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ABSTRACT: As desirable food packaging materials, pulp molded
products have attracted great attention from both academia and
industry. To endow the products with high mechanical strength
and water barrier properties by low-cost wet-end additives to
broaden their application fields, polyamide epichlorohydrin (PAE)
or/and cationic starch (CS) were added to the pulp slurry after the
addition of oil- and water-proof agents. Results showed that the
optimal pulp molded product was obtained at a PAE and CS
content of 1.0 and 0.6%, respectively. The resulting product had a
dry strength of 24.4 kN/m, a wet strength of 4.22 kN/m, and a
water absorption of 51.5%. The addition of CS was beneficial to
the properties of the PAE wet-end added product due to the
formation of hydrogen bonding with cellulose fibers and PAE,
which also led to a decreased PAE dosage for health concern as food packaging materials. Finally, the PAE/CS wet-end added pulp
molded product was applied for orange fresh-keeping in the fridge. The product displayed much more shape stability and lower
weight increase in comparison with that of the product without the addition of PAE and CS. This indicated the great application
prospects of our designed pulp molded product as a fruit freprospectssh-keeping packaging material.

■ INTRODUCTION

With the depletion of petroleum resources and increasing
concern over environmental issues, the development of
environmentally friendly bio-based materials has attracted
widespread attention.1 Especially in recent years, the “plastic
ban” policy has accelerated the demand for pulp molded
products in the packaging fields. Because such products are
normally applied as food containers, their dry and wet
strengths are highly desirable.2 The pulp materials show a
certain dry strength due to the hydrogen bonds among a large
amount of hydroxyl groups from cellulose fibers. However,
their intrinsic hygroscopicity and porous structure result in
their low wet strength and poor water/moisture barrier.3,4

To solve the abovementioned problems, various methods
have been developed. Wang et al. prepared bamboo pulp with
residual lignin by bath treatment with HNO3 and H2O2 to
produce a molded pulp lunchbox.5 Although the fabricated
lunchbox exhibited a high wet stability, special treatment of
pulp should be carried out. Additionally, in Zhu’s group, they
developed a hybrid fiber strategy in which long bamboo fibers
(30%) were blended with short sugarcane fibers (70%) to
obtain tableware with excellent hydrophobicity and enhanced
wet strength. However, additional requirement of bamboo
fibers would be a great investment for industry. In this case, the
internal sizing technique involving low-cost additives is

attractive for commercial application in paper mills. Fur-
thermore, as for the preparation of pulp molded products, oil-
and water-proof agents are normally added to the pulp
suspension to increase their water and oil repellency.
Unfortunately, these additives still could not satisfy the desired
wet strength and water/moisture barrier properties for
practical packaging application, e.g., food fresh-keeping in the
fridge.6 Therefore, additional wet strength agents need to be
added in the slurry system.
The commonly-used wet strength agents in the papermaking

industry mainly included melamine formaldehyde (MF), urea
formaldehyde (UF), and polyamide epichlorohydrin (PAE)
resins. In modern papermaking industries, neutral and alkaline
papermaking has been prevalent to overcome the defects of
equipment corrosion and poor paper durability caused by acid
papermaking processes. Because only the PAE resin is stable
under neutral/alkaline conditions, it has been widely used in
paper mills.7 Its azetidinium groups can not only self-crosslink
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with themselves to restrict the swelling of the fiber networks
under wet conditions but also co-crosslink with cellulose fibers
to generate hydrophobic covalent bonds.8 However, it is
reported that the production and overuse of PAE will produce
high levels of adsorbable organic halogens (AOX) in the
process wastewater.9 Additionally, the organochlorine compo-
nents in the PAE will be harmful for our human beings.10 To
decrease the PAE dosage and achieve the desired wet strength
for practical application, other additives should be introduced
in the wet end.11

Because nontoxic cationic starch (CS) is prevalently added
in paper mills as a dry strength agent due to its abundant
hydroxyl groups,12 it would be interesting to explore whether
the synergistic interaction between PAE and CS can endow the
pulp molded product with desirable wet strength at a low PAE
dosage. Herein, PAE and/or CS was mixed with the pulp
suspension after the addition of oil- and water-proof agents.
Upon further dehydration and hot-pressing, the pulp molded
product was generated (Figure 1). Through the systematical
investigation on the effect of PAE or CS dosage as well as their
mixture on the mechanical properties and water absorption of
the resulting products, the optimal content of PAE and CS was
obtained. Finally, the application of the as-fabricated pulp
molded product for fruit fresh-keeping in the fridge was
studied.

