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Immediate action is necessary to alleviate the severe environmental problems such as climate change,

deforestation, and plastic pollution. One of the reasons for global warming is the emission of carbon

dioxide (CO2), which has significantly increased due to the burning and consumption of petroleum

fossil fuel by humans to produce chemical products and fuels in modern society. In this regard, natural

biomass- or plant-derived chemical products and fuels can be considered as carbon neutral because

plants absorb CO2 during their growth. In addition, the use of biomass biodegradable chemical

products such as biodegradable plastic can also mitigate the plastic pollution problem. Nowadays,

living organisms and the environment are not only contaminated by micro-plastics but also nano-

plastic in the air. Thus, herein, some studies and products (biomass biodegradable plastic, coatings,

paints, plasticizers, lubricants, etc.) are presented, aiming to replace all the petroleum-derived

chemical products and fuels with natural biomass-derived products based on the concept of “no more

petroleum, no more fossil fuels”.
Sustainability spotlight

Our company, Green Science Alliance (Fuji Pigment Co., Ltd. Group) focuses on green technology to create a sustainable, carbon neutral society. This includes
creating and developing green chemicals, next-generation-type rechargeable batteries, fuel cells, solar cells and CO2 capture and conversion technologies. One of
our topics is developing sustainable chemical products from natural biomass resources. We aim to replace all the petroleum-based chemical products with
biomass-based chemical products. Although this is a bold statement and hot topic, we are headed towards that direction. Typical examples are biomass
biodegradable plastics, biomass paints, and biomass coatings.
Introduction

Currently, the devastating environmental problems such as
climate change, global warming, natural resource depletion,
water pollution, deforestation, extinction of species and plastic
pollution require immediate mitigating measures. One of the
reasons for global warming is considered to be the emission of
carbon dioxide (CO2), which has signicantly increased by
burning and consuming petroleum fossil fuel by humans to
produce chemical products and fuels for modern society. In this
regard, natural biomass- or plant-derived chemical products
and fuels can be considered carbon neutral because plant
absorbs CO2 during their growth and the total CO2 emission will
be low or zero aer they degrade aer usage. Therefore, devel-
oping biomass-derived chemical products is one of the ways to
reduce CO2 consumption to suppress global warming. In
ment Co., Ltd Group), 2-22-11 Obana

6-0015, Japan. E-mail: moriryohei@

o.jp; Fax: +81-72-759-9008; Tel: +81-72-

the Royal Society of Chemistry
general, these types of biomass-based plastics tend to exhibit
biodegradability due to their natural-origin molecular
structure.1–3 Some biomass-derived plastic and biochemical
products are not biodegradable. However, they contribute to the
reduction of CO2 as their raw materials are considered carbon
neutral. A good example is biomass polyethylene, as will be
discussed in more detail in the following sections, which is
made of biomass resources such as corn and sugarcane. These
raw materials can be considered carbon neutral because they
absorb CO2 from the surrounding environment during their
growth. Ethylene is prepared from bio-ethanol, which is
produced by fermenting agricultural crops. Biomass poly-
ethylene can be manufactured via the polymerization of
biomass-derived ethylene. If ethanol is made from the residual
liquid aer sugar has been taken from squeezed sugarcane
juice, the food competition issue can also be avoided.4

Plastic pollution is also a concern, where micro-plastic
pollution problem is destroying nature including the marine
environment. Over the past century, plastics have been made
from petroleum and consumed in large quantities, leading to
huge amounts of CO2 emission during their production and
RSC Sustainability, 2023, 1, 179–212 | 179
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consumption. Although some bioplastics have been developed
and are being used, over 97% of plastics are still petroleum
based, given that they are cheaper and stronger than bio-
plastics. However, it is obvious that these petroleum-derived
plastics cause plastic pollution in the environment.5–7 Ultravi-
olet light exposure and physical mechanical force on these
plastics aer disposal break them down into micro-plastics. It
has been found that micro-plastics enter the human body
through the consumption of sh from oceans polluted with
micro-plastics. In addition, the human body can be contami-
nated by inhaling nano-plastics present in air, which is worse
than ingestion of micro-plastics.8–10 Specically, nano-plastics
have a size on the nanometer scale (1 × 10−9 m), which is
similar to that of the COVID-19 virus. In particular, the chemical
substance called phthalic ester, which is used as a plasticizer,
has been found to be harmful to human health, and thus
careful investigations are being carried out.11 Unfortunately,
even though the above-mentioned concerns have been claried,
the production of petroleum-derived non-biodegradable plas-
tics continues to increase. Therefore, the production and
consumption of non-biodegradable plastics must be reduced
and research and practical applications of biodegradable plas-
tics that can decompose to CO2 and water and return to nature
ultimately need to be accelerated.

Alternatively, considering actual plastic products such as
plastic bags and packaging products, for example, coating
materials and color paints, they also need to be biomass based
and biodegradable because even if the internal plastic is
biodegradable, if the covering coating material or paint is
composed of petroleum-derived non-biodegradable chemicals,
the entire product will not be bio-decomposed for thousands of
years because its outer surface would protect the internal
biodegradable plastics. Thus, it is necessary to also create these
coating materials and color paints from natural biomass or
plants.12–14 In the modern society, most chemical products are
made from petroleum such as plastics, resins, rubber, textiles,
color paints, and cosmetics (Fig. 1).15 Thus, it is an ideal concept
to replace all these petroleum-derived chemical products and
fuels with natural biomass-derived ones.
Fig. 1 Production quantity of petroleum-derived chemical products.15
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Biomass-based chemical products. “No
more petroleum, no more fossil fuel”

Herein, various types of biomass-based chemical products such
as bioplastics, biomass coatings, biomass paints, biomass
plasticizers, and biomass lubricants will be presented based on
the above-mentioned concept of replacing all petroleum-
derived chemical products with natural biomass-derived
chemicals. Accordingly, the concept of “no more petroleum,
no more fossil fuel” is proposed.

Initially, the aim is to explain what types of plastics exist, and
also biodegradable plastics, biomass plastics, and bioplastics.
The precise term for plastics is ‘thermoplastic resin’, which can
be classied into four categories in terms of their biodegrad-
ability and biomass content.
Category 1. Petroleum-derived non-
biodegradable plastics

This category of plastics has been produced and consumed for
over 100 years and is the major contributor of plastic pollution.
As mentioned above, over 98% of plastic production still
involves this type of plastic. Consequently, plastic pollution is
rapidly worsening daily. The typical examples of this type of
plastic are polypropylene (PP: [C3H6]n), polyethylene (PE:
[C2H4]n), polyvinyl chloride (PVC: [C2H3Cl]n), polyethylene
terephthalate (PET: [C10H8O4]n), and polystyrene (PS: [C8H8]n).
In brief, these plastics are called general plastics.
Category 2. Petroleum-derived
biodegradable plastics

This category of plastics is made from petroleum but exhibit
biodegradability. Typical examples include polybutylene succi-
nate (PBS), poly(butylene adipate-co-terephthalate) (PBAT), and
polyvinyl alcohol (PVA). These biodegradable plastics have
recently been applied in the elds of agriculture, lms, etc.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Category 3. Biomass-based non-
biodegradable plastics

This category of plastics is made of biomass but does not exhibit
biodegradability. An example is biomass polyethylene, which
has recently been used to produce shopping bags in Japan. This
type of plastic can be regarded as environmentally friendly in
terms of reducing CO2 emissions because they are made of
biomass, not petroleum.
Category 4. Biomass-based
biodegradable plastics

According to the above-mentioned qualities, the ideal plastic is
the one that is both biodegradable and made from biomass.
Examples of this type of plastic are polylactic acid (PLA), starch-
based biodegradable plastic, cellulose-based biodegradable
plastic, and polyhydroxyalkanoate (PHA). Herein, the focus is
biomass biodegradable plastics.

Categories 2 and 4 are called ‘biodegradable plastics’, cate-
gories 3 and 4 are called ‘biomass plastics’, and categories 2, 3,
and 4 are called ‘bioplastics’. Although these terms may seem
slightly complicated, by understanding the concept of the four
types of plastics, one can recognize plastics in terms of raw
material (petroleum or biomass) and functionality (biodegrad-
able or non-biodegradable) (Fig. 2).16 These terms are also
precise and easy to discuss.

In the following sections, the various types of bioplastics will
be explained based on the above-mentioned four categories.
However, category 1 will be omitted given that it is simply
petroleum-derived non-biodegradable plastics. In the following
sections, several typical bioplastics are discussed, but there are
several other bioplastics available.
Category 2
PBAT: polybutylene adipate-co-terephthalate: (H–(O–(CH2)4–
O–CO–(CH2)4–CO–)n–(O–(CH2)4–O–CO–C6H4–(O–)m–H)

As mentioned above, some plastics are made of petroleum but
possess good biodegradability. PBAT is one of these biode-
gradable plastics and it has practical applications in agricul-
tural lms, medical devices, and lms. PBAT is also physically
exible and easy to process for industrial use. In addition,
attempts have been made to use PBAT as a material for coating
and packaging and in the shing industry. The tensile strength,
Young's modulus, and elongation at break of PBAT are all
comparable to that of low-density polyethylene (LDPE).17,18

PBAT is a biodegradable polyester thermoplastic resin synthe-
sized via the polymerization of 1,4-butanediol, terephthalic
acid, and adipic acid. Given that PBAT is an aliphatic and
aromatic copolymer, it has high biodegradability from the
aliphatic polyester structure and strong mechanical strength
from its aromatic polyester structure. In addition, PBAT has the
advantageous features of high ductility, elongation at break,
and impact strength. Also, PBAT has been certied as compost
and soil-biodegradable.
© 2023 The Author(s). Published by the Royal Society of Chemistry
PBS: polybutylene succinate: (C8H12O4)n

PBS is a polyester resin synthesized via the condensation poly-
merization of succinic acid and 1,4–butanediol. It has higher
temperature durability and processability among the various
types of biodegradable plastics, as well as higher impact
strength, tear strength, and ductility.19,20 However, it is a petro-
leum-derived biodegradable plastic. Therefore, research is
being conducted to replace petroleum-based succinic acid with
a biomass-based, where half its mass can be replaced with
biomass. Another challenge is replacing petroleum-derived 1,4-
butanediol with biomass, which is also being investigated.
Attempts have been made to apply PBS in the production of
agricultural lms, paper cups, straws, coffee capsules, etc. Due
to the chemical composition of PBS, it is non-toxic and biode-
gradable in the presence of water and CO2 with various types of
bacteria and enzymes of animals and plants. Therefore, it is
being used for the production of cosmetic containers, medical
devices, packaging containers, garbage bags, bottles, etc. PBS
can be dened as home compostable, indicating that an
industrial composting system is not required for this type of
plastic. Furthermore, PBS is highly compatible with other
biodegradable plastics such as PLA. PBS also has a high level of
heat sealing, which is as good as that of polyethylene. PBS has
been certied as compost, compost home and soil-
biodegradable.
PVA: polyvinyl alcohol: [CH2CH(OH)]n

PVA can be used for many applications, including the produc-
tion of vinylon bers, texture processing, paper processing,
lms, glue, stabilizers for emulsion dispersion, binders,
medical use, and polarizing lms for television screens and
computer monitors. It occupies approximately 70% of the
market share of water-soluble petroleum-derived resin.21,22 PVA
can be biodegraded by various types of bacteria in the envi-
ronment. It has strong adhesion property toward materials with
a hydrophilic surface such as paper or wood because PVA can be
modied by acetalization reaction or with boric acid or borax
owing to its hydroxyl group. Another feature of PVA is that
a strong transparent lm can be prepared. In this case, PVA with
a higher degree of saponication and polymerization can
exhibit a strong transparent lm. PVA can be prepared by
saponifying polyvinyl acetate, which can be obtained by poly-
merizing vinyl acetate. Highly saponied PVA has robust crys-
tallinity due to the presence of hydrogen bonds in its molecular
structure and it is insoluble in cold water. By contrast, PVA is
soluble in cold water when it is partially saponied. In this case,
the acetic acid group and hydroxyl group function as hydro-
phobic and hydrophilic groups, respectively. Thus, partially
saponied PVA possesses surfactant-like ability, where it can
lower the surface tension of a liquid.
PGA: polyglycolic acid: (C2H2O2)n

