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Abstract In this paper, lignin was extracted from oil palm empty fruit branch fibers by using a

soda pulping process. The homogenizing method was used to reduce the size of lignin into nanopar-

ticles. Four different homogenization shear speeds i.e. 6400, 8400, 10,400, and 12,400 rpm were

explored to control the particle size of lignin. Lignin nanoparticles (LNPs) were characterized using

FT-IR, UV, TEM, SEM, zeta potential, kinetic thermal degradation, and toxicological analyses.

The stability of water-in-oil (W/O) emulsions was characterized by visual observation and cross-

polarized microscopy (CPM). The FT-IR results showed similar spectra of all the samples while

the particle distribution from TEM demonstrated up to 98% of the samples are in the nano range.

The zeta potential of LNP12* (emulsifying agent produced from LNP12 at 12,400 rpm) was

observed at |�32.0| mV and found to be the best among all samples to stabilize W/O emulsion

at a ratio of 30:70 (water to oil) as a result from creaming index percentage and CPM. Therefore,

LNP12 was further analyzed for shelf-life prediction using a kinetic thermal degradation study.

Flynn-Wall-Ozawa and Kissinger methods were used in kinetic thermal degradation to determine

the activation energy (Ea) of LNP12. It was found that both methods are in good agreement.

The Ea value of LNP12 demonstrated better stability and longer shelf-life (around 20 months) at
hman),
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a temperature below 35 �C. LNP12 showed to be safe both, in vitro and in vivo toxicological

methods at a concentration below 2000 mg/kg.

� 2021 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/).
1. Introduction

The current industrial trend has shown a significant interest in chang-

ing emulsifiers from animal-based or synthetic chemicals to natural

plant-based due to the cheaper production cost, environmentally

friendly, and ease to handle. Lignin is the second most naturally abun-

dant biopolymer in plant cell walls (Rashid et al., 2018). It is an amor-

phous, highly branched polyphenolic macromolecule with a complex

structure and high molecular weight as appeared in Fig. 1. Lignin

springs up from an enzyme-mediated dehydrogenative polymerization

and contains three major phenylpropanoid monomers; p-coumaryl,

coniferyl, and sinapyl alcohol (Ibrahim et al., 2004; Hussin et al.,

2018). These monolignols lead and link together with carbon–carbon

linkage between aliphatic and aromatic bonds. Lignin consists of

strong reactive sites of phenolic (highly branched polyphenolic), ali-

phatic hydroxyl groups (Wei et al., 2012). The amphiphilic property

of lignin could make this polymer a potential bio-based candidate to

be used as an emulsifying agent where it can reduce the interfacial

between oil and water (Sipponen et al., 2017). The adsorption of

unmodified lignin is reported to occur at the oil/water interface and

develop emulsion stabilization by inducing steric and electrostatic

forces between the droplets. Several studies already reported the lignin

application as an emulsifying agent as summarized in Table 1. How-

ever, no analysis has been performed on revealing the shelf-life stability
Fig. 1 Lignin structur
of lignin in an emulsion as an emulsifying agent. In the present work,

nanosized lignin extracted from oil palm (Elaeis Guineensis) empty

fruit branch (EFB) fibers, was used as an emulsifying agent. The four

different shear speeds of the homogenizer were carried out to prepare

the different nanosized lignin. The prepared nanosized lignin was fur-

ther analyzed by using the kinetic thermal degradation process to

determine the activation energy (Ea). The Ea indicates the stability

and longer shelf-life at various temperature ranges. Results obtained

from the kinetic thermal degradation study will ensure the stability

of the nanosized lignin in an emulsion which is also performed for

the first time in this study. The shelf-life prediction of lignin through

the kinetic thermal degradation is critical to be analyzed. It could pre-

dict the stability of nanosized lignin in emulsion, which directly affects

the performance of nanosized lignin as an emulsifying agent. A funda-

mental kinetic study could predict the stability and behavior of bio-

mass materials (including lignin) at various temperatures already

stated in the literature. For example, Zhou et al. (2015) reported that

the derivative thermogravimetric (DTG) curves could be used to deter-

mine the kinetic parameters which are more convenient and sensitive to

evaluate the kinetic process. Generally, kinetic studies using either

isothermal or non-isothermal methods are conducted to extract infor-

mation about the optimum conditions, mechanism of sorption, and

possible rate-controlling step of the samples. The non-isothermal

kinetic method is usually performed at varying temperatures, while
e and its monomers.
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Table 1 Previously reported studies on lignin application as

an emulsifying agent.

Main finding Emulsion

droplets

References

Produced a stable O/W (water–

cyclohexane) of Pickering

emulsions. A relatively small

amount of emulsifying agent was

needed to stabilize emulsions.

~100 nm (Silmore

et al., 2016)

Stabilized pH-responsive of O/W

Pickering emulsions. Stabilized the

emulsion by adsorbing modified

lignin on the surface using

electrostatic interaction.

20–40 lm (Shi et al.,

2019)

Stabilized O/W (kerosene-in-water,

30:70 of ratio) emulsion with low

surface activity.

1–100 mm (Li et al.,

2016)

Stabilized Pickering emulsions are

used as encapsulation agents of

curcumin, a polyphenol with a wide

range of pharmacological

applications.

115–300 nm

(lignin

particle)

(Bertolo

et al., 2019)

Stabilized O/W emulsions with a

low concentration of lignin.

Cytotoxicity of lignin samples

towards HT-29 and Caco-2 cells

showed a dose–response

relationship, determining non-

cytotoxic concentrations for the

emulsifying agent that can produce

stable emulsions.

0.717 lm (Czaikoski

et al., 2020)

Stabilized Pickering emulsions

(toluene-in-water).

259 nm (lignin

particle)

(Sipponen

et al., 2017)

Used lignin particles for drug

delivery and enhanced

antiproliferation effect in cancer

cells and biomedical applications.

~220 nm (Figueiredo

et al., 2017)

Synthesized lignin from (W/O)

microemulsions and used it in the

interfacial stabilization of Pickering

systems and organic carriers for

silver metal.

~90 nm to

1 mm

(Nypelö

et al., 2015)

Revealed the application of lignin

particles as surfactants for CO2/N2

switchable (demulsified and re-

emulsified) Pickering emulsions.

237–404 nm (Qian et al.,

2014)

Promoted high-value bio-additive

for multifunctional

nanocomposites. The enriched

phenolic hydroxyl groups of lignin

provided good interfacial adhesion

and also enabled it to be

compatible with nonpolar polymer

matrix.

