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Abstract Aiming to increase the scarce informa-
tion available on the kinetics of cellulose dissolution,
we have applied an image-assisted technique based
on the luminance evolution as cellulose dissolves
to study this process under different experimental
conditions. This protocol was validated via direct
determination of the cellulose dissolved. In all cases
datapoints were linearly fitted assuming a pseudo-
zero order reaction which facilitates the comparison
between datasets. To study the solvent effect we have
used three ionic liquids with large basicity and found
significantly different rates of dissolution, from faster
to slower: [C,C,Im][OAc]>[C,C,Im][DMP]>[C,C,
Im][DEP]. Solvatochromic parameters and viscos-
ity of the solvent media were determined and the lat-
ter was identified as a key factor slowing the process
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as it reduces ionic mobility. The weight of viscosity
was estimated by removing the viscosity effect with
a tuned solvent media doped with DMSO. Activation
energy was 70% lower at constant viscosity. On the
substrate side, particle size is the main factor affect-
ing the dissolution rate. All samples were milled to
homogenise the starting material and minimise the
distortions caused by the size distribution. After, dis-
solution of three cellulose substrates under the same
experimental conditions was analysed. Dissolution of
natural fibers took twice as long as dissolving pulp
which dissolves slower than lyocell fibers. This trend
correlates with the roughness of the samples obtained
by optical perfilometry which is consistent with the
dissolution mechanism proposed in the literature.
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Introduction

Processing cellulose is of great interest for a variety
of industries (Hermanutz et al. 2019; Peng et al. 2020;
Trogen et al. 2021). However, since cellulose deg-
radation occurs at lower temperatures than melting,
dissolving the source material is a need for posterior
processing. Its chemical structure, made of polymer
chains consisting of glucose rings linked by 1,4-Gly-
cosidic bonds which are connected by intra and inter
chain hydrogen bonds (HBs) results in a semicrystal-
line biomaterial whose structure has been depicted
in detail by XRD and neutron difraction (Nishiyama
et al. 2002a, 2003). In all polymorphs, crystalline and
amorphous regions alternate in the bulk material (El
Seoud et al. 2019). The proportion of those depend on
the cellulose source and processing route in the case
of artificial products such as the so-called Man Made
Cellulosic Fibers (MMCEFs). In all cases dissolution
occurs as the solvent disrupts the HB network without
causing major harm to the chain linkage which would
bring an irreversible reduction in the degree of poly-
merisation of the cellulosic material. This ability is
a common feature of the solvents employed to cellu-
lose processing e.g. aqueous copper complexes, lith-
ium chloride in N,N-Dimethylacetamide or aqueous
N-Methylmorpholine N-oxide (Sayyed et al. 2019).
According to the dissolution mechanism candidates
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for cellulose dissolution should be HB acceptors. This
quality can be quantified by means of the the solva-
tochromic parameters (Kamlet and Taft 1976; Kamlet
et al. 1977; Taft and Kamlet 1976). Kamlet and Taft
depicted the solvation properties using a three param-
eters (a, f and 7*) empirical model where a and f
account for the ability to be a donor and an acceptor
in hydrogen linkage respectively and z* is the polaris-
ability of the solvent. Cellulose solubility correlates
with the f parameter as shown in Welton and cow-
orkers (Brandt et al. 2013). Alternatively, the term net
basicity as f—a has been used reaching similar con-
clusions (Froschauer et al/ 2013). However, more dif-
ficulties are found in discriminating between solvents
which has large f values (>1). The viscosity of the
solvent and its increase as the polymer dissolves is
another key question to consider (Sun et al. 2011). It
gains special significance when the solvent itself has
a large viscosity, as is the case of the ionic liquids
(ILs) studied in this work. ILs are a family of chemi-
cals consisting of large ions with highly delocalised
charges. Given the large variety of potential cations
and anions which confer upon them tailored chemical
properties based on the selected ionic constituents.
For a detailed description of the history, properties
and applications the reader is referred to the following
references: (Brennecke and Maginn 2001; Wassersc-
heid and Welton 2007; Plechkova and Seddon 2008;
MacFarlane et al. 2014). Some ILs have enlarged the
number of candidates to be used as cellulose solvents
under mild conditions. Their extremely low vapour
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pressure and wide liquid range are among the proper-
ties which favour their use as green solvents for cel-
lulose processing (Wang et al. 2012). On the other
hand, their high viscosity compared to traditional
organic solvents represents a challenge to dissolve
large amounts of cellulose into them.

