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Abstract
Paper presents the results of investigations on sorption capacity of selected carcinogenic polycyclic aromatic hydrocarbons 
(PAHs) on microplastics fibers. Accumulation of organic micropollutants such as PAHs is indicated as one of the important 
problems in the case of microplastics present in surface water, including sea water. Concentrations of the micropollutants 
can reach even several mg/kg of microplastics. An unrecognized problem are sorption capacities of microfibers towards 
PAHs. Recent research works indicate that microfibers are commonly present in sewage sludge. Content of the fibers in this 
waste material can reach over 23000 particles per 1 kg of sludge dry matter. The fibers mainly come from cloth washing. 
It is obvious that the adsorption capacity of the fibers can affect the concentration of PAHs in sewage sludge. The aim of 
the study was to evaluate sorption capacities of polyester fibers towards PAHs. Adsorption of PAHs were provided under 
static conditions. After 24 h of adsorption 1255 μg/g of carcinogenic PAHs was adsorbed onto the polyster fibers. Amount 
of 6-ring PAHs was equal to 154 μg/g, whereas 5- i 4- ring ones, 562 and 539 μg/g, respectively. The results have confirmed 
that hydrophobic PAHs can be adsorbed onto polystyrene fibers and as a result cumulate in sewage sludge.
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Introduction

Synthetic fibers are one of the groups of microplastic pol-
lutants (small plastic particles of sizes in the range of 0.001 
to 5 mm) present in wastewater (Kershaw 2015). Microfib-
ers refer to the length to diameter ratio greater than 100 
(Palacios-Mateo et al. 2021). Fibers in wastewater originate 
from washing of synthetic textiles (Hann et al. 2018). It was 
proved that synthetic clothes contribute to about 35% of the 
global release of primary microplastics to the world oceans 
(Falco et al. 2019). It is estimated that a city of 100,000 PE 
can sent from 5 to more than 60 kg of synthetic microfibers 
daily to the surface waters. It is equal to even 22 tones per 
year (Harrison 2018). Microfibers released into the waste-
water can vary a lot depending on the type of fabric, cutting 

method, number o washing cycles. Release of microfibers to 
influent can reach 72,000 microfibers per gram of textile per 
wash. But it can be also significantly smaller (in the range 
of 200 microfibers per gram per wash). The median length 
of the released fibers was estimated as 165–841 µm (Cai 
et al. 2020). Effluents from washing machines can contain 
100–300 fibers per one liter (Jemec et al. 2016). Most of 
(up to 99%) microfibers present in wastewater are released 
from liquid phase and retained in sludge. With this waste 
material, they can be discharged into the environment. One 
of the most frequently found chemical groups of microfib-
ers are the polyester ones (Kärkkäinen and Sillanpää 2021). 
Polyester fibers are produced from polyethylene tetraphtalate 
(PET), polymer which not exists in nature (Grishanov 2011). 
The structure of the polyester fibers is a mixture of crys-
talline (of high density) and non-crystaline regions. They 
are characterized by low moisture absorption, and ability to 
accumulate electrostatic charges on the surface. They show 
a tendency to form entangled bundles of fibers. They are 
resistant to dilute acids, alkali and organic solvents. If con-
centrated reagents are used they can damage polyester fibers 
(Grishanov 2011).
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Polyester microfibers can be toxic for living organisms, 
e.g. Daphnia magna were found to ingest polyester fibers 
and as a consequence increase in their mortality occurred 
(Jemec et al. 2016). Microfibers have rather a high surface 
area and because of this, they are expected to accumu-
late other environmental pollutants (Palacios-Mateo et al. 
2021; Beverley et al. 2019). Research works concerning 
adsorption of the organic and inorganic micropollutants 
on the surface of microplastics are still missing. Some 
studies were made concerning polycyclic aromatic hydro-
carbons (PAHs) adsorption on microplastics. They have 
indicated that sorption of PAHs on microplastic fibers was 
hydrophobicity dependent (Li et al. 2020a; Qi et al. 2020). 
The authors have also stated that sorption of PAHs on the 
microplastic particles was mainly based on partitioning. 
Among other processes involved in PAHs bonding onto the 
surface of microplastics surface sorption (hydrogen bond-
ing, π-πinteraction, electrostatic interaction, van der Waals 
force), as well as pore-filling are pointed out (Wang et al. 
1827). Kind of microplastics is also an important factor in 
organic micropollutants adsorption, e.g. Valzeboer et al. 
(2014) have stated that polychlorinated biphenyls (PCBs) 
were better adsorbable to polystyrene than polyethylene. 
It was explained by the authors by the stronger aromatic-
ity of polystyrene than polyethylene. Desorption was also 
observed and it was mainly dominated by film diffusion (Li 
et al. 2020a). It was also stated by other authors that on the 
surface of microplastics bacteria film can be formed, and 
this film can affect adsorption, desorption behavior of such 
micropollutants as PAHs (José and Jordao xxxx).

Research works on various micropollutants adsorption 
on microplastic fibers are still missing. The present study 
was aimed at the evaluation of sorption capacity of polyester 
microfibers towards selected polycyclic aromatic hydrocar-
bons (PAHs) from treated coke plant wastewater.

