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ABSTRACT: We report a method to rationally control of the aspect ratio of layered double hydroxide for use in a barrier
coating for food packaging films. The reconstruction of a Mg,Al-layered double oxide (LDO) in concentrated aqueous gly-
cine solutions produces dispersions of Mg,Al-LDH nanosheets. The nanosheet thickness decreases and diameter increases
with increasing reconstruction time from 16 to 96 h. We observe a limiting nanosheet aspect ratio of ca. 336 + 170. These
Mg.Al-LDH nanosheets can be dispersed in PVA to give a water-based dispersion that can be used to coat flexible polymeric
films. Oxygen transmission rate (OTR) of a PET film decreases when the thickness of the dried coated layer increases, an
OTR of <0.005 mL-m=-day is observed for a coating with thickness of 1175 + 101 nm.

INTRODUCTION

Non-recyclable food packaging film is becoming a major
global concern to human life as they can take decades to
decompose in natural environment. In particular, there is
an urgent unmet demand to find a replacement for alumi-
num metallization within the film structure and films con-
taining aluminum foil that create the necessary oxygen and
moisture barrier performance. Currently, it is uneconomic
to separate metallized layers from a polymer film and as a
result, metallized food packaging films cannot enter the
plastic circular economy.

Currently, food packaging industry typically requires an
oxygen transmission rate on the order of 10" mL-m=-day™.
Both theoretical calculations' and recent experiment work®
3 have identified high aspect ratio inorganic platelets as one
of the most promising approaches to improve the oxygen
barrier of polymeric films. Assuming a “block tiled” struc-
ture, then a torturous path model, the platelet aspect ratio
(diameter divided by thickness) is one of the most im-
portant factors for building a high oxygen/moisture barrier
layer. Furthermore, if such platelets are to be used to create
a barrier layer in food related packaging then non-toxic
chemistry needs to be used throughout.

Previously, inorganic layered materials such as MMT35
graphene,®® and a-zirconium phosphate? *° have been
shown to improve the gas barrier properties of a polymeric
films, the current state-of-the-art approach involves a
layer-by-layer assembly" of impermeable platelets and a
binder. However, this approach would not be practicable
solution for large scale, high speed barrier film production.
Layered double hydroxides (LDHs) have also shown to of-
fer promising barrier opportunities,'>* as such they consti-
tute a large family of synthetic layered materials that are

commonly represented by the formula, [M,.
M’ (OH),]**[A™4/n]*mH,O (M and M’ are most commonly
divalent and trivalent cations respectively, A™ is the inter-
layer anion, and o < x <1). Hydrotalcites, [Mg.-
+Al(OH),](CO;),/»mH,0, (Mg,Al-CO;-LDHs; y = 1-x/x))
can be fully synthetic and have been recognized as food
contact safe materials.’s

Conventionally prepared Mg,Al-LDHs exhibit low aspect
ratios, exfoliation provides a route to thin nanosheets that
improves the aspect ratios of as-prepared platelets,* how-
ever this process requires a high dielectric constant me-
dium such as formamide which is highly toxic.’> 7 Bottom-
up processes have also been successful,’® but the nanosheet
yield is low and the synthesis conditions generate large
amounts of by products and waste solvent. We recently re-
ported a reconstruction method to synthesize high aspect
ratio, food safe Mg,Al-LDH nanosheets (NS) using non-
toxic chemistry.” Mg,Al-CO; LDH was first calcined at 450
°C to form a layered double oxide (LDO), then reconstruc-
tion into high aspect ratio Mg,Al-CO; NS was accom-
plished using a concentrated aqueous glycine solution.
This is a facile method that it does not require a special
Mg.Al-LDH precursor or inert gas protection as compared
to previous exfoliation examples.2>

In this report, we focused on the reconstruction of Mg,Al-
LDO in concentrated aqueous glycine solution. As a result,
we have been able to exploit the reconstruction method to
prepare a range of Mg,Al-LDH nanosheet samples with dif-
ferent aspect ratio by fine-tuning the calcination tempera-
ture and LDO reconstruction time. We find the aspect ra-
tios of reconstructed LDH NS samples is the highest using
LDO calcined at 550 °C in



Scheme 1. Schematic representation of the anisotropic crystal growth during reconstruction of the LDO, crystal
growth inhibition of the LDH is observed along the platelet stacking axis (c-axis) as a function of time and gly-

cine concentration
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combination with longer reconstruction times (Scheme 1).
The obtained Mg,Al-LDH nanosheet samples have aspect
ratio ranging from ca. 87 + 17 to 336 * 170. We prepared
stable aqueous coating dispersions containing Mg,Al-LDH
NS and poly(vinyl alcohol) (PVA) mixture. A 12 pm PET
film showed significant oxygen barrier improvement after
coating. The relative permeability of the LDH/PVA coated
layer decreases as the aspect ratio of LDH nanosheets are
increased, the experimental data agrees well with theoret-
ical values calculated on the basis of tortuous pathway
models. Oxygen transmission rate (OTR) of the LDH/PVA
coated PET film decreased significantly when the dried
coat layer thickness is increased, reaching below the in-
strument detection limit (<0.005 mL-m=day™) at a film
thickness of 1175 + 101 nm. Furthermore, the coated barrier
film is mechanically flexible, transparent and suitable for
food packaging.

