
1.

mi
ult
sh
mu
po
ro
20
hig
mi
(W
mu
pa
cie
th
va
ly 
or
20
ter
ro
ow
po

 

MIDD
ŚRODKO

Tom 20. 

Decompo
in an Int

 
Ma

. Introductio

At prese
icropollutants,
taneously the

hould be remo
utagenic effec

ounds are inclu
nment, which

016). Up to no
gh rate of C
icropollutants 

Włodarczyk-M
unicipal and in

art of micropo
ency of micro
e quality of en

anced methods
the pollutan

rganochlorine 
013). Some of
ratogenic effe
nment (Abdel

wn research in
ossible by sorp

DLE POMERANIAN SC
OWO-POMORSKIE T

Annual Se
Rocz

Rok 2018

osition of C
tegrated O

ria Włodarcz
Częstochowa

on 

ent no law 
, such as polyc

ese compound
oved from was
ct on water or
uded in the lis
h should be m
ow, the resear

COD (or BOD
removal in w

Makuła 2011, L
ndustrial waste

ollutants load i
opollutants rem
nvironment. T

s of pollutants 
nts which are 

derivatives o
f these polluta
ct to organism
l-Shafy & Ma

ndicate that eff
ption or by us

CIENTIFIC SOCIETY O
TOWARZYSTWO N

et The Enviro
znik Ochrona 
8 

Carcinoge
Oxidation –

zyk-Makuła, E
a University of

sets limits fo
cyclic aromati

ds are listed 
stewater becau
rganisms (Reg
st of the prior
monitored in 
rch studies ha
D5) degradati

wastewater trea
Litter & Quici
ewater. In the 
is removed in

moval does not
This brings us 
removal and d
resistant to 

or dyes (Zhan
ants show car
ms and are rel
ansour 2016). 
fective remova
sing advanced

OF THE ENVIRONMEN
NAUKOWE OCHRO

nment Protec
Środowiska 

ISSN 1506-218X

enic Hydro
– Sorption

Ewa Wiśniow
of Technology

for concentrat
ic hydrocarbon
among the p
use of their c

gulation… 201
ity substances
surface water

ave shown tha
on, effectiven

atment plants i
i 20103). This
case of indust

n company slu
t meet rising r
to the necess

degradation. It
degradation, 

ng et al. 2012
rcinogenic, mu
latively persist

Both literatu
al of PAHs fro
d oxidation pr

NT PROTECTION 
ONY ŚRODOWISKA

ction 

X 713-724

ocarbons  
n System 

wska 
y 

tion of organ
ns (PAHs). Sim

pollutants whi
carcinogenic an
14). These com
s for water env
r (Regulation
at despite of t
ness of organ
is unsatisfacto
s applies to bo
trial wastewate

udgeworks. Ef
requirements f
sity of using a
t concerns mai
such as PAH
2, Dąbek et 
utagenic or/ an
tent in the env

ure data and o
om wastewater
rocesses (AOP

A 

4 

nic 
m-
ich 
nd 
m-
vi-
… 
the 
nic 
ory 
oth 
er, 
ffi-
for 
ad-
in-
Hs, 
al. 
nd 
vi-
our 
r is 
Ps) 



