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mal/light stabilizers, reinforced materials, and drug delivery. In this study, LNPs were prepared from soda
lignin obtained from Oxytenanthera abyssinica using dioxane, acetone, ethanol, and acid-base solvents
through the nanoprecipitation method, followed by an ultrasonic process. These methods produced four
different LNPs with yields in the range of 28.5% to 88.9%. Scanning electron microscope (SEM) showed

IéE};‘;‘;()crtisl;zation that the spherical-shaped LNPS (100-400 nm) were obtained using the acetone solvent, while irregularly
Soda lignin shaped LNPs were formed by dioxane (150-400 nm), ethanol (40-200 nm) and acid-base (100-800 nm)
Preparation of LNPS solvents. The maximum zeta potential of the LNP,s samples was [-35.1 mV|, determined by the dynamic
Nanoprecipitation light scattering (DLS), with a particle size distribution between 91.28 and 458.7 nm. According to the
Oxytenanthera abyssinica energy-dispersive X-ray spectrometer (EDX) results, the sample contains the elements C, O, Si, Na, and

Mo. X-ray powder diffraction (XRD) analysis showed very small crystallinity sizes ranging from 0.31 to
0.35 nm. Proton nuclear magnetic resonance (H-NMR) and Fourier transformation infrared
Spectroscopy (FTIR) were used to find the functional groups in the synthesized LNPs. The
Thermogravimetric analysis (TGA) peak showed that LNPS was thermally stable, and rapid mass loss
occurred between 300 and 415 °C. Differential Scanning Calorimetry (DSC) data shows that the highest
exothermic peaks are obtained at 345.2 °C. Synthesis of LNPs by dissolving isolated soda lignin in acetone,
ethanol, dioxane, and acid-base solvents was quickly recovered, cheap, and eco-friendly. The synthesized
are free of sulfur; they do not use toxic solvents such as Tetrahydrofuran (THF), Dimethyl sulfoxide
(DMSO), and Dimethylformamide (DMF). Thus, they provide benefits for high-value-added
Nanocomposite applications such as bio-based nonmaterial and food packaging materials. Acid-base
nanoprecipitation procedure is the best approach regarding stability and size, but the acetone nanopre-
cipitation method is preferable regarding shape.
© 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Lignin is a polyphenolic biopolymers of lignocellulosic biomass
and represents one of the most abundant aromatic macromolecule
(Figueiredo, et al.,, 2021). Due to environmental concerns, cur-
rently, lignin has become one of the research areas for industrial
purposes. Depending on the process used for isolation, there are
many forms of lignin, including sulfite, organosolv, soda, and kraft
lignin (Upton and Kasko, 2016). Soda lignin is the most well-
known type of lignin; it is widely used to process non-wood fibers.
It is more pure and free of sulfur. As a result, it is the preferred
method for nanocomposite application. The soda process is often
considered advantageous compared to other methods because it
provides feasible opportunities for chemical recovery and a
reduced cooking time (Worku et al., 2023).

Lignin is frequently used to form various biomaterials used to
deliver medications, tissue regeneration, antibacterial defenses,
and antioxidants (Figueiredo et al., 2017). Although lignin has sev-
eral uses, its low miscibility, low solubility, diverse structure, and
wide range of molecular weights prevent it from performing those
uses to their full potential (Gao and Fatehi, 2019). The efficiency of
the lignin valorization process has increased due to lignin’s conver-
sion to the nanoscale (Low, et al,2021). The synthesis of LNPs is one
of the most effective strategies for improving lignin’s chemical and
physical properties, because LNPs have better dispersibility and a
larger surface-to-volume ratio than lignin (Chauhan, 2018). There
are several ways to prepare LNPs, such as self-assembly, anti-
solvent precipitation, acid precipitation, and solvent shifting
(Figueiredo et al., 2018). However, most lignin-based nanoparticle
preparation techniques include using expensive or harmful sol-
vents such as THF, DMSO, and DMF and using more significant
amounts of solvent that will not be recovered (Tang et al., 2020).
For nanocomposite applications, cheap, easily recovered, green sol-
vents such as water, ethanol, and acetone are preferably used for
preparation.

