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ABSTRACT

The molded pulp, a product of three-dimensional papermaking technology, is environmentally friendly and has a
low environmental impact due to its ability to decompose quickly in the natural environment after disposal. The
application of molded pulp for food packaging can replace or reduce the use of plastic food packaging. Research-
ers extract fibers from plants for the production of safe and hygienic molded pulp for food packaging, and they
also study and enhance the qualities of molded pulp to broaden its use in the food industry. This paper reviews
the sources and varieties of plant fiber used in molded pulp for food packaging, as well as research on the
improvement and optimization of the performance of molded pulp products. Additionally, issues with molded
pulp’s actual use for food packaging are reviewed, along with the potential for future research. This work can serve
as a reference for molded pulp applications and research in the food industry in the future.
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1 Introduction

The mass production and use of petroleum-based plastic packaging have greatly improved the standard
of living of humans, especially in the field of food packaging. However, due to poor management and
difficult decomposition, a lot of food packaging waste is produced globally every day [1], resulting in
hundreds of millions of tons of white waste. This has seriously and irreparably harmed the human
ecological environment, particularly the ocean and freshwater resources of the planet. It is crucial to use
naturally degradable biomaterials instead of plastic to package food, and molded pulp, derived from plant
fibers, is the best option. The research notes that molded pulp products, which make up about 50% of
food packaging (Fig. 1) and are virtually entirely recyclable and biodegradable, are one of the most
promising sustainable food packaging materials. This helps to lessen the environmental impact of
wastage [2].

Molded pulp products first appeared in the 19th century, and in recent years, consumer adoption of this
type of packaging has been growing [3]. Molded pulp is a three-dimensional paper making technology that is
molded into various shapes of paper products through processes such as mold forming and hot press drying
according to different applications [4]. The four varieties of molded pulp products are defined by the
International Molded Fiber Association (IMFA) as follows [5]:
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※Molded Fiber Products–“Thick Wall”

It is produced using just one molded and has a product wall thickness of about 3/16 to 3/8 inches (5 to
10 mm). One side is rough, whereas one surface is mostly smooth. They are primarily used for support
packaging of heavier, non-fragile items (vehicle parts, furniture, motors, etc.), as well as plant, flower and
nursery pots and containers.

※Molded Fiber Products–“Transfer Molded”

They are manufactured using one forming mold and one transfer mold with a product wall thickness of
about 1/8 to 3/16 inches (3 to 5 mm). The surfaces are quite smooth on one side. The most common use is for
egg cartons and trays. New designs are used for many types of electronic product packaging such as cell
phones, DVD players, etc. Also, they are used for hospital disposables, electrical appliances, office
equipment, tableware and fruit and drink trays.

※Molded Fiber Products–“Thermoformed” (Sometimes called “Thin-Wall”)

They are manufactured using multiple heated molds with a product wall thickness of about 3/32 to
5/32 inches (2 to 4 mm). Forms are well-detailed, with smooth surfaces and few draft angles. Products
are dried in the mold, eliminating the need for oven curing. The walls are a little bit denser as a result of
the hot mold pressing procedure. Products made from type 3 thermoformed fiber closely resemble
thermoformed plastic.

※Molded Fiber Products–“Processed”

This type covers products made of molded fiber that need further processing or specific handing beyond
simple molding and curing.

Primary fibers and recycled fibers from waste paper are utilized as raw materials in molded pulp
products, and the type of raw materials used has a significant impact on products’ quality and cost.
Recycled fibers are frequently used as the starting materials for type I and type II molded pulp. However,
as the strength of the fibers decreases and the number of tiny fibers increases, it is usually necessary to
treat them first to get rid of heavy metals, dirt, inks, dyes and coatings [6]. For packaging that comes into
direct contact with food, considering the safety and hygiene requirements of food packaging, molded
pulp for food packaging must use non-polluting, non-toxic fiber raw materials. Therefore, molded pulp
products for food packaging often use primary plant fiber as the main raw material, while taking into
account lint free and flaking, and have a certain degree of stiffness, mechanical strength and hydrophobic

Figure 1: Molded pulp packaging segment-wise market share [2]
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and oil-proof properties. Fig. 2 shows a schematic diagram of the vacuum thermoforming process of molded
pulp for food packaging.

