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a  b  s  t  r  a  c  t

Evidence  is presented  for the  first time  of  true  molecular  dissolution  of  cellulose  in  binary  mixtures  of
common  polar  organic  solvents  with  ionic  liquid.  Cryogenic  transmission  electron  microscopy,  small-
angle  neutron-,  X-ray-  and  static  light  scattering  were  used  to investigate  the  structure  of cellulose
solutions  in  mixture  of  dimethyl  formamide  and  1-ethyl-3-methylimidazolium  acetate.  Structural  infor-
mation  on  the  dissolved  chains  (average  molecular  weight  ∼5 × 104 g/mol;  gyration  radius  ∼36  nm,
persistence  length  ∼4.5 nm),  indicate  the  absence  of  significant  aggregation  of  the  dissolved  chains  and
the  calculated  value  of the  second  virial  coefficient  ∼2.45  × 10–2 mol  ml/g2 indicates  that  this  solvent
morphous amphiphilic cellulose
inary solvent mixture
mall-angle neutron and X-ray diffraction

system  is  a good  solvent  for  cellulose.  More  facile  dissolution  of  cellulose  could  be achieved  in solvent
mixtures  that  exhibit  the  highest  electrical  conductivity.  Highly  concentrated  cellulose  solution  in pure
ionic  liquid  (27  wt.%)  prepared  according  to novel  method,  utilizing  the  rapid  evaporation  of  a  volatile
co-solvent  in  binary  solvent  mixtures  at superheated  conditions,  shows  insignificant  cellulose  molecular
aggregation.

© 2014  Elsevier  Ltd. All  rights  reserved.
. Introduction

One major disadvantage of natural cellulose, regarding its indus-
rial application, is that due to its crystal fibril structure and
he significant presence of intermolecular hydrogen bonding and
ydrophobic interactions (Medronho, Romano, Miguel, Stigsson, &
indman, 2012), it is insoluble in common solvents. Nevertheless
fter years of research many specific cellulose solvents were found,
ome of which are used now in the manufacture of commercial
ellulose products (viscose and cuprammonium fibers, Lyocell®,
tc.).

Derivatives of cellulose (Hunt, Newman, Scheraga, & Flory,
956) or its metallo-complexes (Burchard & Klufers, 1994) are
ormed by an interaction between cellulose and the correspond-
ng solvent components. In such solutions the macromolecules of
ellulose are claimed to be completely separated from each other,

nd their dimension in the dissolved state is defined by its gyration
adius (Rg), which is close to the size of a single macromolecule.
or example, in cadmium complexing Cd-tris (2 aminoethyl) amine

∗ Corresponding author. Tel.: +972 4 8292113; fax: +972 4 829 5672.
E-mail addresses: cerycdr@tx.technion.ac.il, d m rein@yahoo.com

D.M. Rein), rafail@tx.technion.ac.il (R. Khalfin), n.szekely@fz-juelich.de (N. Szekely),
achinc@tx.technion.ac.il (Y. Cohen).
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144-8617/© 2014 Elsevier Ltd. All rights reserved.
solution, the size of cellulose particles is equal to about 20 nm
(Saalwachter et al., 2000; Schulz, Seger, & Buchard, 2000).

The fast cellulose dissolution could be realized in the alkali–urea
solvents, bringing the cellulose macromolecules into the aqueous
solution by forming the hydrogen-bonded complex networks. The
mean size of the self-assembled solvent-cellulose clusters in these
solvents is 60–160 nm (Luo & Zhang, 2013).

Dissolution of cellulose in the so-called “direct solvents” does
not rely either on complex formation or derivatization of cel-
lulose. Direct solvents transfer the polymer into solution by
the mechanism of physical solvation. Relatively large dimen-
sions of aggregates have been evaluated for cellulose dissolved in
direct solvents. For example, diluted solutions of cellulose in N-
methylmorpholine-N-oxide (NMMO) exhibit an Rg value of about
200 nm (Arndt, Morgenstern, & Roder, 2002; Drechsler, Radosta, &
Vorwerg, 2000; Roder & Morgenstern, 1999), which considerably
exceeds that of the isolated macromolecule.

Thus, it may  be assumed that with alkali–urea and direct sol-
vents the condition of a true molecular solution of cellulose is not
achieved.

