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ABSTRACT: In this study, lignin recovered from a biorefinery
waste stream was used to modify a clay saponite to form a lignin−
clay nanohybrid. Approximately 32 wt % of lignin was associated
into a lignin−clay nanohybrid, which could be well dispersed into an
organophilic monomer phase. This nanohybrid was then encapsu-
lated into polystyrene co-butyl acrylate (PSBA) particles to form
stable latex via in situ miniemulsion polymerization. The final latex
had a broad size distribution and a narrow window of the
nanohybrid (1.9−5.3 wt %) loading level. X-ray powder diffraction
(XRD), transmission electron microscopy (TEM), and scanning
electron microscopy (SEM) analysis of latex films indicated
successful encapsulation of intercalated nanohybrids inside a co-
polymer matrix. The introduction of lignin−clay nanohybrids
greatly improved PSBA properties. The nanocomposite with a
5.3% nanohybrid had a 13.75 times increase in tensile strength, an approximate 50 °C increase in degradation temperature, and a
42% decrease in oxygen permeability.
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■ INTRODUCTION

Much effort has recently been directed to the study of
increasing the renewable portion of petroleum-based prod-
ucts1−3 including the use of environmently friendly solvent and
recycled materials. Meanwhile, biobased products still need to
meet the ever-growing functional requirements such as having a
better barrier for water, gas, and heat; improved mechanical
properties; and biocompatibility.4,5 The reorganization and self-
assembling of multiphase materials in nanometer scale (e.g.,
nanoclay) into a polymer matrix has been considered as an
effective approach to improve these functional properties.6−8

Polymer nanoclay composites, which incorporate inorganic clay
within a polymer matrix with at least one dimension in
nanometer scale (10−9 m),9 have gained great attention because
of their excellent properties such as improved mechanical
properties, low permeability to gas and heat, and chemical
seal.10−14 The improved properties of those composites are due
to well-dispersed nanoscale inorganic layered materials into a
polymer matrix.15 If the polymer can thoroughly penetrate the
clay platelet, the clay loses its crystallographic register to form
an exfoliated clay platelet. The exfoliated clay−polymer
composites exhibit desirable properties even in a considerably
small loading,16−18 which possess great potential as coating
materials, especially in food packaging.19−21

Polymer nanocomposite in an aqueous phase has many
advantages over its bulk22−26 and solvent27,28 forms in terms of
safety, sustainability, and energy- and cost-effectiveness.

However, emulsion can be easily broken up during handling
or when mixed with foreign materials such as pigments and
fillers. The stability of emulsion becomes a concern.
Encapsulation is an effective approach to obtain stable latex
through improving the interfacial bonding between a polymer
matrix and nanophase. If the foreign particles (inorganic
particles or their hybrids) can be well dispersed into polymer
particles through encapsulation during the polymerization
process, stable emulsion can be formed successfully.
Miniemulsion polymerization is an in situ polymerization

technique that enables efficient encapsulation of inorganic
phases within polymer droplets and ensures uniform nanophase
dispersion and narrow particle size distribution.29,30 These
types of miniemulsions, as being recently discovered, include
polymer-encapsulated oxides of titanium and iron,31,32

adhesives,33 drug release agents,34,35 dyes, etc. The inorganic
phases in these miniemulsions are spherical particles with
narrow particle size distributions, which are conducive to better
encapsulation into polymer droplets in solution. Clays,
however, are composed of stacked platy lamellar structures
and have broader particle size distributions, which impede the
encapsulation into spherical polymer particles during the
polymerization process. In addition, pristine clay is hydrophilic
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and should be modified to organophilic in order to be
compatible with the organophilic monomer or polymer.36−38

Smectite clays have lamellar structures composed of hydrated
cations located between the layers and the edges, which may
facilitate the intercalation of cationic surfactants. However,
previous research indicated that surfactant characteristics
including chain length and functional groups have played
important roles in surface properties, maximum loadings of
nanophases, latex stability, and encapsulation efficiency.38,14