When looking closer into the mechanism of cel-
lulose dissolution, thermodynamic and kinetic con-
siderations need to be made. While a reduction in the
Gibbs Free Energy is a requirement it might not be
sufficient if kinetics are slower than the time frame
of the experiment (Lindman et al. 2010). From a
thermodynamic perspective, cellulose-IL interac-
tions should lead to the breaking of the HB network.
Thus, as previously pointed out ILs (or the alternative
solvent) need to be strong HB acceptors (Medronho
and Lindman 2014a). Kinetic considerations enrich
the understanding of the role played by factors such
as temperature, viscosity or the properties of the cel-
lulose source. Swelling has been reported to precede
the dissolution (Medronho and Lindman 2014b),
however while some solvents which do not achieve
cellulose dissolution are capable of swelling it (Chen
et al. 2020), in other cases this stage cannot be
observed, which could be explained due to kinetic
reasons. Tsianou and coworkers (Ghasemi et al. 2018)
rationalised the dissolution process into two stages:
(a) decrystallinisation in which the solvent penetrates
in the crystalline regions to disrupt the ordered struc-
ture and (b) disentanglement in which polymer chains
disengage from the bulk material.

All the factors described above have often been
considered in terms of the effect over the solubility
but rarely have the dissolution kinetics been systemat-
ically studied. Most studies analysing kinetic aspects
have used image-assisted techniques which provide
interesting insights about the mechanisms which are
hard to acquire by other analytical means. Among
these references, we find that (Andanson et al. 2014)
studied the effect of a cosolvent over dissolution
kinetics of cellulose in ionic liquids under polar-
ised light. More recently, (Chen et al. 2020) studied
the dissolution mechanism of several cellulosic fib-
ers by tracking the evolution of the fiber diameter
under optical microscopy. Using a similar approach
(Mikeld et al. 2018) explored the influence of the dis-
solving pulp in cupriethylene diamine and Palme and

coworkers compared pulp and cotton fibers (Palme
et al. 2019). Alternatively, we have explored the
impact of microwave (MW) heating over the cellu-
lose dissolution under different conditions using tech-
nique based on UV-VIS spectroscopy (Sanchez et al.
2020).

In this article, we have studied several factors
involved in the kinetics of cellulose dissolution. On the
cellulose source side, the effect of particle size, crystal-
linity and the degree of polymerisation were analysed.
On the solvent side, solvatochromic parameter f was
measured for different ionic candidates together with
its viscosity in the temperature range of cellulose dis-
solution. As it is connected with the dynamics of the
system, the temperature effect was included in this
analysis. Data of the dissolution kinetics were obtained
by the image tracking of the dissolution process under
polarised light and by means of analytical determina-
tion of visible-active glucose bonds by the so-called
phenol/sulphuric acid methodology. Results obtained
from both methods were discussed to provide a com-
prehensive perspective of the main factors involved in
the dissolution kinetics of cellulose.

Materials and methods
Materials

Solvents and cellulose sources used in this work are
listed in Table 1. An extensive database of the solvent
properties can be found in NIST-Databasehttps://ilthe
rmo.boulder.nist.gov.

