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Expensive biodegradable packaging as a preventative measure against continued accumulation of plastic
waste in our environment is often in conflict with the need for high performing packaging materials that
prevent food waste. Compounding with delaminated vermiculite nanosheets is a compelling concept to
simultaneously improve barrier properties through creation of a ‘tortuous path’ while also decreasing the
price of the system due to its natural abundance. However, an effective delamination process that
captures the full barrier improvement potential of this natural filler has been lacking. Here, we present

Received 23rd June 2022, a superior protocol for vermiculite delamination based on reducing the intrinsic hydrophobicity due to

Accepted 25th October 2022 interlayer Mg?* cations and the transfer of this osmotically swollen, liquid crystalline state into organic
DOI: 10.1039/d2ma00734g solvents. Nanocomposite coatings of degradable polyesters on nanocellulose exhibited oxygen and

water transmission rates of 1.30 cm® m~2 day™* atm™ and 1.74 g m~2 day~% respectively, which
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Introduction

Innovative packaging plays a critical role in preventing loss of
precious food products, yet presents a massive problem when
considering their end-of-life scenarios. The United Nations
Food and Agricultural Organisation estimates the global food
wastage to be equivalent to 1.3 billion tons, which results in an
unnecessary 3.3 billion tonnes of CO, equivalent of greenhouse
gases being released into the atmosphere per year." Materials
like polyethylene, poly(vinylidene dichloride) (PVDC), and poly-
amide possess a high barrier to relevant permeants, including
water vapour, carbon dioxide, and oxygen, which prevents
food waste by protecting from contamination and preserving
freshness, taste, and colour of the products. Despite these
critical functions, the growing concerns and awareness of
consumers towards plastic pollution and ubiquitous microplas-
tic contamination was reflected in a major Ipsos poll conducted

“ Bavarian Polymer Institute and Department of Chemistry, University of Bayreuth,
Universitdtsstr. 30, 95440 Bayreuth, Germany. E-mail: Josef.Breu@uni-bayreuth.de

b VTT Technical Research Centre of Finland Ltd, VTT, PO Box 1000, FI-02044
Espoo, Finland

¢ Physikalisches Institut, Dynamik und Strukturbildung-Herzig Group, Universitdt
Bayreuth, Universitdtsstr. 30, 95447, Bayreuth, Germany

i Electronic supplementary information (ESI) available. See DOI: https://doi.org/

10.1039/d2ma00734g

1 Equal contribution.

9052 | Mater. Adv, 2022, 3, 9052-9062

competes with high-end, non-degradable poly(vinylidene dichloride) films.

in 2019, which found that 71% of global consumers believe that
single use plastic products should be banned as soon as
possible.” More recently, directives came from both the European
Union and Canada to ban the use of certain single-use plastics,*
spearheading a growing movement to replace traditional plastics
with biodegradable alternatives in the interest of environmental
preservation and human health.>® Current coated and chemically
treated paper alternatives only present an unrecyclable and non-
compostable burden on waste management systems.” There still
lacks an environmentally friendly packaging option that provides
the lightweight and convenient protection to which we have
become accustomed.

Accordingly, one must consider the overall environmental
impact of a packaged food product including the life cycle of
the packaging material as well as the food. Implementation of
bio-based and biodegradable packaging is an important step,
but without high-performance properties that reduce food
waste, the net environmental impact of the entire system is not
improving.® Moreover, most consumers are unwilling to pay a
higher price for an item to have environmentally friendly
packaging.’ A material substitution may become more attrac-
tive as the cost of certain biobased materials, e.g. cellulose and
cellulose-based materials, decreases with increased production
volumes while the rising price of petroleum threatens the rock-
bottom price tag of conventional polymers.'® Practical and low
cost solutions required to tackle the challenge of the poor and

© 2022 The Author(s). Published by the Royal Society of Chemistry


https://orcid.org/0000-0001-5506-9695
https://orcid.org/0000-0002-3248-1801
https://orcid.org/0000-0002-0151-5562
https://orcid.org/0000-0002-2547-3950
http://crossmark.crossref.org/dialog/?doi=10.1039/d2ma00734g&domain=pdf&date_stamp=2022-11-09
https://doi.org/10.1039/d2ma00734g
https://doi.org/10.1039/d2ma00734g
https://rsc.li/materials-advances
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ma00734g
https://pubs.rsc.org/en/journals/journal/MA
https://pubs.rsc.org/en/journals/journal/MA?issueid=MA003024

Open Access Article. Published on 03 Hukuri 2022. Downloaded on 2026-02-01 16:48:11.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

moisture susceptible barrier properties of these bio-based and
biodegradable materials are through multilayer strategies or
surface hydrophobisation strategies."’™® These methods
indeed decrease moisture sensitivity of hydrophilic materials,
but still fails to provide barrier levels acceptable for food
packaging. Another such approach is by the application of a
thin nanocomposite barrier coating using clay nanosheets.
Nanocomposite foils have barrier performance improved by
orders of magnitude compared to the neat substrate."*™*° The
use of natural clays offers the additional benefit of being an
inexpensive and sustainable filler that reduces the overall cost
of the packaging.