In this paper, we focus on the use of modified lignin
recovered from a biorefinery waste stream as a biobased
surfactant to penetrate into the clay plates for further
encapsulation. Lignin, a highly cross-linked aromatic polymer
of phenylpropane units, presents a significant portion (roughly
18−35%) of lignocellulosic biomass.39 It is usually reclaimed
from waste streams of the biorefining and papermaking
processes. In this study, lignin was at first modified to a
cationic form by the incorporation of quaternary ammonium
groups, which could interact with the hydroxyl groups on the
clay plates resulting in swelling, exfoliation, and further
delamination. Then, stable latex of a polystyrene butyl acrylate
(PSBA)-encapsulated lignin−clay nanohybrid was successfully
synthesized via in situ miniemulsion polymerization. To the
best of our knowledge, this is the first time to use lignin, a
biobased waste, to modify a clay surface to form a lignin−clay
nanohybrid, with further encapsulation of this nanohybrid
within polymer droplets.

■ MATERIALS
The lignin was extracted from the fermentation broth of a bioethanol
process, which involves liquefaction plus a simultaneous saccharifica-
tion and fermentation process (L+SScF) using sugar cane bagasse as
the raw materials.40 Na-saponite clay was kindly provided by Kunimine
Industries Co., Ltd. (Japan). It was synthesized by a hydrothermal
reaction with an ideal formula of (Na0.49Mg0.14)

0.77+ [(Si7.20All0.80)−
(Mg5.97Al0.03) O20 (OH)4]

0.77−. The cationic exchange capability
(CEC) of Na-saponite is 0.712 equiv/kg. Trimethylamine (TMA,
50% aqueous solution), epichlorohydrin (ECH, 99%), styrene (99%),
and butyl acrylate were purchased from Acros Organics (U.S.A.).
Styrene was washed with 5 wt % NaOH followed by deionized water
until pH 7 was reached and vacuum distilled at 74 °C before use. Butyl
acrylate was vacuum distilled before use. Tetrahydrofuran (HPLC
grade) was purchased from Fisher Scientific (U.S.A.), and 2, 2 azo-
isobutyronitrile (AIBN), Triton 405 (TX-405, 4-(C8H17)-
C6H4(OCH2CH2)40OH, 70% solution in water), and hexadecane
(>99%) were purchased from Aldrich Chemical Inc. (U.S.A.) and used
as purchased. Silver nitrate, 0.025 M, was purchased from Ricca
Chemicals (U.S.A.).

■ METHODS
Alkaline Extraction of Lignin. The fermentation broth collected

from a cellulosic bioethanol process was washed using the test sieve
with U.S. standard #270 mesh size under warm water until the effluent
became clear, and then it was dried in an oven at 70 °C for at least 24
h. To ensure the best lignin yield and purity, this residue was then
treated in a blender for about 1 min and passed through two test sieves
stacked in series with U.S. standard #20 mesh and #80 mesh,
respectively. Residues left between the two sieves were collected.
Lignin was extracted from the collected residues using a method
modified from the method reported by Li et al.41 At first, residues were
subjected to an alkaline extraction by 2 M NaOH (residue/NaOH =
1:10 by weight) at 60 °C in an incubator/shaker at 150 rpm for 60
min. The black-brown supernatant was collected by centrifugation at
5000 rpm for 15 min. This supernatant was then neutralized by 5 M
sulfuric acid until the pH reached 4. Brown precipitates were then
isolated by filtration under vacuum and dried in vacuum at 40 °C to

obtain alkaline extractable lignin. Lignin was analyzed by the National
Renewable Energy Laboratory (NREL) procedure,42 and the results
showed that its purity was higher than 95%.

