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In this study, foaming-agent free novel polyvinyl acetate (PVAc) foams reinforced with bio polymers 
were manufactured through freeze-drying technique. The physical, morphological and antibacterial 
properties of foams which were reinforced with different ratio of zinc borate and water-soluble 
chitosan were investigated according to relevant standards. The PVAc foams showed low densities 
(0.12 g/cm3 – 0.21 g/cm3) and high porosity rates (87.50% - 79.05%). The results showed that although 
the foams have no antibacterial character against Escherichia Coli, they have antibacterial character 
against Staphylococcus Aureus bacteria. This study mainly focusses on physical and morphological 
properties of the foams. However, researchers also performed accelerated weathering tests to determine 
its usability in different industries. The effects of accelerated weathering on the surface of foams were 
investigated by measuring surface color. The highest color difference was determined 8.09. This foam 
can be used as a low-density packaging material and/or medical box with its promising physical and 
morphological properties with hazardous-chemical free structure.
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1. Introduction
Foams consist of solid polymeric matrix and gas phase 

which are generally obtained with a foaming agents, such 
as pentane, and hydrochlorofluorocarbon1. However, these 
foaming agents are highly flammable and harmful to both 
human health and the environment2. These are used for 
creation of voids in the foam to reduce the density and 
increase the thermal insulation properties, also produces 
decrease in the amount of raw material needs to be used 
to manufacture the foams3,4. Conventional raw materials 
such as polystyrene, polyurethane, polyvinyl chloride, and 
polyolefin are extensively utilized as the matrix of foams and 
they are commonly used in insulation, cushioning, packaging 
of valuable goods and food packaging fields. But due to 
the inadequate recyclability and decomposability of these 
materials, most of the foams are wasted at the end of their 
product life. This creates increase in pollution5,6.

Although PVAc is a synthetic polymer, it is consumed 
by Penicillium and Aspergillus fungi species in laboratory 
conditions7. Based on its versatility of structure and related 
properties8, PVAc usually utilizes as an adhesive in wood 
industry. Recently, it has shown potential for use in development 
of composite materials9, films10 and foams11. Biopolymer 
additives, such as calcium carbonate12, nanocellulose13, and 
sisal cellulose14, were incorporated into the PVAc matrix 
to prepare sustainable products with improved properties. 
The addition of reinforcement of higher strength than the 

matrix polymer improves the mechanical properties of plastic 
resins. Carbon nanotubes and carbon fibers are studied to 
improve the mechanical performance of reinforced polymers, 
and they are commonly used for polymer reinforcement15-18. 
However, there are some problems related to the use of 
synthetic fiber-reinforced composites. When it comes to 
synthetic reinforcements, waste disposal and recycling are 
important issues all around the world. Disposal of waste is 
significantly excluded on a global scale due to increasing 
environmental awareness. Therefore, researchers were focused 
on environmentally compatible reinforcement materials in 
recent years19-21.

Cellulose is a natural biopolymer that is renewable, 
biodegradable and non-toxic. It is the most abundant natural 
biopolymer in the world. Cellulose occupies 40% – 50% of 
the earth’s total biomass reserves22. Cellulosic fibers have 
advantageous compared to synthetic fibers. The natural 
fibers bend rather than break (fail) during processing and 
manufacturing23. In addition, cellulose has a flattened oval 
cross-section, which enhances stress transfer by presenting 
a higher aspect ratio24.

The most challenging issue with use of cellulose-based 
materials for packaging purposes is their vulnerability 
to microbial growth25,26. Polyhexamethylene guanidine 
hydrochloride27, copper oxide28, zinc oxide29 and silver30 are 
used to acquired antibacterial properties to the foam material 
and they have a great protection against gram positive 
and gram negative bacterias.The majority of commercial *e-mail: mehmet.ergun@alanya.edu.tr
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antibacterial products are based on a leaching technique, in 
which biocides are introduced into the material and leached 
into the environment to destroy microorganisms. Silver 
particles are widely utilized for this aim, despite the fact 
that silver ions are venomous to mammalian cells and can 
result in silver-resistant bacteria31-33. Therefore, the focus has 
been on alternative antimicrobial polymers that do not harm 
mammals. Chitosan, which is produced by deacetylation of 
chitin, is the second most abundant polymer in nature, has 
widespread use in many areas due to its antibacterial and 
antifungal properties34. This is frequently owing to intense 
interactions between the positively charged groups of the 
polymer and the negative charges on the bacterial and fungal 
cell walls35,36. Cell walls are negatively charged on the surface, 
and cationic polymers bind to anionic components on the 
cell walls of microorganisms, changing the permeability of 
the cell wall and leading to cell death34,37.

