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Abstract The understanding of the state of dissolu-
tion of cellulose in a certain solvent is a critical step
forward in the development of new efficient solvent
systems for cellulose. Nevertheless, obtaining such
information is not trivial. Recently, polarization
transfer solid-state NMR (PTssNMR) was shown to
be a very promising technique regarding an efficient
and robust characterization of the solution state of
cellulose. In the present study, combining PTssNMR,
microscopic techniques and X-ray diffraction, a set of
alkaline aqueous systems are investigated. The addi-
tion of specific additives, such as urea or thiourea, to
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aqueous NaOH based systems as well as the use of an
amphiphilic organic cation, is found to have pro-
nounced effects on the dissolution efficiency of
cellulose. Additionally, the characteristics of the
regenerated material are strongly dependent on the
dissolution system; typically less crystalline materials,
presenting smoother morphologies, are obtained when
amphiphilic solvents or additives are used.

Keywords Amphiphilicity - Chain packing -
PTssNMR - NaOH - TBAH

Introduction

Cellulose is very recalcitrant to dissolution in most of
the common solvent systems; water and most organic
solvents are among the large number that fails in this
respect. Cellulose insolubility is typically attributed to
an extended intra- and inter-molecular network of
hydrogen bonds (Kamide et al. 1985; Klemm et al.
2005; Sen et al. 2013) but recent discussions also
highlight the role of the hydrophobic interactions on
the insolubility of cellulose (Kalashnikova et al. 2012;
Lindman et al. 2010; Medronho and Lindman 2014;
Medronho et al. 2012; Yamane et al. 2006). Thus it is
suggested that an efficient dissolution medium for an
amphiphilic molecule, such as cellulose, should also
have an amphiphilic character, or intermediate polar-
ity, in order to reduce/eliminate the existing hydropho-
bic interactions. Not only the mechanisms governing
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cellulose dissolution are still under debate but there are
also a lack of facile and accurate techniques capable of
providing a clear understanding on the level of
cellulose dissolution and its molecular organization.
How well dissolved cellulose is and how it organizes
in solution are key issues often neglected in the
literature. Typically, a clear optical micrograph, with
no perceptible visible insoluble material is used to
decide if cellulose is dissolved or not. However, this
two-option rule does not always hold; intermediate
stages between swelling and complete solubility exist
and in cellulose solutions this is striking. While such a
simplistic approach is obviously useful, for an initial
solvent screening and characterization, one should be
aware that, in the majority of the applications,
understanding how cellulose behaves in solution,
and how it is organized, may be very important to
rationalize the properties of a given regenerated
material. Several experimental techniques can be
applied to study cellulose, but most of them are
mainly suitable to either the starting or the final
materials, leaving the solution state without a deep
thorough characterization. Examples of traditional
characterization methods widely used in the cellulose
field are infrared spectroscopy (O’Connor et al. 1958;
§irok}'/ et al. 2010), wide angle X-ray scattering (used
in powders and fibers) (Garvey et al. 2005; Langan
et al. 2001), electronic microscopy (transmission and
scanning) (Hao et al. 2015; Luo et al. 2012), and solid-
state nuclear magnetic resonance (NMR) (Kamide
et al. 1985; VanderHart and Atalla 1984). Among
these, and despite all the complicated experimental
details associated, cryo-TEM, small angle X-ray
scattering (Rein et al. 2014) and high resolution
solid-state NMR (Nehls et al. 1994) are commonly
used to study cellulose in solution.

