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Abstract Weak interfaces in composites result in unsatisfactory stiffness and 
strength of the composites due to poor stress transfer from the matrix to the fibre. 
Better interfaces can be achieved by physical and chemical modification techniques. 
Recent studies show a high interest in incorporation of natural fibres in PVC compos-
ites as eco-friendly reinforcing component. Common fillers in PVC composites are 
calcium carbonate and wood flour. Carbon black, copper and nickel metal powders 
can be added for conductive applications, and ferrite powder for magnetic applica-
tions. Plasma treatment has been applied to wood flour and natural fibres to enhance 
the interface with PVC matrix. Besides this physical modification method, there 
are many chemical modification techniques, such as treatment of natural fibres 
with stearic acid or with sodium hydroxide. The use of coupling agents, such as 
maleic anhydride, silane, titanate, is also a common treatment method to enhance 
interfaces in composites. The interface can be characterized by several methods, 
including Fourier Transform Infrared spectrometry, scanning electron microscopy, 
X-ray computed tomography, pull-out micromechanical tests, dynamic mechanical 
analyses and rheological tests. 

1 Introduction 

Incorporation of a dispersed component into a polyvinyl chloride (PVC) matrix or 
continuous component can be associated with poor dispersion and poor interfacial 
adhesion, which results in inadequate properties of the final composites or nanocom-
posites [1]. For example, in composites with weak interfaces, efficient stress transfer 
from the matrix to the fibre is compromised, and stress becomes concentrated at 
the gap between the components which will eventually initiate failure. Moreover, a 
weak interface or poor dispersion of wood flour in PVC composites have shown to 
trigger creep behaviour of the composite [2]. Hence, if the bonding between the filler 
(fibres or particulates) and the polymer matrix is poor, then the intended enhanced
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stiffness and strength or other properties of the composite may not be reached satis-
factorily. Therefore, some physical and chemical strategies can be adopted to modify 
the interface to optimize interfacial adhesion. 

PVC is a common thermoplastic material used as matrix in composites with 
applications in the automotive, housing and construction fields based on the advan-
tageous properties of high mechanical strength and corrosion resistance. A variety 
of fillers including calcium carbonate, silica, montmorillonite, carbon nanotubes, 
graphene have been incorporated in PVC composite to improve mechanical and 
thermal properties, such as elastic modulus, toughness, and heat resistance. Recent 
review works on PVC composites have focused on: the use of PVC composites as 
membranes in wastewater treatment, gas separation, pervaporation and electromem-
brane extraction applications [3]; incorporation of layered double hydroxides as 
thermal stabilizers in PVC composites [4]; sugarcane bagasse-filled PVC compos-
ites [5]; PVC composites with carbon nanofillers [6]; natural fibre reinforced PVC 
composites [7]; and compressive properties of closed-cell PVC foams [8]. Based on 
PVC composites studies of the last five years, the recent main interest is on PVC 
composite membranes for water treatment and electrochemical applications, PVC 
composites with photocatalytic, radiation shielding or better flame retardancy prop-
erties, or PVC composites with wood flour or natural fibres for more eco-friendly 
and better mechanical properties. 

The global attention for natural fibre-based composites is because of the 
biodegradability, availability, low cost, low density, ease of implementation and good 
specific properties of natural fibres [9]. The incorporation of natural fibres in ther-
moplastic composites can increase the elastic modulus of the composite. However, it 
can decrease the impact strength of the composite [7]; and moisture absorption poses 
an additional challenge. The incompatibility between the hydrophilic natural fibres 
(with hydroxyl and other polar groups) and the hydrophobic thermoplastic matrix is 
the main factor leading to weak interfacial bonding between the fibre and the matrix 
[10]. Therefore, it is crucial to improve interfacial adhesion between the fillers and 
the PVC matrix. 

The interface between the fillers and the polymer matrix is complex, and it is 
formed in two stages, first by the contact and wetting process, and second by the 
formation of the interface during polymer curing, physical and chemical changes. 
The compatibility between the matrix and fillers can be enhanced by physical and 
chemical modification, or addition of any compatibilizer or coupling agent [11], 
and graft polymerization of the polymer [1]. The most common physical treatments 
make use of plasma or irradiation. Chemical treatments of fillers involves acetylation 
[12, 13], alkali [14] and benzoylation treatments, and use of coupling agents such 
as silane [15], aminosilane and titanate. The different interface modification and 
characterization methods of PVC based composites and nanocomposites will be 
discussed in this chapter.
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2 Fillers Used in PVC Composites 

Calcium carbonate and wood flour are commonly used fillers in PVC composites. 
For conductive applications, carbon black and copper and nickel metal powders may 
be used, and for magnetic applications, ferrite powder is used. Other fillers involve 
dolomite, limestone, cellulose, silica, kaolin or montmorillonite clay, talc or calcium 
sulfate. Papers on PVC composites published in the last five years have a strong focus 
on the incorporation of natural fibres as eco-friendly reinforcing additives for PVC 
composites. These studies are on PVC composites with sorghum straw fibres [16– 
18], rice husk fibres [19, 20], cotton stalk fibres [21–23], palm fibres [24], Eucalyptus 
fibres [25–29], Citrus Maxima fibres [30], date palm fibres [31], areca sheath fibres 
[32], bamboo, rice straw, wheat straw and reed straw [33], bamboo fibres and coconut 
shell particles [34], bagasse fibres [35], corn stalk [36, 37] and coconut fibres [38]. 

Wood flour or other plant-derived fillers are also common in PVC composites, such 
as kenaf core powder [39], waste rice husk ash [40], corncob flour [41], wheat husk 
filler [42], bamboo particles [43], wood flour [44–47], wood flour and amorphous 
calcium carbonate [48], wood flour and precipitated calcium carbonate [49], olive 
pit flour and precipitated bio-calcium carbonate for wooden PVC composites [50], 
raspberry pomace filler [51], and flour of decayed wood [52]. A study on PVC 
composites with organically modified montmorillonite and pine wood flour suggested 
the latter can be considered a cheap, eco-friendly and renewable substitute for chalk 
as filler for PVC based cable insulators with improved mechanical and physical 
properties [53]. Modified eggshell biofiller has also been suggested as an alternative 
to conventional CaCO3 from limestone or chalk [54]. Moreover, fly ash can also be 
used as reinforcement filler [55–59]. Calcium sulphate fibres [60], CaSO4 whiskers 
[61, 62] and glass fibres [63] are also used in PVC composites for better mechanical 
properties. 

Several fillers are added to improve the thermal stability of PVC composites such 
as organotin, calcium-zinc and titanium nanoparticles [64], talc, calcined kaolin [65], 
ground basalt rock microparticles [66], and basalt fibres [67]. Thermal stability and 
flame retardancy in PVC composites are enhanced by magnesium hydroxide parti-
cles, magnesium hydroxide whiskers[68], anhydrous MgCO3 particles [69–72], and 
magnesium borate hydrate-mechanically activated lignin complexes [73]. Chitosan-
modified zinc hydroxystannate and reduced graphene oxide can be used as hybrid 
flame retardant in flexible PVC composites [74], and chitosan-modified inorganic 
oxyacid as flame retardant in PVC composites [75]. 

Radiation protection of PVC composites or shielding against gamma and X-
ray radiation is achieved by incorporation of micro-nano-structured PbO and CuO 
particles [76, 77], Bi2O3 particles [78, 79], tungsten microparticles [80], or Pb(NO3)2 
particles [81]. Carbon nanotubes and carbonyl iron has been used for improved 
microwave absorbing properties of PVC composites [82, 83]. Hexagonal cesium 
tungsten bronze (CsxWO3) nanoparticles are added in PVC composite films for near-
infrared light shielding and high visible light transmission [84]. Solar reflectance and 
cooling performance of PVC composites is improved with TiO2 particles [85, 86].
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Thermal conductivity is improved in plasticized PVC composites by incorporation 
of fly ash and carbon black [87, 88], graphite and MgO [89], carbon microspheres 
[90], graphene [91, 92], multi-walled carbon nanotubes [93] and nanographite [94], 
reduced graphene oxide [95, 96], graphite and mica [97]. 

Electrical or electrochemical application studies involve the incorporation of 
multi-walled carbon nanotubes in PVC composite films with polyaniline for 
flexible and robust electrodes for high performance supercapacitors [98, 99], 
carbon nanotubes [100, 101], graphene [102], palladium nanoparticles in blended 
poly(vinylidene fluoride) and PVC composites [103], graphite with PVC composite 
as anode for electrochemical degradation of metoprolol [104], multi-walled carbon 
nanotubes for high water flux PVC composite membranes with effective electrically 
enhanced antifouling properties [105], functionalized reduced graphene oxide for 
highly electro-responsive PVC composite gel for advanced artificial muscles and 
tuneable soft actuator applications [106], carbon black for temperature sensor appli-
cations [107], salt-loaded PVC membranes for 3D printed electrodes [108], MoS2 
particles in composite PVC membranes for triboelectric nanogenerators [109], and 
graphite and chitosan for electrodes [110]. Thermal solar conversion is enhanced 
with multi-walled carbon nanotubes in PVC composites [111, 112]. 

Enhanced dielectric properties in PVC composites are obtained with BaTiO3 

fillers [113, 114]. Antistatic properties are achieved with multilayer graphene in 
PVC composite [115]. Nickel-zinc ferrite fillers are used for PVC composites 
with magnetic properties [116]. PVC composite membranes with magnetic Fe3O4/ 
oxidized multiwalled carbon nanotubes composite nanoparticles have also been 
reported [117]. SiC aggregates are incorporated in PVC composites to increase the 
surface roughness of the composite and increase the coefficient of friction [118]. 

PVC composite materials are also used in water treatment applications with Al2O3, 
TiO2, ZnO and SiO2 nanoparticles in PVC ultrafiltration membranes [119], diatoma-
ceous earth particles in composites for formaldehyde removal applications [120], 
Methylene Blue and TiO2 particles in PVC composite film for photocatalytic tech-
nology [121], MnO2 nanosheets in PVC composites for efficient removal of dye 
from water [122], and graphene oxide and p-phenylenediamine in PVC composites 
for heavy metal removal applications [123]. Zinc oxide nanoparticles are used for 
their antibacterial and antifungal properties [124, 125]. Cu nanoparticles contribute 
antimicrobial activity and better thermal stability of the PVC composites [126]. 

3 Interface Modification: Physical Modification Methods 

The main types of physical modification methods involve electrical discharge 
methods such as corona treatment and plasma treatment. Also, ultrasonic irradiation 
is commonly employed to improve dispersion of fillers, in particular of nanoparticles 
which tend to otherwise agglomerate. Particles and fibres need to be well dispersed 
in the polymer matrix to achieve good material properties.
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3.1 Plasma Treatment 

Plasma treatment is a low cost technology and has a low environmental impact in 
comparison to the use of chemicals such as coupling agents [127]. Plasma treatment is 
employed to increase the surface energy through modifying the surface by activation, 
grafting and etching, which can result in better tensile strength and interfacial shear 
strength of polymer composites with plasma treated fibres [128–130]. For example, 
it can increase the surface energy of wood particles by oxidative activation, resulting 
in the formation of polar functional groups, such as hydroxyl, carboxyl and alde-
hyde groups [131, 132]. This can then also improve the bonding of these particles 
with silane coupling agents. The plasma method was used to treat wood particles 
before chemical modification with tetraethyl orthosilicate (TEOS) to improve the 
mechanical properties of wood flour PVC composites [46]. 

3.2 Ultrasonic Irradiation 

Ultrasound is an efficient method in polymer chemistry, whereby polymerization 
reactions can be accelerated, or where higher yields can be obtained under milder 
conditions [133]. This is due to a unique interaction between matter and energy 
provided by cavitation-induced sonochemistry [134]. Moreover, ultrasound helps 
with nanoparticle dispersion and deagglomeration [135]. Mechanical properties of 
composites are generally improved by using fibres as reinforcement, but small parti-
cles can also provide more rigidity of the composite and other properties due to 
increased contact (surface area) between the filler and the matrix. In the fabrica-
tion process of PVC composite films, ultrasonic irradiation was used for dispersion 
of TiO2 nanoparticles that were surface treated with vitamin B-1 to help prevent 
aggregation [136]. Similarly, TiO2 nanoparticles were treated with bovine serum 
albumin protein and then incorporated in PVC nanocomposite using ultrasound 
in both processes [137]. Ultrasonic irradiation was also used in several steps of 
the preparation of PVC composites with ZnO nanoparticles modified with diacid 
containing alanine amino acid coupling agent, which led to uniform dispersion of 
the particles and improvement of the mechanical properties of the nanocomposites 
[138]. Similarly, ZnO nanoparticles modified with polyvinyl alcohol were dispersed 
using ultrasonication in the fabrication of PVC nanocomposite films with enhanced 
mechanical properties [139]. Ultrasonication was also employed in the preparation of 
melamine terephtaldehyde modified graphene oxide as anticorrosion additive in PVC 
nanocomposite, which showed a lower change loss percentage of tensile strength in 
acetone and sodium hypochlorite media [140]. Furthermore, fabrication of PVC 
nanocomposite with mixed graphene and carbon nanotubes was conducted with 
ultrasonic irradiation [141].
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3.3 Surfactant Modification 

A surfactant is a surface active agent, which means that it can reduce the free 
energy of surfaces and interfaces. Moreover, it self-assembles at interfaces, and forms 
monolayers at liquid-liquid interfaces and monolayers and aggregates at solid-liquid 
interfaces. Surfactants are amphiphilic molecules; they have at least one polar head 
group (hydrophilic) and one nonpolar tail group generally made up of a carbon 
chain (hydrophobic). In a study on PVC composites with rice straw fibres, graphene 
oxide nanosheets were modified with surfactant sodium dodecylbenzenesulfonate by 
adding 0.5 wt% to a solution followed by sonication, and added in the PVC composite 
to improve the mechanical properties [142]. 

4 Interface Modification: Chemical Modification Methods 

Several types of chemical modification techniques have been applied on a variety of 
fillers in PVC composites. The focus here is on the main chemical treatment methods 
that have been applied in PVC composite studies published in the last five years. 