Materials and methods

Materials

Effluents from industrial wastewater treatment plants were 
used as a matrix for the experiment. Biological treatment 
involved activated sludge technology with biological nitro-
gen removal. Effluents contained PAHs which did not 
undergo removal during coke-plant wastewater treatment. 
The samples were taken once, as we were interested in initial 
studies on adsorption capacity of polyester fibers.

Experimental procedure

Initial PAHs concentration was analyzed in treated coke 
plant wastewater. This type of wastewater is released to the 

sanitary networks and inflow to municipal wastewater treat-
ment plants. Despite biological treatment (in our case acti-
vated sludge treatment including nitrification, which means 
long solid retention time, above 10 days). 300 mL of waste-
water was used for the experiment, to each 0.5 g/L of poly-
ester microfibers has been added. pH of wastewater was 7.2. 
The samples were shaken on shaker with horizontal motion 
for 24 h at a constant temperature of 20 °C. Concentration 
of 4-, 5- and 6-ring PAHs in wastewater was analyzed after 
1, 2, 16, 18, 20, and 24 h after polyester microfibers were 
added. Percent removal of individual PAH compounds was 
calculated as the difference between initial PAHs concentra-
tion and concentration after a defined time. Blank sample 
was prepared to catch the changes in PAHs concentration in 
wastewater not caused by adsorption but through the other 
processes. Calculated amount of removed PAHs was com-
pared to the mass of microfibers and expressed as μg per one 
g of polyester fibers.

Analytical methods of PAHs

Liquid–liquid method was used for selected PAH extrac-
tion from wastewater samples. Cyclohexane, dichlorometh-
ane (v/v, 20:5:1) were used as extracting agents. The 
samples were shaken for 1 h on a shaker with horizontal 
motion at constant amplitude. The extracts were separated 
from wastewater and simultaneously cleaned by using liq-
uid–solid extraction method. Silica gel columns were used. 
Cleaned extracts were concentrated to 2 mL under a nitrogen 
stream. PAHs were determined quantitatively and qualita-
tively using gas chromatography coupled with mass spec-
trometer (GC–MS). The analysis was performed on a col-
umn DB-5 ms, length of 30 m and a diameter of 0.25 mm. 
Helium was used as a carrier gas (flow rate 1.08 mL/min). 
The time of analysis was equal to 50 min. The flow rate was 
1.5 mL/min. Eight PAHs (benzo(a)anthracene, chrysene, 
benzo(b)fluoranthene, benzo(k)fluoranthene, benzo(a)pyr-
ene, dibenzo(ah)anthracene, indeno(123 cd)pyrene, and 
benzo(ghi)perylene) showing carcinogenic properties were 
analyzed.

Results and discussion

The initial concentration of carcinogenic compounds in coke 
plant wastewater used during the study reached 1904 μg/L. 
As a result of adsorption process the total concentration of 
PAHs in wastewater significantly decreased as a result of 
adsorption process. Amounts of individual PAH compounds 
in wastewater as a function of time are presented in Fig. 1–8.

In the case of benzo(a)anthracene (Fig. 1) maximum 
amount of adsorbed compound was equal to 423 μg/g and 
it was achieved after 24 h. However, after 2 h 190 μg/g of 
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benzo(a)anthracene was adsorbed on microfibers, which is 
equivalent to about 45% of maximum value. There were 
no directly proportional relationship between the amount 
of benzo(a)anthracene and time. The characteristics of the 
sorption behavior could be connected with the fact that the 
amounts of benzo(a)anthracene adsorbed were a sum of the 
compound adsorbed after each period of time. We could 
only observe the changes of concentrations adsorbed on the 
plastic fibers, but the data are not sufficient to explain what 
happened during 14 h period of break. It needs more detailed 
research work.

In contrast to benzo(a)anthracene in the case of chrysene 
(Fig. 2) increase of amount of the pollutant adsorbed on 
microfibers was proportional in time. At the beginning of 
the experiment less than 11% (13 μg/g) of the chrysene 
was adsorbed onto the microfibers. Maximum amount of 
chrysene adsorbed on microfibers was equal to 116 μg/g 
after 24 h.

Similar patterns were observed in the case of benzo(b)
fluoranthene and benzo(k)fluoranthene—Figs. 3 and 4. 

In the case of benzo(b)fluoranthene maximum amount 
adsorbed on the microfibers was equal to 179 μg/g and in the 
case of the benzo(k)fluoranthene 178 μg/g. During the first 
2 h, about 22% of maximum amount of these compounds 
were adsorbed onto microfibers.

Figure  5 shows changes in benzo(a)pyrene amounts 
adsorbed onto microfibers during the experiment. The pat-
tern of adsorption was in this case similar to most hydrocar-
bons analysed during the study. After 2 h 22% of maximum 
amount was adsorber by the microfibers. Maximum amount 
adsorber during the 24-h experiment was equal to 142 μg/g.