As barrier improvement scales with the square of the platelet
aspect ratio (diameter/thickness ratio) due to elongation of the
diffusion path for permeates,'” the most commonly applied
clay minerals, montmorillonite and LAPONITE®"®*° with an
aspect ratio of <150 and 20, respectively, are insufficient.
Particularly when considering the inherently poor barrier per-
formance of biodegradable polymer matrixes,'®*°* much larger
aspect ratios are required. Layered fillers with promising
diameters are synthetic hectorites® or natural vermiculites. While
efficient delamination protocols for the former have already been
established (i.e., osmotic swelling),”" the same cannot be said for
the latter.

Osmotic swelling® is an exceptionally effective method for
the production of barrier nanosheets since it is a thermodyna-
mically allowed process that does not require any mechanical
force as opposed to ultrasound driven liquid-phase exfoliation
methods. Being repulsive®*** in nature allows for an utter and
most gentle delamination into the thinnest possible nanosheets,
while liquid phase exfoliation provides only nanosheets with a
range of thicknesses (for a definition of delamination versus
exfoliation, see: Gardolinsky and Lagay).>®> Consequently, only
delamination via osmotic swelling preserves the aspect ratio
inherent in the platelet diameter of the non-delaminated start-
ing material.

Considering the polymer component of a nanocomposite
coating, commercially produced biodegradable polymers like
poly lactic acid (PLA), poly(butylene succinate-co-butylene adi-
pate) (PBSA), and poly(butylene adipate terephthalate) (PBAT)
are attractive options, but only soluble in organic solvents.
Until recently, osmotic delamination was restricted to a very
small number of layered compounds in water.>*™° Water
soluble biodegradable polymers like poly(vinyl alcohol) (PVOH)
are highly susceptible to swelling even under ambient condi-
tions, significantly deteriorating the barrier performance.*"*>
Fortunately, osmotic swelling of a synthetic hectorite could
recently be extended into applicable organic solvents.*

Natural vermiculites are 2: 1 layered silicates are particularly
appealing as a clay component in a nanocomposite barrier
system, in contrast to a synthetic hectorite, because vermiculite
deposits are abundant with global production at over 500 k tons
per year’® and cost around 20 ct per kg. Thermally expanded
vermiculites are well-known in chemistry laboratories as the stan-
dard adsorbent for spilled organic solvents (Fig. 1a). Moreover,
vermiculites have the same layer structure as the commonly applied
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montmorillonite but with a much larger diameter, and hence a
higher potential aspect ratio.***” Vermiculites unfortunately
have a significantly higher charge density compared to mon-
tmorillonite, which renders osmotic swelling much more
difficult.®® Vermiculite swelling is not only impeded by the
high charge density, but also by the dominant divalent inter-
layer cation Mg>" that forms a strong and symmetrical electro-
static interaction with the adjacent nanosheets, pinning them
together. Yet upon exchange with bulky organocations, vermi-
culite is known to swell osmotically in water.>*™**> Due to the
large diameter of nanosheets, gels obtained by swelling are not
isotropic but rather viscous, liquid crystalline, nematic phases
even at low concentrations of 1 vol%. It follows that in order
to efficiently incorporate vermiculite into a biodegradable
polymer matrix for use in sustainable food packaging, obtain-
ing osmotic swelling in organic solvents is a critical hurdle.
More specifically, for solution casting in a roll-to-roll produc-
tion of nanocomposite coatings, osmotic swelling of vermicu-
lite is required in a solvent that also dissolves biodegradable
polyesters.

In this paper, we report a simple one-step ion exchange
strategy for repulsive osmotic delamination of natural vermi-
culite in the organic solvent N-methyl formamide (NMF) and
its mixtures that results in a high delamination yield (80 wt%)
and preservation of the high aspect ratio of the nanosheets
compared to ultrasonication-assisted methods.** Solution blending
with biodegradable polymers like PLA becomes straightforward.
Nanocomposite coatings obtained by the doctor blading of a
polymer/clay suspension improved gas barrier performance of a
natural, fully biodegradable,™® and highly hydroscopic wood-based
nanocellulose paper substrate by 90.2% and 97.8%, respectively.
The PLA-vermiculite coated nanocellulose system presents a
biodegradable alternative to traditional high-performance
food packaging with oxygen and water transmission rates of
1.30 cm® m > day ' atm ' and 1.74 ¢ m 2 day !, respectively.
Moreover, our manufacturing strategy involves only facile and
scalable unit operations positively contributing to the future
implementation at a commercial scale.