Ionic liquids (IL) are a unique class of direct solvents for cellu-

lose, which have attracted significant interest due to their excellent
solvation characteristics, low toxicity and volatility leading to facile
recovery (Mizumo, Marwanta, Matsumi, & Ohno, 2004; Swatloski,
Spear, Holbrey, & Rogers, 2002; Wang, Gurau, & Rogers, 2012).

dx.doi.org/10.1016/j.carbpol.2014.05.059
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owever, even in one of the most efficient IL solvent, 1-ethyl-3-
ethylimidazolium acetate (EMIMAc) (Cheng et al., 2012; Kyllonen

t al., 2013; Rinaldi, 2011; Zavrel, Bross, Funke, Buchs, & Spiess,
009) there is evidence for aggregates with Rg about 150 nm,
uch higher than that of a single cellulose macromolecule of

he same molecular weight (Kuzmina, Sashina, Troshenkowa, &
awro, 2010), presumably due to undissolved solvated cellulose

rystals. It was shown that, according to rheological measurements,
he thermodynamic properties of EMIMAc correspond to the prop-
rties of a � solvent for cellulose (Gericke, Schlufter, Liebert, Heinze,

 Budtova, 2009; Sescousse, Le, Ries, & Budtova, 2010).
In recent years it was revealed that mixtures of polar organic

olvents with a small fraction of IL can instantaneously dissolve
ellulose even at high concentration (Gericke, Liebert, El Seoud, &
einze, 2011; Luo & Neogi, 2009; Rinaldi, 2011; Xu, Zhang, Zhao,

 Wang, 2013). However, a reasonable explanation of this effect is
till lacking. According to one explanation, solvation effects such
s the chemical interactions due to the specific composition of
he solute and solvent play a major role. These can be due to
cid–base or polar interactions, or an ability to form cyclic arrange-
ents of solvent and cellulose during dissolution (Remsing, Liu,

ergeyev, & Moyna, 2008; Pinkert, Marsh, & Pang, 2010). Accord-
ng to another explanation, the enhanced cellulose dissolution in
o-solvent/IL mixtures is caused by the increased concentration of
he “free” anions from the dissociated IL owing to the preferen-
ial solvation of the cations by the aprotic polar solvents (Xu et al.,
013). A third explanation considers possible electric interactions
etween cellulose chains, which are sufficiently weakened in the
o-solvent/IL environment with high relative dielectric permittiv-
ty (the dielectric constant for the imidazolium-based IL it is about
0, Wakai, Oleinikova, Ott, & Weingartner, 2005) (Stana-Kleinschek

 Ribitsch, 1998). It was noted that, based on rheological mea-
urements, EMIMAc/dimethyl sulfoxide mixture is more like a �
olvent for cellulose, and the thermodynamic properties of EMI-
Ac/dimethyl sulfoxide mixtures are similar with those of ILs. The

onformation of cellulose in ILs would not be changed with the
ddition of dimethyl sulfoxide not only in the dilute cellulose con-
entrations, but also in the entanglement concentrations (Lv et al.,
012).

The decisive influence of the cellulose amphiphilicity and
ydrophobic interactions on the processes of its dissolving cur-
ently is being actively discussed in scientific literatures (Glasser
t al., 2012; Medronho et al., 2012). In previous studies we
escribed a novel phenomenon: outstanding amphiphilic prop-
rties inherent to cellulose molecules dissolved in co-solvent/IL
inary mixtures and to cellulose in the amorphous state in hydro-
els regenerated from these solutions, as evident in their ability to
orm a stabilizing coating for oil-in-water (O/W) and water-in-oil
W/O) emulsions (Rein, Khalfin, & Cohen, 2012). Similar properties
ere also found in cellulose regenerated from the phosphoric acid

Jia et al., 2013). We  had presented the hypothesis that this mani-
estation of cellulose’s amphiphilic character is made possible by its

olecular dissolution in the solvent mixture prior to the emulsifica-
ion process (Rein et al., 2012). The amorphous cellulose hydrogel,
eceived on the basis of these free-molecular-chain solutions, also
olds noticeable chain mobility and pronounced amphiphilic prop-
rties (Rein et al., 2012), which is consistent with the previously
etected phenomena that even in the crystalline state, in dis-
rdered structural regions, plasticized by sorbed water, there is
vidence for the increased mobility of cellulose chain segments.
Bradley & Carr, 1976; Froix & Nelson, 1975), a thorough analy-
is of the molecular state of cellulose in solution in ionic liquids

nd their binary solvent mixtures using light scattering and trans-
ission electron microscopy methods is lacking. For this purpose
e seek to utilize a combination of scattering techniques, static

ight scattering (SLS), small-angle X-ray and neutron scattering
ymers 112 (2014) 125–133

(SAXS and SANS) with cryogenic transmission electron microscopy
(cryo-TEM).

