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Abstract

The aim of the investigations was to determineetfiectiveness of the removal of 4, 5 -
ring PAHs from coking wastewater using dihydrog@xile in the presence of a cobalt,
platinum or titanium catalyst. A dose 7.4 mL ofytlhogen dioxide in the amount of and
14.8 mL/L of the analyzed sample were added tas#mples. The samples were shaken
and stored under laboratory conditions for 12 hotire concentration of PAHs before
and after the oxidation process were determinede Ghantitative and qualitative
chromatographic analysis was carried out using & daomatograph coupled with
a mass spectrometer (GC-MS). The total concentratio8 PAHs before oxidation
reached the value of 9150 ng/L The concentratibd-ong compounds and 5-ring
PAHs were equal to 6390 ng/L and 2760 ng/L, rethpedg. The highest decrease
(93%) the sum of 8 hydrocarbons using a dose afizaii 7.4 ml/L and in the presence
of titanium catalyst was achieved.

Keywords: oxidation, KD, GC-MS, coking wastewater, platinum catalyst, ¢bba
catalyst, titanium catalyst, PAHs

1. INTRODUCTION

Polycyclic aromatic hydrocarbons (PAHSs) are a grofishemical compounds
with two or more fused aromatic rings. They hawkferent structure, in which
benzene rings may occur in various mutual positemmd the chemical activity
[1]. Toxicological studies shown that PAHs are gawgenic compounds.
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Carcinogenic properties have PAH derivatives tltauo in the environment or
in human organisms as a result of metabolism hkseecarcinogenic properties
[2]. PAH derivatives may be formed by reacting witiher components of the
matrix (halogenation, nitration, sulfonation, akbdybn, acylation) [1].
The oxidation of hydrocarbons can provide prodwttsh as: diols, quinones
and aldehydes, for example, benzo(a)pyrene canrootuthe form of
benzo(a)pyrene-1,6-dione and benzo(a)pyrene-3jtedioespectively [2,3].
In literature there is some information availabimat PAH derivatives formed
during decomposition [4]. This is important duedgicity of the derivatives to
the organisms especially if sewage is dischargeslittace receivers. There is
not a lot of literature data on PAHs removal in teagter treatment plants.
Advanced oxidation methods of organic pollutant&sOP applied as treatment
of industrial wastewater is of increasing impor&nche following factors are
responsible for the production of hydroxyl radicatlihydrogen dioxide,
permanganate, ozone, UV radiation and ultrasouhd fte total decompaosition
of organic contaminants, without the use of chetican be obtained using
photocatalysis (Ti@+ UV) [6]. In addition to the chemical oxidant andone,
dihydrogen dioxide can be used with the Fentonagest. It has been
demonstrated that in the Fenton reaction®(Fe0,) the efficiency of the
process depends on: the dose of"Fend HO, pH, reaction time and
temperature, respectively. The nature of the oridlizubstance and the
presence of other inorganic and organic compounessignificant factors as
well [7]. The conventional methods of wastewateratment are not always
efficient, especially in the removal of compoundsttare resistant to the
biodegradation process (polycyclic aromatic hydrboas, phenols and their
derivatives, pesticides). Advanced oxidation metheédem to be promising
methods, which enable wastewater treatment aftelodical treatment.
Numerousexperiments aimed at determining the mechanisniapn$formation
and PAHs removal from industrial wastewater aredceted in Poland as well
as in other countries [8-13]. Appropriate paransetend processes should be
selected. In order to accelerate the possibilityeofioving polycyclic aromatic
hydrocarbons from coke wastewater. The studies dwareced oxidation of
compounds present in the wastewater (biologicatated) using dihydrogen
dioxide in the presence of a catalyst may shoitterptocess of PAHs removal.
The aim of the study was to determine the effeottgs of PAHs removal from
wastewater using dihydrogen dioxide in the preseofccobalt, platinum or
titanium catalyst.
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2. MATERIALSAND METHODS

2.1. Materials

The study was conducted carried out coking wasewaischarged from the

biological treatment plant. The treatment plant steis of the following

facilities: the denitrification reactor, the actigd sewage reactor and

nitrification reactor. Treated wastewater samplarabterized by total organic

compounds as COD and TOC. Fluoranthene, PyrenezoBsanthracene,

Chrysene, Benzo(b)fluoranthene, Benzo(k)fluorantheBenzo(a)pyrene and

Dibenzo(ah)anthracene were determined in the tleatastewater as the initial

concentration.