■ EXPERIMENTAL SECTION
Materials. Bleached bagasse pulp was supplied by Guangxi

Jingui Pulp and Paper Co., Ltd (Guangxi, China). Alkyl ketene
dimer (AKD) emulsion (solid content of ∼15%, used as a
water-proof agent), PAE, and CS were obtained from Guangxi
Guitang Group Co., Ltd (Guangxi, China). The oil-proofing
agent (solid content of ∼15%) was purchased from Taina
Technology (Guangxi, China).
Preparation of the Pulp Molded Product. The pulp

molded product was prepared through the process of slurry
mixing, dehydration, and hot pressing using the semiautomatic
pulp molded tableware equipment (Geotegrity Environmental
Protection Technology (Xiamen) Co., Ltd, China). In brief,
the bleached bagasse pulp was disintegrated for 10 min using a
beater (2000 r/min, Estanit AG 04, Germany). The oil-proof
agent (1.0%), AKD emulsion (1.5%), PAE (0, 0.2, 0.5, 1.0, 2.0,
and 5.0%), or/and CS (0, 0.2, 0.6, 1.0, and 2.0%) were

successively added into the slurry with a concentration of 10%
(to the mass of dry pulp). The mixture was then stirred at
room temperature (RT) for 20 min and diluted to a
concentration of 0.3% by distilled water. After further
dehydration and hot pressing (160 °C, 0.6 MPa, 2 min), the
pulp molded product (basis weight of 480 g/m2, 23 cm × 23
cm in size) was finally obtained followed by conditioning at the
climate room (23 ± 1 °C and 50 ± 2% RH) for at least 24 h
before usage.

Characterization. The ζ-potential of pulp suspension was
measured by particle size analyzer (Mastersizer 3000,
England). The PAE content in the pulp suspension was
investigated by using an ultraviolet−visible (UV−vis) spec-
trophotometer (UV-1750, Shimadzu, Japan). According to the
standard curve of absorbance at 314 nm as a function of PAE
concentration, the PAE concentration in the pulp slurry was
obtained. By the transition from concentration to weight, the
adsorption ratio and amount of PAE agents to the fibers were
finally calculated by the following equations

= − ×m m madsorption rate ( )/ 100%1 2 3 (1)

= − ×m m madsorption capacity ( )/ 100%1 2 2 (2)

where m1, m2, and m3 are the mass of PAE that was added to
the pulp and suspended in the pulp slurry and the mass of dry
pulp in the system, respectively.
The morphology was observed by scanning electron

microscopy (SEM, PHENOM F16502, Netherland) operating
at an acceleration voltage of 5 kV, and a thin layer of gold was
sputtered on sample surfaces before measurements. The
mechanical properties were characterized using a tensile tester
(Lorentzen&Wettre, Sweden) at RT according to ISO1924-3-
2005. The dry tensile strength of samples was directly
measured by the tester in a climate room (23 °C, 50% RH).
As for the wet strength measurements, the samples were
pretreated by soaking in the distilled water for 1 h and their
surface water was wiped by filter paper. The contact angles
were measured using a sessile drop method with a water
droplet of 4 μL, and images were taken after 15 s (DSA 100,
KRUSS, Germany). The water absorption was measured by
gravimetric analysis. In brief, a piece of the weighed pulp
molded product (10 mm ×10 mm) was immersed into the
distilled water for different time periods. Subsequently, the

Figure 1. Production process of the pulp molded product.
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water on the surface of the product was thoroughly removed
followed by weighing. The water absorption was calculated by
the following equation

= − ×m m mwater absorption ( )/ 100%5 4 4 (3)

where m4 and m5 are the mass of pulp molded products before
and after water absorption.
The water vapor transmittance rate (WVTR) was measured

by a wet cup method at 38 ± 1 °C and 90 ± 2% RH (Jinan
Languang Electromechanical Technology Co., Ltd, China)
according to GB/T 1037-1988.

