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Every. Single. Carbon atom oxides to CO, at the end. Every. Single. One.

The more we pump petroleum-fixed carbon into the carbon cycle, the higher will be the
concentration of CO; in the atmosphere. The higher the CO,, the greater will be the temperature of the
planet. This increase in temperature will also raise the concentration of water in air. Water and CO, are
the molecules that contribute the most to the greenhouse effect. The planet is subject to daily warming,
and the later we take account of it and act, the more difficult will the battle against global warming be.

It is time to change our views and make this problem a priority. Consumer demands need to care
about the carbon neutrality of products so that the market and industry are forced to offer alternative
and more sustainable solutions.

In polymer science, this message means that we have to exploit as much as possible the materials
that nature synthesizes, process them in a sustainable way, and eventually modify them to give the
new materials the high-performing properties we are used to. We aim to jealously maintain the carbon
atoms that are fixed in solid phase.

This is what our scientific community is trying to do on a daily basis—taking important steps to
produce carbon-neutral, bio-based, high-performing materials.

Content of This Issue

The current research on bio-based polymers is summarized in Figure 1.

Separation

Biomass l Biomass constituents
e.g. Cellulose, proteins

e.g. Plants, animals, fungi

‘ ‘£

Processed biomass Processed constituents Composites

e.g. Acetylated wood e.g. MDF, WPCs e.g. Nanocellulose e.g. Lignin-Asphalts

Figure 1. Diagram showing research topics in the field of bio-based polymers.

Among the different kind of biomasses, plants derivatives are the most widely investigated
because they are by far the more abundant and are easy to source.

In this special issue, wood is treated to enhance its durability with alkali lignin at high
temperature [1] and improve its transparency for the preparation of bleached thin translucent veneer [2].
This sustainable harvested biomass is also considered a source of molecules: a broad number of

Polymers 2020, 12, 775; doi:10.3390/polym12040775 1 www.mdpi.com/journal/polymers
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extractives such as taxifolin and larixol [3] were extracted by simple extraction, but organic oils could
also be gained by applying thermal pyrolysis [4] for further applications.

With regard to biomass constituents, cellulose is certainly the more investigated subject in
bio-polymer science. Despite pulping and paper-making having been used for centuries, there is a
strong interest in improving the process and applying it to other biomasses, in an effort to enhance
yield and pulp quality [5,6].

In recent years, scientific interest has moved to nano-fibrillated cellulose. In this issue, many
research groups have proposed interesting technologic solutions [7]. Jiang et al. proposed an efficient
method for obtaining NFC from Artemisia Vulgaris bast [8]. Kang et al. found a one-pot method to
oxide it and use the product in cosmetic and biomedical applications [9], while other researchers have
found attractive ways to modify the cellulose membrane by adding graphene oxide or grafting it to
enhance its adsorption properties [10,11].

Cellulosic fibres were combined with various materials to enhance mechanical properties, not
only in thermoplastics as polyamides, but also other bio-polymers such as polylactic acid and
pectines [12-17].

Cellulose was also used as support for metals and other polymers such as polycaprolactone
through electrospinning deposition [18,19].

Other research groups have exploited polysaccharides such as hemicelluloses, starch, and alginate
to produce hydrogels, microparticles, and sponges for methylene blue removal [20-22]. Furthermore,
bioplastics have been characterized, highlighting that starch has a higher recycle sensibility, while PLA
is subject to a decrease in its molecular mass during reprocessing [23].

In spite of their extreme variability, proteins are a consistent subject of study in material science.
In this volume, the growing mechanism of silkworm cocoons produced in confined spaces and the use
of the silver coated peptone for anti-bacterial effects are presented [24,25].

We present three studies on polyhydroxyalkanoate produced by bacterial fermentation. These
macromolecules are biodegradable polyesters and their synthesis is affected by several parameters, of
which concentration of substrate and cycle length are fundamental [26]. These promising bio-material
often have an unpleasant smell and limited mechanical properties, which can be reduced by adding
organoclays [27,28].

Several interesting bio-based polymers from other resources and processes are also presented.
Polyesters and NIPU were synthesized using vegetal oils, offering products with enhanced mechanical
properties and high thermal stability, respectively [29,30]. Latex was exposed to photodegradation
catalyzed by TiO, to obtain easy-to-manage low molecular weight rubber [31]. In a study by Yu et al.,
the possibility to include heavy bio-oils in asphalt rubber to improve the rutting and fatigue resistance
of the paving material is shown [32].

The polymerization of natural monomers such as tannins and dopamine were also exploited to
produce high-absorbing materials and more mechanically stable explosives [33,34].

In summary, sustainably produced bio-based polymers can be studied from many aspects: We can
consider the bio-materials, their constituents obtained by various processes, modifications, and their
combinations in composites. Every time a researcher finds new ways to replace fossil-based resources
to produce materials, the chances of keeping carbon atoms fixed to the material increases. We will, thus,
soon be able to offer high-performing bio-based engineered products and trigger a green revolution.
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Abstract: Chemical modification of wood with green modifiers is highly desirable for sustainable
development. With the aim of enhancing the water resistance and dimensional stability of fast
growing wood, modifications were conducted using renewable and toxicity-free industrial lignin
combined with heat treatment. Poplar (Populus cathayana) samples first underwent impregnation
with alkali lignin solution and were then subjected to heat treatment at 140-180 °C for two hours.
The results indicated that the modified wood showed excellent leaching resistance. The alkali lignin
treatment improved surface hydrophobicity and compression strength, and decreased moisture and
water uptake, thereby reducing the dimensional instability of modified wood. These changes became
more pronounced as the heat-treating temperature increased. Scanning electron microscopy, confocal
laser scanning microscopy, and Fourier transform infrared spectroscopy evidenced that a multiscale
improvement of the alkali lignin occurred in the cell lumen and cell wall of wood fibers and vessels,
with small alkali lignin molecules reacting with the wood matrix. This study paves the way for
developing an effective modification approach for fast growing wood, as well as promoting the reuse
of industrial lignin for high-value applications, and improves the sustainable development of the
forestry industry.

Keywords: wood modification; alkali lignin; water resistance; dimensional stability; heat treatment

1. Introduction

As the second richest polymer from biomass after cellulose, lignin is usually accepted as biomass
waste in the pulping industry. The lack of use of lignin has led to a massive waste of resources and
pulping emissions have become an issue of environmental concern [1]. Only about 100 kt (less than
2%) can be sold commercially as kraft or alkali lignins [2].

Lignin is regarded as a natural raw material that can modify or replace other materials because
of its unique chemical structure and abundance in nature. Peng et al. found that polypropylene
composites reinforced with alkali lignin showed higher surface hydrophobicity after a weathering
treatment [3]. Directly using industrial lignin and modified lignin as fillers was found to lead to a
significant reduction in water absorption in thermoplastic starch [4]. Composites mixed by wood
flour, lignin (extracted from kraft black liquor) and polypropylene showed decreased hydroscopicity
and corresponding swell rate with increasing lignin content [5]. Therefore, lignin is thought to make
the composites repellent to water and deformation. However, few studies in the literature examined
lignin as an alternative to enhance the hydrophobicity and dimensional stability of solid wood whose
hygroscopic nature of the cell wall polymers is a dominating obstacle to the application of usual
hydrophobic modifiers. The poor reaction capacity of lignin at room temperature also limits the
modification effect of wood.

Polymers 2018, 10, 1240; d0i:10.3390/polym10111240 5 www.mdpi.com/journal/polymers
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The problem may be solved by heat treatment. Studies have shown that lignin chemical reactivity
increased during heat treatment, since a number of reactions including radical oxidation, molecular
transposition, dehydrogenation, and polycondensation occurred, resulting in cross-links between
lignin molecules [6-8]. Due to oxidation and condensations, a further self-crosslinking occurs between
lignin and the cell wall components of wood when heating [9]. On the other hand, the porosity of wood
cell wall increases after heat treatment due to the degradation of hemicellulose [10], which provides
the possibility of improving permeability for lignin. Heat treatment has been proven to boost water
repellency and dimensional stability of wood caused by decreasing free hydroxyl [11,12]. Therefore,
heat treatment could be a good consideration to combine with lignin modification. And according
to the previous research [13], heat treatment with lower temperature or short heating time did not
adversely affect the mechanical properties of wood.

The objective of this study was to take industrial lignin as a modifier to enhance the water
resistance and dimensional stability of fast growing wood. Heat treatment was introduced to facilitate
a redistribution of the impregnated lignin and cross-links between it and wood matrix. The effects
of this combined treatment, including water resistance and dimensional stability, were investigated.
Morphological and chemical characteristics were analyzed by scanning electron microscopy (SEM),
confocal laser scanning microscopy (CLSM), and Fourier transform infrared (FTIR) spectroscopy, with
high expectation of multiscale modifying both the cell cavity and cell wall levels. Results from this
study expand the application field and resolve the bottleneck for the use of fast growing wood, and
enable the high-valued reuse of industrial lignin, therefore contributing to more environmentally
friendly and sustainable development of the forestry industry.

2. Materials and Methods

2.1. Materials

The test species was Poplar (Populus cathayana), which belongs to the fast growing species, and is
quite common in North China. The 20 x 20 x 20 mm? (L x T x R) samples were oven-dried at 103 °C
until they reached a constant weight 1 (g) (labelled as Control). Alkali lignin extracted from pulping
black liquor (average size of 180 nm detected by a laser particle size analyzer, MASTERSIZE 2000,
Malvern Panalytical Ltd., Malvern, England and number-average molecular weight of 1336 g/mol
obtained by gel permeation chromatography, Agilent 1200, Agilent Technologies Inc., Santa Clara, CA,
USA), was purchased from Shan Feng Chemical Co., Ltd., Changzhou, China.

2.2. Sample Treatment Methods

The alkali lignin particles were dispersed in 1,4-dioxane to the maximum concentration followed
by filtration for later use. The samples were impregnated with alkali lignin solution using a
vacuum-pressure process. In this study, the samples were subjected to a vacuum at —0.1 MPa for
30 min, then they were immersed in alkali lignin solution at 0.5 MPa for 1 h. After impregnation, the
excess liquid in the wood surface was wiped with tissue paper and oven-dried at 103 °C to constant
weight m; (g) (labelled as AL). Finally, the AL samples were subjected to three temperatures of 140, 160,
and 180 °C for 2 h (labelled as AL 140 °C, AL 160 °C, and AL 180 °C, respectively), and the weight m,
(g) after heat treatment was recorded. The weight percent gain (WPG) for the impregnation treatment
and mass loss (ML) for the heat treatment were evaluated according to the following equations:

WPG(%) = 100(mq — mg)/my 1)

ML(%) = 100(m7 — mp)/m; (2
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2.3. SEM Analysis

To characterize structural details and the alkali lignin location of the modified wood, transverse
and tangential sections of the samples were placed in conductive glue and sputter-coated with gold.
Then, the microstructure of the samples was observed by SEM (Hitachi S-3400, Hitachi Ltd., Tokyo,
Japan) with a voltage of 15 KV.

2.4. CLSM Analysis

To further qualitatively and quantitively investigate the spatial distribution of alkali lignin within
the samples, transverse sectional samples 10-20 pm thick from the microtome were subsequently
inspected with a Leica TCS SP5 confocal microscope (Leica Microsystems Inc., Wetzlar, Germany) with
a krypton/argon laser emitting at wavelengths of 488 nm. The same gain setting (115) was used for
the samples so the emission intensities could be directly compared in the images.

2.5. FTIR Spectroscopy Analysis

To explore the changes in the functional groups in the wood after treatment, flour of the samples
(100 mesh) was pressed into KBr pellets and tested by FTIR (Bruker VERTEX 70V, Bruker Ltd.,
Karlsruhe, Germany) with a resolution of 4 cm™ and 32 scans per sample in the 4000-400 cm™! interval.

2.6. Leachability Test

The treated samples were tested for leaching resistance according to the E11-06 American Wood
Protection Association (AWPA) standard. For each group, three replicates were leached in 300 mL of
deionized water at 22-28 °C. The samples were completely submerged and stirred with a magnetic
stir bar in flask bottles. The water was replaced after 6, 24, and 48 h, and thereafter at 48-h intervals.
The leachability test lasted for 14 days, and the weights of the samples (dried at 103 °C) before and
after the leaching treatment were recorded.

2.7. Contact Angle

All the samples were conditioned at 25 °C and 72% relative humidity (RH) to a constant mass
before measurement. The time-dependent contact angles were measured according to sessile drop
method by Dataphysics OCA20 contact angle analyzer (DataPhysics Instruments GmbH, Filderstadt,
Germany). Data were gathered stochastically from three sites on the transverse section of every sample
with each group containing three replicates. The dispense process was completed by an automatic
microsyringe with approximately 3 uL of distilled water.

2.8. Water Resistance and Dimensional Stability

Water resistance and dimensional stability were tested according to Chinese standard GB/T
1934.1-2009 and GB/T 1934.2-2009, respectively. Oven-dried samples were exposed separately to
3 different RH of 45%, 55%, and 72% at 25 °C for adsorption. The 3 RH conditions were created
by applying saturated salt solutions of K,CO3, NaBr, and NaCl, respectively [14]. The remaining
oven-dried samples were submerged in deionized water at approximately 25 °C for water absorption.
The water used in the experiment was replaced daily to ensure the container stayed clean. Weights
and dimensions (tangential, radial, and longitudinal direction) were examined at particular intervals
during the adsorption and absorption processes. The moisture content (MC), water absorption rate
(WAR), tangential swelling rate («y and &max), and volumetric swelling rate (v, and otymax) of the
samples were calculated from three replicates as follows:

MC(%) = 100(M,, — Mp)/M, 3)

WAR(%) = 100(W,, — M)/ My “4)
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otw(%) = 100(Ly — Lo)/Lg 5)
omax(%) = 100(Limax — Lo)/Lo (6)
ayw(%) =100V — Vo)/ Vo ?)

ovmax(%) = 100(Viuax — Vo)/ Vo ®)

where the subscript w represents the adsorption process; max refers to the absorption process; My, M,
and W), are weights of over-dried samples and samples after n hours of adsorption and #n hours of
water absorption (g), respectively; Lo, Ly, and Ly are the tangential dimensions of over-dried samples
and samples after n hours of adsorption and n hours of water immersion (mm), respectively; and V,
Vw, and V. are volumes of over-dried samples and samples after n hours of adsorption and 7 hours
of water immersion (mm?).

The adsorption behavior of the modified samples was analyzed using the Hailwood-Horrobin
(H-H) sorption model [15]. According to this theory, the MC corresponding to the total hydration of
the available sorption sites (-OH) in wood was 18/W.

2.9. Compression Test

The samples were conditioned over a NaCl saturated solution (75% RH) at 25 °C before mechanical
tests. The axial compressive strength was determined with a universal mechanical machine (Universal
Mechanical Testing Machine, Beijing, China) at a test speed of 1 mm-min~! according to GB/T
1935-2009. Each group included 6 replicates in the tests. The axial compressive strength (o) was
calculated as follows:

0 = Pyuax/bt )

where Py is failure load (N), and b and t are the radial and tangential length of the samples
(mm), respectively.

3. Results and Discussion

3.1. General Description of Treated Wood

As listed in Table 1, the WPG of the samples after impregnation ranged from approximately 11%
to 13%. The mass loss increased with heat treatment temperature, since an increase in temperature
promoted the degradation of hemicellulose. After the leachability test, all treated samples showed
considerable leaching resistance, especially the AL 180 °C, for which the leaching rate was only 1.4%.
This is ascribed to the hydrophobicity of alkali lignin and the formation of chemical bonds between
alkali lignin and the wood matrix during heat treatment, which caused the fixation of alkali lignin
in wood.

Table 1. Weight percent gain (WPG), mass loss, leaching rate, initial contact angle, 18/W, and
compression strength (o) of the samples. Number in parenthesis represents standard deviation from
several replicates.

Sample WPG (%) Mass Loss (%)  Leaching Rate (%) 18/W (%) o (MPa)
Control - - - 5.4(0.1) 419 (1.3)
AL 12.3 (0.3) - 3.3(0.7) 5.3(0.1) 425(1.2)
AL 140°C 12.4 (1.0) 0.8(0.1) 2.3(0.2) 5.2(0.1) 43.8 (1.4)
AL 160 °C 11.2 (0.9) 1.2(0.1) 1.9 (0.3) 5.1(0.1) 454 (1.2)
AL 180 °C 11.8 (0.7) 22(0.2) 1.4(0.1) 4.9 (0.0 45.6 (1.1)

3.2. SEM Analysis of Treated Wood

Figure 1 shows the SEM images of transverse and tangential sections of the samples. Compared
with the Control, a portion of the cell cavity of wood fibers and vessels were totally or partially filled
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with alkali lignin after alkali lignin impregnation for the AL (Figure 1c). The fillers hinder water
passage and may lead to further improvement in mechanical properties. The pits were covered by
alkali lignin film (Figure 1d), which blocks the water paths in cell cavities and obstructs the possible
hydrogen bonding contact between water molecules and hydroxyl groups in cell walls. After the heat
treatment at 180 °C, granular sediments were found near the pits (Figure 1f), which may be associated
with the self-condensation of alkali lignin caused by high temperature treatment. The cell wall of
AL 180 °C showed no visible difference compared to the Control and the AL, implying that low heat
treatment temperature would have little effect on the mechanical properties of wood.

Figure 1. Scanning electron microscopy (SEM) images of (a,c,e) transverse-sections at magnification
500 and (b,d,f) tangential sections at magnification 3000 of the samples.

3.3. CLSM Analysis of Treated Wood

Brighter areas represent higher lignin concentration. As shown in Figure 2, green light fluorescence
was found in the cell wall of the Control with brighter fluorescence occurring in the compound middle
lamella (CML), suggesting a higher lignin concentration in the CML [16]. The average fluorescence
intensity was estimated by randomly calculating various area of the cell wall or cell cavity from five
replicates, which also shown in Figure 2. The average intensity of the cell wall of the Control was 38.4,
whereas that of the cell cavity was only 2.5. For AL and AL 180 °C, both the brightness of the image and
fluorescence signal intensity increased significantly compared with the Control. The intensity values
were higher than 130 for the cell wall and 25 for the cell cavity, which indicates that alkali lignin was
not only deposited in the cell cavity, but also entered the cell wall after immersion. Further compared
to the AL, we found from the signal intensity curve that the fluorescence intensity distribution was
more homogeneous for AL 180 °C, suggesting a uniform dispersion of alkali lignin after heat treatment,
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which may have resulted from the increasing fusibility of alkali lignin caused by high temperature

treatment [17].

300

Cell wall: 138.4(3.1)"
01 Cell lumen: 25.1(3.6)°

Cell wall: 38.4(1.2)" “lcelt wall: 130,031y
#*1Cell lumen: 2.5(0.5)" *"ICell lumen: 29.9(4.5)°
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Figure 2. Confocal laser scanning microscopy (CLSM) images showing the lignin distribution over

transverse sections of the (a) Control, (b) AL, and (c¢) AL 180 °C and corresponding varieties of

fluorescence signal intensity across the wood cell along the white dotted lines. @ Average values

(standard deviation) from five replicates are shown.
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3.4. FTIR Spectroscopy Analysis

Taking the Control, AL, and AL 180 °C as examples, Figure 3 displays the FTIR spectra for the
alkali lignin-heat treated samples, which were all normalized based on the highest peak assigned to
O-H stretching around 3430 cm™. Generally, analysis of changes in wood chemical components by
O-H stretching absorption bands and C-H absorption bands (around 2923 cm™) is limited, which is
due to the fact that the three main chemical components (cellulose, hemicellulose, and lignin) of wood

all contain hydroxyl and methylene moieties [18].
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Figure 3. Fourier transform infrared (FTIR) spectra for the Control, AL, and AL 180 °C samples.
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From Figure 3, it could be found that the peak intensity in AL at 1632 and 1427 cm™ increased
significantly compared with the Control. The peaks were assigned to aromatic conjugated C=0
and benzene ring vibration respectively, which originated mainly from lignin [19]. Another
characteristic peak of lignin at 1507 cm™! (C=C stretching vibration) [20] also increased after alkali
lignin impregnation treatment, which is due to the infusion of alkali lignin in wood. Therefore, the
relative amount of lignin for AL increased. The absorbance at 1263 cm™! is the characteristic peak of
Ar-O stretching or «- or 3-aryl ether in lignin [21,22]. The rising intensity of this peak indicates new
ethers formed between the alkali lignin or between alkali lignin and polysaccharide in AL (Figure 4),
which also explains the low leaching rate of the treated samples because of the fixation of alkali lignin
in wood (Table 1). The subdued signal at 1739 cm™! assigned to C=0 stretching, attributed primarily
to hemicellulose [23], showed a decrease in the relative amount of hemicellulose for the AL 180 °C due
to hemicellulose degradation caused by high temperature treatment.

Because the 1263, 1427, 1507, 1632 cm™ wave numbers were attributed to the functional groups
of lignin, to quantitatively estimate the change in lignin content or lignin functional groups after
treatment, the lignin index (LI) was calculated according to Equation (10) based on the intensity of
the peak at 1049 cm™!, which corresponds to the oxygen-containing functional groups of cellulose in
wood [24], usually serving as a reference band.

LI =100(I1263,1427,1507,1632 / T1049) (10)

where [ is band intensity.

As shown in Table 2, the Llj263, L1477, and Ll;507 of AL and AL 180 °C increased compared to the
Control, again confirming the increase in the lignin content in treated wood. However, the values of
L1263, Ll14p7, and Llj507 of AL 180 °C were lower than those of AL, with an opposite trend for Ll¢37,
which belongs to the aromatic conjugated C=0 in lignin. This may be due to the degradation of alkali
lignin after heat treatment (Figure 4), followed by the formation of aromatic organics [25,26].

Table 2. Lignin index (LI) for the Control, AL, and AL 180 °C samples.

Sample Ll1263 L1427 Ll1s07 L1632
Control 49.0% 52.8% 39.3% 73.2%
AL 78.6% 73.2% 72.1% 86.0%

AL 180 °C 55.2% 60.6% 48.8% 139.4%
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R R e + 4+ |-O Q-I e HO” R
[e) oH Degradation R R R R R HO
R o v
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R
Figure 4. Schematic illustration and chemical reactions showing the bonding mechanism between
lignin and the wood matrix.

3.5. Contact Angle

The initial contact angle and change in contact angle with time for the samples is demonstrated in
Figure 5. The contact angle of the Control was less than 90°, corresponding to a hydrophilic surface,

11
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and all the treated samples had contact angles greater than 90°, which indicated a hydrophobic
surface. It is clear that the contact angle of the Control decreased rapidly during the first three seconds
compared with the treated samples, and eventually approached a relatively stable value around 2-3°.
In addition, the contact angles of treated wood were much larger, even after 60 s without a significant
reduction, which suggests that alkali lignin improves the surface hydrophobicity of wood due to
its hydrophobic property. Another reason for this effect could be that the alkali lignin existing on
the wood surface may create wood roughness. The contact angle increased with increasing heating
temperature at a given testing time. Specifically, the contact angle of AL 180 °C exceeded 140°, which
almost corresponds to a super-hydrophobic surface with a water contact angle greater than 150° [27].
The surface active functional groups of the wood probably reduced after heat treatment [28], and high
temperature may promote the reactions between surface functional groups and alkali lignin.
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Figure 5. Initial contact angle and contact angle as a function of time for the samples.

3.6. Moisture Adsorption and Water Absorption

Figure 6 presents the adsorption processes at three RH conditions for the samples. Hygroscopicity
of samples subjected to heat treatment at 180 °C for 2 h without lignin impregnation was also
investigated as a reference, but the results indicated a very limited improvement and are not discussed
here. Among the five groups in the Figure 6, the Control exhibited the highest MC, followed by AL,
AL 140 °C, AL 160 °C, and AL 180 °C. Taking the 72% RH as an example, the equilibrium MC of AL,
AL 140 °C, AL 160 °C, and AL 180 °C dropped by 13.2%, 15.2%, 15.4%, and 20.0% compared with the
Control, respectively, which suggests that alkali lignin impregnation combined with heat treatment
can reduce wood hygroscopicity. This can be explained by the small molecular alkali lignin reacting
with -OH in the wood cell wall (Figure 3) and heat treatment led to a lower moisture adsorption due
to the reduced hygroscopicity resulting from hemicellulose degradation.

12
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Figure 6. Moisture adsorption processes under (a) 45% relative humidity (RH), (b) 55% RH, and (c)
72% RH at 25 °C for the samples.

The 18/W calculated by the H-H sorption model is listed in Table 1. All the values of 18/W
for the samples fell in the range of 4% to 6%. When the effective -OH of the sample reacted with
the monolayer adsorbed water, the MC should be limited to 4% to 6%. This result is consistent with
previous research [29]. A comparison of 18/W among different samples shows that the value of
the modified samples decreases compared with the Control. It also verifies a reduction in available
sorption sites after alkali lignin plus heat treatment.

The moisture adsorption rate of the samples was evaluated by taking the first derivative according
to Figure 6. The corresponding results of the first 24 h during the adsorption processes are shown
in Figure 7. From the figure, the adsorption rate of the samples increased with increasing RH. The
adsorption rate of alkali lignin-heat treated samples declined compared with the Control. Specifically,
the values of AL, AL 140 °C, AL 160 °C, and AL 180 °C dropped by 16.9%, 17.1%, 25.7%, and 42.2%,
respectively, under the 55% RH condition compared with the Control. This implies that alkali lignin
plus heat treatment decreases not only moisture adsorption amount but also adsorption rate for the
samples, which may due to the blocking of water pathways caused by alkali lignin (Figure 1).
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Figure 7. Moisture adsorption rate of the samples during the first 24 h.

As shown in Figure 8, the WAR increased with immersion time. The rate of alkali lignin-modified
samples showed an apparent reduction compared with the Control. After 192 hours” immersion, the

13
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WAR of the alkali lignin-modified sample was 65-75% lower than that of the Control. This result
indicates that alkali lignin has a remarkable waterproofing effect, owing to the filling effect in the cell
cavity of wood fibers or vessels and the blockage effect in the pit caused by alkali lignin (Figure 1).
Therefore, water transportation was inhibited. High temperature treatment further decreased WAR
slightly, and the degradation of hydrophilic hemicelluloses during thermal treatment could be
responsible for this phenomenon, as stated above.
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Figure 8. Water absorption rate of the samples as a function of immersion time.

3.7. Dimensional Stability

Figure 9 presents the difference in swelling rate between moisture adsorption and water
absorption. In Figure 9a, both the tangential and volumetric swelling rates of AL-treated wood
decreased compared with the Control, and the swelling rate reduced more apparently as heat
temperature increased. Concerning the tangential swelling rate through moisture adsorption, for
example, the values for AL, AL 140 °C, AL 160 °C, and AL 180 °C dropped by 13.8%, 23.8%, 26.4%, and
32.6% compared with the Control, respectively. For swelling rate through water absorption (Figure 9b),
the alkali lignin penetration with heat-treatment clearly lowered the tangential and volumetric swelling
rates. These results were predictable as both hygroscopicity and WAR decrease as mentioned above
(Figures 6 and 8). The swelling of wood could be restrained by alkali lignin plus heat treatment
so that the dimensional stability improved. When hydrophobic material like alkali lignin bulks the
cell, the water affinity of wood reduces, and the space available for the water molecules to enter the
cell wall decreases, which leads to reduced swelling. The results can also be related to the fact that
heat treatment at high temperature reduces wood hygroscopicity so as to the long-term dimensional
stability improved [30].
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Figure 9. Tangential and volumetric swelling rate of the samples: (a) through moisture adsorption
(54% RH) and (b) through water absorption after 20 days’ immersion.

3.8. Compressive Strength

Compression strength values of the samples listed in Table 1 illustrate that the o value for AL
increased slightly compared with the Control and a more obvious improvement was observed as heat
treatment temperature increased. This could be interpreted as an enhancement in the mechanical
performance achieved by the combined modification. Alkali lignin acts as a stiffener while filling
the pore spaces of wood [31], accounting for the increase in compressive strength after impregnation.
A negative effect on the mechanical properties of the samples was not found for heat treatment samples.
Conversely, the redistribution of alkali lignin and new chemical bonds formed between the alkali lignin
and wood matrix benefited from high temperature treatment would further support the improvement
in mechanical properties.

4. Conclusions

In this study, we reported an effective, low cost, and sustainable modification method for fast
growing wood. The samples modified by alkali lignin combined with heat treatment produced obvious
improvement both in hydrophobic properties and dimensional stability, without adversely changing
the mechanical properties of the wood. Based on a multiscale modification of the cell cavity as well
as cell wall levels, a novel wood with enhanced performance can be used as a fully green product,
which can be easily disposed of and used as an ecologically friendly material. Since most chemical
modifications are often hindered by ecological drawbacks, such as lack of sustainability, ecoefficiency,
and recyclability of the products, this process promotes the efficient and sustainable development of
the forestry industry.
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Abstract: Transparent wood samples were fabricated from an environmentally-friendly hydrogen
peroxide (H,O,) bleached basswood (Tilia) template using polymer impregnation. The wood samples
were bleached separately for 30, 60, 90, 120 and 150 min to evaluate the effects on the changes of the
chemical composition and properties of finished transparent wood. Experimental results showed
decreases in cellulose, hemicellulose, and lignin content with an increasing bleaching time and while
decreasing each component to a unique extent. Fourier transform infrared spectroscopy (FI-IR)
and scanning electron microscope (SEM) analysis indicated that the wood cell micro-structures
were maintained during H,O, bleaching treatment. This allowed for successful impregnation of
polymer into the bleached wood template and strong transparent wood products. The transparent
wood possessed a maximum optical transmittance up to 44% at 800 nm with 150 min bleaching
time. Moreover, the transparent wood displayed a maximum tensile strength up to 165.1 + 1.5 MPa
with 90 min bleaching time. The elastic modulus (E,) and hardness (H) of the transparent wood
samples were lowered along with the increase of H,O, bleaching treatment time. In addition, the
transparent wood with 30 min bleaching time exhibited the highest E, and H values of 20.4 GPa and
0.45 GPa, respectively. This findings may provide one way to choose optimum degrees of H,O,
bleaching treatment for transparent wood fabrication, to fit the physicochemical properties of finished
transparent wood.

Keywords: transparent wood; chemical composition; H,O, bleaching treatment; physicochemical properties

1. Introduction

Wood-based materials are widely used in our living environments, such as for housing construction,
interior decoration, and furniture manufacturing, etc. [1]. As a novel wood-based material, transparent
wood has attracted increasing research interest due to its renewable raw material heritage, outstanding
optical transmittance and haze, strong durability as well as its mechanical properties, and finally, its low
thermal conductivity [2,3]. The multifunctional transparent wood material not only possessed similar
mechanical characteristics to wood in engineering applications, but its unique optical properties can
also be beneficially utilized across new fields to expand the applications of the wood. Some examples
of these applications include the use of transparent wood as an illuminable structural medium, as a
planar light source in luminescent buildings, or as a component of energy efficient smart building, and
transparent wood materials are also suitable for application in electronic devices such as conductive
substrate, etc. [4-8].
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Lignin plays a key role in the visual properties of wood and wood-derived materials, serving as
the primary contributor to the opaque color of native wood [9]. To make transparent wood, a crucial
step involves beginning with a delignified wood. The superstructure of wood after delignification is
then filled with a polymer (or combination of polymers) with a desired refractive index. The finished
visual properties of transparent wood is therefore primarily driven by the degree of delignification, as
well as the void-filling polymer system chosen.

Recent literature on this specific topic is full of various delignification approaches used to render
transparent wood templates (and eventually transparent wood). Fink (1992) developed transparent
wood materials based on placing the wood samples for 1-2 days of submersion in a 5% aqueous
solution of sodium hypochlorite to remove colored components, including lignin [10]. Li et al. (2016)
reported that their delignified transparent wood templates were also prepared using submersion in
sodium chlorite (NaClO,), which successfully lowered the lignin content from 24.9% to 2.9% [11].
Qiu et al. (2019) also used 1.5 wt% NaClO; with an acetate buffer solution (pH 4.6) as a lignin removal
solution to impregnate wood samples, and lignin content decreased from 23.5 + 1.8% for the untreated
wood to 1.6 + 0.2% for the delignified wood after 8 h delignification [12]. Using a different approach,
Zhu et al. (2016) reported a means of delignification using a boiling aqueous solution of NaOH and
NayS0;3, to which additional H,O, was added. In this case, lignin content in the template woods was
less than 3% [13]. Liu et al. (2018) also obtained delignified wood by using a 5 g NaOH and 15 g
NapSO3; mixing 400 mL methanol (20% volume fraction) water solution to extract wood samples, then
the samples were placed in the 1.5 mol/L H,O, solution until the wood yellow color disappeared
and the removal rate of lignin reached up to 99.2% [14]. Generally, there are harmful components,
such as methyl mercaptan, dimethyl sulfide, and hydrogen sulfide, generated during the delignification
process [15]. As can be surmised, these sorts of delignification processes are time-consuming and
not necessarily environmentally friendly. In addition, the severity of such processes weakens the
mechanical properties of the wood template due to excessive lignin removal. Therefore, it is imperative
to optimize the wood template preparation process along the lines of achieving as much lignin retention
as possible, and finished transparent wood possessed high light transmittance without significantly
sacrificing mechanical properties.

The purpose of this work was to develop a better understanding of how extent of bleaching
treatment in transparent wood templates relates to the properties of finished transparent wood materials.
An environmentally friendly H,O, bleaching process was adopted, which includes H,O; as a bleaching
agent and trisodium citrate dihydrate as a pH stabilizer (used in place of more harmful pH stabilizers).
The effect of varying delignification time on the chemical composition and morphological, optical, and
macromechanical properties of transparent wood was investigated. In addition, the micromechanical
properties of the finished transparent wood were also observed using nanoindentation techniques.
The goal of these analyses was to promote the utilization of transparent wood as a novel bio-based
material that is both visually appealing and mechanically functional.

2. Experimental

2.1. Materials

Basswood (Tilia) with dimensions of 20 mm long X 20 mm wide x 0.4 mm thick (the depth of the
lumina is as long as the length of the wood samples) and ultrapure water were supplied by Yihua
Lifestyle Technology Co., Ltd., (Guangdong, China). Trisodium citrate dihydrate was purchased from
Sinopharm Chemical Reagent Co., Ltd., (Shanghai, China). Sodium hydroxide (NaOH), Hydrogen
peroxide (H,O,, 30% solution) and methyl methacrylate (MMA) were provided by Xilong Scientific
Co., Ltd., (Guangdong, China). Ethanol was supplied from Tianjin Fuyu Fine Chemical Co., Ltd.,
(Tianjin, China). 2,2’-Azobis (2-methylpropionitrile) (AIBN) was obtained from Tianjin Benchmark
Chemical Reagent Co., Ltd., (Tianjin, China).
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2.2. Fabrication of Transparent Wood

Natural wood (NW) samples were first dried at 103 °C for 24 h prior to further bleaching treatment.
The bleaching solution was prepared through mixing 6 wt % H,O,, 1 wt % trisodium citrate dihydrate,
1 wt % NaOH, and 92 wt % ultrapure water [16]. Afterwards, the bleached wood (BW) samples
were prepared from the dried NW by treating it with this bleaching solution at 60 °C for different
bleaching times. The Alkaline H,O, bleaching treatment is an environmentally friendly method where
the chromophore structures in lignin were removed or selectively reacted and most of lignin was
preserved [17]. Because trisodium citrate dihydrate is a safe, non-toxic and biodegradable reagent,
it has good PH regulation and buffering performance and could be used as a stabilizer in the process of
H,O; bleaching [18]. The bleached wood samples produced were labeled as BW-30, BW-60, BW-90,
BW-120, BW-150 samples. These samples correspond to the BW samples produced from NW samples
treated for 30, 60, 90, 120 and 150 min, respectively. After treatment, the BW samples were thoroughly
washed with ultrapure water and then suspended in ethanol prior to preparation of transparent
wood. To begin transparent wood production, pure MMA monomer was uniformly mixed with
AIBN initiator (0.5 wt % solution) and pre-polymerized at 75 °C for 15 min [11]. After the designated
pre-polymerization time, the impregnation solution was cooled to room temperature. The BW samples
were immersed in cooled prepolymerized solution under vacuum for 30 min. Later, the vacuum
pump was turned off and the polymer solution was allowed to continue to fill the wood templates
for an additional 1 h. Finally, the polymer-infiltrated wood was sandwiched between two pieces of
glass and transparent wood (TW) samples were obtained by heated at 70 °C for 5 h. As far as sample
labeling is concerned, TW-1, TW-2, TW-3, TW-4 and TW-5 were (respectively) produced from the
BW-30, BW-60, BW-90, BW-120 and BW-150 templates. An illustration of the entire preparation process
and the finished samples are provided as Figure 1.
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Figure 1. Schematic illustration of the preparation processes for transparent wood and finished samples.
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2.3. Chemical Composition Content Analysis

The cellulose, hemicellulose and lignin contents (including acid-insoluble lignin plus acid-soluble
lignin) of NW and BW samples were tested by the Laboratory Analytical Procedure (LAP) written by
the National Renewable Energy Laboratory (Determination of Structural Carbohydrates and Lignin in
Biomass). The main methods were as follows [19]: First, samples were processed into 20-80 meshes of
wood powder and dried at 105 °C for 24 h. Then 0.3 + 0.01 g dried wood powder were put into the
hydrolytic flask. The 3.00 + 0.01 mL 72 wt % concentrated sulfuric acid was added to the hydrolytic
flask, and all wood powder samples were infiltrated at the same time. The hydrolysate flasks were
all covered and placed in water bath at 30 °C for 1 h. Then the 84.00 mL =+ 0.04 mL water was added
in the flask. Then flasks were placed into the sterilizer at 121 °C for 1 h and opened after cooling.
The hydrolyzed samples were filtered by a constant weight G3 funnel, and 50 mL filtrate was retained
for the determination of acid-soluble lignin (measured within 6 h) and sugar concentration. The filtered
residue was rinsed with hot deionized water to neutral, and then placed in an oven at 105 °C until
constant weight, and the weight was recorded. After constant weight, it was transferred to the muffle
furnace and dried at 575 + 25 °C for 24 + 6 h. Later, the G3 funnel was taken out and the weight was
recorded. The filtrate was diluted with the corresponding multiple, and the UV absorption value was
determined by UV spectrophotometer at 205 nm. The filtrate was diluted by a certain multiple, and
then the sugar content was analyzed by High performance liquid chromatography (HPLC).

In addition, the content and removing rate of the chemical composition in Table 1 and Figure 2
can be determined by Formulas (1) and (2), respectively [20].

M
Content (%) = M—‘i % 100% (1)
Mnw — Mpw

Removal percentage(%) = % 100% 2)

NW
where Mg is the mass of each chemical composition content in samples, Myy is the total mass of the
samples, M is the mass of each chemical composition content in NW samples, and Mpyy is the mass
of each chemical composition content in BW samples.

2.4. Fourier Transform Infrared Analysis

The attenuated total reflection (ATR) Fourier transform infrared spectroscopy (FI-IR) spectra of
NW, BW and TW samples were analyzed using a VERTEX 80 V spectrometer. Spectra were collected
over the range from 400 cm™! to 4000 cm~! by 16 scans at a resolution of 4 cm™~!. The dimensions of
samples were 20 mm long x 20 mm wide X 0.4 mm thick and all samples were dried before analysis.

2.5. Scanning Electron Microscopy

The dried NW, BW and TW samples were coated with gold particles, and then observed with
a FEI Quanta 200 scanning electron microscope (SEM) at an accelerating voltage of 20 kV. The cross
sections of samples that perpendicular to the direction of the wood fiber alignment were observed.

2.6. Optical Properties

The optical transmittance of NW and TW samples were collected by a Shanghai youke UV1900PC
spectrophotometer with a wavelength ranging from 350 nm to 800 nm.
2.7. Mechanical Properties

The tensile strength of NW and TW samples were performed in a SANS-CMT6104
electromechanical universal testing machine. The tensile speed was set at 2 mm/min. The dimensions
of samples were 20 mm long X 20 mm wide X 0.4 mm thick and stretched in the direction of the
fiber alignment.
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2.8. Nanoindentation

The nanoindentation test method, the reduced elastic modulus (MOE) (E;) and hardness (H)
measurements upon TW samples, and calculation methods (Formulas (3) and (4)) were all performed
according to our previously described research methods [21,22]. The nanoindentation test performed
by a Hysitron TriboIndenter system (Hysitron, Inc., Eden Prairie, MN, USA) with scanning probe
microscope (SPM) and a three-sided Berkovich type indenter. About 30 valid indents on the wood cell
wall were analyzed when the peak load was 400 uN based on a load-controlled mode (the loading time
was 5 s, the holding time was 5 s and the unloading time was 5 s). The calculation methods of reduced
elastic modulus (MOE) (E,) and hardness (H) were as follows: Formulas (3) and (4), respectively.

_Vrs
=25 7

H= Pmax/A (4)

E, 3

where S is the initial unloading stiffness and  is a correction factor correlated to indenter geometry
(B =1.034), Prmax is the peak load, and A is the projected contact area of the indents at peak load.

3. Results and Discussion

3.1. Chemical Composition Content Analysis

The NW samples was treated by H,O, bleaching solution and the changes of wood cell wall
components as shown in Table 1 and Figure 2. The key components of wood cell wall are linear
polysaccharide cellulose, heterogeneous hemicellulose, structurally variable lignin, linkage with each
other via hydrogen bond network (between cellulose and hemicellulose) and covalent linkage (between
lignin and hemicellulose) [23,24]. Natural lignin is a three-dimensional amorphous polymer with a
dark color comprising three types of lignin units, termed syringyl units (S), guaiacyl units (G), and
p-hydroxyphenyl units (H) [25]. As can be seen in Table 1 and Figure 2, increasing H,O, bleaching
times resulted in increasing removal rates of cellulose, hemicellulose, and lignin. It was found that
lignin was the most affected by H,O, bleaching treatment. Regarding lignin removal, the lignin
content decreased from 24.3% (NW) to 14.9% (BW-150), translating to a 38.7% delignification in BW-150
compared to NW. A slight decline of cellulose and hemicellulose content took place, decreasing from
48.3% (NW) and 17.2% (NW) to 43.5% (BW-150) and 15.7% (BW-150), respectively. In addition, neither
cellulose nor hemicellulose had a removal percentage of more than 10%. One interesting observation
was found, in that the removal of cellulose, hemicellulose, and lignin was greatest in the first 30 min of
bleaching time. As time was prolonged, the additional removal rates decreased. However, a slightly
linear relationship can be visually assessed for lignin removal and the prolonged bleaching times of
BW samples. The chromophore structures of lignin were destroyed by oxidizing the carbonyl structure
and quinoid structure of lignin side chain during H,O, bleaching [26]. Furthermore, H,O, may react
with the benzoquinone structure of lignin to change the solubility of lignin, or react with the side chain
carbonyl and carbon-carbon double bond of lignin to further oxidative degradation, leading to lignin
removal [27]. Also, during the H,O, bleaching treatment with the existence of alkali, the carbohydrate
may be oxidized and degradation of carbohydrate would have occurred [28,29]. The effect of the H,O,
bleaching treatment on the wood samples was as expected.
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Table 1. Chemical composition content changes of various degrees of H,O, bleaching treatment.

Sample Name Cellulose Content (%) Hemicellulose Content (%)  Lignin Content (%)
NwW 48.3 17.2 24.3
BW-30 45.0 16.8 19.5
BW-60 44.4 16.5 18.4
BW-90 44.0 16.4 16.6
BW-120 43.9 159 15.2
BW-150 43.5 15.7 14.9
50
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Figure 2. The removal percentage of cellulose, hemicellulose and lignin in wood samples at increasing
H,0; bleaching times.

3.2. Fourier Transform Infrared Analysis

Figure 3 shows the FTIR spectra of NW compared against each BW and TW sample. In Figure 3a,
characteristic absorption bands of NW samples are marked in the regions of 3330 cm™! (O-H stretch),
2900 cm™! (C—H stretch), 1730 cm™~! (C=0 stretch in hemicellulose), 1590 cm™! and 1500 cm™~! (C=C
stretching vibration from lignin), 1370 cm™ (C-H deformation vibration in cellulose and hemicellulose),
1240 cm™! (C-O stretching in lignin and hemicellulose) in Figure 3a [30,31]. The band at 1500 cm™!
remained almost unchanged after bleaching treatment as the aromatic lignin had resistance to the
hydrogen peroxide treatment [32]. Also after bleaching treatment, the bands at 1240 cm™! and
1370 cm™! in BW samples were shown to be smaller than what is observed in NW samples. In addition,
the band at 1730 cm™! (attributed to acetyl groups in hemicelluloses) also weakened and eventually
disappeared as the bleaching time increased. The observed changes to the bands were consistent
with chemical composition content changes in Table 1, where removal of all three components was
observed at increasing treatment times [33]. The spectrum of transparent wood (Figure 3b) showed
peaks at 2990 cm™~! and 2950 cm ™! (C—H stretching of the methyl group), 1720 cm™! (C=0 stretching
of the ester carbonyl), 1190 cm™! and 1150 cm ™! (C—O-C stretching of the ester group), all of which
were characteristic of the impregnation polymer PMMA [34]. This observation confirms successful
impregnation of MMA solution into the wood template.
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Figure 3. (a) FTIR spectra for natural wood (NW) and bleached wood (BW) samples. (b) FTIR spectra
for natural wood (NW) and transparent wood (TW) samples.

3.3. Scanning Electron Microscopy

As intended, both H,O; bleaching treatment and polymer impregnation resulted in structural
changes on the wood surfaces. SEM images acquired of NW, BW and TW samples are each shown
in Figure 4 to provide a qualitative assessment of the microstructures of each sample. In addition,
simple photographs of NW, BW (BW-150) and TW (TW-5) samples are also shown in Figure 4. As can be
seen, the BW (BW-150) sample (Figure 4b) was colorless relative to the NW sample (Figure 4a). This is
expected, as we have already established that bleaching removed a fair quantity of color-providing
lignin. Speaking to the favorable transparent properties of the TW, the grid lines underneath the TW
(TW-5) sample can be clearly seen in Figure 4c. This transparency is also an additional demonstration
of successful polymer impregnation. Moving on to microstructural considerations, the microscale
pores and their aligned channels can be observed in the SEM images of the BW samples (Figure 4b).
This shows that such pores were preserved (comparing Figure 4a,b) in spite of the bleaching treatment
while removing color. The main observable difference between the NW and BW microstructures
includes the changes to the structure of the cell walls. In NW, the cell wall appears less uniform,
while the uniformity increases in the BW samples despite the apparent pore diameters decreasing.
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We attribute this difference to removal of both lignin and hemicellulose, biopolymers which are
often collectively thought of as binding agents in plant cell wells. By chemically removing a healthy
quantity of these binding agents, we are forcing the micromolecular structure to adopt more uniform
conformations [35]. As such, we have demonstrated that the bleaching treatment is not severe enough
to collapse the lumens of the plant cells, but is selective enough to reduce the visual color of the material
itself. Figure 4c shows the SEM images of the TW samples. The displayed TW (TW-5) micrographs
show that almost of the cell lumens were successfully filled with the polymer. Furthermore, effective
bonding between the interfaces of the wood template surfaces and PMMA polymer and the wood cell
walls can be observed. This observation is consistent with similar images and observations reported
by Wang et al [36].
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Figure 4. Photographs and SEM images of (a) natural wood (NW), (b) bleached wood (BW-150) and (c)
transparent wood (TW-5) samples.

3.4. Optical Properties

Figure 5 shows the optical transmittance of the TW samples with the NW transmittance shown as
a control. As a control, the NW sample (24.3% lignin content) exhibited almost 0% optical transmittance
due to both light absorption by lignin and light scattering by the porous wood structure [37].
In contrast, it can be seen that TW-5 samples exhibited optical transmittance as high as 44%. The optical
transmittance was also found to slightly increase as a function of the template’s bleaching time.
This finding is congruent to our previous studies, which showed that increasing lignin removal in
transparent wood templates contributes to an increase of an optical transmittance value of the finished
transparent wood [20]. Specifically, when the lignin content (Table 1) decreased from 19.5% (BW-30) to
14.9% (BW-150), the optical transmittance slightly increased from 38% (TW-1) to 44% (TW-5) at 800 nm.
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Beyond lignin removal, each TW sample’s transmittance could also be influenced by the viscosity,
refractive indices, and shrinkage properties of the PMMA impregnated within [38]. Finally, Figure 5
shows that the optical transmittance of each TW sample increases with measured wavelength (from
350 to 800 nm).
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Figure 5. Optical transmittance of natural wood (NW) and transparent wood (TW) samples.

3.5. Mechanical Properties

Figure 6 shows the comparison of tensile strength for NW and a series of TW samples. The tensile
strength of TW samples were related to their compositions and chemical structures [39]. All TW
samples exhibited stronger tensile strength than NW samples (121.9 + 6.12 MPa). These results
demonstrated that not only was the transparency significantly increased by polymer infiltration, but
that mechanical properties could also be improved compared to NW samples [40]. The longitudinally
oriented cellulose nanofiber structure and the interaction between wood cellulose nanofibers and
PMMA were favorable to the strength of TW samples [41]. It was interesting to find that out of all the
TW samples, TW-3 exhibited the greatest tensile strength (165.1 + 1.5 MPa). An overall pattern of the
TW tensile strengths increasing first and then decreasing was observed. This could be due to the wood

templates at longer bleaching times being mechanically weaker than the templates produced at shorter
bleaching times [42].
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Figure 6. Tensile strength of natural wood (NW) and transparent wood (TW) samples.
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3.6. Nanoindentation

The reduced elastic modulus (MOE) (E;) and hardness (H) of TW cell walls were summarized
in Figure 7. It is shown that as the bleaching time increased, both E, and H of the TW samples
obtained showed a downward trend that is concurrent with the removal of lignin, hemicellulose,
and cellulose. The TW made from the template with the shortest bleaching time, TW-1, samples
exhibited the highest E, and H values of 20.4 and 0.45 GPa. In comparison, the TW-5 samples exhibited
the lowest E; and H values of 16.4 and 0.37 GPa. With the removal of the wood cell’s structural
biopolymers at extended bleaching times, the interaction between the main components of the cell
wall was weakened, which destroyed the integrity of the cell wall to a certain extent and decreased
the E; of the cell wall [43]. Concerning hemicellulose, its function as an interface coupling agent
between cellulose and lignin was increasingly damaged at prolonged bleaching times. Therefore the
removal of hemicellulose observed likely also provided significant effect on the E; of the cell wall in
the finished TW materials [43]. Another metric, the cellulose microfibril angle, has also been found
to be correlated to the E; of the wood cell wall [44]. However, the other property measured, H, is
governed by the yielding of the cell wall matrix (lignin and hemicelluloses), instead of the property
of the microfibrils (or their alignment) [45]. Therefore extraction of hemicellulose and migration of
lignin from the matrix surrounding cellulose microfibrils creates pores in the matrix that decrease the
density and hardness of the material [46]. The lignin is a dimensional phenolic polymer which imparts
rigidity and hydrophobicity to biomass and has a greater effect than hemicellulose on the H of the cell
wall [43,47]. The results of nanoindentation were not correlate with the tensile strength. This could be
that E, and H of the TW samples were influenced by the surrounding PMMA polymer, the interface
between wood and PMMA polymer, the position of obtained wood sample, and so on.
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Figure 7. The reduced elastic modulus (MOE) (E,) and hardness (H) of transparent wood (TW) samples.
4. Conclusions

An environmentally friendly H,O, bleaching treatment method was successfully used to make
TW samples. FT-IR and SEM observations showed that the microstructure of the wood cells was still
well preserved after bleaching treatment and the MMA was successfully impregnated into the wood
template. The optical transmittance and tensile strength of TW samples produced from these templates
was superior to NW samples, in spite of the severe chemical compositional changes imparted by the
bleaching treatment. The transparent wood possessed a maximum optical transmittance of up to 44 %
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at 800 nm and displayed a maximum tensile strength of up to 165.1 + 1.5 MPa. The E, and H of the
cell wall templates present in the TW sample was also found to be related to the removal of chemical
components, as they both decreased at increasing bleaching times. Also, they exhibited the highest
E; and H values of 20.4 and 0.45 GPa. These findings will provide a knowledge base for the further
application of transparent wood as a novel home material in various fields of interior decoration.
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Abstract: Many of current bio-based materials are not fully or partly used for material utilization, as
the composition of their raw materials and/or possible applications are unknown. This study deals
with the analysis of the wood extractives from three different tissue of larch wood: Sapwood mainly
from outer part of the log, and sound knotwood as well as dead knotwood. The extractions were
performed with an accelerated solvent extractor (ASE) using hexane and acetone/water. The obtained
extracts were analyzed by gas chromatography coupled to mass spectrometry (GC-MS). Three various
vibrational spectroscopy (FI-RAMAN, FI-IR and FT-NIR) methods reflect the information from the
extracts to the chemical composition of the types of wood before the extraction processes. Multivariate
data analysis of the spectra was used to obtain a better insight into possible classification methods.
Taxifolin and kaempferol were found in larger amount in sound knotwood samples compared to
larch wood with high percentage of sapwood and dead knotwood samples. While the extractions
of dead knotwood samples yielded more larixol and resin acids than the other larch wood samples
used. Based on the chemical composition, three lead compounds were defined for the classification of
the different wood raw materials. The vibrational spectroscopy methods were applied to show their
potential for a possible distinction of the three types of larch wood tissue. This new insight into the
different larch wood extracts will help in the current efforts to use more environmentally friendly
raw materials for innovative applications. The connection between the raw materials and extraction
yields of the target values is important to transform the results from the laboratory to industry and
consumer applications.

Keywords: GC-MS; kaempferol; knotwood; larixol; taxifolin; vibrational spectroscopy

1. Introduction

Regarding the bio-economy and bio-refinery approach, not all substances in the wood are currently
used. New thinking and techniques are helpful to exploit the huge potential of bio-based products for
innovative applications from the laboratory to industry. Different gaps exist and bridges are necessary
to use the by-products (e.g., bark) for new applications (e.g., bio-based polymers) and not only for
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energy generation [1-4]. This study deals with the analysis of wood chips from an industrial Austrian
sawmill for the potential uses of wood extractives.

The European larch (Larix decidua Mill.) is a commercially important species in the European
Alpine areas and larch wood chips are normally produced as one of the by-products during the sawing
process of wood. The outer part (mostly of it is sapwood) of the timber round wood cannot be used
for the sawn wood and it is chopped to wood chips and used as thermal energy resources in larger
part. As larch wood is not a preferred pulpwood species [5], since the amounts of resin and other
extractives are large [6,7]. Furthermore, there is a non-negligible amount of knots in the fraction of
these wood chips, which are sorted out during the pulp and paper process. However, knots contain
exceptionally large amounts of secondary plant metabolites (e.g., phenolic compounds). The amount
of knot wood extracts is often higher than in the stemwood for many tree species [8-10], and the
hydrophilic compounds exhibit strong bioactivity against oxidation, bacteria and fungi exploitable for
various new applications (e.g., dietary supplements and cosmetic products) [8,11-13].

A knot or knotwood is indicated as the part of the branch which starts to grow from the pith and
is hidden inside the stem. Two different types of knots can be distinguished, based on their function
(Figure 1). Sound knots are connected with the stem wood and intact branches of the tree. If the
lifetime of the branch is over then the tree loses the branches; however, the knot will be protected
against bacteria and fungi by the wood extractives [14]. This knot is called a dead knot. As the stem
grows further, it will gradually grow over the stump of lost branches, and finally the knot will be
completely embedded in the stem wood (cf. Figure 1b).

10 mm

Figure 1. (a) One example of a larch wood chip with a sound knot and the intact connection between
knot and stem wood; (b) a larch wood chip with a dead knot and the inclusion of bark as well as
oxidized resin.

The chemical composition of sound and dead knots of different larch wood species has been
analyzed by Nisula [15]. As polyphenols are responsible for different functions of wood extracts (e.g.,
antimicrobial activities) [8,12,13], the results of chemical analysis of different parts of the trees are
interesting for discovering wood tissues with a large extraction yield. The difference between both knot
types was not focused upon in various studies of extractives and material properties [8-10,13]. GC-MS
analyses are often applied to determine the chemical composition of wood extractives [6,8-10,12,13].
This method gives reliable results and is used for the detection of single components of natural
extracts. However, in some processes less time-consuming analytical methods are important for the
identification of different materials. Vibrational spectroscopy methods have much potentials for the
sensitive and selective determination of organic compounds in wood and wood extractives [16-18].
These methods are also relatively inexpensive to implement and easy to apply; furthermore, they are
non-destructive techniques [19].
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In this study, the qualitative and quantitative chemical differences of sound and dead knots
extracts were analyzed using a GC-MS method. New insight into the different extracts contents of
bio-based polymers in natural resources will help in the current efforts to use more environmentally
friendly raw materials for innovative applications. Based on the chemical composition, three lead
compounds were defined for the classification of the different wood raw materials. Furthermore,
FT-RAMAN, FT-IR and FT-NIR vibrational spectroscopy methods were applied for development of
classification between sound and dead knots, which is also needed for the transformation of the results
from the laboratory to the industry. The connection between raw materials and extraction yields of the
target values is important for the utilization of different current unused wood tissues.

2. Materials and Methods

2.1. Wood Material

The wood chips of heart and sapwood from the outer part of the timber round wood as well as
sound and dead knots from European larch (Larix decidua Mill.) trees were collected from an Austrian
larch sawmill and ground with a cut mill (Retsch) using solid carbon dioxide to pass a mesh of 500 pm.
The wood powder was then freeze-dried.

2.2. Chemicals

Taxifolin and kaempferol were produced by Alfa Aesar and Cayman, respectively, were used
as reference.

2.3. Solid-Liquide Extraction

The extraction was done with an ASE (Accelerated Solvent Extractor) according to Willfor [10].
The larch was first extracted with hexane (solvent temperature 90 °C, pressure 13.8 MPa, 2 X 5 min
static cycles) and then with acetone (VWR) and water in a ratio 95/5 mixture (100 °C, 13.8 MPa, 2 X
5 min).