Results and discussion
Repulsive osmotic delamination of natural vermiculites

Osmotic swelling of highly charged clays occurs when the inter-
layer cation is completely exchanged for select bulky and hydro-
philic organocations.***> Cations are solvated by the solvent
molecules, increasing the separation between nanosheets and
boosting translational entropy within the interlayer space. Upon
reaching a separation threshold, osmotic swelling sets in, allow-
ing for a most gentle delamination process while preserving the
aspect ratio inherent to the pristine platelet diameter.?*>438%4
Vermiculites are the weathering products of biotite, where
the K* cations are replaced by Mg>" while at the same time the
layer charge is reduced somewhat by oxidation of structural
iron with oxygen in the air.*> Due to the high hydration
enthalpy of Mg®', vermiculites are hydrated. Hydration of
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Fig. 1 Schematic representation of osmotic swelling of natural vermiculites. (a) Photo of thermally expanded natural vermiculite. (b) Delamination yield
observed by a one-step ion exchange with butylammonium chloride or citrate as compared to a two-step ion exchange first to Na* followed by
butylammonium chloride. (c) Delamination yield observed by a one-step ion exchange with different inorganic and organic salts of butylammonium. (d)
Schematic of ion exchange process in presence of carboxylic acid anions (e). The proposed process of ion exchange that leads to enhanced delamination yield.
Magnesium cations form complexes with carboxylic acid anions, increasing the hydrophilicity and reducing the tendency to re-enter the interlayer space.

pristine vermiculites, however, is limited to a two-layer hydrate
even when immersed into water because of the high charge
density. Owing to the natural origins of such vermiculites,
contamination with pristine biotite mica impurities (which
have an inaccessible interlayer space and do not exhibit
any swelling behaviour) is inevitable. We cannot expect to
achieve a 100% yield of delaminated nanosheets from the raw
mined material because of this remaining accessory mineral.
Divalent interlayer cations like Mg”*, as found in the pristine
vermiculite, impede osmotic swelling. Complete exchange of

9054 | Mater. Adv., 2022, 3, 9052-9062

divalent interlayer cations with monovalent cations of higher
hydration energy (e.g., Li*)*® or one capable of inducing steric
pressure (e.g., butylamine)*® is essential for osmotic swelling to
set in. The high selectivity in the interlayer space of vermiculite
makes the direct and complete exchange of Mg>* for Li* or
protonated butylamine difficult and time-consuming. According
to Walker et al., butylamine vermiculites that produce gels upon
swelling have been obtained by repeated ion exchange of Mg>*
with Na* over a period of one year.** Only then in a second step
can Na' be sufficiently replaced by butylammonium. Needless to

© 2022 The Author(s). Published by the Royal Society of Chemistry
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say, such a lengthy two-step ion exchange process is unsuitable
for high-volume applications.*

We hypothesise that by removing the Mg>" cation from an
exchange equilibrium through complexation, a high yield of
ion-exchanged vermiculite in a single-step ion exchange is
possible. Complexation is supplemented by the hydrophobicity
of incoming organocations.*” Carboxylic acids can be used for
protonation of butylamine, while at the same time they can
form stable complexes with Mg>*, decreasing its activity to a
level where butylammonium favourably enters the interlayer
space. Vermiculite must first be activated for osmotic swelling by
ion exchange in water. A series of ion exchanges were performed
using butylamine in combination with one of several protonating
acids to determine the most efficient paring for maximizing the
yield of the nematic phase consisting of delaminated nanosheets,
and to compare with the published two-step ion exchange (Fig. 1b
and c).** Direct ion exchange with butylammonium chloride gives
only 28 wt% delamination yield, while the two-step method
involving sequential exchange of Mg** for Na’, and then for
butylammonium, provided a higher yield of 55 wt%. Butylammo-
nium phosphate, sulfate, formate, and acetate produced yields of
36 wt%, 25 wt%, 80 wt%, and 72 wt%, respectively. The higher
complex building constant for Mg”* and the citrate anion com-
pared to monodentate anions gives a superior yield of 84 wt% for
butylammonium citrate (Fig. 1d and e).***° Moreover, it was
found that the concentration of the butylamine solution can be
decreased 10-fold without a dramatic reduction of the delamina-
tion yield (from 84% at 1 M to 75% at 0.1 M, Fig. S1, ESI{). As high
ionic strength hampers repulsive osmotic swelling, the delamina-
tion yields were determined after washing in ethanol followed by
redispersion into water. CHN analysis of butylammonium citrate
exchanged vermiculite confirms the highest organic content out
of all exchanged vermiculites, which corresponds to 91% of the
cation exchange capacity, indicating a high degree of ion
exchange (Table S1, ESIY).

