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A B S T R A C T   

Waste management is fundamental to resource and environmental sustainability. Expanded 
polystyrene (EPS) and polyurethane (PU) waste plastics were recycled and applied as binder in 
emulsion paint formulation. The recycled polystyrene (rPS) and polyurethane (rPU) were blended 
into composite resins, where toluene was used as the solvent. The blends of rPS and rPU were 
optimized, while some physicochemical properties of the composite blends (rPS/PU) were eval-
uated. The results showed that the incorporation of rPU into rPS increased the viscosity (1818 
mPa–3924 mPa), rate of gelation (dry-to-touch time: 15 min–0.25 min), moisture content (2.7%– 
8.1%), moisture uptake (3.2%–5.0%), solid content (48%–53.4%) and density (0.82 g/cm3 to 
1.050.82 g/cm3) of the rPS/PU composite resins. Characterization was carried out using Fourier 
transform infrared (FT-IR) spectroscopy, X-ray diffraction (XRD), thermogravimetric analysis 
(TGA), scanning electron microscope (SEM), and atomic force microscopy (AFM). The results 
summarily showed that there are interactions among the rPS and rPU molecules in the composite, 
where complimentary structural and morphological characteristics were also achieved. The 
composite resin also exhibited superior bond strength (0.5–4.24 Mpa) on wood, cast mortar, 
ceramic, and steel surfaces due to its stronger intra- and inter-surface interactions compared to 
the neat rPS resin. The composite resin was used as a binder in the formulation of emulsion paint. 
The paint exhibited stronger resistance to water, among other superior properties, when 
compared to the paints formulated using neat rPS and conventional polyvinyl acetate (PVA) 
resins. The reduction of plastic waste in this study holds potential for the production of highly 
water-resistant emulsion paint for outdoor and indoor applications.   

1. Introduction 

The phrase “waste to wealth” can only be sustained with advancements in research and innovations focused on novel recycling 
technology [1]. Waste plastics constitute a significant proportion of global solid waste pollution [2]. This pollution and its impacts 
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have continued to grow [3]. The trend of increasing plastic waste pollution may remain unbeatable as it is directly driven by the 
growth in global population and industrialization [4]. Waste and non-reusable plastic materials constitute environmental challenges 
that range from costly landfills to water and air pollution due to leaching and incineration [5]. The economic challenges of these issues 
lie in the cost of the final disposal of these materials from the environment via reduction or degradation to worthless and sometimes 
hazardous residues [6]. Middle- and low-income countries with inadequate waste management system and facilities have recently 
started facing the major impacts of solid waste, such as floods and environmental degradation. Therefore, profit-driven waste man-
agement and recycling come with general environmental conservation and other advantages, such as, saving the cost of nugatory 
disposal and disintegration and creating resourceful production channels. Advancements in solid waste recycling have also provided 
various efficient and low-cost materials for major construction and other engineering applications [7,8]. 

Polystyrene (PS) and polyurethane (PU) are among the plastic materials that significantly constitute solid waste [9]. Expanded 
polystyrene (EPS) is a low-additive grade of polystyrene materials that are majorly used in packaging and other structural applications 
[10]. EPS constitute the most voluminous polystyrene waste [11]. PS materials are basically thermoplastic materials. Hence, EPS has 
been reconstituted via various simple methods, including dissolution [12,13], precipitation [11], depolymerization [1], thermokinetic 
transformation, and extrusion (mechanical and thermal processes), and the resultant polymeric and functional materials have been 
reused in various structural and functional applications [10]. The dissolution of EPS has been described by the relative energy dif-
ference (RED > 1) that correlates forces of interaction (nonpolar, dipolar, and hydrogen-bonding interactions) between PS and various 
solvents [14]. Dissolution and/or catalytic depolymerization of PS materials have been achieved using organic solvents. Osemeahon 
et al. [15] studied some physicochemical properties of resins prepared by dissolving EPS in different solvents, including toluene, 
gasoline, carbon tetrachloride, and chloroform. Gutierrez-Velasquez et al. [3] evaluated acetone, ethyl acetate, and their mixtures as 
solvents for EPS wastes. Toluene was also used in the catalytic depolymerization of various plastics, including polystyrene [16]. The 
dissolved PS typically produces polymeric resin, which can also dry to form adhesive and cohesive films [3]. These properties basically 
channeled the application of dissolved PS wastes towards different forms of coating applications, including paints [15] and asphalts 
[3]. Neat PS is hydrophobic. However, the dissolved PS resin (rPS) can form stable dispersion in water with the aid of the appropriate 
emulsifiers and mechanical agitation. This has been successfully incorporated into matrixes such as cement paste and mortar [18] and 
emulsion paints [19]. 

