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ABSTRACT High-lignin content cellulose nanofibrils (LCNF) were successfully prepared from thermomechani-
cal pulp through TEMPO-catalyzed oxidation, followed by ultrasonic treatment. Preparation protocols of the
LCNFs included use of the mild pre-hydrolysis of the thermomechanical pulp and adjustment of sodium
hypochlorite loading for the samples with the 23.8 and 14.1 wt.% lignin content, resulting in the increase of
the carboxyl group content from 0.70 to 1.24 mmol/g. LCNFs had a diameter of 14 + 5 nm (AFM evalua-
tion); and the LCNF morphology was affected by contents of both lignin and carboxyl groups. The translucent
LCNF films were prepared by solution casting technique. They exhibited the heightened water contact angle
of 75-82°, an increased thermal stability up to 275°C compared to lignin-free cellulose nanofibril films (39°
and 203°C, respectively), and excellent UV-blocking ability in a wide spectrum range from 200 to 375 nm. The
said LCNFs can be successfully used for manufacturing the packaging materials and/or making the biopolymer
composites.
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1. Introduction

Cellulose nanofibrils (CNF), obtained from various cellulose sources, attracted attention of modern researchers as
“green alternative” for plastics used in polymer composites, packaging materials, optoelectronic and electronic materials,
detectors, medicine and healthcare, etc. [1-10]. For the first time, CNFs were obtained by mechanical fibrillation of cel-
lulose fibers in high-pressure homogenizer in 1983 [11, 12]. In subsequent years, researchers focused their attention at
manufacturing completely bleached lignin-free CNFs by various cellulose fibrillation techniques such as microfluidiza-
tion, grinding/refining, milling, cryo-crushing, steam explosion, and ultrasonication [13, 14]. Recently, a new strategy of
direct conversion of lignocellulose into nanofibrils was suggested; and it resulted in the preparation of so-called lignin-
containing nanofibrils (LCNF) [15-20]. Also, the said recent publications [16—18] disclose preparation of LCNF from
various lignocellulose sources including wood species, plant-based biomass, unbleached kraft pulp, etc. Making LCNF
is more efficient and ecologically friendly compared to CNF manufacturing because of the use of non-delignified raw
material, requires less energy and smaller amounts of chemical reagents; it also allows more rational and complete use of
renewable resources.

Lignin is an amorphous aromatic copolymer; it is a major incrusting ingredient of the plant cell walls: the latter
are made up of endurable cellulose nanofibrils that are built in the lignin-hemicellulose matrices [21]. Lignin is more
hydrophobic than cellulose; it possesses UV-protecting, antibacterial and antioxidant properties [22,23]. As a result,
lignin is used as green reinforcing component of CNF UV-protecting films [24-26].
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Composite nano-lignin CNF films have exhibited antibacterial activity against Escherichia coli and hemolytic strep-
tococci [26]. Authors [27-29] emphasized that lignin improved hydrophobicity of LCNFs compared to the one of CNFs.
As a result, enhanced LCNF hydrophobicity allowed use of the said materials as ingredients of hydrophobic matrix com-
posites [30-33].

Thus, the thermomechanical pulp (TMP) with high content of lignin can become an important starting material
for making LCNF in order to provide the manufactured materials with the hydrophobic, UV-protecting and/or antibac-
terial properties. However, the presence of lignin lowers efficiency of cellulose fibrillation under mechanical treat-
ment [20]. The said fibrillation efficiency can be improved by preliminary enzymatic or chemical treatment like 2,2,6,6-
tetramethylpiperidine-1-oxyl radical (TEMPO) mediated oxidation, which is used quite frequently because of the high
homogeneity of obtained CNFs. Such TEMPO-catalyzed oxidation of cellulose was originally implemented by Isogai
and Kato in 1998 [34], and it was optimized later by Isogai and Saito [35,36] for making CNFs from cotton and bleached
pulp.