714 Maria Włodarczyk-Makuła, Ewa Wiśniowska 
 

(Włodarczyk-Makuła 2011, Brandli et al. 2008, Smol et al. 2014, Trapido 
et al. 1995, Beltrán et al. 1999). Use of these processes meets the re-
quirements of IED Directive (Industrial Emissions Directive 
2010/75/EU). This directive aims in integrated prevention and reducing 
emissions of pollutants from the industry by using the Best Available 
Techniques (BAT) (Directive 2010/75/EU). Among commonly used 
sorbents the activated carbons are the ones most carefully examined. 
Many researchers is now also focusing on using of some waste materials 
as sorbents (Brandli et al. 2008, Smol et al. 2014, Pan & Baoshan 2008). 
Few studies exist on sorption of PAHs from wastewater on activated car-
bons. In earlier own studies it was confirmed that PAHs can be removed 
from sewage by sorption (Smol et al. 2014). Use of granular activated 
carbon allowed for 97% removal of carcinogenic hydrocarbons whereas 
on mineral sorbents removal efficiency of these compounds did not ex-
ceed 84%. Literature review has show that also powdered activated car-
bons can be successfully used for removal of organic micropollutants 
from aqueous solutions. However it should be noted that in real life situa-
tions various organic and inorganic pollutants are present in wastewater, 
both in form of sediments, colloids and dissolved. Taking into considera-
tion competitive sorption on suspended solids, effectiveness of adsorp-
tion of organic compounds on activated carbons can be limited. Because 
of this in the case of wastewater treatment other methods are recom-
mended, including AOPs. Advanced oxidation processes allow for deg-
radation of the organic pollutants instead of removal them (Trapido et al. 
1995, Beltrán et al. 1999, Nkansah et al. 2012, Rubio-Clemente et al. 
2014). High efficiency of AOPs in degradation of organic substances is 
widely discussed in research literature. These methods are based on gen-
eration of hydroxyl radicals – OH•, which nonselectively oxidize most 
organic compounds. The most frequently used oxidant is hydrogen per-
oxide, both alone, or as a component of Fenton’s reagent (Neyens & 
Baeyens 2003, Pouran et al. 2014). Effectiveness of PAHs degradation 
depends on initial concentration of the compounds, kind and dose of rea-
gents, pH of the environment, presence of the other pollutants and tem-
perature (Rubio-Clemente et al. 2014). Presence of the catalysts is the 
factor which supports degradation of organic pollutants via free radical 
reactions. Also UV radiation increases the effectiveness of degradation 
processes. Titanium dioxide is frequently used as a catalyst, but also oth-
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er chemicals are used for these purpose, including cobalt or wolfram 
compounds (Rubio-Clemente et al. 2014, Turek et al. 2016). In Fenton’s 
process Fe2+ is used as catalyst. Information on two stage (oxidation plus 
sorption) removal of pollutants are also available in scientific literature. 
In this case sorption allows for preliminary removal of organic com-
pounds, whereas oxidation is used as main degradation process. Sorption 
and oxidation can also be conducted simultaneously by using activated 
carbon as adsorbent and catalyst for generation of hydroxyl radicals. Un-
der these conditions both soluble and adsorbed compounds can be oxi-
dized (Ayranci & Duman 2010, Huang et al. 2003, Yuan et al. 2010). In 
the studies on advanced oxidation of PAHs conducted to date mainly 
symulant solutions were used. The solutions contained individual com-
pounds or a mixture of several compounds. In wastewater PAHs are, 
however, mainly present as a mixture of various compounds. The com-
position of the mixture is affected by the kind of production processes. 
High concentrations of PAHs are reported in coke plant wastewater, also 
this pretreated in company sludgeworks. Despite of high efficiency of 
COD removal concentration of PAHs in treated wastewater is still high. 
Previous coauthored research works on this topic involved:  
 oxidation of PAHs by hydrogen peroxide, also in the presence of cat-

alysts, in water solutions (Turek et al. 2016), 
 photooxidation of PAHs with hydrogen peroxide in municipal 

and coke plant effluents (Włodarczyk-Makuła 2011, Włodarczyk-
Makuła et al. 2016), 

 oxidation of selected PAHs by Fenton’s reagent using CaO2 as 
a source of hydroxyl radicals (Kozak & Włodarczyk-Makuła 2018), 

 oxidation of selected PAHs in the presence of activated carbon 
(Włodarczyk-Makuła & Popenda 2018). 

