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Abstract 

A sustainable development requires the use of bio-based packaging materials because of ready 
availability and limited environment impact. The porous structure and hydrophilic nature of cellulose in 
paper based materials needs to be combined or laminated with other materials to overcome these 
limitations. The fiber found in the banana stems and leaves, it is possible to use these raw materials in 
pulp processing and banana flour can be produced into an edible film. The aim of the study was to 
discover a suitable method (wet lamination or dry lamination) for producing paper (stems, leaves, or a 1:1 
ratio of mixed stems and leaves) lamination with banana film and to study their physical properties for 
packaging application. Banana flour (4 %) solution was used as adhesive media between paper and film 
for wet lamination process where as the heating and compression were applied for dry lamination process. 
The results showed the efficiency of banana stems for paper production. However, there was an 
improvement in results when a 1:1 ratio of mixed stems and leaves was used due to an increase in tensile 
strength, elongation, and the L value.  There was no significance in the water vapor permeability in all 
treatments. All treatments of paper lamination expressed 6 - 13 % moisture content. The separation of 
film and paper layers occurred in dry lamination samples. The wet lamination of the leaf paper and mixed 
paper caused high tensile strength and elongation. Therefore, it could be used as an alternative and 
environmentally friendly method in the application of packaging materials.  
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Introduction 

The growing population with its increasingly urban life style, has inevitably had an impact on the 
comfortable packaging. Plastics were selected because of their physical and functional properties. 
Including, various surface modifications of paper such as the application of waxed and multilayered 
lamination with polyethylene, polyvinyl chloride, ethylene vinyl alcohol copolymer and aluminum films 
are used in the markets, they improve good strength, transparent and high temperature used but they 
present environmental problems related to material recycling and recovery process [1]. Consequently, the 
development of edible or biodegradable packaging from natural materials has increasingly attracted 
attention. Natural biodegradable polymers can potentially serve as environmentally friendly packaging or 
coating materials [2].  

Paper is an excellent material for various applications because of its biodegradability, light weight, 
good mechanical properties and recyclability but its porous and fibrous network structure, poor barrier 
properties affected to the packaging applications [3]. Traditionally, paper is made from wood which is 
dependent on forest resources. Millions of trees are fallen daily since the use of forest sourced fiber has 
considerably increased recently. Moreover, environmental considerations have increased the necessary 
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for using non-wood pulp as a low cost raw material for paper making [4]. Sources mulberry, pineapple 
leave, banana fiber and rice straw have previously been possibility for paper making [1,4-6]. 

Bananas are grown in humid tropical countries and are ranked as the world’s fourth largest fruit 
crop after grapes, citrus fruits, and apples. More than 100 countries produce bananas [7].  Banana flesh 
has high flour which can serve as the ingredient for film production. Moreover, their leaf and stem which 
was considered an agricultural waste, could be used to produce paper [8]. Especially, banana stem contain 
high cellulose fiber which is major ingredient of paper production [9]. Banana fiber which was extracted 
from banana by-product of banana cultivar contain 50 % cellulose and 17 % lignin [10], could be replaced 
the synthesis polymer to enhance impact performance and improve mechanical properties [11]. 

In the process of creating edible films made from bananas, it is required to initially heat them to the 
gelatinization temperature, and then to subsequently cool them into films [12]. Depending upon the type 
and components of the flour, the properties of the films differ. The properties can be improved by adding 
food additives, such as plasticizers or oils that can affect the intermolecular bonding and can lead to 
greater flexibility [13]. Moreover, banana film made from banana starch, has been found to have a high 
tensile strength value [14]. Banana film has a special property that allows it to be sealed with a heat 
sealing machine [15,16]. Therefore, this makes it possible to coat or laminate paper, which offers 
advantages, such as water barrier increase, mechanical properties improvement, low costs and the ability 
to add colors and flavors to it which can make it more attractive for the consumer [17]. Moreover, this 
material can help to reduce plastic waste from food packaging and can allow for the creation of new 
products. 

