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ARTICLE INFO ABSTRACT

Keywords: The secondary use of tyre rubber is a potentially sustainable environmental solution. However,
Tyre rubber . the sorption properties of used-tyre rubber have not yet been fully investigated. In this study, the
Non-devulcanised rubber type (vulcanised or devulcanised part-worn tyre rubber) that can sorb phosphate phos-
Devulcanised . . . . .
Sorption phorus from aqueous solutions or wastewater more effectively is determined. The capacity of
Phopsphorus granules (0.3-1.0 mm in diameter) of non-devulcanised ground tyre rubber and uniquely

chemically devulcanised rubber to adsorb phosphorus is evaluated under laboratory conditions.
The results show that under the filtration of an aqueous solution or biologically treated waste-
water at a flow rate of 0.75 m/h (1.2 L/h), 1 g of the devulcanised rubber medium accumulates
5.16 mg of phosphorus, which is five times more than that accumulated by the non-devulcanised
rubber medium. The surface structure of the non-devulcanised rubber medium is more suitable
for the sorption of devulcanised rubber granules. The sorption capacity and effectiveness of non-
devulcanised rubber for phosphorus removal are more favourable compared with those of the
tested natural and waste-prepared sorbents. Further research into this material as a medium for
filter layers and for accumulating drainage should be conducted. The findings of this study are
important for addressing issues associated with the secondary use of tyre rubber.

1. Introduction

The increasing number of cars and trucks worldwide has resulted in the accumulations of billions of part-worn tyres in warehouses
and landfills, which poses a severe threat to the environment [1]. Used tyres are typically discarded. The incineration of used tyres
reduces the amount of waste; however, the process results in severe health and environmental problems caused by toxic, carcinogenic,
and mutagenic pollutants, such as polycyclic aromatic hydrocarbons, volatile organic compounds, CO, CO5, SOy, and NOx [2]. Thisis a
severe environmental issue because only a small proportion of part-worn tyres are recycled into value-added products, such as floor
mats, tyre fuel, and hopper inserts for road pavements [3]. Various tyre-rubber shapes can be used as filter layers, media, drainage
sealants, wetland and plant-bearing layer media, and lightweight media in island greenery and soft foundation areas (Park and Ye,
2016). The application of ground tyre rubber as an infill material in artificial football fields or playgrounds may be significantly limited
because of restrictions on United States Environmental Protection Agency emissions [4]. The secondary use of tyre rubber is a
potentially sustainable solution to environmental problems caused by tyre waste [5]. Old, unfit for use tires are an excellent source of
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secondary raw materials, until now they are managed in rather primitive ways. Of the 28,100 tons of tires delivered to the Lithuanian
market in 2018, 52% of all sorted tire waste was exported, 22% was recycled, 13% was used for energy extraction, and 3.5% was
processed (i.e. used, ready for use or disposal, burned in a fire) [6]. In Europe in 2018, recycling dominated as a way of managing tire
waste. Sweden, Latvia and Lithuania were the only countries where other alternatives for the use of waste tires were more popular than
recycling. Recycling tires is energetically twice as expensive as making a new product from original materials. Meanwhile, about twice
as much synthetic rubber is produced and consumed as natural rubber. Oil prices also dictate rubber prices, which have been rising
recently. A ton of rubber now costs around 2100 euros [6]. The need for recycling and secondary use of tire rubber will only grow in the
future. Vulcanised rubbers cannot be reprocessed easily and can only be used another time [7,8]. Valorisation is key to the sustainable
and widespread use of part-worn tyres because it decomposes the tyre rubber into components that can be recycled or further pro-
cessed thermochemically [9]. Rubber is difficult to process because it comprises many components and has a three-dimensional (3D)
molecular structure [10]. During devulcanization, the pieces of tires are crushed, their surface becomes rough, and the sulphur
cross-links are broken in the inner parts, thus returning the rubber compounds to a rubbery state. The most widely used rubber grades
are natural rubber and styrene-butadiene rubber, and the most typical vulcanisation technique is sulphur vulcanisation [11]. Over the
recent decades, several rubber recycling processes have been developed, including devulcanisation [10,12]. Devulcanisation,
grinding, and pyrolysis are the three most typically used valorisation methods [12,13]. The devulcanisation of rubber is a process in
which the poly-, di-, and monosulfide bonds formed during vulcanisation are completely or partially broken. Breaking sulphur—sulphur
(S-S) and carbon-sulphur (Csingle bondS) bonds requires 1.5 and 1.3 times less energy than breaking the main rubber chain, i.e.
carbon-carbon (Csingle bondC) bonds [10]. Several devulcanisation processes have been developed, including biological, chemical,
ultrasound, microwave, mechano—chemical, and thermo-mechanical processes [11,14,15]. The most promising techniques are mi-
crowave and ultrasonic devulcanisation because they are dry and eco-friendly [11].