2.4. GC-MS Characterization

Before GC-MS analysis, the different extractives were evaporated using nitrogen gas and
silylated to enhance volatility. For silylation, the evaporated extractives were first dried in a
vacuum oven at 40 °C (Binder, Herbertshausen, Germany) and then silylation solvents (80 pL
bis-(trimethylsilyl)-trifluoroacetamide, 20 uL pyridine and 20 puL trimethylsilyl-chloride) were added.
Finally, the samples were incubated at 70 °C for 45 min. Measurements were performed using a Perkin
Elmer Auto-System XL gas chromatograph (GC; PerkinElmer Inc., Waltham, MA, USA) and a GC-MS
(HP 6890-5973 from Agilent Technologies Inc., Santa Clara, CA, USA). The GC was equipped with
a HP-5 column (length: 25 m; ID: 0.20 mm; film thickness 0.11 pm) and a flame ionization detector
(FID). The carrying gas was nitrogen at a flow rate of 0.8 mL/min. Furthermore, other conditions were:
internal oven 120 °C with an increasing rate at 6 °C/min to 320 °C (15 min hold); a split injection with a
ratio of 25:1 and a temperature of 250 °C; the detector temperature 310 °C and injection volume of
1 pL. The data were analysed based on the mass spectra library created at the Laboratory of Natural
Materials Tehcnology at Abo Akademi University.

2.5. Fourier Transform-RAMAN Spectroscopy

The wood powders (cf. Section 2.1) of different materials were examined in the NIR spectral
region by FT-RAMAN using an IFS 66 FT-IR spectrometer (Bruker, Ettlingen, Germany) equipped with
a Raman module FRA 106 and having a laser source at 1064 nm and a maximum power of 100 mW.
The spectra were taken in the wavenumber range of 3500100 cm~! with a FWHM-resolution of 4 cm™!
and 400 cumulated scans.
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2.6. Fourier Transform Infrared Spectroscopy

Small thin sliced samples of the various parts of the wood were produced and measured. The
FT-IR spectra of different solid wood parts were recorded between 4000 and 600 cm™! with 32 scans at a
resolution of 4 cm™! using a Frontier FT-IR spectrometer (PerkinElmer, Waltham, MA, USA) equipped
with a Miracle diamond ATR accessory with a 1.8 mm round crystal surface. All spectra were ATR
corrected and two single spectra per sample were averaged. The spectra were baseline corrected in the
wavenumber range between 4000 and 600 cm™!.

2.7. Fourier Transform Near-Infrared Spectroscopy

The FT-NIR spectra were obtained from the different surfaces of the wood chips, and from
pre-selected sound and dead knots, by an MPA spectrometer (Bruker) equipped with a fibre probe
(4 mm measurement diameter) at a resolution of 8 cm™! (32 scans). For every type of wood (e.g., sound
and dead knots), a minimum of five samples were selected. Two single spectra of each sample were
averaged to minimize the influence of variation on different material surfaces.

2.8. Data Analysis

The Unscrambler X 10.3 software (CAMO, Norway) was used for the data analysis. The FT-NIR
spectra were managed without data treatment, and also a second derivative method with 17 smoothing
points for the presentation of the NIR data was applied. Principal component analysis (PCA) is a
linear project method to reduce the multidimensional data to only few orthogonal features (principal
components (PCs)) and was used to show the potential of a possible assignment of chemical information
of the various wood types.

3. Results and Discussion

3.1. GC-MS Characterization

Table 1 shows the total amounts of characterized component groups in acetone/water extracts in
mg/g of freeze-dried powder of larch wood mixture (heart wood and sapwood), sound knots and dead
knots. The amount of total extraction gravimetric yields of the acetone/water solution differed in a
range from 3.38 mg/g of dried mixture wood (sapwood and heart wood), 27.13 mg/g of dried sound
knotwood and 1.53 mg/g of dried dead knotwood. The hydrophilic extracts of the different wood
parts contained various component groups. Based on results of the qualitative analysis all component
groups (e.g., carboxylic acids) were found in each material. Nevertheless, there exist high differences
in the quantitative results for the group of polyphenols.

Table 1. Main component groups in acetone/water extracts of different larch wood materials by GC-MS.

Component Groups Larch V:I;?gl)\/hxture Soun?I:;;:WOOd Dead Knotwood (mg/g)
Carboxylic acids 0.026 0.139 0.011
Phenolic acids 0.116 1.666 0.081
Sugar 0.206 0.472 0.045
Fatty acids 0.140 0.483 0.047
Resin acids 0.079 0.186 0.014
Polyphenols 2.726 23.766 1.305
Sterols 0.016 0.235 0.011

The taxifolin and kaempferol amounts in acetone/water extracts of the sound knotwood were
higher compared to the larch wood and dead knotwood (Figure 2). Both compounds have an
antioxidative potency and/or antimicrobial activities [8,12,13]. Compared to the results of other studies,
the determined amount of taxifolin and kaemperol were lesser in this study. Zule et al. [6] used
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only larch heartwood for their study, which has a larger total amount of flavonoids compared to
sapwood [15]. The used wood chips for this study were from the outer part of the logs and were mostly
sapwood. Nevertheless, the samples of the sound knotwood showed the largest amount of taxifolin
and kaempferol compared with the larch wood (Figure 2).

12

10

(mg/g)

Larch Sound knotwood Dead knotwood
TAX = KAE

Figure 2. Content and composition of two main phenolic compounds of wood, sound knot and dead
knot of larch trees (TAX—taxifolin, KAE—kaempferol).

The results of the hexane extracts of the different tree sections showed differences compared to
the acetone/water extracts. The amount of total extraction yields from the dead knotwood was the
highest for 7.06 mg/g of dried material, followed by the sound knotwood with 5.05 mg/g and larch
wood with an amount of 2.46 mg/g of dried materials. Larixol and resin acids (e.g., isopimaric acid)
were the main compounds of dead knot and sound knotwood.

3.2. Univariate Analyis Method of Different Vibrational Spectrosocpy Methods

The wood powder was also analyzed by an FI-RAMAN spectroscopy method. Based on the
results from the GC-MS analysis, small differences for the identification of larch wood, sound and
dead knotwood know wood should be characterized. The spectra of the various samples presented
almost the same peak profile (Figure 3), while the bands at 2930 and 2895 cm™! changed the ratio to
each other, which correspond to the CH groups (e.g., CH, and CHj3) [20,21] and assigned to different
wood compounds (e.g., cellulose and extractives).
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Figure 3. FI-RAMAN spectra of larch wood, sound knotwood and dead knotwood powders, obtained
with 1064 nm laser excitation.

Lignin molecules can be observed in the peak at around 1667 and 1660 cm™!, corresponding to
an unsaturated molecule (C=C) with a carbonyl group (C=0), which overlaps with the vibration of
flavonoid aromatic molecules [18,20]. Furthermore, some resin acids of wood have RAMAN vibrational
activity in the range of 1666 to 1638 cm™! [20,22]. A slight Raman shift at around 1667 cm™! can be
seen by comparison of the spectrum of dead knotwood materials with the other samples. Therefore,
a vibration superimposition of lignin, flavonoids and resin acids may have happened in this range.
It can be also assumed that the wood extractives are not homogeneously distributed in the different
sample types (e.g., wood and knots) and the used samples preparation method did not support a
differentiation between different wood and knotwood samples.

A similar study was run using FT-IR spectroscopy with an ATR unit and the different larch wood
types as well as taxifolin and kaempferol as references to analyze the chemical differences (Figure 4),
which were found as predominant polyphenols in the GC-MS characterization. The spectrum of
larch wood differs significantly in some peak profiles from the knotwood spectra. This tendency
is detected for all peaks at 2919, 2880, 1734, 1694, 1630, 1506, 1451, 1316 and 1264 cm}, although
the differences cannot be explained in all cases by the consideration of the spectra of taxifolin and
kaemperol compounds. The bands around 1736 and 1694 cm~! did not show any IR signal of the
references used and can correspond to carbonyl groups in different molecule arrangements [23].
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Figure 4. ATR FT-IR spectra of larch wood, sound and dead knotwood as well as kaempferol
and taxifolin.

Furthermore, larixol shows vibrational infrared activities in the range of wavenumber between
1750 and 1660 cm™' [24]. Larixol and resin acids were predominantly observed in the different
knotwood samples and can correspond to the observed bands in the spectra. The IR absorbance bands
at 2919 and 2880 cm™! changed significantly to each other, which correspond to differences in the
amount of CH groups (e.g., CHp and CH3) [17]. This fact could be assigned to higher amount of
bio-polymers in knotwood samples. The infrared spectra depicted that there is a possible differentiation
between the larch wood samples and the knotwood samples. The direct measurements on the various
wood samples gave more detailed information about the chemical differences compared to the wood
powder, which was used for the RAMAN spectroscopy. With respect to these results, a method
for classification of different wood samples with vibrational spectroscopy can be further developed.
FT-NIR spectroscopy is very often used for this process [17-20].

The chemical information relating to three various larch wood types was obtained by using
the FT-NIR spectroscopy (NIRS). Figure 5 shows the original spectra in the region between the
wavenumber range 12,500-4000 cm™~! of the larch wood, sound knotwood and dead knotwood samples.
The original spectra present differences in the wavenumber range between 6000 and 5300 cm™!, which
are associated with wood extractives mainly from the polyphenols (e.g., taxifolin) [20,25]. The band at
around 5970 cm™! is corresponded to the aromatic groups in lignin and wood extractives [26] (Figure 6).
Furthermore, a difference in the band at around 4640 cm™! can be observed and could be associated
with the combination of Cyy-H stretching and C=C stretching [20,27].
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Figure 5. NIR spectra of larch wood, sound and dead knotwood.
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Figure 6. Second derivate FT-NIR spectra of larch wood, sound and dead knotwood.

For the C-H stretching vibration the NIR spectroscopy presents tree principal bands at around
4370 cm~! the C-H stretch combination, around 5760 cm™~! the C-H stretch first overtone, and around
8350 cm™! the C-H stretch second overtone, which have significant correlations for the major C-H
stretching bands at 2919 and 2854 cm™! of mid-infrared spectroscopy of lipophilic extractives [28].

The results of the NIR measurement showed the higher absorbance of these bands for the sound
and dead knotwood samples. Therefore, it seems that the two types of knots may be distinguished
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from the larch wood by the univariate analysis of the NIR spectra. Further analysis should be done to
show the potential of NIRS for the classification of the various types of wood materials.

3.3. Multivariate Data Analysis of FT-NIR Spetra

The data of the NIRS were used for the classification via principal components analysis (PCA).
Figure 7 shows the distribution of two significant factors of the NIRS data. The two principal
components explain the highest value of variance within these data and have a great impact on the
differentiation of the various wood types used.

15 ———————=
*
1.0 * Dead knot
& * ¢ 4 Sound knot
m Larch wood
0.5
9
Q
~ 0.0
O
a
-0.5
-1.0
-1.5
-6 -4 -2 0 2 4 6 8 10
PC 1 (93 %)

Figure 7. Principal component (PC) analysis score plot of untreated NIR spectra of various larch wood
types (e.g., mixture wood, sound and dead knotwood).

Even though the PC 1 explained 93% of the variance, whereas the PC 2 describes only 3% of
the variance, the combination of these two components was influenced by the two most important
chemical substance groups: polyphenols and lipophilic extractives.

The mixture wood has a lower amount of polyphenols and fatty acids compared to the different
knotwood types. The measured samples are clearly separated from the other materials (Figure 6). The
sound knotwood samples presented a higher amount of taxifolin and kaempferol, whereas a lower
amount of larixol than in the dead knotwood samples can be observed. Therefore, the score plot of the
PCA shows also differences between sound and dead knotwood samples. Nevertheless, there are some
areas without direct assignment of the samples (e.g., dead knotwood samples). The NIR measurements
were performed on different surfaces from various selected samples of the larch wood, sound and dead
knotwood. It can be assumed that the wood extractives distribution is not homogeneous. Therefore,
some areas have a high amount of wood extractives, whereas some areas have a low amount.

The loadings of the PC 1 state high positive values for the wavenumbers 6870, 5970, 4640 and
4370 cm™!, which are mainly corresponded to the phenolic compounds in wood extractives (Figure 8).
The results of principal component analysis showed that the loadings of the PC 2 are contrary to the
loadings of the PC 1 at the same NIR band at around 5116 cm™! (water band of NIR signal), while
the loadings of the PC 2 contribute to other wood extractives (e.g., lipophilic compounds) with lower
moisture content within the samples.
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Figure 8. Loadings of the first two principal components (PCs) of near infrared spectra of various

wood types.
4. Conclusions

Differences in wood extractives from various resources of larch wood, sound and dead knotwood
were observed by a GC-MS method. Sound knotwood can provide a greater extraction yield than dead
knotwood and larch wood, mainly sapwood with a small amount of heartwood, from the outer part of
the logs, while more resin acids and larixol can be extracted from dead knotwood samples compared
to the sound knotwood and larch wood samples.

The results from the GC-MS were used to analyze three various spectroscopy methods for the
potential of the characterization of wood extractives and identification of the three wood types. With all
vibrational spectroscopy used, chemical differences between the wood and knotwood were observed
and can be used to fulfil various research tasks. Moreover, the methods of multivariate statistics were
applied to analyze materials by using the score plot and loadings of the PC analysis. These results
demonstrate that a classification of various wood tissues based on the different chemical components
(e.g., polyphenols and lipophilic substances) is possible with fast, non-destructive measurement
methods. The current unused wood chips for material use can be separated into different fractions,
where the extraction yields of the target substance (e.g., taxifolin) are higher compared to the other
fractions. This method may serve as basis to establish guidelines for quality assurance control systems
of this new approach for material use to obtain the huge potential of bio-based products for innovative
applications and for further efforts in the upscale from laboratory to industrial conditions.
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Abstract: The pyrolytic behavior of several biomass components including cellulose, hemicellulose,
lignin, and tannin, from two sources of waste biomass (i.e., pine bark and pine residues) were examined.
Compared to the two aromatic-based components in the biomass, carbohydrates produced much less
char but more gas. Surprisingly, tannin produced a significant amount of water-soluble products;
further analysis indicated that tannin could produce a large amount of catechols. The first reported NMR
chemical shift databases for tannin and hemicellulose pyrolysis oils were created to facilitate the HSQC
analysis. Various C-H functional groups (>30 different C-H bonds) in the pyrolysis oils could be analyzed
by employing HSQC-NMR. The results indicated that most of the aromatic C-H and aliphatic C-H bonds
in the pyrolysis oils produced from pine bark and pine residues resulted from the lignin and tannin
components. A preliminary study for a quantitative application of HSQC-NMR on the characterization
of pyrolysis oil was also done in this study. Nevertheless, the concepts established in this work open up
new methods to fully characterize the whole portion of pyrolysis oils produced from various biomass
components, which can provide valuable information on the thermochemical mechanisms.

Keywords: tannin; hemicellulose; waste biomass; HSQC-NMR; pyrolysis mechanism

1. Introduction

Growing concerns about increasing global energy consumption [1] and the effects of growing
carbon dioxide emissions from fossil fuels has reinvigorated interest in sustainable energy and chemical
sources. Biomass is a promising renewable resource for the sustainable production of fuels
and chemicals that, to date, are made primarily from fossil resources [2,3]. Lignocellulosic biomass
contains three major constituents: cellulose, hemicelluloses, and lignin. Several reviews summarized
the distribution of these major biopolymers in several hardwoods, softwoods, and agricultural
residue species [4,5]. However, in softwood select tissues, including leaves, needles, and barks,
there is another type of biopolymer—tannins—which could be even more abundant than lignin
occasionally [6]. There are two types of tannins; hydrolyzable tannins are derivatives of gallic acid,
which are esterified to polyols such as glucose (left structure in Figure 1), and condensed tannins
(right structure in Figure 1), which are polymers of flavonoids, and are much more complicated
than hydrolyzable tannins. Hernes et al. [6] conducted very detailed research on tannin signatures
of 117 tissues from 77 different biomass species at the molecular level. Surprisingly, compared
to the pyrolysis of cellulose and lignin, there are only very limited references which investigated
the pyrolysis of tannins. Ohara et al. [7] examined the pyrolysis of several tannin model compounds,
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including catechin and epicatechin. The authors indicated that catechol and 4-methylcatechol are
the major products of pyrolysis of catechin and epicatechin model compounds, and they proposed
possible formation pathways for these two products. Gaugler et al. [8] used thermogravimetric analysis
(TGA) to analyze the thermal degradation of various condensed tannins and tannin model compounds.
The highest weight loss of catechin occurred at 197 °C, while that of sulfited tannin occurred at 159 °C,
that of tannin acetate occurred at 189 °C, and that of Quebracho tannin (commercial tannin extracted
from Quebracho) occurred at 271 °C. Reported [7] pyrolysis products from tannins are summarized in
Table S11 (Supplementary Materials).

The current annual stock of waste biomass is estimated as ~46 exajoules (E]) from agricultural
biomass and ~37 EJ from forestry biomass on a worldwide basis, totaling approximately 83 EJ,
which represents approximately 20% of total worldwide energy consumption. Economic and practical
limitations, including collection and transportation, are still holding up the price for the applications
of these waste bioresources. Based on the United States (US) billion-ton update, the currently (2012)
available forestry waste at <$60 per dry ton is estimated to be ~90 million dry tons in the US.
In the meanwhile, the currently available agricultural residues and other waste resources at the same
cost are suggested to be ~240 million dry tons in the US [9]. Thermal deconstruction is a promising
approach to convert these sources of waste biomass to chemicals and precursors of biofuel [10]. Loblolly
pine (Pinus taeda) is one of the abundant softwood species in the southeastern US and is widely used
in various industries [5]. Harvesting operations leave a large amount of residues (e.g., stumps, limbs,
tops, and dead trees, which are usually referred to as slash) and bark, which represent an important
source of energy and chemicals [11]. Various researchers examined the thermal decomposition process
for barks and residues [11-16].

For example, Pakdel et al. [11] pyrolyzed a mixture of spruce, fir, and pine, and maple barks
and residues at different temperatures (450-525 °C). They found that the highest yield of pyrolysis oil
was 73.6% for softwood residue and 57.1% for softwood bark at 525 °C. The yield of pyrolysis products
for the hardwood was found to be similar to that of softwood. Ingram et al. [12] fast pyrolyzed
pine wood and bark, and oak wood and bark in a continuous auger reactor at 450 °C. They used
GC-MS to analyze pyrolysis products, which indicated that furfural, phenol, 3-methylphenol,
catechol, 3-methylcatechol, and levoglucosan were the major products in the pine bark pyrolysis oil.
Arpiainen et al. [13] used a fluidized-bed reactor to pyrolyze pine bark from 400-800 °C. They found
that the highest yields of pyrolysis oil (~50%) were obtained at 500 °C. The secondary reactions were
reported to occur at higher treatment temperature, which lead to a decreasing yield of pyrolysis
oil. Lomax et al. [14,15] examined the pyrolysis of two different pine barks (i.e., Pinus contorta
and Pinus radiata) from 505-840 °C. Using GC-MS analysis, the qualitative characterization
for pyrolysis oils indicated that furfural, catechol, guaiacol, 2-ethylphenol, and 2-hydroxy-5-methyl
phenol were the major components [16].

Due to the limitation of volatility of high-molecular-weight components in the pyrolysis
oil, it was reported that only about 40% of pyrolysis oil could be detected by GC [10].
Therefore, many researchers have tried finding alternative characterization methods, which could
analyze the whole portion of pyrolysis oil. Characterizations of pyrolysis products using high-resolution
mass spectrometry, including both quadrupole time-of-flight mass spectrometry (Q-TOF MS)
and Fourier-transform ion cyclotron resonance mass spectrometry (FT-ICR MS), were proposed by
several researchers [17-21]. Several different pyrolysis oils produced from different whole sources
of biomass, such as eucalyptus, eucalyptus bark, cellulosic mud, water hyacinth, pine wood, birch
wood, algae, and switchgrass, using different thermochemical processes including fast pyrolysis,
slow pyrolysis, and hydrothermal liquefaction, were analyzed by employing high-resolution mass
spectrometry. FT-ICR MS was reported to be a promising method to analyze pyrolysis oil due to
its unsurpassed resolution and accuracy [17]. However, the extremely complicated components in
the pyrolysis oil (~2000-5000 peaks can be detected using FT-ICR MS) bring many barriers for this
method [20]. The results from characterization of pyrolysis oil using FT-ICR MS can be presented
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as Cy, Ny, and Oy species. However, a detailed investigation of different chemical functional groups in
the pyrolysis oils calls for other analytical methods. In a recent study, quantitative '*C-NMR combined
with comprehensive two-dimensional gas chromatography (GC x GC) was used to characterize fast
pyrolysis bio-oils, which provided new information on the chemical composition of bio-oils for further
upgrading [22]. The use of different NMR techniques to characterize pyrolysis oils can accomplish this
task, and is also a rapidly growing field of study [23-29]. The usage of HSQC-NMR (heteronuclear
multiple quantum correlation nuclear magnetic resonance) provides a complete analysis of bio-oils,
and the chemical shift assignments of different types of C—H bond presented in the pyrolysis oils
produced from lignin and cellulose were readily identified. In this study, the detailed characterization
of pyrolysis oils obtained from tannin and hemicellulose were accomplished using HSQC-NMR.
The fingerprint analysis of these biomass components will open up a new way of understanding
and utilizing pyrolysis products from biomass.
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Figure 1. Model structures of tannin, and major pyrolysis products from tannin.

2. Experimental Section

2.1. Materials and Methods

All reagents used in this study were purchased from VWR International or Sigma-Aldrich
(St. Louis, MO, USA) and used as received. Loblolly pine (Pinus taeda) bark and residue (mixture of
stumps, limbs, tops, and dead trees) were collected from a University of Georgia research plot in
Macon, GA [5]. The wood samples (Figure S1, Supplementary Materials) were refined with a Wiley mill
through a 0.13-cm screen and dried under high vacuum at 50 °C for 48 h, and stored at ~0 °C prior to use.
Cellulose was commercially purchased from Sigma-Aldrich. Xylan was also commercially purchased
from Sigma-Aldrich, which is produced from oak wood, and was used to present hemicellulose in
this study.

2.2. Tannin Extraction [30]

The tannin used in this study was obtained from Pinus radiata bark, which was collected
in the MADECAM saw mill, located in the Concepcion Province, Bio Region, Chile. The bark
was obtained with a log debarker from 15-year-old and 20-year-old trees. The time since harvesting
was less than one month and the debarking occurred during the last 24 h. The bark was treated in
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a slow-speed shredder, with a 20-mm cutting gap, and was dried under atmospheric conditions up to
a water content of 20-30%.

The extraction of pine bark tannin was done in two sequential extractions steps, with a 75%
methanolic solution (w/w) at 120 °C for 2 h. The details of this procedure involved a 4-m3 conical
stainless-steel reactor being filled with the equivalent of 300 kg of dry bark. Concentrated methanol
and water were added, to achieve a methanol concentration of 75% (w/w) and a solid/liquid
relationship of 1/5 (w/w). The solution was continuously pumped through an external head exchanger,
fed with 500 kPa. The temperature of the solution was heated up from ambient conditions to 120 °C
in 4 h. This maximum temperature was maintained for 120 min. Thereafter, the solution was cooled,
by opening a relief valve, to 80 °C in 40 min. The day after the solution was drained from the reactor,
fresh methanol and water were added to achieve the same concentration and solid/liquid ratio as in
the first extraction step. The same procedure was repeated in an analogous manner.

The methanolic solutions with the dissolved bark from the first and second extraction steps were
combined and evaporated from 4-5% to 15-20% solid content. During the evaporation, the methanol
was preferentially removed from the solution yielding an aqueous slurry. The insoluble material
was separated by decantation, and the water-soluble phase was concentrated further and spray-dried.
The water-soluble tannin was dried under high vacuum at 50 °C for 48 h and stored at ~0 °C prior to
use. The tannin used in this study was characterized by quantitative 13C NMR (Figure S2, Table S1,
Supplementary Materials).

2.3. Kraft Pulping

The softwood kraft pulping liquor used was prepared using a conventional method [31].
Loblolly pine was employed as the wood source for the pulping process. Some relevant preparation
conditions are presented in Table 1.

Table 1. Conventional pulping conditions [31].

Kraft Pulping Conventional
Sulfidity, % 34.6
Effective Alkali, % 19.7
Impregnation 19.7
Temperature, °C 170
Time, min 95

2.4. Lignin Separation and Purification [23]

Lignin was isolated from a softwood (pine wood) kraft pulping liquor using the following
methods: in brief, the cooking liquor was filtered through filter paper and the filtrate was treated with
ethyenediaminetetraacetic acid (EDTA)-2Na* (0.50 g/100.00 mL liquor) and stirred for 1 h. The liquor
was adjusted to a pH value of 6.0 with 2.00 M H,SO4 and stirred vigorously for 1 h. The liquors
were then further acidified to a pH of 3.0 and frozen at —20 °C. After thawing, the precipitates were
collected on a medium sintered glass funnel and washed three times with cold water by suspending
the precipitates in the water and stirring vigorously at 0 °C for 1 h. The precipitates were collected,
air-dried, and Soxhlet-extracted with pentane for 24 h. The solid product was air-dried and further
dried under high vacuum at 45 °C for 48 h. The resulting purified kraft lignin sample was stored
at —5 °C. The lignin used in this study was characterized by quantitative '*C NMR (Figure S2, Table S1,
Supplementary Materials).

2.5. Equipment and Process of Pyrolysis [23]

Pyrolysis experiments were conducted in a quartz pyrolysis tube heated with a split-tube furnace.
Typically, the pyrolysis sample (4.00 g) was placed in a quartz sample boat that was then positioned
in the center of a pyrolysis tube. A K-type thermal couple was immersed in the sample powder
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during the pyrolysis to measure the heating rate (the heating rate was ~2.7 °C/s). The pyrolysis
tube was flushed with nitrogen gas and the flow rate was adjusted to a value of 500 mL/min,
and then the tube was inserted into the pre-heated furnace. The outflow from pyrolysis was passed
through two condensers, which were immersed in liquid Np. Upon completion of pyrolysis,
the reaction tube was removed from the furnace and allowed to cool to room temperature under
constant N, flow. The condensers were then removed from liquid nitrogen. The pyrolysis char
and oil were collected for subsequent chemical analysis. In general, the liquid products contained
two immiscible phases, referred to as heavy and light oil. The light oil was acquired by decantation,
and the heavy oil was recovered by washing the reactor with acetone, followed by evaporation under
reduced pressure. Char yields were determined gravimetrically, and gas formation was calculated by
mass difference.

2.6. Characterization of Pyrolysis Oil by HSQC-NMR [24]

All NMR spectral data reported in this study were recorded with a Bruker Avance/DMX 400 MHz
NMR spectrometer. HSQC-NMR spectra were acquired using 70.0 mg of pyrolysis oil (combined light
oil and heavy oil by dissolving of two immiscible phases in acetone, followed by evaporation under
reduced pressure) dissolved in 450 uL of dimethyl sulfoxide (DMSO-ds), employing a standard Bruker
pulse sequence “hsqcetgpsi.2” with a 90° pulse, 0.11-s acquisition time, a 1.5-s pulse delay, a 'Jc_g
of 145 Hz, 48 scans, and the acquisition of 1024 data points (for "H) and 256 increments (for 1*C). The 'H
and 13C pulse widths were p1 = 11.30 us and p3 = 10.00 ps, respectively. The 'H and '3C spectral
widths were 13.02 ppm and 220.00 ppm, respectively. The central solvent peak was used for chemical
shift calibration. HSQC-NMR data processing and plots were carried out using MestReNova v7.1.0
software’s default processing template and automatic phase and baseline correction.

3. Results and Discussion

To further understand the pyrolytic behavior of whole biomass, the thermal decomposition process
for several biomass components including cellulose, hemicellulose, lignin, and tannin was examined
at 600 °C, which was found as the optimal temperature to yield the highest amount of pyrolysis
oils (Tables 2 and 3). The yields of the light oil, heavy oil, char, and gas for the pyrolysis of
these major components are summarized in Table 1. The results show that, compared to the two
aromatic-based components (lignin and tannin), carbohydrates including cellulose and hemicellulose
produced much less char but more gas, which indicates that carbohydrates are relatively readier to
decompose than lignin and tannin. In addition, lignin produced mostly organic products (heavy oil)
compared to the other biomass components, which represents a potential resource for a biofuel
precursor. Surprisingly, tannin produced a significant amount of water-soluble products (light oil).
Further analysis of the composition of tannin pyrolysis oil indicated that tannin could produce
a large amount of catechols, which are water-soluble and could be used as a bio-chemical resource.
Hemicellulose was reported [24] to be the very first biomass component to decompose during thermal
treatment, which supports the results shown in Table 1 that hemicellulose produced most gas products
compare to the other biomass components.

The pyrolysis process for the two sources of waste biomass (pine bark and pine residues)
were examined at different temperatures, and the results are shown in Tables 3 and 4. The results
indicate that the yield of char decreased, and the yield of gas increased at higher reactor temperatures
for both biomasses. Compare to the pine bark, pine residue produced more (up to 15 wt.% of dry
biomass) pyrolysis oils under the same conditions. The higher yields of pyrolysis oils are due to
the higher carbohydrate (cellulose and hemicellulose) contents in pine residue (65.9%) than the pine
bark (50.9%) [5], which could produce more pyrolysis oils than lignin and tannin.
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Table 2. Yields of light oil, heavy oil, char, and gas for the pyrolysis of cellulose, hemicellulose, lignin,
and tannin at 600 °C.

Biomass Components  Light Oil  Heavy Oil  Total Pyrolysis Oil Char Gas

Cellulose 2] 58.83 10.47 69.30 1117 19.53
Hemicellulose 36.13 13.49 49.26 23.03 27.35
Lignin [ 14.20 30.01 4421 4048 1531
Tannin 37.85 9.11 46.96 4033 12.71

12l Based on a literature report [24]. The analytical methods (GC-MS, elemental analysis, and gel permeation
chromatography (GPC)) used to characterize these pyrolysis oils can also be found in the literature [23,24].

Table 3. Yields of light oil, heavy oil, char, and gas for the pyrolysis of bark at 400, 500, and 600 °C.

Pyrolysis Temperature (°C)  Light Oil  Heavy Oil  Total Pyrolysis Oil Char[?  Gas

400 12.95 27.65 40.60 4872 10.68
500 15.67 30.84 46.51 3953 1396
600 [P] 20.23 30.65 50.88 3458 1454

12l The ash percentage (w/w) of bark is 0.9%. [’ Based on a literature report [4], a higher temperature above 600 °C
will produce more gas products but fewer liquid products; therefore, the highest temperature used in this study
was 600 °C.

Table 4. Yields of light oil, heavy oil, char, and gas for the pyrolysis of pine residue at 400, 500, and 600 °C.

Pyrolysis Temperature (°C)  Light Oil  Heavy Oil  Total Pyrolysis Oil Char[?  Gas

400 25.01 30.43 55.44 33.26 11.30
500 26.45 31.95 58.40 26.02 15.58
600 26.16 34.88 61.04 22.29 16.67

[al The ash percentage (w/w) of pine residue is 0.8%.

Due to the limitation of GC-MS for the characterization of pyrolysis products, many researchers
have pursued alternative characterization methods, which could analyze the whole portion of pyrolysis
oil, such as NMR. HSQC-NMR exhibits a superior ability to deal with such complicated mixtures
than other NMR methods. The strengths of this methodology include less spectral overlap problems
and reduced NMR acquisition time. In this study, the first reports of NMR chemical shift databases
for tannin and hemicellulose pyrolysis oils were created to facilitate this analysis. The detailed
information of the databases can be found in the Supplementary Materials as Tables S11 and S12.
Similar NMR databases for lignin and cellulose pyrolysis products were reported previously in
the literature [24].

The aromatic C-H bonds, levoglucosan, methoxyl groups, and aliphatic C-H bonds in
the HSQC-NMR spectra for the pyrolysis oils produced from cellulose, hemicellulose, lignin, and tannin
at 600 °C are shown in Figure 2a—-d. Figure 2a shows that there were substantially more aromatic
products in lignin and tannin pyrolysis oils than in cellulose and hemicellulose pyrolysis oils, which is
also consistent with the yield results (more heavy organic products in lignin and tannin pyrolysis
oils) shown in Table 1. In addition, Figure 2a also indicates that hemicellulose produced relatively
more aromatic products than cellulose, which is also consistent with yield results and a literature
report [32]. Compared to lignin pyrolysis oil, tannin pyrolysis oil contains a large amount of catechols
and a relatively lower content of mono-hydroxyl phenols, which is consistent with the GC-MS
analysis and 13C NMR results (Table S11, Supplementary Materials; Figure 3). Ohara et al. [7]
also reported a similar result, where they used pyrolysis gas chromatography to analyze the pyrolysis
products from the model compounds of tannin. Catechol and 4-methylcatechol were detected
as the major components in the pyrolysis oil produced from procyanidin (PC, structure shown
in Figure 3), which is the major type of tannin present in pine barks. The formation of catechol
was attributed to the cleavage of C1” and C2 in the PC structure, and 4-methylcatechol was formed
via the fission of the pyran ring, followed by the cleavage of the ether bond. The possible pathways
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of the formation of these two major components in the tannin pyrolysis oil are shown in Figure 3.
Figure 2d shows that the major type of aliphatic C—-H bonds belonged to methyl-aromatic carbon,
which is also evidence that 4-methylcatechol was one of the major components in the tannin pyrolysis
oil. The large amount of light oil produced from tannin indicated that there was a significant amount
of water generated during the pyrolysis process, which could be attributed to the dehydration of
hydroxyl groups in the pyran ring. As expected, levoglucosan (Figure 2b) was the major component
in the cellulose pyrolysis oil. Lignin and tannin did not produce any similar structures during
the thermal decomposition process. A very similar dehydrated five-carbon monosaccharide was found
in the hemicellulose pyrolysis oil, which indicates that similar decomposition pathways to those
seen with cellulose also occur during the decomposition of hemicellulose. Figure 2c indicates
that methoxyl groups only appeared in the lignin pyrolysis oil. Two different types of methoxyl
groups indicate the rearrangement process during the thermal treatment of lignin [24]. Figure 2d
shows that, compared to the other biomass components, hemicellulose produced a significant amount
of aliphatic C-H bonds, which could be assigned as methyl groups in the furan ring (could be
produced from deep dehydration/decomposition of the five-carbon monosaccharide), « and
positions of a carbonyl group (could be produced from uncompleted dehydration/decomposition
of the five-carbon monosaccharide), and an aliphatic chain (could be produced from the cleavage of
side chains of hemicellulose). Similar results were reported by Patwardhan et al. [32]. In their study
the pyrolytic behaviors of switchgrass hemicellulose were examined, and 2-methyl furan and several
anhydro xyloses were found as major components in the pyrolysis oil. On the basis of Figure 2d,
lignin and tannin pyrolysis oils had a very similar group of aliphatic C-H bonds, which represent
the methyl groups in the aromatic rings. Compared to the other biomass components, cellulose
produced a very limited amount of aliphatic C-H bonds, and most of them could be assigned as o
and [ positions of a carbonyl group.
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Figure 2. (a) Aromatic C-H bonds in HSQC-NMR spectra for the pyrolysis oils produced from cellulose,
hemicellulose, lignin, and tannin (from top left to bottom right) at 600 °C. (b) Levoglucosan and a similar
dehydrated monosaccharide in HSQC-NMR spectra for the pyrolysis oils produced from cellulose
and hemicellulose (from left to right) at 600 °C. As expected, there would be no similar components
in lignin and tannin pyrolysis oils, if samples were purified. (c) Methoxyl groups in HSQC-NMR
spectra for the pyrolysis oils produced from lignin at 600 °C. As expected, methoxyl groups were
only present in lignin pyrolysis oil, if samples were purified. (d) Aliphatic C-H bonds in HSQC-NMR
spectra for the pyrolysis oils produced from cellulose, hemicellulose, lignin, and tannin (from top left
to bottom right) at 600 °C.

A detailed understanding of the chemical structures in the pyrolysis oils produced from major
biomass components is anticipated to facilitate the characterization of whole-biomass pyrolysis oils.
Figure 4a,b show the HSQC-NMR spectral data and the assignments of each carbon in the levoglucosan,
which was present in the pine bark and residue pyrolysis oils [33], as the intensity of those peaks indicated
that levoglucosan was one of the major products. The content of levoglucosan slightly increased with
elevated pyrolysis temperatures, which is consistent with a literature report [24]. Similarly, most of
other peaks in this area also increased with a higher reactor temperature, which could represent similar
dehydrated five-carbon monosaccharide produced from hemicellulose. Therefore, a higher thermal
decomposition temperature will favor the production of a more dehydrated monosaccharides. Figure 4c,d
show the aromatic C-H bonds in the HSQC-NMR spectra for the pine bark and residues pyrolysis oils.
The results indicate that the major aromatic components in the pine bark and residue pyrolysis oils
contained catechol, guaiacol, and phenol types of aromatic C-H bonds, which was comparable with
the lignin and tannin pyrolysis oils. There was a relatively more furfural type of aromatic C-H bonds in
the pine residue pyrolysis oil than in the pyrolysis oil produced from pine bark, which indicated that there
were more carbohydrate decomposition products in the pine residue pyrolysis oil. Huang et al. [5]
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indicated that there were more carbohydrates in pine residue (65.9%) than pine bark (50.9%), but less lignin
(pine residue 26.7%, pine bark 33.7%) and tannin (pine residue 3.7%, pine bark 11.6%), which supports
the results shown in Figure 4c,d. Very interestingly, the influences from different temperatures on
the aromatic products appear to be very limited, which may be due to the relatively thermal stable
structures for these aromatic products. The slight increase in the number of aromatic C-H bonds
in the phenolic structure at a higher temperature may have been due to the decomposition of side
chains. Figure 4e,f indicate that there were more rearranged methoxyl groups with no hydroxyl or
ether bond in the ortho position of the methoxyl group than the native type (a hydroxyl or ether
bond in the ortho position of the methoxyl group) in the pyrolysis oils produced from pine bark
and residue, indicating that such a rearrangement of methoxyl groups also occurred during the pyrolysis
of whole biomass. Figure 4g,h show that the contents of aliphatic C—-H bonds slightly increased with
the elevated reactor temperatures, and most of those aliphatic C-H bonds (o« and 3 positions in aromatic
ring) resulted from the pyrolysis of lignin and tannin components in the pine bark and pine residue,
indicating that these aromatic biomass components require a relatively higher temperature to further
decompose into small fragments. Figure 3 shows the formation pathways for one of the major pyrolysis
products from tannin, 4-methylcatechol. The pyrolysis of lignin was also reported [23,24] to produce
a significant amount of methyl-aromatic bonds via a rearrangement of methoxyl groups. Due to
the relatively high lignin and tannin contents in the pine bark and residue, the aliphatic C-H bonds in
the « and 3 positions in aromatic rings could be expected as one of the major types of aliphatic bonds in
the pyrolysis oils produced from pine bark and residue. To further investigate the pyrolytic behaviors of
biomass components, several comparisons between artificial spectra (a mixture of pyrolysis oils produced
from lignin, tannin, cellulose, and hemicellulose) and whole biomasses were examined and the results
are shown in Figures S3-56 (Supplementary Materials). The results show that the artificial spectra could
represent whole-biomass pyrolysis oil very well, whereby almost all the major peaks in the real pyrolysis
oils could be found in the artificial spectra, indicating that the technique developed in this study could be
employed as a new method to fully characterize the whole portion of pyrolysis oils produced from various
biomass components and whole sources of biomass, and to facilitate the high-throughput screening of
pyrolysis oils. Very interestingly, compared to the artificial spectra, only a very limited number of
“new” peaks could be found in the aliphatic and dehydrated monosaccharide ranges of whole-biomass
pyrolysis oils, indicating that there may only have been very limited cross-link reactions between biomass
components. The products from these possible cross-link reactions could have become the “new” side
chains in the major pyrolysis components.
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(h)

Figure 4. HSQC-NMR spectra and the assignments of each carbon in the levoglucosan present in
the pyrolysis oils (a) produced from the pyrolysis of pine bark from 400 to 600 °C (from left to right),
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(b) produced from the pyrolysis of pine residue from 400 to 600 °C (from left to right). (c) Aromatic
C-H bonds in the HSQC-NMR spectra for the pyrolysis oils produced from the pyrolysis of pine
bark from 400 to 600 °C (from left to right). (d) Aromatic C-H bonds for the pyrolysis oils produced
from the pyrolysis of pine residue from 400 to 600 °C (from left to right). (e) Methoxyl groups in
the HSQC-NMR spectra for the pyrolysis oils produced from the pyrolysis of pine bark from 400
to 600 °C (from left to right). (f) Methoxyl groups for the pyrolysis oils produced from the pyrolysis
of pine residue from 400 to 600 °C (from left to right). (g) Aliphatic C-H bonds in the HSQC-NMR
spectra for the pyrolysis oils produced from the pyrolysis of pine bark from 400 to 600 °C (from left
to right). (h) Aliphatic C=H bonds for the pyrolysis oils produced from the pyrolysis of pine residue
from 400 to 600 °C (from left to right).

Several experimental approaches [34-36] for quantitative HSQC-NMR characterization were
reported; however, they all involved special pulse sequences and prolonged experimental time.
In this study, a preliminary investigation for a quantitative application of normal HSQC-NMR on
the characterization of pyrolysis oil, produced from a pilot plant reactor [37], was also accomplished.
Several model compounds for the pyrolysis oil, including guaiacol, levoglucosan, toluene, anisole,
and n-propylbenzene were used to create calibration curves. The HSQC-NMR results for the standard
mixtures and the pyrolysis oil produced from a pilot plant reactor are shown in Figures S7 and S8
(Supplementary Materials). Aromatic C-H, levoglucosan C-H, methoxyl C-H, and aliphatic C-H bonds
in the standard mixtures were analyzed and the integrations for these C-H bonds in different standards
with different concentrations were plotted as shown in Figure S9a-d (Supplementary Materials) to
create calibration curves. To evaluate the calibration curves, three artificial mixtures of pyrolysis oil with
model compounds (guaiacol, levoglucosan, and n-propylbenzene) were examined by HSQC-NMR.
The calculated concentrations for different C-H bonds agreed with the designed values in these
artificial mixtures (Table S2, Supplementary Materials). To further evaluate the proposed method,
quantitative 1>*C NMR, and DEPT 135 and DEPT 90 were also employed to further characterize
the pyrolysis oil (Figure S10, Supplementary Materials). The use of chemical shift assignment ranges
(Table S3, Supplementary Materials) for pyrolysis oils in the 1*C NMR were previously reported in
the literature [23,38]. The quantitative '*C NMR used in this study was examined using two commercial
petroleum standard mixtures (Table S4 and S5, Supplementary Materials), which can represent
complicated mixtures, such as petroleum oils or pyrolysis oils. The results shown in Table S6 and S7
(Supplementary Materials) indicate that the employed quantitative '>*C NMR can provide precise
analysis for different functional groups and different carbons for very complicated mixtures. To ensure
the accuracy, the T1 values for different functional groups in the pyrolysis oil were measured (Table S8,
Supplementary Materials). The further characterization of pyrolysis oil (produced from a pilot plant
reactor) and artificial mixtures were analyzed using quantitative 3C NMR (Tables S9 and S10,
Supplementary Materials). The results indicate that the quantitative '*C NMR procedure used in
this study can provide precise data for different functional groups in the pyrolysis oil using the internal
standards. Furthermore, the quantitative data for different aromatic C-H, levoglucosan C-H, methoxyl
C-H, and aliphatic C-H bonds in the pyrolysis oil proposed using calibration curves and HSQC-NMR are
shown in Table S10 (Supplementary Materials), and comparable results with quantitative 13C NMR were
found, indicating that the proposed method can provide quantitative data on different C—-H bonds in
the pyrolysis oils. Another interesting result is that, based on the HSQC NMR data, there were 6.46 pmol
of aliphatic C-H bonds in 1 mg of pyrolysis oil, while the quantitative 3C NMR indicated that there
were 2.58 umol of aliphatic carbons (in aliphatic C-C bonds) in 1 mg of pyrolysis oil, indicating that each
aliphatic carbon in this pyrolysis oil should attach an average of 6.46/2.58 = 2.5 protons. Due to the limited
overlaps between aliphatic C-C and C-O bonds in '*C NMR, it is highly possible that a similar result
can also be provided by employing quantitative *C NMR, and DEPT 135 and DEPT 90. The proposed
CHy number using such a method is 2.6, which is very close to the result (x = 2.5) correlating both
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13C NMR and HSQC-NMR investigations, which is also further evidence that the proposed HSQC-NMR
method can provide a precise analysis of different C-H bonds in the pyrolysis oil.

4. Industrial Application of Pyrolysis Bio-Oils

Pyrolysis bio-oils are mixtures of about 200 organic compounds. It was reported that all
determined compounds can be classified into nine groups: furans, aldehydes, ketones, phenols, acids,
benzenes, alcohols, alkanes, and polycyclic aromatic hydrocarbons (PAHs) [39]. The characterized
chemical compounds of bio-oils are used in different industrial fields due to their unique properties [40].
Catechol obtained from the pyrolysis of tannin has a very high added value and is widely used
in the fields of rubber, electroplating, antiseptic, sterilization, etc. Moreover, furfural, a natural
dehydrating product of five-carbon sugars (e.g., arabinose and xylose) from hemicellulose biomass [41],
regained attention as a bio-based alternative for the production of everything from antacids
and fertilizers to plastics and paints [42]. It was reported that levoglucosan can be used as a specific
molecular indicator to trace biomass combustion in sediments [43]. The application of this
novel molecular tracer may bring benefits to research areas such as paleoecology, archeology,
and environmental science [43]. Furthermore, aromatic hydrocarbons have good rubber compatibility,
high temperature resistance, and low volatility, and they significantly improve the processing
properties of rubber. Therefore, they attracted wide attention in the field of reclaimed rubber
and various rubber products.

5. Conclusions

In this study, HSQC-NMR was utilized to characterize the whole portion of pyrolysis oils
produced from various biomass components including cellulose, hemicellulose, lignin, and tannin.
The fingerprint analysis of HSQC-NMR spectral data could provide semi-quantitative chemical shift
assignments of more than 30 different types of C—H bond present in the pyrolysis oils. Catechols were
found as major components in the tannin pyrolysis oils. Levoglucosan was the major component
in the cellulose pyrolysis oil. A very similar dehydrated five-carbon monosaccharide was found in
the hemicellulose pyrolysis oil, indicating that hemicellulose has a similar decomposition pathway to
that of cellulose. Compared to the other biomass components, hemicellulose produced a significant
amount of aliphatic C-H bonds, which could be assigned as methyl groups in the furan ring,
« and (3 positions of a carbonyl group, and aliphatic chains. The HSQC-NMR analysis results
also indicated that most of the aromatic C-H and aliphatic C-H bonds in the pyrolysis oils produced
from pine bark and pine residue resulted from the lignin and tannin components. A preliminary
study of the quantitative application of HSQC-NMR on the characterization of pyrolysis oil
was also accomplished in this study, and the results indicate that, by employing the proposed
HSQC-NMR method, a precise analysis of different C—-H bonds in the pyrolysis oil can be provided.
Nevertheless, the concepts established in this work open up new methods to fully characterize
the whole portion of pyrolysis oils produced from various biomass components and whole sources of
biomass, which could facilitate the high-throughput screening of pyrolysis oils.

Supplementary Materials: The following are available online at http: / /www.mdpi.com/2073-4360/11/2/324/s1:
Figure S1: Pine bark (left) and pine residues (right) used in this study; Figure S2: Quantitative 13C NMR
for the tannin (top) and lignin (bottom) used in this study; Figure S3a: Aliphatic C-H bonds in the HSQC-NMR
spectra for artificial mixture of pyrolysis oils produced from lignin, tannin, cellulose, and hemicellulose (left)
and pine bark pyrolysis oil (right) produced at 600 °C; Figure S3b: Aliphatic C-H bonds in the HSQC-NMR
spectra for artificial mixture of pyrolysis oils produced from lignin, tannin, cellulose, and hemicellulose (left)
and pine residue pyrolysis oil (right) produced at 600 °C; Figure S4a: Aromatic C-H bonds in the HSQC-NMR
spectra for artificial mixture of pyrolysis oils produced from lignin, tannin, cellulose, and hemicellulose (left)
and pine bark pyrolysis oil (right) produced at 600 °C; Figure S4b: Aromatic C-H bonds in the HSQC-NMR
spectra for artificial mixture of pyrolysis oils produced from lignin, tannin, cellulose, and hemicellulose (left)
and pine residue pyrolysis oil (right) produced at 600 °C; Figure S5a: Levoglucosan in the HSQC-NMR
spectra for artificial mixture of pyrolysis oils produced from lignin, tannin, cellulose, and hemicellulose
(left) and pine bark pyrolysis oil (right) produced at 600 °C; Figure S5b: Levoglucosan in the HSQC-NMR
spectra for artificial mixture of pyrolysis oils produced from lignin, tannin, cellulose, and hemicellulose (left)
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and pine residue pyrolysis oil (right) produced at 600 °C; Figure S6a: Methoxyl groups in the HSQC-NMR
spectra for artificial mixture of pyrolysis oils produced from lignin, tannin, cellulose, and hemicellulose (left)
and pine bark pyrolysis oil (right) produced at 600 °C; Figure S6b: Methoxyl groups in the HSQC-NMR
spectra for artificial mixture of pyrolysis oils produced from lignin, tannin, cellulose, and hemicellulose (left)
and pine residue pyrolysis oil (right) produced at 600 °C; Figure S7: HSQC-NMR for standard mixtures of pyrolysis
oil model compounds; Figure S8: HSQC-NMR for pyrolysis oil produced from a pilot plant reactor; Figure S9a:
Integrations and linear fit for aromatic C-H bonds in the HSQC-NMR for standard mixtures (100%, 50%, 25%,
10%, and 5% concentrations) of pyrolysis oil model compounds; Figure S9b: Integrations and linear fit for aliphatic
C-H bonds in the HSQC-NMR for standard mixtures (100%, 50%, 25%, 10%, and 5% concentrations) of pyrolysis
oil model compounds; Figure S9c: Integrations and linear fit for levoglucosan C-H bonds in the HSQC-NMR
for standard mixtures (100%, 50%, 25%, 10%, and 5% concentrations) of pyrolysis oil model compounds; Figure S9d:
Integrations and linear fit for aliphatic C—=H bonds in the HSQC-NMR for standard mixtures (100%, 50%, 25%,
10%, and 5% concentrations) of pyrolysis oil model compounds; Figure S10: Quantitative '*C NMR and DEPT 135
and DEPT 90 (from top to bottom) for the pyrolysis oil produced from a pilot plant reactor; Table S1: Quantitative
13C NMR results for the tannin and lignin used in this study; Table S2: Functional group recovery ratios for artificial
mixtures of pyrolysis oil (produced from a pilot plant reactor) and pyrolysis oil model compounds based on
HSQC-NMR; Table S3: 13C NMR chemical shift assignment ranges for pyrolysis oil (on the basis of Reference [1]);
Table S4: Certified values for standard #1; Table S5: Certified values for standard #2; Table S6: Evaluations
for quantitative 13C NMR of standard #1; Table S7: Evaluations for quantitative 13C NMR of standard #2; Table S8:
T1 value for different functional groups in pyrolysis oil produced from a pilot plant reactor when employing 5
mg/ml Cr(acac)3 as a relaxing reagent; Table S9: Integrations for each 1 mmol carbon in the functional groups
calculated from analysis for artificial mixtures of pyrolysis oil (produced from a pilot plant reactor) and pyrolysis
oil model compounds based on quantitative >*C NMR; Table S10: Comparisons of quantitative *C NMR
and HSQC-NMR investigations on pyrolysis oil sample (a pilot plant product); Table S11: 'H and 3C NMR
chemical shift assignments for the compounds reported present in tannin pyrolysis oils; Table $12: 13C NMR
chemical shift assignments for the compounds reported present in hemicellulose pyrolysis oils. The compounds
in this database are based on References [2-4].
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Abstract: Ionic liquids have shown great potential in the last two decades as solvents,
catalysts, reaction media, additives, lubricants, and in many applications such as electrochemical
systems, hydrometallurgy, chromatography, CO, capture, etc. As solvents, the unlimited combinations
of cations and anions have given ionic liquids a remarkably wide range of solvation power covering
a variety of organic and inorganic materials. Ionic liquids are also considered “green” solvents due to
their negligible vapor pressure, which means no emission of volatile organic compounds. Due to
these interesting properties, ionic liquids have been explored as promising solvents for the dissolution
and fractionation of wood and cellulose for biofuel production, pulping, extraction of nanocellulose,
and for processing all-wood and all-cellulose composites. This review describes, at first, the potential
of ionic liquids and the impact of the cation/anion combination on their physiochemical properties and
on their solvation power and selectivity to wood polymers. It also elaborates on how the dissolution
conditions influence these parameters. It then discusses the different approaches, which are followed
for the homogeneous and heterogeneous dissolution and fractionation of wood and cellulose using
ionic liquids and categorize them based on the target application. It finally highlights the challenges
of using ionic liquids for wood and cellulose dissolution and processing, including side reactions,
viscosity, recyclability, and price.

Keywords: cellulose; wood; lignocellulose; ionic liquid; imidazolium; fractionation; dissolution

1. Introduction

The dependency on fossil feedstock and the current consumption style are global challenges that
triggered the search for sustainable processes for the efficient utilization of renewable resources such as
biomass [1,2]. Lignocellulosic biomass is the Earth’s most abundant renewable resource, which includes
forest and food crops, their harvesting residues, and industrial and municipal lignocellulosic waste [3,4].
In Europe, hundreds of millions of tons of lignocellulosic residues are generated every year, most of
which are underutilized, burnt, or end up in dumping sites releasing greenhouse gases into the
atmosphere [5]. In more detail, around 80 million tons of forest residues, 350 million tons of crop
residues, 90 million tons of industrial lignocellulosic residues, and 200 million tons of municipal
lignocellulosic waste are generated every year in Europe, one-third of which is available for utilization [6].
In Germany, for instance, a fraction (ca. 2-3 million tons/year) of saw-rest wood as a residue is processed
into pellets, which are burnt as a source of bioenergy [7].

Other than the urgent need for utilizing biomass and bio-residues, there is also the need to
develop green technologies for processing these massive amounts to bio-based materials and products.
Wood and its polymers are insoluble in most of the common industrial solvents due to the strong
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intermolecular and intramolecular networks of hydrogen bonds and complex microstructure [8,9].
For cellulose processing, carbon disulfide (toxic), N-methylmorpholine-N-oxide (more environmentally
acceptable), and dimethylsulfoxide (DMSO), dimethylformamide (DMF), and dimethylacetamide
(DMAC) in combination with lithium chloride are used [10,11]. However, there is still a need to develop
more environmentally friendly solvents for cellulose and wood processing.

In the 1990s, ionic liquids were proposed as “green solvents” for wood and cellulose dissolution.
They are salts that are liquids at temperatures below 100 °C. They have unique properties such
as low vapor pressure, high thermal and chemical stability, non-flammability, chemical tunability,
and a broad electrochemical window [12-14]. The low vapor pressure of ionic liquids, which is
a result of the strong interaction forces between their constituting ions, made them considered
green solvents in general as they do not emit potentially hazardous organic compounds during use,
handling, and transportation [15]. They also have a wide range of solvation power and selectivity
by simply tuning the chemistry of the ions they are made of. They are, therefore, excellent
substitutes for volatile organic solvents in chemical processes. Other than their potential as solvents,
they have also shown great potential in a wide range of applications, including electrochemical
systems, energy-harvesting devices, chromatography, lubrication, chemical catalysis, CO, capture,
and hydrometallurgy [16-20].

The first report on ionic liquids goes back to 1914 by Paul Walden, who prepared the ionic
liquid ethylammonium nitrate [21]. They did not, however, receive much attention until 1999,
before which there was less than 35 publications on ionic liquids per year compared to more than
4500 in 2018 (Figure 1). Ionic liquids production has also been industrialized by many companies
such as BASF (Germany), Acros Organics (Belgium), EMD (USA), Iolitec (Germany), Sigma-Aldrich
(Germany), and TCI Chemicals (Japan). The market of ionic liquids is estimated to be 2.2 billion US
dollars in 2022 and to continue to grow [22]. The first report on the use of ionic liquid for cellulose
processing is thought to be in 2002 by Swatloski et al., who explored the solubility of pulp cellulose
in different ionic liquids [23]. However, two patents in 1933 and 1934 by Graenacher claim the use
of molten pyridinium and ammonium salts to dissolve cellulose [24,25]. On the other hand, the
first report on wood dissolution using ionic liquids seems to go back to 2006 by Honglu and Tiejun,
who dissolved the dawn redwood (softwood) using two imidazole-based ionic liquids and showed
that ionic liquids could be better liquefaction agents than phenol/H,;SO,, a common liquefaction
agent at the time [26]. Few reports on wood and ionic liquids were published earlier to Honglu's,
which, however, investigated the potential of ionic liquids for wood preservation and electrostatic
control [27-29]. More reports followed Honglu’s by Kilpelainen et al. and Fort et al. [30,31]. In the
last five years (2014-2018), the literature was enriched by around 2000 publications on the use of ionic
liquids for wood and cellulose dissolution and processing.
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Figure 1. The number of publications in the last two decades showing the increasing interest in ionic
liquids (Web of Science, November 2019, ionic liquids).
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Ionic liquids can almost be made of unlimited combinations of cations and anions, which are
relatively less regular in size than those constituting simple salts such as sodium chloride (Figure 2) [32].
This results in crystalline structures with significantly lower lattice energies and melting points.
The cations of most common ionic liquids varied from tetra-alkyl ammonium and tetra-alkyl
phosphonium to imidazolium, pyridinium, and pyrrolidinium. Cations that are even more complex
have been reported in the literature [33]. The anions also varied from simple halides, acetate, nitrate,
hydrogen sulfate to more complicated anions such as acesulfamate [34]. As a result, it is possible to
synthesize ionic liquids with a specific melting point, density, viscosity, hydrophilicity, and electrical
conductivity to be used for a certain application or chemical process [35,36]. For the processing of
wood, lignocellulose, and cellulose, imidazolium ionic liquids have been the most commonly used,
which are all based on 1-alkyl-3-alkylimidazolium as a cation (Table 1).
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Figure 2. Some of the cations and anions that constitute most of the commonly used ionic liquids for
wood and cellulose dissolution and fractionation.