 
Because the results of PAHs removal/degradation using the pro-

cesses mentioned above were satisfactory, research on carcinogenic hy-
drocarbons removal by integrated oxidation/ sorption have been under-
taken. The aim of the study was to evaluate the effectiveness of carcino-
genic PAHs removal during simultaneous oxidation-sorption process.  
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2. Research methods 

2.1. Technological studies 

Technological studies were performed with coke plan wastewater. 
Wastewater were taken from the secondary settlement tank of company 
sludgeworks. Biological processes (organic compounds removal plus 
nitrification) are used for sewage treatment in this plant. Wastewater was 
analyzed for total organic compound content (COD) and for initial PAHs 
concentration. 30% solution of hydrogen peroxide (H2O2) at dose equal 
to 2.5 g/L was used. The dose was selected taking into consideration the 
results of the previous research works (Litter & Quici 2010, Yuan et al. 
2010). Powdered activated carbon C2186 (Merck) was used as a sorbent. 
Also catalyst (titanium dioxide – TiO2) was added to support oxidation of 
PAHs. The doses of active carbon and catalyst were equal to 0.5 g/L and 
1.0 g/L, respectively. The following samples were prepared: 
 with H2O2 (control sample) (H), 
 with H2O2 and TiO2 (catalyst and sorbent) (H+T), 
 with H2O2, TiO2 catalyst and powdered activated carbon (H+T+C). 
 

Simultaneous oxidation and adsorption in all samples were per-
formed for 24 hours. Analysis of COD and selected PAHs were done after 
2 and 24 hours. The initial concentration of PAHs was equal to 6615 μg/L. 

2.2. Qualification and quantification of PAHs  

In order to determine concentration of PAHs in wastewater (both 
before and after simultaneous oxidation-sorption process) the samples 
were treated as follows. At the beginning extraction of organic matrix 
from wastewater was performed using liquid-liquid extraction. To extract 
organic matrix from wastewater cyclohexane: dichloromethane mixture 
(v/v – 5:1) was spiked into wastewater. After this, the extract was sepa-
rated from wastewater in glass separator. In order to drain the separated 
extract anhydrous sodium sulphate was added followed by purification 
on silica gel (liquid-solid extraction). Cleaned extracts were concentrated 
under nitrogen stream to 2 mL. Such prepared extracts were qualified and 
quantified by GC-MS chromatograph Fisons. It was calibrated with 
AccuStandard mixture. Analysis of PAHs was performer for 50 min. 
Sample flow rate was equal to 1.5 mL/min. Recovery rates for individual 
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PAHs were evaluated using standard solution and based on this average 
concentration of the compounds was calculated. Concentration of the 
following PAHs was determined: benzoa(a)anthracene (BaA), chrysene 
(Ch), benzo(b,k)fluoranthene (BbF, BkF), benzo(a)pyren (BaP), 
dibenzo(ah)anthracene (DahA), benzo(ghi)perylene (BghiP) and indeno 
(123cd)pirene (IP). These compounds contain 18, 20 or 22 carbon atoms 
in the particle, as well as 12 or 14 atoms of hydrogen in 4-6 ring system. 
BbF, BkF and IP have not only benzene, but also cyclopenthane ring in 
their structure. All analyzed compounds are considered as carcinogenic 
or potentially carcinogenic. 

3. The results 

COD of coke plant effluents was at average equal to 689 mg/L. 
Table 1 presents COD changes after simultaneous oxidation – sorption in 
the presence of catalyst (titanium dioxide).  

 
Table 1. Changes in the COD of wastewater 
Tabela 1. Zmiany wartości ChZT w ściekach 

Sample 
After 2 h  After 24 h 

COD, 
mg/L 

Effectiveness 
% 

COD, 
mg/L 

Effectiveness 
% 

H 426 38 192 71 
H+T 358 48 146 79 
H+T+C 273 60 94 86 

 
Removal efficiency of COD after 24 h simultaneous sorption-

oxidation process reached 86%. Use of hydrogen peroxide alone (H) 
or catalyzed oxidation without sorption (H+T) allowed to obtain efficien-
cies by several percent lower, compared to integrated oxidation-sorption 
system. This is an indication of the effect of sorption on activated carbon 
and of presence of catalyst, accordingly. Effectiveness of degradation 
and/or sorption of COD was comparable with the results obtained by 
other authors given in research paper by Rubio et al. (Rubio-Clemente et 
al. 2014).  
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played more important role. It can be explained by higher octanol/water 
values of 6-ring PAHs. Higher removal efficiency was achieved for the 
PAH compounds which contain cyclopenthane ring in molecule struc-
ture. It can be assumed that they contain in the molecule larger number of 
persistent bounds than other. Based on the obtained results the following 
points can be made: 
 Removal rate of individual hydrocarbons depended on their structure, as 

