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In this paper, we present nonflammable UV protective films consisting of clay minerals and lignin derivatives.
The nonflammable transparent films were produced by mixing clay with a lignin derivative extracted from
plants by simultaneous enzymatic saccharification and comminution. The preparation procedure did not
require hazardous chemicals. The optical properties and gas permeability of the films could be tuned by
the components and phase separation structure of the clay minerals and lignin derivatives. In particular,
the gas transmittance of the films could be controlled in the range of several mol m=2 s Pa~*. The
present film uses mineral and plant components as high-value industrial materials and reduces the
environmental load of extracting limited petroleum-based resources.

1 Introduction

A low-carbon society requires breaking away from oil-refinery-
based industries for sustainable development.* As alternatives to
petroleum resources, minerals and plants have potential in
biomass-refinery-based industries.>® Clay minerals, which are
inorganic geopolymers in soil, are the main component of mineral
resources; they have various applications such as the following:
cosmetics and plastic substitutes.” Claist® is a functional film
consisting of a platelet clay mineral and an organic polymer in
which densely stacked clay platelets induce gas-barrier capacity
and incombustibility.> The various attractive characteristics of
Claist® encouraged this assessment on its industrial applications.

Claist® consists of clay minerals and lignin derivatives, an
aromatic polymer in plant, has been reported.®” Lignin consists of
propenyl phenol units, which are the second-most abundant
nonedible plant biomass and have potential as a renewable alter-
native to synthetic aromatic polymers.*® One important problem
limiting the use of lignin derivatives is the necessity of hazardous
chemicals for their extraction, such as pulping methods, which
results in environmental degradation and the deterioration of
lignin.**™** To overcome this problem, we recently proposed a novel
method for extracting lignin: simultaneous enzymatic saccharifi-
cation and comminution (SESC). In this process, wet-type ultrafine
bead milling and enzymatic reactions for plants were used to isolate
polysaccharides and lignin, which are the main components of
plants, as a sugar solution and lignin water dispersion without the
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use of toxic reagents and the formation of byproducts.”** The ob-
tained sugar solution and lignin water dispersion can be used in
the production of methane gas/drinkable alcohol*>*® and for heat-
proofing filler/UV absorber,"”** respectively.

The lignin derivative extracted by SESC (later denoted as
SESC lignin) is a water-dispersed nanoparticle.”* The SESC
lignin forms a brown transparent film. However, this self-
standing film is comprised of inhomogeneous small pieces
that are too brittle to be used to manufacture some products.
The Claist® fabrication technique enables the production of
a SESC lignin uniform self-standing film having A4 size.** This
film was formed only from clay minerals, and SESC lignin
exhibited excellent UV protection because of the chemical
structure of lignin, which provides properties such as
nonflammability and high moisture/gas transmittance. The
characteristics of these films encouraged the utilization of
mineral and plant resources as alternatives to petroleum-based
materials and as novel high-value industrial materials consist-
ing of natural components such as plants and minerals. The UV
protection properties of lignin derivatives are expected to find
applications as novel “green” functional polymers to help ach-
ieve sustainable development goals (SDGs) such as SDG 17.14.%

In this study, the functionality of a film consisting of clay
minerals and SESC lignin was controlled via structural change
of the films. The gas transmittance of the films was controlled
by the miscibility of the components in the films. The misci-
bility was tuned by the interaction between clay minerals and
SESC lignin. Then, the optical properties (ie., light trans-
mittance and haze value) and gas shielding properties were
improved simultaneously by optimizing the clay species and the
addition of a compatibilizer for film preparation. The tunable
functionality of the films encouraged the utilization of mineral
and plant-based materials for industrial applications such as
gas-transmittance-controlled transparent UV protective films.
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2 Materials and methods
2.1 Materials

Ultrapure water (Milli-Q® Advantage A10® system, Milli-
pore™, Eschborn, Germany) was used throughout the study.
Clay minerals, Li' montmorillonite (MMT; Kunipia M by
Kunimine Industries Co., Ltd, Japan), and Li" stevensite (ST;
section-SA by Kunimine Industries Co., Ltd, Japan) were used
as received. Epocros® (WS-700, M,, = 4 x 10*) and poly(vinyl
alcohol) (M,, = 2 x 10%) were purchased from Nippon Sho-
kubai Co. Ltd and Nacalai Tesque inc., respectively. The other
reagent-grade chemicals were purchased from Tokyo Chem-
ical Industry Co., Ltd and DuPont™ Genencor® Science and
used without further purification. SESC lignin was prepared
from Japanese cedar according to the basic procedures
described as follows.**~*?