PGA is a biodegradable polyester resin composed of repeated
base units of glycol acid, which is a a-hydroxyl carboxylic
acid.23,24 Due to its simple structure, PGA has high strength,
RSC Sustainability, 2023, 1, 179–212 | 181
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Fig. 2 Classification of plastic according to biomass and biodegradability.
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durability against organic solvents, and chemicals, and it is
biodegradable under composting conditions. PGA is used as
medical suture owing to its strength and biodegradability in the
human body. The hydrolysis of PGA is faster and it possesses
higher strength, elasticity, friction resistance, organic solvent
resistance, and heat resistance compared with PLA. Hence, it is
used to produce various types of industrial parts and non-woven
bers and laments. Recently, owing to its toughness and good
biodegradability, PGA has been applied in the shale gas and
petroleum drilling elds, reducing their cost and environ-
mental damage. However, the melting point of PGS is relatively
high (220–230 °C) and it is a hard solid polymer. Therefore, to
lower its melting temperature and increase its biodegradability,
PGA is oen mixed with PLA or poly-3-polycaprolactone to
prepare copolymers, and consequently they can be used for
sutures that are better suited for medical operations. It should
be mentioned that the high gas barrier of PGA is another one of
its notable features. PGA has been certied as compost
biodegradable.
PCL: polycaprolactone: (C6H10O2)n

PCL is a caprolactone polymer with a molecular weight of more
than 25 000 and is a biodegradable thermoplastic resin with
a relatively low melting temperature (60 °C), which can be ob-
tained by polymerizing 3-polycaprolactone.25,26 Owing to the
high heat stability and lowmelting temperature of PCL, thermal
decomposition and hydrolysis are not serious problems in the
extruder, making PCL suitable for the production of lms, sheet
molding, injection molding, and yarning. Attempts have been
made to utilize PCL for the production of agricultural lms and
compost bags, as well as glue, because of its high adhesion
property due to its high crystallinity. PCL has been considered
as a polymer alloy and pigment dispersant because of its rela-
tively high compatibility with other resins. Moreover, PCL can
be applied for medical use; as an additive to optimize the
impact strength or other properties such as viscosity, uidity,
182 | RSC Sustainability, 2023, 1, 179–212
and refractive index of other resins; as a binder for ceramic and
metals; and as a thermal transfer ink. Because the molecular
structure of PCL is similar to that of cutin, which is an aliphatic
polyester polymer that exists on natural plant surfaces, its
biodegradability is relatively high because cutin can be
decomposed by various types of lipase. Also, PCL has been
certied as compost biodegradable.

It should be noted that as mentioned above, category 2
bioplastics have been applied in the production of food pack-
aging, garbage bags, paper cups, cosmetic containers, lms,
agricultural lms, medical devices, bottle, paper processing,
non-woven bers and laments, etc. However, these bioplastics
are derived from petroleum, and thus they do not contribute to
reducing CO2 emissions. Nevertheless, in the medical eld, in
which biodegradability is a critical issue for patients to experi-
ence high-quality surgery for their life and health, this type of
bioplastic is very useful. It needs to be biodegraded in the
human body aer it is placed in the body during surgery.
Another example is that it can be effective for agricultural use.
This is because the available agricultural lms are made of PE
and farmers have to clean up the PE or fragmented PE lms
aer agricultural products are harvested aer each season. In
this regard, if agricultural lms are biodegradable, farmers do
not have to clean up because they can go back into the soil by
biodegradation.
Category 3
Biomass polyethylene: (C2H4)n

Biomass polyethylene is made from biomass and has been
recently utilized as a raw material for the production of shop-
ping bags in Japan. Firstly, bioethanol is made from biomass
such as corn and sugarcane. Then, biomass polyethylene can be
prepared by polymerizing ethylene, which is obtained by
dehydrating bioethanol.27,28 This resin does not have biode-
gradability and becomes a polluting plastic aer use. However,
© 2023 The Author(s). Published by the Royal Society of Chemistry
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because sugarcane and corn, as the raw materials, absorb CO2

during their growth, the total CO2 emission can be regarded as
zero (thus carbon neutral) when this material is disposed of.
Thus, including the manufacturing process, CO2 can be
reduced by up to 70% compared to petroleum-derived
polyethylene.

Polyamide 11: C12H20N2O2

Polyamide 11 (nylon 11) is an engineering plastic derived from
biomass and it is an aliphatic polyamide with a melting
temperature of approximately 185 °C. It can be synthesized by
polymerizing 11-aminoundecanoic acid, which can be obtained
from castor oil.29,30 This polyamide has a relatively long methy-
lene chain, which facilitates good heat and chemical resistance,
which is a representative feature of polyamide. Compared to
nylon 6, polyamide 11 is made from biomass and has higher
abrasion resistance and exibility even at low temperature. Its
specic gravity is also ideal. Its amide bond concentration is
lower than that of other polyamides, and thus it has a lower
water absorption ratio. Therefore, it has the advantages of high
dimensional stability and mechanical strength and it is not
greatly affected by surrounding water. Given that polyamide 11
consists of an odd number of methylene groups, it will form
a crystal structure that is different from that of polyamide 12,
which has even number ofmethylene groups. Because of its high
exibility, processability, and gasoline resistance, polyamide 11
has been applied for the production of automotive fuel tubes, air
brake tubes, food washing cages, connector covers for
computers, cable ties, etc. Recently, attempts have been made to
apply it for mechanical devices that use high-pressure hydrogen.
Polyamide 11 is advantageous in terms of its rawmaterial source
because it is obtained from non-edible plant biomass and not
edible ones such as corn and sugarcane.

Biomass PET: biomass polyethylene terephthalate: [C10H8O4]n

Biomass PET is made from terephthalic acid and monoethylene
glycol, which is obtained from biomass such as sugarcane.
Biomass PET has the same level of heat resistance and
mechanical strength as petroleum-derived PET. PET bottles are
commonly used for storing beverages. The other part of the PET
raw material, terephthalic acid, is derived from p-xylene, which
is somewhat difficult to source from plant biomass, although
recent research has succeeded in preparing p-xylene from plant
biomass. Some scientic studies have succeeded in creating
100% natural biomass-derived PET bottles by using both ter-
ephthalic acid and monoethylene glycol obtained from
biomass.31,32 This research is being intensively carried out to
take advantage of biomass PET to reduce not only environ-
mental damage but also mass production costs.

Biomass polyurethane: C27H36N2O10

The raw materials of polyurethane are polyol, diisocyanate, and
additives to elongate its polymer chain. Polyol with two or three
functional groups and molecular weight in the range of 1000–
3000 is oen used. Polyol is the material with the highest
content in urethane foam, and this if petroleum-derived polyol
© 2023 The Author(s). Published by the Royal Society of Chemistry
can be replaced with biomass-derived polyol, then this will be
a big step for the polyurethane industry to move toward
a sustainable industry. Therefore, intensive research on
creating polyurethane foam from polyol derived from plants
and plant-based oils, such as soy bean oil and castor oil, has
been carried out. Castor oil is preferred over other plant oils
such as sunower oil, perm oil, and olive oil because it contains
more hydroxyl groups, enabling it to be used without additional
treatment. Polyol has also been synthesized from sugar deriv-
atives such as D-glucose, D-mannitol, and meso-erythritol.
Meanwhile, biomass-derived isocyanates such as hexam-
ethylene diisocyanate and 1,6-diisocyanatohexane have been
synthesized from unsaturated fatty acids such as oleic acid.
Therefore, 100% biomass polyurethane has been prepared from
these isocyanates and the above-mentioned polyols.33,34

Biomass polyurethane can be widely applied in the construction
of buildings, electronic products, biomedical applications, and
other industrial products as paints, foams, coating lms, elas-
tomers, adhesives, integral skins, and rigid plastics.
Polyethylene furanoate (PEF): (C8H6O5)

Polyethylene furanoate (PEF) was developed to potentially
replace its fossil-fuel counterpart polyethylene terephthalate
(PET) to reduce greenhouse gas emissions. PEF can be prepared
via the polymerization of 2,5-furandicarboxylic acid and
ethylene glycol. These raw materials can be derived from
biomass renewable raw materials obtained from plants.
Compared to PET, PEF demonstrates superior barrier ability,
higher mechanical and thermal properties. Furthermore, PEF
has a higher glass transition temperature and lower melting
point than PET. It can be 100% biomass-based when both 2,5-
furandicarboxylic acid and mono ethylene glycol are obtained
from biomass resources. Especially 2,5-furandicarboxylic acid
(C6H6O3; MW = 126.11) is a bio-based building block for the
synthesis of resins and polymers. Thus, the potential of 2,5-
furandicarboxylic acid is not only limited to PEF but also other
materials including polyesters, polyamides, copolymers,
solvents, coating resins, plasticizers, etc. It is made via the
oxidative dehydration of hexose. The conversion can also be
carried out via the oxidation of 5-hydroxymethylfurfural (HMF).
Therefore, 2,5-furandicarboxylic acid has large potential to be
a replacement for terephthalic acid. Furthermore, its
manufacturing process is similar to that of PET and tereph-
thalic acid can be substituted with 2,5-furan dicarboxylic
acid.35,36 Thus, it is expected that PEF can be applied for the
production of lms, bers, bottles, textiles, etc.

It should be noted here that category 3-type bioplastics
contribute to a reduction in CO2 emissions because they are
derived from natural biomass, but they still become micro-
plastic pollution because they are not biodegradable.
Category 4
PLA: polylactic acid: (C3H4O2)n

PLA is one of the typical biomass biodegradable plastics made
from biomass such as corn, sugarcane, and starch. Firstly,
RSC Sustainability, 2023, 1, 179–212 | 183
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glucose is obtained via the enzymatic hydrolysis of starch and is
converted to L-lactic acid by fermentation. Finally, PLA is ob-
tained by polymerizing lactic acid. Approximately 0.4 kg of PLA
can be prepared from 1 kg of biomass (corn). However, a draw-
back is that PLA is made from edible biomass such as corn and
sugarcane, which can be nutritious food for human beings.
Therefore, research has been carried out on preparing PLA from
non-edible biomass such as cellulose. The crystalline structure,
melting point, mechanical strength, and biodegradability of
PLA depend on the quantity of D-lactic acid, L-lactic acid, and DL-
lactic acid present in the polymer. The D- and L-lactic acids differ
in terms of the position of the asymmetric carbon in lactic
acid.37,38 Although PLA is difficult to decompose in the normal
environment with slow biodegradability in the soil, water, and
marine environment, it is biodegradable in composting condi-
tions within half a year, which satises the ISO standard. Thus,
PLA can be regarded as a biodegradable polymer in composting
conditions. PLA can be used for the production of food pack-
aging, wrappings, laminates, containers (bottles and cups), etc.,
as well in the biomedical eld given that it can be applied as
suture threads, bone xation screws, devices for drug delivery,
etc. PLA has been certied as compost biodegradable.
PHA: polyhydroxyalkanoate