Thus in this paper, we used ethanol, acetone, dioxane, and acid-
base solvent to prepare different LNPs from soda lignin using the
nanoprecipitation method. Nanoprecipitation is an easy, straight-
forward, quick, and sensitive process that uses little equipment
and non-toxic substances (Schubert et al., 2011). The raw material
used in LNPs preparation should be sustainable, abundant, and
reduce environmental concerns. In this regard, Oxytenanthera abys-
sinica was used as a lignin source for LNP preparation in our study
because it is a fast-growing plant with a short harvesting time, is
abundant and has good chemical composition properties that
make the plant a cost-effective and sustainable feedstock for
chemical and biochemical industrial applications.

2. Material and methods
2.1. Pretreatment of Oxytenanthera abyssinica

Using Soxhlet extraction, dewaxing was performed using a 2:1
ratio combination of toluene to ethanol as solvent-based on our
previous work (Worku et al. (2022). Ten grams of the raw Oxy-
tenanthera abyssinica stem powder was utilized for six hours to
eliminate waxes, resins, and other extractives. In the second step,
aqueous sodium hydroxide treatment was performed to extract
pectin, hemicellulose, and lignin as black liquor using vacuum fil-
tration. The dewaxed Oxytenathera abyssinica sample was alkali-
treated with 7%, 13%, and 20% NaOH at 23 (room temperature),
100, 110, and 120 °C for 1, 2, 3, and 24 h with a fiber-to-solvent
ratio of 1:20. The collected black liquor was kept for the determi-
nation of yield of Oxytenanthera abyssinica soda lignin (OASL).
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2.2. Determination of yield of soda lignin (OASL)

Lignin was isolated from the black liquor of alkali pretreatment
samples by adding H,SO,4 at a weight-to-weight ratio of 98% to the
black liquor. Sulfuric acid solution (0.2 mol/L) was used to adjust
the pH of the filtrate to 2 to 3 under vigorous agitation
(700 rpm) in a magnetic stirrer for 15 min at room temperature
(Kim et al., 2017). Then precipitation was seen to form, and the
color changed from black to brown. The residual solid was rinsed
with deionized water to pH 6-7, collected in Petri dishes, and dried
at 60 °C for 12 h in the oven. OASL samples were calculated accord-
ing to the formula given below in Eq. (1)

Dryweightofrecoveredlignin(mg)

—1 —
OASL (mgg ™' OAF) = dryweightofOAF(g) W

2.3. Preparation of four LNPS using nanoprecipitation methods

Four different nanoprecipitation approaches were used to
prepare LNPs such as LNPas, LNPsc, LNPpo, and LNPgr using
acid-base, acetone, dioxin, and ethanol solvents methods from
optimized OASL samples, respectively (Fig. 1). Based on the
methods developed by Sipponen et al. (2018), Farooq et al.
(2018), Zhang et al. (2013) and Agustin et al. (2019). The yield
can be calculated based on Eq. (2).

Mass of LNPs obtained

Yield of nanoparticles = Weight of lignin x100 (2)

2.4. Testing and characterization

We used the following characterization methods to test and
characterize results such as Zeta sizers (Malvern Zeta Nano
(ZE3600), dynamic light scattering, UV — vis spectroscopy, X-ray
powder diffraction (SHIMADZU XRD-6000), TGA 55-TA instru-
ments, and iS50 FTIRS spectrometer, Scanning electron microscope
(high-vac. SED PC-std., 15 kV), Sonicators (Intelligent Ultrasonic
Processor), Energy Dispersive X-Ray Analysis (EDX-7000/8100),
1H NMR (6 4.15-3.85 (m)) and Differential Scanning Calorimetry
were used for characterization.

2.5. Statistical analysis

The data reflect the mean of three repeated measurements plus
standard deviations, and all measurements were made in triplicate
(n=3).P <0.05 were used to define significance. Origin 8 software
program was used to analyze the data.