195–197 nm (Tian et al.,

2017)
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the isothermal method is conducted at a constant temperature (Cortés

and Bridgwater, 2015). The temperature could also significantly affect

the stability of emulsions by either the stability of the particle size

(emulsifying agent and emulsion) or the speed of the emulsifying pro-

cess at its thermodynamic equilibrium. Sapei and Damayanti (2017)

found that the effects of ingredient formulations, process parameters,

and storage temperatures on the emulsion shelf-life could be simply

predicted from the kinetics studies. The shelf-life of lignin nanoparti-

cles (LNP) also plays a critical role in its performance as an emulsify-

ing agent since it is expected to be directly proportional to its
degradation with temperature and biocompatibility with emulsion.

The present research aimed to produce stable lignin nanoparticles from

oil palm EFB and use them as bio-based emulsifying agents for the

water-in-oil (W/O) emulsions. Lowering the particle size is believed

to increase the surface area and kinetically stabilize the emulsion

(Hattalli et al., 2002). Generally, the emulsifying agent is used to

reduce the attractive forces that occur naturally between the molecules

of the same liquid and hamper their aggregation (Beisl et al., 2017).

Nano-emulsions are introduced as emulsions containing nanosized

particles where the size of droplets falls at the range of 10–100 nm

(Hattalli et al., 2002). Nanoemulsions are kinetically stable since they

are generally thermodynamically stable. Therefore, the kinetic study is

necessary to be conducted to prove this statement when nanosized lig-

nin is used as an emulsifying agent. The toxicity test (both in vivo and

in vitro) has also been performed to ensure the safeness of the produced

lignin-based emulsifying agent when applied in food and biomedical

applications.

2. Experimental detail

2.1. Materials

The raw material of the oil palm empty fruit bunch (OPEFB)
was supplied by Sabutek (M) Sdn. Bhd. Cooking oil was
brought from a local market (Saji, a Malaysian brand), Sul-

phuric acid (H2SO4, 95–97%), sodium hydroxide pellet
(NaOH), and n-pentane (99%) were from QRec, Malaysia.
1,4–Dioxane was from HmbG Chemicals, Germany and acetic
acid (CH3COOH) was from Chem AR Systerm, Malaysia.

2.2. Extraction method

Soda lignin (SL) was extracted from black liquor of the

OPEFB fiber pulping process at the biomass to tap water ratio
of 1:8 (w/w) and mixed with 30% (w/w) of NaOH in a 10 L
stainless steel rotary digester for 3 h at 170 �C. The soda lignin

was precipitated from the black liquor using 20% v/v H2SO4

until pH was reduced to 2. Subsequently, the mixture was cen-
trifuged at 3500 rpm for 10 min to remove the excess aqueous
phase and collect the concentrated SL before drying in the

oven at 50 �C for 3–4 days. The dried SL was then ground
to a powder form and purified following the published method
by Ibrahim et al. (2011). In brief, the purification method of SL

involved refluxing via Soxhlet apparatus filled with 99% n-
pentane for 6 h at 37 �C to remove lipophilic non-lignin mat-
ters such as wax and lipids.
2.3. Preparation of lignin nanoparticle (LNP)

LNPs were prepared using a mechanical homogenizer, IKA

T25 digital ULTRA-TURRAX, USA with IKA dispersion
tool S 25 N-25F. Around 4 g of SL was soaked and dispersed
in 400 mL deionized water. The lignin dispersion was treated
at four different shear speeds of the homogenizer for 1 h (for

each speed). Lignin samples treated at 6400, 8400, 10,400,
and 12,400 rpm/1h were labeled as LNP6, LNP8, LNP10,
and LNP12, respectively. Previous research suggested the

choice of shear speeds of the homogenizer of 6400, 8400,
10,400, and 12,400 rpm/1h for this experiment. It saves both
time and resources (Sekeri et al., 2020). Thereafter, the samples

were dried using a freeze-dried method at a temperature
around �45 �C.
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2.4. Emulsifying agent and emulsion preparations

In the preparation of the emulsifying agent, around 2 g
(2000 mg mL�1) of each lignin sample (SL, LNP6, LNP8,
LNP10, and LNP12) was dissolved in 10 mL of NaOH

(1 M). Then, 30 mL of distilled water was added to each sam-
ple, and its pH was adjusted to 3.5 by adding a few drops of
acetic acid (CH3COOH). The solutions were then left for par-
ticle coagulation for 10 min. In preparing the emulsions, 2%

(40 mg mL�1) of the concentration of the emulsifying agents
(SL*, LNP6*, LNP8*, LNP10*, and LNP12*) were used rela-
tive to the total volume percentage of the oil and water (v/v).

Cooking oil and distilled water were used to form a W/O emul-
sion at a ratio of 30:70 (v/v), water to oil, and homogenized at
the speed of 10,400 rpm for one min. The emulsifying agent in

the amount of 2% (v/v) was then added to each of the pre-
pared emulsion and homogenized at 10,400 rpm for another
one min. The newly formed emulsions were stored in plastic

bottles at room temperature for the creaming stability
observations.

2.5. Characterization

Fourier transform infrared (FT-IR) spectroscopy analysis was
performed on SL, LNP6, LNP8, LNP10, and LNP12 using the
Perkin Elmer model System 2000; Norwalk, CT, USA. FT-IR

is a fast-analytical technique to identify functional groups of
the samples. The analyses were conducted at the frequency
range of 4000 cm�1 to 600 cm�1 with a resolution of 4 cm�1

and 16 scans. The functional groups of the samples were deter-
mined using KBr technique at a ratio of 1:100 (w/w).

The ultraviolet–visible spectroscopy (UV–vis) analysis of
SL before and after being nanosized was conducted by using

Shimadzu UV–Vis 2600 Kyoto, Japan Spectrophotometer.
For this analysis, 6 mg of each sample was dissolved in
10 mL ofdioxane–water solution (9:1, v/v). Then, 1 mL of

the aliquot was diluted in 10 mL of 50% 1,4-dioxane. The sam-
ples were measured between 250 and 400 nm.

The transmission electron microscope (TEM-Model Zeiss

Libra 120; Jena, Germany) was used to characterize LNPs
(LNP6, LNP8, LNP10, and LNP12). Detailed images of the
samples were captured, and the size of the particles was mea-

sured. The samples were dispersed in an adequate amount of
deionized water, then a drop of the top layer was placed on
a copper grid. Samples were incubated for a couple of min
and filter paper was used to remove the excess water before

the images were captured.
The morphology of SL before and after being nanosized

was observed by images of SEM using the extreme high-

resolution field emission scanning electron microscope (SEM-
Quanta FEG 650, Fei; Columbia, MO, USA). The SL and
LNP samples were sputter-coated with gold and the magnifica-

tion of the images was set at 100,000�.
Zeta potential of SL, LNP6, LNP8, LNP10, and LNP12

was measured using a zeta sizer (Malvern Instrument, Model

Nano-25, USA). About, 5 mL of 0.1 mg mL�1 of each lignin
sample was dispersed in deionized water before filling the
DTS 1070 cuvette for the zeta potential measurement. Each
sample took approximately 2 min for stable data.