In view of the above said, the goals of our present study were preparation of lignin containing cellulose nanofib-
rils from thermomechanical pulp of spruce and making hydrophobic films with UV blocking effect based on the said
nanofibrils.

2. Experimental methods
2.1. Materials

As the starting materials, we used 15 wt.% spruce thermomechanical pulp (TMP) (Volga company, Balakhna, Nizhny
Novgorod region, Russia), powdered bleached woodkraft cellulose (PCC-0.25) (Polycell, Vladimir, Russia), 99% pure
TEMPO (NIOCH SB RAS, Russia) 19 wt.% sodium hypochlorite solution; sodium bromide; sodium hydroxide; and
hydrochloric acid (analytical grade) (all four reagents were supplied by Chimmed, Russia).

2.2. TMP pre-treatments

The TMP samples were squeezed out on a nylon mesh and dried under air for the further storage and use. Before
their use, TMP specimens were ground in the laboratory mill LZM-1M with the rotary knife. Shredded TMP fibers (2.0
wt.%) were swollen in double distilled water at room temperature for 12 h, then refrigerated below 5°C for 30 days. The
resulting samples were labeled as TMP,,..

2.3. Control samples

Lignin-free TEMPO-oxidized cellulose nanofibrils (TOCNF) samples were prepared from PCC-0.25 powdered wood
bleached kraft cellulose according to the previously published technique [37] and served as control specimens.

24. TEMPO-mediated oxidation of TMP
TEMPO-mediated oxidation of TMP was carried out by modified [8,37] techniques (see protocols 1 and 2 below).

2.4.1. Protocol 1. 100 ml of 11.5 M HCI was slowly added under stirring to prepared as described above 500 g of
lignocellulose fiber TMP,,- (2.0 wt.%). Obtained ~2 M HCI solution was placed in the 80°C water bath and hydrolyzed
under vigorous stirring for 30 min. The reaction was quenched by 10-fold dilution with cold double distilled water. Then,
the obtained suspension was washed with double distilled water, using repeated centrifugation cycles, until pH 5.0 was
reached. The content of hydrolyzed lignocellulose fiber was determined gravimetrically. 400 ml of aqueous solution of
0.1600 g TEMPO and 1.0000 g NaBr was added to the resulting suspension of 10 g of hydrolyzed lignocellulosic fiber in
600 ml of water, and the formed mixture was stirred for 10 minutes. Oxidation was initiated by slow dropwise addition
of 11.9 wt.% NaClO solution (5 mmol/g TMP) with constant stirring at room temperature. The pH of the suspension
was maintained at 10.2-10.5 and, if necessary, adjusted by adding 0.3 M NaOH. The oxidation reaction was completed
and the suspension pH levelled off in about 50 min. Then, pH was further adjusted to about 7.0 by adding 0.5 M HCL
The supernatant was separated from the precipitate, the latter was suspended in Ho,O and centrifuged at 8000 rpm for
10 minutes. The centrifuged precipitate was redispersed in double distilled water, ultrasonicated in the ice bath at 35 kHz
frequency for 30 minutes, and subjected to dialysis against water for 7 days. After dialysis, the suspension was once again
ultrasonicated in an ice bath for 30 minutes. The resulting lignin-containing cellulose nanofibrils samples were labeled as
LCNF; and stored at 4°C. The LCNF content in the LCNF; dispersion was determined gravimetrically.