RESULTS AND DISCUSSIONS

Rational preparation of high aspect ratio LDH
nanosheets. The reconstruction of an amorphous LDO
back to a crystalline LDH is well known, this process is of-
ten referred to as “a memory effect”.?> 3 For example, dur-
ing calcination of Mg,Al-CO; LDH the layered structure
collapses by dehydroxylation of the metal hydroxide layers
and by interlayer carbonate ion decomposition releasing
CO,, upon rehydration in air the crystalline layered struc-
ture reforms with concomitant CO, capture from the at-
mosphere to form the interlayer charge compensating car-
bonate anions. Our earlier work indicates that reconstruc-
tion is actually a dissolution-recrystallisation** 2> process
and that high aspect ratio LDH NS can be prepared using

Reconstruction in

glycine solution

Reconstruction time

Aspect ratio
A

Stir & sonlcate m

Add NaOH & washing

g Washed LDHs

an aqueous concentrated glycine solution.”® Therefore, in
order to gain more insight into this process we have ex-
plored if the aspect ratio of the isolated LDH nanosheets
can be rationally controlled by the key process parameters
such as calcination temperature, dielectric constant of the
reconstruction solution and duration of reconstruction.

Platelet samples of [Mgoe6Alos3(OH).](CO;5)0.*mH,O
(Mg,Al-CO; LDH) with diameter ca. 7 um (Figure S1) were
first calcined at 450, 550, or 750 °C for 12 h to obtain the
corresponding LDOs (Figure Sia and Figure Sz). The ob-
tained LDOs were then reconstructed in 2M glycine solu-
tion at 100 °C to restore the original LDH structure
(Scheme 1). Surprisingly, we found that the aspect ratio of
the obtained LDH NS samples increased with increasing
reconstruction time from 16 to 96 h (Figure 1a-d and g),
reaching a limiting nanosheet aspect ratio of ca. 336 + 170
when the 550 °C calcined LDO sample was reconstructed
for 96 h. The AFM data show the reconstructed LDH par-
ticles are thin nanosheets (Figure S3 and Table S1), we
clearly observe the nanosheet thickness decreases (Figure
S4a) and diameter increases (Figure S4b) with reconstruc-
tion time. The LDH NS formed from an LDO prepared at
450 °C have an average platelet diameter ca. 200 nm (Fig-
ure Ssa) which is a remarkable reduction from the 7 um
diameter of the parent LDO. Previous study found that up-
take of amino acids increases with reconstruction time.2¢
As the concentration of glycine in the confined interlayer
region increases with time, we propose the dielectric con-
stant in the region surrounding the platelets also increases
with reaction time. After the reconstruction
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Figure 1. AFM measurements of the reconstructed LDH nanosheets. AFM images of LDOs calcined at 550 °C followed by recon-
struction in glycine solution for: a, 16 h, b, 24 h, c. 48 h, d, 96 h. AFM images of LDO calcined at: e, 450 °C and f, 750 °C followed
by reconstruction time in glycine for 48 h. g, 3D correlation of platelet aspect ratio as a function of LDO reconstruction time and

calcination temperature.

reaction, a semi-transparent LDH gel is formed, this gel-
like phase can be re-dispersed in water by stirring over-
night and sonication for 5 minutes (Scheme 1).

We postulate that a large local dielectric constant within
the interlayer region weakens the interlayer electrostatic
interactions leading to a loosely attracted lamellar struc-
ture (Scheme 1). Thus, the LDH gel sample prepared from
the longest reconstruction period is the most susceptible
to shear stresses. During stirring and post reconstruction
sonication, the shear force provides enough energy to ex-
foliate this loosely attached lamellar structure (Scheme 1).1
We find that the aspect ratio of the LDH NS reconstructed
for 16 h is ca. 87 + 17 (Figure 1a and g), ca. twice larger than
that of the original LDH (38 + 14) (Figure S6). When a
longer reconstruction time (24 h) was used, the aspect ra-
tio of the LDH NS increased to ca. 150 + 8o (Figure 1b and
g). The aspect ratio is 226 + 140 (Figure 1c and g) when the
reconstruction time was extended to 48 h and reaches the
highest value of 336 + 170 (Figure 1d and g) using a 96 h
reconstruction time.

