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Abstract 

        Carbonaceous material (SBC) was prepared from waste expanded polystyrene (EPS) and bentonite 

clay (BT) by pyrolysis in a tubular furnace under an inert atmosphere. The calculated average crystallite 

size of SBC was found to be 31.57nm from XRD analysis. FE-SEM studies showed that charring has 

changed the smooth-surfaced EPS and globular bentonite into uneven, porous flakes structure. The 

EDAX mapping results proved the co-existence of Al, Si, Fe, O, Na, Mg, Ca, Ti and C in SBC. BET analysis 

revealed the mesoporous nature of SBC and indicated its type IV isotherm behaviour. The minute loss 

rate value in water confirmed the water resistance, solidity and stability of the as-prepared 

carbonaceous material. Photo degradation in UV light for five different dyes showed immediate 

degradation at a catalyst dosage of 0.01g for 50ml/10ppm dye solution. The instantaneous 

discolouration of a mixture of organic dyes in the presence of UV light with micro quantities of SBC has 

become a cost-effective and simple method of up-cycling waste thermocol.  

Keywords: Bentonite; pyrolysis; carbonaceous material; dye mixture; photo catalysis. 
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1. Introduction  

 Plastic pollution has become one of the major concerns of industrialists and environmentalists. 

Usually, plastic wastes are disposed of by land filling or incineration. In recent years, researchers are 

keen to develop innovative methods for the conversion of plastic wastes into useful products. 

Modification of plastic waste includes de-polymerization into fresh monomer, production of liquid fuel 

[1], consumption as filler in construction & road tarring [2], fabrication of degradable composites by 

blending with agricultural wastes, utilization as matrix polymer to prepare high-performance composites 

and conversion into porous adsorbents [3,4].  

 Polystyrene(PS) has been extensively used in packaging materials, disposable cups, bottles, 

tumblers, lids, trays, containers, insulation and decoration. Unfortunately, the majority of these 

materials have a limited life-cycle thereby producing a huge amount of waste. Polystyrene products 

cannot be recycled commercially and are disposed of generally by land filling or incineration. Land filling 

of expanded polystyrene/thermocol (EPS) is not economically viable since it occupies a huge volume. 

Incineration of EPS gives out toxic products and may cause severe environmental pollution. Sustainable 

development becomes the one and only one solution for environmental problems. The eco-friendly 

practices can be the utilization of waste thermocol, as an ingredient for construction purposes, 

preparation of multifunctional composites, adhesives and modification into porous carbonaceous 

materials [5,6]. Recently many researchers have reported the conversion of plastic wastes into activated 

carbon products with high pore volume and large surface area [7].  

 Activated porous carbons are seen to be attractive since the porosity can be varied suitably by 

modifying the reaction conditions and starting materials [8]. Polystyrene can be converted into 

carbonaceous materials by different techniques [9]. EPS can be converted into activated carbon having 

high methane uptake capacity which shows good sorption properties due to the porous structure and 

high bulk density [10,11]. Co-pyrolysis of thermocol with biomass results in activated carbon whereas 

sacrificial loss of PS  template yields hollow and spherical sludge carbon [12]. The coating of a thin 

porous carbon film from PS over metal oxide has also been reported. Activated carbon is generally 

regarded as a good candidate for environmental applications. The porous structure permits organic and 

inorganic contaminants to get adsorbed [13].  

 Polymer composites filled with inorganic materials are multi-functional with unique 

characteristics such as good biodegradability, thermal, mechanical, optical and electrical properties 

compared to the individual components [14]. Commonly used inorganic fillers include clay, coal, carbon 

nanotubes, fullerenes, peat and silica [15]. Clays are commonly used as fillers because of their 

abundance and inertness [16]. Bentonite (BT) is the most important clay filler that can be added to 

polymers due to its good ion exchange capacity, high specific surface area, inertness, thermal stability 

and superior mechanical properties [17]. Bentonite contains layered structures of sedimentary rock 

along with non-clay minerals like quartz, calcite, feldspar, and dolomite. It consists of tetrahedral silica 

and aluminum octahedral sheets containing pendant –OH groups with montmorillonite as the chief clay 

mineral. Their porous structure allows pollutant molecules to get trapped into them and hence can be 

used as superior sorbents for environmental remediation [18,19]. 
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 Irradiation of the photo catalyst by UV or visible light causes degradation of the dye molecules 

into harmless and inert compounds [20]. On the other hand, adsorption is nondestructive, where toxic 