By performing devulcanisation, 90% of rubber polymers can be recycled. The devulcanisation process is clean, nontoxic, waste-
free, and environmentally friendly because it does not require high-temperature treatments (low energy consumption and CO,
emissions). Devulcanised rubber (DR) is characterised by homogeneity and dispersion, which significantly improves its tensile strength
and other important properties, thus rendering it suitable for construction, agriculture, and environmental protection [16,17].
Additionally, the rubber of part-worn tyres can be used as an adsorbent to remove organic matter or heavy metals from contaminated
wastewater [18,19]. Media containing rubber granules, chips, and rubber ash have been used. Meanwhile, sorption studies pertaining
to ethylbenzene [5], toluene [20], aromatic hydrocarbons, naphthalene [21], and lead ions [22] have been performed. Tyre rubber has
been shown to sorb pesticides and nitrates and remove phosphorus from water via an iron precipitation process [23].

The removal of phosphorus from wastewater is crucial because excess phosphorus causes the eutrophication of natural water
bodies. In addition to insufficiently treated wastewater, phosphates can enter the environment [24,25]; therefore, methods to reduce
the concentration of phosphates in water from wastewater treatment plants are being devised [26]. Urban wastewater treatment plants
use activated sludge. Although activated sludge removes organics and suspended solids from wastewater efficiently (>90%), excessive
amounts of nitrogen and phosphorus compounds typically remain in the treated water. These nutrients must be removed from effluents
using tertiary treatment filters. Various sorbents can be used as filter media, some of which are extremely expensive and others are
inefficient owing to their environmental friendliness [27]. Researchers have focused on identifying inexpensive materials suitable as
an alternative to activated carbon, which is an expensive adsorbent [28-30]. To effectively clean and manage wastewater, one must
identify the appropriate treatment technique. The main methods used are adsorption, flocculation, oxidation, membranes, and
filtration, which are performed using polymeric materials such as adsorbents, flocculants, filters, membranes, and polymeric com-
posites [31,32]. Chemically modified polished tyre rubber absorbs fluoride and nitrate ions from water and is suitable for the
adsorption of boron, arsenite, arsenate, and organic pollutants [7]. Waste-tyre-based activated carbon produced from rubber effec-
tively removes heavy metals from wastewater [33]. When generating biochar from rubber via pyrolysis, refractory wastewater is
formed, which is detrimental to the environment if not discarded appropriately [34]. Information regarding the effectiveness of
tyre-based adsorbents in removing phosphorus from water is scarce. The advantage of rubber granules of part-worn tyres over
commercial sorbents is that they are readily available. Recently, the sorption properties of rubber have been investigated [1,13]. The
capacity of DR particles to adsorb phosphorus from aqueous solutions, particularly when devulcanised tyre granules with a larger
surface area are used, remains unclear.

The aim of this study is to evaluate the capacity of the granules of two types of part-worn tyre rubber (non-devulcanised and
devulcanised) to adsorb phosphates from aqueous solutions and biologically treated wastewater. A unique patented chemical-
mechanical method is applied to devulcanise tyre rubber. Additionally, the authors propose a hypothesis suggesting that DR, owing
to its specific structure, exhibit better sorption properties than non-devulcanised rubber (VR). The findings of this study are important
for addressing issues associated with the secondary use of tyre rubber.