Surface Modification of Saponite Using Alkaline Extracted
Lignin. Synthesis of Epoxypropyl Trimethylammonium Chloride
(ETAC). The synthesis of ETAC from trimethylamine (TMA) and
epichlorohydrin (ECH) is demonstrated in Scheme 1 (a). According

to Wu et al.’s method,43 the mixture of TMA and ECH with a molar
ratio of 10:7 was transferred to a tri-neck flask installed with a
condenser and a stirrer in an ice−salt bath (NaCl/ice = 1:3 by weight)
for 1 h. After that, the reactants were left overnight for complete
reaction. ETAC can be detected by silver nitrate with the appearance
of white precipitate and is ready for preparation of quaternary
ammonium lignin.

Synthesis of Quaternary Ammonium Lignin (QAL). At first, 2.5 g
of lignin was reacted with 25 mL of a NaOH (20 wt %) solution in a
warm bath at 80 °C for 20 min. Then, ETAC was added into the
mixture, and the reaction was conducted under constant magnetic
stirring for 5 h until a brown-red emulsion was obtained. The chemical
reaction refers to Scheme 1(b). The obtained products were dried
under vacuum and stored in a refrigerator prior to use.

Surface Modification of Saponite by QAL. A suspension of 5 g of
saponite in 400 mL of deionized water was continuously stirred for 5 h
until a transparent suspension was obtained. Then a suspension of 8−
10 g of QAL dispersed in 100 mL of deionized water was added into
the saponite suspension and stirred overnight. The gel-like yellowish
product was isolated by centrifugation. After that, the product was
repeatedly washed with ethanol and water and then separated by
centrifugation at 15,000 rpm to remove excess ETAC and QAL until
no chloride could be detected by silver nitrate. The formed lignin−clay
nanohybrid was then dried in vacuum at room temperature.

Miniemulsion Polymerization of Styrene and Butyl Acrylate (BA)
in the Presence of Lignin−Clay Nanohybrid. In a typical run, the oil
phase composed of 1.2 g of co-stabilizer hexadecane, 0.24 g of AIBN,
7.2 g of monomer styrene, 4.8 g of monomer butyl acrylate, and
varying quantities of lignin−clay nanohybrid was stirred at room
temperature for 30 min followed by ultrasonication in an ice bath for 4
min. This mixture was poured into a water phase containing 1g of TX-
405 in 100 g of water and then placed in an ice bath and magnetically
stirred for 30 min. After that, the miniemulsion was formed by
ultrasonication for another 3 min. The resulting miniemulsion was
poured into a three-necked flask equipped with a condenser and a
temperature sensor and magnetically stirred for another 30 min at
room temperature by degassing with nitrogen. The polymerization was
conducted by increasing the temperature to 80 ± 2 °C and keeping at
that temperature for 6 h under continuous magnetic stirring. The
reaction was terminated by adding a few drops of 2% 4-methoxy-
phenol into the miniemulsion. The typical recipe is shown in Table 1.
Films were casted by drying the emulsion in an oven on a flat plate at
60 °C for 12 h. The nanohybrid loading ratio was calculated by
reduction of the rejected large nanohybrid aggregates during
ultrasonication.

Characterization. Fourier transform infrared spectrometry (FTIR)
spectra were recorded on a Magna System 560 from Nicolet

Scheme 1. Chemical reactions. (a) Synthesis of Epoxypropyl
Trimethylammonium Chloride (ETAC). (b) Synthesis of
Quaternary Ammonium Lignin (QAL)
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Instrument (WI, U.S.A.) using samples mixed with potassium bromide
(KBr) (0.5% w/w to KBr) in pellet form. The molecular weight of
lignin was measured by size exclusion chromatography (SEC), an
Agilent Technologies 1260 series HPLC system equipped with a
refractive index detector (RID), and a multiple wavelength detector
(MWD) (CA, U.S.A.). Three columns were connected in series
including PLgel-mixed B, PLgel-mixed E (5 μm with a pore size of
10,000 Å), and PLgel-mixed E (5 μm with a pore size of 100 Å).
Lignin was acetylated according to the method described by Pan et
al.44and then dissolved in HPLC-grade tetrahydrofuran for 8 h at a
concentration of approximately 0.5 wt %. Then the solution was
filtered through a 0.22 μm syringe filter before injections to remove
undissolved materials such as cellulose and lignin. Twenty microliters
of filtered solution was injected in each run at a thermostat
temperature of 25 °C and a flow rate of 1 mL/min. All results were
processed using the ChemStation software package with gas
permeation chromatography (GPC) analysis (Rev.B.04.03). The
molecular weight was calculated based on a universal calibration
using a set of polystyrene standards.
Thermogravimetric analysis was performed using a Mettler Toledo

