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a b s t r a c t
The aim of the research was determination the changes in the polycyclic aromatic hydrocarbons 
(PAHs) concentration in wastewater during the photo-Fenton process and the changes in chemi-
cal oxygen demand (COD) value. Moreover, the estimation of toxicity changes based on the toxic 
equivalency factor model was evaluated. Industrial wastewater (effluent) from the wastewater treat-
ment plant in the autumn season was collected. According to the literature recommendation, the 
value of pH was getting to the level of about 3.5–3.8. As the oxidant sodium carbonate–hydrogen 
peroxide (v/v 2/3) in the doses from 1.2 to 8.0 g/L were used. As the source of iron FeSO4·7H2O iron 
sulfate in a constant dose of 1.0 g/L was added. The reaction time was 20 min. Next, the samples 
were exposed to ultraviolet rays for 360 s. Sodium carbonate as a solid was used. Before and after 
the process of oxidation the PAHs concentration and COD value have been determined. Preparation 
of samples for the PAHs determination was carried out by the liquid–liquid phase extraction. 
Quantitative and qualitative analysis of PAHs using gas chromatography-mass spectrometry was 
performed. The effectiveness of the removal of PAHs was in the range of 89.1%–96.6%, and the 
value of COD decreased in the range of 9%–29%. The initial level of total equivalent concentration 
was 9.01 × 10–3 mg/L and after the oxidation process decreased to 0.055 × 10–3 mg/L.
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1. Introduction

Nowadays, the development of industry generates the 
formation of new types of toxic compounds, often with 
an unknown impact on living organisms. The source of 
toxic compounds is mainly industries such as pharmaceu-
tical, wood, food, coal processing as well as oil refining. 
Polycyclic aromatic hydrocarbons (PAHs) belong to group 
of persistent organic pollutants. PAHs presence in coke 
wastewater has been confirmed in many scientific research 
[1–8]. The methods of wastewater management in coke plant 
installations depend on the size of the coke plant and the 
technological solutions used. Wastewater produced on-site 
can be subjected to a multi-stage treatment process, or 

after pre-treatment, can be reused. Next, that wastewater 
are used to wet quenching of coke and become a potential 
source of air pollution with high volatile hydrocarbons. 
In some plants, effluents may also be discharged into sur-
face waters or sewage systems. Currently, coking plants are 
required by best available technique (BAT) guidelines to 
modernize existing coking installations and equipment. BAT 
requirements specify the allowable concentration of PAHs in 
treated coke wastewater at a level below 0.05 mg/L [9].

PAHs are widely widespread in the environment, there 
are found in all ecosystems. All PAHs can be classified 
into two categories: low molecular weights (LM-PAHs, 
containing 2–3 benzene rings PAHs), and high molecular 
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weights (HM-PAHs, containing 4–6 benzene and pentene 
rings PAHs) [10]. The negative effect is related to the num-
ber of rings in the molecule. For example with increasing 
molecular weight, aqueous solubility decreases, and melt-
ing point, boiling point, and the logKow (octanol/water 
partition coefficient) increases [11]. Moreover, due to their 
high lipophilicity can accumulate in fat tissue (bioaccu-
mulation) and move along food chains (biomagnification). 
PAHs are present in every element of the environment. 
Due to the above-mentioned properties, they are hardly 
biodegradable. Also, they easily adsorb onto solid sur-
faces. Even their low concentrations are dangerous. Toxicity 
depends on the structure of PAHs and other associated fac-
tors. Depending on the type of organism, they show acute 
to moderate toxicity. It results in tumor formation, effects 
on development, reproduction, and the immune system 
[11–16].

To the PAHs group belongs several hundred com-
pounds. The US Environmental Protection Agency listed 
16 of them as being particularly toxic and recommended 
monitoring them in the environment [16]. Assessment of 
toxicity and risk associated with the PAHs mixture was 
made on the assumption that all PAHs in the mixture can 
be divided into two groups: cancerogenic and non-cancero-
genic PAHs. All carcinogenic PAHs have given the toxic 
equivalency coefficient 1 and for non-carcinogenic PAHs 0.  
However, it is known that some PAHs are less carcino-
genic than BaP, so to avoid errors Nisbet and LaGoy have 
developed and introduced an updated list of the toxicity 
equivalency factor (TEF), which seems to better reflect the 
strength of individual PAHs [17,18].

