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ABSTRACT

The purpose of this research study was to investigate the properties of polyurethane coatings based on lignin
nano-particles. For this purpose, the prepared coatings were applied to pine wood surfaces and weathered artifi-
cially. Subsequently, color and gloss of the coatings were measured before and after the weathering test. Field
emission scanning electron microscopy (FE-SEM) micrographs prepared from the coatings showed that the aver-
age size of nano-particles in the polyurethane substrate was approximately 500 nm. Nuclear magnetic resonance
(">C-NMR) spectroscopy showed that strong urethane bonds were formed in the nano-lignin-based polyurethane.
Differential calorimetric analysis (DSC) test revealed that the glass-transition temperature (Tg) of lignin nano-
particles modified with diethylenetriamine (DETA) was 112.8°C and Tg of lignin nano-particles modified with
ethylenediamine (EDA) was 102.5°C, which is lower than the Tg of un-modified lignin (114.6°C) and lignin mod-
ified with DETA (126.8°C) and lignin modified with EDA (131.3°C). The coatings modified with lignin nano-par-
ticles had a greater change in gloss. The lignin nano-particles in the modified coating are trapping hydroxyl
radicals which reduces photoactivity and yellowing of the polyurethane by about 3 times compared to unmodified
polyurethane coatings. After weathering test, the nano-lignin-based coating had a rougher surface with a lower
contact angle (0.78°) compared to the unmodified polyurethane coating (0.85°).
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1 Introduction

The main purposes of coating on an exterior wooden surface are to change its appearance and to protect
the wood from biological, chemical, mechanical, and physical degradation. The service life of the coating is
an important factor in this context, i.e., it is desirable that the coating retains its appearance and that it does
not degrade so the protective effect is lost [1-3].

One of the common bases for wood coatings is polyurethane (PU), a group of polymers that is composed
of a di-isocyanate and a polyol. PUs are co-polymers that include the hard part of urethane and the soft parts
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of polyester or polyether [4,5]. The hard part acts like a filler giving dimensional stability of the PU, and the
soft part gives the PU its elasticity [6].

Biodegradable PUs are made from polyols, starch, fatty acids, and isocyanates [7]. Biodegradable
lignin-based PUs have successfully been used in polyurethane coatings [8—10].

Problems with lignin in PUs are its low degree reaction with the other components and how it distributes
itself in the polymer substrate.

The work presented here discusses the chemical modification of lignin with amine and propylene
carbonate as a source of monomer in the polymerization process.

First, amine reacts additively with the double bonds of lignin and forms strong carbon and nitrogen
bonds. In the next step, the modification of lignin with propylene carbonate causes the creation of
reactive first-type hydroxyl groups on its five-carbon rings [11-13].

In addition to enhancing the appearance of wood, polyurethane coatings provide protection against
dimensional changes, the occurrence of cracks, and degradation through destructive factors [14,15].

The purpose of the present study was to use nano-lignin compounds modified with amine and propylene
carbonate for the two-step synthesis of polyol. The synthesized polyol was used as a partial replacement for
common oil-based polyols in the production of PU coatings. For this purpose, the synthesized polyol resulted
in a PU coating with certain and different proportions with aliphatic isocyanate N-75. In order to investigate
the protective effects of the synthesized coating on wood, color and gloss were studied over time under
accelerated weathering.

2 Experimental

2.1 Lignin Extraction and Modification

Sulfuric acid was added to the liquor in a mechanical pulping process proportion (20:1 mL) for
precipitation and extraction of lignin. 10 grams of lignin was mixed under heating (60°C) with 3 grams
of diethylenediamine (DETA), and 3 grams of ethylenediamine (EDA), 50 milliliters of methanol solution
and 50 milliliters of xylene solution were added under stirring. This solution was passed through a
sulfone filter. After the completion of the reaction, amino lignin was washed 4 times with methanol
solution and finally dried under vacuum at (30°C). For the reaction of amino lignin with propylene
carbonate, 9 grams of amino lignin was mixed with 10 grams of propylene carbonate, chloroform and
dibutyltin dilaurate catalyst for 6 h at (60°C). Next, having passed through the sulfone membrane, the
separated product was dried under vacuum at (30°C). All chemicals in this stage were manufactured in
Germany by Merck Company.

