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Article 

Calculation of elastic tensile behavior of CF/PA6 composite material disc 

Hüseyin Fırat Kayiran 

Agriculture and Rural Development Support Institution, Mersin 33190, Turkey; huseyinfirat.kayiran@tkdk.gov.tr 

Abstract: In this paper, the characteristic behavior of the disc consisting of thermoplastic 

composite CF/PA6 material was considered. Analysis was made by taking into account the 

usage areas of the materials and referring to certain temperatures between 30 ℃ and 150 ℃. 

Composite materials are lightweight; they show high strength. For these reasons, they are 

preferred in technology, especially in the aircraft and aerospace industry. With this study, the 

radial and tangential stresses determined within a certain temperature The temperatures were 

determined and compared with previous studies in the literature. According to the results 

obtained, it is believed that the thermoplastic composite CF/PA6 disc design can be used in 

engineering. 

Keywords: elastic stress; thermoplastic composite; elastisite modulus; temperature; disc 

1. Introduction

The behavior of stresses in the disc based on the CF/PA6 material has been
studied numerically. In the study, disk materials were determined by taking into 
account the optimum temperatures after a literature review. As it is known, composite 
materials are lightweight; they show high strength. For these reasons, they are 
preferred in technology, especially in the aircraft and aerospace industry. With this 
study, the radial and tangential stresses determined within a certain temperature The 
results obtained were compared with the studies conducted by different authors 
previously. According to the results obtained, thermoplastic composite CF/PA6 disc 
design is considered to be usable in engineering. Composite materials consist of two 
different material compositions and have new properties. Decomposed property. We 
can see thermoplastics, especially composite materials, everywhere with today’s 
technology. These materials are advantageous in terms of their mechanical properties 
when combined with the designed parts; the stress sensitivity needs to be known, and 
they are also bendable and ductile. The numerically obtained results are in accordance 
with the literature. Materials science is very important in today’s technologies. 
Materials are almost the constitution of machine parts. Knowing the stresses of 
materials and material parts against temperature is of great importance in the 
advancement of material technology. In the literature review, it has been seen that 
stress analyses of different disk materials have been performed, but the adaptation of 
these studies to the newly used materials today is considered incomplete. The thermal 
stress behavior of a circular disc used in brakes has been studied by two different 
methods. The results are shared with the graphs; it has been seen that the margin of 
error obtained in analytical and numerical results is very small [1]. In another study, 
the behavior of the preferred discs in automobile braking systems in the friction 
environment has been studied [2]. In another study, the interpretation and stress 
behavior of the disks used in railway systems have been investigated by means of a 
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computer program [3]. In another study, the behavior of a circular disk subjected to 
friction against temperature has been studied [4]. In the other two studies, the stresses 
occurring on disks with different materials were examined and compared with other 
results obtained in the literature. It has been clearly observed that the results obtained 
at the end of the disc materials show different mechanical properties are completely 
different from each other; the stresses change with temperature [5,6] again in different 
studies. The mechanical behaviors and thermal conduction occurring in a layered disk 
modeled in the form of rings have been investigated. In addition, the stresses occurring 
on disks consisting of different layers have been analyzed [7,8]. 

2. Materials and methods

The materials of the discs have been specially researched. The plane stress has
been treated as zero. The modeled disk is shown in Figure 1 below [9]. 

Figure 1. CF/PA6 composite composite disc. 

𝑟(𝑑𝜎)

𝑑𝑟
+ (𝜎)−(𝜎ఏ) = 0  (𝑖 = 1) (1)

As can be seen in the formulas; r can be called the disk radius. The different 
stresses that occur are given below. 

𝜀 =
𝑑𝑢

𝑑𝑟
= 𝑎𝜎 + 𝑎ఏ𝜎ఏ (2)

𝜀ఏ =
𝑢

𝑟
= 𝑎ఏ𝜎 + 𝑎ఏఏ𝜎ఏ (3)

By establishing a relationship between the general equation and the function F, 
Equation (4) is derived below. 

𝑎ఏఏ𝑟ଶ
𝑑ଶ𝐹

𝑑𝑟ଶ
+ 𝑎ఏఏ𝑟

𝑑𝐹

𝑑𝑟
− 𝑎𝐹 = −𝛼ఏ𝑟ଶ

𝑑𝑇

𝑑𝑟
+ 𝛼𝑇𝑟 − 𝛼ఏ𝑇𝑟 (4)

In an environment where the temperature increases parabolically from the inside 

out; 𝑇  is the symbol of the first temperature on the disk. Tr symbolizes the 
temperature that occurs at any regional point on the disk. 

𝑇 = 
𝑇

𝑎ଶ − 𝑏ଶ
(𝑎ଶ − 𝑟ଶ) (5)

For the solution of equations in general: 
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σr = 
F

r
= 𝐶ଵ𝑟ିଵ + 𝐶ଶ𝑟ିିଵ + 𝐴𝑟ଶ + 𝐶 (6)

𝜎ఏ =
𝑑𝐹

𝑑𝑟
= 𝑘𝐶ଵ𝑟ିଵ + 𝑘𝐶ଶ𝑟ିିଵ + 3𝐴𝑟ଶ + 𝐶 (7)

By reference to the constants A and C “λ” and k, the general stress equations arise. 

𝐴 = λ
3(𝛼ఏ − 𝛼)

𝑎ఏఏ(9 − 𝑘ଶ)
 (8)

𝐶 = λ
(𝛼 − 𝛼ఏ)𝑏ଶ

𝑎ఏఏ(1 − 𝑘ଶ)
 (9)

λ = 
𝑇

(𝑏ଶ − 𝑎ଶ)
(10)

𝑘ଶ =
𝑎

𝑎ఏఏ
(11)

𝐶ଵ =
𝐴𝑎ାଷ + 𝐶𝑎ାଵ − 𝐴𝑏ାଷ − 𝐶𝑏ାଵ

(𝑏ଶ − 𝑎ଶ)
(12)

𝐶ଶ = -𝐶ଵ𝑎ଶ − 𝐴𝑎ାଷ − 𝐶𝑎ାଵ (13)

Thermal stresses analysis 

The disc with CF/PA6 material is fixed. The inner radius and outer radius of the 
disk have been determined. The temperature shows a parabolic increase from the inner 
to the outer part. The disk modeled by the ANSYS finite element program is given in 
Figure 2 below. 

Figure 2. Disk modeling with ANSYS program. 

The modulus of elasticity and other properties of CF/PA6 composite material are 
given in Table 1. 

Table 1. Mechanical properties of CF/PA6 composite material [10–12]. 

𝐄ɵ 𝐄𝐫 𝐤 𝛂𝐫 𝛂ɵ 𝛖ɵ𝐫 

230 15 3.91 8 × 10ି 2.8 × 10ି 0.37 

The stress values obtained at the end of the numerical analysis of the circular disc 
with CF/PA6 material are shown in Table 2 below. Tangential stresses have 
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compression intensity in the inner region and tensile intensity in the outer region. 

Table 2. Numerical analysis of circular discs with CF/PA6 material. 

Temperature ΔT (℃) Surface Tangential Stress (MPa) Radial Stress (MPa) 

30 Inner 4.47 0 

Outer 7.34 0 

60 Inner 8.94 0 

Outer 14.69 0 

90 Inner 13.40 0 

Outer 22.03 0 

120 Inner 17.88 0 

Outer 29.37 0 

150 Inner 22.34 0 

Outer 36.72 0 

Figure 3 below is the stress graph that occurs at the end of the analysis. 

Figure 3. Stress graph of CF/PA6 composite material disc (in the radial direction). 

In Figure 3, the stresses that occur in the radial direction increase from the inner 
part of the disk to the outside. It decreases from the middle part towards the end zone. 

Figure 4. Stress graph of CF/PA6 composite material disc (in the tangential 
direction). 
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The radial stresses calculated for the disc modeled with CF/PA6 were determined 
as zero. The tangential stresses determined for the composite disc with thermoplastic 
CF/PA6 material are given in Figure 4. 

Figure 4 is a graph of tangent stresses occurring on a CF/PA6 composite material 
disk. 

As can be seen in Figure 4, the tangential stresses are tensile stress in the inner 
regions of the CF/PA6 material disk and compressive stress towards the outer regions. 
It differs in stresses depending on the temperature. 

In Figure 5, the tangential stresses obtained in the inner part of the disk for 
temperatures of 30 ℃ and 150 ℃ occurring in the CF/PA6 material disk are 
graphically given. 

Figure 5. Stresses caused by CF/PA6 material in the inner region of the disk (in the 
tangential direction). 

In Figure 5, it was determined that the increase in stress values, which are 
mathematically calculated in the inner region of the disk, depends on the temperature. 
30 ℃ to 150 ℃, the tangential stress value increases by about 5 times. 

In Figure 6, the stresses obtained on the CF/PA6 material disk in its outer part 
for temperatures of 30 ℃ and 150 ℃ are graphically presented. 

Figure 6. Stresses caused by CF/PA6 material in the outer region of the disk (in the 
tangential direction). 

As the temperature increases from 30 ℃ to 150 ℃, it is observed that the 
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tangential stress value increases by about 5 times in the outer parts. 
It is understood that the findings obtained in this study give similar results to 

some studies. For example, the stresses occurring on an aluminum alloy disk are zero 
in the innermost and outermost regions of the disk [12]. Its compatibility with other 
studies is that the analysis results obtained using mathematical programming are 
considered applicable [13,14]. 

3. Results and discussion

Mathematical modeling was performed at optimum temperatures for
thermoplastic CF/PA6 material disc. 

The effect of temperature is in the form that it increases parabolically from the 
inner surface of the CF/PA6 material disk to the outer surface. 

At the end of the model, tangential and radial stresses formed in the disk were 
determined by means of a mathematical program. The table was created by drawing 
graphs. 

The radial stress component is zero and close to zero on the innermost and 
outermost surfaces of the disc with CF/PA6 material. 

As the temperature increases from 30 ℃ to 150 ℃, there are increases in 
tangential and radial stresses. 

Radial stresses have appeared in the form of pull stress. Radial stresses can reach 
their highest value in approximately r = 50 mm regions of the CF/PA6 material disc. 

Stresses in the tangential direction are calculated first as compressive stress and 
then as tensile stress. 

As the most important result of this study conducted by deriving a mathematical 
program, it is believed that the CF/PA6 material disk can be selected appropriately at 
certain temperatures in disk designs. 

Conflict of interest: The author declares no conflict of interest. 
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Article 

Fabrication and property analysis of treated and untreated bagasse powder-
reinforced epoxy resin composites 

A. Nayeem Faruqui*, Md. Samiur Rahman Tarafdar, Anindya Das Jayanta, Md. Rezaul Karim Sheikh

Department of Applied Chemistry and Chemical Engineering, University of Rajshahi, Rajshahi 6205, Bangladesh 
* Corresponding author: A. Nayeem Faruqui, nayeemfaruqui@yahoo.com

Abstract: Bagasse fiber from sugarcane waste is used with epoxy resin to make natural 

composites. The raw fibers are treated chemically to improve compatibility and adherence with 

the epoxy polymer. It’s anticipated that epoxy resin matrix composites reinforced with bagasse 

particles would work as a trustworthy replacement for conventional materials utilized in the 

building and automobile sectors. The amount and distribution of reinforcing particles inside 

the matrix are two factors that impact the composite’s strength. Furthermore, the precise 

proportion of reinforcing elements—roughly 20–30 weight percent—into the matrix plays a 

critical role in providing a noticeable boost in improving the properties of the composites. This 

research investigates the impact of reinforcing alkali-treated bagasse and untreated bagasse 

powder into an epoxy matrix on aspects of mechanical and morphological characteristics. The 

hand layup technique is used to create alkali-treated bagasse and untreated bagasse powder-

reinforced epoxy composites. Composites are designed with six levels of reinforcement weight 

percentages (5%, 10%, 15%, 20%, 25%, and 30%). Microstructural analysis was performed 

using SEM and optical microscopes to assess the cohesion and dispersion of the reinforcing 

particles throughout the hybrid composites’ matrix phase. With reinforcement loading up to 20 

wt%, the tensile strength, impact strength, and toughness of epoxy-alkali-treated bagasse and 

untreated bagasse powder-reinforced composites increased. In contrast, treated bagasse epoxy 

composites were superior to untreated epoxy composites in terms of efficacy. The results 

indicate that 20 wt% alkali bagasse powder provides better mechanical properties than other 

combinations. 

Keywords: bagasse powder; epoxy; microstructure; mechanical properties; eco-friendly 

1. Introduction

The studies on composite materials constitute a significant proportion of the
designed materials that promote various applications ranging from everyday products 
to advanced technologies. Composites consist of a continuous phase combined with 
one or more discontinuous phases. The discontinuous phase is typically more rigid and 
durable than the continuous phase, and it is referred to as the “reinforcement or 
reinforcing material”, whereas the continuous phase is referred to as the ‘matrix’. 
Composites can be categorized as reinforced composites with natural fibers (bamboo, 
jute, flax, sisal, hemp, etc.) or synthetic fibers (graphite, Kevlar, carbon, boron, glass, 
etc.). The characteristics of the constituent materials, their distribution, and their 
interactions with one another all have a significant influence on the properties of 
composites. Although composites have already demonstrated their value as materials 
that reduce weight, the current challenge is to make them cheaper and more sustainable 
[1,2]. 

Several scholars have been researching the benefits of employing natural 
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powders as load-bearing elements in composite materials in recent years. The usage 
of such materials in composites is increasing over synthetic powders due to their 
relatively low cost, ability to recycle, and ability to compete well in terms of strength 
to weight of material [3,4]. Natural powders come in a variety of forms, including 
bagasse powder, coir powder, banana powder, jute powder, and hemp powder. 
Bagasse powders are utilized as a reinforcing material in the manufacture of new forms 
of composites because of their low fabrication costs and high-quality green final 
material. Bagasse, a by-product of sugarcane, is used in paper, electricity, and factories 
as raw materials. However, its low heating value makes burning it as fuel inefficient. 
Currently, 85% of bagasse is burned, leaving excess waste. Ethanol production uses 
only 9% of bagasse, but its efficiency is low [5]. Boosting bagasse’s economic value 
is crucial. Sugarcane is widely available due to its cultivation in Bangladesh and 
around the world. As a result, the supply of bagasse remains constant and stable day 
after day. Bagasse-based composites are applicable for building and construction 
materials. Bagasse is also sustainable because it is biodegradable, recyclable, and 
reused [6,7]. 

This research is being conducted in order to make a large volume of waste 
bagasse powders usable as reinforcement in polymer matrixes such as epoxy. Epoxy 
resin is a well-known thermoset polymer matrix due to its great mechanical strength 
[8], strong erosion and corrosion resistance, high thermal stability, minimal shrinkage, 
excellent adherence to a variety of surfaces, and ease of workability [9,10]. It is 
amorphous and extensively cross-linked, resulting in high tensile strength and 
modulus, high hardness, simple manufacturing, good thermal and chemical resistance, 
and dimensional stability [11]. Bagasse improves mechanical qualities such as tensile 
strength, flexural strength, hardness, and impact strength when modified and 
fabricated [12]. It is readily modified with chemicals and mixes effectively with other 
composite materials. 

Bagasse powder is hydrophilic and extremely polar, whereas polymer matrixes 
are predominantly non-polar and hydrophobic. As a result, both bagasse fiber and 
epoxy matrix surfaces are intrinsically incompatible, restricting stress transfer at the 
interface. Because the hydrophilic natural fibers and the hydrophobic polymer matrix 
are incompatible, there is poor interfacial adhesion, resulting in a composite material 
with poor physical and mechanical properties [13]. To overcome these drawbacks, 
many methods for surface modification of natural fibers have been used, including 
alkaline treatment [14], esterification [15,16], etherification [17,18], graft 
copolymerization [19,20], permanganate, benzoyl, anhydride treatment, silylation [21], 
or a combination of these methods [22]. Among these methods, the alkaline treatment 
method is used in this literature for bagasse fiber. Several formulations of bagasse 
powder and thermosetting in both virgin and impregnated form are proposed, and the 
composite samples are made using the hand layup technique. These composites are 
tested to justify their material performance. For microstructural study, optical 
microscopes (OM) and scanning electron microscopes (SEM) are utilized, and 
mechanical properties are analysed with a universal testing machine (UTM) and an 
impact tester. In consideration of the importance of chemical modification and the 
development of research on bagasse-polymer composites, this research presents an 
overall review of the manufacturing, morphological behavior, mechanical 
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performance, and application of alkali-treated bagasse powder-reinforced epoxy resin 
composites. 

2. Materials and methods

2.1. Materials 

The matrix used was Araldite AW 106, a thermoset epoxy resin, and the hardener 
used was HV 953 IN. Those were collected from Nasim Plastic, Dhaka, Bangladesh. 
The molecular weight of epoxy resin was 393 Da, the viscosity was 9–14 Pas, the 
density was 1160 kg/m–3 and the flash point was > 150 ℃. The molecular weight of 
the hardener was 305 Da, its viscosity was 0.45 Pas, its density was 900 kg/m–3 and 
its flash point was 129 ℃. The reinforcing material, sugarcane bagasse fibers, was 
brought from Rajshahi Sugar Mills Ltd., Bangladesh. Sodium hydroxide pellets 
(NaOH) were collected from MERCK, Mumbai, India. The purity was 97.16%. 

2.2. Chemical treatment 

The bagasse fibers were washed with distilled water. The bagasse fiber was then 
treated with a 5% NaOH solution at room temperature for 60 minutes while 
maintaining a liquid-to-fiber ratio of 15:1. After alkali treatment, the fibers were 
thoroughly rinsed with distilled water until a neutral pH was achieved. A hot air oven 
set to 105 ℃ is used to remove moisture from treated fibers. After alkaline treatment, 
bagasse fibers were taken to a mixer grinder (model MX-AC400) to be ground into 
powder. The powders were subjected to passing into screens with sieves no. 70 and 
openings 210 microns. The untreated bagasse fibers were washed with distilled water 
and dried in a hot air oven at 105 ℃. 

The untreated fibers were ground into powder using a mixer grinder (model MX-
AC400) and then passed through screens with sieve no. 70 and 210 micron openings. 

2.3. Composite preparation method 

Epoxy resin creates a three-dimensional structure when it combines with the 
hardener or curing agent. The characteristics of epoxy resin can be changed by 
utilizing various epoxy oligomers and curing processes. Epoxy resin is mixed with 
hardener in a ratio of 10:1 by weight. Then alkali-treated bagasse powder with 
different weight percentages (5, 10, 15, 20, 25, and 30) was mixed by hand mixer for 
uniform distribution of epoxy resin, hardener, and reinforcement. To prepare one type 
of composite, a 200-gram mixture of matrix and reinforcement was used. A mold of 
dimension (3 × 10 × 80) mm3 was used for casting the composite sheet. A coat of oil 
was applied to the inner side of the mold because of the quick and easy removal of the 
composite. The usual hand lay-up technique was used to manufacture the composite 
of 6 mm thickness at room temperature for 24 h (Figure 1). 
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Figure 1. Images of composites having: (a) 95–5 wt% epoxy-alkali treated bagasse powder; (b) 90–10 wt% epoxy-
alkali treated bagasse powder; (c) 85–15 wt% epoxy-alkali treated bagasse powder; (d) 80–20 wt% epoxy-alkali 
treated bagasse powder; (e) 75–25 wt% epoxy-alkali treated bagasse powder; (f) 70–30 wt% epoxy-alkali treated 
bagasse powder. 

The same hand-lay procedure was used to create composites from untreated 
bagasse powder (Figure 2). Untreated bagasse powder with different weight 
percentages (5, 10, 15, 20, 25, and 30) was mixed with epoxy by hand mixer. 

Figure 2. Images of composites having (a) 95–5 wt% epoxy-untreated bagasse powder; (b) 90–10 wt% epoxy-
untreated bagasse powder; (c) 85–15 wt% epoxy-untreated bagasse powder; (d) 80–20 wt% epoxy-untreated bagasse 
powder; (e) 75–25 wt% epoxy-untreated bagasse powder; (f) 70–30 wt% epoxy-untreated bagasse powder. 

2.4. Microstructural analysis 

Optical microscopy (OM) (ML-803, Taiwan) and a scanning electron microscope 
(SEM) (JSM-7600 F) provided by JEOL Company Limited, Japan, were used to 
investigate the interfacial bonding between the reinforcement and epoxy matrix in the 
produced composites. Prior to morphological investigation under a scanning electron 
microscope, composite samples were coated with gold. 
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2.5. Mechanical testing 

The materials underwent tensile, charpy impact, and toughness testing. For every 
test and composite type, five species were examined, and the average values were 
recorded. Following ASTM D 638-01, tensile tests were performed at a crosshead 
speed of 10 mm·min–1 using a Universal Testing Machine (UTM) (Model: MSC-5/500, 
Agawn Seiki Company Limited, Japan). Using a Universal Impact Testing Machine 
(Model: 7408, Hung Ta, Taiwan), dynamic Charpy impact tests and toughness tests 
were conducted on notched composite specimens in accordance with ASTM D 6110–
9724 and ASTM E23. 

3. Results and discussion

3.1. Morphological observation 

The microstructure of the prepared composite samples was observed using an 
optical microscope (OM) at various magnifications (10 X, 40 X, and 60 X) to find out 
the presence or absence of clusters, cracks, voids, particle distribution, particle 
aggregation, and morphology of the composites [23,24]. 

In Figure 3, uniform dispersion of bagasse powder is clearly seen throughout the 
matrix phase. Each particle is also surrounded by a matrix phase, which prevents 
bagasse powder aggregation in the composite. In other words, the uniformity of 
reinforcement in the matrix phase is nearly reached, increasing the load-bearing 
capability of composites. The interfaces are sharp, with no big voids or reaction 
substances, and the integrities are intact [25].  

Figure 3. Optical micrograph of cross-section of composites at (a) 10 X; (b) 40 X; 
(c) 60 X; magnification for 20 wt% of epoxy-alkali-treated bagasse powder
composite.
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SEM (scanning electron microscope) observation of the cross-section of the 
composites can reveal information about the sample, such as the exterior morphology 
(texture), chemical composition, interfacial adhesion, crystalline structure, and 
orientation of the materials that make up the sample. In this research, SEM (scanning 
electron microscope) was used to observe the uniformity of reinforcement at the micro 
level [26]. 

Figure 4 shows the morphology of a 20 wt% epoxy-alkali-treated bagasse 
powder composite. A uniform distribution of reinforcement throughout the matrix 
phase is observed, which is evidence of good interfacial bonding [27]. Here, a very 
good mixing of alkali-treated bagasse powder and epoxy is noticed. The lack of pores, 
cavities, or voids is also observed in this SEM micrograph. The findings reveal that in 
a composite, the intermediate load-bearing components are the major working factor 
of the matrix. Although the primary function of reinforcement is to retain the load and 
thereby maximize the strength of composites, since there are no voids or cracks present 
in the composites, they should display better mechanical properties.  

Figure 4. SEM micrograph of cross-section of composites at (a) 150 X; (b) 2.5 KX; (c) 10 KX; (d) 2 KX; 
magnification for 20 wt% of epoxy-alkali-treated bagasse powder composite. 

Although the form of the powder remained largely unchanged, it is evident that 
it underwent a definite separation of its structure following treatment with a 5% NaOH 
solution (Figure 4). This allegedly occurred as a result of some lignin components 
dissolving upon the addition of the base. Morphological alterations in bagasse after 
NaOH modification. Intermolecular hydrogen bonds on the carboxylic group 
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connecting the fibers into a break are thought to be the mechanism separating them 
from one another. This occurs because adding NaOH causes the Na atom in the 
carboxylic group to replace the H atom [28]. 

3.2. Mechanical properties 

3.2.1. Tensile properties 

Tensile tests are used to measure the strength of polymer composites by applying 
a constant tensile load along the material’s axis. The Universal Testing Machine (UTM) 
(H5OKS, Hounsfield, USA) is suitable for these tests, measuring tensile properties at 
a speed of 100 mm·min–1.  

Figure 5 shows that the tensile strength is increasing with an increase in the 
weight percentage of powder up to 20 wt% reinforcement. The maximum value of 
tensile strength is 14.042 MPa for epoxy-untreated bagasse powder composites and 
15.839 MPa for epoxy-alkali-treated bagasse powder composites at a 20 wt% powder-
to-matrix ratio. Further increase in powder ratio, decrease in tensile strength. The 
improved load-carrying capacity of powder over matrix increases the tensile strength 
of up to 20 wt% powder ratio. Tensile strength decreased as reinforcement was loaded 
farther because of inadequate interfacial adhesion between powder and matrix. In 
addition, microspace formation in composites increased [29]. Additionally, as 
compared to virgin epoxy matrix, the treated and untreated composites show superior 
tensile strength (Figures 5a,b). 

Figure 5. Tensile strength of (a) epoxy-untreated bagasse powder composites; (b) epoxy-alkali-treated bagasse 
powder composites; (c) a comparison graph of tensile strength between treated and untreated powder composites. 

The tensile strength curve of the epoxy-alkali-treated bagasse powder composite 
is slightly higher than that of the epoxy-untreated bagasse powder composite, as shown 
in Figure 5c. Alkaline treatment of bagasse powders increases the powder’s load-
bearing capability by eliminating a smaller fraction of lignin, pectin, waxes, and 
contaminants. Furthermore, alkali treatment increases particle strength, giving the 
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powder relatively excellent mechanical qualities. In addition, this resulted in a rough 
powder surface, which tends to provide better adherence to the matrix. The alkaline 
treatment method also resulted in a swollen structure due to changes in structure, 
morphological, mechanical, and dimension properties [30]. Alkaline treatment breaks 
the alkaline-sensitive hydroxyl groups (–O–H bond structure) found in natural powder 
molecules. It then reacted with water, phenols, or alcohol molecule groups (H–O–H 
bond structure) and migrated in or out of the powder structure depending on the 
powder’s characteristics toward the alkaline reaction. Thus, the remaining reactive 
molecules indirectly produced the powder cell of the –O–Na bond structure between 
the cellulose molecular chain [31,32]. 

3.2.2. Impact strength and toughness 

Figure 6 depicts the impact characteristics increasing with powder loading of the 
epoxy-untreated bagasse powder composite and the epoxy-alkali-treated bagasse 
powder composite. They indicate a distinct trend from those for tensile strength. 
Furthermore, Figure 6a,b show that both the treated and untreated composites have 
better impact energy-absorbing capacity than virgin epoxy matrix. This is because 
powder absorbs more energy than matrix [33]. Figure 6c further shows that treated 
composites have superior impact properties compared to untreated composites. 

Figure 6. Impact energy of (a) epoxy-untreated bagasse powder composites; (b) epoxy-alkali-treated bagasse powder 
composites; (c) comparison graph of impact energy between treated and untreated powder composites. 

Similarly, the toughness of composites improves as the powder content increases. 
Toughness is the capacity of a material to tolerate stress and deformation without 
rupturing, as measured by the amount of energy absorbed per unit volume before 
fracture. Ductility is a measurement of the plastic deformation of a material before 
rupture. High ductility does not ensure high toughness; it can be obtained by 
combining strength and ductility. Brittle materials with poor ductility, such as 
ceramics, are not tough, whereas ductile materials with low strength do not have high 
toughness ratings. A small specimen was used to measure toughness [34]. 
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Figure 7 reveals the toughness parameters of epoxy-alkali-untreated and epoxy-
alkali-treated bagasse powder-reinforced polymer composites. Toughness steadily 
rises as the powder content increases. In addition, Figure 7c demonstrated that treated 
composites had better toughness characteristics than untreated composites. Because 
lignin, pectin, oil, wax, and other impurities are removed from the cell wall surfaces 
of the fibers, the alkaline treatment increases the bonding between natural fiber and 
polymers, strengthening the structure of natural fiber with composites. This increases 
the surface roughness of the fiber, exposing short-length crystallites and improving its 
mechanical properties [35]. 

Figure 7. Toughness properties of (a) epoxy-untreated bagasse powder composites; (b) epoxy-alkali-treated bagasse 
powder composites; (c) a comparison graph of toughness between treated and untreated powder composites. 

The reinforcement particles act as an adhesive by filling up pores in the polymer 
matrix, resulting in a stronger link between the matrix and the reinforcement. As a 
result, when the matrix and particles develop a stronger link, the mechanical 
characteristics of the composites are improved. 

