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Abstract This study has investigated the dissolution
of cotton fibres in the ionic liquid 1-ethyl-3-methylim-
idazolium acetate ([C2mim][OAc]) for three fibre
arrangements. Dissolution was carried out with excess
[C2mim][OAc] at various temperatures and times
followed by coagulation with water. Optical micro-
scopy (OM) of the resulting processed and dried
cotton fibres indicated that this procedure produced a
coagulated fraction surrounding the original fibres.
X-ray diffraction (XRD) showed that the crystal
structure of this coagulated fraction was predomi-
nantly cellulose II, as opposed to the original fibres—
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mostly cellulose I. The OM and XRD results showed
that growth of the coagulated fraction obeyed time—
temperature superposition (TTS) and displayed an
Arrhenius behaviour allowing a dissolution activation
energy to be determined. Although the growth of the
coagulated fraction with time were different for these
distinct three arrangements, all could be individually
shifted to form master curves using TTS, leading to
very similar activation energies, 96 £ 3 kJ/mol
(23 £ 1 kcal/mol).
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Introduction

Cellulose is the most abundant and renewable natural
biopolymer on earth and due to its particular molecular
structure has unique chemical and physical properties,
such as high thermostability and excellent mechanical
capabilities (Nishino et al. 1995; Zhang et al. 2017).
Therefore, cellulose has gained increasing attention as
a replacement material for a number of finite fossil
fuel products (Jiang et al. 2019; Sayyed et al. 2019).
Due to the highly crystalline structure, abundant intra
and intermolecular hydrogen bonds and the hydropho-
bic interactions between rings, cellulose is insoluble in
water and in most organic solvents. It can only be
dissolved via the breaking down of the hydrogen bond
network (Glasser et al. 2012; Lindman et al. 2010).
Cellulose can be dissolved via two key ways, either
with prior chemical modification or without (Sen et al.
2013). For the former, the hydroxyl groups on the
cellulose molecules are firstly functionalized, by
nitration for example (Barbosa et al. 2005), esterifi-
cation (Ratanakamnuan et al. 2012), etherification
(Fox et al. 2011) or xanthation (Polyuto et al. 2000). In
general, these processes are environmentally harmful
(Zhang et al. 2017). For example, the first industrial-
ized procedure for fabricating rayon fibres, known as
the viscose process, uses carbon disulphide and
aqueous sodium hydroxide; both of which are known
to be environmentally damaging. The production of
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sodium cellulose xanthate involves harmful chemicals
such as sulphuric acid, H,S and SO, (Clotworthy
1928). For the later method (without chemical mod-
ification), solvents such as N-methylmorpholine-N-
oxide monohydrate (NMMO) (Rosenau et al. 2002),
Lithium Chloride/N, N-Dimethylacetamide (LiCl/
DMAc) (Matsumoto et al. 2001), Sodium Hydroxide
(NaOH) Aqueous Solution (Cai et al. 2007), etc. can
dissolve cellulose by breaking the hydrogen bonds
directly. These solvents however also have several
disadvantages, such as: high vapour pressure; low
thermostability; and a high level of toxicity. The only
commercialized solvent, NMMO, cannot be consid-
ered environmentally-friendly due to the combination
of the oxidative side reactions, difficulty to recycle and
high temperatures needed for dissolution (Rosenau
et al. 2002).