2 Source of Fiber for Molded Pulp

Wood fiber, bamboo fiber, bagasse fiber, crop straw fiber, and other primary fibers from natural plants
can be utilized as a fiber source for molded pulp, which is used to manufacture molded pulp for food
packaging. These fibers are renewable and biodegradable. Wood, which comes from a variety of sources,
is the most commonly used raw material for molded pulp fiber. The strength and properties of the fiber
can meet the needs of most molded pulp products. Bamboo is a very promising non-wood raw material.
It is well suited for use as a fiber material for molded pulp for food packaging due to its fast growth, low
resource cost, and its chemical composition and fiber properties are comparable to wood [7]. As a rich
source of cellulose, the basic properties of bagasse are suitable for the manufacture of molded pulp
products. However, because the properties of molded pulp products obtained when used alone are
average, an attempt can be made to mix it with different cellulose sources to obtain synergistic
enhancement and reduce the cost of molded pulp raw materials while making better use of bagasse fiber
[8]. Most cellulose-rich plants can be used as a source of fiber for food molded pulp, but due to the
difficulties of fiber pulping, low yield, and unstable sources, it is usually not possible to produce molded
pulp products on a large industrial scale. Table 1 provides a summary of the primary places of origin and
properties of various fibers. The characteristics and properties of each fiber are described in detail in the
following article.

Figure 2: Vacuum thermoforming process of molded pulp for food packaging

Table 1: Fiber sources, main producing area and fiber characteristics

Fiber sources Main producing area Fiber characteristics Ref.

Coniferous wood Canada and Russia Excellent strength and long fiber [9]

Broadleaf wood America Fiber binding ability is strong [10]

Bamboo China The pulping rate of 1-year-old bamboo
is the highest

[11]

Sugar cane Brazil and India The fibers are lighter in color [12,13]

Crop straw China and
America

Low pulp production and outdated
technology

[14]

Oil palm Malaysia Rough product surface [15]

Banana stems/pineapple leaves/
apple pomace

India and Indonesia The products have poor mechanical
qualities

[16,17]
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2.1 Wood
The most important pulp and paper raw material is wood fiber, which is divided into coniferous wood

and board leaf wood based on its main growth and distribution areas. Coniferous woods with long coniferous
wood fibers include pinus massoniana, larch, red pine and spruce. The tissue structure of coniferous wood is
tight, with the heterolytic cell. Broadleaf wood includes birch, poplar, linden and eucalyptus, etc. Broadleaf
wood fiber is shorter than coniferous wood fiber. Cellulose is produced by the chemical or mechanical
removal of the wood’s non-cellulose component, which is usually around 60% [18]. As wood fibers
contain more lignin, the color is often darker, and bleaching is often done before use for aesthetic reasons
[10]. Fiserova et al. [19] investigated the properties of bleached coniferous and broadleaf kraft pulp. In
laboratory pulping, bleached coniferous kraft pulp took longer to achieve the same drainage resistance as
broadleaf kraft pulp. Coniferous kraft pulp had higher fiber strength and length than broadleaf kraft pulp,
and broadleaf kraft pulp had higher fiber bonding capacity than bleached broadleaf kraft. The water
absorption and bulk softness of the pulp are higher than that of the coniferous kraft pulp. The strength
and quality of the paper product are affected by the wood’s modulus of elasticity, microfiber angle, fiber
length and coarseness [20]. In the study of the chemical makeup and fiber characteristics of various
broadleaf wood species, Ihnat et al. [9] discovered that common hornbeam, European ash, European
beech and birch had higher polysaccharide content in wood, which was advantageous for pulping, in
addition to having longer fiber and higher quality of pulping.