4. Conclusion

Natural fibers are available in nature and can be easily made into reinforcement
materials. In this study, treated and untreated bagasse powder is combined with epoxy 
resin through a hand-lay process to produce composites with the desired properties. 
According to the optical microscope (OM) and screening electron microscope (SEM) 
analyses, no large voids, cavities, or reaction products are found in the composites, 
and a uniform distribution of reinforcement is also observed. The mechanical 
characteristics of the composite improve as the weight of bagasse powder increases. 
Tensile strength is maximum at 20 wt% reinforcement, whereas impact energy and 
toughness are maximum at 30 wt% reinforcement. Alkaline treatment is significant 
because it increases the powder’s load-bearing capability by eliminating a small 
percentage of lignin, pectin, waxes, and impurities. Bagasse powder-reinforced epoxy 
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composite has several technical applications due to its environmental acceptability, 
technological feasibility, and economic viability. One of the major applications of 
bagasse-based composites is the fabrication of tiles for construction industries [36]; it 
is also used in the automotive industry, the aerospace industry [37], the building 
industry, the furniture industry [38], etc. 
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Abstract: We report a method for effectively and homogeneously incorporating carbon 

nanotubes (CNTs) in the form of double-wall (DWCNTs) and multi-wall (MWCNTs) 

structures into commercial paints without the use of additives, surfactants, or chemical 

processes. The process involves the physical mixing of the nanotubes and polymers using the 

cavitation energy of an ultrasonic bath. It is a simple, fast method that allows for uniform 

distribution of carbon nanotube bundles within the polymer for direct application. Due to the 

hydrophobic properties of the carbon nanotubes as grown, we used paint samples containing 

0.3% by mass of both types of CNTs and observed an improvement in waterproofing through 

wettability and water absorption through immersion tests on the samples. Different solvents 

such as water, formaldehyde, and glycerin were used, and the results showed an increase in 

paint impermeability of 30% and 25% with the introduction of DWCNTs and MWCNTs, 

respectively. This indicates a promising, economically viable, and revolutionary method for 

applying nanotechnology in the polymer industry. 

Keywords: paint; carbon nanotubes; dispersion method; impermeability; nanotechnology 

1. Introduction

Nanoparticles, also known as particles with nanoscale dimensions, have been

incorporated into polymeric matrices to produce materials with different chemical and 

physical properties [1–4]. Several industries worldwide are using these composites in 

various applications to reduce the weight of certain components and improve the 

mechanical and chemical properties of materials. In paints, the use of carbon 

nanotubes (CNTs) is widely employed to enhance properties such as porosity, 

corrosion resistance, thermal resistance, and impermeability. Typically, these 

nanoparticle incorporation processes involve surfactants, additives, and 

functionalization, making them small-scale and expensive [5]. 

Carbon nanotubes are known for their excellent properties [6,7] such as 

mechanical strength and electrical and thermal conductivity. For example, a CNT’s 

Young’s modulus of 1.28 ± 0.5 TPa [8] is five times larger than that of commercial 

steel. There are several papers involving CNTs that report studies and applications in 

various areas, from theoretical modeling to experimental analysis and a combination 

of both, such as beam, plate, and sheel structures [9–14]. 

However, when dispersed in polymers, due to their high aspect ratio and 

hydrophobicity, they tend to agglomerate over time, potentially leading to a 

deterioration in the properties of the polymer composite. CNTs as grown are naturally 
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hydrophobic materials, and their uniform dispersion within the polymer matrix has 

traditionally required surfactants/additives or sophisticated chemical processes 

involving some form of chemical modification [7,8,15–20]. CNTs show real promise 

in the processing of polymer composites to provide mechanical reinforcement as well 

as enhance thermal and electrical conductivity, thereby enabling the development of 

lighter materials. 

Thus, several studies have been carried out on composites, primarily cementitious 

matrices, using the "in situ" methodology, where CNTs are grown directly on other 

materials and their dispersion in the matrix occurs naturally, without chemical 

processes [21–25]. However, due to the chemical reactivity of polymers and the 

synthesis temperature of CNTs, the direct growth of carbon nanotubes on polymers 

has not yet been reported. Furthermore, when dispersed in polymer without chemical 

treatment, in addition to the cost, the material retains its hydrophobicity within the 

polymer matrix, contributing to the impermeability of the composite [5]. 

In this work, we report a simple, additive-free, and non-sophisticated chemical 

process for incorporating CNTs into polymeric matrices, such as commercial paints. 

This new incorporation method is based on the physical mixing of these materials 

(carbon nanotubes) into polymers using an ultrasonic bath. The synthesis of CNTs is 

carried out by chemical vapor deposition (CVD) using ethylene as the carbon source. 

Two types of CNTs were used: double-wall (DWCNTs) and multi-wall (MWCNTs) 

carbon nanotubes, and they were dispersed in commercial paint. 

Wettability tests were conducted on mortar samples painted with both reference 

paint and nanostructured paint in order to analyze whether the incorporation of carbon 

nanotubes would positively influence the impermeability of the polymer (paint). It was 

observed that the effect of these nanomaterials on the wettability of the samples, using 

three types of solvents (water, formaldehyde, and glycerin), rendered the polymer 

more impermeable in all cases, highlighting the efficiency of the dispersion method. 

Thus, this work presents new perspectives for the practical application of 

nanostructured polymers in industry, improving the impermeability property of paints 

in a simple and cost-effective manner. 

2. Materials and methods

2.1. Catalyst preparation and carbon nanotube synthesis 

For the preparation of multi-walled carbon nanotubes (MWCNTs), a catalyst 

based on iron and cobalt supported on magnesium oxide (MgO) was developed [23–

25]. The ionic solution of Fe and Co salts is impregnated into MgO by dry 

impregnation and then calcined at 500 ℃ for 2 h in an oxidizing atmosphere. The 

catalyst used for the synthesis of DWCNTs was prepared similarly using iron and 

cobalt, but now supported by aluminum oxide (Al2O3), as previously described [26]. 

The synthesis of the CNTs was performed by Chemical Vapor Deposition (CVD) 

using argon as the carrier gas (500 sccm) and ethylene as the carbon source (300 sccm). 

Both catalysts were used in the synthesis, resulting in a yield increase of 2300% for 

MWCNTs and approximately 800% for DWCNTs. 
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2.2. Dispersion CNT in commercial paint 

The process of obtaining nanostructured paint described herein is achieved in a 

simple manner, free from additives, surfactants, and chemical processes such as 

functionalization for the incorporation of carbon nanotubes into polymeric matrices. 

The novel incorporation method involves the use of bath ultrasonics, utilizing 

cavitation energy at room temperature. Figure 1 shows optical photos of the 

methodology and dispersion used. 

Figure 1. (a) Optical photos showing CNTs and paint mixture; (b) nanostructured 

paints at 0.3% of CNT and dispersion of the material with US; (c) appearance of 

mortar painted with nanostructured paints; (d) the samples of the mortar into water at 

90 ℃ to saturation and impermeability measurements. 

The as-grown DWCNTs and MWCNTs are incorporated into the polymer paint 

at 0.3% by weight (Figure 1a) by physical mixing and subjected to ultrasonic (US) 

treatment at a frequency of 40 Hz for 30 min using cavitation energy (Figure 1b). 

Cavitation occurs when millions of tiny, microscopic bubbles (cavities) collide in a 

liquid. Thus, cavitation occurs when there is an alternation of high- and low-pressure 

areas that diffuse through the liquid. The entire process takes place at room 

temperature. The same ultrasonic bath treatment is applied to the reference paint to 

expose it to the same cavitation energy. Subsequently, nanostructured paints suitable 

for direct application on mortar are obtained (Figure 1c). 

Using standardized measurements (NBR 9978), the paint-coated mortar 

specimens are immersed in water at room temperature, and the volume of the specimen 

is periodically measured, then heated to saturation at 90 ℃ (Figure 1d) for 

impermeability measurements. In addition, the nanostructured paint samples are 

applied to glass slides (with a 0.38 mm spacer) for wettability measurements. In these 

experiments, 3 mL of fluids of different polarities and densities, namely water, 

glycerin, and formaldehyde, are added. Photographs of the bubbles formed on each 

surface are taken for contact angle measurements. 
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2.3. Procedures and equipment 

The following procedures and equipment were used for the characterization of 

the materials and the paint samples: 

Morphological analyses by Scanning Electron Microscopy (SEM) were 

performed using a Vega3-TESCAN microscope. Voltage ranges of 2–5 kV and 

magnifications ranging from 5000 X to 100,000 X were employed. 

Transmission electron microscopy (TEM) was carried out at CNT using a FEI-

Tecnai G2-20 SuperTwin microscope operating at a voltage of 200 kV. 

Measurements of the impermeability are performed by NBR 9978 using samples 

of the mortar and absorption by immersion. 

3. Results and discussion

3.1. Carbon nanotube types 

Figure 2 shows SEM images (Figure 2a) and TEM images (Figure 2b) of the 

MWCNTs produced, revealing the presence of slender CNTs with an outer diameter 

of about 12–20 nm and lengths of several microns, along with the absence of 

amorphous carbon. In Figure 2c and Figure 2d, similar analyses are performed on 

DWCNT. The main difference between the two types, apart from the number of walls, 

is the length of the tubes. DWCNTs are arranged in bundles with lengths of about 300 

μm, whereas MWCNTs have lengths on the order of 50 μm. 

Figure 2. (a) and (c) SEM imagens and TEM images; (b) and (d) at types of the 

Carbon Nanotubes synthesized, MWCNTs and DWCNTs. 
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3.2. Nanostructured paint 

To characterize the nanostructured paints, initial UV-vis absorbance 

measurements were performed on reference paste paints (without CNTs) and those 

with 0.3% DWCNTs and MWCNTs. UV-vis spectroscopy is a technique commonly 

used to evaluate the dispersion of CNTs in polymers. [20]. During UV-vis 

experiments, CNTs are activated and show characteristic bands. However, CNT 

aggregates are hardly sensitized even when analyzed in the UV-vis region between 

200 and 800 nm, probably due to charge transfer between the individual nanotubes, 

which minimizes translational, rotational, and vibrational effects. Nevertheless, it is 

possible to establish a relationship between the individually dispersed nanotubes in 

solution and the corresponding absorption spectrum intensity. In this way, UV-vis 

spectroscopy can be used to monitor the dynamics of the CNT dispersion process. 

The results shown in Figure 3a demonstrate the presence of CNTs, indicated by 

changes in the curve behavior and peaks in the region around 255 nm, associated with 

dispersion. In the case of the DWCNTs sample, the change in signal is more 

pronounced, probably due to the length of the CNTs bundles (approximately 300 μm), 

while for MWCNTs, the bundles are four times shorter. 

To further demonstrate the temporal stability effect of cavitation dispersion of 

CNTs, the inset of Figure 3b shows an optical photograph of the paints dispersed in 

1 L of water after ultrasonic dispersion with only mechanical agitation and a new UV-

Vis spectroscopy measurement on diluted paints. In the spectrum in Figure 3b, peaks 

at 235 nm (not marquet) and 350 nm were observed for nanostructured paints. The 

absorption can be attributed to the π–π* transition of aromatic C=C bonds and the n–

π* transition of surface functional groups of the polymers, such as C = O [27]. The 

higher intensity and peak shift from 350 nm to 375 nm in the pure paint indicate a 

variation in the optical path length traveled by the beam in the UV-vis spectrometry 

analyses due to the presence of dispersed CNTs. 

The spectrum exhibits higher absorbance intensity in the nanostructured paints 

(indicating good dispersion), along with specific CNT bands. 

Figure 3. (a) Absorbance in UV-vis (200–1200 nm) for paints after US; (b) after dilution in water. 

3.3. Impermeability by immersion 

After preparing the paints, three mortar test specimens were painted with 
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standardized thickness. The comparative results of all the prepared samples are shown 

in Figure 4. A significant difference in color can be observed between the reference 

sample (without nanotubes) and the samples with nanostructured paint containing 

DWCNTs and MWCNTs. Table 1 shows the dry density data of the painted mortar 

samples before the water immersion experiment. 

Figure 4. Optical photograph of mortar test specimens painted with paint without 

CNTs and nanostructured paint. 

Table 1. Data of the density of the mortar test specimens painted with the prepared 

paints. 

Samples Dry mass (g) Volume (cm3) Dry density (g/cm3) 

REF 551.91 224.64 2.46 

DWCNT 566.65 230.40 2.46 

MWCNT 582.61 237.12 2.46 

After painting the three mortar test specimens, and due to the hydrophobic nature 

of carbon nanotubes as they grow, an expected result would be an improvement in 

paint impermeability with the introduction of CNTs. According to NBR9978 for 

mortar, the samples must be immersed in water for a minimum of 24 h to assess water 

absorption by immersion. Subsequently, the samples are boiled and saturated, and the 

absorption and impermeability are calculated. Figure 5a presents the data obtained for 

water absorption by immersion before boiling over 48 h, showing that the 

nanostructured samples exhibit lower water absorption throughout the analyzed 

period, with the sample containing DWCNT having even lower absorption than the 

one with MWCNT, mainly due to the significantly greater length of the CNTs. 

Figure 5. (a) Absorption by immersion in water by 48 h; (b) impermeability analyses after boiling at 5 h in relation to 

reference sample. 
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Following the boiling (at 90 ℃) for 5 h and complete saturation of the samples, 

Figure 5b confirms the previous data regarding lower absorption, or, as shown, higher 

impermeability (compared to the reference sample), with the sample with 

nanostructured paint containing DWCNTs being up to 30% more impermeable and 

with MWCNTs being approximately 25% more impermeable, compared to the 

reference paint without carbon nanotubes after 48 h. And Figure 6 shows the 

absorption and impermeability measurements after saturation for all samples, 

confirming the results. 

Figure 6. Absorption and impermeability at samples after saturation for 48 h. 

These results demonstrate the effective dispersion of as-grown CNTs in paints 

and maintain the hydrophobic properties of the CNTs (dispersed without external 

treatment), thereby improving the impermeability of the polymer. 

3.4. Wettability 

With the introduction and dispersion of CNTs in the paints, there has been an 

increase in the impermeability of the test specimens, as CNTs are known to be 

hydrophobic. The interaction between a surface and a particular liquid can be studied 

by measuring the so-called contact angle () [28]. This is defined as the angle between 

a plane tangent to a drop of liquid and the plane containing the surface on which the 

liquid is deposited. The nanostructured paint samples are applied to glass slides, and 

the determination of the angle was made from images taken with a CCD camera. The 

experiment was conducted in an unrefrigerated environment, and different reagents 

(water, formaldehyde, and glycerin) were used. The results obtained for the three 

coatings analyzed, REF, DWCNT, and MWCNT, are shown in Figure 7, and the 

wettability (or gain in impermeability) is summarized in Table 2. 
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Figure 7. Photos obtained in the wettability experiment with different solvents for 

the REF, DWCNT, and MWCNT paints analyzed, showing the contact angle. 

Table 2. Wettability data at contact angle of REF paints, with 0.3% DWCNT and 

with 0.3% MWCNT, in addition to the gain compared to the reference (in red). 

Solvent Reference DWCNT MWCNT 

Water 60.0° 78.4° (+31%) 69.1° (+15%) 

Formaldehyde 54.4° 66.6° (+22%) 61.9° (+14%) 

Glycerin 99.0° 138.4° (+40%) 120.4° (+22%) 

From Table 2, it can be observed that the presence of CNTs, as they are produced 

in the paints, promotes a lower gain in impermeability or wettability, regardless of the 

solvent polarity. Furthermore, this imperviousness effect is greater for the sample with 

DWCNTs than with MWCNTs, probably due to the way the CNT bundles are 

dispersed, where DWCNTs are four times longer. 

4. Conclusion

This work presents prospects for the direct application of carbon nanotubes as

produced in polymers, indicating a path towards an economically viable and 

environmentally sustainable application (without chemical functionalization 

processes) of nanotechnology in polymer composites. The main contributions are: 

1) The method of dispersing CNT bundles in paint by Us-Bath is simple, effective,

and demonstrates temporal stability with no additional cost to CNT synthesis.

2) Impermeability and wettability measurements showed that 0.3% of grown CNTs

can improve the waterproof layer of exterior paint by up to 30%.
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Abstract: The search for the development of nanostructured materials has led to the study of 

the properties of their precursors. For the production of nanofibers by the electrospinning 

process, it is necessary to determine the rheological parameters of the precursor solutions. 

Since these properties can be influenced by the processing variables and chemical composition 

of the polymer, this study aims to elucidate the effect of the addition of vinyl monomers in the 

formulation of nanofibers based on polyacrylonitrile and to determine the optimal parameters 

for the production of the precursor polymer solution. The effects of temperature and addition 

of vinyl monomers were evaluated by rheometry, from the analysis of the variation of the 

viscosity of the solutions, and by microscopy, the morphology of the nanofibers produced. It 

was observed that the increase in the temperature used to produce the solutions improves the 

fibers’ properties. Still, there is a relationship between the time of exposure of the polymeric 

solution to the temperature and the homogeneity of the fibers, which cannot exceed 45 min. 

The addition of vinyl monomers, to produce PAN-PVA co-polymeric fibers, increases the 

conductivity and reduces the viscosity of the solutions, resulting in more refined and 

homogeneous fibers. 

Keywords: nanofiber; copolymer; PAN; PVA; electrospinning; rheometry 

1. Introduction

The Fourth Industrial Revolution is unlike anything humanity has ever

experienced. New technologies allow the fusion of the physical, digital, and biological 

worlds to create promising solutions to old problems. Materials engineering greatly 

influences this process since it studies technologies that enable the execution of such 

fusions. Although there are various nanostructured materials like nanoparticles, 

nanodots, nanoleaves, nanorods, nanoflowers, etc. [1–3]. 

At the forefront of the development of nanostructured materials is the production 

of polymeric nanofibers, which, with their unique characteristics, manufacturing 

methods, and adjustable properties, have become a much-explored area for application 

in the most diversified areas such as aeronautics and automobiles [4], sensors [5], 

tissue engineering [1], catalysis [6], energy devices [7], environment [8], 

pharmaceutical [9], food [10], filtration [11], distillation [2], etc. 

There has been a growing interest in developing nanostructured composites from 

inserting reinforcement fibers produced by electrospinning techniques. However, the 

market interest in these fibers goes beyond the already-known structural applications 

[4,10–12]. PAN and PVA-based copolymer nanofibers are promising for biomedical 

applications due to the biocompatible and biodegradable character of the monomers 

[13–16]. 
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Electrospinning can produce these, where nanofibers are obtained from precursor 

polymer solutions. Electrospinning is one of the most promising methods for 

producing nanofibers. This versatile technique allows process adaptations that enable 

the production of fibers with optimal morphological characteristics for the desired 

application. 

Electrospinning is an easy and versatile method to prepare nanofibers (NFs) using 

natural and synthetic polymers and a high-voltage power supply [17–19]. First 

reported in the 30’s by Formhals [20], electrospinning presented itself as a versatile, 

multifunctional, and relatively simple method [21] since, for the production of 

nanofibers, it is only necessary to have a spinneret with a metal needle, a syringe pump, 

a high voltage power supply, and a grounded collector to mount the electrospinning 

apparatus [22,23]. 

The primary mechanism of this technique involves a complicated electrophysical 

relationship between the polymeric solution and the electrostatic force [24] to produce 

ultra-thin polymeric fibers with micro to nanometer diameters [25,26]. 

Electrospinning generates a high-voltage electric field between the injection needle 

and the collecting apparatus [27]. During the controlled injection process, a drop of 

polymeric solution is formed in the region of the needle tip [28]. The Taylor cone is 

formed from this droplet, which is the result of the conical stretching of the polymer 

droplet with an increase in the surface charge on the polymer droplet over time, 

increasing the voltage [29]. A polymer jet begins to form shortly after it exceeds the 

surface charge of the polymer droplet. As the solvent in the polymer jet evaporates, 

the surface charge of the jet increases, which causes its instability [30]. To compensate 

for this instability, the polymer jet splits geometrically, initially into two jets and 

eventually into many jets. This division is caused by the electrostatic force acting on 

the polymer droplets in constant fragmentation, resulting in the characteristic pattern 

of nanofibers. 

Determining the electrospinning parameters and the rheological and electrical 

properties of the solution allows the control of the shape and morphology of the fibers. 

The solution behavior of these materials results from the intermolecular interactions 

of solubilized oligomers and solvent molecules and the physicochemical properties of 

the components. They are commonly reported as “unstructured” materials, but many 

polymers have interactions that are responsible for organizing polymer chains in 

solutions. These interactions can generate the alignment of the chains, the formation 

of micelles, weak intermolecular bonds between the chain and the solvent, and the 

formation of clusters, which directly influence the electrospinning process, impacting 

the physical and morphological characteristics of the fibers obtained [31]. 

The composition, average molecular weight, and tactics of the polymers strongly 

influence the behavior of the polymeric precursor solution of electrospun nanofibers. 

The viscosity, electrical conductivity, and surface tension of polymeric solutions 

influence the morphology and geometry of the nanofibers produced [32]. 

To obtain uniform nanofibers, the viscoelasticity of the solution must be minimal, 

and this parameter is directly proportional to the diameter of the fibers obtained. The 

low viscoelasticity of polymeric solutions is achieved with the low concentration of 

chains in the solution; However, this low concentration results in capillary instability 

in the electrospinning jet, generating an electrostatic scattering causing the deposition 
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of polymeric granules in the middle of the nanofibers [7]. 

Controlling the solution’s surface tension can mitigate bead formation in the 

process. Taylor cone formation occurs when the applied potential exceeds the surface 

tension of the polymer solution, and the lower the solution’s surface tension values, 

the lower the probability of bead formation. 

The average diameter of the fibers produced depends on the electrical 

conductivity of the polymeric solution because, with the application of the external 

electric field, the charges are oriented, allowing the droplet to undergo a greater 

elongation, resulting in less thick segments and reducing the diameter of the fibers. 

Other factors influencing nanofibers’ cross-geometry and morphology are ambient 

temperature, humidity, and air composition. The chemical nature of the polymer, 

combined with the presence of moisture in the electrospinning environment, can alter 

the diameter of the nanofibers. Moisture can generate porosity in the nanofibers 

produced in hydrophilic polymers [31]. 

Some parameters can be controlled and determined to obtain fibers with the 

desired morphologies. Among them, it is possible to list the rate of evaporation of the 

solvent, the difference in polarity between the components of the solution, electrical 

conductivity, surface tension, and viscoelasticity of the polymeric solution, in addition 

to synthetic characteristics such as average molar mass and degree of polymer 

entanglement and environmental parameters such as temperature and humidity [4]. 

This work is the first to compare the morphology of homopolymeric PAN 

nanofibers and copolymeric PAN-PVA nanofibers obtained using different parameters 

of solution preparation and electrospinning. 

2. Methods

Polymeric solutions with 10% W Polyacrylonitrile (PAN) (Quimlab) and

Polyacrylonitrile-co-Vinyl Acetate (PAN-PVA) (Quimlab) in N,N-

dimethylformamide (Neon) were prepared by varying temperature and solubilization 

time, as shown in Table 1. 

Table 1. Preparation parameters of polymeric solutions. 

Sample code Temperature (℃) Prepare Time (min) 

PAN 

I 50 60 

II 80 15 

III 80 30 

IV 80 45 

V 80 60 

PAN/PVA 

I 50 60 

II 80 15 

III 80 30 

IV 80 45 

V 80 60 

The solubilization of the polymeric mass is carried out in the previously heated 

solvent under magnetic agitation. To verify the influence of the solution’s 
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homogenization time on the morphological characteristics of the nanofibers, the 

stirring time of the solutions prepared at 80 ℃ was varied, as shown in Table 1. 

Stabilization of polymeric solutions is carried out at rest under refrigeration (4–5 ℃) 

overnight [33]. 

Electrospinning was performed in an environment with a temperature of 25 ℃ 

and air humidity below 30%. The setup consisted of a high-voltage power supply, an 

electrically conductive spinneret (hypodermic needle), a syringe pump, and a 

conductive collector plate. A schematic of the setup was created at biorender.com and 

shown in Figure 1. 

(a) (b) 

Figure 1. (a) Picture of the experimental equipment under working conditions; (b) 

Schematic of the assembly of the experimental apparatus for electrospinning. 

The nanofibers were deposited on a stationary copper plate covered in aluminum 

foil. The needle selected for extruding the polymer solution had an inner diameter of 

0.2 mm. The electrospinning parameters were constant throughout the experiment, 

having a needle tip-to-collector distance of 10 cm, applied voltage of 12 kV, and 

solution flow rate of 1.0 mL/h [34]. 

The polymeric solutions studied were analyzed using a rotational test on a 

rheometer (Thermo Scientific HAAKE MARS rheometer). Viscosity was determined 

from shear stress versus strain rate curves at 25 ℃, using a cylindrical rotor; 100 

complete cycles with 300 s were applied. The electrical conductivity of the solutions 

was determined using a conductivity meter (Láctea, model mCA 150, Brazil), with 

measurements performed at room temperature (25 ± 2 ℃). The viscosity and 

conductivity determinations of the samples were performed in triplicate, and the 

means were compared by Tukey’s test for a significance level of 5%, using analysis 

of variance (ANOVA) in the Origin 8.5 software. The nanofibers’ morphology was 

evaluated by scanning electron microscopy (SEM) in a Zeiss microscope model EVO 

MA10. 

3. Results and discussions

Rheological analyses performed on polymeric solutions indicated the Newtonian

behavior of the polymer/solvent system, expressed for Pearson correlation coefficient 

(R) in Figure 2. Therefore, considering the effect of the power phenomena described
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by Ostwald de Waale, the rheological parameters need not be analyzed [35]. 

Figure 2. Rheological results of the behavior of the fluid studied. 

Polymer-solvent interactions are of great importance in the electrospinning 

process and, consequently, in the diameter and morphology of the resulting fibers. The 

initial step of the electrospinning process involves preparing the polymer solution by 

dissolving the solid precursors in a solvent. Ideally, stable solutions should be obtained 

which do not undergo significant changes in viscosity over time [31]. Polymer 

solubilization is a slow process that involves two steps; obtaining an accurate solution 

is preceded by the gel swelling step. In this first stage, the solid tends to swell when it 

meets the solvent, which penetrates the polymeric mass’s interior through the diffusion 

of the molecules. As the diffusional process of the solvent continues, the swelling gel 

disintegrates, with the consequent formation of a true solution [36]. 

Solubility is related to the cohesive energy of polymers and solvents. Cohesive 

energy is required to remove a molecule from its environment and from its neighbors. 

Thus, cohesive energy is associated with evaporation for solvents, while cohesive 

energy is associated with solubilization for polymeric solids. It is a measure of the 

level of intensity of secondary forces [36]. 

Among the basic rules of polymer solubilization is the importance of chemical 

and structural similarity between the polymer and the solvent and the directly 

proportional relationship between the solubility and the preparation temperature of the 

solution for a given polymer/solvent pair [37,38]. 

One way to quantify this energy is through generalized solubilization parameters 

(δ), which are calculated from the relative contributions to dispersion forces, hydrogen 

bonds, and dipole-dipole interactions. For solubilization to occur, the modulus 

difference between the solubility parameter of the polymer and the solvent must be as 

slight as possible, i.e., they must have chemical and structural similarities. Table 2 

shows the values of the theoretical solubilization parameters for the homopolymers 

and solvents studied in this work [36]. 
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Table 2. Values of the theoretical solubilization parameters for materials used. 

Compound δ (g∙cm−3) 

DMF 12.14 

PAN 15.42 

PVA 9.43 

In materials science, a general rule of mixtures is a weighted mean used to predict 

various properties of a material. It provides a theoretical approximation of final 

properties. Thus, with the addition of vinyl monomers in the formulation of the 

PAN/PVA copolymer, the solubilization parameters are expected to be reduced, 

approaching the value presented by the solvent. 

Figure 3 shows the lower viscosity of the copolymeric solution when compared 

to the homopolymer solution, which is explained by the higher affinity between the 

solvent and the solute that reduced the viscosity of the prepared PAN/PVA solutions, 

regardless of the preparation conditions. 

Figure 3. Viscosity behavior over shear time. 

Viscoelasticity is a time-dependent phenomenon that occurs in polymer systems. 

When it comes to dilute solutions, such as those studied in this work, it is possible to 

verify that at rest, the solute molecules assume a coiled/coiled conformation and 

random configuration, a condition of equilibrium with lower energy. Once the solution 

is sheared, these molecules move away from equilibrium. This effect occurs even if, 

initially, each molecule assumes a particular orientation under the stress; with the 

maintenance of the shear effort, the molecules will align with the neighboring 

molecules, reducing the randomness of the distribution and giving rise to viscoelastic 

behavior [39]. 