Reagents:

- reference mixture of 16 PAHSs (produced by Ultrae§tific);

- 30% solution of pure dihydrogen dioxide (AvantorfBemance Materials
Poland S.A));

- cobalt oxide (ll, 1), black (Avantor Performantéaterials Poland S.A.);

- platinum catalyst (Schimadzu Ball Corporation);

- titanium oxide (IV), pure (Avantor Performance Madés Poland S.A).

Solvents:

- methanol for HPLC—purity 99.9% (Avantor Performamdaterials Poland
S.A);

- dichloromethane for HPLC—purity 99.8% (Avantor Renfiance Materials
Poland S.A));

- cyclohexane for HPLC—purity 99.5% (Avantor Performoa Materials
Poland S.A)).

2.2. Experimental procedure

The experiment was carried out using 1 liter oficgkwastewater 7.4 ml or

14.8 ml of dihydrogen dioxide ( 30%) and an appigipr amount of cobalt

catalyst, platinum or titanium. The dose of oxideequired for the oxidation

of polycyclic aromatic hydrocarbons was calculatemsed on COD value

calculation. Appropriate amounts of dihydrogen diex30%, and cobalt or

platinum or titanium oxide catalysts were addedamples. The sample was
shaken on a magnetic stirrer (type MS 11 HS) wittoastant amplitude (200
revolutions per minute) for 30 min. The reactiomei was equal to 12 hours.
Then, physico-chemical parameters and PAHs coratgonrin the effluent was

determined. Changes in the PAHs concentration wetermined before and
after oxidation process.
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2.3. PAHsanalysis

The PAHs analysis included initial sample preparatand chromatographic
quantitative determination. First, the extractioh a@rganic matter from
wastewater was carried out. Methanol, cyclohexane, dichloromethane, at
a volume ratio of 20:5:1 were added to 500 mL eftewater, respectively.
Then, the samples were shaken for 60 minutes whdetaining a constant
amplitude of 20 mm and transverse 10 mm amplitulee extracts were
separated by centrifugation. Then, the extractewerified in vacuum (SPE)
using columns filled with silica gel (fill condittong was performed with
a mixture of dichloromethane and cyclohexane, vB; B x 3 mL). Then the
extracts were concentrated to a 2 mL volume undemit@édgen stream.
The determination of the quantity and quality wasried out using a gas
chromatography coupled with a mass spectrometer-NISEP2010 Plus
SHIMADZU). The analysis was conducted on a colurBi®Zms, with a length
of 30 m, and a diameter of 0.25 mm. Helium was use@ carrier gas (with
flow rate 1.08 mL/min). The injection volume amoeahtto 1uL and split 1:5.
The initial oven temperature was set to 140°C amehs maintained for 1 min.
Then, the temperature increased to 240°C at aofat&°C/min, at 4°C/min. to
275°C, and it was ultimately increased from 10°@/no 320°C for 5 min. The
obtained chromatograms were analyzed using the S{Malitative and
guantitative determinations were carried out usexgernal standard of 16
PAHs at a concentration of 200 ng/L each of hydiooas. Samples were
prepared in duplicate. In the Table 1 the recovetyes of individual PAHs are
shown. The reference value of each of the hydrareslwas the same. The
individual PAHs recoveries were in the range of 89%68%. Recovery values
for series of 6 samples were also determined. 8tigdé-test was used to
determine the significance of changes in the camagon of PAHSs.
The confidence level 0.95 and a degree of freedorwePe adopted.qt
theoretical value was equal to 4.303 for the saspiepared [14].

Table 1. The reference values and recoveries ofPAH

Number | The reference The: value

PAH of rings value [ng/L] indicated Recovery %
[ng/L]

Fluoranthene 4 200 219 109
Pyrene 4 200 258 129
Benzo(a)anthracene 4 200 237 118
Chrysene 4 200 201 100
> 4ring PAHs 800 915 114
Benzo(b)fluoranthene 5 200 336 168
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Benzo (k)fluoranthene 200 246 122
Benzo (a)pyrene 200 179 89
Dibenzo(a,h)anthracene 200 183 92
> 5ring PAHs 800 944 118

2.4. Correction value of COD indicator

The effect of residual dihydrogen dioxide with respto the indicators of

organic pollutants such as COD and TOC before &ed e oxidation process
should be considered. Available data [15+17] sugtfest the application of

dihydrogen dioxide in the removal of organic compds from wastewater, are
experiencing fluctuations in the value of COD inthg the increase in the
value of this indicator. In order to properly assdbe effectiveness of the
removal of organic pollutants TOC pointer shouldtéesn into consideration.