The effect of calcination temperature on the aspect ratio of
obtained LDH samples was investigated. In addition to 550
°C, the original LDH was calcined at 450 as well as 750 °C
for 12 h to prepare LDOs. These two LDO samples (450 and
750 °C calcined) were used for reconstruction under the
same condition as that of the 550 °C calcined LDO in gly-
cine solution for 48 h (Figure S5 a and b). The recon-
structed LDH nanosheet samples have aspect ratio of ca.
120 * 58 (from 450 °C calcined LDO) (Figure 1e and g), 226
+ 140 (from 550 °C calcined LDO) (Figure 1c and g), and 211

+ 92 (from 750 °C calcined LDO) (Figure 1f and g). The as-
pect ratio of reconstructed LDH samples increased and
then decreased with the calcination temperature and the
maximum value reached at the LDH sample prepared from
550 °C calcined LDO (Figure 1g). The surface area and pore
volume of the original LDH increased when calcined to ob-
tain LDO (Figure S7 and table S2). The surface area in-
creased from 4 to 130 m?/g upon calcination at 450 °C for
12 h. The surface area of the LDO increased to 202 m?/g
when calcined at 550 °C. Upon further heating to 750 °C
the surface area of the LDO decreases to 125 m?/g, this type
of behavior has been seen elsewhere and is associated of
sintering and onset of dense spinel.>+ 27 A large surface area
and pore volume increase the chance of glycine absorption
during the reconstruction step. Utilizing a LDO sample
with higher surface area and pore volume increases glycine
uptake and thus increases the local glycine concentration
giving a higher dielectric constant in the interlayer region.
Similar to the reconstruction time effect, a high dielectric
constant in the interlayer area weakens the electrostatic in-
teractions and better facilitates exfoliation. Based on TGA
results (Figure S8), the glycine content is the highest when
550 °C calcined LDO was used during the reconstruction
step. The LDH NS contain ca. 16, 19, and 12 wt% glycine
when 450, 550 and 750 °C calcined LDO was used (Table
S3, Supporting Information).

In concentrated glycine solution we postulate that crystal
growth inhibition along the stacking axis (c-axis) results in
conversion of original large platelet (low aspect ratio)
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Figure 2. Coated film preparation and film structure characterizations. a) Tortuous pathway assembled by the aligned LDH NS
in PVA matrix providing longer diffusion pathway for gas molecules compared to a pure PVA layer. b) Bar coating process. c)
Cross-sectional TEM showing the well-aligned LDH NS (550 °C-48 h) in the coated layer. Pole figure measurements of LDH/PVA
phase and LDH/Glycine phase in the barrier films containing LDH samples (550 °C) with different aspect ratio values of 87 (16 h)
(d and e), 150 (24 h) (f), and 336 (96 h) (g) in the coated layer. All the LDH/PVA coated films discussed in this figure were pre-
pared from a 5 wt% coating solution (3 wt% LDH and 2 wt% PVA), the coating gap was 24 pm.

LDH sample towards high aspect ratio LDH NS, we ascribe
this effect is due to the high dielectric constant of concen-
trated glycine solution. The dielectric constant of the solu-
tion scales with amino acid concentration.?® The inhibition
effect scales with the amount of glycine molecules ab-
sorbed in the interlayer region and on the layer surface.

Preparation of LDH Nanosheet/PVA coated PET films.
Solid samples of LDH nanosheets may be recovered from
water (Scheme 1) by precipitation upon addition of NaOH.
The precipitated LDH nanosheets were centrifuged,
washed with water to remove the excess glycine and
NaOH. Solid LDH nanosheet samples can be mixed with a
10 wt% PVA (Mw 67,000 g-mol™) stock solution to prepare
coating solutions. The LDH sample used to prepare these
coating dispersions are referred to as LDH (X-Y), where X
is the calcination temperature and Y is the reconstruction
time in glycine solution. For example, LDH (550 °C-16 h)
refers to the LDH NS sample prepared from an LDO pre-
pared at 550 °C followed by reconstruction in glycine solu-
tion for 16 h. All the LDH/PVA coating solution samples
have an LDH:PVA weight ratio of 60:40, corresponding to
48 vol% LDH in the dried coat layer (see Supporting Infor-
mation). Coating solutions are referred to their total solid
content. For example, a 5 wt% LDH/PVA coating solution
contains 3 wt% LDH and 2 wt% PVA where water is 95
wt%.

