fibers and partially dissolved fibers that
were processed at various times at 50 °C. These
are very similar to a previous study in this group
investigating the dissolution of flax fibers in the IL
[C2mim][OAc] as manufactured by Sigma Aldrich
(Hawkins et al. 2021). As shown, a raw fiber bun-
dle is made up of various bundles which are tightly
packed together with minimal internal free space.
This appears to prevent the ionic liquid from pen-
etrating the core, and so the dissolution proceeds
from the outer edges inwards. The micrographs
suggest that we can consider the partially dissolved
composite fibers to be comprised of an inner undis-
solved core surrounded by a ring of dissolved and
coagulated cellulose. A number of typical images
representing raw fibers can be seen in SI Fig. 1.

The processed fibers, seen in Fig. 4a-d, processed
at 50 °C, shows how the inner undissolved area is
surrounded by an outer layer whose size depends on
the processing time and that this increases as time
increases. These outer layers are the result of cel-
lulose that was through the dissolution and coagula-
tion process.

To measure the boundaries between the inner
core and partially dissolved area, as well as the par-
tially dissolved area and the outer area, a Software
(Image J) was used to trace out each boundary by
eye and the ratios between inner and outer bound-
aries were averaged across four repeat samples
made at each set of processing conditions, the area
enclosed within these boundaries is used to deter-
mine the coagulated fraction and the raw material,
as seen in Fig. 4. The coagulation fraction (CF) is
calculated by Eq. 1 given above.

In Fig. 5 is shown the results of the growth of
the coagulation fraction of the fibers processed at
different temperatures and times. On this figure, the
data represents the average value of the coagulation
fraction taken from the four cross-sectional fibers
processed under the same time and temperature, and
the error bar is the standard error. Therefore, the CF
is seen to increase as a function of both processing
time and the processing temperature.
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0.5 mwn

Fig. 4 Microscopy images showing how the boundaries
between raw and partially dissolved cellulose were determined.
The outer boundary is shown on the left and the inner on the

In Fig. 5 it can be seen that the CF grows with
time at each processing temperature and grows faster
as the processing temperature is increased. The data
in Fig. 6a illustrates how each individual curve in
Fig. 5 could be collated to show the relation between
the dissolution time and temperature by applying the
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right. Fibers shown were dissolved at 50 °C fora 0.5 h,b 1 h, ¢
1.5hand d 2 h. Scale length 0.5 mm

concept of time temperature superposition, in order
to create a master curve at each specific temperature.
The process used to form a master curve is to shift
different temperature curves horizontally along the
logarithmic time (In time) axis in order to achieve the
best overlap via Eqgs. 2 and 3.
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Fig. 5 Coagulated fraction 0.8 0.8
as a function of dissolution (2) A30°C (b) m40°C
time at different tempera-
tures. Polynomial function 0.6 1 0.6 1
used in order to guide the
eye and error bars included o 0.4 1 0.4
) U
0.2 1 A 0.2 1
0 0
0 4 8 0 4
Time(h) Time(h)
0.8
08 (C) (d) ¢ o
0.6 1 0.6
X A
i 0.4 1 w04
U O
x A
0.2 - 0.2
0
0 T
0 4 8 4
Time(h) Time(h)
=t o ) time- temperature-superposition (TTS). After shift-

By taking the natural log of both sides of the Eq. 2
yields the following:

In(t") = In(t) X In(op) 3)

where t' is the shifted dissolution time, t is the
dissolution time and In(o;) is the shift factor to
move the data from temperature T to the reference
temperature 7,

Figure 6b shows schematically the creation of
the master curve, which contained a number of
steps to construct the best master curve by using
the middle temperature, Tref: 50 °C, as the refer-
ence set with therefore scaling factor agy= 1. The
50 °C data was fitted with a preliminary polynomial
function used to guide the eye in order to provide
the best shifting of further data sets, see Fig. 6c¢.
Then, each of the other data curves 30 °C, 40 and
60 °C was horizontally shifted separately along the
x- axis (In time) by a shift factor equal to In(ay)
towards the reference temperature to make them
overlap, see Fig. 6. This procedure is similar to that
performed in rheological analysis, when studying

ing of the data sets, the master curve is formed
(at 50 °C), as shown in Fig. 6d. This polynomial
master curve shows superimposed data set with
R? 7 0.99. Finally, the R?> value was maximized via
adjusting the shift factors at the other temperatures
(039,049 and o) to provide the best fit between
the shifted points and the polynomial fitted. Opti-
cal microscopy cross sections also documenting the
proposed interchangeability of time and tempera-
ture can be found in SI Fig. 2.