2. Materials and methods

Microcrystalline cellulose powder Avicel® with nominal molec-
ular weight (given by the supplier) ∼4.6 × 104 g/mol (degree of
polymerization 295 and particle size in the range of 20–160 �m),
and ionic liquid EMIMAc of 90% purity, were obtained from
Sigma–Aldrich. EMIMAc and cellulose were dried in a vac-
uum oven at 60 ◦C and 0.26 kPa for at least 24 h. Chloroform,
dichloromethane (DCM), dimethyl formamide (DMF), deuterated
DMF  (DMF-d7), acetonitrile and propylene carbonate were pur-
chased from Sigma–Aldrich. These chemicals were used without
additional purification. Unless otherwise stated, the weight per-
centages of the components were calculated based on the total
composition of the final mixture.

2.1. Dissolution of cellulose

Dissolution of cellulose was realized in two  stages so as to reduce
the aggregation (Rein et al., 2012; Rinaldi, 2011). First, cellulose was
dispersed in a specific volume of the co-solvent. Next, the required
volume of EMIMAc was added into the suspension, and the mixture
was heated to 90 ◦C using magnetic stirring during about 10 min.
Subsequently, the obtained solution was cooled to room tempera-
ture and was not further treated.

2.2. Equipment and characterization methods

The morphology of the solutions was investigated by cryo-
genic transmission electron microscope (cryo-TEM) T12G2 (FEI Co.,
Netherlands). Vitrified samples for cryo-TEM (Talmon, 1996) were
prepared in a controlled environment vitrification system (CEVS)
(Bellare, Davis, Scriven, & Talmon, 1988).

SLS measurements were carried out with a goniometer BI-
200SM (Brookhaven Instruments Corp., USA) using an argon-ion
laser (wavelength 514.5 nm). Data obtained at several concentra-
tions (0.4–4 wt.%) and scattering angles (30–150◦) were evaluated
by the common Zimm plot yielding the root-mean-square Rg,
weight-average molar mass Mw and the second osmotic virial coef-
ficient A2 (Debye, 1944; Zimm, 1945). The indices of the solvent
refraction no (no = 1.44 for the investigated DMF/EMIMAc mixture
with molar ratio 9:1) and the mass concentration (c) increment of
the solution refraction index dn/dc (for investigated DMF/EMIMAc
mixture dn/dc = 0.061 ± 0.06 cm3/g) were measured by a differen-
tial refractometer BI-DNDC (Brookhaven Instruments Corp., USA).

Electrical conductivity of solvent mixtures was  measured with
a Precision Impedance Analyzer Agilent 4294A (Agilent Technolo-
gies) at 0.5 V and 10 kHz. Each sample was analyzed in triplicate
and the mean values were plotted (average measurements error
about 12%).

X-ray diffractometry of the samples was  performed using
a small/wide-angle diffractometer (Molecular Metrology
SAXS/WAXS system) equipped with a sealed microfocus tube
(MicroMax-002+S) emitting CuK� radiation, two  Göbel mir-
rors, three-pinhole slits, and generator that is powered at 45 kV
and 0.9 mA.  The scattering patterns were recorded by a two-
dimensional position sensitive wire detector positioned 150 cm
behind the sample. The solutions were sealed in thin-walled glass
capillaries about 2 mm in diameter and 0.01 mm wall thickness,
and measured under vacuum at the ambient temperature. The scat-

tered intensity I(q) was  recorded at the interval 0.07 < q < 2.7 nm−1,
where q is the scattering vector q = 4 sin(�)/�, 2� is the scattering
angle and � is the incident wavelength. The scattering intensity
was normalized with respect to time, solid-angle, primary beam
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Table  1
Main electrical and dissolution properties of investigated co-solvents.

Co-solvent Dielectric
constanta

Dipole
momenta, D

Electrical
conductivity
(mS/cm)

MDA

Chloroform 4.7 1.04 0.02 1:1
DCM 9.1 1.63 0.005 5:1
DMF  36.7 3.82 0.03 10:1
Acetonitrile 37.5 3.92 0.07 1:1
Propylene carbonate 65.3 4.92 0.04 3:1
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a At 20 ◦C, according to Dickinson and Covington (1973), 1
 = 3.33564 × 10−30 C m.  For comparison, dielectric constant of pure EMIMAc:
0  (Wakai et al., 2005), electrical conductivity – 3.5 mS/cm.

ntensity, capillary diameter, transmission, and the Thompson
actor. Scattering of the solvents, empty capillary and electronic
oise were subtracted.