■ RESULTS AND DISCUSSION

Absorption Capacity of PAE onto Cellulose Fibers. As
wet-end additives, their absorption to cellulose fibers is of great
importance to know. PAE was added into the slurry after the
addition of oil- and water-proofing agents, and the ζ-potential
of the slurry at various PAE dosages was measured. As shown
in Figure 2a, the pulp suspension had a ζ-potential of −6.79
mV before the addition of PAE. At a PAE content of 0.2, 0.5, 1,
2 and 5%, the pulp suspension displayed a ζ-potential of
−2.52, −2.17, −1.72, 3.12 and 12.8 mV, respectively. The
cationic character of PAE led to a gradual increase in the ζ-
potential of the slurry with the increment of PAE amount.13

To further investigate the absorption properties of PAE to
fibers, UV−vis spectrophotometry was adopted. According to
the literature, PAE displays a characteristic absorption peak in
the wavelength range of 250−600 nm with the maximum
absorption peak at 314 nm due to the azetidinium group.14

According to eqs 1 and 2, the adsorption rate and capacity of
PAE to the pulp at its various dosages were calculated and the
accordingly, the results are provided in Figure 2b. When the
PAE content was less than 1%, the PAE adsorption rate
displayed a close relationship with the PAE content. By further

increasing the PAE dosage, the absorption rate increased
slowly and remained almost constant at a PAE content of 2%.
Similarly, the absorption capacity of PAE to the fibers was
almost linear with the PAE amount at a PAE dosage no more
than 2%. This phenomenon could be attributed to the fact that
the PAE-added slurry turned cationic when the addition
amount of PAE was 2% (as shown in its ζ-potential), leading
to the restriction of PAE adsorption onto fibers due to the
electrostatic repulsion.15

Mechanical Properties of PAE Wet-Added Pulp
Molded Products. Mechanical strength of pulp molded
products plays a key role in their packaging application.16

Figure 2. (a) ζ-Potential of the slurry at various PAE dosages and (b) adsorption capacity and rate of PAE onto fibers at various PAE dosages.

Figure 3. (a) Tensile strength and (b) wet tensile strength of pulp molded products at different PAE dosages.

Figure 4. (a) Contact angle and (b) water absorption of pulp molded
products at different PAE dosages.
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Figure 3 demonstrates the dry and wet tensile strength of pulp
molded products at various PAE dosages. When the PAE
amount was 0.2%, the dry strength of the product reached
15.30 kN/m, which was almost three times that of the product
without PAE addition. Further increasing the PAE content
caused a slight enhancement in the dry strength. The tensile
strength of the pulp molded product was higher than that of
the conventional pear bag paper.17 As for the wet strength, the
paper molded product without the addition of PAE almost lost
its strength under wet conditions. This was mainly due to the
formation of hydrogen bonds between water molecules and

hydroxyl groups in the fibers, which led to the cleavage of the
hydrogen bonds between the abundant hydroxyl groups of
cellulose fibers and the further rupture of the product.18 At a
PAE content of 0.2%, the wet strength of the product sharply
increased to 3 kN/m and almost leveled off. The strength
enhancement of the pulp molded products by PAE could be
attributed to the formation of hydrophobic covalent bonds
between carboxylic groups in the fibers and n-heterocyclic
butyl groups in PAE as well as the restriction of fiber networks
by self-crosslinking between PAE molecules.19,20

Water Resistance of PAE Wet-Added Pulp Molded
Products. As for the practical packaging application, especially
for fruit fresh-keeping in the fridge, the water resistance of the
products is necessary to study.5 The contact angle of PAE wet-
added pulp molded products is shown in Figure 4a. The
product after the addition of oil-proofing and water-proofing
agents had a contact angle of 114°. The introduction of PAE
into the slurry made the resulting product with a contact angle
of 123°, which remained almost constant at a dosage of less
than 0.2% and was consistent with the result of wet strength.
Additionally, Figure S1 exhibits the water absorption of pulp
molded products at different PAE dosages as a function of
time. The crude product displayed a rapid water absorption of
up to 180.4% in 1 h, which almost kept constant at 226.4%
after 6 h. The water absorption of all of the PAE wet-added
products reached saturation at 63.6−71.4% after 0.5 h. In this
case, the water absorption of pulp molded products at different
PAE dosages was investigated after immersion in water for 6 h.
As shown in Figure 4b, the water uptake ratio of the product at
a PAE content of 0.2% was only 73.3% (decreased by 67.6%).
This indicated the good water barrier of the as-fabricated
product in comparison with that of the product without the
addition of PAE. The barrier performance of the product by
the addition of PAE could be due to its self- and co-