2.2 Forming the Film and Coating the Samples

Polyurethane (PU) coating was prepared according to Table 1. The coating was applied to the surface of
the pine wood surface using the film coating method with the ability to adjust the thickness of the coating to
120 micrometers. The amount of PU applied on the surfaces was 150 + 10 g/m?, which was applied to the
specimens in one step. Then the coatings were dried for one week at ambient temperature (20°C).

2.3 BC-NMR" Spectroscopy

Carbon-13 nuclear magnetic resonance ('>*C-NMR) spectroscopy, according to the ASTM D4273-23
standard, was used to analyze the carbon groups of lignin and nano-lignin. 400 microliters of the solvent
mixture containing deuterium dimethyl sulfoxide were added to 30 mg of the lignin. This compound was
transferred into '*C-NMR tubes and the corresponding spectra were obtained by Bruker 300 MHz device

! Carbon-13 nuclear magnetic resonance.
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made in Karlsruhe, Germany which was controlled by top spin software, with a scan value of 256 and at a
temperature of (20°C). "*C-NMR data processing was done by MestReNova software [16].

Table 1: Lignin-based polyurethane coatings

Treatment NCO- AC Modified lignin Modified lignin Modified nano- Modified nano-

No. N75 782 with -EDA-PC  with -DETA-PC lignin with -EDA- lignin with -DETA-
@ @ O* (%o)* PC (%0)* PC (%0)*

1 2.7 10 - - - -

2 2.7 93 - 7 -

3 27 93 - — — 7

Note: *Based on the weight percentage of acrylic polyol AC782.

2.4 Differential Scanning Calorimetric Analysis

In the differential calorimetric analysis (DSC) method, the glass transition temperature of modified and
unmodified lignin was determined by a DSC820 Mettler Toledo Calorimetry device (Mettler Toledo,
Switzerland). According to the ASTM E1356-08 standard, approximately 3 mg of the ligning types were
placed in a special 40-microliter aluminum container, and it was closed by a cap with a hole in the
middle. An empty aluminum container was used as a reference. The samples were scanned with a flow
rate of 50 ml/min in the temperature range of (25°C to 450°C) by steps of (10°C) [17].

2.5 Gel Permeation Chromatography

Two to three mg of lignin was dissolved in dimethyl sulfoxide (HPLC purity grade), Sigma-Aldrich,
Chromasolve (0.1% (w/v) lithium chloride). The resulting samples were first filtered with a 0.45 um filter
before the gel permeation chromatography (GPC) test. The device (waters GPC 2000, Perkin Elmer,
USA) was equipped with three columns in the form of Agilent PLgel 5 um-10000 A, 1000 A° and
500 A° series, as well as a refractive index detector (RID) and a photodiode array detector (PDA). The
mobile phase was HPLC-grade dimethyl sulfoxide containing 0.1% of lithium chloride which was used
with a flow rate of 0.75 ml/min in 70 min at a column temperature of (70°C). Calibration was performed
according to styrene sulfonate standards and, in the lower range, monomeric- and dimeric-model lignin.
Chromatograms were prepared using a detector response in 280 nm signal. Finally, the molecular weight
of average number, the molecular weight of average weight, and the dispersion index for lignin were
calculated by the software based on the absorption in the specified range.

2.6 FE-SEM’ Electron Microscopy

Micrographs of the cross-sections of samples from the coated specimens were taken in a field emission
scanning electron microscopy (FE-SEM) (HITACHI 4160-S) model made in Japan. Next, in order to create
contrast, electron signals from different points of the sample were collected through the detector of the device
to form the topography related to each point of the sample on the screen.

2.7 Contact-Angle Measurement

The drop method was used before and after mixing lignin to measure the contact angle of PU films and
coated specimens. This test was performed at a temperature of (23°C) and 50% relative humidity (RH). The
contact angle was recorded by ImagelJ software.

2 Field Emission Scanning Electron Microscopes.
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2.8 Surface-Roughness Measurement

The surface roughness was measured using the Surface Roughness Tester, in the direction perpendicular
to the fibers through the profilometric method. A profilometer was used to measure the average surface
roughness values (Ra) as an average of 10 points including 5 peaks and 5 valleys (Rz).