2.4.2.  Protocol 2. 500 g of lignocellulosic fiber TMP,,,. sample (2.0 wt.%), prepared as described above, was treated
with 500 ml aqueous solution containing 0.1600 g TEMPO and 1.0000 g NaBr under stirring for 10 minutes. The
oxidation was initiated by the slow addition of 11.9 wt.% aqueous NaClO to 10 mmol/g TMP under constant stirring at
room temperature. The pH of the suspension was maintained at 10.2—-10.5 and, if necessary, adjusted by adding 0.3 M
NaOH. After 65 min, the oxidation reaction was completed, pH of the suspension stopped changing, and the reaction
mixture pH was adjusted to about 7.0 by adding 0.5 M HCI. The further work-up procedure was similar to the one
described above in the protocol 1. The resulting lignin-containing cellulose nanofibrils samples were labeled as LCNF,
and stored at 4°C. The LCNF content in the LCNF, dispersion was determined gravimetrically.
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2.5. Fabrication of lignin containing cellulose nanofibrils films

Suspensions of LCNF; or LCNF; were diluted with double distilled water to the 1.0-2.2 wt.% solids content. 10 ml
specimens of the obtained suspensions were ultrasonicated in an ice bath for 5 minutes (UZG13-01/22 sonicator, 110 W,
VNIITVCH), poured into polystyrene Petri dishes (35 mm diameter), and dried under ambient conditions for 3—4 days.
After evaporation of the solvent, the formed LCNF; and LCNF, films were carefully separated from the plastic substrates
as a self-standing structure. Subsequent drying of the films was carried out at 70°C for 40 min.

2.6. Characterization

X-ray diffraction analysis of the samples was carried out on a Bruker D8 Advance diffractometer (Bruker AXS
GmbH, Karlsruhe, Germany) on CuKa-radiation in the angular range 8-60 °26, in steps of 0.02 °26. The diffraction peak
about 22.7 20 was used for TOCNF crystallinity index (IC, %) calculation by Segal’s method [4].

Conductometric titration was used to determine carboxyl groups content in mmol/g of LCNF according to the protocol
described elsewhere [38]. The conductivity values were recorded using conductometer Expert-002 at room temperature
as the mean value of three measurements.

The surface morphology and roughness were investigated using a NTEGRA Prima atomic force microscope (NTMDT
Spectrum Instruments, Russia) in tapping mode. All experiments were carried out under controlled conditions maintained
by a TRACKPORE ROOM-05 measuring complex (purity class 5 ISO (100), the accuracy of maintaining air temperature
in the range 23 £ 5 K is +0.05 K, the relative air humidity is 55 £ 1 %). The average roughness (Ra) was measured from
the AFM image for 10 um x 10 pum scanning area.

Thermogravimetric analysis (TG) was performed in 23-650°C range with 5°C/min heating rate in a synthetic air
flow (50 ml/min) and an argon flow (20 ml/min) using a STA 449F3 Jupiter calorimeter with a TG sensor (Netzsch,
Germany). The weight part was preliminarily calibrated by the decomposition of a standard reagent, calcium oxalate
hydrate CaC20y4 - H50.

Fourier transform infrared spectroscopy (FTIR) was performed on an INFRALUM FT-08 spectrometer with ATR
unit (Pike) from 400 to 4000 cm ™.

The transmission spectra were recorded using a Cary 5000 spectrophotometer in the 200—-800 nm range.

The contact angle was measured on a FTA1000 Drop Shape Instrument B Frame System. The test sample was placed
on a horizontal holder. The water was applied onto the surface of the test sample by a special microdosing syringe. The
droplet volume was 100 pl. The images were recorded using a CCD detector of 640-480 pixels. Images were obtained
after 1 s application of the droplets. The measurements were performed at room temperature (24 4+ 2°C) and repeated
5 times on various fresh surfaces.

The chemical composition of dried up at 105 °C samples TMP and LCNF was determined in accordance with the
standards of the Technical Association of the Pulp and Paper Industry (TAPPI). The holocellulose (alfa-cellullose +
hemicelluloses) content was determined according to the method described in TAPPI 249-75. The alpha-cellulose content
was then determined by T203-99. The difference between the values of holocellulose and alfa-cellulose content gives
the hemicellulose content [39]. The lignin in lignocellulosic fiber (TMP, LCNF; and LCNF5,) includes acid-insoluble
lignin and acid-soluble lignin. Acid-insoluble lignin content was analyzed by reaction with 72% H>SO,, using a standard
method recommended in TAPPI T222 om-88. The acid-soluble lignin content was determined in the filtrate after the
separation of acid-insoluble lignin by the spectrophotometric method at a wavelength of 240 nm [40]. Each sample was
tested three times, and the averaged values were obtained.