Many foam manufacturing methods has been studied 
both commercially and scientifically. The well-known 
methods can be named specifically, extrusion38, injection 
molding39 and batch process40, melting the raw materials 
under high temperature and providing the formation of highly 
porous final product (foam) using foaming agents41. Although 
the production time is very short with these techniques, 
they do not allow pre-surface modification. Because the 
chemicals used during surface modification degrade at high 
temperatures during foam production and have a negative 
effect on the materials42. On the other hand, many studies 
have been carried out on the freeze-drying technique that 
enables the production of more qualified products and 
allowing surface modification43-45.

The freeze-drying procedure is divided into three stages: 
freezing, primary drying, and secondary drying46. During the 
freezing process, the water molecules create ice crystals in 
the first part. The drying process then begins under particular 
pressure and temperature settings. As ice crystals sublimate 
during the drying step, the final pore shape is formed. As a 
result, the foam structure is directly relevant to the dispersion 
and size of the frozen system47.

Biopolymer-based foams for different purposes were 
produced with the freeze-drying technique. For instance; the 
highly porous, low density, and cross-linked natural cellulose 
foams which modified with silane based hydrophobic chemical 
from rice straw was produced. These cellulose foams can 
be utilized as a worthwhile sorbent for adsorption of oil and 
organic solvents48. Another study, polyvinyl alcohol reinforced 
cellulose-based foams were produced from waste fibers 

which have good thermal property. Density and porosity 
value of foams were 0.019–0.046 g/cm3 and more than 96%, 
respectively. These foams exhibited good heat insulation with 
low thermal conductivity (0.039–0.043 W/m K) due to the 
porous structure inside49. The produced cellulose foams have 
a low density (0.0554 g/cm3), good thermal stability, and 
a high porosity (89.32%). Furthermore, directed cellulose 
foams exhibit good mechanical properties, with a compressive 
stress of 0.35 MPa at 70% strain. The cellulose foams that 
have been treated with directed freezing have promising 
applications in the field of sound absorption50. Alumina 
reinforced polyvinyl alcohol/chitosan-based foam produced 
and they have the smoke-suppressant, high-strength and fire-
retardant. It stated that foams used for potential alternatives 
to traditional flame-retardant foams. It was stated that the 
produced foams can be used as potential alternatives to 
conventional flame retardant foams51.

The novel idea presented in this study is to design and 
development of PVAc foams with bleached kraft pulp, 
water-soluble chitosan and zinc borate and investigating 
their physical and morphological properties.

2. Materials and Methods
2.1. Material

In this work, the polyvinyl acetate (Figure 1a) (PVAc: 
Mad Wolf brand, made in Akpinar Building Materials Industry 
and Trade Inc./Istanbul) was bought from a local supplier. 
The solid content of PVAc was 42.8%. The density of PVAc 
was 1.2 g/cm3. The brightness value of bleached kraft pulp was 
90% (ISO 2470), and the degree of polymerization was 933, 
was supplied from EUROPAP (İzmir, Turkey). The density 
of bleached kraft pulp (Figure 1b) which was produced from 
Eastern Spruce was 0,55 gr/cm3 , and the pulp was bleached 
elementary chlorine free (ECF). Zinc borate (Figure  1c) 
(Zn3BO6) (Kimetsan Chemistry) had a purity degree of 85.27% 
and the density of zinc borate was 2.6 g/cm3. Chitosans were 
purchased from Sigma-Aldrich in low (50000-190000 Da), 
medium (200000-300000 Da) and high molecular (310000-
375000 Da) weights. Glycidyltrimethylammonium chloride 
(GTMAC) (Sigma-Aldrich) was used in the synthesis of 
water-soluble chitosan (Figure 1d).

