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Abstract: The traditional disposable foam plastic tableware is made from polymer materials. It is not decomposable and
could bring serious problem to environment after the tableware is disposed. In order to solve this problem, a new type of green
tableware made fromnatural materials (such as tree leaves) is developed and investigated. To obtain a green tableware product
with good performance, the keytechnology is the bonding of tree leaves. In this study, the tree leaves were bonded by a type of
bio-based adhesive synthesized in our lab. The structure, curing characteristics, and physical/mechanical properties of the
adhesive were measured and analyzed. The effects of adhesive application rate, press time, and press temperature on the
bonding performance of tree leaves were also investigated. The results showed that the general properties of the bio-based
adhesive could meet the requirements for the production of tree leave tableware. After immerged in the water of 63°C for 3
hours, some of the bonded leaves could still have good bonds. Considering the production efficiency, cost, decorative effect,
and bond performance, the optimal pressing parameters were: adhesive application rate: 100 g/mz; hot press temperature 70°C;
hot press time 120 s. After bonded by bio-based adhesive, the tree leaves could be used as suitableraw materials for the
production of green tableware.
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thermoplastics and have advantages of low cost, easy to
process, good strength, and light weight. However, due to
their polymer nature, the inside chemical bonds are strong
and durable which make them very difficult to decompose
and be recycled after reaching the end of their service lives [4,
5]. With the development of plastic industry and the
improvement of anti-aging technology, these plastics are
becoming stronger and lasting longer. The advance of
technology could bring more conveniences for production
and application, but also could bring problem for recycling
and reuse. Because these plastics could not decompose under
atmospheric conditions and even are hard to be changed by
light, heat, or climate [6, 7]. Moreover, there are no suitable

1. Introduction

With the continuous improvement of people's living
standards and the acceleration of life rhythm, more and more
people begin to eat fast food. The fast food tableware such as
disposable plastic lunch boxes, bowls, plates, etc. are used in
huge amount every year. It is estimated that the annual
consumption of disposable plastic tableware can be as many
as over 10 billion sets and the number is still increasing
quickly. The disposable plastic tableware is commonly white
or transparent and made from polystyrene (PS),
polypropylene (PP), polyvinyl chloride (PVC) and other
types of polymer materials [1-3]. These polymers are usually
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microorganisms or enzymes that could directly decompose
them. Therefore, there is still no appropriate way to deal with
the disposed plastic tableware. Currently, the disposed plastic
tableware could be found everywhere after disposed resulting
in serious environmental problems.

Many countries and regions made rules to limit or prohibit
the use of disposable plastic tableware that could not
decompose naturally, because of its negative impact on the
environment. Therefore, a new type of green tableware that is
made from natural materials and easy to decompose should
be accepted well by commercial market. It will meet the
requirements of current environmental rules and have huge
market potential.

Currently, there are very few reports on the production and
application of degradable tableware made from natural
materials [8-10]. In Germany, Pedram and his team invented
a new type of tableware that is made of large tree leaves.
These leaves were sewed together by lines and press-molded
into different kinds of tableware products. After disposed,
these products could decompose completely in no more than
28 days under natural condition. However, the large tree
leaves are not available everywhere. Most leaves around our
living areas are small ones. Therefore, to make sure there will
be enough leave resources to make tableware in large
quantities in the future, smaller leaves from common tree
species are used in our study. Instead of sewing, the leaves
are bonded together by adhesive. Before the bonding, tree
leaves are first pretreated to remove partial water and to
improve waterproof property. Then, the leaves were applied
with adhesive and bonded together in a mold to make
tableware with different shapes. The adhesive used for
bonding tree leaves is developed in our lab. The primary raw
materials used for preparing the adhesive are from
bio-materials (such as starch, protein, etc.). The adhesive has
advantages of good bonding performance, low cost, and
environmental-friendly [11]. For the tableware production,
the key technology is the bonding of tree leaves. It depends
on various parameters, such as adhesive application rate,
press time, and press temperature. Therefore, the objective of
this study is to investigate the effects of these parameters on
bonding performance of the tree leaves.

