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Abstract 
A convenient method for obtaining an iron-containing 

hypercrosslinked polystyrene composite based on foam plastic 
waste is developed. The iron-containing composite can be used 

for the sorption of hydrogen sulfide, toxic organic solvents, as 
well as foul-smelling and toxic products of degradation of natural 
remains—putrescine, cadaverine, indole, and skatole.  
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Introduction 

One of the reasons for the growing amount of non-

recoverable waste is the enhanced consumption of disposable 

products and the excessive application of packaging materials 

and containers produced mainly from plastics, which stems from 

their low cost along with the high performance characteristics. 

At the same time, plastics have a range of drawbacks that 

include the release of toxic components upon decomposition, 

limited re-use due to the loss of consumer properties upon 

thermal and mechanical processing, and, more importantly, 

prolonged degradation in the environment due to the high 

stability and the lack of the mechanisms of natural utilization 

[1]. One of the popular packaging and constructional materials 

is foam plastic which is produced from linear polystyrene by 

temperature foaming of a volatile filler, usually pentane, 

nitrogen, or carbon dioxide [2, 3]. This material features low 

thermal conductivity and density, high sound-insulating 

characteristics, hydrophobicity, and stability in acid and alkaline 

media. The main drawback of foam plastic is the formation of 

wastes with a high volume-to-mass ratio, which causes rapid 

filling of waste repositories and almost complete absence of 

economically and ecologically reasonable technologies for 

processing into recyclable materials or products. As a rule, the 

processing is connected either with burning, high-temperature 

decomposition, or with the production of articles with low 

performance characteristics [4]. 

A promising route for recycling foam plastic is its 

dissolution in polar solvents, which solves the gas filling 

problem and, as a consequence, the problem of external 

dimensions followed by the modification of a linear polystyrene 

solution via cross-linking by the Friedel–Crafts reaction yielding 

hypercrosslinked polystyrene. This material is produced on an 

industrial scale from microgranules of a styrene–divinylbenzene 

copolymer via crosslinking with monochlorodimethyl ether in 

the presence of anhydrous iron or aluminum chloride. It 

possesses a high specific surface area (up to 1500 m2/g), which 

stipulated its extensive use in sorption of volatile organic and 

inorganic compounds in the sorbent pores (on average, 3–80 

nm) [5, 6]. Hypercrosslinked polystyrene was used to obtain a 

range of composite sorbents bearing iron and zinc oxide 

nanoparticles that are able to absorb hydrogen sulfide, arsenic 

compounds, phosphates, as well as toxic and foul-smelling 

organic compounds resulting from the degradation of natural 

remains [7–11]. Hence, a combination of the high sorption 

characteristics of hypercrosslinked polystyrene with the 

processing of a great array of foam plastics into this material is 

of paramount importance both for the environmental protection 

from pollution and simultaneously for the production of a 

valuable sorbent-carrier. 

Results and discussion 

In order to develop an approach to the production of a 

hypercrosslinked polymeric material starting from foam plastic 

waste, a foam plastic package was dissolved in chloroform and 

analyzed by gel permeation chromatography. It was found that 

the material represents polystyrene with the weight average and 

number average molecular masses of 349840 and 80209, 

respectively (Fig. 1). Furthermore, there is also a certain content 

of low-molecular admixtures. 

To devise a facile method for crosslinking the foam plastic 

raw material, we suggested an original express technique for the 

formation of monochlorodimethyl ether in dichloromethane. It 

should be noted that monochlorodimethyl ether is not available 

commercially, despite its extensive use even in the industrial 

production of hypercrosslinked polystyrene [6]. Furthermore, in 

a pure form, it is highly toxic and cancerogenic [12]. The 

suggested procedure consists in mixing the available reagents, 

namely, paraformaldehyde, methanol, sulfuric acid, and an 

excess of sodium chloride (the latter reagents are used to 

generate gaseous hydrogen chloride) in a chlorinated solvent 
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Figure 1. Molecular-mass distribution of foam polystyrene. 