Figure 5. (a) Image of starch suspension at 95 °C and (b) ζ-potential of the slurry at different CS dosages.

Figure 6. (a) Tensile strength and (b) wet tensile strength of pulp molded products at different CS dosages.

Figure 7. (a) Contact angle and (b) water absorption of pulp molded
products at different CS dosages.
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crosslinking.21 By further increasing the PAE content to 2%, its
water absorption reached the lowest value (61.2%), which was
attributed to the maximum absorption of PAE to the fibers
(Figure 2b).22 In this case, it could be concluded that the
optimal PAE content was 2% for the pulp molded product to
obtain a good water resistance.
ζ-Potential and Morphology of CS Wet-Added Pulp

Molded Products. As a kind of polyhydroxyl compound, the
strong intramolecular/intermolecular hydrogen bonds of CS
causes its insolubilization in water and even aggregation with
each other, which limits its application as wet-end additives in
papermaking.23 To solve this problem, CS needs to be
pretreated by gelatinization.24 During the process of
gelatinization, CS granules thermally expanded. Thus, water
molecules can permeate into the crystal region of the granules,
leading to their good dispersion in water.25 As shown in Figure
5a, CS displayed expansion at 95°. This temperature was
chosen for the pretreatment of CS. Figure 5b demonstrates the
ζ-potential of the slurry at different CS dosages. It can be seen

that the ζ-potential suddenly increased to −0.9 mV after the
addition of CS to the slurry (0.2%). With a further increase in
the CS content, the slurry became cationic.

Mechanical Properties of CS Wet-Added Pulp
Molded Products. It is well established that the CS could
form hydrogen bonds with cellulose fibers among their
hydroxyl groups, which will be beneficial to the mechanical
strength of the obtained materials.26 Figure 6 shows the dry
and wet tensile strength of pulp molded products at various CS
dosages. It can be seen that the dry strength of the as-prepared
product followed a normal distribution with the addition of
CS. Its peak value was 12.9 kN/m when the CS amount was
1.0%. This phenomenon could be explained as follows: CS
plays a positive role in improving the force between fibers,
while too much CS would make the additives and pulp
unevenly mixed, resulting in flocculation and strength
reduction of the product.27 The wet strength of pulp molded
products with the addition of CS is demonstrated in Figure 6b.
CS caused the wet strength of the product to gradually increase
and reach a peak value of 1.59 kN/m at a dosage of 0.6%. Its
slight enhancement on the wet strength of the product could
be due to the formed hydrogen bonding between CS and
fibers.28,29

Water Resistance of CS Wet-Added Pulp Molded
Products. The contact angles of CS wet-added pulp molded
products at various CS dosages are demonstrated in Figure 7.
The addition of CS led to a slight increase in the contact angle
of the as-fabricated products (Figure 7a). Their contact angles
were slightly higher than those of starch-coated paper
packaging materials due to the addition of a water-proof
agent in the pulp molded products.30 In this case, the water
absorption of the modified products remained constant after
0.5 h, which was much faster than that of the crude product (6
h) (Figure S2). Additionally, Figure 7b exhibits the water
absorption of the pulp molded product after the addition of
CS. At a CS dosage of only 0.2%, the water uptake ratio of the
fabricated product decreased from 226.4 to 74.0%. This could

Figure 8. (a) Tensile strength, (b) wet tensile strength, (c) contact angle, and (d) water absorption of pulp molded products at various PAE and
CS dosages.

