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Coke for metallurgy and heating is produced by distillation of 
coal at high temperatures to removing the volatile components. 
This process is accompanied by the formation of by-products 
and waste substances. The raw coke gases released during this 
process are collected and cooled. Coking gases contain water 
vapour, hydrocarbons and BTX (benzene, toluene and xylene). 
In subsequent gas purification, the by-products can be recycled 
from coke gas. The other compounds are condensed in water 
and the water is considered wastewater and needs to be treated 
at a wastewater treatment plant [Bernacki, 1957; Chang et al. 
2008; Chmielniak 1986; Osantowski et al. 1981; Zhou et al. 
2015]. Advanced oxidation processes are modern methods for 
wastewater treatment. This group of processes includes: Fenton 
reaction, UV(ultraviolet)/H2O2, UV(ultraviolet)/O3, photo-Fenton 
reaction and ultrasonic disintegration. The mechanism of reaction 
is based on generation of free hydroxyl radicals. These radicals 
are generated from hydroxyl peroxide with the participation of 
ferrous ions at acidic pH [Cao et al. 2009; Ghaly et al. 2001; Lloyd 
et al. 1997; Pera-Titus et al. 2004; Rubio-Clemente et al. 2015]. 
Hydroxyl radicals are characterised by high oxidation potential, 
which enables oxidation of most of the pollutants to water and 
carbon dioxide.

The ultrasonic field might also generate highly reactive hydroxyl 
radicals in aqueous solution from water molecules. Under 
appropriate condition, cavitation can initiate sonochemical 
reactions, including the formation of OH* radicals. Created 
reactive radicals can break down the pollutants to simple 
compounds [Berlan et al. 1994; Chen and Huang 2011; Eren 
2012; Gogate and Pandit 2004; Suslick 1989].
Advanced oxidation can contribute to the formation of the 
various compounds that may have toxic effects on organisms. 
Incomplete oxidation of recalcitrant could lead to the formation 
of toxic by-products. Hydroxyl radicals created in large quantities 
could also be toxic. There are many methods and indicators 
used for determining the toxicity of wastewater. A toxicity test can 
determine the relationship between the dose of toxic substance 
and the reaction of organisms. One of the toxicity indicators 
is EC50, which determines the effective dose of toxic sample 
causing the effect in 50% of the tested population [Barbusiński 
2005; Kaur and Dua 2015; Pignata et al. 2012; Winterbourn 
1995].
The aim of the research was to determine the toxicity of treated 
wastewater. The level of toxicity was determined with algae 
growth inhibition test and Lepidium test. Coke processing 
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Streszczenie
Celem badań było określenie toksyczności ścieków powstających 
podczas koksowania węgla. Ścieki oczyszczano metodą 
zaawansowanego utleniania z odczynnikiem Fentona skojarzonej  
z polem ultradźwiękowym (wielkość amplitudy wynosiła 61,5 µm 
a czas nadźwiękawiania 8 min). Zastosowano dwie dawki żelaza 
i cztery dawki nadtlenku wodoru. Ilość nadtlenku wodoru była 
proporcjonalna do wartości chemicznego zapotrzebowania na 
tlen surowych ścieków koksowniczych w zakresie od 1: 2,5 do 1: 
20 ChZT : H2O2. Stwierdzono, że bardziej toksyczne dla glonów 
są ścieki poddane działaniu odczynnika odczynnika Fentona 
zawierającego mniejszą dawkę żelaza. Odmienne rezultaty 
zaobserwowano podczas oceny hamowania kiełkowania nasion 
rzeżuchy.

Abstract
The aim of the presented study was to determine the toxicity of 
wastewater from the production of coke. The wastewater was 
treated with advanced oxidation involving ultrasonic field with 
Fenton’s reagent (the amplitude was 61.5 µm and sonication time 
8 min). Two doses of iron and four doses of hydrogen peroxide 
were used. The amount of hydrogen peroxide was proportional 
to the value of the chemical oxygen demand of raw wastewater, 
ranging from COD/H2O2 ratio of 1:2.5 to 1:20. Two tests were used 
to determine the toxicity (algae growth inhibition test and Lepidium 
test).It was found that more toxic to algae was wastewater treated 
by Fenton’s reagent containing a higher dose of iron. A similar 
inhibitory effect was observed on the germination of cress seeds.
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Zmiana toksyczności ścieków koksowniczych poddanych 
zaawansowanemu utlenianiu w układzie łączącym pole 

ultradźwiękowe z odczynnikiem Fentona
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 wastewater samples were obtained after advanced oxidation with 
Fenton process supported with sonication.