Recently, Topgaard et al. suggested an experimental
approach based on a newly developed NMR method-
ology (Nowacka et al. 2010). This technique combines
features of both high resolution and solid-state NMR,
thus enabling studies of all the constituent phases in
complex materials with solid, liquid and liquid-crys-
talline domains. The method has been applied to
systems containing amphiphilic molecules in different
physical states as hydrated surfactants (Nowacka et al.
2010, 2013), biomembranes (Nowacka et al. 2012),
lipid-amyloid fibril aggregates (Hellstrand et al. 2013),
and stratum corneum (Bjorklund et al. 2013). Recently,
polarization transfer solid-state NMR (PTssNMR) has
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also been shown to successfully provide molecular-
level information on the dissolved and insoluble
fractions of cellulose in an aqueous dissolving medium
(Gustavsson et al. 2014). The PTssNMR technique
takes advantage of the '>C chemical shifts, that provide
information on the molecular structure, conformation,
and chain packing, but also on the molecular dynamics
via the signal intensities obtained with the polarization
transfer schemes CP (cross polarization) (Pines et al.
1972) and INEPT (insensitive nuclei enhanced by
polarization transfer) (Morris and Freeman 1979). The
CP and INEPT techniques are traditionally used to
boost the signals for solids and liquids, respectively, in
comparison to the '*C direct polarization (DP).
Striking differences in cellulose dissolution
between two alkaline solvents have previously been
reported, highlighting the fundamental differences
between a small inorganic cation of high charge
density and a large organic cation with amphiphilic
character (Alves et al. 2015; Gustavsson et al. 2014).
Here we extend the previous work using a larger
number of alkaline systems and additives to get
information on the dissolution efficiency by means of
light and electron microscopy, X-ray and PTssNMR,
where the latter technique is given special attention.

Materials and methods
Materials

Microcrystalline cellulose Avicel PH-101, with an
average particle size of 50 um and degree of poly-
merization of ca. 260, zinc oxide (>99 % purity), urea
(99.5 % purity), thiourea (>99 % purity), alkyl-
polyglucoside (APG) 50 % solution, tetrabutylphos-
phonium hydroxide (TBPH) (40 % solution in water)
and tetrabutylammonium hydroxide (TBAH) of chro-
matographic grade (as a 40 wt% solution in water)
were acquired from Sigma Aldrich. NaOH pellets
(>98 % purity) was obtained from Fluka. All chem-
icals were used as received.

Methods
Sample preparation

Cellulose dissolution was achieved following the
adapted standard procedures in literature (Hao et al.
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2015; Ioelovich 2012; Lu and Shen 2011). Briefly, the
alkali based systems were prepared by the addition of
10 wt% of cellulose (and additives, when used) in a
8 wt% NaOH/H,O solution, which was then allowed
to freeze at —20 °C for 24 h. This was followed by
thawing the solid frozen mass at room temperature
with simultaneous vigorous mixing. On the other
hand, for the TBAH and TBPH based solvents, the
dissolution procedure was simply the mixture of
10 wt% of cellulose with a 40 wt% TBAH or TBPH
aqueous solution at room temperature for 30 min.

PTssNMR

NMR experiments were performed at the 'H and *C
Larmor frequencies of 500 and 125 MHz, respec-
tively, on a Bruker AVII-500 spectrometer, with a
4 mm "*CP'P/'"H E-free probe (Bruker, Germany).
The '*C spectra were acquired under 88 kHz two-
phase pulse modulation (TPPM) decoupling, using
20 ms acquisition time with 300 ppm spectral width,
and a 80 kHz nutation frequency for the 90° and 180°
pulses. The spectra were acquired using 4 mm HR-
MAS rotors (Bruker, Germany), specifically designed
for retaining liquids during magic angle spinning
(MAS), at a spinning frequency of 5 kHz. CP was
performed with tcp = 1 ms, 80 kHz 13C nutation
frequency, linearly ramped from 72 to 88 kHz 'H
nutation frequency. The time delays of © = 1.8 ms
and 7 = 1.2 ms were used for refocused INEPT. For
each spectrum 3072 transients were accumulated, with
5 s recycle delay, giving a total measurement time of
12.5 h per sample. The '*C spectra were externally
referenced to alpha-glycine at 43.67 ppm (o carbon).
The spectra were collected at 25 °C. Processing was
performed using a Fourier transform with 100 Hz line
broadening, zero-filling from 755 to 8192 complex
points, automatically phase and baseline corrected,
using customized Matlab scripts based on matNMR.