4.1 Acid and Acetylation Treatment 

Stearic acid is one of the most widely used materials for coating fillers, for example 
calcium carbonate, to enhance their properties and incorporation in polymer compos-
ites. Sorghum straw fibre was pretreated with a mixture of stearic and palmitic acids, 
which improved the water resistance of the fibre PVC composites [143]. Stearic 
acid was also used to modify fly ash, using 3 wt% stearic acid in comparison to the 
fly ash weight [88]. Titanium nanoparticles were modified with folic acid at 5 wt% 
during ultrasonic radiation at 25 °C (Fig. 1) for incorporation in PVC composites 
[144]. Acetylation involves the use of a catalyst, generally acetic acid, to remove 
hydrogen atoms from the hydrophilic hydroxyl groups of cellulose molecules by 
grafting acetyl groups on those sites [145]. Acetylation improves fibre hydropho-
bicity. Acetylated fibres have a better resistance against moisture absorption [146] 
and form strong covalent bonds leading to composites with higher tensile strength 
and Young’s modulus [145]. Palm fibres were treated in an acetic acid solution at 
25 °C for 45 min, and then put in an acetic anhydride solution with some drops of 
sulphuric acid at 50 °C for 2 h [24]. These acetylated fibres resulted in improved 
mechanical properties of the PVC composites due to a better bonding between the 
fibre surface and the PVC matrix, and the acetylated fibre PVC composites show the 
lowest rate of water absorption [24].
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Fig. 1 Mechanism of the modification of TiO2 nanoparticles with folic acid to incorporate in PVC 
composites 

4.2 Alkaline Treatment or Mercerization 

Natural fibres are generally treated with alkaline solutions (often NaOH) to improve 
the interfacial bonding between the fibre and the polymer matrix, as it can remove 
amorphous materials such as lignin, pectin and hemicellulose from the surface of 
cellulose fibre bundles [147]. Moreover, alkaline treatment aids in breaking down 
the fibres to smaller fibres, a process known as fibre fibrillation, which leads to a 
higher surface area [148], also favourable for the interfacial adhesion mechanism of 
mechanical interlocking. Cotton stalk fibres were soaked in a 4 wt% NaOH solution 
at 90 °C for 2 h under stirring [22]. Palm fibres were treated in a 5 wt% NaOH 
aqueous solution by immersion at 50 °C for 2 h, and this led to the partial removal of 
hemicellulose and lignin [24]. Pinewood flour was immersed in 2 wt% NaOH solution 
for 45 min as alkaline treatment to improve the particle-matrix interactions in PVC 
composites [53]. Similarly, rice husk filler was put in a 2% NaOH solution at room 
temperature for 24 h, to remove lignin and pectin and to enhance the compatibility 
between cellulose of the rice husk filler and the PVC matrix [149]. In another study, 
rice husk was treated with 5% (w/v) NaOH solution for 30 min at 30 °C, and then kept 
immersed in distilled water overnight and washed repeatedly before drying in an oven 
at 70 °C for 12 h [150]. A solution of 10% NaOH was used to treat bagasse fibres for 
4 h at 60–70 °C, followed by rinsing with distilled water and drying in oven at 105 °C,
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and subsequent bagasse fibre surface functionalization through 2,2,6,6-tetramethyl 
piperidinyl-1-oxyl (TEMPO)-assisted oxidation of the lignocellulose fibres to form 
carboxylate groups on the fibre surface [35]. Corn stalk was stirred in an 8 wt% 
NaOH solution of 80% ethanol and with 1 wt% anthraquinone at 130 °C for 60 min 
to remove lignin [36]. In addition, in the latter work, a solution of pH 5.5 (by adding 
sulphuric acid) was used for immersing the corn stalk at 150 °C for 60 min, after the 
alkaline treatment to remove the hemicellulose component [36]. 

An alkaline solution can also be used as a pretreatment of inorganic fillers before 
grafting a coupling agent to improve the effects of grafting. Specifically, ground 
calcium carbonate powder was mixed with 1.0 mol L−1 and 0.1 mol L−1 Na2CO3 

aqueous solution (with 10 wt% solids in the solution) at room temperature and 
stirred for 2 h to achieve more hydroxyl groups on the filler surface, which leads to 
more active sites for subsequent reaction with aminopropyltrimethoxysilane (APS) 
coupling agent [151] (Fig. 2). Similarly, calcium sulfate whiskers were stirred in 
a 0.03 mol  L−1 Na2CO3 solution at 80 °C for 2 h, washed and dried at 105 °C 
for 12 h, before modification with silane coupling agent for incorporation in PVC 
composite [60]. Modification of silver nanoparticles was conducted by dispersion 
in an ethanol solution with ammonium hydroxide for alkaline treatment, and subse-
quently tetraethoxysilane was added for silane treatment of the nanoparticles [152]. 
Fly ash was treated with 6 mol L−1 NaOH solution to increase the hydroxyl groups 
on the surface of the fly ash particles, and subsequently a polyether titanate coupling 
agent was used for further modification of those particles to improve interfacial 
adhesion between particles and matrix in PVC composites [59].

4.3 Maleated Coupling Agent 

Coupling agents have amphoteric structures, meaning one side of the substance 
has polar groups with can form strong chemical bonds with for example inorganic 
fillers, whereas the other side of the coupling agent has nonpolar groups which can 
form strong interactions with organic polymers. There are many types of coupling 
agents, and their impact on improved interaction between the polymer matrix and 
the fillers depends on the composition of those. Moreover, the effect of modification 
is dominated by the grafting ratio on the surface of fillers. Maleated propylene was 
employed in several studies on PP composites with wood flour or natural fibres 
[153–155]. In polylactic acid composites with natural fibre or wood flour, maleic 
anhydride served as coupling agent for functionalization of polylactic acid to improve 
compatibility with cellulose fibres [156]. Maleic anhydride was used as coupling 
agent in wood PVC composites [157], and maleic anhydride grafted on PVC (Fig. 3) 
was also used as compatilizing agent in olive husk flour PVC composites [42].
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Fig. 2 Procedure of surface modification of ground calcium carbonate (GCC) particles for 
incorporation in PVC composite

Fig. 3 Grafting of maleic anhydride on PVC to use as coupling agent in PVC composites with 
natural fibres
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4.4 Silane Coupling Agent 

The first discovered coupling agent is the silane coupling agent, and it is the most 
commonly used coupling agent. Silanes consist of a silicon atom which can have up to 
three reactive groups and one rest group that is generally attached via an alkyl chain. 
The reactive groups are generally hydroxyl, methoxy, ethoxy or chloride groups. 
Silane coupling agents can be diluted in either 0.1 wt% acetic acid aqueous solution 
or a solvent such as methanol, ethanol, propanol or benzene, or a mixture of water 
and ethanol. The generally recommended dosage of silane coupling agent is 0.8 to 
1.5% of the material being processed. Silane is used as a coupling agent because 
it can interact both with organic polymer matrix and with, for example, inorganic 
oxide filler, and it aims to reduce stress at the matrix-filler interface and prevents the 
filler from being affected by moisture. 

Zinc oxide nanoparticles were functionalized with polydimethylsiloxane by ultra-
sonic and constant temperature method for incorporation in plasticised [125] and rigid 
PVC composites [124]. Gamma-aminopropyltrimethyoxysilane (also called KH-550 
or 3-aminopropyltriethoxysilane) was used as a compatibilizer for waste rice husk 
ash PVC composites [40]. Similarly, this coupling agent was used to chemically 
treat rice husk fibres (at 2 wt% of rice husk, and diluted with an 80/20 methanol/ 
distilled water mixture with pH adjusted to 4 by using acetic acid) by soaking for 
2 h and then drying, to achieve better mechanical properties of PVC composites 
[158]. The 3-aminopropyltriethoxysilane coupling agent (KH-550) was also used 
to treat sorghum straw fibre (at 3 wt% compared to fibre, dissolved in ethanol at a 
volume ratio of 1–5) by spraying and subsequent drying for incorporation in PVC 
composite [18]. Moreover, fly ash was chemically treated with this coupling agent 
in recycled PVC composite [56]. Ground calcium carbonate particles were modified 
with this coupling agent (at 1.5 wt% compared to ground calcium carbonate) in an 
aqueous solution at 60 °C and stirred for 2 h, to enhance the interfacial bonding with 
the PVC matrix [151]. Silane coupling agent KH-550 was used in PVC composites 
with chitosan-modified zinc hydroxystannate flame retardants whereby zinc ions 
are replaced by chitosan cations [74]. The interaction of this coupling agent with 
inorganic filler is depicted in Fig. 4.

The effect of KH-550 and methylene diphenyl diisocyanate (MDI) coupling agents 
were compared in wood veneer PVC (and other thermoplastic) composites and 
showed that the interfacial bonding was higher using these coupling agents in PVC 
composites compared to LDPE, HDPE or PP composites [159]. Moreover, the MDI 
coupling agent improved the interfacial bond strength between wood and thermo-
plastic and the mechanical properties more than the KH-550 silane coupling agent 
[159]. Calcium sulfate whiskers were modified with silane coupling agent by stirring 
in a solution with 90 wt% alcohol and 1 wt% 3-aminopropylsilane at 60 °C for 4 h 
[60, 61]. Diatomite was modified with gamma-methacryloxypropyltrimethoxysilane 
coupling agent to introduce hydrophobic chains and improve compatibility of this 
modified diatomite and PVC matrix [160]. Bismuth oxychloride (BiOCl) nanosheets 
were modified with methacryl-functional silane coupling agent (KH-570) at 2 wt%
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Fig. 4 Surface modification of inorganic filler with KH-550 coupling agent

compared to BiOCl in 95% ethanol solution by stirring and then drying under 
vacuum, and they were then used a green inorganic flame retardant in flexible 
PVC [161]. Hydrous manganese dioxide nanoparticles were functionalized with 
3-mercaptopropyl trimethoxysilane coupling agent [162]. Furthermore, tetraethy-
lorthosilicate (TEOS) is mainly used as crosslinking agent in silicone polymers, and 
it is also employed for surface modification, for example, to modify the surface of 
halloysite nanotubes in reed flour PVC composites [163]. 

4.5 Titanate Coupling Agent 

Besides silane coupling agents, also aluminate, borate, rare earth and titanate coupling 
agents are used to improve bonding at the interface. There are more than 70 titanate 
coupling agents, and they are generally divided into four types, namely chelating, 
coordination, pyrophosphate and single alkoxy types. The choice of titanate coupling 
agent is related to the type of filler; they are suitable for calcium carbonate, titanium 
dioxide, barium sulfate, kaolin, talc, mica, but not really suitable for aluminium oxide 
and glass fibre. The general dosage of titanate coupling agent used is 0.1–2.0% of the 
material being processed. Using titanate coupling agent to modify inorganic fillers 
(Fig. 5) can help improve impact strength, mechanical properties of the composite, 
dispersion of the fillers and reduce the viscosity of the system. Commercial titanate 
coupling agents and a new polyether titanate coupling agent were used to modify 
calcium sulfate whiskers for incorporation in PVC composites for better thermal 
stability [61]. The latter titanate coupling agent was also used for surface modifi-
cation of magnesium hydroxide particles and magnesium hydroxide whiskers for 
incorporation in PVC composites for better flame retardancy properties [68]. More-
over, carbon microspheres were modified with this polyether titanate coupling agent 
in PVC composite [90], and also basic magnesium carbonate was modified with this 
coupling agent [71]. Butyl titanate coupling agent was used to modify nanosized 
titanium dioxide to synthesize PVC composites [64], and isopropoxy trioleate acyl
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Fig. 5 Surface modification of inorganic filler with titanate coupling agent 

titanate (KTTO) coupling agent was employed to chemically modify the surface of 
silica microparticles and improve the interfacial adhesion PVC composites [164]. 

4.6 Benzoyl Chloride Treatment 

Benzoylation treatment of natural fibres involves the substitution of hydroxyl groups 
of cellulose for benzoyl groups (Fig. 6). This chemical treatment improves fibre-
matrix adhesion, resulting in composites with higher tensile strength and toughness, 
better thermal stability and reduced water absorption [165]. Kenaf core powder was 
treated/grafted with benzoyl chloride in PVC composites [39]. Olive husk flour was 
also chemically modified through benzoylation, by first soaking olive husk flour in 
18% NaOH solution for 30 min, then washing, before being stirred in a 10% NaOH 
solution with benzoyl chloride at room temperature for 15 min [11]. The benzoylation 
treatment led to higher Young’s modulus and reduced moisture absorption rate of 
the PVC composite [11].

4.7 Chitosan-Based Treatment 

Chitosan is an interesting biopolymer due to its biocompatibility, non-toxicity and 
good mechanical properties. Chitosan can be produced from chitin and it has many 
hydroxyl and amino functional groups. The amino groups of chitosan can be modi-
fied to form hydrophilic structures that can strengthen bonding with inorganic parti-
cles and polymers [166]. A cinnamaldehyde-chitosan derivative was synthesized as
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Fig. 6 Benzoylation of natural fibres by treatment with NaOH and benzoyl chloride solutions

a biopolymer coupling agent to modify carbon microspheres and improve compati-
bility between the latter and PVC composite [90]. Chitosan was coated on the surface 
of magnesium hydroxide sulfate hydrate whiskers, by stirring them in a mixture of 
1% acetic acid aqueous solution with chitosan (of up to 0.5%) at room tempera-
ture for 2 h, for a better adhesion and compatibility with PVC matrix [167]. The 
mechanism of chitosan coating on inorganic filler is presented in Fig. 7.

4.8 Phthalate Treatment 

Dioctyl phthalate is generally used as a plasticizer in the production of flexible PVC. 
It has also been employed to modify the surface of antimony trioxide nanoparticles 
(Fig. 8) using high energy ball milling to improve dispersion of the particles and 
compatibility with PVC matrix to obtain PVC composites with good mechanical 
and flame retardant properties [168].
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Fig. 7 Surface treatment of inorganic filler by coating with chitosan in slightly acidic aqueous 
solution

Fig. 8 Chemical modification of the surface of inorganic filler using phthalate compound
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5 Interface Characterization Methods 

The mechanical properties of composites that are commonly tested, such as tensile 
strength, tensile modulus, elongation at break, impact strength, give information on 
the reinforcing effect of the fillers in the composites. These properties are influenced 
by the adhesion strength between the filler and the matrix of the composite, and thus 
the measurements of these properties at the macro-level give indirectly an estimate 
of the performance at the interface. Still, here the focus lies more specifically on the 
interface characterization methods. 