The aim of the study was to determine the lamination process of banana film on banana paper and to 
evaluate the physical properties of the paper obtained.  This was accomplished by examining the water 
vapor permeability, tensile properties, moisture content, and the color, as well as conducting an 
examination of the paper with a scanning electron microscope.  
 
Materials and methods 

1. Film preparation 
Raw bananas of the Musa ABB group at the maturity green stage were obtained from a local market 

at Nong Khai, Thailand. All mature green bananas had green peel color [16]. Banana flour solution was 
prepared by immersing bananas in boiling water for 5 min, peeling off the skin, and then slicing them into 
small pieces. The pieces were dried at 60 °C for 8 h in hot air oven before they were ground using the 
hammer mill and sieved through 80 mesh. The banana flour was thus obtained [18].  A 4 % banana flour 
solution was heated to 85 °C for 20 min on hot plates and was stirred. Glycerol (1 % w/w) was added to 
the banana flour solutions. The solution was stirred by mechanical stirring. The final solution was poured 
into plates (50 ml) and dried at 55 °C for 24 h in hot air oven. The film was peeled off at ambient 
temperature and was kept in a desiccator before it was examined further. The thickness of film was 
0.18±0.1 mm in the average. 

 
2. Paper prepapration 
Banana stems and leaves from mature banana plants of the Musa ABB group were collected from a 

field in Nong Khai, Thailand. The sun dried materials were milled in a spinner machine and sieved 
through 60 mesh. The fraction was extracted with 10 % NaOH for 2 h and was then rinsed in a porous 
plate. The pulp was washed with water until the alkalinity was lost. Both the pulp and the plate were dried 
in hot air oven for 8 h. The paper from the stems and the paper from the leaves were obtained [9]. The 
thickness of paper was 0.53±0.07 mm in the average. 

 
3. Lamination process 
In order to compare the effectiveness of the lamination, both wet and dry laminating methods were 

used in experiment.  In the wet lamination, the 4 % banana flour solution was applied as adhesive between 
the film and the paper by brushing on the paper surface then placed the banana film on the paper. The 
laminated paper was overlay with smooth and heavy material for 1 h in the room temperature. Then the 
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solvent was removed from the laminated paper by using a hot air oven for 5 h. In the other method of dry 
lamination, the film adheres to the paper because the film, which is mainly composed of starch, behaves 
as the adhesive. The banana film was placed on the paper then heat and press were applied on the 
laminated paper with iron in the medium scale for 1 min. As a result, the film and the paper are bonded by 
the high temperature and the compression force. The wet laminated paper was smoother than dry 
laminated paper and tend to stick together. The thickness of wet and dry laminated papers were 0.66±0.09 
mm and 0.72±0.12 mm, respectively.  Before the laminated papers were tested, they were kept in a 
dessicator. The experiment was the 3×2 factorials design. Two treatments were used on the paper 
materials (stems, leaves, and mixture of stems & leaves at a 1:1 ratio) and the methods of coating were 
wet lamination and dry lamination. 

 
4. Water Vapor Permeability (WVP) 
The barrier properties are essential for the packaging. WVP is measured as the amount of water that 

permeates through the material of fixed thickness per unit time and area at a particular level of permanent 
gradient according to the standard method [19]. WVP tests of papers and laminated papers were 
performed using the gravimetric modified cup method based on ASTM E96 [20]. The test cups were 
filled with 30 ml distilled water to achieve 100 % relative humidity on one side of the paper. The paper 
was placed on the cup and was sealed with a sealant ring. Paper with the exposed area of 18.87 cm2 were 
tested. Silica gel was then used to control the relative humidity on the other side of paper. The average 
temperature and relative humidity were measured at 30±1 °C and 65±5 % (Temperature and humidity 
meter, AMTEST, TH90: accuracy±1 °C and ±5 % RH). The temperature and relative humidity were 
recorded though the experiment and the mean value was calculated. The sample cups were weighed every 
1 h until a constant weight was achieved.  An accurate weight loss (g) versus time (h) was plotted to 
obtain a straight line and then the slope was measured. The WVP was calculated by using the following 
equation; 

 

pA
xslopeWVP

∆×
×

=                 (1) 

 
where the slope is the gradient of the plot of weight loss versus time (g/day),  A is the paper surface area 
(m2),  x  is the paper thickness (mm), and ∆p is the vapor pressure difference between the inside and the 
outside of the cell (kPa). 