3. Result and discussion
3.1. Yields of soda lignin and LNPs

Based on the optimized result, at reaction conditions of 110 °C,
13% NaOH, and 3 h reaction time, the highest OASL (294.0 =+ 1.9
mg g-1) yield was obtained. However, in the case of LNPs, the high-
est yield (88.9 + 1.0%) was observed in LNP5s samples. When com-
pared to the yield of LNP4s, the LNPgr, LNP4sc, and LNPpo samples
have the lowest yields (28.5 + 0.9, 40.0 + 1.1, and 56.4 + 2.3%,
respectively) (Fig. 2a). This demonstrated that the yield of LNPs
was influenced by the type and polarity of the solvent employed
in the LNP synthesis, as mentioned by Melro et al. (2018). Even
though, ethanol is the more polar solvent compared to acetone,
LNPgr recorded a low yield compared to LNPac, LNPpp, and LNPgs:
this might be due to the low solubility of OASL in ethanol /water,
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Fig. 1. The procedure that describes the preparation of LNPpg (1), LNPas(2), LNPgr (3) and LNPac (4) from OASL.

which caused aggregates to form during nanoprecipitation. The the solubility of lignin increases due to an increase in the content
variation in the yield of LNP can also be affected by the difference of phenolic hydroxyl (Melro et al., 2018), this might be another

in the molar mass of lignin; with the decrease in the molar mass, explanation for low yield of LNPgt. The same outcome was found
E
c
(a) 33.9% (b) 25 ‘8' E —a— NP, o
g 260nm —— NP,

56 .4%

—d—LNPg 1

| tensity%6)

T T T
LNPAC LNPAS LNPET LWPDO  OASL

Typeof LNPs

mivy |

| Zeta polential {

—a—LNP g
(d) —*-LNPpg
354 =
ey —A—LNP ac
\“'“‘ﬂ.h\\\, —v—LNPgT
304 4 \.__\ ———
— v . ————
%25_ N \“"‘"a.,—.
= N
S 20 N
a . —_—
= ~
g 154 ~.
= N
—_
10 4 y————
5 T T T T T T T T T 1
o 1 2 3 4 S5 & T 8 9

MNumber of sample storage days
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in the work of Figueiredo et al. (2021), who found that the acetone/
water (3:1) method produced larger than the 70% ethanol
approach. In the LNP4s sample, the highest yield was observed than
the rest of the three samples; this is because OASL was relatively
more soluble in a basic-acidic solution (NaOH-HCl), and the polar
interactions between the solvent and the solute formed a higher
yield of LNP4s; this is because ionic solvents are more polar than
polar solvents, this property made OASL dissolve in a higher degree
than ethanol, acetone or dioxin.

3.2. Zeta-potential of LNPs

Fig. 2c depicts the average zeta potential of four isolated LNPs.
At a pH of 12.00, the isolated LNPS had |-35.1 mV]|, |-33.0 mV|,
|-30.5 mV|, and |-28 mV| zeta potentials for LNPss, LNPpo, LNPac,
and LNPgr, sample respectively. The value of zeta potential
decreased to |-18.7 mV|, |-15.6 mV|, |[-10.3 mV| and |-12.3 mV]|
respectively, as the pH of a solution changed to 2.00 at room tem-
perature (Fig. 2d). At low pH, the solution is assumed to contain a
high proton concentration, resulting in protonation and a positive
charge. However, the low proton concentration in the solution at
high pH causes deprotonation of these hydrophilic sites, releasing
negative charge and causing the charge to become negative (larger
zeta potential) (Roggatz et al., 2016). LNPas had the largest abso-
lute value zeta potential [-35.1 mV| compared to the other LNP
samples (Fig. 2¢). This is because more negatively charged phenolic
functional groups are available in smaller sizes of LNPs. As the
surface area decreases, more phenolic groups are exposed to the
solvent and make more changes. The absolute value zeta potential
of four LNPs obtained in the current study was higher than that
found by Matsakas et al. (2020). According to their finding, a zeta
potential value in the range of |-14.0 mV| to |-31.6 mV| and
|-11.5 mV]| to |-31.4 mV| was obtained for the Birch and Spruce
samples, respectively.