Scanning electron microscopy

A high resolution (Schottky) Scanning Electron
Microscope, equipped with the analytical systems
X-ray microanalysis (EDS) and backscattered electron
diffraction pattern analysis (EBSD), was used to
observe the solution state of the cellulose dopes
(model Quanta 400FEG ESEM/EDAX Genesis
X4M). Generally, 50 pL of solution was dropped

onto a clean glass lamella followed by drying for 24 h
in a kiln and then sputtered with an approximately
6 nm thin Au/Pd film by cathodic pulverization using
a SPI Module Sputter Coater before SEM analysis,
during 90 s with a current of 15 mA. The starting and
regenerated materials (powders) were deposited
directly over the carbon tape on the support and
sputtered following the procedure previously
described. The accelerating voltage ranged from 5 to
15 kV.

X-ray diffraction

The X-ray diffraction (XRD) experiments were per-
formed on a Siemens D5000 X-ray diffractometer,
capable of identifying crystalline phases down to 3 %
of the bulk. A CuK,; radiation source with
A = 1.54056 A, focused by a primary Ge crystal
monochromator, was used. The detector is a standard
scintillation counter. The Cu tube runs at 40 mA and
40 kV. The cooling is supplied by an internal water-
filled recirculation chilling system, running at approx-
imately 16 °C with a flow rate of 4—4.5 L/min. The slit
arrangement is a 2 mm pre-sample slit, 2 mm post
sample slit and a 0.2 mm detector slit. The freeze-
dried cellulose powders were placed in a proper
support and analyzed.

Polarized light microscopy

A Linkam LTS 120 microscope equipped with a Q
imaging (Qicam) Fast 1394 camera was used to
observe the cellulose dissolution in both NaOH and
TBAH solvents. Samples were kept between cover
slips and illuminated with linearly polarized light and
analyzed through a crossed polarizer. Images were
captured and analyzed using Qcapture software.

Results and discussion

In a previous work striking differences in the cellulose
dissolution performance between solvents containing
small inorganic cations and amphiphilic cations were
found and suggested support for the critical role of
hydrophobic interactions between cellulose molecules
(Alves et al. 2015; Gustavsson et al. 2014).

Figure 1 shows the polarized light micrographs of
cellulose dissolved in different alkaline aqueous
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media. It is possible to observe that an alkaline solvent
doped with thiourea (Fig. 1c) is more efficient than its
counterpart without the additive since in the latter case
small disks and insoluble material are still visible
(Fig. 1b). The same enhancement in dissolution is
found for other additives such as urea or an alkyl
polyglycoside surfactant. Likewise, the micrograph of
the TBAH system shows no signs of undissolved
material (Fig. 1d) while, as expected, no dissolution is
achieved in pure water (Fig. 1a). These observations
are in line with our previous work and indicate that the
dissolution of cellulose is facilitated by solvents with
amphiphilic properties, such as TBAH or NaOH
doped with specific additives.

In Fig. 2, SEM micrographs are shown for micro-
crystalline cellulose dissolved in the different alkaline
systems. Each specimen was prepared by depositing a
small droplet of the cellulose solution onto a glass
lamella followed by drying the solvent. Quite different
morphologies are identified.

For the cellulose sample dissolved in aqueous
NaOH it is possible to observe undissolved crystallites
with an average length of a few microns. It is
important to note that the energy dispersive

spectroscopy (EDS) spectra indicates that such
needle-like crystallites are indeed cellulose and not
NaOH or other dry inorganic compounds (data not
shown) in agreement with previous reported data
(Alves et al. 2015). On the other hand, the sample
containing an additive with intermediate polarity
(thiourea) shows a continuous-like “melted” film,
without any undissolved crystallites (Fig. 2c). A
similar result was obtained for the TBAH sample,
where a “continuous wrinkled” flexible film is
observed, also without any visible undissolved crys-
tallites. The absence of crystals in the latter samples
demonstrates the enhanced dissolution efficiency of a
solvent with amphiphilic properties.