In an idealized model,' assuming a polymeric barrier mem-
brane contains impermeable platelets aligned periodically
parallel to the plane of the film, diffusion occurs through
the space between the platelets. The extra diffusion path-
way (tortuous pathway), the solute molecule has to travel
across the film significantly decreases the diffusion rate
compared to that of a pure polymeric film (Figure 2a). The
reduction of permeability is proportional to the aspect ra-

tio of the impermeable platelets, the higher the platelet as-
pect ratio the greater the reduction of permeability.> The
alignment of the impermeable platelets relative to the film
surface is also another important factor. The tortuosity is
the highest when the platelets are perfectly aligned per-
pendicular to the diffusion pathway. The higher the degree
of alignment the longer the diffusion pathway. Thus, the
reduction of permeability is the highest when a polymeric
matrix contains a high aspect ratio platelets with the plate-
lets parallel aligned perpendicular to the diffusion path-
way.

We have applied the LDH/PVA coating solutions on PET
film substrate using a bar coater (Figure 2b) in a single
coating step. The cross-sectional TEM image (Figure 2c)
shows that the LDH NS in the coated layer well aligned
within the PVA matrix. Further structural studies have
been performed using X-ray powder diffraction (Figure
Sg9), the XRD shows a broad feature (20 ca. 8°-14°) for
coated film samples containing reconstructed LDH
nanosheets. Two Bragg reflections at 26 = 10.5° and 11.5°
corresponding to LDH/PVA and LDH/glycine phase inter-
calation phases with interlayer separations of 8.4 A and 7.7
A respectively (Figure S9). When an LDH sample (550 °C-
16 h) with low aspect ratio (87 + 17) was used, the diffrac-
tion peak of the coated film sample relating to LDH/PVA
phase was stronger than the diffraction peak from
LDH/glycine phase. When LDH samples (550 °C-24 h and
96 h) with higher aspect ratio (150 + 80 and 336 + 170) were
used, the peak center of the coated film samples shifted to
LDH/glycine phase. This is related to the degree of align-
ment of LDH in the coated layer. Most of the particles
aligned to the plane relating to LDH/glycine phase for the
coated film samples containing higher aspect ratio (150 +
80 and 336 + 170) LDH samples (550 °C-24 and 96 h) while
relatively more particles aligned to the plane relating to



LDH/PVA phase for the coated film sample containing low
aspect ratio (87 + 17) LDH sample (550 °C-16 h).

Pole figure measurements (Figure 2d-e) were used to accu-
rately determine the degree of alignment of LDH layers as
a function of aspect ratio with poles fixed at the planes re-
lating to the LDH/PVA and LDH/glycine phases. A meas-
urement was made with the detector fixed at 20 = 11.5°in
for each coated film sample and an addition measurement
was made for the sample containing the lowest aspect ratio
LDH sample of 87 (550 °C-16 h) with 26 = 10.5°. The pole
figures display the scattering from LDH layers obtained by
tilting (1) and rotating (¢) a film sample at an angle away
from the surface normal. We averaged the scattering from
all rotating angles (¢) and plotted the intensity as a func-
tion of sample tilting angle ¢ (Figure Sio a-c). In order to
compare the oriental distribution, the full width at half
maximum height (FWHM) were estimated by fitting the
curve with a Gaussian distribution (Equation Si, Support-
ing Information). The fitted FWHM values (Figure Siod) of
the coated films containing reconstructed LDH nanosheet
samples with different aspect ratio of ca. 87 + 17 (550 °C-16
h), ca. 150 + 80 (550 °C-24 h), and 336 * 170 (550 °C-96 h)
are 20 + 0.3°% 17.7 = 0.2° and 17.2 * 0.3° respectively for the
LDH/glycine phase. In addition, the fitted FWHM value of
the LDH/PVA phase of the film containing LDH with as-
pect ratio of ca. 87 £ 17 (550 °C-16 h) is 20 + 0.3° same as the
fitted value of the LDH/glycine phase. The results indi-
cated that the alignment distribution is wider when a
coated film contains LDHs with a lower aspect ratio (550
°C-16 h). The degree of orientation (Equation S2, Support-
ing Information) is calculated to be 88.9 + 0.2% for the
coated film containing LDH sample with aspect ratio of ca.
87 + 17 (550 °C-16 h) for both phases. It is 90.2 + 0.2% and
90.4 = 01% for film samples containing LDH samples with
aspect ratio of ca. 150 = 80 (550 °C-24 h) and 336 + 170 (550
°C-96 h) (Table 1). The oriental distribution of the film
sample containing LDH sample (550 °C-96 h) with the
highest aspect ratio of 336 + 170 is slightly higher than the
film sample containing LDH sample (550 °C-24 h) of aspect
ratio of 150 + 80. The small differences is probably due to
the wide aspect ratio distribution of the LDH samples. The
overall trend is that the degree of orientation of LDH
nanosheets within the coated film is highest when using
nanosheets with the highest aspect ratio.

Table 1. Degree of orientation as a function of LDH as-
pect ratio. The LDH samples were prepared from LDO
prepared at 550 °C. All the coated films discussed in
this table were prepared from a 5 wt% coating solution
(3 wt% LDH and 2 wt% PVA), the coating gap was 24
pm.