Figure 4 schematically shows the behavior of the polymeric molecules under 

agitation, which directly influences the viscosity of the studied solutions as a function 

of time. The analytical results obtained by rheometry indicate that the solutions 

prepared with the PAN/PVA copolymer presented the lowest viscosities and lowest 

time dependencies. In addition to the generalized solubilization parameters (δ) 
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optimized, this comportment can be elucidated too due to the greater chemical and 

structural similarity between the polymer/solvent pair presented by the copolymer that 

with the mixture, even if in a low proportion, inserts to the polymeric structure double 

bonds with oxygen to the polymeric molecule, resembling it even more closely with 

the n,n-dimethylformamide molecule, Figure 5. 

Figure 4. Illustrative scheme of the behavior of molecules in solution when subjected to shearing over time. 

Figure 5. The structural formula of mere PVA and PAN. 

In the results presented in Figures 6 and 7, it is observed that the increase in the 

temperature of the preparation of the solutions implies a reduction in the viscosity 

found. In both cases studied, homopolymeric (PAN_I and PAN_V) or copolymeric 

(PAN/PVA_I and PAN/PVA_V) solutions, there was an approximate 10% drop in the 

measured viscosity, Figure 8, this occurs since for a polymer/solvent pair the 

solubility is increased with the increase in temperature, providing greater mobility 

between the chains. 
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Figure 6. Rheological behavior of PAN solutions at different preparation 

temperatures. 

Figure 7. Rheological behavior of PAN/PVA solutions at different preparation 

temperatures. 

When comparing the preparation times of the solutions at 80 ℃, Figure 8, it is 

observed that, in both cases, as the preparation time is increased, the viscosity 

increases, possibly because the second stage of polymer solubilization has been 

reached, where homogeneity is achieved in the distribution of the polymeric chains in 

the organic solution. 
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Figure 8. Comparative of the average viscosity of the solutions studied. 

The viscosity of the polymeric solution influences the morphology of the 

electrospun nanofibers since the fibers’ homogeneity is obtained from forming a 

continuous jet without rupture from the tip of the capillary to the collector [38]. A 

lower viscosity generally favors the formation of finer and more homogeneous fibers. 

However, if the viscosity is too low, the entanglement of the polymer chains is 

insufficient for the formation or maintenance of the jet since the interactions between 

the polymer chains are too weak to overcome the Rayleigh instability. In this case, 

there will be a greater tendency to spray, producing fibers with defects in the form of 

beads, which are polymeric agglomerates. As the concentration increases, the jet will 

no longer break, and the shape of the beads will change from spherical to spindle-like, 

eventually forming uniform fibers due to increased chain entanglement and viscosity. 

If the viscosity is too high, it becomes difficult to eject the solution from the spinneret, 

and polymeric clusters may form in the collector, resembling beads [32]. 

The polymer concentration effect is quite interesting. It can be noted that the 

viscoelastic properties of concentrated solutions say those in the range of 15%−20%, 

are quite typical for viscoelastic solutions. Thus, in the solutions studied, with a 

concentration of 10%w, the storage module is independent of the frequency, with no 

implications in the results due to variations in the injection rates during the 

electrospinning process [40]. 

On the other hand, the change in the formulation, with the addition of vinyl 

monomers, resulted in a change in the conductivity of the solutions studied, which 

influences the morphology of the fibers produced. As the liquid’s electrical 

conductivity increases, the operational flow rates decrease, and the jet becomes thinner 

and shorter. The higher electrical conductivity of the solution allows the droplet to 

undergo greater elongation with the application of the electric field, resulting in fibers 

with a smaller average diameter [41]. The jet is short and the at high conductivities, 

resulting in refined fibers. 

This behavior was observed in the fibers produced in this study since the 

electrical conductivity measured for the homopolymer was 30.74 μS/cm, and for the 

copolymer, 52.29 μS/cm. The most refined fibers were those obtained from the 

electrospinning of copolymer solutions. Figure 9 shows the micrographs of the fibers 
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obtained from the solutions and preparation conditions studied. 

Figure 9. Micrographs of the nanofibers were obtained by electrospinning the solutions studied. 

It is observed that the fibers obtained from solutions prepared at 50 ℃ presented 

nanofibers with bead formation because of the higher viscosities of these solutions. In 

addition, the copolymeric nanofibers showed irregularity in their diameters, presenting 

a wide distribution of fiber diameter. 

Since the reduction of the viscosity of the solutions was observed with the 

increase of the temperature of preparation of the solutions, the systematic study of 

different preparation times showed that this factor also influences the viscosity of the 

solutions and, consequently, the morphology of the fibers. It was noted that with the 

increase in exposure to temperature and shear, there was an increase in the viscosities 

presented, so it is expected that the fibers obtained from the solutions prepared for 

shorter times will present a more homogeneous morphology and free of beads. This 

was true for the homopolymer fibers since it is observed that the diameter of the fibers 

tends to increase with the increase of the solution preparation time, culminating in the 

formation of beads in the samples obtained after 60 min of heating and shearing 

(Figure 9 PAN_II, PAN_III, PAN_IV, and PAN_V). The formation of beads in this 

situation may be related to the higher viscosity value. This behavior was not observed 

in the copolymer nanofibers since even in the lowest exposure time (Figure 9 

PAN/PVA_II), which presented the lowest viscosity, the presence of beads 

intertwined with the nanofibers was noted; this can be explained by greater difficulty 

in achieving the stability of the solution due to the different radical groups present in 

the copolymer. In this case, the nanofibers produced with the solutions prepared for 

30 and 45 min (Figure 9 PAN/PVA_III, PAN/PVA_IV) presented the best 

morphologies, while due to the higher viscosity, the nanofibers obtained from the 

solutions prepared for 60 min (Figure 9 PAN/PVA_V) showed thickening of the 

diameters and the presence of beads intertwined with the fibers. 

4. Conclusions

Based on the above, the addition of vinyl monomers in the formulation of the

polymeric solution directly influenced the morphology of the fibers since, with this 

addition, the viscosity was considerably reduced, and the electrical conductivity of the 
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solution increased, resulting in thinner and more homogeneous fibers. The increase in 

the preparation temperature by 30 ℃ in the preparation of the solutions resulted in a 

reduction of approximately 10% in the final viscosity, implying the production of more 

homogeneous fibers without forming beads. The exposure time at a temperature of 

80 ℃ showed that times longer than 45 min can lead to the formation of beads, and it 

is appropriate to apply times between 30 and 45 min of agitation under heating to make 

the optimal solution for the electrospinning of nanofibers based on PAN. 
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Abstract: In order to replace conventional materials in the existing composite world, there 

has been a focus on adopting coir fibres, which are lightweight, adaptable, efficient, and have 

great mechanical qualities. This study describes the creation of environmentally responsible 

bio-composites with good mechanical characteristics that employ coir powder as a 

reinforcement, which has good interfacial integrity with an epoxy matrix. And these epoxy-

coir composites supplemented with coir particles are predicted to function as a reliable 

substitute for traditional materials used in industrial applications. Here, untreated and alkali-

treated coir fibres powder were employed as reinforcement, with epoxy resin serving as a 

matrix. An experimental investigation has been carried out to study the effect of coir powder 

reinforcement at different weight percentages (5 wt%, 10 wt%, 15 wt%, 20 wt%, 25 wt%, 

and 30 wt%). The morphological study, followed by a scanning electron microscope (SEM) 

and an optical microscope (OM), demonstrated that the powder and matrix had the strongest 

adhesion at 20 wt% coir powder-reinforced composite, with no voids, bubbles, or cracks. 

Based on the entire investigation, the polymer composite with 20 wt% reinforcement 

exhibited better mechanical qualities than the other combinations. 

Keywords: composite; coir powder; epoxy resin; mechanical properties; SEM 

1. Introduction

Over the last several years, a number of scholars have been researching the use

of natural fibres as load-bearing elements in composite materials. Composite 

material is a multi-phase system composed of matrix and reinforcing materials. The 

matrix specifies the volume of the composite material, combines the reinforcing 

agent, and uniformly distributes the applied load to reinforcements, giving strength 

and stiffness for structural loads. 

Polymer matrix composites (PMCs) are powder-reinforced polymers in which a 

thermoset or thermoplastic polymer serves as the matrix. Polymer matrix composites 

(PMCs) are often used in a variety of sectors, including vehicles, ships, and 

structural applications, due to their high strength-to-weight ratio, simplicity of 

manufacture, and low cost [1,2]. Polymeric composites can be reinforced with 

synthetic fibres such as glass, carbon, boron, graphite, or natural fibres including 

sisal, hemp, flax, bamboo, coir, and jute. Natural fibre composites are suitable for 

building [3,4], packing [5–7], car interiors [8,9], and storage equipment due to their 

low density, environmental benefits, and cost-effectiveness [10]. 

After the flesh of the coconut and sap are removed, leftover shells are used to 

create coir fibres, a common natural fibre [11]. Brushes, carpets, and other everyday 

items were traditionally made from the majority of coir fibres [12,13]. The 
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application of coir fibres as reinforcing fibres in composite materials has been the 

subject of increased investigation in recent years [14]. Therefore, using coir fibres is 

not only a good technique to repurpose coconut waste but also a means to lessen the 

environmental problems produced by the buildup and burning of waste coconut 

shells. Not only do coir fibres increase the toughness of epoxy resin, but they also 

have good mechanical qualities, with the best elongation of any known natural fibre. 

It can be utilised as a reinforced material because it is non-toxic, inexpensive to 

manufacture, high in lignin content, and strong [15]. Coir fibre includes 45.84% 

lignin, 43.44% cellulose, and 0.25% hemicellulose [16]. The water that has been 

adsorbed into the hydrophilic coir fibre’s lignocellulosic surface hinders efficient 

adhesion to the hydrophobic polymer matrix, affecting the mechanical efficacy of 

polymer composites for any fibre volume fraction. However, there are potential ways 

to reverse this decreasing mechanical property condition. Here, the scholar relied on 

an alkali process for treating the surface of the coir fibre. A strong alkali treatment 

boosts coir fibre adherence to the polyester matrix, elevating composite strength by 

around 50% for a 30% coir fibre volume fraction [17]. 

In this research, coir powder-reinforced polymer composites contain both 

untreated and alkali-treated coir powder. Alkali treatment raises strength, lowers 

impurities, and improves the interfacial bonding ability by removing some non-

cellulosic substances from the fibres and increasing the surface roughness of the 

fibres, which brings benefits such as lightweight, high strength, simple manufacture, 

and superior insulation [18–20]. The efficacy of coir powder-reinforced composites 

is assessed by alkali treatment. After the experiment, alkali-treated composites would 

show greater mechanical qualities [21]. 

Figure 1. Formation of coconut fibre bio-composite material [22]. 

In this study, epoxy resin is utilized as a composite matrix due to its great 

strength and adhesiveness. It is comprised of amorphous, highly cross-linked 

polymers, which provide these materials with excellent features such as high tensile 

strength and modulus, ease of manufacturing, strong thermal and chemical 

resistance, and dimensional stability. However, it results in low hardness and poor 

fracture resistance [23]. Epoxy resins are used in a variety of applications, including 

general-purpose adhesives [24], binder in cements and mortars [25], the production 

of hard foams [26], industrial paints and coatings [25,27], and more [28]. 

The mechanical characteristics of a natural fibre powder-reinforced composite 

are influenced by powder particle size, modulus, and distribution. A robust powder-
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matrix interface connection is vital to maximizing the composite’s strength and 

optimum stress transfer from the matrix to the reinforcement powder [29]. This study 

analyzes several combinations of untreated and treated coir fibre power with 

thermoset epoxy resin composites (Figure 1). The fabrication of the composite 

samples is done by hand-layup process. The distribution of reinforcement in matrix 

resin is investigated through an optical microscope (OM) and a scanning electron 

microscope (SEM). The mechanical properties were also measured using a universal 

testing machine (UTM). We applied a different treatment to the coir fibres because 

there are several methods for handling natural fibres. In order to improve the 

interfacial bonding capabilities of coir-fiber-reinforced epoxy resin composites, we 

also made coir fibre to particle and compared different test results to find a more 

suitable procedure that enhanced the compatibility between coir powder and the 

matrix. 

2. Materials and methods

2.1. Materials 

A thermoset epoxy resin was employed as the matrix, along with a hardener. 

Those were gathered from Nasim Plastic in Dhaka, Bangladesh. Epoxy resin has a 

molecular weight of 393 Da, a viscosity of 9–14 Pa·s, a density of 1160 kgm−3, and a 

flash point above >150 ℃. The hardener had a molecular weight of 305 Da, a 

viscosity of 0.45 Pa·s, a density of 900 kgm-3, and a flash point of 129 ℃. Coir fibre 

was collected as waste material for coconut from local sources. Pellets of sodium 

hydroxide (NaOH) were obtained from MERCK in Mumbai, India. It had a purity 

level of 97.16%. 

2.2. Chemical modification of coir fibre 

Alkali treatment 

Initially, coir fibre was split into little pieces of around 2 inches. The fibres 

were washed using distilled water. Then the fibres were treated with a 5% NaOH 

solution at room temperature for 60 min, keeping the liquid to fibres ratio at 15:1. 

After 1 h, the fibres were carefully cleaned with distilled water three times. The 

cleaned fibre was then dried in the sun and air. Following that, moisture was 

removed from treated fibres using a hot air oven set at 105 ℃. The alkali-treated coir 

fibres were ground into powder using a Panasonic mixer grinder (model MX-

AC400). The particles were passed through filters with sieve no. 70 and apertures of 

210 microns (Figure 2). 
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Figure 2. (a) Alkali treatment of coir fibre; (b) Alkali treated coir fibre powder. 

2.3. Untreated of coir fibre 

The untreated coir fibres were ground into powder using a Panasonic mixer 

grinder (Model MX-AC400). The powders were passed through filters with sieve no. 

70 and apertures of 210 microns (Figure 3). 

Figure 3. Untreated Coir fibre powder. 

2.4. Composite preparation method 

Epoxy resin, an example of an epoxy oligomer, creates a three-dimensional 

structure when complemented with a hardener or curing agent. Epoxy resin 

characteristics may be changed by using different epoxy oligomers and curing 

processes. The weight ratio between epoxy resin and hardener was 10:1. At first 

resin and hardener mixed well with super hand mixer (Model: HE-133, Scarlett, 

England). After that the alkali-treated coir powder at various weight percentages (5 

wt%, 10 wt%, 15 wt%, 20 wt%, 25 wt%, and 30 wt%) was blended with epoxy resin 
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utilizing super hand mixer. To manufacture one type of composite at a time, a 100-

gram matrix and reinforcement combination were utilized. The matrix, containing 95 

gm epoxy resin, and 5 gm coir fibre powder, was blended and stirred for 5 min to 

generate 5 wt% of reinforcement. Again, for 10 wt%, 15 wt%, 20 wt%, 25 wt%, and 

30 wt%, the taken weight of matrix was 90 gm, 85 gm, 80 gm, 75 gm, and 70 gm 

epoxy resin, respectively. The composite was cast using a mould with dimensions of 

3mm × 10mm × 80 mm. The mould was waxed with a releasing agent before being 

filled with a resin-powder mixer. The releasing agents utilized serve to prevent the 

sample from sticking or becoming lodged inside the mould, as well as allowing for 

simple removal of the sample. The samples were stored in the mould for 24 h before 

testing (Figure 4). 

The same hand-lay technique was used to make composites from untreated coir 

fibre powder. Mix untreated coir fibre powder with epoxy at various weight 

percentages (5 wt%, 10 wt%, 15 wt%, 20 wt%, 25 wt%, and 30 wt%) using a super 

hand mixer. After that, the mixer was poured into the mould for making untreated 

coir powder-epoxy composites. It was also stored for 24 h for solidification. 

Figure 4. Images of prepared coir powder reinforced epoxy resin composite. 

2.5. Microstructural analysis 

The interfacial bonding between the reinforcement and epoxy matrix in the 

created composites was examined using optical microscopy (OM) (ML-803), 

Taiwan, and a scanning electron microscope (SEM) (JSM-7600 F), supplied by 

JEOL Company Limited, Japan. Composite samples were coated in gold before 

morphological analysis was done using a scanning electron microscope. 

2.6. Mechanical testing 

Tensile, Charpy impact, and toughness tests were performed on the materials. 

Five species were analyzed, and the average results were noted for each test and 

composite type. Tensile testing was conducted using a Universal Testing Machine 

(UTM) (Model: MSC-5/500, Agawn Seiki Company Limited, Japan) in accordance 

with ASTM D 638-01, at a crosshead speed of 10 mm·min−1. In compliance with 

ASTM D 6110–9724 and ASTM E23, dynamic Charpy impact tests and toughness 

tests were performed on notched composite specimens using a Universal Impact 

Testing Machine (Model: 7408, Hung Ta, Taiwan). 
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3. Results and discussion

3.1. Morphological observation 

The microstructure of the developed composite samples was studied using an 

optical microscope (OM) with different magnifications (such as 10x, 40x, and 60x). 

The optical microstructural observations of the epoxy-alkali-treated coir powder-

reinforced composite were primarily made to examine the distribution of coir 

particles in the polymer matrix, the presence or absence of particle clusters and 

agglomeration, and the presence of any inclusions and voids. 

In Figure 5, we can see the microstructure of an 80 wt%–20 wt% epoxy-alkali-

treated coir powder composite. Here, a uniform distribution of coir powder on the 

epoxy resin surface was observed, and no significant void, crack, or cluster was 

found. 

Figure 5. Optical micrographs of composite surfaces: 80–20 wt% epoxy-alkali-

treated coir powder. 

Scanning electron microscope (SEM) surface inspection offers substantial 

insights into composite samples, such as outer morphology (texture), chemical 

composition, interfacial adhesion, crystalline structure, and material orientation, 

presenting beneficial details about the specimen. This research employs SEM 

(scanning electron microscope) in order to generate images with high resolution 

along with extensive surface information from the specimen. 

Figure 6. SEM micrographs of composite surfaces: 80 wt%–20 wt% epoxy-alkali-treated coir powder. 
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Figure 6 demonstrates that coir powders were embedded in a matrix with no 

gaps, and their surfaces were treated with polymer, which suggests strong interface 

bonding. Strong adhesion at the interface between the particle and polymer matrix 

has been observed, resulting in more effective mechanical characteristics. Coir 

powders were arranged on top of each other in the matrix and the particle size are 

around ~ 200 µm was revealed. There were no gaps, cavities, or voids, and the coir 

fibre and polymer were very well blended. It looks like the matrix and reinforcement 

composites are well bound up, and they are on track toward exhibiting considerable 

basic features and multifunctional textures. Based on research, the matrix in a 

composite is the intermediary load-bearing ingredient, while the reinforcement 

serves to cover the matrix and maximize its strength. A well-bonded interaction 

facilitates the efficient transfer and spreading of loads from the matrix to the 

reinforcement [30]. 

3.2. Mechanical properties 

3.2.1. Tensile properties 

Tensile strength is the maximum strain that a material tolerates without 

fracturing when stretched, divided by its initially formed cross-sectional area. When 

doing mechanical testing on polymer composites, the Universal Testing Machine 

(UTM) bends the sample while applying increasing tension along the material’s axis. 

Tensile characteristics are examined at 100 mm· min−1 and the specimen was 

expanded using a moving crosshead. 

Figure 7. Tensile strength of (a) epoxy-alkali-treated coir powder composites; (b) epoxy-untreated coir powder 

composites. 

According to Figure 7, enhancing the weight percentages of the powder 

increases the tensile strength of a composite material by up to 20 wt%. The highest 

recorded tensile strength of epoxy-untreated coir powder composites is 14.003 MPa, 

while epoxy-alkali-treated coir composites at a 20 wt% powder-to-matrix ratio 

possess a tensile strength of 17.023 MPa. A further increase in powder loading 

decreases the tensile strength. Tensile strength improves by up to 20 wt% with the 
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loading of powder due to the powders higher load-bearing capability over the matrix. 

Tensile strength reduces under greater loading due to poor interfacial adhesion 

between powder and matrix, as well as a rise in microspace formation in composites 

because excessive powder generates a gap between the matrix material [31]. In 

addition, below 20 wt% loading may not be satisfactory for increasing the matrix’s 

strength, and insufficient stress transfer may have resulted in a reduced strength [32]. 

3.2.2. Impact strength and toughness 

The composite’s strength, hardness, and impact energy are significantly 

impacted by the coconut shell particles [33]. When materials undergo an impact 

load, their ability to withstand fracture is gauged by their impact strength. The 

component material nature, the fiber/matrix interface, the composite’s structure and 

shape, and the test circumstances all have a significant impact on the characteristics 

of composites that are impactful. Impact strength is correlated with the composite’s 

higher elasticity, which in turn improved matrix deformability. As a stress-

transferring medium and a means of interacting with the crack development, natural 

fibers often play a major part in the impact resistance of fiber-reinforced composites 

[34]. 

Figure 8. Impact energy of (a) epoxy-alkali-treated coir powder composites; (b) epoxy-untreated coir powder 

composites. 

Figure 8 shows the impact characteristics of the epoxy-untreated coir powder 

composite compared to the alkali-treated coir powder composite. Impact energy 

increases with the higher loading of powder, and it reaches up to 3.11 J for epoxy-

treated coir powder composites, whereas epoxy-untreated coir composites at 30 wt% 

percentages revealed 2.32 J. The impact energy increases with higher powder 

concentrations due to the larger energy absorption capacity of powders compared to 

matrix. This phenomenon might also be due to the good interfacial bonding of matrix 

to powder, which results in better energy absorption during impact [35]. 

Toughness is the property of the material that enables it to withstand shock and 

deformation without rupturing. High toughness can be achieved by a good 

combination of strength and ductility. 
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Figure 9. Toughness properties of (a) epoxy-alkali-treated coir powder composites; (b) epoxy-untreated coir powder 

composites. 

Findings from Figure 9 show the toughness of the epoxy-untreated coir powder 

composite compared to the epoxy-alkali-treated coir powder composite. The 

toughness of composites increases with an increase in powder concentration. 

However, analyzing toughness between epoxy-alkali-treated and untreated coir 

powder reinforcement composites shows that the improvement in toughness of 

epoxy-alkali-treated composites is a little more than that of epoxy-untreated coir 

powder-reinforced composites. At 30 wt% reinforcement composites, epoxy-alkali-

treated composites exhibit 3.33 J·cm−2 and epoxy-untreated coir powder-reinforced 

composites exhibit 2.4 J·cm−2. This is because alkaline treatment increases natural 

fibre and polymer bonding, which builds a robust structure of natural fibre with 

composites because of the elimination of lignin, pectin, oil, wax, and impurities on 

the cell wall surfaces of the fibres, which leads to the exposure of short-length 

crystallites and a rise in surface roughness on the fiber, which results in improved 

mechanical properties [36]. The alkaline-sensitive hydroxyl groups (-O-H bond 

structure) present in natural powder molecules are broken down by alkaline 

treatment. Following that, it interacted with groups of alcohol molecules, phenols, or 

water (H-O-H bond structure), migrating either within or outside of the powder 

structure in response to the alkaline reaction, depending on the properties of the 

powder. The cellulose molecular chain’s powder cell of the -O-Na bond structure 

was therefore indirectly created by the residual reactive molecules, allowing the 

increment of mechanical properties [37]. 

The function of reinforcement in a composite is to contain the matrix and so 

improve the composites’ strength, whereas the matrix’s primary functioning 

elements are the intermediate load-bearing parts. Distribution and transmission of 

load from the matrix to the reinforcement are made easier by a well-bonded 

interface. In contrast, weak bonds restrict the amount of strengthening since they 

reduce load transmission. Improvements in mechanical characteristics are thus the 

consequence of a stronger interfacial connection [38]. In the case of the coir fibre-

reinforced epoxy resin composites considered in this study, fine coir particles 

dispersed homogeneously on the resin matrix play an important role for good 
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bonding of the composite. In addition, the uniformly distributed coir particles 

obtained by mixer grinder contribute to attaining a good compact. As shown in 

Figures 5 and 6, the interface between the matrix and the reinforcement exhibits a 

good interfacial integrity. Thus, it can be concluded that coir powder mixing with 

matrix with optimized matrix-reinforcement ratio can be very effective in improving 

the properties of the composite. 

4. Conclusion

Composite materials are gaining popularity for their lightweight, outstanding

mechanical characteristics, clarity of manufacture, and low pricing. Due to their high 

specific strength and modulus, powder-reinforced polymer composites, especially 

ones with coir fibre powder, have been frequently used. Coir fibre, an affordable and 

widely accessible natural fibre, can be utilized as a byproduct in coconut production 

for making a beneficial and useful coir powder-reinforced polymer composite. The 

objective of this research is to develop and explain innovative composites with 

untreated and alkali-treated coir fibres powder as reinforcement and epoxy resin as a 

matrix through a hand-lay process. The morphological observation inquiries indicate 

that epoxy-coir powder composites have a consistent reinforce distribution with no 

voids, cavities, or pores, as observed according to the Optical Microscope (OM) and 

Scanning Electron Microscope (SEM). The weight percentages of coir powder have 

significant effects on the mechanical properties of epoxy-coir-reinforced composites, 

such as tensile strength, impact energy, and toughness. Tensile qualities enhance 

along with 20 wt% coir powder loading, while impact energy and toughness increase 

with 30 wt% coir powder loading due to the powder’s higher load-bearing capacity. 

Coir fibre composites treated with alkali (NaOH) have superior mechanical 

characteristics than untreated fibre composites. This procedure eliminates 

contaminants and harsher fibre surfaces, increasing the coir powder’s adhesive 

ability in the composite matrix and resulting in improved mechanical qualities. 

Epoxy-Coir fibre reinforced composites have a possibility for application in low-cost 

housing [39], furniture [40], fencing, flooring [41,42], sports equipment [43], 

aerospace [44], and industrial applications [42]. These composites have a greater 

prospect for future development. 
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Abstract: In order to understand the finishing effect of Waterborne Acrylic Paint under 
different painting methods and amount, bamboo-laminated lumber for furniture was coated 
with waterborne acrylic paint, then the effects of different painting methods and amount on the 
drying rate, smoothness, hardness, adhesion and wear resistance of the paint film were 
investigated. Further, the mechanism of film formation was described by thermal property 
analysis using thermogravimetry and differential scanning calorimeter. The results show that 
different painting methods have little effect on film properties, the drying time of primer and 
topcoat are not affected by them, which is 8/8.5 min for primer surface/solid and 6.5/7 min for 
topcoats. The film surface hardness and adhesion can reach B and 0 grade, the best wear 
resistance of the film is 51.24 mg·100 r−1 when using one-layer primer one-layer topcoat. 
Different coating amount has great influence on film properties, the drying speed of the film 
increases with the increase of the painting amount. The film properties reach the best when the 
painting amount is 80 g/m2, while too little painting amount leads to the decrease of hardness, 
and too much leads to the wear resistance weaken. Thermal analysis of the primer and topcoat 
show that water decomposition occurs at 100 ℃ and thermal decomposition of organic 
components occur at 350 ℃. Topcoats have better thermal stability than primers higher than 
that of topcoat, the topcoat displayed better thermal stability than the primer.  

Keywords: waterborne acrylic paint; painting method; painting amount; film properties 
bamboo-laminated lumber 

1. Introduction

Waterborne paints (WBPs) use water as a solvent or dispersion medium which
have the advantages of non-toxic, safe, environmental friendly compared with 
traditional paints [1–3].  

In recent years, as awareness of people regarding environmental protection 
national environmental protection policies increases, the proportion of WBPs used in 
furniture, interior decoration, construction and other industries is increasing year by 
year, and WBPs will gradually replace traditional organic paints. With the continuous 
development of WBPs industry, it plays an increasingly important role in the 
development of bamboo. At present, bamboo and wood furniture is still mainly painted 
with organic solvents. In the future, WBPs will be more and more widely used in 
bamboo furniture [4–6]. “Three parts paint and seven parts painting process” [7–10] 
highlights the significance of the painting process (including the method and amount) 
to the film properties. Some scholars have studied the painting process and adhesion 
mechanism of water-based paint [11,12], But in generally speaking, at present, some 
scholars have done some research on the painting method and amount of water-based 
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paint, but they mainly focus on wood painting [13–15], there is little research on the 
painting of bamboo waterborne paint. 