2.9 Accelerated Weathering Test

A QUYV weatherometer moderner model made in Germany was used to expose the coated specimens to
ultra-violet (UV) radiation and moisture according to the ASTM D4587-11 process [18]. In the weathering
cycle, the specimens received light alone in 102 min, followed by 18 min of light and spraying. The water
was added simultaneously with a radiation intensity of 41.5 W/m? between the wavelengths of 300 and
400 nm, and humidity was applied to a maximum of 65 + 5% in the distances where only light was irradiated.

X-Rite Eye one SP-64 Spectophotometer Konica Minolta FD-7.

2.10 Color Measurement

Colour measurements (L*, a* and b* spatial parameters, where L* indicates lightness, and a* and b* are
respectively red/green and blue/yellow parameters, respectively) were undertaken using a CIELAB
colorimeter X-Rite Eye one SP-64 Spectrophotometer, v2.11 Build EBO5 Version, made in UK. The
colour was measured on the coated wood specimens after watering. The colour difference AE between
two different colours can be calculated as the distance between two points in this CIELAB-space,
according to Eq. (1):

AE* = \J(AE) + (Aa*)? + (Ab*)? ()

2.11 Gloss Measurement

According to Fig. 1, to check the quality of the polyurethane coating surface, the specular gloss of the
coated surfaces was measured with the help of the device Rhopoint Instruments, manufactured by Novo-
Gloss 1.Q. Gunyo model, UK, with the geometry of 20°, 60° and 85° at a temperature of 23°C and 30%
RH (Fig. 1). The glossiness of the coated surfaces was measured as presented in Tables 2 and 3.

It looks more straight It looks brighter

4

Full reflection of smooth surfaces

Irregular reflection of uneven surface

Figure 1: Effect of the object’s surface quality on its perceived color

Table 2: Suggested measurement geometries for different coatings

Coating type Multi- d: 8° by removing d: 8° by preserving 45°a:0° 45°a:0°  45°a:0°

angle the specular the specular Circular Circular  Single sheet
component (SCE) component (SCI)  annular  uniplanar uniplanar
Solid colors — * * * * *

(coatings without
special effects)

(Continued)
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Table 2 (continued)

Coating type Multi- d: 8° by removing d: 8° by preserving 45°a:0° 45°:0°  45°a:0°

angle the specular the specular Circular Circular  Single sheet
component (SCE) component (SCI)  annular  uniplanar uniplanar
Metallic * - * — - -
Shell pigments * - - - -
Back coating * - - — - -
diffusers
Colored * - * - - -

aluminum fins

Color changing  * - — — - -
glass fins

back coating * - — - -

Note: *Recommended actions.

Table 3: Examining the mirror gloss of a surface

Correct selection of the measuring angle (degrees) Gloss value at 60 degrees  Gloss range

60 10-70 Medium gloss
20 More than 70 High gloss
85 Less than 10 Low gloss

3 Results and Discussion

3.1 PC-NMR Spectroscopy

The spectra of unmodified lignin and nano-lignin modified diethylenetriamine and propylene carbonate
are shown in Figs. 2 and 3. In this test, the number of carbon groups of un-modifed lignin and that of
modified nano-lignin were calculated based on the peak area. The signals were assigned and the results of
the spectrum integration are presented in (Appendix 1, Table A) the ratio of the integral signal of a
certain type of carbon to one-sixth of the integral of the aromatic ring carbons in the spectral range of
0 to 170 ppm and based on Tables 4 and 5.

Comparing the appearance of the spectra in figures and the results of integration (Appendix 1, Tables B
and C) shows that the two samples have significant structural differences. The most important of these
differences and their origin is the increase in signal intensity in modified lignin nano-particles compared
to un-modified lignin from 6.12 to 6.90 in the range of 160170 ppm related to phenolic and aliphatic
hydroxyl groups.

These small peaks are more noticeable in modified nano-lignin than in un-modified lignin due to the
degradation of lignin into smaller nano-particles [19-22].