For SESC treatment, a mixture of cedar powder (10 w/w% for
water; 0.01-2 mm@), an enzyme cocktail prepared by combining
equal amounts of commercial enzymes OPTIMASH XL con-
taining cellulase and xylanase (10 300 U g~ ") and OPTIMASH
BG containing xylanase and B-glucosidase (6200 U g~*) from
DuPont™ Genencor® Science, and 100 mM phosphate buffer
(pH 6.0) were ground by bead milling (Labstar® LMZ015;
Ashizawa Finetech Ltd, Japan) at a peripheral velocity of
14.0 m s ' at 50 °C. Stainless steel inactivates the enzyme.
Therefore, the inner walls of the LMZ015 vessel were covered
with a ceramic lining to prevent damage to the enzyme.
Following bead milling for 2 h using 0.5 mmg zirconia beads,
the obtained mixture was centrifuged at 10 000xg for 30 min.
The saccharide-containing supernatant was then collected, and
the precipitate was milled once more under the same enzyme
and buffer conditions using 0.1 mme zirconia beads. The final
slurry was centrifuged at 10 000xg for 30 min. The resulting
supernatant was recovered. The lignin-rich precipitate (SESC
lignin) was washed twice by mixing with an equal amount of
ultrapure water before centrifugation under the aforemen-
tioned conditions.

2.2 Preparation of films consisting of clay and SESC lignin

The films consisting of clay and SESC lignin were prepared in
the following manner: a certain amount of clay hydrogel was
dispersed in ultrapure water in a homogenizer operated at
6000 rpm for 15 min. The SESC lignin water dispersion at
a certain concentration was dropped into the clay dispersion
with stirring. Epocros® or poly(vinyl alcohol) were also added as
required to change the structure of the films or to reinforce the
films, respectively. Stirring was continued for 25 min. The stir-
red mixture was cooled at room temperature for 30 min and
then mixed at 2000 rpm for 5 min using a planetary centrifugal
mixer (ARE-250 Thinly Co., Ltd, Japan). Finally, the mixture was
passed through a sieve with a 53 um mesh and degassed at
2200 rpm for 10 min, again using a planetary centrifugal mixer.
The resulting gel-like mixture was cast onto a polyethylene
terephthalate (PET) sheet using a film-casting knife (clearance
gap 0.6 mm) and dried under ambient conditions for approxi-
mately one day. The dried self-standing films were removed
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from the PET sheet, thus yielding approximately 0.02 mm thick
film products. The films consisting of MMT were heat annealed
to give a waterproof character.”

2.3 Structural estimation of the films

The structural observations and elemental mapping of the
cross-sections of the film were performed using a high-
resolution field-emission transmission electron microscope
(FE-TEM, JEOL JEM 2100F) operating at 200 kVv.

2.4 Measurement of gas transmittance properties

The helium gas transmission rates (HTR) and oxygen gas
transmission rates (OTR) were measured using a gas trans-
mission testing system based on gas chromatography and the
differential pressure method (GTR-10XASS, GTR Tec Corpora-
tion). The temperature, differential pressure, and measurement
time were 311.7 K, 241.3 kPa, and 72 h, respectively.

2.5 Measurement of the optical properties

The total light transmittance (TLT) and haze values were
measured using a haze meter (NDH5000, Nippon Denshoku
Ind. Co., Ltd, Japan). The transmittance at 200-800 nm was
estimated using a UV-vis spectrophotometer (U-2910, Hitachi
High-Technologies, Co., Japan). The average UVA and UVB
transmittances were estimated within the 315-400 and 290-
315 nm ranges, respectively, according to AS/NZS4399.

