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Abstract 

In this study a unique polystyrene sulfonic acid (PSSA) has been synthesized by chemical recycling of waste expanded 

polystyrene used for fridge packing. Polystyrene sulfonic acid has been used for the preparation of polystyrene composites with 

silicon dioxide in three percentages 5%, 10%, and 20%. FT-IR, 1H-NMR, and 13C-NMR spectroscopic analysis of the obtained 

materials confirmed their structure. Scanning electron microscopy (SEM) was used to examine the surface morphology of the 

prepared materials. The crystallinity of the polymer composite was observed through XRD (X-ray diffraction) techniques, and 

its thermal stability with thermogravimetry (TG) processes was studied. Furthermore, polystyrene sulfonic acid and its 

composites with silicon dioxide were used as solid adsorbents for decontaminating organic dye-contaminated water. 

PSSA/Silicon dioxide composites could regenerate the methylene blue MB for a maximum of four cycles without losing their 

adsorption efficiency. 
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1. Introduction 

Water pollution from dye wastewater generated by the 

textile industry is a major threat to human 

health. Dyeing with organic substances reduces light 

diffusion into aquatic environments, altering 

photosynthesis and disrupting ecological balance 

[1,2]. All forms of life are at risk when organic 

pollutants are discharged directly into ground water 

systems [3,4].  Adsorption is one of the recent 

technologies and most effective methods at low 

concentrations for removing organic contaminants 

from wastewater. In addition to their beneficial 

properties, such as high uptake capacity and fast 

kinetics, adsorption has proven to be a promising 

technology [5–8]. At low concentrations, adsorption is 

one of the most effective methods for removing 

contaminants from wastewater. There are some 

challenges when it comes to traditional adsorption 

technologies used in water purification, including high 

energy costs, low selectivity, and the production of 

secondary contaminants [9,10]. Nevertheless, it is a 

reasonable method with low probability of secondary 

pollutants release when used for organic pollutant 

elimination.   At present time polymers have become 

the most essentially materials for science and 

industrial development. The modern society cannot 

live or progress without polymers. Because polymers 

have many applications in different daily fields in 

addition to polymers are low cost and can be easily 

fabricated to consumer products.  They have been 

commonly used in the form of packaging materials for 

farm, forest, dairy products, and other consumer items. 

Nevertheless, when discarded after use, they pose a 

threat to environmental pollution [11,12]. Recent 

advances in adsorption technology addressing using 

biodegradable and sustainable natural polymers such 

as cellulose [13–18] chitosan [19–22], ionic 

chitosan/silica [23], alginate [24–26] and starch [27] , 

oxidized alginate/gelatin decorated silver 

nanoparticles [25]. For oil water separation, cellulose 

nanocrystals and polyvinylidene fluoride (PVDF) 

nanofibers [28,29] and bacterial cellulose and 

crosslinked cellulose nanofibers membranes were 

used [30] .The wide use of polymeric materials leads 

to the waste removal management difficulties. Land 

filling of plastics is not favored due to space 

constraints and land pollution. Furthermore, the 

decomposition of polymer chain leads to increase of 

emission of toxic gases. Polymer industry both 

manufacturing and processing have a positive threat to 

the environment when these industrial operations 

proceed without controlling. The worldwide 
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production of plastics is 150 million tons per year, and 

polystyrene (PS) constitutes around 10 % of it [31,32]. 