Small angle neutron scattering (SANS) experiments were con-
ucted on the KWS2 beamline (Jülich Center for Neutron Science)
t the FRM-II reactor (Maier-Leibnitz Zentrum, TU Münich). �
as 0.48 nm,  and an aperture of 8 mm × 8 mm was  used. The

xperiments were carried out at sample to detector distances of
, 8 and 20 m and the measurable scattering vector range was
.02 < q < 0.8 nm−1. The samples were studied in quartz cuvettes
2 mm pathlength) at 20 ◦C. The data were reduced to absolute units
cm−1) and background scattering from the pure polymer solu-
ions was subtracted, as reported previously (Granite, Radulescu,
yckhout-Hintzen, & Cohen, 2011). To provide contrast with the
ydrogen containing cellulose and EMIMAc, the 4 wt.% solution
f natural cellulose in binary solvent mixture of deuterated DMF-
7/EMIMAc (molar ration 9:1) was used for SANS measurements.

. Results and discussion

The ability of polar aprotic co-solvents/EMIMAc mixtures for
nhanced cellulose dissolution is of high practical interest (Gericke
t al., 2011; Luo & Neogi, 2009; Rinaldi, 2011; Xu et al., 2013). For
omparison of the dissolution ability of various solvent mixtures,
e define the term “mixture dissolution ability (MDA)”. This is a
easure of the highest molar ratio of co-solvent to IL in which

n apparent “instantaneous dissolution” of cellulose still occurs,
s evaluated in obtaining a transparent homogeneous solution of

 wt.% cellulose at 90 ◦C by not more than 5 min  of intensive mixing
ollowed by cooling of the solution to room temperature without
osing its visual transparency. At this temperature and concentra-

ion cellulose dissolution was found to be most sensitive to solvent
omposition, as shown in the Supplementary information. Fig. 1
resents pictures of cellulose, dissolved in EMIMAc with different
o-solvents at their MDA  conditions, as listed in Table 1. For the

ig. 1. 4 wt.% cellulose solutions in the different co-solvent/EMIMAc mixtures at their MDA
e)  propylene carbonate. For comparison only, not corresponding to MDA  conditions: 2 w
note  that this solution was transparent at 90 ◦C). All solutions were photographed at roo
ymers 112 (2014) 125–133 127

DMF/EMIMAc solvent mixtures, separate pictures exhibit a 2 wt.%
cellulose solution at solvent molar ratio 11:1 (Fig. 1f), compared
to a picture of a 2 wt.% solution at a slightly higher molar ratio
(12:1), which is significantly more turbid (Fig. 1g). Table 1 also lists
characteristic electrical properties of these common co-solvents.
As evident from the data presented in Table 1, DMF  and, to some
extent DCM, have higher MDA  then the other polar co-solvents
studied: a fact that cannot be explained on the basis of any electrical
characteristic we have considered.

3.1. Electrical conductivity of co-solvent/IL mixtures and cellulose
solutions

As was  mentioned above, the enhanced cellulose dissolution in
IL containing solvents has been related to the increased free anion
concentration and its interaction with cellulose, in particular the
methyl hydroxyl groups. In the mixed system of IL with polar sol-
vents, this effect may  be enhanced by shifting the IL dissociation
equilibrium due to preferential solvation of its cations by the co-
solvent. Rise of the free ion mobility, at increased temperature and
reduced viscosity with increasing co-solvent concentration also
contribute to this effect. The cellulose solution concentration may
also influence its dissolution due to its effect on the interaction
and mobility characteristics. Such variation in the concentration
and mobility of free ions should inevitably influence the electri-
cal conductivity of the solvent mixture and cellulose solution. It is
therefore of interest to relate the solvent mixture’s and cellulose
solution’s electrical conductivity with their cellulose dissolution
ability. Fig. 2 displays the influence of solvent composition and
temperature on the electrical conductivity of pure DMF/EMIMAc
mixtures and cellulose solutions at moderate concentrations (less
than 6 wt.%) in these solvent mixtures. It can be seen that at all
the investigated temperatures the solvent mixture and cellulose
solution electrical conductivity initially increases with increasing
co-solvent/IL molar ratio, with subsequent decrease in electrical
conductivity at highly diluted EMIMAc solutions. It is necessary to
note that the conductivity of cellulose solutions follows the conduc-
tivity of pure solvent mixture. The electrical conductivity maximum
for all the studied co-solvents and temperatures are in the com-
mon range of co-solvent/EMIMAc molar ratio of 1:1–2:1. Similar
dependence of electrical conductivity on dilution and tempera-
ture of organic co-solvent/IL and water/IL mixtures is well known
(Hardelin et al., 2012; Koddermann et al., 2012; Rein et al., 2012;

Vila, Gines, Pico, et al., 2006; Vila, Gines, Rilo, Cabeza, & Varela,
2006).