2.2. Modification of chitosan
Chitosan is soluble in acidic condition. Acidic condition 

was led to degrade polyvinyl acetate. Therefore, in this study 
was needed to synthesize water-soluble chitosan. Initially, 

Figure 1. Materials used in foam production a. PVAc, b. Bleached kraft pulp, c. Zinc borate, d. Water-soluble chitosan.
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chitosan (30.00 g) was dispersed in 300 ml water. After 
that, the glycidylthyrimethylammonium chloride (GTMAC) 
(112.90 g) was added, and the mixture was stirred at 80 °C 
for 8 h. The reaction products were filtered, concentrated, 
precipitated in acetone, and dried at 60 °C for overnight to 
obtain the water-soluble chitosan.

2.3. Foam preparation
This study was conducted in two sections. The first section, 

has investigated the effects of zinc borate in different ratios. 
In the second section, the optimum zinc borate ratio was kept 
constant, and the effects of molecular weights and ratios of 
water-soluble chitosan were investigated on foams. Ingredient 
of the foam were given in Table 1. Mixtures were blended for 
15 minutes at 2000 rpm after each reinforcement addition.

All samples were poured into the mold, and they were 
frozen at -25 °C for 24 hours. The frozen samples were 
freeze-dried in a lyophilizer (ModulyoD, Termo Savant) at a 
condenser temperature of -50 °C under 0.40 mBar pressures 
for 48 hours to produce the foams. The preparation method 
of PVAc foams was shown in Figure 2.

2.4. Characterization
2.4.1. Determination of molecular weight

A molecular weight measurement of chitosan and water-
soluble chitosan were analyzed with a Ubbelohde viscometer. 
Viscosity values of chitosan solutions were prepared in 
a mixture of 0.25 M acetic acid and 0.50 sodium acetate 
solvent to concentrations of 0.10 to 0.50 g/dl, depending on 
the sample52. The reduced viscosity (η) values were found 
from the equations of the curves of the graphs drawn with 
the determined ηspes/c values. Then, the molecular weights 
of chitosan were determined according to the following 
Mark-Houwink Equation 1.

K . M   V
αη =   	 (1)

where [η] is the intrinsic viscosity and M is molecular 
weight. The constants, α and K , are 0.79 and 1.57 10-4 dl/g, 
respectively53.

2.4.2. FTIR spectrum

FTIR measurements were used to determine changes in 
the chemical structure of water-soluble chitosan. For this 
purpose, FTIR (Thermo Fisher Scientific brand Nicolet™ 
iS10) device was used and measurements were made in 
the spectra range of 600-4000 cm-1. The data obtained as 
a result of the measurement process were visualized with 
OMNIC™ Specta Software.

Figure 2. Manufacturing process of PVAc foams reinforced with bio polymers.

Table 1. Ingredient of the PVAc foam reinforced with the different 
bio polymers.

Codes
Polyvinyl 
Acetate 
(g/L)

Bleached 
Kraft Pulp 

(g/L)

Zinc Borate 
(g/L)

Water-
Soluble 
Chitosan 

(g/L)
Z-1 100 80 20 0
Z-2 100 80 60 0
Z-3 100 80 100 0
C-1 100 80 60 30x

C-2 100 80 60 50x

C-3 100 80 60 70x

C-4 100 80 60 30y

C-5 100 80 60 50y

C-6 100 80 60 70y

C-7 100 80 60 30z

C-8 100 80 60 50z

C-9 100 80 60 70z

x: Low molecular weight water soluble chitosan, y: Medium molecular weight 
water soluble chitosan, z: High molecular weight water soluble chitosan.
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2.4.3. Density and porosity determination
Produced PVAc foams (Figure 3) were hold in laboratory 

conditions for 24 hours for conditioning. The seven (7) samples 
with 10 mm x 50 mm x 50 mm dimensions from each group 
were measured according to ASTM C303 (2010) standards.

The porosities of the developed foams were determined 
by the formulas given below (2).

100 (1  )bulk
t

particle

d
P x

d
= − 	 (2)

Pt= porosity (%)
dbulk= density of foam (g/cm3)
dparticle= density of particle (g/cm3)

2.4.4. Antibacterial activity test
The disc-diffusion method was used to determine the 

antibacterial activity. As test organisms, 24-hour cultures of 
Escherichia Coli and Staphylococcus Aureus bacteria were 
used. After inoculation of 100 µl with the help of a drigalski 
spatula, 0.5 McFarland dilutions were prepared from liquid 
cultures of test microorganisms in petri dishes containing 
Iso-Sensitest agar (Oxoid CM0471), and the petri dishes 
were incubated for one hour. Then, specimens prepared with 
different materials and cut into 10 mm diameter discs were 
placed in petri dishes. After this process, the petri dishes 
were examined after 48 hours of incubation at 30°C and the 
zone of inhibition (ZOI) formed was measured.