The impact of the constituting ions on the physicochemical properties of ionic liquids is significant.
For instance, [BMIM][C]] and [EMIM][CI] are solid at room temperature while [BMIM][OAc] and
[EMIM][OAC] are liquid. [BMIM][BF,] and [EMIM][BF,] are liquid at room temperature while
[BnMIM][BF,] is solid. In terms of viscosity, [BMIM][HSO4] has a viscosity of ca. 3100 cP compared to ca.
1500 cP for [EMIM][HSO4] due to the higher van der Waal forces for longer alkyl chains [37,38]. Both are
significantly more viscous than [BMIM][PFs] and [EMIM][PFs], [BMIM][BF,], and [EMIM][BE,],
respectively. A study on [BMIM] ionic liquids with carboxylates of different chain lengths (formate,
acetate, propionate, and butyrate) showed that increasing the chain length significantly increases the
viscosity of the ionic liquid [39]. It is important to mention here that the values of melting temperature
and viscosity are strongly affected by the presence of water and impurities. This is the reason behind
the variation in the melting point and viscosity values in the literature. The density of imidazolium
ionic liquids ranged between 1.0 to 1.4 g/cm3, which is slightly higher than that for common organic
solvents (0.7-1.0 g/cm3) [40]. It is strongly dependent on the molecular mass of the cation and anion.
For instance, the density of [BMIM][PF;] is higher than [BMIM][BF,] and they are both higher than
[BMIM][CI], [BMIM][Br], and [BMIM][OAc] [41]. The thermal stability of imidazolium ionic liquids
is strongly dependent on the anion. The degradation temperature varies between 200 to 500 °C and
increases in the following order [PF¢] > [BF4] > [CI] = [Br] = [I] [42]. Minor changes in the degradation
temperature were reported between [EMIM] and [BMIM] [43].

Imidazolium ionic liquids may exhibit acid/base properties, which play an important role in their
performance. [BMIM][HSO,] is an acidic ionic liquid while [BMIM][OAC] is basic due to the acidity of
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hydrogen sulfate and the basicity of acetate, respectively [44,45]. The acidity/basicity of imidazolium
ionic liquids strongly depends on the acidity/basicity of the anion. For instance, [BMIM][OAC] is
significantly more basic than [BMIM][CI] because the acetate anion is more basic than chloride while
[EMIM][OAC] showed slightly higher basicity than [BMIM][OAc] [46].

Table 1. Summary of the most commonly used imidazolium ionic liquids for wood and cellulose
dissolution and fractionation and their physicochemical properties.

Properties
Tonic Liquid Melti(x:gé )Temp. Den:titzys(oglccm3) V;:cz(())s_l;(})f rECCP) Ejls:;::catl Ref.
(mS/cm) at 25 °C
[BMIM][OAC] =20 1.1 208 14 [47,48]
[BMIM][CI] 41-70 1.1 Solid - [47,48]
[BMIM][Br] 60-81 1.1 Solid - [47-49]
[BMIM][I] =72 14-15 1110-1183 0.5 [47,48]
[BMIM][HSO4] - 13 3088 - [47,48]
[BMIM][BF,] —83—74 1.1-13 72-233 32 [47,48]
[BMIM][PF¢] 11 1.3-14 207-450 1.5-4.8 [47,48]
[BMIM][Ace] 30 12 800 0.5 [50]
[EMIM][OAC] —45-—14 1.0-1.1 91-162 25-2.8 [47,48]
[EMIM][CI] 80-89 1.1-12 Solid - [47,48]
[EMIM][Br] 65-91 - Solid - [47,48]
[EMIM][I] 79-85 - Solid - [47,48]
[EMIM][HSO4] - 14 1510 0.5 [48]
[EMIM][BF,] 6-15 12-14 34-66 13.0-14.1 [47,48]
[EMIM][PF¢] 58-64 14 450 52 [47-49]
[EMIM][Ace] 34 13 556 0.6 [50]
[AMIM][CI] 47 - - - [48]
[AMIM][I] 57 - - - [48]
[BaMIM][CI] 75 - Solid - [48]
[BnMIM][BE,4] 78 - Solid - [48]
[BnMIM][PFq] 130-135 - Solid - [47,48]
[BMIM]: 1-butyl-3-methylimidazolium, [EMIM]: 1-ethyl-3-methylimdiazolium, [AMIM]

1-allyl-3-methylimidazolium, [BnMIM]: 1-benzyl-3-methylimidazolium, [OAc]: acetate, [Ace]: acesulfamate,
[BF4]: tetrafluoroborate, [PF¢]: hexafluorophospohate.

This review discusses the potential of ionic liquids with a focus on 1-alkyl-3-methylimidazium
as cation for the dissolution and fractionation of wood and cellulose. The literature reports will
be categorized based on the following target applications: (1) dissolution of wood and cellulose to
overcome their recalcitrance to enzymatic hydrolysis for biofuel production, (2) fractionation of wood
to its individual components before each being utilized in a certain application, (3) processing wood
and cellulose to all-wood and all-cellulose composites, and (4) extraction of cellulose nanoparticles
from wood and cellulose. This review will not cover the use of ionic liquids as solvents for the chemical
modification of cellulose as it has been thoroughly reviewed [51,52].

2. Dissolution Capability and Selectivity of Imidazolium Ionic Liquids to Wood Polymers

The selection of a cation and anion combination does not only influence the physicochemical
properties of ionic liquids but also their performance in certain applications and processes. With the
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focus on the dissolution and processing of wood and cellulose, it is of great importance to have an idea
about the solvation power and selectivity of ionic liquids to wood polymers: cellulose, hemicelluloses,
and lignin. Some studies relied on the solubility of the individual wood polymers in ionic liquids,
while others compared the amount of each polymer that can be dissolved when the wood is treated
with an ionic liquid [53]. Although it is believed that ionic liquids are able to dissolve wood and its
polymers simply by disrupting the strong hydrogen bond networks between their molecular chains,
the process is more complicated and may involve other processes such as hydrolysis and chemical
derivatization. These side processes will be thoroughly discussed at a later stage in this review.

2.1. Impact of the Cation and Anion Combination

There are four imidazolium cations that are most commonly used for the dissolution of
wood and cellulose: 1-ethyl-3-methylimidazolium ([EMIM]), 1-butyl-3-methylimidazolium ([BMIM]),
1-allyl-3-methylimidazolium ([AMIM]), and 1-benzyl-3-methylimidazolium ([BAMIM]). The main
difference is the substituent at the N1 position at the imidazolium ring. Ionic liquids with no substituent
at that position, i.e., [HMIM] where H stands for hydrogen, tend to be acidic [54]. Studies showed
that [EMIM] and [BMIM] ionic liquids are better solvents for cellulose than [AMIM] and [BnMIM]
ionic liquids due to the hydrophobicity introduced to the imidazolium ring by the allyl and the
benzyl groups. On the other hand, [AMIM] and [BnMIM] are better lignin solvents due to the pi-pi
interaction of the allyl group and benzyl group with the phenolic rings of lignin [55]. For the same
reason, [BnMIM][CI] can mainly dissolve lignin but not cellulose while [EMIM][C]], [BMIM][CI],
and [AMIM][CI] can dissolve all wood components [56]. [AMIM][C]] is a better wood solvent than
[EMIM][C]] and [BMIM][CI] because it better interacts with both lignin and cellulose, which supports
it accessibility inside wood microstructure [30,57]. The same applies to [AMIM][OAc], [BMIM][OAc],
and [EMIM][OACc] [58]. It has also been reported that [EMIM][OAc] can dissolve more cellulose but
slightly less lignin than [BMIM][OAc] due to the higher hydrophobicity of butyl compared to ethyl,
which is favored by lignin [59]. The same applies to [EMIM][C]] and [BMIM][CI] [60,61].

The chemistry of the anion has also a strong impact on the dissolution capability and selectivity of
the ionic liquid [62]. Due to its high basicity, the acetate anion [OAc] can efficiently break hydrogen
bonding and therefore allows better wood dissolution compared to chloride [Cl] [63]. It also showed
a higher dissolution affinity to lignin than chloride [61,64]. The acetate ion is more capable of attacking
the hydrogen of the 3 carbon of lignin inducing the cleaving of 3-O-4 bonds in lignin [65]. The formate
[OF] anion showed the same power of acetate to lignin dissolution but more power to the dissolution
of hemicelluloses [58]. Due to its big size, the acesulfamate anion showed a complete selectivity to
lignin dissolution because it hinders its diffusion into the crystalline regions of cellulose [50,66] while
dicyanamide ionic liquids cannot dissolve wood or cellulose [62]. Unlike acetate and chloride ions,
hydrogen sulfate is an acidic anion, which supports the hydrolysis of wood polysaccharides and lignin
condensation in a behavior similar to sulfuric acid [44,67,68]. To better categorize the polarity and
acidity/basicity of ionic liquids and foresee their interaction with wood polymers and other materials,
their Kamlet-Taft parameters have been determined [69,70]. Finally, it is important to mention that
part of the impact of the cation and anion on the interaction of ionic liquids with wood polymers is
due to their influence on the viscosity of the ionic liquid. Ionic liquids with lower viscosities tend to
have more solvation power to wood and cellulose.

2.2. Impact of the Addition of Water, Organic Solvents, and Salts

Ionic liquids are miscible with water and most organic solvents, and their mixtures have been
explored for processing wood and cellulose. Some of these studied only aimed at reducing the viscosity
of the ionic liquid while others investigated the impact of water or organic solvent addition on the
properties of the ionic liquid and its dissolution power to wood polymers [71]. Fendt et al. have
shown that the addition of 5% (w/w) of water or organic solvents (acetonitrile and ethylene glycol) to
[EMIM][OACc] and [BMIM][OAc] decreased their viscosity by 50% [72]. Many reports showed that
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the presence of water decreased the solubility of cellulose in ionic liquids because the water supports
the reformation of hydrogen bonding of cellulose and affects the cation/anion interactions [23,73-75].
Similar behavior was reported for some organic solvents [76]. On the other hand, water addition to ionic
liquids facilitated lignin dissolution and depolymerization [77], hemicelluloses dissolution [78-80],
and hydrolysis of the lignin-carbohydrate complex [81], which assisted the disintegration of wood.
These observations, however, do not apply to DMSO, DMF, and DMAc, which reduced the viscosity
of the ionic liquids and supported the dissolution of wood polymers, including cellulose [82-85].
They also supported the dissociation of the ionic liquid and increasing the concentration of the ions
as a result [86]. Some studies tailored the dissolution power and selectivity to wood polymers by
adjusting the pH of the ionic liquid [87,88] or by the addition of salts such as LiCl and Na;SiO3 [89-91].

2.3. Impact of Dissolution Conditions

It is not only the chemistry of the ionic liquid that determines the efficiency of wood dissolution.
Process parameters, such as temperature and time have a significant influence [92]. Temperature does
not only push the kinetics of the process forward but also reduces the viscosity of the ionic liquid,
supporting further dissolution. Temperature also affects the selectivity of ionic liquids to wood polymers.
For instance, many studies have reported the strong capability of [EMIM][OAc] to wood dissolution,
most of which have used high dissolution temperatures and time. However, It has been shown that
reducing the reaction severity allows the dissolution of the majority of lignin and hemicelluloses of
wood with a minimum cellulose dissolution in a similar scenario to wood pulping [93]. On the other
hand, [BMIM][Ace], which was proven not to be able to dissolve cellulose [50], could disintegrate
cellulose at high dissolution temperatures (130 °C) [94].

Other process parameters such as stirring speed, solid/liquid ratio, wood and cellulose particle
and molecular size [60,95,96], the use of microwave heating [97,98], and ultrasonication [99] are also
important and have been thoroughly explored in the literature. It has also been observed that wood
dissolution is affected by environmental conditions. For instance, humidity and oxygen supported the
depolymerization of wood polymers in [EMIM][CI] [100].

3. Fractionation and Regeneration of Lignocellulosic Polymers upon Dissolution in Ionic Liquids

Upon a complete (homogeneous) or partial (heterogonous) dissolution of wood, different strategies
have been used to separate the dissolved and undissolved fractions, which can be summarized into
four (Figure 3). In the first strategy, the wood is partially or completely dissolved, and the reaction
mixture is then fully regenerated using an anti-solvent without any fractionation. The regenerated
wood is collected by centrifugation or filtration, and the ionic liquid is then recycled. This strategy is
mostly used for processing wood into composites, as there is no need for wood fractionation. It is also
used when the main aim of dissolution is breaking the recalcitrant of wood for biofuel production [101].
In the second strategy, the wood is dissolved, mainly completely, and the dissolved wood is fractioned
to polysaccharide-rich fraction and lignin fraction by selective regeneration. The polysaccharide-rich
fraction is usually explored for biofuel production, as the removal of lignin facilitates the enzymatic
hydrolysis of the polysaccharides to simple sugars. It can also be fractioned further to hemicelluloses
and cellulose using alkaline hydrolysis. The third and fourth strategies are mostly used for a thorough
fractionation of wood upon partial dissolution. The third strategy separates the dissolved wood
from the undissolved using centrifugation or filtration, which is then regenerated completely with no
fractionation resulting in two fractions: dissolved wood and undissolved. While the fourth strategy
fractions the dissolved wood further to lignin and polysaccharide fractions resulting in three fractions:
undissolved wood, polysaccharide-rich fraction, and lignin. The undissolved wood in both strategies
could be processed further to pulp fibers or cellulose nanoparticles. The procedure to separate the
dissolved wood from the undissolved depends on the viscosity of the reaction mixture. If the reaction is
viscous as in the case of using ionic liquids with no dilution, centrifugation is usually used as filtration
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could be impossible to perform. Sometimes, a co-solvent such as DMSO, DMF, or DMAc is added to
the reaction mixture upon dissolution to allow the separation of wood fractions by filtration [102,103].
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Figure 3. The different fractionation strategies followed in the literature upon partial or complete
dissolution of wood or lignocelluloses.

The regeneration of the dissolved wood using antisolvents is a crucial process. The selection
of anti-solvent affects the recovery of the dissolved wood and the efficiency of fractionation.
When an anti-solvent is added to a reaction mixture, the ions of the ionic liquids are extracted
into the liquid phase through hydrogen bonding and coulombic forces shielding them from direct
interaction with wood polymers. This also disrupts the cation/anion solvation network triggering the
hydrogen bonds to reform [104,105]. Water is the most used antisolvent for complete regeneration
of wood with no fractionation. Methanol and ethanol have also been used [106,107]. To fraction the
dissolved wood to a polysaccharide-rich fraction and lignin fraction, a variety of antisolvents has
been used. Among these, acetone:water (Ac/W) mixtures are the most commonly used [108] due to
the easiness of tailoring its polarity by controlling the Ac/W mixing ratio and by evaporating the
acetone. When added to dissolved wood, the polysaccharides (with some lignin) are regenerated
while keeping lignin soluble in the mixture. The acetone is then evaporated, increasing the polarity
of the mixture and triggering lignin to precipitate, which can then be isolated. The efficiency of
the fractioning process and the purity of the polysaccharide fraction are higher using high Ac/W
ratios. Unfortunately, Ac/W mixtures with high Ac\W ratios (2:1 and more) could be immiscible
with some ionic liquids such as [EMIM][OAc]. A ratio of 9:1 is recommended for [BMIM][C]] and
1:1 for [EMIM][OAC] [108,109]. In some reports, Ac/W-based regeneration is differently performed.
The acetone is added at first to precipitate the polysaccharides, then water is added to precipitate
lignin [110]. The same approach was used using ethanol instead of acetone [96,111]. A solution
of sodium hydroxide (usually 0.1M) was also used as an antisolvent for wood fractionation [112].
When added to a dissolved wood mixture, the polysaccharides (with some lignin) are regenerated and
separated. The IL/antisolvent mixture is then acidified to a pH of 2 to regenerate lignin [97,113].

4. Applications of Ionic Liquids for Lignocellulose and Cellulose Dissolution and Processing

4.1. Wood and Cellulose Dissolution for Biofuel Production

Ionic liquids have received a significant attention because of their effectiveness in reducing
the recalcitrance of biomass to enzymatic hydrolysis towards the production of bioethanol [114].
Tonic liquids also reduce the need for corrosive and toxic chemicals and the accompanying waste
streams that are usually generated with alkaline and acidic reagents [115,116]. Anionic liquid-mediated
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pretreatment of wood aims at effective (1) delignification, (2) breaking lignin-carbohydrate bonds,
(8) destroying the crystalline regions of cellulose, and (4) hydrolysis of polysaccharides. To achieve
some or all of these goals, different approaches have been followed, which mostly operated at high
temperatures for long durations (Table 2). The most common approach is achieving maximum wood
disintegration in general without delignification. In such approach, the wood is dissolved completely
then fully regenerated using water as antisolvent following the first fractionation strategy as shown
in Figure 3 [110,117-119]. The disintegrated wood is then subjected to enzymatic hydrolysis using
cellulase enzymes to produce glucose and other simple sugars, which are ultimately fermented to
bioethanol. In some systems, the cellulase enzyme and ionic liquids were simultaneously used
for wood disintegration and hydrolysis but they have to be compatible with each other in such
systems [120-122]. Another approach disintegrates and delignifies wood and the dissolved lignin is
separated using an acetone:water mixture or sodium hydroxide solution as antisolvent following the
second fractionation strategy [112,123].

The most commonly used ionic liquids for wood disintegration were [EMIM][OAc], [AMIM][CI],
and [BMIM][CI]. In general [EMIM][OAc] was more powerful than [AMIM][CI], which was more
powerful than [BMIM][CI] [124]. In a few cases, DMSO was added to support further wood
disintegration [125-127]. In some studies, aqueous solutions of ionic liquids were used to disintegrate
wood by targeting the hemicelluloses as they are crucial for wood disintegration [58,128,129].
Similar studies aimed at selectively extracting the polysaccharides (mainly hemicelluloses) from
wood to be hydrolyzed and fermented to biofuels at a later stage. In these studies, the acidic ionic
liquid [BMIM][HSO,] was mainly used [96,130].

Table 2. Summary of the literature on wood and cellulose dissolution for biofuel production.

Wood/Lignocellulose Dissolution Conditions Regeneration Ref.
Ionic Liquid  Temp. (°C) Time (h) Strategy Antisolvent
. 0.1 M NaOH then
Triticale, Wheat Straw ~ [EMIM][OAc] 150 1.5 2 Acidification [112]
[EMIM][CI],
Cellulose [AMIM][C1], 100 2 1 Water [131]
[BMIM][CI]
Radiata Pine, [EMIM][OAc]  50-150 038 1 Water [132,133]
Eucalyptus
. [BHIM][HSO4] . Ethanol then
Scots Pine Water 120-170 1-4 2 Water [96]
[BMIM][BE,]
Corn Stalk Water 150 5 1 Water [117]
Yellow Pine [EMIM][OAC] 140 0.25-0.75 1 Water [134]
Guinea Grass [EMIM][OAC] 157 0.5 1 Water [118]
Acetone then
Japanese Cedar [EMIM][OAC] 80 3 3 Water [110]
Japanese Cedar [EMIM][OAC] 60-100 2-8 1 Water [110]
Mixed Softwood [BMIM][OAC] 100 15 1 Water [119]
Hornbean, Spruce [BMIM][CI] 50-150 0.5-2 1 Water [135]
Cedar, Eucalyptus,
Bagasse Powder [EMIM][OAC] 110 16 1 Water [136]
Beech Wood Waste [EMIM][OACc] 120 3 1 Water [137]
Sugarcane [BMIM][OAC] 110 0.5 3 Water [138]
Poplar Wood Flour [EMIM][OAC] 90 0.3-0.7 1 Water [139]
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Table 2. Cont.

Wood/Lignocellulose Dissolution Conditions Regeneration Ref.
Ionic Liquid  Temp. (°C) Time (h) Strategy Antisolvent
Sawdust of Norway [BMIMJ[OAC]
Spruce, Scots Pine, 1y i ey 100-110 Up to 100 1 Water [140]
and Silver Birch and [BMIM][CI]
Winter Wheat Straw
[BMIM][OAC], Acetone then
Polar Wood [MMIM][MEP] 130 18 2 Water [141]
Oil Palm Biomass ~ [EMIM][DEP]  70-100 4 2 1:1 AgW [123]
Eastern White Pine [A/I\];III\I/\I/IS]([)CI] 110 1 2 1:1 Ag/W [125]
Norway Spruce [BMIM][OAC] 100 20 1 Methanol [142]
[EMIM][CI]
Pine Wood J/[EMIM][OACc] 80-120 3 1 Water [143]
mixture
Beech Wood [E%\;{EL?AC] 115 1.5 1 1:1 Ag/W [81]
White Poplar and [EMIM][OACc]
Pine /DMSO 110 3 1 Water [126]
[EMIM][OAC],
P. tomentosa [BMIM][Cl], 130 2 1 5% NaOH [113]
[AMIM][C]]
Hybrid Pennisetum [AMIM][CI] 100-190 0.5-5.5 1 Water [144]
[EMIM][OAC],
Sugarcane Bagasse [BMIM][Cl], 100 1 1 Water [124]
[AMIM][C]]
Mixed Pine [BMIMI][CI] 70-150 5-24 1 Water [145]
Spruce and Oak Methanol,
Sawdust [EMIMJ[OAc] 110 0.65 1 Ethanol, Water [140]
Water, Ethanol,
Silver Wattle [EMIM][OAC] 90-150 0.5-24 1 Methanol, 1:1 [147]
Ac/W
Sugarcane Bagasse
Cellulose [EMIM][OAC] 90 6 1 Water [148]
Cassava Residues [BMIM][CI] 130 2 1 Water [149]
Norway Spruce, [AMIM][OF] 45-120 2-48 1 Water [150]
Sugarcane
Laminaria japonica
Seaweed [AMIM][CI] 60-90 2 1 Water [151]
Cotton Stalks [EMIM][OAC] 150 0.5 1 Water [152]
Spruce and Beech  [EMIM][OAC] 115 15 4 Eﬂ‘;;‘;tihen [111]
Polar Wood [EMIM][OAC] 110 12 1 Water [153]
Birch and Pine Wood [FBI\I/\I/E\I/\I/E[OC?]C]/ 25 1-3 1 Ethanol [154]
Aspen Wood [EMIM][OAC] 120 1-5 1 Water [155]
Eucalyptus [E%E]S[SAC] 80-140 2-4 1 Water [127]
[EMIM][OACc],
Eucalyptus Cellulose [[/];11\\/1/11111\\/[/1]][[81]]/ 130 1 1 Water [94]
[BMIM][Ace]
Douglas-Fir Wood [EMIM][OAC] 120-160 3 1 Water [156]
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Table 2. Cont.

Wood/Lignocellulose Dissolution Conditions Regeneration Ref.
Ionic Liquid  Temp. (°C) Time (h) Strategy Antisolvent
Yellow Pine [HMIM][C1] 110-150 Upto5 2 1:1 Ac/W [54]
Pine, Eucalyptus,
Switchgrass [EMIM][OAC] 160 3 1 Water [157]
[EMIM][OAC], ~
Norway Spruce [BMIM][OAC] 120 1-15 1 Water [158]
Sago Waste [BMIM][CI] 140-155 0.5-2.5 1 Water [159]
Qil Palm Fronds [BMIM][CI] 80-120 0.5-3 1 Water [160]
[BMIM][CI],
[AMIM][C1],
Kenaf Powder [EMIM][CI], 110 2 1 Water [161]
[EMIM][DEP],
[EMIM][OAC]
Sugarcane Bagasse [EMIM][OAC] 120 2 1 Water [162]
Sugarcane Bagasse [BMIM][CI] 150 1.5 1 Water [163]
Wheat Straw [EMIMJ[OAC] 130-170 0.5-5.5 1 Water [128,129]
/Water
[BMIM][HSO,]
Miscanthus giganteus, /Water,
Pine, Willow BMIMI[MSO,] 20 2 3 Water [130]
/Water
Eucalyptus, Southern 1 \ iy 120 5 1 Water, Methanol [106]
Pine, Norway spruce
[BMIM][CI],
Switch grass [EMIM][OAC], 110 0.25 1 Water [59]
[BMIM][OAC]
Maple Wood Flour [EMIM][OAC] 50-130 0.5-20 1 Water [57]

Abbreviations: [OF]: formate, [DEP]: diethylphosphate, [MMIM]: 1-methyl-3-methylimidazolium,
[MEP]: methylphosphite, [MSO,]: methylsulfate, Ac/W: acetone/water mixture.

4.2. lonic Liquid-Mediated Fractionation and Pulping of Wood and Lignocellulose

Traditional wood pulping, including Kraft and Sulfite pulping, are considered environmentally
unfriendly due to the use of strong acidic and alkaline solutions, which require special
treatments [164,165]. Furthermore, the separation of dissolved hemicelluloses and lignin from
the pulping liquor is relatively difficult. When extracted, lignin and hemicelluloses can be strongly
modified (sulfonation, oxidation) during pulping limiting their potential in certain applications [166].
Tonic liquids offer a solution for these challenges and provide many possibilities for wood fractionation
and pulping, depending on the aim of the treatment. The fractionation procedure is also relatively
simple, and the separated fractions are not/slightly modified [167].

Some fractionation procedures dissolve wood completely and fraction it to its individual
components without paying attention to the crystalline structure of cellulose (Table 3) [168,169].
The individual polymers are then used separately or together for certain applications. For example,
cellulose and hemicelluloses can be used for the production of bioethanol, furfural compounds [170],
pyrolysis products [108], and synthetic wood composites [171] while lignin can be used for the
production of adhesives and phenolic compounds [172,173]. Sometimes, wood components are
selectively extracted. Acesulfamate and methylsulfate ionic liquids were suggested as selective
solvents for lignin [50,174], while a mixture of ionic liquids with water and certain organic solvents
were proved efficient for the extraction of hemicelluloses [175]. The aqueous and organic mixture
of ionic liquids were used to upgrade Kraft pulp to high-quality dissolving pulp by reducing its
hemicellulose content [176-178]. Tonic liquids acidified to a pH of 4-5 were found to be able to dissolve
hemicelluloses selectively. If the pH is adjusted to 2-3, they become capable of dissolving cellulose.
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In both scenarios, lignin stays undissolved [87]. During the selective extraction of hemicelluloses and
lignin, the crystalline structure could be degraded, especially if high dissolution temperatures are
used. At lower temperatures (60 °C and less) and short dissolution time (two hours and less), it was
possible to extract Cellulose I pulp [179,180]. Different studies have shown that the dissolution of
hemicelluloses and cellulose is mainly affected by the anion, while lignin dissolution is affected by
both the cation and anion [181-183]. Significant pi-pi stacking of imidazolium with the benzene rings
supports lignin dissolution and depolymerization [184,185].

Table 3. Summary of the literature on wood fractionation for the separation of its individual polymers.

Dissolution Conditions Regeneration

Wood/Lignocellulose Ref.
Ionic Liquid  Temp. (°C) Time (h) Strategy Antisolvent
Cypress Wood [EMIM][OAC] 80 1 2 1:1 Ag/W [186]
Rubber Wood [MMIM][MSO4]  25-100 0.5-2.5 3 Methanol [187]
Sugarcane Straw [EMIM][OAC] 90 5 2 1:1 Ag/W [108]
Water then
Eucalyptus urophylla  [EMIM][OAc] 140-170 0.5-6 4 Acidic Water [97]
- . [BMIM][HSO4] Ethanol then
Maritime Pine Water 170 0.5-2 2 Water [170]
Norway spruce [E%ﬁls[gAc] 80-150 2-6 4 Acetone [188]
Steam-exploded )
Angelim Vermelho [EMIM][OACc] 30 0.25 4 1:1 AW [179]
Angelim Vermelho [EMIM][OAC] 60 2 4 1:1 Ac/W [180]
0.1M NaOH or
Wheat Straw [EMIM][OAC] 110-120 1-16 1 91 Aq/W [109]
Radiata Pine, DMSO then
Eucalyptus globlus [AMIM][CI] 120-170 0.3-1 4 Methanol [102,103]
Birch Wood [EMIM][OACc] 110 16 2 1:1 AW [189]
Alkaline Water,
Wheat Straw [EMIM][OAC] 80-140 2-18 2 Neutral, then [168]
Acidic
Poplar Wood [EMIM][OAC] 110 16 2 1:1 Ad/W [167]
Sugarcane Bagasse [BMIM][CI] 110 72 2 9:1 Ac/W [169]
[EMIM] . > 0.IM NaOH then
Bagasse [Xylenesulfonate] 170-190 0.5-2 1 Acidification [190]
Southern Pine, Red [EMIM][OAC], X
Ok [BMIMIOAC] 110 16 2 1:1 A/W [61]
Radiata Pine [BMIM][Ace] 80-140 1-16 3 Acetone [50]

4.3. lonic Liquids for Processing All-Wood and All-Cellulose Composites

Wood liquefaction is necessary for its processing and fractionation. In the past, it was not
possible to liquefy wood without the use of high pressure and temperature. Various liquefaction and
dissolution agents were then explored, such as phenol and ethylene carbonate, in the presence of
strong acids as catalysts [191,192]. In 2006, Honglu and Teijun showed that ionic liquids, in addition to
their green properties, can be better wood liquefaction agents than phenol/sulfuric acid [26]. Since
then, ionic liquids were explored as solvents and liquefaction agents for wood modification [193],
wood processing [194], and to facilitate wood grinding [195]. They were also used for processing
synthetic wood composites of controlled amounts of cellulose/hemicelluloses/lignin [171].

Wood liquefaction with ionic liquids causes major changes in the anatomic and molecular
levels, including swelling, fibrillation, disintegration, plasticization, and derivatization [66,196].
Wood swelling in ionic liquids is comparable, and sometimes better, to that in water and organic

71



Polymers 2020, 12, 195

solvents [66]. It is also reversible, which means that cellulose can keep its native crystalline structure
upon the removal of the ionic liquid [197], although strong fibrillation and disintegration are observed.
Thermomechanical studies showed that ionic liquids are capable of lowering the glass transition of
lignin in wood to values similar to or lower than those obtained using water as a plasticizer [198].
[EMIM][OACc]-plasticized Norway spruce showed a glass transition around 60 °C, which is lower than
those obtained using water and ethylene glycol (84 and 74 °C, respectively) [199,200]. Such kind of
strong plasticization and swelling are advantageous for wood processing, as they determine its energy
requirement [199,201,202].

All-wood and all-cellulose composites have been processed following one main procedure (Table 4).
The wood or cellulose is partially or completely dissolved in an ionic liquid before hot-pressed [203].
The ionic liquid is taken out of the composite, and the wood is fully regenerated before or after pressing
by washing or extraction using an antisolvent such as water or ethanol. Sometimes, the composite is
made of a mixture of wood and cellulose [204-206]. Other times, the plasticized wood is processed
with another polymer such as thermoplastic starch [207].

Table 4. Summary of the literature on processing all-wood and all-cellulose composites using
ionic liquids.

Dissolution Conditions Regeneration Mechanism

Wood/Lignocellulose Ref.
Ionic Liquid  Temp. (°C) Time (h) Strategy Antisolvent
Wheat Straw and Casting then
Cellulose [AMIM][CI] 120 4 1 Water [208]
i i Water then
Chinese Fir [AMIM][CI] 80 4 1 Hot-pressing [203]
Birch Wood [EMIM][OAC] 95 05 1 Water and [209]
Hot-pressing
Water then
Paper Cellulose [EMIMI[OAc] 80-95 1-16 1 Wet-pressing and [210]
/Water X
Drying
1:1 Ac/W then
Oil Palm Frond [EMIM[OAC], 90 3 1 Hot-pressing [207]
(BMIMJ[CT] with Starch
Bleached and Casting then
Unbleached Soda [BMIM][CI] 85-95 1 1 & [211]
Water
Pulps
Poplar Wood with Hot-pressing -
Paper [EMIM][OACc] 100 1 1 then Water [205]
. Hot-pressing
Lyocell Fibers [BMIM][CI] 110 0.5-4 1 then Water [204]
Aspen Wood with Water then
Cotton [EMIM][OACc] 60-80 0.5-20 1 Hot-pressing [212]
Cotton, Japanese Hot-pressing
Cypress Lumber (BMIMJ(CT] 100 05 1 then Acetonitrile [206]
Cedar Flour, Bark Hot-pressing
Flour [BMIM][CI] 100 0.15 1 then Ethanol [213]
Cedar, Bark Flour  [BMIM][CI] 100 02 1 Extraction with [213]
edan ou ’ Ethanol -

4.4. Extraction of Cellulose Nanoparticles from Wood and Cellulose

Upon wood pulping, cellulose is extracted in the form of 20-40 pm-thick fibers, which can
be processed to nanocellulose using a wide range of chemical and mechanical procedures [45].
Nanocellulose is an interesting material because of its high mechanical strength, high surface
area, the ability to modify its surface and to form liquid crystalline structures, in addition to
biodegradability and biocompatibility [214-217]. Thanks to these properties, nanocellulose has
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shown great potential in a wide range of applications, including automotive industry [218],
water filtration [219,220], tissue engineering [221], pharmaceutical formulation [222], electronics [223],
etc. Cellulose nanocrystals (CNCs), one form of nanocellulose, are rod-like nanoparticles with a
thickness of 3-10nm and a length of a few hundreds of nanometers [224]. They are extracted chemically
by hydrolyzing the amorphous regions of cellulose using strong acids using a procedure that has
already been industrialized [45]. Sulfuric acid is the most commonly used for the extraction of CNCs,
although many such as hydrochloric acid, phosphoric acid, and acetic acid have been also explored [45].
The acid-based procedure suffers high severity, corrosion of reactors, the need to treat the effluents,
and the low CNC yield, which is in the range of 20-40% (g-CNCs/g-cellulose) [225-227].

Ionic liquids have been explored to extract CNCs under milder, controllable, and greener
conditions. Most of the reports in the literature focused on the use of the mildly acidic ionic liquid,
1-butyl-3-methylimidazolium hydrogen sulfate [BMIM][HSOy] [228]. Man et al. have used this
ionic liquid for the first time in 2011 to extract CNCs, but the extracted cellulose did not have the
optimum morphological characteristics of CNCs [229]. Mao et al. were able to extract higher quality
CNCs in almost theoretical yields using the same ionic liquid upon dilution with water [44,230,231].
Grzabka-Zasadzinska et al. studied the impact of the imidazolium substituents on the properties of
the CNCs extracted using this ionic liquid [232]. Regenerated CNCs were also produced upon the
dissolution of cellulose in [BMIM][CI] [233].

Cellulose nanofibrils (CNFs), another form of nanocellulose, are spaghetti-like nanoparticles
with a thickness of 5-30 nm and a length of few micrometers [224]. They are produced by
mechanically fibrillating cellulose fibers using a wide range of techniques, including homogenization,
microfluidization, microgrinding, and extrusion [234-237]. There are some reports that used ionic
liquids to prepare regenerated CNFs [238]. In these reports, cellulose is dissolved in an ionic liquid
then electrospun. The produced CNFs are significantly thicker than traditional CNFs (thickness of
around 500 nm) [239]. Mao et al. have reported the use of imidazole to produce both CNCs and
CNFs. Imidazole, alone, was found able to fibrillate cellulose to produce CNFs, and to hydrolyze the
amorphous regions of cellulose to liberate the CNCs when mixed with water [240].

Most of the reports in the literature on the production of CNCs and CNFs used pure or almost pure
cellulose as a starting material, including pulp fibers and microcrystalline cellulose [45]. In other words,
there were no technologies for the extraction of nanocellulose directly from wood and lignocelluloses.
This is not surprising, as there was no single reagent that is capable of pulping wood and extracting
nanocellulose at the same time. Using [EMIM][OAc], Abushammala et al. developed a method to pulp
wood and simultaneously hydrolyze the amorphous regions of the cellulose to liberate the crystallite
in the form of CNCs [180,241]. The extracted CNCs were lignin-coated, which can be bleached to
obtain lignin-free CNCs [179]. Such technology could foster the utilization of lignocellulosic residues
and the use of naoncellulose [242]. Ionic liquids were also used for the preparation of lignin nano-
and micro-spheres by dissolving alkali lignin in [MMIM][DEP] followed by a gradual regeneration in
water [243].

5. Challenges of Using Ionic Liquids for Wood and Cellulose Dissolution and Processing

Around 20 years ago, ionic liquids were introduced as the “magic solvents” for processing wood
and cellulose and received strong attention due to their advantageous properties. Years later, it became
clear that ionic liquids are not that innocent, as they seemed to be. Many issues and challenges
appeared that hindered industrializing some promising ionic liquid-mediated technologies developed
in academia for processing wood and cellulose:

5.1. Side Reactions

For many years, it was assumed that ionic liquids are chemically inert solvents for cellulose
and wood. However, recent studies have reported possible side reactions that could take place
during processing cellulose and wood using ionic liquids. Acetylation has been reported to take
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place at varying degrees using acetate ionic liquids, such as [EMIM][OAc]. Small degrees of cellulose
acetylation (less than 0.1%) were reported when cellulose was treated with this ionic liquid [244,245].
Acetylation was proven to be caused by one of the impurities in the ionic liquid, 1-acetylimidazole [246].
This impurity is continuously generated because of the thermal degradation of the ionic liquid during
the reaction and during the recycling of the ionic liquid. Acetylation was more significant (>10%) in
the presence of certain molecules such as 2-furoyl chloride, which provided an electropositive carbon
for the acetate ion to attach and be activated [247]. Cellulose acetylation was also more significant
when wood was treated with [EMIM][Ace] (>10%) [180]. It was confirmed, in this scenario, that lignin
acted as a catalyst [248].

Many studies have also reported the hydrolysis of cellulose when treated with ionic
liquids [179,180,249,250]. Some attributed it to the formation of acetic acid, when acetate ionic
liquids are used or because of hemicellulose deacetylation [248,251,252], while others linked it to the
hydrolytic power of the imidazolium ring [253]. The hydrolytic power of imidazolium is a result of
releasing the proton of the ring by the action of the anion [254,255]. This was more significant for acetate
ionic liquids compared to chloride ionic liquids due to the high basicity of the acetate ion [256]. In the
process, a carbene is formed, which is reactive with the reducing end and C2 of cellulose [254,257-259].
This explains the traces of nitrogen detected in cellulose after processing with [EMIM][OAc]. Other
than the degradation of the cation, the anions can also degrade. For instance, the acesulfamate anion
was proved to degrade significantly to ammonium sulfate salt, which was detected in significant
amounts in lignin extracted from wood using acesulfamate ionic liquids [260].

Sulfonation and phosphorylation were also detected when wood and cellulose were processed
with [BMIM][HSO4] and [EMIM][MEP], respectively [141,230]. Acidic ionic liquids such as
[EMIM][HSO4] and [BMIM][HSO4] were found to convert sugars to 5-hydroxymethylfufural [261,262].
Sometimes, these side reactions, in addition to acetylation and hydrolysis, were advantageous as they
supported the dissolution of lignin and cellulose [141]. For instance, the acetylation of lignin and
cellulose and hydrolysis of cellulose during wood treatment with [EMIM][OAc] supported the direct
extraction of CNCs from wood through simultaneous wood delignification, cellulose fibrillation,
and liberation of cellulose crystallites. Lignin acetylation prevented lignin from repolymerizing
while cellulose acetylation reduced the cohesive forces between cellulose microfibrils during pulping,
preventing them from aggregating [248].

5.2. Recyclability

Most of the reports in the literature recycled ionic liquids upon wood dissolution or processing by
evaporating all added co-solvents and anti-solvents after the separation of all wood fractions relying
on the fact that ionic liquids will not evaporate at the typical drying temperatures [114]. It was often
claimed that ionic liquids are recyclable with almost no losses due to their low vapor pressure and
high thermal stability. However, many studies have shown that ionic liquids degrade due to the high
temperatures used for wood and cellulose dissolution [263]. Their degradation might also be catalyzed
by the wood moieties generated during dissolution [260]. The side reactions mentioned previously are
also a possible cause of losses [180,247].

Ionic liquid recyclability is not only assessed by mass loss but also by the performance of the ionic
liquid after recycling. Under high dissolution temperatures, wood could degrade, and oligomers could
form, which cannot be regenerated out of the ionic liquid. These oligomers accumulate in the ionic
liquid reducing its efficiency [264,265]. The accumulation of wood oligomers, in addition to thermal
degradants, can be visually detected as ionic liquids tend to darken [230]. It is worth to mention that it
could be possible to evaporate ionic liquids to get rid of these oligomers. Such a process would need
a high-energy input in the form of heat and vacuum [266,267]. Some approaches have been developed
to overcome this issue, including the formation of distillable carbenes and the back-alkylation of the
anion [268]. In conclusion, lowering wood dissolution temperature, if possible, is recommended to
suppress both wood and ionic liquid degradation.
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5.3. High Viscosity and Low Wood/lonic Liquid Mixing Ratio

Some of the commonly used ionic liquids are solid at room temperature, while others have
a viscosity of 100-2000 cP at room temperature (Table 1). Halide- and hydrogen sulfate-based ionic
liquids tend to be solid or have a high viscosity of more than 1000 CP while acetate, tetrafluoroborate,
and hexafluorophosphate ionic liquids are liquid and have a viscosity of few hundreds’ cP or less.
These viscosities are still significantly higher than the viscosities of commonly used organic solvents
(less than 2 cP) [269]. The high viscosity of ionic liquids has a negative impact on four major process
parameters: (1) energy input (2) solid/liquid ratio, (3) reaction homogeneity, and (4) filtration of
the reaction mixture. High temperature is needed to melt and reduce the viscosity of ionic liquid,
while vigorous mixing is needed to improve reaction homogeneity. To improve the solid/liquid ratio
and allow the filtration of the reaction mixture, cosolvents such as DMSO are added to the ionic liquid
to reduce their viscosity, which would result in an extra effort in ionic liquid recycling at the end [188].

5.4. Prices of lonic Liquids

The prices of most imidazolium ionic liquids ranged in 2019 between 500 and 5000 euros per
kilogram (Table 5) [270-273]. These prices are up to 100 times higher than commonly used organic
solvents such as acetone, ethanol, toluene, and DMSO [270-273], which consequently hinder the
inclusion of ionic liquids in many applications and processes. However, these prices are lower than
those in the past and will continue to drop due to the growth of the ionic liquids market [22].

Table 5. The prices of the most commonly used ionic liquids for wood and cellulose processing.
The prices are not enlisted for comparison as they are based on products of different purities (95-100%)
and sizes (5-1000 g).

Price (EUR/kg)

fonic Liquid Sigma-Aldrich [270] TCI [271] Alfa Aesar [272] Acros [273]
[BMIM][OAC] 821 - - -
[BMIM][CI] 1264 1250 2300 882
[BMIM][Br] 517 5600 1836 -
[BMIM][I] 4880 5200 - -
[BMIM][HSO4] 421 3080 - -
[BMIM][BF,] 1776 1420 5940 2070
[BMIM][PF¢] 1992 2520 2440 2390
[EMIM][OAC] 746 7160 15,580 -
[EMIM][CI] 363 1224 4680 1080
[EMIM][Br] 2080 3520 1800 1250
[EMIM][I] 3960 3400 3720 -
[EMIM][HSO4] 511 2880 1572 -
[EMIM][BF,] 5660 6000 - -
[EMIM][PF¢] 9000 5040 6380 -
[AMIM][CI] 5240 6000 4880 -
[AMIM][Br] 21,600 - 2940 -
[AMIM][I] 14,400 - - -
[BnMIM][CI] 4600 7000 4880 -
[BnMIM][BFy] 4840 4800 5580 -
[BnMIM][PFq] 4740 6200 4960 -
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5.5. Health and Environmental Concerns

The possibility to synthesize a huge number of ionic liquids with tuned properties fostered
their use in a wide range of applications. However, this requires thorough studies of the health
and environmental impact of all newly synthesized ionic liquids before commercialization. This is
important due to the fact that ionic liquids are not innocent solvents as they seemed to be, and some
traces may exist in final products even upon careful washing and as a result of side reactions. They may
also leash to water and soil [274,275]. Some toxicity studies have shown that ionic liquids are/could
be toxic to humans and animals [276-280], and microorganisms [281-283], which was mainly linked
to the imidazolium cation and influenced by the anion [280,284,285]. Other studies have shown
that using ionic liquid for cellulose dissolution might be less environmentally friendly than the
traditional NMMO process [286]. Due to the toxicity of the imidazolium ring, other cations have been
suggested, such as morpholinium and choline [287,288], which showed similar and sometimes better
performance as solvents [289]. Amino acids as anions have been also explored [290,291]. In conclusion,
there is a strong need to standardize a system to study the impact of ionic liquids on human health
(including genotoxicity, cytotoxicity, and neurotoxicity) and to understand their fate and transport in
the environment. A systematic approach to tackle this issue would further accelerate the inclusion of
ionic liquids in chemical processes and commercial products.

6. Conclusions

Tonic liquids offer a variety of possibilities for the dissolution, fractionation, and processing of
wood, lignocelluloses, and cellulose. They allow the utilization of these bioresources for biofuel
production, processing wood-based composites, extraction of nanocellulose, and the production of
a variety of chemicals and materials. This is a result of the possibility to synthesize unlimited number
of ionic liquids with tailored chemical and physical properties and controlled dissolution power and
selectivity to wood and its polymers. Ionic liquids have been able to destruct wood and significantly
facilitate the enzymatic hydrolysis of its polysaccharides. They have also been proven potent agents
for wood pulping and fractionation and for the extraction of cellulose nanoparticles from cellulose
and wood. For processing all-wood composites, they have shown superior plasticization capabilities
compared to water and traditional plasticization agents. Despite their fascinating performance,
ionic liquids are not innocent and green solvents as they seemed to be two decades ago. Many side
reactions have been reported, including acetylation, hydrolysis, and thermal and chemical degradation,
which significantly affect their recyclability. They also suffer high viscosity and are still more expensive
than commonly used organic solvents. However, their market continues to grow due to their inclusion
in more applications and processes.
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Abstract: Developing economical and sustainable fractionation technology of lignocellulose cell walls
is the key to reaping the full benefits of lignocellulosic biomass. This study evaluated the potential of
metal chloride-assisted p-toluenesulfonic acid (p-TsOH) hydrolysis at low temperatures and under
acid concentration for the co-production of sugars and lignocellulosic nanofibrils (LCNF). The results
indicated that three metal chlorides obviously facilitated lignin solubilization, thereby enhancing
the enzymatic hydrolysis efficiency and subsequent cellulose nanofibrillation. The CuCl,-assisted
hydrotropic pretreatment was most suitable for delignification, resulting in a relatively higher
enzymatic hydrolysis efficiency of 53.2%. It was observed that the higher residual lignin absorbed on
the fiber surface, which exerted inhibitory effects on the enzymatic hydrolysis, while the lower
lignin content substrates resulted in less entangled LCNF with thinner diameters. The metal
chloride-assisted rapid and low-temperature fractionation process has a significant potential in
achieving the energy-efficient and cost-effective valorization of lignocellulosic biomass.

Keywords: hydrotropic treatment; metal chloride; delignification; enzymatic saccharification;
lignocellulosic nanofibrils

1. Introduction

Lignocellulose biomass is an abundant and sustainable, carbon-neutral resource. It can be
converted into different high-value-added products (e.g., biofuels and nanocellulose). Biofuels,
as a promising renewable energy alternative to fossil fuels, are usually derived from relatively
inexpensive, abundant, and renewable agricultural or industrial byproducts, such as wheat straw, corn
stover, or forestry residues [1-3]. Nanocellulose, as a green alternative to artificial polymers, exhibits
excellent properties, such as high elastic modulus, high specific surface area, optical transparency,
low thermal expansion coefficient, and chemical reactivity [4-6]. However, lignocellulose consists of
carbohydrate polymers (cellulose and hemicellulose) and an aromatic polymer (lignin), which are
tightly bonded together by ester and ether linkages [7]. The complexity of these components and their
arrangement makes the cell wall naturally resistant, therefore making pretreatment necessary for its
deconstruction or fractionation, which is the key to achieving a green, biobased economy.
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To date, various pretreatment approaches have been investigated on economical and sustainable
deconstruction or fractionation of lignocellulose cell walls [8-12]. These strategies facilitate the
exposure of more cellulose and hemicellulose for enzymatic saccharification or cellulose
nanofibrillation. Delignification is critical for successful cell wall deconstruction because lignin is
a major cell wall polymer, with the middle lamella lignin acting as a glue to hold cells together in
plant biomass [13]. Conventional delignification methods include alkaline wood pulping (120 °C
or higher for 2 h), kraft pulping (120-160 °C for 1-2 h), and aromatic salts pretreatment (170 °C for
2h) [14-17]. However, the high demand of reaction temperature and pressure and long reaction periods
constitute major challenges in the delignification process, which increase the cost of downstream
production. It has been demonstrated that the hydrotropic p-toluenesulfonic acid (p-TsOH) can
dissolve approximately 90% of poplar wood (NE222) lignin at 80 °C in 20 min [18]. Unlike the
traditional approach of alkaline and acid sulfite cooking by the extraction of lignin at the expense of
degrading a considerable amount of another components, this hydrotropic pretreatment can maintain
cellulose and hemicellulose for a low energy input and sustainable production of valuable building
blocks, such as sugars, fibers, and wood-based nanomaterials [19-22]. Limited attention, however,
has been paid to discuss the lignin redistribution on the fiber surface after p-TsOH pretreatment and
its effect on subsequent enzymatic saccharification or lignocellulose nanomaterials production.

Note that some metal chlorides can effectively hydrolyze carbohydrates into useful chemicals
and exhibit higher catalytic activity than inorganic acids [23]. Some studies have reported on
the production of ethanol or cellulose nanocrystals using metal chlorides to pretreat rice straw or
enhance cellulose hydrolysis [24-28]. In order to reduce the acid and energy consumption, three
inorganic chlorides (FeCls, AICl3, and CuCly) were introduced into hydrotropic pretreatment of
alkaline peroxide mechanical pulp (APMP) fiber at a relatively low acid concentration and reaction
temperature in this work. The enzymatic digestibility of cellulose after pretreatment was investigated.
The enzyme-treated residual solids were further fibrillated to produce lignocellulosic nanofibrils
(LCNF). The amount of lignin retained in hydrolyzed lignocellulose can be tuned by selecting
various metal chlorides as the catalysts, thereby endowing LCNF with different morphologies and
physicochemical properties. Our research includes delignification, enzymatic efficiency, and LCNF
physicochemical properties to gain insight into the valorization of APMP. Compared to pure p-TsOH
hydrolysis, the metal chloride-assisted hydrotropic pretreatment can achieve equivalent delignification
using lower acid concentration and temperature, providing useful information in economic and
environmental utilization of lignocellulosic biomass for biofuels and materials.

2. Materials and Methods

2.1. Materials

Alkaline peroxide mechanical pulp (APMP) fiber was provided from Huatai Paper Co., Ltd.,
Shandong, China. p-Toluenesulfonic acid (p-TsOH) was the analytical reagent and purchased from
LiFeng Chemical Reagent Co. Ltd., Shanghai. Ferric chloride hexahydrate (FeCl3-6H,0), aluminum
chloride hexahydrate (AlCl3-6H,0), and copper chloride dehydrate (CuCl,-2H,0) were purchased
from Aladdin Co. Ltd., Shanghai, China. Cellulase (Cellic® CTec2) was kindly provided by Novozymes
North America (Franklinton, NC, USA), with filter paper activity of 250.0 FPU/mL and cellubiase
activity of 2731 U/mL.

2.2. Metal Chloride-Assisted Hydrotropic Pretreatment

Briefly, 5 g of APMP fibers were hydrolyzed in 70% (w/w) concentration p-TsOH solution with
0.1 mM three different metal chlorides (FeCls-6H,0O, AlCl3-6H,0 and CuCl,-2H,0) at 65 °C with a
liquid to solid mass ratio of 10:1 (g/g). The fiber suspension was constantly agitated using a mixer at
500 rpm for 35 min. The reaction was immediately quenched by adding 100 mL of DI water, then the
hydrolysate was separated by vacuum filtration through a filter paper and the residual solids were
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dialyzed until the pH of the water no longer changed. For comparison, hydrotropic pretreatment
without adding metal chloride was also performed under the same condition.

2.3. Enzymatic Saccharification

Enzymatic hydrolysis of pretreated samples was carried out in 0.05 M sodium citrate buffer
(pH 4.8) with a substrate concentration of 1% (w/v) on a rotary shaker (50 °C, 150 rpm). The
enzyme (Cellulase, Cellic® CTec2) loading was 20 FPU /g glucan during the hydrolysis experiment.
Samples were taken at different time points (2, 4, 6, 12, 24, 48 and 72 h), incubated in boiling water
to inactivate the enzymes, then centrifuged to remove residual solids. To quantify monosaccharides
in hydrolysate, the supernatants were diluted for HPLC (high performance liquid chromatography)
analysis. All experiments were carried out in duplicate and results were presented as the average
value of two replicated tests.

2.4. Lignocellulosic Nanofibrils Production

All enzyme treated residual samples were mechanically fibrillated for producing LCNF using a
high pressure homogenizer (FB-110Q, LiTu Mechanical Equipment Co., Ltd, Shanghai, China) with
an operation pressure of 600 bar for 5 passes. A schematic flow diagram describing the routes for the
valorization of APMP using metal chloride-assisted hydrotropic pretreatment is shown in Figure 1.

,-------------------------------------------------------..

Alkaline peroxide mechanical pulp (APMP)

Metal chloride (g o)

I
: p-Toluenesulfonic acid Hﬁ—@—ﬁ—OH
©)

.
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Figure 1. Routes for the valorization of alkaline peroxide mechanical pulp (APMP) using
metal chloride-assisted hydrotropic pretreatment. Route A, enzymatic saccharification; Route B,
lignocellulosic nanofibrils production.

2.5. Characterization

The chemical compositions (including structural polysaccharides and lignin) of all samples
were measured using the National Renewable Energy Laboratory (NREL) standard method [29].
Monosaccharides and inhibitors in this study were analyzed by the HPLC system (Agilent 1260 series,
Agilent Technologies, Santa Clara, CA, USA). Recovery yields of carbohydrates (glucan and xylan),
degree of delignification, and enzymatic efficiency were calculated according to the following equations:

glucan in pretreated APMP (g)

Glucan recovery yield (%) = olucan in raw APMP (g)

x 100% 1)

xylan in pretreated APMP (g)

Xylan recovery yield (%) = xylan in raw APMP (g)

x 100% @)
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_ lignin in pretreated APMP (g)
lingin in raw APMP (g)

Delignification (%) =1 x 100% (3)

Enzymatic efficiency (%) — glucose in enzymatic hydrolyzate (g)

inital glucose in substrate (g) x 100% @)

The morphologies of the acid hydrolyzed samples were observed using scanning electron
microscopy (SEM) and laser scanning confocal fluorescence microscopy (LSCM). For SEM analyses,
samples were sputter-coated with gold to provide adequate conductivity. Images were observed and
recorded using a SEM system (Quanta 200, FEI, Hillsboro, OR, USA). For LSCM analyses, samples were
diluted in DI water and deposited onto clean glass substrates. A Zeiss LSM 710 laser scanning confocal
microscopy was used with excitation lased at Ar 488 nm over an emission range of 490 to 560 nm and
40x C-Apochromat objective (1.1 W NA) zoom to acquire multichannel fluorescence image.

LCNF morphology was observed using atomic force microscopy (AFM, Dimension Edge, Bruker,
Germany). Samples were diluted to a solids consistency of 0.01 wt %, deposited onto clean mica
substrates and air-dried overnight at room temperature. AFM topographical images were obtained in
tapping mode at 300 kHz using a standard silicon cantilever and a tip with a radius of curvature of 8 nm.
Fibril height distribution was measured using Gwyddion software (Department of Nanometrology,
Czech Metrology Institute, Jihlava, Crezh Republic, 64-bit). The surface charges of LCNF samples
were measured using a zeta potential analyzer (Malvern Instruments Ltd., Zetasizer NanoZS, Malvern,
UK). Five measurements were determined and the results were presented as average values. The XRD
patterns were measured using an Ultima IV diffractometer at a voltage of 40 kV and a current of
30 mA (Rigaku Corp., Tokyo, Japan). Scattering radiation was detected in a 26 range from 10° to 40° in
steps of 0.02°. The crystallinity index (CrI) of LCNF samples was calculated in accordance with the
Segal method (without baseline substrate) as described previously [30]. The FTIR spectra of LCNF
samples were obtained by a Fourier-transform infrared spectrometer (Nicolet 380, Waltham, MA, USA).
Samples were ground into powders and blended with KBr powder, then pressed into a disk at 30 MPa.
The spectrum for each sample was recorded in the region of 4000-500 cm ™. The thermal properties of
the LCNF samples were analyzed using a thermogravimetric analyzer (Q5000IR, TA instruments,
New Castle, DE, USA). Samples of approximately 5 mg were heated from 50 to 600 °C under a
20 mL/min high-purity nitrogen stream using a heating rate of 10 °C/min.

3. Results

3.1. Component Change of the Fibers after Pretreatments

Component change of lignocellulosic biomass is helpful to assess the influence of pretreatment.
The chemical compositions and yields of the APMP from fractionation runs under different metal
chloride-assisted hydrotropic pretreatments are summarized in Table 1, along with the glucose and
xylose concentrations in the spent liquors. The results indicated that the solid yields obviously
decreased from 80.18% to 65.94%, 63.32%, and 64.47%, respectively, after the addition of metal chlorides
(FeCl3-6H,0, AlCl3-6H,0, and CuCl,-2H,0) during hydrotropic pretreatment. Metal chlorides could
have formed hydrated complexes in aqueous solution and coordinated with the glycosidic oxygen of
cellulose. These metal cations acting as Lewis acids could have helped to break down the glycosidic
linkages and then facilitate the cellulose hydrolysis process, resulting in the mass loss of biomass [31].
As shown in Figure 2, the low recovery yield of xylan and high lignin removal rate (expressed as
delignification) also confirmed the low solid yield of pretreated APMP. However, glucan losses were
only at approximately 10%, suggested that the p-TsOH had the great selectivity of solubilizing lignin.
It is worth noting that FeClz-assisted acid hydrolysis showed strong catalytic activity to facilitate the
hydrolysis process, however it also had the lowest degree of delignification compared with the other
metal chlorides. This result may be due to the competition between ionic bonds and intermolecular
forces during the delignification. To be specific, it has been known that the p-TsOH can readily provide
protons in an aqueous solution to break glycosidic, ether, and ester bonds in carbohydrates and
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lignin—carbohydrate complexes [18]. The lipophilic nonpolar part (toluene moiety) of the p-TsOH
molecule can shield the separated lignin by 7— stacking or hydrophobic interaction to form micellar
aggregates to prevent the aggregation of lignin, while the hydrophilic end (sulfonic acid moiety) is
directed outward to the water for effective dissolution [32]. However, metal cations possess higher
catalytic activity and ability to attract electron pairs, which can capture the hydrophilic end (sulfonic
acid moiety) to form strong ionic bonds. The separated lignin undergoes intermolecular condensation,
or recondensation in the absence of a hydrophobic solute, to be redeposited onto a solid substrate [18].