3.3. Suspension stability of LNPs

LNP applications require that they be stable in a variety of cir-
cumstances. The properties of the effects of some factors, such as
ionic strength, pH value, and storage time, on the stability of LNPs,
must be evaluated. The aqueous solution for LNP samples main-
tains their stability at various pH values over time. No sedimenta-
tion was initially visible in any LNP suspensions at the bottom of
the test tube (Fig. 3a). Nevertheless, the sediments began to
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flocculate after 1 day of storage for OASL (Fig. 4b). After 4 days of
storage, LNPgr showed sedimentation (Fig. 3c); After 8 days of stor-
age at room temperature, both LNPac and LNPpg started sedimen-
tation, but LNP,s did not show any sedimentation (Fig. 3d). This
confirmed that LNP,s is more stable than the other three samples.
The zeta potential differential between the samples causes this
variation in stability. As the zeta potential rises, the repulsive force
overcomes the attractive force, making the LNPs more stable. Low
absolute zeta potential LNP dispersions tend to coagulate, resulting
in poor physical stability (Liu et al., 2019).

3.4. SEM characterization

Fig. 4a-d displays the image from the SEM analysis used to char-
acterize the surface morphologies of the LNPas, LNPac, LNPpo, and
LNPgr samples. The SEM pictures revealed different morphological
structures depending on how the LNPs were prepared. A bigger
size is shown in LNPgy (100 to 800 nm), and a smaller size range
is found in the LNP,s (40 to 200 nm) sample (Fig. 4f-h). This size
difference between samples occurred due to the difference in the
type of solvent and type of lignin (molecular mass), as explained
by mLee et al. (2009). The DLS data in Fig. 2b also supports these
results. Fig. 5b depicts the forms of LNPac, which had a spherical
shape and mean size of 181.8 nm. However, irregular shapes of
LNPas, LNPpo, and LNPgr were observed with mean sizes of 97.34,
253.2, and 354.8 nm, respectively. A self-assembly mechanism
formed spherical shapes. Since the lignin molecule is amphiphilic,
it contains both a hydrophobic benzene ring and hydrophilic phe-
nolic hydroxyl groups; thus, the hydrophobic skeleton of lignin
interacts with acetone, while the hydrophilic groups of lignin inter-
act with water, due to these opposite forces spherical shaped LNPa.
is formed as described by Mishra and Ekielski (2019). Non-covalent
forces, including m-m- interactions, hydrophobic interactions, and
hydrogen bonding, have been found to drive the self-assembly of
LNPs to form a spherical shape, as explained in the work of
Mishra and Ekielski (2019). However, in LNPas samples, acidifica-
tion protonates the charged groups on lignin, which results in pre-
cipitation from an alkaline lignin solution that leads to an irregular
structure rather than a spherical shape.

Fig. 5 illustrates the precise information EDX data provided
regarding the elements in the LNPpo, LNPas, LNP4, and LNPgy sam-
ples. As observed in Fig. 5a, b, ¢, and d, the elemental carbon and a
few oxygen peaks were visible in the EDX profile. LNPac and LNPpo
contain no other elements besides carbon and oxygen; however,

Fig. 3. Suspension stability of LNPs, LNPpo, LNPac, LNPr and OASL (a) at the beginning of days of storage after sonication, (b) after 1 days of storage, (c) after 4 days of storage

and (d) after 8 days of storage time.
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LNP4s contains sodium and silicone peaks, indicating the presence
of Si and sodium in addition to LNPs. In addition to carbon and oxy-
gen, LNPgr contains Mo. All data in Fig. 5 showed that the synthe-
sized were free of sulfur. Thus, it benefits high-value-added
industrial applications like bioplastics and biocomposites (Iravani
and Varma, 2020).

3.5. 1H NMR characterization
1H NMR investigation was carried out to check the presence of

some important groups in LNPs. Fig. 6 displayed the TH NMR spec-
trum from the LNPas, LNPpo, and LNPac investigations. Almost all

peaks are similar in structure with little difference in intensity
between the samples. This showed that they are different mole-
cules but have similar structures. The signal at 8.00 to 9.34 ppm
represents the presence of phenolic groups, and between
6.00 ppm and 8.01 ppm represents aromatic rings in LNPas, LNPpo,
and LNPac samples. In addition to this methoxyl group (3.40 to
4.00 ppm) and the aliphatic group (0.00 to 2.25 and 4.05 to 6.00)
are also present in all samples as described by Nagy et al. (2010).
As observed in HNMR peaks, only a weak signal was received from
aromatic protons and the phenolic groups, while the aliphatic
region was more pronounced in LNPpg (Fig. 6¢). However, the aro-
matic, aliphatic peaks and the phenolic groups are more significant
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Fig. 5. EDX peaks for four LNPs: LNPs (a), LNPac (b), LNPgr (¢) and LNPpo (d).

