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a b s t r a c t
In this paper, the results of comparison of the polycyclic aromatic hydrocarbons (PAHs) degradation 
efficiency with using H2O2 or CaO2 under the conditions of the photo-Fenton reaction have been 
presented. The research was conducted using the coke wastewater, pretreated in a biological, factory 
wastewater treatment plant. Despite of purification in biological treatment plant, coke wastewater 
should be subjected to an additional purification process. Purification was carried out with the use of 
advanced photochemical oxidation. Various doses of calcium peroxide or hydrogen peroxide and a 
constant dose of iron sulfate FeSO4·7H2O were added to the samples of wastewater. Next, the samples 
were exposed to UVC radiation, with a wavelength λ = 264 nm for 480s. The effectiveness of the 
oxidants was evaluated based on changes in the chemical oxygen demand and total organic carbon 
index values and changes in the concentrations of selected PAHs. The extraction of PAHs from the 
samples was carried out in a liquid–liquid system using a mixture of cyclohexane and dichloromethane. 
A qualitative and quantitative analysis of PAHs was carried out using a gas chromatograph with a 
mass spectrometer. After the chemical photooxidation process, the concentrations of total PAHs in 
coke wastewater decreased. While maintaining the same process conditions, the PAHs degradation 
efficiency using CaO2 and FeSO4 7H2O was 43%–97%, and with using H2O2 and FeSO4 7H2O was 
54%–96%. The removal efficiency of individual hydrocarbons was in the range of 0%–99.9%.
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1. Introduction

As a result of coal pyrolysis, coke is obtained. During 
this process, coke wastewater is formed. Coke wastewater 
is characterized by high concentrations of toxic organic and 
inorganic compounds. Composition of coke wastewater 
depends on the type of raw coals and technology used in 
coking processes. The characteristics of raw and pretreated 
coke wastewater are presented in Table 1 [1–3]. Raw coking 
wastewater is purified in factory wastewater treatment plant 
using biological processes. Despite the high efficiency of 
removing organic compounds expressed by chemical oxygen 

demand (COD) and total organic carbon (TOC) indicators, 
purified coke wastewater contains large amounts of organic 
pollutants and polycyclic aromatic hydrocarbons (PAHs) [4,5]. 
Due to legal restrictions, it is not always possible to discharge 
this wastewater to the receiver or to use it for company purposes 
[6]. As shown by studies described in the literature, including 
earlier studies’ authors [4,7], also biologically purified coke 
wastewater is heavily contaminated with PAHs. Because of 
their high toxicity, it is important to conducting research on 
limiting the load of these pollutants introduced into waters 
[8–10]. As described in the literature data, it has been repeatedly 
demonstrated that PAHs are carcinogenic, mutagenic, and 
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genotoxic relative to indicator organisms [11–13]. Their pres-
ence in pretreated wastewater, used for industrial purposes in 
coking plants, is also important. Because that wastewater can 
be used in the process of wet quenching of coke in quenching 
towers, which causes the evaporation of significant amounts of 
PAHs and release them into the atmosphere.

Due to the number of rings, PAHs can be divided into small 
and large molecules. Each of these groups has different physical 
and chemical properties. The simplest PAHs composed of two 
or three aromatic rings are classified as low molecular weight 
hydrocarbons. Hydrocarbons containing four or more aromatic 
rings are classified as macromolecular [14]. The aromatic rings 
in the molecule may be variously connected, which may affect 
their susceptibility to the oxidation process. Heavy hydrocar-
bons are more stable, but also more toxic [13]. It is believed that 
the most toxic and best-studied PAH is benzo(a)pyrene, which 
is considered as an indicator of the entire PAH group [15,16]. 
However, among the group of 16 test compounds, there are 
also others with the same or comparable toxicity, such as diben-
zo(a,h)anthracene or indeno(1,2,3-cd)pyrene [17].

Because the commonly used methods of wastewater 
treatment are not satisfactory, it is important to look for new 
methods and chemical compounds used to remove PAHs 
[18]. Advanced oxidation processes (AOPs) are proposed for 
the treatment of wastewater. The AOPs can be an import-
ant supplement to existing wastewater treatment plants. In 
AOPs different types of reaction are used, but all are based 
on the generation of radicals, in particular hydroxyl radicals. 
The hydroxyl radicals break down most organic molecules at 
constant rates, usually in the order of 106–109 mol/L∙s [19,20], 
causing degradation of contaminants to simple compounds 
like CO2 and H2O and inorganic ions, such as Cl–, NH4

+, and 
SO4 [21]. Among the various types of advanced oxidation 
processes, the photo-Fenton process should be distinguished. 
This method involves the degradation of organic compounds 
with the use of hydrogen peroxide and the source of iron 
(II) (Fenton reagent [Fe2+/H2O2] in an acidic environment). In 
photo-Fenton process, hydrogen peroxide and the source of 
iron (II) (Fenton reagent [Fe2+/H2O2] in acidic environment are 
used to degrade organic pollutants. Formation of hydroxyl 
radicals is supported by UV rays. In the basic Fenton 
reaction, the release of hydroxyl radicals from H2O2 proceeds 
according to reaction (1) [22].