2.4.5. Morphological structure
The morphologies of the foams were examined using 

a JSM-7600F brand scanning electron microscope (SEM). 
The surfaces of the foams were coated to increase conductivity 
with gold. During the examination of the microstructure 
images, the operating voltage of the microscope was chosen 
as 15 kV.

2.4.6. Accelerated weathering test and color 
measurement

The accelerated weathering test was carried out in a 
QUV weathering device (Q - Lab, USA) outfitted with eight 
UVA 340 lamps in accordance with the ASTM G154 (2006) 
standard. For a total of 50 hours, foams were exposed to 
cycles of 8 hours UV-light irradiation followed by 4 hours 
condensation in the accelerated weathering test divece. At the 
maximum intensity of 340 nm wavelengths, the average 

irradiance was 0.89 W/m2 (max = 340 nm). The temperatures 
during the light irradiation and condensation periods were 
60 °C and 50 °C, respectively.

The CIEL*a*b* method was used to calculate the color 
parameters L*, a*, and b*. The lightness is represented by the 
L* axis, while the chromaticity coordinates are represented 
by a* and b*. The parameters +a* and -a* represent red and 
green, respectively. The +b* parameter represents yellow, 
while the -b* parameter represents blue. L* can range from 
100 (white) to 0 (black). The colorimeter (X-Rite SP Series 
Spectrophotometer) was used to measure the colors of the 
specimens before and after accelerated weathering. The color 
differences of foams (ΔE) were determined according to 
ASTM D1536–58 T (1964).

2.4.7. Statistical analysis
All results were compared using one-way means/

ANOVA to check for significant differences (alpha= 0.01). 
The Tukey-Kreamer Honest Significant Differences (HSD) 
test (alpha=0.05) was used to examine whether there were 
significant differences between the groups.

3. Results and Discussions
3.1. Determination of molecular weight

In this study, water-soluble chitosan was used to prevent 
the degradation of the PVAc matrix in acidic conditions. As a 
result of the viscosity measurements, the intrinsic viscosities 
([η]), molecular weights and densities of chitosan before and 
after synthesis were given in Table 2.

Molecular weights of water-soluble chitosan which 
were synthesized via glycidyltrimethylammonium chloride 
(GTMAC) were decreased because intermolecular bonds of 
chitosan were broken in the alkaline condition54.

3.2. FTIR spectrums of chitosan and water-
soluble chitosan

The GTMAC was used in the production of water-
soluble chitosan. The general chemical structures of chitosan 
synthesized with GTMAC, and the determination of the 
changes in the chemical structures after synthesis have 
been demonstrated by FTIR diagrams as given in Figure 4.

The NH2 group, which was the characteristic peak of 
water-soluble chitosan, was observed at approximately 
1646 cm-1. In addition, a new peak was formed at 1479 cm-1. 
This weak peak was observed due to the binding of ammonium 

Figure 3. Produced PVAc foams (a. Z-2, b. C-6).
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groups to methyl groups. On other hand, the presence of a 
quaternary amine group, which allowed chitosan to dissolve 
in water after modification with this peak, was determined55.

3.3. Density and porosity determination
The variation on the porosity and density values 

depending on the reinforcements were given in Figure 5.
The test results showed that the concentration ratio of zinc 
borate and water-soluble chitosan changed the density and 
the porosity as expected.