Table 1. Chemical composition of raw material and metal chloride-assisted hydrotropic pretreated
materials along with byproduct concentration in pretreatment spent liquor.

Solid Spent Liquor
Sample
Abbreviation! Glucan Xylan Acid Soluble Klason Solid Yield  Glucose Xylose
(%) (%) Lignin (%) Lignin (%) (%) (g/L) (g/L)
APMP 46.07 16.03 2.92 17.73 100 - -

P 51.18 14.70 1.07 12.13 80.18 ND 1.1
P-FeCl; 53.31 13.02 0.67 10.80 65.94 0.2 1.6
P-AICI3 58.59 13.22 0.83 9.17 63.32 0.1 1.6
P-CuCl, 61.64 13.02 0.74 9.03 64.47 0.2 1.7

1 APMP and P stand for alkaline peroxide mechanical pulp and p-TsOH hydrolysis, respectively.

100

/) Glucan recovery
B2 Xylan recovery

77) B pelignication %
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60
40+
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Figure 2. Carbohydrate (glucan and xylan) recovery and lignin removal rate of pretreated materials
after different metal chloride-assisted hydrotropic pretreatments.
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3.2. Effect of Treatments on Fiber Morphology and Microstructure

The morphological changes of APMP during the different metal chloride-assisted hydrotropic
pretreatments were observed by scanning electron and confocal microscopy techniques (Figure 3).
The left row of each figure shows the SEM images of original and hydrolyzed APMP fibers. After the
p-TsOH treatment, the obtained solid residues were substantially shortened compared to the original
APMP fibers. The fiber shortening was more pronounced for metal chloride-assisted hydrotropic
pretreatment than pristine p-TsOH, due to the presence of metal cations that facilitated carbohydrate
degradation. Since no severe pretreatment (temperature = 65 °C) was applied, it was likely that partial
lignin distributed itself on the fiber surface. To track the residual lignin distribution, confocal imaging
was performed on feedstock and hydrolyzed samples. The green autofluorescence in the right row of
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each figure is from lignin [33]. The APMP fiber with highest lignin content had homogenous lignin
distribution on the fiber surface. After hydrotropic pretreatments with or without metal chloride,
partial lignin was removed from the fiber surface due to the presence of p-TsOH. Among three different
metal cations, the APMP-P-CuCl, fiber exhibited the least green autofluorescence, i.e., the minimal
residual lignin content, which was consistent with the data from chemical composition analysis
(Table 1). The lignin content and redistribution may affect the downstream production (enzymatic
hydrolysis and LCNF production), as discussed in the following text.

Figure 3. Scanning electron image and confocal microscopy image of alkaline peroxide mechanical
pulp with different metal chloride-assisted hydrotropic pretreatments. (a) APMP; (b) APMP-P;
(c) APMP-P-FeCl3; (d) APMP-P-AICl3; (e) APMP-P-CuCl,.

3.3. Enzymatic Digestibility of Acid-Hydrolyzed Fraction

To evaluate the effects of different metal cations on APMP sugar generation, all pretreated residues
were used as the substrates for enzymatic hydrolysis. The enzymatic efficiency was only 16.1% for the
raw material. After various metal chloride-assisted (Fe>*, AI**, and Cu?*) hydrotropic pretreatments,
the enzymatic efficiency was found to be greater than that of the APMP without pretreatment (Figure 4).
For example, the 72-h enzymatic hydrolysis efficiency of P~APMP and P-CuCl,-~APMP were 29.3%
and 53.2%, respectively, which were 1.8 and 3.3-fold higher than that of the raw material without
pretreatment. It has been reported that the “blocking effect” of xylan was one of the major obstacles
which limited the enhancement of enzymatic efficiency [34]. The xylan recovery of P-APMP was higher
than those with metal chloride-assisted hydrotropic pretreatments, therefore the enzymatic efficiency
was relatively low. However, it should be noted that although the xylan recovery of the three metal
chloride-assisted treated APMP fibers were almost the same (approximately 53%), their enzymatic
efficiencies were significantly different. This phenomenon might be due to the presence of residual
lignin, which had a negative effect on the yields of enzymatic hydrolysis. It has been reported that
iron-lignin complexation exerted inhibitory effects on the enzymatic hydrolysis of autohydrolyzed
biomass [35]. Therefore, although different p-TsOH pretreatments removed partial lignin, the residual
lignin absorbed on the fiber surface still led to the formation of a lignin-enzyme complex, which was
considered to be ineffective for the enzymatic hydrolysis process. In view of all enzymatic hydrolysis
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data, a conclusion can be made that the removal of plenty of hemicelluloses and lignin during the
pretreatment process was highly related to the substrate enzymatic efficiency.

60

50
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Figure 4. Time-dependent enzymatic efficiency of fractionated APMP fibers from various
metal chloride-assisted (Fe>*, AI**, and Cu®*) hydrotropic pretreatment under constant cellulase
(Cellic® CTec2) loading of 20 FPU/g glucan.

3.4. Properties of LCNF

Subsequent mechanical fibrillation of various partially enzyme-hydrolyzed samples using high
pressure homogenizer produced LCNF with varied morphologies, as shown by AFM in Figure 5.
Some small, globular-shaped lignin particles were visible, especially at P-LCNF without metal
chloride-assisted fractionation [36]. Introducing metal ions during hydrotropic pretreatments resulted
in less entangled LCNF with thinner diameters as observed from the AFM images and AFM measured
height distributions (Figure 5e). Furthermore, the distribution of P-metal chloride-LCNF became
narrower or more uniform as different metal chlorides were added. The number averaged fibril heights
were 25.2,15.1, 11.5, and 9.0 nm, respectively, for P-LCNF and the three different P-metal chloride
(FeCls, AICl3, and CuCl,)-LCNFs (Table 2). This was due to the fact that higher residual lignin content
in P-APMP was considered to be the barrier to impede mechanical fibrillation, consistent with the

results found in the literature using medium-density fiberboard and agricultural waste to produce
LCNF [20,21].
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Figure 5. Effect of different metal chloride-assisted hydrotropic pretreatment on the morphologies of
the resulting lignocellulosic nanofibrils (LCNF) measured by atomic force microscopy (AFM). All scale
bar = 1 um. (a) P-LCNF, mean height = 25.2 nm; (b) P-FeCl3-LCNF, mean height = 15.1 nm;
(c) P-AICI3-LCNF, mean height = 11.5 nm; (d) P-CuCl,-LCNF, mean height = 9.0 nm; (e) AFM
measured LCNF height probability density distributions.

The XRD patterns of both raw and resulting LCNFs are presented in Figure 6a. XRD analysis was
conducted to investigate the crystalline features of the fibers and the relationship between structures
and properties. Two main characteristic peaks at about 26 = 16.4° and 22.6° corresponded to the (100)
and (200) reflection planes, indicating that only cellulose I structure was present in all samples [37].
These results suggest various treatments did not destroy or alter the inherent crystal structure of
cellulose. The crystallinity index (CrI) of all LCNF samples was higher than the APMP (Table 2),
despite the fact that enzymatic hydrolysis and mechanical fibrillation could break up cellulose crystals.
This is because hydrotropic pretreatment dissolved substantial amounts of amorphous lignin and
hemicellulose (mainly xylan), as also revealed by the compositional analysis of the substrates (Table 1).

Table 2. List of morphological, crystallinity index, surface charge, and thermal properties of the
resulting lignocellulosic nanofibrils.

Sample Average Crl Zeta Potential Tmaxt Tmaxit
Abbreviation  Height (nm) (%) (mV) O O
APMP - 53.8 - 368.7
P-LCNF 25.2 443 314 +17 197.0 282.0
P-FeCl;-LCNF 15.1 44.7 -30.7 + 1.7 197.2 282.2
P-AICI3-LCNF 11.5 47.8 -33.7+27 195.5 280.5
P-CuCl,-LCNF 9.0 51.9 -354+1.8 197.6 282.6
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Figure 6. Comparisons of raw material and lignocellulosic nanofibrils produced from different metal
chloride-assisted hydrotropic pretreatment. (a) XRD diffractogram; (b) FTIR spectra; (c) TGA weight
loss; (d) TGA temperature derivative weight loss.

The zeta-potentials of all LCNF samples were not much different (Table 2), suggesting that metal
ions (Fe3*, AI**, and Cu?*) only acted as catalysts to help to break down the glycosidic linkages
and did not induce the formation of new charged functional groups in undissolved carbohydrates.
This can be verified from the comparison of the FTIR spectra between the APMP and LCNF samples
(Figure 6b). Only small variations in the lignin region were due to the removal of partial lignin during
the hydrotropic pretreatment.

The thermal behaviors of raw APMP fiber and resulting LCNF samples are presented in
Figure 6¢,d. The maximum degradation temperature (Tmax) was determined from the derivative
thermogravimetric (DTG) peak at which the maximum decomposition rate was obtained. Lignin
presents a wide range of decomposition temperatures, is known to be thermally more stable
than cellulose and hemicellulose, and the increased surface area from enzymatic hydrolysis and
nanofibrillation may have facilitated increased thermal degradation. Therefore, the APMP fiber with
a lignin content of 20.65% showed excellent thermal stability with a Trax of 368.7 °C, higher than
those LCNF samples with a lower lignin content. It should be noted that the degradation of LCNF
showed two peaks evident from DTG curves (Figure 6d). The first peak can probably be attributed to
the removal of enzyme that remained during the enzymatic hydrolysis. The second one in the dW/dT
plot was associated with the degradation of residual lignin [38]. Although P-CuCl,-LCNF had the
lowest lignin content among three different P-metal chloride-LCNFs, it exhibited similar thermal
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stability. The reason, perhaps, is due to the higher crystalline structure (CrI value in Table 2) for the
P-CuCl,-LCNF sample, which required higher degradation temperature.

4. Conclusions

A rapid and efficient approach was performed to remove lignin at a low temperature, in which
three metal chlorides (FeCls, AlCl3, and CuCly) were introduced into the hydrotropic pretreatment.
Alkaline peroxide mechanical pulp can be fractionated into cellulose-rich solid fraction to produce
sugar and LCNE. The metal ions exhibited excellent catalytic activity and obviously enhanced the
degree of delignification, especially when using CuCl,. The confocal images highlighted the lignin
redistribution on the fiber walls, which affected the downstream production. The pretreated APMP
fiber with the lower lignin content was enzymatically hydrolyzed to produce sugars with higher
enzymatic efficiency and mechanically fibrillated to produce LCNF with lower height. This work
demonstrated that the metal chloride-assisted hydrotropic process has potential applications for
low-cost fractionation of lignocellulosic biomass.
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Abstract: Nanocelluloses (NCs) are bio-based nano-structurated products that open up new solutions
for natural material sciences. Although a high number of papers have described their production,
properties, and potential applications in multiple industrial sectors, no review to date has focused
on their possible use in cementitious composites, which is the aim of this review. It describes
how they could be applied in the manufacturing process as a raw material or an additive. NCs
improve mechanical properties (internal bonding strength, modulus of elasticity (MOE), and modulus
of rupture (MOR)), alter the rheology of the cement paste, and affect the physical properties
of cements/cementitious composites. Additionally, the interactions between NCs and the other
components of the fiber cement matrix are analyzed. The final result depends on many factors, such
as the NC type, the dosage addition mode, the dispersion, the matrix type, and the curing process.
However, all of these factors have not been studied in full so far. This review has also identified a
number of unexplored areas of great potential for future research in relation to NC applications for
fiber-reinforced cement composites, which will include their use as a surface treatment agent, an
anionic flocculant, or an additive for wastewater treatment. Although NCs remain expensive, the
market perspective is very promising.

Keywords: nanocelluloses; cellulose nanofibers; cellulose nanocrystals; bacterial cellulose; cement;
fiber-cement; Hatscheck process

1. Introduction

The improvement of cement properties through the addition of fibers of different natures
(steel, glass, synthetic, and natural) and sizes (macro and microfiber) has been in practice for
decades [1-5]. Most researchers have reported that cellulosic fibers are not only non-toxic, renewable,
cost-effective, and abundant compared to other fibers (e.g., asbestos, polyvinyl alcohol (PVOH),
and polypropylene (PP)), but also provide adequate bonding capacity to cement-based matrices for
substantial improvements of toughness, ductility, flexural capacity, and impact resistance [6-8]. The
drawbacks are long-term durability [9-11], mineralization of the fibers [6], and poor dispersion [12].
Therefore, a better scenario would be that in which nano-structurated cellulose materials, also called
nanocelluloses (NCs), are used to overcome these problems. Cellulose is the most abundant bio-based
polymer on earth with endless applications for engineered materials [13]. NCs have gained substantial
consideration due to their exceptional properties that combine both cellulose properties and the unique
features of nanomaterials [14]. NCs present several advantages versus cellulose, which include a high
surface area, excellent stiffness, unique barrier and optical properties, a light weight, high strength, and
the powerful interaction of these products with surrounding species, such as water and inorganic and
polymeric compounds [15-22]. Moreover, their inherent cellulose properties, such as biodegradability,
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renewability, and sustainability, have attracted great interest in many scientific and technical areas
as potential sustainable natural-based materials with hundreds of possibilities in multiple industrial
sectors [15].

In general terms, NCs can be produced in two different ways: the first is the top-down process,
which includes cellulose nanofibers (CNFs) and cellulose nanocrystals (CNCs) production; the second
is the bottom-up process, which considers the synthetization of bacterial cellulose (BC). The top-down
process to reduce mechanically the size of the fibers down to the nano-scale [23-26] or to hydrolytically
extract and isolate CNCs [27-30] has been widely described in the past. On the other hand, BC is
produced by the fermentation of low-molecular-weight sugar using cellulose-producing bacteria, such
as Komagataeibacter xylinus species [31].

This diversity of treatments, together with the huge variety of cellulose sources used as a raw
material [24,32,33] (e.g., hardwood, softwood, lignocellulosic wastes, cellulose from a biorefinery,
seed fibers, bast fibers, grasses, marine animals, such as a tunicate, algae, fungi, and invertebrates)
and taking into account the possibility of chemical modification of an NC during or after its
production [19,34], lead to a vast array of NCs with different morphologies as well as different
physical and chemical properties.

NCs have wide potential in both high- and low-volume industrial applications [35-38]. The
industrial sectors that have the largest potential volume of NCs are paper, paperboard, packaging
products, plastics, building and construction materials, textiles, automobile parts, and environmental
treatments [22,39-46]. Low-volume applications include medical implants, tissue engineering, drug
carriers, wound dressings, aerospace materials, cosmetics, hygiene products, pharmaceuticals, food
additives/stabilizers, and paint additives [47-49]. In recent years, many research groups and
industries have been extensively working on groundbreaking innovations to expand the market for
NC products and to open up new potential applications in different areas, such as three-dimensional
(3D) printing [50], energy devices [51], printed electronics [52], or energy smart materials [53].

Cementitious composites, such as fiber cement composites (FCCs), have a complex structure that
ranges from macro to nanoscale. The incorporation of nanoparticles to increase the contact surface area
and its reactivity enables the application of the concepts of high-performance and functionally graded
materials. In this scenario, NCs make possible the production of more resistant cement composites
or composites with special properties, replacing synthetic polymeric or inorganic fibers. The use of
NCs can contribute to achieving the goal of minimizing the carbon footprint of an infrastructure’s
materials, driving interest in biodegradable, non-petroleum-based, and low-environmental-impact
materials [29,54-60]. The need for further research is recognized in most research programs worldwide,
such as in the E.U.’s Horizon Europe, and many organizations have pointed out the importance of
meeting future societal needs by promoting the development of new and better products with a
negligible environmental footprint [61].

Most of the NC applications as a reinforcement agent are related to paper or polymer
matrices [39,45,59,62-67], although, during the last 10 years, studies have also focused on the use of
NC to improve cementitious composites materials, such as fiber cement.

Nowadays, the significant number of published papers on this topic calls for a critical review.
Only two book chapters provide a general overview of the use of NCs [68,69], summarizing the main
improvements and findings from a few research papers. The highly scattered and controversial results
of the published studies give this critical review great importance at this time and in this moment so
as to explain the differences amongst the behaviors observed in the literature for the efficient future
application of NCs in FCCs. Additionally, this review opens up unexplored uses of NCs in the cement
industry, giving some ideas for future research.

Therefore, this paper reviews the different ways of using NCs in the Hatscheck process as raw
materials or additives. It presents the strong and weak points regarding the conventional raw materials,
additives, or procedures. A detailed summary is given on both the mechanism explaining the effects
of NCs on the composites’ properties (mechanical properties and rheology) and the variables affecting
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the reinforcing efficiency of NCs in order to shed light on the controversial aspects related to what
seem to be contradictory results. Finally, some new potential applications are reviewed, including
their use as a surface treatment agent, an anionic flocculant, or an additive for wastewater treatment.

2. Nanocelluloses in the Cement and Fiber-Cement Industry

Two main drawbacks restrict the performance of cellulose fiber cement composites (C-FCCs): (1)
the maximum weight content of cellulosic fibers that can be incorporated into the composites; and (2)
the long-term durability of the composite [70].

In a Hatschek process, with a good dispersion of the fibers in the fiber cement slurry, the maximum
fiber dosage is 10 wt.% due to the effect of fibers on workability, porosity, and density. Additionally,
although there is an increase in the toughness using higher dosages, the strength and Young modulus
are not further improved. A likely feasible alternative for increasing the reinforcement capacity of the
fibers without increasing their percentage is to use cellulose at the nanoscale level.

In general, NCs exhibit enhanced flexural properties compared to cellulose fibers, but they show
a brittle behavior since the nanofibrils” capacity for incipient macrocracks bridging is low as a result of
their nano size. In addition, the high specific surface area of NCs leads to an excessive fiber-matrix
bonding, which involves a better stress transfer from the matrix to the nanofibers, but, on the contrary,
it could contribute to the embrittlement of the composite [71]. Therefore, a combination of NC and
cellulose fibers is needed to match the good flexural properties provided by the nanofibers (Young
modulus and flexural strength) with the high toughness rendered by the cellulose fibers [71]. Despite
this, many of the studies do not combine fibers and NCs. Peter et al. [72] combined micro and
nanocelluloses and observed a synergic effect.

Table 1 summarizes the published data on the use of different types of NC to reinforce cement and
C-FCCs. Itis divided into three parts as a function of the kind of NC used: CNFE, nano/micro-crystalline
cellulose, and BC. A total of 54% of the publications used CNF, and only three of the papers consider
the use of BC in cementitious composites. A total of 32% of the papers studied the effects of CNC or
microcrystalline cellulose (MCC) on cement and C-FCCs. The use of CNF to improve the mechanical
properties of cement mortar has been studied more than the use of CNF on C-FCCs, and there is
nothing on the use of CNC on C-FCCs. However, BC has been preferentially used to improve C-FCCs
rather than cement mortar. Table 1 also includes an analysis of the improvements in mechanical
properties and other relevant effects on rheological or physical properties. When several doses were
used, improvements at the optimal dose or, if possible, the interval of improvements were given. It
is observed that the results are very heterogeneous even when the same kind of NC is used. This
indicates that there are different factors affecting the efficiency of NCs and this table can help to study
them, which is one of the aims of this review.

NCs can be used in different parts of the Hatschek process: (a) as a raw material, combined with
cellulose fibers as an alternative to refining; (b) as an additive in coating formulations for surface
treatment of the fiberboard; and (c) as a flocculant, since NCs can interact with fibers and mineral
particles in a similar way to an anionic flocculant in the wet-end of the machine.

It is important to consider that the high reactive surface of NCs allows for interactions with other
components of C-FCCs, such as PVOH fibers, SiO,, or alkaline ions, modifying the final properties of
the product; however, this has yet to be studied.
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2.1. Use of NC as a Reinforcing Raw Material to Reduce Pulp Refining Requirements

The refining of pulp is required to improve its ability for processing and to enhance the mechanical
properties of C-FCCs. Furthermore, pulp beating increases the durability of composites, as proven
by Tonoli et al. [94], due to the improved surface contact area after refining, which enhances the
adhesion of the sort fibers to the matrix. Refining is carried out through a disc refiner with a relatively
narrow gap between rotor and stator. The main effect is the fibrillation of the fiber surface due to
the partial breakage of the bonds between the fibrils. A higher specific surface area increases the
capacity of the fibers to bond with the cement matrix and among themselves, which improves the
mechanical properties. However, disc refining also causes fibers to be cut-off, decreasing their ability
to bridge macrocracks.

In this scenario, the use of micro/nano celluloses could be an alternative to the refining process
(Figure 1).

Refining cellulose

Cellulose fibers Refining fibers

_ - 7
— Discs

S
>

1)| Chemical, Mechanicaland/or
Enzymatic pre-treatment
2) | Mechanical defibrillation

Carboxylated
cellulose nanofibers

Figure 1. An approach to the potential use of NCs as an alternative to the refining process.

NC and cellulose fibers have a high tendency to form hydrogen bridges. In the presence of
fibers and in the absence of other particles, NCs adsorb on the fiber surface by hydrogen bonding,
causing the fibers to be coated with nanofibrils that can have extended tails in the suspension. Coating
fibers with NCs increases the specific surface area and the available reactive groups, which can be
performed by selecting the appropriate NC [93]. They can be, for example, carboxylic groups if
2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO)-mediated oxidation is used to prepare NCs. Therefore,
interaction between fibers and cement can be improved compared to using refined fibers. The most
interesting benefits of using NCs are better fiber-matrix interface adhesion and higher mechanical
properties. Table 2 shows the expected effects of using NCs and refining on the fibers and on the
C-FCC production process and products.

On the other hand, the refining energy requirement is high and it depends on the desired
fibrillation degree, which is usually expressed by the Shopper Riegler scale (°SR) (ISO 5267-1)
or Canadian Standard Freeness (mL) (ISO 5267-2). As the fiber length decreases with refining, a
compromise between energy consumption and fiber quality has to be achieved for each pulp [95].
Reducing or removing the refining requirements will result in energy savings. However, producing NC
is still not cheap enough since it requires high energy and/or chemicals consumption for the low profit
margin of the fiber cement product. Moreover, it can be difficult to disperse the NC in the cementitious
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matrix [86]. These are the main limitations to the use of NC as a raw material in fiber cement. The keys
for solving these challenges are: to optimize the dose of NC and to select the right NC.

Table 2. Comparison of refining versus using NC in fiber-cement composites.

Refining

NC

Production requirements

High energy demands

High energy demand and/or chemical
reactives

Type and properties of cellulose

fibers produced

Cellulose fibers with internal and
external fibrillation
Production of fines

Nano- or microcellulose fibers
No fines production

Medium specific surface area

Very high specific surface area

Macroscale dimensions

Nanoscale dimensions

Length reduction (cutting)

Length and diameter reduction

Formation of hydrogen bridges

High tendency to form hydrogen bridges

Increases swelling ability

Very high swelling ability, gel formation

Chemical modification

Easy (after refining)

Even during production, many different
possibilities for chemical modification

Cracks prevention

Macrocracks

Microcracks

Interactions

Increasing the capacity of the
cellulose fibers to bond with
cement matrix

Highly reactive with the cellulose fibers and
the cement matrix, coating the cellulose fibers

Mechanical properties

Improves mechanical properties
and network strength

Highly improved mechanical properties in
combination with the cellulose fibers

Increases durability, reducing

Increases durability: preventing lumen

Durability strength losses by increasing mineralization, increasing interaction with
interaction with the matrix the matrix, decreasing porosity
. . . It likely decreases the drainage rate; however,
D D the d. t ) A .
ramage ecrease n the drainage rate there are no studies on that in C-FCCs

Improvements in compressive and flexural strength can be achieved by combining the soft refining
of fibers with a low dose of NC, leading to a superior-quality product with a higher added value. In
this way, refined fibers bridge macrocracks and nanofibers bridge microcracks [71].

The combination of NCs with fibers to replace the refining of fibers has been explored by
Mohammadkazemi et al. [93]. They coated bagasse fibers with BC, previously dispersed in water,
before using them as reinforcing fibers in the manufacture of C-FCCs. They observed that coating
fibers was more efficient in improving mechanical properties than using BC in a powder or gel form
directly in the fiber cement slurry. A dose of 3 wt.% of BC, coating half of the bagasse fibers, was
enough to increase by more than 50% the modulus of rupture (MOR), absorb energy, favor internal
bonding, and increase by almost 40% the modulus of elasticity (MOE). The values of MOR, fracture
energy, internal bonding strength and MOE of the C-FCC without BC (28 days curing) were: 4.71 MPa,
0.1 kJ/m?, 2.00 MPa, and 5.77 GPa, respectively. When using BC-coated fibers, these values were:
6.51 MPa, 0.17 kJ/m?, 2.99 MPa, and 9.71 GPa, respectively. They observed that the BC increases the
interaction of fibers with the matrix and encourages hydration reactions at the fiber surface, which
increased fiber-matrix bonding. Furthermore, BCs prevent the entrance of alkaline hydration products
into the fiber lumen, protecting them from embrittlement and improving the long-term durability. This
protection has been demonstrated by SEM micrographs and EDX analysis of elemental compositions
on the surface and inside the lumen of fibers. The Ca/Si ratio on the fiber surface was 5.5, half of that
in the lumen (10.6), while in the case of C-FCC with BC it was 5.8, four times higher than inside the
lumen (1.4). This demonstrates that the hydration products accumulate on the surface of the fibers
coated with BC without entering the lumen [92].

Other authors have studied the effect of combining fibers with nanofibers just by replacing some
of the fibers by an NC. Claramunt et al. [70] studied the effect of replacing some of the sisal fibers by
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sisal mechanical micro-nanofibers obtained by high intensity refining, maintaining an 8 wt.% total
cellulose dose. The effect of CNF increased with the percentage of replacement of fibrous raw material,
reaching a maximal value of MOE (7.7 GPa) when 75% of fibers were replaced by CNF. In this case, the
value of MOE increased up to 114% (from 3.6 to 7.7 GPa) and the value of MOR up to 23% (from 11.6 to
14.3 MPa). However, the fracture energy decreased notably (from 1.51 to 0.244 k] / m?2), which indicates
the effect of embrittlement. The elasticity modulus and fracture energy decayed notably when all of
the fibers were replaced by CNF, which was attributed to the low macrocrack bridging capacity of
CNF and the lower friction of fracture, both due to their small length. Similar effects were observed by
Ardanuy et al. [71] when fiber cement was prepared only with 3.3 wt.% of CNF, instead of fibers, since
the MOE and MOR were improved (from 2.4 GPa and 10.3 MPa, for C-FCC, to 4.1 GPa and 14 MPa,
respectively, when all of the fibers were replaced by CNF), but the fracture energy decreased by more
than 50% (from 759 to 357 kJ/m?). The effects on MOE and MOR were lower when the percentage of
CNF was 4 wt.% (they reached 3.4 GPa and 10.5 MPa, respectively) and the fracture energy decreased
by more than 80% (from 0.3 to 0.05 kJ/ m?) [73]. However, the replacement of only half of the fibers
by CNF resulted in better mechanical properties; the MOE increased by up to 50% (3.9 GPa) and the
fracture energy decreased by less than 50% (0.17 kJ /m?).

It is well-known that one of the main drawbacks associated with C-FCCs is their limited durability,
which is associated with the sensitivity of cellulose fibers to water, carbonation, and strong alkalis, and
the generation of incompatible stresses. Loss of adhesion at the fiber—cement interface and increasing
micro and macrocracks contribute to strength and durability losses in C-FCCs. However, few studies
have highlighted the effect of NCs on cement and concrete durability. In fact, Onuaguluchi and
Banthia [96] have stated that future studies should investigate the effects of CNF and CNC on cement
durability properties, among other issues. Claramunt et al. [70] compared the durability of cement
reinforced with conventional pulps, CNEF, or a combination of both by measuring the flexural modulus
after 28 days of humidity chamber curing and 20 wet-dry accelerating aging cycles. The results
showed that the flexural strength and fracture energy of C-FCC without CNF or with an amount
of CNF lower than 4 wt.% decreased due to the fiber debonding and mineralization. However, the
use of high content of CNF (4 wt.% or more) increased the flexural strength and maintained the
fracture energy after aging. They explained this effect as a consequence of a densification of the
interfacial zones combined with strong interactions between CNF and the matrix [70]. CNF do not
have a lumen to suffer mineralization, and they have a higher surface area than fibers. Therefore,
the replacement of fibers by CNF decreases the contribution of fiber lumen mineralization, which
is responsible for embrittlement, and increases the interaction of both phases, which increases the
flexural strength and fracture energy. Porosity has been proven to contribute to the lack of durability
in wet/dry cycle aging because it allows water to enter into the matrix to dissolve hydration products,
mainly calcium hydroxide, which precipitates again by water evaporation during the dry stage of
the cycle, causing fiber mineralization. This effect is reduced when using CNFs, since they decrease
porosity [74,76,80,81,84-86]. SEM images of the C-FCC with 1 wt.% of CNF and 8 wt.% of bamboo
pulp show that the nanofiber bridges between the fibers and the matrix remained after 200 aging cycles,
which explains the higher fracture toughness after aging (1.3 MPa/m!/?) compared with the C-FCC
without CNF (1.0 MPa/m'/?) [81]. Aging reduced the fracture energy, MOR, and dynamic MOE of
both composites, but the values were still higher for the C-FCC with CNF compared to that without
(0.382 kJ/m?2, 19.9 MPa, and 13.4 GPa versus 0.379 k]/mz, 17.8 MPa, and 12.0 GPa, respectively).
Banthia et al. [97] observed that the use of a 0.3% of MCC (vol. fraction) on concrete slabs formulation
increased their durability, which was evaluated by measuring the curling of the slabs after aging. The
presence of MCC led to crack control and curl reduction. Despite the high increase in MOE and MOR
that can be reached, the use of CNF is limited by the fracture energy and the cost of CNFs.
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2.2. Use of NC as an Additive

The use of NC as an additive in fiber cement production has four main aims: (1) to improve
mechanical properties, such as bonding strength, MOE, and MOR; (2) to modify the slurry rheology;
(3) to reduce the porosity; and (4) to drive interactions with other components of the slurry.

Most of the studies on cementitious materials showed high improvements with NC doses lower
than 1 wt.%, and some of them have proved that the effects of NCs can be reverted if they are overdosed.
Despite that, the doses of NC used for the studies carried out on C-FCCs are from 1 to 3 wt.% on solids
and some improvements have been observed.

2.2.1. Mechanical Improvement

The use of NC as an additive in fiber cement production has four main effects: (1) it improves the
bonding strength, MOE, and MOR; (2) it enhances hardening, mainly after 7 days; (3) it reduces the
pull out of the fibers and the shrinkage, especially autogenous shrinkage during hardening, reducing
the risk of product losses; and (4) it reduces the porosity and thermal expansion.

The reinforcing mechanism is mainly studied for the use of NCs in cement, but it can be
extrapolated to fiber cement products. There are five different interconnected mechanisms:

1. The bridging of microcracks;

The increase of fiber-matrix interaction;

The increase of hardening kinetics near the NC surface;
The protection of the fiber lumen from mineralization; and

A N

The decrease of autogeneous shrinkage.

Some authors have obtained different effects when using NC or microcellulose in C-FCCs, which
indicates the complexity of the reinforcing mechanism. Doses of CNF lower than 1 wt.% associated
with 8 wt.% of fibers have been proved to be sufficient to form stress transfer bridges in nano- and
microcracks, which result in a higher MOR of the hybrid composites (19.9 MPa) with respect to the
C-FCCs (14.8 MPa) and a higher fracture energy (0.422 versus 0.395 kJ/ m?) [81]. The bridging of
microcracks by NC has been observed by means of SEM in cement mortars too, being one of the
mechanisms that was initially proposed to explain the notable improvements in compressive and
flexural strength [98,99]. The use of 3 wt.% of dispersed BC in gel form increased by up to 58%, 33%,
and 30% the MOR, MOE, and internal bonding strength values of C-FCCs with 6 wt.% of bagasse fibers,
reaching an MOR value of 9.16 MPa, and an MOE of 6.26 GPa. Lower, but still notable, improvements
in mechanical properties were reached when BC was used as a powder, prepared by freeze-drying and
milling (an MOR of 8.48 MPa and an MOE of 5.23 GPa) [93]. This indicates that the addition method
has a significant influence on the reinforcing mechanism of NCs.

The specific surface area increases significantly (from 50 to 500 m?/g) when cellulose fibers
are nanofibrilated [64]. The high hydrogen bonding ability of the CNF, due to its high number of
hydroxyl groups and specific and reactive surface compared to the fibers, favors both matrix—fiber and
fiber—CNF interactions, as demonstrated by da Correia et al. 2018 [81]. Thus, stress transfer bridges
are formed at the fiber—matrix interface, which improves the bonding strength, MOE, and MOR and
reduces the pull out of the fibers, as proved by Mohammadkazemi et al. [92,93].

Physical bonding occurs during the hydration of cement when crystals interlock with each other
and the fiber surfaces and grow into any other openings and permeable parts of the fiber. Several
studies have proved that the hydrophilic and hygroscopic features of CNF can provide a sort of
internal water reservoir in the nanofibril network (Figure 2), with a higher concentration of Ca?* ions
electrostatically attracted by the anionic nanofibril surface [76-79,100]. Furthermore, the diffusion
of water molecules in the nanofibril network is easier and faster than that in the matrix [84]. These
two facts accelerate the production of calcium silicate hydrate (CSH) gel during hydration at the
fiber-matrix interface. This causes the accumulation of hydration products at the interface and
increases physical bonding between fibers and the matrix, thus improving the mechanical properties
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and preventing pull out, as proved by means of EDX analysis of elemental compositions in the fiber
surface [93] and by X-ray diffraction and FTIR of the composites [76]. The accelerated carbonation
curing contributes to the densification of the matrix and increases the dynamic modulus of elasticity [81]
and the compressive strength [76].

Figure 2. A schematic example of the CNF-water interactions in a cement matrix.

The effect of nano and microcelluloses on cement hydration has been proved by different
researchers. Shuzhen et al. [91] were one of the first to report that the presence of BC accelerated the
production of CSH during the hardening of cement. Hoyos el al. [90] studied the cement hydration
reaction by thermogravimetric analysis and proved that the use of a 3 wt.% MCC increased the
hydration rate during the accelerated curing of the cement paste, as shown by the increase in the
intensity of the peaks corresponding to water evaporation and calcium hydroxide (CH) dehydration
in a cement paste with 3 wt.% of MCC. Onuaguluchi et al. [79] explained this effect in terms of
internal curing. The alkaline matrix hydrolyzes the part of the cellulose that produces organic acids
and nonacidic products, and this reaction provides energy to increase the kinetics of the hydration
reaction. This was proved by the increase in the hydration heat, proportional to the NC dose,
as it had been already observed for fibers by Knill and Kenedy [101] and thoroughly studied by
Mezencevova et al. [102]. Mohammadkazemi et al. [93] monitored the temperature during hydration
of Portland cement, which was carried out by natural curing of the corresponding C-FCCs and
fiber-cement with BNC. They observed that, while the presence of fibers in the C-FCCs decreased the
hydration rate and hydration maximum temperature (47 °C) with respect to that for Portland cement
(52 °C), the addition of a BC coating on the fibers increased the kinetics of the process with respect to
that in the C-FCC and the hydration temperature, which reached 58 °C. Mejdoub et al. [76] proved this
by determining the hydration degree for Portland cement with different CNFs based on the amount of
the non-evaporable water in the cement paste. The degree of cement hydration at 1, 7, and 28 days
increased proportionally to the CNF dose. It was 20%, 40%, and 45%, respectively, for the cement paste
and it reached 40%, 49%, and 58%, respectively, for cement containing 0.5 wt.% of CNF. They proposed
two additional mechanisms to justify this effect. First, CNF and CNC supply a uniform distribution
of cement particles during the hydration process due to the steric stabilization effect. Similar to the
mechanism of action of superplasticizers, this steric stabilization increases the hydration process, as
was also observed by Cao et al. 2015 [84]. Second, the higher surface area provided by CNF and CNC
acts as nuclei to promote the nucleation of hydration product crystals at the early stages of the cement
hardening [64]. This favors the accumulation and precipitation of hydrated products in the open pores
that were originally filled with water, leading to the formation of a more homogeneous, dense, and
compact microstructure than the mixture without CNF addition, as proved by the effect of adding only
0.3 wt.% of CNF to the cement, which reduced the porosity more than the 30% [76]. This contributes to
improving the fiber cement’s performance, but it also allows us to control the porosity.
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Cao et al. [84] observed that the concentration of CNC around the unhydrated cement cores that
formed a ring or shell, which ultimately lead to the steric stabilization effect, was higher than that in
the hydration product (Figure 3). Therefore, the majority of CNCs are adsorbed on the cement surface
(>94%) instead of being free in the water phase [85].

Unhydrated cement

Hydration products

Pores filled with epoxy

Unhydrated cement
Ring
Pores filled with epoxy

Hydration products

(b)

Figure 3. Backscattered scanning electron (BSE-SEM) microscope images of hardened pastes with (a)
0% CNC and (b) CNC/cement (vol.%) = 1.5 (=0.77 wt.% CNC) at the age of 7 days. Reprinted from [84]
with permission. Copyright Elsevier, 2014.

The observed reduction in autogenous shrinkage deformations in pastes with CNF has been
associated with the effect of CNF on the hydration of cement [68,100]. The accumulation of water
in the NC surface, due to swelling, regulates the matrix’s internal moisture and decreases the initial
cement hydration rate, but not the global rate. This avoids the destabilization of the matrix by fast
water loss as cement hydration proceeds and decreases thermally induced cracking due to the lower
heat generation rate. The CNFs retain water and dispatch it to the matrix to partially replenish the
emptying cement pores. This has been proved by different studies to be the mechanism that reduces
self-desiccation and attenuates early-age deformations [77,78,98]. This is key for composites with a low
water/cement ratio, such as the ultra-high-performance concretes. Since internal curing is an effective
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means to reduce the autogenous shrinkage of high-performance concrete [103], cellulosic fibers are
efficient internal curing aids to prevent autogenous shrinkage in concrete [12]. Some researchers have
proved that CNFs perform even better [76-79,100].

2.2.2. Rheology Modifier

The rheology of cement pastes is key for their workability (pumping, spreading, moulding, and
compaction). The required rheology depends on the cementitious product; e.g., a C-FCC slurry or
an oil well cement must be pumpable, while self-consolidating cement needs to have a very high
yield stress.

In freshly prepared cement paste, the small particles interact via colloidal forces, such as Van
der Waals, electrostatic repulsion, steric hindrance, and hydrogen bonding forces, and some larger
particles interact via direct contact, such as friction or collisions. The presence of NC notably affects
these interactions since their large active surface interacts with water, fibers, and particles.

Mohamed et al. [83] studied the effect of CMF on the workability of self-compacting concrete, and
proved that the percentage, by mass, of superplasticizer required to obtain a slump of 70 cm and a
V-funnel of 10 s was 0.85% of binder for a self-compacting cement with 41% (in volume over volume
of cement) CMF, while it was 1.35% in the absence of CMF. However, most studies have shown that
the addition of CNF reduces the cement’s workability [72,78,79]. Hisseine et al. [78] proved that the
use, in self-compacting concrete, of 0.1 wt.% of CMF was enough to reduce the slump-flow diameter
from 785 mm to 538 mm and that a dose of 0.15 wt.% reduced it to 320 mm. In this case, the V-funnel
passing time increased from 2.13 to 14.75 s. They also measured the slump-flow diameter of cement
with and without CMF and observed that the presence of CMF significantly altered the mixture’s
workability, since the slump-flow diameter was reduced from 160 mm to 100, 90, and 85 mm by the
use of 0.1, 0.15, and 0.2 wt.% of CMF, respectively. An effect on workability was also confirmed by
V-funnel (the passing time increased from 3.5 to 42 s by adding 0.2 wt.% of CMF), and it was consistent
with the rheological measurements [78].

Peters et al. [72] showed how the workability of concrete varies nearly linearly in the
presence of increasing dosages of CMF and CNF in terms of the water-to-cement ratio and
superplasticizer requirements.

The workability of cement depends on its rheological properties. The rheological behavior of
fresh cement paste follows a Bingham plastic model. The use of CNF increases the yield stress of the
fresh cement, as proved by Mejdoub et al. [76], Hisseine et al. [78], El Bakkari et al. [77], and Nilson
and Sargenius [82]. El Bakkari et al. [77] observed that the use of 0.2 wt.% of CNF in a fresh cement
paste formulation increased the yield stress from 11.36 to 22 Pa, but the plastic viscosity only increased
from 0.5 to 0.68 Pa-s. This effect was due to the high swelling ability of the CNF. Water molecules
adhere peripherally to NC, thereby fixing some of the mixing water and thickening the fresh cement
paste. The enhancement of the interactions among fibers contributes to an increase in the yield stress
of the fiber cement. This contributes to a reduction in the rate of sedimentation of solids particles and
the slump, while the limited effect on plastic viscosity still allows us to mix and pump. Furthermore,
for certain construction applications, where the fresh paste should retain its shape, a high yield stress
is an advantage (e.g., in rigid pavements, stucco, or plastering tiles). Furthermore, pumping is more
affected by the plastic viscosity of the cement paste, which increases with the CNF dose too, but with a
lower sensitivity to the CNF dose, as proved by the results of El Bakkari et al. [77] and other different
studies, which are shown in Table 1 [77,78].

The effect of CNC on rheology depends on the dose [84]. Therefore, CNC can be used to increase
the pumping ability of cement or to decrease the slump. This is related to the smallest length of the
CNC (100-250 nm) compared to CNF (0.2-3 pum) [14,64]. At low dosages, CNC would tend to adhere
to the surface of cement particles rather than agglomerate, carrying water molecules as proved by SEM
images [84]. Under shearing, CNC liberates entrapped water molecules and disperses cement particles
through electrostatic and steric stabilization while lowering the yield stress [84,87,90]. The yield stress
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of fresh cement paste decreased from 48.5 Pa to the minimum of 15.9 Pa by using 0.04 wt.% of CNC.
As a result, the cement paste flows easily, thus decreasing the energy consumption when pumping.
This is desirable for, e.g., reducing superplasticizer demand. At higher CNC loadings, the yield stress
increased with the dose, reaching values of 600 Pa for 1.5 wt.% of CNC. For doses higher than 0.2 wt.%,
the yield stress increased linearly with the dose due to CNC agglomeration, which requires higher
forces to break CNC networks and also the higher reduction of the free water in the matrix [84]. This is
interesting for applications where the cement must not have slump, e.g., in 3D printing.

2.3. Interaction with Other Components

Different studies on the use of NC in cement mortars and in fiber cement prove that the interaction
of NC with the different components of the composite is key for the reinforcing efficiency of NC. For
example, the size of the sand used has a great effect on the improvements made by the NC [104]. The
use of 3.4 wt.% of CNF on mortar with a cement:silica fume:sand ratio of 0.7:0.3:1 increased the MOE
from 5.9 to 6.5 GPa, but decreased the fracture energy from 431 to 78 J/m? when the sand was coarser
than the cement particles (the dsg of sand was 250 um and the ds of cement was 15 pm). However, the
use of sand with a similar size distribution to cement particles increased the value of MOE and fracture
energy in the presence of 3.3% of CNF to 9 GPa and 348 J/m?, respectively (the values of MOR and
fracture energy of mortar with fine sand and without CNF were 5.6 GPa and 372 J/m?, respectively).

NC can be used to modify raw materials before adding them to the mixture because of the
high reactive surface that makes possible the interaction with other components of the C-FCC matrix
(Figure 4).
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Figure 4. Potential interactions between carboxylated CNF and the different components of the C-FCC
matrix, such as (a) polyvynil alcohol fibers (PVOH); (b) metakaolin; and (c) silica fume.

NC can also stablish hydrogen bonding with PVOH fibers to form a composite PVOH/NC with
better mechanical properties [105]. There are strong interactions between hydroxyl groups of PVOH
and carboxylic groups at the NC surface, which lead to the formation of a rigid network, resulting in
improved mechanical properties of the PVOH fibers [106,107]. PVOH fibers could be covered with NC
before being added to the mixture and this could increase their interaction with the matrix.

NC can also interact with SiO,, i.e., silica fume, which has spherical particles less than 1 pm in
diameter (the average is about 0.15 um) that are very difficult to retain in the matrix [68]. SiO, interacts
with NC through the adsorbed water molecules, NC-water-SiO,. The amount of silica fume used in
fiber cement is small. The dispersion of silica fume in the NC hydrogel could form a suspension of
silica fume particles preflocculated with NC or coated with NC depending on the relative doses of
silica fume and NC. The high interaction of NC with the cellulosic fibers and matrix would improve
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the retention of silica fume in fiber cement. The same can be said for metakaolin, although the particle
size of metakaolin is smaller than that of cement particles, and it is not as fine as silica fume; thus, it is
easier to retain [68,106].

On the other hand, NCs interact with Ca and alkaline ions through electrostatic attractive forces
and with anionic flocculants through the attached Ca ions, with some contribution of Van der Waals
forces due to the high molecular weight of the polymeric flocculant. Furthermore, NCs can be modified
by carboximethylation, cationization, sylilation, grafting with polymers, etc. [14,64]. This allows us to
control the interactions with the other components of the composite.

2.4. Understanding the Effect of Nanocelluloses

Table 1 shows that the use of NC in cementitious composites has many different effects on
mechanical properties, even if the same dose of NC is used. Some researchers showed reductions in
the fracture energy or in the compressive strength, while others obtained significant improvements in
these properties [74,78].

The mechanical properties of cementitious composites are controlled by at least six main factors:
(1) the intrinsic mechanical properties of the reinforcing fibers and/or nanofibers (bending strength,
stiffness, tensile strength); (2) the dimensions; (3) the dispersion and orientation of the fibers and/or
NCs in the matrix; (4) interactions between reinforcing fibers and the matrix; (5) the effects of NC on
cement hydration; and (6) the mechanical properties of the matrix, which are related to the matrix’s
composition and microstructure.

These factors depend on several variables that can be optimized: (1) the type of cellulose
reinforcement; (2) the cellulose’s or NC’s surface chemistry and morphology, which depend on
the mechanical or chemical treatment used for their production; (3) the dose of NC; (4) the way the
NCs are incorporated into the composite; (5) the curing process; and (6) the morphology and nature of
the components of the matrix, such as sand or silica.

The intrinsic mechanical properties of NCs are similar to those of steel fibers and several others
of higher magnitude than those for cellulose fibers. Therefore, this factor is always improved when
nanofibers are used in reinforced cement. However, the surface chemistry plays a relevant role
in controlling interactions among nanofibrils and the matrix. These interactions increase with the
hydrophilic character of the NC’s surface as shown by the 20% shrinkage reduction in a cement
reinforced with 0.8 wt.% of TEMPO-oxidized CNF when the amount of carboxylic acid groups was
1.13 mmol COOH/g [77]. Mejdoub et al. [76] observed an increase in cement hardening (up to 66%)
when TEMPO-oxidized CNFs were used. The amount of water adsorbed by the nanofibers increases
with the carboxylation grade [108], and this improves the water reservoir function of the NC during
the cement’s hydration, reducing autogenous shrinkage. Furthermore, the increase in water retention
reduces the leaching and bleeding in the cement, as observed by El Bakkari et al. [77].

The kind of NC is a key factor, as proven by studies carried out by Vazquez et al. [87],
Hoyos et al. [90], Cengiz et al. [75], and Alshaghel et al. [88]. They used commercial MCC, which has a
lower aspect ratio (from 0.04 to 5) and a higher tendency to aggregate in clusters than those of CNF (the
aspect ratio can reach values over 100), as showed by SEM images obtained by Alshaghel et al. [88],
Cengiz et al. [75], and Tanpichai [109]. The low aspect ratio of MCC and its aggregate-forming clusters
decrease its ability to bond cracks, reducing its reinforcing effect. In fact, Cengiz et al. [75] compared
the reinforcing effect of commercial NC from Sigma Aldrich, SEM images of which indicate that it
could be actually an MCC, with that of CNF produced from waste algae. While the commercial product
notably decreased the flexural strength of the cement mortar, the CNF increased it by up to 170%.
Most of the researchers working with MCC have observed similar effects on different cement mortars.
Anju et al. [89] prepared MCC by limited acid hydrolysis, instead of using commercial MCC, resulting
in a product with a larger aspect ratio (from 10 to 80) than the commercial MCC. They observed an
increase of 50% of MOR by using 2.5 wt.% of MCC in the cement mortar, but the compressive strength
decreased by 21%. The reinforcing effect of MCC was notably improved by means of tetraethyl
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orthosilicate (TEOS) modification, because of the lower hydrophilic character and the higher siliceous
character of the surface of modified MCC. These results prove the effect of morphology and surface
nature on NC behavior.

The dispersion of NCs is a key aspect for their efficiency [110]. This has been studied for CNC by
Cao et al. [85,86]. They proved that the use of CNCs dispersed in water and sonicated for 2 h increases
their effect on cement reinforcement and reduces the large size porosity. They studied the maximum
CNC dose that can be used because CNC aggregates retain larger amounts of water and CNC powder
can entrap air too.

The curing process must also be taken into account. Hoyos et al. [90] studied the effect of MCC
on the standard process of Portland cement hydration (by keeping the specimens for 28 days in a
limestone-saturated solution at room temperature) and on accelerated hydration (by keeping the
specimens for 7 days in a limestone-saturated solution at 50 °C followed by a dry oven at 60 °C
for 48 h). They observed that, while the presence of MCC increased the hydration rate during the
accelerated hardening, it decreased the hydration rate when hydration took place at room temperature,
as proved by TGA, SEM, and EDX analysis of cured composites with 3 wt.% MCC [90]. The presence of
solved polysaccharides in the water resulting from the cellulose hydrolysis could be the responsible for
that. Polysaccharides can adsorb on the surface of cement and calcium hydroxide crystals, consuming
water molecules in their own hydrolysis reaction, and reducing the availability of water to react with
the cement particles, as demonstrated by Pourchez et al. [111,112]. Furthermore, they can complex with
calcium ions to reduce the crystallization of CH and calcium silicate hydrate (CSH), as demonstrated
by Peschard et al. [113,114]. These phenomena compete with the slow cement hydration process at
room temperature. However, when the cement hydration is accelerated by increasing the temperature,
the internal curing action of the NC is the predominant effect, resulting in a higher cement hydration
grade at the end of the process. This explains the results obtained by Anju et al. [89], since they used
natural curing at room temperature. The compressive strength of a cement mortar at 28 days decayed
from 42 to 33 MPa and the flexural strength increase was low, from 5 to 5.8 MPa, by using a dose
of 2.5 wt.% MCC. The TEOS modification of MCCs protects them from alkaline hydrolysis, which
reduces the presence of solved polysaccharides and contributes to an improvement in its reinforcing
effect. In this case, the use of TEOS-modified MCCs increased the compressive strength to 65 MPa and
the flexural strength to 8 MPa [89].

Amorphous parts of the CNF could suffer hydrolysis too, forming soluble polysaccharides that
could affect the hardening depending on cement composition and CNF characteristics. However, the
improvements in the hardening rate observed with CNF for natural curing (the degree of hydration
after 1 day of curing) increased from 20% to 40% when a dose of 0.5 wt.% CNF was used in the
formulation of the cement paste. This proved that the effect of solved polysaccharides is lower than
the internal curing effect of the CNF [76].

Not many studies have been carried out with a scan of NC doses in reinforcing cementitious
materials. Several studies have been carried out with CNF, and most of them used doses lower than
1 wt.% [75,78,80]. The reinforcing effect of CNF usually increased with a dose up to a maximal value
and decreased at high doses because the aggregation of CNF leads to dispersion difficulties and
contributes to the formation of weak points, as reported by Mejdoub et al. [76] for CNF prepared by
TEMPO-mediated oxidation and by Onuaguluchi et al. [79] for CNF obtained by mechanical fibrillation
without pretreatment. In the case of CNC, similar observations were published by Cao et al. [84].

On the other hand, even at the same dose, kind, and morphology of NC, the addition method for
NC has a notable influence on its reinforcing effect. This was proved by Mohammadkazemi et al. [93],
who prepared a fiber cement composite reinforced with BC. They added lyophilized BC in powder
form and water-dispersed BC in gel form. In this case, they tried the direct addition of BC gel to a
mixture of cement and fibers and a previous coating of 50% of the fibers with BC by mixing them
with a gel containing 0.1 wt.% of dispersed BC overnight before mixing them with the cement. The
highest reinforcing effect was obtained in this way because of the additional fiber protective action of
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the BC adsorbed onto the fibers, which helped to avoid lumen mineralization, and the increase in the
hydration rate in the fiber surface. The BC was distributed in the whole matrix when it was added
directly to the fiber cement slurry, which reduced the presence of the protective mechanic as a lower
amount of BC was adsorbed onto the fibers. The lowest reinforcing effect was obtained by adding
the BC in powder form because of the fewer accessible OH groups in the BC powder, resulting in a
reduction of the hydrogen bonding ability. The MOE values for C-FCC without BC, with BC-coated
fibers, with BC as a powder, and with BC in gel form (the dose of BC was 0.3 wt.% in the three cases)
were 5.77,9.71, 8.48, and 9.16 GPa respectively, which illustrates the relevance of the addition method.
The MOR values were 4.71, 6.5, 5.23, and 6.26, respectively.

Claramunt et al. [74] observed that the effect of CNF on fiber cement reinforcement could be
magnified by decreasing the particle size of sand. They multiplied by almost six times the reinforcing
effect of the CNF and avoided its negative effect on fracture energy by using fine sand instead of coarse
sand (the values are given in Section 2.3). Although interactions between the CNF, fibers, and cement
were observed, the three components formed a homogeneous paste surrounding coarse sand particles
with a low number of interactions with them. However, the use of fine sand particles increased the
homogeneity of the matrix and the interaction among sand particles and fibers.

3. Further Applications to the C-FCC Production Process

According to studies carried out in other sectors, there are other possible ways to improve the
product or the C-FCC production process that have yet to be studied. Here are three possible uses that
are worth studying in the future.

3.1. Surface Treatment of Fiber Cement Boards

Fiber cement products receive different surface treatments to improve their resistance to water
staining, dirt, algae, mold, and extreme climatic conditions and to improve the adhesion of fiber
cement corrugated sheets. Most of these treatments consist of coating the surface with a synthetic
product, such as acrylic paint or epoxy resins. NC could be used as a coating agent in a promising
surface treatment of the composite layers. In this scenario, NCs attach to the surface to improve the
adhesion between C-FCC corrugated sheets because NCs have the same nature as the cellulose fibers
that are used as a reinforcement agent and enhance the network formation between fibers of different
layers via hydrogen bonding.

Additionally, NC can be modified to provide special surface properties in the cement composite,
such as hydrophobicity. Modified NC can form a waterproof film when the NC gel is applied, for
example by spraying, onto the C-FCC surface. Hydrophobization of TEMPO cellulose nanofibrils has
been targeted through coupling amine-functionalized molecules onto the surfaces of NC [115]. This
type of NC product may be of interest for fiber cement production.

3.2. Use of NC as a Flocculant

The production of C-FCCs by the Hatscheck process requires the use of flocculants to attach the
minerals to the cellulosic fibers that form the composite material. This is because of the great difference
in nature and density between cellulose and the minerals, leading to poor affinity among them and
poor retention [116]. Inorganic particles tend to segregate from the slurry and pass through the wire,
without being retained in the sheet, if flocculants are not used. The flocculants induce the aggregation
of particles, improving the retention at the primary sheet’s formation and the drainage of water. This
makes the formation of the composite sheets feasible and reduces the recirculating load of fine particles
in the water system [117].

The most common flocculants used in C-FCC production by the Hatscheck process are anionic
polyacrylamides (APAMs). This is because the flocculation process is enhanced by the interaction of the
Ca?* ions, produced by the cement hydration, with the carboxylic groups of the polymer chains [118]
(Figure 5a).
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Figure 5. The flocculation interactions between cement grains or hydrates and anionic polyacrylamide
(APAM) (a) or carboxylated NC as a promising flocculation agent (b).

However, the use of APAMs can reduce the flexural strength of the composite. Several studies
have been carried out to mitigate the strength deterioration due to the use of APAMs. Negro et al. [119]
have shown that this effect is lower when the charge density of APAM increases and the molecular
weight decreases. They have also proposed the use of alternative flocculants as dual systems formed
by polyethylene oxide and phenolic resins [120,121].

Another approach to improve the mechanical properties of C-FCCs is surface chemical treatment
of the fibers to reduce their hydrophility, such as etherification, esterification, silanization, and urethane
formation, improving the bonding between cellulose fibers and the cement matrix [122].

Although some advances have been achieved, it is of interest for the industry to find alternative
flocculation aids that improve the process’s efficiency without affecting the product quality. In this
context, NC could replace APAMs as an alternative flocculant agent with a synergic effect. In this
case, the carboxylic groups of NC, produced by TEMPO-mediated oxidation, would attach Ca* ions,
interacting with the cement and other anionic particles by electrostatic forces, as shown in Figure 5b.

Moreover, NCs enhance cement hardening in contrast to the use of APAMs. Although no studies
have been published on the use of NCs as flocculant aids in the C-FCCs industry, some researchers have
evaluated the flocculation efficiency of NC and cationic NC in other industrial processes [123-130].

Sun et al. [126] reported that anionic CNCs are very effective for the depletion flocculation of
colloidal size bacteria, in which the phase separation of bacteria occurs at very low concentrations
of CNC (less than 0.1 wt.%). Suopajdrvi et al. [127] studied five anionic dicarboxyl acid CNFs with
variable charge densities and demonstrated that CNFs with a high charge density (1.7 mmol carboxylic
groups/g) and a high nanofibrillation degree produced the best flocculation performance in the
coagulation—flocculation treatment of municipal wastewater. One year later, Suopajérvi et al. [128]
reported that sulfonated CNF had better flocculation performance than that reported earlier for
the dicarboxyl acid CNF due to the sulfonic groups probably having a higher affinity towards iron
patches of coagulant than the carboxyl acid groups. Yu et al. [129] demonstrated that CNCs with high
carboxylic group content (1.39 mmol carboxylic groups/g) have a remarkable coagulation—flocculation
performance in a kaolin suspension with a turbidity removal of 99.5%. Yu et al. [130] reported that
CNFs flocculated microalgae via mechanical entrapment and hydrogen bonding.