The majority of the advanced microscopy tech-
niques applied in the cellulose field, such as scanning
or transmission electron microscopy, requires samples
in the dry state and complicated protocols. As alluded
above, although these methods might be useful for the
characterization of the morphology and texture of the
material, they lack in a reliable description of the
molecular state and organization of the cellulose
molecules in solution since, in most cases, the solvent
is absent. The PTssNMR method not only is of

b)

Fig. 1 Polarized light micrographs of 5.0 wt% microcrystalline cellulose dispersed in a water, b dissolved in 8.0 wt% NaOH aqueous
solution, ¢ in 40.0 wt% TBAH aqueous and d in 8.0 wt% NaOH/12.0 wt% thiourea aqueous. The scale bar 100 pm
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Fig. 2 Scanning electron micrographs of dried samples of microcrystalline cellulose after being a dispersed in water, b dissolved in
aqueous NaOH, c dissolved in aqueous NaOH/thiourea and d dissolved in aqueous TBAH. The scale bar 10 pm

reasonable facile application but also provides robust
molecular information as described in the introduc-
tion. In Fig. 3 the PTssNMR spectra of microcrys-
talline cellulose (MCC) dissolved in aqueous NaOH
and TBAH, are depicted together with the spectrum of
the native MCC.

The main information (i.e. chemical shifts and type
of crystalline polymorph) extracted from Fig. 3 is
summarized in Table 1. Note that the information for
the TBPH system is also present in Table 1.

The starting material gives intense CP peaks while
no INEPT signal is detected (top spectra). This is
expected for a material in a solid state as the native
MCC powder. The observed CP chemical shifts are
typical for a cellulose I crystalline organization (Porro
et al. 2007) and the chemical shift values are in good
agreement with literature (Kamide et al. 1985). The
side peaks for the carbons C, and Cg, at ca. 85 and
62 ppm, respectively, can be attributed to the residual
amorphous fraction of cellulose present in the dried
MCC (Kunze and Fink 2005). On the other hand, the

MCC sample dissolved in aqueous TBAH gives both
CP and INEPT signals. However, the weak CP signal
indicates a good level of dissolution. It is important to
note that the huge signal from the TBA™ carbons make
rather small the INEPT signal for cellulose and
therefore more susceptible to noise. Similar results
were obtained for the TBPH solvent with no signif-
icant differences from the TBAH system. Alternative
procedures are capable of reducing these huge solvent
peaks, such as solvent suppression techniques, selec-
tive excitation (Zumbulyadis 1983) or methods based
on T1-differences. These will be considered in future.
The measured chemical shifts and the similarities
between the CP spectra of the starting material (top
spectra) and CP spectrum of MCC in aqueous TBAH
(middle spectra), reveal that the undissolved solid
fraction of MCC has a cellulose I crystalline organi-
zation. The INEPT spectrum presents a large peak,
attributed to the TBA™ carbons and some other small
peaks (indicated with arrows) which, most likely, are
breakdown products of TBAH (Gustavsson et al.
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Fig. 3 PTssNMR data for microcrystalline cellulose in the
initial dry state (top), as well as dissolved in aqueous TBAH
(middle) and NaOH solution (bottom). The CP and INEPT
spectra are shown in blue and red, respectively. The assignments
of the solid (blue) and dissolved (red) cellulose peaks refer to the
carbon atom numbering in the structural formula. The blue and
red dashed lines literature data for cellulose I in wood pulp fibers
(Kamide et al. 1985) and dissolved cellulose (Kamida et al.

2014). The INEPT peaks assigned to the dissolved
cellulose are in very good agreement with the reported
values in literature [i.e. 104.7 (C;), 79.9 (Cy), 76.4/
75.0 (Cy35), and 61.9 (Cg) ppm] for ultra-centrifuged
samples of cellulose dissolved in 10 wt% NaOH/D,0O
(Kamida et al. 1984). According to theoretical calcu-
lations (Gustavsson et al. 2014), the presence of
INEPT peaks for cellulose implies that the C—H bonds
reorient on a timescale faster than 100 ns, which in
turn is a strong indication that the “liquid fraction” of
the cellulose solution is molecularly dissolved and
thus does not represent cellulose aggregates.