Density values depending on concentration ranged from 
0.12 g/cm3 to 0.21 g/cm3. The highest value was obtained 
from C-9 which high molecular weight water-soluble chitosan 
at 70 g/L concentration. Z-1 gave the lowest density value 
with 0.12 g/cm3 and C-9 gave the highest density value 
with 0.21 g/cm3. Due to fibers clump, attractive forces 
(intermolecular forces and capillary) and particles and 
adhere together during solvent removal. This phenomenon 
led to occur more dense foams. Besides, although particle 
dimensions can be influenced by the source, fiber-based 
foams can benefit from the natural morphology of the 
cellulose source56. Selecting naturally lightweight fibers 
(highly porous and/or hollow lumen), such as bleached 
kraft pulp which was used in our study (0.55 g/cm3), is an 
obvious way to reduce density. Other low-density fibers 
are found, for example, in bamboo57 (0.26–1.21 g/cm3), 
flax58 (0.34–0.74 g/cm3), jute59 (0.41–0.78 g/cm3) and 
sugarcane bagasse60 (0.10–0.49 g/cm3). On the other hand, 
shrinkage occurs when materials were freeze-dried, and it 
was shown that shrinkage can reduce the volume of foams 
by up to 30%61. The porosity values in Figure 5 and voids in 
Figure 6 provided qualitative information about how the pore 
ratio diminishing with increasing amount of water-soluble 
chitosan and zinc borate in suspensions after freeze-drying, 
occurring a decrease in porosity. Porosity values depending 
on concentration found between 87.50% to 79.05%. C-9 were 
given the lowest porosity values with 79.05%. The highest 
porosity value was obtained from Z-1 with 87.50%. The pore 
sizes and ratio decrease with an increase in the amount of 
water-soluble chitosan in the samples. The ice templating 
theory of suspensions can articulate that case61. According to 
this theory, the higher cellulose and water-soluble chitosan 

content in the gels prevents broader interconnected ice 
crystal formation during the ice templating process, resulting 
in smaller pores ratio and size distribution in the samples 
after freeze-drying. Also, partly low amount of cellulose 
and water-soluble chitosan during the ice templating step, 
because of the lower resistance to ice crystal formation, higher 
porosity gels with varied pore size and ratio distributions 
were produced62. In additon, during the freezing process 
of water, ice crystals nucleate, develop, and concentrate 
cellulose in the interstitial spaces between crystals, lead to 
the formation of aggregated foam cell walls63. Additional 
aggregation is very likely to occur during the sublimation 
phase. As a result, the porosity of the foams is diminishing64.

Cellulose-based foams were produced with different 
drying techniques before. For example, freeze-drying65-67 or 
ambient drying, supercritical drying68. The density of the 
material produced via supercritical drying (nanopaper) is 
0,64 g/cm3 and that of foams made from varibale forms of 
ambient drying69 varies between 0,033 g/cm3 and 0,066 g/cm3. 
The foam produced in this study, with a density of 0,12 to 0, 
21 g/cm3 is definitely equivalent to these materials, as well as 
expanded polystyrene foam70 (EPS) with a density ranging 
from 0,02 and 0,64 g/cm3. In our study, the porosity of the 
foam, which varies from, 87,68 to 79,05%, is comparable 
with other cellulose based foams71.

In this study, it was observed solid content of foams 
considerably affected the final density and porosity. In previous 
studies, the density and porosity of foams produced from 
chitosan and silica were found between 0.07 g/cm3 to 

Table 2. Intrinsic viscosity, molecular weights and density of 
chitosans and water-soluble chitosans.

Chitosan Type
Intrinsic 
Viscosity 

[η]

Molecular 
Weight 

(Da)

Density
(g/cm3)

High Molecular Weight 
Chitosan 3.85 333959 0.34

Medium Molecular Weight 
Chitosan 2.61 208039 0.26

Low Molecular Weight 
Chitosan 1.96 145013 0.18

Water Soluble High 
Molecular Weight Chitosan 1.92 141294 0.24

Water Soluble Medium 
Molecular Weight Chitosan 1.26 83106 0.16

Water Soluble Low 
Molecular Weight Chitosan 0.67 37499 0.12

Figure 4. FTIR spectra for chitosan and water soluble chitosan.

Figure 5. Density and porosity results of foams (A, B, C, D, E, and 
F letters indicate the significant differences between the groups).
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0.25 g/cm3 and 81.60% to 97.50%, respectively72. The density 
of the samples produced with wood fiber, cellulose nanofiber 
and cationic polyacrylamide varied between 0.01 g/cm3 and 
0.06 g/cm3, and the porosity rate was found over 90%69. 
The porosity values ​​of the composite material produced from 
bacterial cellulose changed between 33.70% to 57.40%73. 
The density of foams produced from tapioca starch bleached 
kraft pulp and chitosan varied between 0.12 g/cm3 and 
0.15 g/cm3. In addition, it was determined that the density of 
the foams increased as chitosan and fiber content increased74. 
Pakornpadungsit et. al. (2020) stated that the porosity value 
of the materials produced for porous tissue scaffolds from 
deoxyribonucleic acid sodium salt and chitosan varies between 
49% and 62%75. Chitosan-based aerogels reinforced with 
microcrystalline cellulose and their density and porosity 
values ranged 0.03 g/cm3 to 0.11 g/cm3 and 94.73% to 
62.30%, respectively19. As a result, the density and porosity 
values ​​of the PVAc foams in this study were found to be 
compatible with the literature.