2. Materials and Methods

2.1. Materials Preparation

Tree leaves are various on color, toughness, mature time of
withering, and decay cycle. It is needed first to make choice
oftree species among all kinds of trees. The factors, such as
toughness, seasonality, shape, size, and availability should be
taken into consideration. Magnolia Grandiflora, France Holly,
Chinese Photinia, and Phoenix Tree are on the priorityspecies
list (Figure 1). In this study, Magnolia Grandiflora was
finally chosen as the raw material to make tableware. They
are obtained from nearby forestry station of Tai Mountain.
The original moisture content of the leaves is 70-75%.

Study on Performance of Bio-based Adhesive for Bonding Tree Leaves

Figure 1. Fresh tree leaves for making tableware.

Cassava starch and corn starch that were used for
synthesizing adhesive were provided by local farms.
Chemical agents, such as absolute ethanol, glycerol,
gelatinization agent, crosslinking agent, and tackifier were
obtained from Sinopharm Group Co. Ltd, Beijing.

2.2. Pretreatment of Tree Leaves

Natural tree leaves may be polluted by air, insects, dust,
and many other materials. These materials might have
negative effects on people health after the tree leaves were
made into tableware. Therefore, the fresh-picked tree leaves
were pretreated before use to remove microorganisms and
other dirty materials (Figure 2). The common disinfection
methods used for food-related products include: quick
cleaning by salt water, washing by fruit and vegetable
detergent, washing by starch, and sterilizing by vinegar and
baking soda. In this study, the tree leaves were pretreated by
absolute ethanol for 30, 60, 90, and 120 minutes to remove
water and then the surface of the leaves was applied by
glycerol uniformly to improve the waterproof performance of
leaves. The tree leave specimens were then put in an oven at
80°C for 2 hours. After they were removed from oven, they
were sealed in the bag.

Figure 2. Pretreatment of tree leaves.
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2.3. Synthesis of Bio-based Adhesive

The bio-based adhesive was synthesized in the lab. The raw
materials used were cassava starch, corn starch, gelatinization
agent, crosslinking agent, and tackifier. The reaction apparatus
was shown in Figure 3. The synthesis procedure was:

(1) The cassava starch, corn starch, and water were added
in a reaction kettle with three necks to form a starch
emulsion with a solid content of about 50%.

(2) The reaction mixture (starch emulsion) was stirred
quickly and heated to 60°C, the gelatinization agent and
crosslinking agent was added slowly into the reaction
mixture, then the reaction was kept at 80°C for 1 hour.

(3) Anappropriate amount of tackifier was added to the
reaction mixture to adjust the viscosity. The reaction
mixture was stirred for about 30 minutes and then was
cooled down to room temperature to obtain the adhesive.
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Figure 3. Adhesive synthesis reaction device.
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2.4. FTIR Analysis of Adhesive

FT-IR analysis was conducted using a Thermo Fisher
Nicolet 6700 spectrophotometer (Thermo Fisher Scientific
Inc. MA). The liquid sample of the adhesive was dropped on
the stage of the spectrophotometer. FT-IR spectra of a total of
64 scans for each sample from 4000 to 600 cm™ wavenumber
were recorded. The functional groups contained in the
adhesive were examined through the spectra.

2.5. Hot Pressing of Tree Leaves

The hot pressing of tree leaves was performed using a
laboratory hot press. The adhesive was applied uniformly onto
the surface of leaves. Two leaves were overlaid together and put
into the hot press. The adhesive application rates were 100 g/m2
and 150 g/m? respectively. The pressing temperatures were 70,
80, and 90°C, respectively and the pressing times were 60, 90,
and 120 s, respectively. The pressing parameters were shown in
Table 1. After hot pressing, the bonded tree leaves were taken
out from the press and cooled down to room temperature.

Table 1. Hot pressing parameters of tree leaves.

2.6. Evaluation of the Properties of the Adhesive

The viscosity of the adhesive was measured by a
Rotational Brookfield Viscometer (Brookfield Engineering
Laboratories. Inc., MA). The measurements were performed
at 25°C. Three replicas were performed for each test.

PH value was determined by an Accumet basic AB15 pH
meter (Fisher Scientific Co., PA) at 25°C. Three replicas
were performed for each test.

The curing time of the adhesive was measured at 100°C
(boiling water).

The solid content of the adhesive was measured by
oven-drying the adhesive sample at 125°C for 2 hours. Three
replicas were performed for each test.