3. Results and discussion
3.1. Preparation of LCNF with different lignin contents

The chemical composition of the original lignocellulosic raw material was compared with the composition of obtained
LCNF. Thermomechanical pulping is the process of producing wood pulp at elevated temperature and pressure in refiners
from pre-steamed wood chips at a temperature of about 125 °C. With such thermo-hydrolytic treatment, some of the
organic substances contained in wood can dissolve in water [41]. The chemical composition of samples on dry weight
and yields of LCNF from each protocol are shown in Table 1. It can be seen from the data that the cellulose content
and the total content of the main components in TMP,,. slightly increased compared to wood chips, by 2.8% and 2.0%,
respectively, which indicates the removal of extractives, including terpenes, resin and fatty acids.

The results showed that the LCNF; yield was slightly (1%) higher than the LCNF; yield. LCNF yield from native
wood was about 2 times higher than TOCNF, Table 1. During TEMPO oxidation, the content of a-cellullose in TOCNF
increased, the content of hemicelluloses decreased, and lignin was absent. Previously, it was shown that selective oxidation
of the primary hydroxyl groups of cellulose occurs, as well as the decomposition of hemicelluloses and the oxidation of
lignin during TEMPO oxidation [35,36]. The content of lignin decreased in both protocols when using TMP,,,., much
decreased by twice in protocol 2 when using higher doses of NaClO. The increase in oxidation in the case of LCNF,
is confirmed by a higher carboxyl group content of 1.24 mmol/g compared to 0.70 mmol/g in LCNF;, Table 1. The
amount of lignin decreased by Protocol 1 compared to TMP,,,. by 4.7%, however, the amount of lignin in LCNF; (23.8%)
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TABLE 1. Chemical composition of samples on dry weight and yields of LCNF from each protocol
a- Hemicellu- Lignin, wt.% Yield, (%) Carboxyl
Sample cellullose, loses, total acid- acid- process | from native | group content
wt. % wt.% insoluble soluble output wood (Ccg), mmol/g
spruce wood!*?! 42 25 29 - -
TMP,,, 448405 | 24.7£0.2 | 285+£0.3 | 277 0.8 - 94[41] -
LCNF, 68.4+£05| 57+02 |238+03|231+£03|0.7£0.2 65 61 0.70 £0.05
LCNF, 69.5+£0.5 | 14.3+0.2 |141+03 | 11.3£0.3 | 28 £0.2 64 60 1.244+0.05
TOCNF®! 96.0£0.5 | 34+0.2 0 0 - 70 30 1.124+0.05
PCC-0.250) | 929404 | 52402 | 1.2+03 | 1.24+0.3 - - 431431 -

is much higher than in other studies [16, 17,42]. With a decrease of acid-insoluble lignin content in LCNFs, increased
of acid-soluble lignin content 2.1% compared to LCNF;. During TEMPO oxidation of TMP,,. using higher doses of
NaClO (10 mmol/g), part of the lignin decomposed, part of the lignin was oxidized to form fragments with a lower
molecular weight of acid-soluble lignin. A similar effect was observed during TEMPO oxidation of poplar alkaline
peroxide mechanical pulp [44]. According to protocol 1, a preliminary mild hydrolysis of TMP,,. with dilute HCI was
performed, followed by TEMPO oxidation. During mild hydrolysis of TMP,,. with dilute acid, first of all, amorphous
hemicelluloses are hydrolyzed, then partially amorphous regions of cellulose, lignin is not dissolved, but some structural
changes of lignin can occur during this treatment [22,41]. The significantly lower hemicellulose content in LCNF;
compared to LCNF; is due to the mild hydrolysis step of Protocol 1 (Table 1). The appearance of the TMP,,. suspension
changed during the oxidation of TEMPO (Fig. 1). The original yellow-light brown TMP,,,. pulp was a suspension of
swollen lignocellulose fibers in water with phase separation, Fig. 1a. The gel-like suspension on protocol 1 turned brown
while the LCNF;, gel-like suspension remained yellow, Figs. 1b and c. The change in the color of the LCNF; pulp to dark
brown may be associated with an increase in chromophore groups in the lignin structure after treatment with dilute HCL.

