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ABSTRACT: Deep eutectic solvents (DESs) are a fairly new class of green solvents applied in
various fields. This study investigates urea-based DES systems as novel pretreatments for cellulose
nanofibril production. In the experiments, deep eutectic systems having urea and ammonium
thiocyanate or guanidine hydrochloride as a second component were formed at 100 °C and then
applied to disintegrate wood-derived cellulose fibers. The DES-pretreated fibers were
nanofibrillated into three different levels of mechanical treatments with a microfluidizer and their
properties were analyzed. Moreover, nanofibril films were fabricated by solvent casting method.
Both DES systems were able to loosen and swell the cellulose fiber structure as indicated by the
increase in the lateral dimension of fibers. Nonpretreated birch cellulose fibers had difficulties in
mechanical nanofibrillation as the clogging of thechamber occurred often. However, cellulose
nanofibrils with widths ranging from 13.0 to 19.3 nm were successfully fabricated from DES-
pretreated fibers with both systems. Translucent nanofibril films generated from DES-pretreated
cellulose nanofibrils had good thermal stability and mechanical properties, with tensile strengths
of approximately 135 —189 MPa and elastic modulus of 6.4—7.7 GPa. Consequently, both urea-
based DESs showed a high potential as environmentally friendly solvents in the manufacture of

cellulose nanofibrils.
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INTRODUCTION

Deep eutectic solvents (DESs) consist of two or more interacting components, which result in a
mixture of lower melting point compared with their individual precursor components.! The
interaction is typically formed with hydrogen bonding.>? DESs possess several superior properties
in comparison to many traditional solvents:? they are easy to prepare, readily available with fairly
low cost, biodegradable with relatively low—toxicity*’ and even recyclable.® Previously, DES
systems have been investigated as one of the most promising alternatives for traditional solvents
in various fields like metal electrodeposition,’® material preparation,'® solvent synthesis,!'~'3 and
lignocellulose pretreatment.'+!3 Recently, an efficient DES synthesis approach for choline chloride
and urea was developed by using twin screw extrusion, which makes it possible to extend DES
applications into industrial scale.'®

Cellulose nanofibrils exist commonly in the cell wall of higher plants and are regarded as the
nanoscale elementary units of cellulosic fibers. A single nanofibril consists of approximately 36
individual cellulose molecules each!” which form a structure of 3—100 nm in diameter and several
micrometers in length.'® The cellulose nanofibrils have several attractive properties such as
lightweight,!® thermal stability, and very good mechanical properties.?’?! These prerequisites
make cellulose nanofibrils promising materials to apply, e.g., as reinforcement agents in paper and
board,?? biocomposites,?*?* and packaging materials.>> Nanofibrils are typically liberated under a
high pressure mechanical disintegration.”® Unfortunately, the mechanical fibrillation processes
require a significant amount of energy and easily cause chamber clogging.?” Thus, conventional
reactive pretreatment methods such as chemical functionalization?®?° or enzymatic treatment?® are
mostly applied to loosen the cellulose fiber structure and reduce the energy consumption of
nanofibrillation. However, chemical reactive processes are costly and toxic, and enzymatic
approaches are also expensive and time-consuming.?'3? Therefore, DES systems as nonreactive,
lesstoxic and inexpensive media lead to a sustainable pretreatment method in nanofibrillated
cellulose (NFC)3? and cellulose nanocrystals (CNCs) production.?*

This work investigates the morphological, mechanical, and physical properties of NFCs derived
from commercial birch pulp after pretreatments with different DES systems. Specifically, two urea
-based DESs having ammonium thiocyanate or guanidine hydrochloride as a second component
were compared and used as novel green pretreatments to promote nanofibrillation of wood
cellulose fibers. The DES-pretreated cellulose fibers were nanofibrillated with three different
levels of mechanical treatment using a microfluidizer and analyzed with transmission electron
microscopy (TEM). The nanofibril films were cast from nanofibril suspensions and were
characterized by scanning electron microscopy (SEM), thermogravimetric analysis (TGA), and a
universal material testing machine.