 
5. Tensile properties 
Tensile strength (TS) and elongation (E) are very important for packaging materials due to the 

handing and shipping of products. TS and E of the samples were determined using Texture analyzer 
(Micro Stable Systems, Godalming, UK). The test was perform in accordance with ASTM D882 [21]. 
Papers and laminated papers were prepared in 1×15 cm2 and the initial gauge separation and crosshead 
speed were fixed at 10 mm and 50 mm/min, respectively. The samples were analysed in the standard 
atmosphere at 25 °C of temperature and 50 % of relative humidity. During the sample stretching, several 
load and elongation data were recorded until the break of a sample occurred [19]. The tensile strength was 
calculated from the maximum force by dividing it by the area of cross section. The elongation at breaking 
was calculated from the ratio of the increase in length and was expressed in percentages. 

 
6. Moisture content (MC) 
The moisture content of the paper was determined following AOAC [22]. Initially, the paper was 

weighed and was placed in hot air oven at 105 °C for 24 h and then was weighed again. The loss of water 
was calculated by the moisture content in the paper. 
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7. Color 
 The color is not one of the main properties for packaging material but it is important for future 

finishing and printing procedure which described by hue, saturation and lightness. Generally, packaging 
paper made from kraft paper which is unnecessary to bleaching so it is low cost for production but the 
papers for writing and printing are bleaching with oxygen, ozone or hydrogen peroxide because it effects 
on their application [23]. Kraft paper is paper with high elasticity and tear resistance used for products 
which require good strength and durability such food packaging but it is brown color [19]. The color of 
the paper was measured with the Hunter Lab Spectrocolorimeter (Color meter, JS555, China). The sample 
was put into the test cell and covered. The color was measured by the CIELab system and reported the 
L*, a*, and b* values of the samples. 

 
8. Scanning electron microscope 
The surface and cross-sectional morphology of the paper were examined using a scanning electron 

microscopy (SEM) [24]. Samples were coated with gold under a vacuum. SEM was carried out to give 
further insight on the coatings. The examination was completed using an accelerating voltage of 20 kV. 
The magnifications were 100× and 200× for surface and cross section, respectively. 

 
9. Statistics 
Excel and SPSS software were utilized when analyzing the data. Analysis of variance (ANOVA) 

and Duncan’s Multiple Range Test (DMRT) were used to determine the significant differences between 
the means. The level of significance was 95 %.  
 
Results and discussion 

1. Water vapor permeability  
WVP are important for packaging materials that estimate and predict the product shelf-life. The 