The MCC sample dissolved in an aqueous NaOH
solution gives both CP and INEPT signals (bottom

@ Springer
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1984), respectively. The labels TBAH point out the truncated
peaks from the TBA™ ions, while the arrows TBAY decompo-
sition products. The data was acquired at 25 °C and 125 MHz
13C Larmor frequency with 5 kHz MAS and 88 kHz TPPM 'H
decoupling. The spectra are zoomed-in on the 50-130 ppm
spectral region relevant for cellulose and, independently for
each sample, magnified to facilitate observation of the cellulose
resonance lines. (Color figure online)

spectra). While the INEPT peaks present similar
chemical shifts to the ones assigned to the dissolved
fraction of cellulose in the TBAH system, the CP
spectrum is significantly different; a comparison with
the chemical shifts found in literature, [e.g. 106.9/
104.2 (C,), 85.5/83.0 (C4) and 61.3 (Cg)] suggests that
cellulose is organized as the so called “Na-cellulose
Q”, which is a highly swelled form of cellulose first
identified by Sobue et al. (Porro et al. 2007). This
swelled state of cellulose is also characterized by a low
order state, that can be deduced from the chemical
shifts for C4, (85.52 ppm), and Cg (61.65 ppm)
(Kunze and Fink 2005). Additionally, the NaOH
sample presents a well defined CP spectrum (good
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Table 1 '°C chemical shifts of the dissolved and solid fractions of microcrystalline cellulose in the alkaline NaOH, TBAH and

TBPH solvents

Sample Fraction Chemical shift/ppm* Polymorph
G Cy Coss Cs

Dry Solid 104.8 88.7 74.6, 71.8 65.1 Cellulose I

TBAH Solid 104.5 89.4 764, 74.5 64.6 Cellulose I
Dissolved 104.9 80.0 76.6, 74.5 61.8

TBPH Solid 104.8 88.9 76.0, 74.2 65.8 Cellulose 1
Dissolved 104.7 79.4 76.5, 74.3 62.3

NaOH Solid 107.0, 104.2, 101.7 85.5 74.6 61.7 Na-Cell. Q°
Dissolved 104.2 79.5 76.0, 74.4 61.2

# Chemical shifts in ppm. The data were referenced using a-glycine as external standard at 43.67 ppm (o carbon). The precision is

limited to £0.2 ppm by the acquisition time

® Na-Cellulose Q is a highly swelled form of cellulose identified by Sobue et al. (Porro et al. 2007)

signal-to-noise ratio), which is indicative of a signif-
icant amount of undissolved material in solution, in
contrast to the CP spectrum obtained for the TBAH
sample, where the signal-to-noise ratio is considerably
poorer.

The addition of specific additives with adequate
polarity to the NaOH based solvent system can
improve the dissolution of cellulose. In the literature,
the use of urea (Kunze and Fink 2005; Luo and Zhang
2013), thiourea (Zhang et al. 2013), ZnO (Kihlman
et al. 2013) and polyethylene glycol (PEG) (Yan and
Gao 2008) has been highlighted. In Fig. 4, the CP and
the INEPT spectra for MCC dissolved in NaOH/
thiourea aqueous solution are depicted and, in Table 2
the polymorph type of the solid fraction and main
chemical shift are summarized also for other NaOH
systems doped with different additives.

As observed for the NaOH aqueous solvent, clear
CP and INEPT signals are also detected for the
cellulose dissolved in the NaOH/thiourea system thus
indicating that dissolution is not complete. However,
the ratio between the CP and INEPT peaks is different.
Even if neither CP nor INEPT are truly quantitative,
the relation between the peaks intensity is indicative of
the undissolved/dissolved relation in solution. For the
NaOH system the CP peaks are more intense than the
INEPT peaks while this relation is inverted for NaOH/
thiourea system. This suggests that the additive
improves the dissolution efficiency as manifested by
the enhancement in the INEPT signal. The chemical
shifts obtained for the solid fraction of cellulose (CP

signal) in the NaOH/thiourea system, [104.7 (C,), 86.4
(Cy), 76.2/75.3 (Cy35) and 61.6 (Cg) ppm], can be
assigned to a Na-cellulose II structure, with an anti-
parallel arrangement of the cellulose molecules in the
crystal, which is in good agreement with the literature
(Kunze and Fink 2005).

The parallel arrangement found in the original
MCC sample and also in nature (i.e. cellulose I), is not
the most stable structure for a cellulose crystal; when
dissolved and recrystallized, cellulose chains tend to
adopt the cellulose II type crystal (Mittal et al. 2011).
It has been postulated that the transition from a
cellulose I to a cellulose II organization requires only a
translational movement of cellulose molecules (Takai
and Colvin 1978). Nevertheless, this is an intriguing
process, and still not understood in detail.