Signals at 150-160 ppm are due to the aryl carbon groups that exist in the syringyl ether part of lignin,
which has an increasing trend from 7.71 to 13.32 in nano-particles. These peaks are sharper for nano-lignin
due to the presence of propylene carbonate and triethylenediamine [23—-26].
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Figure 2: "*C-NMR spectrum obtained from un-modified lignin
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Figure 3: '*C-NMR spectrum obtained from modified nano-lignin

Table 4: Base of '>*C-NMR peaks and bonding type of un-modified lignin

Range of peaks (ppm) Link type

170-175 Phenolic OH

175-160 Aliphatic OH

160-150 C Ar in etherified syringyl units
150-140 C Ar in etherified guaiacyl units
140-130 C Ar in etherified syringyl units
130-110 C Ar in etherified p-coumaric acid ester
110-100 C Ar in syringyl units

70-60 C, in B-O-4

60-57 Cy in B-O-4

57-55 CH;0

55-50 Cg in B-p or B-5
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Table 5: Base of '?*C-NMR peaks and links type of polyurethane

Range of peaks (ppm) Link type

20-40 CsHoNO(Butyl isocyanate)
12-49 (CH3),CO in Triethylamin
11-74 (CH;),SO

12-38 CH;CN in Triethylamin

34 C4HO;5 (propylene carbonate)
34 C,H;NO (Methyl isocyanate)

The peaks in the area of 100 ppm are related to aryl carbon groups in syringyl, which has a decreasing
trend from 10.60 to 8.00. The spectrum shows the facts that both amine and propylene carbonate react with
ether groups to form covalent or ionic bonds.

Signals at 55-57 ppm are due to methoxyl groups (CH;0) directly attached to the benzene ring from
lignin fragments during lignin degradation [5,22]. The peaks in this range from 0 to 10.60 have an
increasing trend in lignin nano-particles. The increase in signal intensity in modified lignin nano-particles
compared to raw lignin from 0 to 10.12 in the range of 50-55 ppm indicates CB in B-p or B-5 bonds of
lignin [27].

According to the results, the peaks between 20—40 ppm can represent the isocyanate region related to the
CHNO groups resulting from the reaction of amine and carbonate in the lignin modification process. Peaks at
10-12 ppm can represent unreacted amines or CN groups formed as a result of lignin modification with
propylene carbonate and triethylenediamine. The results of FTIR obtained from lignin and nano-lignin
that were given in previous studies also confirm the results of the '*C-NMR spectrum [4,5].

3.2 Differential Scanning Calorimetric Analysis (DSC)

Tg for lignin, raw lignin, and nano-lignin modified with amine and propylene carbonate based on DSC
analysis was observed in the temperature range of 100°C to 120°C. The results show a difference between the
flexibility and stiffness of different types of lignin at high temperatures. This information is important in the
industrial application of materials.

Tg, molecular weight, and multiple scattering correlations were studied for a series of lignin by Schmidl
[28] who observed that the Tg range of the lignin was wide (from 120°C to 170°C), as a result of differences
in the pulping methods.

The following Figs. 4-8 show the results of Tg and TO values of raw lignin, lignin, and nano-lignin
modified with amine EDA, DETA and PC. TO was clearly lower in the modified lignin nano-particles
compared to the raw and modified lignins. High amounts of modifiers caused more differences in Tg. Tg
for different lignin has been reported in the research literature in the range of 90°C to 180°C [29,30].

Tg in lignin nano-particles modified with DETA (112.8°C) and lignin nano-particles modified with EDA
(102.5°C) was lower than unmodified lignin (114.6°C) and lignin modified with DETA (126.8°C) and lignin
modified with EDA (131.3°C).