H2O2 + Fe2+ → Fe3+ + OH∙+ OH– (1)

In the photo-Fenton reaction, under the influence of UV 
radiation, the Fe2+ ions are regenerated and additional OH∙ 
radicals are produced. In the basic Fenton reaction, the Fe3+ 
ions are formed and deposited in the reaction (only a small 
amount is reduced from Fe3+ to Fe2+). Fe2+ ions run out quickly 
and the reaction stops. In the photo-Fenton process comes 
photo reduction of Fe3+ to Fe2+ and more OH∙ radicals are 
formed Eq. (2) [23–26]. This leads to increased efficiency of 
pollutant degradation. The UV-Fenton reaction also causes 
the formation of hydroxyl radicals under the influence of 
light Eq. (3) [26].

Fe3+ + H2O + λυ → Fe2+ + OH∙ + H+ (2)

H2O2 + λυ(UV) → 2HO (3)

In modifications of the Fenton reaction, alternative 
sources of hydrogen peroxide such as calcium peroxide or 
sodium carbonate are used. In the case of calcium peroxide, 
the initial step is hydrolysis of calcium peroxide according to 
reaction (4). Next, this process proceeds like the basic reac-
tion of Fenton. According to a stoichiometric calculation, 1 g 
of CaO2 calcium peroxide, in an aqueous medium and at an 
acidic environment, releases a maximum of 0.47 g H2O2 [27].

CaO2 + 2H2O → H2O2 + Ca(OH)2 (4)

Literature reports indicate that CaO2 has a number of 
advantages over H2O2. It is more stable, easy to store, and 
release of H2O2 depends on solubility in water and reaction 
environment, which makes the process easier to monitor and 
control [28]. In the literature, the use of calcium peroxide 
for the treatment of soil or groundwater is often described, 
where, as research shows, calcium peroxide works bet-
ter than liquid H2O2 [29,30]. The efficiency of oxidation of 
organic pollutants including phenol in industrial wastewater 
was also investigated [31,32]. The use of the Fenton process as 
well as its modification in the degradation of organic pollut-
ants of industrial wastewater has already been described in 
the literature [33–35]. However, there is lack of results about 
using a different source of hydroxyl radicals than hydrogen 
peroxide and a comparison of the effectiveness of both 
oxidants in the PAHs degradation. Therefore, the aim of the 
research was to compare the efficiency of PAHs degradation 
in coke wastewater under the photo-Fenton process using 
CaO2 or H2O2.

2. Experimental procedure

2.1. Material

The tested material was pretreated coke wastewater 
taken from the factory wastewater treatment plant. Biological 
processes like nitrification and denitrification with the use of 
activated sludge are carried out in the wastewater treatment 
plant to remove organic pollutants. Samples were taken once 
from the outflow from the secondary settling tank. The ini-
tial stage of the preparation of wastewater for technological 
research was the filtration to remove impurities. Filtration 
was carried out on a porous filter paper with basis weight 
of 65 g/m2. This wastewater has been characterized in terms 

Table 1
Characteristic of raw and pretreated coke wastewater [1–3]

Indicator Raw coke 
wastewater 
Range

Treatment coke 
wastewater 
Range

pH 6–9 6–7
COD, mg O2/L 930–3,120 537–720
TOC, mg C/L 600–700 180–320
Phenols, mg/L 11.6–533 –
CN–, mg/L 6–9 –
Total iron, mg/L 2–7 –
N–NH4

+, mg NH4
+/L 490–2,200 160
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of the content of organic compounds expressed by COD and 
TOC and the initial concentration of PAHs.

2.2. Experimental setup

Researches on the oxidation of organic compounds, 
including PAHs, in coke wastewater were conducted in lab-
oratory scale. A total of 10 wastewater samples with aver-
aged composition have been prepared. The research was 
conducted in two series. In the first series, calcium peroxide 
CaO2 was introduced into the wastewater, then wastewaters 
were acidified and FeSO4·7H2O iron sulfate was added. The 
reaction time was 20 min. Next the samples were exposed 
to ultraviolet rays. In the second series, a solution of 
hydrogen peroxide was introduced into the wastewater, then 
wastewaters were acidified and FeSO4·7H2O iron sulfate was 
added. Next wastewaters were exposed to UV rays too. In the 
studies following values were adopted as constant:

 ‒ dose FeSO4·7H2O: 1g/L
 ‒ reaction time set at 20 min
 ‒ exposure time to ultraviolet radiation of 8 min
 ‒ the height of the irradiated wastewater layer was 2 mm
 ‒ pH value of wastewater 3.5–3.8.

