
Sustainable Chemistry for Climate Action 2 (2023) 100011 

Contents lists available at ScienceDirect 

Sustainable Chemistry for Climate Action 

journal homepage: www.elsevier.com/locate/scca 

Synthesis and characterization of lignin nanoparticles isolated from oil 
palm empty fruit bunch and application in biocomposites 

Udari Prasadini Perera 

a , Mei Ling Foo 

a , Irene Mei Leng Chew 

a , b , ∗ 

a Chemical Engineering Discipline, School of Engineering, Monash University Malaysia, 47500 Bandar Sunway, Selangor, Malaysia 
b Monash-Industry Plant Oils Research Laboratory (MIPO), Monash University Malaysia, 47500 Bandar Sunway, Selangor, Malaysia 

a r t i c l e i n f o 

Keywords: 

Lignin nanoparticles 
Ultrasonication 
Alkali lignin 
Starch composites 
Biocomposites 
Reinforcing agent 

a b s t r a c t 

Valorisation of industrial biomass wastes, such as oil palm empty fruit bunch (EFB) generated by the palm oil 
industry, could promote its sustainable use while minimising the adverse impacts on the environment. To this 
end, the present study attempted to synthesize lignin from EFB. A simple yet environmentally friendly technique, 
ultrasonication, has been employed to convert the isolated lignin to lignin nanoparticles (LNPs). The transmission 
electron microscopy results and dynamic light scattering measurements have confirmed the mean particle size 
of LNPs at 220 nm. Also, LNPs showed better thermal performance compared to lignin, as indicated by a higher 
glass transition and maximum degradation temperature. LNPs were stable in the pH range of 4.5 - 9.0 and sodium 

chloride concentration below 100 mM over a week of storage. At pH 7, the LNP suspension remains stable without 
precipitation for up to three months of storage under ambient conditions. In addition, the LNPs were incorporated 
into the starch matrix to form biocomposites and then compared against lignin biocomposites and neat starch 
film for their thermal, mechanical, and hydrophobic performance. The biocomposites with LNPs are anticipatedly 
possessing better performance than the neat starch film and lignin biocomposites in all aspects. 
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. Introduction 

Biomass wastes generated as forestry residues, agricultural, and food
aste have raised concerns about the environmental issues internation-
lly [1] . In the Malaysian context, the palm oil industry has produced
7 million metric tons of dry biomass [2,3] . Typically, solid oil palm
iomass waste consists of three components: empty fruit bunch (EFB,
3%), shell (29%), and fibre (18%) [4] . EFB consists of 33.5% cellu-
ose, 21.5% hemicellulose, and 20.4% lignin [5] . Despite the high vol-
me of EFB being generated every year, only a small fraction of EFB
nds up as industrial products, such as pulp and fibreboard, and as a
tabilising agent, whereas a large portion often gets left out as mulch
6,7] . The fibrous nature and high moisture content of EFB have been
ignificant challenges for processing EFB into industrial products. Nev-
rtheless, EFB could play an essential role as a source for biorefineries
o produce bioethanol and value-added chemicals [8,9] . Many studies
ocused on converting EFB to bioethanol [2,10] or value-added prod-
List of abbreviations: D H , Average hydrodynamic diameter; DI, Deionised water;
erivative thermogravimetric curve; EFB, Empty fruit bunch; FE-SEM, Field emission
NPs, Lignin nanoparticles; NMR, Nuclear Magnetic Resonance; TEM, Transmission
emperature; Tmax, Maximum degradation temperature; UV-vis, Ultraviolet-visible s
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cts such as nanocrystalline cellulose [11,12] . Produced a high volume
f lignin-rich alkali black liquor during the pretreatment processing.
he alkali black liquor can be employed to isolate lignin using differ-
nt techniques, such as acid precipitation and membrane separation.
he isolated EFB-origin lignin has been used as UV stabilizers [13] , an-
ioxidant [14,15] , corrosion inhibitor [16] , biosorption for copper [17] ,
henol-formaldehyde production [18] and as an additive in polymer
lends/composites [19] . However, challenges such as complex lignin
tructure, which depends on its origin and separation process, large and
neven particle sizes, water insolubility, undefined functional groups,
oor dispersion, and weak reactivity, limit the performance of lignin,
nd hence, hindering the valorisation of EFB-lignin in these applications
20,21] . 

The nanoscale conversion of lignin has improved the lignin valori-
ation process efficiency [22] . Compared to lignin, lignin nanoparticles
LNPs) possess a higher surface-to-volume ratio and better dispersibil-
ty, leading to improved mechanical performance and thermal stabil-
 DLS, Dynamic light scattering; DSC, Differential scanning calorimetry; DTG, 
 scanning electron microscope; FTIR, Fourier-transform infrared spectroscopy; 
 electron microscopy; TGA, Thermogravimetric analysis; Tg, Glass transition 

pectroscopy. 
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ty [23–25] . Furthermore, LNPs also showed greater antioxidant activ-
ty [26,27] and good UV shielding properties [28,29] . Therefore, LNPs
how promising potential in a broad range of applications such as Picker-
ng emulsions [30,31] , sunscreens [32] , drug delivery [33] , automobile
pplications [34,35] and as a filler/reinforcer for biocomposites [36–
8] . 