Bacteria consume plant oil such as perm oil and store it as an
energy source, and some biopolymers can be prepared from
these raw materials in bacteria. Many types of bacteria in the
soil produce PHA. The typical biodegradable plastics of this type
are PHA, poly(3-hydroxybutyric acid) (P3BH), and poly(3-
hydroxybutyrate-co-3-hydroxyvalerate) (PHBV: [COCH2CH(CH3)
O]m[COCH2CH(C2H5)O]n).39,40 Initially, research focused on PHA
with the simplest structure, which is P3BH. However, P3HB was
found to deteriorate quickly aer its synthesis. Therefore,
efforts are focused on improving the properties of resins by
varying and optimizing factors such as the type of bacteria, food
for bacteria, culturing methods, gene mutation, chemical
additives, and processing methods. The high cost of PHA is
another problem, where it is approximately 3–4 times more
expensive than the commonly used petroleum-derived plastics
such as PE and PP. The high cost of PHA is mainly attributed to
the requirement of food for bacteria, complexity of the
production process, separation of bacteria from the biode-
gradable plastic, extraction and waste uid extraction and
treatment. In addition, the temperatures of the melting point
and thermal decomposition are close, and thus it difficult to
control the plastic melting process. This may result in poor
resin properties of the nal molded product due to the low
molecular weight of the polymer. Hence, it is necessary to widen
the temperature difference of the melting point and thermal
decomposition point to make the nal molding product from
PHA in an easier manner with a simpler melting process.
Consequently, PHA biodegradable plastics were initially diffi-
cult to handle, but thanks to efforts by researchers, PHA is now
being used for the production of lms, injection moldings,
bers, textiles, and biocompatible materials. Furthermore,
P3HB is biodegradable by various kinds of bacteria in nature
184 | RSC Sustainability, 2023, 1, 179–212
and even in the marine environment. PHA-derived poly 3-
hydroxybutyrate-co-3-hydroxyhexanoate (PHBH) has been certi-
ed as marine biodegradable.
Starch-based biodegradable plastics:
(C6H10O5)n
Annually, approximately 2.6 billion tons of grains are harvested,
which are precious biomass resources. Starch can be obtained
from grains, and with the well-established manufacturing
process of starch, the cost of manufacturing starch from grain is
low. As explained above, PLA can be obtained from starch by
fermentation. Meanwhile, attempts have been made to develop
biodegradable plastics from starch itself by providing starch
with thermoplastic ability, which can be a cheaper process than
the fermenting process. Starch is a sequential chain of glucose
unit polymers and is composed of the straight chain structure of
amylose and the branched structure of amylopectin. It has
crystallinity and does not become thermoplastic given that it
does not melt even when the thermal decomposition tempera-
ture is reached. Starch has already been used as a glue. By
contrast, modied starch such as starch ether, esteried starch,
and phosphor acid-linked starch has been implemented as food
and for industrial use. Furthermore, starch-based biodegrad-
able plastics have good compatibility with cellulose and
polyester-based plastics.41,42 Thus far, starch-based biodegrad-
able plastics have been applied in the production of lms,
cushioning materials, foaming materials, containers, injection
molding, inks, paints, etc. Starch-based biodegradable plastic
has been certied as compost to marine biodegradable
depending on its grade and manufacture.
Cellulose-based biodegradable
plastics: (C6H10O5)n
As explained above, PLA and starch-based biodegradable plas-
tics originate from biomass such as corn, grains, potato,
sugarcane, and starch. However, given that they are precious
food for human beings, their use can aggravate hunger prob-
lems due to the increasing global population. Therefore, it is
preferable to utilize non-edible biomass such as cellulose as the
raw material for the production of biodegradable plastics.
Cellulose is the main component of plants and wood and is the
most abundant natural resource on Earth, making up half of the
dry weight of all plants, wood, grass, and weeds. Its annual
production is dozens of billions of tons. Thus, the quantity of
available cellulose can be more than the quantity of petroleum.
To obtain the raw material for biodegradable plastics, it will not
be necessary to cut down new trees but rather use the sufficient
amount of existing waste wood. Furthermore, the price of
cellulose-based biodegradable plastics can be cheaper because
they can be created efficiently.44 Some studies have attempted to
decompose cellulose with acids or enzymes to form sugar and
create cellulose-based plastics. However, this method is
expensive because the cost of the decomposition or acid
pretreatment process and the required enzymes is too expensive
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Commercial biodegradability measuring machine.
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for practical industrial processes. A typical cellulose-based
plastic is cellophane; however, some chemicals used during
the cellophane manufacturing process are considered to be
dangerous for industrial processes. Thus, a new type of cheap
and safe cellulose-based biodegradable plastic is still to be
developed. Cellulose-based biodegradable plastics such as
cellulose acetate have been certied as marine biodegradable.
However, their biodegradability is different depending on the
type of cellulose-based chemical formula.

Safety of biodegradable plastics

It is necessary to test the safety of biodegradable plastics and
the intermediate and nal substances during and aer
biodegradation, considering their effects on human health and
the natural environment, such as on plant growth.45 Biomass-
based plastics such as PLA, starch-based, and cellulose-based
biodegradable plastics can be considered sufficiently safe,
whereas petroleum-derived biodegradable plastics are poten-
tially dangerous because of the presence of chemical additives
such as degradation promoters and plasticizers.46 In particular,
testing of the safety of intermediate chemicals is very compli-
cated. In addition, in the case of biodegradable plastics used for
food packaging and containers, which may have direct contact
with foods, it is necessary to consider food sanitation acts.
Similarly, for medical or hygiene products, pharmaceutical law
must be checked and for compost usage and fertilizer control
regulations need to be checked.

Biodegradability and certification

The grade and degree of the biodegradability of biodegradable
plastics in each condition are crucial topics. According to the
accurate denition of biodegradation, biodegradation begins
with the materials being consumed by bacteria to decompose
them, nally being completely converted to water and CO2.47 An
example of a typical organization that authorizes biodegrad-
ability is TÜV Austria in Europe. The following are the standards
for biodegradation prescribed by TÜV.48

① OK compost industrial.
The lowest level of biodegradability and the necessary

condition is that over 90% of the biodegradable plastic sample
needs to be bio-decomposed under aerobic composting condi-
tions at 58 °C within 6 months. Bacteria are abundant under
compost conditions, and thus it is at least ideal to have this
certication.

② OK compost home.
The next level of biodegradability is for the home environ-

ment and the necessary condition is that over 90% of the
biodegradable plastic sample needs to be bio-decomposed
under composting conditions at 28 °C within 6 months.

③ OK biodegradable soil.
For the biodegradability certicate in a soil environment, the

necessary condition is that over 90% of the biodegradable
plastic sample needs to be bio-decomposed in the soil at 25 °C
within 2 years.

④ OK biodegradable water.
© 2023 The Author(s). Published by the Royal Society of Chemistry
For the biodegradability certicate in water, the necessary
condition is that over 90% of the biodegradable plastic sample
needs to be bio-decomposed in water at 20–25 °C within 56
days.

⑤ OK biodegradable marine.
For the biodegradability certicate in sea water, the neces-

sary condition is that over 90% of the biodegradable plastic
sample needs to be bio-decomposed in sea water at 30 °C within
6 months. This is the most ideal biodegradation certication.

In addition, the certicate called OK Biobased indicates the
degree of biomass content in the product material. Specically,
it is an index of howmuch of thematerial is made from biomass
and not petroleum. The biomass degree is higher if the OK
Biobased number is higher. TÜV Austria assigns this number by
measuring the biobased carbon content (BCC), total organic
carbon content (TOC), and ash content in the product material.

Biodegradability testing can also be carried out individually
using a commercial biodegradability measuring machine
(Fig. 3). It was found out that the biodegradability of a nano-
cellulose PLA composite material is faster than that of pure PLA
(Fig. 4).49 It was suggested that the cellulose bers in PLA bio-
degraded initially, which enhanced the biodegradability of
whole PLA composite. There are also some green plastics and
biomass plastic certicates from the Japan BioPlastics Associ-
ation (JBPA) (Fig. 5).50

It is preferable to develop bioplastics that are biomass-based
and have a high degree of biodegradability, that is, belonging to
category 4. Therefore, in the following section, the focus will be
category 4 bioplastic materials and other bio based chemical
products.

Starch-based biodegradable plastics

Sapuan et al. prepared starch-derived bioplastic via the casting
method. They used corn starch, water and plasticizer to prepare
a starch-based lm at 85 °C (Fig. 6). They demonstrated that
RSC Sustainability, 2023, 1, 179–212 | 185
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Fig. 4 Biodegradability test result. It can be seen that biodegradability increased as the content of nanocellulose increases in the PLA-nano-
cellulose composite material.49

Fig. 5 Green plastic certificate (Left) and biomass plastic certificate
(Right) from JBPA.50
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varying the concentration and type of plasticizer signicantly
affected the different properties of the plasticized lms.
Therefore, the selection of a suitable plasticizer at an appro-
priate concentration may signicantly optimize the lm prop-
erties to promote the utilization of lms, sheet and food
packaging applications.51 Because starch-based biodegradable
plastics are mechanically weak and their water resistance is
generally low, it is necessary to develop starch-based biode-
gradable plastics with better properties. Zhang et al. prepared
an easily available novel starch derivative, i.e., dialdehyde
starch-based polyimine. This type of resin exhibits high thermal
malleability and can be thermoformed without any plasticizer.
Dialdehyde starch-based polyimine plastics have mechanical
strength as high as 40.6 MPa, possess high water and chemical
resistance and high thermal stability, while they are also
biodegradable.52 Moreover, Zdanowicz et al. created thermo-
plastic starch with a ternary deep eutectic solvent (DES) based
on urea/resorcinol/choline chloride in a 2 : 1 : 1 molar ratio and
combined it with lignin. DES was effective as a plasticizer to
make potato starch-based plastic without a signicant loss in its
186 | RSC Sustainability, 2023, 1, 179–212
elasticity and thermo-compressing properties (tensile strength
of 7.4 MPa and elongation at break of 65%). It was also claried
by XRD that the prepared starch-based plastic was an amor-
phous material. DES was found to dissolve lignin to facilitate
the extruder process. Furthermore, cone calorimetry analysis of
starch-based plastics revealed that they demonstrated better
re-retardant properties than the commercially used polymers
(PE, PP, and PLA).53

As an alternative to their method, my group prepared a 100%
natural biomass starch biodegradable plastic with a twin screw
extruder, which could be applied for more industrial usage for
mass production. Moreover, compared to other starch-based
biodegradable plastics, these starch-based biodegradable plas-
tics are composed of 100% natural biomass materials,
including additives. As mentioned in the above-mentioned
section, we tried not to use any petroleum-based chemicals.
We have also developed nano cellulose composites with this
starch-based bioplastic. It was possible to enhance the
mechanical strength (tensile strength, bending strength, etc.) of
starch-based bioplastics (Fig. 7).54
Cellulose-based biodegradable plastic
and biomass biodegradable fiber, yarn,
and textiles

As explained earlier, there are concerns about biodegradable
plastics made from edible biomass such as corn, grains,
sugarcane, potato, and starch because they use precious nutri-
tious food for human beings. In this regard, it is ideal to utilize
cellulose as the raw material for the production of biodegrad-
able plastics because it is a non-edible biomass and is the most
abundant organic resource on Earth. Furthermore, the types of
cellulose-based biodegradable plastics will not require new
trees to be cut down given that cellulose can be obtained from
waste wood. Therefore, this material can be considered
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Procedure for the preparation of starch-based bioplastic by the casting method.51 Starch bioplastic was prepared by mixing corn starch,
water and plasticizer.

Fig. 7 Starch-based biodegradable plastic prepared with twin-axis
extruder composed of 100% biomass.54
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environmentally friendly and ideal in the aspect of not
competing with human nutrition. Ngai et al. highlighted the
importance of chemical modication to improve the hydro-
philicity of cellulose for it to possess water resistance and
mechanical strength. They also demonstrated the preparation
of cellulose ester-based bioplastic for food packaging applica-
tion via solvent casting, bar coating, spray coating and immer-
sion coating (Fig. 8).55 Wang et al. prepared a cellulose-based
bioplastic by hot pressing a cellulose hydrogel. The cellulose
hydrogel was prepared from cellulose solution in an alkali
hydroxide/urea aqueous system by physical cross-linking. The
hot-pressing process induced a transition in the aggregated
structure in the cellulose resin, resulting in plastic deformation.
It was elucidated that the radial orientation of the cellulose
molecules occurred in the planar direction of the plate, whereas
an increase in amorphous zones appeared in the vertical
© 2023 The Author(s). Published by the Royal Society of Chemistry
direction. This type of cellulose-based bioplastic possesses
a higher tensile strength, exural strength and thermal stability
and lower coefficient of thermal expansion than regenerated
cellulose lms.56 In addition, a large-scale manufacturing
process to make high-performance cellulose bioplastic lms
composed of dual-crosslinked carboxymethylated cellulose
bers was investigated. Bleached sowood kra pulp was car-
boxymethylated to form a homogeneous negatively charged
carboxymethylated cellulose ber slurry, which can further
crosslink with the polyamide epichlorohydrin resin or
aluminum sulfate [Al2(SO4)3] by strong electrostatic interaction.
The prepared cellulose-based bioplastics demonstrated high
mechanical strength (158.2 MPa), excellent water stability,
improved wet strength (20.7 MPa), high optical transparency
(89.4%), haze feature (77.9%), good thermal stability, and easy
recyclability by mechanical disintegration.57

In contrast, Mori et al. developed a cellulose-based biode-
gradable plastic made using a twin screw extruder, which is very
convenient for industrial application. In addition, their
cellulose-based biodegradable plastic possessed good exi-
bility, and thus it can be applied to make lms, sheets, yarn,
and textiles (Fig. 9).58 Modifying this type of plastic with
composite technology allows it to be implemented in most
molding procedures, including injection molding, vacuum
molding, blow molding, and heat press molding.
PLA-based 100% natural biomass
biodegradable plastics for mass
molding production

Currently, there are many types of bioplastics on the market.
However, another important issue is the molding. For
RSC Sustainability, 2023, 1, 179–212 | 187
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Fig. 8 Procedure for the preparation of cellulose-based bioplastic by casting method.55

Fig. 9 Biomass biodegradable film (Left) and yarn and fiber (Right) made of cellulose-based biodegradable plastic.58

Fig. 10 PLA-based 100% biomass biodegradable plastic for injection,
59
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example, PLA is a 100% biomass biodegradable plastic but it
is very difficult to perform injection molding with PLA and
make the nal molding product. The thermal decomposition
and melting point temperatures are very similar, and thus it is
difficult to carry out injection molding because PLA burns out
before it melts. Additionally, PLA occasionally sticks to the
metal molding and cannot be removed when attempting
injection molding. Thus, it is challenging to achieve mass
production with injection machines using pure PLA given that
the temperature of the injection machine and metal molding
must be precisely controlled each time. Therefore, in general,
petroleum-based chemical additives are oen used to avoid
this problem, which eventually results in the nal molding
product containing petroleum-based chemicals.