The value of this ratio does not depend on the @dsexidant, and therefore

control of the total organic carbon is a bettergatbr and determines the real
contents of organic substances in wastewater. ifemdment changes the TOC
was determined in order to determine the effecesidual dihydrogen dioxide.

The coefficient of determination of COD)(ivas calculated according to the
formula (1):

¢ _ (COD, - 0011(R [COD,) 0
! TOG

where:

TOG-concentration of total organic carbon in the sangid, mg/L

COD, - the initial value of the COD in the sample raastewater, mg/L
R; - the reduction of TOC in the sample, %.

3. RESULTSAND DISCUSSION

3.1 Calculation of COD value

In the studies, the calculation factor CQRvimental(f)) for coking wastewater
varied from 5.0 to 6.7. Using the formula (1) tieathe product CORycuiation
factor (f) and the value of TOC [mg /L] COR)cuation determined, and the
results are shown in Figure 1. The obtained CObutated values were lower
than experimental COD for oxidation carried outtle presence of titanium
catalyst. The optimal dose of dihydrogen dioxideswatained using titanium
catalyst. The removal of CORuatonvaried from 40 to 48%, respectively.
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Fig. 1. Influence of hydrogen peroxide on the COD
1 - coking wastewater, 2 - coking wastewater +rfiL4H,0,/L + cobalt catalyst,
3 -coking wastewater + 14.8 mLE,/L + cobalt catalyst, 4 - coking wastewater + 7.4
mLH,O,/L + platinum catalyst, 5 - coking wastewater +8thL H,O,/L + platinum
catalyst, 6 - coking wastewater + 7.4 miO{L + titanium catalyst, 7 - coking
wastewater + 14.8 mLJ@,/L + titanium catalyst

3.2 Changesin the PAHs concentration in wastewater during catalitic
oxidation process
The total concentration of 8 PAHs before oxidateonounted to the value of
9150 ng/L. The concentration of 4-ring and 5-rilgH3 were equal to 6390
ng/L and 2760 ng/L, respectively. In the first stiye effect of the cobalt
catalyst with a suitably selected dose of dihydrodexide on the degree of
oxidation of selected group of the aromatic hydrboas was studied. In Figure
2 the changes in the concentration of PAHs in watemples during the
oxidation process using a cobalt catalyst and tweed of the oxidant are
presented, respectively.
The application of the cobalt catalyst resultethim removal of 8 PAHs of 79%
using a 7.4 mL dose of oxidant,®, per liter of the analyzed sample.
The increase in the amount of dihydrogen dioxidmilted in higher oxidation
efficiency - 80% archiving the final concentratiof 1884 ng/L. Chemical
reactivity of individual hydrocarbons depends oa tompounds structure and
therefore the oxidation process PAHs accordingheortumber of rings in the
molecule were found. For 4-ring hydrocarbons (famthene (FI), pyrene (P),
benzo(a)anthracene (B(a)A), chrysene (Ch)) haven lmeedized in 80% at
a lower dose oxidant yield. The final concentratidrthese PAHs reached the
value of 1289 ng/L.
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Fig. 2. Changes in the concentrations of PAHs uagingbalt catalyst,
1 - coking wastewater, 2 - coking wastewater +mL4H,0O,/L + cobalt catalyst,
3 - coking wastewater + 14.8 mL,EL/L + cobalt catalyst

The application of a cobalt catalyst at the lowesal of dihydrogen dioxide

resulted in the removal of 5-ring hydrocarbons 8%6/ while an increase in
oxidant to 14.8 mL/L reduced the compounds of 8R%tudy may suggest that
the reactivity of 5-ring hydrocarbons in the presef a cobalt catalyst was
higher than reactivity of 4-ring PAHSs. In Figurdf& changes in concentration
of PAHs in the wastewater samples during the oldatprocess using

a platinum catalyst are shown. The average totateairation of 8 PAHSs in the

samples after oxidation amounted the value of 133 in the presence of

lower oxidant dose.