PU wastes are primarily from PU foams in general wastes from upholstery, utility materials (shoes, clothings, etc.), and many 
domestic and industrial structures and cushions [20,21]. PU materials are relatively biodegradable compared to PS [9]. However the 
process can be considered too slow for efficient PU waste management, while it may also generate another category of waste from the 
inorganic residue [21]. PU materials are thermoset materials, and this makes recycling complicated [21]. Some methods have been 
successfully used in the size reduction [21], degradation [22], or depolymerization [23] of PU materials. However, the resultant 
materials are typically non-polymeric, which limit or complicate their structural reuse. Nevertheless, a simpler method of recycling PU 
materials has been achieved by reducing PU materials to particles and using these as fillers in composite materials [24]. 

Composite materials are materials of interest, usually fabricated by incorporating different materials to produce new materials with 
unique and synergetic properties that may be desired for an application. The unique properties of the composite material are also 
expected to overcome the limitations that have been attributed to each of the components making up the composition of the composite 
[25]. Composite technology has been used to advance the potential of conventional materials and their structural and engineering 
applications [7,8]. Different methods have been used in the preparation of polymer-polymer composites, and the products have 
exhibited desired characteristics based on compatibility and unique morphologies due to ᴨ-ᴨ and other molecular interactions [17, 
26–29]. 

The incorporation of recycled polymers in coatings is growing among the possible end applications [30]. EPS was also dissolved 
with different mixtures of acetone and ethyl acetate, and the resultant materials were studied to optimize their applications in asphalt 
coating [3]. Godinho et al. [23] recycled PU materials via depolymerization in an acidolysis reaction using dicarboxylic acid, and the 
polyol-rich product was further reacted with isocyanate to produce the rPU coating resin. A superhydrophobic coating was formulated 
by dispersing polytetrafluoroethylene powder in a solution of rPS [29]. Güçlü [31], prepared water-reducible alkyd resins by using the 
water-soluble and insoluble fractions of the depolymerization product obtained after simultaneous glycolysis and hydrolysis of PET 
waste. PET has also been depolymerized and been chemically transformed into new polymers with mainly carboxylic end-groups. This 
was further transformed into polyester, which was used in the production of powder coatings [32]. The rPS obtained by dissolving EPS 
waste has been used as a binder in the formulation of organic solvent-based paints [33,34]. However, the products have drawbacks 
such as moisture trapping (in voids and pores created by solvent evaporation), film brittleness and weatherability failure, slow drying 
time, and environmental impact due to large amounts of volatile organic solvent released from the painted surfaces [17,33,34]. These 
shortcomings necessitate modifications to the rPS resin to improve its properties and also enhance stable dispersion in water for the 
formulation of a more eco-friendly water-based (emulsion) paint. In the previous study, EPS dissolved in gasoline was blended with 
different derivatives of urea formaldehyde resins to develop a copolymer resin that can be used as a binder for emulsion paints [17,19, 
35]. The studies achieved excellent dispersion of the copolymer resins in water. However, the product exhibited limitations in terms of 
poor mechanical properties, moisture uptake, and hazardous formaldehyde emissions. The limitations are due to the intrinsic prop-
erties of the thermosetting urea formaldehyde resin derivatives (solubility in water and brittleness’), at the optimal fractions in the 
copolymer resins [17,19,35]. Further studies on the incorporation of stable hydrophilic resins or particles in the rPS hold potential for 
the development of a low-cost and eco-friendly emulsion paint binder with improved properties for stable and efficient application. 