Due to their bad influence on health and living organ-
isms, the removal of PAHs from wastewater is an important 
issue. According to the current state of knowledge, technic 
or methods are not able to complete removal of this kind of 
pollutant from wastewater, so biological and chemical pro-
cesses used in water treatment plant are often insufficient. 
The advanced oxidation process (AOP) methods seem to be 
promising as demonstrated in numerous research.

One of them is, discovered in the XIX century Fenton 
process. In this reaction, mixtures of iron salt, and hydro-
gen peroxide, called Fenton’s reagent, are used (Fe2+/H2O2) 
in an acidic environment. The generation of hydroxyl 
radicals is a multi-step process. A combination of Fenton 
reagents and UV radiation is called the photo-Fenton pro-
cess. UV radiation cause better effectiveness of the process. 
In simple terms, the Fenton process carry out according to 
reaction (1) [19–22].

H2O2 + Fe2+ → Fe3+ + OH• + OH– (1)

The photo-Fenton process carry out according to reac-
tions (2) and (3) [16–19]:

Fe3+ + H2O2 + λυ → Fe2+ + OH• + H+ (2)

H2O2 + λυ (UV) → 2HO• (3)

The use of UV radiation increases the efficiency of remov-
ing pollutants, extends reaction time, and reduces costs. 

Hydroxyl radicals react with almost all types of organic 
contaminants, they also cause the destruction of compounds 
resistant to biodegradation and toxic compounds for exam-
ple cosmetic ingredients, dyes, pharmaceuticals, endocrine 
active compounds. Moreover caused destruction toxic 
compounds present in wastewater from the textile, paper 
and wood industries, food, and from coal processing and 
refining of crude oil [23–26].

The novelty of process is used as an alternative source 
of hydroxyl radicals in the photo-Fenton process to PAHs 
degradation presence in coke wastewater. Hydrogen perox-
ide is a typical and widely tested source of hydroxyl rad-
icals. The use of sodium carbonate–hydrogen peroxide is 
novelty. The search for new sources of hydroxyl radicals is 
interesting because of the economics and better control over 
the oxidation process. In addition, the reagent in the form 
of powder improves the safety of the reaction. Moreover 
the authors were the first, which proposes a study effec-
tiveness of sodium carbonate–hydrogen peroxide in the 
photo- Fenton process to degrade PAHs present in coke 
wastewater. Based on a literature review [27,28] and the 
results of use e.g. metal peroxides as a source of H2O2 in 
the Fenton reaction, the authors have decided to examine 
the efficiency of PAHs degradation present in coke waste-
water using sodium carbonate – hydrogen peroxide. In ear-
lier research of authors, the calcium peroxide as a source 
of hydroxyl radicals was used [29,30], the efficiency of the 
removal of four-ring PAHs reached almost 98%. The search 
for others sources of hydroxyl radicals is important for 
economic reasons, in addition, the convenience of use and 
storage, as well as control over the process are important. 
The research subject is also important due to the BAT rec-
ommendation. The BAT requirements concern the search 
for the best available methods of eliminating pollutants 
forming in coke plants [9].

The aim of the research was to determine the changes 
in the PAHs concentration in real wastewater. The changes 
of total equivalent concentration (TEQ) for all tested poly-
cyclic aromatic hydrocarbons (PAHs) presence in coke 
wastewater, during the modified Fenton process, was also 
investigated.

2. Experimental procedure

2.1. Material

The examined material was coke wastewater, collected 
from the outflow of wastewater treatment plant located in 
the coke plant. The composition of the wastewater is not 
subject to high variable due to the season, because the plant 
operates continuously throughout the year with the same 
load. Any changes may be due to temperature differences. 
Wastewater has been collected once, during the autumn 
season, in October. In other published studies of authors, 
wastewater has been collected many times during the year 
and the level of the initial concentration of PAHs was similar.