(OH, U.S.A.) thermal analyzer at a heating rate of 20 °C/min and at a
temperature up to 1000 °C. Dynamic light scattering (DLS) (Zetasizer
ZS3600 with a noninvasive back scatter under 500 mw and a 532 nm
laser, Malven, U.K.) was used to estimate the size and size distribution
of the miniemulsion. Mechanical testing of composite films was
performed on an Instron test machine (Model 5566, load cell capacity
of 40 N, Instron instruments, Grove City, PA, U.S.A.) with a crosshead
speed of 10 mm/min or 100 mm/min. The crosshead extension was
used as specimen deformation. In accordance with ASTM standards
D1708,45 samples were cut to the dog-bone shape with a width of 5
mm, length of 24 mm for the narrow portion (gauge length 8 mm),
and total length of 40 mm. Five replicates were tested for each
composite. Tensile moduli of all composites were determined from the

linear portion of the stress−strain curves (tangent modulus). Oxygen
transmission rates (OTR) were measured using permeation cells and
fluorescence oxygen detection equipment from Oxysense, Inc. (Model
301, TX, U.S.A.) by the dynamic accumulation (DA) method as
described by Welt and Abdellatief.46 Composite film with a uniform
thickness of 0.05 mm and an area of 3.14 cm2 was used to estimate
OTR values. Films were sealed in an aluminum cast to avoid gas leaks
and accidental film breakage.

Transmission electron microscopy (TEM) and scanning electron
microscopy (SEM) were carried out to study the morphologies of latex
particles and melting latex films. TEM was conducted on a JEOL
200CX instrument (JEOL instruments, MA, U.S.A.) with 100 keV
accelerating voltage and using carbon type A grids. X-ray powder
diffraction (XRD) patterns were recorded to measure d-spacing of clay
galleries before and after intercalation using the Philips X’Pert MRD
system. SEM was carried out on a FEI XL 40 FEG SEM (FEI
instruments, OR, U.S.A.) at an operation voltage of 10 keV. Emulsion
samples were dried on carbon tabs and coated with gold palladium
coating (Au/Pd). XRD measurements were performed on Phillips
XPert MRD instrument Cu K radiation source (λ = 1.54056 Å) at a
generator voltage of 45 V, step size of 0.02°, and scan step time of 2 s.
The d (001) basal-spacings of the original clay, modified lignin−clay
nanohybrid, and its polymer composites were calculated using the
Bragg equation: d = λ/2 sin θ.

■ RESUTS AND DISCUSSION

Cationic Modification of Lignin and the Formation of
Lignin−Clay Nanohybrid. To facilitate encapsulation of
nanophase within the polymer droplets, the nanohybrid was
made hydrophobic and then well-dispersed into the monomer
phase before miniemulsion polymerization.36,47 The alkaline-
extracted lignin had the weight average molecular weight (Mw)

Table 1. Basic Recipe for Synthesis of Co-Butyl Acrylate Encapsulated Lignin−Clay Nanohybrid Latex via Miniemulsion
Polymerization

mixtures component amount added (g) percentage in total (wt %) percentage in monomer (wt %)

oil phase A styrene 7.2 6 60
butyl acrylate 4.8 4 40
hexadecane 1.2 1 10
lignin−clay nanohybrid 0.228, 0.3, 0.636 0.19−0.53 1.9− 5.3
AIBN 0.24 0.2 2