Methods
Solvent characterization

All solvents were placed under vacuum for 24 hours
before use to remove water traces, then water con-
tent was determined using a Coulometric KF titrator
C20 (Mettler Toledo, Switzerland) and solvents were
properly sealed and stored. Prior to performing fur-
ther measurements, water content was determined
and in all cases water concentration was under 1000
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Table 1 Name, abbreviation, CAS number, supplier and purity of the solvents and cellulose sources used in this work

Solvent Abbreviation CAS number Supplier Purity
1-Ethyl-3-methylimidazolium acetate [C,CIm][OACc] 143314-17-4 Proionic >98%
1,3-Dimethylimidazolium dimethyl phosphate [C,C,Im][DMP] 654058-04-5 Iolitec >98%
1-Ethyl-3-methylimidazolium diethyl phosphate [C,C,Im][DEP] 848641-69-0 Iolitec >98%
Cellulose source

Cotton (€0) - INDITEX -
Lyocell LY - ETSY -
Dissolving pulp PU - UAalto -

The solvent basicity was quantified by determin-
ing the solvatochromic parameter, f. In this experi-
mental procedure we have used two chemical probes,
p-nitroaniline (D1) and N,N-Diethyl-4-nitroaniline
(D2), diluted in a series of non-HBA solvents. Result-
ing dissolutions have a maximum absorption wave-
length (4,,,) which was measured using a V-750
spectrophotometer (Jasco, Japan). 4, for D1 was
plotted versus 4,,,. for D2, and datapoints were lin-
early fitted. Then, the same procedure was followed
for dimethyl sulfoxide (DMSO) as the solvent to refer
the relative HBA strength and the selected solvents. f
is calculated as the ratio between the distance to the
fitting line from any given solvent and from DMSO.

Viscosity of solvent media was measured with a
Physica MR-101 rotational rheometer (Anton Paar,
Austria). All measurements were taken with plate-
plate geometry configuration, a diameter of 25 mm
and a gap of 500 pm. Steady shear tests with shear
rates ranging from 1-100 s~! were performed for all
solvents which showed Newtonian behaviour at 25°C.
Then, viscosity was determined between 40 and 70°C
at shear rate equal to 157,

Cellulose characterization

Cellulose yarns were taken from fabrics using lab
tweezers. When needed, particle size reduction was
done using a MM 200 mill ball (Retsch, Germany)
with zirconium oxide grinding balls for about 2 min
resulting in a homogeneus powder. Then cellulose
materials were stored in an oven at 50°C to prevent
moisture absorption. Particle size was measured
by optical light microscopy with an Eclipse ES800
microscope (Nikon, Japan). The surface of cellulosic
materials was analysed through roughness deter-
mination by focus variation microscopy, using an
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InfiniteFocus microscope (Alicona, Austria) with a
vertical resolution of 10 nm. Images for the analysis
were taken with magnification of 50X and the rough-
ness of the samples were calculated using the comer-
cial software IF-LaboratoryMeasurementModule and
IF-EdgeMasterModule.

Optical determination of dissolution kinetics

The image-assisted protocol to determine dis-
solution kinetics consist of placing the sample
on a slide and pouring a drop of solvent to soak
the sample right before protecting it with a cover
slip. Immediately after preparation, samples were
placed on the stage of an Eclipse ES800 microscope
(Nikon, Japan) coupled with polariser and analyser
filters whose orientation angle was rotated by 90°.
The system is equipped with a hot stage PE120
(Linkam Scientific Instruments, UK) allowing
temperature control with an uncertainty of +0.1 K.
Images with a magnification of 10x and 4X pro-
portioned by the objective lenses 10x PL APO
0.45 and 4x PL Fluor 0.13 (Nikon, Japan) were
captured with a digital photomicrographic camera
CCD DS-5 Mc (Nikon, Japan). Cellulose degra-
dation was considered to be negligible due to the
temperature and duration of the experiments (De
Silva et al. 2015). All experiments were repeated
at least three times to ensure the repeatability of
the method.