In this regard, my group developed a PLA-based biodegrad-
able plastic that can be molded into its nal form, while
maintaining 100% biomass composition without petroleum. In
accordance with principle of creating a nal molding product
with a 100% natural biomass composition, no petroleum-
188 | RSC Sustainability, 2023, 1, 179–212
derived chemicals were used, only natural additives to achieve
mass production (Fig. 10).59 It should be mentioned that 100%
natural biomass biodegradable plastic can be processed on
biaxial stretch blow molding.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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even old and second-hand injection and biaxial stretch blow
molding machines for mass production, while maintaining
100% biomass composition of the nal molding product. With
the successful developments, various molding products such as
cutlery, cups, plates, dishes, bottles, tooth brushes, roller ball
pens and clips with 100% biomass biodegradable composition
were developed (Fig. 11). Nanocellulose was utilized as a nature-
derived additive as a nucleating agent. Ariffin also applied
nanocellulose as a nucleating agent to prepare a PLA composite
material.60 Fig. 12 shows some agglomerated nanocellulose in
a PLA composite. They suggested that the appropriate amount
of nanocellulose should be used to efficiently function as
a nucleating agent.

The functionalization of cellulose bers with an aqueous
solution of polyethylene oxide (PEO: C2nH4n+2On+1) was
carried out, and subsequently extrusion, injection molding
processes together with PLA. The PEO modication enhanced
the interfacial interaction among the components and the
cellulose ber dispersion, allowing a loading of up to 30 wt%
of cellulose bers. It was proven that the storage modulus was
higher than that of pure PLA. The stiffness and mechanical
strength were found to be higher than that of PLA/PEO and
remained comparable to that of pure PLA, whereas the elon-
gation at break was 73–143% higher owing to the effective
plasticizing and reinforcing effect exerted by PEO and CF,
respectively. Moreover, it was also elucidated that the addi-
tion of PEO and cellulose bers had a substantial inuence on
the thermal properties, particularly on the glass transition
and cold crystallization temperatures.61 PLA and bleached
sowood kra were compounded with a twin screw extruder,
and subsequently microcellular injection molded to prepare
PLA/cellulosic ber composite foams. Poly(ethylene glycol)
(PEG) was used as a lubricant. As suggested by my group, it
was also inferred that the cellulose ber behaved as a crystal
nucleating agent, which increased the crystallization
temperature and the crystallinity and decreased the crystal-
lization half time. It was also proven that the compared to
PLA/PEG, a ner and more uniform cell structure was attained
in the cellulosic ber composite foams. The improved
foam morphology was attributed to the cell-nucleating effects
of the cellulose bers and the gas- and ber-induced
crystallization.62
Fig. 11 From (Left), bottle, cup, tray, toothbrush, and cutlery, all with 100%
(Left) is made of natural brush although toothbrush (Right) is made of pe

© 2023 The Author(s). Published by the Royal Society of Chemistry
Nanocellulose and cellulose nanofiber

Nanocellulose (cellulose nanober: CNF) is a next-generation
environmentally friendly material made from plants, which is
considered to possess one-h the weight and seven to eight
times the mechanical strength of steel.63 Nanocellulose is
a brous material with a width of less than 100 nm. Also, its
linear coefficient of thermal expansion (elongation and
shrinkage degree caused by temperature difference) is as small
as that of glass ber. Upon contact, the elasticity of nano-
cellulose can be higher than that of glass ber, indicating that it
is hard and robust. Furthermore, because nanocellulose can be
derived from plants, it is recyclable and causes very little envi-
ronmental damage. It can be prepared from most types of
natural organic resources such as plants, wood, grass, pulp,
waste paper, and seaweed; hence, the raw material exists in
huge quantities and can be very cheap when manufactured at
a mass-production level. This is similar to the case of cellulose-
based biodegradable plastics explained above.64

The width of each nanocellulose (cellulose nanober) ranges
from several to several dozens of nanometers. Moreover,
nanocellulose can be as light as one-h of the weight of steel
but seven to eight times stronger.65 These properties are
comparable to that of carbon ber. From our experience, this
may be somewhat unlikely to be true in all cases, but in some
cases under certain conditions, it appears likely. Based on this,
nanocellulose (or microcellulose) can be mixed with plastic or
resins, to apply in automotives, buildings, furniture and plastic-
based consumer goods, etc. Thus, lighter, cheaper, and more
environmentally friendly products with reduced CO2 emission
can be produced.

Given that the size of nanocellulose can be smaller than the
wavelength of light (400–750 nm for visible light), nanocellulose
does not cause light scattering and can be transparent.66 Some
researchers created nanocellulose composite materials with
acryl and epoxy resins, while improving their mechanical
strength. Moreover, a composite material with over 90% nano-
cellulose was prepared with phenol resin, exhibiting mechan-
ical strength comparable to that of steel, while having only one-
h of the weight.

In addition, nanocellulose has a low coefficient of thermal
expansion and does not expand, extend or change its shape
biomass biodegradable plastic composition. Brush part of tooth brush
troleum-derived plastic.59

RSC Sustainability, 2023, 1, 179–212 | 189

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2su00014h


Fig. 12 FESEM images at 500 00× and 1 000 00× magnification of the fractured surfaces of neat PLA (a and d), PLA/CNF3 (b and e), and PLA/
CNF6 (c and f), respectively. Red circles show nanocellulose. PLA/CNF6 exhibits agglomerated nanocellulose. CNF: nanocellulose. Number after
CNF indicates the % against the weight of PLA.60
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much even when heated.67 In addition, nanocellulose can be
dispersed uniformly during the molding process compared to
a glass-ber molding product. The molding product with
nanocellulose-plastic composite exhibited uniform mechanical
strength, which is an advantage over glass ber molding prod-
ucts. Furthermore, as explained above, because nanocellulose is
derived from natural resources, it is recyclable and biodegrad-
able.68 Moreover, high absorption,69 large surface area,70 being
edible,71 and high compatibility with biomedical-based mate-
rials72 are some other features of nanocellulose.
190 | RSC Sustainability, 2023, 1, 179–212
Thus, the application of nanocellulose includes the prepa-
ration of nanocellulose composite materials with plastic, resins,
and rubber, which can be applied in the automotive, aerospace,
building, and housing industries.73 In addition, various types of
lters, lms such as conductive transparent lms for electronic
devices such as solar cells, and electroluminescence (EL)
materials can be prepared.74

Furthermore, nanocellulose is considered for application in
separators for batteries, such as lithium-ion batteries and fuel
cells.75 Articial blood vessels and other biomedical usage are
© 2023 The Author(s). Published by the Royal Society of Chemistry
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another possible application of nanocellulose,76 as well as an
additive for food, cosmetics, paints, inks, and coatings.77

As a lter application, for example, Zhu et al. applied CNF as
a porous lter to immobilize a Zn-based metal organic frame-
work (MOF), i.e., zeolitic imidazolate framework-8 (ZIF-8), and
a catalytic composite membrane was prepared having
peroxymonosulfate-activating function to produce SO4c

−. The
CNF was effective in xing the ZIF-8 nanoparticles and making
a durable porous lter. The peroxymonosulfate-induced cOH
and SO4c

− radicals from ZIF-8 played an important role in the
catalytic reaction and more than 90% of methylene blue and
rhodamine B was degraded by the ZIF-8/CNF composite
membrane within 60 min. Moreover, it was elucidated that the
Fig. 13 Silver nanowires were buried in the PVA substrate (Left: top vi
transparent nanofiber paper and were entangled with the cellulose nan
transparent silver nanowires on a PET film (black), PVA film (blue), and tr
cycles.79

© 2023 The Author(s). Published by the Royal Society of Chemistry
ZIF-8/CNF catalytic lters could be used several times without
a reduction in their performance for the degradation of organic
dyes. They also demonstrated the possible water purication
application with CNF.78

In addition, CNF has been applied to make conductive
lms for solar cells. Nogi et al. combined CNF and silver
nanowire to prepare a transparent conductive lm with
conductivity comparable to that of ITO (indium tin oxide).
They deduced that the hydrophilic nature of both CNF and
silver nanowire enabled the preparation of a stable trans-
parent conductive lm. They also found out that compared to
the silver nanowire composite lm prepared with PET and
PVA, the lm combined with CNF had much higher electrical
ew and Right: side view). (b) Silver nanowires were deposited on the
ofibers (Left: top view and Right: side view). (c) Electrical resistance of
ansparent nanofiber paper (red) as a function of the number of folding
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conductivity against the number of times of lm folding
(Fig. 13).79 Wang et al. developed a CNF/PET separator for
lithium-ion batteries. The CNF/PET separator exhibited higher
porosity (70%) than the PP (polypropylene) separator (40%).
They also elucidated that the CNF/PET separator could be
wetted by electrolyte within a few seconds, while the PP
separator could not be entirely wetted even aer 1 min. The
CNF/PET separator exhibited an electrolyte uptake of 250%,
while the PP separator had only 65%. Additionally, the CNF/
PET separator was proven to have better thermal stability
and higher electrochemical properties than the PP separator
(Fig. 14).80 CNF can be also utilized as an impurity absorbent.
Seubsai et al. investigated the ability of CNF to eliminate Pb
and Cd metal ions from contaminated water. They extracted
nanocellulose from pineapple leaves and modied it with
ethylenediaminetetraacetic acid (EDTA) and carboxymethyl
(CM) groups. They exhibited that the adsorption efficiencies of
the CNF modied with EDTA and CM were signicantly higher
than that of the unmodied cellulose in the pH range of 1–7
(Fig. 15).81
Fig. 14 Discharge profiles of cells with (a) CNF separator and (b) PP sepa
and PP separator.80

192 | RSC Sustainability, 2023, 1, 179–212
Furthermore, CNF has been investigated as a drug delivery
carrier owing to its biocompatibility and the presence of
hydroxyl groups, which can be an advantage in the aspect of
chemical modication and drug binding. Imae et al. applied
folic acid-hybridized CNF for targeting tumor cells, carbon
quantum dots for imaging and photodynamic/photothermal
treatments and applied doxorubicin (DOX) as an anticancer
drug. The prepared carriers exhibited excellent drug delivery
capacity. In addition, the carbon quantum dot CNF composite
demonstrated uorescence, photosensitized singlet oxygen
generation and photothermal behavior. This type of carrier
exhibited pH-sensitive drug release due to the change in inter-
actions with DOX, and this release proved to be effective against
in vitro cervical cancer cells. These results proved the potential
of multifunctional CNF carriers as platforms for multimodal
photodynamic/photothermal-chemotherapy.82

Regarding my group, Mori et al., we developed a nano-
cellulose dispersion in water, with various types of organic
solvents and vegetable oils (Fig. 16).83 The nanocellulose
dispersion in water or glycol-based organic solvent could be
rator. (c) Comparison of cycling performance between CNF separator

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 15 Adsorption efficiencies of extracted cellulose, cell-EDTA
(ethylene diamine tetra acetic acid-modified nanocellulose), and cell-
CM (carboxy methyl group-modified nanocellulose) for (a) Pb2+ and
(b) Cd2+ in the pH range of 1–7. Conditions for adsorption: concen-
tration of Pb2+ or Cd2+ = 100 mg L−1, at room temperature for
90 min.81

Fig. 16 Nano cellulose dispersion in vegetable oil. From (Left), sesame
oil, olive oil, castor oil, soy bean oil.83