5.1 Fourier Transform InfraRed Spectrometry 

Identification of functional groups in a material as well as the interactions of compo-
nents in composites can be obtained by Fourier Transform InfraRed (FTIR) spectrom-
etry. This method is applied to verify successful modification of fillers. For example, 
bonding enhancement of wood flour in PVC composite by adding natural chitosan 
was investigated with FTIR spectra [169]. A higher amount of chitosan added in 
the composite led to a higher transmittance of the C-Cl bond peaks and very slight 
decrease in wavenumber, meaning the C-Cl bonding was weaker and that both C and 
Cl had stronger interactions with other ambient atoms; similarly, the transmittance 
of amino and hydroxyl groups decreased, meaning higher bonding forces of chitosan 
[169]. The hydrolysis effect of alkali treatment on PET fibres was confirmed by the 
decrease in intensity of hydroxyl peaks in absorbance FTIR spectra [170]. The peak 
of olive pit flour for O-H stretching was shifted towards higher wave number upon 
addition of PVC, which was interpreted as the formation of H bonds among hydroxyl 
groups of cellulose or lignin in olive pit flour and hydrogen in PVC, confirming the 
interaction between olive pit four particles and PVC matrix [106]. Figure 9 shows 
FTIR spectra of the authors’ research on PVC composite membranes with 8 wt% 
precipitated CaCO3 microparticles of mussel shell CaCO3 microparticles. The PVC 
composites were made with untreated microparticles and with stearic acid treated 
microparticles. The stearic acid treatment was conducted in two different ways: (i) 
in ethanol at room temperature, and (ii) in water at 45 °C. The stearic acid modifi-
cation leads to a change in the transmittance of the peaks, and very slight shift in 
wavenumber.

5.2 Scanning Electron Microscopy and Energy Dispersive 
Analysis of X-rays 

Scanning electron microscopy (SEM) can be used to study the morphology of the 
interface between fillers and the PVC matrix. Micro-scale damage characteristics
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Fig. 9 FTIR spectra of mussel shell CaCO3 microparticles and precipitated CaCO3 microparticles 
that are untreated (NT), treated with stearic acid in ethanol (ET) or treated with stearic acid in water 
(WT); and FTIR spectra of pure PVC and of the PVC composites with the six types of (un)treated 
microparticles

from tensile tests can be investigated and identified using SEM imaging. For example, 
shear failure, matrix cracking, fibre breakage, fibre fracture and fibre pull-out were 
observed in PVC composites with untreated cotton fibres, based on SEM imaging 
[23]. Moreover, the dispersion of fillers in the polymer matrix can be evaluated. SEM 
images of PVC composites with CaCO3 nanoparticles reveal that the nanoparticles 
treated with titanate coupling agent were better dispersed and showed better interfa-
cial adhesion in comparison with nanoparticles that were treated with sodium stearate 
[171]. SEM pictures enable identification of smooth and clean surfaces due to pulling 
out of bagasse fibres from PVC matrix in fractured composites, whereas the surfaces 
are a bit rough in fractured PVC composites that contain bagasse fibres treated with 
benzoic acid [172]. Moreover, the untreated fibre PVC composite showed larger 
empty spaces due to the aggregation of fibres, in contrast to the observations in the 
benzoic acid treated fibre PVC composite [172]. SEM images show that addition of 
finer chitosan particles, with thus a larger specific surface, leads to a more effective 
bond at the interface of the wood fibre and PVC matrix [169]. In PVC composites with 
untreated calcium sulfate whiskers, SEM images demonstrated whisker pull-outs and 
gaps between whiskers and matrix, whereas whiskers treated with glutaraldehyde 
cross-linked polyvinyl alcohol were attached to the PVC matrix by a rough adhesive 
interface and the whiskers were well dispersed in the matrix [173]. In PVC compos-
ites with calcium sulfate whiskers that were treated with KH-550, titanate coupling 
agent or stearic acid, the interactions between the whiskers and the matrix seemed 
enhanced in comparison to untreated whiskers, but still some voids and gaps were 
observed in the composites [173]. The effect of alkali treatment of PET fibres, and 
subsequent coating with SiO2/tributyl citrate hybrid sizing agent, was investigated 
with SEM, demonstrating the pits and grooves on the PET surface after alkali treat-
ment and the deposition of nanoparticles scattered on the fibre surface upon treatment 
with the sizing agent, with both treatments increasing the specific surface area [170]. 
The surface of untreated glass fibres pulled out of PVC composites investigated with
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SEM were very smooth, whereas the glass fibres treated with coupling agent had 
some PVC attached to them, with the effect being stronger with KH-550 coupling 
agent than KH-660 and KH-570 coupling agents, which was also confirmed by the 
mechanical property tests of tensile strength, flexural strength, impact strength and 
interlaminar shear strength [63]. Improved particle dispersion and enhanced interfa-
cial adhesion was detected by SEM in olive pit flour PVC composites with loading 
of up to 10% precipitated bio-calcium carbonate particles, after which the properties 
deteriorated [106]. SEM imaging of PVC composite thin films with hybrid ceramic 
filler was also used to demonstrate effective hybridization between V2C and Cu2O 
phases with agglomeration of fine Cu2O particles at the surface of V2C phase due to 
the higher surface activity and the creation of a rough surface [174]. 

Also in the authors’ research on PVC composites with 8 wt% nontreated CaCO3 

microparticles and stearic acid treated CaCO3 microparticles, SEM images showed 
better dispersion of the stearic acid treated particles than the untreated ones in the 
PVC composite membrane. Energy dispersive X-ray (EDX) analysis was performed 
to map the distribution of the microparticles in the polymer composite, further 
confirming and visually presenting the better dispersion of microparticles in the 
composites with stearic acid treated particles (Fig. 10). With the increasing attention 
towards incorporation of renewable fillers or food waste, e.g. egg shell waste CaCO3 

fillers [175], the incorporation of mussel shell CaCO3 microparticles (8 wt%) in PVC 
composite membrane was also tested, and an improvement in the distribution of the 
stearic acid treated particles was observed with less agglomeration in comparison 
to untreated mussel shell waste CaCO3 microparticles in PVC composite membrane 
(Fig. 11). 

Fig. 10 SEM images of CaCO3 PVC composite membranes with a untreated CaCO3 microparti-
cles, b CaCO3 particles treated with stearic acid in ethanol at room temperature, c CaCO3 particles 
treated with stearic acid in water at 45 °C, and EDX images of Ca distribution in CaCO3 PVC 
composite membranes with d untreated CaCO3 microparticles, e CaCO3 particles treated with 
stearic acid in ethanol at room temperature, f CaCO3 particles treated with stearic acid in water at 
45 °C



72 V. Vandeginste and D. Madhav

Fig. 11 SEM images of mussel shell waste CaCO3 PVC composite membranes with a untreated 
mussel shell waste CaCO3 microparticles, b mussel shell waste CaCO3 particles treated with stearic 
acid in ethanol at room temperature, c mussel shell waste CaCO3 particles treated with stearic 
acid in water at 45 °C, and EDX images of Ca distribution in mussel shell waste CaCO3 PVC 
composite membranes with d untreated mussel shell waste CaCO3 microparticles, e mussel shell 
waste CaCO3 particles treated with stearic acid in ethanol at room temperature, f mussel shell waste 
CaCO3 particles treated with stearic acid in water at 45 °C 

5.3 X-ray Computed Tomography 

The 3D structure of polymer composites can be imaged using X-ray computed tomog-
raphy (XCT). It is a non-destructive technique that can generate a 3D image based 
on a stack of X-ray projections taken from several angles. The advancements in 
this technique over the last decade have enabled very high spatial resolution, in the 
form of nanotomography. Thus, this method allows the reconstruction of filler 3D 
distribution in the polymer matrix, filler percentage, orientation and dimensions of 
the fillers, and porosity. Moreover, at high resolution, the interface between fillers 
and polymer matrix can be investigated in 3D. Also, the effect of coupling agents 
or other interface modification techniques can be studied, for example, in terms of 
filler distribution. Imaging using XCT was used in the analysis and interpretation 
of shear fatigue of balsa wood and PVC foam sandwich core composites, whereby 
XCT analysis enabled quantification of the thickness of resin absorbed by foam 
core [176]. The XCT method was also applied to investigate deformation-induced 
dilation of PVC composites with mineral fillers, and different relative density distri-
butions were identified for different geometries of the specimens that were subjected 
to tensile tests [177].
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5.4 Pull-Out Micromechanical Test 

A micromechanical analysis of the interfacial adhesion between a fibre and polymer 
matrix can be done using a pull-out test. This type of test has been commonly used on 
glass fibre reinforced composites, and is more recently also adopted for composites 
with natural fibres. The technique involves pulling a fibre out of a polymer block, 
small cylinder or micro-droplet, which is held by a microvise. A pulling force is then 
applied in the axial direction, which induces mainly tensile stress in the fibre and also 
shear stress at the interface of the fibre and the matrix, by increasing the displacement 
at constant rate while the force is monitored until the fibre breaks or is pulled out. 
Data generated with this test allow the calculation of the apparent interfacial shear 
strength. Although the pull-out micromechanical test is a common method to evaluate 
interfacial adhesion of fibres (and the effect of interface modification) in polymer 
matrices, the authors did not encounter studies focused on this technique in PVC 
composites. 

5.5 Dynamic Mechanical (Thermal) Analysis 

Dynamic mechanical analysis is used to study the viscoelastic response of polymers 
or polymer composites. This method is also applied to evaluate the interfacial inter-
action between particles and polymer matrix in composites. Generally, the motion 
of polymer chains is difficult near the interface, when there is a strong interfacial 
adhesion in the composite. Studies have reported that the storage modulus and loss 
modulus is much higher for PVC composites with calcium sulfate whiskers treated 
with titanium coupling agent than those with untreated whiskers, showing the effi-
cient improvement of interfacial interaction, restricting deformation of the matrix 
[178]. A study on PVC composites with multi-layered graphene shows that the addi-
tion of graphene results in composites with a higher storage modulus than that of pure 
PVC, confirming the increase in tensile modulus or stiffness in static mode [179]. 
The composites have also a higher loss modulus and loss factor than pure PVC due to 
higher energy dissipation and higher damping of the composites under cyclic defor-
mation conditions, which is interpreted by the larger interfacial area and interfacial 
friction-sliding between PVC chains and multi-layered graphene [179]. A lower value 
for the mechanical loss factor is measured in PVC composites with diatomite powder 
in comparison to pure PVC due to a restriction in the motion of molecular chains 
[160]. The mechanical loss factor in wood flour PVC composites showed a similar 
trend for pristine and recycled composites, and some recycled composites samples 
indicated a higher mechanical loss factor [45]. These higher values of the recycled 
composites suggest more viscous than elastic behaviour in comparison to the pristine 
composites. Moreover, the peak of the dynamic mechanical thermal analysis spectra 
showed a lower glass transition temperature of the recycled composites, which can be
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linked to the reduced fibre aspect ratio due to reprocessing, leading to easier polymer 
molecular motions, and thus reduced glass transition temperature [45]. 

5.6 Rheological Properties 

The rheological behaviour of a polymer composite with fillers is affected by the 
affinity of the filler and the polymer. Adhesion of nanoparticles to polymer matrix 
leads usually to a higher viscosity of polymer composites, and the melt viscosity 
reaches a stable value at high shear stress range. A higher melt viscosity was also 
observed for PVC composites with CaCO3 nanoparticles than for pure PVC [180]. 
Moreover, the melt viscosity of PVC composites with treated CaCO3 nanoparticles 
was lower than that of PVC composites with untreated CaCO3 nanoparticles, inter-
preted to be caused by the better dispersion of treated CaCO3 nanoparticles in the 
PVC matrix and lower interaction between the nanoparticles [180]. 

6 Conclusion 

Good adhesion between fillers and the polymer matrix is very important to reach the 
targeted performance and properties of the polymer composite. Conventionally, fillers 
are added to polymer composites to improve the mechanical properties, with a recent 
interest in the use of natural fibres as reinforcement. Moreover, other properties of 
PVC composites, such as radiation shielding and conductive properties have received 
more interest recently. In particular, PVC membranes for water treatment and elec-
trochemical applications have attracted more attention in the last years. Physical and 
chemical modification methods can be applied to enhance interfacial adhesion in 
the composite material. This chapter has focused on plasma treatment, ultrasonic 
irradiation and surfactant modification as physical interface modification methods. 
In terms of chemical modification methods, acid, acetylation and alkaline treatment, 
the use of different coupling agents (maleated, silane, titanate), benzoyl chloride, 
chitosan-based, and phthalate treatment have been discussed. Furthermore, several 
interface characterization methods that have been used in research on PVC compos-
ites have been reviewed, with particular focus on the effect of interface physical 
and chemical modification methods, and Fourier transform infrared spectroscopy, 
scanning electron microscopy – energy dispersive X-ray analysis, X-ray computed 
tomography, dynamic mechanical analysis and rheological methods are reported.