2.6 Measurement of thermal properties

The flame retardance was estimated using the vertical burning
test according to the UL-94 vertical method following the ISO
1210 protocol.

3 Results and discussion

3.1 Control of the gas permeability of the films from natural
clay and lignin

A previous study reported that water-dispersed mixtures of clay
and SESC lignin provide transparent films that have a UV
protective and noncombustible nature (later denoted as clay-
lignin film) after drying.”> The self-standing clay-lignin films
consisting of natural clay (MMT) and SESC lignin have two
separated phases. As shown in Fig. 1, these phases in the clay-

200 nm cK

_—~ -
c———200nm  SEi(frame1) 200 nm SiK

Fig. 1 Typical transmission electron microscopy (TEM) image (left),
silicon mapping (middle), carbon mapping (right) of clay-lignin film
consisting of MMT and SESC lignin (MMT : SESC lignin = 8 : 2 w/w%).
The carbon- and silicon-rich region consisted mainly of SESC lignin
and MMT, respectively.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Typical high-magnified TEM image of clay-lignin films con-
sisting of MMT and SESC lignin without (a, MMT : SESC lignin=8: 2w/
w%) or with Epocros® (b, MMT : SESC lignin : Epocros® =7:2: 1w/
W%).

lignin film mainly consist of carbon or silicon atoms. Thus,
SESC lignin and MMT in the clay-lignin film showed phase
separation. The SESC lignin did not intercalate into the MMT
interlayers,” which induces clear phase separation of SESC
lignin and MMT.

The SESC lignin-rich phases (a carbon-rich region in Fig. 1)
have a porous structure (Fig. 2a), and the SESC lignin never
intercalated into MMT interlayers (Fig. S1t) that induce the
high gas/moisture transmittance nature of the clay-lignin films,
i.e., the HTR and OTR of the clay-lignin film consisting of MMT
and SESC lignin are 4.4 x 10" "*and 5.0 x 10~ molmm s~ "
Pa .22 The gas permeability of clay-lignin films was controlled
via their phase structure. A polyacrylate equipped with oxazo-
line groups (Epocros®) interacts with clay (via intercalation)
and lignin derivatives (via covalent bonding between the oxa-
zoline group of Epocros® and hydroxyl group of lignin) as re-
ported elsewhere.” Because of these characteristics, Epocros®
simultaneously intercalated into the MMT interlayer (Fig. S1t)
and crosslinked with SESC lignin (Fig. S21). Therefore, the
mixing of Epocros® in the clay-lignin films makes a uniform
distribution of clay and lignin (Fig. 2b). By changing the phase
structure and intercalation of polymer into the MMT interlayer,
the HTR of the clay-lignin film decreased from 4.4 to 1.6 x
107"®* mol m m~? s™' Pa~'. Thus, the gas permeability of the
clay-lignin film can be tuned by its structural change. The light
transmittance and turbidity of the clay-lignin films were never

Table 1 Physical properties of the clay—lignin films
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Fig. 3 (a) Photograph and (b) TEM image of typical clay—-lignin coated
film on PET surface consisting of ST and SESC lignin (ST : SESC lignin =
8 : 2 w/w%). The size of film is approx. A4-paper size.

changed by the addition of Epocros®, as shown in Table 1. The
phase structure in the clay-lignin films did not affect their
optical nature.

Clay/polymer OTR [mol m m > s ' Pa™"] HTR [molmm >s ' Pa™] Annealing condition
MMT/non’ 5.0 x 10~ 4.4 x 107*® 150 °C, 24 h
MMT/Epocros N. D. 1.6 x 1078 110 °C, 72 h

ST/non N. D. 74 x 10718 No annealing
ST/PVA <4.0 x 1072 0.51 x 107'% No annealing
Clay/polymer TLT [%] Haze [%] UVA [%] UVB [%]
MMT/non’ 56 1 2.0 0
MMT/Epocros 54 58 2.0 0
ST/non“ 79 3.9 6.9 0
ST/PVA 85 5.2 21 1.5

“ Measured for coated films on a PET substitute.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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3.2
films