Analysis of image evolution over time was
done by using a self-developed Python code based
on Pillow library. The evolution of the cellulose
dissolution was assessed by tracking the image
brightness according to the relative luminance
which ponderates the intensity of RGB channels
according to Eq. 1.
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Y = 0.2126R + 0.7152G + 0.0722B 1

Analytical determination of dissolution kinetics

Dissolution experiments were carried out with a con-
stant mass of solvent (10 g) and cellulose (2 mg).
Temperature was kept constant at 80°C using an oil
bath over a hot plate equipped with magnetic stir-
ring. Stirring speed was kept at 600 rpm to ensure the
homogeneity of the dissolution. The determination of
the concentration along the dissolution process is cal-
culated by the phenol-sulphuric acid method (Wrol-
stad et al. 2005). It consists of sampling volumes of
100pL as dissolution occurs. Then, 500 pL of Swt%
aqueous phenol dissolution and 3mL of concentrated
sulphuric acid (98%) were added. After each addi-
tion the mixture was vortexed for a few seconds and
left for 30 min to ensure the complete formation of
an orange complex with maximum absorbance at 400
nm. Finally, a calibration curve (glucose vs absorb-
ance) was used to obtain the cellulose concentration
along the dissolution process. All experiments were
repeated at least three times to ensure the repeatabil-
ity of the method.

Results

Cellulose has different refraction indices along the
long and short axis resulting in a birefringent mate-
rial. Birefringence which is conferred by the orien-
tation of the polymer chains has been quantified for
natural and artificial fibers (Iyer et al. 1968; Hauru
et al. 2014). This material property is behind the
image-assisted analysis of the dissolution kinetics
that we have performed. Aiming to illustrate the evo-
lution of relative luminance of the captured images
as cellulose dissolves we have milled a lyocell yarn
and soaked it into different solvents at 60°C under
crossed-polarised light (Fig. 1). As the cellulosic sub-
strate dissolves, the image-luminance decreases due
to the reduction of crystalline domains which confer
birefringence to the observed sample. At a first glance
we note that a solvent-dependent process takes place.
From faster to slower kinetics the trend goes as fol-
lows: [C,C,Im][OAc] > [C,C,Im][DMP] > [C,C,Im]
[DEP] with significative differences between them.

Image conversion into luminance data was done
according to Eq. 1 and the results of luminance evolu-
tion are presented in Fig. 2. The relative luminance
of the images tracked over the disolution process
was computed and normalised to remove variations
related to the different images at t= 0 and to facilitate
the comparison between trends. Time needed for the
complete dissolution was found to be consistent with
the images plotted in Fig. 1. A closer look at Fig. 2
provides us with information for a more refined anal-
ysis. After milling a lyocell fabric and soaking it into
the chosen ionic solvent the luminance evolution with
time can be linearly fitted pointing to a pseudo-zero
order kinetics of dissolution. For each experiment
luminance was computed across 4 regions of interest
(ROIs) consisting of 1x1 mm squares (Fig. 1). This
experimental design prevents the sample from mov-
ing across the glass slide and proves the reproducibil-
ity of the results as different ROIs show highly con-
sistent trends.

Quantitative information about the solvent effect
is given by the slope (k) presented in Table 2 show-
ing that acetate based IL leads to faster kinetics by
an order of magnitude compared to the phosphates.
To look into the reasons behind the kinetics depend-
ence on the solvent, we first calculated their power as
hydrogen bond acceptor (HBA) (Table 2). We found
the following f parameters [C,C,Im][OAc] = 1.13,
[C,C,Im][DMP] = 1.06, [C,C,Im][DEP] = 1.07.
According to these results, consistent with calcula-
tions previously reported (Hauru et al. 2012; Minnick
2016; Elsayed et al. 2020), the different rate of disso-
lution cannot be fully explained by the solvent basic-
ity. Although [C,C,Im][OAc] has a slightly higher f
parameter it would not explain the large differences in
the dissolution kinetics by itself. Thus, further moti-
vations should be sought somewhere else. Besides the
solvent basicity, the dissolution capacity is influenced
by the viscosity of the resulting mixture which affects
directly the solvent diffusion into the polymer (Min-
nick et al. 2016). It is well-established that cellulose
dissolution leads to large increases in the viscosity
of the resulting mixtures in a way that for high con-
centrations it takes the dissolution rate to negligible
values, virtually preventing cellulose continuing to
dissolve (Minnick 2016). This effect becomes sharper
for solvents such as ILs whose viscosity is largely
higher than the traditional molecular solvents and
varies significantly from one another. This argument
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1000 pm