Fig. 17 100% biomass biodegradable fake (artificial) nail tips (Left) and w

© 2023 The Author(s). Published by the Royal Society of Chemistry
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utilized for the preparation of inks and paints, for example.
Also, nanocellulose in vegetable oils could be used for cosmetics
applications. We also prepared nanocellulose composites with
various types of plastic and biodegradable plastics. It was
possible to enhance the mechanical strength of plastics by
chemically modifying the surface state of nanocellulose.
100% natural biomass-based
biodegradable artificial nail tips and
colors

As explained above, there are various types of environmentally
friendly materials and products. However, the product cost and
pricing remain a challenge in the case of their industrial
application. Although the price of biomass biodegradable resin
is feasible to some extent, some molding products such as
spoons, forks, cups, dishes, plates, bottles, and tooth brushes
are difficult to become practical products because consumers
expect low prices for these types of products. Also, although
these products are promoted as being made of 100% natural
biomass-based biodegradable plastics, consumers may hesitate
to pay the higher price. Therefore, cosmetic molding products
were created, for which people may readily pay a higher price.
Fig. 17 presents 100% biodegradable nail tips and nail colors.
These biomass biodegradable articial nail tips are made with
normal injection molding machines. 100% natural biomass
biodegradable nail polish in both natural organic solvents and
water was also developed.84,85 These cosmetics products can be
very interesting products for sustainable future.
100% natural biomass-based
biodegradable thermoplastic materials
made from wood and stone

With the aim to create ultimate environmentally friendly
products, 100% natural biomass biodegradable thermoplastic
materials made from wood and stone were created (Fig. 18). A
newmaterial called a ‘natural deep eutectic solvent’ was applied
to make this innovative material from wood and stone. The
main feature is that it is 100% natural biomass and derived
ater-based biomass nail polish (Right).84,85
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Fig. 18 100% natural biomass biodegradable thermoplastic material
made from wood, stone and natural deep eutectic solvent.86
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from non-edible cheapmaterials, namely wood and stone.86 The
weight of wood and stone is over 51% and various types of waste
wood, plant and paper can be utilized. Moreover, this material
can be manufactured easily with a normal twin extruder, which
is an advantage for industrial use. The important point is that
this material can be quite cheap given that the raw material and
manufacturing cost will be economically friendly. A disadvan-
tage is its weak water resistance, which is an issue for real
industrial applications. However, this material has a relatively
high compatibility with various type of bioplastics and
petroleum-derived plastic such as PHBV, PP, and PE and water
resistance can be recovered when it is mixed with other plastics.
Given that a high quantity of material can be mixed with other
plastics, we expect that it will be used as bulking agent for other
plastics to increase their biomass content and biodegradability.
Furthermore, marine biodegradability can be expected for this
material, which is under investigation.

Wu et al. also applied a deep eutectic solvent to create so-
ened wood via the microwave-assisted DES treatment of natural
wood. It was found that the prepared soened wood possessed
a highly porous network structure and partial lignin, hemi-
cellulose, and cellulose were removed. They also demonstrated
the great potential for its application in wood products.87

However, the material developed by my group may have
advantage because it can be made with a commercial twin screw
extruder on a larger scale and it is composed of 100% natural
biomass material because the deep eutectic solvent is also
prepared from biomass materials.

All the above-mentioned biomass biodegradable products
are thermoplastic resins. Here, some thermosetting-based
biomass biodegradable products are presented.
Fig. 19 Molecular structure of bisphenol A.91,92
100% natural biomass-based
biodegradable coating and glue

Thermosetting resin has been synthesized from petroleum-
derived chemicals thus far, including epoxy (C21H25ClO5),
polyurethane, unsaturated polyester, vinyl ester, melamine
(C3H6N6), urea (CH4N2O), alkyd, formaldehyde (CH2O), phenol
194 | RSC Sustainability, 2023, 1, 179–212
(C6H6O), amino, polyimide (C35H28N2O7) and silicon resin.88,89

Thermosetting resins have been applied in the production of
paint, glue, construction industries, cement, automotive, elec-
tronics, furniture, industrial machines, consumer goods,
packaging, etc.90 Epoxy resin is one of the representative ther-
mosetting resins, which is widely used in various industries and
is generally synthesized from bisphenol A (C15H16O2) and
epichlorohydrin (C3H5ClO). However, bisphenol A is considered
to be an endocrine disruptor (Fig. 19).91,92 Thus, biomass-
derived thermosetting resins with less toxic materials are
desirable. Cardanol (C21H30O), lignin (C81H92O28), itaconic acid
(C5H6O4), cellulose, shellac (C30H50O11), alginate (C6H8O6)n,
chitosan (C56H103N9O39), protein, tannin (C76H52O46), rosin
(C15H20O6), furan (C4H4O), furfural (C5H4O2), sugar (isosorbide:
C6H10O4), lactic acid (C3H6O3), vegetable oils, etc. can be
employed as biomass-based rawmaterials for the preparation of
thermosetting resins93,94 (Fig. 20). For example, a biobased
phenolic adhesive was developed by substituting petroleum-
based phenol and formaldehyde with an unmodied corn
stover biorenery lignin and glyoxal (a biobased dialdehyde),
respectively. Lignin-glyoxal (C2H2O2) resins were synthesized
using an alkaline catalyst with a molar ratio of lignin to glyoxal
of 1 : 2. The prepared lignin-glyoxal resin had a higher curing
temperature (167 °C) than the conventional phenol-
formaldehyde resin (142 °C) and the formulated lignin-
formaldehyde resin (146 °C). It was also found that lignin-
glyoxal resin had a high dry adhesion strength (3.9 MPa) but
failed the wet adhesion test (boiling water test). Although the
prepared resin failed the boiling water test, it had excellent
stability at room temperature water and remained intact aer 1
week during the water immersion test.95

In addition, Wang et al. studied a hydrogel with a tunable
structure, endowing it with adhesion, self-healing, and anti-
bacterial properties. Aldehyde-chitosan was prepared from
chitosan by oxidation. A Schiff base reaction was performed to
make a chitosan/aldehyde-chitosan hydrogel. This type of
composite material demonstrated good adhesion, self-healing
properties, and high mechanical properties, which exhibited
advantages to be used as a protective layer. Besides, it possessed
inherent antibacterial activity and good biocompatibility, and
thus it can be expected to be used for biological applications
especially wound dressings.96

In the case of vegetable oils, saturated and unsaturated fatty
acids are the main components of triglyceride vegetable oils.97

These fatty acids have industrial value depending on the
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 20 . Vegetable oil-based epoxy monomer derived from castor oil and linseed oil.93,94
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chemical modication of the ester (–COOR) and carbon double
bond (C]C). These fatty acids can be modied into epoxy,98

polyurethane,99 polyamide,100 polyester,101 etc.
Sahoo et al. developed biobased polyurethane adhesives by

reacting castor oil (C57H104O9)-based polyol with partially bio-
based polyisocyanate with the help of dibutyltin dilaurate
(DBTDL) as the catalyst. The effect of the stoichiometric ratio of
hard to so segment on the bonding strength of wood-to-wood
was evaluated. The experimental results also demonstrated that
the same stoichiometric ratio had a considerable inuence on
the mechanical and thermal properties.102

Moreover, polyurethane adhesives for wood bonding were
prepared from palm oil-based polyester polyol. The polyester
polyol was synthesized from epoxidized palm olein prior to
reacting with polymeric 4,4′-methylene diphenyl diisocyanate
and toluene 2,4-diisocyanate to produce wood bonding poly-
urethane adhesives. The effect of glycerol cross-linker, dibu-
tyltin dilaurate catalyst and isocyanate/OH ratio on lap shear
strength and pot life of the polyurethane adhesives was
investigated. The prepared polyurethane exhibited superior
chemical resistance in cold water, hot water, acidic medium
and alkaline medium by exhibiting light deterioration in lap
shear strength. The polyurethane adhesives prepared from
polymeric 4,4′-methylene diphenyl diisocyanate exhibited
higher lap shear strength and thermal stability than that
prepared from toluene 2,4-diisocyanate adduct. Furthermore,
it was found that both adhesives resulted in improved
Fig. 21 100% natural biomass coating (Left), water resistance improve t
(Right).

© 2023 The Author(s). Published by the Royal Society of Chemistry
mechanical performance compared to the commercial wood
bonding adhesives.103

In general, coating materials, adhesives and glue are nor-
mally composed of thermosetting resins; in this regard, 100%
natural biomass biodegradable coatings and glue were devel-
oped with rosin and cellulose-based resin. In addition, the
mechanical strength and water resistance of paper and pulp-
based molded products such as paper straw can be strength-
ened with this 100% biomass biodegradable coating material. It
was also demonstrated that the water resistance and mechan-
ical strength of paper straw was improved by coating with this
resin (Fig. 21). Given that many paper- and pulp-based molded
products are emerging in the market as alternatives to
petroleum-based plastics, this can be one of the interesting
solutions because the mechanical strength and water resistance
of paper- and pulp-based products are weak.
Natural biomass-based biodegradable
color ink and paint without any
petroleum-based chemicals

Colored paint and colored ink are generally prepared with
coating, glue and adhesive technology. Similar to coatings,
various types of vegetable oils have been utilized for the prep-
aration of bio-based paint.104,105 For example, printing ink
vehicles were prepared frommodied vegetable oil. The average
est (Middle) and water resistance of paper straw have been improved

RSC Sustainability, 2023, 1, 179–212 | 195
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Fig. 23 Biomass biodegradable color masterbatch.
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molecular weight of the vehicles made from representative
vegetable oils, such as soybean, sunower, cottonseed,
safflower and canola oils, were compared by gel permeation
chromatography, and the correlation between the viscosity and
molecular weight of these vehicles was investigated. It was
claried that the physical properties of the formulated inks
were comparable or even exceeded the performance of the
industry standard inks for lithographic and letterpress news-
print applications. It was also found that these vegetable oils
biodegraded faster than commercial soy or mineral oil-based
vehicles.106

Moreover, vegetable-based offset printing inks were devel-
oped with safflower oil, grape seed oil and Pinus pinaster resin.
Printing tests were carried out with coated papers and color,
gloss, rub resistance, viscosity and tack values were measured
on the test prints. The color difference values were within the
tolerance value. It was suggested that the results of the print-
ability tests exhibited the potential utilization of renewable
biomass sources for the ecological development of offset
printing inks.107

Biomass biodegradable color ink and paint without any
petroleum chemicals were created based on the knowledge of
100% natural biomass biodegradable coatings and glue. Color
pigments are inorganic pigments; hence, they can be consid-
ered to be made of non-petroleum materials. By combining
both 100% natural biomass biodegradable plastics (thermo-
plastic resins) and color inks and paints (thermosetting resins),
unique products can be created (Fig. 22). In addition, biomass-
based biodegradable color masterbatches were developed,
which are oen used in the chemical industry as plastic color-
ants (Fig. 23).
Biomass-derived UV curable products

UV (ultraviolet) curable polymers have been employed in
various types of products including hard coatings, adhesives,
paints, inkjet ink, glue, 3D printer ink, cosmetics, dental
products, and medical products.108,109 There are some inves-
tigations that demonstrated the possibility of obtaining
biomass-derived UV curable polymers derived from furfural
etc.110 Sangermano et al. also studied the preparation of bio-
Fig. 22 100% biomass biodegradable color ink on 100% biomass
biodegradable plastic spoon.

196 | RSC Sustainability, 2023, 1, 179–212
based UV materials from the pulp and paper industry. They
focused on creating UV curable products from lignin, rosin
and terpenes, given that they can be exploited as photo-
curable starting materials (Fig. 24).111 Paul et al. developed
bio-based UV curable pressure sensitive adhesives with
∼50% biomass content made from alkali lignin, cardanol,
and linseed oil (C57H98O6). Bio-based prepolymers cardanol
diol acrylate and acrylated epoxidized linseed oil were
synthesized and used to prepare polyurethane acrylate-based
pressure-sensitive adhesives. Alkali-lignin-based acrylates
were introduced in the polyurethane acrylate/acrylated
epoxidized linseed oil pressure-sensitive adhesives at 10–
30 wt% loading to modify the properties. The single glass-
transition temperature (Tg) claried their good miscibility
compared to oligomers/prepolymers. Convincible lap shear
adhesion (166 kPa), tackiness and 180° peel strength (∼2.1 N/
25 mm) for possible non-structural or semi-structural appli-
cations were obtained when 20% of alkali-lignin-based
acrylates were incorporated in the polyurethane acrylate. It
was also found that the lignin enhanced the thermal stability
by suppressing the degradation rate at higher tempera-
tures.112 Weems et al. created 3D-printed structures derived
from linalool and limonene pre-polymer resins.113 In addi-
tion, Johansson et al. discussed the preparation of bio-based
UV curable coating material derived from itaconic acid
(Fig. 26).114 Furthermore, 82.9% content of biobased UV
curable oligomer was prepared from epoxidized soybean oil
(C57H98O12) and gallic acid (C7H6O5). Photo-polymerization
was carried out by mixing with hydroxyethyl methacrylate.
When the content of hydroxyethyl methacrylate was 50–60%,
the viscosity was as low as (52–93 mPa s) and demonstrated
excellent thermal and mechanical properties (Tg of 128–130 °
C, Tp of >430 °C, and tensile strength of 42.2–44.4 MPa),
which were comparable or superior to a commercial product.
They had also applied the same resin to UV curable 3D
printing and exhibited lower penetration depth (0.277 mm)
than the commercial resin. This means that a higher reso-
lution object can be created with this type of biobased UV
resin.115

Mori et al. also developed a UV curable hard coat resin,
which had comparable hard coat mechanical properties as the
petroleum-derived resin. We are also trying to prepare biomass-
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 24 Concept image of biomass-derived UV curing products derived from pulp and paper industry.111

Fig. 25 Image of biomass-derived UV curing hard coat material.