2. Materials and methods
2.1. Selected materials

The first material selected was VR from end-of-life truck tyre tread buffers. Truck tyre tread buffings have a high devulcanised
natural rubber content. The composition of the buffings used in this study was as follows: rubber content, 50.1% wt; organic additives,
12.7% wt; carbon black, 23.8% wt; and mineral substances and ash, 13.4% wt. The ground tyre rubber was composed of 7.0 + 0.2 wt%
volatile compounds (e.g. plasticisers, processing aids, curing additives, etc.), 56.3 + 2.1 wt% rubbers, and 36.7 + 2.2 wt% carbon
black + ash [6]. Crushing rubber resulted in the formation of granules (Fig. 1, A-C).
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The second selected material was the DR of truck tyre tread buffings (Fig. 2, A-C). DR granules of part-worn tyres were obtained
from manufacturers (JSC “Devulco™) using the patented method and material. The use of Devulco technology allows a high level of
devulcanisation to be achieved without a significant deterioration in the quality of the polymers of the source rubber. During
mechano-chemical processing, the devulcanising agent delocalises the S-S and S-C crosslinks in the rubber matrix, thus rendering the
rubber polymers available for recycling. This technology is based on specially streamlined processing equipment, which completely
eliminates the use of solvents and high temperatures. Hence, the process involved is economical and reliable. The devulcanisation
modifier is protected by the Lithuanian patent LT 6053B “Devulcanization modifier for the production of regenerated rubber powder.”
The devulcanization process does not require high-temperature processing; therefore, energy consumption and CO, emission are low.

Fig. 2 shows that during the mechano—chemical treatment process, the devulcanising agent delocalised crosslinks S-S and S-C of
the rubber matrix, the initial image of which is presented in Fig. 1, C. VR rubber presents a 3D structure, which is destroyed during
devulcanisation. Subsequently, the S-S bridges are terminated, delocalised, or removed as HyS and SO;. The broken S-S bridges
indicate that the DR is homogeneous and exhibits high dispersion (Fig. 2, C).

The rubber granules of the tyres were passed through sieves of appropriate mesh sizes to obtain the fractions of the tested materials
(Table 1).

Qualitative elemental analysis of the rubber granules was performed using energy dispersive X-ray spectroscopy (EDS).

2.2. Research process

2.2.1. Salt and tap water solution K2HPO4 (D

For the first phosphate removal experiment, an experimental stand was installed in the laboratory (Fig. 3).

Container (1), as shown in Fig. 3, was filled with 100 L of potable tap water containing 15.4 g of KyHPO4, which resulted in a PO4-P
solution with a concentration of 18.44 mg/L. Two filtration columns (2) with a 4.5 cm diameter were filled with filter media (8) of
equal volume (300 mL). The height of the medium was 18 cm. A retaining layer (7) composed of small stones with a height of 3-4 cm
was formed at the bottom of the columns. The stones were covered with a sorbing filter medium. The average dry weights of the DR and
VR media were 127 and 119 g, respectively.

A pump (3) was applied to supply two filters with phosphate solution at a rate of 0.75 m/h (1.2 L/h). The experiment was per-
formed for 8 h. Samples from the filtrate collection point (5) were obtained every 30 min to measure the PO4-P concentration. This
experiment was repeated thrice. The temperatures and pH of the solutions were measured during the experiment. In particular, the
temperatures of the prepared solutions were measured using a SevenGo pro SG6 meter (Mettler Toledo, Switzerland), whereas the pH
was determined potentiometrically (LST EN ISO 10523:2012).

The PO4-P concentration in the filtrates was determined via MERCK Spectroquant® tests. The investigated samples were dispensed
into cuvettes (Hellma) and analyzed using a Genesys 10 Ultraviolet-visible spectrophotometre. Additional measurements were per-
formed by repeating the mixing experiments another three times within 10 min.

The effectiveness of phosphorus removal from the wastewater was calculated using formula (1).

E,-:%. 100, (%) &)

1,i

Where:
E; — effectiveness of removing phosphate phosphorus, %;
C1,i — PO4—P concentration before treatment, mg/L;
Cy,i — PO4—P concentration after treatment, mg/L.

2.2.2. Phosphate sorption from biologically treated wastewater
A stand composed of two clear glass columns (4.5 cm diameter) was installed in the laboratory to remove phosphate from

100 um ' 10 um

A B c

Fig. 1. Non-devulcanised rubber: A — image observed under an optical microscope (100x magnification); B — image observed under an electronic
microscope; C — graphical representation of non-devulcanised crosslinks S-S and S—C of rubber matrix.
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Fig. 2. Devulcanised rubber: A — image observed under an optical microscope (100x magnification); B — image observed under an electronic
microscope; C — graphical representation of delocalised crosslinks S-S and S-C of rubber matrix.