F1G. 1. Appearance of aqueous suspensions: (a) TMP,,. (2.5 wt.%); (b) LCNF; (2.5 wt%), (c¢) LCNF»
(2.5 wt%)

X-ray diffraction patterns of all samples contained diffraction peaks at 26 = 22.3° and 20 = 14.8 — 16.8° (double
peak) that corresponded to the (200), (1i0) and (110) crystallographic planes of monoclinic 13 cellulose [38] (Fig. 2).
Obviously, the crystal structure of the samples treated according to Protocol 1 and 2 did not change and remained cellulose
I. However, the crystallinity index (IC) varied significantly under different processing conditions. The high IC = 78.2%
for the TOCNF sample was due to its high content of «a-cellulose, low content of amorphous hemicelluloses, and the
absence of lignin. The IC value for LCNF; and LCNF; was 62.5% and 64.7%, respectively. This was consistent with the
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F1G. 2. XRD patterns of the TMP,,,. and films: LCNF;, LCNF;, TOCNF

TABLE 2. Physical properties of TOCNF, LCNF;, LCNF; films

Particle size, nm | Crystallinity | Average | WCA,

Sample fibril sphere index (IC), | roughness | deg. (°)
diameter | diameter % (Ra), nm

LCNF,; 14+5 1448 62.5 61 7512

LCNF, 14+5 10+£3 64.7 37 82+£2

TOCNFE | 19+5 - 78.2 3 39+3

results of the content of a-cellulose in them (Table 1). An increase in the intensity of the amorphous halo and lower value
IC (53.3%) for TMP,,,. was associated with a high content of hemicelluloses and lignin.

3.2. Characterization of chemical structures and morphology of LCNF;, LCNF; films

FTIR was carried out to characterize the chemical structure of LCNF with different lignin content (Fig. 3). FTIR
spectra of all samples comprise absorption bands typical for cellulose: 3284-3344 cm™!, 2899 and 1644 cm™' have
been assigned to the stretching vibration of O—H hydrogen bond, C-H stretching, respectively. The 1644 cm™* band is
associated with OH bending of the absorbed water vibrations. Three bands at 1422 em™ ', 1367 ecm~ ! and 1315 cm ™!
are associated with cellulose parent chain. 1158 cm™! band corresponds to the asymmetric bridge C—O—C stretching.
1104 cm™! and 1026 cm™! bands are associated with C—O—C pyranose ring skeletal vibrations. A small sharp band at
898 cm ™! is attributed to the S-glycosidic linkages between the anhydroglucose rings in the cellulose [39].

For all samples at 1607 cm ™! the absorption band associated with the C=0 stretching vibration of the carboxylate
groups the formed as a result of the TEMPO-mediated oxidation reaction can be observed [38]. The intensity of the band
at 1607 cm ™! is maximum for LCNF, (Ccy = 1.24), decreases with a decrease carboxyl group content for TOCNF (C,,
= 1.12) is minimal for LCNF; (C.4 = 0.70).