It is worth noting that the INEPT spectra of
cellulose dissolved in the NaOH/additives solvents
present a slight downfield shift with an average value
of ca. 0.4 ppm. This might be explained by an
additive-cellulose interaction, which not only facili-
tates dissolution but is also expected to influence the
carbon chemical shifts of cellulose (Wernersson et al.
2015). Recent studies tend to support this observation
regarding a preferential additive-cellulose interaction.
For instance, Bergenstrahle-Wohlert et al. (2012),
combining MD simulations and solid-state NMR on
cellulose in water and in aqueous urea solutions, found
that the local concentration of urea is significantly
enhanced at the cellulose/solution interface. In another
related study, Xiong et al. (2014) conclude that the

@ Springer



254

Cellulose (2016) 23:247-258

130 125 120 1S 110 105 100 95

90

85 80 75 70 65 60 55 50

C chemical shift / pPpm

Fig. 4 CP (blue line) and INEPT (red line) spectra for 10 wt%
microcrystalline cellulose dissolved in aqueous 8 % NaOH/
12 % thiourea (fop) and in aqueous 8 % NaOH (bottom). The
data was acquired at 25 °C and 125 MHz '*C Larmor frequency
with 5 kHz MAS and 88 kHz TPPM 'H decoupling. The spectra
are expanded on the 50-130 ppm spectral region relevant for
cellulose, and, independently for each sample, vertically

magnified to facilitate observation of the cellulose resonance
lines. The blue and red dashed lines represent literature data for
cellulose I in wood pulp fibers (Kamide et al. 1985) and
dissolved cellulose (Kamida et al. 1984), respectively. The
carbon atom numbering is according the structural formula
presented in Fig. 3. (Color figure online)

Table 2 'C chemical shifts of the dissolved and solid fractions of MCC in NaOH doped with different additives

Sample Fraction Chemical shift* Polymorph
G Cy Cass Cs

NaOH Solid 107.0, 104.2, 101.7 85.5 74.6 61.7 Na-Cell. Q°
Dissolved 104.2 79.5 76.0, 74.4 61.2

NaOH/ZnO Solid 107.1, 104.9 85.7 76.1, 74.8 61.8 Na-Cell. Q°
Dissolved 104.3 79.7 76.3, 74.8 61.5

NaOH/Urea Solid 103.8, 102.6 84.6 75.7 59.8 Amorphous
Dissolved 104.6 80.0 75.8 61.3

NaOH/Thio. Solid 104.7 86.4 76.2,75.3 61.6 Na-Cell. 11
Dissolved 104.3 79.6 76.1, 74.6 61.5

NaOH/APG Solid 106.8 86.0 75.3 61.7 Na-Cell. I
Dissolved 104.8 79.7 76.5, 73.9 61.9

? Chemical shifts in ppm. The data were referenced using a-glycine as external standard at 43.67 ppm (o carbon). The precision is

limited to £0.2 ppm by the acquisition time

° Na-cellulose Q is a highly swelled form of cellulose identified by Sobue et al. (Porro et al. 2007)
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Fig. 5 SEM images of the cellulosic materials regenerated in (top right), NaOH/thiourea aqueous solution (bottom left) or a
acidic medium. Cellulose has been previously dissolved in a TBAH aqueous solution (bottom right). The scale bar 10 pm
NaOH aqueous solution (top left), NaOH/urea aqueous solution
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patterns for native MCC
(full black curve), and 160 1 25 1
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addition of urea to the NaOH solvent can reduce the
hydrophobic effect of cellulose since urea plays its
role through interacting with the hydrophobic part of
cellulose.

Other additives have also been investigated and in
Table 2 the main chemical shifts for the solid and
dissolved fractions of cellulose in 8 wt% NaOH based
systems are summarized together with the type of
crystalline arrangement of the undissolved cellulose
(i.e. solid fraction).

The results indicate that the addition of selected
additives to the NaOH solvent enhances the dissolu-
tion of cellulose (deduced by the increase of the
intensity of the INEPT peaks and the decrease of the
CP peaks intensity), in line with the PLM and SEM
results; the amount of the solid fraction present in the
solution not only decreases but the additive also
affects the remaining crystalline organization.