Doses of chemical oxidants, that is, calcium peroxide 
CaO2 or H2O2 hydrogen peroxide, were determined based 
on stoichiometric calculations (Eqs. (2) and (4) mentioned 
above). These doses were set so that the proportions of iron 
ions to the hydrogen peroxide released in the reaction were 
0.5, 0.4, 0.3, 0.2, and 0.1. Calcium peroxide was used as a solid 
(typically 65%, powder), while hydrogen peroxide as a 30% 
solution. The irradiation was carried out using a lamp emit-
ting UV-C light with a wavelength λ = 264 nm. The UV lamp 
has been placed above the level of wastewater. The irradia-
tion was carried out in a plastic cuvette. After technological 
research involving photooxidation, samples of wastewater 
were analyzed. Each time, analyses of COD and TOC values 
and concentration of PAHs were carried out.

2.3. PAHs analysis

The preliminary stage was the extraction of organic sub-
stance from coking wastewater. For this purpose, cyclohexane 
and dichloromethane were added to the wastewater samples 
in a volume ratio 5/1(v/v). Then the samples were shaken 
on a laboratory shaker for about 60 min. After this time, the 
extracts were separated from the wastewater and cleaned on 
silica gel columns under vacuum conditions. The obtained 
purified extract was concentrated under a stream of nitrogen 
and analyzed by a gas chromatograph coupled with a mass 
spectrometer . The assay consists on injecting 2 μL of the 
extract on the DB-5 column using helium as the carrier gas. 
The temperature program was 40°C/min and the final tem-
perature was 280°C for 60 min. In Table 2, limit of detection 
value and recovery rates of individual PAHs are presented. 
The recovery of PAHs was in the range of 52%–87%. The aim 
of the study was to determine the effect of photooxidation 
on the degradation of aromatic hydrocarbons having 4, 5, 
and 6 rings in the molecule, characterized by high stability 
and proven carcinogenicity. The following compounds were 
tested in the extract [36]: four rings of PAHs (fluoranthene, 

Fl; pyrene, Pyr; benzo(a)anthracene, BaA; chrysene, Ch), 
five rings of PAHs (benzo(b)fluoranthene, BbF; benzo(k)
fluoranthene, BkF; benzo(a)pyrene, BaP; dibenzo(ah)
anthracene, DahA), and containing six rings of PAHs (inde-
no(1,2,3-cd)pyrene, IP; benzo(g,h,i)perylene, BghiP). PAHs 
were selected according to the United States Environmental 
Protection Agency list [37]. In order to assess the statistical 
significance of the obtained results, a Student’s t-test was 
carried out in the Statistica computer program. The test was 
selected based on the sample size (n < 30) for specific degrees 
of freedom (n–1 = 2), with the assumed significance level 
α = 0.05, the critical value obtained for the t-test was t ≈ 4.303.

3. Results

The concentration of TOC was on average 180 mg/L and 
COD was on average 538 mg/L. Oxidation with calcium 
peroxide reduced COD on average by 30%–35% and TOC on 
average by 46%–56%. Hydrogen peroxide reduced COD on 
average by 53%–56% and by 26%–43% TOC. In Table 3, the 
results regarding the evaluation of process effectiveness from 
a statistical point of view are presented. For this purpose, the 
Student’s t-test was carried out in the Statistica computer 
program. Symbol “–” means that with the probability of 95% 
(statistical level of significance α = 0.05), the obtained result 
does not differ statistically significantly from the value of 
the zero sample, while the symbol “+” means that the result 
is statistically significant. For individual hydrocarbons and 
oxidants, different values of the computer significance level 
p were obtained and on this basis the obtained results were 
interpreted. In Figs. 1–4, changes in PAHs concentrations 
containing four aromatic rings per molecule are shown. 
The total concentration of these compounds was 439 μg/L, 
which accounted for 44% of all PAHs. The degradation effi-
ciency of individual hydrocarbons was varied and ranged 
from 15% to above 95% (concentration 3.3 μg/L for BaA) 
depending on the oxidant used. The most effective in the 
degradation of fluoranthene was hydrogen peroxide and 
iron sulfate in the proportion of 0.4, resulting in removal of 
this compound in 94.3% (9.1 μg/L). For chrysene, pyrene and 
benzo(a)anthracene, a ratio 0.2 resulted in the removal of 
these hydrocarbons above 95% which corresponded to the 
concentration of approximately 3.4 μg/L The concentration 

Table 2
Limit of detection value and recovery of PAHs from coke 
wastewater

Compounds Limit of detection (μg/L) Recovery (%)

Fl 0.1 81
Pyr 0.1 73
BaA 0.1 65
Ch 0.1 65
BbF 0.5 61
BkF 0.1 87
BaP 0.15 77
DahA 0.2 52
IP 0.15 54
BghiP 0.1 68
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decrease did not depend linearly on the increase in the 
oxidant dose. In the case of calcium peroxide, the concen-
tration decrease was also not linear with the increase of the 
oxidant dose. The highest decrease in concentration for all 
four-ring hydrocarbons was observed for the highest dose 
of CaO2 which corresponded to a ratio 0.1. In the case of 
pyrene also the ratio 0.4 caused degradation close to 96% and 
concentration 5.9 μg/L of this hydrocarbon. The average oxi-
dation efficiency for the most effective ratio was around 96%.