The emulsions were left for 7 days at room temperature for
phase separation by gravitational force. For stability analysis,
emulsions containing emulsifying agents of SL, LNP6, LNP8,
LNP10, and LNP12 were placed in translucent bottles. Upon
completion of 7 days period, the height of what and the

boundary layers were measured. The images of emulsions were
also taken before and after 7 days for comparison.

The images of sizes and shapes of emulsion droplets of SL,

LNP6, LNP8, LNP10, and LNP12 were studied using polar-
ized light microscopy (Olympus, BX53, F.CCD, UK). This
technique uses polarized light to enhance the contrast and

improve the image quality that is visible primarily due to their
optically anisotropic character. Samples of emulsions were
taken out using a plastic pipette and placed on a clean and
dry microscope slide. The images of emulsion droplets were

captured under the light with 10x magnifications.
After characterizations of all samples, the most stable LNP

will be chosen to further analyze for kinetic thermal degrada-

tion. The non-isothermal thermogravimetric analysis (TGA)
was conducted using TGA-Perkin Elmer Thermal Analyzer,
model TGA/SDTA 851; Akron, OH, USA. The sample

(5 mg) was weighed and placed in a platinum pan. The temper-
ature was set at 30–800 �C with four different heating rates (b)
at 5, 10, 15, and 20 �C min�1 in a nitrogen atmosphere. The

mass loss versus temperature was plotted. The onset decompo-
sition temperature (Tonset), maximum temperature (Tmax), end
temperature (Tend), and residual mass (Rw) at 800 �C were
determined. The kinetic degradation was evaluated from

TGA data using Flynn-Wall-Ozawa and Kissinger methods
at various heating rates of 5, 10, 15, and 20 �C min�1. The
shelf-life of LNPs was predicted at varied temperatures. Theo-

retically, the rate of reaction by thermogravimetric analysis is
defined as the ratio of the loss from actual mass at the time (t)
to the loss from total mass at complete process degradation as

represented by Eq. (1) below. All related equations and theo-
ries were extracted from Othman et al. (2016b) where a, Mo,
Mt, and Mf is a rate of conversion, the initial mass of the sam-

ple, the mass of sample at time t, and final mass of the sample,
respectively. The rate of conversion (a) is directly proportional
to the concentration of the sample.

a ¼ Mo �Mt

Mo �Mf

ð1Þ

Constant rate, k is given by the Arrhenius equation as pre-
sented below (Eq. (2)).

k ¼ Aeð�
Ea
RTÞ ð2Þ

where A is representing the frequency factor (s�1), Ea is the

activation energy of degradation reaction (kJ mol�1), R is a
gas constant and T is the absolute temperature.

The value of Ea can be determined by using several methods

such as F–W– O, Kissinger, C–Red, H–Mat, Mac–T, and van
Krevelen. The previous study by Othman et al. (2016a)
reported that the F–W–O and Kissinger methods are preferred

for dynamic heating experiments and have been chosen for fur-
ther discussion as these are the effective methods to evaluate
the dependency of Ea on a. From Eq. (3), the graph of log b
versus 1000/T was plotted at different conversion percentages.
The linear lines from the graph were used to determine the Ea

by substituted slope values into Eq. (4).

Logb ¼ log
AEa

g að ÞR� 2:315� 0:457Ea

RT
ð3Þ



Fig. 2 (a) FT-IR spectra of SL and LNPs, and (b) UV–Vis

spectra of SL and LNPs.
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Ea ¼ slope� R

0:457
ð4Þ

Meanwhile, the Kissinger method calculates the Ea value
that is derived from Eq. (5). From Eq. (5), n is the reaction
order, Tp is the absolute temperature and ap is the mass loss

at the maximum mass loss rate (da/dt)p.

ln
b

Tp
2
¼ ln

AR

Ea

þ ln nð1� apÞn�1
h i

� Ea

RTp

ð5Þ

Then, the shelf-life prediction was calculated using Eq. (6),
at varying temperatures. The reaction order (n) was obtained

from the symmetrical index of the DTG peak as presented in
Eq. (7). The value of [d2a/dt2]L and [d2a/dt2]R was found from
the second derivative thermogravimetric (DDTG) curve of

each heating rate corresponds to the left peak and the right
peak, respectively. The value of A was calculated using Eq. (2).

tf ¼ ð1� 0:951�nÞ
Að1� nÞ e

Ea
RTðn–1Þ ð6Þ

n ¼ 1:88
½d2a=dt2�L
½d2a=dt2�R

ð7Þ

The most stable of LNP also was chosen for further testing

the toxicology properties in vitro and in vivo toxicity studies
which were conducted on rats by feeding the formulation
orally following the Guidelines laid by the Organisation for
Economic Co-operation and Development (OECD), Interna-

tional Animal Ethical Regulatory Body. The in vitro biocom-
patibility test of the extracted lignin was tested on a human
umbilical vein cell line (ea.hy926) to evaluate the potential

cytotoxic effect of lignin using the 3-(4,5-dimethylthiazol-2-y
l)-2,5-diphenyl tetrazolium bromide (MTT) assay. The assay
was carried out using the method described previously with

minor modification by Ahamed et al. (2012). Experimental
procedure and handling of animals were carried out according
to the guidelines set by the International Forum for Good Ani-
mal Welfare Practices, World Organisation for Animal Health

and Welfare Society, and the Organisation for Economic Co-
operation and Development (OECD) testing guidelines.

3. Results and discussion

3.1. FT-IR analysis

The functional groups of SL and LNPs were determined using
FT-IR analysis as shown in Fig. 2a. The wide absorption band

of hydroxyl groups or phenolic compounds was found at
3407–3402 cm�1. The C-H stretching of methyl or methylene
groups was observed around 2935–2910 cm�1. Whereas a

broad medium band observed at 1707–1700 cm�1 revealed a
conjugated carbonyl stretching. Furthermore, the peak at
range 1512–1510 cm�1 defines characteristic of lignin aromatic

rings resulted from aromatic skeletal vibration, and the bands
observed at 1134–1128 cm�1 due to the ether stretching (sy-
ringyl and guaiacyl) (Delgado et al., 2019). Ibrahim et al.
(2011) proposed that the appearance of guaiacyl unit in lignin

activates the site of polymerization. Thus, the structure of lig-
nin could develop chemical and biological interactions which
could be a preferable base for the expansion of bio-based prod-

ucts such as an emulsifying agent (Lievonen et al., 2016). As
reflected in the FT-IR results, SL and LNPs samples showed
very similar spectra, revealing that converting SL to LNPs

did not affect lignin functional groups. This was also sup-
ported by Rahman et al. (2018) that the functional groups of
nanosized lignin were found to be similar to the pristine lignin.