Fig. 1 Images captured while lyocell previously milled dissolves under polarised light in [C,C,Im][OAc] (blue-framed), [C,C,Im]

[DMP] (green- framed) and [C,C,Im][DEP] (red-framed)

is supported by the viscosity data at 60°C shown in
Table 2 which suggests a correlation between solvent
viscosity and the dissolution rate.

Aiming to disentangle the impact of tempera-
ture and viscosity in the dissolution kinetics we
have determined the viscosity as a function of tem-
perature for different solvent media. Results are pre-
sented in Fig. 3a. As observed, the viscosity of the
pure [C,C,Im][OAc] decays exponentially with tem-
perature following a trend which is captured by the
Vogel-Fulcher-Tamman equation (Fulcher 1925;
Sescousse et al. 2010). Since viscosity and tempera-
ture are closely connected, we have attemped to iso-
late both effects. With this purpose we have tuned the
solvent media adding moderate amounts of a cosol-
vent (DMSO) to [C,C,Im][OAc] with the objective of

@ Springer

reducing the solvent viscosity without affecting sub-
stantially the solvatochromic parameters at moderate
cosolvent concentrations (Minnick et al. 2016). Note
that relatively small amounts of DMSO lead to large
decreases in the viscosity of the resulting mixtures.
According to the same procedure we have
described to study the solvent effect we have plot-
ted the evolution of the relative luminance as a lyo-
cell yarn dissolves in [C,C,Im][OAc] at temperatures
ranging from 40 to 70°C. Results in Fig. 3b show how
kinetics becomes slower as temperature go down.
In all cases datasets were linearly fitted assuming a
pseudo-zero order process. From fitting parameters
in Table 3 we have calculated the activation energy
according to the Arrhenius equation (Gericke et al/
2009). An activation energy equal to 46.8 kJ mol™'
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Fig. 2 Evolution of the relative luminance (Y) of milled lyo-
cell samples (Fig. 1) under polarised light while dissolving in
[C,CIm][OAc], [C,C,Im][DMP], [C,C,Im][DEP] at 60°C.
Values of relative luminance (Y) have been normalised (Y) to
facilitate comparison between datasets. Confidence intervals of
95% for all datasets are shadowed

Table 2 Fitting parameters for the data shown in Fig. 2
together with solvatochromic f parameter and viscosity of the
solvents at 60°C

Solvent k [min~'] g 7 [mPa s]
[C,C ,Im][OAc] 0.489 113 2522
[C,C Im][DMP] 0.096 1.06 404
[C, C ,Im][DEP] 0.013 1.07 50.9

was obtained (Fig. 3d). In a recent article, Hine and
coworkers (Liang et al. 2022), also by optical means,
calculated the activation energy for flax and natural
and mercerised cotton obtaining values of 98, 96, 73
kJ mol~! respectively. Authors claimed that differ-
ences may well be caused by the presence of hemi-
cellulose or the difference degree of polymerisation
(DOP) of the cellulose substrates. This argument
would be consistent with our results since lyocell,
as a MMCFs, is expected to have lower DOP than
natural fibers and a homogeneus internal structure
which is expected to result in lower activation energy.
These features are discussed in more detail in the next
section.