Cellulose dissolution at extremely high pHs can be
understood by the fact that cellulose molecules acquire
net charges by deprotonation of the hydroxyl groups.
The PTssNMR also provides strong evidence for
changes in the protonation state of the hydroxyls since
the chemical shifts change ca. 3 ppm when acidic
solvents are used instead of basic ones (unpublished
data). However, this will be further discussed in a
subsequent paper about acid solvent systems. The
higher solubility of cellulose at extreme pHs is based
on the general finding that polyelectrolytes are more
soluble in water than nonionic polymers, the driving
force being the dissociation of counterions and the
concomitant large counterion entropy. Additionally,
most of the additives used here are suggested to reduce
the hydrophobic interactions among cellulose chains.

The degree of dissolution, as well as the molecular
arrangement of the solid fraction in solution, is
expected to have an impact on the properties of the
regenerated materials. In Fig. 5, SEM images of
regenerated cellulose (precipitated in acidic medium)
from the different alkali based aqueous systems are
presented. After regeneration the material shows
comparable features to the samples, which were
observed by SEM without the acid medium coagula-
tion. Similarly to what was previously observed in
Fig. 2, the regenerated material from the NaOH
aqueous solvent without any additive displays a highly
crystalline structure. On the other hand, the solvents
containing additives of intermediate polarity, such as
urea or thiourea, lead to softer morphologies (no
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needle-like crystals are observed) or even to a porous
material, and clearly lacking in crystallinity. The
decrease in crystallinity is evident from the X-ray
analysis (Fig. 6).

The use of additives with amphiphilic properties
such as urea, thiourea or APG in the NaOH system or
using a solvent with an amphiphilic cation (TBAH)
can be seen to considerably reduce the crystallinity of
the native MCC. Regarding the position of the
diffraction peaks, the starting MCC material presents
a major sharp diffraction centered at ca. 22.5° (200)
with a side peak at 20.5° (102) typical for a cellulose I
crystalline organization. Other characteristic reflec-
tions from cellulose I type structure can be found at
14.7° (1-10), 16.6° (110) and 34.7° (004) (French
2014). When cellulose is dissolved in the NaOH
aqueous solution or in the NaOH/thiourea system, and
regenerated, the crystalline structure changes to a
cellulose II type arrangement with two main diffrac-
tion peaks centered at 20.1° (110) and 21.9° (020), and
a third reflection at 12.1° (1-10) (Nam et al. 2016). A
more amorphous material with no detectable diffrac-
tion peaks is obtained when cellulose is regenerated
from the TBAH aqueous system. The X-ray data are in
good agreement with the NMR and SEM data.

Conclusions

A set of alkaline aqueous solvent systems for cellulose
was used and significant differences both in the
dissolved state and in the regenerated materials were
identified. The combination of different characteriza-
tion techniques demonstrates to be an excellent
approach for obtaining reliable information about the
molecular organization of cellulose in solution.
PTssNMR is shown to be very powerful for the study
cellulose in solution and report on the solvent quality.
The NaOH based solvent systems demonstrate to be
more efficient in cellulose dissolution when additives
of intermediate polarity are added. Significant changes
in the CP and INEPT signals are observed for the
systems containing NaOH and additives when com-
pared with the NaOH aqueous system without addi-
tives. The solid fraction changes from a swelled state
(NaOH aqueous) to cellulose II or an amorphous
arrangement, in the presence of additives. Addition-
ally, the peaks of the INEPT spectra are shifted in the
presence of additives, possibly indicating a stronger
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interaction between the less polar additives and the
cellulose backbone. The use of an alkaline solvent
with amphiphilic cations results in a marked enhance-
ment of the dissolution rate and efficiency. This can be
inferred from the poor CP signal obtained for the
cellulose samples in aqueous TBAH and TBPH
solutions. The regenerated materials present signifi-
cant differences in morphology and crystallinity,
depending on the solvent system used. The reduction
in solvent polarity, obtained by addition of urea or
thiourea, as well the use of TBAH, leads to smooth
materials with lower degree of crystallinity. Overall
the data highlight the amphiphilic properties of
cellulose and the ability of a given solvent to weaken
the hydrophobic interactions which consequently
improves dissolution.
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