Numerous methods have been adopted to synthesize LNPs, includ-
ng producing colloids by self-assembly [39] , dissolving lignin in an or-
anic solvent and dialysis (solvent exchange) [40] , acid precipitation
41–43] , carbon dioxide saturation, aerosol processing [44,45] , high
hear /pressure homogenisation [24] and ultrasonication [20,46,47] .
owever, many LNPs preparation methods have limitations. For ex-
mple, solvent exchange and acid precipitation are energy-intensive
echniques with high consumption of solvents and water. Also, haz-
rdous solvents such as toluene diisocyanate [48] and pyridine [49] and
ichloromethane [50] were employed in some LNPs preparation meth-
ds. Moreover, some processes require surface modification of lignin,
.e. acetylation of lignin before disintegrating into the nanoscale, which
sually involves consuming hazardous chemicals such as acetyl bro-
ide [40] . On the contrary, ultrasonication requires no organic sol-

ents or chemical modification on lignin and requires no post-treatment.
uring the ultrasonication, lignin particles may face both physical

ultrasound-induced acoustic cavitation, intense local heating and pres-
ure) and chemical effects (generation of hydrogen and hydroxyl radi-
als, which tackle the functional groups available on a particle) that gen-
rate highly monodisperse nanoparticles [22] . Compared to the other
ethods, the overall preparation time of LNPS via ultrasonication is

elatively short, i.e., one hour [46,51] . However, the economic feasibil-
ty of sonication depends on sonication time, frequency, the wattage
f the sonicator, amplitude and lignin concentration. Long ultrason-
cation time, high frequency and amplitude, and low lignin concen-
ration led to increased energy consumption. Hence, attention should
e given to reducing ultrasonication time to make the process energy-
fficient and sustainable. A summary of the earlier works of ultra-
onication produced LNPs and LNPs of EFB-origin are presented in
able 1 . 

In this study, EFB-origin lignin was obtained through alkali pulping
he EFB fibres, followed by the acid precipitation of black liquor. Then,
he isolated lignin was disintegrated into LNPs using ultrasonication.
he morphological, chemical and physical characteristics of lignin and
NPs and the stability of LNPs in different pH and salt conditions are
tudied. The LNPs were then incorporated into the starch biocomposites
o investigate their performance as the reinforcing agent in terms of
hermal, mechanical, and hydrophobic properties. To our knowledge,
his is the first work presenting the preparation of EFB-derived LNPs
sing ultrasonication and the first study to produce starch composites
ith EFB LNPs. 
Table 1 

Earlier works of ultrasonication-assisted synthesis of lignin nanoparticles and empt

Biomass source Synthesis method 

Softwood kraft lignin Ultrasonication for 6 h. (20 kHz, 130 W, 95% amplitude, 
0.1 wt% lignin) 

Wheat straw lignin & 
Sarkanda grass lignin 

Ultrasonication for 1 h. (20 Hz, 600 W, 0.7% lignin) 

Alkali Lignin Ultrasonication for 1 h (25 kHz., 800 W, 16% w/v lignin) 

Lignin from giant 
reeds (Arundo donax) 

Ultrasonication 

EFB Homogenisation (10,400–12,400 rpm for 1 h, 1 wt% lignin) 
accompanied by 10 min of ultrasonication 

EFB High-Pressure Homogenisation 
EFB Homogenisation (6400- 12,400 rpm for 1 − 4 h) 
EFB Ball Milling (170 rpm for 24 h) 

EFB Ultrasonication (0.5 wt%, 30 min, 20 kHz, 700 W) 

2 
. Materials and method 

.1. Materials 

EFB fibres were received complimentary from Eureka Synergy Sdn.
hd. Sodium hydroxide (NaOH) and sulfuric acid (H 2 SO 4 , 95–97%)
ere purchased from Friedemann Schmidt Chemical. Glycerol (99% pu-

ity) and corn starch were supplied by Fisher Scientific and RM chemi-
als, respectively. All reagents were in analytical grade and used with-
ut further purification. Deionised water (DI) was used to prepare all
queous solutions. 