Table 1
Rubber pellets used in experimental investigation.
No of the experiment Devulcanised rubber (DR) pellets Non-devulcanised rubber (VR) pellets
Fraction size, mm Medium volume, mL Medium mass, g Fraction size, mm Medium volume, mL Medium mass, g
I 0.3-0.5 300 127 0.3-0.5 300 119
I 0.5-1.0 300 113 0.5-1.0 300 107

Fig. 3. Schematic illustration of experimental stand: 1 — container of phosphate solution, 2 - filtration columns, 3 — solution supply pump, 4 —
solution sampling point (before filtration), 5 — filtrate acquisition point, 6 — overflow tube, 7 - retaining layer, 8 — filter media, 9 — solution dis-
tribution pipe to columns.

wastewater. A retaining layer comprising small stones measuring 3-4 cm in height was formed at the bottom of the columns. The
stones were covered with a sorbing filter medium. The height of the medium was 18 cm. The volume of each medium was 300 mL. The
average weight of the DR of the partially worn tyres was 113 g, whereas that of the VR was 107 g (Table 1).

One hundred litres of biologically (activated sludge)-treated wastewater from an individual wastewater treatment plant were
transferred to the laboratory. The concentration of PO4—P in the wastewater was increased to 17-18 mg/L by adding KoHPO4 to
accommodate the highest level of PO4—P in domestic wastewater. The effluent was filtered from top to bottom using a glass vial to such
that the effluent is distributed proportionally across all columns and all filter media remain submerged. Each filtration experiment was
performed for two days. The filters were operated for 3 h (first day) and 4 h (second day), respectively. There was a 19-h break between
these periods. The filtration rate was controlled by fitting valves at the bottom of the columns and was calculated using the volumetric
method. Wastewater was filtered at the same rate throughout the both columns. There was a total of three filtration stages at speeds of
0.25, 0.5 and 0.75 m/h, respectively. Filtration samples were obtained every 30 min from the filter outlet (branch pipes at the bottom
of the columns). The effectiveness of phosphate removal from the wastewater was calculated using Formula (1). The phosphate
phosphorus (PO4-P) concentration was determined spectrophotometrically using ammonium molybdate (LAND 58:2003). This
experiment was repeated thrice. Absorbance measurements were performed by pouring the test samples into cuvettes (Hellma) and
using a Genesys 10 UV-vis spectrophotometre (Thermo Fisher Scientific, USA) at the required wavelength. The indicator of COD was
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measured to estimate the concentration of organic matter in the wastewater. Chemical oxygen demand (COD) analysis was performed
using the titrimetric method following the standard for wastewater examination (APHA, 2012). The device used was ECO 6 Ther-
moreactor (VELP Scientifica, Itally). The wastewater temperature and pH of the samples were determined during the experiments. The
temperature was recorded using a SevenGo pro SG6 meter (Mettler Toledo, Switzerland), and the pH was determined potentio-
metrically (LST EN ISO 10523:2012). Qualitative elemental analysis of the rubber granules (used for phosphorus removal) was per-
formed via EDS.

All measurements were performed in triplicate. The data were statistically processed using STATGRAPHICS (2018). One-way
Analysis of variance (ANOVA) (at a significance level of p < 0.05) followed by Tukey’s post-hoc test was performed to differentiate
between the means of the samples.

3. Results and discussion

The results of the SEM and EDS analyses are shown in Fig. 4 (A-D) and Table 2.

Fig. 4 show the higher dispersion of the DR surface compared with that of the vulcanised case. Table 2 lists the average elemental
composition of the DR and VR granules. In all the samples examined samples, carbon was the dominant element. On average, the VR
granules contained 6% more carbon and 4% less oxygen than the DR granules. Low amounts (<5%) of silicon, sulphur, calcium, zinc
and iron were detected in both types of rubbers. Fig. 4 (B, D) shows the tested material covered with ‘white dots’ containing 14 and 20
times more iron compared with the case of the average DR and VR samples (Table 2). The oxides of aluminium, iron, magnesium, and
calcium have been reported to significantly affect the removal of phosphate from water [35]. Furthermore, zinc can attract and sustain
phosphorus [36]. The negatively charged phosphate ions are attracted towards the surface, as shown in the reaction M-OHg3 +
HyPO4 - M-HPO4 +H20 [35].

DR has a larger surface area and higher porosity (Fig. 2, B) than VR; therefore, it retains phosphorus in the micropores more
effectively.

The results of the first experiment are shown in Figs. 5-7.