As a result of the increasing demand for ‘green’
cellulose solvents, ionic liquids (ILs) containing
anions and cations have gained attention as promising
cellulose solvents due to their high thermostability,
negligible vapor pressure, broad liquid applied range,
designable properties and potential recyclability
(Seoud et al. 2007; Moon et al. 2011). The history of
the application of ILs for dissolving cellulose can be
traced back to a patent in 1934, (Graenacher 1934)
though their popularity as green solvents was initiated
more recently when Swatloski et. al. (2002) discov-
ered the efficacy of dialkylimidazolium-based ILs
(with melting points below 100 °C) as suitable sol-
vents for cellulose (Swatloski et al. 2002). This
original work has led to an increasing interest in ILs
in relation to cellulosic dissolution. To date, cellulose
with solubility up to 39% dissolving in 3-methyl-N-
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butylpyridinium chloride has been reported (Heinze
et al. 2005). Once dissolved, cellulose can then be
coagulated from the viscous cellulose-ILs solution by
coagulation in agents such as water, ethanol and
acetone. This is followed by a drying process to
evaporate the coagulants (Huber et al. 2012). The
mechanism by which coagulation occurs can be
explained as follows: coagulants stop the dissolving
process via the preferential breaking of hydrogen
bonds between solvent molecules and cellulose
molecules, forming new hydrogen bonds between
the solvent and coagulant molecules (Gupta et al.
2013).

It is important to understand and quantify the
cellulose dissolution behaviour in ILs for both chem-
ical derivatization and other cellulose processing
methods. The mechanism by which ILs dissolve
cellulose is still not fully understood, but the most
widely accepted hypothesis is that the anions in the
ionic liquids play a predominant role—by competing
with the hydroxyl groups on the cellulose to form new
hydrogen bonds. Additionally, it is thought the cations
play a minor role in the solvation of cellulose (Cho
et al. 2011; Lu et al. 2014; Zhang et al. 2017). As
reported by Cuissinat et al. (2008), there are four
possible states, observable via optical microscopy, by
which cellulose fibres can exist during dissolution in
ionic liquids. These states are as follows: state 1,
balloon formation (due to the swelling of cellulose);
state 2, bursting of this balloon; state 3, dissolution of
the unswollen areas; state 4, dissolution of the balloon
membrane.

A number of authors have reported on the kinetics
of cellulosic dissolution in ionic liquids (Budtova and
Navard 2015; Druel et al. 2018; Gericke et al. 2009).
Within these studies, a rheological activation energy,
ranging from 46 kJ/mol to approximately 70 kJ/mol,
is documented. This energy is shown to be dependent
on the IL used and the concentration of cellulose.
Additionally, a recently published paper showed that
the dissolution rate of cellulose fibers was in linear
correlation with the viscosity of 1-ethyl-3-methylim-
idazolium acetate ([C2mim][OAc]) when both are
expressed in natural logarithmic form. Furthermore,
the dissolution process was found to follow Arrhenius
behaviour (Chen et al. 2020). A number of other
authors have studied the thermodynamics of dissolu-
tion, as well as the dissolution enthalpies of cellulose
in multiple ILs; which were found to be dependent on

the water content of the ILs, anion-cation composition
and cellulose source (Parviainen et al. 2014). More-
over, the enthalpy of solvation of a cellulose pentamer
in [C2mim][OAc] was reported to be 96.4 kJ/mol,
which was obtained from force-field molecular
dynamics simulations (Brehm and Pulst 2019). Even
though there have been some research on the cellulose/
ILs solution, the cellulose dissolution behaviour in ILs
still needs to be further quantified.

In this current work, investigation of the dissolution
behaviour of cellulose in ILs is conducted using a
combination of X-ray diffraction (XRD) and optical
microscopy (OM). Both techniques allow for the
growth of the dissolved and coagulated fraction (CF)
at various temperatures and times to be quantitatively
measured. Cotton was chosen to be the source of
cellulose, displaying the highest cellulose I content of
all plants, at around 90%. The IL chosen was
[C2mim][OAc], which is a liquid at room temperature
and has been widely studied within our research group
(Green et al. 2017; Lovell et al. 2010; Ries et al. 2014;
Sescousse et al. 2010). The effect of different cotton
fibre arrangements including single fibres, arrays and
bundles on dissolution in [C2mim][OAc] is studied
with time—temperature superposition (TTS). The cel-
lulose dissolution behaviour is also quantified by the
determination of an activation energy of dissolution
for each cotton fibre arrangement. Additionally, the
effect of cotton fibre arrangement on dissolution speed
is also investigated. Apart from providing quantitative
information on the physics of cellulose dissolution, we
believe that the results of this study will aid in future
research in relation to the production of all-cellulose
composites (Gindl and Keckes 2005; Nishino et al.
2004). Within these materials, any of the fibre
arrangements used in this study may be utilised.