The problem of disposal of waste plastics is complex, 

and requires active participation of industry, 

government and the public. Among the plastics 

pollutants, polystyrene is used extensively with 

several applications. The demands and tremendous 

growth of PS will continue in the future and it is 

expected that PS will grow by 5 % each year till 2025  

[33,34]. Polystyrene is widely used in numerous areas, 

including packaging, food containers, electronics, and 

building materials [35]. The huge production leads to 

enormous polystyrene waste formation. Currently, the 

main methods applied in plastic waste treatment are 

landfill, incineration, mechanical recycling, and 

chemical recycling. Chemical recycling might be the 

best treatment for polystyrene waste since it has less 

environmental impact, and is able to recover the useful 

materials that polystyrene waste contained [8,22]. In 

this study, we try to combine two important goals. The 

first one, is to convert the waste expanded polystyrene 

to a more valuable functional polymer, i.e., 

polystyrene sulfate and composite. As a second goal, 

these materials will be used to remove methylene blue 

dye from aqueous solutions based on the initial 

concentration and pH. To confirm their efficiency as 

sustainable adsorbents, the equilibrium and kinetic 

models were applied to investigate their adsorption 

properties towards MB. 

2. Experimental section 

2.1. Materials 

The waste expanded polystyrene (EPS) obtained from 

cushioning packages used to protect equipment’s 

during shipment, e.g. refrigerators) was used without 

any further purification. An acidic solution (95%) of 

sulfuric acid was used as a sulfonating agent 

(purchased from PROLABO) and quartz from South 

Valley University's geology department was used. The 

raw EPS were first washed by water and dried at 50°C 

overnight in the oven. 

2.2. Procedure 

2.2.1. Synthesis of polystyrene sulfonic acid from 

waste expanded polystyrene (1) 

Waste expanded polystyrene used for the preparation 

of PSSA was obtained from polystyrene foam used as 

cushioning for packing fridges. 50 g of polystyrene 

waste was dissolved in 100 ml of chloroform until 

complete solubility, 12 ml of concentrate sulfuric acid 

was added to polystyrene solution drop by drop with 

continuous stirring at 50°C for 4 hours. The colour of 

the reaction mixture was converted to grey with 

increasing the viscosity of the mixture. The formed 

polymer was dried in petri dish for two days at room 

temperature. The precipitate formed was washed many 

times with distilled water until a neutral filtrate was 

obtained, then recrystallized from commercial ethanol. 

The polymer formed was then dried and its acidity was 

determined by titration with 1M aqueous NaOH and 

followed by back titrated with 1M HCl using 

phenolphthalein as an indicator.  

2.2.2 General procedure for the Synthesis of 

polystyrene sulfonic acid/ composites (2-4) 

Quartz is grinded with an electric grinder into a fine 

powder. PSSA-loaded quartz (or silica) adsorbents 

were prepared by sequential incipient wetness 

impregnation method. Pure quartz powder samples 

were loaded with x% (w/w) of PSSA (where x = 5%, 

10%, or 20%) using known volumes of x% (w/v) 

solution of PSSA in chloroform. The resulted final 

pastes were dried at 100°C for 12 hours, and then it 

was stored in glass containers. 

2.3. Characterizations 

2.3.1. Characterization techniques 

X-ray powder diffraction analysis (XRD) of 

the samples was carried out using an X-ray 

diffractometer (Rigaku RU-200A) operated at 40 kV 

and 30 mA with CuKα radiation using 

monochromator. The FT-IR spectra (KBr) were 

recorded on a Shimadzu 408 spectrometer and carried 

out at the Central laboratory of South Valley 

University. 1H-NMR spectra were recorded using 400 

MHz Varian EM 390 spectrometer; chemical shifts are 

reported in ppm with TMS as an internal standard and 

are given in d units. The surface morphology of the 

prepared polystyrene sulfonic acid and their 

composites was evaluated using a scanning electron 

microscope, (JSM-5500 LV, SEM, JEOL, Japan). TG 

analysis was performed at a heating rate of 15C/min 

in a flow of 40 cm3/min dry nitrogen, using 

automatically recording model 50H Shimadzu thermal 

analyzer, Japan. The thermal analyzer is equipped with 

a data acquisition and handling system (TA-50WSI).   