The results presented in Fig. 2 indicate that the dissolved cel-
lulose at moderate concentrations practically has no effect on the

 conditions (according to Table 1): (a) chloroform, (b) DCM, (c) DMF, (d) acetonitrile;
t.% cellulose solutions in DMF/EMIMAc mixture with molar ratio: (f) 11:1; (g) 12:1
m temperature.
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ig. 2. Influence of DMF/EMIMAc molar ratio, cellulose concentration (© – 0% (pure
MF/EMIMAc mixture); – 0.1 wt.%; � – 2 wt.%; ♦ – 6 wt.%) and solution temper-
ture (shown near lines) on its electrical conductivity.

olution’s electrical conductivity, while the temperature and co-
olvent/IL ratio are significant.

However, as cellulose concentration is increased above about
 wt.% its effect on electrical conductivity becomes noticeable. This

nfluence is more pronounced at increased temperatures, partic-
larly at 90 ◦C, as shown in Fig. 3. In addition to the lower ion
obility at these conditions, it may  also reflect the effect of possi-
le supramolecular structures of cellulose in solution, as has been
uggested (Song, Niu, Wang, & Zhang, 2011). It should be noted, in
articular, that our experiments have shown that at higher cellulose

ig. 3. Influence of DMF/EMIMAc molar ratio and solution concentration (shown
ear  lines) on its electrical conductivity at 90 ◦C.
Fig. 4. Zimm plot of cellulose solutions (obtained by diluting a stock 4 wt.% solution)
in  binary solvent mixture DMF/EMIMAc (molar ratio 9:1) at 20 ◦C.

concentrations, above 5 wt.%, more facile dissolution of cellulose
(visually almost instantaneous) is achieved at the co-solvent/IL
ratio that exhibits the highest electrical conductivity.

3.2. Cellulose aggregates size in solution

The clear appearance of cellulose solutions in binary co-
solvent/IL mixtures is a necessary but not sufficient condition of
cellulose dissolution at the molecular level. It is thus important
to probe the state of the dissolved cellulose chains. SLS measure-
ments of cellulose solutions in DMF/EMIMAc (molar ratio 9:1) are
presented in Fig. 4 as a Zimm plot. Its analysis yields Mw about
(5 ± 1) × 104 g/mol, which is in good accord with the nominal Mw

given by the supplier (4.6 × 104 g/mol), Rg of 36 ± 8 nm and a value
A2 = (2.45 ± 0.22) × 10−2 mol  ml/g2. This Zimm analysis attests the
molecular dissolution of cellulose by our method; SLS also con-
firms that the solvent mixture used is indeed a good solvent for
cellulose. Analysis of scientific publications proves that in many
modern direct solvents cellulose dissolves in the form of molecular
aggregates (Rg � 30 nm), but not real molecular solutions (Arndt
et al., 2002; Kuzmina et al., 2010). In solvents, in which cellu-
lose could be dissolved in the form of a real molecular solution
(Drechsler et al., 2000; McCormick, Callais, & Hutchinson, 1985) the
coefficient A2 is usually about 10−4–10−3 mol  ml/g2, which is one
order of magnitude lower, than we  found in our investigation. On
the other hand, according to Trap and Hermans (1954) reported a
value of A2 = 2.5 × 10−2 mol  ml/g2 for the real molecular solution of
carboxymethylcellulose in aqueous solution of NaCl at concentra-
tion of about 0.01 mol/l (which contains a large amount of mobile
ions in a low-viscosity environment similar to the solvent mixture
investigated by us).

3.3. Small angle neutron and X-ray diffraction

A further probe of the molecular state of the dissolved cellu-
lose chains is provided by small angle scattering measurements
of X-rays and neutrons (SAXS, SANS). Fig. 5a presents SANS data
from 4 wt.% cellulose in DMF-d7/EMIMAc (molar ratio 9:1), with
that of the solvent mixture alone. The lack of significant excess
scattering at low angles is a strong indication for the lack of signif-
icant aggregation of cellulose chains in this solvent mixture, even
at rather low IL content, in accordance with the SLS measurements.
After subtraction of the solvent scattering the data can be fit by
the Ornstein–Zernike equation, as applied to a semidilute polymer

solution (Daoud et al., 1973), which is given as

I(q) = I(0)
1 + q2�2

(1)
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Fig. 5. SANS patterns from 4 wt.% cellulose solution in DMF-d7/EMIMAc (9:1 molar
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atio) – open circles: (a) before background subtraction, with the scattering from
he solvent mixture (triangles) and (b) after background subtraction, with a fit of
q.  (1) – solid line.