water phase B TX-405 1 0.9 8.3
DI water 100 87 833

Figure 1. FTIR analysis of pristine saponite, lignin, quaternary ammonium lignin, and lignin−saponite nanohybrid with KBr Pellets. Characteristic
stretching and vibration wave numbers are labeled (a = 3000 cm−1, b = 1490 cm−1, c = 1450 cm−1, d = 1210 cm−1, e = 1145 cm−1, and f = 1429
cm−1).
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of 3843.9, and its polydispersity index of Mw/Mn was 3.60.
When dispersed in an oil−water system, this lignin behaved like
a surfactant by staying between the water−oil phases. However,
it was not capable of insertion into clay galleries without
modification due to the lack of active groups that could react
with the hydroxyl groups of clay. Therefore, in this study, we
first modified lignin by ETAC to form cationic lignin through
grafting quaternary ammonium groups as shown in Scheme 1.
The produced cationic lignin could dissolve in water and
subsequently associate with water-dispersed clay at its anionic
sites. The produced lignin−clay nanohybrid was compatible
with the organophilic co-monomer (styrene−butyl acrylate)
phase. When this lignin-based nanohybrid was dispersed in the
co-monomer via ultrasonication, we observed that miniemul-
sions were stable only in a very narrow window of lignin−clay
nanohybrid concentrations from 1.6 to 5.2 wt %. It was also
observed that the viscosity of the co-monomer phase was
increased as the lignin−clay nanohybrid loading level increased.
High molecular weight and network structure of lignin might
cause the increased viscosity of the organophilic phase
(nanohybrid in co-monomer) in comparison with other
commercial surfactants with single carbon chains such as
OTAB.14 This agreed well with previous results for polystyrene-
encapsulated nanoclay miniemulsions using cationic surfactants
with different chain lengths.21,38 As reported, high viscosity of
the organophilic phase resulted in a decease in miniemulsion
stability at high loading of nanohybrids. The stable mini-
emulsion was used for subsequent polymerization, and the
composite latex obtained after polymerization was very stable
for about 7 months when left to stand. Also, no remarkable
precipitate was observed after centrifugation at 10,000 rpm for
10 min indicating high stability of the produced polymer latex.
TGA analysis was conducted to determine the weight

percentage of cationic lignin absorbed with the clay. It was
found that approximately 30.35 ± 0.15 wt % of lignin was
absorbed with the clay together. We observed that the lignin−
clay nanohybrid was located in the oil phase instead of the
water phase in an oil−water system, which indicated the
hydrophobicity of the produced lignin−clay nanohybrid. FTIR
spectra of the lignin, quaternary ammonium lignin, saponite,
and lignin−clay nanohybrid shown in Figure 1 indicate the
entry of the lignin into the clay galleries.48 Characteristic C−C
stretching is seen at 3000 cm−1 (a) from the purified lignin and
nanohybrid samples. Further, a phenolic ring vibration is seen
at 1490 cm−1 (b), and group phenolic OH vibration is seen at
1450 and 1210 cm−1(c, d, respectively), including an aryl−ether
vibration observed at 1145 cm−1 (e) indicating the character-
istic groups in the lignin molecular structure. Specifically,
characteristic tertiary amine stretching at 1429 cm−1 (f) is
observed in both modified lignin, with greatly reduced intensity
in lignin−clay nanohybrid samples, and completely absent from
the purified lignin sample. This provides evidence for the
association between saponite and cationic lignin in molecular
level.
X-ray diffraction (XRD) was used to detect the intercalation

of clay in the pristine clay, lignin−clay nanohybrid, and
polymer−nanohybrid composite as shown in Figure 2. Brad
peaks were observed for all three samples. A distinct peak was
not observed in pristine clay, and a similar observation was
reported by Wang et al.49 The pristine clay had a peak around
the 2θ angle of 6.6° with an interlayer spacing of 1.34 nm. The
interlayer spacing of the lignin−clay nanohybrid was increased
to 1.52 nm at the peak around 5.8°. The peak of the polymer−

nanohybrid composite disappeared, which indicated full
exfoliation of the clay nanohybrid within the polymer matrix.