EXPERIMENTAL SECTION

Materials. A Dry sheet of industrially bleached birch Kraft paper (Betula pendula) was oven-dried
at 60 °C for 24 h, and used as a cellulose raw material. The properties of birch pulp were
determined in a previous study.> Ammonium thiocyanate (NH4SCN; >97.5%), guanidine
hydrochloride (NH2C(NH)NH:> - HCI; >299%) and urea (NH2CONH2; >99.0%) were from Sigma
-Aldrich (Taufkirchen, Germany). Copper—ethylene diamine (CED) —solution was from FF-
Chemicals (Oulu, Finland), and uranyl acetate dihydrate (UO2(CH3COO); -2H20; 98%) was from
Polysciences (Hirschberg an der Bergstasse, Germany). Deionized water was used in the whole
experiment.

Cellulose Fiber Pretreatment in Deep Eutectic Solvent Systems. Two different DES systems,
ammonium thiocyanate with urea, and guanidine hydrochloride with urea, were synthesized with
the same molar ratio of 1:2 in a round-bottom flask. The DES mixtures (400 g) were heated at 100
°C in an oil-bath system until the mixtures become clear liquid. A 4.0 g of pulp was torn by hand
into 1 cm *1 cm pieces, added into a DES and mixed continuously by magnetic stirring bar for 2
h at 100 °C. After the DES pretreatment, the flask was taken away from the oil-bath system and
cooled for 10 min. Then, the DES-pretreated suspension was filtrated and washed by deionized
water until the conductivity of the filtrate was below 20 uS cm.

Fabrication of Cellulose Nanofibrils from Deep Eutectic Solvent Pretreated Cellulose Fibers.
The DES-pretreated cellulose samples were diluted into aqueous suspensions (0.5%) which were
first mixed at 11000 rpm with an Ultra-Turrax mixer (IKA T25, Staufen, Germany) for 1 min.
Then, the suspensions were nanofibrillated into three different levels using a microfluidizer
(Microfluidics M-110EH-30, Westwood, MA, USA). The fiber suspensions were first passed
through a double-chamber system (400 and 200 um) in a microfluidizer three times at a pressure
of 1300 bar. At this point, one-third of the sample was collected (the first level of production, NFC
I) and the remaining two-thirds of the sample was passed through 400 and 100 pm chambers an
additional two times at a pressure of 2000 bar (the second level of production, NFC II). Similarly,
half of the second level production was collected and the remaining pulp was passed through 200
and 87 um chambers once at a pressure of 2000 bar (the third level of production, NFC III).

Preparation of Films from Deep Eutectic Solvent Treated Nanofibrils. The obtained nanofibril
suspensions were degassed under vacuum and then fabricated into films (0.88 g of dry mass, 57.17
g m~) by solvent casting and dried under ambient conditions for 2 weeks.

Fiber Dimensions of Deep Eutectic Solvent Pretreated Cellulose. The DES-pretreated birch
cellulose was diluted (0.008%) by deionized water. A 50 mL aliquot of well-mixed suspension
was prepared and then analyzed by a Fiber Lab (Fiber Lab 2000, Metso Automation, Jyvaskyla,
Finland) image-based analyzer. The fibers were analyzed in terms of length (mm) and width (um).
The results obtained from the device for each treatment correspond to average values of over 5000
individual qualified fibers captured by scanning camera in the Fiber Lab instrument.

Degree of polymerization. The degree of polymerization (DP) values of DES-pretreated
celluloses were obtained from the limiting viscosity values that were measured by dissolving the



cellulose pulp into cupriethylenediamine-solution (CED), according to the ISO 5351 standard.
Samples were freeze-dried prior to the measurements. The DP was calculated according to*®

1111
DP — <(1.65[T] - 116H)> 1)

C

where
[n] = the limiting viscosity [dm?® kg™'],

C = the mass fraction of cellulose [74.8%],
H = the mass fraction of hemicellulose [24.7%]

The contribution from hemicellulose to the limiting viscosity value and the DP of cellulose pulp
were taken into consideration, assuming that the average DP of hemicellulose is 140.3