To the best of our knowledge, no work is available in the literature on the preparation of recycled polystyrene (EPS) and poly-
urethane composites, as well as studies on their characterization and applications as water-based paint binders. In this study, PS and 
PU plastic wastes were reduced to resins and composite resins, which were comprehensively characterized as binders for water- 
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resistant emulsion paint. The binders were further used in the formulation of emulsion paints. The significance of this study lies in the 
low-cost production and characterization of essential products for improved domestic and industrial applications from recycled waste 
materials. 

2. Materials and methods 

2.1. Materials 

EPS waste (Fig. 1a) was picked from the garbage bin and cleaned thoroughly to remove all extraneous materials from it. Rigid 
polyurethane material (Fig. 1b) was removed from a disposed shoe sole. The toluene used was of synthesis grade (Sigma-Aldrich, 
99.8% purity). Epoxy glue was from a local supermarket, and paint chemical and additives were purchased from a local chemical store. 

2.2. Methods 

2.2.1. Preparation of rPS and rPS/PU composite 
rPS resin was prepared by dissolving 30 g of EPS in 100 ml of toluene. After the dissolution of EPS, the resin formed was stirred at 

low speed in a closed container for 30 min. The rPU suspension was prepared by reducing the PU solid waste (2 g) in toluene (20 ml) by 
stirring for 10 min (or until complete suspension at room temperature) using a mechanical stirrer. The rPS/PU composites were 
prepared and optimized by blending rPS resin with the rPU suspension in different proportions, as shown in Table 1. The composite 
was stirred in a closed container using a mechanical stirrer at low speed for 30 min. 

2.2.2. Physicochemical analyses rPS and rPS/PU composite 
Viscosity was determined at 27 ± 2 ◦C using a Brookfield viscometer CAP 2000 based on ASTM D4287/ISO 2884. Resin was spread 

on a glass slide to produce about 0.45 mm of thickness, and the gel time was determined from dry-to-touch time according to standard 
methods (ASTM D1640). The moisture content of the resins was determined using a Karl-Fischer titrator instrument (MA101 C). 
Tetrahydrofuran (50 ml) was initially added to the titrator, and the water content was completely neutralized with the K–F reagent. 
Afterwards, resin (50 mg) was added to the THF as a diluent, stirred for about 10 min, and then neutralized completely by the K–F 
reagent. The moisture content computed by the instrument was recorded. Moisture uptake of film was determined gravimetrically 
using the Moisture Sorption Analyser IGAsorp (Hiden Isochema Ltd.), with relative humidity ranging from about 0% to 95% as 
described by Ref. [36]. Density and the solid content (non-volatile content at 120 ◦C) were determined according to ASTM D792 and 
ASTM D2369 standard methods. All analyses were carried out in triplicate. 

2.2.3. Characterization of rPS and rPS/PU composite 
rPS and rPS/PU film of about 1 mm thickness cast on a clean glass slide were allowed to dry-through and used for instrumental 

characterization. The chemical functionality of the materials was investigated using Fourier transform infrared (FTIR) spectroscopy. 
The FTIR analysis was carried out using an Agilent (Cary 630) spectrometer operated at 8 cm− 1 resolutions, a spectra range of 
4000–650 cm− 1, and 30 scans per second. 

The morphological characteristics of the materials were evaluated using X-ray diffraction (XRD). XRD analysis was carried out 
using a Shimadzu XRD-6000 deffractometer operated at 40 kV and 30 mV. The scanning range of 2θ was between 2.0 and 65.0, the 
scan speed was 2◦ 2θ/min, and the receiving slit width was 0.30 mm. 

Fig. 1. Pieces of waste EPS (a) and rigid polyurethane (b) materials.  
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A Phenom ProX scanning electron microscope operated at an acceleration voltage of 15 kV, was used to depict the micrograph of 
the materials. 

The thermal stability of the materials was studied using thermogravimetric analysis (TGA). TGA was performed with the SDT Q600 
V20.9 Build 20 instrument. The temperature of the analysis started from 25 ◦C to 900 ◦C within an inert nitrogen atmosphere with a 
heating rate of 10 ◦C min− 1. 

A 3D nanoscale micrograph of materials was depicted using the atomic force microscopy (AFM). This was performed using 
Nanosurf Naio AFM. 