It is clearly seen that the effect of lignin modification and the formation of carbonyl groups in it has
caused an increase in the crosslink density and an increase in the Tg. The increase of hydroxyl and
hydrocarbon groups may be a reason for the increase of the Tg in modified lignins compared to
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unmodified lignin and modified nano-lignin. The presence of urethane bonds due to propylene carbonate
bonding with amine and C-O bonds may be another reason for this increase.
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Figure 4: DSC spectrum of mechanical lignin
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Figure 5: DSC spectrum of lignin modified with DETA
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Figure 6: DSC spectrum of nano-lignin modified with DETA

The decrease in the Tg in modified lignin nano-particles compared to un-modified lignin and modified
lignin can also be affected by the increase in the cross-sectional area of the particles and the increase in the
temperature transfer to the particles and the drop in the Tg.
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Figure 8: DSC spectrum of nano-lignin modified EDA

It can be concluded that the process of modifying lignin with amine and polypropylene carbonate
transforms industrial lignin into a substance that has unique chemical and physical properties. As such, it
can be used as a raw material in various applications. For example, lignin with a higher molecular weight
and with a lower number of phenolic and acidic hydroxyl groups, can be used as a reinforcement in
composite materials. Lignin, which has a lower molecular weight and at the same time more phenolic
hydroxyl groups, can be used in bio-softeners or antioxidants. It can be claimed that in PUs, lignin,
which has low weight and Tg and high hydroxyl groups, is more desirable. Auto-generated PDF by
ReView Green Materials.

3.3 Gel Permeation Chromatography (GPC)

The results of GPC measurements in Figs. 9 and 10 showed that there is a significant difference in the
average molecular weight (Mw) and numerical average molecular weight (Mn) values of modified lignin and
modified nano-lignin compared to which is reflected in their dispersion index (PDI).

According to the results of Tables 6 and 7, it can be maintained that modified lignin and its soluble and
insoluble components have a shorter molecular weight distribution than nano-lignin. Also, in the modified
lignin, the average molecular weight and disintegration index are lower than the extracted un-modified
lignin. This means that as a result of the process of fractionation and modification of lignin, soluble
components with lower molecular weight and fragmentation are obtained compared to the un-modified
lignin. Therefore, due to the extraction of this component from unmodified lignin, the remaining
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insoluble components have a higher molecular weight and dispersion and a wider molecular weight
distribution.
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Figure 9: GPC of lignin modified with amine and propylene carbonate
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Figure 10: GPC of modified nano-lignin

Table 6: GPC of lignin modified and propylene carbonate and modified nano-lignin

Distribution name Mn (Daltons) Mw (Daltons) MP (Daltons) Mz (Daltons) Mz +1 PDI

Modified nano-lignin 243 265 258 288 312 1.09
Modified lignin 15765 16652 17230 17532 18398  1.05
Modified nano-lignin 275 303 285 376 376 1.101

Table 7: Standard GPC of lignin

Distribution name Mn (Daltons) Mw (Daltons) PDI
Lignin 14149.66 16814.16 1.18
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3.4 FE-SEM Electron Microscopy

Fig. 11 shows micrographs of polyurethane coatings based on nano-lignin (7% by weight of petroleum
polyol). Contrary to the appearance of the coatings, the nano-particles are not dispersed uniformly on the PU
coating. The results also show that the average size of nano-particles in the polyurethane substrate is
approximately 500 nm. The largest agglomerates have dimensions of about 2 micrometers. Nano-particles
with high surface energy cause a strong tendency to form agglomerates.
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Figure 11: FE-SEM images of the nano-lignin based PU coating

3.5 Surface Roughness and Contact Angle

The surface roughness test showed that the effect of increased content of lignin nano-particles in the
coating increased the Ra and Rz values, which is in line with a study by Sow et al. [31].

Table 8 shows the results from the contact-angle measurements. The nano-lignin-based coating has a
lower contact angle than the control sample due to the hydrophobic property of nano-lignin particles.

The contact angle change ranges from 0.85° to 0.78°, is too small and can be completely ignored.
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Table 8: Contact angle tested on the PU coating after weathering

Row Sample name Results (degree)
1 PU 0.85
2 DETA 0.78

3.6 Color Measurements

Table 9 shows the degradation rate of control PU and nano-lignin-based PU coatings before and after the
weathering. As can be seen, the amount of redness (a*) and yellowness (b*) of the polyurethane coating
increased and its whiteness (L*) decreased after adding lignin nano-particles. After weathering, the color
change (AE*) of both coatings was almost the same. However, the change in the amount of yellowness
(Ab*) in the coating containing nano-lignin was significantly lower, which indicates more photoactivity
and resistance to the passage of light and more turbidity [32]. The photocatalytic activities of lignin
depend on the preparation method, the type of substrate, and the strength of adhesion [33]. PU coating,
which contains 7% lignin nano-particles, had a significant advantage over un-modified PU in color
change and resistance to moisture and UV rays. Surfaces of lignin nano-particles reduce photoactivity by
trapping hydroxyl [34].