3.2. UV–visible spectra analysis

Production of LNP as an emulsifying agent and its application

in industries such as food, personal care, and cosmetics
requires a product free from any impurities. This is to avoid
undesired changes in the texture, taste, and stability of emul-

sions. To address this crucial factor, after the purification pro-
cess of lignin, the particles were analyzed using UV–vis
spectroscopy to guarantee all impurities such as degraded
polysaccharides, wax, and lipids were eliminated before further

characterizations (Ibrahim et al., 2004; Lee et al., 2013). The
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purity of lignin could be determined according to its excessive
number of phenols from the absorption at the wavelength of
280 nm. Interestingly, as shown in Fig. 2b, LNP12 exhibited

the purest lignin followed by LNP10, LNP 6, LNP8, and SL.
This can be concluded that the purity of lignin improved after
the nanosizing process.

Besides, it is revealed by Ibrahim et al. (2011) that the UV–
vis analysis can be used to discover the phenolic content since
it is the most significant functional group in the lignin struc-

ture. As seen in Fig. 2b, all samples depicted two maximum
absorption peaks: the first one around 230–245 nm and the
second one around 270–280 nm. As reported by Sun et al.
(1999) and Hattalli et al. (2002) the UV–vis absorption of lig-

nin at 230 nm and 290–300 nm is originated from non-
conjugated ionized phenolic groups and conjugated structural
non-ionized elements, respectively. Also, Abdelaziz and

Hulteberg (2017) revealed the absorption at the wavelength
of 280 nm to be due to aromatic rings/non-conjugated pheno-
lic groups. The wavelength at 273, 280, and 313 nm is ascribed

to lignin monomers of syringyl (S), guaiacol (G), and p-
hydroxyphenol (H), respectively (Singh and Dhepe, 2016).
Hence, it could be concluded from the obtained UV–vis results

that SL and LNPs mainly consisted of G units.

3.3. TEM analysis

Lignin is normally a macro-sized polymer. Since the size of

nanostructured materials is generally in the range of 1–
100 nm, they could offer unique properties due to their
increased surface area. Thus, LNPs prepared in this study were

mechanically treated with a high shear homogenizer to have a
diameter of less than 100 nm. This method has been previously
used by Matsakas et al. (2018) and Nair et al. (2014) where

Nair et al. (2014) used high shear homogenization at
Fig. 3 Histogram of the size distribution of LNPs mechanically sh

10,400 rpm and (d) 12,400 rpm.
15,000 rpm for an hour to produce nanosized lignin. However,
only 19% of the produced particles had a size of below 100 nm
and thus, the treatment period was required to be extended to

four hours to produce lignin nanoparticles. Fig. 3 shows the
histogram of the size distribution of LNPs mechanically
sheared at different shear speeds. The size distribution of

LNP6, LNP8, and LNP10 shows more than 97% of the parti-
cles in the nano range (<100 nm). Meanwhile, increasing the
shear speed of the homogenizer to 12,400 rpm resulted in com-

pletely having a diameter less that than 100 nm.
As shown in Fig. 4, the majority size of the produced LNPs

was around 100 nm. However, the particles of LNP6 and
LNP8 seemed to be agglomerated and overlapped, which

might further affect the stability of the emulsions. By increas-
ing the speed of the homogenizer, LNP10 particles were dissi-
pated. This led to an effective reduction in the particle size and

further concluded that LNPs with the size of 20–100 nm could
be produced using the high-shear homogenizer at the speed of
12,400 rpm. The differences of the series were also observed at

the particle dispersion and distribution. The LNP 12 series
have immense particle dispersion compared to other samples.
The emulsion can remain stable for a long period if the

hydrophobicity interaction ability of the nanoparticles is high,
which further leads to their more adsorption to the surface of
oil droplets and thus, prevent emulsion coalescence. Therefore,
lowering the particle size created a large surface area which

improved the hydrophobicity of the nanoparticles and
increased their active surface to stabilize the emulsion.

3.4. Scanning electron microscopy (SEM) analysis

The surface morphologies of SL and LNPs were characterized
by SEM analysis and the images are shown in Fig. 5. The SEM

images showed a rough surface with overlapped large particles
eared at different shear speeds: (a) 6400 rpm, (b) 8400 rpm, (c)



Fig. 4 Transmission Electron Microscopy (TEM) images of (a) LNP6, (b) LNP8, (c) LNP10, and (d) LNP12.

Fig. 5 Scanning electron microscopy (SEM) images of (a) SL, (b) LNP6, (c) LNP8, (d) LNP10, and (e) LNP12.

Thermal degradation and kinetics stability studies of lignin nanoparticle and its application 7



Fig. 6 Zeta potential graphs of (a) SL, (b) LNP6, (c) LNP8, (d)

LNP10, and (e) LNP12.
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of SL. Azimvand et al. (2018) reported that micro-size lignin
had a flat surface morphology as also been observed in
Fig. 5a. SL particles were heterogenized as the size is relatively

larger and microparticles are in agglomerated form.
As seen in Fig. 5b–e, reducing the size of lignin to nanosize

led to the appearance of smaller particles in all images taken

from LNPs. Interestingly, LNP12 formed colloidal lignin par-
ticles as supported by the TEM image where it showed more
uniformly distributed (not overlapped) particles compared to

other LNPs. As reported by Bai et al. (2018), LNPs can offer
smooth surfaces for the formation of thin films and therefore
produce stabilized emulsions (Henn and Mattinen, 2019).
Hence, nanosize particles (particularly LNP 12) can act as

good emulsifying agents.