or which: I(0) = ��2ϕ2/Kos, where ϕ is the polymer volume frac-
ion, ��  = (�p − �s) is the difference in scattering length density
SANS) or electron density (SAXS) between polymer and solvent
�p, �s, respectively), � is the correlation length beyond which
he inter-segmental excluded volume interactions are screened by
he chain overlap, and Kos = (c/RT)(d�/dc) is the osmotic modulus,
here R, T are the gas constant and absolute temperature, � is

he osmotic pressure and c is the polymer concentration. Appli-
ation of Eq. (1) is valid at polymer concentration beyond that of
hain overlap (c > c∗ = M/23/2NAV R3

G), and at small angles, where
� < 1 (Cloizeaux & Jannink, 1990). Fitting Eq. (1) to the data in
ig. 5a, after subtraction of the background solvent scattering, as
hown in Fig. 5b, yields an estimation of the correlation length

 = 2.3 nm,  for which the suitable fitting range is q < q* as indicated
n Fig. 5b. An overlap concentration about 0.008 g/cm3 can be esti-

ated as mentioned above using the values of M and RG measured
y SLS, a concentration that is nearly fivefold lower than that of the
tudied solution (4 wt.%: c ∼ 0.039 g/cm3). The estimated correla-
ion length happens to be close to that measured for polystyrene
Mw ∼ 1.1 × 105) in toluene at similar concentration and is in accord
ith the predicted value of �/RG at the same reduced concentration

c/c*) (Hamada, Kinugasa, Hayashi, & Nakajima, 1984) (note a factor
f 23/2 difference in the definition of c*), following a relation which

as been theorized to have universal attribute. (Hailer & Cannell,
983) Thus SANS measurements present a clear indication for true
olecular dissolution of cellulose at 4wt.% in the solvent mixture

f DMF/EMIMAc (9:1 molar ratio).
Fig. 6. SAXS patterns from 0.4 wt.% cellulose solution in DMF/EMIMAc (9:1 molar
ratio), before background subtraction. Inset: linear fit of Eq. (2).

Dissolved cellulose chains have been considered to be semiflex-
ible polymers, and the persistence length of cellulose and several of
its derivatives, in a number of solvents, has been reported based on
viscosity measurements to be in a range about 4–20 nm,  depending
on derivatization and solvent (Kamide & Saito, 1983). It is thus of
interest to compare these values with the persistent length deter-
mined for underivatized cellulose dissolved in the DMF/EMIMAc
(9:1 molar ratio) solvent mixture. This is approached by SAXS mea-
surements rather than SANS, as they provide better signal above
background at large q since the effect of concentration fluctua-
tions is less prominent due to the smaller contrast between the
two solvent components. Fig. 6 exhibits the SAXS pattern from the
0.4 wt.% cellulose solution in DMF/EMIMAc (9:1 molar ratio). The
value of the persistence length can be evaluated by the empiri-
cal relation based on computer simulations of semiflexible chains,
given as (Hsu, Paul, & Binder, 2012)

qI(q) = A

L

(
� + 1.9

qLP

)
(2)

where A is a constant, and Lp and L are the persistence and con-
tour lengths, respectively. The inset in Fig. 6 shows a plot of Eq.
(2) evaluated from the SAXS data, yielding a value Lp ∼ 4.5 nm for
the persistence length from the linear fit in the region of valid-
ity q > 2/Lp ∼ 0.44 nm−1. This value is close to the estimated lower
limit of persistent lengths estimated for cellulose derivatives (such
as cellulose acetate) in organic solvents (Kamide & Saito, 1983)
and significantly lower than the value for cellulose dissolved in
some unique solvents such as cadmium ethylenediamine hydrox-
ide or iron sodium tartrate (Kamide & Saito, 1983) or N,N-dimethyl
acetamide/lithium chloride (McCormick et al., 1985). This again
may  be a manifestation of cellulose true molecular dissolution.

3.4. Novel method for preparation of highly concentrated
cellulose solutions

There is particular interest in obtaining highly concentrated
cellulose solutions in ILs, which can be used for a fabrication of
novel osmosis membranes (Li, Zhu, Zhu, & Xu, 2011) and inex-
pensive, eco-compatible proton conduction medium for electric
storage devices (Johari, Kudin, Ali, Winie, & Yahya, 2009). Accord-
ing to the published literature, preparation of highly concentrated

cellulose solutions in ILs demands long mixing time on the order
of tens of hours (Gericke et al., 2009; Song et al., 2011; Swatloski
et al., 2002). We  suggest a novel method for fabrication of highly
concentrated solutions of cellulose in pure IL utilizing the rapid
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Fig. 7. Highly viscous 27 wt.% cellulose solution in pure EMIMAc obtained by rapid
evaporation of DCM from EMIMAc mixture (a); SAXS pattern of this solution (open
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Table 2
Fitted parameters of Eq. (4).