Degree of Ori-

Aspect ratio .
P entation (%)

87 +17 (16 h) (LDH/PVA) 88.9+0.2
87 + 17 (16 h) (LDH/glycine) 88.9 0.2
150 + 80 (24 h)(LDH/glycine) 0.2 £ 0.2

336 £ 170 (96 h) (LDH/glycine) 9o0.4 + 0.1

Oxygen barrier measurements of LDH
nanosheet/PVA coated PET films. At 23 °C, and 0% rel-
ative humidity, the 12 pm PET substrate has an OTR of133.5
mL-m~-day™ corresponding to an O, permeability of 18.3 x
107¢ cm3-cm-cm2-s7Pa The OTR of the film decreased
to 18.25 mL-m=-day™ when the PET is coated with 5 wt%
PVA solution, giving a dry coated layer thickness of ca. 890
+ 32 nm."” The permeability of the coated layer is obtained
based on an ideal laminate theory.?>3 When the PET sub-
strate is coated with a coating solution containing 3 wt%
LDH NS and 2 wt% PVA (total solid content is 5 wt%) at a
24 um coating gap (the coating gap is pre-determined, re-
fers to the wet film thickness of coating layer), the perme-
ability of the LDH/PVA coated layer (P) are o0.00120,
0.00095, 0.00095, 0.00073, 0.00085, and 0.0007 x 107
cm3-cm-cm2-s7-Pa when the mean aspect ratio of LDH
samples are 87, 120, 150, 211, 226, and 336 respectively (Ta-
ble S4, Supporting Information). The permeability of the
PVA coated layer (P,) is 0.186 x 107° cm3-cm-cm™-s™-Pa™.
The permeability of the LDH/PVA coated layer exhibits
more than 26000 fold reduction compared with a pristine
PET film and a 266 fold reduction compared with the PVA
only coated layer.

Relative permeability is a function of volume fraction (@)
and aspect ratio («) of inorganic platelet filler.3> 33 Many
theoretical models consider the filler shape, array and size
distribution. The models considered here® 3437 (a list of the
models are included in Table S5, Supporting Information)
have the assumption that the platelets are perpendicular to
the gas diffusion direction. Both the Nielsen34 and the ideal
Cussler' model assume the platelets size is uniform and the
platelets are regularly arrayed in the polymer matrix. The
Cussler-Random array3? and Fredrickson-Bicerano3” model
are based on platelets that have mono-size distribution
and the platelets are randomly arrayed. The Gusev-Lusti3®
model is based on a mathematical approximation from a
finite element model that is considered to closely describe
the real value of randomly arrayed platelets that has a poly-
size distribution.

The relative permeability(P/P,) (Figure 3a, Table S4, Sup-
porting Information) of the LDH/PVA coated layer was
plotted as a function of aspect ratio at 48 vol% LDH (filler)
fraction to compare with theoretical values based on dif-
ferent stacking models® 3437 of an inorganic particle filled
polymer composite films. The relative oxygen permeability
of the LDH/PVA coated layer decreased as the mean aspect
ratio of LDH increased from 87 to 336 whilst the dry coated
layer thickness of the film samples remained similar at
around 700 nm (Figure Su and Table S4). The relative oxy-
gen permeability (Figure 3a, Table S4, Supporting Infor-
mation) is 0.0065 when the LDH sample has an aspect ratio
of 87 + 17 and it decreased to 0.0051 when the aspect ratio
of LDH sample is increased to 120 + 58 and stayed at 0.0051
at 150 + 8o. The relative permea-
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Figure 3. Oxygen barrier performance and physical properties of coated films. a) Theoretical simulations of the relative oxygen
permeability of coated films plotted as a function of platelet aspect ratio; experimental data (#) for films formed using a coating
solution containing 3 wt% LDH and 2 wt% PVA using a 24 pm gap coating rod. b) OTR as a function of dry coating layer thick-
ness. ¢) AFM image showing dry coating layer thickness of the film coated with 3 wt% LDH and 2 wt% PVA using a 24 pm gap
rod. d) Transparency of the PET substrate, 5 wt% PVA coated PET, and swt% LDH/PVA (3 wt% base LDH+ 2 wt% PVA) coated
PET films using a 24 pm gap rod at wavelength of 550 nm. The LDH sample with aspect ratio of 226 + 140 was selected as a base

LDH sample to make coated films in b, ¢, and d.