Morphology and Particle Size of Final Composite
Latex. TEM imaging of the polymer miniemulsion was
conducted by placing a drop of emulsion on a grid and then
drying at room temperature before observation. TEM and SEM
images in Figure 3 clearly show the morphologies of latex
particles, which include a majority of small spherical particles
and a small number of large particles with spherical and
hemispherical morphologies.

Figure 2. XRD spectra of pristine saponite, lignin−saponite
nanohybrid, and polystyrene co-butyl acrylate (PSBA) composite latex.

Figure 3. TEM (scale = 1 μm) (a) and SEM images (scale = 2 μm)
(b) of the composite latex of polystyrene -co-butyl acrylate (PSBA)-
encapsulated lignin−clay nanohybrid.
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In order to further clarify the particle size and its distribution,
latex was further diluted, and its particle size was measured by
dynamic light scattering (DLS) as shown in Figure 4. Two
peaks were observed. One large peak with an average particle
size of 144.7 nm in radius indicated dominant small particles in
the latex. Another small peak with an average particle size of
micrometers was attributed to the small number of large
particles.
The DLS result was in agreement with the associated TEM

images shown in Figures 3 and 4. Also, there was no indication
of clay particles (irregular belt-like shape) attached on the
surface of polymer particles and throughout the grid, which

indicated that nanohybrid was successfully encapsulated into
the co-polymer particles.
In order to clarify the intercalation of nanohybrids inside the

polymer matrix, latex samples on the TEM grids were heated to
a temperature higher than the co-polymer PSBA melting
temperature to allow the dispersion of the co-polymer matrix
into thin films. Figure 5 shows the TEM images of melted
composite films in the presence of a lignin−clay nanohybrid,
unmodified clay, and macroscopical composite film images with
different loading levels of nanohybrids. When using unmodified
saponite, unstable latex was formed after miniemulsion
polymerization under the same reaction conditions. The

Figure 4. Particle size distribution and TEM images of composite latex of PSBA-encapsulated lignin−clay nanohybrid.

Figure 5. TEM images of (a) stable composite latex film of polystyrene co-butyl acrylate (PSBA)-encapsulated lignin−clay nanohybrid after melting
and (b) unstable latex film of polystyrene co-butyl acrylate (PSBA) with unmodified saponite. (c) Film images showing lack of micro-aggregates for
each lignin−clay loading level (L0 = 0% lignin (PSBA control), L1 = 1.9% lignin−clay loading, L2 = 2.5% lignin−clay loading, and L3 = 5.3% lignin
loading).
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stacked clay layers were clearly shown in the images of melting
composite films with unmodified saponite (Figure 5b).
Different from the films with unmodified clay, the composite
films with encapsulated lignin−clay nanohybrids had smooth
surfaces with delaminated clay galleries (Figure 5a). This result
provides evidence that in stable latex exfoliated nanohybrids
were successfully distributed inside the co-polymer matrix.
Further, Figure 5(c) indicates the absence of nanoaggregates of
lignin-based nanohybrids in the synthesized films. Films
produced were smooth, uniform, and transparent with a
yellowish tint.
Thermal Stability of Composites. Thermogravimetric

analysis (TGA) was used to evaluate the thermal stability of
PSBA and its composite films in the addition of lignin−clay
nanohybrids. As shown in Figure 6, PSBA nanohybrid

composite films degraded at a higher temperature than the
pure co-polymer films. However, The loading ratios from 1.9%
to 5.3% had no effect on the degradation temperature of the
composites. The higher degradation temperature of all the
composites indicated that the degradation of the clay and lignin
in the nanophase of the composites occurred at a higher
temperature than its polymer matrix. Similar studies including
the encapsulation of nanoclay like cloisite and montmorillon-
ite10,50,51 have reported some improvement in thermal and
mechanical properties, but the margin of improvement seen in
the present study (approximately a 50 °C increase) is
significant. Lignin may also contribute to the increase in
degradation temperature because it has a broad range of
degradation temperature from 200 to 500 °C,52 which is higher
than that of the co-polymer as well.
Tensile Strength of Composites. Tensile strengths