in LNP4s (Fig. 6a); in LNPac, the aromatic and aliphatic regions are
present reasonably. However, the phenolic group exists in smaller
amounts (Fig. 6b). The guaiacol units, which are relatively abun-
dant in softwood lignin, are shown at 6.7 and 6.9 ppm peaks, as
described by Nawawi et al. (2016). This peak was the highest in
LNPss but the smallest in LNPpo. According to Li and Lundquist
(1994), the strong signals at 8.76 and 8.99 correspond to phenolic
groups in the acylglycerols B-O-4 and phenylcoumaran B-O-4
structures, respectively. Smaller aliphatic proton was seen in the
range (4.2 to 5.6 ppm) in LNPxs but not observed in LNPac and
LNPpo. The peaks between 0.8 and 2 ppm may indicate the alipha-
tic region associated with different methyl and methylene groups
(C-CH,-C, -CH3) as described by Mahmood et al. (2013). These
peaks are present in the prepared LNP samples (LNPps, LNPac,
and LNPpg). Peaks at 2.5 ppm were assigned to the DMSO dg
solvent.

3.6. UV-Vis spectrophotometry

The UV-Vis absorbance of four extracted from Oxytenanthera
abyssinica was conducted using U.V.- a vis instrument at a wave-
length range of 200 to 800 nm for checking the presence of LNPS.
As seen in Fig. 7a, the highest absorption of all samples was
observed at 280 nm, showing the presence of non-conjugated phe-
nolic groups of aromatic rings in the structure of LNPs
(Alzagameem et al., 2018). The maximum absorption detected at
281 nm in UV spectra of LNPps, LNPac, LNPpo, and LNPgy corre-
sponding to the electronic transition of T — ©* in guaiacyl (G) units
or the aromatic ring of unconjugated phenolic groups or free and
etherified hydroxyl group (Li et al., 2010). The absorbance of at
around 281 might be due to m-r interaction between OASL mole-
cules during forming LNPs (Wang et al., 2010).

Fig. 7a shows that LNP,s had a higher absorbance than the other
three samples. This may indicate the presence of guaiacyl (G) in
higher amounts compared to LNPsc, LNPgr, and LNPpo (Lin and
Dence, 2012). The absorbance of OASL around 280 nm showed
the smallest peak. This is because the sample contains some impu-
rities. However, the peak shows some increments when it is con-
verted to nanoparticles. Thus, the nanoparticle preparation
increases or improves the purity of lignin. Due to an aromatic ring
transition, there is a significant absorption in the 200-220 nm
range in all LNP samples, as Bykov et al. (2020) described. Absorp-
tion at wavelength 215 nm indicates the presence of T — 7* elec-
tronic transition in the aromatic ring in all samples. The absorption
band above 300 nm indicates the presence of conjugated structure
present with the aromatic moieties (Singh et al., 2012). The related
hydroxycinnamic acids, such as p-coumaric acids and ferulic, are
the cause of the samples’ broad shoulder band at their maximum
wavelength of about 360 nm, as mentioned by the work of Wang
et al. (2010).

3.7. FT-IR spectroscopy

Fig. 7b shows the FT-IR spectra of lignins and LNPs derived from
Oxytenanthera abyssinica. The spectrum clearly indicated the exis-
tence of different functional groups, including aromatic structure
vibrations because of the guaiacyl group, carbonyl stretching due
to unconjugated ketone, aromatic C-H in the plane and out-of-
plane deformation, hydrogen bonded, and carboxyl group. The
broadband that is present in all lignins at 3410-3460 cm-1 is
caused by the hydroxyl groups in aliphatic and phenolic structures,
and the bands that are centered around 2938 and 2842 cm-1 are
primarily brought on by C-H stretching in aromatic methoxyl
groups and methylene and methyl groups of side chains. However,
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the intensity of the band varies between samples. LNPs showed a
very intense band, and OASL showed shallow peaks in this region.
The shallow peak of OASL is due to fewer hydroxide groups than
the four. Studies showed they have more hydroxide groups than
isolated ones because of the smaller surface area. Carbonyl stretch-
ing unconjugated ketones and carbonyl groups are responsible for
a small peak at 1713 cm1. A high peak represents aromatic skeletal
vibrations at 1426, 1508, and 1604 cm ™. The vibrations character-
istic of the guaiacol unit (1269 cm1) are visible in the spectra of all
samples, but OASL has low and higher intensity (Harahap et al.,

2019). The bands (syringyl and guaiacyl) shown at 1134 and
1128 cm-1 are caused by ether stretching (Delgado et al., 2019).
According to Ibrahim et al. (2011), guaiacyl (G) units in lignin stim-
ulate the polymerization site.