2.2 Non-Wood

2.2.1 Bamboo
In the context of the global plastic ban and restrictions on their use, bamboo fiber, a unique resource of

China, offers significant advantages when utilized as molded pulp for food packaging. Bamboo has lengthy
fibers. It is a great raw material for the pulp and paper industry since cells typically range in length from 1 to
4 mm, have a diameter of 0.01 to 0.03 mm [21], and have a high aspect ratio. The pulp production varied
between 35.7%–51.7% depending on the species and age of the bamboo [11]. Bamboo contains 20% to
25% lignin, which is a natural binder and filler. Wang et al. [22] developed bamboo residual lignin-based
molded pulp products and, by carefully regulating the degree of delignification, produced lunchbox-
shaped molded pulp products with long-lasting wet support strength. High-strength molded pulp can be
created by removing the lignin from bamboo while keeping the hemicellulose and holocellulose [23]. The
pulp production, mechanical and optical properties of various bamboo species influence how well-suited
they are for creating pulp and paper. After bleaching, Neosinocalamus affinis bamboo from the Sichuan
Province of China produced a pulp with great brightness but poor tensile and tear indices [24]. The
average length of bleached bamboo pulp fiber was 1.68 mm, which is between broadleaf and coniferous
wood pulp and suitable as a raw material for pulp and paper fibers. Tripathi et al. [25] focused on the
physical properties, chemical composition, pulping properties, fiber morphology and strength
characteristics of bamboo chips in their study the pulping and paper making properties of the bamboo
species “Melocanna”. Bamboo has a quick maturity cycle; however, its pulping and mechanical
characteristics vary depending on when it is harvested. Chang et al. [26] investigated how well bamboo
aged 0.2, 1.2 and 3 years produced pulp and paper. Although the mature 3-year-old bamboo had a high
pulp output (55%), over half of it was trash. The lignin percentage rose with increasing age. In contrast,
after treatment, bamboo stems that were roughly 1 year old showed improved brightness and strength and
were more suited for pulp and paper production. Suhaimi et al. [11] pulped bamboo that was 1, 3 and
5 years old and discovered, in a similar manner, that bamboo with an age of 1 year had the maximum
pulp output and was appropriate as a raw material for molded pulp products. Cao et al. [27] investigated
the fiber morphology of green bamboo grown in southeastern China and prepared green bamboo pulp
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using pre-hydrolysis and sulfate pulping technique. When compared to the cortex and stalk, the stem nodes
have shorter fibers and finer fibers, which are unsuitable for pulping and papermaking. By removing the stem
nodes before cooking, the pulping quality of green bamboo can be improved.

2.2.2 Sugar Cane
Sugar cane is a temperate and tropical crop that originated in Asia. Brazil is the world’s largest producer

of sugarcane, and sugar cane agriculture generates a large amount of bagasse waste, which contains 40% to
50% cellulose, 20% to 30% hemicellulose, and 18% to 25% of lignin and has a wide range of applications in
the paper industry [28]. Bagasse fibers are flaky in small fragments [29], with narrow ends, a high flexibility
coefficient, and good adhesion between fibers, making it an ideal raw material for papermaking. Liu et al.
[12] created meal box-shaped molded pulps from bagasse-based pulp that are lighter in color and more
appealing to consumers. However, because the length and width ratio of bagasse pulp is small, and the
fibers contain more short fibers, the mechanical strength of bagasse pulp is not exceptional when it is
used to prepare molded pulp alone. When bagasse fibers are combined with other plant fibers, a paper
material with good properties is produced [30]. Wang et al. [22] developed high-quality molded pulp with
food safety and excellent mechanical strength using sugarcane bagasse fibers, as well as lunchbox-shaped
molded pulp by combining a certain percentage of long bamboo fibers with sugarcane fibers. Short
bagasse fibers were physically interwoven with long bamboo fibers to form a tight network of interaction,
enhancing the mechanical properties of the molded pulp. Because of the many fine particles in bagasse
pulp, the production process of molded pulp with bagasse fiber as raw material is prone to causing
deposition, blocking pipes, corrosion damage to equipment, increasing the number of cleanings, and
thereby increasing the cost and lowing product quality [13]. Furthermore, bagasse molded pulp products
lose a significant amount of tensile strength and related properties during the recycling process, limiting
their recovery potential [31].