The coke wastewater are biologically treatment with 
the use of activated sludge. The scheme of the wastewater 
treatment process are shown in Fig. 1. The wastewater was 
characterized by determining the initial concentration of the 
studied hydrocarbons and the initial value of chemical oxy-
gen demand (COD).
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2.2. Methodology

The experiment has been conducted in a laboratory 
scale. Initially the wastewater samples were acidified to 
pH 3.5–3.8. Nitric acid (HNO3) has been used for this pur-
pose. The oxidant used in the study was sodium carbonate–
hydrogen peroxide (2/3). The addition of oxidants affects 
the slight change of pH of a solution. This oxidant is widely 
used in industry and has no toxic effect on living organisms. 
The pH range was chosen based on literature data. Low 
pH is required to achieve the high efficiency of the Fenton 
method. In the first steps, sodium carbonate–hydrogen per-
oxide (2/3), was introduced into the wastewater in the fol-
lowing doses: 1.2, 1.5, 2.0, 2.8, 4.0, 4.4, 7.0, and 8.0 g/L, then 
FeSO4·7H2O iron sulfate in constant dose 1.0 g/L was added 
[24]. The reaction time was 20 min. Next the samples were 
exposed to ultraviolet rays for 360 s. Sodium carbonate–
hydrogen peroxide was used as a solid. The irradiation 
was carried out using a lamps emitting UV-C light with a 
wavelength λ = 265 nm. Two lamps with power 40 W were 
used. UV lamps have been placed above the level of waste-
water. The irradiation was carried out in a plastic cuvette. 
The height of the irradiated wastewater layer was 2 mm. 
After technological research samples of wastewater were 
analyzed. Each time, analyzes COD values and concentra-
tion of PAHs were carried out. 

The statistical t-student’s test was used to statisti-
cal evaluation of obtained results. Test was chosen on 
the basic following parameters sample size (n < 30), 
degrees of freedom (n – 1 = 2), significance level α = 0.05.
The critical value obtained for the test was t = 4.303. For 
individual hydrocarbons and oxidants dose, different 
values of the computer significance level p were obtained.

2.3. PAHs analysis

Qualitative and quantitative identification of PAHs 
was carried out before and after the oxidation processes. 
The preparation of samples for the PAHs determination 
has been carried out by the liquid–liquid phase extraction. 
The extraction has been carried out at temperature about 

22°C, the extraction time was 60 min. Organic solvents 
(cyclohexane and dichloromethane) as extractant was used. 
After that, samples were being shaken for 60 min in an 
automatic shaker and has been separated on laboratory sep-
arator. Then, samples were subjected to concentration and 
purification using SPE columns and vacuum conditions. For 
this purpose, Bakerbond C18 columns of a capacity 75 mL 
were used. Subsequently the eluates were then concen-
trated to 2 mL using an evaporator under a gentle stream 
of pure nitrogen. Then 2 mL of the extract was transferred 
into a well-labeled vial and stored in the fridge at 4°C 
prior to gas chromatography mass spectrometry (GC-MS) 
analysis. Model Fisons GC 800/MS 800 (Italy). Analyses of 
PAHs were performed using GC-MS. The assay consists of 
manual injection using a microsyringe 2 μL of the extract 
on the DB-5 column using helium as the carrier gas [26]. 
The temperature program was 40°C/min and the final tem-
perature was 280°C for 60 min. The following compounds 
were tested in the extract: two-rings of PAHs (naphthalene 
Nap) three-rings of PAHs (acenaphthene Ac, acenaphtylene 
Acyl, fluorene Flu, phenanthrene Phen) four-ring of PAHs 
(fluoranthene Fl, pyrene Pyr, benzo (a) anthracene BaA, 
chrysene Ch). All studied PAHs were selected according 
to the US EPA list [31].