organic dyes are transferred from one phase to another thus causing secondary pollution which 

debilitates the meaning of environmental remediation [21]. Photo catalysis involves the light-induced 

generation of charge carriers like hydroxyl and superoxide anion radicals that degrade synthetic dyes 

and other organic compounds into H2O and CO2
. The charge-carrier properties of the photo catalyst 

influence the generation of reactive oxygen species and its photo degradation efficiency. This process is 

also employed for the removal of organic pollutants like aromatic hydrocarbons, antibiotics, polycyclics, 

pesticides, persistent organic pollutants, ionic liquids, organic solvents, polymers, surfactants etc [22].  

 Silver doped nano metal oxides, clay/ activated carbon [23] semiconductor composites, bio-

wastes etc have been reported to be used for the removal of synthetic dyes individually [24,25]. As 

industrial effluents contain a mixture of synthetic dyes and organic pollutants it would be beneficial to 

develop a single photo catalyst that can remove all these pollutants simultaneously [26]. 

 The present work deals with the synthesis of carbonaceous material from waste EPS/bentonite 

clay and monitored its catalytic efficacy for the degradation of cationic and anionic dyes individually and 

in the mixture (MX). The UV light-induced degradation studies showed that SBC could be used as an 

excellent photo catalyst for the removal of a mixture of dyes. It is interesting to note that even micro 

quantities of SBC bring about instantaneous degradation of hazardous industrial dye wastes. 

2. Materials and methods  

 Methylene blue, methyl orange, rhodamine b, congo red and malachite green dye were 

purchased from Merck Chemical Reagent Co. Ltd. India. Xylene and bentonite were purchased from 

Fisher Chemicals (Mumbai, India). Expanded polystyrene used in this study was collected from packaging 

materials, cleaned and chopped into smaller pieces. Millipore water was used for all the experiments. 

Dyes were dissolved in water to prepare stock solutions (1.0g/1 liter) and the working solutions were 

prepared by consecutive dilution of the stock solution.  

2.1. Preparation of EPS/ bentonite carbonaceous material (SBC) 

 Waste expanded polystyrene without any previous treatment was used as a precursor for the 

preparation of SBC. To immobilize nano clay particles into the polystyrene matrix, bentonite (10%) was 

added to the solution of EPS (15wt %) in xylene and was stirred magnetically at 180 rpm for 24 h.  After 

preliminary drying, the mixture was introduced into a tubular furnace and pyrolyzed at 500°C, with a 

heating rate of 10°C min-1 under nitrogen, washed and again dried at 110oC for 1day. 

2.2. Characterization  

 The as-synthesized carbonaceous material was characterized by FTIR spectroscopy (Agilent- 

Technologies-Cary 630–ATR), XRD (Rigaku MiniFlex-600: 40 kV and 20 mA current, Japan), and FE-SEM & 

EDAX (Supra 55VP FE-SEM) analysis. Thermo gravimetric analysis was done using Netzsch-STA 449-F5 

(Germany), in the temperature range of 30–600oC at a heating rate of 10oC min-1 under a nitrogen 

environment. BET surface area measurements were performed by using Novawin 3000e. A Jasco-V-550 
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UV/Vis spectrophotometer was used to record the UV diffuse reflectance spectra. The photo catalytic 

degradation studies were carried out using a homemade photo reactor. 

2.3. The loss rate of SBC 

 To determine the loss rate, a definite amount of SBC was put in 50 mL water and agitated at 150 

rpm for 30min. Then it was filtered and dried to get a constant weight. A similar procedure was adopted 

to determine the loss rate of BT [27]. P =  Mi− MfMi × 100                                      (1) 

where Mi and Mf respectively represent the initial and final masses of the absorbent in grams and P is 

the loss rate.  

2.4. Photo degradation studies 

 The carbonaceous material SBC was used for the photo catalytic decomposition of CR, RB, MB, 

MO and MG dyes and their mixtures. The aqueous dye solution (50 mL) was stirred with 0.01g catalyst 

for 30 min and kept in dark to attain equilibrium. It was cooled by water circulation after subjected to 

irradiation by a UV light source (150 W).  2ml sample solution was withdrawn at regular intervals of time 

(5min) and the absorbance was detected spectophotometrically. The photo degradation efficiency is 

calculated as, Degradation efficiency (%) =  (Co −Ct)Co × 100              (2) 

where Co is the initial dye concentrations (mg.L-1) and Ct is the final concentration after time t (min). 