well as on the presence of catalyst and activated carbon in the sample. 
 Effectiveness of the oxidation of carcinogenic hydrocarbons were in the 

range of 27 to 55%, addition of catalyst (TiO2) increased it to 38-72%. 
 Integrated catalytic oxidation – sorption ensured the efficiency of re-

moval in the range 67-86%. 
 

Research work was a part of BS-PB-402-301/11 
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Rozkład rakotwórczych węglowodorów  
w zintegrowanym układzie: utlenianie-sorpcja 

Streszczenie 

Celem badań było określenie efektywności degradacji rakotwórczych 
WWA w zintegrowanym procesie utleniania i sorpcji. Badania technologiczne 
prowadzono z wykorzystaniem biologicznie oczyszczonych ścieków koksowni-
czych. Utlenianie prowadzono z wykorzystaniem ditlenku diwodoru. Proces 
adsorpcji polegał na wprowadzeniu pylistego węgla aktywnego. Katalizatorem 
reakcji utleniania był ditlenek tytanu. Badania prowadzono przez 24 godz. Stę-
żenia WWA oznaczano przed procesem oraz po 2 godz. i 24 godz. trwania pro-
cesu utleniania. Efektywność degradacji WWA wyliczono na podstawie zmian 
stężenia WWA przed i po procesie. Analizę jakościowo-ilościową WWA pro-
wadzono z wykorzystaniem układu chromatografu gazowego i spektrometru 
masowego. Badania prowadzono przy stałym odczynie środowiska i stałej tem-
peraturze. Efektywność degradacji analizowanych węglowodorów w warunkach 
utleniania była w zakresie od 27 do 55%. Obecność katalizatora tytanowego 
wspomagała utlenianie, co powodowało, że efektywność degradacji węglowo-
dorów była w zakresie od 38 do 72%. W procesie zintegrowanym (utlenianie 
katalityczne w warunkach sorpcji) efektywność degradacji WWA była w grani-
cach od 67 do 86%. Wyniki badań potwierdzają że proces utleniania i sorpcji 
może być skuteczny w doczyszczaniu ścieków przemysłowych i zapewniać 
ograniczenie ładunku WWA wprowadzanego do środowiska. 

Abstract 

The aim of the study was to evaluate the removal of carcinogenic PAHs 
during integrated processes: catalytic oxidation and sorption. Technological 
research was conducted using biologically treated industrial wastewater (coke 
plant wastewater). Oxidation was carried out with dihydrogen peroxide. The 
adsorption process was carried out onto powdered activated carbon. TiO2 was 
added to the wastewater as a catalyst of oxidation reaction. The experiment was 
carried out for 24 hours. The concentration of PAHs at the begining, after 2 and 
after 24 hours of integrated processes was analyzed. The effectiveness of PAHs 
degradation was evaluated based on the the individual compounds concentration 
changes before and after process. Quantitative and qualitative determination of 
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polycyclic aromatic hydrocarbons was conducted using gas chromatograph - 
mass spectrometer system. The experiments were conducted under constant pH 
as well as under constant temperature. The efficiency of oxidation of the ana-
lyzed hydrocarbons under oxidation conditions ranged from 27 to 55%. In the 
presence of the titanium catalyst the efficiency of PAHs degradation was en-
hanced to 38-72%. During the integrated process (catalytic oxidation and ad-
sorption on activated carbon) the PAHs removal was in the range 67-86%. The 
results lead to the conclusion that simultaneous oxidation and adsorption can be 
successfully apply in the final treatment of industrial wastewater and results in 
the minimizing PAHs load discharged to the environment. 

 
Słowa kluczowe: 
WWA, ścieki koksownicze, utlenianie, sorpcja, TiO2  

Keywords: 
PAHs, coke wastewater, oxidation, sorption, TiO2  
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