Parameter Fitted value

� (nm) 2.6
I(0) (electron2/nm3) 6000
�i (nm) 18

As mentioned above, small-angle scattering measurements
ircles) (b): full fitting according to Eq. (4) (line 1); fitting of high-q pattern part by
q. (1) (line 2) and low-q part by Eq. (3) (line 3).

vaporation of a volatile component of co-solvent/IL mixture at
uperheated conditions in a specifically designed pressure ves-
el. Fast cellulose dissolution in the mixed solvent is realized at
onditions of vapor saturation equilibrium at the elevated temper-
ture and pressure. Subsequent controlled release of pressure at
he elevated temperature causes rapid evaporation of the volatile
o-solvent leaving behind a concentrated cellulose/IL solution. Any
esidual co-solvent may  be removed under vacuum from the thin
lm of concentrated cellulose solution. The entire process takes
nly a few minutes, instead of hours. Fig. 7a exhibits a very vis-
ous concentrated solution of cellulose in pure EMIMAc (27 wt.%),
btained by evaporating the volatile co-solvent DCM at super-
eated conditions (initial cellulose concentration 13 wt.% in the
riginal solvent mixture DCM/EMIMAc = 3:1, which possesses a
uitable viscosity (about 0.1 Pa s), allowing uniform cellulose dis-
ersion at room temperature and its dissolution under DCM vapor
aturation equilibrium pressure 0.73 MPa  at temperature 100 ◦C
uring about 10 min; the following DCM evaporation was realized
t 0.1 MPa  at the same temperature during 20 min).

We performed SAXS measurements in order to assess the state
f molecular aggregation in the concentrated cellulose/EMIMAc
olutions (27 wt.%), as shown in Fig. 7b. The observed pattern,
iewed in double logarithmic format, exhibits a broad shoulder
t intermediate values of the scattering vector q, with noticeable
xcess scattering at low q. This is reminiscent of the patterns that
ften appear in concentrated polymer solutions, sometimes termed
he Picot–Benoit effect (Benoit & Picot, 1966), in which the shoulder
s considered to be due to the fluctuation scattering of the dissolved
hains, hence having the Lorentzian form of the Ornstein–Zernike
quation (Eq. (1)). The excess low-angle scattering has been con-
idered to be due to molecular aggregates, either permanent or
ynamic. Scattering from irregular agglomerates can be modeled by
he Debye–Bueche equation of an inhomogeneous material (Debye

 Bueche, 1949):

(q) = Ii(0)

(1 + q2�2
i
)
2

(3)

or which: Ii(0) = 8���2ϕ2
i
�3

i
, where ϕi and �i are the volume

raction and characteristic dimension of the inhomogeneities,
espectively. A combination of Eqs. (1) and (3) has been used

o analyze the scattering pattern of an inhomogeneous polymer
el, which is envisioned to be composed mostly of a fluctuat-
ng semi-dilute polymer solution-like structure with embedded
Ii(0) (electron2/nm3) 645 000
B  (electron2/nm3) 430

compact polymer inhomogeneities (Hecht, Horkay, Schleger, &
Geissler, 2002):

I(q) = I(0)
(1 + q2�2)

+ Ii(0)

(1 + q2�2
i
)
2

+ B (4)

where B represents the background due to incoherent and solvent
scattering. The fit of Eq. (4) to the SAXS pattern from the 27 wt.%
cellulose solution in EMIMAc is shown by the solid line (1) in Fig. 7b.
The fit yields the parameters given in Table 2.

The estimated value of the correlation length in the solution
scattering function, � = 2.6 nm,  is slightly larger than that evaluated
by SANS from the 4% cellulose in DMF/EMIMAc system, 2.3 nm. This
is a surprising result since � should decrease with polymer concen-
tration, which in this case is widely different. Preliminary results
from an ongoing study indicates a weak dependence of the corre-
lation length on polymer concentration, contrary to the expected
power law relations exhibited by semi-dilute polymer solutions,
� ∼ ϕ−˛, with an exponent  ̨ being about 0.75 or 1 for good or
theta solvent conditions, respectively (Cloizeaux & Jannink, 1990).
According to our measurements exponent  ̨ is about 1/3. A more
detailed study on this issue is currently under way.