3.5. Zeta potential analysis

Zeta potential is defined as the difference in potential between
the surface of a tightly bound layer of ions on the particle sur-
face which affects the behavior and properties of colloidal sus-

pensions. The charge of the surface of a polymer or
nanoparticles can directly affect the zeta potential values
(Zhang et al., 2008). In this work, the zeta potential was used

to estimate the colloidal stability of the particles since the par-
ticle stability directly affects the emulsion stability. Fig. 6
shows the zeta potential graphs with three curves as the aver-
age value of zeta potential for SL, LNP6, LNP8, LNP10, and

LNP12 samples. Generally, lignin is a negatively charged com-
pound due to its phenolic hydroxyl and carboxyl functional
groups (Fig. 2a and b), hence lignin has depicted a negative

zeta potential in this study. Considering that a smooth zeta
potential peak represents the accuracy of the results, by com-
paring the graphs in Fig. 6, it was found that only LNP12

showed a smooth curve and a nice peak. While others showed
peaks in irregular shapes and rough side-lines which may lead
to a varied colloidal behavior of the nanoparticles than

expected, which was further evaluated in this work. The aver-
age zeta potential values and lignin solution stability behavior
were shown in Table 2. The zeta potential obtained for SL,
LNP6, LNP8, LNP 10, and LNP12 was measured to be |�
39.0|, |�29.2|, |�25.0|, |�26.0|, and |�32.0| mV, respectively,
which directly affected their stability. Tong et al. (2018)
reported that the value of zeta potential lower than |±

30 mV| manifested signs of instability due to insufficient elec-
trostatic repulsion between particles to avoid agglomeration.
The stability of an emulsion is guaranteed when the repulsive

force between the particles in a suspension or droplets in an
emulsion exceeds the attractive force (Gupta and Washburn,
2014). Thus, a zeta potential value above or equal to |±
30 mV| leads to a stable suspension or emulsion since a repul-

sive force is generated between the substrates which hinders
their agglomeration or coalescence.

Based on the obtained results, LNP12 was recorded to be

the most stable among LNPs suspension. Although the
obtained zeta potential value was higher for SL than LNP12,
this study intended to formulate kinetically and thermodynam-

ically stable LNPs to be used as emulsifying agents. The lower
zeta potential values of LNP6, LNP8, and LNP10 suspensions
had also led to lower suspension stability compared to LNP12.

The effect of the lower zeta potential values of these samples is
also observed in the TEM images as LNP6, LNP8 and LNP10
showed more agglomerated particles with non-uniform distri-
bution compared to LNP12. The results show that LNP6,

LNP8, and LNP10 have less potential to be effective emulsify-
ing agents compared to LNP12.

3.6. Emulsion stability

The stability of emulsion refers to the ability to stay in its prop-
erties since emulsions have the propensity to break down after a
passage of time. In previous work (Sekeri et al., 2020), it was



Table 2 Zeta potential values and the stability behavior of

LNPs.

Sample Zeta Potential (mV) Stability behavior

SL �39.0 Stable

LNP 6 �29.2 Not Stable

LNP 8 �25.0 Not Stable

LNP 10 �26.0 Not Stable

LNP 12 �32.0 Stable
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found that 2% (w/v) of LNPs emulsifying agents was the opti-
mum dosage to produce good stability in the W/O emulsion.

Hence, 2% (w/v) of the samples were used in the W/O emulsion
to evaluate the emulsifying effectiveness as shown in Fig. 7. The
top images of Fig. 7 illustrate W/O emulsions containing SL*,

LNP6*, LNP8*, LNP10*, and LNP12* emulsifying agents right
after the preparation of emulsion samples. While the bottom
images are the emulsions after being stored for 30 days. During

the storage period, the emulsion tends to break down and sepa-
rate, which depends on the density and distribution between the
droplet and the medium. Flocculation, creaming, sedimenta-
tion, aggregation, coalescence, and Ostwald are the phenomena

involved in the instability of emulsions.
As depicted in Fig. 7, emulsions containing SL*, LNP6*,

LNP8*, and LNP10* showed instability due to the formation

of three layers of liquid phase after 30 days. The top layer is
the oil phase, the middle layer is the emulsion phase and the
bottom layer is the water phase. However, emulsions contain-

ing LNP6* and LNP10* seemed slightly different as they both
formed a thinner layer of the oil phase and a thicker emulsion
phase compared to SL* and LNP8*. Meanwhile, the emulsion
containing LNP12* can be considered as the most stable emul-

sion as it exhibited only two layers i.e. the emulsion phase at
the top and the water phase at the bottom. The stability of
Fig. 7 The fresh W/O emulsions (top image) and after 30 days (bott

and (e) LNP12* as the emulsifying agents.
emulsion generated by using LNP12* could be due to the
smallest nanoparticle size of this sample compared to others.
The reason may be attributed to that un-homogenized parti-

cles tend to fall into Ostwald ripening, creaming, and coales-
cence due to the increased particle and droplet size in
emulsions (Li et al., 2016). The results revealed that the phase

separation of the emulsion occurred since the utilized emulsify-
ing agents had varied particle sizes (Xin et al., 2013). As seen in
the TEM and SEM images, as well as the zeta potential anal-

ysis, it can be concluded that LNP12* with the most homoge-
nized and the smallest sized nanoparticles formed the most
stable emulsion.

3.7. Cross-polarized microscopy analysis

The droplet size of emulsions was studied by using cross-
polarized microscopy (CPM). The images of prepared emul-

sions (denoted as SL**, LNP6**, LNP8**, LNP10**, and
LNP12**) shown in Fig. 8 were taken by microscope after
being stored for 30 days. The CPM images of SL**, LNP8**,

and LNP10** emulsions showed slurry emulsions where the
emulsion droplets mostly did not have specific shapes. These
images also proved the instability of emulsions containing

these emulsifying agents. Meanwhile, emulsions containing
LNP6* and LNP12* showed more spherical droplets, while
the sizes were varied. The droplet size of emulsion containing
LNP6* was larger than that of containing LNP12* and tended

to break down within the time. The emulsions used in this
study were formed using high shear homogenizer which breaks
large droplets into small droplets due to strong turbulence and

hydraulic shear (Gupta et al., 2016). However, the small dro-
plets of LNP6**, LNP8** and LNP10** shown in Fig. 8 tended
to coalescence after the process and formed partial emulsifica-

tion of the oil. Coalescence can be prevented by the full protec-
tion of the interfacial area by the particles (in our case LNP12)
om image) when using (a) SL* (b) LNP6* (c) LNP8* (d) LNP10*



Fig. 8 The cross polarized microscopy image (CPM) of (a) SL** (b) LNP6** (c) LNP8** (d) LNP10** and (e) LNP12**.
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which leads to a more stable emulsion (Salerno et al., 2016). As
observed, using LNP12* as the emulsifying agent promoted a
smaller size of emulsion droplets having uniform size and

shape, which remained stable over 30 days.