3.8. XRD characterization
X-ray diffraction analysis is the most commonly used method

for determining the degree of crystallinity in a polymer structure.
This investigation examined LNPs like LNPs, LNPac, LNPgt, LNPpg,
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Fig. 7. UV-Vis absorbance peaks (a), FTIR (b) and XRD (c) of OASL, LNPas, LNPgr,
LNPac and LNPpq,

and OASL using X-ray powder diffraction analysis to determine
their morphology. The diffractograms for all five samples revealed
a broad peak, indicating that the lignin was only partially crys-
talline in nature. They have poor crystallinity characteristics. Since
lignin comprises a three-dimensional polymer network of phenyl-
propane molecules, which is not a regular and ordered super-
molecular structure (de Haro et al., 2021), the crystallinity
characteristics are expected to be lower. Thus, in our experimental
result, four LNPs showed lower crystallinity properties than those
obtained by cellulose and cellulose nanocrystals found in our pre-
vious work by Worku et al. (2022). Fig. 7c and Table 1 showed that
the maximum 26 values for LNPs were 22.08, 21.84, 22.12, 21.80,

Table 1
Crystallinity size and index of four LNPS samples.
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and 22.96 for LNPas, LNPac, LNPgr, LNPpo, and OASL with Crl values
of 30.51, 29.97, 29.64, 24.93 and 24.20%, respectively. There is no
significant difference in the value of Crl between LNPas, LNPpo,
and LNP,c; this showed that the methods used to prepare the three
nanoparticles did not significantly change the crystallinity of the
sample. From the XRD, it was determined that the crystalline con-
tent increased from 24.20% in OASL to 30.51% LNP,s in the case of
(Table 1). This increased crystallinity may be due to the prepara-
tion conditions of LNPs compared to OASL (Brandstetter et al.,
2008). Fig. 7c shows intense peaks around 20 of 23.37 correspond
to LNPs, and a lower peak represents OASL samples. This showed
conversion of lignin to LNPs can increase in crystallinity value. In
comparison to the work of (Gupta et al., 2014), the current work
has a larger Crl value for both lignin and LNPs. Table 1 displays
the findings of the predicted mean size of the crystallinity size
for OASL (0.31 nm), LNAas (0.31 nm), LNPsc (0.35 nm), LNPpo
(0.36 nm), and LNPgr (0.33 nm) using Scherrer’s equation. The
number is too low to conclude that the sample has a significant
degree of crystallinity.

3.9. TGA characterization

This work examined the effect of altering the OALS and LNPs on
its thermal degradation process at a 25 °C/min heating rate was
examined using thermogravimetric analysis (TGA) and DTG analy-
sis. Due to the varying thermal stabilities of the numerous oxygen
functional groups in the structure, they thermally decompose over
a wide temperature range (30 to 700C) (Fig. 8). As shown in Fig. 8a,
the peaks at TGA and DTG indicate a three-stage lignin-based
decomposition process. In the first stage of decomposition (120
to 250 °C), 5.3 % weight loss occurred almost in all LNP samples
and 13.6 % for OASL samples. This is because of moisture and sol-
vent evaporated in the sample. The large difference in the amount
of weight lost between OASLs may be due to the size difference
between samples. The reduced size of the cavity and voids in the
sample, which has a high contribution to trapping moisture and
a solvent molecule, made the weight loss smaller. In the second
stage, the samples exhibit a wide range of heat degradation
between 250 and 400 °C. This stage had the greatest thermal
degradation of OASL and samples, as indicated in TGA and DTG
curves (Fig. 8b). 35.4,45.7, 47.9, and 42.9% mass loss were obtained
for LNPas, LNPac, LNPgr, and LNPpo samples. In this stage, hemicel-
luloses and cellulose are degraded, and some aryl ether bonds in
lignin can be cleaved, as described by Worku et al. (2022). In the
second stage, the estimated decomposition temperatures (Tg
value) for LNPas, LNPac, LNPgt, LNPpo, and OASL were 340, 310,
298, 324, and 450 °C; this is due to the smaller size of lignin will
produce; hence low Tg values. In the last degradation step, from
450 to 700 °C, LNPac and LNPpo show smaller decomposition tem-
peratures (560 and 570C, respectively) than LNPgr and LNPas
(600C). As observed in TGA and DTG peaks, LNP,s; showed more
stability in this stage than the other samples. The DTG yax 0f LNPas,
LNPac, LNPpo and LNPg were observed at 397, 397, 359 and 354 °C.
At the end of the TGA process (at 700 °C), the residual mass varied
from 52.8% for LNPas to 76.3% for LNPgr. This might be because of