3. Results and discussion 

3.1. FTIR analysis 

 Fig.1. shows the FTIR spectra of EPS, BT and SBC.  EPS exhibits, C-H stretching at 2920cm-1, C=C 

stretching in the range 1490-1440cm-1 and the substituted benzene ring peaks at 898, 832 and 750 cm-1. 

For BT, the bending vibration of Si–O bonds appears around 1110 and 1050 cm-1. The bending HO–H 

bond of water molecules present in the silicate matrix comes around 1600cm-1. The Si–O–Si groups of 

the tetrahedral sheets in BT vibrate to give an intense and sharp band at 1035cm-1[28]. The deformation 

bands of Si–O-Al and Si–O–Si appear at 543 and 467cm-1 respectively. The Absence of any significant 

peak in the FTIR spectrum of SBC except the characteristic peaks of metal-oxygen vibrations indicates its 

chemical inertness. It is in consistent with the report made by Ravi Kumar et al. [29]. 
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Fig.1 FTIR spectrum of EPS, BT & SBC 

3.2. XRD analysis 

 Fig.2 (a&b) shows the XRD pattern of EPS, BT and SBC. EPS exhibits only a broad peak at 19.8o. 

The characteristic peaks of BT are at θ values of 11.6, 19.8°, 24.9°, 26.5° and 36.5°. The sharp peak at 

26.5o is due to the (002) lattice plane of graphite structure of carbonaceous materials.  The comparison 

of this peak of SBC with that of BT showed that the intensity of the SBC peak was increased significantly, 

which indicates the presence of graphitic structure in SBC. The weak bands around 25.5o and 42.3o 

might be due to amorphous and some graphite-like structures of crystalline carbon. These observations 

suggest that SBC possesses an intermediate structure between graphite and amorphous state [28].   

 

Fig.2 XRD pattern of (a) EPS, (b) BT& SBC 

The crystallite size was calculated by using the Scherer formula as; D =  kλβcosƟ     (3) 
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where D is the crystallite size, λ is the X-ray wavelength, k is a dimensionless shape factor, β is the line 
broadening at half the maximum intensity, θ and is the Bragg angle. The calculated average crystallite 

sizes of the samples SBC and BT were 31.57 and 40.83 nm respectively.   

3.3. FESEM and EDAX analysis 

 Fig.3 (a–e) shows the FE-SEM image of EPS, BT and SBC along with EDAX mapping results. FESEM 

images indicate that BT has a globular surface whereas SBC shows a non-uniform, porous, flakes-like 

structure. The virgin EPS film exhibits smooth surface morphology. The EDAX mapping results of 

selected areas of FE-SEM images prove the coexistence of Al, Si, Fe, O, Na, Mg, Ca, Ti and C in SBC. 

 

Fig.3. FE-SEM images of (a) EPS, (b) BT & (c) SBC & EDAX images of (d) BT & (e) SBC 

3.4. TGA analysis 

 Fig.4 (a& b) show the TGA curves of EPS, BT and SBC. The thermo gram very well shows the 

higher thermal stability of SBC as it degrades in a single step with a very high char residue of 96%.  For 

EPS the initial weight loss can be due to the removal of adsorbed moisture and solvent molecules. Chain 

scission starts at 350oC and degradation is completed at 459.1oC. The thermo gram of BT indicates two 

dehydration steps extending up to 450oC. The final weight loss of 5% in the range of 420–700oC might be 

due to the condensation reaction between adjacent hydroxyl groups present in the inorganic polymer 

network [24].  
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Fig.4. TGA thermo gram of (a) EPS, (b) BT & SBC 

3.5. UV-DRS analysis 

 Fig.5 (a, b& c) shows the UV–DRS spectra and Tauc plot of EPS, BT and SBC. BT and EPS show 

maximum absorption at 270 and 260nm respectively whereas SBC exhibits a peak at λmax value of 
330nm. The absorption peaks and band structures of SBC have shown red shift due to the combined 

effect of the metal oxides present in it [30]. The band gap energy was calculated by the Tauc plot. The 

optical absorption follows the equation: 

(αhυ) = A (hυ − Eg) ½                                     (4) 

where α, h, ν, Eg, and A are the absorption coefficient, Plank constant, light frequency, band gap energy, 
and a constant respectively.  