Interface Modification and Characterization of PVC Based Composites … 75

References 

1. Bakar, N., Chee, C.Y., Abdullah, L.C., Ratnam, C.T., Azowa, N.: Effect of methyl methacrylate 
grafted kenaf on mechanical properties of polyvinyl chloride/ethylene vinyl acetate compos-
ites. Compos. Part A Appl. Sci. Manuf. 63, 45–50 (2014). https://doi.org/10.1016/j.compos 
itesa.2014.03.023 

2. Kara, A., Budakci, M., Camlibel, O.: The effect of fiberboard modification on adhesion 
strength to polyvinyl chloride (PVC) sheets or eastern beech (Fagus orientalis L.) veneers. 
Bioresources 13(4), 8295–8309 (2018). https://doi.org/10.15376/biores.13.4.8295-8309 

3. Safarpour, M., Safikhani, A., Vatanpour, V.: Polyvinyl chloride-based membranes: a review on 
fabrication techniques, applications and future perspectives. Sep. Purif. Technol. 279 (2021). 
https://doi.org/10.1016/j.seppur.2021.119678 

4. Guo, Y.X., Leroux, F., Tian, W.L., Li, D.Q., Tang, P.G., Feng, Y.J.: Layered double hydroxides 
as thermal stabilizers for Poly(vinyl chloride): a review. Appl. Clay Sci. 211 (2021). https:// 
doi.org/10.1016/j.clay.2021.106198 

5. Wirawan, R., Sapuan, S.M.: Sugarcane Bagasse-Filled Poly (Vinyl Chloride) Composites: A 
Review (2018). https://doi.org/10.1016/b978-0-08-102160-6.00007-x 

6. Ahmad, N., Kausar, A., Muhammad, B.: Perspectives on polyvinyl chloride and carbon 
nanofiller composite: a review. Polym.-Plast. Technol. Eng. 55(10), 1076–1098 (2016). https:// 
doi.org/10.1080/03602559.2016.1163587 

7. Khalil, H., Tehrani, M.A., Davoudpour, Y., Bhat, A.H., Jawaid, M., Hassan, A.: Natural fiber 
reinforced poly(vinyl chloride) composites: a review. J. Reinf. Plast. Compos. 32(5), 330–356 
(2013). https://doi.org/10.1177/0731684412458553 

8. Luong, D.D., Pinisetty, D., Gupta, N.: Compressive properties of closed-cell polyvinyl chlo-
ride foams at low and high strain rates: experimental investigation and critical review of state 
of the art. Compos. Part B Eng. 44(1), 403–416 (2013). https://doi.org/10.1016/j.compositesb. 
2012.04.060 

9. Ramesh, M.: Kenaf (Hibiscus cannabinus L.) fibre based bio-materials: a review on processing 
and properties. Prog. Mater. Sci. 78–79, 1–92 (2016). https://doi.org/10.1016/j.pmatsci.2015. 
11.001 

10. Sliwa, F., El Bounia, N.E., Charrier, F., Marin, G., Malet, F.: Mechanical and interfacial 
properties of wood and bio-based thermoplastic composite. Compos. Sci. Technol. 72(14), 
1733–1740 (2012). https://doi.org/10.1016/j.compscitech.2012.07.002 

11. Aouat, H., Hammiche, D., Boukerrou, A., Djidjelli, H., Grohens, Y., Pillin, I.: Effects of 
interface modification on composites based on olive husk flour. In: International Network of 
Biomaterials and Engineering Science (INBES). Agadir, MOROCCO, pp. 94–100 (2020) 

12. Canche-Escamilla, G., Cauich-Cupul, J.I., Mendizabal, E., Puig, J.E., Vazquez-Torres, H., 
Herrera-Franco, P.J.: Mechanical properties of acrylate-grafted henequen cellulose fibers and 
their application in composites. Compos. Part A Appl. Sci. Manuf. 30(3), 349–359 (1999). 
https://doi.org/10.1016/s1359-835x(98)00116-x 

13. Mohanty, A.K., Khan, M.A., Hinrichsen, G.: Surface modification of jute and its influence on 
performance of biodegradable jute-fabric/Biopol composites. Compos. Sci. Technol. 60(7), 
1115–1124 (2000). https://doi.org/10.1016/s0266-3538(00)00012-9 

14. Liu, W., Mohanty, A.K., Drzal, L.T., Askel, P., Misra, M.: Effects of alkali treatment on 
the structure, morphology and thermal properties of native grass fibers as reinforcements for 
polymer matrix composites. J. Mater. Sci. 39(3), 1051–1054 (2004). https://doi.org/10.1023/ 
b:Jmsc.0000012942.83614.75 

15. Pickering, K.L., Abdalla, A., Ji, C., McDonald, A.G., Franich, R.A.: The effect of silane 
coupling agents on radiata pine fibre for use in thermoplastic matrix composites. Compos. 
Part A Appl. Sci. Manuf. 34(10), 915–926 (2003). https://doi.org/10.1016/s1359-835x(03)002 
34-3 

16. Jiang, L.P., Fu, J.J., Liu, L.H.: Seawater degradation resistance of straw fiber-reinforced 
polyvinyl chloride composites. Bioresources 15(3), 5305–5315 (2020). https://doi.org/10. 
15376/biores.15.3.5305-5315

https://doi.org/10.1016/j.compositesa.2014.03.023
https://doi.org/10.1016/j.compositesa.2014.03.023
https://doi.org/10.15376/biores.13.4.8295-8309
https://doi.org/10.1016/j.seppur.2021.119678
https://doi.org/10.1016/j.clay.2021.106198
https://doi.org/10.1016/j.clay.2021.106198
https://doi.org/10.1016/b978-0-08-102160-6.00007-x
https://doi.org/10.1080/03602559.2016.1163587
https://doi.org/10.1080/03602559.2016.1163587
https://doi.org/10.1177/0731684412458553
https://doi.org/10.1016/j.compositesb.2012.04.060
https://doi.org/10.1016/j.compositesb.2012.04.060
https://doi.org/10.1016/j.pmatsci.2015.11.001
https://doi.org/10.1016/j.pmatsci.2015.11.001
https://doi.org/10.1016/j.compscitech.2012.07.002
https://doi.org/10.1016/s1359-835x(98)00116-x
https://doi.org/10.1016/s0266-3538(00)00012-9
https://doi.org/10.1023/b:Jmsc.0000012942.83614.75
https://doi.org/10.1023/b:Jmsc.0000012942.83614.75
https://doi.org/10.1016/s1359-835x(03)00234-3
https://doi.org/10.1016/s1359-835x(03)00234-3
https://doi.org/10.15376/biores.15.3.5305-5315
https://doi.org/10.15376/biores.15.3.5305-5315


76 V. Vandeginste and D. Madhav

17. Jiang, L.P., He, C.X., Fu, J.J., Li, X.L.: Wear behavior of alkali-treated Sorghum straw fiber 
reinforced polyvinyl chloride composites in corrosive water conditions. Bioresources 13(2), 
3362–3376 (2018). https://doi.org/10.15376/biores.13.2.3362-3376 

18. Jiang, L.P., He, C.X., Fu, J.J., Xu, D.Z.: Enhancement of wear and corrosion resistance of 
polyvinyl chloride/sorghum straw-based composites in cyclic sea water and acid rain condi-
tions. Constr. Build. Mater. 223, 133–141 (2019). https://doi.org/10.1016/j.conbuildmat.2019. 
06.216 

19. Saidi, M.A.A., Ahmad, M., Arjmandi, R., Hassan, A., Rahmat, A.R.: The Effect of Titanate 
Coupling Agent on Water Absorption and Mechanical Properties of Rice Husk Filled 
Poly(vinyl Chloride) Composites (2018). https://doi.org/10.1016/b978-0-08-102160-6.000 
10-x 

20. Wang, L., He, C.X.: Effects of rice husk fibers on the properties of mixed-particle-size fiber-
reinforced polyvinyl chloride composites under soil accelerated aging conditions. J. Eng. 
Fibers Fabr. 14 (2019). https://doi.org/10.1177/1558925019879288 

21. Kazi, M.K., Eljack, F., Mahdi, E.: Predictive ANN models for varying filler content for cotton 
fiber/PVC composites based on experimental load displacement curves. Compos. Struct. 254 
(2020). https://doi.org/10.1016/j.compstruct.2020.112885 

22. Li, Y.Y., Wang, B., Wang, B., Ma, M.G.: The enhancement performances of cotton stalk fiber/ 
PVC composites by sequential two steps modification. J. Appl. Polym. Sci. 135(14) (2018). 
https://doi.org/10.1002/app.46090 

23. Mahdi, E., Dean, A.: The effect of filler content on the tensile behavior of polypropylene/ 
cotton fiber and poly(vinyl chloride)/cotton fiber composites. Mater. 13(3) (2020). https://doi. 
org/10.3390/ma13030753 

24. Boussehel, H., Mazouzi, D., Belghar, N., Guerira, B., Lachi, M.: Effect of chemicals treatments 
on the morphological, mechanical, thermal and water uptake properties of polyvinyl chloride/ 
palm fibers composites. Revue Des Composites Et Des Materiaux Avances. J. Compos. Adv. 
Mater. 29(1), 1–8 (2019). https://doi.org/10.18280/rcma.290101 

25. Qi, R.G., He, C.X., Jin, Q.: Effect of acrylate-styrene-acrylonitrile on the aging properties 
of eucalyptus/PVC wood-plastic composites. Bioresources 14(4), 9159–9168 (2019). https:// 
doi.org/10.15376/biores.14.4.9159-9168 

26. Wang, L., He, C.X., Li, X.L., Yang, X.: Performance analysis of ternary composites with 
lignin, eucalyptus fiber, and polyvinyl chloride. BioResources 13(3), 6510–6523 (2018) 

27. Zhang, K.P., Bichi, A.H., Yang, J.Q.: Effect of acrylonitrile styrene acrylate on mechanical, 
thermal and three-body abrasion behaviors of eucalyptus fiber reinforced polyvinyl chloride 
composite. Mater. Res. Express 8(2) (2021). https://doi.org/10.1088/2053-1591/abe6db 

28. Zhang, K.P., Cui, Y.T., Cai, L.P.: Effect of operating parameters and abrasive particle size 
on three-body abrasion performance of alkali-treated eucalyptus fiber reinforced polyvinyl 
chloride composite. Bioresources 15(1), 1298–1310 (2020). https://doi.org/10.15376/biores. 
15.1.1298-1310 

29. Zhang, K.P., Cui, Y.T., Yan, W.B.: Thermal and three-body abrasion behaviors of alkali-treated 
eucalyptus fiber reinforced polyvinyl chloride composites. Bioresources 14(1), 1229–1240 
(2019). https://doi.org/10.15376/biores.14.1.1229-1240 

30. Joglekar, J.J., Munde, Y.S., Jadhav, A.L., Bhutada, D.S., Radhakrishnan, S., Kulkarni, M.B.: 
Studies on effective utilization of Citrus Maxima fibers based PVC composites. In: 2nd Inter-
national Conference on Recent Advances in Materials and Manufacturing (ICRAMM), Erode, 
India, pp. 578–583 (2020) 

31. Awad, S., Hamouda, T., Midani, M., Zhou, Y.H., Katsou, E., Fan, M.Z.: Date palm fibre geom-
etry and its effect on the physical and mechanical properties of recycled polyvinyl chloride 
composite. Ind. Crops Prod. 174 (2021). https://doi.org/10.1016/j.indcrop.2021.114172 

32. Nayak, S., Mohanty, J.R., Samal, P.R., Nanda, B.K.: Polyvinyl chloride reinforced with areca 
sheath fiber composites-an experimental study. J. Nat. Fibers 17(6), 781–792 (2020). https:// 
doi.org/10.1080/15440478.2018.1534186 

33. Zhong, X.Y., Zhu, Y.W., Liu, S.J., Fu, J.J., Lin, H., He, C.X.: Performance analysis of four 
plant fiber/polyvinyl chloride composites under two degradation conditions with water or 
seawater with xenon lamp. BioResources 15(3), 4672–4688 (2020)

https://doi.org/10.15376/biores.13.2.3362-3376
https://doi.org/10.1016/j.conbuildmat.2019.06.216
https://doi.org/10.1016/j.conbuildmat.2019.06.216
https://doi.org/10.1016/b978-0-08-102160-6.00010-x
https://doi.org/10.1016/b978-0-08-102160-6.00010-x
https://doi.org/10.1177/1558925019879288
https://doi.org/10.1016/j.compstruct.2020.112885
https://doi.org/10.1002/app.46090
https://doi.org/10.3390/ma13030753
https://doi.org/10.3390/ma13030753
https://doi.org/10.18280/rcma.290101
https://doi.org/10.15376/biores.14.4.9159-9168
https://doi.org/10.15376/biores.14.4.9159-9168
https://doi.org/10.1088/2053-1591/abe6db
https://doi.org/10.15376/biores.15.1.1298-1310
https://doi.org/10.15376/biores.15.1.1298-1310
https://doi.org/10.15376/biores.14.1.1229-1240
https://doi.org/10.1016/j.indcrop.2021.114172
https://doi.org/10.1080/15440478.2018.1534186
https://doi.org/10.1080/15440478.2018.1534186


Interface Modification and Characterization of PVC Based Composites … 77

34. Adediran, A.A., Akinwande, A.A., Balogun, O.A., Olasoju, O.S., Adesina, O.S.: Experimental 
evaluation of bamboo fiber/particulate coconut shell hybrid PVC composite. Sci. Rep. 11(1) 
(2021). https://doi.org/10.1038/s41598-021-85038-3 

35. Youssef, A.M., Abd El-Aziz, M.E., Abouzeid, R.E.: A morphological and mechanical analysis 
of composites from modified bagasse fibers and recycled polyvinyl chloride. Polym. Compos. 
(2022). https://doi.org/10.1002/pc.26583 

36. Shen, T., Li, M.H., Zhang, B., Zhong, L.X., Lin, X.R., Yang, P.P., Li, M., Zhuang, W., Zhu, 
C.J., Ying, H.J.: Enhanced mechanical properties of polyvinyl chloride-based wood-plastic 
composites with pretreated corn stalk. Front. Bioeng. Biotechnol. 9 (2022). https://doi.org/ 
10.3389/fbioe.2021.829821 

37. Wang, L., He, C.X.: Water resistance and flexural properties of three nano-fillers reinforced 
corn straw/polyvinyl chloride composites. J. Adhes. Sci. Technol. (2022). https://doi.org/10. 
1080/01694243.2021.2004740 

38. Oladele, I.O., Olayinka, M.O., Adelani, S.O., Borode, J.O.: Development of coconut fiber-
corn cub ash hybrid reinforced polyvinyl chloride composites for shoe sole application. J. 
Nat. Fibers (2022). https://doi.org/10.1080/15440478.2022.2044426 

39. Majid, R.A., Ismail, H., Taib, R.M.: Processing, tensile, and thermal studies of poly(vinyl 
chloride)/epoxidized natural rubber/kenaf core powder composites with benzoyl chloride 
treatment. Polym.-Plast. Technol. Eng. 57(15), 1507–1517 (2018). https://doi.org/10.1080/ 
03602559.2016.1211687 

40. Petchwattana, N., Sanetuntikul, J.: Static and dynamic mechanical properties of poly 
(vinyl chloride) and waste rice husk ash composites compatibilized with gamma-
aminopropyltrimethoxysilane. SILICON 10(2), 287–292 (2018). https://doi.org/10.1007/s12 
633-016-9440-x 

41. Roman, K., Szabo, T.J., Marossy, K.: Rheological characterization of PVC corncob compos-
ites. Effect of molecule weight of PVC. In: 4th International Conference on Rheology and 
Modeling of Materials (IC-RMM)/1st European Conference on Silicon and Silica Based 
Materials. Hungary (2019) 

42. Aouat, H., Hammiche, D., Boukerrou, A.: On the mechanical properties of composites based 
on wheat husk and polyvinyl chloride. In: 4th International Conference on Progress on Poly-
mers and Composites Products and Manufacturing Technologies (POLCOM), SI ed., Electr 
Network (2020) 

43. Darus, S., Ghazali, M.J., Azhari, C.H., Zulkifli, R., Shamsuri, A.A.: Mechanical proper-
ties of gigantochloa scortechinii bamboo particle reinforced semirigid polyvinyl chloride 
composites. Jurnal Teknologi 82(2), 15–22 (2020). https://doi.org/10.11113/jt.v82.13693 