2.4. Adsorption studies 

Stocks (2000 ppm) of MB were diluted with water to 

prepare aqueous solutions of MB at various initial 

concentrations. The general experimental procedure 

was as follows: PSSA and PSSA/SiO2 composite was 

adjusted to a concentration and time interval 

appropriate to 50 mL MB solution. Using a 

spectrophotometer (UNICO UV-2000), aliquots of the 

suspension were measured at maximum absorbance 

(670 nm). Batch adsorption techniques consisted of the 

application of known amounts of PSSA and 

PSSA/SiO2 composite at definite times and pH levels. 

Using the equation below, we calculated the amount 

of adsorbed MB dye on PSSA and PSSA/SiO2 

composites at equilibrium, qe (mg/g):  

qe =((Co-Ce)V)/W                            (1) 
Co and Ce represent the initial and equilibrium dye 

concentrations on PSSA (mg/L), V is the volume (L) 

of dye solution used in the adsorption experiment, and 

W represents the weight of PSSA and PSSA/SiO2 (g). 
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3. Results and discussion 

3.1. Synthesis and spectral analysis of the prepared 

PSSA composites 

Scheme 1 presents the procedure employed for the 

synthesis of the PSSA (1) and PSSA/SiO2 (2-4). 

Polystyrene sulphonic acid was prepared by chemical 

recycling of waste expanded polystyrene by 

sulphonating using concentrated sulphoric acid in 

chloroform. Polystyrene composites PSSA/SiO2 

quartz were prepared by impregnation method in three 

percentage 5, 10 and 20 %. The chemical structure of 

PSSA confirmed by 1H-NMR and 13C-NMR figure 1 

A, B. 1H-NMR spectra in CDCl3 indicated that 

presence of two peaks at 1.48 ppm and 1.88 ppm for 

polystyrene chain. Also showed that appearance a 

single peak at δ 2.09 ppm for (SO3H) group and 

aromatic protons at 6.41-7.28 ppm.  13C-NMR 

spectrum of PSSA in CDCl3 established the chemical 

structure of the polymer, thus, there are different peaks 

due to the aliphatic carbon chain at 40.39, 42.53, 

43.88, 44.23, and 45.90 ppm. Also, the aromatic 

carbons appear at chemical shift 125.66, 127.68, 

127.98, and 145.31 ppm respectively. 

3.2. FTIR analysis 

The FTIR spectra give good indication for the 

preparation of PSSA and their composites with quartz. 

The resulting polymers were characterized by FTIR 

spectra, Table 1 summarizes the frequencies of PSSA 

(1) and PSSA/ quartz (2). FTIR spectrum of PSSA 

shows that aliphatic protons at 2932 cm−1, CH 

aromatic protons at 3035 cm−1. Also, indicates 

presence of (S=O) group at 1539 cm−1and (C=C) 

aromatic’ absorption band at about 1558 cm−1 , The 

FTIR spectrum of quartz indicates of peak due to Si-O 

bending at 802.55 cm-1 , peak due to Si-OH stretching 

at  938.34 cm-1  and peak due to Si-O-Si stretching at 

1083.25 cm-1  [36] (Figure 2).  Table 1 shows the 

difference in the intensity of PSSA before and after 

loaded onto quartz. The shift is due to the formation of 

polymer composites (2-4). The decreasing in 

frequencies are due to the formation of Vander Waals 

forces and hydrogen bonds between the hydroxyl 

groups of PSSA and quartz. Table 1 display the change 

in the absorption bands of PSSA (1) after formation of   

the polymer composites (3, 4). Accordingly, FTIR 

spectra of PSSA/SiO2 (3) reveals band at 3423 cm-1 for 

hydroxyl groups, characteristic band due to CH 

aliphatic at 2926 cm-1, appearance of characteristic 

stretching band for SiO2 at 1037. Both of ν[OH] 

symmetric stretching and ν[SO2] were shifted to 

higher frequency. On the other hand, ν[CH-aliphatic] 

and ν[CH-aromatic] were shifted to lower frequency 

due to the introducing of SiO2 the on the PSSA (1). 