We can now plot the four shift factors In (o) for
the data against the inverse of temperature (771),
as shown in Fig. 6e. The linear nature of these data
indicates that the dissolution process follows Arrhe-
nius behaviour. The equation below representing the
activation energy (E,) describes the energy barrier
required for the dissolution of flax fibers in [C2mim]
[OAc] that needs to be overcome for dissolution
to occur. The dissolution activation energy of the
flax fiber in [C2mim] [OAc] was calculated, using
the slope shown in Fig. 6e, to be 64+5 kJ/mol. The
uncertainty comes from the uncertainty from the lin-
ear regression fitting and is found using (LINEST in
EXCEL)

@ Springer
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Fig. 6 a CF as a function 0.8 " 0.8 s
of both dissolution time and @ zggg (b) zgg"g
temperature. b CF at vari- 0.6 - B40°C 06 1 @40°C
ous times z.ind temperatures A A30°C A 430°C
expressed in In(time). ¢ The . 7A% . pa
A . i 0.4 1 0.4 A
shifting process, by moving U U
the 30 °C ,40 and 60 °C AN 741
data towards the 50 °C data. 0.2 1 0.2 1
d The final master curve
shows the effect of dissolu- 0 r 0 .
tion time and temperature 4 8 -2 )
on the coagulation fraction. Time(t) In(t) (au.)
e The linear nature of the
data showing shift factors 0.8 (C) ©60°C 0.8 950°C
ln(aT) asa fl;nc;lion. of teim— A50°C (d) A50°C
perature, an Arrhenius plot 0.6 - B40°C 0.6 B40°C
o A30°C
. A A A30°C 1
Hy ! . O
g 04 0.4
A
0.2 - 0.2
0 0 T
; -2 2
-2 In(t) (au.) 2 Ln(a(T)t)
'i-(e) y =-7.6832x + 23.63
0 *
=
S
v/
E -1 *
RS
-2 T T
3 3.1 3.2 3.3
1000/T (I/K)
1 ot curve was described 1n detail for a reference tem-
o —(xeRE: 4) pl d ibed in detail fa i
T 0 perature of 50 °C. Figure 6e showed that this gave a
gradient of —7.6832x and an intercept of 23.63.
—E .. . .
ln((xT) _ ( a) +Ing ) . If all of the.above analysis is carried out again three
RT times, now using the other three temperatures as ref-

where ar is the scaling factor, E, is the Arrhenius
activation energy, R is the gas constant, T is the tem-
perature in kelvin and is o, the pre-exponential factor.

Intercept method (Inoy)

This method uses the other parameter from the Arrhe-
nius plots of the shift factors versus inverse tempera-
ture, namely the intercept In o from Eq. 5. The pro-
cess used to obtain the intercept from the Arrhenius

@ Springer

erence temperatures (7,), so shifting all data to 30
and 40 °C and finally 60 °C in order to create a mas-
ter curve for each set of data at each of these tempera-
tures. The shift factors, from 30 °C, 40 and 60 °C TTS
shifting, can be plotted separately as a function of tem-
perature as before for the 50 °C TTS shifting results.
Each set of shift factors for each of the reference tem-
peratures is again found to display an Arrhenius behav-
iour, each giving a dissolution activation energy, see
Fig. 7a-c. These plotted graphs give similar gradients,
leading to similar E, as calculated from 50 °C (64 +5
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Fig. 7 Shift factors a) 3 Y (b) 2
lnf(xTNj as a function of @) " y = -7.6832x + 25.33 & y = -7.6832x + 24.63
inverse temperature, 25 + 1 - +
indicating Arrhenius plot.
Reference temperatures of a - 11 B ~0 +
30 °C, b 40 °C, ¢ 60 °C and & Ky
d Intercept process, =1 0 + =1 L
showing shifting to all - 14 —-1 1
temperatures indicating
Arrhenius dependence -9 . . ) . .
3 3.1 3.2 3.3 3 3.1 3.2 3.3
1000/T (VK) 1000/T (1/K)
2 26.1
(©) y = -7.6832x + 23.13 1)) ¥y =7.6834x
1 4 +
25.1 1
0H ° +
<]
~ + o
g1 2411
] * '
,2 - -|- +
-3 T T 23.1 r T r
3 3.1 3.2 3.3 3 3.1 3.2 3.3 3.4
1000/T (1/K) 1000/ Tref (1/K)

kJ/mol). The important result is that intercept Inay in
each of these graphs is itself temperature depend-
ent Inosg, Inoyy, and Inog,. The intercepts are 25.33,
24.63, and 23.13 for 30 °C Fig. 7a, 40 °C Fig. 7b, and
60 °C Fig. 7c, respectively. These intercepts can then
be checked to further verify the Arrhenius behaviour, as
follows.