In this paper, bamboo-laminated lumber for furniture was coated with waterborne 
acrylic paint. The effects of different painting methods (one-layer primer one-layer 
topcoat, one-layer primer two-layer topcoat, two-layer primer one-layer topcoat and 
two-layer primer two-layer topcoat) and amount (60, 80, 100, 120 g/m2) on the drying 
rate, smoothness, hardness, adhesion and wear resistance of the paint film were 
investigated. Further, the thermal properties of the paint were analysed using 
thermogravimetry and differential scanning calorimeter to study on the mechanism of 
film formation. It can provide the theoretical basis for the painting of bamboo, 
moreover, these can be used as a reference for waterborne painting of bamboo in 
furniture production. 

2. Materials and methods

2.1. Materials 
Bamboo-laminated lumber with the density about 0.8 g/cm3, consisting of side-

pressured carbonised Moso bamboo (Phyllostachys edulis) sheets, was cut into (100 × 
100 × 10) mm3 in size, the number of the samples was about 30. The bamboo-
laminated lumber surface remained uncoated, and the moisture content was controlled 
under 10%. 

Waterborne acrylic paints were bought from Zhejiang Feida new material Co., 
Ltd which consist of primer (D) and topcoat (M). Main parameters of the paints are 
showed in Table 1. 

Additional materials used in this paper include gauze strips, absorbent cotton, a 
high-grade drawing pencil from a Chinese brand, qualitative filter paper and scotch 
tape. 

Table 1. Main performance parameters of waterborne acrylic paints. 

Paints pH value Clour Particle size(nm) Viscosity (mPa·s) Polymer dispersity index Solid content (/%) 

Primer (D)  7 Light yellow 221.8 15.7 1.000 29 

Topcoat (M) 7 Milky white 925.2 30.8 1.000 38 

2.2. Major equipment 
Painting equipments: special wool brush for WPBs, sandpapers (240 #, 320 # and 

400 #) and electronic scales. 
Analytical equipment: Paint film drying time tester (type QGS, produced by 

Zhongya Cangzhou Zhongya Test Instrument Co., Ltd), pencil hardness tester (type 
QHQ-A, produce by Zhejiang Airuipu Test Instrument Co., Ltd), wear-resisting 
instrument (type JM-IV, produced by Pushen Testing Instrument (shanghai) Co., Ltd), 
super-depth-of-field microscope (type PA53, produced by Shenzhen Huaxian Optical 
Instrument Co., Ltd), thermalgravimetric analyser (TG for short, type DSC 214 
Polyma, produced by NETZSCH-Gerätebau GmbH ) and differential scanning 
calorimeter (DSC for short, type 209F1, produced by NETZSCH-Gerätebau GmbH). 
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2.3. Preparation of paint films 
2.3.1. Different painting methods 

In this section, a single-factor experimental method was used. Bamboo-laminated 
lumber was painted using four different painting method (including one-layer primer 
one-layer topcoat, one-layer primer two-layer topcoat, two-layer primer one-layer 
topcoat and two-layer primer two-layer topcoat) at room temperature, as shown in 
Figure 1. Moreover, amount of paint used to the primer and topcoat was maintained 
at (80 ± 5) g/m2. Before the primer painting, the bamboo-laminated lumber was sanded 
with 240 # sandpaper until the surface became smooth (usually, the roughness is less 
than 10 μm). Before the topcoat coating, the surface was sanded with 320 # sandpaper 
until the surface was smooth (usually, the roughness is less than 5 μm). After painting, 
the samples were immediately dried in a temperature and humidity chamber, with 
conditions set at 50 °C, 20% relative humidity and 0 m/s wind speed. Once the paint 
film was completely dried, bamboo-laminated lumber was left in an indoor 
environment for a week to acclimate with the drying time and the paint film 
performance before testing. 

Figure 1. Painting process. 

2.3.2. Different amounts of applied paint 
In this section, the single-factor experimental method based on the result of the 

different painting methods and the optimal painting techniques was chosen, then four 
different amounts of paint (60 g/m2, 80 g/m2, 100 g/m2and 120 g/m2) were applied to 
primer and topcoat for further examination. 

2.4. Testing and Characterisation 
The drying rate (including surface drying time and solid drying time) of the paint 

film were tested according to GB/T 1728-2020, the hardness of the paint film was 
tested according to GB/T 6739-2006(pencil scratches of different hardness6B-6H 
were used), the wear resistance (the Loss of film weight) and adhesion (the method of 
grid) were according to the GB/T 4893.8-2013standard [16,17]. Five parallel samples 
were tested, and the average was the final result.  

Before testing, the completely dried paint film was needed to balance in a natural 
environment for one week. Each test was conducted at room temperature. Each 
experiment needs to be repeated five times and the experimental error was observed 
to below 10.0%. 

The super-depth-of-field microscope was used to analyse the surface smoothness 
of the paint films. 
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The thermal properties of the liquid primer, topcoat and solid films were analysed 
using TG and DSC. The temperature range was 30–600 °C, with a heating rate of 
10 °C/min. 

3. Results and discussion

3.1. Effect of the painting method on the performance of paint films 
3.1.1. Effect of the painting method on the drying rate of paint films 

Table 2. Surface and solid drying time of the paint films with different painting methods. 

Painting Methods 

First Primer Second Primer First Topcoat Second Topcoat 

Surface 
Drying 
Time 
(min) 

Solid 
Drying 
Time (min) 

Surface 
Drying 
Time 
(min) 

Solid 
Drying 
Time (min) 

Surface 
Drying 
Time (min) 

Solid 
Drying 
Time 
(min) 

Surface 
Drying 
Time (min) 

Solid 
Drying 
Time 
(min) 

one-layer primer one-layer topcoat 8 (0.5) 8.5 (0.41) / / 6.5 (0.5) 7 (0.38) / / 

one-layer primer two-layer topcoat 8 (0.5) 8.5 (0.41) / / 6.5 (0.5) 7 (0.38) 6.5 (0.58) 7 (0.51) 

two-layer primer one-layer topcoat 8 (0.5) 8.5 (0.41) 6 (0.36) 6.5 (0.53) 6.5 (0.43) 7 (0.46) / / 

two-layer primer two-layer topcoat 8 (0.5) 8.5 (0.41) 6 (0.36) 6.5 (0.53) 6.5 (0.43) 7 (0.46) 6.5 (0.41) 7 (0.42) 

Note: standard deviations are provided in the brackets. 

The drying time of paint film can be divided into surface drying and solid drying. 
Surface drying time refers to the paint surface has been dry, but it still contains water 
or volatile materials, solid drying refers to the moisture and the volatile materials of 
the paint have been completely dried. 

Table 2 shows the paint films’ surface and solid drying time under different 
painting methods. As shown, the four different painting methods had minimal effect 
on the film’s drying time; the surface drying times for the primers (first and second) 
were 8 and 6 min, respectively, and the solid drying time were 8.5 and 6.5 min, 
respectively. Alternatively, the surface drying times of topcoats were 6.5 and 6.5 min, 
which the solid drying time of primers were 7 and 7 min. Notably, the effect of painting 
techniques on the drying time of the primer is greater than that of the topcoat. This 
could be because the first primer layer is in direct contact with the bamboo surface, 
resulting in the primer permeating into the bamboo surface and requiring a longer 
period for water evaporation. In contrast, when applying the second primer layer, 
moisture evaporated directly without permeating the surface. Additionally, a chemical 
reaction between the first primer and the bamboo surface could lead to a longer surface 
and solid drying time. 
3.1.2. Effect of painting method on the mechanical properties of paint films 

The mechanical properties of paint films, including hardness, adhesion and wear 
resistance, for the four different painting methods are shown in Table 3. The hardness 
of the films obtained using all these four painting methods was grade B and the 
adhesion was grade 0, indicating that the painting method has little effect on the 
hardness and adhesion of the film. In this experiment, the four-painting method’s 
quality loss were 51.24, 71.27, 69.68 and 83.65 mg·100r−1, respectively. The highest 
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wear resistance was achieved with the one-layer primer one-layer topcoat method, 
whereas the lowest was observed with the two-layer primer two-layer topcoat method. 
This may be because the thickness of the film increased with an increase in the paint 
layers, leading to poor wear resistance. Furthermore, large painting thickness might 
result in the film’s pinhole and hanging, reducing its wear resistance. 

Table 3. Mechanical properties of paint films in different painting methods. 

Painting methods Hardness (grade) Adhesion (grade) Loss of film quality (mg·100r−1) 

one-layer primer one-layer topcoat B 0 51.24 (2.06) 

one-layer primer two-layer topcoat B 0 71.27 (8.29) 

two-layer primer one-layer topcoat B 0 69.68 (10.46) 

two-layer primer two-layer topcoat B 0 83.65 (9.06) 
Note: standard deviations are provided in the brackets. 

3.1.3. Effect of painting method on the surface smoothness of paint films 
The analysis of super-depth-of-field optical microscope is one of the key methods 

for surface characterization of composite materials. Its advantage lies in the non-
destructive optical detection, and the super depth of field, which can observe the 
micro-area more clearly. The smoothness of the material surface can be directly seen 
through the super-depth-of-field optical microscope image. 

Figure 2 shows a three-dimensional (3D) view of the surface of the paint films 
painted using the four different painting methods, which measured by the super-depth-
of-field optical microscope. 

(a) (b) 

(c) (d) 
Figure 2. Surface smoothness of films in four painting methods was analysed using 
super-depth-of-field microscope. (a) one-layer primer one-layer topcoat; (b) one-
layer primer two-layer topcoat; (c) two-layer primer one-layer topcoat; (d) two-layer 
primer two-layer topcoat. 

60



Journal of Polymer Science and Engineering 2024, 7(2), 8724. 

The surface smoothness of the paint film increased with increasing paint layers. 
Hence, among the different painting techniques, two-layer primer two-layer topcoat 
had the best film surface smoothness. This is probably because the primer serves to 
fill gaps on the bamboo surface, while the topcoat fills gaps on the primer layer. As 
the number of paint layers increases, the remaining pores are filled, resulting in a 
smoother surface. 

3.2. Effect of the different paint amount on the performance of paint 
films 
3.2.1. Effect of different paint amount on the drying rate of paint films 

The results of the mechanical properties of paint films for the four different 
painting methods show that the film with one-layer primer one-layer topcoat has the 
best mechanical performance. Consequently, in this section, bamboo-laminated 
lumber was painted using a one-layer primer one-layer topcoat with different amount 
of paint, and the surface and solid drying times of the paints are shown in Table 4. 

Table 4. Surface and solid drying times of the paint films after applying different amounts of paint. 

Amount of paint (g/m2) 
Primer Topcoat 

Surface Drying time (min) Solid Drying Time (min) Surface Drying time (min) Solid Drying Time (min) 

60 7 (0.39) 7.5 (0.43) 6 (0.31) 7 (0.34) 

80 8 (0.5) 8.5 (0.41) 6.5 (0.5) 7.5 (0.38) 

100 9 (0.64) 10 (0.58) 8 (0.52) 9 (0.36) 

120 10 (0.34) 10.5 (0.29) 9 (0.63) 9.5 (0.56) 
Note: standard deviations are provided in the brackets. 

Table 4 shows that the shortest drying time occurs when the amount of paint 
applied is 60 g/m2 and that the drying time is longest when the amount of paint applied 
is 120 g/m2. The drying time for surface or solid drying were different among the four 
different painting amounts, showing the following trend: the drying time increases as 
the amount of paint applied increases. The thickness of the paint increases with the 
amount of paint, and thus the heat required for water evaporation also increases, which 
results in a slower drying rate. Additionally, as the amount of paint applied increases, 
internal molecular motion is relatively difficult, which leads to a slower drying rate. 
However, a smaller amount of applied paint is not necessarily better as too little paint 
can weaken the bond between the paint film and the substrate, leading to insufficient 
adhesion. When the amount of painting reaches a certain degree, the performance of 
the paint film can meet the requirement. 

Figure 3 shows the moisture curves of the primer and topcoat painting tinplate 
at different paint amounts. As seen in Figure 3, the moisture volatilisation rate, which 
represents the drying rate of the paint film, increases first and then decreases rapidly 
and then tends to zero, at approximately 2 min, the water volatilisation rate reaches its 
highest value, furthermore, the drying rate decreases gradually with an increase in the 
amount of paint. The moisture volatilisation reaches the saturation point fastest, so that 
the drying time of the film is the shortest. The results in Figure 3 are consistent with 
those in Table 4. The smaller the amount, the thinner will be the painting, and faster 
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will be the surface water evaporation rate in comparison to the paint film’s curing 
speed. When the paint thickness increases, the curing layer on the film’s surface affects 
water evaporation. The drying speed of the paint film is affected by the coordination 
of moisture volatilisation and curing speed of the paint film, a high number of film-
forming substances in the paint reduces the rate of water leaving the film’s surface, 
which results in a decrease in the drying rate. 

(a) (b) 

(c) (d) 
Figure 3. Moisture curves of primer and topcoat painting tinplate in different paint amounts. (a) the water 
volatilisation of primer; (b) the cummlative water volatilisation of primer; (c) the water volatilisation of topcoat; (d) 
the cummlative water volatilisation of topcoat. 

3.2.2. Effect of amount of paint on the mechanical properties of paint films 

Table 5. Mechanical properties of the paint films when different amount of paint is applied. 

Painting amount (g/m2) Hardness (grade) Adhesion (grade) Loss of film quality (mg·100r−1) 

60 2B 0 75.41 (6.77) 

80 B 0 51.24 (2.06) 

100 B 0 83.16 (6.71) 

120 B 0 89.65 (3.68) 
Note: standard deviations are provided in the brackets. 

Table 5 shows the hardness, adhesion and wear resistance of paint films for four 
different painting amounts. It can be observed that when the amount of paint applied 
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is 60 g/m2, the paint film’s hardness is lowest, with a grade of 2B, indicating that the 
amount of paint affects the hardness of the film. As the paint amount increases, the 
hardness of the film will be improved. However, once the hardness reaches a certain 
level, the amount of applied paint no longer affects the film’s hardness. Here, the paint 
film’s hardness was B grade for the other three painting amounts. The adhesion of the 
paint films was grade 0. During painting, a large one-time paint amount can lead to 
film uniformity issues, and painting becomes difficult due to paint hanging as a result 
of a large amount. The highest wear resistance for the paint film was observed when 
the amount of paint applied was 80 g/m2, whereas the lowest wear resistance was 
found at 120 g/m2. The reason could be that when using a large amount of paint, part 
of the paint cannot penetrate the substrate and accumulate on its surface, making it 
more susceptible to wear. However, if the amount of paint is too small, it cannot form 
enough paint nails between the paint and bamboo, reducing the effect of the force and 
making it easy to wear. Therefore, the amount of applied paint 80 g/m2 is appropriate 
for wear resistance. 
3.2.3. Effect of amount of applied paint on the surface smoothness of paint films 

Figure 4 shows the 3D view of the paint film surfaces when applying four 
different paint amounts. As can be seen from the figure, the flatness of the paint film 
surface gradually increases with an increase in the amount of applied paint. This may 
be because, when the paint amount is small, the paint cannot completely cover the 
pores existing on the surface. Therefore, an increase in the coating amount can 
effectively fill the pores, hence, the surface smoothness of the film is highest when the 
paint amount was 120 g/m2. 

(a) (b) 

(c) (d) 
Figure 4. Super-depth-of-field microscope analysed the surface smoothness of the 
films in the four painting methods ((a), (b), (c), (d) are the amount of applied paint 
60 g/m2,80 g/m2 ,100 g/m2 and 120 g/m2). 
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3.3. Thermal properties analyses of the paints and paint films 
3.3.1. Analyses of TG and DTG  

TG analysis is a thermal analysis method which can show the relationship 
between the mass of a substance and temperature or time at a programmed temperature. 
By analyzing the thermogravimetric curves, the thermal stability, thermal 
decomposition and the intermediate products can be known. 

Figure 5 shows the TG curves of the paints and films. The thermal decomposition 
processes of primer and topcoat are the same (Figure 5), which can be divided into 
two steps. Firstly, thermal decomposition occurred when the temperature reaches 
100 ℃, mainly due to water evaporation. Furthermore, the quality of the paints 
decreases rapidly, and at around 140 ℃, the water has completely evaporated, 
transforming the liquid paints into solids, then the teds to be stabilised. Secondly, 
thermal decomposition occurred when the temperature reaches 350 ℃, which 
corresponds to the thermal decomposition of polymers (organic components) in the 
solid paints, the quality of the paints decreases rapidly again, and thermal 
decomposition of the polymers was completed at approximately 400 °C [18]. The rate 
of paint weightlessness was 98%. Like liquid paints, the thermal decomposition 
process of primer and topcoat films can be divided into two steps. First is the 
evaporation of residual water and other additives in films, then, the rate of film 
weightlessness was not more than 25%. Second is the thermal decomposition of 
polymers in the films when the temperature reaches 340 °C. In these steps, the quality 
of the paints decreases rapidly, and the rate of weight loss is consistent with that of 
liquid paints, which is finally at 98% [19,20]. 

Figure 5. TG curves of paints and films. (a) the primer; (b) the topcoat; (c) the primer film; (d) the topcoat film. 
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DTG is the first derivative of a TG curve to temperature or time. In the DTG 
curve, the vertical coordinate is the rate of mass change, the horizontal coordinate is 
the temperature or time.  

Figure 6 shows the DTG curves of the paints and films. DTG indicates the weight 
loss rate. As seen in Figure 6, the first peak of the DTG curves for the primer occurred 
at approximately 110 ℃, whereas it appeared at about 130 ℃ for the topcoat. Similarly, 
in the DTG curves of the films, the temperature of the peak of the primer film was 
400 °C, which is lower than that of the topcoat film. Simultaneously, the thermal loss 
rate of the primer was higher than that of the topcoat, and all of these results show that 
the thermal stability of the topcoat was better. 

Figure 6. DTG curves of paints and films. (a) the primer; (b) the topcoat; (c) the primer film; (d) the topcoat film. 

3.3.2. Analysis of DSC 
Figure 7 shows the DSC curves of the paints and films. DSC curves are 

consistent with the results of TG, the DSC curves of primer and topcoat. Firstly, it is 
mainly the thermal decomposition of water and additives at 100–200 °C. Secondly, it 
is mainly the thermal decomposition of polymers (organic components) in the paints 
at 350–550℃. In the DSC curves of films, there is no peak between 100–200 ℃ as 
there is no water decomposition, besides, there are two peaks between 400–500 ℃, at 
about 410 ℃ and 450 ℃, respectively. 
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Figure 7. DSC curves of paints and films. (a) the primer; (b) the topcoat; (c) the primer film; (d) the topcoat film. 

3.3.3. Analysis of the film-forming mechanism 
In the thermal analysis results of paints, regardless of primer or topcoat, the first 

step is the decomposition of water and additives. Hence, the film forming of paint on 
the bamboo-laminated lumber can be divided into the following stages, as seen in 
Figure 8. First, particles are dispersed in the emulsion paint, then in stage I, water 
evaporates, and particles pack tightly. In stage Ⅱ, particle mix together, and finally in 
state Ⅲ, the mixed particles form the film [21].  

(a) Emulsion paint (b) Stage I

(c) Stage Ⅱ (d) Stage Ⅲ
Figure 8. Diagram of film formation. (a) Emulsion paint: Particles are dispersed; (b) 
Stage I: Water evaporates and particles pack tightly; (c) Stage Ⅱ: Particles mix 
together; (d) Stage Ⅲ: Film formation. 
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We know that waterborne acrylic paint is one of the water-soluble paints, so the 
particles of the paint are dispersed uniformly (emulsion paint). The water in the pants 
evaporates when painting on the bamboo-laminated lumber (stage I). With the further 
evaporation of water, the average contact number and contact area of latex particles 
increase, and the irreversible interaction between particles from disordered state at 
contact interface deforms, and the density of arrangement increases, the local and the 
whole reaches the most compact accumulation state, at this stage the force further 
causes the latex particles to fuse and deform (stage Ⅱ). Then, the force or surface 
tension produced by the shrinking surface plays a leading role, and the molecular 
chains at the polymer interface diffuse, infiltrate and entangle each other, and the 
boundary of the particles is fully fused, macroscopically, it can form continuous paint 
film with certain mechanical properties (stage Ⅲ). 

4. Conclusions

In this study, bamboo-laminated lumber for furniture was coated with waterborne
acrylic paints and the effects of four different painting methods and amount on the 
drying rate, smoothness, hardness, adhesion and wear resistance of the paint film were 
investigated. These results can be used as a reference for waterborne bamboo painting 
in furniture production. The conclusions are as follows. 

(1) The painting method has little effect on the drying time, flatness, hardness
and adhesion of the paint film; however, it had a certain influence on wear resistance. 
In this paper, the flatness of the films is relatively similar when using different painting 
methods. The drying times of the surface and solid of the primer are 8 and 8.5 min, 
respectively, whereas those of the topcoat are 6.5 and 7 min, respectively. The 
hardness and adhesion of the paint films are grade B and grade 0, respectively. The 
paint film exhibits the best wear resistance (51.24 mg·100 r−1) when painted with one-
layer primer one-layer topcoat. 

(2) The amount of applied paint remarkably influenced the drying time and
flatness of the paint film. As the amount increased, the surface/solid drying time of the 
paints also increased, and the flatness of the paint film increase first and then decrease. 
When the amount of applied paint is 80 g/m2, the film’s adhesion, hardness and wear 
resistance were the best at grade 0, grade B and 51.24 mg·100 r−1, respectively. 

(3) The thermal analysis results of the primer and topcoat show that water
decompose at 100 ℃, while the thermal decomposition of organic components occurs 
at 350 ℃. The weight loss of the primer and topcoat are the same, but the thermal loss 
rate of primer is higher than that of topcoat. This indicates that the thermal stability of 
topcoat was better. 
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Abstract: A novel composite material based on polymers (polyvinyl alcohol, polyvinyl 

butyral) and liquid crystal (4-n-pentyl-4’-cyanobiphenyl) has been developed and studied. 

Configuration transformations of point defects in nematic droplets under the influence of an 

electric field, caused by localized changes in the concentration of NLC within the polymer 

matrix, have been discovered and analyzed. The boundary conditions necessary for achieving 

a nematic structure with homogeneous alignment of the director both within the droplet and 

at its surface have been established, optimizing the anisotropy of light transmission in 

polymer-dispersed liquid crystal (PDLC) films. Additionally, polarization effects inside 

nematic droplets under the application of an electric field have been identified. 

Keywords: polyvinyl alcohol; polyvinyl butyral; polarizers; liquid crystal; surfactant; 

refractive index; matrix; planar and homeotropic alignments; interfacial anchoring; droplets; 

textures 

1. Introduction

Film polarizers (polaroids) based on polymer films are widely used across

various industries, ranging from instrumentation and industrial electronics to 

consumer and medical equipment. Most polarizers are designed for the visible 

spectrum and are commonly used in liquid crystal display devices, such as LC 

indicators and LC displays. Additionally, film polarizers serve as light filters in 

numerous optical and optoelectronic devices. They are indispensable in specialized 

fields such as polarization microscopy, magnetometry, spectrophotometry, 

ellipsometry, and electrical signal measurement [1–3]. Recently, the application of 

film polarizers has expanded to include devices for detecting hidden images, 

providing robust protection against forgery for trademarks, securities, and 

confidential documents. In all these applications, the primary function of film 

polarizers is to convert incident light into polarized light. 

For polaroids, dichroism is due to the introduction of special additives into the 

polymer matrix or the anisotropy of the intrinsic electronic absorption bands of the 

macromolecules of the polymer used. However, in laser and optical technologies, 

polaroid films are applicable only in the case of low radiation intensity, since light 

absorption can lead to heating and subsequent thermal destruction of the polymer 

matrix. 

Polymer compounds, primarily polyvinyl alcohol (PVA), serve as the main 

matrix (substrate) material in polarizer films [4]. The PVA polarizer film is a 

uniaxially oriented polymer containing a dichroic agent. The uniaxial stretching of 

the film contributes to the orientation of the PVA macromolecules in a specific 
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direction, which ultimately produced a dichroic agent. In this case, the electrical 

energy is converted into thermal energy. The component of the light radiation 

polarized orthogonally to the iodine chains usually passes through the PVA polarizer 

[4]. PVA films are easily subjected to uniaxial orientation, after which they become 

optically anisotropic and partially polarize the transmitted light radiation. To 

maximize light transmission, the study [5] investigated the reorientation process of 

cholesteric liquid crystal, induced by electric-controlled ionic modification of surface 

anchoring. It was established that in the initial state, the homeotropic orientation of 

the director was realized in the liquid crystal cell, and when exposed to a constant 

electric field, a twisted home planar structure of the cholesteric was formed. 

In the transformation of the director configuration was investigated when the 

boundary conditions were changed from planar to homeotropic for bipolar nematic 

droplets dispersed in a polymer matrix [6]. The authors presented characteristic 

texture patterns for droplets with different concentrations of homeotropic surfactants 

and determined their orientational structure. They demonstrated that by using a 

computational method for minimizing the elastic deformation energy of the director 

within the droplet and introducing non-uniform boundary conditions, it is possible to 

obtain orientational structures necessary for maximizing light transmission. However, 

the main drawback of most traditional and new methods for producing polarizers is 

the inability to achieve high concentrations of fillers in the final solutions, as well as 

the complexity of implementation and the use of aggressive substances [7]. 

Moreover, many methods for producing a new class of polarizers require thorough 

and labor-intensive purification of the resulting product. 

Therefore, in the present work, a new polymer composite material, called PDLC, 

is proposed, based on the nematic liquid crystal 5CB and polymer matrices (PVA 

and PVB), which eliminates this drawback. 

The use of uniaxially stretched films dispersed with polymer-dispersed liquid 

crystals (PDLC) that exhibit anisotropic light scattering as polarizing elements 

allows for a significant increase in the maximum luminous flux power [8]. PDLC 

films effectively polarize radiation across the entire transparency range of their 

components (visible and near-infrared), whereas traditional polaroids operate only 

within the dichroic absorption band of the material or its impurities. Furthermore, the 

anisotropy of light transmission in LC films can be controlled by applying an electric 

field. PDLC films are especially promising for use in laser devices, as the collimated 

nature of the radiation allows for easy removal of scattered light with a diaphragm. 

Doping the liquid crystal with a suitable surfactant, followed by uniaxial stretching 

of the composite film, offers a promising approach to overcoming this challenge, 

enabling the selection of optimal technological conditions for producing highly 

efficient film polarizers based on the anisotropy of light scattering. 

2. Research objects and experimental methods

The nematic liquid crystal (NLC) 4-n-pentyl-4’-cyanobiphenyl (5CB), from the

alkyl biphenyl series, was used to prepare and investigate polymer-dispersed liquid 

crystal (PDLC) films, a type of composite material. Two thermoplastic polymers 

were utilized as the matrix: polyvinyl alcohol (PVA) and polyvinyl butyral (PVB). 
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These polymers, after dissolution in appropriate solvents and subsequent drying, do 

not undergo chemical transformations. 

The components of the studied materials were in the proportional ratios of 

1:33.03:1.04:0.003 for NLC 5CB:PVA:Gly:CTAB and 1:33.2:1.17 for NLC 

5CB:PVB:CTAB, respectively. For PVB, there was no need to add glycerin to 

provide elasticity, as NLC 5CB simultaneously acts as a plasticizer. The physical 

parameters and coefficients required for studying light transmission, contrast, and 

texture characterization of nematic droplets are presented in Table 1. 

Table 1. Physical parameters of the research objects. 

Materials The temperature of enlightenment, ℃ Refractive index coefficient Wavelength, μm 

NLC 5СВ 34 1.717 1.531 0.633 

PVA 22 1.52 0.633 

PVB 22 1.488 0.633 

Polymer matrices (PVА, PVB) have one refractive index equal to np 1.52. The 

liquid crystal 5CВ, due to optical anisotropy, has two refractive indices: n parallel 

and n perpendicular. In the initial state, i.e., before the start of the study of the PDLC 

films, the refractive indices of the polymer (np = 1.52) and the parallel component of 

the refractive index of LC 5CB (nII = 1.531) are equal to each other, but, conversely, 

the refractive indices of the polymer (np = 1.52) and the perpendicular component of 

the refractive index of LC 5CB are very different (n⊥ = 1.717). This fact is better 

known as optical anisotropy, based on the phenomenon of double refraction. In order 

for the equality conditions (n⊥ = np) to be fulfilled, we needed to apply an electric 

field to the LC cell. Then the LC 5CB molecules are reoriented along the direction of 

the electric field strength and the above equation is fulfilled. This equality 

contributes to the maximum light transmission of PDLC films. 