2.2.3 Crop Straw
Compared to wood, crop straw has received less attention from researchers. China, as a large agricultural

country, produces a large amount of various crop straws each year due to agricultural crops, and the dried
crop straws contain 30%–36% cellulose and 19%–32% hemicellulose [32], which is a good fiber source
for molded pulp. Crop straw as a raw material for the preparation of molded pulp for food packaging has
the advantages of being light in weight, low in cost, degradable and renewable. Straw fibers can be
converted into pulp with specific strength properties after pre-treatment with alkaline peroxide and
mechanical pulping. Tschirner et al. [33] recovered corn straw and wheat straw and discovered that the
pulping yield of corn straw was lower and the bonding strength was lower in laboratory pulping. On the
contrary, wheat straw fiber had a higher pulping yield and a very good tensile property. Liu et al. [34]
prepared molded sheets by molding with rice and wheat straw and starch to study moisture absorption
properties, and the results revealed that the moisture absorption rate of rice and wheat straw segments
was low. Leponiemi et al. [35] evaluated the suitability of wheat straw as pulp for the production of
molded pulp, and the straw pulp can be used to make molded pulp for food packaging after chemical
treatment and bleaching. Rattanawongkun et al. [36] prepared molded sheets from rice straw after pulping
and molding at 130°C and 0.6 MPa pressure, and the molded sheets had high tensile strength and tensile
index. The cross-section of the straw molded sheet revealed small gaps between the fiber layers and
relatively good fiber adhesion, indicating that it can be used as a fiber raw material for molded pulp
production. Wheat straw fiber has been evaluated as a potential partial replacement for hardwood kraft
fiber. However, technological gaps in pulping and bleaching, transportation and storage, and physical
strength limit the use of wheat straw materials [14]. As a new source of agricultural fiber, rape straw has
some potential for pulp and paper production [37]. Rape straw’s surface and xylem have dense fibrous
tissue, and the fibers are tightly packed together, giving it high toughness and tensile strength [38,39].
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Hosseinpour et al. [40] pulped rape straw fibers using a chemical-mechanical method, resulting in rape straw
fibers with dimensional characteristics and chemical compositions similar to sugar cane bagasse, and these
fibers can be used as a raw material for molded pulp.

2.2.4 Others
Oil palm, banana stems and pineapple leaves [36] all contain cellulose, which can be used to make

molded pulp. Oil palm residues have been identified as the fifth most promising source of non-wood
fiber. Oil palm leaves can be effectively converted into fiber using the sulfate pulping method, which has
a low lignin content and a high holocellulose content in oil palm leaf fiber. Lerpong et al. [41] created
molded pulp trays out of oil palm fibers and tested them as a shipping package for fresh apples. When
used as soft-skinned fruit packaging, the surface roughness of the molded pulp products made of oil palm
fiber is high, which will cause some damage to the surface of the fruit. Therefore, the surface smoothness
of molded pulp products made from this fiber must be studied and improved further. Liu et al. [42] used
atmospheric refining to convert waste oil palm empty fruit bunch fibers into fiber pulp for the production
of three-dimensional molded pulp products, which can hold food products such as fruits and vegetables
and can be composted or recycled after use. The main chemical composition of pineapple leaf fiber is
holocellulose and α-cellulose. Pineapple leaf fiber pulp will be steamed to remove lignin, producing
molded pulp products with varying degrees of smoothness [16]. Suwanno et al. [43] created molded pulp
trays from pineapple leaf fibers and added chitosan and zinc oxide to improve the tray’s antimicrobial
activity against Escherichia coli, Staphylococcus aureus, and Penicillium dijitatum. Apple pomace is a
by-product of apple juice processing that has the advantages of low density and low cost. However, its
use is limited due to high water absorption and relatively weak mechanical properties. The substances to
be removed from apple pomace are pectin and hemicellulose. Liang et al. [17] extracted fibers from apple
pomace using various treatments to prepare molded pulp panels and measured their mechanical properties
and moisture content.