In the manufacture of C-FCCs, NC may constitute a promising flocculant agent that forms a
tridimensional network inside the cement composite in which the anionic charge density of the NC can
be easily controlled by different chemical oxidation pretreatments (e.g., by the NaClO concentration
used during TEMPO-mediated oxidation pretreatment). Moreover, NC can be grafted with flocculants
or chemically modified to obtain the required flocculant efficiency and flocculant properties [131].



Polymers 2019, 11, 518

3.3. Wastewater Treatment

Most modern factories require a closed water circuit for manufacture in order to promote an
environmentally friendly process. The accumulation of cations (e.g., K*, Na*, Ca?") and sulphates
(e.g., K2SO4, NapSOy, and 2CaSOy4-K;04) decreases the durability of the fiber cement and affects the
process. Therefore, they must be removed from the water before its reuse. Precipitation of alkaline
ions is not affordable due to the high solubility of K* and Na*. Such methods as osmosis are too
expensive and require extensive pretreatment, and ionic exchange resins are also expensive and
generate non-biodegradable wastes. Therefore, other methods must be developed. Recent advances
in nanoscale science suggest that many of the current water treatment problems might be solved or
greatly ameliorated by using NC [42,132]. NCs supported on a biodegradable matrix can be a feasible
ionic catcher as they have a very highly reactive surface [133,134]. Additionally, they can be modified
to increase their affinity for different compounds (e.g., NC could be useful to remove the excess of
flocculant from the wastewater).

Carboxylation of NC is the most-used process, in which the high density of carboxylic acids
(COO™) could react with cations, such as K*, Na* and Ca?*, present in the wastewaters and remove
them [133]. For removing sulphates, NC should be modified. Cationic NCs are efficient adsorbents to
remove negatively charged water ions [135], such as nitrates, phosphates, fluorides, and sulphates
(Figure 6). Additionally, cationic CNF displayed a higher selectivity toward multivalent ions (PO,3~
and SO427) than monovalent ions (F~ and NO3 ™) [136].

Sulphate
adsorption

e

Figure 6. A representation of cation and sulphate adsorption using NC.
4. Market and Sustainability

We have analyzed different promising applications when using NC for functionally graded cement
and fiber cement production based on the improvement of the properties of these materials. The major
driver for utilizing CNF as a reinforcement for fiber cement products is the possibility of exploiting the
high tensile moduli (a single cellulose nanofiber possess a tensile moduli between 100 and 160 GPa).
However, the general consensus for the next stage of development is to continue exploring a broader
marketplace beyond the conventional “stronger and stiffer” structural reinforcement application, as
well as to address sustainable development issues.

4.1. Sustainability

An important issue for future market development is to consider the sustainability aspects of
using NC. As mentioned above, CNFs are natural, abundant, renewable, bio-degradable, high in
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strength, and low in weight, making them attractive for developing bio-based, more sustainable
building solutions. However, in this aspect, one major question still remains: Are cellulose nanofibrils
truly environmentally friendly compared to commercially available engineering materials?

NCs, which are obtained from renewable resources, are an example of a material under
development for which a reduced environmental impact is expected compared with existing materials.
However, this question is difficult to answer as these products are in their earlier stages and data for
functionally graded cement and fiber cement production applications are limited to the research stage
only, meaning that just lab-scale data are available.

Life cycle assessment (LCA) has been widely used for eco-design purposes to highlight the
bottlenecks and hotspots in the production process and the new material compared with competing
products. A few LCA studies have been published that take into account the environmental impacts
of NC [137-140]. These LCAs used a combination of lab- and pilot-scale measurements to look at
different processing routes and provide important insights into future large-scale industrial production
in the absence of industry data.

These studies show that the main environmental impacts are related to the high energy
consumption of fibrillation for all analyzed fabrication route scenarios [140,141]. During the last
few years, different pretreatments, prior to fibrillation, have been developed with the aim of reducing
the energy consumption of such processes as enzymatic hydrolysis, carboxymetlylation, mechanical
refining, and TEMPO-mediated oxidation, and have led to a reduction in the energy requirements for
fibrillation from values higher than 100 to only 2—4 Kwh/Kg [14,64].

4.2. Market

The commercialization of CNF is still at an early stage. Cellulose has only gained prominence as a
nanostructured material over the past few years. This market is still under development and has a
number of shortcomings, especially for high-volume applications, such as those in the building sector.
For this reason, no industrial commercial applications have been implemented to date. However, this
situation is expected to change in a few years; for instance, the CNF market is growing in Japan with
paper manufacturers, such as Nippon Paper and Oji Holdings, and Japanese chemical manufacturers
establishing large nanofiber production facilities. Facilities have also been recently established in
Europe, Canada, and the United States; however, Japan is by far the largest current market for cellulose
nanofiber producers, product developers, and products.

An impediment to commercial progress with CNF is cost-competitiveness with traditional
technology and the availability of volumes relevant for large-scale industrial use, such as in building
products. The high energy consumption needed to produce CNF has so far prevented it from competing
with other mass products, such as cellulose or synthetic polymers. However, these challenges are
being overcome and CNF is expected to have a substantial impact in high-volume applications. The
main applications that are currently targeted by most producers include reinforcing agents in paper,
cement, natural rubber, biocomposites, and plastic films for packaging. The recent developments
in energy-efficient and up-scalable production methods developed by a number of companies have
significantly reduced the cost of production. Currently, most CNF producers sell cellulose nanofibers
for less than $100/kg, being $9/kg the minimum market price so far. This does not make CNF
competitive against current competitive materials in many industries; however, the effort to develop
low-cost production methods or target higher-value applications could change this situation in a few
years, especially if the price is reduced below $1.5/Kg [142].

In this respect, most of the major paper producers view the commoditization of NC as achievable.
Production to date is, in the majority of companies, on a pilot scale and pre-commercial. Many paper
producers are planning to construct large commercial production facilities in the near future. This
could lead to a significant market change both in terms of availability and price. The end goal of most
major producers is bulk supply rather than niche or low-volume applications; as a consequence, the
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price will continue to drop over the next few years and open up possibilities in other sectors, such as
those that deal with cement and fiber-reinforced materials.

5. Future Research Requirements

Dispersion is a requirement for success in using NC, since most nanocrystals and nanofibrils
tend to self-agglomerate via hydrogen bonding and van der Waals forces. NC must be dispersed
in the water phase before mixing it with the cement, but this will affect the rheology of the water
phase and can cause difficulties when mixing it with the solid phase. If NC is not properly dispersed,
the aggregates can induce the formation of large pores in the composite, and they act as stress
concentration points under loading conditions [76,84,85]. Dispersion is even more difficult in the case
of BC, with a high energy requirement to disperse the gel, and CNCs, which have a high tendency to
agglomerate themselves [143]. Decreasing the NC concentration could be an effective way to improve
the NC dispersion while decreasing the energy requirements; however, it is not feasible when the ratio
water/cement is low. This limits the amount of NC that can be used. Moreover, the analyzed studies
show that the reinforcing effect of NCs is related to their aspect ratio, which provides a complete
dispersion of the NC. However, mechanical entanglement and NC network formation increase with
the aspect ratio, which increases the difficulty of its dispersion.

The use of ultrasonication, high shearing forces, and dispersing agents are the most common
ways to improve NC dispersion in the slurry [84-86]. However, there are few studies on the effect of
dispersion of CNF on cementitious composites and the question of how to optimize their dispersion in
the highly viscous water—cement slurry. Another strategy to improve dispersion is the functionalization
of the NC surface to create disruption electrostatic forces and to increase the interaction between the
NC and the matrix. This has been proven by Anju, Ramamurthy, and Dhamodharan [89] to be efficient
when MCCs were used to reinforce cement mortar.

Despite the requirement of fast drainage in a Hatscheck machine, there is a lack of knowledge
about the effect of the use of NC on the drainage of the C-FCCs slurry. It is known that the use of
NCs in papermaking can notably decrease the drainage rate and this is one of the drawbacks for their
application in papermaking [64]. As has been recently proven in papermaking, NC retention and
drainage can be decoupled by changing the retention aids [144,145]. This is an important issue that
could be controlled online by means of Focus Beam Reflectance Measurements [146,147]. Furthermore,
the type of flocculant is also relevant to flocculant resistance and reflocculation capacity [148,149].
However, no studies exist on how the use of NC affects the retention and drainage in the Hatscheck
process. In contrast to papermaking, the C-FCC suspension consists mainly of small inorganic particles
and a few fibers. This could reduce the effect of adding NC to the drainage process and quite likely
increase its effect on retention due to the high increase in the surface area available to interact with the
mineral particles. However, this is only a prediction based on previous studies on the effect of fiber
morphology on drainage carried out by Tonoli et al. [150], who observed that pulp refining decreases
the drainage rate of the fiber cement suspensions; however, it notably improved the solids retention.

Finally, one of the most common worries related to the use of NC in low-value-added products is
the high cost. Although the price of NC is controversial and the given values are very different from
one author to another depending on the kind of NC production, the NC properties, and the sources
taken into account for the economic analysis, there is the common perception that it is too expensive for
the manufacture of low-value-added products. There is increasing interest in three strategies to reduce
the costs of using NC in these kind of processes: (1) reducing the cost by simplifying the pretreatment
in the production of CNF by using new methods for hydrolysis, separation in the production of CNC,
or plant wastes and novel bioreactor designs in the production of BC [14]; (2) in situ production by
means of simple treatments that allow us to use the facilities and equipment already existing in the
mill when possible or at least to avoid the costs of transporting/removing the water contained in
the NC suspension, which can be over 99 wt.%; and (3) fitting the properties of NC for the specific
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requirements, which includes their functionalization to enhance certain properties or reduce dispersion
or fibrillation costs.

6. Conclusions

Although the performance of C-FCCs has been improved in the last few decades, new strategies
are required to further improve the durability and the mechanical properties of these composites, while
developing ecofriendly technologies. In this context, bio-based nano-structurated cellulose materials,
such as NC, can open up new solutions to overcome these limits. The addition of NC as an additive in
fiber cement production has been demonstrated to be efficient in improving mechanical properties,
such as internal bonding strength, MOE, and MOR, modifying the slurry’s rheology, reducing the
porosity, and driving interactions with other components of the slurry. However, many variables must
be considered when NCs are used to reinforce fiber—-cement composites. The type of cellulose fiber, the
surface chemistry and morphology of NC, the dosage of NC, the way that NCs are incorporated into
the composite, the curing process, and the morphology and nature of the components of the matrix,
such as sand, aggregates, or silica, all have an important impact on the results. Only a small part of the
huge variety of possible combinations of these factors has been studied, and it has been demonstrated
that NCs have great potential to improve the mechanical properties of C-FCCs, mortars, and other
cementitious composites. A greater research effort on underexplored combinations could reveal a
great diversity of possibilities for sustainable natural-based fiber-reinforced cementitious composites.

Future studies are required in order to evaluate the effects of NC as a surface treatment agent, an
anionic flocculant, or an additive for wastewater treatment in the fiber cement industry.

Finally, the main drawbacks of NCs are their cost, when compared to other traditional strategies,
and their availability in large quantities, when they are to be used in high-volume applications.
However, in the short term, these perspectives allow us to consider as likely the production of NC in
large quantities and thus a drop in its cost, which would open up possibilities in the building sector.
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Abstract: Artemisia vulgaris is an economic plant that is spreading widely in central China. Its unused
bast generates a large amount of biomass waste annually. Utilizing the fibers in Artemisia vulgaris bast
may provide a new solution to this problem. This research attempts to strengthen the understanding
of Artemisia vulgaris by analyzing its fiber compositions and preparing micro- and nano-cellulose
fibers, which can be used as raw materials for composites. In this work, Artemisia vulgaris bast
powder (AP) and microcellulose and nanocellulose fibers (AMFs and ANFs) were produced and
characterized by optical microscopy, transmission electron microscopy (TEM), X-ray diffraction
(XRD), thermogravimetric analysis (TG), and bacteriostatic test. The results indicated that cellulose,
hemicellulose, and lignin were the main components in the Artemisia vulgaris bast. The cellulose
content reached 40.9%. The Artemisia vulgaris single fibers were microcellulose fibers with an average
length of 850.6 um and a diameter of 14.4 um. Moreover, the AMF had considerable antibacterial
ability with an antibacterial ratio of 36.6%. The ANF showed a length range of 250-300 nm and
a diameter of 10-20 nm, and it had a higher crystallinity (76%) and a lower thermal stability
(initial degradation temperature of 183 °C) compared with raw ANF (233 °C). This study provides
fundamental information on Artemisia vulgaris bast cellulose for its subsequent utilization.

Keywords: Artemisia vulgaris; microcellulose fiber; nanocellulose fibers; natural fibers

1. Introduction

Natural fibers are composed of cellulose, which is the most abundant renewable biomaterial on
earth and is completely biodegradable [1,2]. Artemisia vulgaris likely originated from eastern Asia [3]
and is a very common weed with a strong aroma. Most Artemisia species are found growing abundantly
throughout temperate climate areas and are cold-resistant [4]. They are widely distributed in most
provinces and autonomous regions in China. Their extracts have been used throughout history to
control insect pests [5]. At present, Artemisia vulgaris is mainly used in health care products and
function foods because of the benefits of its volatile oils and flavonoids. There have been many
reports on Artemisia vulgaris’ medicinal properties, chemical compositions, pharmacological effects,
clinical applications, functional food applications, as well as processes and quality control methods [6].

Polymers 2019, 11, 907; doi:10.3390/polym11050907 137 www.mdpi.com/journal/polymers
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However, all of the above applications only used its leaves, and the other parts were abandoned
as wastes.

It should be noticed that Artemisia vulgaris bast contains a considerable amount of cellulose,
which could be a good source of microcellulose and nanocellulose fibers. Microcellulose fibers from
agricultural residues can be used as a reinforcing material in polymer composites, which have attracted
increasing interest in recent years [7-10]. Microcellulose fibers can also be used in biomedicine, paper
packaging, food additives, electronic devices, and many other fields [11]. Nanocellulose fiber is a
renewable nanomaterial with superior properties, such as unique optical, rheological, and mechanical
properties. It is light, biodegradable, biocompatible, and recyclable, which provide it with a bright
future for a wide range of applications [12-14].

However, there is little research on the utilization of Artemisia vulgaris residues, especially the
abundant cellulose in its bast. The production and characterization of mirco- and nanocellulose fibers
from Artemisia vulgaris may help utilize its waste bast and improve its economic feasibility. In addition,
the cellulose fibers separated from Artemisia vulgaris may still retain some functions of its leaves, which
might add extra value to the fibers.

In the current work, micro- and nanocellulose fibers were produced from Artemisia vulgaris bast.
The fiber properties, including their antibacterial function, were characterized. This study provides a
deeper understanding of Artemisia vulgaris cellulose fibers and their potential applications.

2. Materials and Methods

2.1. Materials

Artemisia vulgaris bast were purchased from Linyi City, Shandong Province, China. The samples
were cut into 1-2 cm lengths and dried at 105 °C before the experiment. Laboratory degrade reagents
(including benzene, ethanol, ammonium oxalate, sodium hydroxide, concentrated sulfuric acid, sodium
chlorite, and glacial acetic acid) were used in this work.

2.2. Methods

Figure 1. briefly introduces the experimental route of this research. The fresh Artemisia vulgaris
plant straw is dried and the bast is taken out. The micron-sized fiber (AMF) is prepared by degumming
with alkali, and the nano-sized fiber (ANF) is prepared by oxidation of TEMPO. In order to understand
the size information of products, TEM and OM characterization tests were performed on AMF and ANF.

11.430 um

‘ 590.249 pm
| 2

Figure 1. Flowchart of the Artemisia vulgaris bast microcellulose fiber (AMF) and Artemisia vulgaris bast

nanocellulose fiber (ANF) extraction. (TEM, transmission electron microscopy. OM, optical microscopy.
TEMPO, 2,2, 6,6-tetramethylpiperidine-1-oxyl).
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2.2.1. Determination of Chemical Composition of the Bast

According to China’s National Food Safety Standard (GB5009.3—85), a gravimetric method was
used to determine the moisture content of the Artemisia vulgaris bast samples. The samples were
processed by following China’s National Textile Standard (GB5889—86) to determine major chemical
compositions, including lipid, water-soluble substances, pectin, lignin, hemicellulose, and cellulose,
of the Artemisia vulgaris bast. All experiments were performed independently in triplicate and the
results given are the means of the results.

2.2.2. Preparation of Artemisia Vulgaris Bast Cellulose Fiber (Microcellulose Fiber)

In order to obtain Artemisia vulgaris bast cellulose powder (AMF), the dried bast was cut, crushed,
and passed through a 60 mesh screen. In the experiment, 2.0 g of Artemisia vulgaris bast powder was
extracted for 3 h with a mixture of 40 mL benzene and 20 mL ethanol at 90 °C in a Soxhlet extractor.
The products were washed with methanol and deionized water. A bleaching process was conducted
with 0.24 g of sodium chlorite and 0.2 mL of glacial acetic acid in 30 mL aqueous solution under
aeration for 3 h at 75 °C (adding the same amounts of chemicals per hour). The bleached bast powder
was boiled in an NaOH aqueous solution (20 g/L) for 3 h, then washed until neutral to obtain Artemisia
vulgaris bast cellulose powder (AMF) [15].

2.2.3. Preparation of Artemisia Vulgaris Bast Nanocellulose Fiber

First, 1.0 g of the Artemisia vulgaris bast cellulose powder (AMF) was soaked in 30 mL dimethyl
sulfoxide (DMSO, which has a certain swelling effect on cellulose) for 5 h while stirring at 600 r/min at
60 °C, filtered, and washed 3 times with distilled water, and then dried to a constant weight. After, the
treated powder was added to a mixture of TEMPO (2,2, 6,6-tetramethylpiperidine-1-oxyl) (0.03%) and
KBr (0.6%) at a bath ratio of 1:100 and placed at 4 °C for 12 h. Next, sodium hypochlorite (0.4%) was
added into the bath while stirring for 2 h. The pH was adjusted to 10.5 with 0.1 mol/L hydrochloric acid
during the whole 2 h reaction. Methanol was added to terminate the reaction when the pH stabilized.
Finally, the suspension of Artemisia vulgaris bast cellulose powder was obtained by adjusting pH to
neutral with 0.1 mol/L hydrochloric acid. The suspension was then centrifuged at 12,000 r/min for
10 min in a high-speed centrifuge. The upper supernatant was removed, fresh distilled water was
added, and the centrifuging was repeated 6 times to obtain a gelatinous precipitate. The precipitate
was treated in distilled water at 4 °C at a bath ratio of 1:100 and dispersed at a speed of 15,000 r/min
for 5 min using a high-speed disperser to obtain an Artemisia vulgaris nanocellulose fiber suspension.
The suspension was frozen at —20 °C for 12 h, then freeze-dried for 24 h [16].

2.2.4. Bacteriostatic Test and Analysis

According to Chinese National Standard (Evaluation of antibacterial properties of textiles)
(GB/T 20944), an oscillating method was used to determine the antibacterial properties of raw bast,
AMF and ANEF. Cotton fiber without antibacterial activity was selected as the control. The selected
strain was Escherichia coli, and all samples and equipment were subjected to high-temperature and
high-pressure sterilization before use. Two parallel samples were tested of each type of material.
The formula for calculating the bacteriostatic rate is

Br% — (%) Q)

where Br% is bacteriostatic rate; Qc is the colony quantities of cotton fibers; and Qx is the colony
quantities of samples (raw bast, AMF, ANF).
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2.2.5. Optical Microscopy (OM) Analysis

The appearance and fiber dimensional size of the AP (Artemisia vulgaris bast powder), AMF, and
ANF samples were observed by optical microscopy (OM, LeicaDM2700M, Wetzlar, Germany).

2.2.6. SEM Analysis

The microstructure, surface morphology, and cross-section of the nanocrystal cellulose were
observed by scanning electron microscopy. After being coated with gold, samples were observed and
photographed with the microscope operating at 10 kV (SEM, JEM-1200EX, Tokyo, Japan).

2.2.7. TEM Analysis

Artemisia vulgaris bast nanocellulose fiber samples were monitored by transmission electron
microscopy (TEM, JEM-1200EX microscope, Tokyo, Japan) to measure its size. One percent of the ANF
liquid was dispersed with ultrasonic equipment. One drop of the suspension was placed on carbon
film-covered copper grids (400 mesh). The grid was dried in an oven at 70 °C before being observed
and photographed.

2.2.8. FTIR Analysis

In order to obtain the chemical composition changes of Artemisia vulgaris bast fibers, samples of
Artemisia vulgaris bast, Artemisia vulgaris bast cellulose, and Artemisia vulgaris bast cellulose nanocrystal
were investigated with Fourier transform infrared spectroscopy (FTIR, Thermo Fisher Scientific
NICOLET 5700, Waltham, MA, USA) in a wavenumber range of 500-4000 cm~1. A KBr disc mixed
with 1% milled samples was pressed before the FTIR analysis.

2.2.9. XRD Analysis

An X-ray diffraction (XRD) test was carried out to obtain the change in crystallinity index (CrI) of
cellulose samples during the preparation process. The crystallinity index of samples was calculated
using the height ratios between the intensities of the crystalline peak (I002-Ilamorph) and total intensity
(1002) [17,18]. The samples were scanned by a Bruker D8 Advance X-ray diffractometer (under a voltage
of 40 kV and a current of 50 mA) (Bruker, Karlsruhe, Germany) in the range of 5° to 50°. The maximum
intensity of the natural cellulose crystallinity lattice (002) diffraction was taken at 26 = 22°, and the
maximum intensity of the amorphous phase was taken at 260 = 18° [19].

2.2.10. TG Analysis

In order to understand the change in thermodynamic properties during the preparation process
of ANF, thermogravimetric analysis was carried out from room temperature to 700 °C under nitrogen
atmosphere with a constant heating rate of 10 °C/min on a TGA (Pyris, PerkinElmer, Waltham, MA, USA).

3. Results and Discussion

3.1. Chemical Compositions Analysis

The major chemical composition of Artemisia vulgaris bast included cellulose, lignin, and
hemicellulose, which composed 40.92%, 28.25%, and 29.10% of the bast (w/w), respectively, as shown in
Table 1. Collectively, they accounted for 98.2% of the bast. In Chinese medicine producing processes,
producers often discard the cellulose in Artemisia vulgaris after extracting pharmaceutical ingredients.
This is a waste of the most abundant natural resource in the bast; the residue from the process may
extract valuable cellulose with functions such as antibacterial abilities. The cellulose content of Artemisia
vulgaris was equivalent with hardwood (43.71%), and a little lower than kenaf (56.81%), as listed in
Table 1. It is known that kenaf and wood are two common materials to produce cellulose fibers to
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make composite [20-23]. Therefore, Artemisia vulgaris bast would also be a promising resource to make
micro- and nanocellulose fibers.

Table 1. Chemical compositions of Artemisia vulgaris bast, kenaf bast, and hardwood.

Water Soluble

Species Hemicellulose Lignin Cellulose Lipid Matter Pectin Gum Content
Artemisia
. 29.10% +0.97%  28.25% +0.45%  40.92% +0.70%  1.05% +0.04%  13.6% +2.41%  32% +0.34%  35.90% * 1.16%
vulgaris bast
Kenaf bast
[20-22] 15.75% £ 1.07%  15.65% +1.53%  56.81% +2.95%  8.42% +0.08%  6.28% +0.23%  4.43% £ 0.39%  28.46% + 0.95%
Wood [23] 35.97% +3.88% = 2624% +241%  43.71% +2.10%  2.11% +1.42% - - -

3.2. Morphology of the Samples and Powder/Fiber Size Analysis

Figure 2 shows the appearance of freeze-dried samples of AP, AMF, and ANF. The raw Artemisia
vulgaris bast powder was light yellow, which contained more plant phloem substances. After the
bleaching and degumming processes, the color of the AMF became whiter, and rod-like substances
increased; the ANF looked even finer and the size of the fiber was further reduced.

(a) (b) (9)

Figure 2. Photographs of (a) raw Artemisia vulgaris bast powder; (b) Artemisia vulgaris bast microcellulose
fibers; (c) freeze-dried powders of nanocellulose fibers.

As illustrated in Figure 3, the surface of the raw AP was very rough, and large number of gum
materials were attached to it. During the production of AMF, a large number of colloids, e.g., pectin,
lignin, and hemicellulose, were removed through the treatment, and many finer fibers were obtained
(Figure 3b). The NaOH boiling separated the raw fibers and shortened them. To determine the
length and fineness of AMEF, 100 single fibers were randomly selected and measured under an optical
microscope. The dates of length, diameter, and aspect ratio of micro- and nano-fibers are shown in
Table 2. Most fibers had lengths between 600-1000 um. The averages of the length and diameter of the
fibers were 850.6 + 119.1 um and 14.3 + 1.9 pm, respectively. The aspect ratio was about 60. Although
it is too short for the traditional textile industry, the fiber is very suitable for making nanocellulose.
The cost and difficulty of micron size to nanometer size is greatly reduced with this fiber length.
The larger aspect ratio could provide a large specific surface area, which could improve the reinforcing
effect for polymer composite application [24].
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Figure 3. SEM images of (a) Artemisia vulgaris bast; (b,c) Artemisia vulgaris bast microcellulose fibers.

Table 2. The length and diameter of micro- and nano-fibers.

Length Diameter A ¢

Species Spec
Avg. Max. Min. SD Avg. Max. Min. SD Ratio

AMF 850.6 um 1212 pum 4002 um 1191 143 um 158 um 123 um 1.9 59.5

ANF 260.5nm 307.7nm 207.7nm 336 11l4nm 157nm 7.7nm 1.9 22.8

The morphology analysis of the ANFs was carried out with a TEM (Figure 4). It can be observed
that the ANFs obtained through TEMPO (2,2, 6,6-tetramethylpiperidine-1-oxyl) oxidative hydrolysis
were rod-shaped and evenly dispersed. To analyze the size of ANFs, 100 single fibers were randomly
selected and observed. The typical size of an individual ANF was about 250-300 nm long and 10-20 nm
wide with an aspect ratio of 15-25.

(@)

Figure 4. TEM images under different ruler conditions ((a), 200 nm; (b), 100 nm; (c), 50 nm) of Artemisia
vulgaris bast nanocellulose fibers.

3.3. Antibacterial Properties

Artemisia vulgaris is well known by its high antibacterial property, but the data were mostly obtained
from the extracts of its leaves [25]. The study of the antibacterial ability [26,27] of raw bast powder,
AMEF and ANF, would offer additional information for their potential functional applications. Figure 5
shows the bacteriostatic rates of the three samples. The original Artemisia vulgaris bast powder had good
antibacterial activity against Escherichia coli, and the antibacterial rate reached 76%. After the degumming
and TEMPO oxidation processes, the antibacterial rates of AMF and ANF decreased to 36.6% and 18.3%,
respectively. It suggests that the effective ingredients against bacteria were partially removed by the
treatments. However, some active ingredients did remain on the fibers and they still maintained an extent
of antibacterial ability. So, the AMF and ANF from Artemisia vulgaris would be especially useful for
applications preferring antibacterial function, which may add extra value to the fibers.
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Figure 5. The antibacterial rates of Artemisia vulgaris bast powder, microcellulose fibers, and Artemisia
vulgaris bast nanocellulose fibers.

3.4. FTIR Spectroscopy Analysis

To understand the chemical composition change during the process, FTIR spectra of the AP, AMF,
and ANF were obtained (Figure 6). The composition change was manifested by the change of certain
absorption peaks which can be linked to certain components in the samples [28,29]. The absorption
peak at 1062 cm™! represents the C-O single bond in cellulose [30]. Their relative intensities did not
change after the treatments, suggesting the cellulose in the Artemisia vulgaris did not change or degrade
during the process. On the other side, the absorption peak at 1739 cm™!, which corresponds to the
C=0 bond in pectin or hemicellulose, disappeared on the AMF and ANF spectra. This indicates that
the pectin and hemicellulose contents were effectively removed by the treatments [31]. The peaks at
1244 cm™!, 1522 em™!, and 1638 cm™! represent the C-O stretching vibration, benzene ring vibration,
and C=C stretching vibration, respectively, in lignin. They significantly were reduced during the
process, suggesting a large portion of lignin was removed. The 3-(1, 4) glycosidic linkage between the
monosaccharides of the cellulose characteristically peaked at 896 cm™'. In summary, cellulose was
retained during the process while other components in the bast, e.g., hemicellulose and lignin, were
effectively removed by the treatments.

Transmittance (%)

Transmi ttance (%)

1739

1522
1638 1244
2917

- 3390 i F 1062

4000 3500 3000 2500 2000 1500 1000 2000 1750 1500 1250 1000 750
Wavenumber (cm ) Wavenumber (cm ')

(a) (b)

Figure 6. The FTIR spectra (a) of (A) Artemisia vulgaris bast powder; (B) Artemisia vulgaris bast
microcellulose fiber, and (C) Artemisia vulgaris bast nanocellulose fiber. (b) A clearer view of peak
changes in the 750-2000 cm ™! range.
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3.5. Crystallinity Index of Samples

The XRD spectra of AP, AMF, and ANF are shown in Figure 7. All the samples had diffraction
peaks of 20 at 15.1° and 22.5°, which were assigned to the (110) and (200) planes of cellulose crystal,
respectively [32-34]. It confirmed that the cellulose I crystal structure of cellulose did not degrade
during the process. The crystallinity index related to mechanical properties were calculated to be
36.72%, 66.71%, and 76.33% for AP, AMF and ANF, respectively. The higher crystallinity of the
nanocellulose was because of the removal of amorphous components, such as hemicellulose, lignin,
and less-perfect regions of cellulose.

200

g

Intensity (%)

Figure 7. XRD spectra of (A) Artemisia vulgaris bast powder; (B) Artemisia vulgaris bast microcellulose
fiber, and (C) Artemisia vulgaris bast nanocellulose fiber.

3.6. TG Analysis

The thermal stability of AP, AMF, and ANF under a nitrogen environment was investigated by
thermogravimetric (TG) analysis, as illustrated in Figure 8. The analysis of the thermal stability of the
fibers was essential to characterize the limit of their processing temperature for various applications [35].
The initial degradation temperature, the maximum degradation rate temperature, and the termination
degradation temperature of the ANF were 183 °C, 298 °C, and 485 °C, respectively, which were far
lower than those of the AMF (233 °C, 341 °C, and 655 °C, respectively). Regarding the mass change
rate (Figure 8b), the degradation rate of ANF was much lower than those of AP and AME. Figure 8a
also shows that ANF had about 21% mass residue after the thermal degradation, which was much
higher than the other two samples. The slower degradation rate (between about 200-500 °C) and
higher residue were probably due to the removal of amorphous regions in the ANF cellulose, which
only left well organized crystal areas in the fibers.
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Figure 8. (a) TG spectra and (b) the first derivative TG thermograms of (A) Artemisia vulgaris bast
powder; (B) Artemisia vulgaris bast microcellulose fiber, and (C) Artemisia vulgaris bast nanocellulose fiber.
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The thermal stability change was probably due to the presence of three main reasons: First,
compared to AMEF, the particle size of ANF was reduced, the specific surface area was increased, and
the exposed carbon and reactive group activity were increased. Second, the fiber segment was broken
by the treatments, which caused low molecular weight segments and breakpoint defects in ANF [36,37].
They were more susceptible to thermal degradation. Last, the lower stability of TEMPO-oxidized
cellulose nanofibers might also be attributed to the introduction of the carboxylate group on the
cellulose surface [38]. As a result, the thermal stability of ANF was lowered.

4. Conclusions

In this work, the micro- and nanocellulose fibers of Artemisia vulgaris bast were successfully
obtained through an alkali degumming process and TEMPO chemical treatments, respectively. The FTIR
and XRD analyses showed that non-cellulosic components were effectively removed during the process
and the crystallinities of the samples were gradually increased. It was found that the obtained
microcellulose fiber had an average length and diameter of 850 um and 14.3 um, respectively, while
the nanocellulose fibers showed a length range of 250-300 nm and a diameter of 10-20 nm with good
thermal property and high crystallinity. Both micro- and nano-fibers retained certain antibacterial
properties. The results suggest that Artemisia vulgaris bast waste is a good natural resource for efficient
production of micro- and nanocellulose fiber with good performance, which could provide additional
value to the economic plant.
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Abstract: In the skincare field, water-dispersed bacterial cellulose nanofibers synthesized via an
oxidation reaction using 2,2,6,6~tetramethyl-1-piperidine-N-oxy radical (TEMPO) as a catalyst are
promising bio-based polymers for engineered green materials because of their unique properties
when applied to the surface of the skin, such as a high tensile strength, high water-holding capacity,
and ability to block harmful substances. However, the conventional method of synthesizing
TEMPO-oxidized bacterial cellulose nanofibers (TOCNs) is difficult to scale due to limitations in
the centrifuge equipment when treating large amounts of reactant. To address this, we propose
a one-pot TOCN synthesis method involving TEMPO immobilized on silica beads that employs
simple filtration instead of centrifugation after the oxidation reaction. A comparison of the structural
and physical properties of the TOCNSs obtained via the proposed and conventional methods found
similar properties in each. Therefore, it is anticipated that due to its simplicity, efficiency, and ease of
use, the proposed one-pot synthesis method will be employed in production scenarios to prepare
production quantities of bio-based polymer nanofibers in various potential industrial applications in
the fields of skincare and biomedical research.

Keywords: bacterial cellulose; surface modification, TEMPO oxidation; one-pot synthesis;
immobilized TEMPO; physical property; skincare

1. Introduction

Human skin plays an essential role in preventing water loss in the body as it provides the outermost
layer of protection from the external environment. In skincare applications, bio-polymers, synthetic
polymers, and organic polymers are used to control formulation viscosities, transfer moisture to the
skin, increase the stability of the formulation and active ingredient, and protect the skin by forming a
coating on its surface [1]. In particular, bio-polymers, such as cellulose, chitosan, and polysaccharide,
are known to be skin-friendly substances as they are biocompatible and biodegradable. Among these,
cellulose is the most abundant bio-polymer in plants and microorganisms and possesses a number
of unique properties that, depending on its origin and the extraction process, allow it to be used in
various applications.

Recently, cellulose nanofibers (CNFs) have attracted wide interest due to their nanoscopic
size, ease of preparation, low cost, tunable surface properties, and enhanced mechanical properties,
which makes them well suited for use as drug carriers, tissue regenerating scaffolds, water purifying
membranes, electrodes, supercapacitors, fluorescent probes, and flexible electronics [2]. In the
field of skincare, CNFs have attracted attention as a new potential bio-material with thixotropic
properties that allow it to be used for emulsion stabilization, water retention, and rheology modification
applications [3].
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Bacterial cellulose (BC), which is referred to as bio-cellulose in the skincare field, is a bio-based
polymer that is synthesized directly from microorganisms, such as Acetobacter xylinum (A. xylinum).
BC nanofibers (BCNFs) have a number of advantages over plant-derived cellulose, including a
high physical strength, water absorption and retention properties, and a uniform fiber network
structure [4-7]. They are also available in a variety of structural forms, including spheres, gels, sheets,
membranes, mats, etc., all of which can be produced by introducing simple modifications into the
production strategy. However, a limitation is that it is challenging to use conventional CNF preparation
methods to create BCNFs that can be dispersed in water.

CNFs obtained from plant sources can be prepared using chemical, physical, or oxidation
methods [8]. Chemical methods typically involve preparing cellulosic nanofibers via the acid digestion
of an amorphous area of fibers that, when destroyed, yield nanocrystalline nanofibers. Some physical
methods produce CNFs by the mechanical nanofibrillation of chemically purified cellulose
pulps using a grinder, high-pressure homogenizer, blender, and high intensity ultrasonicator [8].
Alternatively, aqueous cellulose dispersions of nano-sized structures have been prepared by aqueous
counter collision (ACC) using paired water jets without any chemical modification and were then used
to convert naturally occurring cellulose fibers into nanofibers [9].

In contrast, a higher yield of CNFs can be obtained through the oxidation of cellulose mediated
via 2,2,6,6-tetramethyl-1-piperidine-N-oxy radical (TEMPO), which is an oxidation catalyst capable
of replacing alcoholic groups of cellulose with aldehyde, ketone, and carboxy groups under mild
conditions at room temperature and normal pressure. TEMPO-oxidized cellulose can be dispersed in
the aqueous phase by the repulsion force caused by the anionic charge on the surface of the carboxyl
groups in the modified cellulose [10,11]. As the resulting material has the advantage of maintaining its
physical fiber structure when dispersed in water, its use has been studied in a variety of fields, such as
papermaking, membrane filters, heavy metal removal, and cell transfer.

A number of researchers have studied TEMPO immobilized on solid supports, such as
polystyrene-bound TEMPO (PS-TEMPO) [12], FibreCat TEMPO [13], TurboBeads-TEMPO (TEMPO
immobilized on the outer surface of Fe304 magnetic nanoparticles) [14], and organosilica xerogel
(SiliaCat TEMPO) [15,16]. While these types of heterogeneous TEMPO catalyst clouds have been
applied to the conversion of molecular chemicals, their use in the form of structured polymers, such as
cellulose nanofibers, has been limited due to the steric hindrance between the solid supports and the
nanofibers. Recently, Patanker et al. studied nanofibrillated cellulose that had been synthesized via the
magnetically separable TEMPO-mediated oxidation and mechanical disintegration of wood pulp [17].
However, to the best of our knowledge, no researchers have yet studied the TEMPO oxidation of
bacterial cellulose using immobilized TEMPO as a catalyst.

Previously, we reported the synthesis of TEMPO-oxidized bacterial cellulose nanofibers suitable
for use as bio-based polymers for engineered green materials without sodium bromide, which were
confirmed to exhibit unique properties on the skin surface [7]. In this case, the TEMPO-oxidized
cellulose nanofibers were obtained conventionally using a centrifugation method for washing or
drying. However, while these results are promising, it is difficult to implement centrifugation at
an industrial scale. In addition, the chemicals used in the drying process, which contain N—oxyl
compounds, bromide or iodide, and an oxidizing agent, all remain after drying; thus, this drying
method is unsuitable for use in skincare applications.

In contrast, the one-pot synthesis method proposed in this study for producing TOCNs,
using TEMPO immobilized on silica beads, is simple, efficient, and easy to use, and the synthesis
process can use a simple filtration instead of washing after the cellulose nanofiber dispersion has been
prepared. When the TOCNs produced via the one-pot synthesis were applied to the skin surface,
they were found to exhibit unique properties similar to those of conventional TOCNs. Thus, they are
not only a viable alternative for industrial production for use in the real field, they are also potentially
suitable for use in skincare and biomedical research applications.
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2. Materials and Methods

2.1. Materials

A key material in the proposed one-pot process is SiliaCat TEMPO, which is a heterogeneous
catalyst/reagent fabricated from a proprietary class of organosilica-entrapped radicals, and which
is suitable for the selective oxidation of delicate substrates into higher valued carbonyl
derivatives [15]. The SiliaCat TEMPO material used in this study was purchased from SiliCycle
Inc. (Quebec, QC, Canada). With regard to the other materials used in the study, sheets of BC were
purchased from EZ Costec Co. Ltd. (Gyeonggi, Korea); TEMPO, sodium bromide, and sodium
hypochlorite were purchased from Sigma-Aldrich (St Louis, MO, USA), and ethanol was purchased
from Daejung Chemical & Metal Co. Ltd. (Gyeonggi, Korea). All other reagents were purchased from
Sigma-Aldrich in the highest available commercial grade.

2.2. TEMPO Oxidation of BC

The synthesis of TOCNs via the conventional process (C-TOCNSs): 20 g of a bacterial cellulose
sheet that had been cut into small pieces was suspended in 500 mL of distilled (DI) water containing
dissolved sodium hypochlorite and 20 mg of TEMPO catalyst. The oxidation reaction was maintained
ata pH of 10 with 0.5 M NaOH. The mixture was vigorously agitated overnight using a magnetic stirrer
at 25 °C. The oxidation reaction was then quenched by adding ethanol to the suspension. The products
were washed with DI by centrifugation at 10,000x g several times, until all of the reactants were
completely removed. The final product was stored at room temperature for later use.

The synthesis of TOCNs via the proposed one-pot process (O-TOCNSs): the same amounts of
bacterial cellulose and sodium hypochlorite were used for the chemical treatment of the process-cellulose.
Before SiliaCat-TEMPO was used in the oxidation reaction, it was pretreated to activate the catalyst
(Figure 1) by stirring a mixture containing SiliaCat-TEMPO (1 eq.), 4 M HCI (6 eq.) in dioxane, and a
0.5 M solution of N-chlorosuccinimide (5 eq.) in dichloromethane (DCM) was stirred for 15 min.
The activated SiliaCat TEMPO was then washed with ethanol and dried completely under vacuum
to ensure that all of the reactant had evaporated [15]. An oxidation reaction consisting of bacterial
cellulose, sodium hypochlorite, and the activated SiliaCat-TEMPO was facilitated by stirring while the

pH was maintained at 10.
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Figure 1. Schematic showing the structure of the immobilized 2,2,6,6-tetramethyl-1-piperidine-N-oxy
radical (TEMPO) on silica beads.

A pure bacterial cellulose aqueous solution was obtained by preparing the aqueous dispersion
of cellulose as follows. Ascorbic acid was added to the reacted cellulose solution to neutralize the
hypochlorite acid. Then, the SiliaCat-TEMPO was removed by filtering the solution through a vacuum
decompression device using a nylon mesh through which only the cellulose nanofiber solution could
pass. As aresult, the SiliaCat-TEMPO beads remained on the nylon mesh, while the cellulose nanofiber
solution passed through to produce a pure nanofiber solution.
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2.3. Detection of the Sodium Hypochlorite Content

To neutralize the hypochlorous acid remaining in the reacted cellulose solution, ascorbic acid with
a different concentration was added, and the mixture was stirred. Then, a quantitative analysis was
conducted using a phosphate buffer solution and N,N-diethyl-p—phenylenediamine (DPD) reagent to
determine the amount of free chlorine content. In this test, if residual hypochlorous acid is present,
then the color of the reactant will turn red, and its value can be obtained at a wavelength of 510 nm on
a spectrophotometer.

2.4. Characterization by Scanning Electron Microscopy

Oil in water (o/w) emulsions containing TOCNs were prepared, consisting of TOCNSs,
1% dimethicone, 3% pentaerythrityl tetraethylhexanoate, 1% hydrogenated polydecene, 7% dipropylene
glycol, 7% glycerin, 0.4% methyl glucose sesquistearate, 3% cyclopentasiloxane, 4% xanthan
gum, 12% carbomer, 1.5% sorbitol, 0.4% chelating agent, 2% trisodium ethylenediaminetetraacetic
acid (EDTA), 2% pH adjusting agent, and water up to 100%. When investigating the surface
characteristics, 0.05% of O-TOCNs and C-TOCNSs were prepared by casting the solution on porcine
skin (1 x 1 cm) and drying at room temperature overnight. These samples were then observed using
a field-emission-type scanning electron microscope (FE-SEM; Hitachi S-4000, Tokyo, Japan) after
platinum sputtering at 20 mA for 120 s.

2.5. Fourier Transform Infrared Spectroscopy (FT-IR) Analysis

The chemical structures of three types of BC samples (pure BC, C-TOCN, and O-TOCN) were
analyzed via Fourier transform infrared spectroscopy (PerkinElmer, FT-IR microscope spotlight 200i,

Courtaboeuf, France) over a frequency range of 4000 to 450 cm ™! and a resolution of 8 cm™!.

2.6. X-ray Diffractometer (XRD) Analysis

The XRD patterns of the BC samples were obtained with an X-ray diffractometer (Rigaku, MiniFlex
300/600, Tokyo, Japan) using copper Cu Ka radiation (A = 1.5406 A) at 40 kV and 15 mA. The samples
were examined with a scanning angle of 20 from 10° to 80° at a rate of 5°/min, the crystallinity index
(CrI) was calculated as a function of the maximum intensity of the diffraction peak from the crystalline
region (Ipgp) at a 20 of about 22.5°, and the minimum intensity from the amorphous region (I.m) at a 26
angle of about 18° [18].

2.7. Contact Angle Measurements

The surface wettability of the TOCNs and o/w emulsions containing various concentrations
of TOCNs were evaluated by contact angle measurements using a Contact Angle System
(OCA, Dataphysics, Filderstadt, Germany) and a high-speed camera. During the measurements,
wate droplets were deposited directly on the surface of the dried cellulose solution on the porcine
skin, and the water contact angles were measured. Three measurements were performed per sample,
and the results were averaged. The volume of each water droplet was 10 pL, and each drop was placed
using a precision stainless steel tip (Gauge 32, EFD).

3. Results and Discussion

3.1. One-Pot Synthesis of TOCNs

When synthesizing TOCNs, it is necessary to substitute a certain number of carboxyl groups
for those dispersed in the aqueous solution, and the reactants used in the oxidation reaction in the
final synthesized TOCNs should be removed. The complete removal of the reactants is especially
important in the skincare field. In our previous work, we found that TOCNSs synthesized without
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sodium bromide as a co-oxidant during the conventional TEMPO oxidation reaction did not exhibit
significant differences in their physical properties (Figure S1) [7].

As aneutralizing agent for sodium hypochlorite, ascorbic acid can completely remove hypochlorite
anions and return the solution to its original state without by-products; thus, it is also appropriate for
use in skincare applications. To confirm the effect of ascorbic acid for neutralizing hypochlorite anions,
the amount of free residual chlorine, dependent on the concentration of ascorbic acid, was measured
via the free chlorine DPD method. Note that the available chlorine is present in the form of aqueous
molecular chlorine, hypochlorous acid, and hypochlorite ions. The results of the measurements
confirmed that the free residual chlorine via the DPD method was completely removed when more than
0.3% of ascorbic acid was added (Figure 2), and it was also confirmed that the sodium hypochlorite
could be removed without washing.

Vitamin C
01%

Figure 2. Neutralization of the sodium hypochlorite using ascorbic acid.

Although it was possible to remove the oxidant chemicals, it was difficult to remove the TEMPO
catalysts, which is a large problem facing the one-pot synthesis process. During the oxidation reaction
of BC using conventional water-soluble TEMPO, repetitive centrifugal separation was found to be the
most effective process for removing the TEMPO catalyst. However, when scaling up production for
industrial applications, centrifuge equipment does not typically support continuous processing at high
levels of relative centrifugal force (RCF) while handing a large amount of reactant. While vacuum
filtration can be used to continuously separate TOCN products from a reactant, if the size of the filter
pores is too large, they cannot be used to separate the nanofibers. On the other hand, when the size
of the filter pores is too small, the reactant does not pass through the filter when the nanofibers are
stacked. The large size of the organosilica beads (63-250 pum), which is much larger than the diameter
of the TOCNSs (30-60 nm), can be selectively separated during the filtration process. Here, the filtration
process was conducted using a vacuum decompression device and a nylon mesh (pore size: 50 um),
through which only the cellulose nanofiber solution could pass. In other words, the SiliaCat-TEMPO
beads remained on the nylon mesh while the cellulose nanofiber solution passed through, leaving
a pure nanofiber solution. Images of the TOCNs taken after filtration showed that the final TOCN
solution did not contain silica beads (Figure S2).

The reaction rate and production yield of the O-TOCN:Ss after the initial oxidation reaction were 72 h
and about 80%, while those of the C-TOCNs were 18 h and about 99%, respectively. However, it should
be noted that there are several problems with the purification of TOCNs via centrifugation in the
conventional process used for industrial applications. For example, low density TOCNs require a
high speed centrifugator operating at 13,000 rpm or higher, and the production yield is reduced to
less than 70% when the process is repeated more than five times, as is the case when a tubular type
centrifuge is used for treating the bulk scale product. Second, the treatment of large amounts of
TOBCN:Ss via centrifugation is challenging due to the lack of automated equipment that is capable of
continuous centrifugation. In contrast, the proposed one-pot synthesis method is a viable alternative
that does not suffer from these limitations. Moreover, other reactants such as sodium bromide and
sodium hypochlorite were used for the conventional synthesis of TOCNs. The complete removal of
the reactants is especially important in the skincare field. Our proposed process is a very efficient way
to remove all reactants without any additional process.
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3.2. Characterization of the TOCNs Obtained via One-Pot Synthesis

It was confirmed that the properties of the TOCNSs obtained after the one-pot synthesis (O-TOCNs)
were different from those of the TOCNs obtained via the conventional synthesis method (C-TOCNss).
The carboxyl and aldehyde contents were measured using the conductivity titration method and
found to be 1.02 + 0.08 mmol g~! and 0.12 + 0.03 mmol g~!, respectively, for the O-TOCNS,
and 1.12 + 0.10 mmol g~! and 0.08 + 0.04 mmol g~!, respectively, for the C-TOCNs. The carboxyl and
aldehyde contents of pure BC were 0.02 = 0.01 mmol g~! and 0.00 mmol g, respectively. The carboxyl
and aldehyde groups of both of the TOCNs were increased compared to those of the original BC,
but those of the two samples were found to follow a similar trend. From the SEM images in Figure 3,
it can be seen that the average diameter of the BC nanofibers was approximately 100 nm, decreasing
to 30-50 nm after oxidation in the conventional process. However, the average diameter of the
TOCNSs was about 80 nm, which is closer to the diameter of the original BC nanofibers than that of the
C-TOCNs (Figure 3). This implies that when soluble TEMPO is used, the ionic charge between the
fibrils that bundles them into fibers is weakened. In contrast, the immobilized TEMPO catalyst does
not penetrate the fiber bundle but only acts on the surface of the BC fiber. To confirm whether the
O-TOCNSs were structurally different from other water-soluble biopolymers, the nanometer-resolution
structures of the bio-polymers were observed via high-resolution imaging provided by an FE-SEM
(Figure S3). Carbopol (polyacrylic acid), xanthan gum (polysaccharide), and carboxymethyl cellulose
(CMC) were selected for comparison purposes as water-soluble bio-polymers that are commonly used
in the skincare field. When compared, the results showed that while the other bio-polymers did
not exhibit any particular structure, the TOCNs had fiber structures in which bundles of nanofibers
were entangled. This suggests that, as water-dispersed biopolymers with a unique fiber structure,
the synthesized TOCNs will likely maintain their characteristics on the surface of the skin.

@ b (©)

Figure 3. SEM images of (a) pure BC, (b) C-TOCNSs and (c) O-TOCNSs. Scale bar = 500 nm.

The FT-IR spectra of the three types of BC samples are shown in Figure 4. As can be seen
in the figure, the pure BC had no obvious absorption band from 1500 to 2000 cm™! (Figure 4a);
in Figure 4b,c, the signal at 1603 cm™! attributed to the carboxyl groups was consistent with that of the
carboxyl-functionalized BC, which indicates that the hydroxyl groups at the C6 position in the BC had
been successfully converted into carboxyl groups [19].

The XRD patterns of the pure BC and two types of TOCNSs exhibited 26 diffraction peaks at 14.5°,
16.4°, and 22.5°, usually attributed to the 101 (amorphous region), 10 (amorphous region), and 200
(crystalline region) crystallographic planes, respectively (Figure 5) [20]. These represent the primary
diffraction of the (1-10), (110), and (200) crystal planes, respectively, which elucidates the structure of
the cellulose I crystal. After oxidation via different methods, the diffraction peaks showed a slightly
higher intensity compared to those of the BC, which indicates that the TOCNs retained the crystal
structure of cellulose I with an unexpected small improvement in the crystallinity [18]. In other words,
the oxidation process was shown to have little impact on the crystal structure of the BC. The crystallinity
of the pure BC, C-TOCNs, and O-TOCNs were 75.7%, 79.5%, and 75.3%, respectively, which indicates
that the crystallinity of the two TOCNSs was similar.
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Figure 4. The FI-IR spectra of (a) pure BC, (b) C-TOCNs and (c) O-TOCNs.
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Figure 5. The XRD patterns of (a) pure BC, (b) C-TOCNs and (c) O-TOCNs.
3.3. Properties of O-TOCN s on the Surface of Skin

In a previous study, it was found that the nanofibrous structure of TOCNs give them unique
physical properties, such as a water-absorbing capacity, elasticity, and the ability to block particulate
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matter (PM) on the skin surface [7]. Here, it was confirmed that the one-pot synthesized TOCNs
exhibited similar properties on the skin surface with respect to their water-absorbing capacity and
blockage of PM on the skin. A water droplet was placed on porcine skin covered with O-TOCNs in an
o/w emulsion containing different concentrations of O-TOCNSs, and the changes in the water contact
angle over time were measured. As shown in Figure 6a, the contact angle of the water over time was
greatly reduced as the TOCNs’ content in the o/w emulsion increased. These results suggest that the
high carboxylate content of the TOCNSs contributes to their excellent water-absorbing ability, resulting
in a low resistance to water along with their other unique properties. It also indicates that the TOCNs
have a water-absorption capacity, even when mixed with other materials. In the experiment conducted
to evaluate the removal of PM on the skin, the samples (a combination of water and o/w emulsions with
and without TOCNs) were applied on a 2 X 2 cm area on the upper arm, along with 8 uL of a carbon
black solution (1.25 wt %), and they were then dried. The area was rubbed ten times with a small
amount of water before being washed with tap water. The images before and after the application of
carbon black were taken with a magnifier and analyzed with the Image Pro Plus software package
(Media Cybernetics). We previously reported that TOCNs, which form a network of nanofibers on the
skin surface, play a role in blocking particular matter. In this test, the o/w emulsion containing TOCNs
was found to prevent the carbon black from entering into the microgrooves on the surface of the skin,
and thereby allowed it to be easily removed (Figure 6b).
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Figure 6. (a) Changes in the contact angle of various concentrations of TOCNs in o/w emulsion over
time and (b) the washing experiment conducted to remove the carbon black from the skin.

4. Conclusions

A one-pot synthesis of water-dispersed bacterial cellulose nanofibers was prepared using a
process that combined the neutralization of sodium hypochlorite via the addition of ascorbic acid
and a filtration process using TEMPO that was immobilized on silica beads. The TOCNs obtained
after the one-pot synthesis were found to have nanofibrous structures with the unique properties
of bacterial cellulose, a water-absorbing capacity, and the ability to remove PM from the surface of
skin. Based on our results, our proposed one-pot synthesis method for TOCNSs is simple, efficient,
and easy to use, and is therefore ideally suited to the preparation of bio-based polymer nanofibers
in production quantities. It is therefore anticipated to have potential industrial applications in the
skincare and biomedical research fields.
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Abstract: Two types of cellulose membranes were produced by a classical wet phase inversion method
from a solution of the polymer in 1-ethyl-3-methylimidazolium acetate (EMIMAc) by coagulation
in water and selected primary alcohols. The first type were membranes made from pure cellulose
(CEL). The second type were membranes obtained by adding nanosized graphene oxide (GO) to
the cellulose solution. The process of precipitation and selection of the coagulant affected the
structure of the membranes, which in turn affected their usability and applicability. The results of the
presented studies show that the physicochemical properties of the coagulant used (e.g., molecular
mass and dipole moment) play important roles in this process. It was found that both the content
and dimensions of the pores depended on the molecular mass of the coagulant used. It was also
found that the dipole moment of coagulant molecules had a large influence on the volume content
of the pores (e.g., the 1-octanol (Oc) membrane had a dipole moment of 1.71 D; @ = 1.82%). We
investigated the effect of the type of coagulant on the porous structure of CEL membranes and how
this affected the transport properties of the membranes (e.g., for the distilled water (W) membrane,
Jo = 5.24 + 0.39 L/m? h; for the Oc membrane, J, = 92.19 + 1.51 L/m? h). The paper presents the
results of adding GO nanoparticles in terms of the structure, morphology, and transport properties of
GO/CEL membranes (e.g., for composite membrane F (containing 20% GO), |, = 40.20 + 2.33 L/m? h).
In particular, it describes their extremely high ability to remove heavy metal ions.

Keywords: cellulose; graphene oxide; ionic liquid; membrane; transport properties; heavy metals;
porous structure; SAXS; WAXS

1. Introduction

Cellulose is one of the oldest natural polymers. It is renewable, biodegradable, and can be
derivatized to yield various useful products, such as paper, films, fibers, membranes, hydrogels,
aerosols, microspheres, and beads [1,2]. Hence, cellulose is already the basis of a large industry, and
although it cannot compete with petrochemistry in terms of costs, it seems very likely that it will be
the main chemical resource of the future, as it will still be available when other substances become
increasingly scarce due to exhausted reserves or environmental difficulties.

Cellulose is a linear polymer linked with stable glycosidic bonds accompanied by intra- and
intermolecular hydrogen bonds. The presence of these bonds as well as the presence of crystalline
areas in cellulose makes this polymer insoluble in water and in most organic solvents [3]. Many
systems capable of dissolving the polymer have been developed, including NaOH/CS,, dimethyl
sulfoxide and tetrabutylammonium fluoride mixture (DMSO/TBAF), LiCl/dimethylacetamide (DMAc),
and NOy4/N,N-dimethylformamide (DMF) [4,5], whose disadvantages are volatility, toxicity- or
flammability.-. Another system used to dissolve cellulose is a mixture of N-methylmorpholine-N-oxide
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and water (NMMO/H,0), which—unlike the previously mentioned systems—is environmentally
friendly and cost-effective [6].

Recent cellulose research has paid a great deal of attention to ionic liquids, often referred to as
“green” solvents. Due to their biodegradability [7] and low toxicity [8], they are considered to be
environmentally friendly solvents, and may eventually replace traditional systems that are capable of
dissolving cellulose [9,10]. Ionic liquids are a type of organic salt with a liquid phase below boiling
temperature. Their cationic component determines their chemical stability, while their anionic part
plays an important role in chemical reactions [11-13]. The use of ionic liquids for making cellulose
solutions renders several advantages such as a lower dissolving temperature, lower or even zero
toxicity, better thermal stability, and easy solvent recovery [14,15].

Swatloski et al. [16] were the first to describe the dissolution of cellulose in 1-butyl-3-methyl
imidazolium chloride, and they found that the chemical structure of the imidazole cation in the ionic
liquid has a strong influence on the viscosity of the obtained polymer solutions. Kosan et al. [11]
investigated the properties of various ionic liquids, but the most interesting turned out to be
1-butyl-3-methyl imidazolium acetate, which enabled the preparation of a 13.5% cellulose solution.
This liquid has even more advantages, such as a low melting point, high boiling point, and good
thermal stability [17]. In their studies on the dissolution of cellulose in ionic liquids, Ding et al. used a
5% solution of microcrystalline cellulose which they dissolved in 1-ethyl-3-methylimidazolium acetate
(EMIMAc). Mahadeva et al. [18] used a 2% solution of cellulose for membrane molding, and coagulation
was carried out in water, methanol, a mixture of methanol with water (30:70), and isopropyl alcohol.
Sun et al. [19] reported that the 5% solution of cellulose in EMIMAc was coagulated in the acetone-water
mixture (1:1 v/v). Hermanutz et al. [15] used 10%, 12%, and 16% cellulose solutions in EMIMACc to
produce cellulose fibers by coagulation in water. Livazovic et al. [20] described the preparation of
cellulose solutions at concentrations of 2.0%, 5.0%, and 10% cellulose in 1-ethyl-3-methylimidazolium
acetate by heating at 80 °C for 24 h. The solutions obtained were molded with a casting knife with an
adjustable thickness fixed at 0.15 mm, and the resulting films were coagulated in distilled water.