3.4. Morphological structure
The microstructures of the foams were investigated at 

x50 magnification using Scanning Electron Microscope as 
given in Figure 6. The hierarchical irregular pore formations 
with variable diameters were seen.

The amount of PVAc and bleached kraft pulp were kept 
constant and the effect of the zinc borate (a, b, c) and different 
molecular weights of water-soluble chitosan reinforcement 
(d to l) on the foams were investigated in Figure 6. The increase 
in zinc borate and water-soluble chitosan amount decreased 
the inter-pore gap, and the more stringent structures were 
observed. The freeze-dried foams obviously demonstrate a 
network interconnected porous structure. Foams exhibits an 
irregular porous layered structure (Figure 6a, b, c) which is 
the path left by the ice crystals comprise of same directions 
after freeze-drying. The structures of the foams change due 
to the amount of zinc borate and water-soluble chitosan. 
Water soluble chitosan molecules are taken shape into large 
blocks after the addition, restricting the mass mobility and 

Figure 6. The SEM images of PVAc foam reinforced with different rate of zinc borate (a. Z-1, b. Z-2, c. Z-3) and different rate and 
molecular weight of water-soluble chitosan (d. C-1, e. C-2, f. C-3, g. C-4, h. C-5, i. C-6, j. C-7, k. C-8, l. C-9) at x50 magnifications.
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affecting their rearrangement at the borders between the 
growing ice crystals76. However, increasing the amount 
of water-soluble chitosan leads in an increase in solution 
viscosity, which retarding the ice crystal growth when 
frozen. When the concentration of water-soluble chitosan 
reaches 70 g/L, the lamellar structure is replaced by a tight 
architecture (Figure 6f, i, l) due to an increase in solution 
viscosity and a decrease in mass mobility of precursor 
solutions77. Because of the strong hydrogen bonding, when 
zinc borate is introduced to the precursor solution, the zinc 
borate is encapsulated by water-soluble chitosan molecules78,79. 
Moreover, some water-soluble struts can be found bridging 
the gaps between zinc borate particle (Figure 6h, k). It is 
known that matrices containing hydroxyl groups can form 
hydrogen bonds with inorganic particles80.

The amount of bleached kraft pulp was kept constant 
in this study because our previous study was investigated 
to effect of bleached kraft pulp amount11. The bleached 
kraft pulp led to decreased the inter-pore gap. Although the 
morphological structure of nano-fibril cellulose and starch 
foam material had uniform pore shapes47,81, morphological 
structure of PVAc foams was shown to be tight structure 
and irregular pore shape. The individual particle size of the 
bleached kraft pulp was in the macro dimension. This macro 
dimension disturbed interpore gaps and structure. Similar 
tight and irregular structure were procured with bleached 
kraft pulp-based foams34,69.

Zinc borate particles were aggregated on bleached kraft 
pulp. When the amount of reinforcement ingredients increased, 
the density increased, and a tighter structure was formed. 
In addition, water-soluble chitosan, like PVAc, was found 
to contribute to the cell wall formation of foams. Also, no 
foaming agent was used in the foam process. The separation of 
solvent and solute occur due to most solutes cannot fit within 
the formed ice crystal structure. So, the final pore morphology 
was given rise to as ice crystals were sublimated during the 
drying step82. MatLab software was used to investigate pore 
size determination. There was a wide range of pore sizes 
determined. Pore diameters ranged from a few micrometers 
to several millimeters. The primary cause of this variation is 
assumed to be related to the manufacturing process, in which 
the sublimation process could not be regulated uniformly.

In previous studies, the foam - produced with the freeze-
drying technique was examined and the morphological 
structure of foams had a honeycomb appearance47,81,83. But in 
this study, it was observed that the morphological structures 
of the foams were irregular. This situation was related to 
bleached kraft pulp fibers which were in macro size and 
these macro-dimensional fibers disrupted the cell structures 
and spaces. On the other hand, some studies showed that 
foams produced from natural polymers derivatives such as 
deoxyribonucleic acid sodium salt, chitosan75, hemicellulose 
citrate84, silica72 had irregular and open-cell pore structures. 
That results were similar to our study.