.2. Lignin isolation 

The alkali treatment was adapted from the preparation of cellulose
y Foo et al. [55] with minor modifications to the process. Briefly, EFB
bres were ground using Pulverisette 14 (Fritsch) rotor mills until they
assed through a 500 μm sieve tray (ASTM Standard). The sieved fibres
ere washed several times using DI water at 50 °C (fiber to liquid ratio
f 1 g:30 ml used throughout the experiment) to remove water-soluble
ubstances. Then the fibres were oven-dried at 60 °C until a constant
eight was obtained. Dried fibres were treated with 4 w/v% NaOH so-

ution at 80 °C for 6 h, with continuous stirring. After the treatment,
bres were filtered and washed with DI water until neutral pH was ob-
ained. The resulting black liquor was filtered with Whatman filter pa-
er (pore size = 11 μm) to remove degraded carbohydrates and inorganic
alts. Lignin separation was carried out by acidifying the black liquor to
H 2 by gradually adding 20 v/v% H 2 SO 4 solutions. The suspension
as then centrifuged at 11,000 rpm for 15 min to separate the lignin
articles, which were later collected and washed with 0.001 M H 2 SO 4 .
oth acidification and washing steps were carried out under constant
tirring. Again, the suspension was centrifuged (11,000 rpm, 15 min) to
eparate lignin from the acidic solution. The isolated lignin was freeze-
ried at − 95 °C for 24 h and ground to powder form using a motor and
estle. The stock lignin powder was stored in an airtight, dark colour
lass bottle for further processing and characterisation. 

.3. Synthesis of lignin nanoparticles 

Lignin powder was suspended in water using continuous stirring.
he initial pH of the lignin suspension was pH 2–4, which was ad-

usted to around pH 7 using a diluted NaOH solution (0.001 M). The
eutralised lignin suspension (0.5 wt%) was then sonicated at 60% am-
litude using a probe sonicator (QSONICA Q700, 20 kHz, 700 W) to
btain LNP. The samples were subjected to an ultrasonication dura-
ion of up to 2 h to study the effect of ultrasonication time on par-
icle size. The samples were kept inside an ice bath to prevent heat-
y fruit bunch origin lignin nanoparticles. 

Morphology Application Reference 

10–50 nm, irregular shape Polyurethane biocomposites [20] 

0.01–0.05 μm, irregular shape N/A [47] 

200 nm, non-spherical Nanocomposite hydrogel for 
biomedical applications 

[46] 

10–50 nm, irregular Nanocomposite for food packing [23] 

∼50 nm, rough surface Emulsifier [52] 

∼283 nm irregular N/A [24] 
20–130 nm, irregular Emulsifier [53] 
38–106 nm, irregular Bioplastic films with 

Kappaphycus alvarezii 

[54] 

∼220 nm Biocomposites with starch This work 
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Table 2 

Composition of lignin/ lignin nanoparticle 
films. 

Film Name Lignin wt. (%) LNPs wt. (%) 

NT (Neat) 0 0 
2L 2 0 
4L 4 0 
2NL 0 2 
4NL 0 4 
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o  
nduced damage to the samples due to the excessive heat generated
uring the ultrasonication process. A small volume of lignin suspen-
ion was taken from the sonicating sample every 30 min for particle
ize measurement. After optimising the ultrasonication time for the
ynthesis of LNP, the samples were subjected to freeze-drying before
haracterisation. 

.4. Characterization of lignin nanoparticles 

.4.1. Particle size distribution 

The average hydrodynamic diameter (avg. D H ) of LNPs was exam-
ned using the dynamic scattering method (DLS) with a Malvern Nano-
S Zetasizer (Malvern Instruments). For zeta potential measurements,
he Smoluchowski model was applied to electrophoretic mobility. All
easurements were performed in triplicate. 

.4.2. Electron microscopy 

The particle size and structure of LNPs were observed by trans-
ission electron microscopy (TEM, Tecnai G2 20S-TWIN) operating at
00 kV. The diluted LNP suspension was dropped onto a carbon-coated
opper grid and dried at room temperature before visualisations with
EM. The morphology of lignin was visualised using a field emission
canning electron microscope (FE-SEM; SU8010, Hitachi) with an accel-
ration voltage of 5 kV. The samples were platinum coated to improve
he conductivity of the sample. 

.4.3. Fourier transform infrared spectroscopy (FTIR) 

The infrared spectra of freeze-dried lignin and LNP samples were
ecorded using the Thermo-Nicolet iS10 (Thermo Fisher Scientific) spec-
rophotometer equipped with an ATR diamond probe accessory over the
ange of 400 – 4000 cm 

− 1 with an accumulation of 64 scans. 

.4.4. Ultraviolet-visible (UV–vis) spectroscopy 

UV–vis spectra of lignin and LNPs were recorded on a spectrometer
Cary 100, Agilent) in the range of 200 – 800 nm. The deionised water
as used as a blank sample. Three measurements were performed for

ach sample, and its average value was presented in the graphs. 

.4.5. Nuclear magnetic resonance (NMR) 

The chemical composition of LNPs was determined using 13 C NMR
ccording to the procedure proposed by Balakshin and Capanema, [56] .
he NMR spectra of samples were obtained from a Bruker UltraShield
00 MHz spectrometer. Briefly, the sample was weighed accurately to
00 mg and was dissolved in 0.5 mL of dimethyl sulfoxide-d6 (DMSO ‑d 6 )
ontaining a relaxation agent, chromium (III) acetylacetonate and inter-
al standard (IS), trioxane. About 20,000 scans were collected. The 1 H
MR analysis was carried out using a Bruker UltraShield 300 MHz spec-

rometer, and DMSO ‑d 6 was used as a solvent. 