Cellulose dissolved in ionic liquid can easily be precipitated using polar solvents such as water,
acetone, ethanol, dichloromethane, acetonitrile, or by using a mixture of these solvents [14,21], to
obtain useful products. The process of precipitation and the selection of the coagulant affects the
coagulated polymer structure.

Membranes are among the products made from regenerated cellulose which deserve special
attention. These materials are widely used in a variety of membrane separation techniques, such as the
dialysis, ultrafiltration-, and purification of mixtures, and are used in sewage treatment plants in the
process of water treatment, in the chemical and food industries, as well as in environmental protection,
biochemistry, and medicine [22,23]. According to literature reports, the factors affecting the properties
of membranes include the type of coagulating bath, its concentration, and the time of film formation,
among others [22].

However, most often the membranes described by the literature are composites. The authors
describe the process of obtaining a cellulose/iron oxide bionanocomposite by the mixing blends
technique [24,25]. Rac-Rumijowska et al. described a method for the preparation of cellulose-based
fibrous composites with the addition of silver nanoparticles [26]. Yue’s group constructed anti-bacterial
composites based on paper pulp with the addition of silver ions [27]. Other researchers made composite
membranes based on cellulose with the addition of chitosan and carbon nanotubes [28]. Graphene
oxide (GO) has also been used for the preparation of composites with cellulose [29-31]. Yadav et al.
used cellulose derivatives [32,33] to obtain GO-containing composites.

This paper presents a study on the production of cellulose membranes by the classical wet phase
inversion method. EMIMACc was selected as the solvent, since—according to Sun et al. [19] and also
confirmed by studies of Gupta et al. [34]—this ionic liquid breaks the hydrogen bonds in cellulose
most easily. The cellulose dissolved in ionic liquids can be coagulated in polar solvents [35]. In our
experiment, water and primary alcohols differing in polarity such as methanol, ethanol, 1-propanol,
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1-butanol, 1-hexanol, and 1-octanol were used for the coagulation of cellulose membranes. In this
paper, we describe the study of two types of membranes. The first type were membranes made from
pure cellulose (CEL). The second type were membranes obtained by adding nanosized graphene oxide
(GO) to the cellulose solution. A method of combining the cellulose solution with the dispersion of
GO additive was developed to obtain a homogeneous solution from which the composite membranes
(GO/CEL) were then formed using the phase inversion method by coagulation in distilled water.

The process of precipitation and selection of the coagulant affects the structure of the membranes,
which in turn affects their usability and applicability. The effect of the type of coagulant on the porous
structures of CEL membranes was investigated, in addition to how this affects the transport properties
of the membranes. For GO/CEL membranes, this paper presents the results of investigations of the
effect of adding GO nanoparticles on the structure, morphology, and transport properties of these
membranes. In particular, it describes their extremely high ability to remove heavy metal ions.

2. Materials and Methods

2.1. Materials

Cellulose (long fibers), ionic liquid (EMIMACc), and graphite powder (<20 um) were purchased from
Sigma-Aldrich (Poznani, Poland). NaNOj3, 98% H;SO,, KMnOy, 30% HyO,, N,N-dimethylformamide
(DME), Co(NOs3),, Ni(NO3),, Pb(NOs3),, and ZnCl, were purchased from Avantor Performance
Materials Poland S.A. (Gliwice, Poland). All chemicals were used without further purification.

2.2. Preparation of the Cellulose Solution

Initially, a 5% solution of cellulose in the ionic liquid (EMIMACc) was prepared. For this purpose,
adequate amounts of cellulose and ionic liquid were combined to obtain solutions with concentrations
of 2.5%, 5.0%, 7.5%, and 10% by weight. The solutions were then mixed thoroughly and heated in a
laboratory microwave oven at three intervals of 5 s, keeping the temperature of the mixture below
approximately 40 °C. Previously, it was observed that very accurate mixing at intervals between
heating prevents the local overheating of cellulose and its degradation [36]. The obtained cellulose
solutions were allowed to de-aerate for 24 h. The viscosity of the prepared cellulose solutions was
measured at room temperature by means of a Myr V2-L rotary viscosity gauge, equipped with an L3
spindle and temperature sensor (Especialidades Medicas My, SL, Tarragona, Spain) (Figure 1).
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Figure 1. The results of viscosity tests of cellulose solutions in 1-ethyl-3-methylimidazolium acetate
(EMIMAC) (measurement temperature 25 °C).
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Looking at Figure 1, we can see that the viscosities of the obtained cellulose solutions in EMIMAc
increased drastically with their concentration. Above 10% wt. concentration, the cellulose solutions
formed a gel that prevented further dissolution of cellulose. As a result, 5% cellulose solution was
selected for further investigation. A solution of this concentration was also used by Ding et al. for their
research [37].

2.3. GO Synthesis and Preparation of GO/DMF Dispersion

GO synthesis was carried out in our laboratory using the modified Hummers’ method [38], as
described in our earlier work [39]. Wet GO was dried in a laboratory drier at 60 °C to obtain a brown
precipitate which was then dispersed in DMF in an ultrasonic bath to obtain a 5.2% GO/DMEF dispersion
(Figure 2).

Figure 2. TEM (transmission electron microscopy ) image of graphene oxide (GO) flakes.

2.4. Pure Cellulose Membrane and GO/CEL Membrane Formation

Cellulose membranes were prepared using the phase inversion method. For this purpose, a 5%
cellulose solution in EMIMAc was poured onto a level, clean glass plate. Then, a polymeric film was
formed using a casting knife with an adjustable thickness fixed at 0.2 mm. After that, the plate and the
cellulose solution distributed over it were transferred to a coagulant bath at room temperature and
kept in it until the membrane peeled off the glass. The following solvents were used in coagulation
solutions: distilled water (W), methanol (Me), ethanol (Et), 1-propanol (Pr), 1-butanol (Bu), 1-pentanol
(Pe), 1-hexanol (He), and 1-octanol (Oc). In the presence of water, cellulose membranes coagulated
rapidly (10-30 min). Then the membranes were immersed in alcohols containing one to four carbon
atoms in their molecules. The coagulation of cellulose solutions in higher alcohols was very slow, and
it took 1 day (1-pentanol), 4 days (1-hexanol), and 5 days (1-octanol) for the membranes to separate
from the glass plate, indicating the finalization of the process. After the completion of this process, the
membranes - Pe, He, and Oc were repeatedly rinsed, alternately with distilled water and methanol,
until the characteristic odor of the alcohol disappeared. Then, they were air-dried at room temperature.
In our laboratory, a thin layer of polyester fabric followed by layers of tissue paper were used to
separate the cellulose membranes. This prevented the cellulose from sticking to the filter paper and
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facilitated drying. Finally, the dried membranes were loaded onto a glass plate to prevent membrane
ripple (Figure 3).

Figure 3. Images of a pure cellulose membrane coagulated in distilled water (W), methanol (Me),
ethanol (Et), 1-propanol (Pr), 1-butanol (Bu), 1-pentanol (Pe), 1-hexanol (He) and 1-octanol (Oc) (our
university’s logo was placed under the membranes for a better display of their transparency).

In order to prepare solutions for forming the GO/CEL composite membranes, adequate amounts
of cellulose and ionic liquid were first weighed (Table 1), and cellulose solutions were prepared as
described above. Appropriate amounts of 5.2% GO/DMF solution (Table 1) were then added to the
cellulose solutions, thoroughly mixed, and sonicated for 15 min. The obtained GO/CEL solutions were
allowed to de-aerate for 24 h. GO/CEL composite membranes were prepared using the phase inversion
method, as was done for the membranes made from pure cellulose.

Table 1. The composition of the solutions for the preparation of membranes. CEL: pure cellulose; DMF:
N,N-dimethylformamide.

Membrane Designation “0” A B C D E F
Amount of 5.2% GO/DMF Solution (g) 0 005 01 05 097 48 97
Amount of CEL (g) 2.5 25 25 25 2.5 25 25
Amount of EMIMACc (g) 475 4745 474 470 46,53 427 378
Concentration of GO (% w/w) 0 0.1 0.2 1 2 10 20
Concentration of CEL (% w/w) 100 1999 998 99 98 90 80

2.5. Measurements of Water Flux

The transport properties of the formed membranes were tested using a Millipore Amicon
8400 ultrafiltration (UF) cell with a 350 mL capacity and a 7.6 cm membrane diameter that was
equipped with an equalizing tank with an 800 mL capacity (Merck Millipore, Burlington, MA, USA).
First, dry membranes were immersed in distilled water for 1 h. Then, they were treated with
room-temperature distilled water) for an additional 2 h under a pressure of 0.2 MPa to improve the
membrane stability. UF tests were performed at operational pressures of 0.1, 0.15, or 0.2 MPa. Permeate
flux (J») was calculated using the following Equation (1) [40]:

Q

Jo = A_t 1)

where J, is the water flux (L/m? h), Q is the permeate volume (L), A is the effective membrane area
(m?), and t is the permeation time (h).

2.6. Measurements of Rejection

Standard solutions of Pb(NOj3), with a concentration of 60 mg/L and NaCl, Co(NOs), Ni(NO3)s,
and ZnCl, with concentrations of 6 mg/L were prepared to study the separation properties of the

163



Polymers 2019, 11, 1178

produced GO/CEL membranes. In addition, a mixture of synthetic wastewater containing 6 mg/L
Co(NO3)z, Ni(NO3), ZnClp, and 60 mg/L Pb(NOs), was prepared.

Then, 200 mL of successive standard solutions were added to the UF cell with the test membrane
and the stirrer (stirring of the feed solution avoids fouling). The permeation process was carried out at
a working pressure of 0.2 MPa, and 20 mL doses of permeate were tapped, simultaneously measuring
the time taken for the permeate discharge to from the test tank. The permeate flux (J,) was calculated
using Equation (1), assuming that Q was the permeate volume (specific test solution).

The ion concentrations of the subsequent metals were determined using atomic absorption
spectrometry (AAnalist 100 AAS, Perkin-Elmer International Rotkreutz Branch P.O., Rotkreutz,
Switzerland), and the rejection coefficient (R) was calculated using Equation (2) [40]:

S
R ={(1-—=/100%, 2)
Cr
where R is the rejection performance of the membrane (%), and C, and Cy are the concentrations of
metal ions in the permeate and feed solution (mg/L), respectively.

2.7. Analytical Methods

Small-angle X-ray scattering (SAXS) measurements were carried out with the compact Kratky
camera equipped with the SWAXS optical system of HECUS-MBRAUN (Graz, Austria). The Cu target
X-ray tube operating at U = 30 kV and I = 10 mA was used as a radiation source (A = 0.154 nm).
The SAXS data were collected as a function of the scattering vector, q = (47t/A) sin 0, where 20 is the
scattering angle. The moving slit method [41] was applied for determination of the transmittance factor
of the sample. The sample holder background was subtracted from the SAXS curves, and the next
curves were corrected, taking both the sample thickness and transmittance into consideration. The
data were converted to absolute intensities with a calibrated Lupolen® (polyethylene) standard [42].

Wide-angle X-ray scattering (WAXS) investigations were carried out with a URD-65 Seifert
(Germany) diffractometer. Cu K« radiation was used at 40 kV and 30 mA. Monochromatization of the
beam was obtained by means of a nickel filter and a graphite crystal monochromator placed in the
diffracted beam path. A scintillation counter was used as a detector. Investigations were performed in
the angle range of 3° to 40° in steps of 0.1°.

Observations of the — morfology of membranes surface and cross-section were carried out using a
JSM-5500 LV JEOL (Tokyo, Japan) scanning electron microscope (SEM). All samples were coated with a
layer of gold in a JEOL JFC 1200 vacuum coater at 3 X 107> Tr.

3. Results and Discussion
3.1. Pure Cellulose (CEL) Membranes

3.1.1. Porous Structure of CEL Membranes

The porous structure of membranes is one of their most important features, as it determines their
usability and applications. This structure is mainly formed at the coagulation stage; therefore, the type
of coagulant used has an influence on it [18,19]. In this paper, an analysis of the porous structure of the
CEL membrane was carried out by the SAXS method. Using this method, the pore dimensions and the
pore volume fraction were determined. The studies characterized pore sizes on length scales from 1 to
60 nm, according to the resolution of the SAXS equipment used.

The SAXS curves of the investigated cellulose membranes are shown in Figure 4 in
double-logarithmic plots. It is clear that the scattering intensities of the membranes coagulated
in 1-hexanol and 1-octanol were much stronger than those for other membranes. Because small-angle
X-ray scattering is conditioned by the existence of the electron density inhomogeneities in the sample,
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which in the case of cellulose membranes is due to the existence of pores in them, the higher intensity
was caused by the higher content of pores in these membranes.
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Figure 4. Double-logarithmic small-angle X-ray scattering (SAXS) curves of cellulose membranes.

The content of pores can be determined by calculating the so-called scattering power, or invariant
Q, using the equation

Q= f Pl(g)dg = 16 (1- 6)(ap)? 3
0

where I(g) is the corrected SAXS intensity, @ is the volume fraction of pores, and A p is the electron
density difference between the pores and cellulose. The pores can be assumed to be entirely air-filled
in dry membranes. The electron density difference between cellulose and pores was calculated to be
A p =511 electrons/nm? [43]. The values of @ calculated by Equation (3) are presented in Table 2.

Table 2. Characteristics of the pure cellulose (CEL) membranes used for the study and values of
structural parameters obtained by means of the SAXS method. Rg: radius of gyration, ®@: volume
fraction of pores.

Sample Coagulant SAXS Results
Type Molar Mass (g/mol) Dipole Moment (D) R (nm) D (%)
Me methanol 32.04 1.70 11.0+0.3 0.71
Et ethanol 46.07 1.69 122 +£0.2 0.39
Pr 1-propanol 60.1 1.58 129+0.3 0.30
Bu 1-butanol 74.12 1.66 139+04 0.39
Pe 1-pentanol 88.15 1.64 15.0 £ 0.4 0.32
He 1-hexanol 102.17 1.42 16.7 £0.3 0.69
Oc 1-octanol 130.23 1.71 193+ 05 1.82
w water 18.02 1.85 139+03 0.30
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The Guinier approximation can be used for the determination of pore sizes, which describes the
scattering intensity for small values of the scattering vector g:

2R2

I(q) = Toe™ 5 €

This equation describes the mean intensity of the radiation scattered by a particle of any shape,
averaged through all its possible orientations in space. The parameter R is the electron radius of
gyration, also called Guinier’s radius. R can be determined from the slope of the plot of In I(g)-versus
% using the intensity data in the low g region. An example of a Guinier plot for a membrane (B) is
shown in Figure 5, and the R values for all investigated membranes are given in Table 1.
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Figure 5. The Guinier plot for the Bu sample.

The analysis of the results (Table 1) indicated a strong dependence of the Guinier’s radius of the
pores on the molar mass of the coagulant used. Figure 6 shows that the R increased almost linearly
as the molar mass of the organic coagulant increased. Water is an inorganic compound, so it is not
surprising that in this case the value of R did not correspond to this relationship (sample W). Water
is the simplest and cheapest polar solvent, and therefore it has been used as a coagulant to obtain
cellulose membranes. This coagulant has the lowest molar mass and largest dipole moment of all
the coagulants used in this work. The role of these two factors is discussed later in this article. The
volume fraction of pores in the studied membranes also depended on the coagulant molar mass. In
Figure 6, it can be seen that the pore content was almost the same in the molar mass range from 18.02
to 88.15 g/mol. The only exception was for the Me sample, for which the @ considerably exceeded the
average value in that range. For membranes prepared using coagulants of the highest molecular mass,
the content of the pores increased rapidly, and for the membrane coagulated in 1-octanol, it was almost
five times higher than in membranes obtained using coagulants of lower molar mass.

To better understand the obtained results, the mechanism of solvation of cellulose at the microscopic
level should be considered. The ionic liquid used to dissolve the cellulose was a chemical compound
consisting of ion-bonded anions and cations. In the liquid state, at room temperature, these solvent
molecules dissociate. After mixing the cellulose and the ionic liquid, these cations and anions attack
the hydrogen bonds of cellulose, tearing them apart. The disruption of hydrogen bonds results in the
separation of individual cellulose chains and allows them entry into the solution. The regeneration of
cellulose is based on the precipitation of the cellulose solution by the polar solvent (coagulant), which
washes the ionic liquid but does not dissolve the cellulose. Washing the ionic liquid results in the
formation of hydrogen bonds between cellulose chains, resulting in the recovery of the structure of the
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regenerated cellulose. The process of removing the solvent molecules by the coagulant molecules leads
to the formation of the porous structure of the resulting cellulose. It appears that the molecular weight
of the coagulant molecules had a significant impact on the size of the pores formed in this process.
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Figure 6. The radius of gyration (Rg) and the volume fraction of pores (?) as a function of the coagulant
molar mass.

The coagulation process described above is mainly based on Coulomb interactions between the
molecules of the solvent and the coagulant. It therefore seems reasonable that this process will also
depend on the value of the dipole moments of interacting molecules. Our research shows that the
dipole moment of the coagulant was the second factor involved in determining the pore content of
membranes, in addition to the molar mass. However, the effects of both these factors are complex, as
illustrated by the dependence of the content of pores as a function of the dipole moment shown in
Figure 7.

Undoubtedly, the content of the pores in the membrane was greatest when the values of the two
factors were large, as in the case of sample Oc. If the dipole moment was large and the molar mass
was small, as in the case of water, the pore content was small. The same was true in the opposite case,
when the molecular weight was relatively large but the dipole moment was small, as in the case of the
membrane H.

Summing up, studies have shown the influences of both the molar mass and the dipole moment
of the coagulant on the content and size of the pores in cellulose membranes. However, it is difficult
to definitely determine which of these factors has a crucial impact on the number of pores in the
membranes. It should be emphasized that, to our knowledge, the presented studies represent the first
attempts to establish the physical factors affecting these structural parameters of membranes at the
molecular level, which is important from the perspective of their application.
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Figure 7. The volume fraction of pores (®) as a function of the coagulant dipole moment.
3.1.2. Morphology and Crystallinity of CEL Membranes

Cellulose is a partially crystalline polymer characterized by a polymorphism of crystallites,
which can be studied by wide-angle X-ray (WAXS). WAXS investigations of CEL membranes gave an
additional interesting result that completes the above-discussed SAXS findings. The native cellulose
used in the membrane preparation of exhibited the cellulose I crystal structure (WAXS pattern not
shown here). After dissolution and subsequent coagulation with primary alcohols, the transformation
from cellulose I to the cellulose II crystalline form occurred. This phenomenon is consistent with that
reported in most other known solvent systems for cellulose. The WAXS diffraction patterns (Figure 8)
of the CEL membranes exhibited the characteristic cellulose II peak at 20 = 12.6° and two peaks close
to each other at 20 = 20.3° and 21.2°, which were assigned to the (-110), (110), and (-121) crystalline
planes, respectively [21].
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Figure 8. Examples of wide-angle X-ray (WAXS) patterns of CEL membranes.
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To quantitatively examine the crystallinity of the membranes, their crystallinity indexes were
evaluated from the WAXS measurements. For this purpose, each WAXS curve was deconvoluted into
crystalline and amorphous scattering components using the profile fitting program WaxsFit [44]. Each
peak was modeled using a Gaussian—-Cauchy peak shape. The crystallinity index was calculated as the
ratio of the area under the crystalline peaks to the total area of the scattering curve. The crystallinity
index of native cellulose was found to be 0.756, whereas for membranes the value of this parameter
ranged from 0.31 to 0.45, and this was significantly affected by the type of coagulant.

Figure 9 shows the dependence of the membrane crystallinity on the membrane pore content,
and it shows that the crystallinity index decreased almost linearly as the volume fraction of the pores
increased. This reflects the complexity of the process of membrane formation at the molecular level.
The ionic liquid used to dissolve the cellulose broke the intermolecular and intramolecular hydrogen
bonds and destroyed the primary crystalline structure. The process of removing the solvent molecules
by the coagulant molecules, resulting in the recovery of the crystalline structure of cellulose, also led to
the formation of its porous structure. The obtained results indicate that the formation of pores hinders
the crystallization process of regenerated cellulose to some extent.
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Figure 9. Effect of the pore volume fraction on the membrane crystallinity.

Scanning electron microscopy enabled the observation of the surface morphology of the skin layer,
the support layer, and cross sections of the obtained cellulose membranes (Figure 10). The SEM images
of membranes W, Et, and Pr (Figure 10-1) show cellulose layers arranged in parallel, similar to the
results shown in [18]. For Me, Bu, and Pe membranes, on the other hand, a compact structure with
minor inclusions was seen. The cross section of membrane He, with large, symmetrically arranged,
closed chambers, was diametrically different from the other ones, whereas the SEM image of the cross
section of membrane Oc was distinguished by a thin skin layer, based on the large, open, asymmetrical
chambers of the support layer. In the photographs of membranes W, Me, and Et, the surface of the skin
layer (Figure 10-2) was smooth, while that of membrane Pr was rough and covered with inclusions.
The pictures of membranes Bu, Pe, He, and Oc reveal a very rich skin layer surface, which changed
from large and flat to finer with deeper hollows. The surface of the support layers of all membranes
(Figure 10-3) was richer in various morphological elements as compared to the skin layer. In the case
of membrane Oc, large multilayer chambers with walls covered with micropores were observed.
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3.1.3. Transport Properties of CEL Membranes

An important parameter determining membrane properties is the volumetric permeate flux.
Figure 10 shows that for CEL membranes, this parameter depended on the coagulant used. The lowest
values of volumetric permeate flux, recorded for the membrane W for pressures of 0.1, 0.15, and
0.2 MPa, were respectively 3.33 + 0.12; 3.87 + 0.13, and 5.24 + 0.39 L/m? h. A slow but slight increase
in the permeate flux, which was observed with the increase of working pressure, may indicate the
compact structure of membrane W. It can therefore be assumed that membrane W was composed of
closed pores.

The transport properties of cellulose membranes Et, Pr, and Pe were found to be similar. The
permeate flux for these membranes increased slowly with the increase in working pressure, and at
0.2 MPa, their values were 9.27 + 0.55 (membrane Et), 9.27 + 0.37 (membrane Pr), and 7.95 + 0.25
(membrane Pe) L/m? h, respectively.

A much greater increase in the volumetric permeate flux was observed for membranes Bu and
Me. Thus, as the working pressure rose, the permeate flux increased by 2-3 times for membrane Bu
and 5-8 times for membrane Me. The exact values of this parameter were 4.89 + 0.49, 10.19 + 0.52, and
14.17 + 0.63 L/m? h (membrane Bu) and 1.25 + 0.08, 6.22 + 0.25, and 10.19 + 0.46 L/m? h (membrane Me).

Membranes He and Oc were characterized by very high volumetric permeate flux values. For the
cellulose membrane coagulated in 1-hexanol, the following values were recorded: 15.36 + 0.59 L/m? h
(for a pressure of 0.1 MPa), 42.85 + 0.99 L/m2 h (for a pressure of 0.15 MPa), and 56.09 + 1.07 L/m2h
(for a pressure of 0.2 MPa). The obtained results were confirmed by the high porosity of membrane
He (Figure 10) observed in the SEM images, which facilitated the transport of water through the
membrane. For membrane Oc, the following results were obtained: 12.72 + 0.45 L/m? h (for a pressure
of 0.1 MPa), 65.70 + 2.15 L/m? h (for a pressure of 0.15 MPa), and 92.19 + 1.51 L/m2 h (for a pressure
of 0.2 MPa). These results show that during the operation of cellulose membrane Oc, the permeate
flux increased by 5 to 7 times with the increase in working pressure. The obtained results and the
SEM images (Figure 10) confirm that the cellulose membrane coagulated in 1-octanol has very good
transport properties (Figure 11) because of became of large pores.
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Figure 11. Water flux for the obtained cellulose membranes.

It should be noted that, as shown in Figure 11, the course of changes in the volumetric permeate
flux correlated very well with the course of changes in the pore content versus the molecular mass
of the coagulant, as shown above in Figure 6. The transport properties of the cellulose membranes
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undoubtedly depend on their porous structures, and this in turn depends on the physico-chemical
properties of the coagulant used to obtain them [18,19].

3.1.4. Separation Properties of CEL Membranes

It is known that cellulose-based composite membranes have been used to remove metal ions
such as Fe(Ill) and Cu(Il) [45]. A 0.1 g/dm3 aqueous solution of iron salt (FeClz) was selected to
study the separation properties of the investigated CEL membranes. A volumetric permeate flux and
rejection coefficient were observed during the study (Figures 11 and 12). Studies have shown that the
introduction of iron ion solution into CEL membranes causes a rapid decrease in the permeate flux
by approximately 67-96% at the beginning of the process. Flow through the membrane constantly
decreased during membrane operation, and after about 60 min, it was about 95-98%. The obtained
result may indicate that the introduction of iron ions to CEL membranes resulted in fouling on all
membranes in the experiment. Kongdee et al. [46] proved that ferrous ions can be complexed on
cellulose fibers, which was confirmed in our experiment.
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Figure 12. Volumetric permeate flux for the solution of FeCls.

The detailed analysis of our results showed that the highest volumetric permeate flux values
during the permeation of iron ions occurred with membrane Oc. Initially, the permeate flux was
4.75 L/m? h, and after 60 min, it decreased to 2.93 I/m2 h. For membrane Oc, the decrease in flux was
94.85-96.82% at the beginning and end of the process, respectively. At the same time, it was observed
(Figure 13) that the FeCl3 rejection coefficient was ~61%, so membrane Oc was not clogged completely.
This result confirms that it was very porous with large pores. Similar results were obtained for the
study of transport properties of membrane He for which the volumetric permeate flux values were in
the range of 2.28-1.14 L/m? h (Figure 12). The decrease in the permeate flux was 95.94-97.97% relative
to that obtained for distilled water. The FeCl; rejection coefficient on membrane He was 62.32%,
confirming the high porosity of this membrane. A similar rejection coefficient result of 61.31% was
obtained for membrane W (Figure 13). At the same time, it was observed that the decrease of the
volumetric rejection coefficient at the beginning of the process was the lowest (66.78%) during the flow
of iron(III) ions through membrane W, and this increased to 94.46% after 60 min. The obtained results
suggest that membranes Oc, He, and W, characterized by low density and high porosity, had similar
separation properties relative to the aqueous solution of FeCls.
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Figure 13. Rejection coefficient (R) for FeClj solution.

For the remaining cellulose membranes (Me, Et, Pr, Bu, and Pe), the decrease in the specific
permeate flux for iron ions was similar and ranged between 95% and 98%, with a rejection coefficient of
~81.5% (for membrane Bu), ~84% (for membrane Pe), ~85.5% (for membrane Et), ~86% (for membrane
Me), and 86.9% (for membrane Pr). These membranes almost completely blocked iron(IlI) ions, while the
permeate flux decreased to very low values of 0.15-0.34 L/m? h. Membranes Me, Et, Pr, Bu, and Pe could
be used to remove metals from solutions, as suggested in the work of Cifci et al. [45]. The phenomenon
of removal of Fe(III) ions on cellulose membranes may be a result of the formation of chemical bonds
between metal ions and the functional groups of cellulose. Yadav [33] used the phenomenon of Fe ion
complexation on cellulose, obtaining new, previously unmentioned bionanocomposites.

3.2. Graphene Oxide/Cellulose (GO/CEL) Membranes

Graphene oxide (GO) is a modern material used for the production of polymer composites. GO
has many different oxygen-containing functional groups, such as epoxy, hydroxyl, carbonyl, and
carboxyl [47,48]. Oxygen groups give hydrophilic properties to graphene oxide, making it easy to
form stable aqueous dispersions [49,50] at concentrations above 3 mg/mL [51]. GO is also used in
membranes, along with carbon nanotubes [52-55] and graphene [56-58]. It allows thin monolayer
films to be obtained [54-57], which can be used for desalination and purification [56,57,59,60] as well
as membrane distillation [61].

The GO/CEL membranes are composites in which cellulose chains containing hydroxyl groups
form hydrogen bonds with oxygen functional groups on the surfaces and edges of GO flakes
(Figure 14) [38,62].

For the preparation of GO/CEL membranes, a method of combining the cellulose solution with a
GO dispersion was developed to obtain a homogeneous solution from which the composite membranes
were then formed using the phase inversion method by coagulation in distilled water. As a result,
cellulose composite membranes (labeled A-F) which differed in color depending on the amount of
GO added were obtained (Figure 15). A pure cellulose membrane (labelled “0”) was also obtained
to compare its properties with the properties of membranes containing GO. As shown in Figure 14,
membrane “0” was colorless, while the other diaphragms were shades of grey. The -bigger amount of
GO was added the darker the GO/CEL composite membranes became.
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Figure 14. Schematic diagram of hydrogen bonds (black bold line) between the GO (bottom) and CEL
macromolecular chains (top). Grey balls—carbon, white balls—hydrogen, red balls—oxygen.

A B C D E F
Figure 15. Images of a pure cellulose membrane (“0”) and GO/CEL composite membranes (A—0.1%
GO, B—0.2% GO, C—1% GO, D—2% GO, E—10% GO, F—20% GO).

"
llo

3.2.1. Morphology and Structure of GO/CEL Membranes

In the SEM images of membrane cross sections (Figure 1601-F1), the pure cellulose membrane
(“0”) was observed to be compact but slightly rough, which made it clearly distinguishable from
the GO/CEL composite membranes. The cross sections of membranes A and B were similar to each
other. In the case of composite membranes A and B, apart from the roughness, horizontal cracks
appeared. Further, the addition of 0.1% and 0.2% GO increased the thickness of the membranes
(Figure 16A1,B1). The cross-sectional structures of membranes C and D were different from all others.
Membranes containing 1% and 2% GO had compact structures but with visible horizontal cracks
(Figure 16C1,D1). By comparing the thickness of the membranes, it was seen that a 1% addition of GO
to composite membrane C reduced its thickness, which was comparable with the thickness of the “0”
membrane. Many horizontal cracks were observed in the SEM images of membrane E. The structure of
can be observed as being entirely composed of transversely arranged flakes. The effect of GO addition
on the cellulose matrix was easily observed using the microscopic observations of membrane cross
sections. The effect of increasing the amount of GO in the composite membrane was the appearance
of an increasing number of cracks, which may have resulted from the arrangement of components
in the composite. Phiri et al. also observed the formation of layers in the cross sections of composite
membranes based on microfibrillated cellulose with the addition of GO [63].

The morphology of the skin layers of the membranes can be observed in Figure 1602-F2. Membrane
“0” was characterized by an even, smooth surface, while the surfaces of composite membranes with
small amounts of added GO (membranes A, B, C) were very rich in corrugations, spherical beads, and
recesses. In contrast, the skin layers of membranes D, E, and F were different from the others. On the
relatively flat surface of these membranes, cracks and recesses were observed, the number and size of
which increased with the amount of GO added in the direction of membranes D to F.
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Figure 16. SEM images for the pure cellulose membrane and GO/CEL composite membranes: (1) cross
section; (2) skin layer; (3) bottom layer.

The surface of the support layers of all membranes (Figure 1603-F3) was richer in various
morphological structure elements compared with the skin layer. Hollows and spherical beads were
observed, the number and size of which increased with the amount of added GO. In the case of
membranes E and F, apart from hollows, numerous cracks appeared on the surface of the support layer.
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Figure 17 shows the WAXS diffraction curves of membrane “0” (the pure cellulose) and the pure
GO. As described in Section 3.1.2 (Figure 8), the cellulose curve contains all peaks characteristic for
cellulose II. The WAXS curve of the GO shows a sharp diffraction peak at 26 = 9.0° (d-spacing =
0.98 nm), which reflects the gallery gap of the layered structure of the GO.
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Figure 17. WAXS patterns of membrane “0” (pure cellulose) and pure GO.

Figure 18 presents the WAXS diffraction patterns of the GO/CEL membranes. The angular position
of the GO peak was shifted towards the lower diffraction angles with a decreasing GO content. This
peak shift indicates an increase in the distance between the carbon layers in the GO. Compared to pure
GO, this distance increased from 0.98 to 1.6 nm for membranes B and D, respectively. The stepwise
increase in d-spacing might be due to the interactions between GO and cellulose by hydrogen bonds
(Figure 14), which might have already been saturated at a low loading of the GO. Therefore, the increase
in the distance between carbon galleries in GO was more pronounced when the ratio of cellulose
content to GO content increased.
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Figure 18. Examples of WAXS patterns of cellulose membranes (the letters on the left indicate the
membrane codes).
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3.2.2. Transport Properties of GO/CEL Membranes

In order to investigate the effect of adding GO on the transport properties of cellulose membranes,
we determined the permeate water flux for the obtained membranes. The course of changes in the
value of this parameter for individual membranes is illustrated in Figure 19. The lowest values of
volumetric permeate flux were recorded for membrane “0”, and for the subsequent pressures of 0.1,
0.15, and 0.2 MPa, they were respectively 2.93 + 0.02, 3.76 + 0.07, and 4.36 + 0.03 L/m2 h. A slow but
slight increase in the permeate flux which was observed with the increase of working pressure suggests
that membrane “0” had a compact structure. It can therefore be assumed that membrane “0” was
composed of closed pores, as confirmed by SEM images (Figure 1601).
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Figure 19. Pure water permeability for the pure cellulose membrane and GO/CEL composite membranes.

The transport properties of the composite membranes A, B, and C were similar. The permeate flux
for these membranes increased slowly with the increase in working pressure, and at 0.2 MPa, it was
4,58 + 0.32 (membrane A), 5.26 + 0.10 (membrane B), and 5.43 + 0.07 (membrane C) L/m? h. The results
show that the addition of 0.1%, 0.2%, and 1.0% w/w of GO to the cellulose only slightly improved the
transport properties of the obtained GO/CEL membranes. In the case of membranes A and B, it can be
assumed that the structures observed in SEM images contained mainly closed pores. However, in the
case of membrane C, low values of the permeate water flux may have been a result of the formation of
hydrogen bonds between GO molecules and cellulose chains (Figure 14), which results in hydrophobic
membranes, as described in our earlier publication [64]. This could be confirmed by the low thickness
of membrane C observed in SEM images (Figure 16C1).

An increase in the distilled water flow through cellulose composite membranes was observed
for GO added at concentrations of 2%, 10%, and 20% w/w. The permeate volumetric flux values for
the working pressure of 0.2 MPa were 10.24 + 0.22 (membrane D), 21.71 + 0.68 (membrane E), and
40.20 + 2.33 (membrane F) L/m? h, respectively. The results show that the addition of graphene oxide
to cellulose in amounts of 2%, 10%, and 20% w/w improved the transport properties of the obtained
GO/CEL membranes by 2, 5, and 10 times in comparison to membrane “0”. Thus, it can be assumed
that due to the large amount of GO, membranes D, E, and F had layered structures (Figure 16D1,E1,F1)
facilitating the transport of water despite the high thickness of these composite membranes.

3.2.3. Separation Properties of GO/CEL Membranes

The present study also examined whether the obtained membranes could be used to remove
bivalent heavy metal ions from aqueous solutions. All obtained membranes—both pure cellulose
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and cellulose with added components—were characterized by high rejection coefficient (R) values.
Membrane “0” (Figure 20a) was characterized by rejection coefficients of 100% (Co), 93% (Zn), ~69%
(Pb), 40% (Ni), and 1% (Na). On the other hand, the studies carried out on the synthetic wastewater
mixture (Figure 20b) showed that the R coefficients for the pure cellulose membrane were 100% (Co),
~ 87% (Zn), ~71% (Pb), ~79% (Ni), and ~2% (Na). It was observed that in the mixture of synthetic
wastewater, preferential rejection of nickel ions on membrane “0” and an increase in the degree of lead
ion rejection with respect to zinc ions, for which the R coefficient decreased, occurred.
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Figure 20. Rejection coefficients on pure cellulose membrane and GO/CEL composite membranes of
(a) single metals; (b) subsequent metals in synthetic wastewater.

All cellulose GO/CEL composite membranes studied in the experiment were characterized by
higher rejection coefficient values than membrane “0” (Figure 20). Thus, the nanoaddition of GO in the
cellulose matrix increased the amount of heavy metal ions deposited on the membranes. By analyzing
the results obtained for membrane D, it was observed that the addition of 2% w/w of graphene oxide
resulted in the highest R coefficient values of 100% (Co); 98-100% (Zn); 97-99% (Ni); and 69-71% (Pb).
An increase in the amount of GO addition to 10% or 20% did not improve the degree of ion rejection on
membranes; rather, it slightly decreased it by 1%.

The explanation of the observed phenomenon may be that the concentration of GO in the
composite was too high, resulting in the formation of layers and cracks, which were observed in cross
sections (Figure 16D1,E1,F1). We do not know exactly how the cellulose and GO layers were arranged
in our composite. However, Chen et al. [65] showed that the arrangement of the electronegative
and electropositive components of the composite is responsible for the separation properties of the
membranes, as well as the order in which heavy metals are removed from solution.

The results of this study show that the membranes obtained in the experiment were characterized
by very high rejection coefficients in relation to the divalent metal ions cobalt, zinc, nickel, and lead. For
Co (I) ions, total rejection was observed on each studied membrane, both for the solution containing
single ions and for the synthetic wastewater mixture. In the case of other ions, on the other hand, the
degree of rejection (R) of divalent ions was in the range of 85-99%. The low rejection coefficient for
sodium ions (1-2%) indicates that we obtained an ultrafiltration membrane.

The observed changes may be the result of interactions between functional groups of cellulose
chains and metal ions. The cellulose membrane is negatively charged, and the charge is derived from
hydroxyl groups (primary and secondary), which, according to Lewis theory, are hard bases. Co?*
Ni2*, Zn?*, and Pb?* ions, on the other hand, are indirect acids. Thus, the formation of chemical (ionic
and hydrogen) bonds between metal ions and cellulose chains is possible. The resulting combination
rejects heavy metal ions on the membrane but does not cause fouling. The increase in the permeate
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flow, on the other hand, may result from the formation of channels through which small particles of
water flow freely.

4. Conclusions

This paper presents the results of research on the production of cellulose membranes from cellulose
solution in EMIMALc ionic liquid. The membranes were formed by phase inversion using water and
primary alcohols as coagulants. The results of structural investigations performed by X-ray methods
(WAXS and SAXS) reflected the complexity of the membrane formation process at the molecular level.
Our research shows that the physicochemical properties of the coagulant used, such as molecular
mass and dipole moment, play important roles in this process. It was found that both the content and
dimensions of the pores depended on the molecular mass of the coagulant used. It was also found that
the dipole moment of coagulant molecules had a large influence on the volume content of the pores.
The highest content of pores was obtained when these two factors represented a substantial value.
In cases where any of these factors was of little value, the pore content decreased significantly. The
discussed studies also revealed the effect of the pore content on the crystallinity of cellulose membranes;
namely, the degree of crystallinity decreased almost linearly as the volume fraction of pores increased.
This indicates that the formation of pores hinders the crystallization process of regenerated cellulose to
some extent.

The porous structure of CEL membranes has a significant impact on their transport properties.
The lowest values of the volumetric permeate flux occurred for membrane (W), which was formed
using the coagulant of the lowest molecular mass, while the highest value of this parameter occurred
for the membranes (He and Oc) coagulated using coagulants with large molecular masses.

Studies of the separation properties of CEL membranes carried out using iron(III) solution showed
a very high decrease in flow of 67-96% and a high rejection coefficient (82-87%), indicating a lack of
resistance to the unfavorable phenomenon of fouling.

The introduction of GO into the cellulose matrix influenced the process of membrane formation
and, consequently, the physicochemical, transport, and separation properties of the GO/CEL composite
membranes. Structural studies have shown that the incorporation of a small GO additive into the
cellulose membranes results in a homogeneous composite in which the individual components are
connected by hydrogen bonds. The use of SEM and WAXS showed that in the case of a relatively
high GO content, the excess admixture separated and an isolated GO phase occurred in the GO/CEL
membrane structure, and this was responsible for very good transport and separation membrane
properties. The addition of graphene oxide improved the flow of water through membranes by up
to 10 times. For these reasons, it is advisable to add GO to the CEL matrix. Composite membranes
containing 2%, 10%, and 20% GO also had very good rejection of heavy metal ions. Due to the
bactericidal GO admixture, GO/CEL membranes could also find a potential application in water
disinfection [66].
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Abstract: Benzoyl and stearoyl acid grafted cellulose were synthesized by a simple chemical
grafting method. Using these as chemical adsorbents, polycyclic aromatic hydrocarbons (PAHs),
like pyrene and phenanthrene, were effectively removed from aqueous solution. The structural and
morphological properties of the synthesized adsorbents were determined through X-ray diffraction
analysis (XRD), thermal gravimetric analysis (TGA), Fourier transform infrared (FI-IR), FE-SEM,
and NMR analyses. Through this method, it was confirmed that benzoyl and stearoyl acid were
successfully grafted onto the surface of cellulose. The 5 mg of stearoyl grafted cellulose (St—Cell)
remove 96.94% pyrene and 97.61% phenanthrene as compared to unmodified cellulose, which
adsorbed 1.46% pyrene and 2.99% phenanthrene from 0.08 ppm pyrene and 0.8 ppm phenanthrene
aqueous solution, suggesting that those results show a very efficient adsorption performance as
compared to the unmodified cellulose.

Keywords: adsorption; phenanthrene; pyrene; benzoyl cellulose; stearoyl cellulose

1. Introduction

Industrial and agricultural contaminants, the number of which has dramatically increased due to
worldwide development, are the most serious pollutants globally. Water resources can be contaminated
with organic compounds, which are highly hazardous in every aspect. It has been reported that organic
molecules in water from manufacturing activities, such as dyes, agrichemicals, and combustion
byproducts, are not only a global concern owing to their long-term potential risk to ecosystems,
but also have an effect on human health due to their high toxicity and low biodegradability [1].
Therefore, numerous countries regard water resource policy as a government priority project for
decades. Activated carbon is a common adsorption material for the harmful substance, but it is
expensive and the regeneration is difficult [2]. Recently, research on environmentally friendly materials
for the removal of these pollutants have been intensified. Candidate materials have been reported in
various forms such as hydrogel, nanocomposite, and membrane. These various platform materials
were prepared by chemical modification with bio-based materials such as alginate [3], chitosan,
cellulose [4], lignin [5], gelatin [6], and soy [7], thereby controlling harmful substances.

Among the organic products of incomplete combustion found in coal and in tar deposits,
Polycyclic Aromatic Hydrocarbons (PAHs) are some of the most harmful carcinogenic substances [8,9].
PAHs are composed of multiple aromatic rings, which renders them stable and bioavailable from
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months up to several years. Therefore, many researchers have attempted, through various treatments,
to efficiently remove PAHs from water. However, it is difficult to completely convert PAHs to nontoxic
molecules, such as CO, and H,O, by chemical treatments [10]. The highly effective treatments, such as
ozonation, high energy electron beam irradiation, and catalytic combustion, are high-cost methods,
and so they are not extensively employed [11,12]. Among the diverse treatment techniques that have
been applied by many researchers, sorption technology is the most common method to remove organic
pollutants in waste water. This method is advantageous due to its simple and efficient methodology,
which can be applied at any scale. Therefore, adsorption techniques can be used to remove both
hazardous and less soluble organic molecules, such as PAHs, from water. However, the effectiveness of
this method can be restricted because the sorption capacity can be affected by the chemical structure of
the material and by its characteristics, such as porosity, specific surface area, swelling, and diffusivity.
Many studies have been conducted to prove the sorption efficiency of various candidate materials as
an adsorbent to remove PAHs. Amongst these candidate materials, cellulose has some advantages as
an adequate adsorbent [13].

Cellulose is inexpensive and environmentally friendly because it is the most abundant naturally
made polymer on the earth. Cellulose derivatives have been applied to the filtration process as these
materials can trap organic and inorganic pollutants [14-16]. However, the adsorption ability of these
naturally made products varies due to its dependence on the chemical environment. In order to
complement the insufficient adsorption capacity, modification of cellulose has been carried out in
numerous studies for decades [17-19]. Because the chemical modification on the hydroxyl group of
the cellulose backbone changes the performance, as well as its properties, this method has been used
to alter certain features of cellulose, such as hydrophobic or hydrophilic properties and elasticity [20].
Among many chemical cellulose modification methods, such as esterification, halogenation, oxidation,
and etherification, determining adequate chemical reaction conditions is essential. Acylation of
cellulose is a rapid esterification reaction with a high yield [21-23]. Particularly, the desired modified
cellulose can be obtained by treating cellulose with other organic polymers containing long chains or
specific functional groups. These hydrocarbon moieties or functional groups on the cellulose are then
able to interact with organic molecules in aqueous solutions.

In this study, the modified cellulose that was successfully prepared by esterification reaction
with stearoyl chloride and benzoyl chloride is presented. The properties and surface morphology
of the synthesized material were determined and characterized by various modern characterization
techniques. Also, the sorption efficiency of stearoyl and benzoyl cellulose, as measured by spectroscopic
analysis, was shown as the removal percentages of phenanthrene and pyrene from aqueous solution.
From the results of this study, the direction and efficiency of the experiment were determined and
discussed in comparison with previous studies.

2. Materials and Methods

2.1. Materials

A cellulose microcrystalline powder (20 pm) was purchased from Sigma-Aldrich (St. Louis,
MO, USA). The cellulose was dried in a vacuum oven at 60 °C for 12 h to remove moisture before
further reaction. Benzoyl chloride (99.0%), stearoyl chloride (97.0%), 4-dimethylamino pyridine
(DMAP) (99.0%), lithium chloride (LiCl) (99.0%), anhydrous 4-N,N-dimethylacetamide (DMAc) (99.8%),
phenanthrene (98.0%), and pyrene (98.0%) were purchased from Sigma-Aldrich.

2.2. Synthesis of Benzoyl Cellulose (Bz—Cell) and Stearoyl Cellulose (St—Cell)

Bz-Cell and St—cell were prepared based on previously described methods with some modification [24].
The whole reaction performed under nitrogen atmosphere. A cellulose microcrystalline powder (1 g) was
dissolved in 40 mL of DMAc containing 8 wt % LiCl at 100 °C for 4 h. Then, benzoyl chloride (4.336 g)
or stearoyl chloride (9.345 g) was added and DMAP (0.376 g) was used for catalyst. The reaction was
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constantly stirred at 100 °C for more than 12 h. The reaction mixture was precipitated with deionized
water, and the resulting solid was filtered out and washed repeatedly using chloroform/methanol.
The obtained Bz—Cell or St-Cell was kept in a vacuum oven at 80 °C for 24 h and then utilized for
further study. The yields of Bz-Cell and St-Cell were 93% and 99%, respectively. The synthesized
compounds (Bz—Cell and St-Cell) were deposited in the Microbial Carbohydrate Resource Bank
(MCRB) at Konkuk University, Korea.

2.3. NMR Spectroscopy

NMR spectra was recorded on a Bruker Avance 600 MHz spectrometer (A Bruker Avance
spectrometer, Bruker, Karlsruhe, Germany) for TH NMR and 13C NMR experiments. The chloroform-d
was used for dissolution of the samples at 25 °C for measurement.

2.4. Fourier Transform Infrared (FT-IR) Spectroscopy

Fourier transform infrared (FT-IR) spectra were conducted with a Bruker IFS-66/S spectrometer
(Bruker, Karlsruhe, Germany) while using KBr pellets as support in the scanning range of
650-4000 cm 1.

2.5. Field Emission Scanning Electron Microscopy (FE-SEM)

Hitachi S-4700, which is manufactured by Hitachi High-Technologies Corporation (Tokyo, Japan)
was used for field emission scanning electron microscopy (FE-SEM). Double-sided adhesive carbon
tape was used to fix the samples on a brass stub. The powder samples were coated on the surface in a
thin layer of gold. The images were photographed at an excitation voltage of 10 kV.

2.6. X-ray Diffraction Analysis (XRD)

X-ray diffraction analysis (XRD) was performed on a Bruker D8 DISCOVER diffractometer (Bruker,
Karlsruhe, Germany) while using Cu-K« radiation. It recorded XRD patterns by analyzing diffractions
at a 20 angle values between 3° and 43° in 1° min~! increments and a recording time.

2.7. Thermal Gravimetric Analysis (TGA)

Thermogravimetric analysis (TGA) curves were obtained with TA Instruments (Q20, New Castle,
DE, USA). For TGA measurements, it recorded the percentage weight loss of the dried sample under a

flowing nitrogen atmosphere from 25 to 600 °C and a heating rate of 10 °C min~!.

2.8. Adsorption of Phenanthrene and Pyrene

We chose phenanthrene and pyrene as PAHs representative. Due to the low water solubility
of phenanthrene and pyrene (1.1 and 0.13 mg/L), the both PAHs were dissolved in methanol high
concentrations. To avoid co-solvent effects, the solutions were diluted with deionized water to make
0.1% of final methanol concentrations [25]. Each of Bz—Cell and St—Cell were placed into screw cap vials
with 0.8 ppm of phenanthrene or 0.08 ppm of pyrene solution, respectively, and the mixture solutions
were stirred and equilibrated at 25 °C for 24 h. The solutions containing phenanthrene and pyrene were
filtered and then measured by a spectrofluorophotometer with ex/em wavelengths of phenanthrene
(ex/em = 248 nm/364 nm) and pyrene (ex/em = 335 nm/392 nm). The obtained emission spectra
were shown in the each range of phenanthrene (300-450 nm) and pyrene (300-450 nm). The excitation
and emission slits was 3.0 and 1.5 nm widths, respectively. The removal efficiency of PAHs could be
calculated, as follows:

Removal efficiency = COgOCG x 100% 1)

where Cj is the initial concentration of PAHs, and Ce is the concentration of PAHs after adsorption
process.
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2.9. Recyclability of Bz—Cell and St—Cell

After completion of the adsorption experiment, the Bz—Cell and St-Cell were collected by
centrifugation, washed with methanol, and then lyophilized. The recovered Bz-Cell and St—Cell
were then reused for the next run. We also measured fluorescence of methanol, which was used in
washing step for each adsorbent to check the desorption of both phenanthrene and pyrene (Figure S1,
Supplementary Materials).

3. Results

3.1. Characterization of Bz—Cell and St—Cell

The Bz—Cell and St—Cell were synthesized via the reaction of benzoyl chloride and stearoyl
chloride with dimethylacetamide (DMAP), respectively (Scheme 1). Cellulose was dissolved by DMAc
and LiCl. Strong hydrogen bonds are formed between the hydroxyl protons of cellulose and the
Cl~ ion with solvation of the Li* ions by free DMAc molecules. Once nucleophile (DMAP) donated
an electron pair to acyl carbons of the substituents, such as benzoyl chloride and stearoyl chloride,
it would be able to react with hydroxyl groups on 2, 3, and 6 position of cellulose. In the 'H NMR
spectrum of the Bz—Cell, cellulose backbone protons appear in the range of 3.00-5.00 ppm, and the
benzoyl ring protons are visible at 7.49 ppm (10-12) and 7.9 ppm (9, 13). The peaks of remained solvent
appeared at around 1.5-2.0 ppm. In fact, some solvents were difficult to remove by washing because
the Bz—Cell was aggregated and kept hydroxyl groups of cellulose making strong binding with DMAc
molecules [26]. It has been reported that when synthesizing benzoyl cellulose in the DMAc/LiCl
system with DMAP, remained solvent peak can be appeared in the 'H NMR spectrum despite a
sufficient washing process (Figure 1a) [27]. In the 1*C NMR downstream spectrum, the peaks of the
benzoyl ring carbons were distributed over 125 ppm (Figure 1b). In the same way, cellulose backbone
protons of the Bz-Cell were in the same 'H NMR spectrum range (Figure 1a). The 'H NMR and 3C
NMR spectra of the St—Cell are shown in Figure 2. The characteristic peaks due to stearoyl carbon chain
protons are observed, ranging from 0.86 to 2.18 ppm (9-24) (Figure 2a). In the '*C NMR upstream
spectrum, the peaks of stearoyl carbons were distributed in the region under 35 ppm (Figure 2b).

(a)
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Figure 1. '"H NMR spectrum (a) and '3C NMR spectrum (b) of the Bz-Cell.
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Figure 2. '"H NMR spectrum (a) and *C NMR spectrum (b) of the St-Cell.
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Scheme 1. Stearoyl cellulose (St-Cell) and benzoyl cellulose (Bz—Cell) synthesis method.
3.2. FT-IR Spectroscopic Analysis

A broad absorption band at 3331.4 cm ™!, which corresponds to hydroxyl group valence vibrations
in cellulose, was observed in the pure cellulose. In the case of the Bz-Cell and St-Cell, this band was
not observed because of the esterification reaction of pure cellulose, which modified with benzoyl
and stearoyl chloride on an OH-group of the pure cellulose (Figure 3). The other characteristic band,
representing the ester C=0 bond (1723.1, 1743.3 cm™!) was also observed due to the esterification of
the Bz-Cell and St-Cell (Table 1). The appearance of a C=C band at 1642.0 cm ™! in the Bz-Cell suggests
the presence of benzoyl groups in the Bz—Cell. The vibrations of C-H bonds in stearoyl moiety in
the St-Cell corresponded to the appearance of strong bands around 2917.8 cm ! supporting that the
esterification reaction successfully occurred in the synthesis of St—Cell.

From the FT-IR spectra of the modified cellulose Bz—Cell and St-Cell, the number of hydrogen
bonds decreased due to the low solubility from the substitution of hydroxyl groups with hydrophobic
substituent benzoyl chloride and stearoyl chloride, respectively, on the cellulose backbone. Therefore,
a substantial reduction was observed in the -OH detecting area and the characteristic ester C=O
absorption band at 1723.1 and 1743.3 cm™~! was observed. Even though the hydroxyl groups on the
cellulose backbone were not fully substituted, all the peaks belonging to the benzoyl and stearoyl
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groups were absent in pure cellulose, and, therefore, the cellulose was modified by the esterification
reaction and thus, Bz—Cell and St-Cell were successfully synthesized.

St-Cell

C-O stretch

- From ester
Bz-Cell e

Transmittance

Cellulose 1315.9

4000 3000 2000 1000
Wavelenth(cm™)

Figure 3. Fourier transform infrared (FT-IR) spectra of cellulose (black); Bz—Cell (blue); and St—Cell (red).

Table 1. FT-IR absorption bands for cellulose, Bz-Cell, and St-Cell.

Assignment Cellulose (tm~1)  Bz-Cell (cm~!)  St-Cell (cm™!)
v (O-H) 3331.4 - -
v (C-H) 2897.6 2907.6 2917.8
v (C=0) - 1723.1 17433
v (C-0-C) 1028.6 1062.6 1052.9
v (C-C(=0)-0-C) - 1220.0 1233.2
C=C aromatic ring - 1642.0 -

3.3. Thermal Gravimetric Analysis (TGA)

Thermogravimetric analysis of pure cellulose, Bz—Cell, and St-Cell was carried out to monitor the
effect of the benzoyl and stearoyl groups on the thermogravimetric properties of the prepared materials.
The decomposition temperature (°C) of pure cellulose, and the benzoyl and stearoyl cellulose materials,
against weight loss (%), are plotted in Figure 4. The increase in Ty value reflects the modification of
benzoyl and stearoyl on cellulose and the stearoyl chain interactions between them, which enhances
the chain packing of the material. In particular, pure cellulose showed a T at 328 °C, whereas benzoyl
cellulose and stearoyl cellulose had a Tg of 379 and 341 °C, respectively (Table 2). These results suggest
that pure cellulose was modified with benzoyl and stearoyl groups along its backbone, as evidenced
by the higher Tg of the Bz-Cell and St-Cell.

Table 2. TGA data of cellulose, Bz—Cell, and St—Cell.

Sample Initial Decomposition Glass Transition 50% Weight Loss

p Temperature, T; (°C) Temperature, Tg (°C) Temperature (°C)
Cellulose 200 328 364
Bz—Cell 278 379 385
St—Cell 268 341 350
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Figure 4. Thermal Gravimetric Analysis (TGA) analysis of cellulose (gray); Bz-Cell (red); and St-Cell (blue).

3.4. XRD Analysis

The influence of the crystalline behavior of pure cellulose and the modified celluloses of the
esterification reaction on the crystallinity of cellulose were studied by wide angle XRD. Figure 5 shows
the XRD diagrams of pure cellulose, the Bz—Cell, and the St-Cell. The conventional characteristic
diffraction peaks of pure cellulose micro-crystalline were appeared at 26 around 15°, 22°, and 35°.
These characteristic peaks were changed after modification. Especially, the diffraction peaks of the
Bz—Cell were showed a broader and lower intensity peak than those of pure cellulose because the
benzoyl group could increase the amorphous character in the Bz—-Cell. In the case of St—Cell, diffraction
peaks, which were found at 4° and 21°, were different from the peaks of existing pure cellulose.
However, a peak similar to pure cellulose was observed at 21°, rather than Bz-Cell, confirming that the
stearoyl group had a relatively less effect on crystallinity change of pure cellulose [12,15,18]. From the
above results, it was confirmed that crystallinity of the cellulose was changed by the application of
benzoyl group and stearoyl group.