Characterization of nematic phases and delaminated
vermiculite nanosheets

Coarse-grained, non-delaminated mica may be removed
through sedimentation by centrifugation, which also gives a
concentrated gel of delaminated vermiculite in the superna-
tant. The small-angle X-ray scattering (SAXS) (Fig. 2a red dots)
of gel in NMF confirms the separation to the single layers to
62.8 nm (corresponding to g = 0.01 A™*). Nematic ordering is
confirmed by the presence of a rational 00/ series and an
absence of Bragg reflexes at high g values (Fig. 2a red line),
which would correspond to the swollen intercalation com-
pound of 1.4 nm.>® The pattern can be modelled with the disk
shape structure factor (Fig. 2a blue dotted line) having a
diameter of 2000 nm and thickness of 1.8 nm.***">

Static light scattering (SLS) gave a mean particle size of
about 4.9 pm (Fig. 2b), which corresponds to the hydrodynamic
diameter of the nanosheets. Since SLS measurements were
performed in aqueous dispersions, the particle size distribu-
tion is representative of the bulk material.>®> This value was
cross-checked by assessing a large number of vermiculite
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nanosheets with SEM micrographs (Fig. 2c), which gave a mean
diameter of 4 + 1 pm, in agreement with the SLS value.
While SAXS probes the bulk suspension, delamination of
vermiculite may be confirmed at the level of individual
nanosheets with atomic force microscopy (AFM). The average
height of three nanosheets was 1.2 + 0.1 nm (Fig. 2d and
Fig. S2, ESIt). Since AFM images were recorded under ambient
conditions, counter ions attached to the basal surface will be
solvated, which adds to the true thickness of 1 nm for a 2: 1 layered
material.>' Taking this systematic error into account, it can safely
be concluded that all imaged nanoplatelets are single layers
because observed heights are significantly smaller than 2 nm.
Considering a nanosheet thickness of 1 nm and a 4 pm
median lateral extension of the clay particles, delaminated
natural vermiculite from Eucatex, Brazil offers a mean aspect
ratio of 4000. This aspect ratio is more than an order of
magnitude higher than the typical value for montmorillonite
and is comparable to synthetic sodium tetrasilicic mica.>* Such
a high aspect ratio filler in a nanocomposite is expected to have
a considerable impact on the barrier properties in combination
with biodegradable polymers (Fig. S3 and eqn (S1), ESIt).

Nematic suspension of vermiculite in organic solvents

As most biodegradable polymers of commercial interest are
non-water soluble polyesters (PLA, PBSA, PBAT, poly(e-caprol-
actone)), the nematic aqueous vermiculite suspensions were
freeze-dried before being re-suspended in organic solvents. Of
the solvents tested, NMF proved to be capable of osmotic
swelling butylammonium vermiculite yielding nematic suspen-
sions. The greatest advantage of NMF over the other solvents is
its exceptionally high dielectric constant (g, = 171).>® Unfortu-
nately, NMF has been reported to considerably reduce the
molecular weight of PLA during dissolution, which in turn
ruins the mechanical integrity of PLA composites.'® Therefore,
the suspension of vermiculite in NMF was concentrated by
centrifugation to a gel with 9 wt% vermiculite. The gel is then
diluted to 1 wt% with various other organic solvents yielding
mixtures with less than 10 wt% NMF. Most low dielectric
solvents instantly trigger flocculation. However, some moder-
ately polar solvents that are used in the industrial coating
preparation, including dimethylformamide (DMF), dimethyla-
cetamide (DMac), dimethyl sulfoxide (DMSO), N-methyl-2-
pyrrolidone (NMP), ethanol, and y-butyrolactone (y-BL), pre-
serve the nematic nature of the vermiculite suspension as
indicated by birefringence under cross-polarised light (Fig. 2e).

Out of the various solvent parameters evaluated, only a high
dielectric constant displays a correlation with the stability of the
liquid crystal phase (Table S2, ESIt). The only clear outliers are
acetonitrile and ethanol, where the former has a lower dielectric
constant than expected, but still induces swelling. Assuming the
wt% of NMF to be 10%, the threshold value for the dielectric
constant of a co-solvent in a solvent mixture appears to be 36.
The flocculated samples are shown in Fig. S4 (ESIT).

The solubility of biodegradable polymers may be estimated by
applying the Hansen parameters®® (Table S2, ESIt). Out of the
listed solvents capable of osmotic swelling, y-BL has Hansen

Mater. Adv., 2022, 3, 9052-9062 | 9055


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ma00734g

Open Access Article. Published on 03 Hukuri 2022. Downloaded on 2026-02-01 16:48:11.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Materials Advances

a
o0 Data
. —— Fit
— _ Structure
5 factor
I
>
.t -
(72}
(=
QO .
-
£

Median size= 4.2 (um
Mean size= 4.5 (um

View Article Online

Paper
18] -1oog
164 g
32 14 [
> 9
el Median size = 4.1 (um) |so0 O
2 10 Mean size = 4.9 (um) “q_)
o 8- DIO= 2.8 (um) 40 >
£ s D0 = 7.6 (um) ks,
4] r20 5
£
lo =
©)