Fig. 26 Synthesis and crosslinking of renewable polyesters containing
itaconic acid, succinic acid, and 1,4-butanediol.114
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derived UV curable inkjet ink and 3D printer ink with similar
technology (Fig. 25).

Biomass mark certified coating, glue
and color ink

Biomass mark can be used for certication for some certain
products. A water-based bamboo charcoal dispersion ink was
developed, which can be applied as the concentrated base
pigment for black color ink for inkjet ink, stationery, stamps,
inks, etc. Since the bamboo charcoal part has a natural origin,
the product was biomass certicate 50, where a minimum of
50% of biomass content is guaranteed in it, as certied by Japan
Organics Recycling Association (JORA). A water-based biomass
biodegradable liquid material certied with 100% biomass was
also developed (Fig. 27).116 We expect that this material will be
employed for the preparation of water-based coatings, glue,
adhesives and paint, for example.
© 2023 The Author(s). Published by the Royal Society of Chemistry
100% natural biomass-based
biodegradable plasticizers

A plasticizer is a chemical that gives good exibility, elasticity,
and processability to various types of plastics, resins, and
rubbers. Although many people are not familiar with the word
“plasticizers”, they are important chemicals in modern society.
However, a typical plasticizer includes phthalate-based chem-
icals, which are considered detrimental to the environment43

(Fig. 28). Other types of plasticizers such as adipate, phosphate,
and polyester are also generally petroleum-derived chem-
icals.117,118 Therefore, it is worth investigating biomass-based
plasticizers. For example, plasticizers for polyvinyl chloride
(PVC), which are derived from biomass resources (vegetable oil,
RSC Sustainability, 2023, 1, 179–212 | 197
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Fig. 27 (Left) 100% biomass mark certified water-based coating material. (Right) 100% biomass mark from JORA.116

Fig. 28 Phthalate applications and its impact on human health.43
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cardanol, vegetable fatty acid, glycerol (C3H8O3), citric acid
(C6H8O7), and lactic acid) have been widely studied to replace
petroleum-based o-phthalate plasticizers. These bio-based plas-
ticizers mainly include epoxidized plasticizer, polyester plasti-
cizer, macromolecular plasticizer, ame-retardant plasticizer,
citric acid ester plasticizer, and glyceryl ester plasticizer119–121

(Fig. 29). For example, Liu et al. synthesized bio-based acetylated
lactic acid 1,4-cyclohexanedimethyl ester from L-lactic acid. The
prepared acetylated lactic acid 1,4-cyclohexanedimethyl ester was
applied to poly(vinyl chloride) (PVC) as a plasticizer and
compared to the commercially used acetyl tributyl citrate (ATBC:
198 | RSC Sustainability, 2023, 1, 179–212
C20H34O8). It was claried that the prepared lactic-based plasti-
cizer had better migration, volatility and stability than ATBC.
Moreover, its strength, elongation and elasticity were superior
when mixed to PVC. Furthermore, the glass transition tempera-
ture (Tg) of PVC lms decreased from 61.3 °C to 55.0 °C. In short,
acetylated lactic acid 1,4-cyclohexanedimethyl ester had better
plasticizing effectiveness than ATBC.122

Generally, it is known that epoxy-based materials derived
from various types of vegetable oil can be applied as plasticizers
especially for PVC including epoxidized soy bean.123,124
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 29 Chemical structure of cardanol-based plasticizer.119–121
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In this case, epoxy groups were covalently bonded on fatty
acid derived from waste cooking oil through addition and
epoxidation reactions. Compared with commercial dioctyl
phthalate plasticizer, this type of waste biomass-originated
plasticizer enhanced the thermal stability and exibility of
PVC, and also resulted in a lower glass transition temperature.
Moreover, it exhibited practical volatility and excellent resis-
tance for migration in PVC matrix. It was proven that when
epoxy groups were introduced to the ester and carbon–carbon
double bonds in the fatty acid, even if they originated from
waste resources, they could be utilized as good plasticizer for
PVC.125

Alternatively, a new material named deep eutectic solvent
(DES) has been reported to be function as a plasticizer.126,127

DESs are mixtures of so-called hydrogen bond acceptors (HBAs)
and hydrogen bond donors (HBDs). They are solutions of Lewis
or Brønsted acids and bases, which form a eutectic mixture.
DESs exhibit much lower melting temperatures than their
individual components. The parent components of DESs
engage in a complex hydrogen bonding network, which results
in signicant freezing point depression compared to the parent
compounds. Thus, DESs show a marked deviation from ideal-
© 2023 The Author(s). Published by the Royal Society of Chemistry
solution” behaviour.128,129 They share many similarities with
ionic liquids, and some researchers acknowledge them as
a subclass of ionic liquids. Generally, they show high thermal
stability, non-ammability, low volatility, and vapor pressure.
Unlike ionic liquids, they are mostly biodegradable, non-toxic,
easy to prepare, and relatively inexpensive.130,131 DESs can be
utilized in various types of applications including metallurgy
and electrodeposition, separation and gas capture, battery,
biocatalysis, extraction of plant-derived chemicals, organic
chemistry, biomass processing, genomics and fundamental
research of nucleic acids, pharmaceuticals and medical
research, synthesis of nanomaterials, dissolution of cellulose,
lignin, and plasticizers.132,133 Mori et al. developed 100% natural
biomass-based plasticizer with natural deep-eutectic solvent
technology. This plasticizer is effective especially for cellulose-
based resin.
100% natural biomass-based lubricants
and cutting fluid

Lubricants and cutting uids are also inconspicuous but critical
chemical products in modern society. These products are
RSC Sustainability, 2023, 1, 179–212 | 199
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Fig. 30 Natural deep eutectic solvent-based lubricant with 100%
biomass composition.
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actively used in metal processing and machine industries.
Typical lubricants and cutting uids are heavy hydrocarbon-
based chemicals and petroleum-derived chemicals. In general,
they are phthalate diester, polyester, polyisobutylene (C4H8)n,
polyester, alkylbenzene, mineral oil, etc.134 Therefore, it is worth
looking for alternatives using biomass-based lubricants and
cutting uids. Vegetable oils are one of the good candidate
materials to be used as a lubricant. Vegetable oils such as
soybean oil, coconut oil (C33H62O6), castor oil, perm oil, rape-
seed oil, and sunower oil are primarily composed of triglyc-
erides (C6H8O6), that is, tri-esters of long chain carboxylic acids
(fatty acids) combined with glycerol. Most of these oils contain
at least four and sometimes as many as twelve different fatty
acids. The triglyceride structure of vegetable oils provides
desirable qualities as a lubricant. Specically, high natural
viscosity and strong intermolecular interactions, which provide
strong resilient to temperature changes and structural stability
over reasonable operating temperature ranges. Anti-corrosion
properties are also an important topic. The ash point of
vegetable oils is high, which correlates to a very low vapor
pressure and volatility, thereby eliminating potential hazards
during use.135 However, one of the problems of vegetable oils is
their poor performance at high temperature and pressure. They
can be oxidized, which inuences their chemical and physical
composition. In the worst cases, the oxygen bond in vegetable
oils can lead to metal oxidation, weakening the metal structure.
Shakirin et al. evaluated the performance of vegetable oils as
a lubricant with a fourball tribometer under extreme pressure
conditions, according to ASTM D2783. Stamping oil, hydraulic
oil, jatropha oil, RBD palm olein and palm fatty acid distillate
were tested as specimens. The test normal load was 126 kg. The
results demonstrated that vegetable oils have a high friction
coefficient compared to mineral oil. Moreover, the wear scars
caused by vegetable oil is lower than that produced by mineral
oil. It was inferred that vegetable oils can be used as lubri-
cants.136 Moreover, Adejuyigbe et al. investigated the utilization
of soybean oil as an alternative cutting uid to soluble oil in
machining a mild steel material. Soybean oil and soluble oil
(standard) were tested as cutting uid and their inuence on
the mild steel material was observed for 70 days. It was
demonstrated that the soybean oil resulted in slight corrosion
of the mild steel compared to the soluble oil. It was inferred that
the acidity of the soybean oil at high temperature had a corro-
sion effect on mild steel.137

Alternatively, DESs have also been studied as a potential bio-
based lubricant when they are composed of biomass-based
chemicals.138 Li et al. employed a betaine and sugar alcohol-
based natural deep eutectic solvent as a lubricant. My group
also had developed 100% natural biomass-based lubricants and
cutting uid using natural deep eutectic solvent technology
(Fig. 30).

Biomass-derived surfactant

Surfactants are important chemical products and mainly
derived from petroleum thus far. Surfactants play an important
role as cleaning, wetting, dispersing, emulsifying, foaming and
200 | RSC Sustainability, 2023, 1, 179–212
anti-foaming agents and their actual applications include
detergents, fabric soeners, motor oils, emulsions, soaps,
cosmetics, shampoo, paints, adhesives, inks, anti-fog agent,
washing and enzymatic processes, and biocides. There are
several types of surfactants including anionic, cationic, zwit-
terionic, non-ionic and exoxylates. For example, one common
surfactant is sodium stearate, which is classied as an anionic
surfactant.139,140 However, considering that large volumes of
surfactants are released into the environment, their biodegra-
dation is of great interest. Thus, the demand for biomass-
derived biodegradable surfactants has attracted much interest
as “bio-surfactants”. Lecithin (C42H80NO8P),141,142 saponin
(C58H94O27),143,144 casein (C81H125N22O39P),145 peptides,146 amino
acid-based surfactant,147,148 sucrose fatty acid ester,149 etc. are
typical examples of biomass surfactants (Fig. 31). For example,
an amino acid-based surfactant has been applied as a shampoo.