Sample 20 FWHM (o) Intensity Crl (%) Crystallite size (nm)
LNPxs 22.08 27.18 22,906 30.51 0.31 nm
LNPac 21.84 23.84 22,728 29.97 0.35 nm
LNPpo 21.80 23.84 22,179 29.64 0.36 nm
LNPgr 22.12 25.39 21,201 24.93 0.33 nm
OASL 22.96 27.25 17,600 24.20 0.31 nm
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the complicated lignin structures and the development of a highly

condensed aromatic structure that can produce char (Brebu and
Vasile, 2010).

3.10. DSC characterization
Fig. 9 shows the DSC curve of LNP samples. The figure has an

endothermic peak followed by a large exothermic peak. The first
peaks, found below 100 °C, are associated with dehydration or
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the removal of water, and the second, above 100 °C, showed the
decomposition of the OASL and LNPS formed. In the DSC thermo-
gram peak, an exothermic heat flux indicates the decomposition
of LNPs (Haykiri-Acma et al., 2010). In the current work, the DSC
analysis revealed that exothermal behavior was observed with
the major mass loss is occurred in the temperature region between
400 °C and 500 °C. The maximum decomposition temperature was
attained at 435.2, 435, 434.2, and 498.4 °C for LNPas, LNPsc, LNPgr,
and OASL. This result is considered with the work of Bernabe et al.

T T T
300 4oa sge
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Fig. 8. TGA (a) and DTG (b) peaks for LNPac, LNPgy, LNPpo, OASL and LNPAs sample.
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(2013) and Sun et al. (2001). According to their result, high inten-
sive peaks are present during the heating of lignin in temperatures
between 400 and 500 °C. From DSC peaks in Fig. 9, LNPas has a
higher decomposition temperature (498.4 °C) value than the three
LNP samples derived from the OASL.

4. Conclusions

In this research work, the nanoprecipitation approach was used
to prepare LNPs using soda lignin derived from Oxytenathera abys-
sinica. A high yield of LNPs (88.9 %) was attained using the base-
acid nanoprecipitation method in the LNP,s sample. The lowest
yield of LNP (28.0 %) was obtained using ethanol as a solvent and
water as an antisolvent in the LNPgr sample. Based on SEM charac-
terization, spherical-shaped were obtained in LNPac (100 400 nm),
and irregular shapes were formed in LNPas (40-200 nm), LNPgy
(100 to 800 nm), and LNPpg (150-400 nm. A higher zeta potential
value of |-35.1 mV| was obtained in LNP,s samples. The value of
zeta potential decrease as days of storage and the pH value
increase. H-NMR and FITR also confirmed the presence of impor-
tant functional groups such as the carboxyl group, hydrogen bond,
phenolic, aromatic, and aliphatic groups. TGA and DTG showed
that more stabilitye is formed than the OASL samples. The synthe-
sis of LNPs were carried out by green solvents such as ethanol, ace-
tones and acid-base solutions and the resulted LNPs is free from
pollutants such as sulfur. These showed that they can be used as
a potential nanocomposite application such as biofilms, food pack-
aging materials, UV shielding, drug delivery, etc. LNPas may have
more nanocomposite potential than the other because of high ther-
mal and chemical stabilities as well as contain only carbon and
oxygen elements.
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