10 100
Particle size (um)

0.0 04 08
Position

Fig. 2 Characterization of nematic suspensions and delaminated vermiculite nanosheets (a). SAXS intensity of vermiculite gel, indicating a liquid
crystalline order in the nematic suspension in NMF. (b) Static light scattering number weighted size distribution indicating a mean size of 4.9 um (c) SEM
photo of vermiculite nanosheets on a Si wafer. Inset: Particle size distribution measured from the SEM image indicating a mean size of 4 + 1 um. (d)
Topographic AFM image of vermiculite nanosheets and height profile from the single nanosheets indicating a height of ~1.2 nm. (e) Photos of nematic
suspensions of vermiculite in various solvents obtained by diluting a vermiculite/NMF gel, viewed under cross-polarized light.and reducing the tendency

to re-enter the interlayer space.

parameters which indicate that it will also be capable of dissolving
biodegradable polyesters (Hansen parameters for PLA are 18.9, 4.6
and 7.6 MPa"? for 3D, 3P, and 5H, respectively), as required for the
preparation of high-performance, degradable nanocomposites via
solution blending and roll-to-roll processing.

Fabrication of biodegradable food packaging foils

Cellulose nanofiber (CNF) paper has recently been established
as an inexpensive, wood-based, sustainable, and completely

9056 | Mater. Adv,, 2022, 3, 9052-9062

biodegradable substrate. Previous work has established the
ability of this CNF substrate to degrade in compost within
4 weeks, which was comparable with other chemically unmo-
dified cellulose variants.'*°”>® The CNF paper used, which was
prepared from unmodified birch kraft pulp, was reported to
show a pore size of approximately 5 nm and has even been
applied for the purpose of organic solvent nanofiltration.”®
Physical characterizations of the film have been thoroughly
studied in Lee et al. and others."***®" Highly hydroscopic CNF

© 2022 The Author(s). Published by the Royal Society of Chemistry
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provides extremely poor barrier performance, especially in the
presence of water vapour, making it alone unsuitable as a
packaging material; therefore, we chose this substrate to
demonstrate the barrier performance power of a vermiculite-
filled nanocomposite. PLA was dissolved at 10 wt% in y-BL.
This solution was mixed with a 5 wt% suspension of vermicu-
lite in the y-BL/NMF mixture, obtained as described above, at a
50/50 weight ratio of PLA to vermiculite nanosheets. PLA
addition does not compromise colloidal stability nor trigger
flocculation as evidenced by no significant changes in the SAXS
curves upon PLA addition (Fig. S5, ESIt). The nematic character
of the mixture was confirmed by birefringence. The suspension
with a total solid content (PLA + vermiculite) of 6.7 wt% was
coated by doctor blading onto a CNF substrate. A wet coat
thickness of 250 um resulted in a 5 £+ 0.5 um thick dry coating
(PLA-verm/CNF) (Fig. S6, ESIt). Due to the porous nature of the
CNF substrate, complete solvent removal could be achieved
despite the high boiling point of NMF as solvent is allowed to
permeate through the substrate while the larger clay particles
and polymer chains are not. The area in which solvent mole-
cules have to escape effectively doubles and prevents the
trapping of solvent molecules within the coating as the wet
layer dries from the outside inwards.

The dried nanocomposite coating resists cracking upon
bending due to the highly flexible nanosheets, which is in
agreement with previous work on coatings that employ high
aspect ratio clay nanosheets.”> The coating also withstood
scratching using a pencil of 2H hardness. For comparison, a
CNF paper was coated with only PLA using the same procedure
(PLA/CNF).

The oxygen transmission rate (OTR) of the PLA-verm/CNF
foil was measured at 23 °C and an elevated 65% relative
humidity (RH) and compared to the OTR of both the uncoated
CNF paper (35 um) and the PLA/CNF foil with a coating
thickness of 10 um. OTRs of the neat and the PLA/CNF foils
were 13.3 and 13.2 cm® m~ > day ! atm ™', respectively. A coating
layer of PLA on CNF paper has essentially zero effect on the
oxygen barrier performance even as a thick coating, as expected,
due its exceptionally poor performance even as a bulk material
(711 em® m™> day " atm™", 25 um thickness). With or without a
PLA coating, CNF oxygen barrier is not suitable for food packa-
ging (Fig. 3a).°> The use of a PLA-vermiculite nanocomposite
coating on CNF is a game-changer in this regard. A dramatic
drop in the oxygen transmission rate for the PLA-verm/CNF foil
to a value of 1.30 cm® m™~* day ' atm " was observed, equating
to a barrier improvement factor of 3,484 (eqn (S2), ESIf) and a
reduction in oxygen transmission by 90.2% as compared to the
neat cellulose paper. This coating brings the oxygen barrier of
a paper material (PLA-verm/CNF) into competition with non-
degradable and high-performance materials like PVDC and
metallized polyethylene terephthalate/polyethylene (PET/Met/
PE) laminates, which reports OTR values in the range of
1-2 em® m™2 day ' atm™'%*® (Fig. 3b). Even more impressive
was the drop in the water vapour transmission rate (WVTR) due
to the PLA-vermiculite nanocomposite coating. CNF paper, being
a hydroscopic substrate, naturally has a poor barrier to water