Firstly, we set the temperature T as the reference
temperature T,ef, in Arrhenius Eq. 5, this then gives,

-E
ln<(me/) <RTr:f> + Inoyy

The shift factor at the reference temperature has to

(6)

equal zero ln<(mef >= 0, since the reference tempera-
ture data itself needs no shifting (mef:I. Next, by sub-
stituting the value of ln((mef ): 0 in Eq. 6, rearranging
Eq. 7 to be Eq. 8,

_Ea
0= RT,, + Inotg (7
o= ()
noy = 8
0 RT,, (3)

This expression above shows that the intercepts
Ina determined at each reference temperature them-
selves will follow an Arrhenius law, being linearly
dependent on the inverse of the reference tempera-
ture. The gradient of the Ina, versus 1000/7,,, is
predicted to give the activation energy, and this is a
further confirmation that the system is exhibiting
Arrhenius behavior, see Fig. 7d. In our work we have
found that this analysis is very sensitive to any curva-
ture or non-Arrhenius behaviour.

This ‘intercept’” method was applied as another
method to measure the activation energy and com-
pared with the activation energy for each master
curve. The gradient of the line in Fig. 7d shows a very
similar gradient as the Arrhenius plots in Fig. 6e and
7a-c, and hence gave a fifth value for the activation
energy of 64 +5 kJ/mol, consistent with our previous
determined values.

A number of other studies have shown the disso-
lution process has an Arrhenius behaviour. A cotton
dissolution activation energies of 96 + 8 kJ/mol and in
[C2mim] [OAc] reported by Liang et al. (Liang et al.
2021). Zhang et al. (2021) reported that the activation
energy needed to dissolve silk via a solvent [C2mim)]
[OAc] is 138+13 kJ/mol(Zhang et al. 2021) The
dissolution rate of cellulose fibers was found to be

@ Springer



7628

Cellulose (2023) 30:7619-7632

Fig. 8 Master curves of (@) (b)
coagulation fraction CF as 038 038
function of In(ap)for each
water system at 50 °C a 1%, 06 1 06 1
b 2% and ¢ 4% anti-solvent. . .
The rf.:quired.activaFion UJoa - b 04
energies of dissolution flax - £60°C
fiber in [C2mim] [OAc] as a soc 050°C
function of water concentra- 02 1 DSOOC 02 1 a A40°C
tion a polynomial fit is used <] A4OOC ©30°C
to guide the eye within their 0 r d 3.0 ¢ 0 T
error bars (d) 2 @) @u) 3 -3 Ln(a(TH)) (au.) ’
d
c
038 ( ) 120 ( ) _____
< R
£ 100 § "
06 - = 60 |
LL. 04 ? 60 e
®60°C S 40 4
02 o50°C 5
A40°C g 201
. o30C 5 o . .
. < 0 2 4

linearly related with the viscosity of [C2mim] [OAc]
when both are expressed in natural logarithmic form.
Furthermore, the dissolution shows Arrhenius behav-
iour (Chen et al. 2020a). The activation energies have
shown to be dependent on the IL used and the con-
centration of cellulose, documented from 46 kJ/mol
to approximately 70 kJ/mol in these different studies.
Villar et al. (2023) reported that the activation energy
needed to dissolve lyocell yarn via a solvent [C2mim]
[OAc] is 46.8 kJ/mol, this result was reduced by 70%
when DMSO was added (Villar et al. 2023).

The effect of water on the activation energy and
dissolution speed

The mechanism of the dissolution observed in the IL
with the water anti-solvent system was found to be
similar as that of the pure IL system; with the inner
fiber area surrounded by various outer layers, with the
formation of the coagulation fraction around the core.
The main difference seen when using water is the
coagulation fraction decreases in size as a function of
water content (at a fixed temperature and time). The
rate at which fibers dissolve at various concentra-
tions fell significantly, indicating that water is acting
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to decrease the dissolution rate. Optical microscopy
cross sections documenting the decreasing coagulated
fraction as function of water concentration can be
found in SI Fig. 3.

The antisolvent master curves generated for the
1%, 2% and 4% water systems separately following
the same procedure as shown before in Fig. 6. First,
the data at 50 °C was chosen to be the reference set
with a scaling factor a5, = 1. Then, all of the previous
analysis was applied to these data sets, the result of
which can be seen in Fig. 8a—c. The data represents
the average value of the coagulation fraction taken
from the four cross-sectional fibers processed under
the same condition of time and temperature, and the
error bar is the standard error. These three systems
all likewise obeyed Arrhenius behaviour when using
water as an antisolvent.