44. Chaharsoughi, M.A., Najafi, S.K., Behrooz, R.: Formaldehyde emission from PVC-wood 
composites containing MDF sanding dust. J. Vinyl Add. Tech. 25(2), 159–164 (2019). https:// 
doi.org/10.1002/vnl.21637 

45. Nadali, E., Naghdi, R.: Effects of multiple extrusions on structure-property relationships of 
hybrid wood flour/poly (vinyl chloride) composites. J. Thermoplast. Compos. Mater. (2020). 
https://doi.org/10.1177/0892705720930737 

46. Tran, T.H., Thai, H., Mai, H.D., Dao, H.Q., Nguyen, G.V.: Plasma treatment and TEOS 
modification on wood flour applied to composite of polyvinyl chloride/wood flour. Adv. 
Polym. Technol. 2019 (2019). https://doi.org/10.1155/2019/3974347 

47. Xing, J.C., Yang, K.Y., Zhou, Y.C., Yu, Y.X., Chang, J.M., Cai, L.P., Sheldon, S.Q.: Form-
stable phase change material based on fatty acid/wood flour composite and PVC used for 
thermal energy storage. Energy Build. 209 (2020). https://doi.org/10.1016/j.enbuild.2019. 
109663 

48. Croitoru, C., Spirchez, C., Cristea, D., Lunguleasa, A., Pop, M.A., Bedo, T., Roata, I.C., Luca, 
M.A.: Calcium carbonate and wood reinforced hybrid PVC composites. J. Appl. Polym. Sci. 
135(22) (2018). https://doi.org/10.1002/app.46317 

49. Ali, I., Ali, A., Ali, A., Ramzan, M., Hussain, K., Li, X.D., Jin, Z., Dias, O.A.T., Yang, W.M., 
Li, H.Y., Zhang, L.Y., Sain, M.: Highly electro-responsive composite gel based on functionally 
tuned graphene filled polyvinyl chloride. Polym. Adv. Technol. 32(9), 3679–3688 (2021). 
https://doi.org/10.1002/pat.5376

https://doi.org/10.1038/s41598-021-85038-3
https://doi.org/10.1002/pc.26583
https://doi.org/10.3389/fbioe.2021.829821
https://doi.org/10.3389/fbioe.2021.829821
https://doi.org/10.1080/01694243.2021.2004740
https://doi.org/10.1080/01694243.2021.2004740
https://doi.org/10.1080/15440478.2022.2044426
https://doi.org/10.1080/03602559.2016.1211687
https://doi.org/10.1080/03602559.2016.1211687
https://doi.org/10.1007/s12633-016-9440-x
https://doi.org/10.1007/s12633-016-9440-x
https://doi.org/10.11113/jt.v82.13693
https://doi.org/10.1002/vnl.21637
https://doi.org/10.1002/vnl.21637
https://doi.org/10.1177/0892705720930737
https://doi.org/10.1155/2019/3974347
https://doi.org/10.1016/j.enbuild.2019.109663
https://doi.org/10.1016/j.enbuild.2019.109663
https://doi.org/10.1002/app.46317
https://doi.org/10.1002/pat.5376


78 V. Vandeginste and D. Madhav

50. Ali, I., Yang, W.M., Li, X.D., Ali, A., Jiao, Z.W., Xie, P.C., Dias, O.A.T., Pervaiz, M., Li, 
H.Y., Sain, M.: Highly electro-responsive plasticized PVC/FMWCNTs soft composites: a 
novel flex actuator with functional characteristics. Eur. Polymer J. 126 (2020). https://doi. 
org/10.1016/j.eurpolymj.2020.109556 

51. Mirowski, J., Oliwa, R., Oleksy, M., Tomaszewska, J., Ryszkowska, J., Budzik, G.: Poly(vinyl 
chloride) composites with raspberry pomace filler. Polymers 13(7) (2021). https://doi.org/10. 
3390/polym13071079 

52. Ge, S.B., Zuo, S.D., Zhang, M.L., Luo, Y.H., Yang, R., Wu, Y.J., Zhang, Y., Li, J.Z., Xia, 
C.L.: Utilization of decayed wood for polyvinyl chloride/wood flour composites. J. Mater. 
Res. Technol. Jmr&T 12, 862–869 (2021). https://doi.org/10.1016/j.jmrt.2021.03.026 

53. Bendjaouahdou, C., Aidaoui, K.: Synthesis and characterization of polyvinyl chloride/wood 
flour/organoclay ternary composites. Polym. Polym. Compos. 29(9_SUPPL), S949–S958 
(2021). https://doi.org/10.1177/09673911211031139 

54. Khaleghi, M.: Experimental and computational study of thermal behavior of PVC composites 
based on modified eggshell biofiller for UPVC product. J. Polym. Res. 29(1) (2022). https:// 
doi.org/10.1007/s10965-021-02858-7 

55. Gohatre, O.K., Biswal, M., Mohanty, S., Nayak, S.K.: Study on thermal, mechanical and 
morphological properties of recycled poly(vinyl chloride)/fly ash composites. Polym. Int. 
69(6), 552–563 (2020). https://doi.org/10.1002/pi.5988 

56. Gohatre, O.K., Biswal, M., Mohanty, S., Nayak, S.K.: Effect of silane treated fly ash on 
physico-mechanical, morphological, and thermal properties of recycled poly(vinyl chloride) 
composites. J. Appl. Polym. Sci. 138(19) (2021). https://doi.org/10.1002/app.50387 

57. Khoshnoud, P., Abu-Zahra, N.: Kinetics of thermal decomposition of PVC/fly ash composites. 
Int. J. Polym. Anal. Charact. 23(2), 170–180 (2018). https://doi.org/10.1080/1023666x.2017. 
1404668 

58. Khoshnoud, P., Abu-Zahra, N.: The effect of particle size of fly ash (FA) on the interfacial 
interaction and performance of PVC/FA composites. J. Vinyl Add. Tech. 25(2), 134–143 
(2019). https://doi.org/10.1002/vnl.21633 

59. Xue, C.H., Nan, H., Lu, Y.H., Chen, H.Y., Zhao, C.Y., Xu, S.A.: Effects of inorganic-organic 
surface modification on the mechanical and thermal properties of poly(vinyl chloride) compos-
ites reinforced with fly-ash. Polym. Compos. 42(4), 1867–1877 (2021). https://doi.org/10. 
1002/pc.25942 

60. Ma, P.Y., Chen, H.Y., Zhang, Q.J., Wang, J., Xiang, L.: Preparation of hierarchical CaSO4 
whisker and its reinforcing effect on PVC composites. J. Nanomater. 2018 (2018). https://doi. 
org/10.1155/2018/7803854 

61. Lu, Y.H., Li, X.W., Wu, C.F., Xu, S.A.: Comparison between polyether titanate and commer-
cial coupling agents on the properties of calcium sulfate whisker/poly(vinyl chloride) 
composites. J. Alloy. Compd. 750, 197–205 (2018). https://doi.org/10.1016/j.jallcom.2018. 
03.301 

62. Zhang, Q.J., Ma, P.Y., Yang, Y.R., Pan, X.F., Zhang, J.F., Xiang, L.: Reinforcement of recy-
cled paint slag hybrid-filled lightweight calcium sulphate whisker/PVC foam composites. J. 
Environ. Chem. Eng. 6(1), 520–526 (2018). https://doi.org/10.1016/j.jece.2017.12.025 

63. Wang, S.W., Liu, Y.Q., Chen, K., Xue, P., Lin, X.D., Jia, M.Y.: Thermal and mechanical 
properties of the continuous glass fibers reinforced PVC composites prepared by the wet 
powder impregnation technology. J. Polym. Res. 27(4) (2020). https://doi.org/10.1007/s10 
965-020-02063-y 

64. Wang, B., Lu, Y.H., Lu, Y.W.: Organic tin, calcium-zinc and titanium composites as reinforcing 
agents and its effects on the thermal stability of polyvinyl chloride. J. Therm. Anal. Calorim. 
142(2), 671–683 (2020). https://doi.org/10.1007/s10973-020-09767-9 

65. Mallem, O.K., Zouai, F., Gumus, O.Y., Benabid, F.Z., Bedeloglu, A.C., Benachour, D.: Syner-
gistic effect of talc/calcined kaolin binary fillers on rigid PVC: improved properties of PVC 
composites. J. Vinyl Add. Tech. 27(4), 881–893 (2021). https://doi.org/10.1002/vnl.21858 

66. Naji, A.M., Mohammed, I.Y., Al-Bayaty, S.A.: Mechanical and thermal degradation kinetic 
study of basalt filled polyvinyl chloride composite material. Egypt. J. Chem. 64(2), 893–901 
(2021). https://doi.org/10.21608/ejchem.2020.35343.2739

https://doi.org/10.1016/j.eurpolymj.2020.109556
https://doi.org/10.1016/j.eurpolymj.2020.109556
https://doi.org/10.3390/polym13071079
https://doi.org/10.3390/polym13071079
https://doi.org/10.1016/j.jmrt.2021.03.026
https://doi.org/10.1177/09673911211031139
https://doi.org/10.1007/s10965-021-02858-7
https://doi.org/10.1007/s10965-021-02858-7
https://doi.org/10.1002/pi.5988
https://doi.org/10.1002/app.50387
https://doi.org/10.1080/1023666x.2017.1404668
https://doi.org/10.1080/1023666x.2017.1404668
https://doi.org/10.1002/vnl.21633
https://doi.org/10.1002/pc.25942
https://doi.org/10.1002/pc.25942
https://doi.org/10.1155/2018/7803854
https://doi.org/10.1155/2018/7803854
https://doi.org/10.1016/j.jallcom.2018.03.301
https://doi.org/10.1016/j.jallcom.2018.03.301
https://doi.org/10.1016/j.jece.2017.12.025
https://doi.org/10.1007/s10965-020-02063-y
https://doi.org/10.1007/s10965-020-02063-y
https://doi.org/10.1007/s10973-020-09767-9
https://doi.org/10.1002/vnl.21858
https://doi.org/10.21608/ejchem.2020.35343.2739


Interface Modification and Characterization of PVC Based Composites … 79

67. Jiang, L.P., Fu, J.J., Liu, L.H., Du, P.: Wear and thermal behavior of basalt fiber reinforced 
rice husk/polyvinyl chloride composites. J. Appl. Polym. Sci. 138(13) (2021). https://doi.org/ 
10.1002/app.50094 

68. Lu, Y.H., Wu, C.F., Xu, S.A.: Mechanical, thermal and flame retardant properties of magne-
sium hydroxide filled poly(vinyl chloride) composites: The effect of filler shape. Compos. Part 
A Appl. Sci. Manuf. 113, 1–11 (2018). https://doi.org/10.1016/j.compositesa.2018.07.012 

69. Bi, Q.Y., Lu, Y.H., Zhao, C.Y., Ma, X.H., Khanal, S., Xu, S.A.: A facile approach to prepare 
anhydrous MgCO3 and its effect on the mechanical and flame retardant properties of PVC 
composites. J. Appl. Polym. Sci. 138(45) (2021). https://doi.org/10.1002/app.51349 

70. Lu, Y.H., Zhao, C.Y., Khanal, S., Xu, S.: Controllable synthesis of hierarchical nanostructured 
anhydrous MgCO3 and its effect on mechanical and thermal properties of PVC composites. 
Compos. Part A Appl. Sci. Manuf. 135 (2020). https://doi.org/10.1016/j.compositesa.2020. 
105926 

71. Ma, X.H., Lu, Y.H., Dang, L., Xu, S.A.: Effects of polyether titanate coupling agent on the 
flame retardancy and mechanical properties of soft poly(vinyl chloride)/basic magnesium 
carbonate composites. Polym. Compos. 41(9), 3594–3605 (2020). https://doi.org/10.1002/ 
pc.25646 

72. Zhao, C.Y., Lu, Y.H., Zhao, X.H., Khanal, S., Xu, S.A.: Synthesis of MgCO(3)particles 
with different morphologies and their effects on the mechanical properties of rigid polyvinyl 
chloride composites. Polym. Plast. Technol. Mater. 60(3), 316–326 (2021). https://doi.org/ 
10.1080/25740881.2020.1811314 

73. Zhang, W.X., Wu, H.R., Zhou, N., Cai, X.N., Zhang, Y.J., Hu, H.Y., Feng, Z.F., Huang, 
Z.Q., Liang, J.: Enhanced thermal stability and flame retardancy of poly(vinyl chloride) based 
composites by magnesium borate hydrate-mechanically activated lignin. J. Inorg. Organomet. 
Polym. Mater. 31(9), 3842–3856 (2021). https://doi.org/10.1007/s10904-021-02019-9 

74. Huo, Z.Y., Wu, H.J., Song, Q.Y., Zhou, Z.X., Wang, T., Xie, J.X., Qu, H.Q.: Synthesis of zinc 
hydroxystannate/reduced graphene oxide composites using chitosan to improve poly(vinyl 
chloride) performance. Carbohyd. Polym. 256 (2021). https://doi.org/10.1016/j.carbpol.2020. 
117575 

75. Song, Q.Y., Wu, H.J., Liu, H., Wang, T., Meng, W.H., Qu, H.Q.: Chitosan-regulated inorganic 
oxyacid salt flame retardants: preparation and application in PVC composites. J. Therm. Anal. 
Calorim. 146(4), 1629–1639 (2021). https://doi.org/10.1007/s10973-020-10170-7 

76. Abbas, Y.M., El-Khatib, A.M., Badawi, M.S., Alabsy, M.T., Hagag, O.M.: Gamma attenuation 
through nano lead—nano copper pvc composites. Nucl. Technol. Radiat. Protect. 36(1), 50–59 
(2021). https://doi.org/10.2298/ntrp210110001a 

77. El-Khatib, A.M., Abbas, Y.M., Badawi, M.S., Hagag, O.M., Alabsy, M.T.: Gamma radiation 
shielding properties of recycled polyvinyl chloride composites reinforced with micro/nano-
structured PbO and CuO particles. Phys. Scrip. 96(12) (2021). https://doi.org/10.1088/1402-
4896/ac35c3 

78. Nunez-Briones, A.G., Benavides, R., Mendoza-Mendoza, E., Martinez-Pardo, M.E., 
Carrasco-Abrego, H., Kotzian, C., Saucedo-Zendejo, F.R., Garcia-Cerda, L.A.: Preparation of 
PVC/Bi2O3 composites and their evaluation as low energy X-Ray radiation shielding. Radiat. 
Phys. Chem. 179 (2021). https://doi.org/10.1016/j.radphyschem.2020.109198 