FTIR spectra of PSSA/SiO2 (4) shows band at 3431 

cm-1 for hydroxyl groups, CH aliphatic at 2926 cm-1, 

appearance of band for SiO2 at 1074. The frequencies 

of ν[OH] symmetric stretching, ν[SO2], ν[CH-

aromatic] and ν[C=C] were shifted to higher 

frequency. On the other hand, ν[CH-aliphatic] was 

shifted to lower frequency due to insertion of SiO2 the 

on the PSSA (1). 

3.3. SEM morphology 

In Figure 3, we illustrate the morphology and 

elemental distribution of PS, PSSA, and 

PSSA/5%SiO2, PSSA/10%SiO2 and PSSA/20%SiO2 

nanocomposite. Using scanning electron microscopy, 

a smooth and homogenous surface was observed, 

indicating that PSSA/SiO2 particles are 

homogeneously dispersed in the matrix. PSSA/SiO2 

containing sulphonic acid group nanocomposite was 

further confirmed by EDX analysis. Besides the 

signals derived from carbon and oxygen, the formed 

nanocomposite also has signals derived from silicon 

and sulfur. Nanocomposite formed using silicon 

shows high silicon content in the EDX spectrum. As a 

result of their elemental distribution, the prepared 

hybrid materials confirm that their homogeneity and 

stability are not affected by temperature changes. A 

major contribution towards understanding the degree 

of structural homogeneity of hybrid systems is the 

analysis of elemental distributions and concentrations 

of silicon (inorganic network former). 

 

 

 

Fig. 1. (A) 1H-NMR spectra and (B) 13C-NMR spectra 

of polystyrene sulphonic acid from waste in CDCl3  
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Table 1: Kinetic parameters for MB adsorption by PSSA and PSSA/SiO2 composites. 

 
Table 2 Parameters for MB adsorption by PSSA and PSSA/SiO2 according to different equilibrium models. 

 Langmuir isotherm parameters Freundlich isotherm parameters 

Ks  (mg/L) qm(mg/g) R2 P (mg/g)        n R2 

PSSA 140 400 0.982 10.7 1.74 0.725 

PSSA/SiO2 84 434 0.916 18.7 1.97 0.718 

 
Scheme 1. Synthetic method for the preparation of 

PSSA and PSSA/SiO2 composites  

 
Fig. 2: FTIR- spectra for PSSA (1), PSSA/quartz 

5% (2), PSSA/quartz 5% (3), PSSA/quartz 5% (4) and 

quartz  (5) 

 

3.4. X-ray diffraction  

Figure 4 shows the X-ray diffraction pattern for 

PSSA and PSSA with different SiO2 concentrations. 

There is a broad noncrystalline diffraction peak at 2θ 

of about 10° and 19° consistent with amorphous 

polymer PSSA. PSSA/5% SiO2, PSSA/10% SiO2, and 

PSSA/20% SiO2 exhibited characteristic peaks at 2 θ 

values of 20°, 26°, 36°, 39°, 50°, 55°, 59° and 68° 

(figure 4). The peaks correspond to the quartz crystal 

form of SiO2. 

 

 
 

Fig. 3: SEM images (A) PS, (B) PSSA, (C) 

PSSA/5%SiO2 (D) PSSA/10%SiO2 and (E) 

PSSA/20%SiO2. EDX spectra (F) PSSA/5%SiO2 (G) 

PSSA/10%SiO2 (H) PSSA/20%SiO2 nanocomposite. 