3 Research on the Properties of Molded Pulp

Fruits with thin skin, such as apples, pears and peaches, are frequently squeezed and deformed during
transportation. The taste and appearance of fruit are harmed when the skin is damaged. Therefore, to avoid
deformation and damage, food packaging should have certain mechanical properties [44–46]. Water vapor in
the air, outside oil and grease in the food will greatly affect the flavor of food, such as cookies, milk and
potato chips, etc. Food will also be contaminated, hastening the deterioration of corruption, so food
packaging must be waterproof and oil-proof [47–49]. The materials used in packaging will also have an
impact on food hygiene. Paper-based materials on the surface of powders and flakes can pollute food,
decreasing consumer desire to buy it [50]. Therefore, molded pulp products for food packaging must not
only use non-polluting, non-toxic fiber raw materials, but also have certain mechanical properties,
hydrophobic and oil resistance, and be lint free and flakes.

3.1 Mechanical Properties
The mechanical strength of molded pulp products is an important factor that affects their wider

application. In the production of paper-based materials, the mechanisms by which polymers improve the
dry and wet strength of fibers have been extensively studied. Polyamide-epichlorohydrin resin (PAE) is
the most widely used formaldehyde-free wet strength agent in the production of paper-based food
packaging. When PAE is added to the pulp and hot pressed, additional bonds between PAE and cellulose
can be formed, thus significantly improving the mechanical properties of the molded pulp products [51].
Cationic starch can improve the mechanical properties of molded pulp [52]. In order to generate molded
pulp products with excellent dry and wet strengths, Qin et al. [53] added PAE and cationic starch to the
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pulp. The synergistic interaction between cationic starch and PAE gave the molded pulp products the desired
wet strength even with a lower amount of PAE. Water-soluble amphoteric polyacrylamide (AmPAM) is
widely used in paper dry strength agents, when AmPAM dosage of 0.5% can make kraft paper hardwood
fiber made of sheet breaking length increased by 25%. However, when AmPAM and cationic starch are
combined, there is a negative synergistic effect, indicating that the two are not suitable for simultaneous
use [54]. To study how cellulose nanofibers affected the mechanical properties of paper-based materials,
Hassan et al. [55] added them to paper pulp. The results showed that using cellulose nanofibers could
significantly improve the mechanical properties of paper-based materials and decrease porosity. It has
been found that the addition of pre-mixed cellulose nanofibers and cationic starch to paper raw materials
can substantially improve the tensile strength of paper [56]. By adding cellulose nanofibers and highly
substituted cationic starch, either separately or together, Tajik et al. [57] improved the structure of hand-
made paper made from bagasse pulp, improving the strength properties of the paper, with a continuous
increase in tensile strength with increasing additive content. By increasing the relative content of
molecular hydrogen bonds in cellulose and the contact area between fibers, laccase treatment of pulp
containing lignin improves the “self-adhesion” between fibers [58], thereby increasing the wet strength of
the pulp. Enzymatic lignin (EHL) is a by-product of bioethanol production from lignocellulosic materials
[59] and has higher activity than other types of lignin due to its enzymatic capacity [60]. Zhao et al. [61]
investigated the impact of enzymatic lignin (EHL) content on the tensile strength of molded pulp
materials. Enzymatic lignin was added to increase the contact area between EHL and fibers, which
reduced voids and strengthened the binding of fibers, increasing the tensile strength of molded pulp as a
result.