3.8. Kinetic thermal degradation

Thermogravimetric analysis reveals valuable information for

understanding different thermal events correlated with materi-
als especially in the preparation of final products. In this study,
TGA analysis was used to investigate the effect of changing the

lignin particle size (from micro-size to nano-size) on its thermal
degradation process. Yaqoob et al. (2020) supported that
nanoparticles have strong thermal stability due to their unique

properties and small dimension. Since LNP12* showed the
best emulsifying performance, it was chosen to be tested for
kinetic thermal degradation to predict its shelf-life stability

at varying temperatures. The TGA curves depicted in Fig. 9a
presents the LNP12 at various heating rates of 5, 10, 15, and
20 �C min�1 at the temperature range of 30–800 �C in the
nitrogen atmosphere. The data were extracted and tabulated

in Table 3. The thermal decomposition of LNP12 occurred
at two stages of degradation. The first degradation occurred
at the temperature range of 30–130 �C corresponding to the

evaporation of moisture content and excess solvent (<3.4–
4.2% from the overall mass) (Sun et al., 2001). Also, the sec-
ond degradation occurred at the temperature range of 150–

800 �C which could be attributed to the decomposition of
hemicellulose part linked to the lignin structure, as well as
the fragmentation of inter-unit linkage between the carbonyl
and phenolic groups (<61.7–68.3% from the remaining mass)

(Chen et al., 2019). The maximum mass loss (DTGmax) of
LNP12 occurred at the temperature range of 370–400 �C
(Fig. 9b) was shifted higher with decreasing b. According to

Othman et al. (2016b), this is because of the production of
higher thermal stress at high temperatures due to the limited
time to achieve the thermodynamic equilibrium. Also, the

value of b affects the thermal decomposition, as a higher value
of b induces a fast degradation and reduces the amount of
maximum mass loss. As known, the higher the heating rate,
the faster the weight loss equilibrium is achieved (Rousseau,
2000). The previous studies have found that the thermal stabil-

ity of lignin can be varied because of its complex structure con-
taining oxygenated functional groups and the associated bonds
can occur at different ranges of temperatures (Skreiberg et al.,
2011). Hence, during the process, the thermal equilibrium was

achieved at low b which reveals the lowest residue obtained at
5 �C min�1 heating rate.

Thermogravimetric analysis (TGA) data was used to ana-

lyze the thermal stability and kinetic behavior of LNP12.
Skreiberg et al. (2011) reported that the thermodynamically
unstable emulsion systems can be stabilized by the improve-

ment of their kinetic stability. Thus, the kinetic thermal stabil-
ity was used to calculate the Ea, which is the minimum energy
required for LNP12* to break and form bonds during the
chemical reactions. Since the F-W-O and Kissinger methods

have been preferred for dynamic heating experiments, the Ea

of the LNP12 thermal degradation was determined using
Flynn-Wall-Ozawa (F-W-O) and Kissinger models to interpret

data obtained from different heating rates.

3.9. Flynn-Wall-Ozawa (F-W-O) method

The linear lines from the graph shown in Fig. 10a were plotted
using Eq (3) as mentioned earlier. The graph resulted in nearly
parallel lines due to Doyle approximation (Othman et al.,

2015). The Ea values tabulated in Table 4 were calculated using
Eq. (4) at conversion percentage (a) between 5% and 30%. The
highest Ea value calculated was around 174 (kJ mol�1) which
was obtained at 30% conversion and decreased as the conver-

sion percentage is decreased. Based on previous studies, Bove
et al. (2019) reported the Ea of lignin to be 130 kJ mol�1 when
using this F-W-O method, while Poletto (2017) found that the

Ea value at the 10–30% conversion is in the range of 77–
271 kJ mol�1. The obtained values in the present study are in
the range as presented in Table 5. The values of Ea were then

plotted versus conversion (a) with mass loss ranging from
10% to 90%. Based on Fig. 10b, the Ea values increased from



Fig. 9 (a) Thermogravimetric (TGA) and (b) derivative thermogravimetric (DTG) curves of LNP12 at different heating rates (b).
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conversion a = 0.1 to a = 0.7 and achieved the highest value at
a=0.7. The Ea value was then dropped at a=0.8 and continued
to fall until a= 0.9. These phenomena occurred since Ea depends

on the amount of energy required to decompose thematerial, break
and form the molecular chain. Thus, starting from a = 0.1 to
a = 0.7, high energy was required during the modification of the

molecular chain and therefore the Ea increased.
3.10. Kissinger method

The Kissinger method is one of the preferred methods used to
determine the Ea for the second kinetic degradation (Wellen
and Canedo, 2014). The Ea can be computed for kinetic works
with less error (<5%) and no dependency on the reaction

mechanism. It was supported in the study by Othman et al.



Table 3 TGA traces of LNP12 in the nitrogen atmosphere.

NSL b The residue (%) Tonset (�C) Tmax (�C) Tend (�C) DT (�C)

12 5 28.27 189.96 392.10 621.12 435.25

10 28.84 190.63 381.59 617.73 437.29

15 34.11 200.62 379.96 601.52 427.96

20 34.14 201.18 372.42 596.81 425.94

Fig. 10 (a) Graph of log b versus 1000/T following to the F-W-O method of LNP12 with mass loss ranging from 10% to 90% of

conversion (a � 10�3), (b) Activation energy, Ea obtained from F-W-O versus conversion a, with mass loss ranging 10% to 90%

conversion in nitrogen, (c) Graph of ln (b/T2
p) versus 1000/T following to the Kissinger method of LNP12 with mass loss ranging from

10% to 90% of conversion (a � 10�3), (d) Activation energy, Ea, obtained from Kissinger method versus conversion a, with mass loss

ranging from 10% to 90% conversion in nitrogen.
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(2016a) that this method generates highly reliable Ea values
within the error mentioned above. The value of Ea was calcu-
lated from the slope of the straight-line ln(b/Tp

2) versus 1/Tp
Table 4 Activation energy of LNP12 at the conversion

a < 30 using the F-W-O method.

Conversion, a (%) Ea (kJ mol�1) R2

5 90.44 0.76

10 111.65 0.86

15 123.56 0.88

20 137.97 0.88

25 155.54 0.87

30 174.63 0.88
from Eq. (5) and plotted in Fig. 10c. Then, the calculated val-
ues of Ea were plotted versus a with conversion ranging from
10% to 90% as shown in Fig. 10d. The highest Ea value calcu-

lated was around 836 (kJ mol�1) which was obtained at 70%
conversion. Based on Fig. 10, the comparison of Ea values
from both iso-conversional methods showed similar trends in

which the Ea increased at 10–70% conversion but decreased
at 80–90% conversion.