Bands at 1509 cm™! and 1262 cm™! are attributed to C = C stretching vibration in the aromatic ring and the C—
O stretching from lignin, respectively [45-47], are visible for LCNF; and LCNF;, samples as shown in Fig. 5. With
the decrease of lignin content (Table 1), the characteristic bands of lignin in LCNFs samples weakened and disappear
in lignin-free TOCNF. Additional absorption band in FTIR spectrum for LCNF; at 1705-1740 cm™! is attributed to
carbonyls group and the ester linkage of carboxylic group of the ferulic and p-coumaric acids of lignin [22,48], which is
due to the preliminary hydrolysis of dilute HCI1 according to protocol 1. The absence of this band in the LCNFs spectrum
confirms the assumption made.
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F1G. 3. FTIR spectra of: TOCNF, LCNF;, LCNF,

The morphology of LCNF and TOCNEF films studied using AFM is shown in Fig. 3. The microstructure of TMP,,,.
fibers is shown in Fig. 1S. The diameter and length of the TMP,,,. fiber were 30 £ 10 m and 750 4 250 pum, respectively.

The TOCNF samples contained entangled nanofibrils 19 + 5 nm diameter (Fig. 4a). Cellulose nanofibrils as well
as dispersed spherical nanoparticles were observed in LCNF; and LCNF; samples (Figs. 4b and 4c). The spherical
nanoparticles most likely consisted of lignin. Similar structures for lignin-containing cellulose nanofibrils obtained from
various sources have been observed and described previously [16,49, 50]. During TEMPO-mediated oxidation, lignin
was oxidized and depolymerized to form small fragments of lignin. Due to its hydrophobic nature, lignin aggregated into
spheres in order to minimize its contact surface with water [16]. The average diameter of the obtained LCNF 14 £+ 5 nm
nanofibrils was slightly smaller than the diameter of TOCNF nanofibrils. This was probably due to the different sources
used to obtain TOCNF and LCNF. The morphology of LCNF; was less uniform than that of LCNF,: lignin nanoparticles
were located separately from cellulose nanofibrils and had a large size spread (14 £ 8 nm). Possibly, this morphology of
LCNF; was due to structural changes in lignin upon mild hydrolysis of TMP,,. with dilute HCI. Longer LCNF; nanofibrils
were uniformly coated with spherical lignin nanoparticles 10 -3 nm in size. However, aggregation, lack of aligned fibrils,
and overlap of individual LCNF; nanofibrils made it difficult to accurately determine the length of nanofibrils using AFM.
Spherical lignin nanoparticles on the surface of LCNF; nanofibrils could be associated with lignin redeposition [22]. It is
worth noting that the lignin nanoparticles appeared to be attached to the LCNF, rather than separated from fibrils as for
LCNF; specimens.

The resulting LCNF; and LCNF; films can be considered as nanocomposites of two nanosized biomaterials, cellulose
and lignin. In order to study the effect of hydrophobic lignin on the wettability of films, the water contact angles (WCA)
of TOCNF, LCNF;, and LCNF; films were measured (Fig. 4g,h,i). TOCNF films were the most hydrophilic (WCA 39°)
compared to LCNF; (WCA 75°) and LCNF, (WCA 82°) films. This behavior of TOCNF films can be explained not only
by the difference in chemical composition (the absence of lignin), but by a decrease in surface roughness [51]. The mean
surface roughness value (Ra) for TOCNEF, estimated by AFM, was 20 times lower than Ra for LCNF; and more than 12
times lower than Ra for LCNF; (Table 2). Despite the higher Ra values for LCNF; and their higher lignin content, WCA
films of LCNF; were lower than for LCNF; films. Apparently, larger lignin particles, located separately from cellulose
nanofibrils, increased the surface roughness of LCNF; films (61 nm vs. 37 nm Ra for LCNF; films; Figs. 4e,f). However,
a more uniform distribution of lignin nanoparticles over the surface of nanofibrils resulted in the greater hydrophobicity
of LCNF; films compared to LCNF;.