09 oW ——Cellulose

21w =Bz-Cell

—St-Cell

Intensity (a.u)

10 20 30 40
26 (degree)
Figure 5. X-ray diffraction analysis (XRD) analysis of Cellulose (gray); Bz-Cell (red); and St-Cell (blue).
3.5. FE-SEM Analysis

FE-SEM was used to study the morphological characteristics of the inclusion complex. The SEM
images of cellulose, Bz—Cell, and St—Cell are shown in Figure 6a,b,e. Cellulose appeared as an
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irregular fold-like structure (Figure 6a), Bz—Cell as aggregated particles (Figure 6b) and St—Cell showed
relatively cellulose-like surface morphology, but it is more rough, which is favorable for the adsorption
of chemicals (Figure 6e) [28]. These surface phenomena correspond to the XRD results. We also
analyzed the surface morphology of the modified cellulose after PAHs adsorption. After phenanthrene
adsorption onto the Bz—Cell (Figure 6¢), the materials appeared as more aggregated small particles
because the benzoyl groups on Bz—Cell could interact with the poly aromatic rings of phenanthrene
by 7—m interactions. This tendency was also confirmed to the other Bz—cell after the adsorption with
the pyrene with a larger poly aromatic rings than phenanthrene (Figure 6d). Figure 6f,g show the
morphological surface characteristics of the St—Cell after adsorption with phenanthrene and pyrene,
respectively. Differences in the flatness of the material were clearly observed before and after the
adsorption of the phenanthrene and pyrene on the St—Cell. The difference of surface roughness was
also shown in the FE-SEM data. However, St—Cell did not show any aggregations even in the presence
of PAHs. We expect that the aggregation appeared in the Bz—cell might be a disadvantage in adsorbing
PAHs because of the reduced surface area. In the case of the St-Cell shown in Figure 6f,g, both
phenanthrene and pyrene were well attached on its surface, since the aliphatic groups on St-Cell could
interact with the aromatic rings on PAHs.

() ® )

Figure 6. SEM images of cellulose (a); Bz—Cell (b); Bz—Cell after adsorption with phenanthrene (c);
Bz—Cell after adsorption with pyrene (d); St-Cell (e); St—Cell after adsorption with phenanthrene (f);
and St-Cell after adsorption with pyrene (g).

3.6. Emission Spectra and Removal Test

To clarify the sorption effects of PAHs onto the Bz—Cell and St—Cell, the fluorescence emission
spectra of the PAHs were measured in the phenanthrene and pyrene solution of 0.8 and 0.08 ppm.
After 24 h of stirring to equilibrate between the adsorbents and PAHs in aqueous solution, the emission
spectra of the remained PAHs in solution were measured for the analysis. Each experiment was
triplicated to obtain mean results (percentage removal of PAHs) [29]. The intensity of phenanthrene
was not significantly affected by the addition of cellulose, while the addition of the Bz—Cell and
St-Cell decreased the concentration by 95% and 97%, respectively (Figure 7a,c). In the case of
pyrene, cellulose also had no effect, while the Bz—Cell and St-Cell displayed 78% and 96% removal
efficiency (Figure 7b,d). Meanwhile, activated carbon and polystyrene are well known adsorbents for
pollutants. Especially, the phenanathrene adsorption capacities of absorbent-grade activated carbon
and polystyrene were around 8 to 50 and 3.91 mg/g, respectively [30,31]. In the case of polystyrene,
the adsorption capacity was relatively small when compared to our material. Therefore, we tested the
adsorption capacity of adsorption-grade activated carbon against PAHs. We used the Carbon black
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XC-72, which is commercially available adsorbent-grade activated carbon [32]. In the case of activated
carbon, it showed the higher removal efficiency of 98% in phenanthrene and 99% in pyrene than those
of Bz—Cell and St-Cell (Figure S3, Supplementary Materials). However, it showed very lower recovery
efficiency of 8% in phenanthrene and 5% in pyrene. It also meant that the activated carbon could not be
reusable practically due to its very low recovery. We actually measured the fluorescence of methanol
from washing step of the activated carbon (Figure S1, Supplementary Materials). Those results indicate
that reactivation of activated carbon is very difficult. It was also reported that activated carbons are
expensive and their recovery are very difficult [2,33]. Efficient both recovery and recyclability with
relatively high removal efficiency could be the strong advantages of our modified cellulose comparing
with the activated carbon. The contact time significantly affected the adsorption of phenanthrene and
pyrene. The effect of time on adsorption was determined by collecting the sample at pre-determined
time intervals, up to the 180 min stirring time. The adsorption capacity of the prepared Bz—Cell and
St-Cell showed rapid adsorption up to almost 10 min; as the adsorbent was mixed up to 10 min stirring
time, the adsorption capacity gradually increased, and at 10 min, the adsorbent reached the saturation
point. After this, no major adsorption changes were found. The time-dependence curve (0-180 min) of
phenanthrene and pyrene adsorption is shown in Figure 8. The expected equilibrium point is at 10 min
for both materials in a phenanthrene or pyrene solution of 0.8 and 0.08 ppm, respectively. This result
can be explained by the materials” hydrophobicity. By contrast, pure cellulose is a hydrophilic material.
Cellulose is easy to disperse in water to bring the solid surface close to phenanthrene and pyrene in
water. However, modified cellulose has organic chains grafted onto the surface, which enhance the
interaction with phenanthrene and pyrene molecules, resulting in a higher adsorption capacity than
pure cellulose.

(a) Phenanthrene © Phenanthrene
98
1200 100 95
1000 ——PHE é
80
—cCellulose
g " g O O
2 w0 —szCell tw
£ —st-cell H
= 00 2
@
200 =
20
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300 350 400 450 .
Anm Cellulose Bz-Cell St-Cell
(b) Pyrene (d) Pyrene
1200 100 O‘ 97
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Figure 7. Emission spectra of phenanthrene (a) and pyrene (b). Removal efficiency (%) of phenanthrene
(c) and pyrene (d), as compared with cellulose. The insets in (c) and (d) show the chemical structure of
phenanthrene and pyrene, respectively.
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Figure 8. The time-dependent removal (%) of phenanthrene (a) and pyrene (b) by the Bz-Cell and
St—Cell, compared with cellulose.

3.7. Reusability of Bz—Cell and St—Cell

Finally, the regeneration and reusability of the Bz—Cell and St-Cell for the sorption of the model
PAHs were examined. Figure 9 shows the adsorption percentage of the model PAHs after consecutive
recycling of the Bz—Cell and St-Cell. The removal efficiencies of phenanthrene in the Bz—Cell and
St-Cell remained above 83.9% for up to five sequential cycles. Both adsorbents still have enough
efficiency to be reused even after five cycles. However, some reduction of recyclability were observed
at the 10th cycle. We expect to use it up to 15 cycles with more than 50% efficiency (Figure S2,
Supplementary Materials). Thus, these modified celluloses could be used repeatedly as efficient
adsorbents to remove phenanthrene and pyrene from aqueous solutions.

Phenanthrene Pyrene
_. 100 . 100
x® R
=] =g
60 k
40 40
20 20
o 0
1st 2nd 3rd 4th 5th 1st nd 3rd 4th Sth
No. of cydes No. of cydes
= BzCell StCell = Bz-Cell StCell

Figure 9. Recycling of Bz—Cell and St-Cell for the removal of phenanthrene and pyrene.

4. Conclusions

Cellulose materials, modified by benzoyl and stearoyl groups, were prepared by a simple chemical
grafting method. Using these reactions, functionalized cellulose, the Bz—Cell and St—Cell respectively,
was successfully synthesized. The characterization results that were obtained by NMR, FI-IR, TGA,
XRD, and SEM indicated that the benzoyl and stearoyl groups were grafted on the cellulose backbone.
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The Bz—Cell and St—Cell were estimated to have ability of potential adsorbents to remove two model
of PAHs (phenanthrene and pyrene) in adsorption study. Especially, both the removal and reusability
efficiency of St—Cell are higher than those of Bz—Cell, as shown in Figures 7 and 9. This might be due to
the aggregated surface properties of Bz—Cell with benzoyl moieties as shown in Figure 6b. In addition
to the comparison between the two modification groups, both modified cellulose adsorbents showed
higher adsorption efficiencies than previous studies [24]. Although the activated carbon showed
the high PAHs absorptions, it has a clear disadvantage of very low recovery. However, the Bz—Cell
and St-Cell can show the excellent both recovery and reusability with relatively high adsorption
percentages of phenanthrene above 83.9%, up to the fifth cycle. Furthermore, the cellulose polymer is
cheap comparing with activated carbon. Cellulose microcrystalline (powder, 20 um Sigma-Aldrich)
costs $150 per kilogram, as compared to $1000 for activated carbon Carbon black XC-72 (Fuel Cell
Earth). This study could suggest that further research into the use of cellulose with various functional
substituents can be applied to the molecular adsorbent of various organic pollutants in industrial
scales, as well as for the removal of PAH. We also expect that the Bz—Cell and St-Cell would have
the potential as basic biomaterials for various formulation studies, such as hydrogels, membranes,
and filters.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/2073-4360/10/9/1042/
s1, Figure S1: Recovery percentage (%) of PAHs from Bz-Cell, St-Cell, and activated carbon by MeOH, Figure
S2: Recycling of Bz-Cell and St-Cell for the removal of phenanthrene and pyrene up to 10th cycles, Figure S3:
Removal efficiency (%) of phenanthrene and pyrene by activated carbon.
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Abstract: Paper fibers have gained broad attention in natural fiber reinforced composites in recent
years. The specific problem in preparing paper fiber reinforced composites is that paper fibers easily
become flocculent after pulverization, which increases difficulties during melt-compounding with
polymer matrix and results in non-uniform dispersion of paper fibers in the matrix. In this study, old
newspaper (ONP) was treated with a low dosage of gaseous methyltrichlorosilane (MTCS) to solve
the flocculation. The modified ONP fibers were characterized by Scanning Electron Microscope (SEM),
Fourier Transform Infrared Spectroscopy (FTIR), and Thermogravimetric Analysis (TG). Then the
modified ONP fibers and high-density polyethylene (HDPE) were extruded and pelletized to prepare
ONP/HDPE composites via injection molding. Maleic anhydride-grafted polyethylene (MAPE) was
added to enhance the interfacial bonding performance with the ultimate purpose of improving the
mechanical strength of the composites. The mechanical properties such as tensile, flexural, and
impact strength and the water absorption properties of the composite were tested. The results showed
that the formation of hydrogen bonding between ONP fibers was effectively prevented after MTCS
treatment due to the reduction of exposed OH groups at the fiber surface. Excessive dosage of MTCS
led to severe fiber degradation and dramatically reduced the aspect ratio of ONP fibers. Composites
prepared with ONP fibers modified with 4% (v/w) MTCS showed the best mechanical properties due
to reduced polarity between the fibers and the matrix, and the relatively long aspect ratio of treated
ONP fibers. The composite with or without MAPE showed satisfactory water resistance properties.
MTCS was proven to be a cheap and efficient way to pretreat old newspaper for preparing paper
fiber reinforced composites.

Keywords: ONP fibers; silanization; composites; mechanical properties

1. Introduction

Natural fibers, as an alternative to conventional reinforcement in polymer composites, have
received significant interest during the past decades [1,2]. Compared with synthetic fibers, natural fibers
possess many advantages such as low cost, low density, CO, neutral, sustainability, biodegradability,
high specific strength/modulus, and being non-abrasive to processing machinery. In natural
fiber reinforced composites, the compatibility between hydrophilic natural fibers and hydrophobic
thermoplastics is the main problem to be solved since the interfacial properties play an important role in
the physical and mechanical performances of the composites. Results showed that interfacial adhesion
could be improved through physical treatments [3,4], chemical modification [5,6], or a combination of
both [7,8] to natural fibers. Recently, researchers have focused on preparing composites with paper
fibers [9-17]. Usually paper fibers have a length in the range of 500-5000 um and a diameter of
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10-50 pm. Their absolute length is shorter than that of hemp fiber but their aspect ratio is larger than
that of wood powder fiber. Such properties make them suitable for fabricating reinforced composites
with applications in construction, automobiles, and outdoor furniture.

In the injection molding process, waste paper needs mechanical milling to produce individual
fibers, followed by melt-compounding with thermoplastic polymers to disperse paper fibers uniformly
within the composites. However, paper fibers are always flocculent after direct pulverization. Such flocs
makes paper fibers difficult to melt-compound with the polymer matrix, which results in non-uniform
dispersion of paper fibers in the matrix. Valente et al. [18] reported that paper turned prevalently
wad-like after micronization and a turbo-mixing had been developed to introduce higher fiber
percentages and better dispersion in the high-density polyethylene (HDPE) matrix. The agglomeration
of paper fibers is mainly attributed to their relatively high aspect ratio and hydrogen bonding with
each other. Therefore, methods that could reduce the formation of hydrogen bonds between fibers
would facilitate their melt-compounding with polymer matrix. Serrano and Espinach et al. [19,20] used
a water—diglyme (1:3) mixture to disperse old newspaper fibers before an oven drying process to limit
the hydrogen bonding between the cellulosic fibers. Yang and Wang et al. [21] investigated several
methods for dispersing pulp fibers in the HDPE matrix, and found that combining twice twin-screw
melt-blending with pre-pressing and oven drying would obtain composites with the most uniform
fiber dispersion and the best mechanical properties. The hydrophobic modification at fiber surface by
acetylation [22,23], silane treatment [24,25], maleic anhydride treatment [6], etc., could also improve
compatibility between the paper fibers and the polymer matrix through the reduction of fiber polarity.
However, the concentration of paper fibers in the reaction system is usually kept as low as 2% or
less to ensure that the chemical modification is uniform and sufficient, which meant the amount of
organic solvents used was at least 50 times more than the paper fibers. Even for potassium methyl
siliconate-treated pulp fibers, which were treated in water instead of organic solvents [26,27], 300 g
fibers required 990 g potassium methyl siliconate for the modification process. It seemed that the
solvent reaction system was not an efficient method for mass paper fiber modification.

Methyltrichlorosilane (MTCS) is an active silane coupling agent and has been successfully used
to prepare superhydrophobic surfaces. Gao and McCarthy [28] prepared a perfectly hydrophobic
surface with advancing and receding angles of 180° using an MTCS/toluene system. Water traces
in this liquid reaction system were used to adjust the three dimensional nanostructured geometry
and the hydrophobicity of the modified surface [29,30]. The silicone nanofilaments could also be
formed in closed gaseous environments with controlled water vapor [31]. Superhydrophobic textiles
and cellulosic products were fabricated by a one-step gas phase coating procedure using gaseous
MTCS [32,33]. If the hydrophobic modification of paper fibers was carried out in a liquid solvent,
300 g fibers required 15 L toluene (with a fiber concentration of 2%) and 224 g MTCS (with a MTCS
concentration of 0.1 mol/L). However, it only takes 15 g MTCS (nearly 15 times less) if the reaction
happens in the gas phase and no organic solvents are required. Thus the gas phase reaction has the
potential to be suitable for paper fiber hydrophobization.

In this study, old newspaper (ONP) was recycled as a typical waste paper to prepare natural
fiber composites. High-density polyethylene (HDPE) was chosen as the matrix in consideration of the
relatively low processing temperature so that the degradation on ONP fibers from high temperature
and high pressure in a twin-screw extruder could be minimized. The flocculation problem of paper
fibers was solved by hydrophobic modification using MTCS. The effect of MTCS treatment on the
fiber properties and mechanical properties of ONP-HDPE composites was investigated. FTIR results
showed that some exposed —OH groups still existed at the fiber surface after MTCS modification,
indicating that the interface compatibility between hydrophobic ONP fibers and HDPE matrix was
still flawed. Therefore, maleic anhydride-grafted polyethylene (MAPE), a common coupling agent
used in natural fiber—plastic composites [34-36], was further added into the composite to improve its
physical and mechanical properties.
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2. Materials and Methods

2.1. Materials

Old newspaper (ONP) with an apparent density of 0.89 g/cm® was provided by Nanfang Metropolis
Daily, Guangzhou, China. The main components contained 46.9% cellulose, 24.0% hemicellulose,
16.5% lignin, and 10.9% ash. Its moisture content was measured to be 6.7% at room temperature and
60% relative humidity. Methyltrichlorosilane (MTCS, 98%) was supplied by J&K Chemical, Beijing,
China. High-density polyethylene (HDPE, 5000S) pellets with a density of 0.954 g/cm® and a melt
flow index of 0.92 g/10 min (190 °C, 2.16 kg according to ASTM D1238) were purchased from Yangzi
Petrochemical in Guangzhou, China. The tensile and flexural strength of pure HDPE was measured
to be 19.6 and 12.2 MPa, respectively. Maleic anhydride-grafted polyethylene (MAPE) with an MA
grafting ratio of 0.9 wt.% was supplied by Bochen Polymer New Materials, Foshan, China. The free
radical grafting reaction happened between MA and HDPE at around 170 °C.

2.2. ONP Pretreatment

In a typical pretreatment, one batch of ONP (100 g) was cut into 4 mm X 25 mm strips using a
paper shredder and dried at 105 °C for 2 h. The dried ONP strips were sealed in a plastic bag containing
a dish with a certain volume of MTCS. The MTCS dosages of 2, 4, 6, and 8 mL were marked as 2%, 4%,
6%, and 8% (v/w), respectively. The bag was sealed and placed in an oven at 60 °C for 3 h. The liquid
silane completely volatilized during this period. The bag was then opened and 20 mL of water was
added into the dish. The bag was sealed and placed in an oven at 60 °C for another 3 h to hydrolyze
the residual MTCS. The treated ONP fibers were washed with deionized water until they were pH
neutral. Then they were oven-dried at 120 °C for 2 h. Three batches of the powdery fibers (300 g) were
mixed with HDPE pellets (300 g, including MAPE pellets) in a high-speed mixer (SHR-10A, Grand
Instrument Co. Ltd., Zhangjiagang, China) at 100 °C for 10 min. The well-mixed mixture was stored in
sealed bags for further extrusion—pelletization processes.

2.3. Preparation of Composites

ONP/HDPE composites were prepared through extrusion—pelletization and injection molding.
The melt-compounding and pelleting was carried out in a twin-screw extruder (SHJ-20B, Jieente,
Nanjing, China) with an L/D ratio of 40. The temperatures of five zones in the extruder were set to be
130, 135, 155, 150, and 145 °C, respectively and the rotation speed was 16 rpm. The extruded cylindrical
sample with a diameter of 3.5 mm, was cut by a granular QL-20 (SHJ-20B, Jieente, Nanjing, China) to
produce pellets with a length of 5 mm. The pelletized composites were dried at 105 °C for 4 h before
feeding into an injection molding machine (Y-35V, Yingbao Instrument Co. Ltd., Dongguan, China) for
preparing the specimens for the testing of mechanical properties. The injection temperature was set to
be 170 °C, injection pressure 95 bar, injection time 2 s and cooling time 4 s.

2.4. Characterization

2.4.1. Mechanical Properties

All test specimens were kept at 25 °C and 65% relative humidity for seven days before testing.
Tensile and flexural properties were measured using an electromechanical universal testing machine
(Model CMT5504, Shenzhen Rethink Cooperation, Shenzhen, China) according to GB/T 1040-2006 and
GB/T 9341-2008, respectively. A dumbbell specimen was used for measuring the tensile strength and
the loading speed was 5 mm/min. A flexural specimen, with the dimensions of 80 mm X 10 mm X
4 mm, was used for measuring the flexural strength and flexural modulus. The loading speed was
2 mm/min. The notched impact strength was measured by a load impact testing machine (XJU-5.5,
Chengde Xinma Testing Instrument Co. Ltd., Chengde, China) according to GB/T 1843-2008. Notch
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depth of the impact specimen was 0.25 mm. Five replicates were tested to obtain the average values of
the above mechanical properties and their standard deviations.

2.4.2. Water Absorption Tests

The water resistance test was conducted according to GB/T 1934.1-2009. All the specimens were
oven dried at 50 + 3 °C for 24 h prior to water soaking and then immersed in water for 24 h at room
temperature. Each specimen was weighed and measured for thickness at three marked locations.
Five replicates were tested for each specimen.

2.4.3. Scanning Electron Microscope (SEM)

The morphologies of the modified ONP fibers and the fracture surfaces of the composites were
observed with an SEM (Hitachi S-4800, Hillsboro, OR, USA) at an accelerating voltage of 20 kV.
All samples were sputter-coated with gold before SEM observation.

2.4.4. Wettability Test

The wettability of original and MTCS-modified ONP fibers was characterized by water contact
angle (CA) using Contact Angle System OCA20 (DataPhysics, Filderstadt, Germany). Flocculent and
powdery ONP fibers were adhered to a glass sheet using double-sided tape to form a relative flat
film. Then graphs of 5 uL water droplets on the film were recorded and their CAs were calculated by
Young-Laplace fitting.

2.4.5. Fourier Transform Infrared Spectroscopy (FTIR)

Fourier transform infrared analysis of untreated and treated ONP fibers was carried out in a
Fourier transform infrared spectrometer (Tensor-27, Bruker, Ettlingen, Germany). Each sample was
scanned 64 times in transmittance mode, at 4 cm~! resolution in the wave range from 400 to 4000 cm~L.

2.4.6. Thermogravimetric Analysis

Thermogravimetric analysis was used to characterize the thermal stability of the modified ONP
fibers with a TG 209 Instrument (Bruker Netzsch, Selb, Germany) at a heat rate of 10 °C/min from room
temperature to 700 °C under nitrogen gas.

3. Results and Discussion

3.1. Characterization of Untreated and MTCS-Treated ONP Fibers

Direct mechanical pulverization of ONP without any treatment produced flocculent fibers as seen
in Figure 1. These ONP fibers could not be fed into the twin-screw extruder for melt-compounding
and pelleting with HDPE pellets. The modified ONP fibers pre-treated with MTCS were powdery and
did not need further mechanical pulverization, which indicated that hydrogen bonding between fibers
was effectively prevented. Thus ONP powder could be smoothly melt-compounded with HDPE via a
twin-screw extruder, followed by injection molding.
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!

MTCS

MTCS Treatment Powdery Fibers

Figure 1. Schematic diagram of old newspaper (ONP)/high-density polyethylene (HDPE)
composite preparation.

The surface morphology of untreated and MTCS-treated ONP fibers was characterized using
SEM. It can be observed from the SEM images shown in Figure 2 that there were no obvious changes
at the fiber surface treated with 2% and 4% (v/w) MTCS compared with the untreated ONP fibers
shown in Figure 2a. A monolayer of polymethylsilsesquioxane (PMS) was formed at the modified
fiber surface because MTCS reacted with the cellulose -OH groups in the sealed dry environment [37].
A few fibrous fragments were observed when 2% and 4% (v/w) MTCS was used. However, no intact
fibers were found when the MTCS dosage increased to 6% and 8% (v/w), and the aspect ratio of fiber
debris decreased significantly to two or even smaller. The dimension of the powdery fiber decreased
with the increase of the MTCS dosage. The degradation of ONP fibers was attributed to the presence
of the by-product hydrogen halide from the MTCS hydrolysis. More severe degradation of the ONP
fibers was observed when hydrogen halide concentration increased with the increased usage of MTCS
during silanization modification.

The wettability of MTCS-modified ONP fibers was investigated through measuring their water
contact angles. Before modification, a water droplet penetrated into ONP fibrous film within 5 s.
Due to the introduction of Si-CHj groups at the ONP fiber surface, the water contact angle of the ONP
fibers after treatment with 2% and 4% (v/w) dosage of MTCS increased to 129.1° + 6.0° and 129.9°
+ 3.8°, respectively. With the increase of the dosage of MTCS, the hydrophobicity of modified ONP
fibers was further enhanced and the contact angles went up to 138.6° + 3.2° for 6% (v/w) and 139.8°
+ 0.3° for 8% (v/w). MTCS modification turned ONP fibers from hydrophilic to hydrophobic, which
demonstrated that their interface compatibility would be improved with HDPE matrix.

GIEC17-111 2.0kV 15.9mm x800 SE(M) 7/. 50.0um | GIEC17-112 2.0kV 16.3mm x800 SE(M) 7/26/2017 11:37

Figure 2. Cont.

201



Polymers 2019, 11, 842

GIEC17-113 2.0kV 16.3mm x800 SE(M) 7/26/2017 11:40 50.0um | GIEC17-114 2.0kV 16.5mm x800 SE(M

3

GIEC17-116 2.0kV nm x800 SE(M) 7/26/2017 11:47 50.0um

Figure 2. SEM images of ONP fibers treated with different methyltrichlorosilane (MTCS) dosages and
their corresponding water contact angle photos: (a) 0 (v/w); (b) 2% (v/w); (c) 4% (v/w); (d) 6% (v/w); and
(e) 8% (v/w).

FTIR spectra shown in Figure 3 were used to characterize the changes of the chemical groups
that occurred at the treated ONP fibers. There existed the overlapping effects of C-O in cellulose and
5i-0O-Si, Si-O-C, which were derived from the reaction between the hydroxyl groups of fibers and
MTCS at 1000-1130 cm ™! [38]. Characteristic absorption peaks at the 781 and 1276 cm™! were assigned
to the Si—C stretching vibration bond, and the deformation vibrations of -CH3. However, these two
peaks were only found in the 6% and 8% (v/w) MTCS-treated samples, which indicated the presence
of PMS. Meanwhile the two characteristic absorption bands at 781 and 1276 cm™! were not obvious
in samples treated with 4% (v/w) MTCS, which supports that the modified fiber surface was covered
with only a small amount of PMS. The broad peaks at 3200-3680 cm™! and 2900 cm~! were assigned to
the stretching vibration of -OH and CH, groups from cellulose and they decreased with the increase
of MTCS dosage to 4% (v/w). However, these bands became pronounced again in samples treated
with the 6% (v/w) and 8% (v/w) MTCS. It was thought that more fiber fragmentation under these two
conditions possibly exposed new hydrophilic hydroxyl groups within the ONP fibers.
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Figure 3. FTIR spectra of ONP fibers treated with different MTCS dosages: (a) 0 (v/w); (b) 2% (v/w); (c)
4% (v/w); (d) 6% (v/w); and (e) 8% (v/w).

The thermal stability of untreated and MTCS-modified ONP fibers was studied by TGA as shown
in Figure 4. Usually, natural fibers exhibited three stages of mass loss under nitrogen atmosphere with
increasing temperature. The initial stage took place before 120 °C due to the evaporation of adsorbed
moisture. The second stage corresponded to swift decomposition between 275 and 370 °C, which was
thought to be hemicellulose and partly cellulose degradation. An unsymmetrical peak at 362 °C in
untreated ONP fibers was observed while the peak symmetry of MTCS-modified fibers was improved,
indicating that partial hemicellulose was removed after the MTCS treatment and washing process.
However, the degradation temperature at maximum rate shifted to 355 and 344 °C, corresponding
to 2%, 4% (v/w) and 6%, 8% (v/w) MTCS treatment, respectively. The lower cellulose-breakdown
temperature showed a degradation of thermal stability of the modified ONP fibers. The thermal
stability degradation probably resulted from the HCI degradation of ONP fibers, which was consistent
with information shown in the SEM images.

100+ 4
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80 = 054 2% (viw)
S £
< S -1.04
2 £ s
3 —— Untreated 2
= 40 2
2% (viw) 2 50
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Figure 4. TG spectra of untreated and modified fibers with 2%, 4%, 6%, and 8% (v/w) MTCS dosages.

Based on the above characterization of MTCS-modified ONP fiber, the possible reaction mechanism
is proposed in Figure 5. Gaseous MTCS could readily be impregnated into ONP strips through the
interspaces. Since no free water existed on the ONP fibers, these reactive —-Cl groups of MTCS
assembled on the fiber surfaces and reacted with -OH group of cellulose to form Si-O-cellulose
bonds. Such bonds per silane molecule reached at maximum two instead of three due to the steric
hindrance [39]. However, no condensation took place among free- or anchored-MTCS molecules due
to the absence of water molecules. Hydrolysis reaction of residue Si—Cl groups happened in the next
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step where water was introduced. Therefore, a monolayer of PMS was finally formed at the ONP fiber
surface, producing hydrophobic properties. Note that the PMS layer was not complete as some ~-OH
groups were preserved at the fiber surface after MTCS modification.

CH, Hy (|:H3 (|)H3
Sie_ Sl Sie Si_
cl i— cl c
C'/ \m CI/ \ °'/ \cw c 7N

! cl

ONP fiber surface

CH;  CH;  CHy

(|3H3 C|H3 |

i si AINANSINS

A NARENNNE:
e e .

TCMS modified ONP fiber surface
Figure 5. Formation of polymethylsilsesquioxane (PMS) on ONP fiber surface.

3.2. Effect of MTCS Dosage on Mechanical Properties and Water Resistance of ONP/HDPE Composites

Powdery ONP fibers were obtained after MTCS treatment due to the reduced polarity and
decreased hydrogen bonding among ONP fibers. Macro-morphology transition of ONP fibers was
essential because flocculent fibers could not be fed into the twin-screw extruder for melt-compounding
and pelleting with HDPE pellets.

The relationship between the MTCS dosages and the mechanical properties of ONP/HDPE
composites was investigated and the results are shown in Figure 6. The impacts of MTCS dosage
on tensile and flexural strength were similar. The increase of tensile and flexural strengths with the
increase of MTCS dosage from 2% to 4% (v/w) could be attributed to the improved compatibility
between the modified fibers and HDPE. The fiber orientation and the degree of dispersion might be
also enhanced due to weakened forces between the modifier fibers [40]. However, tensile and flexural
strengths fluctuated when the MTCS dosage was larger than 4% (v/w), which might be caused by
the compromise between decreased aspect ratio and improved compatibility. Although the notched
impact strength also increased at first with the increase of MTCS dosage and then decreased, the
highest notched impact strength was obtained when the MTCS dosage was 6% (v/w). The SEM images
showed that the modified ONP fibers were dramatically damaged with a relatively high dosage of
MTCS. Fibers treated with 8% (v/w) MTCS even appeared irregularly shaped. The reduced aspect ratio
led to more fibers pulled out of the matrix rather than fracture when the ONP/HDPE composite failed
to reduce its mechanical strength [9]. It seemed that impact strength was less sensitive to the aspect
ratio of paper fiber reinforcement than tensile and flexural strength.

Water absorption of ONP/HDPE composites was low and decreased with the increased dosage of
MTCS up to 6% (v/w). The prepared composites showed worse water resistance when large amounts
of MTCS were used to modify the ONP fibers. As mentioned above, ONP fibers treated with 8% (v/w)
MTCS were intensively fragmented, which exposed more hydrophilic hydroxyl groups within the
ONP fibers and would result in more interfacial bonding and more moisture uptake.
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Figure 6. Impacts of MTCS dosages on mechanical properties and water resistance of
ONP/HDPE composites.

3.3. Effect of MAPE Content on Mechanical Properties and Water Resistance of ONP/HDPE Composites

The hydrophobic modification at the ONP fibers improved interfacial compatibility with HDPE
matrix. However, the promoted mechanical properties of the composites were limited. There were still
large amounts of free hydroxyl groups at the MTCS-treated fibers according to the information
obtained from the FTIR results. Therefore, the coupling agent MAPE was added during the
extrusion—pelletization process to improve the interface bonding and to enhance the mechanical
properties. The presence of MAPE in the composites created a significant increase in tensile strength,
flexural strength, and notched impact strength as shown in Figure 7. The tensile strength of the
composite quickly increased with 3 wt.% of MAPE and after that slowly reached the highest value
of 32.57 + 0.07 MPa, which was up to a 63.2% enhancement compared to the one without MAPE.
The flexural strength quickly increased when the MAPE content was 3 wt.% and then decreased
linearly from 35.08 + 0.88 to 33.89 + 0.54 MPa when the MAPE content increased from 3 to 9 wt.%.
The notched impact strength of the ONP/HDPE composite was less affected by the addition of MAPE.
The strengthening effect of MAPE on the ONP/HDPE composites can be attributed to the ester linkages
of the unreacted hydroxyl groups on the fibers and the acid anhydride groups of MAPE while the
nonpolar long chain from MAPE was entangled with the molecular chain of the matrix. The improved
interface adhesion between the ONP fibers and HDPE matrix also reduced the water absorption
of composites. Since the ONP fibers turned hydrophobic after MTCS modification, the 24 h water
absorption of the ONP/HDPE was as low as 0.56% + 0.02%. Thus, the increase of MAPE content only
slightly reduced the water absorption behavior of the ONP/HDPE composites.
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Figure 7. Impacts of maleic anhydride-grafted polyethylene (MAPE) content on mechanical properties
and water resistance of ONP-HDPE composites.

3.4. Interfacial Characterization of ONP/HDPE Composites

The interfacial adhesion of ONP and HDPE could be inferred from the fracture surface
microstructure of ONP/HDPE composite. SEM images of fracture surfaces of the composites reinforced
with 50% fibers which were treated with 4% (v/w) MTCS are shown in Figure 8. A composite prepared
without MAPE showed identifiable ONP fibers as well as gaps around them, which indicated that the
interfacial adhesion between modified fibers and the matrix was weak. The reason was thought to
be that the polarity difference between the modified ONP fibers and HDPE had decreased but not
disappeared, since cellulose -OH groups still existed at the modified fiber surface with 4% (v/w) MTCS
according to the FTIR results. The interface of ONP and HDPE became more and more ambiguous
and no debonding of fibers was observed with increased MAPE loading shown in Figure 8b—e.
The interfacial adhesion was enhanced since carboxyl groups of MAPE connected with hydroxyl
groups of ONP fibers through ester and/or hydrogen bonding.
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Figure 8. SEM images of interfacial adhesion with different MAPE contents: (a) 0%; (b) 3%; (c) 5%;
(d) 7%; and (e) 9%.

4. Conclusions

In this study, hydrophobic modification using gaseous MTCS was proved to be an efficient method
for ONP to solve the flocculation problem after pulverization. The formation of hydrogen bonding
between ONP fibers was effectively prevented after MTCS treatment due to the reduction of exposed
—OH groups at the fiber surface. However, excessive dosage of MTCS (larger than 6% (v/w)) led to severe
fiber degradation and dramatically reduced the aspect ratio of ONP fibers. ONP/HDPE composites
prepared with ONP fibers modified with 4% (v/w) MTCS showed the best mechanical properties due to
reduced polarity between fibers and matrix, and the relatively long aspect ratio of treated ONP fibers.
The composite with or without MAPE showed satisfactory water resistance properties. The interfacial
bonding performance between ONP fibers and HDPE matrix as well as the physical and mechanical
properties of the composites was further enhanced with the assistance of the coupling agent MAPE.
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Abstract: This study was conducted to improve the properties of thin films prepared from orange
waste by the solution casting method. The main focus was the elimination of holes in the film
structure by establishing better cohesion between the major cellulosic and pectin fractions. For this, a
previously developed method was improved first by the addition of sugar to promote pectin gelling,
then by the addition of maleic anhydride. Principally, maleic anhydride was introduced to the films
to induce cross-linking within the film structure. The effects of concentrations of sugar and glycerol
as plasticizers and maleic anhydride as a cross-linking agent on the film characteristics were studied.
Maleic anhydride improved the structure, resulting in a uniform film, and morphology studies
showed better adhesion between components. However, it did not act as a cross-linking agent, but
rather as a compatibilizer. The middle level (0.78%) of maleic anhydride content resulted in the
highest tensile strength (26.65 & 3.20 MPa) at low (7%) glycerol and high (14%) sugar levels and the
highest elongation (28.48% + 4.34%) at high sugar and glycerol levels. To achieve a uniform film
surface with no holes present, only the lowest (0.39%) level of maleic anhydride was necessary.

Keywords: bio-based; film; mechanical properties; polysaccharides; resource recovery; solution
casting; orange waste

1. Introduction

The post-plastic era induces several industries, such as the biomedical, building, and
packaging industries, to move towards the use of bio-based films. Thin films prepared from
lignocellulosic by-products of food and agricultural industries not only have a great potential to
replace petroleum-based films, but the recovery of biopolymers also forms an essential part of the
bioeconomy [1]. Cellulose, in particular, is abundant and is a favorable reinforcement material because
of its features, such as its crystalline structure and good mechanical properties [2].

An attractive research area is the production of bio-based films from fruit and vegetable residues,
often with the film-casting method [3-8]. During film-casting, the suspension of a colloidal dispersion
of polymers is poured onto a non-sticky surface and dried to a film. Various fruit and vegetable
residuals are rich sources of different biopolymers, such as pectin, starch, cellulose, hemicellulose,
lignin, and proteins, which can be used to form firm films with properties rivaling those of commodity
plastics. By choosing the right additives, biopolymers can be dissolved, plasticized, or kept undissolved
in order to perform the required function in the bio-based film, i.e. turned into a matrix, blended, or
used as reinforcement. One study [6], for example, reported that in bio-based films made from carrot
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powders, the insoluble, mostly crystalline cellulose fractions were responsible for the film structure,
while the soluble, mostly pectin and sugar phase had a plasticizing effect.

When fabricating bioplastics from polysaccharides, one has to bear in mind that these are
hydrophobic substances that have low water vapor barrier properties [9] and that the mechanical
and barrier properties are affected by moisture content. Several methods exist to enhance the barrier
and mechanical properties of hydrocolloid films; one promising alternative is the modification of
physical properties by inducing intra-, and intermolecular bonding by chemical, enzymatic, or physical
cross-linking [10]. Formaldehyde, glutaraldehyde, and glyoxal are potent cross-linking agents that
enhance water barrier properties and increase the strength of edible protein-based films [11]. Due
to their toxicity, however, their use is limited for environmentally friendly applications. A low
hazard profile compound and cross-linking agent is maleic anhydride [12,13]. Maleic anhydride has
also been used as a compatibilizer between natural fibers and poly(lactic acid) matrices [14,15] to
improve adhesion.

Bio-based films from the by-product of industrial orange juice processing, mostly containing
peels, seeds, pulp, and membrane residues, have previously been developed with suitable mechanical
properties, such as a tensile strength ranging between 27.3 and 36.7 MPa [8]. Briefly, a citric acid
solution containing orange waste (composed mainly of pectin and cellulosic fibers) powder and
glycerol was casted for bio-based film production. Due to the mechanism of drying of colloidal
films, a number of holes were present in the structure, however. In the same study, the use of a
rotary movement during drying showed positive effects, but film thicknesses were uneven, and the
continuous rotary movement had a higher energy consumption. To deal with this unfavorable aspect,
further improvement in the preparation conditions and structure of the films was necessary.

Thus, this study was dedicated first to investigating the enhancement of pectin gelling,
establishing a three-dimensional network in which other components are trapped [16]. To achieve
this goal, conditions for solubilizing pectin first had to be provided, followed by conditions that allow
pectin gelling. The reason for this was the fact that within conditions for gelling, solubilization would
not happen, and vice versa. This meant that the addition of citric acid (acid being one of the triggers for
pectin gelling), together with sugar, took place in a later stage to promote pectin gelling [16]. This step
aimed to reduce the holes by establishing an improved structure of pectin. This study also investigated
the use of maleic anhydride to improve the properties of orange waste pectin—cellulose thin films.
Maleic anhydride has been used previously to develop maleic anhydride-grafted orange waste [17];
therefore, it was expected that it would have a cross-linking effect on the films. Mechanical tests and
morphological studies were performed to investigate the effect of each component and optimize the
preparation conditions.

2. Materials and Methods

2.1. Materials

Orange waste, obtained in the juice production process and consisting of mostly pectin,
hemicelluloses, and cellulose [8], was kindly provided by Bramhults AB (Boras, Sweden) before
the headquarters changed location, and was kept at —20 °C until further use. Maleic anhydride (>99%,
Sigma Aldrich, St. Louise, MO, USA), citric acid (monohydrate, >99.5%, Duchefa Biochemie, Haarlem,
the Netherlands), D-(+)-glucose (>99.5%, Sigma Aldrich, St. Louise, MO, USA), herein referred to
as sugar, and glycerol (>99 % ARCOS Organics, Antwerp, Belgium) were other materials used in
the experiments.

2.2. Pretreatment of Orange Waste

Pretreatment of orange waste was performed according to a previous study [17] in which soluble
sugars were removed prior to size reduction, drying, and milling of the material to a fine powder.
In the first step of milling, a variable speed rotor mill (Pulverisette 14, Fritsch, Idar-Oberstein, Germany)
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was used with a sequence of sieve sizes of 1 and 0.2 mm at 10,000 rpm for a maximum of 1 min each.
The powder was further milled with a ball-mill (MM 400, Retsch, Haan, Germany) at a frequency
of 30 Hz for 10 min. The second step of milling was necessary in order to obtain the same range of
particles (mostly between 125 and 75 pm) as in a previous study [8].

2.3. Film Formation

Film formation of orange waste was further developed from the method applied in our previous
study [8]. The first step of the modification was done by applying a “sol-gel method”. In the sol-gel
method, first, conditions for solubilizing the pectin are provided, followed by conditions for gelling
the pectin [16]. By this method, 2% (w/v) orange waste was introduced to 100 mL of vigorously stirred
distilled water that already contained 7% glycerol (w/w of orange waste powder) and 1 drop of organic
antifoam (Antifoam 204, Sigma Aldrich, St. Louise, MO, USA) at 40-50 °C. The mixture was then heated
up to 70 °C and cooled to about 60 °C. At that point, citric acid (to obtain a 1% (w/v) solution) and 7%
sugar (w/w of orange waste powder) were added to the mixture to initiate the gelling, and rotation
was reduced to 200 rpm to support pectin gelling. Then, 30 g of the suspension was poured through a
metal sieve, to capture occasionally formed air bubbles, onto non-sticky polytetrafluoroethylene plates
and dried in a laboratory oven (Termaks, TS9026, Bergen, Norway) at 40 °C.

The “sol-gel-ma method” was a further step in which maleic anhydride, as a potential crosslinking
agent, was also incorporated into the recipe of the sol-gel method, while antifoam was removed to
reduce the number of chemicals. In the sol-gel-ma method, different concentrations of maleic anhydride
(100, 50, 25, 12.5, 6.25, 3.13, and 1.56 (w/w) %) were used in the preliminary experiments, and maleic
anhydride was added to distilled water as one of the initial ingredients, together with glycerol. All
other steps and concentrations were the same as in the sol-gel method. A schematic image of the
different methods is presented in Figure 1.

2.0W (~40-50°C) +70°C —] 2.0W (~40-50°C) »70°C (10mi:)_-|

3.CA + sugar at 60°C 3.CA + sugar at 60°C
\ [1 .antifoam l '/1 .antifoam \ l (1 MA

24 OW (~60°C)=70°C

&)

\_/
1% CA water water
solution
000 000 000
GLY GLY GLY
Original method Sol-gel method Sol-gel-ma method

Figure 1. Schematic image of the different film-forming methods discussed in this study. Glycerol
(GLY), orange waste (OW), citric acid (CA), and maleic anhydride (MA) were ingredients used in
the methods.

A 3-2-2 factorial experiment for the sol-gel-ma method with factors maleic anhydride, sugar,
and glycerol was performed to optimize preparation conditions and to determine the minimum
amount of maleic anhydride needed. All of the concentrations are shown in Table 1, demonstrating
the randomized treatments used. This experiment is further referred to as “optimization”, and
concentrations of 7% (as used in former studies) are referred to as low, while concentrations of 14%
(doubled amount) are referred to as high concentrations. Preliminary experiments showed that only
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films prepared with citric acid had a good appearance, therefore it was concluded that citric acid is
necessary for film formation in order to induce pectin gelation.

Table 1. Different concentrations (w/w %) of maleic anhydride, sugar, and glycerol in the optimization
experiment. Citric acid concentration was constant at 1% (w/v).

Maleic Anhydride Sugar Glycerol
1.56 7 7
0.39 7 14
0.78 14 7
1.56 7 14
1.56 14 14
0.78 7 7
0.78 14 14
0.39 7 7
0.39 14 14
0.78 7 14
0.39 14 7
1.56 14 7

2.4. Characterization of Films

2.4.1. Thickness

The thickness of films was measured by a constant-load micrometer. Two measurements were
taken of each specimen and the average was reported (mm).

2.4.2. Mechanical Testing

Mechanical testing was performed according to ISO 527 using a Tinius Olsen H10KT tensile tester
and data was analyzed with the QMat software package. A moving cross-head was used to pull the
specimens with a load cell of 100 N and a velocity of 10 mm/sec. Tensile strength (MPa) and elongation
at maximum tensile strength (%) were measured for 5 specimens and the average was reported.

2.4.3. Water Vapor Permeability

The water vapor transmission permeability (WVP) was determined according to ASTM E96 [18]
with modifications and calculated according to Dayarian et al. [19]. A pre-dried (at 70 °C) glass
container was filled with 20 ml distilled water, covered with the bio-based films, and sealed with
paraffin film. The distance between the film and water was 16 mm. The weight of the whole system
was recorded at 0 h and was placed into a desiccator for 5 days. Every 24 h, the weight of the system
was recorded to observe the reduction of weight from day 1 to day 5. The mass loss was plotted against
time and the slope obtained was used for calculation. The WVP of the films was calculated according

to the following equation:
Sxt

A x AP )
where S is the slope of the plot (kg/s), t is the thickness of the film (m), A is the cross-sectional area of
the film (m?), and AP is the difference between the vapor pressure of water in the desiccator (assumed
to be zero) and inside the container (assumed to be the saturation value at room temperature) (Pa) [19].
The test was performed in duplicates, and averages are reported as the water vapor transmission rate
(kg/mPas).

WVP =

2.4.4. Interaction with Water

An interaction-with-water test for selected specimens was performed according to
Perotto et al. [6], with slight modifications. A specified size (30 mm x 15 mm) of pre-dried film
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(for 1 h at 70 °C) was immersed in 20 ml distilled water for 30 min and then dried for 1 h at 70 °C,
and the weight loss was calculated by the gravimetric method. The measurements were performed in
duplicates and the results are reported as weight loss (%).

2.4.5. Morphology

Surface and transversal morphology was studied by field emission scanning electron microscopy
(FE-SEM) (Zeiss, Sigma, Jena, Germany) imaging. For surface visualization, films were attached to a
carbon tape and covered with gold. For transversal visualization, cross-sectional images of films were
taken as follows: films were immersed in liquid nitrogen for one minute before they were broken and
immediately attached to a carbon tape and covered with gold. Photomicrographs were taken at 500,
1.00, 5.00, and 10.00 K x magnifications using an accelerating voltage of 10.00 and 20.00 kV.

2.4.6. Biodegradation Test

Biodegradation of the films was measured by anaerobic digestion. The test was performed
according to a previous study [20]. In brief, the films were incubated in 120 mL glass bottles in
thermophilic conditions (55 °C) for 30 days. The working volume of the reactors was 50 mL (containing
35.5 mL inoculum with distilled water) and each bottle contained 0.15 g of film volatile solids (VS).
The inoculum was obtained from Borés Energi & Miljo AB (Bords, Sweden), a large-scale thermophilic
biogas plant. Samples were taken at specified times and analyzed for gas composition with a gas
chromatograph (Clarus 500, Perkin-Elmer, Waltham, MA, USA).

2.5. Statistical Analysis

Statistical analyses were performed using MINITAB® software (version 17.1.0, Minitab Inc., State
College, PA, USA). Analysis of variance, ANOVA, using the general linear model, was performed to
determine the main effects and interactions of different components in the optimization experiment
using a 5% significance level. Model assumptions of homogeneity of residuals were checked by
inspection of residual plots during model fitting for tensile strength and elongation.

3. Results and Discussion

Lignocellulosic by-products and waste materials are important participants of the bio-economy:
their valuable biopolymer content makes them attractive for the bioplastics industry, which at the same
time helps address waste handling issues. An example of such a case is bio-based film prepared from
orange waste, demonstrated in a previous study [8], which had some holes in its structure. The goal of
this study was to modify the film formation method in order to develop a uniform film structure with
no holes and in which the adhesion of polymeric components is promoted.

3.1. Effect of Pectin Gelling and Incorporation of Maleic Anhydride on Properties of Films from Orange Waste

The hypothesis that a more coherent film structure would result in the reduction or even
elimination of holes in the orange waste film was tested first by the improvement of pectin gelling,
followed by the addition of maleic anhydride into the film.

3.1.1. Appearance

Films prepared by the original method had some holes present in the structure, which could
be eliminated by a rotary movement during drying; however, that method resulted in uneven
thicknesses [8] and required more energy. Inducing pectin gelling prior to casting improved pectin
binding and resulted in a reduced number of holes of a smaller size. By applying this method, the use
of rotary movement was not necessary and films had even thicknesses. Because some smaller holes
were still present, however, further improvements were necessary and maleic anhydride was used.
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When maleic anhydride was used for film preparation, the holes completely disappeared and
films with uniform structure were obtained.

3.1.2. Morphology

On a microstructural level, according to FE-SEM images, a more compact film construction
was achieved using maleic anhydride compared to the sol-gel method (Figure 2). The micrographs
also seem to show smoother surface morphology with increasing maleic anhydride concentration
(Figure 2a,ce).

10m HIT= 1000V Signal & = SE2 Date:31 May 2017 — 20m HIT= 100KV Date:31 May 2017
— W= 8.0 mm Mag- 100KX — wo- 82
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Figure 2. Field emission scanning electron microscopy (FE-SEM) micrographs of the film surface and
cross-sectional images prepared with the sol-gel method (a,b); sol-gel-ma (1.56% maleic anhydride)
(c,d); and sol-gel-ma (25% maleic anhydride) (e,f). The magnification of surface images was 1.00 K x
and that of cross-sectional images was 500x.

The smoother and more compact structure is probably the direct effect of the additional ester
bonds between grafted maleic anhydride intermediates and cellulose [21] and/or pectin [22] and /or
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glycerol [23]. Since the bio-based films prepared in this study represent a complex mixture of
biopolymers (e.g. pectin, cellulose, hemicellulose) and other hygroscopic substances such as glycerol
and sugar, which contain OH groups and can function as plasticizers [24], it is difficult to determine
which component reacted most with maleic anhydride.

As the introduction of maleic anhydride improved the appearance and structure of the films in
general, the next step was to find the optimal concentration of maleic anhydride and other components
in the films. Aiming to reduce the amount of chemicals used, the goal was to find the minimum
concentration of maleic anhydride in which a film with improved characteristics is obtained.

3.1.3. Thickness and Mechanical Properties

The thicknesses of the films prepared by the original and sol-gel methods ranged between 0.098
and 0.135 mm, with an average value of 0.115 & 0.010 mm (standard deviation). The mechanical
properties of the films made by the original and sol-gel methods were not significantly different,
resulting in a tensile strength of 21.08 & 7.78 and 21.69 + 8.72 MPa and elongation of 3.67 4 1.80
and 4.83% =+ 1.79%, respectively. In general, the addition of maleic anhydride into the films resulted
in lower tensile strength and higher elongation compared to those of the sol-gel method (Table 2).
At higher concentrations of maleic anhydride (> 1.56%), the elongation of the films increased as maleic
anhydride content was reduced. This fact contradicts the hypothesis that maleic anhydride would act
as a cross-linker in the pectin-cellulose system because cross-linking generally increases the strength
and stiffness and reduces elongation. Therefore, instead of a cross-linking agent, maleic anhydride
could rather be considered as a compatibilizer that improved film formation and also provided a
significant plasticizing effect. The plasticizing effect of maleic anhydride on cellulose diacetate has also
been confirmed before [23].

Table 2. Mean values of tensile strength (TS) and elongation at max (E) of films prepared in the
preliminary experiment using different concentrations of maleic anhydride (MA) and sugar (S).

method MA (%) S (%) TS(MPa) st.dev. E (%) st. dev.

original 1 0 0 31.67 421 3.02 0.62
original 2 0 0 34.76 2.64 4.23 1.71

original 0 0 21.08 7.78 3.67 1.80

sol-gel 0 7 21.69 8.72 4.83 1.79
sol-gel-ma 100 7 13.28 1.71 11.03 0.55
sol-gel-ma 50 7 12.51 1.97 14.43 3.00
sol-gel-ma 25 7 10.58 3.18 18.60 3.55
sol-gel-ma 12.5 7 5.79 0.76 14.53 3.83
sol-gel-ma 6.25 7 9.80 1.63 20.70 1.85
sol-gel-ma 3.13 7 10.00 2.14 20.23 2.30
sol-gel-ma 1.56 7 9.75 2.13 21.98 3.25

! Films dried in an oven according to Batori et al. [8]. 2 Films dried in a rotary incubator according to Batori et al. [8].

3.2. Optimization of Maleic Anhydride, Sugar, and Glycerol Concentrations to Enhance the Film Properties

In order to reduce the amount of maleic anhydride needed for the production of the films, and
in continuation of the preliminary experiment (Section 3.1), the effect of maleic anhydride was also
studied at levels of 0.78% and 0.39%. At the same time, the effect of sugar and glycerol at elevated
levels (14%) and the interaction between the components affecting the mechanical properties was
also studied.

3.2.1. Morphology

The morphology of films containing the most glycerol, sugar, or maleic anhydride with the lowest
concentrations of the other two components were studied and are shown in Figures 3-5.
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The surface images of the films containing the highest amount of glycerol (Figure 3a,b) show
softer, more curvy edges of particles, and a fluffier cross-section image can also been seen (Figure 3¢,d).
The fluffiness of the structure can be explained by the plasticizing effect of the glycerol, in which the
small molecular weight compound is pushing the molecules slightly farther apart to enhance the
mobility and the softness of the structure.

The surface images of films containing the highest concentrations of sugar show elegantly
arranged flower-like patterns (Figure 4a,b). These patterns may be from the formation of sugar
crystals when sugar is present at a high concentration in the solution. A possible explanation could be
that as water evaporates during the drying of films, the solution becomes more saturated with sugar
and the molecules continuously come out to the surface to re-arrange themselves into crystals [25].
This phenomenon was only observed when sugar was added to the mixture at a high concentration,
which may be due to excess sugar in the system not taking part in the film-forming reactions. However,
this needs to be confirmed in future studies. There is no evidence that this phenomenon is the
re-crystallization [26] of sugar and of how it could have a positive impact on elongation. However,
different sugars are known to act as plasticizers in biopolymer films [24].

Films that contain the highest concentration of maleic anhydride have a leather-like and denser
appearance on the surface (Figure 5a,b), and they represent a more compact structure when the
cross-sectional images are observed (Figure 5¢,d). The denseness of the films could be the result of the
additional bonds formed between maleic anhydride and other molecules.
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Figure 3. E-SEM micrographs of film surfaces with a magnification of 1.00 K x (a) and 5.00 K x (b) and
cross-sectional images with a magnification of 1.00 K x (c) and 10.00 K x (d) containing the highest
concentration of glycerol (14%) prepared according to the sol-gel-ma method (maleic anhydride and
sugar concentrations were 0.39% and 7%, respectively).

Attention was also paid to films that contain high concentrations of both, sugar and glycerol
at various maleic anhydride levels. Specifically, the possible morphological differences between
specimens containing various maleic anhydride levels have been investigated. The same morphology
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that was observed for high sugar and high glycerol content can also be observed on all of these images:
floral patterns are formed on a fluffy background, representing the excess sugar and the loosening
effect of glycerol. The effect of maleic anhydride, however, is difficult to observe when glycerol and
sugar are used in high concentrations. Because of the high number of FE-SEM images, these images
are available as supplementary material (Figure S1).
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Figure 4. FE-SEM micrographs of film surfaces with a magnification of 1.00 K x (a) and 5.00 K x
(b) and cross-sectional images with a magnification of 1.00 K x (c) and 10.00 K x (d) containing the
highest concentration of sugar (14%) prepared according to the sol-gel-ma method (maleic anhydride
and glycerol concentrations were 0.39% and 7%, respectively).
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Figure 5. Cont.
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Figure 5. FE-SEM micrographs of film surfaces with a magnification of 1.00 K x (a) and 5.00 K x (b)
and cross-sectional images with a magnification of 1.00 K x (c) and 10.00 K x (d) containing the highest
concentration of maleic anhydride (1.56%) prepared according to the sol-gel-ma method (both glycerol
and sugar concentrations were 7%).

3.2.2. Thickness of Films

The thickness of the films prepared in the optimization experiment ranged between 0.095 and
0.139 mm, with an average value of 0.120 4 0.010 mm (standard deviation), which was similar to
preliminary experiments (Section 3.1.3). The use of different concentrations of glycerol had a significant
positive effect on film thickness (p = 0.000), while sugar had small but non-significant effect (p = 0.067),
and maleic anhydride had no effect (p = 0.620). A clear trend could not be observed, however.

3.2.3. Mechanical Properties

Glycerol appears to have a significant negative effect (coefficient —3.64, p = 0.000) on the tensile
strength (Figure 6a) when increased from low (7%) to high (14%) concentration, as was expected. Sugar
and maleic anhydride (p = 0.213 and p = 0.231, respectively) did not have any significant effect on
tensile strength.
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Figure 6. Mean values of tensile strength (a) and elongation at max (b) of films from the optimization
experiment for different maleic anhydride levels. The X-axis represents the concentrations (%) of
glycerol (7 and 14); and the grey and blue colors represent 7 and 14 % sugar levels, respectively, used in
the films. Individual standard deviations were used to calculate the intervals.

The elongation values are clearly more complicated, as a number of mechanisms may be involved
in the plasticization of bioplastics with low molecular weight compounds [27]. Elongation was
significantly affected by glycerol (the reverse effect of that for tensile strength, as expected) and sugar
(coefficient 5.52, p = 0.000 and coefficient 3.57, p = 0.000, respectively). Their interaction also had
a significant positive effect on elongation (coefficient 2.18, p = 0.000). This result, in the observed
pattern of high glycerol and high sugar levels, gives the highest elongation for all maleic anhydride
levels (Figure 6b). The effect of maleic anhydride concentration on elongation is made up of a main
effect and varying interaction effects. The maleic anhydride main effect on elongation and the maleic
anhydride*sugar interaction are both significant. When maleic anhydride was used at a low (0.39%)
concentration, the effect on elongation was negative (coefficient —1.76, p = 0.013). When maleic
anhydride was used at a concentration of 0.78%, the effect was positive (coefficient 1.72, p = 0.015),
and when it was used at a concentration of 1.56%, the effect was also positive but smaller than at the
middle level (0.78%) (coefficient 0.046, p = 0.946). The maleic anhydride*sugar interaction was most
noticeable when 0.78% maleic anhydride was used (coefficient 2.18, p = 0.03). From the general linear
model, significant positive effects were found for high (14%) sugar and glycerol levels, and a positive
sugar*glycerol interaction for this combination was also found. Furthermore, the modelled values and
95% confidence intervals calculated for the different maleic anhydride concentrations at the highest
levels of glycerol and sugar (14%) were 24.16 (21.2, 27.23), 27.24 (24.18, 30.30), and 28.71 (25.65, 31.77)
for 0.39%, 0.78% and 1.56% maleic anhydride, respectively.

3.2.4. Water Vapor Permeability and Interaction with Water

In general, all films were flexible and uniform, and among them, four were selected randomly in
regards to the experimental design (containing 1.56%, 0.78%, 0.38%, and 1.56% maleic anhydride, 14%,
7%, 14%, and 14% sugar, and 14%, 14, 7%, and 7% glycerol, respectively) for water vapor permeability
and water interaction testing. The selected specimens also had the most uniform structure, based
on observation.