3. Toxicity equivalency factor

TEF is used to more accurately estimate the carcinogenic 
properties of mixtures of chemical compounds. Determines 
the toxicity and risk associated with the presence of mix-
tures of chemical compounds with similar structures and 
similar mechanisms of interaction. In the case of cancero-
genic PAHs (c-PAHs) to estimate the risk associated with 
a mixture of cPAHs is also used the individual compounds 
potency equivalency factor (PEF). The reference compound 
is benzo (a) pyrene. PEF was developed to evaluate the tox-
icity of compounds to reference substances. The PEF cal-
culation rules are often changed because of environmental 
conditions. The use of PEFs values for cPAHs was adopted 
by the California Environmental Protection Agency to char-
acterize the toxicity of these mixtures [32–36]. PEF is syn-
onymous to TEF and may are used interchangeably. TEF 
for individual hydrocarbons are listed in Table 1. To assess 
Toxicity Equivalent Concentrations is used the mathematical 
expression which is provided below:

TEQ = ∑ (Ci TEFi) (4)

where TEQ is the total toxicity equivalent concentration; 
Ci is the concentration of the individual congener or cPAH 
in the mixture; TEFi is the toxic equivalency factor of the 
individual congener or cPAH associated with its respective 
mixture.

4. Results

4.1. Changes of COD value

At the adopted oxidation time, changes in the concen-
tration of organic pollutants expressed by COD have been 
examined. The average initial value of COD was 538 mg/L, 

Raw coke wastewater

Dephenolating

Stripping amonia  and volatile acid 
compounds from wastewater

Mechanical and chemical 
wastewater treatment

Biological treatment

Treated wastewater-quenching 
tower

Sample of wastewater collected to 
research  

Fig. 1. Steps of coke wastewater treatment in Coke treatment 
plant.
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after the photo-Fenton process the value of COD decrease 
in the range of 9%–29% (from 380 to 489 mg/L). Other non- 
easily degradable contaminants haven’t been degraded.

4.2. Removal of two and three-ring PAHs during the photo-Fenton 
process

In this study, the total PAH concentration in waste-
water before oxidation was 0.53 mg/L. The initial con-
centration of naphthalene and three ring PAHs is shown 
in Fig. 2. Research revealed that higher molecular weight 
PAHs were more concentrated in coke wastewater than light.

The initial concentration of hydrocarbons containing 
two and three rings (LM-PAHs) was on average 88 µg/L 
(16.8% of the total concentration). Naphthalene was domi-
nant, with an initial concentration of 38 µg/L (Fig. 1). After 
use the oxidant at dose 1.5 g/L the concentration decreased 
to 3.3 µg/L (Fig. 3). In the case of acenaphthylene, acenaph-
thene, (Figs. 4 and 5) the highest decrease of concentration 
was for a dose of sodium carbonate–hydrogen peroxide 1.5 
or 2 g/L, for fluorene 2.8 g/L (Fig. 6), and for phenanthrene 
8 g/L (Fig. 7). For most of the tested hydrocarbons, in the 
beginning a decrease in concentration was observed. But 
next an increase in concentration with an increase in the 
dose of oxidant was observed. The reason for this could 
have been the formation of other compounds with similar 
structure, on account of the fragmentation of molecules 
with a more complex structure. Additional research is 
needed to determine the cause. Taking into account the sum 
of concentration of LM-PAHs, for all doses of sodium car-
bonate–hydrogen peroxide (2/3), concentration drops were 
noticed. The most effective in removing light hydrocarbons 
was the application sodium carbonate–hydrogen peroxide 
at dose 2 g/L (Fig. 8). No linear relationship between the 
increase of dose and decrease of concentration of LM-PAHs 
has been observed.

4.3. Removal of four rings PAHs during the photo-Fenton process

In the case of four ring PAHs (which belongs to HM-PAHs) 
concentration in wastewater before oxidation was average 
435 µg/L which was over 83% of total concentration (Fig. 9). 
Fluoranthene was the dominant with an initial concentration 

of 161 μg/L. After use oxidant at dose 8 g/L, the concentration 
decreases to 2.3 µg/L (Fig. 10).