2.2.4. Bond strength analyses of rPS and rPS/PU composite 
Bond strength on different substrate surfaces, including wood, ceramic, steel, and cast mortar (a mixture of cement, sand, and 

water), was carried out at about 27 ± 2 ◦C, according to Ref. [37], as shown in the experimental assembly illustrated in Fig. 2. Coating 
(rPS and rPS/PU) about 2 ± 0.2 mm thick was applied to a piece of substrate (fabricated to about 25 mm in diameter of the steel 
sliders) and allowed to dry-through (within 5–8 h). Epoxy glue (2 ± 0.2 mm) was used to glue the coated and non-coated surfaces of 
the substrate to the steel slide and left for 24 h to cure completely (our prior experiment confirmed that the epoxy glue is suitable and 
stable because the bond strength is much higher on the selected surfaces). Afterwards, the assembly was mounted on a universal 
stretching machine (Instron Microtester 5848) for a tensile test. The maximum loading at substrate-coating interface rupture was 
recorded. Coating bond strength was calculated using equation (1). 

fδ =
F
A

1  

Where fδ is the bond strength (MPa), F is the maximum loading at substrate-coating interface rupture (N), and S is the area of substrate 
(mm2). 

The effect of waste/composite concentration on bond strength was also studied by varying the concentration from 5 to 25 % w/v in 
the solvent. 

2.2.5. Paint formulation 
Paint formulation was carried out using conventional methods as described in the previous study [19], with minor modifications. 

The sequential addition and mixing of the paint component materials are highlighted in Table 2. Mixing was carried out in a trans-
parent container while using a mechanical stirrer tuned from medium to high speed. Mixing was stopped at about 15–20 min, after 
homogeneous and consistent mixtures were obtained at every stage of the paint formulation process. 

2.2.6. Paint tests 
A digital pH meter (Hanna instrument) was used to measure the pH of paint products. Viscosity, density, and drying time tests were 

carried out using the same methods as for the binder resins. The washability cycles evaluation was carried out using the Biuged BGD 
526 Wet Abrasion Scrub Tester. Opacity, adhesion, tackiness, chemical resistance (for 12 h in aqueous solution), and stability (for 4 
months) tests were carried out as described in the previous study [19]. The static immersion test was carried out according to the 
method described by Yew et al. [38] over 7 days in distilled water. A complementary immersion-water-resistant test was carried out 
using an in-house technique where a cast rectangular cement mortar (substrate) was gently dipped into the paint container to get 
evenly coated, then pulled out and set to dry completely for 24 h. The dried painted substrate was then immersed gently in distilled 
water for 14 days in a transparent container where frequent virtual observation was made. All test data were recorded as the mean of 
triplicate determinations, and all tests were carried out at room temperature (27 ± 2 ◦C). 

Table 1 
Preparation of blends of rPS and rPU.  

Sample C1 C2 C3 C4 

rPS-rPU blended (ml) 100–5 100–7 100–11 100–15 
Ratio 1:0.05 1:0.07 1:0.11 1:0.15  

Fig. 2. Assembly of materials for coating bond strength test.  

S.A. Osemeahon et al.                                                                                                                                                                                                



Heliyon 10 (2024) e27868

5

3. Results and discussion 

While the EPS material dissolved to form a homogeneous-phase resin, the rigid PU material only disintegrated to form a dispersion 
of white, soft, solid particles in toluene. The visual presentation of the rPS, rPU, and the different proportions of rPS/PU composite 
resins were presented in Fig. 3. Homogeneity and consistency visually decreased with an increase in the amount of rPU incorporated in 
the rPS resin. At higher rPU proportions, larger lumps were formed, which virtually created inconsistency and disrupt homogeneity in 
the composite resins. This may decrease the workability of the composites with a higher proportion of rPU suspension. 