bility decreased to 0.0040 when the aspect ratio is 211 + 92
and then increased a very small value to 0.0046 when the
aspect ratio is 226 * 140. This unexpected increase can be
ascribed to the large coating thickness derivation meas-
ured at the film containing LDH with an aspect ratio of 211
+ 92. The relative permeability further decreased to 0.0038
when the aspect ratio is 336 = 170 (The OTR value and
coated layer thickness are summarized in Table S4, Sup-
porting Information). The relative permeability of the PET
film coated using these LDH dispersions in PVA is in good
agreement with theoretical predictions using the Fredrick-
son-Bicerano and Gusev-Lusti models that assume a ran-
dom array of particles. The dry weight of LDH nanosheet
per m? coating film is low at ca. 0.24 to 1.2 g/m? (Table S4
and Table S6, Supporting Information) compared to most
films containing aluminum foil of above 10 g/m?3% 39

The effect of coated layer thickness on oxygen barrier per-
formance (Figure 3b) was examined. The LDH NS sample
(550 °C-48 h) with a mean aspect ratio of 226 was used as a
base LDH platelet sample to prepare coating solution with
a total solid content of 5 wt%. We applied the coating so-
lution on PET substrate using coating rod with coating gap
of 6, 12, 24, and 40 pm to prepare barrier film samples, giv-
ing dried coated layer thickness of 94 + 12, 246 * 20, 764 +
52, and 1067 + 9o nm (Figure 3¢, Figure Si2 and Table S6)
respectively. After coating, the barrier film remained as
transparent as the PET substrate (Figure 3d). The haze of
uncoated PET substrate, PVA coated PET and LDH/PVA
coated PET films are 4.9, 3.5, and 9.2 % respectively (Figure
S13). The barrier film with a coating layer thickness of ca.
94 = 12 nm (prepared from a 6 pm coating rod) showed an
OTR of 5.09 mL-m~-day™. When using a coating rod with

a larger gap (12 um) to prepare the barrier film, the coated
layer thickness increase to ca. 246 + 20 nm, a two-fold in-
crease. However, the OTR of the coated film showed less
than 2 times reduction to 3.44 mL-m~-day™. Upon increas-
ing the coated layer thickness to ca. 764 = 52 nm (ca. 8
times thicker) (prepared from a 24 pm coating rod), the
OTR shows ca. 51 times reduction to 0.1 mL-m=-day™
When the coating layer thickness reached ca. 1067 + 9o nm
(ca. n times thicker) (prepared from 40 pm coating rod),
the OTR decreased to a very low value of 0.05 mL-m==-day"
1 showed ca. 100 times reduction.

We also varied the total solid content (LDH and PVA) (of
coating solution) to study the coating layer thickness effect
on OTR of our barrier films. Using the same base LDH sam-
ple, we prepared coating solutions with total solid contents
of 3 wt% (1.8 wt% LDH + 1.2 wt% PVA), 7 wt% (4.2 wt%
LDH + 2.8 wt% PVA), and 10 wt% (6 wt% LDH + 4 wt%
PVA) to coat on PET substrate using a coating rod with 24
pm gap, giving a coating layer thickness of 415 + 65, 816 +
59, and 1175 + 101 nm (Figure S14 and Table S6) respectively.
The OTR of the coated films decreased exponentially with
the increased coating layer thickness by increasing total
solid content of coating solution (Figure 3b). The OTR is
0.47 mL-m™-day™ when the coating layer is 415 + 65 nm (3
wt% coating solution). The OTR decreased to 0.1 and 0.07
mL-m~day when the coating layer thickness is increased
to 816 + 59 nm (7 wt% coating solution). The OTR of the
PET substrate decreased to below the instrument detection
limit (<0.005 mL-m™-day™) when the coating layer thick-
ness reaches 1175 + 101 nm (10 wt% coating solution) (Figure
3b).
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We further tested the OTR and water vapor transmission
(WVTR) of the barrier film (4 wt% LDH + 2.8 wt% PVA
coating solution) at 23 °C and 60% relative humidity (RH).
The OTR of the film increased from 0.07 to 0.28 mL-m~
2.day™ when the relative humidity increased from o to 60
% (Figure S15). The WVTR of the PET is decreased from 10
to 2.24 g-m~>-day™ (Figure S16) when coated with the 4 wt%
LDH + 2.8 wt% PVA coating solution.

The effectiveness of the barrier coated films was tested by
oxygen permeability and barrier improvement factor (BIF)
(defined as Ps/P;, where Ps is the permeability of the sub-
strate and P; is the permeability of the coated barrier
film).#-43 Oxygen permeability quantifies the amount of ox-
ygen gas diffusion through polymer film in unit time per
surface area (cm3 (STP) cm ¢cm~ s Pa™). Permeability in-
cludes the thickness of a film that the permeant has to pass
through in its calculation. Thus, BIF allows the comparison
of oxygen barrier performance across PET barrier films pre-
pared from different technologies. The best performing

barrier coated film has a very low permeability of 0.0007 x
107° cm3 (STP) cm cm™ s Pa™ with a BIF of 24319 (Table
S6, Supporting Information) which is among the best per-
forming coated films based on PET substrate. In contrast,
a commercial metallized 12 pm PET film has an oxygen per-
meability of 0.035 cm3 (STP) cm cm~ s™ Pa™ with a BIF of
678.4°

Pyrolysis is a common method adopted separate the poly-
mer from the thin layer of metal in metallized films.44-46
However, the process is energy intensive and results in gas-
ification of the polymers rather recycling of the macromol-
ecule. The bulk PET substrate film layer (12 pm) in our ox-
ygen barrier film structure could possibly be recycled by
simply washing away the thin LDH/PVA coating layer (ca.
1 um) in water which should not affect the physical prop-
erties of the PET layer.