Transmission Electron Microscopy. The morphological characteristics of the fabricated
nanofibrils were analyzed by a Tecnai G2 Spirit transmission electron microscope (FEI Europe,
Eindhoven, The Netherlands). Nanocellulose samples were highly diluted and well-distributed into
a 10 mL plastic test tube. A tiny droplet (7 pL) of the dilution was dosed on the top of Butvar and
carbon-coated copper grid. Specifically, the grid was precovered with polylysine*® by applying a
small droplet of 0.1% solution of polylysine on the top of the grid and allowing it to stand for 3
min. The excess polylysine was removed from the grid by touching the droplet with a corner of a
filter paper. Then, the nanocellulose solution was placed on the top of the polylysine-covered grid
and stable for 1 min. The excess of nanocellulose solution was wiped before addition of uranyl
acetate (2% (w/v)) which was applied as negative a stain to cover the samples. Similarly, the excess
amount of uranyl acetate was also removed with filter paper. The stained samples were dried at
room temperature and later were analyzed at 100 kV under standard conditions. Images were taken
by a Quemesa CCD camera. The widths of the individual nanocellulose fibrils as well as fibril
aggregates were measured by iTEM image analysis software (Olympus Soft Imaging Solutions
GMBH, Munster, Germany). Finally, over 100 well-distributed nanofibrils and nanofibril
aggregates of each sample were measured. The final results were averaged, and the standard errors
were calculated.

Field Emission Scanning Electron Microscopy. Nanofibril films were imaged by field emission
scanning electron microscopy (FESEM, Zeiss Sigma HD VP, Oberkochen, Germany). The cross-
sections were captured by snapping the frozen (liquid nitrogen) film strips. The tailored film
sample was fixed to a carbon-coated carrier. An accelerating voltage at 1.00 kV as well as 2.00 kV
was applied during imaging.

Thermogravimetric Analysis. Thermogravimetric analysis (TGA) of nanofibril films were
carried out by a thermal analyzer (Netzsch STA 449F3 apparatus) under two separate atmospheres:
the nitrogen flow and the air flow (dynamic air), at a constant rate of 60 mL min-'. Approximate 5
mg of the room-temperature dried sample was carried by aluminum pan and was heated from 20



to 600 °C with a heating rate at 10 °C min"'. The decomposition temperature (Tq) was taken when
the temperature at the onset point of the weight loss in the TGA curve was obtained.

Tensile Test. The mechanical properties of the nanofibril films were measured with a universal
material testing machine (Instron 5544, Norwood, MA, USA), equipped with a 100 N load cell.
Films were always kept in a constant-temperature and-humidity condition (temperature and
relative humidity were 23+1 °C and 50 + 2%, respectively) during the sample preparation (films
were cut into strips with a uniform width of 5 mm) and measurement processes. The thickness of
each specimen was measured by a Precision thickness gauge (Hanatek, FT3, St. Leonards-on-Sea,
U.K.) determining an average value of three random locations on the sample strip. For the tensile
testing, a 40 mm gauge length was set under a manual prestrain of 0.05—0.1 N. The strain rate was
controlled at 4 mm min’!. After the stress — strain curve was plotted, the Young’s modulus was
calculated from the initial linear slope. The ultimate tensile strength was defined as the stress at
the specimen breakage.

Statistical Analysis. Mechanical properties of nanofibril films were completed using values from
more than seven qualified strips in each sample for tensile strength, maximum strain, and Young’s
modulus. Statistical evaluation of data was completed with using one-way analysis of variance
(ANOVA), with (*) p < 0.05 suggesting significant difference.



RESULTS AND DISCUSSION

Characterization of DESPretreated birch fibers. In this study, DES based on urea together
with ammonium thiocyanate (ATU) or guanidine hydrochloride (GHU) was studied as a
pretreatment media prior the mechanical disintegration. Both components, ammonium thiocyanate
and guanidine hydrochloride, formed clear liquid together with urea at 100 °C. The formation of
ATU was observed to be faster compared to GHU and also the disintegration of cellulose fibers
appeared to be faster in ATU than in GHU. For ATU, it took around 15 min to fully disintegrate
cellulose into an even gel-like material, whereas for GHU it took approximately 30 min.