and stirring the reaction mixture for 2 h without heating 

followed by the decantation of a supernatant liquor from the 

resulting precipitate. The NMR spectroscopic analysis showed 

that this mixture contains only monochlorodimethyl ether and 

the corresponding solvent; furthermore, the complete conversion 

of methanol to the corresponding ether was observed [13]. To 

perform crosslinking of foam plastic waste, we suggested 

dissolving anhydrous FeCl3 in the above-mentioned mixture 

followed by the dissolution of foam polystyrene and heating of 

the resulting mixture in an autoclave at 90 °С for 2 h. It was 

shown that an optimal content of FeCl3 from the viewpoint of 

the resulting polymer surface is 0.5 equivalent of the salt. This 

amount of FeCl3 (0.5 eq.) allows for obtaining the surface area 

of 830 m2/g, whereas a reduction to 0.25 equivalent leads to the 

surface area of only 130 m2/g. This can be explained by the 

partial etching of FeCl3 with methanol released from 

monochlorodimethyl ether. A further increase in the catalyst 

loading has either a neutral or negative effect due to the 

moderate solubility. 

It should be noted that simple refluxing of the reaction 

mixture without an autoclave leads to almost zero surface areas, 

which can be associated with the low boiling point of 

dichloromethane and monochlorodimethyl ether, insufficient to 

overcome the activation energy barrier of the reaction. To 

endow the resulting material with the affinity to hydrogen 

sulfide, FeCl3, used for crosslinking, was converted to hydroxide 

by the reaction with an alkaline solution which, after drying of 

the resulting material at 110 °C for 1 h, was transformed into 

iron oxide. The latter was confirmed by the presence of the 

corresponding 2 diffraction peaks which, according to the 

Crystallography Open Database, are in good agreement with the 

PXRD pattern of magnetite (Fe3O4, Fig. 2) [14, 15]. The 

formation of magnetite, which represents a mixed Fe3+/Fe2+ 

oxide, can be explained by the reduction of Fe3+ to Fe2+ ions 

accomplished owing to the partial oxidative destruction of the 

polystyrene matrix during thermal processing of the composite. 

The particle sizes calculated from the integral intensities of the 

signals using Lvol IB approximation indicated the formation of 

magnetite with the average size of the coherent scattering area of 

6.0 nm. 

The sizes and morphology of the iron nanoparticles were 

studied by transmission electron microscopy of the ground 

sample (Fig. 3). The particles with sizes of about 7 nm were 

found, which is in good agreement with the powder XRD data. 

 

Figure 2. PXRD pattern of the composite sample bearing magnetite. 

 

Figure 3. TEM image of the composite. 

The resulting powder-like composite, containing 5.2% of 

magnetite according to the results of X-ray fluorescence 

analysis, was studied in the sorption of hydrogen sulfide. It 

should be noted that H2S is present in most of natural gas and oil 

deposits as well as in the products of degradation of living 

organisms [16–18]. This gas is toxic and possesses an extremely 

foul smell. It is corrosion aggressive for metallic constructions, 

including gas pipelines, which requires the development of an 

efficient and simultaneously available sorbent for its adsorption. 

To evaluate the sorption characteristics, H2S, obtained in situ 

from iron(II) sulfide and 30% aq. sulfuric acid according to the 

standard procedure using Kipp's apparatus, was passed through a 

layer of the composite granules. The sample color drastically 

changed from brown to deep black due to the moistening of the 

composite with released water. The elemental analysis revealed 

that the content of sulfur was 5.94% and that of iron was 5.11%, 

which is close most of all to the formation of iron disulfide. 