 The Eg value was obtained by extrapolating the linear portion of the curve (αhυ) 2 versus hν to 
zero. The band gap energy values of EPS, BT and SBC were obtained as 2.98, 2.06 and 1.78 eV 

respectively. Band gap energy affects the degradation efficiency of the photo catalyst. The reduction in 

Eg value in the case of SBC was due to crystal defects in the system, which gives rise to Fermi energy 

level. Electronic transitions occur to Fermi energy level from the valence band. Hence photon- induced 

charge carriers were generated. This results in the production of free radicals, which attack the dye 

molecules [31].  
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Fig.5.UV–DRS spectra & Tauc plot of (a) EPS, (b) BT & (c) SBC 

3.6. BET surface area and pore size analysis. 

 BET analysis was performed by the N2 adsorption-desorption experiments conducted at 77 K 

[32]. SBC exhibited type IV isotherm and adsorption behaviour is characteristic of mesoporous materials 

as shown in Fig.6. The total pore volume, surface area and average pore diameter of SBC were found to 

be 0.0188cm3/g, 11.875m2g-1 and 4.38 nm respectively [33]. 
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Fig. 6.Nitrogen adsorption/desorption isotherms for SBC 

3.7. Optimization of parameters 

 The effect of catalyst dosage and pH on photo degradation efficiency of SBC was studied. 

Different amounts of SBC (5-50mg/50mL) were used to study the effect of adsorbent dosage on the photo 

degradation of dyes and are shown in Fig.7 (a). The degradation efficiency increased with SBC dosage and 

exhibited significant percentage degradation even with 10.0mg and hence, a dosage of 10.0mg/50 ml was 

taken as the optimum concentration.  

                  Fig.7 (b) shows the influence of pH on the degradation of a mixture of dyes. It can be seen that 

the percentage discolouration was maximum at pH 7. The degradation efficiency was found to 

decrease above and below this pH due to the presence of both cationic and anionic charge centers in 

the dye mixture [34]. 

 

Fig.7 Effect of (a) SBC dose & (b) pH on degradation 
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3.8. Loss rate 

  Fig.8 (a) compares the mass loss rate of SBC with pristine BT in water. It can be seen that the mass 

loss rate of SBC is negligible compared to BT which indicates the water resistance, solidity, and stability 

of the as-prepared carbonaceous material. 

3.9. Reusability of the photo catalyst 

 To study the reusability of SBC, the photo degradation experiment was repeated many times 

with the same catalyst. Fig.8 (b) illustrates the degradation efficiency of SBC for all five dyes and their 

mixture. The percentage degradation values were found to be 97, 97, 96.5, 96, 94 & 93% respectively for 

MB, MG, CR, RB, MO & MX even after three cycles. These results indicate the stability and suitability of 

SBC as a promising photo catalyst.   

 

Fig.8 (a) Loss rate & (b) Reusability of SBC  

3.10. Photo catalytic studies  

 The photo degradation efficiency of SBC under optimum conditions of catalyst dosage, pH and 

dye concentration was monitored using UV-Visible absorption spectroscopy. Fig.9 illustrates the 

degradation efficiency of SBC for the dissociation of MB, RB, CR, MG and MO and their mixture. A 

decrease in absorption maximum is accompanied by the colour change indicating the dissociation of the 

dye molecule. Decomposition involves the breakup of the chromophore [35].  Discolouration was 

completed within 5 min for MB & MG 10 mins for CR & RB and 15 min for MO and MX (dye mixture). 

Even a catalyst dosage of 0.01g was sufficient for the dissociation of 50ml of dye solutions in individual 

and in the mixture, it points towards the superior degradation efficiency of SBC. Fig.10 shows the UV- 

Vis absorption spectra and photographic images of dyes and dye mixture before and after photo 

degradation. The characteristic absorption peaks (λmax) of MB, RB, CR, MG and MO are at 662, 554, 
497, 615 and 460 nm respectively. 
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Fig.9. Degradation efficiency of dyes 
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Fig.10. UV-Vis absorption spectra and photographic images of (a) MG, (b) MB, (c) CR, (d) RB, (e) MO & (f) 

MX dyes 

3.11. Photo catalytic mechanism  

 It is well known that charcoal and other carbonaceous materials are very good adsorbents and 

also the adsorbed materials can be easily desorbed by using acids, alkalies, chelating agents etc. But it 

was found that even a trace of dye material didn’t come out from SBC to any of these media. Hence the 

decolouration of dye solutions occurs by degradation [36]. Fig.11. shows the proposed mechanism for 

photo catalysis.  