.4.6. Thermogravimetric analysis (TGA) 

Thermogravimetric analysis was performed with a thermogravimet-
ic analyser (Q50, TA instruments). 10 mg of the sample was heated
n the nitrogen environment from 25 to 800 °C at a ramping rate
f 10 °C min − 1 . The T g values of lignin and LNPs were obtained by
nalysing the second scan (reheat from − 20 to 210 °C) with “TRIOS ”
oftware. 

.4.7. Differential scanning calorimetry (DSC) 

DSC scans were performed with a TA Instruments DSC Q200 (TA
nstruments). Approximately 5 mg of the sample was placed in a sealed
ample pan and equilibrated to − 20 °C. The sample was heated from − 20
o 210 °C at a heating rate of 10 °C min − 1 under a nitrogen atmosphere.
3 
.4.8. Lignin nanoparticles suspension stability 

LNP suspensions of 0.2 wt% were prepared to investigate the effects
f pH and salt concentrations on the stability of samples in terms of the
hanges in particle size and zeta potential. The pH of the LNP suspension
as adjusted to pH 1.5 using 100 mM HCl and pH 12 using 100 mM
aOH solutions. In separate experiments, LNP suspensions with 1 mM,
0 mM, 100 mM, 500 mM and 1 M NaCl were prepared at the neutral pH.
he samples with different pH and salt concentrations were sonicated
or 30 min at 60% amplitude. The particle size and zeta potential of
amples after being subjected to different pH’s and salt concentrations
ere determined using the Zetasizer for 0- and 7-day storage at room

emperature. 

.5. Preparation of lignin nanoparticle composites 

The composite films were prepared using the solvent casting method.
or the reference neat film, 10 g of starch and 5 g of glycerol were dis-
osed of in 185 g of DI water. The mixtures were heated to 90 °C with
ontinuous stirring. Once the solution reached 90 °C, it was kept at the
ame temperature with continuous stirring for 5 min. Then, the resulting
elatinized suspension was sonicated for 10 min at 60% amplitude. After
he ultrasonication, the suspension was poured into the Petri dishes and
hen oven-dried at 45 °C for 24 h. The same procedure was applied to
ignin and LNP biocomposites films. The amount of lignin/LNPs added
o the biocomposites were given in Table 2 . 

.6. Characterization of composites 

The biocomposite films were subjected to TGA and DSC analysis
ased on the same procedure mentioned in Sections 2.4.6 and 2.4.7 ,
espectively. 

.6.1. Contact angle 

The hydrophobicity of samples was determined using a goniometer
Ramehert) equipped with a computer-automated program. The films
ere fixed on glass plates with double-sided adhesive tape. 4 μL of a
ater droplet was placed on the surface of the film with an auto pipette,
nd the images were captured immediately. The contact angle was de-
ermined using DROPimage based on the sessile drop technique. The
rst ten contact angles were taken on three different positions of the
lm, and the mean value was reported. 

.6.2. Mechanical performance 

The mechanical properties of the films were evaluated by a texture
nalyser, TA-XT2 (Stable Micro Systems), using the tensile grip. Rect-
ngular samples (40 mm ×12.5 mm) were tested with crosshead speed
nd distance of 1.00 mms − 1 and 40 mm, respectively. A 5 kg load cell
as used, and the initial gauge length of 25 mm was set. Three speci-
ens from the same sample were tested, and their average value was

tated. 

. Results and discussion 

The amount of lignin isolated from EFB black liquor was about 11%
n a dry weight basis. The lignin contained 89.5% acid-insoluble lignin
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Fig. 1. (a) Schematic diagram of lignin size 
reduction by ultrasonication [47] ., (b) Lignin 
nanoparticles (LNP) size distribution by vol- 
ume for different ultrasonication times, (c) Ef- 
fect of sonication time on LNP particle size and 
Polydispersity Index (PDI). The average value 
of triplicate measurements was presented as 
means ± standard deviation. 
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Klason) and 4.31% acid-soluble lignin. The yield of the NL synthesised
ith ultrasonication was about 81% (dry weight basis). Please refer to

he supporting information for the detailed analysis of isolated lignin
haracterisation. These results are similar to the previously reported
MR results on EFB-origin lignin and proved that EFB-origin lignin con-

ains mainly syringyl, guaiacyl and p-hydroxyphenyl lignin monomers
SGH lignin) [57] . 