In case of pyrene, benzo(a)anthracene the highest 
decrease in concentration was reached after use dose of 
oxidant at 2 g/L (1.12 and 0.29 µg/L, respectively) (Figs. 11 
and 12), increasing the dose did not increase the removal 
efficiency. For chrysene at dose 4.4 g/L, caused a decrease in 
concentration by over 99% (0.68 µg/L) (Fig. 13).

4.4. Statistical evaluation

In the Statistica program, the statistical significance of the 
obtained results was calculated for the assumed parameters 

Fig. 2. Concentration of LM-PAHs in coke wastewater before oxi-
dation process.

Fig. 3. Changes of the concentration of naphthalene.

Fig. 4. Changes of the concentration of acenaphthylene.

Fig. 5. Changes of the concentration of acenaphthene.
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(statistical level of significance α = 0.05. The ± symbol was used 
to indicate the significance level, which means a statistically 
significant and statistically insignificant result, respectively. 
The results are shown in Table 2.

4.5. Evaluation of TEQ value

To assess the changes in the toxicity the total equiv-
alency concentration was determined. The results are 
shown in Tables 3–5. The initial TEQ in coke wastewater 
was 9.01 × 10–3 mg/L (according to Nisbet and LaCoy) and 
0.157 mg/L (according to United States Environmental 
Protection Agency (USEPA)) (Table 3). After the photo-Fenton 

process TEQ value decreased after use all doses of oxidant. 
The lowest value 0.055 × 10–3 mg/L (according to Nisbet and 
LaCoy) was reached after used sodium carbonate–hydrogen 
peroxide at dose 2 g/L (Table 4). The TEQ index calculated 
according to USEPA data was the lowest (1.24 × 10–3 mg/L) 
for the dose 8 g/L (Table 5). The TEQ estimation for the 
PAHs mixture often requires more detailed knowledge of 
the composition of the mixture and the biological activity of 
all its components. It seems that the risk assessment asso-
ciated with the determination of TEQ is more accurate in 
the case of mixtures containing only parent hydrocarbons. 

Fig. 6. Changes of the concentration of fluorene.

Fig. 9. Concentration of four rings PAHs in coke wastewater 
before oxidation process.

Fig. 10. Changes of the concentration of fluoranthene.

Fig. 11. Changes of the concentration of pyrene.

Fig. 7. Changes of the concentration of phenathrene.

Fig. 8. Changes of the sum of the concentration of light molecular 
weights PAHs (LM-PAHs).
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The assessment of the PAHs mixture and other by-products 
is difficult and often incorrect [34–36]. This is due to the lack 
of data on the potency of these compounds, so the results 
obtained may differ from those obtained by the toxicity test.

5. Discussion

The subject of the research was to determine changes 
in the concentration of all tested PAHs base on changes of 
concentration before and after the oxidation process. For 
all doses of oxidant, a significant decrease in concentration 

below the initial value was obtained. In the wastewater 
after the oxidation process, the total concentration of all 
tested hydrocarbons met the requirements set out in the 
BAT recommendation, which lists, among others, the per-
missible concentration of PAHs below 0.05 mg/L and COD 
below 220 mg/L [9]. In previous research by authors with 
use sodium carbonate–hydrogen peroxide at a similar dose 
of oxidant but longer time of radiation, the effectiveness of 
removal was in the range of 94%–97.7% [37] thus, it can be 
concluded that the extension of the exposure time did not 
increase the efficiency of PAHs removal. Another oxidant 
that could be a source of hydroxyl radicals was calcium 
peroxide [29,30]. Also in this research the material was 
coke wastewater previously pretreated and the photo-Fen-
ton process was used. The effectiveness of removal for 4–6 
ring PAHs was in the range of 89%–98%. LM-PAHs were 
less effective removal than HM-PAHs, both after the use of 
sodium carbonate–hydrogen peroxide and calcium perox-
ide under the same process conditions. In other studies with 
use magnesium peroxide in the Fenton process, in order to 
remove outdated pesticides, a removal efficiency of 96% was 
achieved [38].