For 1%, 2% and 4% water systems, the activation
energies were found to be 77+2 kJ/mol, 97 +3 kJ/
mol and 116 +0.6 kJ/mol respectively. Figure 8d dis-
plays the activation energy increase as a function of
water concentration. An extrapolation was used for
the theoretical dry IL 0% water to be 58 +4 kJ/mol. A
polynomial function of order two was used to fit the
data and extrapolate to zero water concentration.
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To calculate the relative dissolution rate between
water systems, the procedure above repeated again for
the 1%, 2% and 4% water systems with now each
master curve itself shifted separately in natural loga-
rithmic time to overlap with the master curve of 0.2%
water results, shown before in Fig. 6(d), in order to
measure the relative dissolution rate between the 1%,
2% and 4% water systems to that of the 0.2% water
content of the IL as received from the manufacturer.
So for example, to overlap the 2% water solvent with
the master curve of 0.2% water solvent, needed a scal-
ing factor a of 0.33, determined from the shift factor
In(ox). Hence, the dissolution rate is 3.3 times slower
at this concentration (i) The resulting master curve
including all water systems is seen in Fig. 9a. Fig-
ure 9b shows that the relative dissolution rate
decreased exponentially as a function of water con-
centration, where we set the rate for the ‘as received’
IL equal to 1 (0.2% water).

The decreasing rate of dissolution is thought
to be related to the water molecules crowding the
anion h-bond sites, which prevented the interac-
tions between the IL and the cellulose (Rabideau
and Ismail 2015). Within their simulations, they dis-
cussed the interaction between cellulose, water and
several ILs. They demonstrated that anions have the
ability to form up to four hydrogen bonds with cel-
lulose. By adding water, there was a strong distur-
bance in the frequency of hydrogen bonds between
the anion and cellulose. This disturbance occurred
because the water molecules occupied the hydrogen-
bond accepting positions of the anion, preventing it
from interacting with cellulose. It was demonstrated
that as the amount of water increased, the crowd-
ing of these positions becomes more prominent. The

authors suggest that the presence of water leads to a
significant reduction in hydrogen bonding between
anions and cellulose, and this may account for the
rapid decline observed in the dissolution rate. This
also agrees with experimental work done by Koide
et al. which reported that the interaction between
water molecules and [C2mim][Ac] is stronger than
the [C2mim][Ac] with cellulose (Koide et al. 2020).

From the exponential function in Fig. 9b, the fol-
lowing equation obtained:

Y = 1.225¢0-608« (&)

where Y is the relative dissolution speed (relative to
the IL as purchased) and x is the water concentration
in weight%.

This equation suggests that flax fibers would dis-
solve 23% faster at 0% water content, in a theoreti-
cally perfectly dry IL. For every 1% of additional
water the rate decreases by 49%, or in otherwards the
dissolution takes twice as long.

Conclusion

The dissolution of flax fibers in the ionic liquid
[C2mim] [OAc] is studied with the addition of an
anti-solvent, water as a function of dissolution
times, temperatures and water anti-solvent concen-
tration. The dissolution process allowed the par-
tially dissolved flax composite fibers to be created,
after which OM was used to analysis the morphol-
ogy of dissolved fibers, and it was found that the
core fiber is surrounded by a coagulated flax matrix
phase as dissolution proceeded. The coagulation
fraction became larger as a function of time and
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temperature which was found to follow (TTS). The
shift factors used to obtain the master curve across
their dissolution temperatures show an Arrhenius
behaviour in this system. As a result, an activa-
tion energy was measured to be 64 +5 kJ/mol. An
“intercept method” was introduced, which is highly
sensitive to any curvature in an Arrhenius type plot
and confirmed the Arrhenius behaviour of our data.
This method confirmed the activation energy 64 +5
kJ/mol.

The antisolvent water was found to decrease
the rate of dissolution of flax fibers, accompa-
nied by increase in the activation energy. For 1%,
2% and 4% water systems, the activation energies
were found to be 77 +2 kJ/mol, 97 +3 kJ/mol and
116 +£0.6 kJ/mol respectively. The relative dissolu-
tion rate of flax fibers as a function of antisolvent
concentration decreased exponentially, for every 1%
addition of water by weight the rate of dissolution is
approximately halved. Extrapolating our results to
zero water concentration gave a value for the pure
IL (no water) dissolution activation energy of 58 +4
kJ/mol. Finally, the hypothetical dry ionic liquid
(0% water) is predicted to dissolve cellulose 23%
faster than the IL as received (0.2% water).
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