Materials and methods
Materials

Undyed cotton yarn (obtained from Airedale Yarns,
Keighley, UK) was used as the source of the cellulose.
1-ethyl-3-methylimidazolium acetate ([C2mim][OAc])
with purity > 95% was purchased from Sigma-Aldrich
Corporation. The water content was always below 0.5
wt. % in the experiments as determined by quantitative
NMR. Epoxy (Epoxicure, Cold Cure Mounting Resin
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from Buehler, UK) was used to embed samples for
optical microscopy.

Methods
The processing of cotton samples with [C2mim ][ OAc]

The natural undyed cotton yarn was supplied in the
form of a bundle of six fibres, as shown on the left in
Fig. 1. A single fibre was obtained by untwisting the
bundle, while the parallel array was formed by closely
packing 30 single (untwisted) fibres together (Fig. 1
right).

For single fibre experiments, the untwisted cotton
was wound around a Teflon picture frame. Five fibre
loops were put onto the frame (Fig. 2) in order to give
multiple samples for testing, which were processed
under the same processing conditions. The array was
made by aligning 30 turns of single fibres next to each
other on one side of the frame, also shown in Fig. 2.
Upon fixing all fibers to the frame, the frame was then
submerged in a Teflon dish fully filled with approx-
imately 50 mL of [C2mim][OAc]. The
[C2mim][OAc] was preheated at the target tempera-
ture in an oven for 50 min. This combination of cotton
and IL gave a solid to liquid mass ratio of approxi-
mately 1-40, in which the [C2mim][OAc] was in
excess (Le et al. 2014). Immediately after submersion,
the dish with samples was put into a vacuum oven
(Shellab 17L Digital Vacuum Oven SQ-15VAC-16,
Sheldon Manufacturing, Inc., USA) in order to

Top view

dissolve cotton samples at different temperatures and
for different times whilst under vacuum. A water bath
was then used to coagulate the cotton samples after
being taken out from the solvent. The coagulating
process took place beneath a tap of running water and
lasted for 24 h to remove all the solvent. A drying
process then followed at 120 °C for 1 h under vacuum.
For the cotton bundles, the dissolving procedure was
same as for single fibres and arrays, but cotton bundles
were wound on the frame by 5 turns, each separate to
each other.

Samples are labelled in the following way in this
work: processed samples were named CF-x—y, CB-x—
y and CA-x—y, which represent a single cotton fibre, a
cotton bundle and cotton array processed at temper-
ature ‘x” (°C) for ‘y’ hours. Single fibres, arrays and
bundles are illustrated in Fig. 1.

Optical microscopy

An optical microscope (BH2-UMA, Olympus Corpo-
ration, Japan) was used in reflection mode to explore
the micromorphology of the cotton samples before and
after processing at different dissolving temperatures
and times. Each set of three samples were embedded in
an epoxy resin and polished down to the surface in
order to allow the morphology to be investigated. The
image processing software ‘ImageJ 1.52d’ was used to
measure the areas of different sections of the pro-
cessed samples, including the total cross section area

Front view Untwnst
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Cotton bundles

Fig. 1 The three cotton fibre arrangements studied in this work
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. Cross section of a raw single fibre

Cellulose solvent, [C2mim][OAc]

Cross section of a partially dissolved single fibre
Cellulose anti-solvent, water

@ Cross section of single fibre hydrogel after being coagulated with water

‘ Cross section of a dried single fibre after processed

Fig. 2 The process of dissolving cotton single fibres and arrays in [C2mim][OAc]

and the undissolved section in the core (blue portion), coagulation fraction, based on the optical microscope
see Fig. 3. pictures, CFoy, is calculated from the following
All processed samples showed an outer ring of equation:

dissolved and coagulated cellulose (Fig. 3 top right),

CF = Are Are A ue 1
which is termed the coagulation fraction, CF. The oM 0/ (Area + Apiue) (1)