Both DES-pretreated birch fibers showed a clear increase in fiber width while the fiber length
remained at almost the initial value with the untreated fibers (Table 1). The increase in lateral
dimension of fibers indicated the fiber swelling and loosening of the fiber cell wall structure, likely
due to DES influence on internal hydrogen bonding, and was more pronounced with the ATU than
with GHU. The mass yields of fibers after DES pretreatments were 90% and 87% for ATU and
GHU DESs, respectively, being similar to those obtained previously with choline chloride — urea
(90%).%3 The yield decrease is most likely attributed to the dissolution of hemicelluloses.** Both
DES systems had only a small effect on the degree of polymerization, showing approximately 5%
reduction in DP compared to original cellulose fibers. These findings suggested that the used DES
systems were able to swell and loosen the fiber macroscopic structural integrity without notable
degradation of the molecular cellulose chain structure. This observation is in accordance with the
notion that DES pretreatment facilitates the liberation of elemental structural units by fibrils by
decaying hydrogen bonds between them, not by hydrolyzing the cell wall or in other ways
deteriorating the fiber structure as with oxidation?®2° or enzymatic treatments.*°

Table 1. Width, Length, DP, and Yield of the Original Birch Fibers and after DES Pretreatment.

Sample Width Length DP Yield
[um] [mm] [-] [“o]
ATU! fibers 18.40 0.84 3337 87
GHU? fibers 18.01 0.83 3315 90
Original fibers 17.80 0.85 3500 -

D ATU = ammonium thiocyanate — urea DES, 2 GHU = guanidine hydrochloride — urea DES

Nanofibrillation of DES Ppretreated Cellulose Fibers. The birch fibers pretreated by both
DES systems passed through the microfluidizer chambers smoothly without blockages, while the
disintegration of untreated fibers was not possible due to severe chamber plugging. The obtained
aqueous nanofibril suspensions were gel-like and slightly turbid already after the first level of
treatment (NFC I) and became more viscous after further passes through the microfluidizer (NFC
IT and NFC III) (Figure 1).



ATU-NFC I ‘ ATU-NFC II

ATU-NFC I

Figure 1. Ammonium thiocyanate — urea pretreated nanocellulose suspension in three different
levels of mechanical disintegration.

The TEM images confirmed that both ATU and GHU DES systems benefited birch fibers
mechanical disintegration into nanofibrils. Generally, the lateral dimension in samples varied from
13.0 to 19.3 nm (Table 2), indicating that the samples contained individual nanofibrils but also
larger aggregates. Previously, nanofibril aggregates of width 25 + 6 nm were produced through
sequential periodate-chlorite oxidation.?’ In addition, enzyme-pretreated NFC with a large
variation in diameter from 20 to 650 nm has also been reported.*? Here, also individual nanofibrils
with a width of 3—5 nm were detected easily in all levels of nanofibrillation (I-IIT) with both DES-
pretreated cellulose fibers. The widths of the individual nanofibrils were comparable to those
obtainable with TEMPO and periodate-chlorite oxidization methods. 41=43

Table 2. Width of the Cellulose Nanofibrils Obtained after Different DES Pretreatments (ATU
and GHU).

ATU GHU

Samples NFCI NFCII NFC III NFC1 NFCII NFC III

Width (nm) | 19.3£21.4  13.1£10.7 16.6+15.2 | 13.0£11.8 15.8+11.5 15.2+14.7

The individual, well-dispersed nanofibrils and small nanofibril bundles can be noticed in Figure 2
(images B and C’). Larger nanofibril bundles with widths around 100 nm appeared in the samples



treated with the first level of nanofibrillation (NFC 1), such as in images A and A" (Figure 2).
Moreover, there were still some larger fragments of fiber cell walls observed with all three levels
of mechanical disintegration (image C in Figure 2).

Figure 2. TEM images of nanofibrils produced from DES-pretreated birch fibers in different levels
of nanofibrillation (NFC I — III): ATU-NFC I (A), ATU-NFC II (B), ATU-NFC 1II (C), GHU-
NFC I (A") GHU-NFC II (B") and GHU-NFC III (C").