According to Doyle’s approximation method, Table 6

shows the comparison of Ea values between F-W-O and Kis-
singer methods at low conversion (a > 30%). The F-W-O
method represented a higher value of Ea compared to Kis-

singer. This is because the ln b in Kissinger is related to the
function of temperature while log b in the F-W-O method is
independent of the temperature (Othman et al., 2016a). Table 6



Table 5 Summary of the activation energy of lignin at various

methods.

Activation

energy of

lignin (kJ

mol�1)

Kinetic method Heating

rate (�C
min�1)

References

18–588 Peak analysis-least

square method (PA-

LSM)

10 (Zhou et al.,

2015)

67.62 Arrhenius equation 80 (Pasangulapati

et al., 2012)

159.39–

174.19

Non-isothermal multi-

Gaussian distributed

activation energy

model (Gaussian-

DAEM-reaction)

10 (Zhang et al.,

2014)

158–170 Single Gaussian-

DAEM-reaction

model

5, 10

and 15

(Mani et al.,

2009)

37.58 Isothermal kinetics of

torrefaction (Obey

Arrhenius equation)

20 (Chen and

Kuo, 2011)

130–175 Kissinger method 2–200 (Jiang et al.,

2010)

105 Friedman 2, 5, 10

and 20

(Bove et al.,

2019)130 Flynn-Wall-Ozawa

123 Kissinger

102 Vyazovkin

77–1537 Flynn-Wall-Ozawa 5, 10, 20

and 40

(Poletto, 2017)

90–174

118–173

(at the

conversion

of 5–30%)

Flynn-Wall-Ozawa

Kissinger

5, 10, 15

and 20

Present study
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shows that a lower Ea value was obtained for LNP12 com-
pared to other lignin types from previous studies (depicted in

Table 5). This might be due to the varied particle sizes (of
nano, micro, and macro) in different lignin samples which
affected the Ea values. Based on the Ea values calculated from

these two methods, the constant rate was reliable and obeyed
the Arrhenius equation. The similar patterns and trends
Table 6 Activation energy of LNP12 using F-W-O and

Kissinger methods at varied conversions.

Conversion, a Ea (kJ mol�1) DEa (kJ mol�1)

F-W-O Kissinger

0.1 111.65 108.94 2.71

0.2 137.97 135.91 2.06

0.3 174.63 173.90 0.73

0.4 223.21 221.91 1.29

0.5 306.97 301.91 5.06

0.6 522.88 517.88 5.00

0.7 844.37 836.72 7.65

0.8 778.61 774.17 4.44

0.9 534.40 532.14 2.26
obtained from Fig. 10 resulted in negative values of Ea due
to the slow degradation rate in response to the increase in
the temperature. As shown in Table 6, the Ea values of the sta-

tistical analysis resulted from both methods are reliable since
the difference between these two methods is <3% at every a
value. Hence, this is proven that both methods adhere to each

other and that the gained Ea results are valid.

3.11. Shelf-life prediction

In this section, the shelf-life estimation of LNP12 is predicted
at varying temperatures by calculating the Ea of kinetic reac-
tion from TGA data. Termination of LNPs shelf-life occurs

when the mass loss reaches 5 wt% (a = 0.05) (Othman
et al., 2016b). The mass loss (a = 5%) of LNP12 was calcu-
lated at different temperatures in nitrogen and air atmospheres
according to the shelf-life prediction using Eq. (6) and Eq. (7).

Table 7 includes derived data from the calculated Ea value at
the 5% conversion (118 kJ mol�1). The value of shelf-life
was plotted versus temperature from the second double deriva-

tive thermogravimetric (DDTG) curves at 5 �C min�1. Fig. 11a
shows the shelf-life prediction (in months) of LNP12 which
was performed at the temperature range of 25–100 �C and

(b) (in days) conducted at the temperature range of 55–
100 �C in a nitrogen atmosphere. According to Fig. 11, the
shelf-life decreased with increasing temperature due to the high
energy which was used to break the molecular chain in LNP12.

Generally, below 35 �C, LNP12 was stable for a long term
which is around 20 months. Hence, the graph in Fig. 11b was
plotted to focus on shelf-life prediction in days at a tempera-

ture above 45 �C. The shelf-life of LNP12 at temperatures
45 �C and 55 �C was stable for more than 160 days and 40 days,
respectively. However, the nano-sized particles started to

degrade at a temperature range of 65–100 �C. Overall, the
shelf-life of LNP12 drastically decreased to 11 days at 65 �C,
3 days at 75 �C, 25 h at 85 �C, 8 h at 95 �C, and 5 h at

100 �C. Mwangi et al. (2016) reported that the kinetic energy
of lignin particles increased with the increase in temperature
(20–90 �C) and leads to a rapid collision and random motion
of the particles. This creates redistribution of particles towards

the interface and thus, increases the chance of coalescing. They
also reported that the emulsions were stable at the temperature
between 25 and 50 �C. In the present study, although the shelf-

life decreased with the increase in temperature, the emulsion
was prepared at room temperature. In the present study
(Fig. 11), the produced LNP was kinetically stable to be

applied as an emulsifying agent to emulsions at a temperature
below 35 �C. Therefore, storing the emulsion at room temper-
ature for a long period will not damage the product.
Table 7 Estimated shelf-life values of NSL12 based on a mass

loss of 5% at various temperatures.

b Ea (kJ mol�1) n A (�1012)

5 118.68 1.73 6.95

10 1.61

15 1.60

20 1.38



Fig. 11 Shelf-life prediction of LNP12 (a) in months at the

temperature range of 25–100 �C and (b) in days at the temperature

range of 55–100 �C in the nitrogen atmosphere.
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3.12. Toxicity test

Lignin is a natural phenolic polymer that has not only been

proved to be non-toxic but has been also found to have bene-
ficial properties such as being antioxidant (Zhang et al., 2014),
while its derivatives also possess antibiotic and anti-

carcinogenic features (Calvo-Flores and Dobado, 2010). By
performing an acute toxicity study, Mendes et al. (2016)
reported that lignin is not toxic and showed no significant

impact on animals when used in the dosage of 10,000 mg kg�1.
However, in this study, lignin was nano-sized and the process
of making an emulsifying agent was involving the addition of

NaOH and drops of HCl. Hence, it was vital to test the toxi-
cological properties of the selected LNP to determine the safe
dosage of the emulsifying agent required to be added to
emulsions for human consumption particularly in the food

industry.
Since LNP12* formed the most stable suspension and per-

formed the best as an emulsifying agent, it was chosen for the
toxicity analysis. As mentioned earlier, the toxicity test was
performed using LNP12* in vitro (human umbilical vein cell
line (ea.hy926) and in vivo (rats). The results of the MTT assay

showed that the in vitro test of LNP12* did not generate any
cytotoxic effects on cellular proliferation and morphology of
the human endothelial (ea.hy926) cells. Interestingly,