Mechanical flexibility of LDH nanosheet/PVA coated
PET films. During real-life applications, the process of
manufacturing, handling and distributing would exert



large amounts of mechanical stress on food packaging.
Whilst commercial metallized films have good gas barrier
performance, they are very sensitive to mechanical stress.
Typically, a metallized 12 pm PET film has an OTR as low
as 0.25 mL-m~-day™.4° The OTR of an off the shelf commer-
cial metallized packaging (with a thickness of ca. 46 + 1.1
pm) is ca. 18.15 + 4.5 mL-m=-day™ (Figure 4a). In contrast,
our barrier films are much more resistant to mechanical
stress. A Gelbo flex tester was used to simulate the me-
chanical stresses (twist, pull and compress) and the barrier
films were flexed for 50 and 200 cycles. The OTR values
(Figure 4a) of both the PET substrate and the LDH/PVA
coated PET barrier film remained stable even after 200 flex
cycles (Figure 4b). The uncoated PET substrate film exhib-
ited an OTR of 133.5 + 1.0 mL-m-day™ before flexibility
tests and exhibited an OTR value of130.0 mL-m~-day™ after
50 as well as 200 flex cycles. The LDH (aspect ratio =
226)/PVA coated PET film exhibited an OTR of 5.09 * 2.6
mL-m~-day™ before flexibility tests and showed OTR val-
ues of 5.8 + 2.3 and 7.23 + 0.4 mL-m-day™ after 50 and 200
flex cycles respectively. The results indicated that our bar-
rier films are much more flexible than a metallized layer.
The surface morphology of the barrier film before (Figure
4c and d) and after vigorous flex tests (200 cycles) (Figure
4e and f) was further examined by SEM. We did not ob-
serve any defects on the coated film subjected to 200 flex
cycles which again indicating that the barrier film is flexi-
ble and highly resistant to mechanical stresses.

CONCLUSIONS

In conclusion, non-toxic LDH nanosheet samples with dif-
ferent aspect ratios were prepared and the oxygen barrier
performance of the PET films coated with these LDH
nanosheets dispersed in PVA was enhanced when the as-
pect ratio of the LDH nanosheets was the highest. We
found that the highest aspect ratio LDH nanosheets were
better aligned in the coated layer. This thin layer of non-
toxic Mg,Al-LDH/PVA coated on 12 pm PET film exhibit a
limiting OTR below instrument detection limit (<0.005
mL-m=-day™), with good resistance to mechanical stress
and high transparency. We expect this new LDH
nanosheets dispersion technology to offer new recycling
possibilities by eliminating the metallization layer that is
the current commercial standard.

METHODS

Materials: The original platelet Mg,Al-LDH sample and a
polyethylene terephthalate (PET) film (12 pm thick) were
used as obtained from SCG Chemicals Co., Ltd. (Thailand).
Polyvinyl alcohol (PVA) 8-88 (Mw: 67,000 g/mol), glycine
(298%), and sodium hydroxide pellets (298%) were pur-
chased from Sigma Aldrich.

Calcination of LDHs: The LDH samples are calcined at 450,
550, or 750 °C for 12 h at a heating rate of 10 °C/min in air.
The calcined LDOs are removed from the furnace at ca. 8o
°C and stored in a desiccator to avoid slow rehydration in
air.

Reconstruction of LDOs in amino acid solution (LDH NS):
Typically, glycine was mixed with 1 g calcined LDO at 3 : 2

weight ratio in 10 mL water and the mixture was placed in
an autoclave and reacted at 100 °C for a specific period (16,
24, 48, or 96 h) to obtain a semi-transparent gel. The ob-
tained gel was then re-dispersed by stirring in water (usu-
ally 100 mL) overnight followed by 5 min sonication.

The LDH NS dispersions are very stable in water and so
very difficult to collect by centrifugation, even at high g for
extended periods. To improve the solid yield, the LDH sus-
pension was intentionally precipitated by adding NaOH
solutions. Typically, to a solution of 100 mL dispersed gel
ca. 4-5 mL NaOH (4 M) was added to precipitate the LDH
NS. The LDH NS was then collected by centrifuge at 35954
g force for 10 minutes and washed three times with D.I. wa-
ter for further characterization.