Structure of Nanofibril Films. The films were generated from the obtained nanofibrils using
a solvent casting method. All the film samples were translucent (Figure 3). It was difficult to
identify the difference between ATU and GHU DES-pretreated nanofibril films from their
appearance. FESEM imaging was required to study the surface morphology of these films. The
surfaces of films were gradually smoother with increased severity of mechanical treatment for both
DES-pretreated nanofibrils (Figure 4). The films generated from the first level of nanofibrillation
contained some distinctly larger particles (A and A’, Figure 4), which likely consisted of bundles
of individual nanofibrils and larger cell wall fragments.

Figure 3. Nanofibril films made from ammonium thiocyanate — urea pretreated cellulose fiber,
mechanical disintegration in three different levels.
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Figure 4. Surface FESEM images (x500 magnification) of nanofibril films generated from DES-
pretreated birch cellulose using different levels of nanofibrillation (NFC I — III): ATU-NFC I (A),
ATU-NFC II (B), ATU-NFC 1II (C), GHU-NFC I (A"), GHU-NFC II (B"), and GHU-NFC III
(€.

Even though fibers seemed to become evenly disintegrated to nanofibrils in the mechanical
nanofibrillation processes, some unexpected white flakes that may originate from the impurities
during the disintegration and/or film forming showed up in both DES nanofibril films. Compared
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with ATU-NFC III, not only more white flakes but also clearer porous regions were observed in
the films of GHU-NFC III (Figure 5). The cause of the porous regions is unknown.

Figure 5. FESEM image of the nanofibril film surface generated from GHU-NFC III: white flakes
and porous regions.

The cross-sectional FESEM images of the nanofibril films showed clearly the layered structures
of the films (Figure 6). The cross-section of the films became smoother, and the layered structure
was gradually faded away with the increased mechanical disintegration (images A, B and C in
Figure 6).
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Figure 6. FESEM images of the nanofibril film cross-sections, obtained from DES-pretreated
birch pulp: GHU-NFC I (A), GHU-NFC II (B), and GHU-NFC III (C).

Thermal Stability of Nanofibril Films in the Air and N2. The thermal behaviors of the
nanofibril films were analyzed by TGA at both air and N> atmosphere. Nonfibrillated, original
birch fibers with and without DES pretreatment were used as reference samples.

The TGA curves indicate the processes of cellulose degradation. Generally, a bimodal weight loss
curve occurred in every sample at air atmosphere (images A and B in Figure 7). In the first stage,
when the temperatures were below 100 °C, all of the samples had low weight loss because of the
evaporation of water. No cellulose degradation occurred at this stage.** The original birch fibers
and nanofibril films started a similar degradation approximately at the temperature of 250 °C.
However, the DES-pretreated birch fibers showed better thermal stability with a higher initial
degradation temperature at ca. 270 °C, which may be due to the removal of hemicelluloses by
DESs.#34¢ For the nanofibers, the decreased DP by mechanical disintegration is likely responsible
for a lower thermal stability than DES-pretreated fibers.*”48

The major weight loss of the original birch fibers with and without DES treatment takes place
between 270 °C (250 °C for non-DES-pretreated pulp) and 320 °C, and the residual weight after
this stage was ca. 20%, whereas there is still ca. 38% nanofibril residual after the films dramatically
degraded at the temperature range from 250 to 325 °C. Furthermore, the degradation rate of
nanofibrils was significantly lower than both DES-pretreated fibers and original birch fibers
(images B and B’ in figure 7). This may be due to a more efficient hydrogen bonding among
nanofibrils. In addition, the temperature of maximum weight loss rate for birch fibers is slightly
lower when compared with DES-pretreated fibers and nanofibers (can be seen from the first
derivate curve). Finally, at the end of the second stage, nanofibers had a slightly higher temperature
(440-470 °C) than birch fibers with and without DES pretreatment (420—-440 °C).

At N atmosphere, samples had similar behavior but with monomodal degradation curves
compared to air (image A" and B’ in Figure 7). No matter whether in the air or in N2, DES-
pretreated samples exhibited better initial degradation temperature than original birch fibers,
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indicating that DESs as a pretreatment method leads to an enhanced thermal stability of cellulose
fibers, which may be associated with hemicellulose dissolution into DES.
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Figure 7. TGA curve of the samples at air (A) and N2 (A") condition, accordingly, with their first
derivate curves of the TGA (DTG) at air (B) and N> (B"). (ATU = ammonium thiocyanate — urea
DES; GHU = guanidine hydrochloride — urea DES; NFC = nanofibrillated cellulose; Birch =
hardwood cellulose fiber).