3.2 Barrier Properties
Since most of the food is rich in water and oil, such as cookies, cakes and nuts, etc. As molded pulp

products for food packaging, they must possess reliable barrier qualities, such as hydrophobicity and oil
barrier, in addition to a certain level of mechanical strength. The plant fibers are naturally hydrophilic and
can easily absorb water and oil without the need for additional processing. The reasonable use of
hydrophobic and oil repellents agents can improve the barrier properties of molded pulp products to a
certain extent. In the past, fluorine-containing reagents were often used as hydrophobic and oil-repellent
agents. However, fluoro silane reagents do significant harm to both the human body and the environment,
and when used in food packaging, they may enter the body along with food and have negative health
effects [62]. Therefore, they are not suitable for food packaging. So, the investigation of fluorine-free and
biological additives in pulp and paper has received more attention.

3.2.1 Hydrophobicity
Cellulose is a hydrophilic material that tends to absorb moisture when it comes in contact with a humid

environment, so changing its hydrophilicity to obtain hydrophobic or superhydrophobic properties can make
molded pulp products better for use in food packaging and other industries. By structurally altering
epoxidized castor oil through ester exchange and silylation processes, then hydrolyzing and cross-linking
silylated bioresins with cellulose paper substrates through a condensation process, Parvathy et al. [63]
were able to create silylated castor oil and silylated castor oil methyl ester. This resulted in paper-based
materials with hydrophobic properties and water contact angles as high as 97 degrees. The
hydrophobicity of paper products can also be improved by adding tannins to the pulp raw material. Ji
et al. [64] produced hydrophobic papers with contact angles greater than 90 degrees by periodate
oxidizing pulp fibers and reacting it with tannin to create covalent bonds between aldehyde groups on
cellulose and hydrogen bonds on tannin. Nanofibrillated cellulose (NFC) was chemically modify by
Klayya et al. [65] using fatty acids to create modified NFC (mNFC), which was then added to bagasse
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pulp at 5 wt% to create molded sheets. The final obtained molded sheets demonstrated satisfactory surface
water resistance thanks to mNFC with 0.55 ester group substitution in the experiments. The water resistance
was significantly improved, and the water contact angle was increased by 70%. Chen et al. [66] created a
high-strength superhydrophobic paper-based packaging material. By first laminating microfibrillated
cellulose (MFC) and then spraying silica, which gave the cellulose paper base’s two surfaces super
hydrophpbicity and a water contact angle of 151.2 degrees.

Palmitic acid is a saturated chain fatty acid with polar groups that can bind to metal cations. Izadyar et al.
[67] created layered double hydroxides using zinc and aluminum hydroxide. The layered double hydroxides
then used to synthesize cellulose fibers that had been palmitic acid-functionalized, and the modified fiber-
based materials displayed hydrophobic properties with a water contact angle of 140 ± 0.2 degrees. Zeng
et al. [68] used palm kernel oil as a water repellent and hydrophobic agent, which was mixed with
solvent and furfuryl alcohol to make palm kernel oil formulation and applied to paper-based materials,
and the obtained materials had measured water contact angle close to 120 degrees and water vapor
transmission rate was reduced by 22%, and this hydrophobic and water repellent agent made from
biodegradable oil has green and low-cost characteristics.

3.2.2 Oil Resistance
According to research, oil can penetrate molded pulp products primarily through the capillary

phenomenon of the fiber. There are two ways to improve the oil resistance of molded pulp products: first,
improve the pulp pulping degree, which reduces permeability, and thus improves the oil resistance;
second, add pulp or surface coating of certain oil inhibitors. Chitosan is a bio-based material that
degrades naturally in the environment. Many researchers have used it in food packaging [69,70].
Chitosan alone can provide some oil resistance to the molded pulp, while chitosan combined with other
components can provide synergistic enhanced oil resistance [71]. Shi et al. [72] coated paper-based
materials with chitosan and carboxymethyl cellulose sequentially, which effectively improved the barrier
property of paper-based materials to oil. Wang et al. [73] added montmorillonite to chitosan to enhance
the oil repellency of chitosan coating. They discovered that at 2% and 0.1% chitosan and montmorillonite
concentrations, respectively, the oil repellency grade of the coated paper was optimal up to grade 9 with
an oil repellency penetration time of 290.8 s due to the filling of montmorillonite into the cellulose fiber
network. Jiao et al. [74] successfully prepared paper-based materials with oil resistance properties by
dissolving filter paper made from cellulose fibers in an aqueous solution of NaOH/urea/ZnO (mass ratio
8:12:0.25), then rinsing with ultrapure water to remove NaOH and urea after treatment, and finally drying
under vacuum for 10 min. The treated paper was completely oil-resistant within 24 h.