79. Poltabtim, W., Wimolmala, E., Markpin, T., Sombatsompop, N., Rosarpitak, V., Saenboon-
ruang, K.: X-ray shielding, mechanical, physical, and water absorption properties of wood/ 
PVC composites containing bismuth oxide. Polymers 13(13) (2021). https://doi.org/10.3390/ 
polym13132212 

80. Abdolahzadeh, T., Morshedian, J., Ahmadi, S., Ay, M.R., Mohammadi, O.: Introducing a novel 
Polyvinyl chloride/Tungsten composites for shielding against gamma and X-ray radiations. 
Iran. J. Nucl. Med. 29(2), 58–64 (2021) 

81. Waly, S.A., Abdelreheem, A.M., Shehata, M.M., Ghazy, O.A., Ali, Z.I.: Thermal stability, 
mechanical properties, and gamma radiation shielding performance of polyvinyl chloride/ 
Pb(NO3)(2) composites. J. Polym. Eng. 41(9), 737–745 (2021). https://doi.org/10.1515/pol 
yeng-2021-0067

https://doi.org/10.1002/app.50094
https://doi.org/10.1002/app.50094
https://doi.org/10.1016/j.compositesa.2018.07.012
https://doi.org/10.1002/app.51349
https://doi.org/10.1016/j.compositesa.2020.105926
https://doi.org/10.1016/j.compositesa.2020.105926
https://doi.org/10.1002/pc.25646
https://doi.org/10.1002/pc.25646
https://doi.org/10.1080/25740881.2020.1811314
https://doi.org/10.1080/25740881.2020.1811314
https://doi.org/10.1007/s10904-021-02019-9
https://doi.org/10.1016/j.carbpol.2020.117575
https://doi.org/10.1016/j.carbpol.2020.117575
https://doi.org/10.1007/s10973-020-10170-7
https://doi.org/10.2298/ntrp210110001a
https://doi.org/10.1088/1402-4896/ac35c3
https://doi.org/10.1088/1402-4896/ac35c3
https://doi.org/10.1016/j.radphyschem.2020.109198
https://doi.org/10.3390/polym13132212
https://doi.org/10.3390/polym13132212
https://doi.org/10.1515/polyeng-2021-0067
https://doi.org/10.1515/polyeng-2021-0067


80 V. Vandeginste and D. Madhav

82. Gao, Y., Gao, X.Y., Li, J., Guo, S.Y.: Improved microwave absorbing property provided 
by the filler’s alternating lamellar distribution of carbon nanotube/carbonyl iron/poly (vinyl 
chloride) composites. Compos. Sci. Technol. 158, 175–185 (2018). https://doi.org/10.1016/j. 
compscitech.2017.11.029 

83. Gao, Y., Gao, X.Y., Li, J., Guo, S.Y.: Microwave absorbing and mechanical properties of 
alternating multilayer carbonyl iron powder-poly(vinyl chloride) composites. J. Appl. Polym. 
Sci. 135(12) (2018). https://doi.org/10.1002/app.45846 

84. Su, K.S., Mao, Z.P., Yang, Z.B., Zhang, J.: Preparation and characterization of PVC/CsxWO3 
composite film with excellent near-infrared light shielding and high visible light transmission. 
J. Vinyl Add. Tech. 27(2), 356–366 (2021). https://doi.org/10.1002/vnl.21811 

85. Redhwi, H.H., Siddiqui, M.N., Andrady, A.L., Muhammad, Y., Syed, H.: Weatherability of 
conventional composites and nanocomposites of PVC and rutile titanium dioxide. Polym. 
Compos. 39(6), 2135–2141 (2018). https://doi.org/10.1002/pc.24176 

86. Xu, S., Xu, J., Zhang, J.: Surface topography and cooling effects in poly(vinyl chloride) 
(PVC)/titanium dioxide (TiO2) composites exposed to UV-irradiation. Iran. Polym. J. 27(12), 
1011–1022 (2018). https://doi.org/10.1007/s13726-018-0671-0 

87. Jin, D.D., Xu, S.A.: The effects of polybenzimidazole and polyacrylic acid modified carbon 
black on the anti-UV-weathering and thermal properties of polyvinyl chloride composites. 
Compos. Sci. Technol. 167, 388–395 (2018). https://doi.org/10.1016/j.compscitech.2018. 
08.016 

88. Nguyen, T.D., Nguyen, C.T., Tran, V.T.T., Nguyen, G.V., Le, H.V., Tran, L.D., Bach, G.L., 
Thai, H.: Enhancement of the thermomechanical properties of a fly ash- and carbon black-filled 
polyvinyl chloride composite by using epoxidized soybean oil as a secondary bioplasticizer. 
Int. J. Polym. Sci. 2018 (2018). https://doi.org/10.1155/2018/8428736 

89. Li, Q.H., Shen, F., Ji, J.Q., Zhang, Y.J., Muhammad, Y., Huang, Z.Q., Hu, H.Y., Zhu, Y.P., Qin, 
Y.B.: Fabrication of graphite/MgO-reinforced poly(vinyl chloride) composites by mechanical 
activation with enhanced thermal properties. RSC Adv. 9(4), 2116–2124 (2019). https://doi. 
org/10.1039/c8ra09384a 

90. Lu, Y.H., Khanal, S., Ahmed, S., Xu, S.A.: Mechanical and thermal properties of poly(vinyl 
chloride) composites filled with carbon microspheres chemically modified by a biopolymer 
coupling agent. Compos. Sci. Technol. 172, 29–35 (2019). https://doi.org/10.1016/j.compsc 
itech.2019.01.002 

91. Xiao, Y.Q., Chen, Z.M., Xin, B.J., Lin, L.T.: Preparation and characterization of graphene 
enriched poly(vinyl chloride) composites and fibers. J. Text. Inst. 109(8), 1008–1015 (2018). 
https://doi.org/10.1080/00405000.2017.1398059 

92. Xiao, Y.Q., Xin, B.J., Chen, Z.M., Lin, L.T., Liu, Y., Hu, Z.L.: Enhanced thermal properties 
of graphene-based poly (vinyl chloride) composites. J. Ind. Text. 48(8), 1348–1363 (2019). 
https://doi.org/10.1177/1528083718760805 

93. Abdel-Fattah, E., Alharthi, A.I., Fahmy, T.: Spectroscopic, optical and thermal characteriza-
tion of polyvinyl chloride-based plasma-functionalized MWCNTs composite thin films. Appl. 
Phys. A Mater. Sci. Process. 125(7) (2019). https://doi.org/10.1007/s00339-019-2770-y 

94. Haruna, H., Pekdemir, M.E., Tukur, A., Coskun, M.: Characterization, thermal and elec-
trical properties of aminated PVC/oxidized MWCNT composites doped with nanographite. 
J. Therm. Anal. Calorim. 139(6), 3887–3895 (2020). https://doi.org/10.1007/s10973-019-091 
84-7 

95. Mindivan, F., Goktas, M.: Green synthesis of reduced graphene oxide (RGNO)/ 
polyvinylchloride (PVC) composites and their structural characterization. In: 5th Interna-
tional Conference on Powder Metallurgy and Advanced Materials, RoPM&AM 2017. Cluj 
Napoca, ROMANIA, pp. 143–151 (2017) 

96. Mindivan, F., Goktas, M.: Preparation of new PVC composite using green reduced graphene 
oxide and its effects in thermal and mechanical properties. Polym. Bull. 77(4), 1929–1949 
(2020). https://doi.org/10.1007/s00289-019-02831-x 

97. Zhang, H., Zhang, J.: Rheological behaviors of plasticized polyvinyl chloride thermally 
conductive composites with oriented flaky fillers: a case study on graphite and mica. J. Appl. 
Polym. Sci. 139(21) (2022). https://doi.org/10.1002/app.52186

https://doi.org/10.1016/j.compscitech.2017.11.029
https://doi.org/10.1016/j.compscitech.2017.11.029
https://doi.org/10.1002/app.45846
https://doi.org/10.1002/vnl.21811
https://doi.org/10.1002/pc.24176
https://doi.org/10.1007/s13726-018-0671-0
https://doi.org/10.1016/j.compscitech.2018.08.016
https://doi.org/10.1016/j.compscitech.2018.08.016
https://doi.org/10.1155/2018/8428736
https://doi.org/10.1039/c8ra09384a
https://doi.org/10.1039/c8ra09384a
https://doi.org/10.1016/j.compscitech.2019.01.002
https://doi.org/10.1016/j.compscitech.2019.01.002
https://doi.org/10.1080/00405000.2017.1398059
https://doi.org/10.1177/1528083718760805
https://doi.org/10.1007/s00339-019-2770-y
https://doi.org/10.1007/s10973-019-09184-7
https://doi.org/10.1007/s10973-019-09184-7
https://doi.org/10.1007/s00289-019-02831-x
https://doi.org/10.1002/app.52186


Interface Modification and Characterization of PVC Based Composites … 81

98. Faraji, M., Aydisheh, H.M.: Facile and scalable preparation of highly porous polyvinyl 
chloride-multi walled carbon nanotubes-polyaniline composite film for solid-state flexible 
supercapacitor. Compos. Part B Eng. 168, 432–441 (2019). https://doi.org/10.1016/j.compos 
itesb.2019.03.060 

99. Wang, H.X., Liu, D., Du, P.C., Liu, P.: Facile deposition of polyaniline on the multi-walled 
carbon nanotubes/polyvinyl chloride composite films as flexible and robust electrodes for 
high performance supercapacitors. Electrochim. Acta 289, 104–111 (2018). https://doi.org/ 
10.1016/j.electacta.2018.09.031 

100. Ali, S.F.A., Althobaiti, I.O., El-Rafey, E., Gad, E.S.: Wooden polymer composites of 
poly(vinyl chloride), olive pits flour, and precipitated bio-calcium carbonate. ACS Omega 
6(37), 23924–23933 (2021). https://doi.org/10.1021/acsomega.1c02932 

101. Tao, J.S., Qin, Y.J., Zhang, P., Guo, Z.X.: Preparation and properties of polyvinyl chloride/ 
carbon nanotubes composite. J. Wuhan Univ. Technol. Mater. Sci. Ed. 34(3), 516–520 (2019). 
https://doi.org/10.1007/s11595-019-2081-3 

102. Li, Q.H., Shen, F., Zhang, Y.J., Huang, Z.Q., Muhammad, Y., Hu, H.Y., Zhu, Y.P., Yu, C., 
Qin, Y.B.: Graphene incorporated poly(vinyl chloride) composites prepared by mechanical 
activation with enhanced electrical and thermo-mechanical properties. J. Appl. Polym. Sci. 
137(7) (2020). https://doi.org/10.1002/app.48375 

103. Ismail, A.M., El-Newehy, M.H., El-Naggar, M.E., Moydeen, A.M., Menazea, A.A.: Enhance-
ment the electrical conductivity of the synthesized polyvinylidene fluoride/polyvinyl chloride 
composite doped with palladium nanoparticles via laser ablation. J. Mater. Res. Technol. 
Jmr&T 9(5), 11178–11188 (2020). https://doi.org/10.1016/j.jmrt.2020.08.013 

104. Mussa, Z.H., Al-Qaim, F.F., Yuzir, A., Shameli, K.: Electrochemical degradation of metoprolol 
using graphite-PVC composite as anode: elucidation and characterization of new by-products 
using LC-TOF/MS. J. Mexican Chem. Soc. 64(3), 165–180 (2020). https://doi.org/10.29356/ 
jmcs.v64i3.1139 

105. Chen, X., Gao, J.B., Song, Y.C., Gong, Y.P., Qi, M., Hao, R.L.: Fabrication of a high water 
flux conductive MWCNTs/PVC composite membrane with effective electrically enhanced 
antifouling behavior. Coatings 11(12) (2021). https://doi.org/10.3390/coatings11121548 

106. Ali, S.F.A., El Batouti, M., Abdelhamed, M., El-Rafey, E.: Formulation and characterization of 
new ternary stable composites: polyvinyl chloride-wood flour-calcium carbonate of promising 
physicochemical properties. J. Mater. Res. Technol. Jmr&T 9(6), 12840–12854 (2020). https:// 
doi.org/10.1016/j.jmrt.2020.08.113 

107. Xiao, Y., Jiang, S.W., Li, Y.R., Zhang, W.L.: Screen-printed flexible negative temperature 
coefficient temperature sensor based on polyvinyl chloride/carbon black composites. Smart 
Mater. Struct. 30(2) (2021). https://doi.org/10.1088/1361-665X/abd83a 

108. Bartoszewicz, B., Lewenstam, A., Migdalski, J.: Solid-contact electrode with composite PVC-
based 3D-printed membrane. Optimization of Fabrication and Performance. Sensors 21(14) 
(2021). https://doi.org/10.3390/s21144909 

109. Zhao, K., Sun, W.R., Zhang, X.T., Meng, J.K., Zhong, M., Qiang, L., Liu, M.J., Gu, B.N., 
Chung, C.C., Liu, M.C., Yu, F.C., Chueh, Y.L.: High-performance and long-cycle life of tribo-
electric nanogenerator using PVC/MoS2 composite membranes for wind energy scavenging 
application. Nano Energy 91 (2022). https://doi.org/10.1016/j.nanoen.2021.106649 

110. Halim, N.H.M., Adnan, R., Lahuri, A.H., Jaafar, N.F., Nordin, N.: Exploring the potential of 
highly efficient graphite/chitosan-PVC composite electrodes in the electrochemical degrada-
tion of Reactive Red 4. J. Chem. Technol. Biotechnol. 97(1), 147–159 (2022). https://doi.org/ 
10.1002/jctb.6924 

111. Shen, X.N., Ji, M.Z., Zhang, S.M., Qin, Y.J., Zhang, P., Wang, Y.P., Guo, Z.X., Pan, 
M.W., Zhang, Z.Q.: Fabrication of multi-walled carbon-nanotube-grafted polyvinyl-chloride 
composites with high solar-thermal-conversion performance. Compos. Sci. Technol. 170, 
77–84 (2019). https://doi.org/10.1016/j.compscitech.2018.11.029 