In industry, the anionic surfactants linear alkyl benzene
sulfonates (C18H30O3S) have been widely commercialized in
a large variety of applications especially for the cleaning
industry due to their high performance owing to optimized
formulation and low cost. Accordingly, replacing linear alkyl
benzene sulfonates with bio-based surfactants has been chal-
lenging because of these facts. Furan-based surfactants are
candidate surfactants as a green alternative to replace
petroleum-derived surfactants although they still suffer from
lack of feedstock availability and low production yields. In this
regard, Ghatta et al. developed a new class of furan surfactants,
i.e., sulfonated alkyl furoates, which are prepared from the
esterication of furoic acid and fatty alcohols, followed by
a sulfonation step. Compared to traditional surfactants, it was
found that they demonstrated superior performance in basic
proprieties including critical micelle concentration, toxicity,
water resistance and surface tension.150
Natural rubber nanocellulose
composites

Rubber is an important chemical product that has been devel-
oped throughout history. Similar to plastics, rubber is used in
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 31 Structures of amino acid-based surfactants: (1) linear or single
chain, (2) dimeric or gemini and (3) glycerolipid-like structures. The
amino acid constitutes the polar head of the surfactant. The hydro-
carbon alkyl chain constitutes the hydrophobic moiety.147,148
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many applications such as tires, glues, gloves, cables, sealing
materials, and erasers. Some of the typical petroleum-derived
rubbers are isoprene, butadiene, styrene-butadiene rubber,
ethylene propylene rubber, uorocarbon polymers, poly-
urethane, and silicon rubber.151 Alternatively, natural rubber is
the typical rubber derived from nature and have been used by
human since ancient time. Regarding natural rubber, one can
enhance its mechanical strength by forming a composite with
Fig. 32 Illustration of the thiolene coupling reaction between natural ru

© 2023 The Author(s). Published by the Royal Society of Chemistry
carbon black, glass ber, etc.152,153 However, carbon black and
glass ber are not derived from nature. Carbon black can act as
a reinforcing ller not only for natural rubbers but also various
types of rubber elastomers. However, it has been reported that
the production process of carbon black is not only energy-
consuming, signicantly contributing to an increase in global
CO2 emissions, but it is also derived from non-renewable
feedstock, making it unsustainable.154

In this regard, nanocellulose as a nature-derived material,
was applied to reinforce the natural rubber.155–157 Dittanet et al.
used H2SO4 to extract nanocellulose from dried rubber tree
leaves and utilized it to reinforce natural rubber. The prepared
nanocellulose appeared as needle-like shaped cellulose nano-
crystals and demonstrated up to 30% enhancement in tensile
strength with only 2 wt% nanocrystal addition to natural
rubber, together with an increase in elongation at break of
natural rubber.158

Furthermore, nanocellulose was used together with carbon
nanotube to reinforce the natural rubber. Nanocellulose/
natural rubber, carbon nanotube/natural rubber and
nanocellulose/carbon nanotube/natural rubber composites
were prepared and examined. It was found that the nano-
cellulose enhanced the nanocellulose/carbon nanotube hybrid
ller dispersion, forming a 3D network, while the carbon
nanotube increased the ller–matrix interaction. It was also
claried that the nanocellulose/carbon nanotube hybrid
composite material had higher mechanical strength, dynamic
mechanical properties and thermal conductivity.159

When cellulose is used to improve the mechanical properties
of natural rubber, the application of biomass-derived natural
rubber can be expanded because cellulose is also a nature-
derived environmentally friendly material (Fig. 32).156 Mori
et al. also developed natural rubber and nanocellulose
composite materials and successfully enhanced their mechan-
ical strength (Fig. 33).
bber and modified cellulose nanocellulose in nanocomposite.156
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Fig. 33 Dumbbell test piece of (Left) natural rubber and (Right) natural
rubber nano cellulose composite material.180
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Biomass-based biodegradable plastics
and paint with anti-bacterial functions

Since the COVID-19 pandemic, people all over the world have
become more aware of viruses and bacteria and many anti-
bacterial and anti-viral products have come onto the market.
They include a number of anti-bacterial and anti-viral plastics160

and paints.161

Various types of biomass-derived plastics and paints have
been explained above thus far, although there are not many
Fig. 34 Pictures of different anti-bacterial PBAT films against Escherichi
the contents of the compositions. Where, P: PBAT, T: TPS (thermoplastic s
phenylene)-bis (2-oxazoline) as the coupling agent.164

202 | RSC Sustainability, 2023, 1, 179–212
products that have both functions. Nevertheless, recently,
some biomass biodegradable plastics162 and paints163 with an
anti-bacterial property were studied. Wei et al. prepared
a PBAT/starch composite biodegradable plastic with anti-
bacterial activity. They used polyhexamethylene guanidine
hydrochloride (PHGH) as the anti-bacterial chemical and
demonstrated its anti-bacterial activity with Escherichia coli
(Fig. 34).164

Chitosan-based materials have become a recent focus for the
biodegradable food packaging sector due to their biodegrad-
ability, non-toxic nature, and antimicrobial properties. This is
also due the fact that chitosan, which is obtained from chitin, is
the most abundant biopolymer in nature aer cellulose. Ghaz-
vini et al. reported the use of chitosan-metal/metal oxide bio-
nanocomposites as antimicrobial packaging materials. Also,
metal/metal oxide, titanium dioxide, zinc oxide, and silver
nanoparticles were evaluated.165

My group also developed a bioplastic and biomass coating
with anti-bacterial functions (Fig. 35).160 We applied nano-
cellulose deposited with silver nanocolloids as an anti-
microbial chemical in our PLA composite.
100% natural biomass-based
biodegradable resin powder (beads or
scrubs)

Products such as shampoo, body wash, facial wash, toothpaste,
and cosmetics contain plastic powder (beads or scrub) particles
a coli tested using the ring diffusion method. The subscripts represent
tarch), AT: ATPS (anti-bacterial thermoplastic starch), and PB: 2,2′-(1,3-

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 35 Biomass biodegradable paint (Left) and plastic (Right) with anti-bacterial activity.160
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to act as scrub agents that eliminate dirt and dead skin from the
body and also provide UV protection for cosmetics. These
microscale particles are made of petroleum-derived plastics
such as polyethylene (PE) and polypropylene (PP) and are the
major cause of micro-plastic pollution because they are used in
baths, showers, and bathrooms around the world daily in
massive quantities and immediately ow into the drainage
system aer use (Fig. 36).166

Therefore, there is a strong demand to create biodegradable
resin powder that can biodegrade when disposed from homes.
Accordingly, Ju et al. developed a chitosan-derived biodegrad-
able resin powder.167 It was prepared as uniform spherical
microbeads with a diameter of 280 mm through the reac-
etylation of chitosan from waste crab via an inverse emulsion
system. Mori et al. also created cellulose, starch and PLA-based
biodegradable resin micro powder. Some of these products had
a 100% natural biomass-based composition. The sizes of these
particles ranged from several micrometers to 20 micrometers
(Fig. 37).
Biomass-based biodegradable resin for
3D printers

3D printers are very powerful technical tools in various elds.
Thus far, thermoplastic polymer materials such as acrylonitrile
butadiene styrene (ABS: [C8H8$C4H6$C3H3N]n), polylactic acid
(PLA), polyamide (PA: C12H20N2O2) and polycarbonate (PC:
C15H16O2) as well as thermosetting polymer materials such as
epoxy resins can be processed by 3D printing technology.168,169

Among them, PLA can be regarded as biomass biodegradable
3D printer resin. Bhagia et al. studied fused deposition
modeling (FDM) 3D printing of PLA with cellulose, hemi-
cellulose and lignin. The printing properties, conditions and
lament extrusion for PLA and PLA composites were investi-
gated. Moreover, mechanical testing, thermal analysis, visco-
elastic properties, imaging and spectroscopy were studied to
© 2023 The Author(s). Published by the Royal Society of Chemistry
understand the impact of lling biomass resources in PLA for
3D printing. It was also found that by optimizing the rheological
properties of PLA lled with cellulose, hemicellulose and lignin
and viscosity modiers, the 3D printing speeds could be
increased.170

In addition, hemicellulose-based polymers extracted from
lignocellulosic agricultural wastes (corn cobs) were prepared
and applied as ink for 3D printers. Practically applicable 3D
printing of hemicellulose-based inks could be obtained under
only the limited condition of water content, printing tempera-
ture, and extrusion multiplier. It was claried that an even
a slight change in water content could inuence the
hemicellulose-based ink viscosity and printability. It was also
possible to make this type of hemicellulose-based 3D printer
ink without any chemical modications or mixing with another
polymer.171

However, PLA is derived from edible biomass such as corn,
sugarcane and starch, which can be an issue given that the food
scarcity problem is rising recently due to climate change and
explosion in human population.

In this regard, Mori et al. developed a cellulose-based
biodegradable resin, which can be used for 3D printing. This
is ideal given that cellulose is the most abundant natural
organic resource on the planet and it does not compete with
nutritious food for humans (Fig. 38).
Bio-ethanol made from non-edible
biomass

In modern society, most gasolines, various types of fuels, and
jet fuel are still dependent on petroleum, and the production
and consumption of these are signicant, making them
a major source of CO2 emissions. Similar to the efforts to
replace all petroleum-based chemical products with biomass-
based products, creating biofuel from biomass is desirable. In
general, bio fuels can be classied to bio-ethanol, bio-diesel,
RSC Sustainability, 2023, 1, 179–212 | 203
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Fig. 36 Applications of microbeads in daily care products and their potential impacts on the environment. (a) Petroleum-based microplastics
and their main risks. (b) Bio-based microplastics and their desired consequences for sustainable cosmetics. (c) Desired cosmetic microbead
properties and (d) comparison of the hardness between the materials in this study and some natural and synthetic abrasive materials (HDPE:
high-density polyethylene and LDPE: low-density polyethylene).166
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sustainable aviation fuel (SAF), biomass-derived methane gas,
biomass-derived hydrogen, bio coal, etc. In addition, it is
known that the rst generation of bio fuels are derived from
edible biomass such as corn, sugarcane, potato, and grains,
whereas the second generation of bio fuels are made from
non-edible biomass such as wood waste, waste paper, and
algae.

In the aviation sector, the development of renewable aviation
fuel is identied as a promising alternative to replace fossil-
based jet fuel in the current infrastructure. For example, Rios
et al. proposed a mathematical model of biojet fuel production
by hydro processing non-edible oils (such as Jatropha curcas,
204 | RSC Sustainability, 2023, 1, 179–212
camelina, palm stearin, and Ricinus communis), together with
renewable hydrogen production (produced from residual
biomass in oil extraction). Taking the Mexican airport network
as an example, the best economic scenario was a prot of 16
893 146 USD per year and 27.6% CO2 emission reduction,
compared with fossil jet fuel. Moreover, it was suggested that
when all conditions are optimized with the maximum effort, it
is possible to satisfy the national jet fuel demand (4157.5 kilo-
tonne per year) with the renewable fuel jet and even increase the
prot with surplus sales (315 kilotonne per year).172

Bio-ethanol is also a good candidate as a bio-fuel because it
has the potential to replace petroleum-based fuels. In
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 37 Biomass biodegradable resin powder. (Top left) PLA base, (Top middle) starch base and (Top right) cellulose base. Optical microscopic
observation of PLA-based 100% biomass biodegradable resin powder (Below).
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addition, some chemical products such as ethylene and
polyethylene can also be prepared from ethanol. Nowadays,
bio-ethanol is produced from agricultural products such as
corn, sugarcane, and starch-based materials.173 However,
these edible biomass organic resources are not ideal because
they compete with human nutritious foods174 (Fig. 39).
Therefore, it is preferable to source bio-ethanol from non-
edible biomass-based organic resources such as cellulose, as
explained above. Thus, bio-ethanol from non-edible organic
waste biomass such as waste of plants, wood, paper, waste
food, and bamboo has been developed. Specically, anything
that contains cellulose. For example, bio-ethanol has been
prepared from waste wood, which contains cellulose, and
called second generation bio-ethanol.175–177 I also made bio-
ethanol from bamboo residue using my bamboo particle
dispersion technology, which was the pretreatment to
enhance the following enzyme and yeast fermentation effi-
ciency (Fig. 40).178
© 2023 The Author(s). Published by the Royal Society of Chemistry
100% natural biomass-based
biodegradable plastics made of natural
organic waste such as waste wood,
paper, seaweed, plant and waste food

Huge quantities of wood, paper, and food are disposed of daily
around the world, which are precious organic resources that
should not be wasted. By utilizing these waste organic
resources, various types of biomass chemical products can be
created. Especially bioplastic production from waste wood and
waste paper is intensively under research (Fig. 41).179–181 For
example, Krishnamurthy et al. developed bioplastic lms from
jackfruit waste our and sago as a low-cost starch source.
Specically, 3 different types of composite lms were prepared
using starch with lemon extract and water, with different cross-
linkers, as follows: (1) polylactic acid and crude palm oil, (2)
glycerol and crude palm oil and (3) polylactic acid, glycerol and
RSC Sustainability, 2023, 1, 179–212 | 205
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Fig. 38 Cellulose-based biomass biodegradable resin mold product
made by 3D printer and resin filament for 3D printer.