The bonding performance of the adhesive was measured
by immersing bonded tree leaves in hot water (63°C) and
calculate the time from the leaves were immerged in the
water to the time when the bonds failed (the bond line split).
Sixsamples were tested for each measurement.

3. Results and Discussion
3.1. The General Properties of Adhesive

The general properties of the adhesive were shown in
Table 2. The bio-based adhesive was made from
bio-materials and without any addition of harmful chemicals.
The adhesive is a viscous, semitransparent liquid. The color of
the adhesive is light yellow (Figure 4). The viscosity of the
adhesive is about 1880 cP. This viscosity is suitable for
application onto the surface of leaves by brushing or roller
coating. There is no addition of acidic or basic products, so the
pH of the adhesive is 7.1, close to neutral. The solid content of
the adhesive is 50.5%, which is within the appropriate values
of common adhesives. The curing time of the adhesive is 35 s.
The fast curing speed can help improve the production
efficiency. Generally, the obtained test values were as
expected from the synthesis procedures used and were also
within the range of industrial values. The small property
differences would make little differences in comparing the
adhesive bonding values.
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Figure 4. The synthesized adhesive.

Table 2. General properties of the adhesive.

Adhesive application rate (g/m?) 100, 150
Pressing temperature (°C) 60, 70, 80
Pressing time (s) 60, 90, 120

Appearance Light yellow, semitransparent liquid
Viscosity (cP) 1880

PH value 7.1

Solid content (%) 50.5

Curing time (s) 35
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3.2. Chemical Composition of Adhesive

The chemical composition of the synthesized adhesive was
characterized using the FT-IR technique. The spectrum in
Figure 5 shows the absorption bands of the liquid adhesive
sample. The intense stretching vibration of the —OH— group
at about 3400 cm™ suggested the adhesive contains a large
amount of hydroxyl products and these products should be
mainly from starch [12, 13]. The absorption bands at about
1620 cm™ and 1470 cm™ corresponds to the carbonyl group
(C=0 in —CO-0-) stretching and —C—O- bending vibration,
respectively [14]. It indicated that the adhesive synthesized in
this study contained —CO—O- group in its chemical structure.

Study on Performance of Bio-based Adhesive for Bonding Tree Leaves

This group and —OH- group provided above would provide
some potential chemical reaction opportunities for bio-based
adhesives. The absorption bands at about 1660 cm™ and 3010
ecm’ corresponds to the methylene group (~-CH,-) and the
stretching vibration of C-H groups, respectively. These
groups were also from starch [15, 16]. The intense stretching
vibration of the aliphatic -C—O—C— group at about 1100 cm™
suggested the reaction happened between hydroxyl or
carboxyl groups [17]. In all, the FT-IR results showed that
the bio-based adhesives used for bonding tree leaves in this
study have some functional groups that could have potential
of chemical reaction with bio-based materials.
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Figure 5. FT-IR spectrum of the bio-based adhesive.

3.3. Pretreatment of Tree Leaves

The leaves were freshly picked up from living trees and
could contain various kinds of microorganisms, dusts, and
water. The original moisture content of leaves was 70-75%.
Therefore, the tree leaves were pretreated before use to
remove microorganisms and other useless materials. The
commonly used disinfection methods include: quick cleaning
by salt water, washing by fruit and vegetable detergent,

washing by starch, and sterilizing by vinegar and baking soda.

In this study, the tree leaves were pretreated by absolute
ethanol for 30, 60, 90, and 120 minutes. After treatment, the
microorganisms as well as partial water were removed. Then,
the surface of the leaves was applied by glycerol. The tree
leave specimens were then put in an oven at 70°C for 2 hours
until the surface became dry. The obtained pretreated tree

leaves showed good waterproof performance.

Figure 6. Tree leaves after treatment for different times (from right to left: 30,
60, 90, 120 minutes).
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Figure 6 shows tree leaves treated by absolute ethanol for
different times. After the leaves were treated for 30 minutes,
they seemed to be still in green and fresh condition. After the
leaves were treated by absolute ethanol for 60 minutes, the
color become grey, indicating more water lost. After the
leaves were treated by absolute ethanol for 90 and 120
minutes, the color become dark yellow and brown, indicating
most water in the leaves lost. Therefore, the treatment of tree
leaves by absolute ethanol for 30 minutes was appropriate for
making tableware with better appearance.