Processed

single fibres

Polished surface
of the epoxy resin

Fig. 3 The polished epoxy resin, containing fibres ready to be a scale bar indicating 200 microns. The fibre schematic
photographed (Left) and a cross sectional image of a fibre highlights the areas of coagulated cellulose (Red) and the
(Right) which shows the coagulated cellulose (Red solid double undissolved core (Blue)

arrows) and undissolved core (Blue dashed double arrows) with
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where A,.; and Apy. represent the area of the
coagulated material and the area of the central fibre
as shown in Fig. 3.

X-ray diffraction

X-ray Diffraction (XRD) was applied to characterize
the crystalline structure of samples on a XRD machine
(DRONEK 4-AXES, Huber Diffraktionstechnik
GmbH & Co. KG, Germany) under transmission
mode. 20 scans were used to characterise the samples
using the following settings: 20 from 5° to 40°; step to
be 0.2° for 50 s per step; X-ray generated by Cu-Ko at
40 kV and 30 mA with wavelength (L) to be
0.154 nm. The intensity vs. 20 curves were obtained
by subtraction of the background by scanning without
loading any sample and the Cellulose I fraction was
calculated by a deconvolution method. Peaks at 14.8°,
16.3°, 20.6° and 22.4° on 20 are considered to belong
to Cellulose I structure and those at 12.4°, 20.2° and
21.8° are from Cellulose II structure (Liu et al. 2012).
There is also a broad peak centred at an angle of 18.2°
of 26, which belongs to the amorphous fraction (Liu
et al. 2012).

Due to the fact that the conversion from Cellulose I
to Cellulose II is irreversible, the coagulation fraction
based on the XRD spectrums, CFxgp, can be calcu-
lated according to the difference in the Cellulose I
fraction before and after processing:

CFxxp = (C(, - c’) /Co 2)

where Cy and C' stand for the total Cellulose I content
in the raw cotton sample and the processed cotton
sample respectively.

Results and discussion
Micromorphology

Typical optical micrographs of cotton single fibres
(CF) and cotton bundles (CB) processed at different
temperatures and times are shown in Fig. 4.

As shown in Fig. 4a, the unprocessed single cotton
fibre consists of a loose arrangement of many smaller
cotton microfibres, each with a diameter of around
13 um. The processed single fibres, seen in Fig. 4b—g,
were much smaller in diameter. This is likely due to
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the expansion of the fibre composed of non-bonded
filaments in the raw cotton sample by the epoxy resin.
Examination of the micrographs suggest that there was
minimal cellulose dissolved in the central fibre area,
suggesting that the processed fibres can be viewed as a
composite material-comprised of a central core sur-
rounded by a coagulated fraction.

For the cotton bundles, as shown in Fig. 4h there
are six single cotton fibres in one cotton bundle and
due to this arrangement, the dissolution occurred not
only at the perimeter of the samples, but also in the
central fibre area. This is shown in Fig. 40, which is a
magnified view of the circled area in Fig. 41, in which
the coagulated fraction is shown by the arrows.

Both the cotton single fibres and cotton bundles
display the ring-like outer coagulation fraction, which
increases in size in line with increasing temperature
and/or time. Equation (1) however, is only valid in
describing the CF of the single fibres. This is because
the central area of the cotton bundles contains some
partially dissolved cellulose which cannot be mea-
sured by optical microscopy. Therefore, X-ray diffrac-
tion was also used to determine the growth of the
coagulation fraction for both arrays and bundles.