 Electrons and holes are generated by illumination of UV light on the metal oxides present in 

SBC. By leaving behind holes, the electrons are promoted from the valence band to the conduction 

band. These electrons convert molecular oxygen to superoxide radical anions and holes in the valence 

band convert water molecules to hydroxyl radicals. The charge transfer processes are responsible for 
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the UV-light-induced degradation of dye. The superoxide radical anions and hydroxyl radicals attack the 

vulnerable part of the dye and mineralize into CO2 and H2O through a radical-chain mechanism [37,38]. 

 

Fig.11.Proposed mechanism of photo degradation 

3.12. Kinetics of degradation 

 The photo catalytic degradation was found to follow the Langmuir– Hinshelwood kinetic 

equation; 𝑙𝑛 𝐶𝑜𝐶𝑡 = 𝐾𝑡                     (5) 

 where Co and Ct are the initial and final concentration (mg.L-1)  of the dye at time t, K is the 

pseudo- first-order reaction rate constant (min-1). Fig.12. shows the plot of ln Co/Ct versus t. It can be 

seen that the large surface area of the porous carbonaceous material facilitates the high rate of photo 

degradation and the kinetic parameters are given in Table.1. The higher photo degradation rate 

constant ensured the Langmuir Hinshelwood kinetics [39]. 
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Fig.5.12. Kinetic plots of (a) MB, (b) MG, (c) CR, (d) RB,  

(e) MO & (f) MX 
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Table.1. Kinetic parameters 

Sample 

 

Dye 

 

Rate constant 

K (min-1) 
R2 values 

SBC 

MG 0.8525 0.9947 

MB 0.7553 0.9880 

RB 0.3412 0.9977 

CR 0.3393 0.9829 

MO 0.2545 0.9975 

MX 0.2130 0.9829 

 

4. Conclusion 

 Waste expanded polystyrene was pyrolyzed with bentonite clay in a tubular furnace under a 

nitrogen atmosphere to get the carbonaceous material, SBC. The FTIR analysis revealed its chemical 

inertness and XRD analysis indicated partial crystallinity. FE-SEM studies showed the non-uniform, 

porous, flakes-like structure of SBC. The EDAX mapping results proved the co-existence of Al, Si, Fe, O, 

Na, Mg, Ca, Ti and C in SBC. BET analysis revealed the mesoporous nature of SBC and indicated its type 

IV isotherm behaviour. The negligible loss rate value confirmed the water resistance, solidity and 

stability of the as-prepared carbonaceous material.  

 The degradation efficiency of SBC was studied for the photo catalytic dissociation of MG, MB, 

RB, CR & MO dyes and their mixture; the conditions were optimized as-catalyst dosage of 0.01g for 

10mg/50ml dye solution at pH 7. SBC exhibited superior percentage degradation values even after three 

cycles (97, 97, 96.5, 96, 94 & 93% respectively for MB, MG, CR, RB, MO & MX) indicating the stability and 

suitability of SBC as a potential photo catalyst. The instantaneous discolouration of the mixture of 

organic dyes in UV light with micro quantities of SBC has become a cost-effective and simple method of 

up cycling waste thermocol. It is a green chemistry strategy as it eliminates the usage of toxic chemicals 

and promotes the utilization of waste expanded polystyrene for environmental remediation. 
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Figures

Figure 1

FTIR spectrum of EPS, BT & SBC



Figure 2

XRD pattern of (a) EPS, (b) BT& SBC

Figure 3



FE-SEM images of (a) EPS, (b) BT & (c) SBC & EDAX images of (d) BT & (e) SBC

Figure 4

TGA thermo gram of (a) EPS, (b) BT & SBC



Figure 5

UV–DRS spectra & Tauc plot of (a) EPS, (b) BT & (c) SBC



Figure 6

Nitrogen adsorption/desorption isotherms for SBC



Figure 7

Effect of (a) SBC dose & (b) pH on degradation

Figure 8

(a) Loss rate & (b) Reusability of SBC



Figure 9

Degradation e�ciency of dyes



Figure 10

UV-Vis absorption spectra and photographic images of (a) MG, (b) MB, (c) CR, (d) RB, (e) MO & (f) MX
dyes



Figure 11

Proposed mechanism of photo degradation



Figure 12

Kinetic plots of (a) MB, (b) MG, (c) CR, (d) RB, (e) MO & (f) MX