3.4. Bonding Performance of Adhesive

The surface of the tree leaves were applied by the adhesive
at rates of 100 g/m” and 150 g/m’, respectively. Then two
leaves were pressed together in a hot press. The pressing
temperatures were 70, 80, and 90°C. The pressing times were
60, 90, and 120 s. After hot pressing, the bonded tree leaves
were taken out from the press and cooled down to room
temperature. The bonding performance of the adhesive was
measured by immersing bonded tree leaves in hot water
(63°C) and calculate the time from the leaves were immerged
in the water to the time when the bonds failed.

Figure 7 shows the bonded tree leaves after hot pressing.
Table 3 shows the bonding performance test results of the
adhesive. At application rate of 100 g/mz, for hot pressing
temperature of 60°C, the bond fail time ranged from 30-60 s,
and the color of the bonded leaves were still green. For hot
pressing temperature of 70°C, the bond fail time increased to
100-180 s, and the color of the bonded leaves became light
green. For hot pressing temperature of 80°C, the bond fail
time increased to 120-180 s. However, the color of the
bonded leaves became grey. Therefore, at application rate of
100 g/mz, the optimal hot pressing temperature was 70-80°C,

and the hot pressing time was 90-120 s.

At application rate of 150 g/m’, for hot pressing
temperature of 60°C, the bond fail time ranged from 50-80 s,
and the color of the bonded leaves were still green. For hot
pressing temperature of 70°C, the bond fail time increased to
120-180 s, and the color of the bonded leaves became light
green. For hot pressing temperature of 80°C, the bond fail
time increased to 150-180 s. However, the color of the
bonded leaves became grey. Therefore, at application rate of
150 g/m’, the optimal hot pressing temperature was 70-80°C,
and the hot pressing time was 90-120 s.

The surface of tree leaves contains some functional groups,
such as hydroxyl group, methylene group, and carboxyl
group [18]. These groups could react with function groups,
such as hydroxyl groups in the adhesive to form chemical
bonds of high strength [19]. In this study, the longer press
time and higher press temperature could provide better
condition for the formation of strong chemical bonds [20].
Therefore, the bonded tree leaves had better performance in
the hot water test. Considering the production efficiency, cost,
decorative effect, and bond performance, the optimal
pressing parameters were: adhesive application rate: 100
g/m’; hot press temperature 70°C; hot press time 120 s.

Figure 7. Bonded tree leaves after hot pressing.

Table 3. Bond performance of the adhesive.

Adhesive application rate Hot pressing temperature

(/) ©0) Hot pressing time (s) Bond fail time (min) Color of the bonded leaves
100 60 60 30 Green

100 60 90 40 Green

100 60 120 60 Green

100 70 60 100 Light green
100 70 90 130 Light green
100 70 120 >180 Light green
100 80 60 120 Grey

100 80 90 >180 Grey

100 80 120 >180 Grey

150 60 60 50 Green

150 60 90 60 Green

150 60 120 80 Green

150 70 60 120 Light green
150 70 90 140 Light green
150 70 120 >180 Light green
150 80 60 150 Grey

150 80 90 >180 Grey

150 80 120 >180 Grey

4. Conclusions

In this study, the tree leaves (Magnolia Grandiflora) were

treated by absolute ethanol for 30, 60, 90, and 120 minutes,
respectively. After treatment, the leaves were applied with
glycerol to obtain a good waterproof property. Then the
treated leaves were bonded by a bio-based adhesive
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synthesized in our lab. The structure, curing characteristics,
and physical/mechanical properties of the adhesive were
measured and analyzed. The results showed that some
reaction happened between function groups in adhesive and
function groups on the surface of leaves. To find optimal hot
press method, the effects of adhesive application rate, press
time, and press temperature on the bonding performance of
tree leaves were also investigated. The results showed that
the general properties of the bio-based adhesive could meet
the requirements for the production of tree leave tableware.
After immerged in the water of 63°C for 3 hours, some of the
bonded leaves could still have good bonds. Considering the
production efficiency, cost, decorative effect, and bond
performance, the optimal hot pressing parameters were:
adhesive application rate: 100 g/m* hot press temperature
70°C; hot press time 120 s. After bonded by bio-based
adhesive, the tree leaves could be used as suitable raw
materials for the production of green tableware.
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