LNP12* exhibited a pro-proliferation effect at low concentra-
tions, whereas it showed an anti-proliferation effect at higher
concentrations as shown in Fig. 12. Overall, the LNP12* was

found to be promoting the proliferation of the endothelial cell
at low concentration (<70 mg mL�1). Also, the effect of the
sample on viability showed a significantly more proliferation
of the cells when compared to the negative control (distilled

water).
The graphical representation of the effect of the test sample

on cellular viability is demonstrated in Fig. 13a. The IC50 value

estimated from Fig. 13b for the sample is 2,928.94 mg
(29.28 mg mL�1). Recently, Aćimović et al. (2020) tested the
nanosized lignin in the in vitro and found low toxicity at

250 mg mL�1. The LNP12* was tasted in the concentration
range of 1–51,200 mg mL�1 (0.001–51.2 mg mL�1) found to
be non-toxic at a much higher concentration (2,928.94 mg mL
�1) than 250 mg mL�1. Not to mention, LNP12* is also pro-
moting the proliferation of the endothelial cell at low concen-
tration (<70 mg mL�1). The purpose of the in vivo experiment
in this study was to assess the acute toxic potential of the test

sample when administered to Sprague-Dawley (SD) rats with a
single oral dose by gavage followed by physical observations,
examination, and gross necropsy. The toxicity of the test sam-

ple was compared with negative control (distilled water).
According to the test, a single dose of 1000 mg kg�1 of the
body weight was given to five rats and their mortality was

tracked for 48 h. Since no mortality was observed in rats,
the dose limit was increased to 2000 mg kg�1 of their body
weight. Table 8 classifies the effect of acute administration of

LNP12* on neurobehavioral activities of the rats. No clinical
signs of toxicity during the tracked period were observed for
the rats that were orally fed with the test sample. Also, no mor-
tality occurred during the studied period. The animals were

looking healthy and performing their daily normal activity.
When the dose of 2000 mg kg�1 of the sample was tested on
the rats, no toxicity symptoms, changes in behavior, or mortal-

ity were observed. Generally, any substance with LD50

between 1000 and 15,000 mg kg�1 is considered non-toxic
(Calvo-Flores and Dobado, 2010). According to the results

obtained in the present study, the test sample can be consid-
ered non-toxic, as the LD50 for the extract was found to be
more than 2000 mg kg�1.

4. Comparative discussion of lignin nanoparticles with previous

literature

There are also efforts to substitute emulsifiers from animals

and synthetic chemicals to natural plants. The application of
lignin as a biologically based surfactant is biocompatible and
biodegradable. The emulsifiers are used to stabilize the emul-

sions that may be affected by various factors such as particle
size, particle stability, physiochemical stabilities, and tempera-
ture. The TEM images and the LNP size distribution showed

that the particles are within the nano range as referring to
the present results (<100 nm). In comparison to the previous



Fig. 12 Effect of the test sample on the proliferation of ea.hy926 cells.

Fig. 13 (a) Effect of LNP12* on cellular viability of ea.hy926 cells, (b) Non-linear regression curve of the anti-proliferation effect of the

sample to estimate its IC50 value.
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Table 8 Effect of acute (single dose) administration of the test sample on neurobehavioral activities.

Neurobehavioral activities Animal-1 Animal-2 Animal-3 Animal-4 Animal-5

Unusual posture ND ND ND ND ND

Unusual coordination of movement ND ND ND ND ND

Abnormal gait ND ND ND ND ND

Headflicking ND ND ND ND ND

Grooming of the head and neck Observed at

the beginning

ND ND Observed at

the beginning

ND

Compulsive biting or licking ND Observed at

the beginning

ND Observed at

the beginning

ND

Self-mutilation ND ND ND ND ND

Circling ND ND ND ND ND

Walking backward ND ND ND ND ND

Convulsions ND ND ND ND ND

Tremors ND ND ND ND ND

Increased levels of lacrimation and/or red-colored tears ND ND ND ND ND

Increased levels of salivation ND ND ND ND ND

Piloerection ND ND ND ND ND

Pupillary dilation or constriction. ND ND ND ND ND

Unusual respiration (shallow, labored, dyspneic,

gasping, and retching) and/or mouth breathing.

ND ND Observed at

the beginning

ND ND

Diarrhea. ND ND ND ND ND

Excessive or diminished urination. ND ND ND ND ND

Vocalization ND ND ND ND Observed at

the beginning

ND = Not Detected.
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literature, Nair et al. (2014) produced lignin nanoparticles for
four hours at a shear speed of 15,000 rpm, as opposed to the

present study where a slower speed of 12,400 rpm was found
able to produce a smaller particles size which saves time and
energy. The emulsion produced still has strong stability after

30 days even using a small amount of LNP12* (2% w/v). Sev-
eral researchers found the same way to stabilize emulsion using
lignin at various concentrations and particle sizes (Silmore

et al., 2016; Li et al., 2016; Bertolo et al., 2019; Shi et al.,
2019; Czaikoski et al., 2020) as presented in Table 1. There
are not many studies reported on the kinetic thermal stability
and the self-life prediction of LNPs. The Ea of lignin that can

be associated with collisions and degradation mechanisms was
found by Poletto (2017). This current research reveals the
shelf-life prediction of LNPs based on Ea results and tempera-

ture data. The LNP12 result indicates a very good thermal sta-
bility and is projected to have more than 20 months shelf-life if
storing at a temperature less than 35 �C.

5. Conclusion

Lignin nanoparticles (LNPs) were prepared as emulsifying agents in

the W/O emulsion system. LNPs were produced via homogenization

under varied shear speeds (6400 rpm, 8400 rpm, and 12,400 rpm).

Although the zeta potential value for SL was the highest, LNP12

(the nanoparticle that was generated at the highest speed of the

homogenizer) showed the best size distribution and good zeta potential

value which resulted in the most stable emulsion. The CPM image of

LNP12** showed the best emulsion by forming small and more uni-

form droplets. Thus, the LNP12 nanoparticle was chosen for further

analyses of kinetic degradation and toxicological studies. The Ea val-

ues of LNP12 in the kinetic degradation study were determined via

F-W-O and Kissinger methods which were found to be confirming

to each other. The LNP12 is found to be better stable and longer

shelf-life at a temperature below 35 �C for 20 months. The in vitro
and in vivo toxicological analyses also revealed that LNP12 was a

non-toxic substance. Overall, the LNP12* was found to be suitable

as an emulsifying agent for industrial applications.
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