.1. Formation of lignin nanoparticles and effect of ultrasonication time 

Fig. 1 (a) illustrates the synthesis process of LNPs from lignin via the
ltrasonication process. The high energy generated by ultrasonication
esults in particle shattering and disintegrating the lignin agglomerates
nto several small fragments on the nanoscale in a single event (similar
bservations have been reported in [58] ). The DLS results of LNP sam-
les were presented in Fig. 1 (b). A bimodal distribution was observed
hen the sample was sonicated for 15 min, in which the distribution
eaks were found around 360 nm and 5068 nm. Increasing the ultra-
4 
onication duration to 30 min has led to a mono-modal distribution. A
arrower LNP size distribution was observed with increased ultrasoni-
ation time due to the shattering effect of ultrasonication. 

The avg. D H reduced from 270 nm to 220 nm when the ultrasonica-
ion time increased from 15 to 30 min ( Fig. 1 (c)). The D H of LNP was
urther reduced to 211 nm after 45 min ultrasonication. However, fur-
her prolonged ultrasonication time caused negligible changes to the
 H and resulted in a D H of 215 nm when the ultrasonication time in-
reased to 120 min. The polydispersity index (PDI) of lignin suspension
as 1.00 before the ultrasonication. It was decreased to 0.16 – 0.27 after

he ultrasonication (higher PDI indicates higher polydispersity in parti-
le sizes). A longer ultrasonication time has caused the PDI to reduce
radually, and the minimum PDI value was obtained at 45 min of ultra-
onication. Nevertheless, no clear trend was observed in PDI when the
ltrasonication time was beyond 45 min. 

Fig. 2 (a) shows the morphology of lignin isolated from EFB. Before
ltrasonication, the lignin particles were irregular and agglomerated as
icron particles in 2–5 μm. The agglomeration results from strong in-
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Fig. 2. Scanning electron microscopy images of (a) lignin, (b) and (c) lignin nanoparticles, and (d-f) transmission electron microscopy images of lignin nanoparticles. 
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ermolecular hydrogen bonding between macromolecular lignin [59] .
ltrasonication successfully disintegrated the lignin from the microme-

re range to ∼200 nm ( Fig. 2 (b-d)). 

.2. Structural analysis of lignin and lignin nanoparticles 

FTIR was used to compare the chemical structure of lignin and
NP, and the results are presented in Fig. 3 (a). The absorbance peaks
t 3350 cm 

− 1 and 2900 cm 

− 1 correspond to the total hydroxyl groups
nd C 

–H stretching in methyl, methylene, and methoxyl groups, re-
pectively [60] . The weak signal observed at 1700 cm 

− 1 was ascribed
o the C 

= O stretching of carbonyl moieties of hemicellulose impurities
i.e., conjugated aldehydes and carboxylic acid) that could be present
n lignin. This peak was missing in the spectra of LNP, which could be
5 
ue to the oxidation of hemicellulose impurities during ultrasonication
20] . 

An additional shoulder at 1643 cm 

− 1 was noted in LNP spectra,
hich could be attributed to carbonyl stretching vibrations of in-

ramolecular hydrogen-bonded acrylic acid. In addition, Garcia Gon-
alez et al. [61] suggested that these intramolecular hydrogen bonds
ay be formed during the partial oxidation of lignin during the ultra-

onication process. The hydrogen bonds could improve the dispersion
tability of LNPs in polar solvents due to the lowered interparticle at-
ractions. No significant differences between lignin and LNP were no-
iced in the aromatic region (1610 cm 

− 1 to 1505 cm 

− 1 ), which implied
ess or no ultrasonication impact on the area. Similarly, the follow-
ng peaks were unaffected by ultrasonication; 1458 cm 

− 1 (O 

–H in-plane
ending), 1420 cm 

− 1 (aromatic ring vibration combined with C 

–H in-
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Fig. 3. (a) Fourier-transform Infrared spectra 
and (b) ultraviolet-visible spectra of lignin and 
lignin nanoparticles (LNPs). 
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lane vibration), 1321 cm 

− 1 (Bending vibration of C 

–H and C 

–O bonds)
nd 1230 cm 

− 1 (C 

–O 

–C bond) [62] . Both spectra showed a peak at
115 cm 

− 1, assigned to condensed phenolic groups [47] . 
The elucidation of lignin and LNP structures were qualitatively de-

ermined using UV–vis spectroscopy. The spectrums of lignin and LNPs
ave been presented in Fig. 3 (b), where the inset is the enlarged part of
he wavelength in the range of 200–400 nm. Both frequencies showed
 shoulder area with identical absorbance values around 300–350 nm,
 characteristic absorbance of the conjugated moieties, i.e., 𝛼-carbonyl
roups [20] . The absorbance at 280 nm corresponded to the 𝜋- 𝜋 transi-
ion of guaiacyl structural units in lignin [63] . In general, lignin and
NPs were found to have a similar wavelength and absorbance val-
es. However, the absorbance at 240 nm corresponded to nonconju-
ated phenolic groups in LNP [64] . It has a higher absorbance peak than
ignin, indicating a higher phenolic hydroxyl amount, and this finding
urther validated the FTIR results. 