Low water vapor permeability is often a requirement, e.g., for food packaging materials. The
lower the value, the higher is the resistance to water vapor. The water vapor permeability of bio-based
films prepared in the optimization experiment, regardless of preparation method, had a mean value of
1.19 (£ 0.08) x 1013 kg/m Pa's, which can be compared with the WVP of fungal biomass-reinforced
pectin films of 2.35 x 10713 kg/m Pa s [28] and edible films from alginate-acerola reinforced with
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cellulose whiskers of 1.67 (4 0.42) x 10~13 kg/m Pa s [29]. Both of these studies reported lower WVP
values when the reinforcement load increased. The lowest value was obtained when fungal biomass
load was 35 wt % [28] and when cotton cellulose whiskers were used at 15 wt % [29].

These results are, however, higher than those of polysaccharides-based locust bean gum films
prepared by solution casting with different plasticizers (polyethylene glycol 200, glycerol, propylene
glycol, and sorbitol), which range between 1.2 and 2.6 x 10~'* kg/m Pa s [30], meaning a lower
resistance to the passage of water vapor.

All of the specimens used for the test lost more than half of their dry weight, 56.15% =+ 3.37%.
In a study performed by Perotto et al. [6], bioplastic films fabricated from vegetable wastes showed
approximately 35% solubility after 108 h of immersion in water, however. These results indicate the
unfortunate feature of polysaccharides-based bioplastics: their hydrophilic nature.

3.3. Biodegradation

A concentration of 1.56% maleic anhydride was the highest used in the optimization experiment;
therefore, it was used for the study of biodegradation. The maximal biodegradation rate of orange
waste films made with the sol-gel and sol-gel-ma methods was 63% and 52%, respectively (Table 3).
According to a previous study [8], orange waste films produced with the original method showed
90% biodegradability within approximately 15 days. The reason for a lower degradation rate in this
study could be that (1) the effect of maleic anhydride present in the structure may make the film more
difficult for the microorganisms to degrade (however, sol-gel films did not contain maleic anhydride);
(2) the inoculum was not the same as in the previous study [8]. The available microbial community in
a digester, used as inoculum, depends on the actual composition of the food waste available, which
cannot be guaranteed to be the same. Therefore, in this case, although the same experiment was
performed with the same parameters and with the same source of inoculum, it resulted in lower
biodegradation rates.

Table 3. Biodegradation rate (%) of bio-based films produced by the sol-gel and sol-gel-ma methods,
containing 1.56 w/w % maleic anhydride.

Days 0 3 6 9 12 15 20 25 30

Sol-gel 0 22 40 59 60 63 59 58 59
Sol-gel-ma 0 22 39 53 51 52 49 49 49

4. Conclusions

The present study recognized the complexity of the different components used in the
pectin—cellulose system and that the interpretation of the contrasting behavior can be rather difficult.
The enhancement of pectin gelling prior to film casting had a positive effect on the film structure,
reducing the number of holes present. The positive effect of maleic anhydride was further shown to
eliminate holes in orange waste films via an improved structure with a smooth and uniform surface.
For this effect, maleic anhydride was only necessary at very low concentration (0.39%). On the other
hand, statistical analyses proved that the tensile strength of the films depended on glycerol content,
and elongation was mainly dependent on both glycerol and sugar. The interaction between these was
also significant. The highest elongation was reached at the highest levels of sugar and glycerol for both
0.78% and 1.56% maleic anhydride concentrations; therefore, to reach the highest elongation values,
the use of maleic anhydride at a concentration of 0.78% was satisfactory. This observation led to the
rejection of the hypothesis that maleic anhydride would act as a cross-linking agent; therefore, it was
concluded that maleic anhydride in the orange waste films acts as a compatibilizer.

Because orange waste film is biodegradable in anaerobic conditions, it could be suitable as a future
material for collecting bag of the organic fraction of municipal solid waste; however, the hydrophilicity
of the material needs to be improved. The degradation test performed here contained 1.56% maleic

222



Polymers 2019, 11, 392

anhydride, but results of other analyses showed that as little as 0.39% is sufficient for a uniform
material. The degradation of orange waste film containing 0.39% maleic anhydride would probably be
acceptable in a biogas plant, but to state this, exact measurements would be needed.

Supplementary Materials: The following are available online at http: / /www.mdpi.com/2073-4360/11/3/392/s1,
Figure S1: FE-SEM micrographs of film surfaces with a magnification of 1.00 K x (a) and 5.00 K x (b) and
cross-sectional images with a magnification of 1.00 K x (c) and 10.00 K x (d) containing the highest concentrations
of glycerol and sugar and the lowest concentration of MA (0.39%); film surfaces with a magnification of 1.00 K x
(e) and 5.00 K x (f) and cross-sectional images with a magnification of 1.00 K x (g) and 10.00 K x (h) containing
the highest concentrations of glycerol and sugar and the middle level of MA concentration (0.78%); film surfaces
with a magnification of 1.00 K x (i) and 5.00 K x (i) and cross-sectional images with a magnification of 1.00 K x
(k) and 10.00 K x (1) containing the highest concentrations of glycerol and sugar and the highest concentration of
MA (1.56%).
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Abstract: Poly(lactic acid) (PLA)/lignin-containing cellulose nanofibrils (L-CNFs) composite films
with different lignin contents were produced bythe solution casting method. The effect of the lignin
content on the mechanical, thermal, and crystallinity properties, and PLA /LCNFs interfacial adhesion
wereinvestigated by tensile tests, thermogravimetric analysis, differential scanning calorimetry (DSC),
dynamic mechanical analysis, Fourier transform infrared spectroscopy (FTIR), and scanning electron
microscopy (SEM). The tensile strength and modulus of the PLA /9-LCNFs (9 wt % lignin LCNFs)
composites are 37% and 61% higher than those of pure PLA, respectively. The glass transition
temperature (Tg) decreases from 61.2 for pure PLA to 52.6 °C for the PLA/14-LCNFs (14 wt % lignin
LCNFs) composite, and the composites have higher thermal stability below 380 °C than pure PLA.
The DSC results indicate that the LCNFs, containing different lignin contents, act as a nucleating
agent to increase the degree of crystallinity of PLA. The effect of the LCNFs lignin content on the
PLA /LCNFs compatibility /adhesion was confirmed by the FTIR, SEM, and Tg results. Increasing the
LCNFs lignin content increases the storage modulus of the PLA/LCNFs composites to a maximum
for the PLA /9-LCNFs composite. This study shows that the lignin content has a considerable effect
on the strength and flexibility of PLA/LCNFs composites.

Keywords: lignin-containing cellulose nanofibrils; poly(lactic acid) and composite films; lignin
content; compatibility

1. Introduction

As a renewable bio-based polymer, poly(lactic acid) (PLA) is considered to be a promising
alternative to petroleum-based plastics because of its excellent physical properties and thermal process
ability [1,2]. However, its disadvantages are inherent brittleness, low degree of crystallization,
and relatively poor thermal stability, which limits its wide application in packing, automotive,
and biomedical fields [3,4]. Incorporating nanoparticle fillers as a reinforcing agent has been shown to
improve the physical, thermal, and crystallization properties of PLA [5]. Cellulose nanocrystals (CNCs)
have attracted academic and industrial interest as a reinforcing agent for PLA composites owing to
their excellent strength, biodegradability, high specific surface area, and crystallization [6,7]. CNCs are
mainly derived from the cellulose of lignin-free wood by acid hydrolysis. The high hydrophilicity of
natural CNCs is because of the large amount of hydroxyl groups on their surface, which leads to poor
interfacial interactions and compatibility between CNCs and hydrophobic PLA [8,9]. The tendency to
form agglomerates upon incorporation into the PLA matrix prevents realization of the full potential of
CNCs as a reinforcing phase [10].
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Adding compatible materials is an effective approach to improve the dispersion of CNCs in
the polymer matrix. Lignin improves the interfacial interaction in CNC/hydrophobic polymer
composites because of its higher hydrophobicity than cellulose [11-14]. Furthermore, hydrogen
bonds can be hindered by embedding lignin molecules between the cellulose chains, which results
in less agglomeration compared with lignin-free CNCs [15]. Lignin is the second most abundant
bio-based polymer on earth. It is composed of repeating phenyl propane units with aliphatic and
aromatic hydroxyl groups and carboxylic acid groups, which plays a key role in improving the
compatibility between CNCs and hydrophobic polymers through hydrogen bonding and van der Waals
interactions [16-19]. The presence of lignin makes the dispersion and compatibility of CNCs better,
and lignin-containing CNCs are expected to be an excellent reinforcing agent for PLA composites.

Actually, the lignin-containing CNFs have been studied in a lot of papers [20,21]. While, there are
few papers recently published on lignin-containing CNFs based PLA biocomposites. Nair et al. [22]
learned the improved mechanical, thermal, and barrier properties of polylactic acid bio-composites
reinforced with nanocellulose fibrils with high lignin content; the different amount of high lignin
nanocellulose fibrils (NCFHL) have made differences to the properties of PLA and the presence
of lignin imparted a strong compatibility between the NCFHL and PLA matrix. Winter et al. [23]
showed the reduced surface polarity, improved dispersion, and improved reinforcement efficiency of
micro-fibrillated cellulose in poly(lactic acid), provided by residual lignin and hemicellulose content,
compared to conventional microfibrillated cellulose (MFC) produced from bleached pulp.

In a recent study, we reported that lignin-containing cellulose nano-fibrils (LCNFs) can be
dispersed in PLA by the solvent casting technique, and the thermal, mechanical, and crystallization
properties of PLA are enhanced [24]. A lignin coating on the CNFs aids in initial dispersion
and also prevents re-aggregation of cellulose nano-fibrils (CNFs) in the PLA matrix. The lignin
on the CNF surface might make the PLA chains fold onto the LCNFs surface through improved
interactions and compatibility, which also may allow for the efficient load transfer between the
CNFs and the PLA matrix. The lignin content in the LCNFs is an important factor in studying
the dispersion and compatibility improvement efficiency of LCNFs in PLA. In the present study,
LCNFs with different lignin contents were dispersed in the PLA matrix by the solvent casting
method, and their properties were investigated by Fourier transform infrared (FTIR) spectroscopy,
thermogravimetric (TG) analysis, differential scanning calorimetry (DSC), dynamic mechanical analysis
(DSC), and scanning electron microscopy (SEM). Compared with the researches of Nair and Winter,
which focused on the performance of different amount of high lignin nano-cellulose fibrils and
microfibrillated cellulose with residue lignin and hemicellulose in PLA matrix, respectively [22,23], our
work aimed at the performance of PLA bio-composites with lignin-containing cellulose nano-fibrils
from low lignin to high lignin content. Additionally, the effect of lignin content on the properties of
PLA/LCNFs bio-composites has not been studied, so far. The current work demonstrates that the
lignin content in the LCNFs plays an important role in improving the mechanical performance and
process behavior of PLA composites.

2. Materials and Methods

2.1. Materials

L-PLA was provided by Shanghai Yisheng Industry, Ltd., Shanghai, China. The lignin-containing
cellulose pulp boards (lignin contents of ~0, 6, 12, and 18 wt %) were purchased from a pulp and
paper mill in Inner Mongolia, Orient Paper Plant Co., Ltd., Ulanchab, China. N,N-Dimethylacetamide
(DMACc) and sulfuric acid (98 wt %) were obtained from Sinopharm Chemical Reagent Co., Ltd.,
Shanghai, China.
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2.2. Preparation of the LCNFs Suspension

The LCNFs were prepared by sulfuric acid hydrolysis and high-pressure homogenization of
lignin-containing cellulose pulp boards, according to a previously reported method [24]. In a typical
procedure, 5 g of pulp board was mixed with 100 mL of 15 wt % sulfuric acid at a constant speed for
4 h at 85 °C. The suspension was diluted with deionized water and then centrifuged at 4000 rpm for
10 min to concentrate the residue and to remove H* and SO42~ ions. The resultant precipitate was
dispersed in DMAc by the solvent exchange method. The suspension was then further dispersed by
homogeneous treatment (GEA Niro Soavi homogenizer, Parma, Italy, diameter of 10 mm, and process
volume of 100 mL) at a pressure of 100 MPa for 10 cycles. A well-dispersed LCNFs suspension was then
obtained. The LCNFs with different lignin contents were prepared by the same procedure, the lignin
in the resulting LNCFs were tested and they are referred to as CNFs (0-LCNFs), 5-LCNFs, 9-LCNFs,
and 14-LCNFs for lignin contents of ~0, 5, 9, and 14 wt %, respectively. The yield of the LCNFs from
the pulp boards with acid hydrolysis and homogenization was about 60%.

2.3. Preparation of PLA/LCNFs Composite Films

The desired amount of 16 wt % DMAC solution of PLA was mixed with the LCNFs suspension by
vigorous stirring with a magnetic stirrer (Shanghai, China). The mixture was sonicated and further
stirred at 70 °C for 2 h. The suspension was then cast on glass with a scraper and dried at 80 °C
for 30 min on an electric heating board. The obtained composite films were heated at 40 °C under
a vacuum for 24 h to ensure that the solvent completely evaporated. By varying the added type of
LCNFs, composite films with different lignin contents were prepared. The weight percentage of the
LCNFs solid, in the PLA composite films, was 3 wt %.

2.4. Characterization

The lignin content was measured by the half-scale kappa test method, which is based on
the AS/NZS 1301.201.2002 method, Papro 1.106 kappa number, and TAPPI T236 standard [25].
The morphologies of the LCNFs samples were observed by TEM. A drop of a 0.01 wt % water
suspension of LCNFs was deposited on a carbon-coated grid and negatively strained with 2%
phosphotungstic acid. The images of the specimens were obtained with a Hitachi H-600 transmission
electron microscope (Hitachi Limited, Tokyo, Japan) operated at an acceleration voltage of 80 kV.
The initial contact angle (CA) measurements of the LCNFs were performed with three pure liquids with
different polarities, namely, water, formamide, and ethylene glycol. The LCNFs-water suspensions
were diluted to a 1 wt % solid content in DMAc and sonicated for 1 h at room temperature.
Each suspension was poured into an over-pressurized filtration device equipped with a qualitative
filter paper with particle retention of 12-15 pm to remove water and retain the fibrils. The CA was
determined by a Harke-Space CA instrument (Beijing, China). The surface free energy of the LCNFs
was determined by the calculation method provided in the Supporting Information. The FTIR spectra
of the PLA/LCNFs composite films were obtained with a FTIR spectrometer (VERTES TOV, Bruker,
Germany) over the wavenumber range 400-4000 cm~!. All of the samples were directly detected.
The tensile properties of the composites were measured by a mechanical tester (ZB-WL300, Beijing,
China) with a cross-head speed of 20 mm/min, a gauge length of 50 mm, and a 300 N load cell.
Rectangular specimen strips 100 mm long, 15 mm wide, and 100 um thick were tested. At least five
measurements were performed for each sample and the data were averaged to obtain a mean value.
TGA of the LCNFs and PLA /LCNFs composites was performed with a TG analyzer (TGA Q5000 IR,
TA instrument, New Castle, DE, USA) under 100 mL/min nitrogen gas flow. Samples of about 6.0 mg
were heated from room temperature (25 °C) to 500 °C at a heating rate of 10 °C/min. The cross-sections
of the PLA/LCNFs composite films were observed with a Hitachi S-3400 scanning electron microscope
(Tokyo, Japan) under an accelerating voltage of 15 kV. All of the samples were tensile broken in order
to expose the internal structure (tensile specimens) before the examination, and the entire surface was
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sputtered with gold. The thermo mechanical properties of PLA and the PLA/LCNFs composites were
determined with a DMA instrument (Q800, TA Instruments, New Castle, DE, USA). The tensile storage
modulus and tan delta were determined at a frequency of 1 Hz, a strain rate of 0.05%, and a heating
rate of 5 °C over the temperature range 0-100 °C. The test samples were prepared by cutting strips
with a width of 10 mm and a length of 40 mm from the films. A TA Instruments Q2000 differential
scanning calorimeter (New Castle, DE, USA) was used to record the DSC scans under N;. The sample
(about 6-8 mg) was first heated from 20 to 200 °C at a heating rate of 10 °C/min and then kept at
200 °C for 5 min to remove the thermal history of the material. The sample was then cooled to 20 °C at
5 °C/min and kept at 20 °C for 5 min before heating to 200 °C again at the same heat rate. The degree
of crystallinity X, was calculated with the following equation:

Xc[%)] = [(AHu/®pp4)/AHD] x 100 )

where AH,y, (J/g) is the enthalpy of fusion of the polymer composite, AHY, is the enthalpy of fusion of a
PLA crystal of infinite size (assumed to be 93.6 ] /g), and ®pj 4 is the fraction of PLA in the composite.

3. Results and Discussion

3.1. Properties of LCNFs with Different Lignin Content

To investigate the stability of the LCNFs suspension, DMAc suspensions with 0.01 g/mL CNFs,
5-LCNFs, 9-LCNFs, and 14-LCNFs were kept in plastic centrifuge tubes for one week at room
temperature (Figure 1A). The LCNFs containing lignin were well-dispersed in DMAc and the color
of the suspensions was darker with increasing lignin content. The CNFs without lignin showed
stratification through the flocculation process. This is because the high hydrophilicity of the CNFs
without lignin means that they easily form agglomerates in DMAc. Furthermore, increasing the
hydrophobicity enhances the dispersion stability of the LCNFs. The morphologies of the dispersed
LCNFs suspensions with different lignin contents were evaluated by TEM analysis (Figure 1B).
CNFs and LCNFs with widths of 50 nm and lengths of several hundred nanometers are clearly
observed in the images. The research of Rojo showed the AFM images of the lignin containing
fibrils appeared to be quite similar than CNF. However, some small, globular shaped particles could
be identified in addition to the fibrils in the lignin containing fibrils sample. These particles are
predominantly located between the cellulosic nano-fibers, forming complex composite structures with
the 30 fibrils [26]. These observations are consistent with the role of lignin in native wood cell wall,
where it exists as a stiff phase between cellulosic fibers. Thus, in our work, the LNCFs with different
lignin contents show the same morphology by TEM, while the globular shaped particles (lignin) could
not be obviously observed. The high lignin could form complex composite structures in LCNFs.
Thus, the LCNFs are more likely to form a cross-linked network structure with increasing lignin
content. In addition, The thermal stability of the LCNFs was characterized by TGA, and the thermal
degradation curves of the CNFs, 5-LCNFs, 9-LCNFs, and 14-LCNFs are shown in Figure 1C. The results
reveal that the thermal stability is highly affected by the lignin content. The thermal degradation onset
temperature (Tonset) of the LCNFs decreases with increasing lignin content (14-LCNFs < 9-LCNFs <
5-LCNFs < CNFs) and the residue weight of the LCNFs also increases. This can be attributed to the high
thermal stability of lignin [27,28]. However, the weight loss of lignin is greater than that of cellulose
under low temperature (T < 300°C) [29]. When the temperature is above 400 °C, cellulose is almost
completely degraded, whereas lignin shows low weight loss. The presence of aromatic char, originating
from the lignin, is responsible for the beneficial effect on the thermal stability of the CNFs. The average
CAs for three probing liquids were measured on LCNFs with different lignin contents, and these were
used in surface energy evaluation, as shown in Figure 1D, and summarized in Table 1. The highest
CAs were obtained with water, whereas ethylene glycol gave the lowest CA in most of the cases. For a
given liquid, the CA increases with increasing lignin content. Acid-base theory can be used to evaluate
the surface energy components using the CA value. Using the acid—base framework to describe the
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surface energy has been found to be suitable to explain the properties of the wood surface, and it gives
detailed information about the surface chemistry [26,30]. As a characteristic parameter, the surface
free energy has a large effect on many interfacial processes, such as absorption, wetting, and adhesion.
The literature surface free energy parameters for the test liquids and the surface energy components of
the LCNFs, calculated by the acid—base approach, are listed in Table 1. The total surface free energy
of the LCNFs with different lignin contents ranges from 47.6 to 53.6 mJ/m?, which is consistent
with the range of 43.1-53.7 mJ/m? previously reported by Peng et al. [31]. The total surface energy
decreases with increasing lignin content, from 51.7 mJ /m? for the 5-LCNFs sample, to 46.7 m]/m?
for the 14-LCNFs sample. Therefore, lignin decreases the surface energy of the nano-fibrils, which is
expected because of the large percentage of C-C and C-H bonds, and the lower ratio compared with
cellulose [32]. The increasing hydrophobicity of the LCNFs, with increasing lignin content, contributes
to the compatibility with the hydrophobic polymer matrix [33,34].
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Figure 1. Properties of LCNFs with different lignin contents. (A) Dispersion in DMAc solution:
(a) CNFs, (b) 5-LCNFs, (c) 9-LCNFs, and (d) 14-LCNFs; (B) TEM morphology: (a) CNFs, (b)
5-LCNFs, (c) 9-LCNFs, and (d) 14-LCNFs; (C) Thermal stability; (D) Contact angles for three different
probing liquids.

Table 1. Surface free energies of LCNFs with different lignin contents.

Test Liquids YL 7{ 'yi
Water 72.8 51.0 21.8
Formamide 58.2 18.7 39.5
Ethylene glycol 48.3 19 29.3

Solid Samples ¥s 7k 74
CNFs 53.6 4 49.6
5-LCNFs 51.7 8.5 43.2
9-LCNFs 50.5 7.8 42.7
14-LCNFs 47.6 3.5 441
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3.2. PLA/LCNFs Composite Films

3.2.1. FTIR Spectroscopy

The FTIR spectra of PLA and the PLA /CNFs and PLA/LCNFs composites are shown in Figure 2.
The PLA/CNFs composite has the same peaks as pure PLA except for a stronger and wider peak
around 3343-3432 cm ™!, which can be attributed to the -OH groups of the pyranose rings of the
CNFs [35]. This is because of the physical blending mode of PLA and CNFs. Furthermore, the C=O
stretching vibration peak at 1749 cm~! for PLA shifts in the low wave number direction by two cm™! for
the PLA /CNFs composite. This can be ascribed to the weak interaction between PLA and CNFs, which
is not sufficient to form strong interface interactions. Comparing the spectra of the PLA/5-LCNFs,
PLA/9-LCNFs, and PLA /14-LCNFs composites, the intensity of the -OH stretching vibration peak
shows decreases with increasing lignin content. The C=0 stretching vibration peak at 1749 cm~! for
PLA shifts in the low wave number direction by 10 cm~! for the PLA /5-LCNFs composite (1739 cm™),
16 ecm~! for the PLA /9-LCNFs composite (1733 em 1), and 17 em ™! for the PLA /14-LCNFs composite
(1732 cm™1). The intensity of the C=0 peak also increases with increasing lignin content. This suggests
that there is a strong interaction between the LCNFs and PLA, which indicates that lignin improves
the compatibility between the CNFs and PLA. Furthermore, the interaction increases with increasing
lignin content.

PLA PLA

]

PLA/CNFs PLA/CNFs 749

PLA/5-LCNFs PLA/5-LCNFs

1747
PLA/9-LCNFs PLA/9-LCNFs

1739
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Figure 2. FTIR spectra of PLA, the PLA/CNFs composite, and PLA /LCNFs composites with different

lignin contents.
3.2.2. Mechanical Properties

Tensile strength evaluation is important to investigate the fracture flexibility of polymer
composites. As shown in Figure 3a, the tensile strength and modulus of the PLA /LCNFs composite
tend to increase with increasing lignin content for low lignin content (0 to 9 wt %), but they
slightly decrease for high lignin content (14 wt %). The tensile strength and modulus decrease
from 35.7 MPa and 1.8 GPa, for PLA, to 31.6 MPa and 1.5 GPa for the PLA/CNFs composite,
respectively. For the PLA/LCNFs composites, there are statistically significant changes in the tensile
strength and modulus for lignin contents of five and nine wt %, compared with the PLA/CNFs
composite. Compared with pure PLA, the PLA/5-LCNFs and PLA/9-LCNFs composites show
statistically significant improvements in the tensile strength of 28% (45.7 MPa) and 37% (48.9 MPa),
and tensile modulus of 44.4% (2.6 GPa) and 61.1% (2.9 GPa). These observations can be attributed to the
better compatibility of the LCNFs than the CNFs with PLA. Moreover, the strong hydrogen-bonding
interaction between lignin and cellulose, as well as the van der Waals forces and polar interaction
of lignin with PLA, makes it possible for good adhesion between the LCNFs and PLA. However,
the tensile strength and modulus of the PLA /14-LCNFs composite (5.5% and 17.2%, respectively)
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is slightly lower than those of the PLA /9-LCNFs composite. This is probably because, even though
the interface interaction between the LCNFs and PLA improves with increasing lignin content in the
LCNFs, the mechanical properties of the LCNFs are also affected by the lignin content.
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Figure 3. Mechanical properties of PLA and the PLA /LCNFs composites determined by tensile testing.
(a) Tensile strength and modulus and (b) elongation at break.

The elongation at break values of the PLA/LCNFs composites are shown in Figure 3b. The results
suggest that the flexibility of PLA increases by blending with LCNFs. The increasing flexibility of
the PLA /LCNFs composites with increasing lignin content results in an increase in the elongation at
break percentage.

3.2.3. Morphological Analysis of Fracture Surface

The effect of the lignin content on the miscibility between the LCNFs and PLA can be investigated
by morphology analysis. The solubility parameter can be used to estimate the miscibility of polymer
blends. The solubility’s of PLA and lignin are 20.2 and 19.02 MPa'/?, respectively [36], which indicates
that there should be good miscibility between PLA and lignin. When LCNFs are blended with PLA,
lignin can act as a compatibilizer to form a uniform blend system.

To better understand the results obtained by the tensile tests, the fractured samples were observed
by SEM. Figure 4a—e show the representative SEM images of the cross-sectional regions of PLA and
the PLA/CNE, PLA/5-LCNFs, PLA/9-LCNFs, and PLA /14-LCNFs composites, respectively. PLA has
relatively smooth fractures, which indicates that PLA is prone to brittle fracture [37]. After CNFs are
added to PLA, the fracture surface of the PLA /CNF composite becomes irregular because of plastic
deformation. The brittle rupture of PLA changes to ductile rupture with addition of CNFs, whereas
the poor dispersion state of CNFs in the PLA matrix results in interfacial compatibility and decreases
the mechanical properties of the PLA/CNF composite, compared with pure PLA. When LCNFs
with different lignin contents are added to the PLA matrix, the fracture surfaces of the PLA/LCNFs
composites (Figure 4c—e) show a different microstructure: At lower lignin content (5 wt%), samples
showed roughness and litter wire drawing phenomenon in Figure 4c, while increasing the lignin
content (14 wt%), the samples showed obvious tough character and the wire drawing phenomenon [38].
The results indicate that increasing the lignin content of the LCNFs promotes ductile rupture of PLA.
From the SEM results, we can conclude that lignin and the lignin content plays important roles in
improving the performance of PLA.
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Figure 4. SEM images of the fractured surfaces after tensile testing: (a) PLA and the (b) PLA/CNFs, (c)
PLA/5-LCNFs, (d) PLA/9-LCNFs, and (e) PLA /14-LCNFs composites.

3.2.4. Thermal Properties

In general, the thermal stability of polymers can be improved by blending with nano-fillers.
The dispersion state of the nano-filler in the polymer matrix and the interaction between them
significantly affect the thermal stability. The TG and derivative TG (DTG) curves of PLA and the
PLA/LCNFs composites are shown in Figure 5, and the degradation parameters are summarized
in Table 2. The onset temperature (10% weight loss, T1ge,) of thermal degradation decreases after
blending with CNFs, while it increases by blending with LCNFs. This can be attributed to formation
of a cross-linked structure, which reduces the chain mobility and inhibits chain unzipping during
propagation of the degradation process [39]. As shown in Figure 5, the lignin content has a clear effect
on the Tmax (The temperature of the maximum weight loss) value of the PLA/LCNFs composites.
The Tmax value of the PLA /9-LCNFs composite is 5 °C higher than that of PLA. The lignin content
affects the Trmax value, and the thermal stability of the PLA /LCNFs composite improves with increasing
lignin content in the considered temperature region. The thermal stability of the LCNFs decreases
with increasing lignin content, so the PLA/14-LCNFs composite has lower thermal stability than
the PLA/9-LCNFs composite. It can be concluded that lignin has a positive effect on the miscibility
between PLA and the LCNFs, and increasing the lignin content also affects the thermal resistance of
the LCNFs. In addition, the residue mass of the PLA/LCNFs composite in the thermal degradation
process increases with increasing lignin content.
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Figure 5. TG and DTG curves of PLA and the PLA/LCNFs composites.
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Table 2. Thermal degradation data of PLA/LCNFs composites with different lignin contents.

Sample TlD% (OC) Tso% (O Q) Tmax (OC)
PLA 318.1 352.4 358.7
PLA/CNFs 316.3 349.9 354.9
PLA/5-LCNFs 321.8 354.8 360.8
PLA/9-LCNFs 3254 356.4 363.1
PLA/14-LCNFs 323.7 354.8 362.6

The glass transition is a complex phenomenon that depends on a number of factors, such as the
chain flexibility, the molecular weight, branching, cross-linking, intermolecular interactions, and steric
effects [40]. The thermal behavior of PLA and the PLA/CNFs, PLA/5-LCNFs, PLA/9-LCNFs,
and PLA/14-LCNFs composites were determined by DSC measurements (Figure 6). The thermal
properties of these materials are given in Table 3. The glass transition temperature (Tg) of pure
PLA is 61.2 °C, and the PLA/CNFs composite has a slightly lower Ty of 60.8 °C. This can be
ascribed to the fact that the CNFs and PLA do not form strong interfacial interactions. However,
the PLA/LCNFs composites have considerably lower Ty values than PLA. The Ty value of the
PLA /14-LCNFs composite is 52.6 °C. This probably indicates that a relatively small amount of LCNFs
is sufficient to change the PLA chain mobility within the glass transition region. This observation
shows that there are strong interfacial forces between the LCNFs and PLA, and the lignin content has
a positive effect on compatibility.
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Figure 6. DSC curves of PLA and the PLA/LCNFs composites.

Table 3. DSC data of PLA and PLA /LCNFs composites with different lignin contents.

Samples Tg O T (°C) Tm(°C) AHn (Jlg) X (%)
PLA 61.2 124 150.1 11.7 12.1
PLA/CNFs 60.8 119 147.6 13.8 14.7
PLA/5-LCNFs 55.3 118 148.2 16.8 17.9
PLA/9-LCNFs 54.2 120 148.5 17.5 18.7
PLA/14-LCNFs 52.6 115 148.9 16.4 17.5

Blending with CNFs and LCNFs decreases the crystallization temperature (Tc) of PLA, and T,
decreases with increasing lignin content, as shown in Table 3. The lower T in heat flow indicates that

233



Polymers 2018, 10, 1013

the crystallization rate of PLA markedly increases. The results show that the CNFs in the LCNFs can
be used as a nucleating agent in PLA composites.

The melting temperature (Tr,) of all of the PLA composites is about 148 °C (Table 3). This indicates
that the lignin content plays an important role in increasing the melting enthalpy (AHp) of the
LCNFs-reinforced PLA matrix (Table 3). The degree of crystallinity increase from 12.1% for pure
PLA to 14.7% for the PLA/CNFs composite, 17.9% for the PLA /5-LCNFs composite, 18.7% for the
PLA/9-LCNFs composite, and 17.5% for the PLA /14-LCNFs composite. There is a significant increase
in the degree of crystallinity of PLA when high lignin content LCNFs are used, which is because the
nucleating agent concentration in the LCNFs is low for high lignin content (14-LCNFs).

3.2.5. Dynamic Mechanical Properties

DMA is a useful technique to investigate the relationship between the structure and viscoelastic
behavior of polymers and polymer-nano-filler composites. The storage modulus (E’) indicates the
tendency and ability of energy storage in materials, and it is also directly related to the Young’s
modulus. Figure 7a shows the plots of E’ versus temperature for pure PLA and the PLA/LCNFs
composites with various lignin contents. When LCNFs are added, E’ is significantly higher in the
whole temperature range studied. For example, E" at 20 °C increases from 1800 MPa for pure PLA
to 3650 MPa for the PLA /9-LCNFs composite. The increase in E’ can be explained by the reinforcing
effect provided by lignin of the LCNFs on the PLA matrix. The thickness of the interface is affected by
the lignin content and it affects the transition of stress, so the PLA /14-LCNFs composite has a lower E
than the PLA /9-LCNFs composite, which is consistent with the mechanical strength results.
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Figure 7. (a) Storage modulus and (b) tan A versus temperature for PLA and the

PLA/LCNFs composites.

The effect of LCNFs with different lignin contents on the damping behavior of PLA was
investigated by plotting tan A against temperature (Figure 7b). The tan A peak shifts to lower
temperature with increasing lignin content in the LCNFs. The tan A peaks for the PLA/CNFs
composite, PLA, and the PLA/5-LCNFs, PLA/9-LCNFs, and PLA/14-LCNFs composites are at
61, 60, 57, 55, and 54 °C, respectively. Moreover, the intensities of the tan A peaks for the PLA/LCNFs
composites are considerably higher than the peak for pure PLA. This can be attributed to the liberation
effect of the LCNFs enhancing the chain mobility of the amorphous region for the PLA/LCNFs
composites with higher lignin content.

3.2.6. Mechanism Analysis of the Interfacial Interaction

The mechanism of the interfacial interaction between the LCNFs and PLA is shown in Figure 8.
Lignin can be used as an additive to improve the compatibility between CNFs and PLA. Considering
the LCNFs as an ensemble, lignin combines well with cellulose through hydrogen bonds and

234



Polymers 2018, 10, 1013

dipole—dipole interactions, and van der Waals interactions occur among the non-polar groups of
lignin and PLA. Moreover, the polar and polarizable groups of lignin, such as hydroxyl and phenyl
groups, form hydrogen bonds or dispersion interactions with the ester groups of the PLA matrix,
which makes it possible for lignin to be in a well-dispersed state in the PLA matrix. As a result, the
interfacial compatibility between LCNFs and PLA is enhanced.
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Q Non-polar groups
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Figure 8. Reaction mechanism of PLA and LCNFs.

Figure 9 shows the mechanism of the effect of the lignin content on the compatibility between
PLA and the LCNFs. It can be concluded that increasing the lignin content has a positive effect on the
compatibility, and the interfacial layer thickness increases with increasing lignin content, which results
in increased flexibility of the PLA /LCNFs composite.
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Figure 9. Effect of the lignin content on the compatibility between PLA and the LCNFs.

4. Conclusions

Addition of LCNFs with different lignin contents to PLA changes the mechanical properties,
thermo-mechanical properties, thermal behavior, and morphology. The tensile strength and modulus
are the highest (48.9 MPa and 2.9 GPa) when the lignin content is 9 wt %. The elongation at break
increases with increasing lignin content, and the thermo-mechanical properties show the same trend
as the tensile strength. FTIR spectroscopy shows that there is a clear interaction between the LCNFs
and the carbonyl groups of PLA. The Ty decreases from 61.2 °C for pure PLA, to 52.6 °C for the
PLA/14-LCNFs composite, indicating increased flexibility with LCNFs addition with increasing lignin
content. The crystallization temperature of the PLA /LCNFs composite decreases with increasing lignin
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content in the LCNFs, indicating that the crystallization efficiency and degree of crystallinity improve.
The thermal stabilities of the PLA/LCNFs composites are higher than that of PLA, which was
below 380 °C, and the thermal stability increases with increasing lignin content in the LCNFs.
The PLA/9-LCNFs composite has the highest Tmax value (4.4 °C higher than that of pure PLA).
The cross-sectional morphologies of PLA and the PLA/LFCNFs composites show the strengthening
and toughening effect of LCNFs, and the lignin content has a considerable effect on the flexibility of
the PLA/LCNFs composite.
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Abstract: The compound of poly(lactic acid) (PLA) and cellulose was made by the emulsion-solvent
evaporation technique in order to obtain spheres which are then compression molded to produce
a biocomposite film. The effect of the dispersant (poly(vinyl alcohol)—PVA)/PLA ratio on the
spheres yield was studied. Moreover, to evaluate the effect of cellulose particle size and surface
chemistry on the process yield, unbleached eucalypt kraft pulp and microcrystalline cellulose (MCC),
both unmodified and physically or chemically modified were used. PLA/cellulose spheres were
characterized regarding its physical properties. It was found that the spheres yield is essentially
determined by the PVA /PLA ratio and the percentage of cellulose incorporation is greatly affected
by the surface chemistry of cellulose. Regarding the films, DSC runs showed a significant effect
of the cellulose type incorporated into PLA matrix on the cold crystallization temperature and on
the degree of crystallinity of the biocomposite films. The measurement of tensile properties of the
biocomposite films revealed that the strength, elongation at break and toughness (tensile energy
absorption at break) of the films incorporating unmodified and chemically modified MCC were
substantially improved.

Keywords: poly(lactic acid); pulp fibers; biocomposite; emulsion-solvent evaporation method; films;
mechanical properties

1. Introduction

In the packaging industry, plastic materials are customizable, easy to process and cheap. The great
majority of plastics materials are made up from non-renewable petroleum-based fossil fuels. Due to
limited nature of fossil fuels and the growing environmental concern on their use, there is a need
for finding more environmentally friendly materials. Currently, the development of biodegradable
polymer composites combining biodegradable matrices and natural fibers as reinforcement is of great
importance [1]. Starch, poly(caprolactone) (PCL), poly(lactic acid), poly(butylene succinate) (PBS)
and poly(hydroxyalkanoates) (PHAs) are most commonly used as matrix phase biopolymers [1-6].
Among the polymer matrices, PLA is one of the most used and at present PLA-based materials
find applications in the biomedical, textile and packaging areas [5,7]. PLA is a high molecular
weight polyester usually produced by ring-opening polymerization of lactide. The monomer, lactic
acid, can be derived from corn, potato, cane, beet sugar or cheese residues by fermentation [1,3,7].
The commercial PLA, however, is a brittle material and various reinforcing materials such as natural
fibers can be used to improve its toughness [8,9]. In addition, natural fibers as reinforcement materials
present other advantages as their low density, high specific strength and modulus, nonabrasive
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character and low cost [3]. Various forms of cellulose have been explored as reinforcements into
PLA composites. These include fibers from jute, kenaf, henequen, flax, cotton, bamboo [10-16],
wood pulp [3,4,17], microcrystalline cellulose (MCC) [9,18,19] and, micro and nanocellulose in
different forms and from different origins [8,20-28]. Due to its hydrophilic nature, cellulose
is not easily uniformly dispersed into hydrophobic PLA matrix which leads to poor interfacial
adhesion, thus reducing the mechanical properties of the composites [16,18,22,23]. To overcome
this limitation, many physical or chemical treatments have been applied for cellulose modification.
The effect of plasma treatment on interfacial interaction of lyocell fibers in a poly(lactic acid)
matrix was investigated [29]. According to Cho et al. [10], natural fibers treated with tap water
by static soaking and dynamic ultrasonication, followed by drying leads to PLA composites with
improved interfacial shear strength, flexural and dynamic mechanical properties. Treatment of
cellulosic fibers with alkali or enzymes were also tested [12,13]. Incorporation of casein protein
or bioadimide in cellulose/PLA composites was found to improve the dispersion and fiber/matrix
adhesion [15,30]. In addition, Magniez et al. [16] demonstrated that the adsorption of amphiphilic
poly(ethylene glycol)-b-poly(L-lactide) block copolymers increases the interfacial affinity in a jute and
polylactide biocomposite. Methods such as acetylation, silylation or grafting with other hydrophobic
monomers have been used for cellulose surface modification [6,11,20,31]. The preparation of
microcrystalline cellulose-graft-poly(lactic acid) via melt copolycondensation was carried out by
Hua et al. [18]. These authors observed that the microcrystalline cellulose grafting increases the
compatibility with PLA matrix thus improving the dispersion of the cellulose. Graupner [12] and
Graupner et al. [32] found that the use of lignin in PLA /cellulose fiber composites improved the
adhesion between fiber and matrix. Recently, nanofibrillated cellulose with high lignin content was
used to enhance the PLA /cellulose compatibility in the composites [33,34].

In addition to cellulose chemical properties and its dispersion in the PLA matrix, the biocomposite
properties are also affected by the processing conditions. Melt-compounding is traditionally used
for many types of biocomposites as it is fast and easier to scale-up to industrial scale [35]. However,
as PLA is sensitive to temperature, shearing and hydrolysis, some precautions are required during the
processing step to avoid its degradation [7]. Solvent casting is a simple and widely used technique
to prepare cellulose nanocomposites using different matrices, but it is mostly applied at laboratory
scale [7,25,30,35]. This technique can lead to differences in the properties of the composites compared
to another processing methods [7,36]. In another approach, a papermaking based process was used,
which enables the production of sheets made from aqueous suspension containing a mixture of
cellulose fibers or microfibrillated cellulose (MFC) and PLA fibers [8,37]. This process gives good
dispersions even at high MFC contents (up to 90 wt %) and the composites obtained by compression
molding of the stacked sheets presented an increase of tensile properties with the MFC content [8].
The use of PLA microparticles is an alternative to PLA fibers resulting in nanocomposites with
good cellulose nanofibers dispersions [20,22]. The production of PLA microparticles was carried
out by solvent evaporation technique which is widely used in pharmaceutical industry for drug
microencapsulation [22,38,39]. In a typical procedure, a volatile organic phase containing the dissolved
polymers is emulsified in an aqueous phase at continuous constant stirring rate. Then, the volatile
solvent is gradually evaporated to form the spherical polymer particles [39]. This technique was
also used by Lee and Ji [40] to encapsulate hydrophilic entities such as cellulose nanowhiskers and
microfibrils within polymeric nano/microspheres. However, to the best of our knowledge, until now
the solvent evaporation technique was never used to produce PLA spheres incorporating pulp fibers,
which have a much higher size. In another study, Lee et al. [26] developed a method based on thermally
induced phase separation to produce composite microspheres of bacterial cellulose with PLA that can
be processed in conventional extrusion.

The aim of this work is to produce biocomposite spheres of PLA and both pulp fibers and
MCC, using emulsion-solvent evaporation method. In order to evaluate the effect of size and surface
properties of the pulp fibers, unbleached pulp fibers and the corresponding grinded fibers, either
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unmodified or surface modified by lignin deposition were used and the effectiveness of cellulose
incorporation into PLA spheres was analyzed. MCC and MCC surface modified were also studied.
Spheres of the PLA/cellulose biocomposite were characterized for its physical and chemical properties.
The produced spheres are processed by compression molding to obtain composite films, which are
characterized regarding its thermal, structural and mechanical properties.

2. Materials and Methods

2.1. Materials

PLA used in this study was Ingeo 2500HP from NatureWorks LLC (Minnetonka, MN, USA)
having a density of 1.24 g/ cm? and relative viscosity of 4.0 (tested at 1.0 g/dL in chloroform).
Microcrystalline cellulose (MCC) was Avicell® purchased from Merck (Darmstadt, Germany).
Hexadecyltrimethylammonium bromide (CTAB) and poly(vinyl alcohol) (PVA, 98-99% hydrolysis,
M,, = 85,000-124,000) were purchase from Sigma-Aldrich (St. Louis, MO, USA). Dichloromethane
(DCM) (Scharlau, Sentmenat, Spain), hydrochloric acid (Merck, Darmstadt, Germany), sulfuric acid
(Sigma-Aldrich, USA), potassium permanganate (Merck, Darmstadt, Germany), potassium iodide
(VWR, Leuven, Belgium) and sodium thiosulfate pentahydrate (Merck, Darmstadt, Germany) were
analytical grade and used as received. The carbohydrate standards D-glucose and D(+)-xylose were
acquired from Pronalab (Sintra, Portugal) and Merck (Darmstadt, Germany), respectively. Cellulosic
fibers from Eucalyptus globulus unbleached kraft pulp and kraft black liquor were supplied by
Celtejo—Empresa de Celulose do Tejo, S.A (Vila Velha de Rédao, Portugal). Kraft black liquor was
used as a source of lignin for fiber surface modification. Their organic and inorganic content were
12.7% and 14.4%, respectively, determined using the standard methods TAPPI 650 om-09 and TAPPI
T211 om-02.

2.2. Cellulose Modification

The average size of the pulp fibers was modified using the mixer mill CryoMill (Retsch,
Haan, Germany). For that, 2.5 g of unbleached pulp fibers (UP) were grinded at room temperature
using one grinding cycle of 2.5 min at 30 s~! frequency. This sample will be designated by GUP.
The fiber morphology of UP and GUP samples were characterized using the fiber analyzer Morfi
(Techpap, Grenoble, France). The arithmetic average fiber length (mm), width (um) and fines content
(% in length) of UP were 0.641, 18.7 and 28.7, whereas the corresponding values for GUP were 0.447,
20.9 and 62.9. Particles with less than 0.2 mm in length are considered as fines [41]. The mean particle
size of MCC was 13 um, determined by laser diffraction particle size analyzer (Beckman Coulter, Inc.,
Brea, CA, USA).

In order to modify the surface chemistry of the cellulose, kraft lignin was precipitated over the
MCC and the grinded pulp fibers as follows: 2.5 g of cellulose in aqueous suspension (50 mL deionized
water) was mixed with 50 mL of black liquor. Then the pH of the cellulose-lignin was lowered by
addition of 5 M HCI solution, until pH around 3. The suspension was centrifuged at 3000x g for
10 min, the supernatant removed and the cellulose modified with lignin was washed three times with
deionized water. In order to obtain cellulose samples with different lignin content, an additional assay
was carried out using 2.5 g of GUP suspended in 90 mL deionized water and 10 mL of black liquor.
These samples were designated as MCC-L61, GUP-L61 and GUP-L25, respectively, where L61 and
L25 means the lignin content in the modified cellulosic materials. The lignin content was determined
according to TAPPI T236 om-99 standard and was found to be 4.1%, 25.4%, 60.9% and 61.4% for GUP,
GUP-L25, GUP-L61 and MCC-L61 samples, respectively.

2.3. Preparation and Characterization of PLA/Cellulose Biocomposite Spheres

In a typical laboratorial procedure, a suitable amount of PVA was dissolved in 110 mL deionized
water containing 0.1 g CTAB and stirred at 300 rpm using a mechanical stirrer (Heidolph RZR 2021,
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Schwabach, Germany). Separately, 0.5 g cellulose fibers was suspended in 50 mL of deionized water
using an IKA® T25 UltraTurrax® homogenizer at 10,000 rpm for 1 min, and after this suspension was
added to the PVA solution. After homogenization of the PVA and the cellulose fibers, the solution of
2 g PLA in 40 mL dichloromethane (previously prepared) was poured into the aqueous suspension
producing an oil-in-water emulsion (Figure 1). PVA is commonly used in emulsification solvent
evaporation formulations as dispersant to prevent the coalescence of the oil droplets, having been
observed that the used amount affects the preparation of microspheres [38,39,42]. Since the cellulose
pulp has carboxylic groups, a cationic surfactant (CTAB) was used together with PVA to stabilize the
emulsion and to promote cellulose incorporation in the PLA. The amount of CTAB was kept constant
and PVA concentration was changed in order to evaluate its effect on the process yield. The system
was mechanically stirred at constant rate (300 rpm) for 24 h at room temperature (20 °C) to evaporate
the organic solvent. The spheres were recovered from the liquid phase by sedimentation, thoroughly
washed with deionized water in order to remove the dispersants (°P°VA and CTAB) and dried at 40 °C
for 2 days. An assay without cellulose addition was also carried out using the same procedure, and the
PLA spheres were recovered.

Droplets of

PLA in DCM Aqueous suspension of

cellulose fibers

Figure 1. Illustration to show the oil-in-water emulsion in the process to obtain the PLA/cellulose
biocomposite spheres.

2.3.1. Process Yield

The spheres yield was determined by the ratio of the weight of spheres and the sum of the weight
of PLA and cellulose charged in the assay, assuming that the entire amount of dispersants (PVA and
CTAB) remains in the liquid phase (supernatant). The amount of cellulose and lignin incorporated
in the biocomposite spheres was estimated by mass balance, after measuring their corresponding
amounts remaining in the liquid phase after solid separation. Therefore, the percentage of cellulose
and lignin incorporation into PLA spheres was calculated by the difference between the initial amount
of cellulose and lignin used in each assay and the amount of cellulose and lignin in the liquid phase,
regarding the initial charge. The cellulose and lignin in the liquid phase were determined following
the standard procedure usual in the wood and pulp filed. For cellulose determination, the NREL
procedure (NREL/TP-510-42618) was followed. It should be noted that cellulose term used throughout
the work also includes the residual hemicellulose in the pulp fibers. The dissolved lignin in the liquid
phase was determined following the TAPPI T236 om-99 standard procedure; a blank test was carried
out using the same proportions of PVA and CTAB as those used in the corresponding assay.

2.3.2. Physical Characterization of PLA /Cellulose Spheres

The particle size distributions and external specific surface area of the most representative
samples of PLA /cellulose spheres was obtained by the laser diffraction method using the Coulter
L5200 particle size analyzer (Beckman Coulter Inc., Brea, CA, USA). The density of the spheres
was measured by the pycnometer method. Global specific surface area was measured according
to the Brunauer-Emmett-Teller (BET) method using ASAP 2000 V2.04 (Micromeritics Instruments
Corp., Norcross, GA, USA) apparatus. To further evaluate the morphology of the biocomposite
spheres, scanning electron micrographs were taken on a Hitachi S-2700 scanning electron microscope
(Tokyo, Japan) at 20 kV accelerating voltage. A cross-section of the spheres was obtained by imbedding
the spheres into melted paraffin. After complete solidification, the hardened paraffin was cut into
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pieces using a Microm HM 315 rotary microtome and the sphere slices were washed with xylene.
The samples were coated with a gold layer allowing for surface and cross-section visualization.

2.3.3. Attenuated Total Reflectance-Fourier Transform Infrared Spectroscopy

The efficiency of chemical surface modification was analyzed by ATR-FTIR spectroscopy.
The ATR-FTIR spectra have been recorded on a Thermo Scientific Nicolet iS10 spectrometer (Thermo
Fisher Scientific, Waltham, MA, USA) equipped with an ATR unit. The cellulose samples and the
PLA/cellulose biocomposite spheres were analyzed in the form of pellets. A total of 64 scans were
performed over each sample with a resolution of 4 cm~!. The spectrum was obtained from a range
of 6004000 cm ™1

2.3.4. Contact Angle Measurements

In order to determine the changes in the hydrophilic character of the cellulose after surface
modification, as well as the hydrophilicity of the PLA /cellulose composite spheres, contact angle
measurements were carried out with deionized water using a DataPhysics OCAH 200 system
(DataPhysics Instruments GmbH, Filderstadt, Germany) by means of sessile drop method. Uniform
and practically porosity-free pellets (obtained by high compression at room temperature) of cellulose
and lignin samples and PLA /cellulose spheres were used for this purpose. The initial contact angle was
measured after ca. 50 ms of the water drop fall on the pellet surface. This time may be considered short
enough to avoid absorption and thus an equilibrium drop shape could be assumed. All measurements
were performed at 22 °C and each sample was measured with a minimum of four drops.

2.4. Production and Characterization of Biocomposite Films from PLA/Cellulose Spheres

The produced biocomposite PLA /cellulose spheres were compression molded into films using
a hot press at 180 °C, progressively increasing the compression pressure to 3 MPa for 1 min.
This temperature and pressure were kept constant for 1 min. Then, the heating was turned off and the
hot press was cooled down to 110 °C at a rate of 6 °C/min using a circulating bath. The pressure was
relieved and the film taken out.

2.4.1. Differential Scanning Calorimetry Analysis

Thermal properties of the PLA and biocomposite films were analyzed by Differential Scanning
Calorimetry (DSC). The analyses were conducted with a Netzsch instrument DSC200 Cell and TASC
414/3 controller (Netzsch-Geratebau GmbH, Selb, Germany). Samples of about 10 mg were placed in
aluminum pans and heated from 30 to 500 °C at 10 °C/min using nitrogen as a purge gas. The degree
of crystallinity (X.) of the film samples was calculated by [43]:

Xe(%) = MJOO (1)

AHY,-w
where AH,, and AHY, is the melting enthalpy of the sample and of the pure crystalline PLA (93.6J/g) [25],
respectively; AH, is the cold crystallization enthalpy and w is the weight fraction of PLA in the biocomposite.

2.4.2. Structural Properties of the Biocomposite Films

Basis weight was determined by the ratio between the weight and the area of the films according
to ISO 536:2012. The films were weighed in an analytical balance (£0.0001 g). The thickness of the
films was measured according to ISO 534:2011 using the micrometer Adamel Lhomargy model MI 20
(Ivry-sur-Seine, France). Apparent density of the biocomposite films corresponds to the ratio between
the basis weight and the thickness, according to ISO 534:2011. Structural properties were evaluated at
23 °C and 50% RH.
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2.4.3. Mechanical Testing of Biocomposite Films

Tensile tests were performed on a tensile tester Thwing-Albert Instrument Co. (West Berlin,
NJ, USA), EJA series based on ISO 1924/2:2008 standard. The biocomposite films were cut into
rectangular pieces with 10 mm wide and 40 mm length, and then subjected to tensile test at a strain
rate of 10 mm/min, using the initial grip distance of 10 mm. Tensile strength, elongation at break,
Young’s modulus and toughness (tensile energy absorption at break) were calculated. Bending tests
were accomplished on a Lorentzen and Wettre stiffness tester (Stockholm, Sweden) at bending angle of
15°, based on ISO 2493/1:2010 standard and the bending elastic modulus was calculated according to
Niskanen [44]. All tests were performed at 23 °C and 50% RH.

3. Results and Discussion

3.1. Spheres Yield and Effectiveness of Cellulose Incorporation

PLA/cellulose biocomposite spheres were successfully obtained (as seen in Figure 2) by solvent
evaporation technique with yields ranging from close to 0 to 87.2% (Table 1); this yield represents the percentage
of the PLA and cellulose (jointly accounted) recovered as spheres regarding to the initial amounts used.

Figure 2. Pictures of some PLA /cellulose biocomposite spheres: (a) PLA/MCC; (b) PLA/MCC-L61;
(c) PLA/GUP; (d) PLA/GUP-L61 (see Table 1 for sample identification).

Table 1. Effect of PVA /PLA ratio on PLA/cellulose spheres yield, for different samples (cellulose can
be UP: unbleached pulp, GUP—grinded UP, GUP-L25—GUP with 25 wt % lignin, GUP-L61—GUP
with 61 wt % lignin, MCC—microcrystalline cellulose, MCC-L61—MCC with 61 wt % lignin).

Sample PVA/PLA Ratio Spheres Yield (%)
PLA 0.13 36.4 +4.1
PLA 0.28 859 £22
PLA* 0.35 93.2 £0.9
PLA/UP* 0.13 799 +£1.2
PLA/UP 0.20 758 £1.2
PLA/GUP * 0.13 828 £3.1
PLA/GUP 0.20 763 £2.1
PLA/GUP-L25 0.28 79.6 £0.4
PLA/GUP-L61 0.13 75+£73

PLA/GUP-L61 0.20 0+0

PLA/GUP-L61 * 0.28 872+18
PLA/MCC 0.13 40+15
PLA/MCC 0.20 45+64
PLA/MCC* 0.28 740+ 0.3
PLA/MCC-L61 * 0.13 843 +43

* Samples characterized more deeply throughout the work.

As observed in Table 1, the PVA/PLA ratio determines the spheres yield, as can be seen for the
PLA samples with PVA /PLA ratios of 0.13, 0.28 and 0.35, the PLA/GUP-L61 samples obtained with
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0.13,0.20 and 0.28 PVA /PLA ratios, and the PLA/MCC samples with 0.13, 0.20 and 0.28 PVA/PLA
ratios. When only PLA was used, the increase of PVA/PLA ratio from 0.13 to 0.35 leads to the
increase of spheres yield from 36.4% to 93.2%. For the low PVA/PLA ratio, a significant spheres
agglomeration occurs. Increasing the amount of PVA stabilize the emulsion, prevents the droplets
coalescence during the dichloromethane evaporation by providing a protective layer around the
droplets. Thus, the droplets aggregation into large particles does not occur and the spheres yield
increase with higher PVA/PLA ratio. Jiang et al. [42] also observed an increase of PLA nanoparticles
yield with the increase of PVA concentration. When the emulsion contains cellulose fibers (original or
grinded) besides PLA, the PVA/PLA ratio required to form individualized spheres is lower than those
required by PLA only (0.13 versus 0.35); however the average spheres size is much higher and the
external specific surface area much lower (Table 2). Reducing cellulose fiber length from 0.641 mm (UP)
to 0.447 mm (GUP) with the concomitant increase of the cellulose fine material content (from 28.7%
to 62.9%), the spheres yield increased only slightly from 79.9% to 82.8% (PLA/UP vs. PLA/GUP),
which suggest that the particle dimensions are not a key parameter in spheres yield. In addition, the
increase of PVA /PLA ratio from 0.13 to 0.20 (PLA/GUP) does not improve the spheres yield. In the
case of MCC, the amount of dispersant required is higher than for the cellulose fibers. For PVA/PLA
ratios of 0.13 or 0.20, the formation of agglomerates of irregular size occurred, providing a very
low spheres yield (around 4%), whereas with the 0.28 PVA /PLA ratio a spheres yield of 74.0% was
obtained. This high amount of PVA required for spheres formation is in accordance with the very
high external specific surface area of these particles (Table 2). In addition, as we will see later on,
the MCC incorporation is very low and therefore the droplets are almost only PLA; as a consequence,
the PVA /PLA ratios were also of the same magnitude.

Table 2. Physical properties of selected samples of PLA/cellulose spheres (see Table 1 for
sample identification).

Laser Diffraction BET
Sample Densigy Average Spheres Size (um) External Global
(g/em®) Weighted by ~ Weighted by Surface Area Surface Area
Volume Number (cm?/g) (em?/g)
PLA 0.78 £ 0.03 1262 + 1.5 46.0£+19 525.0 £21.2 not measured
PLA/UP 0.91 +0.03 796.5 + 1.3 6334+ 1.3 783+ 04 10,600
PLA/GUP 0.69 + 0.01 611.1+14 4472 +13 104.5 + 0.7 11,400
PLA/GUP-L61 0.77 £ 0.01 888.0 + 1.4 6484 + 14 711+ 0.2 9300
PLA/MCC 0.78 £ 0.00 1309 £ 1.6 109+ 1.6 579.7 +11.3 5700
PLA/MCC-L61 0.83 + 0.02 6417 +1.4 3055 +1.9 101.0 +=4.5 7400

In addition to spheres yield, it is important to investigate the cellulose material incorporation into
the 