Table 9: Color coordinate values and color difference before and after QUV. PU-Polyurethane

Name Illuminant Observations L* a* b* C* h* AL* Aa* Ab* AE*
Nano-lignin D65 10 72.86 7.01 31.81 32.81 77.57

PU/Before

Nano-lignin D65 10 55.35 16.59 36.59 36.34 65.45 —17.51 9.58 4.52 20.47
PU/After

PU/Before D65 10 81.40 3.55 23.63 23.90 81.45

PU/After D65 10 69.99 10.97 38.11 39.67 73.94 —11.41 7.42 14.48 19.87
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The highest degree of surface damage and color change of the coating due to weathering is related to un-
modified PU. As the ratio of nano-particles is increased, the amount of surface damage decreases. Table 9
shows that the composite coating is degraded at different rates.

When the number of nano-particles reaches 7% of petroleum polyol, the degradation decreases. The
reason for the decrease in the degradation rate of the basic lignin nano-composite coating is the formation
of strong lignin bonds with the polyol substrate. It is also possible to mention the phenomenon of
photobleaching of lignin coloring groups as another factor. In other words, the decrease in yellowness
with the increase in weathering time can be the result of the conversion of paraquinone to hydroquinone
groups [35]. Fig. 12 shows the color changes of nano-lignin based Polyurethane before weathering and
after weathering.

Figure 12: Nano-lignin based polyurethane: A (before weathering), B (after weathering)

3.7 Gloss Test

The gloss-measurement results before and after the accelerated weathering test of PU coating and nano-
lignin-based PU coating are shown in Table 10. The un-modified PU coating was more than the nano-
particle-based polyurethane coating, which depends on the content of lignin [36]. The reason for gloss
reduction in nano-lignin-based polyurethane coating, in addition to particle size and roughness, may be
due to its hydroxyl chemical groups. These free groups have a high affinity, which causes the coating to
oxidize and further reduce the glossiness of the polyurethane. As can be seen in Table 11, all measured
gloss values are in the medium gloss range.

Table 10: Gloss before and after the accelerated weathering test

Gloss value (GU) Angle

85 60 20
PU-Before weathering 59.9 95.1 90.4
PU-After 583 93.7 87.6
DETA-Before 60.2 93.6 84.7

DDETA-After 49.6 89.0 80.3
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Table 11: Glossiness of one-level rituals

Gloss Angle of measurement Gloss range
10 to 70 60° Medium gloss
70< 20° High gloss
10> 85° Low gloss

4 Conclusion

The results of '*C-NMR analyses show that lignin undergoes many structural changes after
modification. As observed, the 20—40 ppm peak can represent the urethane and isocyanate region related
to the CHNO groups resulting from the reaction of amine and carbonate in the lignin modification
process. Also, the FESEM images prepared from the coatings show that the average size of nano-particles
in the polyurethane substrate is equal to about 500 nm. The largest agglomerates have dimensions of
about 2 micrometers. DSC results also indicate that the glass transition temperature in lignin nano-
particles modified with DETA (112.8°C) and lignin nano-particles modified with EDA (102.5°C) is lower
than raw lignin (114.6°C) and lignin modified with DETA (126.8°C) and lignin modified with EDA
(131.3°C). The results of the color change and gloss test reveal that the surfaces made of lignin nano-
particles have more gloss change. Likewise, the results show that lignin nano-particles, by trapping
hydroxyl radicals, reduce photoactivity and yellowing activities of nano-lignin-based resin by about
3 times compared to raw polyurethane coatings. Moreover, the results indicate that the nano-lignin-based
coating has more roughness and a lower contact angle (0.78 degrees) than the raw polyurethane sample
(0.85 degrees).
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Appendix 1
Table A: >C-NMR peaks of un-modified lignin