Amounts of dibenzo(ah)antracene adsorber on micro-
fibers are shown in Fig. 6. Maximum amount adsorber on 
microfibers was equal to 63 μg/g. After first 2 h, about 19% 
of this compound has been adsorbed onto microfibers.

Amounts of 6-ring PAHs adsorbed on the microfibers 
are presented in Figs. 7 and 8. Based on their logKow val-
ues these compounds (> 7), they exhibit the largest affin-
ity to solids. The maximum amounts of these compounds 
adsorbed on microfibers (after 24 h) 67 and 87 μg/g for 

Fig.1  Benzo(a)anthracene 
(μg/g) adsorbed on microfibers 
as a function of time

Fig. 2  Chrysene (μg/g) 
adsorbed on microfibers as a 
function of time
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indeno(1,2,3,c,d)pyrene and benzo(ghi)perylene, respec-
tively. During first 2 h of adsorption 26% of indeno(1,2,3,c,d)

pyrene maximum amount was adsorbed, whereas in the case 
of benzo(ghi)pyrene it was 37%. It means that 6-ring PAHs 

Fig.3  Benzo(b)fluoranthene 
(μg/g) adsorbed on microfibers 
as a function of time

Fig. 4  Benzo(k)fluoranthene 
(μg/g) adsorbed on microfibers 
as a function of time

Fig. 5  Benzo(a)pyrene (μg/g) 
adsorbed on microfibers as a 
function of time
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Fig. 6  Dibenzo(ah)anthracene 
(μg/g) adsorbed on microfibers 
as a function of time

Fig. 7  Indeno(1,2,3,c,d)pyrene 
(μg/g) adsorbed on microfibers 
as a function of time

Fig. 8  Benzo(ghi)perylene 
(μg/g) adsorbed on microfibers 
as a function of time
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were adsorbed more rapidly onto microfibers than lower ring 
PAHs.

In total, 1255 μg/g of carcinogenic PAHs were adsorbed 
onto polystyrene microfibers. It confirms the thesis that 
during wastewater treatment and sludge processing these 
compounds can be adsorbed onto microfibers. Based on the 
initial and final amount of PAHs in wastewater sample, it 
was stated that 89.5% of total PAHs were adsorbed on the 
microfibers during the experiment. The percent amounts of 
PAHs adsorbed on the microfibers are presented in Fig. 9. In 
all cases, despite of chrysene, more than 80% of individual 
compounds present in wastewater have been adsorbed on 
microfibers, however, no linear correlation can be found 
between the number of rings in PAHs particle and removal 
efficiency. Absorption capacity of carcinogenic PAHs 
(1255 μg/g) was high compared to the results obtained by 
other authors. Most studies concerning PAHs adsorption 
on plastic debris indicate that sorption capacity of PAHs to 
microplastics is high (Sørensen et al. 2020; Lee et al. 2014). 
PAHs removal efficiency from coke wastewater on mineral 
sorbent was analyzed in previous research of authors. The 
percentage removal of 16 hydrocarbons did not exceed 53% 
on average. The efficiency of removal was highest in the case 
of 5-ring of hydrocarbons (65%) (Smol and Włodarczyk-
Makuła 2017; Włodarczyk-Makuła and Wiśniowska 2018). 
The studies by other authors have shown that sorption capac-
ity of PAHs on the microfibers depends on temperature. 
Adsorption was faster as the temperature was higher (the 
results have concerned sea water) (Sørensen et al. 2020). It 
is, however, known that PAHs amounts adsorbed onto micro-
plastics can be orders of magnitude greater than surrounding 
waters (Ziccardi et al. 2016). Salinity of water can affect 

PAHs sorption behavior in water, e.g. compared to fresh 
water high salination of seawater can enhance dipole–dipole 
and dipole-induced dipole interactions between PAHs and 
microplastics, which can make hydrogen bonds form easily 
(Li et al. 2020b).

There are no evident proof that polystyrene fibers or 
other plastic debris are the routes of the exposure of PAHs 
to water organisms (Ziccardi et al. 2016). The results of tox-
icity assays indicate that microplastics can induce a slight 
cellular toxicity in a short time (up to 28 days) period. Bio-
accumulation of selected PAHs adsorption onto the surface 
of microplastics is still not recognized and risk not evaluated 
(Pittura et al. 2018). No detailed studies on PAHs adsorption 
from wastewater have been performed.

Conclusions

It can be concluded that:

1. PAHs were effectively adsorbed onto the surface of 
microfibers present in wastewater.

2. Removal efficiencies of PAHs were in most cases higher 
than 80%, except for chrysene with a removal rate equal 
to 69%.

3. PAHs with higher logKow values were more effectively 
removed as a result of adsorption, but no linear correla-
tion has been observed between logKow and percent 
removal of individual compounds.

4. Total amount of adsorbed PAHs was equal to 1255 μg/g 
which was high value compared to reported in papers 
concerning adsorption of PAHs from fresh and seawater.

Fig. 9  Percent shares of indi-
vidual PAHs amount removed 
from coke plant wastewater 
during the experiment
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5. Further detailed studies on adsorption mechanisms are 
necessary.
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