The extent to which cellulose chains are aggregated can be
estimated from the scattering pattern of Fig. 7b. The integrated
intensity of a random two-phase structure with sharp interfaces,
Q, is related to the volume fraction of inhomogeneities, as given by
the Porod integral (Porod, 1982):

Q =
∫ ∞

o

q2I(q) dq = 2�2(�i − �s)
2ϕi(1 − ϕi) � 2�2(�i − �s)

2ϕi

for ϕi 	 1 (5)

where ϕi and �i are the volume fraction and electron density (SAXS)
or scattering length density (SANS) of the inhomogeneity, respec-
tively. Direct evaluation of ϕi by Eq. (5) requires an assumption
of the aggregate density �i, and calibration of absolute intensity.
Alternatively, the ratio of the Porod integral of the inhomogeneity
part (the low angle scattering fitted by Eq. (3)) to that of the total
scattering pattern, calculated by Eq. (5) over the measured q-range
only, can be taken as an indication of the fraction of the total dis-
solved cellulose that is contained within the aggregates. This ratio,
evaluated as 0.043, confirms that the volume fraction of aggregates
in solution is about 0.9%. This analysis of the SAXS measurement
can be interpreted as indicating that although significant excess
scattering is observed at low angles, only a small fraction of the
dissolved cellulose chains are aggregated in the EMIMAc solution.
The most reasonable explanation of this fact is that the evaporation
process is accompanied by such a rapid increase in solution viscos-
ity that it does not leave time for significant aggregation of the free
cellulose molecules.

3.5. Cryogenic transmission electron microscopy
indicate molecular dissolution of the cellulose chains with no
apparent aggregation in suitable co-solvent/IL mixtures. As the co-
solvent ration is increased, the turbid appearance of the solutions,
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Fig. 8. Cryo-TEM images of 2 wt.% cellulose solutions in DMF/EMIMAc mixture: (a) with molar ratio 9:1; (b) turbid solution at a higher molar ratio 12:1 (1 – amorphous
g d by f
c  in pur

a
i
o
i
t
c
d
s
b
m
t
D
a
d
t
a
a
(
g
t
o
t
s

4

d

lobule, 2 – cellulose fibril); (c) 2 wt.% cellulose solution in pure EMIMAc, obtaine
ellulose concentration 1.6 wt.%); (d) 2 wt.% solution of cellulose, dissolved directly

s shown in Fig. 1g, indicates the presence of aggregates. Cryo-TEM
maging is therefore useful to probe this effect by direct imaging
f vitrified solutions. The lack of cellulose molecular aggregates
n cryo-TEM images of DMF/EMIMAc cellulose solutions, such as
hat of a 2% solution in 9:1 molar ratio mixture, shown in Fig. 8a,
onfirms this statement. Moreover, this molecular dissolution con-
ition remains after full evaporation of the volatile co-solvent, as
hown in Fig. 8c for a 2% cellulose solution in pure EMIMAc obtained
y evaporation of DCM from an original solution in DCM/EMIMAc
ixture with molar ratio 1:2. Cryo-TEM images from turbid solu-

ions, such as that shown in Fig. 8b for a 2% cellulose solution in
MF/EMIMAc at 12:1 molar ratio, clearly indicate the presence of
ggregates. Aggregates are also apparent when cellulose is directly
issolved in pure EMIMAc (Fig. 8d). The cryo-TEM images indicate
hat cellulose aggregates in the solution containing co-solvent have

 different morphology than those in the pure IL. In the first case the
ggregates seem to occur in two structures: amorphous globular
Fig. 8b (1)) and fibril-like (Fig. 8b (2)). In the second case the aggre-
ates appear as incompletely dissolved microcrystallites. It may  be
hat in the former case, aggregates were formed when the surplus
f co-solvent was added to a true solution, whereas in the latter case
he aggregates are the relicts of an initial, microcrystalline cellulose
tructure.
. Conclusion

We  have shown, for the first time, that natural cellulose is
issolved molecularly in solvent mixtures containing common
ull evaporating of DCM co-solvent (primary DCM/EMIMAc molar ratio 1:2, initial
e EMIMAc without co-solvent.

polar organic solvents (“co-solvents”: chloroform, DCM, DMF,
acetonitrile and propylene carbonate) with ionic liquid (1-ethyl-
3-methylimidazolium acetate) at co-solvent/IL molar ratios up to
10:1. This was  verified by SLS and SANS measurements which
showed no evidence for molecular aggregation. Therefore, the spe-
cific parameters of cellulose chains dissolved in DCM/EMIMAc, such
as molecular weight, gyration radius and second virial coefficient,
could be determined by light scattering measurements from dilute
solutions, a correlation length of inter-chain interactions in a semi-
dilute solution could be determined by neutron scattering and
the persistence length from X-ray scattering measurements. We
found that more facile (visually almost instantaneous) dissolution
of cellulose could be achieved in solvent mixtures that exhibit the
highest electrical conductivity. We  have suggested a novel method
for fabrication of highly concentrated cellulose solutions in pure
IL, prepared by evaporation of volatile co-solvent in binary co-
solvent/IL mixture, which showed insignificant cellulose molecular
aggregation.
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