Peak (ppm) Intensity Range of peaks (ppm) Total intensity
172.1040 6.129396e-001 175-160 6.129396e-001
102.2379 7.717050e-001 100-90 7.717050e-001
98.1450 1.294400e+000 90-80 10.623932e-001
92.9124 9.329532¢-001
77.1056 1.464874e+000 80-70 29.487161e-001
75.1287 1.800253e+000
74.4727 9.439274e-001
74.2988 8.551857e-001
73.5634 1.354750e+000
73.0844 1.063059¢+000
72.6951 1.302872e+000
72.3101 1.449842¢+000
70.9901 1.221045e+000
70.5558 1.214769¢+000
70.2039 1.845611e+000
67.6385 8.687168e-001 70-60 15.64837¢+000
66.0913 1.088551e+000
61.9919 5.872651e-001
60.8856 6.363314e-001 60-50 6.363314e-001
40.6895 1.500000e+001 50-40 15.044933e+001
40.4118 4.532829¢+001
40.1342 9.012104e+001
39.8567 1.056048e+002 40-30 15.998145
39.5790 8.970615e+001
39.3015 4.491465e+001
39.0239 1.480017e+001
29.4370 8.676242¢-001 30-20 8.676242e-001
20.4260 8.843964¢-001 20-10 17.543506e-001

19.3149 8.699542¢-001
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Table B: '>*C-NMR peaks of modifited nano-lignin

Peak pick details (ppm) Intensity Range of peaks (ppm) Total intensity
170.9336 9.676529¢-001 170-160 9.676529e-001
156.7831 1.860762¢+000 160-150 13.327222e+000
156.5143 1.888217e+000

155.4147 1.248927e+000

154.8872 8.329328e-001

100.5658 8.004947¢-001 100-80 8.004947e-001
74.2730 3.225467e+000 80-70 43.060158e+000
73.8610 7.791835e-001

72.6600 1.009155e+000

72.3462 9.877460e-001

71.8599 2.163699¢+000

71.4499 3.614719¢+000

70.9699 3.700205e+000

70.3949 1.511643¢+000

70.1452 2.517968e+000

70.0320 7.648007¢-001

69.7507 1.469372e+000 70-60 28.796069¢+000
69.4511 3.100555e+000

67.6688 1.439026e+001

66.4831 7.919319¢-001

64.824 5.984829¢+000

64.3675 8.882968¢+000

57.2739 1.423347¢+000 60-50 21.9529e+000
54.9925 9.289600e-001

53.4445 8.616349¢-001

52.4544 2.623604¢+000

46.9362 1.021684e+000 50-40 32.537445e+000
43.6040 7.966582¢-001

43.0888 8.331347¢-001

40.6606 1.500000e+001

40.3837 4.558033e+001

40.1059 9.159799¢+001

39.8283 1.075290e+002 40-30 18.2800779¢+000
39.5508 9.123924¢+001

39.2729 4.595969¢+001

(Continued)
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Table B (continued)

Peak pick details (ppm)

Intensity

Range of peaks (ppm)

Total intensity

38.9962
37.7648
29.4373
27.6544
22.9989
21.1090
20.4188
20.3683
19.5619
19.3125
19.2808
17.3201

1.553697e+001
1.931570e+000
8.770423e-001

2.083079e+000
8.587693e-001

1.809882e+000
6.361032e+000
1.238307e+001
9.288253e-001

5.086354e+000
4.218895e+000
7.674992e+000

28.850416¢+000

26.268494e+000

Table C: >*C-NMR comparison of un-modified lignin and modified nano-lignin

Range of peaks (ppm)

Total intensity of nano modifited lignin

Total intensity of lignin

170-160
160-150
100-80
80-70
70-60
60-50
5040
40-30
30-20
20-10

9.676529¢-001
13.327222e+000
8.004947e-001
43.060158e+000
28.796069¢+000
21.9529e+000
32.537445e+000

18.2800779¢+000

28.850416e+000
26.268494e+000

6.129396e-001
7.717050e-001
10.623932e-001
29.487161e-001
15.64837¢+000
6.363314e-001
15.044933e+001
15.998145
8.676242e-001
17.543506e-001
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