2. METHODS AND MATERIALS

2.1. Research material

The pH of raw coke wastewater was 8.91. The wastewater was 
characterised by chemical oxygen demand (COD) 8287 mg/dm3 
and biochemical oxygen demand (BOD5) was 30 mg/dm3. The 
BOD5/COD ratio was at a low level – 0.004 – that indicated low 
biodegradability. The amount of total organic carbon (TOC) was 
2251 mg/dm3.

2.2. Methodology

This research was divided into two main stages. The first stage 
involved Fenton reaction, preceded by ultrasonic disintegration, 
and in the second stage, the toxicity of the samples was 
determined. The amplitude of ultrasonic field (UF) was 61.5 µm 
and the disintegration time was established as 8 min [Kwarciak-
Kozłowska and Krzywicka, 2015]. Each sample was pre-treated 
by sonication before application of Fenton reaction. The doses 
of Fenton’s reagent were different for each sample. Two doses 
of ferrous sulphate (4g/dm3 and 40g/dm3) and four doses of 
hydrogen peroxide were applied. The H2O2 dose was established 
by reference to the COD value of raw wastewater (COD:H2O2 
w/w). The first dose was 1:2.5 and the others were double of 
the previous dose. Fenton reaction consisted of a few stages. 
First, the pH of raw wastewater was reduced to 3.0–3.5. After fast 
mixing of ferrous salt added to the reactor, hydrogen peroxide 
was added and the reaction lasted 60 min. After this time, the 
mixture was neutralised. The last stage was sedimentation of the 
sludge, decantation and centrifugation. In the supernatant were 
determined the COD, BOD5, TOC and toxicity.

2.3. Analyses

The COD value was determined using the colorimetric method. 
OXITop® (WTW GmbH) was  used to determine the value of 
BOD5. TOC value was measured by Kiper TOC 10C analyser PX-
120 with autosampler. Algae growth inhibition test was used to 

determine the EC50 value for toxicity [OECD 2011]. The phytotoxic 
effect was determined by the Lepidium sativum germination test 
[Janecka and Sobik-Szołtysek 2009].

3. RESULTS

In the first part of research, the COD value was determined. 
The research was divided into two series. In the first series, the 
dose of ferrous sulphate was 4g/dm3; it was 10 times higher in 
the second series. The COD value of raw wastewater was 8287 
mg/dm3. The reduction of COD was 84%, on average, for both 
the series. The relationship between the amount of hydrogen 
peroxide and effectiveness on COD reduction was found for 
samples obtained after using higher dose of ferrous sulphate. 
Maximum reduction in the value of COD (94%) was achieved 
for COD/H2O2 ratio of 1:20 and it was 498 mg/dm3. For the first 
series, there was no clear difference in COD reduction (4g/dm3) 
depending on the dose of hydrogen peroxide. The COD removal 
was independent of the dose of hydrogen peroxide and was 
85% on average. The highest dose of hydrogen peroxide (COD/
H2O2 ratio of 1:20 ) resulted in an increase of COD value. It was 
due to residual hydrogen peroxide (Fig.1a). The TOC value was 
2251 mg/dm3 for raw wastewater. It was found that the 4 g/dm3 
of ferrous sulphate resulted in slightly lower TOC reduction than 
a higher dose. It was 75% on average, while TOC reduction was 
almost 10% higher after using 10 times higher dose of ferrous 
sulphate. For the second series of research, the relationship 
between the dose of hydrogen peroxide and TOC reduction was 
found. The higher the dose of hydrogen peroxide, the greater 
was the reduction of TOC. The maximum reduction was 97% and 
TOC value was 50 mg/dm3. It was observed that increasing the 
amount of hydrogen peroxide did not impress the TOC values 
found for lower dose of hydrogen peroxide (fig.1b).
The raw wastewater was characterised by 30 mg/dm3 BOD5. The 
shape of the curve informs about the toxicity of wastewater to 
activated sludge microorganisms [Sadecka 2010]. In both the 
cases above, the shape of curves informs that samples of treated 
wastewater were low biodegradable. There was observed an 
inhibition of metabolic activity of microorganisms for the second 
series of research. The BOD5 value increased after adaptation 
of microorganisms for toxic substances presented in treated 
wastewater. The higher dose of ferrous sulphate resulted in 

Fig. 1. COD (a) and TOC values (b) in treated wastewater.
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low biodegradability of treated wastewater and higher toxicity 
of sample (fig.2). Similar results were observed in a previous 
research [Krzywicka, Kwarciak-Kozłowska 2015].
The main goal of this research was to determine the toxicity 
according to two tests. Algae cells were exposed for toxic effect 
of treated coke wastewater. The figures below present the growth 
curves for each dilution of wastewater sample. A typical growth 
curve has a lag, exponential (log phase), stationary and death 
phase. The last phase was not observed because of short time of 
growth. The growth curves were presented in the fig. 3 a–h. The 

results obtained using lower doses of ferrous sulphate have been 
designated as a, c, e, g. Other graphs are for a 10 times higher 
dose of the reagent.
In every sample, a lag phase could be observed which is much 
about parallel to the OX axis. In this phase, algae adapt to the 
changed condition of the growth medium. The use of the lowest 
dose of hydrogen peroxide resulted in the lowest biomass growth. 
The lag phase was extended. It is believed that the algae needed 
a very long time to adapt to the presence of toxic substances. The 
shape of growth curves in fig. 3a and b are similar. It means that the 

Fig. 2. The BOD values for lower (a) and higher (b) dose of ferrous sulphate in treated wastewater.

