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ABSTRACT

The dispersion and orientation of two-dimensional (2D) inorganic nanoplatelets in polymers are
technical challenges faced in polymer nanocomposite manufacturing. This work demonstrates an
effective way to facilitate the dispersion and orientation of graphene oxide (GO) nanoplatelets in
a polymer matrix through encapsulating the polymer within a nanoplatelet shell. Briefly, few-
layered GO nanoplatelets encapsulated polystyrene (PS) microparticles were synthesized by a
Pickering suspension polymerization method. The synthesis conditions, morphologies and barrier

properties of the GO encapsulated PS spheres and the melt-compressed films are characterized.



The addition of salt induces flocculation of GO onto the surface of the styrene monomer droplet,
resulting in the formation of a multi-layered GO shell as well as the sedimenting of the PS/GO
particles during polymerization. The obtained GO encapsulated PS microspheres were purified,
dried and melt-compressed to form composite films. The oxygen permeability (expressed as
transmission rate) of the PS/GO composite film containing 2 wt% of GO was 526.02 + 55.78 cm?
m2 24 h, a reduction of 96% relative to the PS control film, and 34% lower than the solution
mixed PS/GO composite film. This indicates that the encapsulated PS spheres act as an effective
carrier to facilitate the dispersion of GO. The orientation was realized by the following melt-
compression process, which creates tortuous pathways hindering the permeation of gases through

the PS matrix.

KEYWORDS: Encapsulation; Graphene oxide; Pickering suspension polymerization; Polymer

nanocomposites; Gas barrier

INTRODUCTION

Polymeric materials are extensively used in the packaging industry, due to their low cost, ease
of processing, diverse functionality and lightweight. However, most polymers are inherently
permeable to small molecules due to their amorphous and semi-crystalline nature. The mechanical
and barrier properties of a polymer can be enhanced by the inclusion of nanosized fillers.t The
greatest improvement to barrier properties is observed in the application of two-dimensional (2D)
nanoparticles in polymers, due to the formation of a tortuous permeation pathway, as a result of
the large surface area and aspect ratio of the dispersed impermeable 2D nanoplatelets in the
polymer matrices as dictated by the Nielson approximation.?- The barrier properties of polymer

nanocomposites are determined by the choice of nanofiller and the subsequent interfacial



interactions between nanofiller and matrix, as well as the extent of dispersion and orientation of
the nanofiller within the matrix. Dispersion is affected by the compatibility between filler and
matrix, with control over orientation achieved through strategies such as layer-by-layer assembly
or application of a magnetic field to align particles. It is agreed that a well-exfoliated, ordered
structure will possess enhanced barrier properties relative to aggregated and disordered
structures.*® The preparation of randomly orientated montmorillonite nanocomposite films,
prepared by emulsion polymerization, has been reported to enhance oxygen barrier properties by
only 30.3% at 1 wt% concentration, thus highlighting the need to develop methods that allow for
simultaneous control over orientation and exfoliation.®

Control over the orientation of nanofiller has been achieved using emulsion polymerization by
Heuts et al., who demonstrated the encapsulation of both natural (montmorillonite)!®-1! and
synthetic (gibbsite)*?1> clays. Using atom transfer radical polymerization (ATRP) and reversible
addition-fragmentation chain-transfer (RAFT) polymerization they prepared co-oligomers, which
function as both the nanoparticle stabilizer and as a macro-initiator or macro-chain transfer agent
for polymer chain extension.!>'6 Control over the particle morphology was reported via RAFT
under starved fed conditions, where the clay sheets act as seeds for polymerization, forming
anisotropic particles that align the nanoplatelets against the substrate in the cast film. Unfortunately
barrier analysis was not conducted of these highly oriented materials.®

Graphene oxide (GO) is an ideal 2D nanoplatelet for barrier applications, in part due to its high
aspect ratio (up to 10 pm) allowing for enhanced properties at lower filler loadings.’° GO is
widely used for modification of polymers due to its abundant oxygen-containing groups on the
surface that benefit dispersion and interfacial interaction. Furthermore, the presence of hydroxyl,

epoxy and carboxyl groups make GO amphiphilic, with the sp?-bonded hexagonal carbon lattice



being the hydrophobic component, which makes it a viable candidate for use as a stabilizer for
hydrophobic monomers in aqueous Pickering suspension polymerization.