3.5. Adsorption studies 

3.5.1. Effect of pH on the adsorption capacity 

As shown in Figure 5, pH has an effect on the 

adsorption of methylene blue dye by PSSA and 

PSSA/SiO2 (10%). In the case of PSSA and 

PSSA/SiO2 (10%), it was shown that pH significantly 

increased adsorption capacities, which were 78 and 84 

mg/g, respectively, when pH was increased to neutral 

pH (pH 7.0). As the surface property of the sponge and 

the dye's ionization level are influenced by pH, the pH 

(A) (B)

(C) (D) (E)

(F) (G) (H)

(A) (B)

 Pseudo  first   order parameters Pseudo  second   order   parameters 

qe.exp 

(mg/g) 

qe.cal 

(mg/g) 

K1(min−1) R2 qe.cal(mg/g) K2 (g(mg 

min)−1) 

R2 

PSSA 78 48 0.039 0.90 87 7.5x 10-4 0.991 

PSSA/SiO2 84 67  0.044   0.97 94 7.4 x 10-4 0.996 
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controls the retention of dye. Upon increased pH, 

PSSA and PSSA/Silica (10%) are deprotonated and 

contrarious charged. This may result in higher 

absorption of the dye due to the attraction of 

emphatically charged MB particles. 

 

10 20 30 40 50 60 70 80

  

2-Theta (
o
)

PSSA

  

PSSA/5%SiO
2

  

PSSA/10%SiO
2

 

 

 

PSSA/20%SiO
2

 
Fig. 4 XRD of PSSA, and PSSA with different percent 

of SiO2. 

 

3.5.2. Adsorption kinetics and the effect of contact 

time 

 

log  (𝑞𝑒 −  𝑞𝑡 ) = log(𝑞𝑒 ) − 
𝐾1

2.303
 𝑡        Eq. (2) 

𝑡

𝑞𝑡
  =  

𝑡

𝑞𝑒
 +

1

𝐾2𝑞𝑒
2                                      Eq.  (3) 

A time of adsorption is represented by qt (mg/g), while 

an equilibrium adsorption is represented by qe (mg/g). 

k1 (min−1) and k2 (g mg−1min−1) are the rate 

constants for the pseudo-first and pseudo-second 

models, respectively. 

 

 
Fig. 5. Effect of pH on the adsorption capacities of 

PSSA and PSSA/10 % SiO2 / for MB dye. 

 

 
Fig. 6. Curves of adsorption kinetic of MB dye; effect 

of time on adsorption capacity of MB (non-linear 

fitting), the pseudo first order kinetic model for MB 

adsorption (linear fitting), and the pseudo second order 

kinetic model for MB adsorption ((linear fitting). 

 

 
 

Fig. 7. Curves of isothermal MB dye adsorption; effect 

of concentration of MB on the adsorption (non-linear 

fitting), Langmuir model for MB adsorption (linear 

fitting), and Freundlich model for MB adsorption 

(linear fitting). 

 

According to our results, a pseudo second-order 

kinetic model gives the most accurate reflection of the 

adsorption mechanism. (Fig. 6B) The first order 

kinetic fitting (Eq. 3) was generally not satisfactory 

across the full range of contact time. PSSA and 

PSSA/SiO2 had pseudo first-order model correlation 

coefficients of 0.90 and 0.97, respectively. Moreover, 

the calculated equilibrium adsorption amounts (qe.cal) 

differed greatly from the experimental results (qe 

exp.). This suggests that the adsorption system has not 

followed the pseudo first-order equation [31,32]. 

Based on adsorption kinetics data described with 

pseudo-second-request model, bi-atomic adsorption 

mechanism seems to occur during adsorption process, 

which involves both adsorbent and adsorbate 
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functional groups [34]. As a result of fitting of a 

pseudo second-order model (eq. 4) to both PSSA and 

PSSA/SiO2 adsorption kinetic data was obtained with 

correlation coefficients (R2* 0.991 and 0.996, 

respectively. Also, the experimental (qe,exp) and 

calculated (qe.calc) adsorption capacities were very 

similar. 