As shown by the numerical values in Table 1, the condition (n⊥ = np) is well 

satisfied for both PVA and 5CB. For pure PVB, the refractive index is approximately 

0.04 lower than the n⊥ value of 5CB. However, during phase separation in the 

encapsulation process, a portion of the liquid crystal remains dissolved in the 

polyvinyl butyral matrix, leading to an increase in the absolute refractive index (np) 

of the polymer, aligning it more closely with the refractive index of the nematic [9]. 

Both polymers set the planar (tangential) orientation of the LC 5CB molecules. To 

modify the boundary conditions on the surface of the polymer matrix from tangential 

to homeotropic, two homeotropic surfactants were selected [10]: 

cetyltrimethylammonium bromide (CTAB) C19H42NBr, belonging to the cationic 

type, and phosphatidylcholine (lecithin). Their concentration relative to the nematic 

varied in the range of 0%–7% by weight. 

Samples of PDLC films were produced by emulsifying NLC in an aqueous 

polymer solution for composition with polyvinyl alcohol and using the SIPS (solvent 

induced phase separation) method using PVB [11]. Glycerin was added to the 

composition to reduce the hardness of the PVA. The resulting films had a thickness 

of 25–85 µm with sufficiently evenly distributed nematic droplets of varying size in 

the volume and on the surface of the polymer matrix. 
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The orientation structures in the liquid crystal droplets and their optical textures 

were studied using the polarizing optical method with a POLAR-2 microscope, in 

the geometry of crossed polarizers, as well as with the analyzer turned off. This 

technique enables a reliable determination of the director configuration both within 

the volume of the droplet and at its boundary with the polymer. 

The study of the electro-optical orientation effect feature was carried out on a 

typical configuration, illustrated in Figure 1. Laser light from a He-Ne laser (Linos) 

with an occurrence of λ = 633 nm was applied as a power cause. The light 

transmission coefficient of the PDLC films was measured using a light-sensor 

photodetector. The signal from the photodetector was recorded by a digital 

multimeter. The radiation scattered on the studied samples was slowed by a 

diaphragm with, which made it possible to register only directly transmitted light. An 

fluctuate potential with a periodicity of 1 kHz was applied to the PDLC cell from the 

signal generator. 

The morphology of the samples and the visual textures of the nematic droplets 

were investigated using a polarizing optical microscope POLAR-2 equipped with a 

MyScope 500 M digital video camera (Webbers), which made it possible to 

photograph and videotape the ongoing processes (Figure 1). The studies were 

carried out in the geometry of crossed polarizers and with the analyzer turned off 

[12]. For microscopic analyzed of the droplet answer to an electrical field, samples 

with a spacer thickness of 30 µm and an average droplet size of 7.2 µm were made. 

At the concluding phase of the preparatory process, the sample was cooled to 23 ℃ 

for 60 minutes. It should be noted that for this purpose, the composite film samples 

must be made so that the liquid crystal droplets in the field of view do not overlap 

each other and are sufficiently large [13]. 

Figure 1. Schematic diagram of the setup for visual observation and image recording 

of the optical textures of nematic droplets and their transformations under the 

influence of an electric field. In electro-optical cell 1, the field is directed parallel to 

the substrate plane, while in cell 2, the field is directed perpendicular to the 

substrates. 

The design of one of the electro-optical cells made it possible to observe 

changes in optical textures for the example when the electric applied is directed 
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aligned to the area of the cell (electro-optical cell 1 in Figure 1). Such geometry 

allows to determine with a sufficient degree of accuracy the boundary conditions 

formed as a consequence of the exposure of the electric field [14]. 

The distance between the electrode strips ranged from 100 to 300 µm. To 

observe optical textures and their transformations under the influence of an external 

factors directed perpendicular to the cell surface; an electro-optical cell 2 was used. 

In this case; the distance between the electrodes was 70 µm. The cells were supplied 

with a constant voltage from a direct current electrical supply B5-49 with a voltage 

of up to 100 V. The pulse duration depended on the experimental conditions and 

varied from 1 sec to tens of secs [7,15]. To obtain higher voltages; a rectangular 

pulse signal source with a duration of 1 second and a variable amplitude of up to 

1000 V was used. 

To determine the angle of reorientation (α) of the LC molecules inside the 

droplet; a schematic image of the PDLC film was used (Figure 2). Here the plane of 

the Cartesian system (xoy) coincides with the plane of the PDLC film. The drip 

directors are oriented mainly along the ox axis. The angles φ and θ determine the 

deviation of the director relative to the axis ox; respectively; in the xoy and xoz 

planes. The schematic distribution of the droplet directors at the angles of maximum 

reorientation (φmax and θmax) is shown in Figure 3. 

Figure 2. Schematic representation of the PDLC films in the microscope lens: E is 

the electric field strength vector, α is the angle of rotation (reorientation) of the 

nematic molecule inside the droplet, l is the film thickness, n is the preferred 

orientation (director) of the LC molecules. 

Figure 3. Orientation of the LC droplet directors: n corresponds to the orientation of 

the director of a single droplet, φm and θm are the maximum deflection angles of the 

droplet director, respectively, in the xoy and xoz planes. 
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3. Experiment

According to [16] PVB defines homeotropic barrier determines for both the

nematic mixture E7 and the cholesteric blend based on the nematic amalgam EN18 

[17]. In the PDLC cells based on NLC 5CB and PVB studied by us, the droplet 

textures (Figure 4) vary considerably from those characteristic of both homeotropic 

anchoring: (radial, axial, flowing radial structures) and planar anchoring: (bipolar, 

twist-bipolar, toroidal configurations). 

Figure 5 presents the droplet textures (Figure 4a) at small angles of rotation of 

the specimen relative to the polarizers. Four topological particularities split the 

circumference of the droplet into four equal arcs are investigated in the absence of an 

analyzer (Figure 5a, below). 

The inherent scheme for an orientation configurates with two boojums (black 

semicircles) and defects in the annular surface are sensible in the right part of Figure 

5 under the symbol (d). The bipolar axis is oriented horizontally, as in the case for 

Figure 5a. In the schematic representation, the symbol α indicates the angle the 

slope between the local orientation of the director and the normal to the surface. In 

all observed patterns, the droplet size is 10 µm. 

Figure 4. Pictures of specifically droplet optical textures (a)–(e) investigated in 5CB 

and PVB in stricken polarizers (upper range) and without an analyzer (lower range). 

It can be seen that a dark line called the straight quenching branches, the 

positions of which do not change in the vertical and horizontal planes, connects the 

upper and lower defects. Under the action of an electric field in the nematic droplets, 

the textures change: a solid quenching disk occupying the boundary areas of the 

droplet projection replaces the quenching cross. This evidences that the molecules 

LC is oriented mainly parallel to the polarizer. A perpendicular thin attenuation band 

connecting the upper and lower defects at the boundary, and a horizontal attenuation 

band combining two other defects are also visible in crossed polarizers (Figure 5a, 

upper row). Furthermore, four attenuation districts appear, located close to each 

other in a circle in the drop and located approximately the same distance from the 

perpendicular and horizontal lines. 

Rotating the cell by 45° clockwise relative to the polarizers completely 

qualitative transformation the optical texture observed both in stricken polarizers and 

without an analyzer (Figure 5c). An interference color configuration appears in 
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crossed polarizers in the absence of a fade band. Four identical sections are also 

visible along the border of the drop without an analyzer. When moving the droplet 

clockwise, maximum darkening is observed in the characteristic sections. Then the 

image clearness of the brink slowly decreases to the next image. 

The optical structure shown in Figure 5a is similar to the picture obtained 

without an analyzer (Figure 5c). Consequently, when the analyzer is turned off, the 

boundaries of the droplet lose their clarity. When comparing the extinction band 

(Figure 5, upper row), taking into account the predominant orientation of the 

director at the boundary of the drop (Figure 5, lower row), it is possible to determine 

the angle of inclination α between the n director and the N perpendicular to the plane 

(Figure 5d). The predominant direction of nematic molecules can be parallel to any 

horizontal or vertical polarizer in the attenuation region located at the bottom left 

(Figure 5a, top row). 

Figure 5. Images of nematic droplets under crossed polarizers (upper row) and 

without an analyzer (lower row). In (a); the lines connecting diametrically opposite 

defects at the boundary are aligned with the polarizers. The cell is rotated clockwise 

by 45° relative to the polarizers in (b) and by 90° in (c). The configuration of the 

director (d) corresponding to the textures (a–c): the dashed lines inside the droplets 

show the local direction of the director. 

Nevertheless, observation of the droplet absent an analyzer showed that the 

priority direction here is oriented almost horizontally (Figure 5d). The angle 

determined in this way at various points of the interface, with the exception of the 

surroundings of the objects, is α = 40o ± 4o. 

The invariance of the angle α along the droplet’s circumference allows for a 

schematic illustration of the orientation structure in the most significant region of the 

droplet on the plane of the film (Figure 5d). This pattern of the director field 

distribution corresponds to a structure with two point topological defects—

boojums—and an annular topological defect, which has been previously observed in 

polymer matrices [18–20]. The segment of the annular defect on the film surface 

appears as two attractions at the droplet boundary. The bipolar axis connecting the 

boojums serves as the symmetry axis for the droplet’s orientation structure. 

In the PDLC samples studied, the optical textures demonstrate in Figure 5 were 

discovered only inside droplets of 10 µm in size and smaller. A similar structure with 

two boojums and an annular defect on the surface was found in larger droplets 
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(Figure 4b), however, attenuation bands in the central part of the droplet are absent 

at any orientation of the bipolar axis relative to stricken polarizers. This is typical for 

a twisted orientation structure inside a droplet. The angle of rotation, defined as the 

azimuthal angle α between the orientation of the bipolar axis and the orientation of 

the director at the interface of the droplet surface in the equatorial surface, was 

determined by the method presented in detail in [21]. 

When the refractive indices of the polymer and liquid crystal are equal, the light 

passing through the droplet under crossed polarizers will scatter synchronously if the 

following conditions are met: 

1) the bipolar axis of the droplet is oriented perpendicular to the direction of

observation;

2) the polarizer is aligned either perpendicular or parallel to the projection of the

director on the lower surface of the droplet;

3) the analyzer is aligned either parallel or perpendicular to the projection of the

director on the upper surface of the droplet.

The angle of rotation at which the orientation of the director in the central

segment of the drop is parallel to the bipolar axis consider be selected from two 

practicable ones. For such droplets with two boojums and an annular defect, this 

means that the bipolar axis must be in the plane of the cell and the surface of the 

annular defect must be normal to the plane of the film. The twist angle measured 

using this manner (Figure 6) for different droplets arranging the above positions 

depends on the size of the droplet. In this figure, the bipolar axis of the droplet is 

normal to the polarizer, and the angle between the polarizer and the analyzer is 90° 

(a). In the second case, the bipolar axis is rotated 20° counterclockwise correlative to 

the polarizer, and the angle between the polarizer and the analyzer is 130° (b). 

Figure 6. Images of nematic droplets in crossed polarizers when the angle between 

the polarizer and the analyzer is 90°. (a) turned counterclockwise by 20° relative to 

the polarizer; (b) calculated configuration of the LC director; (c) double arrows show 

the orientation of the polarizers. 

The Figure 6 shows in a separate view on the right a diagram of the 

considerable orientation of the bipolar axis of the drop, the planning of the director 

on the image planes along the lower and upper edges (top), as well as the director’s 

field above the upper surface of the drop (bottom) (c). For all the paintings we 

76

https://translate.yandex.ru/
https://translate.yandex.ru/


Journal of Polymer Science and Engineering 2024, 7(2), 8606. 

observed and the micrographs depicted in Figure 6, the drop size was 17 µm. Thus, 

a comparative analysis of the obtained microscopic images suggests that for droplets 

with a diameter less than 10 µm, the twist angle is θ = 12o ± 3o, and for droplets with 

a diameter greater than 21 µm, θ = 27o ± 3o. 

In addition to the above-described droplet textures, other types of paintings 

based on micrography are also observed, illustrated in Figure 6c. The rotation of the 

sample correlative to the polarizers leads to a complex transformation in the texture 

of droplets both in crossed polarizers and without an analyzer. These results are 

shown in Figure 7 For all observed patterns, the drop size is 21 µm. 

When the microscope stage is at a rotation angle of 0° (Figure 7a), the droplet 

boundaries appear less distinct without the analyzer, and a single point defect can be 

observed. As the sample is rotated, the droplet boundary becomes progressively 

sharper (Figure 7b, c). The sharpest boundaries are visible at a 90° rotation angle 

(Figure 7d). By lowering the microscope stage, a single point defect (Figure 8a), an 

annular defect (Figure 8b), and a second point defect (Figure 8c) can be clearly 

observed. 

Figure 7. Images of a liquid crystal droplet under crossed polarizers (upper row) and 

without an analyzer (lower row) at microscope stage rotation angles of. (a) 0o; (b) 

30o; (c) 60o; (d) 90o. 

Figure 8. POM-images of a liquid crystal droplet shown in Figure 5c in stricken 

polarizers. The lens focuses on the lower defect-boojum (a) the annular defect; (b) 

the upper defect boojum; (c) single arrows indicate the location of the defects. 

Compounding the obtained optical texture, it can be stated that the droplet has 

an orientation structure with two boojums, an annular defect and a bipolar axis 

inclined to the plane of the cell. The missing of attenuation bands indicates the 

presence of torsion deformation, as in the case of Figure 4b and Figure 6. The angle 
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between the bipolar axis and the cell plane can vary from 0o (Figure 4a, b) to 

approximately 90o (Figure 4d) in the ensemble of droplets. If the bipolar axis is 

perpendicular to the cell plane, the optical texture does not depend on the rotation of 

the microscope stand (platform). 

Let’s return to the drop shown in Figure 4e, where there are also two boojums 

and a ring defect. Figure 9 shows figures of this droplet at different angles of 

orientation of the bipolar axis relative to the polarizer. It should be noted that the 

plane of the annular defect extends from the center of the drop to one of the boojums. 

At the same time, torsion deformation occurs inside the droplet. Such structures are 

usually investigated inside large droplets (more than 15 µm). The substitution of the 

annular defect may be different within different droplets. 

Figure 9. Pictures in stricken polarizers (upper range) and absent analyzer (lower 

range). (a) The bipolar axis is perpendicular to the polarizer; (b) the sample is 

rotated 45° clockwise relative to the polarizer; (c) the sample is rotated 90° 

clockwise. 

For the scientific interpretation of the obtained textures, we determined the 

surface adhesion forces. In samples with inclined boundary positions, the strength of 

surface adhesion is established by the free field manner, which makes it possible to 

analyze the Bloch or Neel domain walls formed in the LC layer of the schlieren 

texture [22]. 

A schlieren texture [22] with point and linear defects, the so-called Bloch 

domain walls, is formed in a cell manufactured by us to conclude the surface 

adhesion durability for an LC film and a polymer film based on PVB (75%) + NLC 

5CB (25%). If the plane of the domain wall contains optical anisotropy, then the 

reorientation of the director in the domains will be parallel to the wall. In this case, 

the LC molecules inside the droplet rotates in the plane of the wall, changing their 

direction to the opposite. The strength of the surface adhesion WS to the polar 

surface can be determined by measuring the layer d of the Bloch walls [23,24]: 

𝑊𝑆 (1 −
𝑠𝑖𝑛 4𝛼

2(𝜋 − 2𝛼)
) =

ℎ

𝑑2
𝑥
𝐾22
2

𝑥(𝜋 − 2𝛼)2 (1) 

where α is the angle between the preferential orientation of nematic molecules and 

the normal to the interface, h is the layer of the cell, K22 is the elastic torsion strain 
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constant. We measured the thickness of the cell h = 13 µm and the thickness of the 

Bloch wall d = 3.0 µm. The angle α = 40o was taken from dimensions in liquid 

crystal droplets internal the polymer matrix (Figure 3) and K22~10−12 (H) [23]. Using 

these data, the surface anchoring force to the polar surface was determined, which 

was equal to WS = 2.4×106 × K22~10−6 (J m−2). 

4. Conclusions

In nematic droplets of spheroidal and ellipsoidal shape, with homogeneous

anchoring transition, an inhomogeneous director field with topological point defects 

is always realized. Such orientation structures of NLC 5CB droplets are not optimal, 

especially due to the residual scattering of the orthogonal component of the incident 

radiation in the area of lateral defects. In order to obtain the maximum possible 

anisotropy of the light transmission of PDLC films, it is necessary to form nematic 

droplets with a uniform distribution of the director in the droplet volume. This option 

is possible only if inhomogeneous boundary conditions are realized, which vary in 

the meridian direction from tangential in the equatorial region to homeotropic near 

the poles of the drop of NLC 5CB. It was found that the nematic droplets have an 

orientation structure with two boojums and an annular topological defect. Such 

orientation structures are formed with uniform inclined coupling. Similar structures 

have previously been observed only inside liquid crystal droplets dispersed in their 

own isotropic phase [14], or in a liquid matrix doped with a homeotropic surfactant 

[11]. 

It is shown that the bipolar axis internal the droplets is oriented at different 

angles relative to the surface of the film, since the LC droplets inside the LC look 

like a flattened ellipsoid. This shape results in the orientation of the symmetrical axis 

of the bipolar droplets along the cell surface, while the symmetrical axis in the axial 

droplets inclines to be oriented orthogonal to the cell surface along the little axis of 

the ellipsoid. 

It has been proved that the configuration with inclined coupling studied by us 

has attribute of either a bipolar structure (the central spindle-shaped part of the 

droplets close to the bipolar axis) and an axial one (the insignificant region of the 

droplets). Possibly, this feature of the orientation structure support a small difference 

in the energy of the LC at different orientations of the bipolar axis relative to the cell 

surface.  

It has been established that PDLC cells with inclined boundary positions have 

an orientation structure combining appears of both bipolar and axial configurations 

[15]. Such accentuate open up opportunities for the use of these materials in the 

production of electro-optical devices with memory effect and low control voltage. 
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Abstract: Liquid Metal Battery (LMB) technology is a new research area born from a 

different economic and political climate that has the ability to address the deficiencies of 

a society where electrical energy storage alternatives are lacking. The United States 

government has begun to fund scholarly research work at its top industrial and national 

laboratories. This was to develop Liquid Metal Battery cells for energy storage solutions. 

This research was encouraged during the Cold War battle for scientific superiority. 

Intensive research then drifted towards high-energy rechargeable batteries, which work 

better for automobiles and other applications. Intensive research has been carried out on 

the development of electrochemical rechargeable all-liquid energy storage batteries. The 

recent request for green energy transfer and storage for various applications, ranging from 

small-scale to large-scale power storage, has increased energy storage advancements and 

explorations. The criteria of high energy density, low cost, and extensive energy storage 

provision have been met through lithium-ion batteries, sodium-ion batteries, and Liquid 

Metal Battery development. The objective of this research is to establish that Liquid Metal 

Battery technology could provide research concepts that give projections of the probable 

electrode metals that could be harnessed for LMB development. Thus, at the end of this 

research, it was discovered that the parameter estimation of the Li//Cd-Sb combination is 

most viable for LMB production when compared with Li//Cd-Bi, Li-Bi, and Li-Cd 

constituents. This unique constituent of the LMB parameter estimation would yield a better 

outcome for LMB development. 

Keywords: LMB; SOC; terminal voltage; resistance; capacitance; time; charge; open circuit 

voltage 

1. Introduction

Liquid Metal Batteries (LMBs) have the ability to store energy coming from
generating, transmitting, and distribution stations. The storage capability dynamics of 
the LMBs would greatly enhance their efficiency and reliability, particularly when 
intermittent renewable energy technologies (such as wind and solar) are incorporated 
[1]. For a long time, batteries have been considered a strong alternative remedy owing 
to their advantages of easy handling, simplicity in maintenance, and flexibility in 
sitting [2]. The twenty-first century technological advancement has shown the 
feasibility of developing high-capacity energy storage devices out of many liquid 
combinations of alkali or alkaline-earth metals as well as metalloids [2]. Though the 
major challenge to widespread acceptance of battery technology is its high cost of 
production. Hence, the description of a Lithium-Antimony-Cadmium (Li//Sb-Cd) 
liquid metal battery could meet the performance requirements for stationary energy 
storage [2,3]. The LMB comprises liquid lithium as the negative electrode, a molten 
salt electrolyte, lithium chloride-lithium fluoride-lithium iodide (LiCl-LiF-LiI) fusion, 
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and an antimony-cadmium alloy as the positive electrode, which would separate on its 
own accord by density into three distinct layers. This is due to the immiscibility 
property of the electrolyte and the electrodes interphase. The liquid characteristics of 
the constituents of the LMB bring to mind the merits of high current density and 
prolong cycle life or life span over conventional battery technology [2,4]. 

2. Brief review on liquid metal battery (LMB)

The advancement of LMB innovation has been revisited by a group of research
pathfinders since 2006 at the Massachusetts Institute of Technology (MIT), United 
States of America. The recent MIT investigations were conducted as a result of the 
work carried out at Argonne National Laboratory in the 1960s. The study began with 
Sodium Bismuth (Na-Bi), but after a short while, attention quickly shifted towards 
Magnesium Antimony (Mg-Sb) and Lithium Lead Antimony (Li-Pb-Sb) candidates 
[2]. For alkali and alkaline-earth liquid metal electrodes, their solubility in their halides 
increases with the halide atomic number in the order of Fluoride < Chloride < Bromide 
< Iodide (F < Cl < Br < I). Hence, the alkali and alkaline-earth liquid metals and 
sodium-based systems have the main challenge of their high solubility in liquid 
electrolytes [5]. The electronic conductivity of the sodium system is high, and it 
experiences a high self-discharge current. The improvement on sodium-based systems 
would necessarily require the development of an electrolyte that would minimize 
sodium’s solubility challenge [5]. The United States government began to fund 
scholarly research work at its top industrial and national laboratories. This was to 
develop an all-liquid cell for energy storage solutions. This research was encouraged 
during the Cold War battle for scientific superiority. Intensive research then drifted 
towards high-energy rechargeable batteries, which are better suited for automobiles 
and other applications [7]. The motivation was due to the incessant power outages 
around the globe at that time. For liquid metal battery applications, an elevated 
operating temperature is detrimental because of its tendency to corrode, mostly for 
alkaline or alkaline earth metals. The major drawback of the Mg-Sb candidate is that 
it has a low cell voltage of 0.21 V. This made the Mg-Sb system impracticable. In Mg-
Sb collaborations, NaCl-KCl-MgCl2 electrolyte was examined at a very high 
temperature, producing a high charge efficiency, a deceased voltage efficiency, and a 
fairly low electrolyte conductivity of 0.8 S cm–1 [4]. The cell performance 
characteristics of the Li-Sb LMB were a 1.9 Ah theoretical capacity cell built-in with 
a Li electrode, a Sb-Pb electrode, and a LiF-LiCl-LiI electrolyte [7]. A potential of 1.2 
V was measured for Li-Sb LMB, which is relatively low, and a self-discharge current 
of 0.6 mAcm–2 was significantly lower than 20 mAcm–2 [8]. Intensive research has 
been conducted on the development of electrochemical rechargeable all-liquid energy 
storage batteries. The recent request for green energy transfer and storage for various 
applications, ranging from small-scale to large-scale power stations, has increased 
energy storage advancements and explorations. The criteria of high energy densities, 
low cost, and extensive energy storage provision have been met through lithium-ion 
batteries, sodium-ion batteries, and LMBs [6]. 
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3. Description of a liquid metal battery (LMB)

An LMB cell is made up of two metal electrodes that are in their liquid states
splitted by an electrolyte that separate it into three layers based upon their density and 
immiscibility property is shown in Figure 1: 

Figure 1. Schematic diagram of a Liquid Metal Battery (L.M.B.) upon (a) 
discharging and (b) charging [2]. 

Table 1. Proposed developmental parameters of the LMB cell. 

Design parameters Li//Cd-Sb Li//Cd-Bi Li-Bi Li-Cd 

Electrode composition in moles 47-36-17 
48-36-16 
49-35-16 
50-34-16 

42-38-20 
47-33-20 
45-35-20 
44-32-24 

45-55 
40-60 
50-50 
48-52 

70-30 
60-40 
50-50 
65-35 

Operating temperature in O ℃ 450–500 400–500 350–400 300–400 

Electrode area in cm2 1.30–2.50 1.00–1.50 1.00–2.00 1.50–2.00 

Inter-electrode distance in cm 1.00–1.50 1.00–2.00 1.50–2.00 1.50–2.00 

Charge–discharge current, A 0.34–0.55 0.34–0.55 0.34–0.55 0.34–0.55 

Coulombic efficiency in % 80–99 80–99 80–99 80–99 

Voltage efficiency in % 65–80 65–80 65–80 65–80 

Average discharge voltage in volts 0.65–0.75 0.65–0.75 0.65–0.75 0.65–0.75 

Theoretical capacity in Ah 0.75–0.90 0.75–0.90 0.75–0.90 0.75–0.90 

Discharge capacity in Ah 0.55–0.80 0.55–0.80 0.55–0.80 0.55–0.80 

Voltage input in volts 12.0 
12.1 
12.3 
11.9 

12.5 
12.6 
11.8 
12.0 

11.6 
11.7 
11.9 
12.1 

11.5 
11.6 
11.8 
11.7 

Voltage output in volts 220 
215 
225 
235 

225 
220 
230 
230 

230 
225 
235 
225 

235 
230 
240 
220 

4. Material preparation and procedure

1) All samples would be carried out in a controlled glove box environment through
the melting of lithium (Li) and alloys of antimony (Sb) and cadmium (Cd). Wh
en the alloys are completely fluid, a tungsten wire would be inserted and the allo
ys would be allowed to cool, ensuring intimate contact between the electrode ma
terial and the tungsten wire.

2) The electrolyte would be prepared in the controlled atmosphere by the combinat
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ion of lithium chloride (LiCl), lithium iodide (LiI), lithium bromide (LiBr), and 
lithium fluoride (LiF) in a vessel. The vessel would be positioned in the test vess
el and dried under vacuum for some hours, and then the temperature could be in
creased to a higher temperature in the heater. 

3) The container containing the electrolyte would be passed through argon gas befo
re the temperature would be increased to a higher temperature for some hours in
order to remove traces of residues from it. On cooling, the electrolyte would be
removed from the vessel in the glove box and stored until use.

4) Electrochemical measurements could be carried out in a test vessel sealed agains
t the outer environment.

5) The samples of the induction-melted electrodes prepared initially in No 1 above
would be located in an alumina vessel with the pre-melted electrolyte. The asse
mbling of the LMB would be done in the controlled glove box.

6) The charge tester would be used to measure the charge and discharge characteris
tics of the battery.

5. Battery model with variable parameter equations

Table 2 presents an estimation of the variable parameters in terms of efficiency,
standard error, statistics, and probability. The different values in terms of efficiency, s
tandard error, statistics, and probability give a mathematical value that defines the var
iable parameters used and their outputs for LMB estimation. 

Table 2. A table of the battery model with variable parameters in terms of efficiency, 
standard error, statistics and probability of estimation. 

Variable parameters Efficiency Standard error Statistics Probability 

OCV 0.000347 0.007368 0.047076 0.9626 

R 0.067178 0.054790 1.226096 0.2233 

I –0.003409 0.002345 –1.453833 0.1494 

CP –0.000164 0.000293 –0.560209 0.5767 

T 0.000396 0.000356 1.113499 0.2684 

TV –0.001823 0.008424 –0.216355 0.8292 

CHG 0.000597 0.001011 0.590636 0.5562 

C 0.647579 0.128301 5.047355 0.0000 

Estimation command: 
LSM, SOC, OCV, R, I, CP, T,TV, CHG (1)

Estimated model equation: 
SOC = C(1) × OCV + C(2) × R + C(3) × I + C(4) × CP + C(5) × T + C(6) × TV + C(7) × CHG + C(8) (2)

Substituted coefficients: 
SOC = 0.000346863777113 × OCV + 0.0671776941118 × R ‒ 0.00340942723159 × I ‒ 1.63965521212 × 10−6 × 

CP + 0.000395913781329 × T ‒ 0.00182250310982 × TV + 0.000597393328656 × CHG + 0.6475785799 
(3)

Estimation command abbreviations: 
Least Square Method (LSM), State of Charge (SOC), Open Circuit Voltage (OCV), Resistance (R), Current (I), 

Capacitance (CP), Temperature (T). Terminal Voltage (TV) Charge (CHG). 
(4)
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6. Discussion of results of the simulated parameters for LMB
development

The parameters of all sections of the LMB are based on the initial selection of the 
structural element combinations previously stated above. All the relevant parameters 
were simulated at varying ranges of values for all input and output parameters. 