Fig. 4 presents the results of some physicochemical properties of rPS and the rPS/PU composites. The results of viscosity and gel 
time (dry-to-touch) of rPS and rPU/PS composites were presented in Fig. 4a. Viscosity increased (1818–3924 cP from rPS to C4 
respectively) while the gel time decreased (15–0.25 min from rPS to C4 respectively) with the incorporation and increase in rPU in rPS. 
This indicated molecular interactions between the rPS and rPU particles, which increased molecular weight and cumulatively reduced 
the mobility of the macromolecules in the composite [23]. This effect also showed that the rPS and rPU materials are compactible and 
that the incorporation of rPU particles alters the microstructure of the rPU material [39]. Ramos Olmos has also shown that reactive 
additives increase the viscosity of polystyrene solutions [40]. Fig. 4b presents the moisture content of the materials and the moisture 
uptake by the materials. The moisture content in rPS can be attributed to moisture trapped within the pores in the resin film [3]. 
Moisture content increased with an increase in rPU content. This showed that the rPU particles impact hydrophilic functionality 
(compatibility with water) in the composite. This effect may serve as the basis for using the composite as a binder in emulsion coatings. 
Moisture uptake by composites showed a lower trend compared to the results of the moisture content. This showed different kinetics of 
moisture loss due to drying and moisture re-absorption on the composite. The lower water uptake trend signals the ability of the 
composite film to continue structural transformations that increase its resistance to moisture as it ages. The density and solid content of 
the materials increased with similar trends (Fig. 4c), as expected for dense fillers in composites. Ramos–Olmos et al. [40] also reported 
an increase in viscosity with solid content when polyethylene glycol was increased in a polymer composite of polystyrene. C2 was 
selected for further instrumental characterization based on its optimum physicochemical properties. 

Table 2 
Paint formulation recipe and stages.  

Stages Material Quantity (g) 

First Stage (Wetting and dispersion) 
15–20 min 

Water 185.00 
Anti-foam 0.20 
Drier 0.20 
Calgon 1.16 
Genepour 1.16 
Bermocoll 2.50 
Troystan 1.14 
Dispersant 0.20 
Butanol 5.00 
Ammonia 0.54 

Second Stage (Millbase) 
15–20 min 

TiO2 50.00 
Al2SiO3 11.20 
Na2CO3 0.58 
Kaolin 2.52 
CaCO3 123.00 

Third Stage (Letdown) 
15–20 min 

Binder 100.00 
Water 15.00 
Dispersant 0.20 
Nicofoam 0.20 
Anti-skining agent 0.20 

Total 500  

Fig. 3. Visual presentation of rPS, rPU, and rPS/PU composites in different (C1–C4) proportions.  
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3.1. Fourier transform infrared (FTIR) spectroscopy 

Fig. 5 shows the FTIR spectra of the rPS and rPS/PU composites. rPS spectra show major similarities to spectra available in the 
literature [12,13,17,26,41]. The peaks that are common to both spectra within 3200–2800 cm− 1, 1700–1300 cm− 1, and 1200–600 
cm− 1 can be attributed to aliphatic/aromatic C–H stretching, aliphatic C–H bending/C––C stretching/aromatic C––C–C stretching, and 
aromatic C–H/C–Substituent bending vibrations (on monosubstituted benzene rings), respectively. The peaks at 906.7 cm− 1 and 
842.4 cm− 1 are attributed to the amorphous phase due to atactic PS [12]. These characteristic peaks indicated the presence of 

Fig. 4. Viscosity and gel time (dry-to-touch) (a), moisture content and moisture uptake (b), and the density and solid content of rPS and 
the composites. 

Fig. 5. FTIR spectra of rPS and rPS/PU.  
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polystyrene fractions in both materials. The unique peaks at 1342 cm− 1 and 961.7 cm− 1 on the rPS spectra can be specifically 
attributed to the α-carbon C–H bending and the vinyl C–H bending vibrations on styrene molecules in the resin, respectively. The 
presence of styrene in rPS can be attributed to residual styrene in the Styrofoam and partial degradation of polystyrene in the solvent 
[16]. The rPS/PU spectra showed relative changes in intensity and the disappearance of some peaks compared to rPS. The spectra also 
showed new peaks at 3350 cm− 1 and 1655 cm− 1, which were attributed to N–H stretching and –C(=O)–N functional group vibrations, 
respectively. These peaks indicated the amine and amide groups of the rPU in the composite [42]. The disappearance of peaks on 
rPS/PU spectra (particularly 1342 cm− 1 and 961.7 cm− 1 on rPS) indicated that rPU interacts with styrene molecules and reduces the 
amount of styrene in the composite. The changes in peak intensities can be attributed to changes in the conformation of polystyrene 
molecules in the composite due to the incorporation of rPU. The grafting reaction of styrene molecules with rPU particles in Scheme 1, 
as similarly proposed by Jeong et al. [27], is expected to enhance the stable dispersion of rPU particles in the rPS/PU composite. 