A Pickering suspension polymerization is a heterogeneous polymerization system in which the
monomer is stabilized by solid nanoparticles, omitting the need for molecular surfactants.
Common Pickering stabilizers include laponite,?®-?! TiO,,2? and graphene oxide,?3?” which have
been demonstrated to stabilize hydrophobic polymers such as polystyrene (PS) and poly(methyl
methacrylate). GO functions well as a stabilizer for the formation of emulsions due to its large
surface area and amphiphilic nature, spontaneously self-assembling upon the oil surface and
inhibiting coalescence.?® Furthermore, with the desire to reduce the usage of volatile organic
compounds (VOC), there is a demand for industrially viable waterborne methodologies.> 28

In this study, we utilize GO encapsulated PS microparticles to control the dispersion and
orientation of GO nanoplatelets in film coatings, which present efficient barrier properties. With a
Pickering suspension polymerization method, the GO is utilized as the sole stabilizer for a styrene
emulsion; sodium chloride (NaCl) is added to induce flocculation of the GO to the PS sphere
surface. The addition of NaCl results in the polymerized GO encapsulated PS particles sedimenting
from solution, allowing for facile isolation and salt removal. By this approach, we observe a
significant improvement in oxygen barrier properties of the compressed PS/GO film, providing a

96% reduction with the addition of 2 wt% GO.

EXPERIMENTAL
Materials
Styrene (St, >99%; Sigma Aldrich) was purified by passing through a column of activated basic

aluminium oxide (Sigma Aldrich). Azobisisobutyronitrile (AIBN, 98%, Sigma-Aldrich) and



sodium chloride (NaCl, Fisher Scientific) were used as received. Graphene oxide (GO, 97-98%;
Abalonyx) was used as received. Deionized water was used in all experiments.
Synthesis

In a typical reaction, 1.0 wt% of GO aqueous dispersion was prepared by sonication for 1 hr using
a Branson Digital Sonifier probe at 70% amplitude in an intermittent mode. The appropriate
quantity of NaCl was subsequently added to the aqueous phase and stirred until fully dissolved.
The organic phase, consisting of styrene (20 g, 0.175 mol) and AIBN (0.4 g, 2.44 mmol), was then
mixed with the aqueous phase by magnetic stirring for 30 minutes followed by sonication with the
sonifier probe at 70% amplitude for 30 minutes. The latter step was conducted in ice bath, with
the probe used in short pulses, in order to avoid sample heating. The monomer emulsion was then
deoxygenated for 40 minutes by nitrogen purging. Finally, the reaction was placed in an oil bath

at 70 °C for 15 hours.

Following reaction completion, the PS/GO spheres were filtered and washed with deionised water
to remove the NaCl. The solid was finally rinsed with methanol to obtain a free flowing powder.
In all reactions, the concentration of NaCl was maintained constant relative to the GO content;
with a targeted NaCl concentration of 300 mM for a 1 mg/mL GO dispersion. The concentrations
used are given in Table 1. A polystyrene emulsion was also prepared using 2 wt% sodium dodecyl

sulfate (SDS) and 1 mol% AIBN relative to the monomer as a control.

To compare the GO encapsulation PS microsphere composites with the equivalent composites
voided of the armouring process, a PS/GO dispersion was prepared by solution mixing. GO was
dispersed in THF with 1 hour sonication and resulted a 2 wt% dispersion. PS/SDS was dissolved

in THF to make 10 wt% solution. The two solutions were mixed and stirred for 30 minutes then



cast into a glass petri dish. The samples were dried at 60°C overnight, then compression moulded

at 190°C for 5 minutes to obtain PS/GO composites with GO content of 1 and 2 wt%.