The total concentration of five-ring hydrocarbons was 
425.5 μg/L which accounted for 43% of the total PAHs tested. 
In Figs. 5–8, the changes in the concentration of five-ring 
hydrocarbons depending on oxidant dose level were 
presented. The use of hydrogen peroxide and iron sulfate 
allowed the removal of benzo(b)fluoranthene and benzo(k)
fluorantene in over 97% (4.1 g/L). Fe2+/H2O2 ratio 0.2 and 0.5 
were the most effective.

For benzo(a)pyrene the highest degree of degradation 
over 96% (3.7 μg/L) was obtained for the Fe2+/H2O2 0.2 ratio. 

Table 3
Statistical evaluation of results (according to parametrical t-Student’s test)

Fe2+/H2O2 ratio
0.5 0.4 0.3 0.2 0.1
CaO2/
Fe2+/UV

H2O2/
Fe2+/UV

CaO2/
Fe2+/UV

H2O2/
Fe2+/UV

CaO2/
Fe2+/UV

H2O2/
Fe2+/UV

CaO2/
Fe2+/UV

H2O2/
Fe2+/UV

CaO2/
Fe2+/UV

H2O2/
Fe2+/UV

Fluoranthene – + + + – + + + + +
Pyrene + + + + + + + + + +
Benzo(a)anthracene + + + + + + + + + +
Chrysene – + + + + + + + + +
Benzo(b)fluoanthene + + + + + + + + + +
Benzo(k)fluoranthene + + + + + + + + + +
Benzo(a)pyrene + + + – + + + + + +
Indeno(1,2,3,-cd)pyrene + + + – + + + + + +
Dibenzo(a,h)anthracene – + + – + + + + + +
Benzo(g,h,i)perylene + + + – + + + + + +

+/–, Significant/insignificant statistically result.
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Fig. 1. Changes in the concentration of benzo(a)anthracene 
depending on a dose of oxidants.
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Fig. 2. Changes in the concentration of pyrene depending on a 
dose of oxidants.
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Fig. 3. Changes in the concentration of fluoranthene depending 
on a dose of oxidants.
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Fig. 4. Changes in the concentration of chrysene depending on a 
dose of oxidants.
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Dibenzo(a,h)anthracene was removed almost entirely, reach-
ing a concentration below the limit of quantification for the 
ratios of 0.5, 0.2, and 0.1. The decrease in the concentration 
for all hydrocarbons did not depend linearly on the oxidant 
dose level and was subject to fluctuations.

When the calcium peroxide and iron sulfate were used, 
the degradation efficiency of benzo(b)fluoranthene and 
benzo(k)fluoranthene was the same and was 98% for a ratio 
0.1, which corresponded to the concentration 2.9 μg/L The 
decrease in concentration was subject to fluctuation. For 
benzo(a)pyrene, the highest degree of degradation was 
98.3% (1.9 μg/L) for the Fe2+/H2O2, 0.1 ratio. Concentration of 
dibenzo(a,h)anthracene was below the limit of quantification 
for the proportions 0.4 and 0.1. Because of high toxicity to 
living organisms, removal of this kind of pollutants from 
wastewater is a serious problem in the protection of the 
aquatic environment.

The total concentration of hydrocarbons containing six 
rings in the molecule was 130.8 μg/L which accounted for 
13% of all PAHs tested. The efficiency of hydrogen peroxide 
and iron sulfate was the highest for the ratio 0.2 and 0.5 for 
indeno(1,2,3-cd)pyrene (Fig. 9), and degree of degradation 
for this hydrocarbon was more than 97% (2.3 and 1.9 μg/L)

Degree of degradation for benzo(g,h,i)perylene was 
96.9% (1.4 μg/L) for a ratios 0.2 and 0.5 (Fig. 10). The use of 
calcium peroxide and iron sulfate in the proportions of 0.1 
and 0.2 resulted in degradation of indeno(1,2,3-cd)pyrene in 
more than 98% (1.3 μg/L) and benzo (g,h,i)perylene in 98% 
(0.9 μg/L ). Table 4 presents the percentage changes in the 
concentration of individual hydrocarbons in dependence on 
the oxidant used.
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Fig. 5. Changes in the concentration of benzo(k)fluoranthene 
depending on a dose of oxidants.
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Fig. 6. Changes in the concentration of benzo (b)fluoranthene 
depending on a dose of oxidants.
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Fig. 7. Changes in the concentration of benzo(a)pyrene depending 
on a dose of oxidants.
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Fig. 8. Changes in the concentration of dibenzo(a,h)anthracene 
depending on a dose of oxidants.
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Fig. 10. Changes in the concentration of benzo(g,h,i)perylene 
depending on a dose of oxidants.
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Fig. 9. Changes in the concentration of indeno(1,2,3-cd)pyrene 
depending on a dose of oxidants.
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Taking into consideration the degradation efficiency of 
the sum of hydrocarbons containing four rings per molecule 
(Fig. 11), five rings (Fig. 12), and six rings (Fig. 13), the most 
effective was the use of hydrogen peroxide under the pho-
to-Fenton reaction conditions, in the proportion of 0.2. This 
resulted in the total removal of hydrocarbons in 94.9%, 
97.2%, and 97.5%, respectively. In the case of calcium per-
oxide under the photo-Fenton reaction conditions, the best 
ratio was 0.1 for four- and five-ring hydrocarbons, causing 