paper which is hydrophilic nature and porous structure, has high WVP and it is not good materials for 
packaging [2]. In the same way, edible films contain hydrophilic components such as polysaccharide 
caused higher WVP than the hydrophobic components such as lipid [25]. WVP of the laminated paper (11 
- 16 g.mm/m2.day.kPa) was not significantly different (p > 0.05) from paper before laminated (10 - 14 
g.mm/m2.day.kPa). Similar results of WVP were observed for the paper laminated with chitosan-
caseinate film (7-14 g.mm/m2.day.kPa) which decreased in WVP with increasing the concentration of 
caseinate [24]. The WVP values of banana film (polysaccharide), gelatin film (protein), candelilla wax 
(lipid), low density polyethylene and high density polyethylene (synthesis) were 2.04, 0.29, 0.015, 0.079 
and 0.02 g.mm/m2.day.kPa, respectively [18,26,27]. The banana paper and laminated banana paper 
represented an alternative way to applied on fresh food which needed the air for respiration because the 
polysaccharide film are generally rather poor water barriers due to their hydrophilic nature. The addition 
of lipids to polysaccharide films affected good barriers to water vapor because lipid films have extremely 
low WVP because of their hydrophobic nature [27]. The low WVP laminated paper could be applied to 
the minimal required barrier for packaging materials were the humidity impact on foodstuff is a critical 
factor [2]. The WVP of the leaf paper was higher than the stem paper and the mixed paper (Figure 1) 
because leaf paper had a higher number of pores or spaces than the stem paper and the mixed paper which 
caused the vapor to permeate easily [28]. In process of mold up in to sheet form, the distribution of pulp 
before drying caused the pores which was high in the leaf paper because of low density.  
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Figure 1 Water vapor permeability of paper with and without lamination. 
 
 

2. Tensile properties  
The stickiness of banana fiber caused the stem paper to have a higher TS than the leaf and the mixed 

paper [11]. The coating increased the strength of paper. Both the wet and the dry laminations had higher 
TS than the paper without lamination. The TS increased following weight of coating materials to all kinds 
of paper [24]. The moisture content has a great effect on the mechanical properties of paper. The nature of 
paper fracture depends on the bonding in the sheet which leads to short fiber. Thus, the lamination can be 
improved the TS [19]. The results showed that the wet lamination of the stem and the mixed paper had a 
higher TS than wet lamination of leaf paper (Figure 2) because the higher lignin contents (24.3 %) in leaf 
reduced mechanical properties of paper. Moreover, the high cellulose content of stem improved the 
embedding of single cellulose fiber in to polymer matrix which affected high TS [29]. The banana flour 
solution as the glue will interact intensively by improved mechanical strength of the wet lamination [2]. 
The mechanical properties of paper depend on inter-fiber bonding and so it is most probable that banana 
flour solution exerts its beneficial effects on paper by increasing the inter-fiber bond strength [30]. As a 
result, the TS of wet laminated paper was improved. 

The TS was nearly the same as areca nut paper (3.24 MPa) [31]. The lamination affected higher TS 
than paper without lamination [32]. In the dry lamination, a separation between the film and the paper 
occurred which resulted in a tearing of the paper, but film still was extended. The dry laminated paper had 
higher elongation than the paper that had been wet laminated and the paper that had not been laminated. 
In previous research, paper laminated with polysaccharide film caused a high elongation of the film 
because the polysaccharides increased extension in the paper’s structure [24]. 
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Figure 2 Tensile strength and elongation of paper with and without lamination. 
Different small letters indicates the significant difference (p < 0.05) of tensile strength. 
Different capital letters indicates the significant difference (p < 0.05) of elongation. 
 
 

3. Moisture content  
Because of its thickness and the lamination methods, the paper without lamination had a lower MC 

than the laminated paper (Figure 3).  However, the papers and dry laminated papers that were obtained, 
MC had less than 9 %, so they were dry products. The wet laminated paper had higher MC (12.29 - 12.80 

%) than the dry laminated paper and standard limit (< 10 %) [33] because the flour solution which was 
applied as the adhesive material to adhere paper and film, increased MC of laminated paper. The 
conditions of the production process and storage were important with respect to changes in the MC. High 
levels of MC or high relative humidity storage condition have led to the growth of mold (MC > 14 %) 
[34]. High MC paper could be reduced by drying to control the final MC of paper. However, high 
temperatures during the drying process resulted in paper of low quality exhibiting the appearance of a 
rough surface [35]. 
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Figure 3 Moisture content of paper with and without lamination. 
Different small letters indicates the significant difference (p < 0.05). 
 