112. Shen, X.N., Yuan, L.H., Wei, Z., Qin, Y.J., Wang, Y.P., Guo, Z.X., Geng, L.L.: Fabrication of 
PVC/MWNTs-g-C-16 composites with high solar-thermal conversion performance for anti-
icing and deicing. ScienceAsia 46(2), 169–177 (2020). https://doi.org/10.2306/scienceasia1 
513-1874.2020.023

https://doi.org/10.1016/j.compositesb.2019.03.060
https://doi.org/10.1016/j.compositesb.2019.03.060
https://doi.org/10.1016/j.electacta.2018.09.031
https://doi.org/10.1016/j.electacta.2018.09.031
https://doi.org/10.1021/acsomega.1c02932
https://doi.org/10.1007/s11595-019-2081-3
https://doi.org/10.1002/app.48375
https://doi.org/10.1016/j.jmrt.2020.08.013
https://doi.org/10.29356/jmcs.v64i3.1139
https://doi.org/10.29356/jmcs.v64i3.1139
https://doi.org/10.3390/coatings11121548
https://doi.org/10.1016/j.jmrt.2020.08.113
https://doi.org/10.1016/j.jmrt.2020.08.113
https://doi.org/10.1088/1361-665X/abd83a
https://doi.org/10.3390/s21144909
https://doi.org/10.1016/j.nanoen.2021.106649
https://doi.org/10.1002/jctb.6924
https://doi.org/10.1002/jctb.6924
https://doi.org/10.1016/j.compscitech.2018.11.029
https://doi.org/10.2306/scienceasia1513-1874.2020.023
https://doi.org/10.2306/scienceasia1513-1874.2020.023


82 V. Vandeginste and D. Madhav

113. Berrag, A., Belkhiat, S., Madani, L.: Investigation of dielectric behavior of the PVC/BaTiO3 
composite in low-frequencies. Int. J. Mod. Phys. B 32(9) (2018). https://doi.org/10.1142/s02 
17979218501102 

114. Uddin, S., Akhtar, N., Bibi, S., Zaman, A., Ali, A., Althubeiti, K., Alrobei, H., Mushtaq, M.: 
Effect of BaTiO3 on the properties of PVC-based composite thick films. Materials 14(18) 
(2021). https://doi.org/10.3390/ma14185430 

115. Wei, Z.B., Zhao, Y., Wang, C., Kuga, S., Huang, Y., Wu, M.: Antistatic PVC-graphene 
composite through plasticizer-mediated exfoliation of graphite. Chin. J. Polym. Sci. 36(12), 
1361–1367 (2018). https://doi.org/10.1007/s10118-018-2160-5 

116. Islam, I., Sultana, S., Ray, S.K., Nur, H.P., Hossain, M.T., Ajmotgir, W.M.: Electrical and 
tensile properties of carbon black reinforced polyvinyl chloride conductive composites. C-J. 
Carbon Res. 4(1) (2018). https://doi.org/10.3390/c4010015 

117. Liu, H.L., Wang, C.R., Qin, Y., Huang, Y., Xiao, C.F.: Oriented structure design and evaluation 
of Fe3O4/o-MWCNTs/PVC composite membrane assisted by magnetic field. J. Taiwan Inst. 
Chem. Eng. 120, 278–290 (2021). https://doi.org/10.1016/j.jtice.2021.02.031 

118. Giannoukos, K., Salonitis, K.: Study of the mechanism of friction on functionally active tribo-
logical Polyvinyl Chloride (PVC)—aggregate composite surfaces. Tribol. Int. 141 (2020). 
https://doi.org/10.1016/j.triboint.2019.105906 

119. Zhang, W., Yang, H.H., Wang, J.: Effects of inorganic nanoparticle/PEG600 composite addi-
tives on properties of chlorinated polyvinyl chloride ultrafiltration membranes. Desalin. Water 
Treat. 142, 114–124 (2019). https://doi.org/10.5004/dwt.2019.23432 

120. Zhang, Y.F., Kan, W.J., Miao, J.J., Cheng, M.Z., Jing, Z.Z.: Hydrothermal synthesis of amino-
PVC/DE composite and its adsorption performance for formaldehyde. Ind. Eng. Chem. Res. 
60(35), 12934–12943 (2021). https://doi.org/10.1021/acs.iecr.1c02570 

121. Zhang, Y., Shi, Z.F., Sun, T.Y., Zhang, D.S., Zhang, X.P., Lin, X.X., Li, C., Wang, L.L., Song, 
J.J., Lin, Q.: The preparation of a novel eco-friendly methylene Blue/TiO2/PVC composite 
film and its photodegradability. Polym. Plast. Technol. Mater. 60(4), 358–368 (2021). https:// 
doi.org/10.1080/25740881.2020.1811317 

122. Saeed, T., Naeem, A., Mahmood, T., Khan, A., Ahmad, Z., Hamayun, M., Khan, I.W., Khan, 
N.H.: Kinetic and thermodynamic studies of polyvinyl chloride composite of manganese oxide 
nanosheets for the efficient removal of dye from water. Water Sci. Technol. 84(4), 851–864 
(2021). https://doi.org/10.2166/wst.2021.282 

123. Khan, Z.U., Khan, W.U., Ullah, B., Ali, W., Ahmad, B., Ali, W., Yap, P.S.: Graphene oxide/ 
PVC composite papers functionalized with p-Phenylenediamine as high-performance sorbent 
for the removal of heavy metal ions. J. Environ. Chem. Eng. 9(5) (2021). https://doi.org/10. 
1016/j.jece.2021.105916 

124. Georgescu, M., Alexandrescu, L., Sonmez, M., Nituica, M., Stelescu, D., Gurau, D. Polymeric 
composites based on rigid PVC and zinc oxide nanoparticles. In: 7th International Conference 
on Advanced Materials and Systems. Bucharest, ROMANIA, pp. 331–336 (2018) 

125. Stelescu, M.D., Alexandrescu, L., Sonmez, M., Georgescu, M., Nituica, M., Gurau, D.: Poly-
meric composites based on plastified pvc and zinc oxide nanoparticles. In: 7th International 
Conference on Advanced Materials and Systems. Bucharest, ROMANIA, pp. 159–164 (2018) 

126. Miranda, C., Rodriguez-Llamazares, S., Castano, J., Mondaca, M.A.: Cu nanoparticles/PVC 
composites: thermal, rheological, and antibacterial properties. Adv. Polym. Technol. 37(3) 
(2018). https://doi.org/10.1002/adv.21740 

127. Aydin, I., Demirkir, C.: Activation of spruce wood surfaces by plasma treatment after long 
terms of natural surface inactivation. Plasma Chem. Plasma Process. 30(5), 697–706 (2010). 
https://doi.org/10.1007/s11090-010-9244-5 

128. Abd Jelil, R.: A review of low-temperature plasma treatment of textile materials. J. Mater. 
Sci. 50(18), 5913–5943 (2015). https://doi.org/10.1007/s10853-015-9152-4 

129. Cordeiro, R.C., Pacheco, L.V., Schierl, S., Viana, H., Simao, R.A.: Effects of different plasma 
treatments of short fibers on the mechanical properties of polypropylene-wood composites. 
Polym. Compos. 39(5), 1468–1479 (2018). https://doi.org/10.1002/pc.24087

https://doi.org/10.1142/s0217979218501102
https://doi.org/10.1142/s0217979218501102
https://doi.org/10.3390/ma14185430
https://doi.org/10.1007/s10118-018-2160-5
https://doi.org/10.3390/c4010015
https://doi.org/10.1016/j.jtice.2021.02.031
https://doi.org/10.1016/j.triboint.2019.105906
https://doi.org/10.5004/dwt.2019.23432
https://doi.org/10.1021/acs.iecr.1c02570
https://doi.org/10.1080/25740881.2020.1811317
https://doi.org/10.1080/25740881.2020.1811317
https://doi.org/10.2166/wst.2021.282
https://doi.org/10.1016/j.jece.2021.105916
https://doi.org/10.1016/j.jece.2021.105916
https://doi.org/10.1002/adv.21740
https://doi.org/10.1007/s11090-010-9244-5
https://doi.org/10.1007/s10853-015-9152-4
https://doi.org/10.1002/pc.24087


Interface Modification and Characterization of PVC Based Composites … 83

130. Jagadeesh, P., Puttegowda, M., Rangappa, S.M., Siengchin, S.: A review on extraction, chem-
ical treatment, characterization of natural fibers and its composites for potential applications. 
Polym. Compos. 42(12), 6239–6264 (2021). https://doi.org/10.1002/pc.26312 

131. Hunnekens, B., Peters, F., Avramidis, G., Krause, A., Militz, H., Viol, W.: Plasma treatment 
of wood-polymer composites: a comparison of three different discharge types and their effect 
on surface properties. J. Appl. Polym. Sci. 133(18) (2016). https://doi.org/10.1002/app.43376 

132. Yanez-Pacios, A.J., Martin-Martinez, J.M.: Comparative adhesion, ageing resistance, and 
surface properties of wood plastic composite treated with low pressure plasma and atmospheric 
pressure plasma jet. Polymers 10(6) (2018). https://doi.org/10.3390/polym10060643 

133. Lionetto, F., Sannino, A., Maffezzoli, A.: Ultrasonic monitoring of the network formation in 
superabsorbent cellulose based hydrogels. Polymer 46(6), 1796–1803 (2005). https://doi.org/ 
10.1016/j.polymer.2005.01.008 

134. Anbarasan, R., Jayaseharan, J., Sudha, M., Gopalan, A.: Sonochemical polymerization of 
acrylic acid and acrylamide in the presence of a new redox system—a comparative study. J. 
Appl. Polym. Sci. 89(13), 3685–3692 (2003). https://doi.org/10.1002/app.12546 

135. Mahbubul, I.M., Saidur, R., Amalina, M.A., Elcioglu, E.B., Okutucu-Ozyurt, T.: Effective 
ultrasonication process for better colloidal dispersion of nanofluid. Ultrason. Sonochem. 26, 
361–369 (2015). https://doi.org/10.1016/j.ultsonch.2015.01.005 

136. Mallakpour, S., Sadaty, M.A.: Thiamine hydrochloride (vitamin B-1) as modifier agent for 
TiO2 nanoparticles and the optical, mechanical, and thermal properties of poly(vinyl chloride) 
composite films. RSC Adv. 6(95), 92596–92604 (2016). https://doi.org/10.1039/c6ra18597e 

137. Mallakpour, S., Shamsaddinimotlagh, S.: Ultrasonic-promoted rapid preparation of PVC/ 
TiO2-BSA nanocomposites: characterization and photocatalytic degradation of methylene 
blue. Ultrason. Sonochem. 41, 361–374 (2018). https://doi.org/10.1016/j.ultsonch.2017. 
09.052 

138. Mallakpour, S., Javadpour, M.: An efficient preparation and characterization of nanocomposite 
films based on poly(vinyl chloride) and modified ZnO quantum dot with an optically active 
diacid containing amino acid as coupling agent. Polym.-Plast. Technol. Eng. 55(5), 498–509 
(2016). https://doi.org/10.1080/03602559.2015.1098681 

139. Mallakpour, S., Javadpour, M.: Effective methodology for the production of novel nanocom-
posite films based on poly(vinyl chloride) and zinc oxide nanoparticles modified with green 
poly(vinyl alcohol). Polym. Compos. 38(9), 1800–1809 (2017). https://doi.org/10.1002/pc. 
23750 

140. Khaleghi, M., Didehban, K., Shabanian, M.: Simple and fast preparation of graphene oxide@ 
melamine terephthaldehyde and its PVC nanocomposite via ultrasonic irradiation: chemical 
and thermal resistance study. Ultrason. Sonochem. 43, 275–284 (2018). https://doi.org/10. 
1016/j.ultsonch.2017.12.049 

141. Hussein, M.A., Alam, M.M., Asiri, A.M., Al-amshany, Z.M., Hajeeassa, K.S., Rahman, 
M.M.: Ultrasonic-assisted fabrication of polyvinyl chloride/mixed graphene-carbon nanotube 
nanocomposites as a selective Ag+ ionic sensor. J. Compos. Mater. 53(16), 2271–2284 (2019). 
https://doi.org/10.1177/0021998318825293 

142. Allahbakhsh, A.: PVC/rice straw/SDBS-modified graphene oxide sustainable nanocompos-
ites: melt mixing process and electrical insulation characteristics. Compos. Part A Appl. Sci. 
Manuf. 134 (2020). https://doi.org/10.1016/j.compositesa.2020.105902 

143. Jiang, L.P., He, C.X., Li, X.L., Fu, J.J.: Wear properties of wood-plastic composites pretreated 
with a stearic acid-palmitic acid mixture before exposure to degradative water conditions. 
Bioresources 13(2), 3817–3831 (2018). https://doi.org/10.15376/biores.13.2.3817-3831 

144. Lu, Y.H., Chen, Z.L., Lu, Y.W.: Synthesis, characterization and thermal behavior of plasticized 
poly (vinyl chloride) doped with folic acid-modified titanium dioxide. Sci. Rep. 12(1) (2022). 
https://doi.org/10.1038/s41598-022-07177-5 

145. Oladele, I.O., Michael, O.S., Adediran, A.A., Balogun, O.P., Ajagbe, F.O.: Acetylation treat-
ment for the batch processing of natural fibers: effects on constituents, tensile properties and 
surface morphology of selected plant stem fibers. Fibers 8(12) (2020). https://doi.org/10.3390/ 
fib8120073

https://doi.org/10.1002/pc.26312
https://doi.org/10.1002/app.43376
https://doi.org/10.3390/polym10060643
https://doi.org/10.1016/j.polymer.2005.01.008
https://doi.org/10.1016/j.polymer.2005.01.008
https://doi.org/10.1002/app.12546
https://doi.org/10.1016/j.ultsonch.2015.01.005
https://doi.org/10.1039/c6ra18597e
https://doi.org/10.1016/j.ultsonch.2017.09.052
https://doi.org/10.1016/j.ultsonch.2017.09.052
https://doi.org/10.1080/03602559.2015.1098681
https://doi.org/10.1002/pc.23750
https://doi.org/10.1002/pc.23750
https://doi.org/10.1016/j.ultsonch.2017.12.049
https://doi.org/10.1016/j.ultsonch.2017.12.049
https://doi.org/10.1177/0021998318825293
https://doi.org/10.1016/j.compositesa.2020.105902
https://doi.org/10.15376/biores.13.2.3817-3831
https://doi.org/10.1038/s41598-022-07177-5
https://doi.org/10.3390/fib8120073
https://doi.org/10.3390/fib8120073


84 V. Vandeginste and D. Madhav

146. Sreekala, M.S., Thomas, S.: Effect of fibre surface modification on water-sorption charac-
teristics of oil palm fibres. Compos. Sci. Technol. 63(6), 861–869 (2003). https://doi.org/10. 
1016/s0266-3538(02)00270-1 