© 2022 The Author(s). Published by the Royal Society of Chemistry
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vapour, especially at an elevated 75% RH, which is well beyond
what would be needed for swelling to set in and further
deteriorate barrier performance.®® The neat CNF paper reports
a WVTR of 79.6 ¢ m 2 day *, which is slightly improved by the
addition of a PLA coating (40.1 g m~> day ') due to its hydro-
phobicity, but nevertheless remains unsuitable for demanding
food packaging applications. The PLA-verm/CNF foil recorded a
dramatically reduced WVTR of 1.74 g m ™2 day ', corresponding
to a barrier improvement of 91 and a reduction in the CNF
transmission rate by 97.8%. Other water soluble, high-barrier
polymers like PVOH struggle to maintain WVTR values below
2 g m > day ' at RH above 50%.>" With a single degradable
coating layer, our PLA-verm/CNF foil again outperforms PET/PE
laminates having conventional barrier layers of ethylene vinyl
alcohol (EVOH) or PVDC, and rather approaches a WVTR com-
parable to PET/Met/PE laminates® (Fig. 3b). The overall barrier
performance of our PLA-verm/CNF foil sits well within the range
expected for demanding applications like instant coffee packaging.

The nanocomposite coating imparts such dramatic barrier
improvements due to the formation of a ‘tortuous path’ by
impermeable clay nanosheets. The exceptional improvement
observed for this vermiculite nanocomposite can be attributed
to the preservation of a high aspect ratio during repulsive
osmotic delamination and the high degree of orientation of
the clay nanosheets that is promoted through solvent casting of
osmotically swollen suspensions. These attributes increase the
diffusion path of gas molecules, leading to enhanced barrier
properties. In addition, the XRD pattern of the nanocomposite
coating (Fig. S7, ESIf) indicates the intercalation of the PLA
chains within the interlayer space of vermiculite, reflected by
the increase in d-spacing from approximately 1.3 nm for
butylamine vermiculite to 2.8 nm for the PLA nanocomposite.
Previously we have demonstrated that the intercalation of
polymer chains can improve the barrier properties of nano-
composite coatings and positively influence the barrier beha-
viour under increased relative humidity conditions.>*®¢
Previous attempts for a CNF nanocomposite film using mon-
tmorillonite could not achieve the high performing barrier
values that we observed here. Despite a non-biodegradable
cross-linked PVOH and poly(acrylic acid) polymer matrix that
inherently has better barrier properties than PLA, without the
use of a completely delaminated and high aspect ratio filler, the
range of achievable barrier performance is limited.®”

Our method for vermiculite nanocomposites makes bio-
based and sustainable materials like cellulose paper a viable
option for even ambitious food packaging applications like
crispy snacks or instant coffee packaging. While other platy
fillers of synthetic origin are expensive and not environmentally
benign, vermiculite is provided in bulk by nature for an
appealing low price, rendering it attractive for high-volume
applications such as food packaging. The coated foil also
fulfills consumer preference for transparent packaging
(Fig. 3c). The haze and clarity of the coated CNF is improved
relative to the uncoated CNF substrate, although transparency
decreases slightly from 91.7% to 85.1% for the PLA-verm/CNF
foil (Fig. S7, ESIt).
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Fig. 3 Barrier properties of nanocomposites. (a) Barrier requirements for packaging of selected foods according to [62], and the barrier properties of
PLA-verm/CNF foil. (b) OTR and WTR of commercial non-biodegradable high-performance multilayer packaging according to [64] in comparison with
our PLA-verm/CNF foil. (c) Painting covered with the CNF substrate foil (1) and the PLA-verm/CNF foil (2).

High-performance food packaging plays a role in reducing
food waste by extending the shelf life of packaged items. To
explore the real life consequences of water transmission rate
values, we can consider 500 g of a powdered food item (e.g.
flour) that has a density of 1 g em > and initial moisture
content of 2 wt% with a critical moisture content of 8 wt% at
which the food is regarded spoiled. This food item is packaged
ina3cm x 15 cm x 10 cm rectangular plastic film pack that is
exposed to 75% RH at 23 °C. If the film pack were to be made of
neat CNF, the corresponding shelf life would be only 9 days.
With a neat 10 pm PLA coating on CNF, the shelf life would be
18 days, making it only suitable for short-term use. Our PLA-
verm/CNF foil has the shelf life of an outstanding 416 days,

9058 | Mater. Adv, 2022, 3, 9052-9062

opening up opportunities for long-term packaging applications
(detailed calculation provided in ESI1).°®°® Such a shelf life
extension has dramatic implications on the ability of biode-
gradable materials to not only reduce the amount of plastic
waste entering the environment, but also to reduce food waste
and contribute to a more sustainable food production cycle.