Figure 2 explains that at the various levels where the SOC parameters are 
dynamic or vigorous. At the various SOC terminals on the horizontal side, the SOC 
values are fairly vigorous, but at certain values, the SOC parameter values begin to 
display a high dynamic, particularly at 33, 45, 54, 57, 79, and 85. Hence, to conclude, 
the highest SOC for the LMB battery would be set at 85%, which is absolutely a good 
SOC value fit for the battery production. 

Figure 2. State of charge (SOC) residual parameters. 

From Figure 3, an analysis was examined between the residual, actual, and fitted 
battery SOC parameters. It was observed that the graph of the residual and actual 
values of the battery SOC value looks the same. It is only that the fitted display has 
better steady-state values of SOC. 

Figure 3. Comparison of the residual, actual and the fitted battery state of charge 
(SOC). 

From Figure 4, the battery’s standardized residuals for both the positive and the 
negative value are stable. On the positive side of the graph, the residuals are in regular 
patterns, showing that the state of charge is implementable. 

-3

-2

-1

0
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10 20 30 40 50 60 70 80 90 100

Standardized Residuals

Figure 4. Simulation of standardized residuals for the battery’s state of charge. 
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From Figure 5, the Open Circuit Voltage (OCV) must be within the permissible 
operational voltage of a battery. The Open Circuit Voltage (OCV) for the LMB as 
stated in the graph is 12.19 V. 

Figure 5. Simulation of Open Circuit Voltage (OCV) for the LMB. 

From Figure 6, the SOC and resistance parameters were plotted. The graphical 
signal output of the SOC parameter shows that the SOC signal is stable at various 
points until the peak point, where the value is highest at 0.876, which depicts 87.6%. 

Figures 6. Simulation of actual State of Charge (SOC) and Resistance (R) 
respectively. 

For Figure 7, the resistance parameter, there was an unsteady state display of the 
resistance value at different points until the point where the steady state peak value for 
output resistance at 0.09 Ω was measured at exactly 50. 

Figure 7. Simulation of output resistance (R) of the battery. 

86



Journal of Polymer Science and Engineering 2024, 7(2), 4220. 

From Figure 8, the current at the peak point was 4.0 A, and other values for 
current fluctuation span between 3.0 A and 3.8 A. Meaning that the current is within 
a pre-determined range. Taking the average of the different values of current at 3 A 
and at 3.8 A is equal to 3.4 A, which is the estimated actual current of the LMB. 

Figure 8. Simulation of the input current (I) of the battery. 

The actual time in Figure 9 as stated in the above graphical representation is 34 
minutes. 

Figure 9. Simulation of the actual time (T) of the battery. 

From Figure 10, the charge has varying values between 0 and 100. But the actual 
charge that is displayed at the graphical representation is at 98 coulombs (C). 

Figure 10. Simulation of the charge (CHG) of the battery. 

The simulated graph at Figure 11 for the terminal voltage (TV) of the battery is 
captured at point 12.1 V. 

Figure 11. Simulation of the terminal voltage (TV) of the battery. 
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From Figure 12, the capacitance displayed at the graphical representation is at 
3.6 × 103 Farads (3.6 KF). 

Figure 12. Simulation of the capacitance (CP) of the battery. 

7. Conclusion

Liquid Metal Batteries (LMBs) have some dynamic characteristics in parameter
estimation during various charge and discharge periods. Due to parameter estimation 
through the comparative analysis of the simulated chemical constituents of varying 
metals and electrolytes, the Li//Cd-Sb combination is most viable for LMB production 
when compared with Li//Cd-Bi, Li-Bi, and Li-Cd constituents. The values for Open 
Circuit Voltage (OCV), Terminal Voltage (TV), Charge (CHG), Time (T), Current (I), 
Resistance (R), Capacitance (CP), and State of Charge (SOC) are determined for the 
preferred LMB combination for battery development. This would make the operation 
of the LMB highly practicable for both domestic and small industrial uses. 
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Abstract: This review comprehensively summarizes various preparatory methods of 

polymeric bone scaffolds using conventional and modern advanced methods. Compilations of 

the various fabrication techniques, specific composition, and the corresponding properties 

obtained under clearly identified conditions are presented in the commercial formulations of 

bone scaffolds in current orthopedic use. The gaps and unresolved questions in the existing 

database, efforts that should be made to address these issues, and research directions are also 

covered. Polymers are unique synthetic materials primarily used for bone and scaffold 

applications. Bone scaffolds based on acrylic polymers have been widely used in orthopedic 

surgery for years. Polymethyl methacrylate (PMMA) is especially known for its widespread 

applications in bone repair and dental fields. In addition, the PMMA polymers are suitable for 

carrying antibiotics and for their sustainable release at the site of infection.  

Keywords: bone scaffold; polymer; polymethyl methacrylate; tissue engineering; orthopedic 

surgery 

1. Introduction

Bones are dense connective tissues with a solid, calcified outer layer (cortical
bone) that comprises more than three-fourths of the bone’s mass. Cortical bone has a 
relatively low porosity, ranging from 5% to 10%. The soft inner spaces of bone 
(usually described as cancellous or trabecular bone) form the remaining one-fourth of 
the bone mass. Cancellous bone has a high porosity, ranging from 60% to 90%, and 
contains the bone marrow, which consists of blood stem cells, adipose cells, 
osteoblasts, and osteocytes. From these, the osteoblasts are essential for the deposition 
and mineralization of the extracellular matrix of new bone, while osteocytes are the 
supporters of bone matrix calcification. In addition, specific growth factors and 
proteins, mainly residing in the extracellular matrix of bone, regulate cellular activity 
and stimulate the intracellular environment.  

Bone possesses a high compressive strength of 170 MPa but a low tensile strength 
of 104–121 MPa and a very low shear stress strength of 51.6 MPa [1,2]. This means 
that bone can be fractured given that torsion force is exerted. In other words, bone is 
more sensitive to pulling or torsion than pushing. Though bones are naturally brittle 
(80% of CaP), a significant degree of elasticity is shown due to collagen. However, 
the likelihood of human bones failing due to mechanical problems, injuries, diseases, 
infections, and tumors increases with age. This means that wrong movement of the 
body or diseases like osteoporosis [3–5], scoliosis [6–8], and osteomyelitis [9–11] can 
cause the bones to fracture or deteriorate.  

Naturally, bones can regenerate in case of minor injury and continuously remodel 
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throughout adulthood [12–14]. These bone injuries heal without forming scar tissue 
while regenerating the bone with its pre-existing properties. In addition, the 
regenerated bone is indistinguishable from the uninjured bone. However, significant 
injuries involving the load-bearing bone require orthopedic surgery to place a bone 
graft over the defective bone site to encourage new bone growth while preventing 
other tissues from interfering with osteogenesis. During osteogenesis, the osteoblasts 
(cells with single nuclei that form the bone) originating from the bone graft enhance 
the growth of new bone. This is conducted through osteoinduction and 
osteoconduction processes. Osteoinduction is the recruitment of immature cells and 
stimulation of these cells to develop into bones [15–17]. Osteoconduction is when 

bone grows on a surface—a phenomenon seen in the case of bone implants [18]. 

Polymers are unique synthetic materials [19–43] that are extensively used in various 
industrial applications [44–50]. Likewise, it is primarily used for bone and scaffold 
applications. This paper provides various fabrication techniques and their potential use 
in orthopedic surgery. 

2. Tissue engineering

Tissue engineering combines cells, materials, engineering methods, and suitable
biochemical and physic-chemical factors to improve or replace biological functions 
[52,53]. The main goal of tissue engineering is to regenerate and replace the structural 
and functional of the injured bone beyond its natural healing capacity [53]. For this to 
happen, external regenerative materials such as scaffolds, cell growth factors, or a 
combination of either are required [54]. Tissue engineering uses undifferentiated cells 
seeded within the scaffold, which defines the geometry of the replacement tissues and 
provides environmental indications to promote the development of new tissues, as 
demonstrated in Figure 1 [55]. However, the interaction between the cell and the 
material used to develop the scaffold plays a vital role in tissue engineering. This is 
because the developed scaffold must mimic the properties of the injured bone 
structurally and bio-functionally. Therefore, it is essential to understand the 
requirements and properties of the injured bone before designing the scaffold [56–58]. 

Figure 1. Schematic illustration of tissue engineering process. 

3. Bone scaffolds and their requirements

Scaffolds are materials developed to perform in the body as devices able to
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support and possibly induce a complex pattern of events whose final goals are tissue 
repair and tissue function recovery [59–61]. Generally, the application of scaffolds can 
be summarized as: 

 Allow cell attachment and migration.

 Deliver and retain cells and biochemical factors.

 Enable diffusion of vital cell nutrients and expressed products.

 Exert specific mechanical and biological influences to modify the behavior of the
cell phase.
However, to achieve the goal of tissue engineering and bone regeneration,

scaffolds must meet some specific requirements [62,63]. The scaffold should be 
biocompatible to integrate well within the tissue host without provoking any immune 
reaction and biodegradable into carbon dioxide and water forms. In addition, scaffolds 
should possess an open pore and be fully interconnected with highly porous structures 
[64,65]. These are the fundamental characteristics for providing space for cells to 
migrate and vascularize the tissue. In other words, the pore size of the scaffold is used 
to regulate cell survival, growth, and differentiation. Hence, the minimum pore size 
required is considered to be 100 µm due to the cell size, migration conditions, and 
transport [66,67]. However, pore sizes bigger than 300 µm are recommended to 
improve the new bone formation and to develop a net of capillaries. More on the 
effects of pore size on tissue regeneration is summarised in Table 1. Furthermore, the 
larger the surface area to volume ratio available, the more cell interactions will occur 
[68]. Scaffolds should also have the mechanical strength to retain their structure after 
implantation, mainly for the load-bearing tissues, as depicted in Table 2. Moreover, 
the scaffolds should be osteoinductive to recruit and stimulate the differentiation 
pathway of the stem and develop osteoblast cells to the defective bone [69].  

Table 1. Effect of pore size on tissue regeneration [2]. 

Tissue formation/cell growth Required pore size (µm) 

Neovascularization 5 

Fibroblas ingrowth 5–15 

Regeneration of adult mammalian skin 20–115 

Regeneration of bone 100–350 

Osteoid ingrowth 40–100 

Hepatocytes ingrowth 20 

Fibrovascular tissue 500 

Table 2. Mechanical properties of human tissues. 

Tensile strength (MPa) Compressive strength (MPa) Young’s modulus (GPa) Fracture toughness (MPa.ml/2) 

Cancellous bone - 4–12 0.02–0.5 - 

Cortical bone 60–160 130–180 3–30 2–12 

Cartilage 3.7–10.5 - 0.7–15.3 (MPa) - 

Ligament 13–46 - 0.065–0.541 - 

Tendon 24–112 - 0.143–2.31 -
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In summary, a scaffold is required to match bone properties closely. However, 
achieving all these properties in one material is a complex challenge due to the lack of 
strength associated with porosity. Therefore, to make it possible, the scaffold materials 
must be optimized from the atomic level through the macroscale to the nanoscale 
structure with respect to the cellular response [70].  

4. Bone scaffold preparation techniques—Conventional methods

Conventional, non-designed manufacturing techniques are used to fabricate an
interconnected porous structured scaffold [71]. Some methods include solvent 
casting/particulate leaching, freeze-drying, phase inversion, and electrospinning. 
However, they lack precision when controlling the pore size, geometry 
interconnectivity, and spatial distribution of pores [72,73]. 

4.1. Solvent casting and particulate leaching 

Solvent casting on its own is an attractive method in the polymer field due to its 
ability to obtain films with high quality [74,75]. Aside from being a relatively simple 
technique, the film’s thickness, uniformity, and distribution can easily be controlled 
[76]. However, solvent-casting techniques can fabricate a scaffold in combination with 
particulate leaching. In this technique, the first stage involves dissolving the polymer 
into chloroform and casting it in a petri dish filled with porogen (sodium chloride, 
ammonium bicarbonate, or glucose). The composite is then placed in a dust-free 
environment to evaporate the solvent and washed with distilled water to remove the 
porogen. Here, the properties of the developed scaffold, such as porosity and pore size, 
can be controlled by the amount of salt added and salt crystals, respectively [77]. 
However, homogenous distribution of the salt into the polymer is difficult to attain 
because the density of the polymer and salt is different. Other factors, such as casting 
temperature and drying conditions, can also affect the properties of the scaffold. To 
overcome this limitation, researchers have suggested adding a centrifugation stage to 
improve the pore uniformity and interconnectivity of the scaffold, as shown in Figure 
2 [78]. In these studies, the polymer solution mixed with salt was centrifuged and dried 
(air-dried and vacuum-dried), followed by salt leaching in distilled water, resulting in 
the fabrication of an interconnected porous scaffold with porosity >90% [79]. 

Figure 2. Schematic diagram for fabrication of scaffold using solvent casting and 
particulate leaching in addition to centrifugation stage. 

4.2. Freeze-drying 

In this technique, the polymer solution is mixed homogeneously with an acid 
(acetic acid) before the sublimation of ice using freeze drying, causing the formation 
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of ice crystals, as shown in Figure 3 [80–82]. The freezing temperature and rate can 
control the pore size properties of the developed scaffold. For instance, a scaffold 
freeze-dried pore size at −20 ℃ and −196 ℃ was 200–250 µm and 80–100 µm, 
respectively [45,46,83–88]. However, in another research, the addition of an annealing 
stage after freeze-drying (low temperature) has been shown to increase the pore size 
from 96–150 µm to 85–325 µm (~40% increase). This is due to the rise in temperature 
of the frozen suspension, which increased the ice crystal growth rate [89]. 

Figure 3. Schematic diagram for fabrication of scaffold using freeze-drying. 

4.3. Phase inversion 

Phase inversion is an effective technique for developing porous scaffolds by 
combining mass transfer and liquid phase separation, as depicted in Figure 4 [61,90–
93]. Initially, the mixed solution of polymer dissolved in a solvent and ethanol (non-
solvent) would be cast or molded. Then, the dried casted gel will be induced to phase 
separation by immersing it into the non-solvent used [94]. After the extraction of the 
remaining solvent, the developed scaffold will be dried in a controllable environment. 
However, the drying stages can be avoided using supercritical fluid [95], such as 
carbon dioxide [96], which is biocompatible (non-toxic, non-corrosive, and non-
flammable) and affordable [97]. The polymer solution is poured into a container and 
placed inside a heated high-pressure vessel. The supercritical fluid is pumped into the 
vessel with a high-pressure pistol. The fabrication of the scaffold was completed once 
the phase separation took place. A porous structure can be developed without any 
remaining solvent in this process. Nonetheless, the overall properties of the developed 
scaffold depend on the solubility and diffusivity of the supercritical fluid in the 
polymer. The phase separation technique has produced micro-patterned nanofibrous 
sheets (50–500 nm) with properties comparable to those obtained by electrospinning. 
The pore interconnectivity can increase when the phase inversion technique is 
combined with the particulate porogen leaching method, which can further be used for 
bone tissue regeneration applications [98].  

Figure 4. Schematic diagram for fabrication of scaffold using thermally induced 
phase inversion. 
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4.4. Electrospinning 

Electrospinning, though not a new technique, has recently become significant in 
developing nanostructures in the form of fibers that can be used for scaffolds [99–105]. 
The basic tools required to fabricate this scaffold via the electrospinning technique 
include three components: a syringe, high voltage, and a collector plate, as shown in 
Figure 5. The polymer or composite solution prepared is poured into the syringe at a 
slow flow rate. Then, the tip of the needle is connected to the positive electrode of the 
high voltage, whereas the negative electrode is connected to the collecting plate. 
Finally, the polymer/composite is ejected from the syringe to the collecting plate as 
non-woven fibrous structures. These non-woven fibrous structures have unique 
characterization with a high surface area to volume ratio, flexible surface functionality, 
and mechanical properties superior to large fibers [105,106]. In addition, the pore size 
can be manipulated using either the properties of the polymer or composite solution 
prepared, the voltage applied, the processing temperature, or the distance between the 
collecting plate and the syringe [107–109]. However, the maximum pore size obtained 
through this technique is 10 µm, which is relevant to applications related to hindering 
cell infiltration [110]. The porosity can be increased by either removing one of the 
composite components used or using phase separation technology during 
electrospinning [111]. 

Figure 5. Schematic diagram for fabrication of scaffold using electrospinning. 

5. Bone scaffold preparation techniques—Advanced methods

5.1. Computer-aided tissue engineering (CATE) 

Advanced techniques, also known as designed manufacturing techniques in 
cooperation with computer-aided tissue engineering (CATE), have been known for a 
while [112–116]. This technique integrates advanced imaging technologies such as 
computer tomography (CT), magnetic resonance imaging (MRI), computer-aided 
design (CAD) technology, and rapid prototyping (RP) with tissue engineering 
applications, as shown in Figure 6 [117–119]. Generally, CATE consists of two major 
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processes: 1) non-invasive imaging data acquisition, where an image or scan of 3D 
tissue structural view is produced using CT or MRI, and 2) 3D reconstruction, where 
the physical model of the image is fabricated using CAD followed by RP and finally 
used for tissue implementation [120,121].  

Figure 6. Schematic diagram for fabrication of scaffold using CATE. 

5.2. Computed tomography (CT) 

Computed tomography (CT) is one of the techniques employed to construct a 2D 
or 3D image of any tissue inside the body using special X-ray equipment with 
computer programs [122–126]. CT scanning has been used for many studies, including 
bone mass and morphology, growth and development analysis, mechanical loading 
and unloading, and evaluation of fracture healing [127]. The most crucial step in this 
technique is image acquisition, involving the preparation and positioning of the 
sample, the selection of scanning medium, the determination of the X-ray energy 
required, the voxel size and image resolution needed, and the recognition of the area 
of interest for the study [128]. Then, the image obtained is filtered to reduce signal 
noise while maintaining its resolution. Furthermore, the mineralized and non-
mineralized structures in the image are separated using a segmentation process for 
analysis [129]. 

There are main advantages to using CT: 1) allows direct 3-D measurement of any 
morphology; 2) compared to the 2D image, a larger volume is studied; 3) it is faster 
than histologic analysis; and 4) the evaluation is non-destructive; hence can be used 
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for other studies [130]. On the other hand, CT uses X-rays in the form of ionizing 
radiation, which can be harmful. However, compared to the naturally occurring 
radiation everyone is exposed to daily, a 1-time low dose of CT radiation exposure is 
equivalent to 6 months of natural radiation. That being said, there are still three ways 
to reduce the overall exposure to radiation doses: 1) reduce the number of CT scans 
prescribed; 2) reduce the CT dose used in a person; and 3) whenever practical, replace 
CT use with MRI, such as for imaging the liver. As a result, the most recent CT 
machines, known as multi-slice CT or multi-detector CT scanners, take the image in a 
spiral manner rather than individual parts of the body, making it faster, producing 
better 3D images with fewer CT scans, and detecting minor irregularities. 

5.3. Magnetic resonance imaging (MRI) 

Magnetic resonance imaging (MRI) is the other technique besides CT used to 
scan part of the body using a magnetic field and radio waves [131–133]. Due to its 
non-invasive and non-radiant nature and high resolution, MRI is preferred for in vivo 
assessments [134–136]. Unlike CT, MRI produces a magnetic field that temporarily 
releases hydrogen atoms into the body. That being said, the movement limiting its 
applications can easily affect MRI scanners. Furthermore, the images might suffer 
geometric distortions caused by variations in the magnetic field strength [137,138]. 

5.4. Computer-aided design (CAD) 

Computer-aided design (CAD) is widely used to design an approach that provides 
a powerful tool to model 3D scaffold geometries [139–143]. CAD designs the model 
using constructive solid geometry (CSG) or boundary representation (B-Rep). CSG 
models are designed using boolean operations, whereas B-Rep uses software like NX 
(Siemens PLM Software), CATIA (Dassault Systemes), Pro/Engineer (PTC), 
SolidWorks (Dassault Systemes), and MIMICS (Materialize Gmbh) to design the 
model [144]. Developing a CAD scaffold is well-suited when combined with rapid 
prototyping techniques to fabricate the physical scaffolds [145]. 

5.5. Rapid prototyping (RP)/Solid freeform fabrication (SFF) 

Rapid prototyping (RP), also known as the solid freeform fabrication (SFF) 
technique, is a controllable 3D structure designed layer by layer [146–149]. Designing 
a scaffold using this technique allows excellent reproducibility and the possibility of 
designing a structure that mimics the natural bone structure to be replaced [150]. Some 
of the RP techniques employed include stereolithography (STL), selective laser 
sintering (SLS), fused deposited modeling (FDM), laminated object manufacturing 
(LOM), multiphase jet solidification (MJS), and three-dimensional printing (3DP) 
[59,151,152]. 

6. Summary and future direction

This review comprehensively summarized various fabrication techniques of bone
scaffold preparation techniques and their potential use in orthopedic surgery. 
Polymethylmethacrylate remains one of the most enduring materials in orthopedic 
surgery. It has a central role in the success of total joint replacement and is also used 
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in newer techniques such as percutaneous vertebroplasty and kyphoplasty. The use of 
bone scaffolds is nowadays an important aid in the orthopedic field, both in situations 
in which it is necessary to fix a fracture in patients with severe osteoporosis 
(“augmentation”) and in cases where it must ensure greater stability in the system of 
the prosthetic hip, knee, and shoulder. In cases of prosthetic infection, joint antibiotic-
loaded spacers are used, and PMMA has gained favor as a vehicle for the delivery of 
antibiotics. Antibiotic-loaded acrylic cement in joint replacement provides short- to 
medium-term protection against prosthetic infection. It aims to overlap with and 
replace the prophylaxis provided by peri-operative intravenous antibiotics. Recently, 
new materials such as bioglass and porous cement have been developed, which seem 
to provide good results in clinical trials. These materials exploit their potential 
biological value, allowing the bone to integrate within the acrylic cement structure and 
favoring the mechanical and biological stability of the bone cement system. For future 
development of these materials (PMMA, antibiotic-loaded cement, glass, and porous 
cement), the aim is to improve osseointegration to promote better mechanical stability 
and better biological integration on the interface of bone cement. 

Bone scaffold research focuses on better mechanical quality and 
biocompatibility. Biomaterials, such as calcium phosphates and hydroxyapatite, more 
efficiently induce bone growth. Advances in the biocompatibility of PMMA bone 
scaffolds might be achieved by introducing osteogenic agents, such as bone 
morphogenic proteins or transforming growth factors, to scaffold surfaces that contact 
the surrounding bone. PMMA for vertebroplasty has greater stiffness than vertebral 
cancellous bone, causing higher incidences of fracture of neighboring vertebral bodies. 
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Abstract: This review summarizes some of the recent advances related to shallow 

penetration conformance sealants (SPCS) based on cross-linked polymer nanocomposite 

gels. The cross-linked polymer nanocomposite gels formed a three-dimensional (3D) gel 

structure upon contact with either water or oil when placed at the downhole. Therefore, 

the cross-linked polymer nanocomposite gels offer a total or partial water shutoff. 

Numerous polymeric gels and their nanocomposites prepared using various techniques 

have been explored to address the conformance problems. Nevertheless, their instability 

at high temperature, high pressure, and high salinity down-hole conditions (HT-HP-HS) 

often makes the treatments unsuccessful. Incorporating inert particles into the cross-linked 

polymer nanocomposite gel matrices improves stability under harsh down-hole conditions. 

This review discusses potential polymeric nanocomposite gels and their successful 

application in conformance control. 

Keywords: shallow penetration conformance sealants; water shutoff; cross-linked 

polymer gels; silica nanoparticles; particle gels; conformance control 

1. Introduction

Hydrocarbon extraction from reservoirs is always accompanied by excessive

water production, which is one of the most severe issues in the industry to date [1–6]. 

Such water production significantly impacts the oil wells’ economic life and causes 

other potential problems of sand production, scaling, and corrosion of the pipelines 

[7,8]. The problems include leaks in the casing, water coning, and direct 

communication from the injector to the producer through fractures [9–15]. Numerous 

techniques have been exploited to address the water production issue successfully, and 

each of the methods has its own merits and drawbacks [16–19]. One such method was 

to squeeze cement into the formation and shut off the water production of the wellbore. 

Squeezing the cement operation was an efficient treatment in many cases, but there 

were significant limitations, too. One such drawback was that it required complete 

drilling out of the cement left in the wellbore, and this process could be time-

consuming and costly [20]. Also, the cement in the formations can be damaged during 

the drilling-out process; hence, the seal over the offending zones is conceded, allowing 

the water to continue flowing into the wellbore [21,22]. 

The other treatment type involves using polymer gel sealants to plug the 

offending zone [23–25]. During the last two decades, polymer gel systems have been 

the most effective tools to control excessive water production. During the last decade, 

organically cross-linked polymer (OCP) gel and their nanocomposite systems were 

among the most successful treatment systems for water shutoff [8,26–29]. These 
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potential sealant systems offer various advantages, including easy pumping into the 

wellbore and the rock matrix. After the squeeze of the formulation into the formation, 

the fluid becomes a 3D gel that plugs the treated zone [30]. More importantly, the 

sealant system can be used effectively for several years, but the only drawback is that 

the treated zone should be isolated from the productive zones [31,32]. Also, if the 

sealants enter the production zone, it could potentially damage either the permeability 

or completely shut off the hydrocarbon zone [33]. Therefore, it is essential to use the 

isolation technique, which sometimes is not feasible because of the configuration of 

the wellbore or can be costly [34]. Nevertheless, it is crucial to control excessive water 

production, and this should be achieved by any means. Polymers and their 

nanocomposites are found to be promising candidates for various industrial 

applications [6,10–12,35–68]. This review paper discusses a method that uses polymer 

gel sealants with fluid-loss control additives and non-cement particulates that can limit 

leakage into the formation [69]. A typical sealant is composed of (1) an organically 

cross-linked polymer, (2) a fluid-loss control polymer, and (3) non-cement inert 

particulates to provide leak-off control. Once the filtrate, the porosity fill-sealant, is 

inside the rock matrix, the system is thermally activated, forming a 3D gel structure 

that efficiently seals the targeted formation [70–72]. After the sealant formulation is 

squeezed, the bore-well conditions activate the polymeric formulations to crosslink. 

Figure 1 shows the cased hole and perforated wellbore producing at high water cut 

from multiple zones [8]. Once the SPCS system arrives at perforations, a squeeze 

pressure is applied so that the sealing polymer filtrate leaks off into the matrix with a 

controlled, shallow penetration. After the system is set up, the excess SPCS system in 

the wellbore is washed/jetted out. 
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Figure 1. A typical sealant system (shallow penetration conformance sealant, SPCS) application. (a) cased hole and 

perforated wellbore producing at high water cut from multiple zones; (b) the SPCS system is bull-headed across all 

perforations; (c) once the SPCS system arrives at perforations, a squeeze pressure is applied so that the sealing 

polymer filtrate leaks off into the matrix with a controlled, shallow penetration; (d) after allowing the system to set up, 

excess SPCS system in the wellbore is washed/jetted out; (e) pay zones with economic hydrocarbon potential are 

identified with additional diagnostic tools (i.e., pulsed neutron logging tool); (f) new perforations are added with 

conventional perforation guns in the identified hydrocarbon-producing zones, bypassing SPCS [8]. 

2. Organically cross-linked porosity fill sealants

The sealant system is conventionally either polyacrylamide (PAM) or a

copolymer of acrylamide (poly(acrylamide-co-t-butyl acrylate, PAtBA)), cross-linked 

with organic cross-linkers such as polyethyleneimine (PEI) [25,70,73–75]. The 

system’s temperature range is from 40 to 400 ℉ (Figures 2–5) [76]. The borewell’s 

temperature initiates the crosslinking process of the sealant formulation [77,78]. The 

cross-linking rate of the polymeric formulations depends on various factors, including 

the well’s temperature, salinity, pH, polymer, cross-linker, and concentrations [79]. 

The significant advantages of the sealant systems are as follows: 

• Due to the low viscosity of the polymeric formulation (20 to 30 cP), the solution

can be easily injected deep into the formation without hydrolysis or precipitation.

However, the chrome-based system tends to hydrolyze and precipitate at higher

pH and elevated temperatures [80].
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• Sufficient pumping times are required to properly place the polymeric

formulations at high-temperature wells before the system forms a 3D-gel

structure.

• Effective water and unwanted gas shutoffs depend on the gel’s strength to resist

drawdown pressure inside the formations to stop water and gas flow. The PAM-

PEI systems provide sufficient strength to withstand differential pressures of at

least 2600 psi.