their total removal in 95.4% and 98.1%, respectively. For six 
ring hydrocarbons, the best total degradation was achieved 
for the ratio 0.2 (98.2%).

In Fig. 14, changes in the concentration for total of 10 
hydrocarbons tested depending on type and dose level oxi-
dant are presented.

Under the same process conditions, the efficiency of 
PAHs degradation using CaO2 and FeSO4·7H2O was 43%–97% 
and using H2O2 and FeSO4·7H2O was 54%–96%. The deg-
radation mechanism of PAHs described in the literature 
is fragmentary. In the photo-Fenton process, PAHs are 
degraded by interaction of UV light and hydroxyl radicals. 
Light excites the molecule making it more susceptible to 
degradation, while hydroxyl radicals cause degradation of 
the benzene ring [35]. It is known that intermediate products 
are formed in the process, which can be more harmful than 
parent compounds. However, when the oxidation time is 
lengthened, they can transform until they are completely 
mineralized [27].

PA Hs + λυ → intermediate products (aldehydes, 
phenols, epoxide compounds, carboxylic acids) (5)

PAHs + OH∙ → intermediate products (6)

Table 4
Percentage changes in PAHs concentration depending on the oxidant used

Range of degradation (%)
PAHs 0.5 0.4 0.3 0.2 0.1

CaO2/
Fe2+/UV

H2O2/
Fe2+/UV

CaO2/
Fe2+/UV

H2O2/
Fe2+/UV

CaO2/
Fe2+/UV

H2O2/
Fe2+/UV

CaO2/
Fe2+/UV

H2O2/
Fe2+/UV

CaO2/
Fe2+/UV

H2O2/
Fe2+/UV

Fl 15 85.3 95 94.3 19 92.2 91 93.7 96 89.2
Pyr 49.5 88 95 94.7 31 93.9 91 95.4 95.8 91.2
BaA 61.6 88.9 91.3 69.4 47 86.7 92.5 95.7 95.6 92.9
Ch 19 95.1 92.7 69.4 61 86.7 94.4 95.7 95.8 92.9
BbF 55 95.7 95.9 41.3 88.2 89.9 97.7 97.2 98 95
BkF 55 95.7 95.9 41.3 88.2 89.9 97.7 97.2 98 95
BaP 48.1 94.2 96.9 25.8 84.6 86 97.7 96.8 98.3 92.3
IP 52.3 97.3 96.5 11.8 93.1 92.9 98.5 97.8 98.3 95.4
DahA 0 × × 0.8 85.7 90 96.9 × × ×
BghiP 45.9 96.9 95.3 5.9 92.5 92.2 98 96.9 98 94.7

×, Concentration below the limit of quantification.
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Fig. 11. Changes in the concentration of Σ 4 rings PAHs 
depending on a dose of oxidants.
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Fig. 12. Changes in the concentration of Σ 5 rings PAHs 
depending on a dose of oxidants.
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Fig. 13. Changes in the concentration of Σ 6 rings PAHs 
depending on a dose of oxidants.
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The results obtained in the study can be compared with the 
data have been described in the literature. In the case of AOPs 
methods, which include various chemical and photochemical 
processes, the effectiveness is influenced by a number of fac-
tors such as reaction time, reaction pH, dose level of oxidant 
and catalyst, reaction temperature, the initial concentration of 
organic compounds, and the presence of color substances and 
sediments. It has been shown that naphthalene [38] anthra-
cene and benzo(a)pyrene [39] undergo direct photolysis under 
the influence of UV light. However, combination of the oxi-
dants and UV light results in better degradation of PAHs [40]. 
The use of UV/H2O2 resulted in the removal of benzo(a)pyrene 
and anthracene in 99% [41]. Combination of light and H2O2 
resulted in an increase in the removal rate of phenanthrene 
and pyrene compared with UV or H2O2 alone [42]. The effect 
of the level dose of H2O2 on the efficiency of the benz(a)pyrene 
degradation process was also investigated. Studies have 
shown that increasing the level dose may result in reducing 
degree of degradation. Increasing the dose of H2O2 oxidant 
above 50 mg/L reduced the degree of degradation of benzo(a)
pyrene from about 85% to 50% [16]. Another important fac-
tor is the pH value, whose optimum should be within 2.5–4 
[43], and also temperature, which the increase, may have a 
positive effect on the hydrocarbon degradation process [16]. 
In addition to the abovementioned factors, the decomposition 
process is also affected by the chemical structure of hydrocar-
bons, and in particular, the presence of non-aromatic pentane 
rings, which degradation does not run according to the radical 
reaction [44]. Studies on PAHs photo degradation in munici-
pal sewage showed that the degradation efficiency of 16 PAHs 
did not exceed 65% for real wastewater. When wastewater was 
enriched with the standard PAHs mixture, the effectiveness 
increased to 84% [7]. In the case of using calcium peroxide, the 
research concerned mainly the use of this oxidant to remove 
various contaminants from soil. It was shown that CaO2 used 
for soil treatment removed 96% of petroleum hydrocarbons 
and liquid H2O2 74% [45]. In addition, it has been shown that 
CaO2 work better than liquid H2O2 in the removal of PAHs 
from soil [30] and can also be used to decompose other organic 
pollutants, for example, 2,4,6-trinitrotoluene [29]. Comparison 
of the effectiveness of the use of various AOPs processes to the 
degradation of organic micro-contaminants including PAHs is 
not easy. Differences in process conditions as well as the use of 
various oxidants and various undergoing treatment medium 
have impact on the obtained results.