Fig. 3. Growth curve for COD/H2O2 ratio of 1:2.5 (a–b), COD/H2O2 ratio of 1:5 (c–d), COD/H2O2 ratio of 1:10 (e–f), COD/H2O2 ratio of 
1:20 (g–h).
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toxic effect is due to the toxic substances from coke wastewater. 
The addition of hydrogen peroxide or ferrous sulphate did not 
cause toxic effect in this case. Exponential growth is the second 
phase, which is clearly shown in the fig. 3d and f. The results 
show that the Fenton reagent containing a higher dose of ferrous 
sulfate contributed to better growth of algae biomass. Linear 
regression was used to calculate EC50 (0–72 h). This indicator 
informs about the concentration of the medium, which leads to 
50% inhibition of biomass growth. The results indicate that for 
the lower dose of ferrous sulphate (4g/dm3), toxicity changes are 
clearly visible. The more the dose of hydrogen peroxide used, the 
lower was the toxicity of sample. The EC50 was 53% for a COD/
H2O2 dose ratio of 1:20. A higher dose of ferrous sulphate (40g/
dm3) resulted in wastewater characterised by a similar level of 
toxicity (31% on average) regardless of the amount of hydrogen 
peroxide in the Fenton reagent (fig.4).
The next stage of research was the Lepidium germination test. 
The seeds were cultivated in undiluted and diluted wastewater. 
The root elongation inhibition was calculated in test solutions. 
The results are shown in fig. 5a–d.
Rivera et al. [2013] suggested that high acute toxicity of non-
diluted wastewater is connected with the turbidity of wastewater. 

A high load of soluble and toxic substances in cultivation media 
can cause difficulties in the uptake of nutrients. The germination 
was inhibited mostly in the higher concentration of soluble and 
toxic substances in wastewater. The percentage of inhibition 
decreased with increase in dilution. Generally, higher root growth 
was observed for lower dose of ferrous sulphate (4g/dm3). This 
has not been dependent on the dilution of wastewater. A different 
relationship was observed for the lowest dose of hydrogen 
peroxide (fig. 5a). In this case, independent from the dilution of 
samples, the 10 times higher dose of ferrous sulphate resulted 
in lower inhibition of root elongation. The use of 4 g/dm3 ferrous 
sulphate contributed to an increase in root elongation with 
increasing dose of hydrogen peroxide in non-diluted samples, 
except for the highest dose of hydrogen peroxide. The longest 
roots were obtained for COD/H2O2 ratio of 1:20, and the inhibition 
of growth was 2.8% for the fifth dilution in comparison to the 
control. The last stage of research was to compare the toxicity 
of UF-Fenton treated wastewater in response to the two test 
organisms. The EC50 values were calculated into toxicity units 
(TU) according to [Persoone et al. 2003]. The results are shown 
in table 1. The raw wastewater was characterised by very high 
acute toxicity to algae and Lepidium. The value of EC50 was 
under 1% for both the tests.
This system has classified most of the samples as acute toxic. 
Only the lowest dose of hydrogen peroxide in combination with 
the lower dose of ferrous sulphate has resulted in very high acute 
toxicity for algae or high acute toxicity for Lepidium. The lowest 
dose of hydrogen peroxide and 10-fold higher dose of ferrous 
sulphate has resulted in reduction of toxicity by one class of 
toxicity for algae. The same relationship was observed for twice 
higher dose of hydrogen peroxide. The opposite results were 
observed for Lepidium test. In this case, deceasing the dose 
of ferrous sulphate has contributed to decreasing the toxicity of 
wastewater.

4. CONCLUSION

The combination of ultrasonic field and Fenton process has 
contributed to decrease in toxicity in comparison to the toxicity of 
raw wastewater. Generally, higher COD and TOC value reduction 
was obtained after application of a higher dose of ferrous sulphate 
(40g/dm3). The COD and TOC value decreased with increasing 

Fig. 4. The EC50 values for wastewater treated with Fenton 
reagent supported with ultrasonic field (UF).

Table 1. Toxicity of wastewater treated in UF-Fenton process for algae and Lepidium test.
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