3.1.1. X-ray diffraction (XRD) analysis 
Fig. 6 presents the XRD spectra of rPU and rPU/PS composite films. The position of the single broad reflection peak on the rPS 

spectra was at 18.84◦ on the 2θ scale, and this also corresponds to an interplanar distance of 4.481 Å. The spectra agree with the semi- 
crystalline structure of polystyrene [11,43]. The rPS/PU spectra also showed a single broad peak at 16.62◦ on the 2θ scale with an 
interplanar spacing of 5.41 Å. The rPS/PU crystalline peak (16.62◦) is less than the range of characteristic 2θ angles (18–22◦) that have 
been reported for both polystyrene and polyurethane materials [11,42,43]. This indicated the formation of a unique crystalline lattice 
due to the new products from the chemical interactions between component materials (Scheme 1). The single broad peak on the 
composite resin film indicated the formation of a homogenous microstructure resin film [42]. The composite resin also showed sig-
nificant morphological modification, with a reduction in the crystallinity of the composite (19.69%) compared to the rPS resin 
(39.93%). The increase in interplanar spacing in the rPS/PU composite indicated lattice strains and the disruption of crystallinity 
structures in the composite resin compared to rPS. The formation of new material phase and the change in the morphology of the 
composite resin are also supported by the functional characterization (FTIR analysis) of the resin. 

3.1.2. Thermogravimetric analysis (TGA) 
Fig. 7 presents the results of the thermogravimetric analysis (TGA) of rPS and rPS/PU, which depicts the thermal stability of the 

materials. The TGA result showed a remarkable change in the thermal degradation of rPS compared to the rPS/PU composite, and the 
difference was initially detected at about 123 ◦C. The rPS thermogram showed a loss of about 4.5% of volatile materials before the 
onset of major degradation of polystyrene at 220 ◦C, followed by the final degradation of residual materials at 499 ◦C. rPU showed 
similar degradation steps; however, the 220 ◦C onset degradation temperature recorded in this study is lower compared to the popular 
range (290–350 ◦C) in the literature [3,11,12,26]. This may be attributed to the partial degradation or depolymerization of PS in the 
rPS [44]. The rPS/PU thermogram showed more degradation steps than rPS. The first slight degradation step onset at 123 ◦C can be 
attributed to the second phase of volatile materials released from the rPU, which is the second component material in the composite. 
The second degradation step onset at 301 ◦C can be attributed to the PU segments in the composite [23,45]. The emergence of the third 
step at 384 ◦C can be attributed to the new PU-styrene products in the composite [27]. The TGA result ultimately showed that rPS/PU 
exhibits higher thermal stability compared to rPS. This property is also expected to improve the resistance to flame and other thermal 
deformation of the paint formulated using the rPS/PU composite resin as the binder. 

3.1.3. Scanning electron microscope (SEM) analysis 
Fig. 8 depicts the micrograph of the surface morphology of the rPS and rPS/PU composites. The result showed lateral orientation on 

the surface of the rPS film (Fig. 8a), with different sizes of pores and voids which can be attributed to the spaces created by bubbled gas 
during the drying process [3]. The rPS/PU composite film also exhibits lateral orientation on the surface. However, there were no void 

Scheme 1. General structure of polystyrene (rPS), polyurethane (rPU), and a graft reaction of styrene and rPU.  
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Fig. 6. XRD spectra of rPS and rPS/PU.  

Fig. 7. TGA graph of rPS and rPU/PS composite.  

Fig. 8. SEM images of (a), rPS and (b), rPU/PS.  
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spaces, which indicated that rPU particles controlled the drying process to maintain structural compactness. The micrograph of the 
rPS/PU composite (Fig. 8b), also showed patches that correspond to new structural phases (NSP) of materials that preferentially filled 
the void spaces and are also randomly distributed across the direction of orientation on the surface of the film. The NSP serves as a filler 
and reinforcer in the composite film, which further supports the results obtained from the thermal stability of the composite. The NSP 
on the rPS/PU can be attributed to rPU particles and the new product from the rPU-Styrene interactions [27,45,46]. 