4. Conclusions

Based on the research and the results obtained, the following 
conclusions can be drawn. The total PAHs concentrations 
in coking wastewater before oxidation not exceed 1 mg/L 
(996.6 μg/L). During the experiment, it was found that it is pos-
sible to reduce the concentration of PAHs in coking wastewater 
as a result of the use of CaO2 or H2O2 oxidants under the condi-
tions of the photo-Fenton reaction. While maintaining the same 
process conditions, the efficiency of degradation of PAHs using 
CaO2 under the conditions of the photo-Fenton reaction was 
43%–97% and with the use of H2O2 under the conditions of the 
photo-Fenton reaction was 54%–96%. In the case of all tested 
hydrocarbons, the use of CaO2 in the proportion Fe2+/H2O2 
0.4 was more effective than H2O2. Not all hydrocarbons were 
equally susceptible to oxidation. Specifically harmful hydro-
carbons containing five and six rings per molecule were more 
susceptible to degradation than four-ring hydrocarbons. For 
individual hydrocarbons and used oxidants, the removal effi-
ciency ranged from 0% to more than 99.9%.

The effectiveness of TOC removal using H2O2 under 
the conditions of the photo-Fenton reaction was 26%–43%, 
while the effectiveness of TOC removal using CaO2 under 
the conditions of the photo-Fenton reaction was 46%–56%. 
The use of CaO2 caused a more intensive decomposition of 
organic compounds (more effective decrease in TOC value) 
than H2O2. The degradation of organic compounds expressed 
as a decrease in COD value for the use of CaO2 under the 
conditions of the photo-Fenton reaction was in the range of 
30%–35%, and for H2O2 under the conditions of the Fenton 
reaction it was within 53%–56%.

Acknowledgment

The research was funded by the projects BS-MN-402-
301/17 and BS-PB-402-301/11.

References
[1] E.E. Chang, H.J. Hsing, P.C. Chiang, M.Y. Chen, J.Y. Shyngn, 

The chemical and biological characteristics of coke-oven 
wastewater by ozonation, J. Hazard. Mater., 156 (2008) 560–567.

[2] M. Smol, M. Włodarczyk-Makuła, The effectiveness in the 
removal of PAHs from aqueous solutions in physical and 
chemical processes: a review, Polycyclic Aromat. Compd., 
37 (2017) 292–313.

[3] K. Mielczarek, J. Bohdziewicz, M. Włodarczyk-Makuła, M. 
Smol, Comparison of post-process coke wastewater treatment 
effectiveness in integrated and hybrid systems that combine 
coagulation, ultrafiltration, and reverse osmosis, Desal. Wat. 
Treat., 52 (2014) 3879–3888.

[4] M. Włodarczyk-Makuła, W.W. Sulkowski, A. Popenda, L. 
Robertson, The influence of sewage and sludge treatment 
processes on concentrations of polycyclic aromatic 
hydrocarbons, Fresenius Environ. Bull., 12 (2003) 338–342.

[5] B.R. Lim, H.Y. Hu, K. Fujic, Biological degradation and chemical 
oxidation characteristics of coke–oven wastewater, Water Air 
Soil Pollution, 146 (2003) 23–33.

[6] Dz.U. poz. 1800, Decree of the Minister of Environment on 
the Requirements which must Be Achieved when Treated 
Effluent Are Discharged into Water and Soil and on Substances 
Particularly Hazardous for Water Environment, 2014, (in 
Polish).

[7] M. Włodarczyk-Makuła, E. Wiśniowska, A. Turek, A. Obstój, 
Removal of PAHs from coking wastewater during photo 
degradation process, Desal. Wat. Treat., 57 (2016) 1262–1272.