The iron-containing composite was also studied for the 

sorption capacity towards toxic and low-boiling solvents, 

namely, methanol and benzene. It was found that 0.68 g of 

benzene and 0.92 g of methanol can be absorbed by 1 g of the 

sorbent (Fig. 4). The close capacity values were also observed in 

the case of sorption of ptomaine vapor components, namely, 

putrescine and cadaverine: 1.025 and 0.824 g, respectively. In 

the case of crystalline skatole and indole, the resulting capacity 

values composed 0.224 and 0.175 g, respectively. The latter can 

be connected to a great extent with their high molecular mass 

and lower volatility compared to the compounds featuring lower 

molecular masses and being liquid at room temperature. 

Experimental 

Production of the iron-containing composite based on 

hypercrosslinked polystyrene from foam plastic. Dichlorome- 
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Figure 4. Sorption of amines and organic solvent vapors. 

thane (10 mL) was added to a mixture of paraformaldehyde (0.8 

g, 0.027 mol), sodium chloride (5.8 g, 0.1 mol), and methanol 

(0.96 mL, 0.024 mol). Chloroform or dichloroethane can be 

used instead of dichloromethane. Then, conc. sulfuric acid (1.4 

mL, 0.026 mol) was added to a stirred reaction mixture. Note 

that the scaling should be carried out upon cooling to 5–10 °С 

due to considerable heating. The resulting mixture was stirred 

for 2 h. Then, the mother liquor was decanted from the 

precipitate and analyzed by 1H NMR spectroscopy (on a Bruker 

AV-400 NMR spectrometer). The resulting solution was placed 

in a 20 mL autoclave from stainless steel. After the addition of 

anhydrous FeCl3 (1.63 g, 0.01 mol) and dissolution of foam 

plastic (2.0 g, 0.02 mol), the closed autoclave was heated at 

90 °С for 2 h. Then, the autoclave was cooled and the resulting 

precipitate was collected by filtration and rinsed with 

isopropanol (10 mL). The material obtained was placed in 10% 

aq. NaOH (20 mL) for 10 min. The precipitate was filtered off, 

rinsed with water (2×10 mL), and dried at 110 °С for 1 h to give 

2.42 g of the target composite as a red-brown powder. The sizes 

of the iron oxide particles in the composite were analyzed with a 

Bruker D8 Advanced diffractometer using CuKα radiation (λ = 

1.5406 Å) and Innov-X α-2000 spectrometer. The specific 

surface area was estimated on a 3P sync unit. The 

microstructures of the samples were studied by TEM with a 

Hitachi HT7700 microscope. The molecular-mass distribution 

was defined by gel permeation chromatography (Knauer 

Smartline chromatographer, Waters Styragel HT6E, HT4, and 

HT2 columns (10 μm, 7.8×300 mm), chloroform as an eluent, 

consumption rate 1 mL/min, UV254 nm, calibration using 

polystyrene standards). 

Investigation of the sorption capacity of the composite 

towards organic solvents and amines. A sample of the sorbent 

(1.5 g) was placed in a weighing cup and preliminarily dried at 

110 °С for 1 h. The cup was placed in a desiccator and cooled. 

Then, a 1 g sample was taken with an accuracy up to 0.001 g. 

The resulting sorbent sample was placed in a thin-film porous 

basket with a volume of 4 mL and the known mass, which was 

hanged on a stopper with a hanger over 7 g of benzene, 

methanol, cadaverine, putrescine, indole, and skatole in a 100 

mL flat-bottom flask. The mass changes were fixed in the 

specified periods of time (Fig. 4). 

Conclusions 

Hence, the convenient method for obtaining the iron-

containing hypercrosslinked polystyrene composite was 

developed starting from foam plastic waste. It is rapid and 

utilizes the available reagents. Furthermore, this method 

addresses the issue of the utilization of bulky foam plastic waste. 

In turn, the resulting product can be used for the sorption of 

hydrogen sulfide, toxic organic solvents, as well as foul-

smelling products of the degradation of natural remains—

putrescine, cadaverine, indole, and skatole. Despite the 

availability of the reagents and simplicity of the production, this 

sorbent is on a par with the analogous composites by a range of 

characteristics, which are produced from much more expensive 

granulated styrene–divinylbenzene polymers [9–11]. 
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