147. Yasar, S., Icel, B.: Alkali modification of cotton (Gossypium hirsutum L.) stalks and its effect 
on properties of produced particleboards. Bioresources 11(3), 7191–7204 (2016). https://doi. 
org/10.15376/biores.11.3.7191-7204 

148. Abu Bakar, M.A., Ahmad, S., Kuntjoro, W.: The mechanical properties of treated and untreated 
kenaf fibre reinforced epoxy composite. J. Biobased Mater. Bioenergy 4(2), 159–163 (2010). 
https://doi.org/10.1166/jbmb.2010.1080 

149. Bui, Q.B., Colin, J., Nguyen, T.D., Mao, N.D., Nguyen, T.M.L., Perre, P.: Mechanical and 
thermal properties of a biocomposite based on polyvinylchloride/epoxidized natural rubber 
blend reinforced with rice husk microfiller. J. Thermoplast. Compos. Mater. 34(9), 1180–1192 
(2021). https://doi.org/10.1177/0892705719857774 

150. Dutta, N., Maji, T.K.: Valorization of waste rice husk by preparing nanocomposite with 
polyvinyl chloride and montmorillonite clay. J. Thermoplast. Compos. Mater. 34(6), 801–816 
(2021). https://doi.org/10.1177/0892705719854495 

151. Jiang, Z., Wang, J.W., Ge, R.K., Wu, C.J.: The effects of surface modification of ground 
calcium carbonate powdery fillers on the properties of PVC. Polym. Bull. 75(3), 1123–1139 
(2018). https://doi.org/10.1007/s00289-017-2081-4 

152. Behboudi, A., Jafarzadeh, Y., Yegani, R.: Enhancement of antifouling and antibacterial proper-
ties of PVC hollow fiber ultrafiltration membranes using pristine and modified silver nanopar-
ticles. J. Environ. Chem. Eng. 6(2), 1764–1773 (2018). https://doi.org/10.1016/j.jece.2018. 
02.031 

153. Baykus, O., Mutlu, A., Dogan, M.: The effect of pre-impregnation with maleated coupling 
agents on mechanical and water absorption properties of jute fabric reinforced polypropylene 
and polyethylene biocomposites. J. Compos. Mater. 50(2), 257–267 (2016). https://doi.org/ 
10.1177/0021998315573288 

154. Daghigh, V., Lacy, T.E., Pittman, C.U., Daghigh, H.: Influence of maleated polypropylene 
coupling agent on mechanical and thermal behavior of latania fiber-reinforced PP/EPDM 
composites. Polym. Compos. 39, E1751–E1759 (2018). https://doi.org/10.1002/pc.24752 

155. Maziero, R., Soares, K., Filho, A.I., Franco, A.R., Rubio, J.C.C.: Maleated polypropylene as 
coupling agent for polypropylene composites reinforced with eucalyptus and pinus particles. 
Bioresources 14(2), 4774–4791 (2019). https://doi.org/10.15376/biores.14.2.4774-4791 

156. Oliver-Ortega, H., Reixach, R., Espinach, F.X., Mendez, J.A.: Maleic anhydride polylactic 
acid coupling agent prepared from solvent reaction: synthesis, characterization and composite 
performance. Materials 15(3). https://doi.org/10.3390/ma15031161 

157. Ratanawilai, T., Taneerat, K.: Alternative polymeric matrices for wood-plastic composites: 
effects on mechanical properties and resistance to natural weathering. Constr. Build. Mater. 
172, 349–357 (2018). https://doi.org/10.1016/j.conbuildmat.2018.03.266 

158. Younes, M.M., Abdel-Rahman, H.A., Hamed, E.: Effect of gamma-irradiation on properties of 
polymer/fibrous/nanomaterials particleboard composites. J. Chem. Soc. Pak. 41(6), 966–974 
(2019) 

159. Shen, Z.L., Ye, Z., Li, K.L., Qi, C.S.: Effects of coupling agent and thermoplastic on the 
interfacial bond strength and the mechanical properties of oriented wood strand-thermoplastic 
composites. Polymers 13(23) (2021). https://doi.org/10.3390/polym13234260 

160. Wu, G.F., Ma, S.Y., Bai, Y., Zhang, H.X.: The surface modification of diatomite, thermal, and 
mechanical properties of poly(vinyl chloride)/diatomite composites. J. Vinyl Add. Tech. 25, 
E39–E47 (2019). https://doi.org/10.1002/vnl.21664 

161. Shi, H.L., Zhao, X.W., Li, Z.W., Yu, L.G., Li, X.H., Zhang, Z.J.: Bismuth oxychloride 
nanosheets for improvement of flexible poly (vinyl chloride) flame retardancy. J. Mater. Sci. 
55(2), 631–643 (2020). https://doi.org/10.1007/s10853-019-04048-9

https://doi.org/10.1016/s0266-3538(02)00270-1
https://doi.org/10.1016/s0266-3538(02)00270-1
https://doi.org/10.15376/biores.11.3.7191-7204
https://doi.org/10.15376/biores.11.3.7191-7204
https://doi.org/10.1166/jbmb.2010.1080
https://doi.org/10.1177/0892705719857774
https://doi.org/10.1177/0892705719854495
https://doi.org/10.1007/s00289-017-2081-4
https://doi.org/10.1016/j.jece.2018.02.031
https://doi.org/10.1016/j.jece.2018.02.031
https://doi.org/10.1177/0021998315573288
https://doi.org/10.1177/0021998315573288
https://doi.org/10.1002/pc.24752
https://doi.org/10.15376/biores.14.2.4774-4791
https://doi.org/10.3390/ma15031161
https://doi.org/10.1016/j.conbuildmat.2018.03.266
https://doi.org/10.3390/polym13234260
https://doi.org/10.1002/vnl.21664
https://doi.org/10.1007/s10853-019-04048-9


Interface Modification and Characterization of PVC Based Composites … 85

162. Hezarjaribi, M., Bakeri, G., Sillanpaa, M., Chaichi, M.J., Akbari, S.: Novel adsorptive 
membrane through embedding thiol-functionalized hydrous manganese oxide into PVC elec-
trospun nanofiber for dynamic removal of Cu(II) and Ni(II) ions from aqueous solution. J. 
Water Process Eng. 37 (2020). https://doi.org/10.1016/j.jwpe.2020.101401 

163. Ghalehno, M.D., Kord, B., Adlnasab, L.: A comparative study on effects of layered double 
hydroxide (LDH) and halloysite nanotube (HNT) on the physical, mechanical and dynamic 
mechanical properties of reed flour/polyvinyl chloride composites. J. Thermoplast. Compos. 
Mater. (2021). https://doi.org/10.1177/08927057211051772 

164. Zhang, Y.P., Ding, C., Zhang, N., Chen, C., Di, X.Y., Zhang, Y.H.: Surface modification of 
silica micro-powder by titanate coupling agent and its utilization in PVC based composite. 
Constr. Build. Mater. 307 (2021). https://doi.org/10.1016/j.conbuildmat.2021.124933 

165. Izwan, S.M., Sapuan, S.M., Zuhri, M.Y.M., Muhamed, A.R.: Effect of benzoyl treatment on 
the performance of sugar palm/kenaf fiber-reinforced polypropylene hybrid composites. Text. 
Res. J. 92(5–6), 706–716 (2022). https://doi.org/10.1177/00405175211043248 

166. Salehi, R., Arami, M., Mahmoodi, N.M., Bahrami, H., Khorramfar, S.: Novel biocompatible 
composite (Chitosan-zinc oxide nanoparticle): Preparation, characterization and dye adsorp-
tion properties. Colloids Surf. B Biointerfaces 80(1), 86–93 (2010). https://doi.org/10.1016/ 
j.colsurfb.2010.05.039 

167. Gong, J., Guo, W.H., Wang, K., Xiong, J.Y.: Surface modification of magnesium hydroxide 
sulfate hydrate whiskers and its toughness and reinforcement for polyvinyl chloride. Polym. 
Compos. 39(10), 3676–3685 (2018). https://doi.org/10.1002/pc.24396 

168. Xu, J.L., Lin, Y.G., Yang, W.L., Kang, C.H., Niu, L.: Application of nanometer antimony 
trioxide modified by dioctyl phthalate in polyvinyl chloride flame retardant materials. Mater. 
Res. Ibero Am. J. Mater. 23(6) (2020). https://doi.org/10.1590/1980-5373-mr-2020-0316 

169. Xu, K.M., Li, K.F., Zhong, T.H., Xie, C.P.: Interface self-reinforcing ability and antibacterial 
effect of natural chitosan modified polyvinyl chloride-based wood flour composites. J. Appl. 
Polym. Sci. 131(3) (2014). https://doi.org/10.1002/app.39854 

170. Pu, D.D., Liu, F.Y., Dong, Y.B., Ni, Q.Q., Fu, Y.Q.: Interfacial adhesion and mechanical 
properties of PET fabric/PVC composites enhanced by SiO2/tributyl citrate hybrid sizing. 
Nanomater. Basel 8(11). https://doi.org/10.3390/nano8110898 

171. Sun, S.S., Li, C.Z., Zhang, L., Du, H.L., Burnell-Gray, J.S.: Interfacial structures and mechan-
ical properties of PVC composites reinforced by CaCO3 with different particle sizes and 
surface treatments. Polym. Int. 55(2), 158–164 (2006). https://doi.org/10.1002/pi.1932 

172. Zheng, Y.T., Cao, D.R., Wang, D.S., Chen, J.J.: Study on the interface modification of bagasse 
fibre and the mechanical properties of its composite with PVC. Compos. Part A Appl. Sci. 
Manuf. 38(1), 20–25 (2007). https://doi.org/10.1016/j.compositesa.2006.01.023 

173. Yuan, W.J., Cui, J.Y., Xu, S.A.: Mechanical properties and interfacial interaction of modified 
calcium sulfate whisker/poly(vinyl chloride) composites. J. Mater. Sci. Technol. 32(12), 1352– 
1360 (2016). https://doi.org/10.1016/j.jmst.2016.05.016 

174. Feng, Y.F., Qiu, H.R., Mao, B.S., Bo, M.L., Deng, Q.H.: Preparation of hybrid ceramic/ 
PVC composites showing both high dielectric constant and breakdown strength ascribed 
to interfacial effect between V2C MXene and Cu2O. Colloids Surf. A Physicochem. Eng. 
Aspects 630 (2021). https://doi.org/10.1016/j.colsurfa.2021.127650 

175. Vandeginste, V.: Food waste eggshell valorization through development of new composites: 
a review. Sustain. Mater. Technol. 29 (2021). https://doi.org/10.1016/j.susmat.2021.e00317 

176. Toubia, E.A., Emami, S., Klosterman, D.: Degradation mechanisms of balsa wood and PVC 
foam sandwich core composites due to freeze/thaw exposure in saline solution. J. Sandwich 
Struct. Mater. 21(3), 990–1008 (2019). https://doi.org/10.1177/1099636217706895 

177. Olufsen, S.N., Clausen, A.H., Breiby, D.W., Hopperstad, O.S.: X-ray computed tomography 
investigation of dilation of mineral-filled PVC under monotonic loading. Mech. Mater. 142 
(2020). https://doi.org/10.1016/j.mechmat.2019.103296 

178. Yuan, W.J., Lu, Y.H., Xu, S.A.: Synthesis of a new titanate coupling agent for the modification 
of calcium sulfate whisker in poly(vinyl chloride) composite. Materials 9(8) (2016). https:// 
doi.org/10.3390/ma9080625

https://doi.org/10.1016/j.jwpe.2020.101401
https://doi.org/10.1177/08927057211051772
https://doi.org/10.1016/j.conbuildmat.2021.124933
https://doi.org/10.1177/00405175211043248
https://doi.org/10.1016/j.colsurfb.2010.05.039
https://doi.org/10.1016/j.colsurfb.2010.05.039
https://doi.org/10.1002/pc.24396
https://doi.org/10.1590/1980-5373-mr-2020-0316
https://doi.org/10.1002/app.39854
https://doi.org/10.3390/nano8110898
https://doi.org/10.1002/pi.1932
https://doi.org/10.1016/j.compositesa.2006.01.023
https://doi.org/10.1016/j.jmst.2016.05.016
https://doi.org/10.1016/j.colsurfa.2021.127650
https://doi.org/10.1016/j.susmat.2021.e00317
https://doi.org/10.1177/1099636217706895
https://doi.org/10.1016/j.mechmat.2019.103296
https://doi.org/10.3390/ma9080625
https://doi.org/10.3390/ma9080625


86 V. Vandeginste and D. Madhav

179. Wang, H., Xie, G.Y., Fang, M.H., Ying, Z., Tong, Y., Zeng, Y.: Mechanical reinforcement 
of graphene/poly(vinyl chloride) composites prepared by combining the in-situ suspension 
polymerization and melt-mixing methods. Compos. Part B Eng. 113, 278–284 (2017). https:// 
doi.org/10.1016/j.compositesb.2017.01.053 

180. Zhang, L., Luo, M.F., Sun, S.S., Ma, J., Li, C.Z.: Effect of surface structure of nano-CaCO3 
particles on mechanical and rheological properties of PVC composites. J. Macromol. Sci. Part 
B Phys.  49(5), 970–982 (2010). https://doi.org/10.1080/00222341003609336

https://doi.org/10.1016/j.compositesb.2017.01.053
https://doi.org/10.1016/j.compositesb.2017.01.053
https://doi.org/10.1080/00222341003609336

	 Interface Modification and Characterization of PVC Based Composites and Nanocomposites
	1 Introduction
	2 Fillers Used in PVC Composites
	3 Interface Modification: Physical Modification Methods
	3.1 Plasma Treatment
	3.2 Ultrasonic Irradiation
	3.3 Surfactant Modification

	4 Interface Modification: Chemical Modification Methods
	4.1 Acid and Acetylation Treatment
	4.2 Alkaline Treatment or Mercerization
	4.3 Maleated Coupling Agent
	4.4 Silane Coupling Agent
	4.5 Titanate Coupling Agent
	4.6 Benzoyl Chloride Treatment
	4.7 Chitosan-Based Treatment
	4.8 Phthalate Treatment

	5 Interface Characterization Methods
	5.1 Fourier Transform InfraRed Spectrometry
	5.2 Scanning Electron Microscopy and Energy Dispersive Analysis of X-rays
	5.3 X-ray Computed Tomography
	5.4 Pull-Out Micromechanical Test
	5.5 Dynamic Mechanical (Thermal) Analysis
	5.6 Rheological Properties

	6 Conclusion
	References