• The overall thermal stability of the PAM-PEI gels is up to 400 ℉ (204 ℃).

• Moreover, the PAM-PEI sealant systems are not sensitive to formation fluids,

lithology, and heavy metals. This system has been used globally in various

applications, and Vasquez et al. summarized laboratory data and several case

histories for both water and gas shutoffs [81].

Figure 2. (a) Pre-crosslinked polyacrylamide gel; (b) and (c) cross-linked polymer 

gels with PEI at 150 ℃ [82]. 

Figure 3. Gelation time of 5 wt.% of polyacrylamide in 2.0 wt.% of KCl with 

different PEI concentrations [81]. 
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Figure 4. Gelation time of 7.0 wt.% of PAtBA in 2.0 wt.% of KCl with different PEI 

concentrations [81]. 

Figure 5. Gelation time of 7.0 wt.% of PAtBA with 0.66 wt.% of PEI and 2.0 wt.% 

of KCl with varied carbonate retarder concentrations [81]. 

2.1. Fluid loss control polymer 

Polysaccharide-based biopolymers and their cross-linked gels (Figures 6–9) are 

usually added to the system for leak-off control to obtain a controlled, shallow 

penetration into the rock matrix [83–87]. Additionally, this polymer adds suspension 

properties to the inert solids present in the SPCS system formulation [88,89]. 
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Figure 6. Chemical structure of Polysaccharide [84]. 

Figure 7. Chemical structure of Xanthan Gum [90]. 

110



Journal of Polymer Science and Engineering 2024, 7(2), 6671. 

Figure 8. Chemical structures of Guar and Guar derivatives [84]. 
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Figure 9. Chemical structures of Xanthun gum and starch and their respective cross-linking reactions [91]. 

2.2. Inert particulates 

Inert particulates are added to the SPCS system for fluid-loss control [92,93]. 

These particulates synergize with the polysaccharide-based biopolymer to provide 

improved leak-off control. Various inert particulates, such as silica nanoparticles or 

cross-linked polymer gel-modified particulates, have been extensively employed to 

control fluid loss without changing the activation time of the sealant system. For most 

applications, silica flour [94] is used as the inert particulate (Figures 10 and 11); 

however, in some cases, nanosized calcium carbonate particulates [95] have been used 

(Figure 12) [96]. The major design criteria for the potential sealant systems are the 
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gelation kinetics of the polymeric formulation for given down-hole conditions, such 

as temperature, salinity, and the squeezing time of the polymeric formulation before it 

gets completely gelled. 

Figure 10. Schematic illustration of gelation of nano silica system [94]. 

Figure 11. Chemical structures of silica nanoparticles [97]. 

Figure 12. Schematic representation of gelation of calcium carbonate particles [96]. 
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3. Summary and outlook

The general design for successful SPCS treatments is very similar to squeezing

cement into a downhole in many aspects. Sufficient polymeric formulation is poured 

to cover all perforations, and approximately 10%–20% more is needed, considering 

the possible leak-off of the formulations into the perforations. After successfully 

filling all open perforations using the fluid, a squeeze operation is executed so that the 

polymeric formulations penetrate deep into the rock matrix. The squeezing operation 

is performed at a pressure just below the formation-parting pressure. The SPCS system 

provides an alternative to conventional cement squeeze treatments, offering the 

following advantages: 

• There is no need for zonal isolation as with standard polymer gel sealant; the

slurry can be bullheaded into all open perforations.

• Shallow penetration of the SPCS filtrate allows future reperforation of the

hydrocarbon-producing zone(s), if applicable.

• Unlike cement, the SPCS slurry left inside the wellbore does not have to be drilled

or milled out but can be easily jetted out the jointed pipe.

• Moreover, the SPCS formulation can be tailored and optimized for wellbore

completion.

Based on prior experience, it is recommended to employ a sealant formulation

with a cross-linking time similar to or comparable to the time required for the 

squeezing operation. This kind of sealant treatment provides a better and more 

complete sealing option. At the same time, premature gelation is considered a 

significant risk in these sealant formulations. After the SPCS plug is squeezed, the 

well is shut in to allow the base fluid to crosslink. Then, the set SPCS remaining in the 

wellbore is washed or jetted out to reperforate pay intervals. In these cases, preformed 

particle gels can be employed as a potential alternative to achieve a complete sealing 

solution, as shown in Figure 13. 

Figure 13. Preformed particle gel based on chitosan-g-polyacrylamide for conformance control in high-temperature, 

high-salinity (HT-HS) reservoirs [98]. 
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Abstract: Synthetic membranes play a crucial role in a wide range of separation processes, 

including dialysis, electrodialysis, ultrafiltration, and pervaporation, with growing interest in 

synthetic emulsion membranes due to their precision, versatility, and ion exchange capabilities. 

These membranes enable tailored solutions for specific applications, such as water and gas 

separation, wastewater treatment, and chemical purification, by leveraging their multi-layered 

structures and customizable properties. Emulsion membrane technology, particularly in 

pressure-driven methods like reverse osmosis (RO) and nanofiltration (NF), has shown great 

potential in overcoming traditional challenges, such as fouling and energy inefficiency, by 

improving filtration efficiency and selectivity. This review explores the latest advancements in 

emulsion membrane development, their adaptability to various industrial needs, and their 

contribution to addressing long-standing limitations in membrane separation technologies. The 

findings underscore the promise of emulsion membranes in advancing industrial processes and 

highlight their potential for broader applications in water treatment, environmental 

management, and other key sectors. 

Keywords: synthetic composite membranes; membrane stability; emulsion membrane 

manufacturing; water and wastewater treatment; medicinal and medical operations; membrane 

filtering technology 

1. Introduction

Membrane technology is very important to medical operations, especially for

several life-saving treatment modalities. Membranes are employed in bio separations, 

individual bias, tissue regeneration, artificial organs, medicine distribution, and 

coatings for medical bias [1]. The total membrane area generated during medical 

procedures is almost equal to the entire area of all artificial membrane procedures 

combined. Medical membrane products actually have a significantly higher financial 

value than all of the other combined operations [2]. For example, the medical 

membrane request grows rapidly and exceeds 1.5 billion bones per time only in the 

US. The majority of medical requests concern membranes used in tissue engineering, 

hem dialysate, artificial organs (pancreas, oxygenators, etc.), and medicine 

distribution [3,4]. This review will go into great detail on these topics. For the 

production of the membranes, biocompatible and, in certain situations, biodegradable 

accessories are required. Therefore, we compactly bind the biocompatibility and 

biodegradability difficulties prior to the specified operations [5]. 

Medical implants have well-defined and controlled interfaces, as biomedical 

engineers have realised recently. A significant hindrance to the clinical 

implementation of active bias devices carrying out physiologically beneficial tasks has 
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been the decline in function upon implantation as a result of inadequate 

comprehension of the implantation interface [6]. Even in cases where a medical 

implant device exhibits satisfactory in vitro performance for extended periods of time, 

long-term in vivo functionality is still unattainable. Due to its ability to be formed from 

a variety of materials and having multiple layers, composite membranes have garnered 

a lot of attention [7]. This will make it possible for researchers and businesses to create 

customised membranes for certain uses. Because of their synthesis’s flexibility, 

composite membranes can be employed in a variety of advantageous methods for both 

liquid and gaseous applications. Nowadays, most commercial membranes are made of 

thin composite materials, such those used in reverse osmosis and nanofiltration [8,9]. 

Developing energy storage systems that are efficient and reliable is crucial for 

the global effort to transition away from conventional energy sources. In addition to 

bacterial batteries, hybrid batteries, and hybrid redox flow cells, new electrochemical 

energy storage technologies are on the horizon. As an alternative to traditional 

electrochemical cells, these alternative architectures offer a high degree of energy 

conversion efficiency. They are also highly modular in terms of the design of devices 

and flexible in terms of material and operating conditions [10]. These various gadgets 

have power outputs ranging from several megawatts to a few milliwatts. Now that 

solid-state batteries with extended cycling capabilities and high energy density are 

available, sustainable electronic devices and point-of-care equipment can be 

manufactured. In recent years, lithium-ion batteries have approached the capacity of 

new batteries utilizing earth-abundant metal ions [11]. 

2. Major classification of composite membrane

Composite membranes are classified into major categories based on their

composition, structure, and functional design. The following are the major 

classifications of composite membranes: 

2.1. Polymeric composite membranes 

These membranes are composed of two or more polymeric materials that are 

combined to create a membrane with enhanced performance characteristics. By 

blending polymers, the resulting membrane benefits from the desirable properties of 

each polymer, such as flexibility, mechanical strength, and chemical resistance. 

Polymeric composite membranes are typically used in applications like microfiltration 

(MF), ultrafiltration (UF), and nanofiltration (NF). Examples include blending 

materials like polyvinylidene fluoride (PVDF) with other polymers to improve 

hydrophilicity and fouling resistance in water treatment processes [12]. 

2.2. Inorganic composite membranes 

Inorganic composite membranes are made from materials like ceramics, metals, 

or carbon-based materials. These membranes are known for their thermal stability, 

chemical resistance, and mechanical strength, making them suitable for extreme 

conditions such as high temperatures, aggressive chemical environments, and high-

pressure systems [13]. Ceramic composite membranes, for example, are commonly 

used in industrial processes like gas separation, catalytic reactions, and water treatment 
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due to their durability and resistance to fouling. They can also handle harsh solvents, 

making them valuable in chemical and pharmaceutical industries [14]. 

2.3. Polymer-inorganic hybrid membranes 

These membranes combine organic polymers with inorganic materials, such as 

metal oxide nanoparticles (e.g., zinc oxide or titanium dioxide) or carbon nanotubes, 

to create hybrid structures that merge the flexibility and ease of fabrication of polymers 

with the robustness and high separation performance of inorganic materials [15]. 

Polymer-inorganic hybrid membranes are engineered to enhance properties like 

selectivity, mechanical stability, and fouling resistance. These hybrid membranes are 

often used in advanced water treatment processes, gas separation, and membrane 

distillation, where high performance is needed under challenging operating conditions 

[15]. 

2.4. Thin-film composite (TFC) membranes 

Thin-film composite membranes are widely used in pressure-driven membrane 

processes like reverse osmosis (RO), nanofiltration (NF), and forward osmosis (FO). 

TFC membranes consist of a thin selective layer, often made of a polymer such as 

polyamide, that is cast onto a porous support substrate [16]. The thin selective layer 

governs the separation properties, while the porous support provides mechanical 

strength. TFC membranes are prized for their high permeability and selectivity, which 

makes them highly effective in applications like desalination, wastewater treatment, 

and brine concentration. The thin selective layer can be further modified to enhance 

specific separation characteristics, such as salt rejection or pollutant removal [17]. 

2.5. Mixed-matrix membranes (MMMs) 

Mixed-matrix membranes are composite membranes where inorganic fillers, 

such as zeolites, metal-organic frameworks (MOFs), silica, or carbon nanotubes, are 

dispersed within a polymer matrix [18]. The incorporation of these fillers enhances the 

membrane’s separation capabilities by improving selectivity, permeability, and 

resistance to physical degradation. MMMs are designed to combine the advantages of 

both inorganic and organic components, offering higher performance than pure 

polymeric membranes. They are particularly useful in gas separation applications, 

such as carbon dioxide capture, natural gas processing, and the separation of organic 

solvents. By fine-tuning the dispersion and interaction between the fillers and the 

polymer matrix, MMMs can be optimized for specific separations and challenging 

environments [19]. 

3. Characteristics of composite membranes

Composite membranes are characterized by enhanced selectivity and high

permeability, allowing for efficient separation of specific particles or molecules in 

various applications [20]. Their multi-layered structure, typically featuring a thin 

selective layer atop a robust support, provides excellent mechanical strength and 

thermal and chemical stability, making them suitable for high-pressure and harsh 

industrial environments [21]. Many composite membranes exhibit improved fouling 
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resistance through the incorporation of hydrophilic materials or nanoparticles, 

extending their operational lifespan and reducing maintenance needs [22]. 

Customizability is a key feature, enabling tailored properties to meet specific 

application requirements, which, coupled with their scalability, makes them ideal for 

large-scale processes like water treatment and gas separation. Additionally, composite 

membranes contribute to energy efficiency by reducing hydraulic resistance and 

optimizing performance, further enhancing their value across diverse industries such 

as pharmaceuticals, food processing, and environmental management [23]. 

4. Composite membrane and their applications

Generally, synthetic membranes are used in laboratory separations for separation

purposes since they are synthetically created. The use of synthetic membranes in 

artificial processes has been successful for a long time now, on a small and large scale 

[24,25]. Synthetic membranes can be found in a wide variety. Most synthetic 

membranes in the laboratory are composed of polymeric structures, but they can also 

be made from inorganic materials such as liquids or polymers [26]. On the basis of the 

chemistry of the face, the bulk structure, the morphology, and the product system, they 

can be classified. Synthetic membranes and patches are chemically and physically 

characterized by their physical parcels, as well as the driving force that determines 

how they are separated [27]. An in-vitro membrane process is primarily driven by 

pressure and grade of attention. The separate membrane process is thus known as 

filtration. It is possible to utilize synthetic membranes with different figures and inflow 

configurations in a separation process [28]. As well as disseminating and governing 

them, they can also be grouped based on their operations and separations. In addition 

to water sanctification, reverse osmosis, dehydrogenation of natural gas, 

microfiltration and ultrafiltration, and junking of microorganisms from dairy products, 

dialysis also uses synthetic membranes to separate matter [29]. Following is a list of 

some of the most important applications of membrane processes Figure 1. 

Figure 1. Flow chart of various important composite membrane applications. 
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4.1. Composite membrane in water treatment 

Membrane technology has emerged as a crucial solution for addressing the global 

water crisis by purifying seawater and treating wastewater. This technology leverages 

various types of membranes, including reverse osmosis (RO), ultrafiltration (UF), 

nanofiltration (NF), and microfiltration (MF), each tailored for specific applications 

based on their unique properties. RO utilizes a semi-permeable membrane that 

effectively separates dissolved salts and organic molecules, making it widely used in 

desalination and producing high-purity water, despite its challenges of high energy 

consumption and membrane fouling. UF membranes, with larger pore sizes, are 

effective in removing larger particles, colloids, and bacteria, often serving as a pre-

treatment step for RO systems and in wastewater treatment, while also facing issues 

related to organic fouling. NF membranes bridge the gap between UF and RO by 

selectively allowing the passage of divalent ions and organic molecules, making them 

suitable for water softening and polishing processes, though they can also suffer from 

fouling and limitations in monovalent ion rejection. MF membranes, the largest in pore 

size, are effective in removing large particles and microorganisms from water, 

commonly used in water treatment and beverage clarification, but they are limited in 

their ability to remove dissolved substances. A significant drawback of membrane 

technology is membrane fouling, caused by the accumulation of particles, colloids, 

and microorganisms that impede water flow, categorized into organic, inorganic, and 

biofouling. To mitigate fouling, strategies such as pre-treatment, membrane surface 

modification, and regular cleaning are employed. Despite advancements in material 

science and membrane chemistry enhancing performance, ongoing research focuses 

on developing innovative membrane structures and materials, optimizing device 

designs to improve flow dynamics, and reducing costs to make membrane technology 

more accessible. By enhancing the efficiency and performance of composite 

membranes while addressing existing challenges, membrane technology is positioned 

to play a pivotal role in sustainable water management, crucial for meeting the growing 

demand for clean water in a world increasingly facing water scarcity. The treatment 

of water is divided into several subcategories: 

4.1.1. Waste-water treatment 

The treatment of wastewater is one of the most important applications for 

membranes. In the early stages of its manufacture, ultra-modern UF was used to treat 

sewage and wastewater in order to remove particulate matter and macromolecular 

constituents [30]. There have been many applications developed for this technology, 

including water treatment and replicas handling as well as biotechnology and food 

processing. There are many methods for treating conventional wastewater, including 

chemical addition (aluminium sulphate, polymers, and lime), coagulation, and 

flocculation [31]. Sedimentation, filtration, and chlorine- grounded disinfection 

unfortunately; chlorine must be removed if chlorine-sensitive RO or NF is performed 

latterly. Trihalomethane (THM) and synthetic organic chemicals may also need to be 

removed in agreement with fresh regulations. In relevance of micro-organisms that 

could be dangerous to one’s health, MF (Microfiltration) and UP are especially helpful 

[32]. The conformation of microfilms on the membrane’s percolate side is one implicit 

issue. Strong boluses of chlorine, a detergent, can be used to treat this reverse flushable 
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membrane systems (concave filaments) pottery. In the long run, UF membranes may 

be superior to MF membranes because they are more at removing contagious. These 

membranes generally last for about five times. Devilish hardness might bear water 

mellowing, which should likewise be possible by NF. In order to ensure a long reverse 

osmosis membrane life, pre-treatment is required, but it is costly and accounts for one 

third of operating costs [33]. 

In recent decades, environmental concerns about the wide application of 

petroleum-based synthetic polymers have pushed naturally occurring polymers to gain 

prominence [34]. In medicine delivery systems, tissue engineering, membrane 

technology, biosensor bias, etc., bio-based polymers are constantly gaining new 

disciplines of application in biocompatible and environmentally friendly ways. In 

order to fabricate fully or semi-biodegradable wastewater treatment membranes, 

scientists are applying colourful kinds of biopolymers, like cellulose, chitin, bounce, 

and alginate [35]. Biopolymers, in addition to being biocompatible, possess a number 

of desirable characteristics, like hydrophilicity and functionality, that make them ideal 

candidates for improving the effectiveness of compound membranes in purifying 

water. The introduction of organic and inorganic complements is also a key focus in 

elevating the thermo-mechanical and chemical stability of these bio-based 

accoutrements. 

The following issues are addressed in this review: 

1) The potential use of biopolymers as raw materials for the synthesis of water

treatment membranes is explored here.

2) The structural characteristics of these membranes are considered in developing a

comprehensive categorization.

3) Examining the effectiveness of these membranes at barring various types of

pollutants from backwaters, as well as their strengths and weaknesses.

4.1.2. Desalination of seawater or brackish water 

About half of the presently installed reverse osmosis systems desalinate seawater 

or brackish water. The salt content of harsh water is higher than that of new water, but 

lower than that of ocean water [36]. In fact, bitter water contains somewhere in the 

range of 0.5 and 30 grams of salt for every liter or 0.5 to 30 sections for each thousand, 

the near expenses of the significant desalination advances are as an element of salt 

focus. Desalination can also be accomplished using competing techniques like ion 

exchange, electro-dialysis, and multi-effect evaporation. In any case, the utilization of 

these three techniques relies upon the degree of salt fixation. 500 mg/L is the 

concentration that the World Health Organization (WHO) recommends for salt in 

drinking water [37]. Thus frequently 90% of salt in bitter water must be eliminated. 

Reverse osmosis’s first application was a membrane made of cellulose acetate, which 

is easy to make and meets this requirement [38]. Seawater has a salt centralization of 

3.2%–4.0% and membrane with higher salt dismissals is wanted. Cellulose acetic acid 

derivation films accomplish a salt dismissal of 97 close to 100% which was somewhat 

beneath the ideal level. Poly amide empty fine strands and inter facial composites then 

evolved to meet the ideal necessity [39]. 

Technologies of desalination and water exercise have been developed rapidly 

over the past few decades throughout the world to provide safe, clean water to address 
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these grand challenges [40]. Water pollution has become a major concern as we strive 

to supply affordable and safe drinking water. Water treatment has emerged as a 

promising solution to overcome water pollution and to meet the ever-growing demand 

for water. A wide range of membrane and non-membrane approaches to water 

treatment styles have been developed over the past decades as a result of technological 

advances in material engineering. For example, adsorption, multistep coagulation, 

flocculation, ozone treatment, rush, sedimentation, and filtration have been developed. 

The process of desalinating water involves removing salty water and producing fresh 

water by removing swabs of it. There is a wide variation in the description of fresh 

water depending on the country [41]. Two methods of desalination are available: 

thermal (multi-stage flash) and membrane (RO). According to the US Environmental 

Protection Agency, water for fresh purposes should contain no more than 250 

milligrams per liter of chloride and 500 milligrams per liter of total dissolved solids 

(TDS) [42]. 

Thermal (multi-stage flash), this type of technology is used to evaporate water 

and generate steam, which is then used to power turbines to generate electricity. It is 

an efficient and cost-effective method for producing electricity [43]. Reverse osmosis 

(RO) is a process in which water is forced through a membrane under pressure, leaving 

behind impurities. It is an effective method for purifying water and removing 

contaminants. Reverse osmosis is a common method for treating drinking water [44]. 

4.1.3. Reverse osmosis membrane treatment process 

The process of osmosis describes the passing of a detergent (generally water) 

through a semi-permeable hedge from one side with lower solute attention to the other 

side with higher solute attention. Water inflow continues until chemical implicit 

equilibrium of the detergent is achieved. Since RO membranes are able to perform the 

RO processes efficiently, they are of great interest because they consume little energy, 

require a small space, and emit little carbon dioxide when they are used [45]. A further 

benefit of RO membranes is that they are non-porous and, thus, they are capable of 

blocking patches, ions, and organic substances. As with total dissolved solids (TDS), 

RO membranes can reject 90–99 percent of pollutants. Depending on the size and 

charge of the charge, as well as the relationship between solute, detergent, and 

membrane, their rejection performance will vary. It is also important to consider 

operating conditions and membrane parcels as well as the quality of the feed water in 

order to increase the efficiency of this process [46]. 

The bibulous pressure represents the difference in pressure between the two sides 

of a membrane at equilibrium [47]. In the present invention, the goal is to provide a 

rear osmosis compound membrane that is highly swab rejection resistant, highly water 

permeable, and fouling tolerant, which can be used in practical desalination at a low 

pressure, as well as a reverse osmosis treatment system for water provides a reverse 

osmosis compound membrane comprising a spongy sub caste, and a separation sub 

caste (also appertained to as a skin sub caste) formed on a face of the spongy sub caste, 

At least one substance belonging to the group consisting of electrically neutral organic 

substances and electrically neutral polymers is present in the separation sub caste, or 

at least one substance belonging to the group consisting of electrically neutral organic 

substances and electrically neutral polymers is carpeted over one of the faces of the 
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separation sub caste. The subcaste or the separation subcaste before the face coating 

contains a limited range of specific face areas with at least one substance present. 

It was investigated whether HT (high temperature) objectification and the use of 

3-3-(trimethoxy silyl) propyl ammonium chloride (DMOTPAC) called the (VENUS-

5700) graft enhanced membrane selectivity [48]. It was measured how much water 

was flowing through a swab and how much was rejected. It is believed that HT 

objectification improved the water flux of RO membranes, which may have been due 

to the increase of the face roughness, the improvement of hydrophilicity, and the 

construction of water channels [49]. The incorporation of HT led to significant face 

roughness, thus allowing water to flow more freely, since a smaller area was available 

for filtration. As a result of the hydrophilic surface of Dad-HT-0, it had a greater ability 

to relate to water and improved the flow of water. As a result of the pores in the HT 

matrix and the gaps between the nanoparticles and the matrix of PA, water could move 

at a high speed, thereby increasing the flow of water. A gradual decrease in the water 

flux was observed after DMOTPAC grafting after DMOTPAC paid attention to the 

grafting outcome. In the presence of DMOTPAC grafted on the skin membrane, water 

transfer through the membrane is hindered, causing a drop in pressure. It appears that 

many DMOTPAC have been grafted onto the membrane surface, resulting in a further 

decrease in water flux. When the DMOTPAC attention was not more than 0.06 wt, the 

modified membranes showed an advantage in water flux. In Dad-HT-0.06, the water 

flux was 49.8 gonnecm2/h, which represents a forward progress of 16.4 gonnecm2/h 

compared to PA-pristine (42.8 gonnecm2/h). It might be possible to compensate to 

some extent the mass transfer resistance recouped from the grafting subcaste with the 

preface of HT nano particles. It is evident that the modified membranes exhibit 

analogous swab rejection as PA-pristine, which means that HT objectification and 

DMOTPAC grafting have not damaged the PA skin subcaste. In comparison with the 

pristine membrane, Dad-HT-0.06 showed a rejection rate of 99.1 in swabs [50]. Due 

to this, it is possible for nano particle objectification to maintain the relatively high-

water flux while fictionalizing membranes based on grafting. It was physically clicked 

that HT nanoparticles attached to the PA matrix, and then it was covalently clicked 

that DMOTPAC attached to HT nanoparticles [51]. This revision system, which 

incorporates anti-fouling grafting and nanoparticle objectification, proved effective in 

achieving excellent selectivity [52]. 

4.1.4. Ultra-filtration membrane treatment process 

UF (ultrafiltration) is the process of purifying macromolecules, colloids, and 

suspended patches from various results by using pressurized membrane filtration. It is 

also used in a number of artificial processes, such as water treatment, wastewater 

treatment, chemical manufacturing, and food processing, etc. [53,54]. For those who 

would rather have minerals in their water but still wish to remove minute impurities, 

ultrafiltration is the preferred filtration method. Ultrafiltration (UF) is a process that 

employs the same water pressure seen in a home to force water through a 

semipermeable membrane and eliminate impurities. Ultrafiltration, as opposed to 

reverse osmosis, removes bacteria, viruses, and parasites from water while retaining 

minerals in the water. Because a UF system uses less water to drain than a RO system, 

it might be chosen. After filtering, effluent water is occasionally recycled using 
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ultrafiltration so that it can be utilized again for irrigation. In most cases, UF 

membranes are used to eliminate harmful organisms and nearly all colloidal particles. 

It is expected that the majority of the dissolved solids will pass through the membrane 

without causing any problems later or in the final product water. Water turbidity will 

be eliminated by UF for most cases. The contamination of membranes, also known as 

membrane fouling, is a big problem for UF. In addition to morphology, porosity, and 

hydrophilicity, membrane fouling depends on the face parcels of the membrane. It is 

becoming increasingly common to use sweats to enhance the effectiveness of UF 

processes [55]. 

In addition to their outstanding hydrolytic and thermal stability, sulfone-

containing polymers, such as polyether sulfone and polysulfides (PESU), are often 

used in nanofiltration (NF) and UF membranes for water operation, due to their strong 

mechanical parcels and chemical stability [56]. It is still a major concern for real-time 

operations that PESU fouling, as well as the fouling of the general polymer 

membranes, will lead to lower flux, an increase in energy consumption, and a 

reduction in separation efficiency. Researchers have linked fouling to the membrane 

material’s natural hydrophobicity. The organic foulants that are present in artificial 

wastewater have a natural origin. These foulants adhere to the hydrophobic membrane 

shells and holes and are therefore absorbed [57]. 

5. Role of membrane in gas separation process

The process of gas separation via a membrane is propelled by pressure,

specifically the differential in pressure between the raw materials intake and the 

product’s output. Since the membrane employed in the procedure is typically non-

porous, there won’t be a significant gas loss through it. The vapor/air combination can 

be split using selective membranes into two phases: a hydrocarbon-depleted phase 

(retentate) and a hydrocarbon-enriched phase (permeate), which is then condensed. 

Cellulose acetate (CA) compound membranes are acclimatized for implicit gas- 

transportation and antibacterial exertion by incorporating colourful rates (0–8wt.) of 

zeolite-CuO (101, ZC) compound [58]. The end behind this is to develop an anti-

fouling membrane with enhanced CO2 saturation and selection parcels. It is selective 

to separate gases using polymeric membranes since they are not precious and can 

easily be fabricated. Despite this, polymeric membranes still face limitations in terms 

of gas permeability versus selected gas flow [59]. The previous inorganic membranes 

are highly selective, permeabilise, chemically stable, and thermally stable, but have 

high fabrication costs and poor mechanical stability. In mixed matrix membranes 

(MMMs), previous inorganic components are dispersed in a polymeric matrix, 

combining the advantages of padding patches and polymer membranes. As part of the 

United States’ renewable energy program enacted encyclopaedically by the 

Renewable Energy Standard (RES), hydrogen is given further attention as a green 

energy source that can be produced from natural gas, coal, and biomass. As the largest 

on-going bioenergy program, it is enforced encyclopaedically through the Renewable 

Energy Standard. The separation and/or sanctification of hydrogen from carbon 

dioxide can be done with an environmentally friendly membrane module designed for 

an airman membrane-grounded separation [60]. In light of the previous description, it 
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is clear that mixed matrix membranes (MMMs) are utilized largely implicitly when 

separating hydrogen gas from carbon dioxide gas. 