3.2.3 Water and Oil Resistance
Since most food packaging needs to be both waterproof and oil-proof, research on paper-based

packaging materials that take into account both waterproof and oil-proof properties has started.
Polydimethylsiloxane (PDMS) is an environmentally friendly material with excellent water and oil
repellency [75]. The synthetic coated paper base material can have significant water and oil resistance by
successively coating the surface of the paper base material with chitosan and hydrophobic corn alcohol
soluble protein solutions [76]. Hamdani et al. [77] used PDMS to react with chitosan to create chitosan
graft dimethyl siloxane copolymer, which was mixed in ethanol and applied as a coating on paper-based
materials to obtain water and oil repellent materials. Li et al. [78] used the response surface method to
determine the optimal concentration of chitosan and PDMS to use on paper-based materials, and the
paper-based materials coated with 8.6 wt% chitosan and 2.2% PDMS exhibited excellent oil and water
resistance. Yi et al. [79] created a hydrophobic and oleophobic paper-based material with a water contact
angle of up to 144 degrees and oil resistance up to class 12 by encapsulating a mixture of cellulose
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nanofibrils (CNF), polydimethylsiloxane (PDMS) and CNF particles on conventional paper. The ester
modified nanofibrillated cellulose (mNFC) and natural polyester gum are combined to cover the surface
of the molded pulp, and due to the ester modification of nanocellulose, and the hydrophobicity of the
surface of the molded pulp is improved and the oil resistance level reaches class 7 [80]. The polar groups
such as urethane, ester groups, and ether bonds in water-based polyurethane form a dense film on the
surface of the paper material through hydrogen bonding, thus preventing the penetration of water and oil.
Li et al. [81] coated dimer acid-based waterborne polyurethanes (DWPUs) on the surface of paper-based
materials and investigated their water and oil resistance properties, discovering that the water absorption
of DWPUs-coated paper-based materials was reduced by 88% when compared to uncoated paper-based
materials, and the oil resistance was further improved. Researchers have studied the water and oil
repellency of paper-based materials by coating the paper surface with polymeric materials, and the same
can be accomplished by coating molded pulp with these coating materials that can achieve water and oil
repellency. More research is needed to determine whether the same excellent water and oil repellency can
be achieved by adding polymer materials to the pulp and thermoforming it into molded pulp products.

3.3 Anti-Flaking Properties
Molded pulp is frequently plagued by issues such as rough surface and easy linting and scraping,

especially when used as food packaging. The issue of linting and scraping limits the large-scale
application of molded pulp. Fiber modification, in-pulp additive addition, and surface coating are all
methods for improving molded pulp linting and flaking. Nanofibrillated cellulose (NFC) is frequently
used as a reinforcing additive for paper-based materials, and it has shown great potential in reducing
linting and flaking on paper-based materials, with NFC added to the pulp reducing linting and flaking by
47% [82]. Balea et al. [83] extracted cellulose nanofibers (CNFs) from eucalyptus, pine and wheat straw
and added them to paper pulp to investigate their effect on paper-based material linting and flaking. The
addition of 3 wt% CNFs resulted in a 40% reduction in paper-based material linting, indicating that CNFs
have great potential as anti-flaking agents in paper manufacturing. The surface treatment can enhance the
surface strength of paper-based materials and reduce the occurrence of linting and flaking. The
combination of microfibrillated cellulose (MFC) and anionic starch for surface treatment of molded pulp
sheets has a strong synergistic effect, and the mixture can improve the anti-linting and flaking
performance more than either additive alone [84]. At present, research on paper-based material linting
and flaking is limited and primarily focused on paper, with almost no research on the surface treatment of
molded pulp. One of the main reasons for the limited use of molded pulp is that its surface lacks the
aesthetic appearance of plastic products and has linting and flaking. Therefore, the anti-flaking
performance of molded pulp products can be studied further by referring to research on paper anti-flaking.