Fig. 5 shows that the filtrate of the DR medium had a lower concentration of PO4~P compared with that of the VR medium, thus

C

Fig. 4. Rubber granules: A — sample of devulcanised rubber; B — white dot in the sample of devulcanised rubber; C — sample of non-devulcanised
rubber; D — white dot in the sample of non-devulcanised rubber.
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Table 2

Elemental composition of rubber granules.
Element Weight %

DR (average) DR (white dot) VR (average) VR (white dot)

Carbon 72.4 68.027 78.36 45.149
Oxygen 20.07 8.382 15.8 26.169
Aluminium - - - 0.703
Silicon 3.79 2.947 0.79 0.426
Sulphur 1.15 - 1.36 1.009
Calcium 0.578 - 0.675 -
Zinc 1.37 3.488 1.812 2.287
Iron 0.66 17.155 1.212 24.256
SUM 100.1 100.0 100.0 100.0

rendering the DR medium more effective. Thirty minutes after filtration commenced, the effectiveness of the DR and VR media in
removing PO4-P from the aqueous solution reached 93% and 39%, respectively. Thus, the effectiveness of the DR medium was 2.4
times higher. A further increase in the filtration time increased the PO4—P concentration in the filtrates. After 300 min of filtration, the
filtration rate decreased to 0.38 m/h owing to clogging in the media. Consequently, the PO4—P removal efficiency deteriorated.

Figs. 6 and 7 show the content of phosphorus accumulated in the VR and DR media during filtration.

The DR rubber medium required 450 min to sorb phosphorus: 13.4 L of the solution was filtered, and 655.3 mg of phosphorus was
removed (Fig. 6). The capacity of the medium to accumulate phosphorus was 5.16 mg/g. The VR medium sorbed phosphorus for only
240 min: 8.1 L of the solution was filtered, and 125.3 mg of phosphorus was removed (Fig. 7). The capacity of the medium to
accumulate phosphorus was 1.05 mg/g. The ongoing filtration experiment demonstrated that phosphorus desorption began after 270
min and that the phosphorus concentration in the filtrate outlet from the VR medium was higher than that in the filtrate inlet (Fig. 5).
Thus, the capacity of the DR to sorb phosphorus was approximately five times higher than that of the VR.

A comparison of the capacity of other sorbents to sorb phosphorus from aqueous solutions is shown as follows: Waste concrete
(modified by thermal stress method) indicated a sorption capacity of 1.1-5.0 mg/g [37], pelleted sewage sludge biochar (measuring
1-2 mm) indicated a maximum adsorption capacity of 1.04 mg/g for P [38], 1 g of quartz sand grains covered with an oxide-coated
filter medium accumulated 0.84 mg of PO4-P [39], and ground burnt patties (solid waste generated from cooking fuel) indicated a
sorption capacity of 0.41 mg/g [35]. Filtration occurred at a relatively high flow rate of 0.75 m/h (1.2 L/h) in this study, and the
solution remained in the filter media for only 15 min. This filtration rate was 7-10 times higher than that reported in the literature [35,
40]. The lower the filtration rate of the solution and the longer the residence time of the solutions in the filter media, the more complete
was the sorption process and the higher was the sorption capacity of the materials. The conditions selected for this study corresponded
to the actual filtration parameters in cases where the treated water flowed at high rates. The investigated media, particularly the DR,
proved to be sufficiently effective in removing phosphorus from water.

Subsequently, a second experiment using wastewater from an individual wastewater treatment plant was performed [41], where
activated sludge was used in the treatment process. The indicators for the wastewater transferred to the laboratory are presented in
Table 3.

Table 3 shows that the concentration of total phosphorus in wastewater did not reach 5 mg/L. However, such a concentration is
only characteristic of that in modern facilities, as the phosphorus concentration at the effluent outlets of individual wastewater
treatment plants is typically greater; for example, wastewater containing phosphorus concentrations exceeding 20 mg/L may be
observed at the outlets of septic tanks [42]. Additionally, authors [35] reported that occasional failures in the system of treatment
equipment containing highly polluted domestic wastewater may result in extremely high levels of phosphates (up to 15 mg/L) entering
water bodies, which may be catastrophic to the aquatic ecosystem. To account for the unfavourable conditions in actual scenarios, the
PO4-P concentration of wastewater used in this study was increased to 17.5 mg/L by adding KoHPOj,.