Diffusion of ions is a dynamic phenomena closely
connected to the dissolution kinetics which comes
partially determined by the motion of the ionic enti-
ties responsible of the polymer dissolution. From this
perspective, the temperature decrease which slows

down ionic motion would reduce the dissolution rate.
Also thermodynamic considerations can help to elu-
cidate the effect of temperature over the dissolution
rate since the entropic term would gain relevance as
temperature rises. At a molecular level we can pic-
ture this effect as the result of a larger effectiveness
of the ion-polymer collisions which would be larger
as temperature increase. The intertwined factors driv-
ing dissolution kinetics of cellulose in ionic liquids
were described by Seddon and coworkers (Cruz et al.
2012) in the first systematic study which addressed
this question. With the objective of isolating effects
we have dissolved the same cellulose source in a
[C,C,Im][OAc] based solvent in which viscosity
was tuned by adding moderate quantities of DMSO.
Results are shown in Fig. 3c.

From the slopes in Table 3 we have calculated
the activation energy also for mixtures of [C,C,Im]
[OAc] + DMSO keeping the viscosity constant.
Those results render an activation energy of 13.6 kJ
mol~! which is 70% lower than the activation energy
obtained from Fig. 3b when the viscosity effect was
not removed from the dissolution process. Thus,
when the viscosity effect was eliminated by adding
DMSO to the solvent media, the effect of temperature
over kinetics became smaller compared to the experi-
ments performed only in [C,C,Im][OAc]. Thereby,
we have rationalised these results under the assump-
tion of a negligible reduction in the dissolution capac-
ity associated to the presence of DMSO in the solvent
media. At least two arguments support this hypoth-
esis: (a) low-to-moderate concentrations of DMSO do
not change significantly the solvatochromic param-
eters of the solvent media (Minnick et al. 2016) and
(b) the number of nucleophilic centers (HB acceptor
sites) available to disrupt cellulose intra and inter-
chain exceeds the number of HBs which could pre-
vent cellulose from dissolving since polymer dissolu-
tions fall in all cases into the dilluted regime. Thus,
the influence of dynamic (viscosity-driven) and ther-
modynamic (temperature-driven) effects over the dis-
solution kinetics were estimated from Fig. 3.

So far, we have explored the effect of several sol-
vent features on cellulose dissolution but we have
not yet addressed the influence of cellulosic sources.
Aiming to fulfil this gap we have chosen three cellu-
losic materials and we have studied their dissolution
under the same experimental conditions. Images of
the selected materials are presented in Fig. 4. Among
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Fig. 3 a Viscosity of [C,C,Im][OAc] as a funcition of tem-
perature  fitted to  Vogel-Fulcher-Tamman equation,
n=A exp(=2=), where A = 0.109 mPa s, B = 816.4 K, T =
185.1 K and Ionixtures of [C,C,Im][OAc] + DMSO with the
compostion (w/w) indicated in the figure. b Evolution of the
normalised relative luminance (Y) of lyocell under polarised
light while dissolving in [C,C,Im][OAc]. Confidence intervals

of 95% for all datasets are shadowed. ¢ Evolution of the nor-
malised relative luminance (Y) of lyocell under polarised light
while dissolving in [C,C,Im][OAc] + DMSO. Confidence
intervals of 95% for all datasets are shadowed. d Dissolution
rate (In K) versus 1/T for fitting parameters obtained from b
and c activation energies obtained from fitting line according
to Arrhenius equation are shown.

Table 3 Fitting parameters and regression coefficient for the data shown in Fig. 3b ( [C,C,Im][OAc]) and Fig. 3c ( [C,C,Im][OAc]

+ DMSO)

T [K] k [min~!] Intercept R2
[C,C,Im][OAc]

313.15 0.016 0.986 0.996
323.15 0.024 0.916 0.977
333.15 0.050 0.904 0.958
343.15 0.072 1.137 0.975
T [K] DMSO [%] k [min~'] Intercept R?
[C,C,Im][OAc] + DMSO

319.15 16.3 0.052 0.853 0.961
328.15 13.3 0.048 0.887 0.985
339.15 6.4 0.066 0.956 0.963
343.15 0 0.072 1.137 0.975