3.5. Antibacterial activity test
The antibacterial properties of PVAc foams reinforced 

with bleached kraft pulp, zinc borate and water-soluble 
chitosan were researched against gram-negative Escherichia 
coli and gram-positive Staphylococcus aureus bacteria. PVAc 

foams were measured inhibition zones around disks against 
Escherichia coli and Staphylococcus aureus (Table 3).

When Table 3 was examined, it was determined that 
the Z-coded samples did not show antibacterial properties. 
Although all samples have no antibacterial effect against 
E. Coli bacteria (Figure 7a), all C coded samples which 
excepted C-4 and C-7 showed antibacterial effect against 
S. aureus bacteria (Figure 7b).

It was determined that as the molecular weight of water-
soluble chitosan decreased, its effectiveness increased on 
S.aureus bacteria . Also, the antibacterial effect of foams 
directly proportionates to the amount of water-soluble chitosan. 
The reason why the samples were not effective against 
E.coli bacteria in this study; It was thought that the chitosan 
concentration lower than previous studies85,86. On the other 
hand, it has been reported earlier gram-negative bacteria are 
more resistant to antibacterial polymers and even show no 
effect, compared to gram-positive bacteria87,88. Gram-positive 
bacteria have a mesh-like peptidoglycan coating that allows 
polymers to penetrate more easily89. In previous studies, 
foams which produced from cellulose and antibacterial 
thermoplastic starch proved to the effectiveness against 
E.coli27. Polyvinylamine and chitosan were added during 

Table 3. Diameters of inhibition zones against E.coli and S. aureus.

Codes
Inhibition Zones Diameter (mm)

E.coli S. aureus
Streptomycin  

30 µg (Control) 13 (1.60) A 14 (2.60) A, B

Z-1 0 (-) B 0 (-) D
Z-2 0 (-) B 0 (-) D
Z-3 0 (-) B 0 (-) D
C-1 0 (-) B 13 (6.60) A
C-2 0 (-) B 15 (6.20) B, C
C-3 0 (-) B 16 (7.60) C
C-4 0 (-) B 0 (-) D
C-5 0 (-) B 13 (5.20) A
C-6 0 (-) B 16 (4.30) C
C-7 0 (-) B 0 (-) D
C-8 0 (-) B 14 (8.60) A, B
C-9 0 (-) B 14 (5.80) A, B

Note: Parentheses indicate the coefficient of variation (CV, %). A, B, 
C, and D letters indicate the significant differences between the groups.

Figure 7. a. Antimicrobial activity of foams against E.coli (1. 
Control, 2. C-5, 3. C-6), b. Antimicrobial activity of foams against 
S. aureus (1. C-5, 2. C-6).
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the foam production to give the foams water-stability and 
antibacterial properties. Manufactured foams detected to 
have a good resistant to Aspergillus brasiliensis, a sporulating 
mold and Escherichia coli, a common model bacteria34. 
Another study stated that hydrophobically modified chitosan 
foams had water resistant and very effective for removing 
bacteria from solution as demonstrated by Escherichia coli 
and Staphylococcus aureus bacteria. However, produced 
foams showed a much better bacteria removal performance 
to Escherichia coli90.

There are various approaches to the mechanism of 
action of chitosan on bacteria. First approach, electrostatic 
interaction occurs between the negatively charged bacteria 
cell walls and the positively charged chitosan, changing 
the permeability properties of the cell wall membrane. As a 
result, imbalances occur in osmotic pressure and inhibit the 
growth of cells. In addition, when chitosan leaks into the cell, 
it forms complex structures with lipids, fats and proteins. 
Thus, the cell cannot benefit from lipid, fat and protein. 
Since this mechanism is based on electrostatic interaction, 
it is thought that the antimicrobial effect will increase as the 
number of cationized amines increases85. Another approach 
is thought to be due to the fact that chitosan binds to bacterial 
DNA and prevents mRNA formation91.