The findings of the second experiment are presented in Figs. 8 and 9.

As can be seen from Fig. 8, a lower concentration of PO4—P remained in the filtrate from DR medium than in the filtrate from VR

——1 =2
120

100
80

Efficiency, %

Time of filtration, min

Fig. 5. PO4~P removal efficiency: 1 — in DR medium; 2 - in VR medium.
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Fig. 6. Mass of phosphorus entering devulcanised rubber (DR) medium and accumulated in the medium: 1 — mass of phosphorus entering the filter;
2 — mass of phosphorus accumulated in the filter.

| m2
180
160
140 I d
o 120 I
£ 100 I
2 80 I
E 60 I
40 ! =
0
0.1 18 27 36 45 54 63 72 81

Filtered volume, L

Fig. 7. Mass of phosphorus entering non-devulcanised rubber (VR) medium and accumulated in the medium: 1 — mass of phosphorus entering the
filter; 2 — mass of phosphorus accumulated in the filter.

Table 3

Wastewater indicators used in experiment (II).
Sample BODs COD SS Ngj NO,-N NO3-N Nitot Piot NH4-N pH
No

mg/L _

1 9.01 36.5 8.3 9.8 0.05 6.53 16.6 3.95 7.3 7.5
2 9.9 37.52 10.3 11.8 0.45 7.95 20.3 4.92 8.9 7.8
Avg. 9.46 37.01 9.3 10.8 0.25 7.24 18.45 4.44 8.1 7.65

medium. COD concentration was also lower after filtration through DR medium (Fig. 9). PO4—P and COD removal efficiency from
wastewater depended on the filtration rate (Table 4).

The highest efficiency of phosphorus removal from wastewater (99.4%) was achieved using a DR material when the wastewater
filtration rate was 0.25 m/h. The highest COD removal efficiency (43.2%) was also achieved using a DR material. When filtering the
wastewater through the VR material at the highest speed (0.75 m/h), the COD concentration did not decrease. The efficiency of
pollutant removal increased after a 19-h break, which was made after 3 h of filtration. At the beginning of filtration (v = 0.75 m/h) on
the second day (after the break), the PO4—P removal efficiencies by the VR and DR were 2% and 17% higher, respectively, than those at
the end of the first day. Thus, one can conclude that sorption occurred for a certain duration after the filtration stopped. During the
break, the medium recovered partially and functioned more efficiently the following day.

The elemental composition of the media used is listed in Table 5.

Table 5 shows that both media contained phosphorus (0.65%-0.90%). Additionally, the DR medium included sodium. Compared
with the data provided in Table 2, the content of calcium present in DR and VR increased. Phosphorus, sodium, and calcium entered the
filter media together with the treated wastewater and thus were adsorbed. A decrease in zinc and silicon was observed in DR and VR
after wastewater filtration. A similar result was obtained by the authors [43] while simulating a conventional landfill leachate
collection system. It was observed that arsenic, cobalt, lead and nickel concentrations were lower in the cell containing tire-chips than
in the cell without tire-chips, except iron and zinc. Although leaching of zinc from fillers is undesirable, if tire-chips are used in areas
where contamination levels are high, then they can be used as a sorbent for environmental clean-up [43]. On the other hand, activated
carbon made from tire rubber has the ability to sorb zinc from wastewater: when the optimum pH is 6, its sorption capacity is 4.995
mg/g [44]. DR medium retained more organic pollutants from wastewater, which was shown by the COD index (Fig. 9, Table 4).
According to the authors [45], the sorption to tire crumb rubber (as a composite sorbent) was interpreted as being a combination of
adsorption onto carbon black and absorption into the rubber matrix. Tire materials have therefore been proposed as a cost-effective
sorbent for the removal of organic pollutants from water [45]. Tire rubber pellets can be used as a potential alternative to conventional
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Fig. 8. Findings of experiment II: PO4—P concentration in the container and in the filtrate of the columns: 1 - primary PO4—P concentration in the
container, 2 - filtrate from DR medium (v = 0.75 m/h), 3 - filtrate from DR medium (v = 0.5 m/h), 4 - filtrate from DR medium (v = 0.25 m/h), 5 -
filtrate from VR medium (v = 0.75 m/h), 6 - filtrate from VR medium (v = 0.5 m/h), 7 - filtrate from VR medium (v = 0.25 m/h).
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Fig. 9. Findings of experiment II: COD concentration in the container and in the filtrate of the columns: 1 - primary COD concentration in the
container, 2 - filtrate from DR medium (v = 0.75 m/h), 3 - filtrate from DR medium (v = 0.5 m/h), 4 - filtrate from DR medium (v = 0.25 m/h), 5 -
filtrate from VR medium (v = 0.75 m/h), 6 - filtrate from VR medium (v = 0.5 m/h), 7 - filtrate from VR medium (v = 0.25 m/h).