The obtained results are consistent with the data present 
in the literature [39–41]. Da Rocha et al. [42] showed that 
the effectiveness of degradation of 16 PAHs in petrochemi-
cal wastewater in the photo-Fenton process reached 96%. In 
this study, the solar light was used, also obtaining a reduc-
tion in the toxicity of the sample by about 50%. The AOP 
processes are also used to remove other non-easily degra-
dation and toxic compounds, for example, cosmetic ingre-
dients, dyes, pharmaceuticals, endocrine active compounds, 
as well as those present in wastewater from the textile, 
paper, wood, and food and coal processing industries [43–
48]. Unfortunately during the oxidation process new com-
pounds with different toxicity may be formed, therefore, in 
order to comprehensively confirm the toxicity of wastewater 
after the oxidation process, it is necessary to perform a toxic-
ity assessment using test organisms.

Advanced oxidation processes are indicated as prom-
ising techniques especially in relation to the removal of 
organic pollutants, however, many factors such as the reac-
tion environment, temperature, reagents concentration, and 

Fig. 12. Changes of the concentration of benzo(a)anthracene.

Fig. 13. Changes of the concentration of chrysene.

Table 1
Proposed TEFs for individual PAHs [17,34]

Compounds USEPA Nisbet and LaCoy

Naphthalene 0 0.001
Acenaphthylene 0 0.001
Acenaphthene 0 0.001
Fluorene 0 0.001
Phenanthrene 0 0.001
Anthracene 0 0.01
Fluoranthene 0 0.001
Pyrene 0 0.001
Benzo(a)anthracene 1 0.1
Chrysene 1 0.01

Table 2
Statistical evaluation of results (according to t-student’s test), for 
selected doses

Doses of Na2CO31.5H2O2 (g)

1.2 1.5 2.0

Naphthylene + + +
Acenaphthylene + + +
Acenaphthene + + +
Fluorene + + +
Fenanthrene + + +
Fluoranthene + + +
Pyrene + + +
Benzo(a)anthracene + + +
Chrysene + + +
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Table 3
Value of TEQ (mg/L) of PAHs in wastewater before oxidation process (based on Nisbet and LaCoy and USEPA)

Compounds Individual PAHs concentration 
in wastewater before oxidation 
process, average [mg/L]

TEQ in wastewater before oxidation 
process [mg/L] (according to Nisbet 
and LaCoy)

TEQ in wastewater before 
oxidation process [mg/L] 
(according to USEPA)

Naphthalene 0.0384 3.84 × 10–5 0
Acenaphthylene 0.0009 9 × 10–7 0
Acenaphthene 0.0079 7.9 × 10–6 0
Fluorene 0.0106 1.06 × 10–5 0
Phenanthrene 0.0311 3.11 × 10–5 0
Anthracene – – 0
Fluoranthene 0.1617 1.62 × 10–4 0
Pyrene 0.1205 1.21 × 10–4 0
Benzo(a)anthracene 0.0785 7.85 × 10–3 0.0785
Chrysene 0.0785 7.85 × 10–4 0.0785
Total 0.5278 TEQ = 0.901 × 10–2 TEQ = 0,157

Table 4
Value of TEQ (mg/L) of PAHs in wastewater after photo-Fenton process (according to Nisbet and LaCoy)

PAHs TEQ in wastewater after photo- oxidation process, 10–3 [mg/L] The doses of Na2CO3·1.5 H2O2 [g/L]

1.2 1.5 2 2.8 4 4.4 7 8

Naphthalene 0.007 0.003 0.004 0.006 0.013 0.016 0.015 0.009
Acenaphthylene 0.0003 0.0002 0.0002 0.002 0.002 0.002 0.002 0.001
Acenaphthene 0.004 0.002 0.002 0.013 0.013 0.011 0.015 0.008
Fluorene 0.009 0.005 0.003 0.002 0.004 0.004 0.004 0.003
Phenanthrene 0.007 0.003 0.002 0.013 0.009 0.004 0.006 0.002
Fluoranthene 0.01 0.004 0.003 0.007 0.006 0.003 0.006 0.002
Pyrene 0.004 0.001 0.001 0.003 0.003 0.002 0.003 0.001
Benzo(b)anthracene 0.19 0.05 0.03 0.17 0.15 0.07 0.11 0.06
Chrysene 0.03 0.02 0.01 0.02 0.02 0.007 0.011 0.006
Total 0.261 0.088 0.055 0.236 0.22 0.119 0.172 0.092