Studies with quaternary salts of chitosan were shown 
that antimicrobial activity against bacteria was greater than 
chitosan92. It was stated that the activity of unmodified 
chitosan against E. coli was 20 fold lower than chitosan 
modified with N-propyl-N,N-dimethyl , which means that 
derivatives with cationic charge had especially high activity 
against bacteria93. At neutral pH, the degree of protonation 
of NH2 was very low, so the repulsion of NH3

+ was weak. 
Under these conditions, intramolecular and intermolecular 
hydrogen bonds result in the formation of micro-domains 
that form hydrophobic and hydrophilic parts in the polymer 
chain. These results related to the interaction between the 
bacterial cell wall and water-soluble chitosan85,94.

3.6. Accelerated weathering test and color 
measurement

Accelerated weathering test is the most commonly used 
method for estimating the resistance in the characteristics 

of the tested material over time. This is a simulated version 
of natural weathering test in a shorter time frame95. When 
foams are exposed to accelerated weathering and their some 
properties deteriorate. It gives information about application 
field where foams can be used. Before and after 50 hours 
accelerated weathering, foams can be seen in Figure 8.

The accelerated weathering test was terminated in a short 
time like 50 hours. Due to the heat, UV light and sprayed 
water were deteriorated the structure of PVAc which used 
as the matrix. When PVAc subject to UV light, heat and 
moisture, the photochemical deacetylation reactions occur 
such as oxygen derivatives and alkenes chains96. Therefore, 
PVAc foams have a short service life at outdoor applications.

As a result of the accelerated aging test, materials 
exposed to color change. L*, a*, b* values of PVAc foams 
before and after accelerated weathering and the changes of 
ΔE of PVAc foams after 50 hours accelerated weathering 
were given in Table 4.

When the color values ​​are examined before accelerated 
weathering in Table 4, L*, a*, b* values ​​of the PVAc foams 
were ranged from 86.52 to 92.20, -0.30 to -0.80, and 0.76 to 
9.44, respectively. It was determined that the a* value and 
b* values ​​of the samples increased after accelerated 
weathering. According to the color difference results of the 
samples, C-2 gave the highest value. The main reason for 
this change was that the chitosan solution had a yellowish 
color. As a result, b* values ​​of the foams were increased. 
As seen in Figure 9, the lowest total color difference of the 
samples gave Z-3.

In Figure 9, the difference in total color changes were 
very insignificant with increasing zinc borate. This result 
can be explained by the instability of zinc borate under the 
weathering conditions. Zinc borate was leached or hydrolysed 
by water or oxidized by UV light97. On the other hand, total 
color changes of addition of water-soluble chitosan were higher 
than zinc borate. PVAc foams which included water soluble 
chitosan led to yellowing. This situation was attributed to the 
formation of carbonyl groups and the cleavage of glycosidic 
bonds during thermooxidation and photooxidation98. Due to 
the carbonyl functional groups released from the chromophore 
groups99, the total color change of the water-soluble chitosan 
added samples increased. In the other study, foams produced 

Figure 8. PVAc foams before (a), after (b) the accelerated weathering test.
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from sugar cane fiber, chitosan, starch, and polyvinyl alcohol 
were increased amount of chitosan, the b* color parameter 
increased100.

4. Conclusions
This study focuses on optimized freeze-drying production 

process for obtaining highly porous foams and investigation 
of their physical and morphological properties. The process 
enables the fabrication of foams with high porosity, up 
to 87.50% and a low density of 0.12 g/cm3. The optimal 
reinforcements concentration is found as the compromise 
between two competing requirements: (i) a concentration 
as low as possible, to reduce zinc borate and water-soluble 
chitosan mass and increase porosity; and (ii) a high-water 
soluble chitosan concentration to avoid foam collapse upon 
drying. As a result of the accelerated weathering tests, PVAc 
foam showed low resistance to be used for outdoor application. 
The color differences of foam which included water-soluble 
chitosan were so distinctive at end of 50 hours. The foams 
containing water soluble chitosan had inhibitory activity 
against S. aureus. It was determined that water-soluble 
chitosan had more effective antimicrobial activity when 
both the molecular weight of chitosan was decreased, and 
the amount of chitosan was increased. On the other hand, 

more deeply study of some toxicity test will be performed 
in upcoming study.

These features highlight the high potential of 
multifunctionality of PVAc foams as porous materials including 
packaging materials, medical boxes. Other potential indoor 
and outdoor applications can be provided with hydrophobicity 
modification of the foams.
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