Table 1. NaCl/GO quantities for the preparation of the GO encapsulation PS. In all reactions

styrene (20 g) and deionised water (400 mL) were used.

sample GO GO  NaCl NaCl
Name wit% (mg) (g) concentration
(mM)
PS/GOoz 0.2 401 07013 30
PS/GOoaw 04 81  1.4026 60
PS/GOoss 0.5 991 17563 75
PS/GOws 1 1098 3.5054 150
PS/GOms 2 399.6 7.0199 300
PS/GOss 3 599.4 105162 450

CHARACTERIZATION

Size Exclusion Chromatography (SEC) data was collected using Agilent Infinity 11 MDS
instrument equipped with differential refractive index (DRI), viscometry (VS), dual angle light
scatter (LS) and multiple wavelength UV detectors, using a method described in the literature.?®
Briefly, chloroform containing 2% TEA (triethylamine) was used as eluent, polystyrene standards
(Agilent EasyVials) were used for calibration, and ethanol was added as a flow rate marker. The
samples were filtered through a GVHP membrane with 0.22 um pore size before injection. The
samples were run at 1 mL/min at 30°C, experimental molar mass (M,,SEC) and dispersity (D)
values of the synthesized polymers were determined by using Agilent GPC/SEC software. Fourier-
transform infrared (FT-IR) spectra were recorded on a Bruker Spectrometer with a scan range from

to 4000 cm! to 500 cm™L.



Particle size and morphology were studied by scanning electron microscopy (SEM, Carl Zeiss
Sigma Field SEM) and transmission electron microscopy (TEM, Jeol 2100, fitted with a Gatan
Ultrascan 1000 camera). For SEM, the particle samples were deposited onto a fresh silica sheet,
then subsequently air-dried and gold sputter coated. Film samples were cryo-fractured then gold
sputter coated. Samples were analyzed at accelerating voltages between 5 and 10 kV. The emulsion
sample was diluted at 0.1 vol% and casted on a carbon coated copper grid for TEM analysis.

Cross-section images of PS/SDS and nanocomposite films were acquired using an optical
microscope (Micro Nikon Eclipse ME600 Laboratory Imaging, Nikon Instruments, Sesto
Fiorentino, Italy). Films after storage (2 weeks in a desiccator) were cut with a sharp razor blade.
The thickness of the films was recorded at a 20x magnification, whereas information on the filler
distribution was obtained at 100x magnification. The software NIS-Elements BR 5.11.00 (Nikon
Instruments, Sesto Fiorentino, Italy) was used for data analysis.

Thermogravimetric Analysis (TGA) was carried out using a Mettler Toledo thermal analyser
over the temperature range of 25°C to 1000°C at a heating rate of 10°C min~! under nitrogen.

The oxygen barrier properties of the PS/SDS and PS/GO films (obtained by compression-
moulding of GO encapsulation PS spheres and PS/GO solution-mixed samples) were assessed
using a Multiperm Permeability Analyser (Extrasolution Srl, Capannori, Italy) equipped with an
electrochemical sensor. Specimens were sandwiched between two aluminum-tape masks, allowing
a surface of 2.5 cm? to be exposed to the permeation of oxygen. The oxygen transmission rate
(OTR, cm® m2 24 h'!) was determined according to the standard method of ASTM F1927,° with
a carrier N2 flow of 70 mL min-at 23°C and 80% relative humidity (RH). Each OTR value was

averaged from three replicates.



RESULTS AND DISCUSSION

Particle characterisation
PS was synthesized using emulsion polymerization, with AIBN as the initiator and SDS as the

surfactant. The resulting latex has a particle size of ~250 nm, as shown by SEM (Figure S2). When
compared with solution or bulk polymerization with equivalent monomer and initiator
concentrations, emulsion polymerization results in higher molecular weights due to the segregation
of the propagating radicals in the system, which lowers the rate of bimolecular termination,
allowing chains to grow longer. SEC analysis of the dried PS particles, given in Figure 1, showed

that a molecular weight (M) of 97,000 g/mol was achieved.

GO encapsulated PS microparticles were prepared by Pickering suspension polymerization, with
300 mM of NaCl added to the continuous phase per 1 mg/mL of GO. The GO/monomer
suspensions were found to be adequately stable. During polymerization, the particles sediment
from the suspension, leaving a clear aqueous phase. The particle sedimentation allowed for
exceptionally facile work up via decanting followed by washing of the product with ~2 L DI H20

to ensure full removal of NaCl.