Mechanical Characteristics of Nanofibril Films. The ultimate strengths prior to the specimens
were entirely fractured are shown in Figure 8. Generally, all of the nanofibril films achieved good
tensile strength (image A in Figure 8) ranging from approximately 135 to 189 MPa which is similar
to periodate-based nanocellulose films (130-163 MPa)* and is much higher than multiple enzyme-
pretreated NFC films (60—120 MPa).>* The elastic modulus (image B in Figure 8) ranged from 6.4
to 7.7 GPa, which is comparable with films made previously of TEMPO-oxidized cellulose
nanofibers (67 GPa)’! and also similar to other solvent-cast NFC films (6 = 1 GPa).>? The films
pretreated by ATU were, in most cases, more uniform and had higher strength properties compared
to GHU films. ATU treated fibrils showed no linear dependency between processing severity and
product strength (i.e., from I — II — III) while GHU-derived film strength was clearly deteriorated
by continued processing. Similar decreasing trend was observed for film strain, but the degree of
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microfluidization had quite a small impact on Young’s modulus. The more uniform structure of
ATU nanofibril films was also proved with FESEM images and the existence of the white flakes
and clear porous regions in GHU nanofibril films may have weakened its properties (Figure 5).

A | :

Tensile strength (MPa)

ATU-NFCI ATU-NFCII ATU-NFC Il GHU-NFC I GHU-NFC Il GHU-NFC I
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Modulus (GPa)
FN

ATU.NFCI ATU-NFCII ATU-NFC I GHU-NFC 1 GHU-NFC Il GHU-NFC IiI
Sample
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Figure 8. Tensile strength (A), Young’s modulus (B), and strain (C) of nanofibril films. Data
presented as mean + standard error and analyzed using a one-way ANOVA, (*) p<0.05; (**) p <
0.01; (-) with no statistical significance.

Clear differences between the levels of mechanical treatments were seen especially with the DES
of guanidine hydrochloride — urea. The increase in severity of nanofibrillation decreased the tensile
strength of samples (image A in Figure 8). Beside the possible damages caused by guanidine
hydrochloride pretreatment, the extended mechanical treatment may have reduced the strength of
individual nanofibrils. In addition, the nanofibril films achieved notably higher strain values (5.3—
9.4%) than previous oxygen barrier nanofibril films pretreated by oxidation approach (0.7—
1.6%),* and also higher than NFC—talc films (approximately 5%).** However, the film elongation
at the break had a decreasing trend with increased severity of microfluidization (image C in Figure
8). Hence, it is necessary to explore the optimum conditions for the disintegration of cellulose
fibers from not only mechanical processes such as injection pressures, chamber sizes, and shapes
point-of-view but also considering chemical pretreatment solvents such as the ratios and species
in a DES, the synthesis temperature, and duration.
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CONCLUSIONS

The ammonium thiocyanate — urea- and guanidine hydrochloride — urea- based DES systems were
successfully applied as pretreatments for cellulose nanofibril production. Both DESs promoted the
cellulose structure, loosening as indicated by an increase in fiber lateral dimension, while the DP
of cellulose remained at the initial level after DES treatments. The cellulose nanofibril suspensions
were slightly turbid and gel-like and passed through the microfluidizer smoothly without chamber
clogging. Nanofibril films cast from nanofibril suspension achieved good mechanical properties
and thermal stability. Generally, DES synthesized by ammonium thiocyanate and urea was more
effective than the guanidine hydrochloride in terms of a higher DP and better swelling capacity for
cellulose fiber, and a better mechanical property of the nanofibril films. DES -based systems are
sustainable, easy to prepare, and relatively inexpensive, indicating green approaches for
nanocellulose production, whereas DES properties and especially their forming mechanisms
deserve further study to optimize the pretreatment methods for cellulose fiber nanofibrillation.
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