.3. Thermal properties of lignin nanoparticles 

The graphs reflecting the thermal degradation behaviours of lignin
nd LNP are presented in Fig. 4 . The thermogravimetric (TG) and deriva-
6 
ive thermogravimetric (DTG) curves of lignin and LNPs are illustrated
n Fig. 4 (a). Lignin was noted with four steps of thermal degradation,
hile LNPs had three phases. 

Both samples showed the initial weight loss peak (T DTG max 1 ) at 52 °C
ue to the loss of absorbed water [65] , and the weight loss was around
0%. The maximum thermal decomposition peak (second peak) of lignin
t 229 °C was shifted to 285 °C for LNPs, indicating better thermal sta-
ility of LNPs. The weight loss between 150 and 250 °C could be due to
he elimination of formic acid, formaldehyde, carbon dioxide and water
esulting from the degradation of phenylpropane side chains [66] . Most
f the weight loss ( ∼30%) occurred for both samples in the temperature
ange of 275–500 °C due to the degradation of the lignin structure [67] .
n this temperature region, monomeric phenols would be released into
he vapour phase due to the fragmentation of inter-unit linkages of phe-
olic hydroxyl, carbonyl groups, benzylic [64] and hydroxyl [68,69] .
NPs had marginally lower thermal stability than lignin in this temper-
ture range (275–500 °C), which could be caused by a higher surface-
o-volume ratio of LNPs [70] . 

The third peak for lignin occurred at 340 °C, which associates with
arbohydrates decomposition [64,71] . The absence of this peak in LNPs
ndicated a lack of hemicellulose in the sample compared to lignin, as
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Fig. 4. (a) Thermogravimetric curves and 
(b) differential scanning calorimetry second 
scan curves of lignin and lignin nanoparticles 
(LNPs). 
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he ultrasonication effectively removed hemicellulosic impurities from
ignin by cleaving the lignin-carbohydrate linkage [72] . Methoxy groups
ere decomposed at a temperature range of 400–600 °C, while the dis-

ntegration of C 

= O and C 

–O 

–C bonds occurred above 600 °C [73] . The
nal peak occurred around 675 °C for both samples, and the weight loss

rom 420 to 800 °C was around 16% for LNPs and lignin. The weight re-
ained at 800 °C, attributed to non-volatile solids associated with highly

ondensed aromatic structures and the ash in lignin [67,65] . The final
NP residue (19%) was slightly lower than the lignin residue (24%). 

Glass transition temperature (T g ) is essential to evaluate the feasi-
ility of employing lignin and LNPs as precursors or fillers of composite
aterial. T g is a direct indication of the mobility of the macromolecular

hain, which can be influenced by many parameters such as molecu-
ar weight, chemical/physical crosslinking, and the presence of strong
7 
ntermolecular bonds (i.e., Hydrogen bonding) [20] . Generally, the T g 
alues of unmodified lignin fall into 90 to 180 °C [74] . The DSC was
sed to obtain T g ( Fig. 4 (b)) for lignin and LNPs. The slightly higher
 g temperature for LNPs (156 °C) compared to lignin (154 °C) implied
hat ultrasonication had improved the thermal stability of lignin through
ize reduction. This finding is in close agreement with previous studies
24,75] . 

.4. Stability of lignin nanoparticles 

The stability of LNPs in different environments is vital to allow their
otential application in various fields. The pH value and salt concen-
ration are two such factors that affect nanoparticle stability. Hence,
he stability of LNP dispersion was evaluated at different pH and salt
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Fig. 5. Effect of pH on (a) Average hydrodynamic diameter (D H ) and (b) zeta potential of lignin nanoparticles (LNPs). The effect of salt concentration on (c) D H and 
(d) zeta potential of LNPs. The opaqueness (e) of LNPs at different pH (from left pH 1.5, 3.0,4.5, 7.0, 11.0 and 12.0). The average value of triplicate measurements 
was presented as means ± standard deviation. 
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oncentrations. As demonstrated in Fig. 5 (a), LNPs synthesised at pH
.0–9.0 showed the smallest average hydrodynamic diameter (D H ) and
nsignificant change in size after a week of storage. LNPs at an extreme
H (below pH 4.5 and above pH 9.0) had a larger D H and significant size
ncrement upon storage. This behaviour was caused by the aggregation
at pH below 4.5) and dissolution (at pH above 9.0) of LNPs particles
40,76] , which was reflected in the appearance of the resulting suspen-
ions. At low pH, the LNP suspensions were cloudy, whereas a darker
ut relatively more transparent appearance was observed in LNP sus-
ensions at high pH ( Fig. 5 (e)) [77] . 
8 
Zeta potential values of LNPs at different pH conditions are shown in
ig. 5 (b). In general, zeta potential from 0 to ± 5 mV indicates the coag-
lation or flocculation, ± 10 mV to ± 30 mV indicates the development
f instability, and more than ± 30 mV represents stability as the sus-
ension has sufficient repulsion energy to prevent aggregation [78,79] .
ence, LNP suspensions can be categorised into the stable region (pH
.5–9.0, above |30 mV|) and incipient instability region (below pH 4.5
nd above pH 11.0, below |30 mV|). The LNPs suspension was stable in
he pH 4.5–9.0 region for a week with no considerable change in D H and
eta potential values. Hence, it is essential to adjust the pH of the lignin
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Fig. 6. (a) Digital images, (b) contact angle images (average values of hundred measurements were presented as means ± standard deviation), (c) tensile strength, 
(d) Young’s modulus, and (e) strain of neat and composite films. (c-d: The average value of three measurements was presented as means ± standard deviation for 
mechanical properties. Different letters (a to e) denote statistical significance ( p < 0.05) between means). 
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olution (initial pH 3.0–4.0) before ultrasonication to produce smaller
NPs with better stability. The D H and zeta potential of LNP suspension
repared at pH 7 was examined after three months of storage. It was
ound to be very stable (D H of 196.2 ± 3.61 nm and zeta potential at
 41.16 ± 2.56 mV) without a noticeable difference in both D H and zeta
otential. This demonstrated the excellent stability of sonicated EFB-
rigin LNPs in water. 