The introduction of NaCl prior to preparation of the monomer suspension results in charge
screening of the oxygen containing hydroxyl and carboxylic acid groups in GO.?% 3! As the
concentration of NaCl increases the negative zeta potential of the system tends towards zero,
reducing the intersheet electrostatic repulsion and inducing flocculation and stacking of the GO
sheets.?33233 |n our experiment, the probe sonication used to disperse the GO sheets reduced their
diameter slightly, as shown in Figure S6, however they are still present as multilayer stacks

approximately 10 pum in diameter. These larger particles form larger droplets in a Pickering



stabilized system, and the stability of the monomer suspensions is worth investigating. Figure S1A
shows optical microscopy images of a PS/GOssy suspension prior to polymerization. The droplet
size was found to be 8~10 pum and with constant stirring the suspensions were found to be relatively
stable for at least 4 days (Figure S1B). The PS/GOo.2% suspension displayed colloidal instability,

most likely due to their being insufficient GO present to stabilize the styrene.

To assess the molecular weight distributions of the PS formed in our Pickering system, it was
extracted from the GO encapsulated microparticles with chloroform and analyzed by SEC. Their

molecular weights and polydispersity indices (P) are given in Table 2 and Figure 1.



Table 2. Obtained number average molecular weight (Mn) and weight average molecular weight

(Mw) of polystyrene for each sample with calculated dispersity (D)

Sample M (g/mol) Muw (g/mol) D
PS/SDS 97,000 290,000 3.00
PS/GOo.4% 42,000 209,000 4.92
PS/GOos% 36,000 179,000 5.01
PS/GO1% 42,000 195,000 4.69
PS/GO2% 42,000 188,000 451
PS/GO3% 43,000 212,000 4,94
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Figure 1. SEC traces of PS isolated from GO microparticles using chloroform as the eluent.

As shown in Figure 1, it is apparent that all PS/GO samples display a similar peak molecular
weight, irrespective of the GO content, and each have a high molecular weight shoulder that
corresponds approximately to the PS/SDS peak molecular weight. These bimodal peaks indicate
the presence of two discrete species of polymer present in the PS/GO samples. The lower

molecular weight PS is likely formed within the core of the large particles, where the conditions
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are similar to a bulk polymerization process, resulting in a relatively low molecular weight product.
Whereas, the presence of the high molecular weight shoulder peaks indicates that a lesser quantity
of smaller PS particles are present, which are better segregated and polymerize like in emulsion
polymerization. Small beads of approximately ~250 nm in diameter were observed in the outer
shell of the PS/GO spheres (Figure 2A-D), which is similar to the size observed in PS/SDS
emulsions (Figure S2).

ImageJ software was used to determine the average particle size of the PS/GO samples from
their SEM images, with at least 20 particles recorded per image. The results shown in Table 3
indicate a reasonably consistent particle size for each of the sample preparations. Repeated
preparations at the same GO concentration also produced consistent results, as shown in Figure
S3, where good agreement between the SEC traces of two separate PS/GO19 samples was

obtained, and similar particle size and surface texturing was observed under SEM.
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Table 3 Particle sizes determined by SEM and ImageJ.

Particle size Standard

Sample (um) Deviation (6)
PS/GOo4% 4.00 0.84
PS/GQOos0% 4.14 1.09
PS/GO19%  3.60 0.98
PS/GO2 3.80 1.19
PS/GOs»%  5.00 0.91

A

Figure 2. SEM secondary electron images of processed GO encapsulated particles. A)

PS/GOg.4%. B) PS/GOo5%. C) PS/IGO1%. D) PS/GO2%. E) TEM image focused upon surface of

12



PS/GO1%. F) TEM image focused on the interior of the GO shell of PS/GO14%. Scale Bars: A-D

=4 pum, E-F=1 pm.