Dissolution of cotton single fibres
in [C2mim][OAc] analysed using Arrhenius
dependence

The coagulation fraction of single fibres processed at
different temperatures and times was measured by
optical microscopy, see Fig. 4, and calculated with
Eq. (1), the results of which are shown in Fig. 5a.
Figure 5a shows how the coagulation fraction
increases with both the processing time and the
processing temperature. This is consistent with what
was observed via the optical microscope images in
Fig. 4. Examination of the curves in Fig. 5a suggested
that a time—temperature equivalence could be applied
in order to create a master curve at each specific
temperature, as is routinely done in rheological
analysis. The process used to obtain a master curve
at 40 °C was as follows: Firstly, the data points
attained at 40 °C were chosen to be the reference set
with a shift factor (¢4 = 1), as shown in Fig. 5a. Next,
the x-axis was converted from time, ¢, to natural
logarithmic time, In(7) and the 40 °C data was fitted
with a preliminary polynomial function in order to
provide a visual guide for further shifting. After this,
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(a) CF-RAW (b) CF-30-3 (c) CF-30-6

(d) CF-40-1 (e) CF-40-3 (f) CF-50-1

200 pm
(g) CF-50-3 (h) CB-RAW

Fig. 4 Optical microscope pictures of cotton single fibres (CF) indicating 200 microns. Image (0) is a magnification of the
from a-g and cotton bundles (CB) from h—o processed at area enclosed within the red circle in 1, in which the arrows point
different temperatures for different times with scale bars to the coagulated area
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Fig. 5 a Coagulation fraction dependence of time for cotton single fibres (CF) and the time—temperature superposition plot after being
shifted to 40 °C on both b natural-logrithmic time scale and ¢ linear time scale; d Arrhenius plot with R? > 0.99

each other temperature dependant data set was hori-
zontally shifted by a number equal to In(o7) towards
the reference data by eye, before fitting all data points
with a final polynomial function. Finally, the R* value
of the final fitting polynomial function was maximized
by adjusting the shift factors o7 at 30 °C and 50 °C
(230 and asp).

Figure 5b shows the optimised polynomial master
curve (at 40 °C) in natural logarithmic time, while
Fig. 5c shows the same data in linear time. It can be
seen that the individual results from Fig. 5a form a
convincing master curve, providing evidence of the
proposed interchangeability between time and tem-
perature. The results show that the dissolution speed is
initially quite fast and then slows down as time
progresses.

Plotting the In of the shift factors versus the inverse
temperature results in a linear plot, indicating that the
dissolution dynamics follow Arrhenius behaviour.
This allows the activation energy for the process to
be calculated using the Arrhenius equation,

Inar =A+E,/RT (3)

@ Springer

where E,, A, R and T represent activation energy,
Arrhenius prefactor, gas constant and temperature
respectively. ar represents the shift factor at temper-
ature 7.

The resulting time—temperature superposition and
Arrhenius plot are shown in Fig. 5c¢ and d respectively.
The activation energy associated with the dissolution
of a single cotton fibre in [C2mim][OAc] was
calculated from the slope of Fig.5d to be
96 £ 8 kJ/mol. This value compares with reported
rheological activation energies ranging from
46 kJ/mol to about 70 kJ/mol (Budtova and Navard
2015; Druel et al. 2018; Gericke et al. 2009) and the
flax dissolution activation energy of 98 £ 2 kJ/mol in
[C2mim][OAc] reported by Hawkins et al. (Hawkins
et al. 2020). The rate of increase of the coagulation
fraction was seen to fall with increasing time, as seen
from the master curve (Fig. 5¢). One hypothesis is that
as the processing time is increased, more and more of
the outer cellulose is dissolved which in turn may act
as a protective barrier between the inner core and
exterior solvent.