(maximal stress) and the Young’s moduli of pure PSBA latex
film and composite films (styrene:butyl acrylate = 60:40) in the
presence of 1.9−5.3 wt % of lignin−clay nanohybrids are
illustrated in Figure 7. During the measurement, the pure co-
polymer film showed high elastic property (low Young’s
modulus) by observing the film stretching to the machine’s
limit at a strain rate of 10 mm/min and was not able to be
broken at that rate. Hence, the strain rate of the pure polymer
film was adjusted to 100 mm/min compared to 10 mm/min for
all the composites films. This phenomenon provided
intuitionistic evidence that nanohybrids increased the Young’s
modulus (stiffness) of the PSBA films. Regarding all the
nanocomposites, both Young’s modulus and tensile strengths of

the composite films were greatly improved with an increase in
nanohybrid loading. This can be explained by exfoliated clays
providing tremendous surface areas to aid the stress transfer of
the reinforced composites. Even in the presence of 1.9 wt % of
lignin−clay nanohybrids, a significant increase in tensile
strength from 0.004 N/mm2 (pure co-polymer film) to 0.59
N/mm2 (P value = 0.0001; α = 0.05; composite film) was
noted. It can be concluded that the addition of the lignin-based
nanohybrid components to the polymer matrix greatly
increased the Young’s moduli and maximum stresses of the
composite films. The values reported are in tandem with
reports from other work using a polystyrene co-butyl acrylate
matrix.52

Oxygen Transmission Rates of Polymer Films. The gas
barrier properties of the latex films were evaluated using the
oxygen transmission rate (OTR) measured by the dynamic
accumulation method. As shown in Figure 8, the oxygen
transmission rate was decreased with increased loadings of
lignin−clay nanohybrids. The OTR value (1338.19 mL/m2/
day) of the composite film with maximum loading of
nanohybrids was significantly lower than that of pure PSBA
film (2311.68 mL/m2/day) (P value = 0.005; α = 0.05). This is
because the exfoliation and good dispersion of nanohybrid
plates increase the torturous path of gas diffusion through the
film.

■ CONCLUSIONS
Lignin recovered from the biorefinery waste stream was used to
synthesize s lignin−clay nanohybrid that could be successfully
encapsulated into a polystyrene butyl acrylate (PSBA) co-

Figure 6. Thermogravimetric analysis (TGA) of pure polystyrene co-
butyl acrylate (PSBA) latex film and the composite films with different
loading levels of lignin−clay nanohybrids.

Figure 7. Young’s moduli (top) and tensile strengths (bottom) of pure
polystyrene co-butyl acrylate (PSBA) latex film at a 100 mm/min
strain rate and composite films with different loading levels of lignin−
clay nanohybrids at 10 mm/min strain rate.
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polymer shell to form a stable composite latex via one-step
miniemulsion polymerization. Lignin was at first modified to
cationic lignin by ETAC, which entered clay galleries and
enabled swelling and intercalation of clay galleries. Approx-
imately 30 wt % of lignin was assembled with the saponite to
produce an organophilic lignin−clay nanohybrid. It was known
that premodification of the clay played an important role in the
exfoliation of clay plates and hence stability of the latex. In this
study, we found that an exfoliated lignin−clay nanohybrid
could be encapsulated into the PSBA droplets to produce stable
latex via miniemulsion polymerization. However, maximum
lignin−clay nanohybrid loading could not be beyond 5.3 wt %
due to the high viscosity of organophase, which may result from
the high molecular weight of lignin. The introduction of a well-
dispersed lignin−clay nanohybrid resulted in a notable increase
in mechanical strength, gas barrier properties, and thermal
stability of composite films in comparison with pure PSBA film.
Our future research will seek to replace petroleum-based
monomers by biobased monomers and evaluate how these
sustainable elements (lignin−clay nanohybrid and biobased
polymers) affect the functional properties of composite films
and miniemulsion kinetics.
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