3.3. Optical and thermal properties of LCNF;, LCNF; films

Translucent LCNF; and LCNF; films were obtained without cracks (Fig. 5). The LCNF; films were flexible
(Figs. 5c,d) in contrast to the brittle LCNF; films (Figs. 5a,b). In the visible light region (400-800 nm), LCNF films
showed optical transmission dependent on lignin content and film thickness. Comparison of the transmission spectra
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FIG. 4. AFM images of films: TOCNF (a,d), LCNFy, (b,e), LCNF; (c,f). Images of a water droplet
spreading over the films: TOCNF (g), LCNF, (h), LCNF; (i)

a C

LCNF LCNF =

Moo PAH

FIG. 5. Appearance of the films: LCNF; (a,b), LCNF; (c,d), obtained from suspensions of 2.2 wt.%
and 1.1 wt.%, respectively. The logo is used with permission from Prokhorov General Physics Institute
of the Russian Academy of Sciences

of LCNF films obtained from a dispersion with the same concentration showed that the lignin content makes the main
contribution to the decrease in the transmission coefficient (Fig. 6, Table 3).
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FIG. 6. Transmission spectra of the films: TOCNF (a,b), LCNF; (c,e), LCNF; (d,f), obtained from
suspensions of 1.1 wt.% and 2.2 wt.%, respectively

TABLE 3. Optical properties of TOCNF, LCNF;, LCNF; films

Sample Suspension Film Transmittance (T), % UV blocking ratio (R), %
concentration, wt.% | thickness, yum | 600 nm | 275 nm | 350 nm | 275 nm 350 nm

LCNF, 1.1 20+5 24.1 0 0 100 100
LCNF,; 2.2 40+ 5 8.8 0 0 100 100
LCNF; 1.1 20+ 33.7 0.9 13.1 98.9 84.8
LCNF; 22 40+5 18.5 0 0.8 100 99.0
TOCNF 1.1 20£5 89.4 80.0 86.2 0 0
TOCNF 2.2 35+5 86.7 60.1 71.9 0 0

The LCNF; and LCNF; films showed strong absorption in both UVB (280-315 nm) and UVA (315-400 nm) com-
pared to TOCNF films (Fig. 5). LCNF; films had a UV absorption band at 295-301 nm (Figs. 8b,c), due to the m—m
interaction between lignin molecules [52]. The transmittance coefficients (T) and UV blocking ratio (R) of these films
at 275 and 350 nm, respectively, were summarized in Table 3. The UV blocking ratios (R, %) were evaluated using
equation (1) [53]:

(To —T) - 100
To ’
where the transmittance coefficients of TOCNF and LCNF films were defined as Ty and T, respectively.

The LCNF; films exhibited a pronounced UV blocking property in the wavelength range below 375 nm (Fig. 5c,e).
LCNF; films showed high UV blocking effect in both UVB (R = 99%-100%) and UVA (R = 84.8%-99.0%) with a
decrease in transmission at 600 nm (71" = 33.7-18.5%), depending on the film thickness (Table 3).

R = (1)
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Thermal stability of LCNF and TOCNF films as well as TMP,,,. was evaluated by thermogravimetric analysis (TG)
under synthetic air flow (Fig. 7). The initial weight losses at 150°C for TMP,,-, TOCNF films, LCNF;, and LCNF; were
7.9%, 7.0%, 5.9%, and 6.7%, respectively; and they were attributed to the adsorbed water evaporation. The initial and
the final decomposition temperatures (T, ser and Tepgset) Were defined as the temperatures at which the sample weight
losses became more apparent, and at which the weight losses stopped, respectively.

100 Onset*: 275 °C

Onset*: 283 °C

804 Onset*: 203 °C
Onset*: 203 °C

° 60+
"