@ Springer



Cellulose (2023) 30:3027-3039

3035

the chosen materials we have considered natural fib-
ers, MMCFs and dissolving pulp (source material for
MMCEFs) as cellulose substrates. We have also ana-
lysed different morphologies by dissolving samples
before and after milling which we show in Fig. 4.
Only after homogenising the material in a mill ball
were we able to obtain comparable results which
proves the massive impact that the particle size has
over the dissolution kinetics. Milling produced mate-
rials with similar particle size distibutions as shown
in Fig. 4. In Fig. 4a we observe lyocell yarn (a;) with
a diameter of about 135pum. After milling (a,) fibers
tend to aggregate rendering a white background in
the image. When aggregates of the substrate are sepa-
rated (a;) we observe single fibers diameters around
15pm. Diameter of cotton yarn in Fig. 4b has 265pm,
nearly twice the lyocell yarn. It leads to no reliable
comparisons between dissolution kinetics of those
substrates. However, when milled (b,-b;) diameter of
single fibers are in the same order of magnitud as the
MMCFs shown in Fig. 4a. In Fig. 4c, we show dis-
solving pulp with a similar particle size (~ 18um) as
the described fibers. In all experiments, we have used
[C,C,Im][DEP] at 70°C as a solvent.

(a) Lyocell

Fig. 4 Cellulose sources images taken using an InfiniteFocus
microscope, the diameter of the materials before and after mill-
ing is depicted. Lyocell (a,;) and cotton (b,) yarns images were
taken with 10x magnification. Lyocell (a,, a;) and cotton (b,,

In Fig. 5, we have plotted the relative luminance
(previously normalised) versus time while the
described cellulose substrates dissolve in [C,C,Im]
[DEP] at 70°C which guaranteed the suitable time
frame to monitor the effect of the selected materi-
als over the dissolution kinetics. Results show that
fully dissolving natural fibers (CO) take about twice
as long as pulp (PU) which takes longer to dissolve
than the lyocell (LY). To quantify the kinetics, all
data were linearly fitted to extract the rate of dis-
solution which revealed the following numbers:
k;y = 0.080 > kp; = 0.053 > ki = 0.026.

Structural features of cellulose substrates can
explain why CO (natural fibers) dissolves slower than
forestry based materials such as PU or LY. Solid-state
1'3C NMR analysis proved the existence of two crys-
talline forms of cellulose I, called I, and I 5 Cotton
has around 60-70% of I, composition.This form is
also dominant in cellulose from higher plants, that
have a complex and dense architecture where the
major component is the secondary cell wall (Atalla
and Vanderhart 1983). Natural fibers made of cotton
are conformed by longer polymer chains than artifi-
cial fibers which would lead to slower dissolution

(b) Cotton

b,) fibers after milling, and dissolving pulp (c,, c,) images
were taken with 50x magnification. White scale bar represents
200pm and red scale bar represents 50 pm
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Fig. 5 Evolution of the relative luminance (Y) of a milled nat-
ural yarns (CO), milled lyocell yarns (LY) and dissolving pulp
(PU) (Fig. 4) under polarised light while dissolving in [C,C,
Im][DEP] at 70°C. Values of relative luminance (¥) have been
normalised (Y) to facilitate comparison between datasets. Con-
fidence intervals of 95% for all datasets are shadowed

kinetics. Due to their similar chemical nature, differ-
ences between lyocell (LY) and dissolving pulp (PU)
shall rely on processes undergone by PU to become
LY and eventually subsequent treatments affecting
the material surface. This was quantified by optical
perfilometry techniques which provide a measure-
ment of the roughness of the material.

In Table 4 we show the roughness of all samples
together with the particle size and the fitting param-
eters of the data plotted in Fig. 5. According to these
results, the rugosity correlates well with the kinetics.
It suggests that surface imperfections ease the dis-
solution of the cellulosic material as they facilitate
the access of the solvent to the internal structure of
polymer as a prerequisite for the anions to disrupt the
polymer chains (Ghasemi et al. 2018).