3.6. Adsorption isotherms 

Adsorption isotherms are used to analyze adsorption 

processes, such as the amount of material adsorbed on 

the surface of the nanocomposites. Two types of 

isotherm models have been used to determine PSSA 

and PSSA/SiO2 isotherms, Langmuir equation 5 and 

Freundlich equation 6.  

 

 maxmax q

C

q

K

q

C es

e

e 

                         Eq. (5) 

where qe is the MB adsorbed by the composite 

(mg/g), Ce is the equilibrium concentration of the dye 

(mg/l), qmax represents the maximum MB adsorbed on 

the hydrogel (mg/g), and Ks represents Langmuir 

constant (mg/l).  

PC
n

q ee loglog
1

log 
                    Eq. (6) 

where P describes the adsorption capacity (mg/g, 

and n is a constant depicting the adsorption intensity 

(dimensionless).  

Figure 7 illustrates the results of isotherm studies of 

the adsorption process at different initial MB 

concentrations (ranging from 25 mg/L to 1000 

mg/L). According to Langmuir, the adsorption takes 

place on a monolayer, with homogeneous adsorption 

sites. A Freundlich model suggests that adsorbents 

have multilayer sites on heterogeneous surfaces. In 

order to achieve adsorption equilibrium, the 

adsorption rate must be equal to the desorption rate. 

Figure 7 (B, C) illustrates Langmuir and Freundlich's 

adsorption isotherms.  In table 2, the fitting parameters 

for both isotherm models were achieved.  As a result, 

Langmuir maximum adsorption capacities for the 

PSSA and PSSA/SiO2 were found to be 400 mg/g and 

434 mg/g   respectively. Further, the Langmuir model 

shows better fitting coefficients of correlation (R2 > 

0.98 and 0.91), indicating that the adsorbed MB 

formed monolayers by direct interaction with 

energetically equivalent adsorption sites on PSSA and 

PSSA/SiO2. 

3.7. Desorption study 

It is very important to reuse adsorbent materials in 

industrial fields. We tested the properties of the PSSA 

and PSSA/SiO2 by repeating the adsorption and 

desorption cycles four times. The results are displayed 

in Figure (8). As a result of the fourth cycle, the 

adsorption capacity of PSSA and PSSA/SiO2 was 

reduced slightly from 98 to 93. The conclusion is that 

cationic dyes can be effectively removed via 

regeneration of PSSA and PSSA/SiO2. 

 

 

 

 

Fig. 8.  Reusability of PSSA and PSSA/SiO2 

composites for MB adsorption. 

4. Conclusion 

 In this study, a simple, effective, and inexpensive 

method is developed for recycling waste expanded 

polystyrene by synthesizing polystyrene sulphonic 

acid (PSSA). Polystyrene sulfonic acid has been used 

for the preparation of polystyrene composites with 

silicon dioxide in three percentages 5%, 10%, and 20% 

respectively. The chemical composition of the 

prepared materials was confirmed by FT-IR, 1H-NMR, 

and 13C-NMR spectroscopic analysis. The 

morphology structure of the obtained polymers was 

investigated by scanning electron microscopy (SEM). 

Furthermore, the crystallinity of the PSSA and their 

composites was observed through XRD and its 

thermal stability was examined by using 

thermogravimetry (TG) processes. The result indicates 

the formation of PSSA composites improved the 

surface morphology, crystallinity and thermal stability 

of PSSA. In order to remove methylene blue dye from 

water, PSSA and PSSA/10% SiO2 were tested. 

PSSA/10% SiO2 performed better in terms of 
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absorption than PSSA. A pseudo-second-order kinetic 

equation fits well the adsorption properties of the 

composite. Adsorption is better described by the 

Langmuir isotherm than by the Freundlich isotherm 

according to the isotherm studies. As a result of 

PSSA/10% SiO2, the maximum adsorption was 434 

mg/g. In conclusion, the PSSA/10% SiO2 adsorbent 

can be used as an alternative to remove organic 

pollutants from an aqueous environment in an 

economical and efficient manner. 
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