3.1.4. Atomic force microscopy (AFM) analysis 
AFM produced the 50 μm by 50 μm topographic 3D images of rPS and rPS/PU composite, as shown in Fig. 9 (a) and 9(b) 

respectively. The gray-colored openings on the micrograph images represent the pore and void spaces. The substantial reduction in 
pores and voids clearly showed that the surface morphology of the rPS film was remarkably altered due to the incorporation of rPU. 
The 91.8 nm peak-to-valley height on rPS was reduced to 2.75 nm on rPS/PU. This indicated that rPU particles and the resultant PU- 
styrene derivative preferentially take forms that fill the valleys (pores) on the rPS. Similar effect was reported by Ref. [28]. The 
nano-scale modification reduced porosity and increased surface homogeneity (reduced roughness) of the rPS/PU composite compared 
to the rPS resin film. This result also complements the results obtained from the SEM micrograph images. The reduction in surface 
roughness due to the deformation of soft filler particles in the composite films is expected to enhance both the adhesive and cohesive 
properties of the composite film [28]. 

3.1.5. Bond strength of rPS and rPS/PU on different material surfaces 
The bond strengths of rPS and rPS/PU (C2) at different concentrations in toluene were studied on different substrates, as presented 

in Fig. 10a-d. The results showed that rPS/PU has higher bond strength than rPS on all the surfaces that were studied. This property can 
be attributed to the reduction in surface roughness of the rPS/PU observed on the AFM micrograph. A reduction in surface roughness is 
expected to improve the wettability of rPS/PU compared to rPS. The higher bond strength of the rPS/PU resin can also be attributed to 
higher hydrogen bonding and other molecular interactions or bonding between the substrate molecules and the electron rich func-
tional groups (such as carboxyl C––O and amine N–H) introduced into the composite due to rPU [47]. The results also showed that the 
bond strength increased with the amount of recycled materials in the solvent. The highest bond strength of rPS/PU on different 
substrates follows the order: wood > cast mortar > ceramic > steel. 

3.1.6. Properties of paints formulated using rPS, rPS/PU, and conventional polyvinyl acetate (PVA) resins 
The paints formulated were applied and completely dried on a cast mortar (Fig. 11a). Visually, the PVA paint exhibited a bright 

white color (of the CaCO3 particles), while the brightness was reduced in the rPS paint and further reduced towards an off-white color 
in the rPS/PU paint. This can be attributed to the colors of the binders, ranging from white (PVA), to golden brown (rPS), to dark (rPS/ 
PU) color (S1). The rPS/PU paint exhibited the best opacity. This is due to the filling effects of the PU particles, which may reduce the 
amount of pigment required in the paint. The physical properties of the paints, as presented in Table 3, exhibit some unique char-
acteristics of binders reported earlier in this study. rPS/PU paint exhibited outstanding properties with higher viscosity and density 
(better molecular and structural aggregation), washability cycles, better flexibility, and faster drying time than rPS, which culminated 
in a better product [29]. 

3.1.7. Immersion (water-resistant) and chemical resistant tests 
The visual effect of water immersion of paint coated on cast mortar was presented before immersion (Fig. 11a) and after immersion 

in tap water for 14 days (Fig. 11b). The results showed that both rPS and rPS/PU paints were resistant to blistering while the PVA paint 
failed. The water-proof effect showed that the strong water-resistance characteristic of the rPS was retained in the rPS/PU composite 
resin. Therefore, the emulsion paints formulated using the recycled plastics’ resins have potential for applications on submersible 
materials. The results of the paint film static immersion test showed that the PVA paint film is the least stable in water (Fig. 11c). The 
PVA paint film exhibited the highest (4.61 %) and most rapid weight loss till day 5, while the rPS paint lost less weight (2.21 %) within 
the same period. The rPS/PU paint film initially exhibited a rapid loss in weight (about 2.24 % at day 3), and further exhibited a 
slightly reversed weight gain from day 4. The weight gain can be attributed to the re-adsorption of substances in the water by the 
urethane components in the rPS/PU [48]. This dynamic (porous) property may also create inert moisture transport channels, which 
will limit the deteriorative trapping of water molecules within the paint film and within the interface between the paint film and the 
substrate, thereby preventing paint failure in water or a humid environment. This controlled moisture transport technique has been 
successfully used in coating materials for food packaging [49]. 