The influence of NaCl concentration on the D H and zeta potential
f LNPs is presented in Fig. 5 (c) and (d). With the increment of NaCl
oncentration, the D H of LNPs increased while the absolute zeta poten-
ial value reduced. Above 100 mM NaCl concentrations, zeta potential
ropped below |30|mV ( − 25.5 and − 22.1 mV for 500 mM and 1000 mM,
espectively). The D H increased dramatically after a week of storage due
o the aggregation. The addition of salt into colloidal dispersions gener-
lly directs the screening of electrostatic interaction between particles
80,76] . Initially, LNPs had a zeta potential of around − 40 mV (at pH
. 0 mM NaCl) due to the electrical double layer formed by the surface
harge of the phenolic hydroxyl groups and carboxyl groups [40] . When
ositively charged sodium ions were added to LNPs suspension, they ac-
umulated around the LNPs particles and thinned the electrostatic dou-
le layer. Consequently, van der Waal’s forces become governing, and
he particle may aggregate. This effect becomes more potent at high
aCl concentrations, as indicated by the lower absolute zeta potential
alue and increased D H . 

.5. Properties of biocomposites 

Fig. 6 (a) shows the digital images of neat, lignin, and LNP com-
osite films. It can be seen that neat film exhibited the highest optical
ransparency. With the increase of lignin/ LNPs load, the films turned
arker, and the words under the films became less clear. Generally, a
ood colour consistency indicates a uniform dispersion [81] . Both 2 L
nd 4 L films displayed a heterogeneous distribution of colour, probably
9 
ue to the large particle size of lignin. This heterogeneity of colour was
educed in films containing LNPs, and the transparency of 2NL and 4NL
lms is higher than their respective lignin films. These results indicated
hat LNPs have better dispersion compared to lignin in composite films

The water contact angle measurements are useful to study the wet-
ing behaviour and surface hydrophobicity of the polymer composites.
ig. 6 (b) shows the contact angle measurements of neat and compos-
te films. The contact angle of the neat film was 42° indicating the hy-
rophilic nature of starch due to the large number of hydroxyl groups
resent in starch [82] . With the addition of 2% lignin, the contact angle
mproved to 55°, as expected due to the hydrophobic nature of lignin. In-
reasing the lignin load to 4% resulted in a higher contact angle at 64°
s the hydrophobicity of the compound improved. Generally, surface
exture with micro/nanofillers is favourable in promoting surface hy-
rophobicity [83] . This was confirmed by the relatively higher contact
ngle of the 2NL film (77°) than 2 L and 4 L. The contact angle raised to
4° with the addition of 4% LNPs. These results indicate that the contact
ngle is enhanced with the additive load, and the LNPs have superior
erformance over lignin in intensifying hydrophobicity for starch com-
osites. 

The mechanical properties of neat and composite films are presented
n Fig. 6 (c to d). Both tensile strength ( Fig. 6 (c)) and Young’s modu-
us ( Fig. 6 (d)) increased with the loading of lignin/ LNPs. The aver-
ge tensile strength and Young’s modulus of the neat film were 5.5 and
.9 MPa, respectively. The addition of 2 wt% lignin increased the ten-
ile strength slightly by 5.5%, and it further improved to 25.2% for 4 L
lm. As expected, LNP films had better mechanical performance than

ignin films in tensile strength and Young’s modulus. It was attributed
o the nano-reinforcement and better dispersion of LNPs. The 4NL film
howed the highest tensile strength at 8.8 MPa and Young’s modulus of
.6 MPa, 57.7% and 87.3% improvement compared to the neat film’s
ensile strength and Young’s modulus, respectively. Furthermore, the
omposite films resulted in a significantly lower strain% compared to
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Table 3 

Thermal characteristics of composite films. 