1

2

4

8

16

32

64

128

256

512

1024

0 0.5 0.4 0.3 0.2 0.1

co
nc

en
tra

tio
n

µg
/L

ratio Fe2+/H2O2

wastewater before treatment

hydrogen peroxide
calcium peroxide

Fig. 14. Changes in the concentration of Σ 10 PAHs depending 
on a dose of oxidants.



J. Kozak, M. Włodarczyk-Makuła / Desalination and Water Treatment 134 (2018) 57–6464

[8] A. Turek, M. Włodarczyk-Makuła, Catalytic oxidation of PAHs 
in wastewater, Civil Environ. Eng. Rep., 20 (2016) 179–190.

[9] T. Eggen, A. Majcherczyk, Removal of polycyclic aromatic 
hydrocarbons (PAH) in contaminated soil by white rot fungus 
Pleurotus ostreatus, Int. Biodeterior. Biodegrad., 41 (1998) 
111–117.

[10] A.J. Forsgren, Occurrence and Fate Polycystic Aromatic 
Hydrocarbons (PAHs), Taylor & Francis, Boca Raton, 2015.

[11] D.M. Pampanin, M.O. Sydnes, Petrogenic Polycyclic Aromatic 
Hydrocarbons in the Aquatic Environment Analysis, Synthesis, 
Toxicity, Environmental Impact, Beckham Book, UAE, 2017.

[12] IARC (International Agency for Research on Cancer), IARC 
Monographs on the Evaluation of Carcinogenic Risks to 
Humans, Vol. 92: Some N-heterocyclic Polycyclic Aromatic 
Hydrocarbons and Related Exposures, International Agency 
for Research on Cancer, Lyon, France, 2010.

[13] H.I. Abdel-Shafy, M.S.M. Mansour, A review on polycyclic 
aromatic hydrocarbons: source, environmental impact, effect 
on human health and remediation, Egypt, J. Pet., 25 (2016) 
107–123.

[14] A.T. Lawal, Polycyclic aromatic hydrocarbons. A review, 
Cogent. Environ. Sci., 3 (2017) 1–89.

[15] T. Meehan, D.M. Bond, Hydrolysis of benzo[a]pyrene diol 
epoxide and its covalent binding to DNA proceed through 
similar rate-determining steps, Proc. Natl. Acad. Sci. U.S.A., 
81 (1984) 2635–2639.

[16] V. Homem, Z. Dias, L. Santos, A. Alves, Preliminary feasibility 
study of benzo(a)pyrene oxidative degradation by Fenton 
treatment, J. Environ. Public Health, 2009 (2009) 1–6.

[17] T. Petry, P. Schmid, C. Schlatter, The use of toxic equivalency 
factors in assessing occupational and environmental health risk 
associated with exposure to airborne mixtures of polycyclic 
aromatic hydrocarbons (PAHs), Chemosphere, 32 (1996) 
639–648.

[18] D. Boruszko, Research on the influence of anaerobic 
stabilization of various dairy sewage sludge on biodegradation 
of polycyclic aromatic hydrocarbons PAHs with the use of 
effective microorganisms, Environ. Res., 155 (2017) 344–352.

[19] R. Munter, Advanced oxidation processes—current status and 
prospects, Proc. Est. Acad. Sci. Chem., 50 (2001) 59–80.

[20] M. Cheng, G. Zeng, D. Huang, C. Lai, P. Xu, C. Zhang, Y. 
Liu, Hydroxyl radicals based advanced oxidation processes 
(AOPs) for remediation of soils contaminated with organic 
compounds—a review, Chem. Eng. J., 284 (2016) 582–598.

[21] R.G. Zepp, B.C. Faust, J. Hoigne, Hydroxyl radical formation in 
aqueous reactions (pH 3-8) of iron (II) with hydrogen peroxide: 
the photo-Fenton reaction, Environ. Sci. Technol., 26 (1992) 
313–319.

[22] M. Litter, N. Quici, Photochemical advanced oxidation 
processes for water and wastewater Treatment, Recent Pat. 
Eng., 4 (2010) 217–241.

[23] R. Andreozzi, V. Caprio, A. Insola, R. Marotta, Advanced 
oxidation processes (AOP) for water purification and recovery, 
Catal. Today, 53 (1999) 51–59.

[24] M.C. Pereira, L.C.A. Oliveira, E. Murad, Iron oxide catalysts: 
Fenton and Fenton like reactions—a review, Clay Miner., 
47 (2012) 285–302.

[25] A. Machulek Jr, S.C. Oliveira, M.E. Osugi, V.S. Ferreira, F.H. 
Quina, R.F. Dantas, S.L. Oliveira, G.A. Casagrande, F.J. Anaissi, 
V.O. Silva, R.P. Cavalcante, F. Gozzi, D.D. Ramos, A.P.P. da 
Rosa, A.P.F. Santos, D.C. de Castro, J.A. Nogueira, Application 
of Different Advanced Oxidation Processes for the Degradation 
of Organic Pollutants, M. Nageeb Rashed, Ed., Organic 
Pollutants—Monitoring, Risk and Treatment, InTech, Croatia, 
2013, pp. 142–166.