=40

20 TMPpr
Endset: 508 °C -
01 Endset: 472 “Cx—
100 200 300 400 500 600
T, °C

F1G. 7. TG curves for TMP,,,. and films: TOCNF, LCNF;, LCNF,

The initial weight losses at 150°C for TMP,,., TOCNEF films, LCNF;, and LCNF, were 7.9%, 7.0%, 5.9%, and 6.7%,
respectively; and they were attributed to the adsorbed water evaporation. The initial and final decomposition temperatures
(Tonset and Tepgset) Were defined as the temperatures at which the sample weight losses became more apparent, and
at which the weight losses stopped, respectively. Topser for TMP),., (283°C) and T,y se: for LCNF; (275°C) differed
insignificantly by 8°C due to the high content of lignin in them, Table 1. Lignin, composed of phenyl-propane units
interconnecting via various ether and carbon-carbon bonds, is more thermally stable then cellulose and hemicelluloses
[45]. The decrease of T,,s.; of LCNF; was probably associated with an increase in the heat exchange rate due to
the surface area increase and decrease in the particle size to nanoscale. The decomposition proceeds of TOCNF and
LCNF; films occurred at lower temperatures comparing to LCNF; film and TMP,,., Fig. 7. The decrease in the TEMPO
oxidation of lignocellulosic biomass thermal destruction temperature due to the influence of carboxylate groups has been
thoroughly studied Rohaizu and Wanrosli [45]. We believe that the lower temperatures (T, s¢¢) for thermal decomposition
(203°C) of TOCNF and LCNF, films are due to the higher content of carboxyl groups, Table 1. The TG curves of all
samples showed three stages of degradation with overlapping stages of degradation of various components. The first
stage was associated with the loss of moisture. The second stage of decomposition was associated with dehydration,
depolymerization of hemicelluloses and cellulose. The third stage of sample decomposition can be explained by the
oxidation of residual carbon [8] and the degradation of the complex structure of lignin [22]. For TMP,,. and TOCNF film,
the final decomposition temperatures T, qsc: Were determined to be 579°C and 508°C, respectively. The increased value
of Tendaset TMPy,. was associated with the high thermal stability of the aromatic chain of lignin. For LCNF; and LCNF;
films, the final decomposition temperature was not determined; the residue at 650°C was 17.5% and 18.1%, respectively,
which significantly exceeds the residue for TMP,,,. (1.1%). This indicates that the incorporation of carboxylate functional
groups into LCNF; and LCNF; as a result of TEMPO oxidation had a flame retardant effect. The high content of lignin at
a low content of carboxyl groups led to an increase in the thermal stability of LCNF; films. The high content of carboxyl
groups with a simultaneous decrease in the content of lignin contributed to a decrease T,y se¢ 0f LCNF; films to 203°C.
The LCNF; and LCNF, films exhibited flame retardant properties.

4. Conclusions

We developed the efficient process for the isolation of 1445 nm diameter lignin-containing cellulose nanofibrils from
TMP using TEMPO oxidation followed by sonication. The 23.8 wt% lignin content in LCNFy, isolated with the use of
dilute HCI prehydrolysis and a low dose of NaClO (5 mmol/g), was much higher than the same ingredient content reported
in any previously published studies. The lignin content decreased to 14.1% in LCNF; with the increase of NaClO load to
10 mmol/g, while the content of carboxyl groups in LCNF; increased to 1.24 mmol/g (vs. 0.70 mmol/g for LCNF;).
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Thin (20-40 pm), translucent, and flexible LCNF;, films with a uniform distribution of 10 4= 3 nm spherical lignin
nanoparticles and more brittle LCNF; films with less uniform distribution of larger (14 & 8 nm) lignin nanoparticles were
obtained by a solution casting technique. LCNF films showed excellent UV-blocking ability in a wide spectrum range
from 200 to 375 nm, and much less hydrophilicity (WCA = 75-82°) compared to TOCNF films (WCA = 39°). The
thermal stability of LCNF films increased with an increase in the lignin content and a decrease in the content of carboxyl
groups up to 275 °C compared to 203 °C TOCNF films.

Overall, LCNF can be considered as nanocomposite. The presence of nanolignin on the surface of LCNF resulted in a
UV blocking effect, an increase in thermal stability, and increase of hydrophobicity of obtained films. The developed pro-
cess has provided LCNFs with high yield and superior properties for making the packaging materials and/or biopolymer
composites.
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