 

4. Color  
Color is important for future finishing and printing procedures indicating the quality of paper. The 

white papers are considered to high quality so bleaching process should apply on pulping industrial 
production. The laminated paper, that was obtained, had a transparent surface and light brown color. The 
L* value was reduced, but because of the thickness of the paper, the a* and the b* values increased after 
lamination.  The darkness of papers affected by the color of raw material including the yellowish of film 
which was applied on the paper, affected to the low L* value [19]. Moreover, the heating to remove 
adhesive material in wet lamination process caused the lower L* value than papers and dry laminated 
papers. The paper made from banana leaves had high b* value caused by the high b* value in the leaves 
because of material color (Table 1). However, the color is not of the main properties for packaging 
materials. Thus, the improvement of color paper should be conducted carefully in order not to influence 
any other properties. 
 
 
Table 1 Color of paper with and without lamination. 
 

Color L a b 
Stem paper 54.85±2.54a 5.01±0.24c 15.21±0.90c 
Leaf paper 50.50±1.20b 8.98±0.77bc 20.36±0.88b 
Mixed paper 56.27±1.73a 6.82±0.42bc 18.65±1.46bc 
Stem dry lamination 50.54±2.29b 8.16±0.28bc 18.10±1.69bc 
Leaf dry lamination 49.94±1.58b 9.13±1.00bc 18.24±1.94bc 
Mixed dry lamination 51.30±2.55ab 9.07±0.25bc 17.94±1.00bc 
Stem wet lamination 47.60±0.83c 9.00±1.05bc 19.87±1.83b 
Leaf wet lamination 44.03±2.39c 12.23±2.17b 25.50±5.00a 
Mixed wet lamination 43.82±2.21c 18.72±12.59a 20.86±3.26b 

 
Different letters in the same column indicates the significant difference (p < 0.05). 
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5. Scanning electron microscope  
SEM expressed the structure of paper (Figure 4). The paper without lamination had clear fibers. 

The stem paper had higher density than leaf paper and mixed paper which had pores or spaces distributed 
among the fiber (Figures 4a - 4c). Leaf papers exhibit less pronounced orientation than stem papers with 
high amount of filler materials due to the expected short living nature of leave [28]. Regarding the TS, the 
results for the stem paper showed a higher value than the leaf paper. The wet laminated paper had smooth 
surface due to the film coating, (Figures 4g - 4i) because the adhesive material has been performed to 
improve the adhesion between the film and paper through hydrogen bonds, preventing the separation of 
the 2 layers when the laminates are handled [2]. Cracks were found in the dry laminated paper (Figures 
4d - 4f). A cross-section of the laminated paper showed the laminated quality (Figure 5). In the wet 
laminated paper, it was found that there was a small space between layers of film and paper (Figures 5g - 
5i). By contrast, a large space was found in the dry laminated paper (Figures 5d - 5f) because there had 
been no adhesive media between film and paper. In the dry lamination method, heat was used to melt 
some parts of film for adhesion to the paper, so it could not spread along the sheet. The wet lamination 
method was suitable for producing the paper lamination. 
 
 

 
Figure 4 SEM image surface (100×) of a) stem paper b) leaf paper c) mixed paper d) stem paper wet 
lamination e) leaf paper wet lamination f) mixed paper wet lamination g) stem paper dry lamination h) 
leaf paper dry lamination i) mixed paper dry lamination. 
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Figure 5 Cross-sectional SEM image (200×) of a) stem paper b) leaf paper c) mixed paper d) stem paper 
dry lamination e) leaf paper dry lamination f) mixed paper dry lamination g) stem paper wet lamination h) 
leaf paper wet lamination i) mixed paper wet lamination. 
 
 
Conclusions 

The film lamination on paper did not have an effect upon the WVP, but caused a high TS, a high E, 
and a low lightness. The wet laminated paper had a smoother surface, a higher TS, and a greater degree of 
adhesion between the film and the paper. Therefore, the wet lamination method expressed good 
mechanical properties which could make further material packaging applications possible. 
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