Table 5
Calculated TEQ (mg/L) of PAHs in wastewater after photo-Fenton process (according to USEPA)

PAHs TEQ in wastewater after photo- oxidation process, 10–3 [mg/L] The doses of Na2CO3·1.5 H2O2 [g/L]

1.2 1.5 2 2.8 4 4.4 7 8

Naphthalene 0 0 0 0 0 0 0 0
Acenaphthylene 0 0 0 0 0 0 0 0
Acenaphthene 0 0 0 0 0 0 0 0
Fluorene 0 0 0 0 0 0 0 0
Phenanthrene 0 0 0 0 0 0 0 0
Fluoranthene 0 0 0 0 0 0 0 0
Pyrene 0 0 0 0 0 0 0 0
Benzo(b)anthracene 1.9 0.5 0.3 1.74 1.5 0.7 1.1 0.6
Chrysene 3.33 1.51 1.36 1.74 1.53 0.68 1.15 0.64
Total 5.23 2.01 1.66 3.48 3.03 1.38 2.25 1.24

initial concentration of pollutants or presence of coloring 
substances as like PAHs molecule structure have an influ-
ence on the effectiveness of process [49]. The results obtained 

in the study are difficult to compare with the data available 
in the literature. Although the Fenton process and its mod-
ifications are currently of interest to researchers, available 
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results often refer to different reaction conditions or other 
research material, hence the difficulty in making a compar-
ative assessment.

6. Conclusion

The aim of the research was determination the changes 
in the concentration of PAHs during the photo-Fenton 
process and changes of COD value. In the process sodium 
carbonate–hydrogen peroxide has been used as an oxi-
dant. Moreover, a constant dose of FeSO4·7H2O iron sulfate 
and a constant time exposure to ultraviolet radiation have 
been applied. In the research, the real wastewater has been 
used. The initial content of the tested PAHs was 0.53 mg/L 
and the COD value was 538 mg/L. Moreover the changes 
of TEQ for all tested polycyclic aromatic hydrocarbons 
(PAHs) presence in coke wastewater, during the modified 
Fenton process have been calculated. These calculations 
have been made based on Nisbet and LaCoy and US EPA 
data. The application of the oxidation process allowed 
to reduce the concentration of PAHs and organic pollut-
ants. The decrease in the COD value was not greater than 
30%, which indicates that only easily degradable organic 
compounds could be degraded under the accepted condi-
tions of the experiment. The effectiveness of removal was 
depended on doses of oxidant and was in the range of 
89.1–96.6%. The obtained degradation efficiency was bet-
ter in the case of four-ring hydrocarbons than in the case 
of LM PAHs and reached even 99%. The results obtained 
in this experiment do not differ from the results of earlier 
studies. In other studies using calcium peroxide as a source 
of hydroxyl radicals, the efficiency of PAH degradation did 
not exceed 96%. TEQ value after the photo-Fenton process 
decrease from 9.01 × 10–3 to 0.055 × 10–3 mg/L (according to 
Nisbet and Lacoy), so by over 99% and to 1.24 × 10–3 mg/L 
(86% according to USEPA). However, it should be empha-
sized that other hardly degradable compounds are present 
in coke wastewater, which may also affect wastewater tox-
icity. Further ecotoxicological teste using test organisms are 
required. The results obtained in this study indicate that 
the modified photo-Fenton process, consisting of the use 
of sodium carbonate–hydrogen peroxide (v/v 2/3) can be 
used for post-treatment of industrial wastewater, which are 
heavy loaded by PAHs, for example, coke wastewater. The 
results obtained are corresponding with the BAT require-
ments for coke oven installations therefore the modified 
photo-Fenton process can be used as the final step of waste-
water treatment (after biological processes) before dis-
charged to the sewage system or to reuse for other indus-
trial purposes.
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