Cellulose (2021) 28:715-727

723

Crystalline structure of cotton arrays and cotton
bundles

In order to determine the crystalline structure, amount
of crystallinity and the coagulation fraction, XRD was
used on both cotton arrays and bundles. See Fig. SI 1,
the raw cotton sample was found to be composed of
71% Cellulose I and 29% amorphous material, which
was determined via the deconvolution of the XRD
spectrum in Fig. 6. Upon processing of both the cotton
arrays and bundles, the ratio of the Cellulose I peaks,
especially the main reflection at 22.4° (200), to the
amorphous peak at 18.2° was seen to decrease and the
crystalline structure showed a conversion from Cellu-
lose I to Cellulose II, seen most notably by the shifting
of the main cellulose I peak at 22.4° to the dominant
cellulose II peak at 20.2°. The increasing of both time
and/or temperature resulted in a more significant
crystalline structure conversion from cellulose I to
cellulose II. Figure 6a, b and ¢ show the XRD scans
for a range of times at processing temperatures 30 °C,
40 °Cand 50 °Crespectively. A good indication of the
amount of dissolution is given by the relative size of
the double peak at around 15° in 26, which is a

convolution of the 110 (14.8°) and 110 (16°) reflec-
tions of the cellulose I crystal, with no notable cellu-
lose II reflections seen at the these angles. At a
processing temperature of 50 °C, these two reflections
were markedly lower, suggesting a significantly
increased speed of dissolution and a greater level of
transformation from Cellulose I to Cellulose II.

As shown from graphs in Fig. 6¢ and d, the cotton
bundles dissolve far more slowly—as is evident by the
lack of change from a cellulose I to cellulose II signal.
Even after 11 h at 50 °C, the bundles still show a
strong cellulose I peak at 22.4°.

Analysis of dissolution of cotton arrays and cotton
bundles using time—temperature superposition

The coagulation fraction of the cotton arrays and
cotton bundles was calculated using Eq. (2) in
conjunction with the Cellulose I content obtained
from the deconvolution of XRD data. The coagulation
fraction as a function of both processing time and
temperature is shown in Fig. 7.

As shown in Fig. 7a and c, the coagulation fraction
of both cotton arrays and bundles shows a similar

Fig. 6 XRD spectrums of
cotton arrays (CA) (a) (b)
processed at a 30 °C,
b 40 °C and ¢ 50 °C, and
d cotton bundles (CB) ‘g g
processed at 50 °C for g 5
different times ) b
rrrrrrrrrrr1rrrr1rrr1rr1ruori rrrrrrrrrrrrrritrrrd
0 5 10 15 20 25 30 35 40 45 0 5 10 15 20 25 30 35 40 45
20 (°) 20 ()
(c)
g =
7] Raw ‘@
: :
E //L-:SO-I E
Ll —
CA-50-2
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L L L L L e e e e e e e | rrrrrrrrrrTrrrrrTrTd
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dependence on processing time and temperature as the
single cotton fibres (Fig. 5a). Compared with cotton
bundles, the cotton arrays dissolved faster with
increased temperature, as evident by a higher coagu-
lation fraction at higher temperatures for the same
dissolution time. These results are in close agreement
with the observed XRD patterns described above. That
is, the crystalline structure is converted from cellulose
I to cellulose II in accordance with increasing
dissolution time and/or temperature. This conversion
is again slower for the cotton bundles.

Time—temperature superposition was again used in
order to obtain a master curve for the arrays and
bundles using the same procedure as is outlined in a
previous section. Figure 7b and d show Arrhenius
plots in relation to the dissolution of both arrays and
bundles respectively. The corresponding activation
energies are calculated from the gradients and are
found to be 101.3 £ 0.2 kJ/mol (arrays)
90 + 5 kJ/mol (bundles).

and

Comparison of the dissolution behaviour
among all three fibre arrangements
In order to analyse the effect of the arrangement of

fibres on the dissolution behaviour, the activation

@ Springer

energy vs. sample type (single fibres/arrays/bundles)
and a time—temperature superposition plot, including
data from all sample types were plotted and are shown
in Figs. 8 and 9 respectively.