Conclusions

Our studies suggest that the modification procedure for vermi-
culite delamination and transfer to organic solvents provides
the ideal nanosheet filler for biodegradable food packaging.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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These nanosheets simultaneously addresses two major pro-
blems facing widespread implementation of biodegradable
polymers: poor barrier properties and high price. Our estima-
tion suggests that the price of 1 kg of delaminated vermiculite
on the lab scale is below 1 USD, which is cheaper than PBSA
or PLA ($3.5 and $2 per kg in 2019). In this way, we resolve
difficulties in the implementation of biodegradable materials
by employing a strategy that the packaging industry already
uses for commodity polymers, in which almost half of the mass
of material consists of inert filler (carbon black or CaCOs) to
decrease the price of the final product. A nanocomposite with
50 wt% vermiculite is expected to have a price close to $2 per kg
for PBSA and $1.5 per kg for PLA, making it comparable to
polyethylene and polypropylene, which are commonly used in
the packaging industry.

Experimental section
Materials

Unless otherwise stated, all the chemicals used in the present
work were purchased from Sigma Aldrich and directly used
without further purification. Butylamine (99.5%), phosphoric
acid (=85 wt% in H,0), sulphuric acid (95.0-98.0%), hydro-
chloric acid (37 wt% in H,0), NMF. Citric acid (99%), formic
acid (99%), glacial acetic acid (99%).

The PBSA used in this work was purchased from Mitsubishi
Chemicals (BioPBS FD92PM). PLA was supplied by Nature
Works, USA as the Ingeo 4043D grade semi-crystalline poly-L-
lactide.

Mechanically disintegrated CNF was prepared from
bleached birch kraft pulp obtained from the Finnish pulp mill.
The pulp suspension was pre-refined in a Masuko grinder
(Supermasscolloider MKZA10-15], Masuko Sangyo Co., Japan)
at 1500 rpm and fluidized with six passes through a Micro-
fluidizer (Microfluidics M-7115-30 Microfluidicis Corp.) at
1800 bar. Self-standing CNF films were produced by solvent
casting method and they were manufactured on a semipilot
scale Coatema Coating Machinery GmbH with the patented
method.®>”*”" A 1.6 wt% CNF dispersion, including sorbitol
(30 wt% solids in dry film from Sigma), was casted on poly-
propylene substrate. After evaporation of water, the CNF film
with a thickness of 35 pm was separated from the plastic
substrate and cut into A4 sheets. The grammage and density
of the CNF film is 60 g m~> and 0.93 g cm ~, respectively.

Starting material was Eucatex vermiculite. The structural
formula of half unit cell is [Mgy 35]™ " [Mgs.475s Alg.o7s Feoos
Tio.04MNg 005]°[Siz11  Algge]010H, and cation exchange
capacity of 147 m equiv./100 g. Natural vermiculite flakes were
ground into crystals of 50 pm size. A larger crystal size impedes
swelling.

Preparation of ion exchange solutions

Butylamine was titrated in Millipore water to pH = 7 with
appropriate acid to obtain the desired counter anion. The
solutions were diluted to 1 mol L.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Ion exchange procedure. 2 g of the clay was suspended in
200 mL of a 1 M solution of the organic salt (>25-fold excess of
the CEC, delamination is prevented by the high ionic strength)
and refluxed for 12 h. Then the clay was washed 5 times with
50/50 vol% water/ethanol mixture and dried in the vacuum
oven at 70 °C.

Delamination experiment

A known amount of ion-exchanged vermiculite powder was
added to 10 mL of MilliQ water in a 15 mL centrifuge tube
and was equilibrated in an overhead shaker for 24 h. The
vermiculite was then centrifuged at 3000 g for 10 minutes,
and the supernatant with the delaminated nanosheets was
poured into a Petri dish with a known weight. The water from
the supernatant was completely evaporated at 120 °C, and then
the Petri dish was equilibrated at 43% RH for 24 h. After
weighing the Petri dish, the delamination yield was determined
by the ratio between the weight of the nanosheets left after
evaporation to the initial weight of vermiculite added for the
delamination experiment.