After centrifugation, the collected LDH gel was partially
dried at 100 °C in an oven overnight to determine the solid
content (the average solid content of three measurements
was used in all cases) for coating solution preparation.

Coating solution preparation: PVA solution was prepared
by dissolving PVA resin in water at ca. go °C under reflux
for an hour. 10 wt% PVA stock solution was used to prepare
the coating solution. Reconstructed LDH gel was mixed
and stirred overnight with 10 wt% PVA solution and water
to afford coating solution with differing total solid content
and LDH loading. The coating solutions typically contain
95 wt% water and 5 wt% solid where LDH is 3 wt% and
PVA is 2 wt%.

Coating process: PET substrate was coated with the coating
solutions by a semiautomatic coater (K control coater, RK
PrintCoat instruments Ltd, UK) at a coating speed equiva-
lent to 10.67 m/min. After coating, the PET films are dried
at room temperature for about 1 h before testing.

OTR testing: The OTR of the barrier films were tested on
MB8oo01 oxygen permeation analyzer (Systech Instruments,
UK) at 23 °C and zero relative humidity unless specified as
60 % RH. The instrument testing limit is 0.005 mL-m=-day~
1. The testing complies with ASTM D-398s5.

WVTR testing: The WVTR of the barrier films were tested
on a Myoo1 water vapor permeation analyzer (Systech In-
struments, UK) at 23 °C and 60% relative humidity. The
testing complies with ASTM standard F-1249.

TEM measurements of LDHs and cross-sectional TEM sam-
ple preparation: All TEM images were obtained on a JEOL
JEM-2100 transmission electron microscope with an accel-
erating voltage of 200 kV. The coated PET films were first
embedded into epoxy, and slices of ca. 80-100 nm thickness
were cut on a Reichert-Jung Ultracut E ultramicrotome
from the embedded epoxy sample. The slices were depos-
ited on 75-mesh copper grids for imaging.

SEM imaging: SEM images were taken on a JEOL JSM-
6610LV SEM electron microscope with an operating volt-
age of 5 kV for film samples and 20 Kv for LDH samples.
The samples were first coated with ca. 10 nm gold before
imaging.

Optical properties of the films: Transparency of the films
were characterized by an Agilent Cary 4000 UV Vis Spec-
trometer. The transmission was taken at wavelength of 550



nm. Haze of the films were tested by a Rhopoint ID-L
(Rhopoint Instruments Ltd).

AFM measurements: The coating layer thickness and thick-
ness of LDHs were measured by a NanoScope MultiMode
atomic force microscope using tapping mode with a silicon
tip coated with aluminum with a force constant of 40 N/m.
LDHs samples were diluted into ca. 0.00 mM and spin
coated on freshly cleaved mica wafer for AFM imaging.

Mechanical flex of the films: The films were conditioned at
23 + 2 °C and 50 = 5% RH for 48 hours before the flex. All
films were flexed by a Gelbo flex tester (IDM instruments)
following ASTM F392-93 standard.

Pole figure measurements: For Pole figure measurements a
Panalytical X’Pert Pro MRD was used. This is equipped
with a parabolic mirror providing intense Cu K, radiation
and a Pixcel detector as a point detector with an 8.5 mm
active length. The mirror provides an intense X-ray beam
enabling the detection of weak scattering response. This
provides each pole figure with a 26 range of 1.5°, allowing
us to isolate the scattering from the PVA/LDH and
LDH/glycine phase. The samples were mounted on a glass
slide using double-sided tape and oriented so that at ¢ = 0°
the coating layer would face the incident beam.

The pole figure measurement consists of a series of ¢ scans
(rotation of the sample about the surface normal) made at
a number of different  angles (sample tilt angle). Each ¢
scan was from o to 360° with a 2° step size and a counting
time of 0.88 s per position. A phi scan was made every 2°
from o to 26° in Y giving a total collection time per pole
figure of 45 minutes.

Gaussian distribution:

—4In (2)(x-x¢)?
Ae w2

Y=Y+t —pF (S1)
w m
Degree of orientation:
g =B FWHM L 100 (S2)

where FWHM is the full width at half maximum obtained
by pole figure measurements.
Ideal laminate theory:
The permeability (Pir) of coated film is:
B, Op\ " d,

e o2 e
wr =\p "5, P dp + d;
Where d;, 95, and P; are the thickness, volume fraction, and
permeability of the substrate; dp, @b, and Py, are the thick-
ness, volume fraction, and permeability of the coated layer.

0;=1—-0,

Barrier improvement factor: Barrier improvement factor
(BIF) is defined as Ps/Pt, where Ps is the permeability of
the substrate and Pt is the permeability of the coated sub-
strate.
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