It can be seen from Fig. 8 that the three cotton
samples all have very similar activation energies, with

140
—_
)
g 120
.% J
9 E,=96+3 kJ/mol
2 100 + o  E~96:3klmo
H fr  — e o ——— — — — — — — — —
: ¢
g
?x' 80 4
2
N
[>)
<
60 T T T
Single fibres Arrays Bundles
Samples

Fig. 8 Comparison of activation energies for cotton single
fibers, arrays and bundles. the dot-dashed line indicates position
of the average value and the rectangular shape indicates the error
margin. For the arrays, the error bar is smaller than the size of
symbol used
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Fig. 9 Comparison of time—temperature superposition after
being shifted to 40 °C among cotton single fibres (CF), cotton
arrays (CA) and cotton bundles (CB)

an average value of 96 £ 3 kJ/mol. This result, quite
surprisingly, suggests that the arrangement of the
cotton fibres has no influence on the dissolution
activation energy within the errors of these three
measurements.

The dissolving speed of different cotton samples is
compared in Fig. 9, whereby the three cotton samples’
time—temperature superposion master curves at a
reference temperature of 40 °C are combined in the
same plot. Recall, these master curves describing the
growth of the coagulation fraction with time were
determined via two different techniques: optical
microscopy for the single cotton fibres and x-ray
deconvolution for the cotton arrays and the cotton
bundles. It is seen that the dissolution speed of the
cotton single fibres and cotton arrays is quite similar,
despite the different experimental methods used to
arrive at these results.

Figure 9 also shows that the cotton fibre bundles
dissolved much more slowly than the other two fibre
arrangmenets. It could be proposed that once the
interior of the cotton fibre bundles is full of dissolved
cellulose, the IL can then only access the outer surface
of the bundles, resulting in a slower increase in CF.
The final dissolution speed ranking is: CA~CF > CB
which shows that cotton fibre arrangement plays an
important role in dissolution rate of cotton samples
with excess [C2mim][OAc]. These findings could be
useful to future studies on the manufacturing of cotton
fibre based, all cellulose composites.

Conclusions

The dissolution behaviour of cotton fibres in the ionic
liquid [C2mim][OAc] has been studied using X-ray
diffraction and optical microscopy. Different arrange-
ment of cotton fibres were processed with
[C2mim][OAc] at different temperatures for a range
of times, after which XRD and optical microscopy
were used for characterizing the crystalline structure
and micromorphology of the samples. The amount of
dissolution was quantified by calculating the coagu-
lation fraction from either optical microscopy pictures
of processed fibre cross sections, or X-ray diffraction
deconvolution by which the cellulose I fraction was
obtained. The growth of the coagulated fraction was
found to follow time—temperature superposition and
an Arrhenius behaviour was found for the shift factors
used ar. OM pictures show that the cotton single fibre
was dissolved from the outer layer with a coagulation
layer forming around the undissolved central core. As
either time and/or temperature was increased the
coagulation layer became larger. For arrays and
bundles, the dissolution also happens in-between
different single fibres, which makes the quantifying
method for single fibres from OM pictures unsuit-
able to arrays and bundles. Therefore, the decrease of
Cellulose I measured from XRD was chosen to
calculate the coagulation fraction for both cotton
bundles and arrays, see Eq. (2). XRD results show that
the raw cotton samples are native cellulose with a
Cellulose I fraction of 71% which transforms to
Cellulose II after processing, in other words the outer
coagulation layer of processed cotton single fibre can
be considered to be Cellulose II and amorphous
cellulose. Compared with cotton bundles, cotton
arrays dissolve at a faster rate as shown in Fig. 9.
The kinetics of cellulose dissolution is quantified by an
activation energy calculated from an Arrhenius equa-
tion. For single fibres, arrays and bundles, the disso-
lution activation energies are 96 + 8 kJ/mol,
101.3 + 0.2 kJ/mol and 90 £ 5 kJ/mol, respectively.
These activation energies show an independence of
the cotton fibre arrangement and are all in a good
agreement with an average value of 96 £ 3 kJ/mol
(23 £ 1 kcal/mol). In contrast, the dissolution speed
is influenced by cotton fibre arrangement significantly,
with a ranking of: CAxCF > CB. The methods and
results presented in this work could be instructive for
the further study of the dissolution of cellulose-based
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materials and the fabrication of cotton-based all
cellulose composites, which could be made from
woven cotton fibres or bundles.
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