Fig. 39 Recent view of sugarcane cultivation under green cane
management conducted without the preharvest burning in Brazil. The
trade-offs between the need to preserve soil health and producemore
bioenergy have been the subject of intense discussion, given that the
adoption of sustainable management practices such as crop residue
retention can increase the productivity of agricultural ecosystems and
mitigate the effects of climate change through enhanced carbon
sequestration. Photographed by J. L. N. Carvalho.174

Fig. 40 Bio-ethanol made from bamboo waste as non-edible
biomass.178
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crude palm oil. It was demonstrated that when PLA and crude
palm oil were used as cross linkers, the strongest tensile
strength of 5.24 MPa and lowest elongation at break of 3.49%
were obtained. It was also elucidated that the strong interaction
of triglycerides (C]O stretching) was observed for all 3 types of
lms.182

My group also prepared 100% biomass biodegradable plas-
tics from waste wood, bamboo, paper, newspaper, food, waste
tofu, waste shochu (Japanese alcohol liquor), etc. In addition,
we created plastics made from waste Sargassum, which is
seaweed in the Caribbean Sea. Recently, the quantity of
Sargassum there has been increasing because of global warming
and the rich nutritious soil owing into the ocean due to
Amazon deforestation. In various places, including Antigua and
Barbuda near the Caribbean, the state of Florida in the USA,
Mexico, and some parts of South America, there are severe
problems of decomposing Sargassum reaching the beaches,
causing a foul smell. Thus, 100% natural biomass-based
biodegradable resin pellets made from Sargassum waste were
206 | RSC Sustainability, 2023, 1, 179–212
developed and injection molding products such as cutlery were
also created (Fig. 42).
Life cycle assessment (LCA) of
bioplastics

As explained above, petroleum-based plastics have many envi-
ronmental problems including greenhouse gas emissions,
marine and terrestrial environment pollution. Alternatively,
bioplastics and biodegradable plastics are presented as alter-
natives to conventional petroleum-based plastics. However,
bioplastics also lead to some environmental issues such as
greenhouse gas emissions and unfavorable land use changes,
and thus it is necessary to evaluate the true impact of bioplastics
on the environment for their life cycle assessment.

For example, petroleum-derived biodegradable plastics,
which belong to category 2 herein, contribute to an increase in
CO2 emission because they are derived from petroleum. Alter-
natively, biomass plastics, which belong to category 3 herein, do
not have this issue given that they are made of natural biomass
plants. However, they obviously result in microplastic pollution
because they are not biodegradable. It should be remembered
that similar to petroleum-based plastics, some bio-based plas-
tics cannot be recycled. Consequently, many biodegradable
bioplastics end up in landlls, which decompose gradually and
produce methane gas to harm the environment. However,
increasing research suggests that their environmental damage
is still less severe than conventional petroleum-derived plastics.
To ensure the environmentally friendliness of existing and
newly developed bioplastics, we should conduct LCA analyses
(Life Cycle Assessment) and land use change analyses. These
studies will help policy makers to determine whether the use of
bioplastics and newly developed bioplastics are indeed bene-
cial to the environment.183

One should also be aware of that bioplastics can be more
energy intensive during their manufacturing process than their
conventional competitors. Given that this is also a critical issue
© 2023 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2su00014h


Fig. 41 Synthesis of bioplastics from rice straw (TFA: trifluoroacetic acid).180

Fig. 42 100% biomass biodegradable resin pellet (Left) and forks (Right) made from Sargassum waste.
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to be considered for overall environmental sustainability of
a product, it is necessary to acquire a better understanding
about the energy demand of bioplastics in the manufacturing
process. Schulze et al. investigated on the energy demand of
bioplastic materials in injection molding, milling and fused
deposition modelling 3D printing procedure in the aspect of
manufacturing process. Based on this concept, a quantitative
energy related assessment of manufacturing bioplastics in
comparison to conventional petroleum-derived plastics could
be also possible. It was elucidated that in the case of the energy
demand per product, milling has the highest specic energy
demand and injection molding demonstrated a lower specic
energy demand, but is compromised by the energy required for
initial warm up and preparation of the machine. Considering
these facts, 3D printing has the lowest energy demand. It was
also shown that processing bioplastic and petrochemical
© 2023 The Author(s). Published by the Royal Society of Chemistry
materials in injection molding processes results in similar
specic energy demands. This type of study of energy analysis
regarding machine process impacts should be considered
further to understand the true environmental impact of bio-
plastic production.184

Besides bioplastics, lab scale nanocellulose preparation
routes were evaluated through a cradle-to-gate life cycle
assessment adopting the Eco-Indicator 99 method. It was clar-
ied that for the chemical and mechanical preparation proce-
dure, the environmental impact of nanocellulose preparation
depends on the chosen treatment process. For example, the
environment impact is different between 2,2,6,6-
tetramethylpiperidine-1-oxyl (TEMPO) oxidation and carbox-
ymethylation process. It was also found that even though the
manufacturing process of nanocellulose has a large environ-
mental footprint markup compared to its raw material
RSC Sustainability, 2023, 1, 179–212 | 207
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extraction process (kra pulping), it still demonstrates better
environmental advantages over other nanomaterials such as
carbon nanotubes.185

Single-use plastics

In human history, the plastics industry has traditionally intro-
duced mostly linear processes focusing on extracting raw mate-
rials and converting them into useful products, rather than
recycling or reusing products. The overall production of plastics
since 1950 has been dominated by PE (36.4%), polypropylene
(PP; 21%) and polyvinylchloride (PVC; 12%) and the ber market
is occupied by mainly polyethylene terephthalate (PET; 70%). In
addition, the largest global plastic volumes in the commercial
sector in 2015 were in packaging (35.9%), construction (16.0%),
textiles (14.5%) and consumer goods (10.3%). Furthermore, the
automotive, electronics and agricultural industries also consume
considerable amounts of plastics (for example, 10.1%, 6.2% and
3.4%, respectively, in the EU in 2016). However, packaging is
considered to be the largest source of plastic waste globally, with
146 million tonnes produced in 2015, of which 141 million
tonnes were unrecycled (96.6%). Packaging also have the shortest
working life among the industrial plastic sectors, causing severe
environmental damage.186,187

Furthermore, in the case of single-use plastics, their working
lifetime, from use to disposal, can be even as short as a few
minutes. In general, single-use plastics are composed of
petroleum-derived plastic such as PE, PP, PVC and PET. Espe-
cially the COVID-19 pandemic has worsened the ‘plastic waste
problem’, because of the urgent need for single-use plastic
personal protective equipment such as masks, gloves and face
shields. Because of the fears of virus spread, several bans on
single-use plastic were temporarily cancelled. For example,
reusable shopping bags were banned and, in some places,
traditionally recyclable plastic food containers are considered
hazardous, owing to potential pathogenic contamination.
Consequently, the amount of medical plastic waste has
increased by 3–10 fold and hundreds of millions of masks have
ended up in landlls and the ocean.188

Thus, single-use disposable items made of bioplastics and
biodegradable plastics are growing in popularity. However, the
EU has announced a ban on the sale of several single-use plastic
items (straws, cutlery, food and beverage containers made from
polystyrene and cotton bud sticks and all oxo-degradable plas-
tics) in EU240 under the framework of the European Green Deal
and its Circular Economy Action Plan.189

In addition, China, the world's largest producer of single-use
plastics, has also announced that they will ban non-recyclables
other than degradable bioplastics by 2025. Consequently,
Chinese manufacturers are planning to increase PLA produc-
tion to 700 000 tonnes per year and combined PBAT and PBS
output to 1.24 million tonnes per year by 2023.190

Other concerns and challenges

As shown above, various types of bioplastics and biochemical
are expected to be alternative replacements for petroleum-
208 | RSC Sustainability, 2023, 1, 179–212
derived plastic and chemicals although there remain some
challenges. Firstly, bioplastics may be more expensive than
petroleum-derived plastic because in general, these natural
biomass resources, whether they are food (edible biomass) or
non-edible biomass, are more expensive. Especially when edible
biomass such as corn, sugarcane, grains, and potato are used as
raw materials as in the case for PLA and starch, their price will
be expensive and a problematic issue given that some people
are suffering from hunger in the world. Vegetable oils such as
perm oil can be a better choice even although they still may have
some problems such as destroying indigenous rain forests to
expand more perm tree forests to obtain more perm oils. There
are also some reports that perm oil harvesting from perm trees
is one of the causes for child labor exploitation. These facts may
also inuence supply chain issues because of the potential lack
of natural resources and risks. Furthermore, bioplastics and
biochemical products from natural resources oen require
additional chemical treatment process to utilize biomass
resources such as cellulose and lignin, resulting in a higher
cost. In this aspect, it may be an interesting new strategy to
create and manufacture bioplastics by using whole waste wood,
waste paper, waste food, waste seaweed, etc. as raw materials by
combining with natural deep eutectic solvent or other cheap
biomass-based raw materials, with just a simple twin extruder
process. My group is promoting this direction in our research.

In addition, considering the supply chain of bioplastics, as
explained above, some bioplastics are derived from nutritious
food, and thus unsustainable practices will result in the
destruction of natural habitats and the use of precious food-
producing arable land. This will lead to the concept of raw
material sourcing of biomass waste-streams, moving away from
rst-generation feedstocks. Instead, we should focus on
sourcing second-generation feedstocks to create a sustainable
supply chain for the production of biomass-derived bioplastics.

Bioplastic collecting and sorting are another important
issue. If various types of bioplastics are not collected and clas-
sied separately, they can contaminate plastic recycling,
organic waste streams, and the environment. Thus, solving this
contamination problem requires effective identication and
sorting to conrm that they are properly separated and com-
posted. If this does not function properly, for example, com-
postable bioplastics such as PLA will contaminate the recycling
of conventional plastics such as PE, PP and PET and decrease
their value as recycled plastics. Practically, for example, FTIR
(Fourier transform infrared light spectroscopy), NIR (near
infrared spectroscopy) and hyperspectral imaging (HSI)-based
separation technology have been applied to identify and sepa-
rate plastics.191

In addition, the energy usage ratio is an advantage of
biomass-derived plastic compared to petroleum-derived plastic.
Tang et al. estimated that an average of about 13.8 exajoule (EJ),
ranging from 10.9 to 16.7 EJ, of fossil-fuel energy consumed in
2019 was diverted to fossil-fuel feedstock for the production of
plastics worldwide. This number indicates between 2.8% and
4.1% share of the total consumed fossil-fuel energy globally was
used for the production of petroleum-derived plastics. Alterna-
tively, the life cycle analysis estimate demonstrated that
© 2023 The Author(s). Published by the Royal Society of Chemistry
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bioplastics produced from 1st generation feedstock required
about 86% less non-renewable energy use (NREU) than that of
petrochemical plastics. In addition, 2nd generation feedstock
had even 25% less NREU than that of 1st generation.192

Further superiority can be suggested for biomass-derived
plastics compared to petroleum-derived plastics regarding
toxicity aer their incineration. Plastic wastes can be potentially
applied to waste-to-energy conversion technologies for supple-
menting the augmenting energy demands, instead of using
them as just landll. The direct incineration of municipal solid
waste containing mixed plastic waste has been reported to be
a primary factor for air pollution, as well as toxic gas such as
furans, dioxins, and polychlorinated biphenyls. For example,
the combustion of plastic products made of polyvinyl chloride
such as plumbing pipes, mainly used in agriculture and
household purposes, has the potential to deliver harmful
halogenated compounds upon thermal degradation. This
would increase the risk of pulmonary and cardiac diseases,
respiratory ailments, nausea, headaches, skin rashes, cancer,
birth defects, endocrine disruption, compromised immunity
and severe damage to the nervous and reproductive system in
humans, as well as severe damage to the environment. In this
regard, biomass-derived plastics are harmless because in
general, they do not contain many harmful substances and
halogens.193

Besides the bioplastics and biochemical introduced herein,
various types of challenges exist in achieving environmentally
friendly green solutions in chemical industry. For example,
applying ionic liquids and deep eutectic solvents have been as
antistatic agents, electrolytes, lubricants, dissolving agents, CO2

absorber, etc. Another challenge is applying deep eutectic
solvents as reaction media for chemical organic synthesis to
replace the toxic organic solvents. Especially natural deep
eutectic solvents can be more useful in this aspect given that
they are composed of mild natural biomass raw materials.194

Utilizing microwave irradiation in synthetic chemistry is also
an interesting method to achieve green chemistry. The reduc-
tion in the reaction time, enhanced yields, increased product
purities and simplication of work can be attractive points in
the energy-saving aspect, and in most cases, these conditions
and results cannot be achieved by the classical heating process.
In addition, the synergy with solvent-free conditions, solid
catalysts and green solvents can expand to further environ-
mentally friendly chemical reaction procedures.195

Considering energy saving for chemical reactions, it can be
suggested that the use of twin screw extruders run by renewable
solar energy or wind power generation to manufacture bio-
plastics can also be a green solution in the chemical industry.

Conclusions

Herein, the focus was explaining the various types of biomass-
based chemical products such as bioplastics and biomass-
based coatings and inks. They are based on the simple
concept of replacing all petroleum-derived chemical products
with biomass-based products. Specically, “nomore petroleum,
no more fossil fuels”. Although achieving this goal seems
© 2023 The Author(s). Published by the Royal Society of Chemistry
difficult, it is a challenge worth our efforts toward a sustainable,
carbon-neutral society.
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