Table 4 presents the stability/resistance of the coated paint films in typical aqueous solutions. rPS and rPS/PU paints exhibited 
better resistance to chemical agents than PVA paints in the aqueous solutions. This may be attributed to PS’s intrinsic chemical 
resistance properties as established in the literature [29]. rPS/PU paint exhibited higher resistance/stability in 0.1 M acid solution than 
rPS paint. This may be attributed to increase in wear resistance and plasticization of the polyurethane particles in the acidic medium 
which serves as a reinforcement which has further stabilized the paint in the acidic medium [50]. 

4. Conclusion 

(1) The incorporation of rPU suspension into the rPS resin produced a colloidal composite resin with stable dispersion. (2) The rPU 
particles serve as fillers and enhance the mechanical (flexibility) and physicochemical (drying time, resistance to moisture absorption) 
qualities of the composite resin. (3) Functional characterization of the composite indicated chemical interactions between rPU 
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particles and the rPS resin. The chemical interaction demonstrated the rPU particles’ stability and complementary functionality within 
the composite resin. (4) The composite resin also exhibited microstructural and morphological characteristics that support the 
observed improvements in its physicochemical properties compared to the neat rPS resin. (5) The rPU in the composite resin impacts 
the carbonyl (C––O) and amine (N–H) functional groups. The hydrogen bonding characteristics of these functional groups improved 
the composite resin adhesion as well as its dispersion in water. (6) The emulsion paint formulated using the composite resin exhibited 

Fig. 9. AFM images of (a) rPS and (b) rPU/PS.  

Fig. 10. Bond strength of rPS and rPS/PU on (a) cast mortar, (b) wood (c) ceramic and (d) steel surfaces.  
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outstanding properties, including excellent water resistance. The new rPS/PU composite resin prepared in this study from waste 
plastics was achieved using simple techniques. Evaluation and characterization of the composite resin showed its potential as a 
multipurpose adhesive and as a binder for water-resistant emulsion paints. The study establishes sustainability through waste man-
agement and valorisation, as well as resource conservation. 

Fig. 11. PVA, rPS and rPS/PU paints coated on cast mortar (a) before immersion in distilled water and (b) after immersion for 14 days. (c) Static 
immersion tests in distilled water. 

Table 3 
Physical properties of paints formulated using PVA, rPS, and rPS/PU as binder.  

Property PVA rPS rPS/PU 

pH 8.2 8.6 9.1 
Adhesion (on cast mortar surface) Passed Passed Passed 
Viscosity (Poise) 8.6 ± 0.07 18.1 ± 0.11 24.6 ± 0.20 
Density (g/cm3) 1.131 ± 0.021 1.241 ± 0.002 1.357 ± 0.014 
Washability Cycles 15 20 24 
Opacity Passed Passed Passed 
Flexibility Passed Failed Passed 
Tackiness Passed Passed Passed 
Stability (4 months) Passed Passed Passed 
Drying time (min at 27 ± 2 ◦C) 
Dry to touch 50 ± 2.5 31 ± 1.0 19 ± 2.0 
Dry to hard 85 ± 1.5 58 ± 3.0 44 ± 2.5  

Table 4 
Chemical inertness of PVA, rPS and rPS/PU paints.  

Chemical solutions PVA rPS rPS/PU 

NaCl solution (5%) Passed Passed Passed 
H2SO4 solution 
0.1 M Failed Failed Passed 
pH 1 Failed Passed Passed 
pH 3 Passed Passed Passed 
pH 5 Passed Passed Passed 
NaOH solution 
pH 8 Passed Passed Passed 
pH 10 Passed Passed Passed 
pH 12 Failed Passed Passed 
0.1 M Failed Passed Passed 

Pass: No visually observable effects; Fail: shrinks/blisters/cracks/peels was visually observed. 
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