Improvement of optical properties in the clay-lignin

The TLT and haze value for the clay-lignin film consisting of
MMT and SESC lignin was 56 and 41%, there are lower and
higher value than ordinary polymer films, respectively. To
overcome this problem, clay species in the clay-lignin films
changed from natural clay (i.e., MMT) to synthetic clay, which
gives a higher transparent coating film relative to natural clay
because of the difference in its particle size.** The clay-lignin
films consisting of Li" stevensite (ST), a synthetic clay, and SESC
lignin (Fig. 3a) showed a high TLT (79%) and low haze value
(3.9%) at the same time exhibiting a UV protective nature, i.e.,
UVA and UVB transmittance were 6.9 and 0%, respectively
(Fig. S31 and Table 1). The HTR of the film was higher (74 x
10" "® mol m 2 s Pa~ ") than that of the clay-lignin film con-
sisting of MMT and SESC lignin. As shown in Fig. S1,1 the SESC
lignin was never inserted into the clay interlayers. This tendency
induced poor gas barrier properties of the clay-lignin films
consisting of ST and SESC lignin, even a uniform dispersion of
clay and SESC lignin in the clay-lignin film (Fig. 3b), because of
gaps between clay platelets. Thus, the optical properties can be
improved by changing the clay species. On the other hand, the
clay-lignin film consisting of ST and SESC lignin was too brittle
to treat as a self-standing film and exhibited poor gas barrier
properties.

3.3 Self-standing clay-lignin film with good optical
properties and gas permeability

The inclusion of PVA as a compatibilizer gives the self-standing
nature to the clay-lignin film consisting of ST and SESC lignin

Fig. 4 Photograph of a self-standing clay—-lignin film consisting of ST,
PVA and SESC lignin (ST : PVA : SESC lignin = 76 : 19 : 5 w/w%). The
size of film is approx. A4-paper size.
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(Fig. 4). The self-standing films also exhibited a high TLT (85%)
and low haze value (5.2%). As shown in Table 1, the UVA and
UVB transmittance was also improved by the addition of 5 w/
w% SESC lignin relative to neat ST and PVA films (e.g., the UVA
and UVB transmittance of the films consisting of ST and PVA
(ST : PVA = 80 : 20) were 88 and 86%, respectively). The rank of
the flame retardant grade in the UL94 standard of this clay-
lignin film was V-0, similar to ordinary engineering plastics
(e.g:, the fluorocarbons and poly(vinyl chloride)) and the clay-
lignin films consisting of MMT/ST and SESC lignin.** The film
showed an excellent gas shielding nature (HTR: 0.51 X
107 ¥ molmm 2s ' Pa !, OTR: <4.0 X 10 > molm m % s~ !
Pa~') compared to other clay-lignin films.”?* In particular, the
OTR of this clay-lignin film was lower than that of the oxygen
gas barrier films reported elsewhere.?®* The PVA intercalated
into the clay interlayer in the film (Fig. S41) and induced the
high gas shielding nature of clay-lignin film because of
shielding pores between the clay platelets.

4 Conclusions

Nonflammable UV protective films consisting of clay and lignin
were prepared. The function of the films, such as the optical
properties and gas transmittance, could be controlled by
changing the film structure through optimization of the film
components. In particular, gas transmittance of the films for He
and O, gas could be controlled in the range of several mol m >
s~ 'Pa', i.e., the OTR of the clay-lignin film was a maximum of
three orders of magnitude lower than poly(ethylene tere-
phthalate) films (2.0x 10™” molm m > s~ ' Pa~").>®

The films could be prepared using an environmentally
friendly process, i.e., by purification, mixing, and drying of clay
mineral, lignin, and compatibilizer (as needed) in water,
without hazardous chemicals. The resulting films exhibited
various functions, such as UV protection and tunable gas
transmittance nature with incombustibility. The film produc-
tion described in this paper encourages the use of mineral and
plant components as high-value industrial materials (e.g,
nonflammable UV protection transparent films with control-
lable gas transmittance nature). Furthermore, the use of
mineral and plant components reduces the environmental load
of extracting limited petroleum-based resources.
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