3.4 Food Safety
Food packaging protects meals from mechanical and chemical harm during transportation, ensuring that

consumers obtain wholesome and satisfying food. With increased consumer health awareness, people are
more aware of whether the packaging contains dangerous materials and whether these compounds
migrate into food through food contact [85]. Therefore, when molding pulp, the impact of additives on
food safety should be taken into account. Fluorine-containing additives are currently regulated in food
packaging by the United States and the European Union [86]. The additives used to improve the
performance of pulp-moulded products are included in Table 2 along with information on their suitability
for use as food packaging.
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4 Conclusions and Outlook

The widespread use of petroleum-based food packaging has resulted in waste-related environmental
degradation, and the production of molded pulp for food packaging using renewable and biodegradable
plant fibers has emerged as a significant market trend. Considering that considerable research has been

Table 2: Summary of additive safety used in food molded pulp

Additive Composition and security Function Ref.

Polyamide-
epichlorohydrin resin
(PAE)

The organochlorine components in the
PAE will be harmful for our human
beings

Improve the mechanical
strength

[53,87]

Cationic starch (CS) CS is a starch derivative and a type of
modified starch in which the main chain
contains positively charged groups/non-
toxic

Improve the mechanical
properties of molded pulp

[88]

Cellulose nanofibers
(CNFs)

Non-toxic CNFs significantly improve
strength and barrier properties
and reduce linting

[57,83]

Laccase Laccase is widely used in the food
industry

Improve wet tensile strength [89,90]

Enzymatic hydrolysis
lignin (EHL)

EHL is a byproduct of bioethanol
production from lignocellulosic
materials/non-toxic

Increase the tensile strength
and hydrophobic properties

[61]

Tannin Tannins are polyphenolic compounds
that are distributed in plants, and it is safe
for their application as functional
materials in food packaging

Decrease the water vapor
transmission rate

[64]

Microfibrillated
cellulose (MFC)

Derived from natural plant fiber/non-
toxic

Increase the barrier and
mechanical properties

[66]

Nano-silica Based on an EFSA (European Food
Safety Authority) scientific opinion,
SiO2 is approved in the European Union

Hydrophobic and moisture
barrier properties

[66,91]

Palm kernel oil An ecofriendly water-resistant oil from
biological origin

Improve the liquid water
barrier property

[68]

Chitosan Harmless to the human body Improve oil-repellent
properties

[70]

Sodium alginate Sodium alginate is an authorised food
additive in the EU, and it is safe for
application as functional material in food
packaging

Improve oil-repellent
properties

[92,93]

Polydimethylsiloxane
(PDMS)

Harmless to the human body PDMS offers good water- and
oil-repellent properties

[77]
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done and some progress has been made in the area of molded pulp for food packaging, the authors believe
that some of the following concerns merit additional investigation:

1) Non-wood fibers can also be used to make molded pulp products in addition to wood fibers, which are
traditionally used in the largest quantities, at lower costs and higher yields. However, there are still many
challenges in the extraction and processing of these fibers, which is one of the reasons limiting their
industrial-scale production.

2) Varied plant fibers have different morphologies and characteristics, and the molded pulp products that
are produced have different properties. Future research can be done on the synergistic use of various fiber
formulations to enhance the performance of molded pulp products in the future.

3) Molded pulp products for food packaging need to be waterproof, oilproof, chip proof and have a
higher strength and stiffness. These high-performance requirements undoubtedly present greater
challenges in the production and preparation of molded pulp products.
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