Data obtained by optical means provide repro-
ducible information on dissolution kinetics. When
tracking the evolution of relative luminance (Y) we
connect the loss of cellulose structure caused by its
dissolution with the decrease of luminance observed
under the microscope. The same approach was fol-
lowed by Andanson and coworkers to study the role
of the cosolvent during cellulose dissolution (Andan-
son et al. 2014). Aiming to validate our results we
have chosen an alternative experimental approach to
directly determine the concentration of cellulose dis-
solved. As previously reported (Sanchez et al. 2020),
we have hydrolised in a strong acidic media the

@ Springer

Table 4 Fitting parameters for the data shown in Fig. 5
together with average particle size and the roughness of the
cellulosic materials

Cellulose substrate k [min~!] Particle size Rough-
[pum] ness
[nm]
Cotton fibers (CO) 0.026 15.2 250
Lyocell fibers (LY) 0.080 19.5 709
Dissolving pulp (PU) 0.053 17.7 334

0.0175F B

0.0150 F[C2C1Im][OAC] + LY 7
g [C1C1Im][DMP] + LY ]

— 0.0125}

-1

0.0100

0.0075

[cell [mg g

0.0050 |-

0.0025}-

E [C2C1Im][DEP] + LY
0.0000 -

PRI N R A I I I I P
0 50 100 150 200 250 300 350 400 450
time [min]

Fig. 6 Cellulose concentration dissolved vs time for different
solvents and source materials at 80°C. Fitting lines are drawn
assuming a pseudo-zero reaction order. Confidence intervals of
95% for all datasets are shadowed

cellulose in dissolution and converted the resulting
glucose in a UV-Vis active reactant by adding phe-
nol. In all cases, dissolution was prepared in a dilute
regime to prevent the slowing down of the dissolu-
tion kinetics caused by a viscosity increment. Results
(Fig. 6) show consistency with the image-assisted
experiments as trends remain (from faster to slower)
[C,CIm][OAc] > [C,C,Im][DMP] > [C,C,Im][DEP]
for the solvent effect. Temperature effect had been
addressed in the past under conventional and micro-
wave heating (Sanchez et al. 2020). In that previ-
ous work, an activation energy of 55.4 kJ mol~! was
obtained. Difference with the value obtained in this
study (46.8 kJ mol~!) might be well explained by the
different cellulose substrates (cotton vs lyocell), as it
has been reported by Liang et al. (2022), that dissolu-
tions of fibers of different nature (e.g. natural vs mer-
cerised) lead to activation energies which vary from
one another. To compare different materials, we have



Cellulose (2023) 30:3027-3039

3037

dissolved cotton and lyocell fabrics with similar size
and morphology. As expected, cotton took longer to
dissolve (Fig. 6) proving the consistency of the initial
assumption.

Conclusions

Dissolution kinetics of cellulose in ionic solvents
under different experimental conditions was deter-
mined using an image-assisted protocol and results
were validated via direct determination of the amount
of cellulose dissolved. First, dissolution kinetics
of three ionic liquids with similar basicity quanti-
fied via solvatochromic f were determined. We have
found large differences in the rates of dissolution
which indicate the process cannot be only driven by
the proton acceptor capacity. Thus, we have investi-
gated the effect of solvent viscosity and proved it has
a major impact as the ionic mobility facilitates the
disruption of hydrogen bonds which link polymer
chains together. To estimate the viscosity effect we
have tuned the solvent media with DMSO as cosol-
vent to reduce the solvent viscosity without affecting
its basicity. Results indicate that the activation energy
of the dissolution process is reduced from 46.8 to
13.6 kJ mol~! when the viscosity effect is removed.
Finally the kinetics of three cellulose subtracts under
the same experimental conditions were determined.
Particle size was found to be the main factor and only
after milling the obtained results were found to be
comparable. Beyond particle size, the roughness of
the cellulosic material measured by optical perfilom-
etry correlates with the kinetics which are consistent
with the mechanism of cellulose dissolution as sur-
face imperfections will make the material structure
more accessible for the ionic species causing the dis-
engagement of the polymeric chains.
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