Table 4
Removal efficiency of PO4—P and COD.
Tested material Removal efficiency, %
PO4-P CoD
v =10.25m/h v =0.75m/h v =0.25m/h v =0.75m/h
DR 99.4 98.3 43.2 21.6
VR 47.3 22.7 15.9 0
Table 5
Elemental composition of rubber used.
Element Weight % Weight % o Weight % Weight % ¢
DR DR VR VR
Carbon 75.37 0.764 74.65 0.742
Oxygen 18.57 0.675 20.51 0.734
Sodium 0.12 0.13 - -
Aluminium 0.275 0.068 0.085 0.032
Silicon 0.884 0.072 0.423 0.045
Phosphorus 0.902 0.092 0.648 0.068
Sulphur 1.0 0.095 1.241 0.074
Calcium 1.79 0.113 1.202 0.087
Zinc 1.09 0.187 1.236 0.186
SUM 100 100
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gravel or sand in the drainage layer of the collection and treating system of leachate [46]. The rubber used for creating fillers in
columns provided for bigger porosity of the layer [47]. The use of rubber pellets would reduce the magnitude of the solid waste
disposal problem with its recycling and convert it into a useful material for conserving the environment and reducing pollution.

The wastewater filtering results showed that the efficiency of the DR medium in removing PO4—P was to 5-7 times higher than that
of the VR medium. This is because the DR surface structure is more suitable for sorption and has a larger particle surface area. The
authors of [48] reported that a bond was formed between phosphorus and carbon during the amidoalkylation of phosphonic carboxylic
acids. Compared with sorbents such as dolomite, limestone, opoka, burnt patties, sand, and alkaline P-filters investigated previously
[35,42,49], DR proved to be sufficiently effective in removing phosphorus from wastewater. The highest sorption capacity of materials
described in the literature was achieved under laboratory conditions using a high concentration of P in artificial solutions. The
concentration of P used in other studies was typically higher than that in conventional domestic wastewater [49]. The authors of [50]
discovered that polyethylene glycol/chitosan and polyvinyl alcohol/chitosan composites were effective in removing phosphate anions.
The sorption capacity of the composites were 74.9 and 46.2 mg/g, respectively, but the ambient pH must be ~3. In this study, the pH
was approximately neutral, similar to the actual conditions for domestic wastewater treatment. The initial concentration of PO4P in
the wastewater was similar to the actual situation and thus not extremely high. Preliminary experiments regarding phosphorus
removal from aqueous solutions and wastewater showed that DR is a promising sorbent. DR can be used as filtration layers, filler
materials, drainage sealants, wetlands, or plant-bearing media. If wastewater filtered through a DR filter medium is released into
nature, then the leaching of toxic substances from the filter medium must be investigated. Reusing part-worn tyre rubber (for P
removal) is advantageous because part-worn tyre rubber is waste and its cost is lower compared with those of other raw materials used
as adsorbents. Future work should focus on phosphorus recovery from eluates. Hence, further research on DR and the possibilities for
its regeneration are recommended.

4. Conclusions

Two types of part-worn rubber tyres were investigated in this study. VR and DR granules measuring 0.3-1.0 mm in diameter
successfully sorbed PO4—P from aqueous solution and biologically treated wastewater. Under the test conditions, the filtration of the
aqueous solution at a flow rate of 0.75 m/h (1.2 L/h) showed that 1 g of the DR medium accumulated 5.16 mg of phosphorus, i.e. five
times more than that accumulated by the VR medium (1.05 mg/g). In terms of PO4~P removal from wastewater at a flow rate of 0.75
m/h, the DR medium was 5-7 times more effective than the VR medium owing to its more suitable surface structure for sorption. The
sorption capacity and effectiveness of the DR medium for phosphorus removal were higher compared with those of the tested natural

and waste-prepared sorbents. Hence, further investigations into DR media as filter layer, backfill, and drainage-packing materials is
recommended.
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