Interestingly, whilst increasing the GO content appears to have little impact upon particle size
or molecular weight of the polystyrene, the surface texturing of the particles is significantly
different between those with 0.4 wt% and 2 wt% loading of GO (Figure 2). It is apparent that as
the GO loading increases the GO shell thickness increases, masking the previously observed
texturing at lower GO loadings, to obtain smoother particles. As discussed above, all samples
display evidence suggesting the presence of small, higher molecular weight PS beads located
within the shell of the particle, and also visualized in Figure 2A-D. The TEM image in Figure 2E
shows the surface texture of a PS/GOzq particle, and if the focal plane is dropped down into the

PS/GO particle, a homogenous PS core is observed, as shown in Figure 2F.

Film characterisation

The PS/SDS and PS/GO spheres were compression-moulded to form thin films at 190°C, the film
thickness is 110 ~130 um as determined by optical microscopy (Figure S5). The cross-section of
the PS/SDS film, Figure 3A, displays a smooth surface. The PS/GO composite film displays
texturing in Figure 3B-C, and the oval contour indicates the compressed PS/GO spheres according
to the dimension of the particles, which displays a clear GO shell aligned perpendicular to the
permeation pathway, induced by the compression moulding. Interestingly, traces of the particle
may be observed in the cross section in the form of dark circular rings, shown in Figure 3D. These
structures are not observed in the PS/SDS control images, given in Figure 3A, and are concluded

to be part of the GO shell from the PS/GO particles.
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Figure 3. SEM secondary electron cross sections of A) PS/SDS film; and B, C) and D)

different sections of PS/GO1.

The PS/GO spheres were also compressed at 120°C alongside 190°C to evaluate the effect of
compression temperature upon the film forming as well as the degree of GO reduction. As shown
by Raman (Figure S7) and IR spectroscopy (Figure S8), the higher temperature compression
moulding did not cause detectable reduction of the GO. However, the lower temperature
compression moulding resulted in films that contained trace quantities of non-melted particles
embedded within the film (Figure S9). As such, the composite films compressed at higher
temperature (190°C) were used for oxygen barrier characterization.

Three representative OTR plots for the pristine PS/SDS films and PS/GO films with 1 wt% and

2 Wt% GO are given in Figure 4. The OTR values for the PS/SDS film (14464.67 + 1050.43 cm?

14



m—2 24 h™1, thickness 120.4 + 9.3 um) are in line with data reported in the literature,®2% which
denotes PS as a poor oxygen barrier material. The addition of 1 wt% GO decreased the OTR to
1019.15 £ 97.35 cm® m=2 24 h~! (thickness 130.5 + 11.2 um), which is comparable with the oxygen
barrier performance of a 30 um bi-oriented polypropylene film (OTR ~ 866 mL-m2-24 h™1).3 The
nanocomposite film with 2 wt% of GO experienced an additional ~96% reduction, with a final
OTR value of 526.02 + 55.78 cm® m=2 24 h* (thickness 110.1 + 9.8 pm), comparable with a 25
um polylactic acid film (746 cm® m=2 24 h=1).37

In our previous work, pullulan/GO nanocomposite films were prepared using a direct solution-
mixing method.*® It is shown that with a loading of 0.3 wt% of GO, the OTR of the pristine pullulan
film was reduced from 181.04 + 20.05 cm® m=2 24 h~! (i.e., P'O2 ~ 6337 mL pm m™ 24 h™) to
33.09+£2.94 cm*m?24h?(ie, POz~ 1357 mL pm m=2 24 h™1, thickness ~ 40 um) measured at
23°C and 70% RH. When the pullulan/GO nanocomposite was coated onto a polyethylene
terephthalate film (PET, 12 um thick),® the OTR of the coated PET was dropped below the
detection limit of the instrument (< 0.01 mL um m~2 24 h™1) even when the GO concentration was
as low as 0.04 wt%. However, a dramatic increase of the OTR values occurred in humid conditions,
at 90% RH, the OTR of the coated PET films was ~ 100 mL m2 24 h™%, similar to that of bare PET
films. Recently, a spray-assisted layer-by-layer assembly method was used to couple GO
(negatively charged) and amino-functionalized GO (positively charged).*® The alternating layers

of GO (-) and amino-GO (+) were deposited on polyethylene (PE, 50 pm thick) which has no

intrinsic gas barrier properties (OTR ~ 3500 mL m ™2 day 1, i.e., P’O2 ~ 175000 mL pm m™ 24 h~