SAXS measurements

SAXS data was collected with a “Double Ganesha AIR” (SAXSLAB,
Denmark). In this laboratory-based system, a focused X-ray beam
is provided by a rotating copper anode (MicoMax 007HF, Rigaku
Corporation, Japan). A position-sensitive detector (PILATUS
300 K, Dectris) was used in different positions to cover the range
of the scattering vector g = 0.004-0.6 A~*. Before the measure-
ment, the clay suspensions were added to 1 mm glass capillaries
(Hilgenberg, code 4007610). The circularly averaged data was
normalized to the incident beam, sample thickness, and
measurement time. The scattering of a solvent filled capillary
was used for background subtraction. Further evaluation was
done with the software Scatter (version 2.5).”> The measure-
ments for ESIT are performed in vacuum at room temperature
on a Xeuss 3.0 (Xenocs SAS, Grenoble, France) equipped with a
Cu Ka source (wave length of 2 = 1.54 A) and a Dectris EIGER
2R 1M detector. Different sample to detector distances (50, 350,
900, 1200 and 1800 mm) were used to cover a wider range of
scattering vectors g.

AFM measurements

The surface topography has been determined by atomic force
microscopic measurements. The images were acquired with a
Dimension Icon (Bruker Nano Inc.) in PeakForce tapping mode
in air. ScanAsyst Air cantilever (Bruker Nano Inc.) with a typical
spring constant of 0.4 N m ' and a resonant frequency of
70 kHz was used. The PeakForce amplitude was 60 nm and the
PeakForce frequency was 2 kHz. The AFM images were pro-
cessed with NanoScope Analysis 1.80 (Bruker Nano Inc.). The
topography was flattened by subtracting a first-order polynom-
inal background using a threshold to exclude platelets from
flattening. Platelet heights were determined by means of ‘step
tool’ in NanoScope Analysis software. The samples were pre-
pared by slow evaporation of a few drops of a diluted suspen-
sion (0.02 g L") on a Si-wafer under ambient conditions.
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Particle size distribution

Particle size distribution was recorded by static light scattering
(SLS) of aqueous dispersions using a Retsch Horiba LA-950 SLS
instrument. The refractive index of the solid phase was set to a
value of 1.5. A measurement routine called “mica in water”
supplied by the manufacturer (Horiba) was applied. The rou-
tine determines transmission rates and optimizes the concen-
tration of the suspensions.

Scanning electron microscopy (SEM). SEM images of the
cross-section of the film were observed using a ZEISS LEO 1530
(Carl Zeiss AG, Germany) operating at 3 kV.

Foil fabrication

PLA-vermiculite solution was prepared by mixing 2.5 g of a
10 wt% PLA solution in y-BL with 5 g of a 5 wt% vermiculite
dispersion in a y-BL/NMF (90: 10) mixture. Total solid content
was 6.67 wt%. This solution was mixed overnight on an over-
head mixer before being coated onto a CNF substrate using a
doctor blading unit (Zehntner ZAA 2300, Zehntner GmbH
Testing Instruments, Switzerland). The substrate temperature
was 60 °C, the blade speed was 1.5 cm s~ !, and the blade height
was 250 um. For the PLA/CNF foil, the PLA solution was coating
directly onto the CNF foil using the same conditions. The
coated foils were dried overnight at room temperature then
in 40 °C oven for two days. Complete solvent removal was
confirmed using thermal gravimetric analysis (Fig. S9, ESIT).
Coating thickness of 5 pm was determined using a
high-accuracy Digimatic micrometer (Mitutoyo, Japan) with a
measuring range of 0-25 mm and a resolution of 0.0001 mm.
Thickness was also confirmed with SEM imaging (Fig. S6, ESIt).

Oxygen transmission rates (OTR)

OTR was determined on a Mocon OX-TRAN 2/21 M10x system
(Mocon Inc., USA) with a lower detection limit of 5 x 10~* cm®
m 2 day ' atm ™ '. The measurements were performed at 23 °C
and 65% RH. A mixture of 98 vol% nitrogen and 2 vol%
hydrogen was used as the carrier gas and pure oxygen as the
permeant (>99.95%, Linde Sauerstoff 3.5).

Water vapor transmission rates (WVTR)

WVTR was determined on a HiBarSens HBS 2.0 HT (Sempa
Systems GmbH, Dresden, Germany) with a lower detection
limit of 107 g m~> day . The tests were conducted at 23 °C
at a relative humidity of 75%.

Thermal gravimetric analysis (TGA)

Thermogravimetric analysis was performed at a TG 209 F1
Libra (Netzsch). Approximately 8 mg of the sample was pre-
cisely weighed into an aluminum crucible (Concavus) by the
internal balance of the machine. The sample was measured in
the range of 25-600 °C under nitrogen. The program Proteus
Analysis version 8.0 was used to process the results.
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X-Ray diffraction (XRD)

XRD patterns were obtained on a Bragg-Brentano-type diffract-
ometer (Empyrean, Malvern Panalytical BV, The Netherlands)
equipped with a PIXcel-1D detector using Cu Ka radiation (4 =
1.54187 A). All patterns were analyzed using Malvern Panalyti-
cals’s HighScore Plus software.

Optical properties

Transmittance, haze, and clarity were measured on a BYK-
Gardner Haze-Gard Plus (BYK-Gardner GmbH, Germany). An
average of five measurements per film sample were taken.
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