We investigated several inorganic membranes to get MMM with charming gas 

separation performance in relation to inorganic and polymeric membranes, with a few 

of them proving a good fit in membrane operations. A zeolitic pudding, a silica 

nanoparticle pudding, and a CMS pudding are probably the most extensively 

examined inorganic puddings [61]. As far as the shape of fly specks and chemical 

composition are concerned, these puddings are exaggeratedly rigid. Gas separation 

and sanctification are Mixed matrix membranes comprise polymeric accoutrements 

and puddings; they enhance membrane separation performance. By using them, 

sustainable development goals can be achieved, especially those related to essence-

organic fabrics, since they are more environmentally friendly and require less energy 

than other options [62]. 

The membrane technology has recently emerged as an innovative and promising 

approach for distant chemical engineering processes such as the production of H2 

products, the enrichment of oxygen, the production of biogas, the separation of 

hothouse feasts and the treatment of wastewater due to its innovative performance, 

environmental friendliness, and ease of operation. The membrane-ground gas 

separation (MGS) fashion for gassy fusion has been of great interest despite its modest 

maturity in artificial conditioning due to its colourful functional/functional advantages 

including simplicity, cost effectiveness, environmental friendliness, versatility, ease 

of scaling up, inflexibility, and modularity [63]. A considerable amount of research 

has been conducted on how mongrel compound membranes, which have both organic 

and inorganic properties, perform efficiently and cost effectively. 

It is the role of the membrane employed in MGS to function as a passable 

pervious hedge, permitting motes of a given gas to pass through its nano/microspores, 

but prohibiting motes of other specific gases from entering based on their size, 

diffusivity, or solubility [64]. Considering the feasibility of applying these components 

for gas separation (especially CO2) depends primarily on their cost and effectiveness. 

Due to their brilliant advantages, such as negligible costs and ease of processing, 

polymeric membranes have become an irrefutable material for gas separation. In 

general-applied polymeric membranes, the permeability and selectivity of gases must 

be high so that the separation will be effective, and the membrane area will be reduced 

[65]. As a consequence of a trade-off between the two previously mentioned 

parameters (permeability and selectivity), new polymeric membranes are no longer 

developing as fast. In recent years, nanomaterials (particularly nanofibers and carbon 

nano tubes) have been successfully utilized for improving and optimizing the 

performance of various membranes [66]. 

5.1. Membrane in energy storage and conversion 

The implementation of effective, efficient energy storage devices has become 

increasingly important as the world strives to move away from traditional energy 

sources [67]. In order to address this problem, unconventional energy storage devices 

like hybrid batteries, redox flow cells, and bacterial batteries are emerging. 

Electrochemical devices designed using these alternative cell configurations offer high 
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energy conversion efficiency and modularity while providing flexibility in materials 

and operating conditions. There are a wide range of power levels among these diverse 

devices, ranging from a few milliwatts to several megawatts. Developing all-solid-

state batteries that can cycle for long periods of time and have a high energy density 

makes it possible to manufacture durable electronic and point-of-care devices. In the 

future, earth-abundant metal ions could replace lithium-ion batteries in terms of 

capacity [68]. 

5.1.1. Membrane process in fuel cell 

The term “energy cell” refers to an electrochemical device that continuously 

converts the chemical energy of an energy source and an oxidizing agent into electrical 

energy by changing the electrodes within the electrolyte” [69]. Electrochemical 

batteries work on similar principles to energy cells. The only difference is that 

chemical energy is stored outside of the cell of an energy cell, while chemical energy 

is stored inside the cell of an electrochemical battery. It is more efficient to generate 

electrical power from energy cells than through conventional approaches, which 

undergo multitudinous conversions before they produce actual electricity. Through the 

conversion of chemical energy directly into usable power and thermal energy, energy 

cells can achieve up to 60 effective conversions. Types of electrolyte and operating 

temperatures can determine how energy cells are distributed [70]. There are several 

types of low temperature energy cells, including alkaline energy cells (AFCs), 

phosphoric acid energy cells (PAFCs), polymer electrolyte energy cells (PEFCs), and 

direct methanol energy cells (DMFCs). The two most common forms of high 

temperature energy cells are solid oxide fuel cells (SOFCs) and molten carbonate fuel 

cells (MCFCs). In order for fuel cells to perform efficiently, proton conductivity 

becomes one of their backups. Proton conductivity is needed to allow the protons to 

move freely through the fuel cell. It also helps to minimize energy losses due to 

electrochemical processes. Proton conductivity is essential for fuel cell performance. 

Therefore, proton conductivity must be optimized to ensure optimal performance of a 

fuel cell. This can be done through material selection and proper design [71,72]. 

Electrolyte membrane continuation is not yet compatible with target applications 

[73]. Energy cell systems for automotive operations, for instance, require high-

performance membranes that operate under conditions of low relative humidity and 

temperatures beyond the boiling point of water. As a result of these conditions, energy 

cell membrane electrode assemblies (MEA) cannot maintain a significant amount of 

water, limiting conductivity, among other things. In addition to their strength and 

stability, membranes must also be compatible with electrodes and perform well as 

energy cells for automotive operations across the entire temperature range: from 

subzero to full power (up to 120 °C–130 °C); for stationary operations at advanced 

temperatures > 150 °C, over periods of 5000 to 50,000 h (automotive) [74]. 

5.1.2. Membrane process in redox flow batteries 

The redox inflow battery stores energy by oxidizing and reducing two redox 

couples as electroactive components [75]. An electrochemical cell mound is 

comprised of a number of cells connected in series or parallel so that response occurs 

at inert electrodes in a typical redox inflow battery with 2 electrolyte budgets and 

electrolytes circulated by pumps through an electrochemical cell mound. It is usually 
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anode, cathode, and ion exchange membrane that provide prolixity of ions across the 

membrane as well as preventing cross-mixing of electrolyte results between these two 

budgets of electrolytes [76]. In a half cell electrolyte, the discharged state of the redox 

species is converted into the charged state during charging by applying power from an 

external source. The chemical energy is transformed into electricity during discharge 

by electrons flowing between redox species. Accordingly, the number of active redox 

species in the mound and electrolyte volume will determine the energy capacity of the 

system and the power of the system is determined by the number of cells. Therefore, 

a redox inflow battery behaves more like a regenerative energy cell than a 

conventional battery [77]. 

In a redox flux cell, the membrane plays an important role. A suitable membrane 

for redox flux systems generally requires a great deal of effort. It is ideal to have good 

chemical stability under acidic conditions, resistance to the highly oxidizing terrain of 

the positive half-cell electrolyte, low electrical resistance, low permeability to 

vanadium or polyhalide ions, high permeability to hydrogen ions, good mechanical 

parcels, and low cost in vanadium redox systems [78]. By allowing ions to transfer 

from one electrode to the other during current flow, the membrane of redox flux cells 

assists the cross-mixing of the positive and negative electrolytes. In order to 

commercialize multitudinous redox flux cells, the membrane has proven to be a major 

obstacle. A membrane used for ion exchange can be a waste product, a list, or a tube 

that separates two fluids and enables ions to move between them. These membranes 

are made up of a three-dimensional network of cross-linked direct polymer chains 

[79]. Water would dissolve the membrane in the absence of the cross-linking, leaving 

a polyelectrolyte in place. There are fixed ion functional groups on ion exchange 

membranes; these are combined with counterions in sufficient numbers to render the 

exchanger electrically neutral [80]. 

The number of review papers which addressed membranes in the battery system 

is certainly quite large, but many of these focused on the details of membrane 

manufacturing styles, which is not a desirable process in the exploration of 

membranes. Consequently, fabrication of membrane products has received relatively 

little attention. Microstructure and lading additions in membrane products are affected 

not only by the manufacturing styles but also by their cost [81]. The first section of the 

article introduces the bracket of membranes and their operating principles. 

Additionally, these membrane types are studied from a medication standpoint. A 

description of typical membrane medication styles follows. In the end, membrane 

medications are epitomized by their environmental impacts. 

5.1.3. Super capacitor for electrode fabrication 

When compared to other energy storage technologies like fuel cells, capacitors, 

and batteries, supercapacitors have several important advantages. Supercapacitors’ 

efficiency is dependent on a number of factors that are dependent on its constituent 

parts. Electrolyte, separator, current collectors, and electrodes are some of these parts. 

A separator prevents the electrical circuit from shorting out, an electrode stores the 

charge, and an electrolyte supplies the necessary ions, all of which are transmitted 

from the electrode to an external circuit. A supercapacitor’s design is greatly 

influenced by the material selection for the separator. Its primary job in 
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supercapacitors is to keep the anode and cathode electrode materials apart to avoid 

short circuits. It primarily exists as a porous membrane to facilitate simple ion 

transport. Materials such as glass fibre, cellulose, ceramic fibres, or polymeric film 

materials are frequently utilised as separators. 

A major drawback of polyvinylidene difluoride (PVDF) is that it is more prone 

to list action when used to manufacture electrodes for super capacitors. Binders are 

designed to bind active materials in electrodes and improve adhesion between 

electrodes and current collectors [82]. The selection of suitable binders has been 

guided by the quality parameters of adhesion strength, hydrophilicity, thermal and 

electrochemical stability, as well as non-bane properties. In addition to enhancing 

electrical communication between active apparatus, binders could make electrodes 

compact, thus facilitating a more compact arrangement. There is an enormous impact 

on the electrode drug and overall electrochemical performance of a super capacitor 

depending on physical parameters such as the attention of the binder, its cleaner, and 

its drying temperature [83]. 

These physical parameters need to be kept in mind for a nanomaterial to have a 

voguish electrochemical performance or to produce the maximum electrochemical 

parcels possible. In the case of adding a binder, attention must be paid to the rate at 

which the active material is added to the polymer binder, as there is an optimum rate. 

An excess of binder can block the pores of an active material and minimize its compact 

capability if the volume of binder is too low [84]. By reducing electron-transfer 

resistance, enhancing pseudo capacitive charging, allowing electrolyte ions to diffuse 

faster inside nano porous materials and reducing ion diffusion resistance, proper 

attention can be paid to the binding agent and active material [85]. 

5.1.4. Membrane process in nuclear industry 

Membrane processes are thought to be promising techniques for clean 

technologies that minimize raw material use, optimize energy utilization, and lower 

waste generation. They are competent to address a wide range of environmental issues, 

including those pertaining to nuclear technology [86]. Many nuclear facilities around 

the world have used membrane methods to process liquid radioactive waste. High 

levels of chemical, thermal, and radiation resistance are exhibited by ceramic or 

composite membranes. For the concentration of radioactive waste, a thermal method 

known as membrane distillation using resistant porous membranes was proposed and 

tested [87]. Additional techniques, such as electric processes utilizing ion-exchange 

membranes and liquid membranes, are being developed for potential use in the nuclear 

sector [86]. Membrane techniques were taken into consideration as substitute 

approaches for recovering various recyclable and reusable materials. 

5.1.5. Soil science and membrane technology 

Cleaning up soils contaminated with hazardous organic and metals substances is 

necessary to comply with regulations. When pollutants are transferred from the solid 

matrix to the wash liquor during soil washing with aqueous solutions, further treatment 

is required [88]. These wash liquors have not been concentrated substantially using 

membranes. Nonetheless, a number of membrane approaches seem promising. The 

primary goal of these methods is to identify strategies to reduce the volume of the 

pollutants while still concentrating them. Acid leaching was used in conjunction with 
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microfiltration and nanofiltration membrane techniques to improve heavy metal 

removal from polluted soil. Soil particles were separated from the metal-containing 

leachate by microfiltration. Subsequently, the leachate underwent nanofiltration 

processing to extract wasted acid from the slurry and decrease its volume. The bench 

size study’s findings illustrated the benefits of using membrane processes in soil 

treatment procedures, which should remove metals more quickly and completely and 

produce less waste products overall. 

5.1.6. Membrane process in food and beverage industry 

Membrane technology is becoming widely used in the food sector as a processing 

and separation technique. Processing novel components and foods can be done with 

innovative technologies like membrane separations. One green technique that is being 

used is membrane separation [89]. Reverse osmosis and ultrafiltration membranes use 

energy efficiently because there is no phase change, which is one of the technology’s 

main advantages [90]. Furthermore, high pressure can be used to reverse the flow 

direction of the food solution to obtain the desired concentration without 

compromising nutrition quality. Low molecular weight solutes such as salts, 

monosaccharides, and fragrance chemicals are extracted from food products using this 

approach. This membrane technology can be used to concentrate and purify fruit 

juices, enzymes, fermented liquors, and vegetable oils, among others. Membrane 

processes driven by pressure make it easier to separate components with a wide variety 

of particle sizes. This explains why the food processing sector uses them in a variety 

of ways [91].  

6. Role of composite membrane in biomedical applications

In the clinical field, manufactured membranes play a crucial role across various

applications, showcasing their versatility and importance in medical technology [92]. 

Five key applications include haemodialysis, where membranes function as artificial 

kidneys to remove waste products and excess fluid from the blood of patients with 

renal failure [93]. These membranes must possess high permeability to small solutes 

while selectively retaining larger molecules like proteins. Blood oxygenators utilize 

membranes to facilitate the transfer of oxygen into the bloodstream while removing 

carbon dioxide, making them essential in cardiac surgeries and during organ 

transplants [94]. Another significant application is in controlled drug delivery systems, 

where membranes regulate the release of therapeutic agents, ensuring sustained and 

targeted delivery, thereby enhancing the efficacy of treatments and minimizing side 

effects. Artificial organs, such as heart valves and vascular grafts, often rely on 

specialized membranes to mimic the function of natural organs, requiring 

biocompatibility and mechanical strength to withstand physiological conditions [94]. 

Lastly, in tissue engineering, membranes serve as scaffolds for cell growth and tissue 

regeneration, necessitating specific characteristics such as porosity and 

biocompatibility to support cell attachment and proliferation. Each of these 

applications necessitates a thorough understanding of membrane types, their 

performance characteristics, and the challenges they face, such as fouling, 

biocompatibility issues, and long-term stability [95]. Addressing these challenges is 

essential for advancing the field of medical membranes and improving patient 
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outcomes in various therapeutic contexts. Following are some important applications 

in medical fields (Figure 2). 

Figure 2. Applications of polymeric membranes in biomedicine [96]. 

6.1. Haemodialysis through membrane 

Because of the continually evolving criteria for selectivity and the upgrading of 

materials developed to meet these objectives, the field of membrane materials is 

among the most dynamic. Artificial kidneys are made of membrane materials such as 

polyacrylonitrile (PAN), polysulfone derivatives (PSU), and cellulose derivatives. 

Desalination and hemodialysis are the two membrane processes that are currently 

necessary for daily living rather than for development. Tens of millions of people with 

chronic renal disease have benefited from hemodialysis during the past 60–70 years, 

both in terms of life preservation and enhanced longevity. It is fundamental for those 

whose kidney has fizzled and are as of now not ready to control the body’s garbage 

removal [97]. Failure of the kidneys to remove harmful wastes may result in elevated 

blood pressure, excessive fluid retention, and insufficient red blood cells. 

It can provide electrolyte replacement and re-establish pH levels and remove side 

effects associated with kidney disease. Dialysis is an effective way to replace a portion 

of the elements found in the kidneys. A semi-permeable dialysis film is used to collect 

blood from the patient, which is then flooded with saline that has salt, potassium, and 

calcium concentrations comparable to the patient’s blood. A concentration gradient 

across the membrane transports urea and other low-molecular-weight metabolites to 

the dialysate. Proteins and blood cells, which are larger components in the blood, are 

prevented from diffusing. The dialysis membrane underwent various module design 

phases. The empty fiber frameworks are the most ruling on the lookout and the cost 

for these dialyzers are generally low since they are made in mass. The dialyzer can be 

easily refilled with as little as 60to 100 milliliters of blood, which is an appealing 

feature of this design. Significant metabolic products such as urea and creatinine are 

efficiently eliminated by the cellulose layer, while metabolites with sub-atomic loads 

exceeding 1000 are less successfully removed [98]. In the following years, there has 

been a need to view such material as elective. It has become more common to replace 

cellulose with synthetic polymers due to their tendency to stimulate normal kidney 

function more closely. There are a number of substances that can be substituted for 

cellulose, including polyacrylonitrile, polysulfide, polycarbonate, polyamide, and 

polysulfide. Synthetic Fiber membranes are composed of finely micro porous skin 
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layers on their inner surface that contact the blood. Membranes made from these fibres 

have a tenfold increase in hydraulic permeability compared to those made from 

cellulose [99]. 

6.2. Blood oxygenators through membrane 

Blood oxygenators are utilized during a medical procedure when the patient’s 

lungs can’t work regularly. In the 1930s, pioneering work on these devices was done. 

This mechanical device was made to look like the heart and lungs so that it can be 

used for surgery on the heart and its great vessels [99,100]. Artificial lungs, or blood 

oxygenators, have long been recognized as a potential use for membrane contactors. 

In fact, the ability to exchange gases without the production of bubbles is vital to avoid 

surgical complications. The oxygenator’s lung-like function is to remove carbon 

dioxide from the blood and expose it to oxygen. It is disposable and has 2–4 square 

meters of hollow fiber-shaped membrane that is permeable to gas but impenetrable to 

blood. Within the hollow fibers, oxygen travels in the opposite direction from that of 

blood on the outside. Blood oxygenators have a special design, and materials must 

meet strict requirements for their suitability for use in medicine. Dense or porous 

hydrophobic membranes are suggested as alternatives. 

In the human lung, the all-out trade film region between the blood vessels and 

the air attracted and out is around 80 m2. The membrane of the human lung is thought 

to be about 1 mm thick, and the lungs, total exchange capacity is much greater than 

what is typically required. This permits individuals with debilitated lung ability to have 

generally typical existences. Micro porous poly-olefin fibers are now utilized, whereas 

silicone rubber membranes were utilized in the initial membrane oxygenators. Drop 

through the device to maintain good mass transfer with minimal pressure. Most of the 

time, the outside of the fibers is where blood circulates. This method, on the other 

hand, does more harm than good when used for extended periods of time. Generalized 

enema, thrombocytopenia, coagulopathy, hemolysis, and impairment of organ 

function occur [101]. 

6.3. Controlled discharge drugs through membrane 

Every osmotic medication delivery method has an osmotic core and a semi-

permeable membrane that regulates water flow. The medicine is exclusively 

discharged in solution form, and it has a single orifice. Only works with medications 

that dissolve in water. The composite membrane may successfully encourage PC-12 

cells to develop into neurons and has good biocompatibility [102]. Furthermore, there 

would not be any more harm done when the composite membrane is placed directly 

to the damaged areas [102]. A medicine should be delivered to a specified location at 

a given time with a certain release pattern in an ideal medicine delivery system. The 

pharmaceutical supply provided by conventional medical forms (tablets, injection 

outcomes, etc.) often soars over the required cure. The primary hurdles for all delivery 

systems are maintaining medication positions in the bloodstream or releasing 

medication gradually to prevent repeated doses and hepatic “first-pass” processing 

around the medication [103]. 

In control drug delivery systems, a membrane controls the rate at which the drug 
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is delivered to the body. In certain gadgets the film controls penetration of the 

medication from a supply to accomplish the expected medication conveyance rate. 

Different gadgets utilize the osmotic strain created by dispersion of water across a 

layer to control smaller than usual siphons. In other devices, the drug is embedded in 

the material of the membrane, whereupon it slowly dissolves or breaks down in the 

body. After that, a combination of diffusion and biodegradation is used to control drug 

delivery. The target of these gadgets is to convey a medication to the body at a rate 

foreordained by the plan of the gadget and free of the changing climate of the body. 

Only the total amount of medication administered to a patient is controlled in 

conventional medications [104]. 

6.4. Artificial organs through composite membranes 

The amazing advances in artificial organs (AO) technology are becoming more 

and more significant in today’s medical procedures. By keeping physiochemical 

gradients within a safe range, AO technology can now partially enhance the activities 

of human organs. To support the failing organs’ chemical and physical activities, many 

of these artificial organ replacements use synthetic polymeric membranes. Artificial 

kidney, liver, pancreas, and lung are among the specific AOs that use membrane 

technology. While the technology for artificial kidneys is clinically mature, there are 

still numerous unresolved technical issues with other membrane-based AOs such 

pancreas, liver, and lung. Such problems are undoubtedly extremely complicated and 

call for multidisciplinary cooperation within the domains of chemistry, biology, 

materials science, and engineering. Furthermore, even with improvements, the quality 

of life remains low for people with organ failure. To enhance patient well-being and 

quality of life, AO technology needs to be continuously improved from both a 

membrane and a biocompatibility standpoint [105]. 

In the early 1900s, the bubble oxygenator was a popular artificial lung bias. The 

use of membranes prevented unintended haemolysis and air emboli, which were 

induced by bubble oxygenators. In addition to continuously improving permeance 

performance, multilayer flat distance membranes were reduced to about 2 m2 per 

concave fibre membrane as a result of continuous improvement in membrane 

permeance performance. As of now, blood oxygenation effectiveness is limited by 

blood side mass transfer resistance rather than membrane gas transport performance 

[94]. In general, there are two types of artificial lung technology: short-term and long-

term respiratory aids. Approximately 1.5 million open heart bypass surgeries are 

performed every year as short-term support. A cardiopulmonary bypass device, also 

known as a heart-lung machine, circulates venous blood from the case extra-

corporeally, or outside the body [106]. During the oxygenation process, the blood is 

put back into the shell after having been oxygenated inside an oxygenator. It is aimed 

at temporarily integrating the functions of the heart and lungs during the 

approximately six-hour procedure [107]. A long-term respiratory support system 

called extracorporeal membrane oxygenation (ECMO) is used to provide this support. 

This medication is only approved for patients with severe lung failure caused by 

advanced age, long-term lung illnesses, or recent viral infections. As a primary 

objective, ECMO systems are intended to sustain the patient until their own bodies 
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can heal. The fact that it can raise patient survival rates by as much as 75%, when 

compared to traditional treatments, has repeatedly demonstrated its efficacy. 

6.5. Tissue engineering through membrane 

The field of tissue engineering is expanding in order to create novel technologies 

aimed at effectively treating degenerative disorders that impact various kinds of 

connective tissues [108]. In recent years, there has been a tremendous increase in the 

search for materials that are biocompatible, bioactive, biodegradable, and 

multifunctional [109]. Because of their high-water retention capacity, 

biocompatibility, and degradability, natural polymers including hyaluronic acid, 

collagen, and chitosan provide excellent materials for tissue engineering composites. 

The combination of chitosan, collagen, and calcium phosphates as composite materials 

satisfies the necessary requirements and may produce bio stimulation for tissue 

regeneration [109,110]. After 48 hours, the chitosan membranes with the largest 

amounts of collagen and hydroxyapatite showed the highest levels of cell attachment. 

Good cell adhesion and little cytotoxicity were demonstrated by all composite 

membranes, indicating a high degree of potential for these materials as biomaterials 

for tissue engineering [111–113]. 

7. Challenges of composite membranes

Synthetic composite membranes face significant challenges that impede their

performance and widespread adoption across various applications, including water 

treatment and pharmaceuticals [114]. One of the primary issues is membrane fouling, 

which occurs when particles, organic matter, or microorganisms accumulate on the 

membrane surface, leading to reduced permeability, increased energy consumption, 

and the need for frequent cleaning. Fouling can be categorized into organic, inorganic, 

and biofouling, each requiring specific mitigation strategies such as pre-treatment, 

surface modification, and advanced cleaning protocols [115]. Stability is another 

critical challenge, with membranes needing to maintain chemical, thermal, and 

mechanical integrity under operational conditions. Degradation from aggressive 

chemicals or varying temperatures can compromise membrane performance, while 

long-term use may lead to changes in permeability and selectivity [116]. Additionally, 

scalability presents hurdles in transitioning from laboratory-scale to industrial 

applications, as achieving consistent manufacturing quality, controlling production 

costs, integrating new technologies into existing systems, and complying with 

regulatory standards are all vital considerations [116]. Addressing these challenges 

through ongoing research and innovation in membrane materials, designs, and 

production methods is essential to unlocking the full potential of synthetic composite 

membranes in various industries [117]. So, the composite membranes should focus on 

developing novel polymers, nanocomposites, and hybrid structures to enhance 

permeability, selectivity, and fouling resistance. Advanced surface modification 

techniques and innovative coatings can improve hydrophilicity and anti-fouling 

properties, while 3D-structured and layered designs may facilitate better mass transfer. 

Exploring scalable manufacturing methods and efficient fouling mitigation strategies, 

such as intelligent membranes with real-time detection, will be crucial for extending 
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membrane lifetimes [23]. Integrating membranes with renewable energy and 

biological processes can enhance sustainability. Additionally, conducting life cycle 

assessments and tailoring membranes for specific applications will optimize 

performance and meet the growing demands in water treatment and healthcare. 

8. Future perspectives

Water treatment applications have proven to be successful with membranes, and

membrane technology continues to advance. Fouling and chemical stability of 

membranes are two major problems that still need to be addressed [118]. As 

membranes’ operational lifetimes are extended and their energy requirements are 

reduced, they will become even more cost-effective. This area of research has focused 

on the modification of membrane surfaces and improving pretreatment of the feed 

water before it reaches the membranes. Additionally, membranes are being studied for 

chemical stability. Through improved tolerance to chlorine, the poly amide TFC 

membrane could be operated at lower costs by eliminating pretreatment dichlorination. 

There are new applications of membranes for water purification in addition to 

wastewater treatment and desalination. In the oil and gas industry, produced water is 

purified, which is water that is generated during production. Many of these waters are 

contaminated with oils and salts, so they cannot be used for beneficial purposes [119]. 

Water produced from oil and gas production often occurs in arid regions, making 

membranes capable of removing hydrocarbons and salt an excellent source of water. 

There has been an enormous advance in the membrane field as a whole. The 

advantages of membranes for water purification applications include being 

economical, environmentally friendly, versatile, and easy to use [57]. 

In terms of desalination, nano-based composite membranes can be a promising 

option; however, there are still many research requirements to be addressed. 

Toxicology of nanoparticles and health risks associated with adding nanoparticles 

during manufacturing must be fully understood [39]. It is a demanding concern to 

address the durability of fillers inside membranes, despite various nanoparticles being 

incorporated as fillers inside the polymer matrix. In the future, nanomaterial-based 

composite membranes may be a promising option for seawater pre-treatment, but 

mechanisms and technologies need to be developed so that nanomaterial toxicity can 

be estimated cost-effectively on living and non-living organisms. 

Due to the very thin graphene-based composite membranes, separating the 

membrane from the substrate is challenging. In order to improve the permeation of 

graphene-based membranes, a lot of research is required [120]. The best material for 

making composite membranes is polymeric-based membranes for desalination. It is 

essential to continuously research and develop polymeric membranes to address bio 

fouling and chlorine resistance. The resistance to chlorides of TFC membranes needs 

to be improved through research and development [121]. In order to improve chlorine 

resistance, the di-chlorination step can be eliminated to decrease overall costs. The 

mass production of graphene oxides and the ease of functionalizing graphene oxides 

make graphene-based composite membranes inexpensive [122]. Although the use of 

composite membranes has been widespread, still the issues stated in the manuscript 

need attention for these to serve as perfect alternatives for seawater pre-treatment [39]. 
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9. Conclusions

Finally, it has been determined that composite membranes have a wide range of

contemporary uses that are amazing and still expanding. Utilising membranes to create 

process water from surface water, groundwater, or wastewater is becoming more and 

more common. Nowadays, membranes are competitive with traditional methods. 

Membranes can be employed as catalysts in syntheses or for gas storage in biogas 

plants in addition to being utilised for filtering, extraction, and distillation. Among the 

industries that heavily rely on membrane filtering technology are the ones treating 

water and wastewater, processing food and beverages, pharmaceuticals, and medical 

applications. This review article has covered a wide range of membrane application 

processes, with a classification of these applications based on the characteristics of the 

membrane. 

Pharmaceuticals, chemicals, medicines, and industrial processes need clean 

water, which can be achieved with water filtration. There are a few most popular and 

simple techniques for purifying water. These include solar purification, UV radiation, 

iodine addition, gradual sand filtration, water purification, water chlorination, boiling 

water, and more. There have been many different techniques used to purify water 

throughout history. There are many techniques used in wastewater treatment, 

including physical processes like filtration, sedimentation, and distillation, biological 

processes like biologically active carbon and slow sand filters, chemical processes 

including flocculation and chlorination, and the use of electromagnetic radiation, 

including ultraviolet light. It is possible to lower dissolved and particulate matter, as 

well as parasites, bacteria, algae, viruses, and fungus concentrations by purifying 

water. 
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