Figure 9. Mechanism of adding PAE and CS to the pulp molded
products.
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be attributed to the fact that formed hydrogen bonding slightly
enhanced the hydrophobicity of the product.31,32

Mechanical Properties and Humidity Resistance of
CS/PAE Wet-Added Pulp Molded Products. In the
following discussion, both PAE and CS were added into the
slurry to investigate the effect of the synergetic interaction of
the two additives on the mechanical properties and water
resistance of the pulp molded product. As shown in Figure
8a,b, the addition of CS enhanced the dry and wet tensile
strength of the PAE wet-added product, which almost
remained constant at a CS dosage of 0.6%. The optimal dry
and wet tensile strength was obtained as 24.4 and 4.22 kN/m,
respectively. These values were much better in comparison
with those of the chitosan/beeswax-coated paper due to the
synergistic function between PAE and CS.33 Additionally, CS
displayed a negligible effect on the contact angle of the PAE
wet-added product (Figure 8c). Even though the CS made the
water absorption of the PAE wet-added product sharply
decrease in 0.5 h (Figure S3), and the optimal value (51.5%)
was found at a PAE and CS dosage of 1 and 0.6%, respectively
(Figure 8d). Furthermore, the WVTR of the optimal sample
was investigated in comparison with that of the product
without the addition of PAE and CS. It can be seen from
Figure S1, the CS/PAE wet-added pulp molded products
displayed 67.9% of the WVTR value as that of the reference
sample. The addition of CS resulted in better properties and
lower dosage of PAE in combination with those of the PAE
wet-added product. This phenomenon could be explained as
follows: the co-crosslinking between PAE and cellulose fibers
as well as CS, the hydrogen bonding between CS and fibers,
and the self-crosslinking of PAE leading to the enhancement of
the fiber networks of the product and the formation of
hydrophobic covalent bonds in the paper, which finally restrict
the swelling and absorption of the pulp product in the water
(Figure 9).34

Application. Finally, the PAE/CS wet-added pulp molded
product was applied as an orange fresh-keeping container in
the fridge. Figure 10a displays the weight increase of the
products in the fridge (−4 °C). The crude product showed a
weight increase of 3.60% on the second day, which increased
with prolonged days to 6.91%. After the addition of PAE and
CS, the generated product increased only approximately 1.80%
after storage for 2 days and displayed no significant weight
increase with further storage time due to its enhanced
hydrophobicity. Note that the weight of the pulp molded
products displayed no significant changes at room temperature
(Figure S4), indicating the good stability of our product under
such conditions. Furthermore, the PAE/CS wet-added pulp
molded product displayed 67.90% of water vapor transfer rate
(WVTR) as that of the crude product (Figure 10b).
Additionally, the product without the addition of PAE and
CS displayed deformation after storage for 10 days, while the
shape of the PAE/CS wet-added product almost remained
stable (Figure 10c), which could be attributed to the better wet
strength of the modified product. Finally, the pulp molded
product was buried in soil. After 100 days, only 25% of the
product weight was remained (Figure 10d), suggesting that our
product exhibited good biodegradability. All of the results
indicated the great application prospects of the PAE/CS wet-
added pulp molded product as a fresh-keeping container in the
fridge.

■ CONCLUSIONS

In summary, pulp molded products with high strength and
water barrier properties were obtained by wet-end added PAE
(1.0%) and CS (0.6%). The as-fabricated products displayed a
dry and wet strength of 24.4 and 4.22 kN/m, respectively, with
a water absorption of 51.5%. The synergetic interaction among
PAE, CS, and cellulose fibers led to better properties of the
designed product with a decreased PAE dosage. The PAE/CS

Figure 10. (a) Weight increase of the pulp molded products without and with PAE and CS addition after storage in the fridge for various days; (b)
water vapor transfer rate of the pulp molded products without and with PAE and CS addition; (c) images of the pulp molded products without and
with PAE and CS addition (PAE: 1%, CS: 0.6%) as an orange fresh-keeping container in the fridge (Photograph courtesy of Jing Li. Copyright
2022.); and (d) biodegradability of the pulp molded product.
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wet-added pulp molded product was finally used as an orange
fresh-keeping container in the fridge. The product exhibited
low weight increase and good shape stability during the
storage, indicating its great possibility for practical application.
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