Tmax (°C) Residue at 800 °C (%) Tg (°C) 

NT 303.58 ± 1.92 a 7.00 ± 0.05 a 40.33 ± 0.75 a 

2L 306.79 ± 0.98 a 8.06 ± 0.45 ab 42.23 ± 0.59 a 

4L 307.12 ± 0.62 a 9.12 ± 0.14 b 48.44 ± 0.44 b 

2NL 308.22 ± 0.19 a 8.89 ± 0.09 b 58.00 ± 1.10 c 

4NL 287.10 ± 2.66 b 11.79 ± 0.21 c 60.75 ± 1.42 d 
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he neat film ( Fig. 6 (e)). The neat film had a strain% of 42%, whereas
oth LNPs and lignin films reduced the strain% by half. The differ-
nce in strain% between lignin and LNP films are less significant. How-
ver, the films that contained LNPs yielded a lower strain% than lignin
lm. A strain% of 25.7–20.1% was obtained for lignin film, whereas
NPs resulted in a strain% of 19.6–17.9%. Similar behaviour of tensile
trength and young’s modulus increment, while a reduction in elonga-
ion at break was observed by [84] in starch composites reinforced with
ignin–Cellulose Nanofiber. Also, Wang et al. [85] noticed the reduc-
ion of elongation upon the addition of the cellulose-lignin nanofibers
o the polylactic acid. Lignin is generally considered a brittle material,
nd adding lignin particles may increase the brittleness of the compos-
te [86] . Decreasing the elongation at break may cause in the reduction
f composite toughness. Adding suitable bio-based crosslinker such as
itric acid to the current composite toughness reduction could be pre-
ented [87] . 

The effect of lignin and LNPs on the thermal stability of composite
lms were studied using TGA and DSC. The essential parameters, such
s maximum degradation temperature (T max ), residue weight at the end
f TGA analysis and T g, are given in Table 3 . The maximum degradation
emperature of the neat film was increased for 2 L, 4 L and 2NL films.
owever, 4NL film showed the lowest T max at 287 °C, much closer to
NP’s actual maximum degradation temperature (285 °C). The similar-
ty between starch and lignin degradation temperatures and the high
mount of LNPs could be the reason behind the above observation [88] .

Conversely, 4NL films showed the highest weight percentage of
esidue at 11.79% and a T g of 60 °C. Both residue weight and T g were
mproved with lignin and LNPs addition. Phenolic OH of lignin and Aro-
atic char formed from lignin at high temperature improved the ther-
al stability of the composites [89] . However, films containing LNPs

howed better overall thermal performance than lignin films which
ould be attributed to the smaller size of LNPs and homogeneous dis-
ersion in the starch matrix [38] . 

Starch is chosen for this study considering its abundance, low cost,
nd minimal requirements for modification. Apart from starch, LNPs
ave been added to other biodegradable polymers, including Poly (vinyl
lcohol) (PVA) and poly(lactic acid) (PLA), to develop composites suit-
ble for packaging. PVA is widely used as a polymer matrix to develop
omposites with high UV absorbing ability [90] . However, there could
e compatibility issues with PVA and LNP, and surface modification of
NPs would be required to improve the compatibility. Similarly, PLA
s utilised for industrial-scale productions. However, PLA is expensive
ompared to starch and takes longer to decompose fully. Blending starch
ith biodegradable polymers (i.e. PLA/PVA) [91,92] as well as adding
ultiple fillers with LNPs such as Nanocrystalline cellulose [93] could

urther improve the biocomposite properties. 

. Conclusions 

LNPs can be obtained from the EFB-origin lignin via one-step ultra-
onication with an average particle size of about 220 nm. The isolated
NPs showed no significant change in structure, as suggested by FTIR
esults. In addition, LNPs showed improvement in T g (LNPs: 156 °C,
ignin: 154 °C) and T max (LNPs: 285 °C, lignin: 229 °C), suggesting the
nhancement of thermal performance. LNPs were found to be stable for
 week at pH 4.5–9.0 and salt concentration up to 100 mM. Moreover,
10 
NPs at pH 7 showed negligible change in D H and zeta potential after
eing stored for three months. The process involves only water as the
uspension medium demonstrated a facile and environmentally benign
pproach to producing LNPs. On the other hand, LNPs were used to rein-
orce starch films. It showed better thermal and mechanical performance
nd a higher hydrophobicity level than lignin composites and neat film.
iven their biodegradable nature, these composites could be further im-
roved as a green alternative for petroleum-derived food packaging ma-
erial. In future studies, it is suggested to examine the possibility of son-
cating the wet lignin (lignin before drying) to produce LNPs to reduce
he sonication time further. Also, improving the initial lignin concentra-
ion (current study 0.5 wt%) would be beneficial to scale up the ultra-
onication process, and studies on LNPs toxicology may be necessary to
tilise LNPs composite in food packing. 

ummary 

Starch composites reinforced with lignin nanoparticles isolated from
il palm empty fruit bunch showed improved mechanical, thermal, and
ydrophobic performance. 
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