[26] A. Rubio-Clemente, R.A. Torres-Palma, G.A. Penuela, Removal 
of polycyclic aromatic hydrocarbons in aqueous environment 
by chemical treatments: a review, Sci. Total Environ., 478 (2014) 
201–225.

[27] A. Northup, D.J. Cassidy, Calcium peroxide CaO2 for use 
in modified Fenton chemistry, Hazard. Mater., 152 (2008) 
1164–1170.

[28] H. Wang, Y. Zhao, T. Li, Z. Chen, Y. Wang, C. Qin, Properties of 
calcium peroxide for release of hydrogen peroxide and oxygen: 
a kinetics study, Chem. Eng. J., 303 (2016) 450–457.

[29] M. Arienzo, Degradation of 2,4,6-trinitrotoluene in water 
and soil slurry utilizing a calcium peroxide compound, 
Chemosphere, 40 (2000) 331–337.

[30] B.W. Bogan, V. Trbovic, J.R. Paterek, Inclusion of vegetable oils 
in Fenton’s chemistry for remediation of PAH-contaminated 
soils, Chemosphere, 50 (2003) 15–21.

[31] S. Mohammadi, A. Kargari, H. Sanaeepur, K. Abbassian, 
A. Najafi, E. Mofarrah, Phenol removal from industrial 
wastewaters: a short review, Desal. Wat. Treat., 53 (2014) 
2215–2234.

[32] F. Masanon, I. Vazquez, J. Rodriguez, E.L. Castrillon, Y. 
Fernandez, H. Loopez, Treatment of coke wastewater in a 
sequential batch reactor (SBR) at pilot plant scale, Bioresour. 
Technol., 99 (2008) 4192–4198.

[33] L. Chu, J. Wang, J. Dong, H. Liu, X. Sun, Treatment of coking 
wastewater by an advanced Fenton oxidation process using 
iron powder and hydrogen peroxide, Chemosphere, 86 (2012) 
409–414.

[34] A. Turek, M. Włodarczyk-Makuła, Removal of priority PAHs 
from coking wastewater, Civil Environ. Eng. Rep., 10 (2013) 
139–147.

[35] J.S. Miller, D. Olejnik, Ozonation of polycyclic aromatic 
hydrocarbons in water solution, Ozone Sci. Eng., 26 (2004) 
453–64.

[36] M. Włodarczyk-Makuła, Changes of PAHs content in 
wastewater during oxidation process (Zmiany ilościowe WWA 
w ściekach oczyszczonych podczas utleniania), Annu. Set 
Environ. Prot., ROCZ OCHR SROD, 13 (2011) 1093–1104.

[37] US-EPA Polycyclic Aromatic Hydrocarbons (PAHs), Office of 
Solid Waste, Washington, D.C., 2008.

[38] M. Włodarczyk-Makuła, Application of UV-rays in removal 
of polycyclic aromatic hydrocarbons from treated wastewater, 
J. Environ. Sci. Health A, 46 (2011) 248–257.

[39] S. Sanches, C. Leitao, A. Penetra, W. Cardoso, E. Ferreira, 
M. J. Benoliel, M.T. Crespo, V.J. Pereira, Direct photolysis of 
polycyclic aromatic hydrocarbons in drinking water sources, 
J. Hazard. Mater., 192 (2011) 1458–1465.

[40] H. Shemer, K.G. Linden, Aqueous photodegradation and 
toxicity of the polycyclic aromatic hydrocarbons fluorene, 
dibenzofuran, and dibenzothiophene, Water Res., 41 (2007) 
853–861.

[41] A. Rubio-Clemente, E. Chica, G.A. Peñuela, H2O2-based advances 
oxidation processes for water pollutant decontamination. H2O2 
as indicator of the effectiveness of the UV/H2O2 system, J. Int. 
Sci. Publ., 11 (2017) 282–289.

[42] Y.J. An, E.R. Carraway, PAH degradation by UV/H2O2 in 
perfluorinated surfactant solutions, Water Res., 36 (2002) 
309–314.

[43] J.J. Pignatello, E. Oliveros, A. MacKay, Advanced oxidation 
processes for organic contaminant destruction based on the 
Fenton reaction and related chemistry, Crit. Rev. Environ. Sci. 
Techol., 36 (2006) 1–84.

[44] S. Ledakowicz, J. Miller, D. Olejnik, Oxidation of PAHs in water 
solutions by ultraviolet radiation combined with hydrogen 
peroxide, Int. J. Photoenergy., 1 (1999) 55–60.

[45] A.C. Ndjou’ou, D. Cassidy, Surfactant production 
accompanying the modified Fenton oxidation of hydrocarbons 
in soil, Chemosphere, 65 (2006) 1610–1615.