). The layer of GO coating with thickness of just 60 nm significantly reduced the OTR to 1091

mL m~2day ! (i.e., P’O2 ~ 54600 mL pm m2 day™).
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Figure 4. (A) Representative curves of the OTR evolution recorded for the PS films (PS/SDS
and PS/GO). The different duration of the analysis indicates a different time necessary to achieve
a steady state condition for each sample type. Tests were carried out at 23°C and 80% RH. The

mean thickness of the tested films was 180 + 15 pm. (B) Overall evolution of OTR and P'O2 for
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the three different films (PS, PS/GO1%, and PS/GO2x%). The permeability parameter (P) is

expressed as logio to allow a better display of the experimental data.

When the OTR results are converted to oxygen permeability coefficient (P'O2, cm® pm m=2 2471
atm™), which accounts for the unit thickness,*! the overall trend does not change significantly
(PS/SDS ~ 1.74 x 10° cm® um m2 24-1 atm; PS/GO1% ~ 1.30 x 10° cm® um m2 24-1 atm™;
PS/GO2y ~5.78 x 10 cm3 um m2 24-1atm™, Figure 4B). The significant reduction in OTR values,
in conjunction with the low temperature, aqueous and simple reaction procedure highlights the
effectiveness of these materials as industrially viable gas barrier coatings.

To demonstrate the advantage of the GO encapsulation method over pristine GO, PS/GO films
were prepared by using direct solution mixing and casting method, and the oxygen permeability
coefficient was gathered from the OTR experiments as follows: PS/GO1s (mix) ~ 1.90 x 10° cm?3
um m=2 2471 atmt; PS/GO29 (mix) ~ 7.73 x 10* cm® um m=2 241 atm*, which is clearly ~ 46% and
~ 34% higher than the films prepared with the GO encapsulated PS microparticles.

This work demonstrated that the GO encapsulated PS microparticles facilitate the GO
nanoplatelets to be dispersed homogeneously in the polymer matrix, as shown in Figure 5ab and
Figure 6. The GO nanoplatelets are further oriented parallel to the film surface with an interlayer
distance of 50.9 + 7.12 nm during the compression-moulding process, as shown from the cross-
section of a PS/GOzs film in Figure 5¢. The distribution of the GO nanoplatelets across the film
thickness acts as a physical obstacle to the permeation of the oxygen molecules, which accounts

for the exceptional oxygen barrier performance.
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Figure 5. Optical microscope images of (a) PS/GOi% and (b) PS/GO2y films at 20x
magnification. A 100x magnification image is shown in the inset for each sample. (c) TEM

image of compression moulded film of PS/GO1.

Figure 6 Schematic illustration showing the dispersion and orientation of GO nanoplatelets in

polymers were facilitated by the GO encapsulated polymer method.

CONCLUSIONS

18



GO encapsulated PS microparticles were prepared by a facile Pickering suspension
polymerization. The addition of NaCl had a charge screening effect that not only induced GO
flocculation to the PS particle surface but also stimulated sedimentation of the encapsulated PS
particles during polymerization. Compression moulding of the GO encapsulated PS microspheres
at 190°C did not cause detectable reduction of the GO sheets. A control PS film showed an OTR
of 14464.67 cm® m=2 24 h~!, while the composite films of PS/GO1y and PS/GOy displayed a
reduction in OTR values by 93 and 96%, respectively. Due to the improved dispersion of GO by
the polymer encapsulation process, alongside the nanoplatelets’ orientation obtained by
compression moulding, we have demonstrated the formation of highly effective gas barrier films.

The synthesis of GO encapsulated PS particles provided a viable process to produce high quality
barrier films and coatings as well as a method that follows a green synthetic approach. The
observed reduction in oxygen permeability is attributed to the tortuous pathway formed by stacking

of the GO sheets and their well dispersed and oriented morphology within the polymer.
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