PLATINUM CATALYST
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Fig. 3. Changes in the concentration of PAHs uaipdatinum catalyst,
1 - coking wastewater, 2 - coking wastewater +il4H,O,/L + platinum catalyst,
3 - coking wastewater + 14.8 mL®B,/L + platinum catalyst

Increased amount of dihydrogen dioxide did not ltesua decrease in the
concentration of analyzed PAH. The concentratioB-afig hydrocarbons was
reduced by 83% (470 ng/L) with a lower dose of aidant. The increase of



186 Agnieszka TUREK, Maria WEODARCZYK-MAKULA

the amount of dihydrogen dioxide did not improves tbxidation process.
The concentration of 4-ring hydrocarbons was redury 86% at a dose of 7.4
mL of oxidant per liter of the analyzed sample. Tinal concentration of 900
ng/L for sum of 4-ring hydrocarbons concentratioaswobtained. It can be
concluded that the higher chemical reactivity dbae of 7.4 mL oxidant J@,
per liter of the analyzed sample was observed. Wdystsuggests that the
reactivity of studied hydrocarbons using a platingatalyst decreases as
follows: 4-ring PAHs> 5-ring PAHSs. In the last stepthe studies the process
using a titanium catalyst in the presence of dibgdn dioxide oxidant was
applied. Changes in the concentration of PAHs envifater samples during the
oxidation process using a titanium catalyst aresqméed in Figure 4. It was
found that the highest removal of polycyclic aroimahydrocarbons was
obtained using a titanium catalyst.

TITANIUM CATALYST
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Fig. 4. Changes in the concentration of PAHS uaititanium catalyst,

1 - coking wastewater, 2 - coking wastewater +iiL4H,0,/L + titanium catalyst,
3 - coking wastewater + 14.8 mLBL/L + titanium catalyst

The dose of the oxidant of 7.4 mL per liter of Hrealyzed sample resulted in
the decrease of the sum of 8 PAHs of 93%. Dihyeinodioxide added to
the wastewater samples in the amount of 14.8 medulted in a decrease of 8
PAHs by 88% and the final concentration did notesxt the value of 1117
ng/L. Over 92% removal of 5-ring hydrocarbons gdiwmo doses of an oxidant,
and the final concentration, equal to 200 ng/L welsained. Four-ring
hydrocarbons were removed of 94%, with a reducesedof an oxidant.
The final concentration of these compounds was legué07 ng/L. Increasing
the dose of oxidant did not result the effect otalggic oxidation significantly.
After the third serie of studies one can concluldat tthe higher chemical
reactivity was observed at a 7.4 mL dose of thelani HO, per liter of the
analyzed sample. A study suggests that the regcovistudied hydrocarbons
using a titanium catalyst decreases as followsng-PAHs> 5-ring PAHSs.
The removal of individual aromatic hydrocarbongrissented in Table 2.
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Table 2. Percentage removal of PAHs with varioudant dose and catalyst [%]

cobalt catalyst platinum catalyst titanium catalyst
PAH 7.4 14.8 7.4 14.8 7.4 14.8
mLH,0, | mLH,0, | mLH,0,/ | mLH,0, | mLH,O, | mLH,

/L /L L /L /L O,/L
Fluoranthene 39 52 48 25 94 63
Pyrene 87 78 94 69 93 87
Benzo (a) anthracene 48 79 78 54 83 77
Chrysene 93 86 93 77 96 97
Benzo (b) fluoranthene 82 89 85 86 89 89
Benzo (k) fluoranthene 91 97 99 84 929 99
Benzo (a) pyrene 18 34 8 - 929 99
Dibenzo (a, h) 40 74 50 74 99 99
anthracene

Among the 4 - ring hydrocarbons fluoranthene wasoreed from 25 to 94%,
respectively. The effectiveness of PAHs oxidatioaswthe highest in the
presence of titanium catalyst. Benzo(a)anthracegas removed from 48 to
79% using a cobalt catalyst and platinum. 83% rexho¥ hydrocarbons was
achieved with the catalyst titanium and a loweredos dihydrogen. Chrysene
removal efficiency reached varied from 96 to 97%ngsa titanium catalyst.
The final concentration of chrysene varied fromt6472 ng/L. The initial
concentration of benzo(b)fluoranthene before thieladgion process was equal
to 1730 ng/L, and after the oxidation process dexmd to the value of 190
ng/L, using the titanium catalyst. The losses aiing-of PAHs were 99% using
the titanium catalyst and 7.4 ml/L of oxidant.

It was observed that with increasing doses of tienical oxidant the COD
concentration of the cobalt catalyst and platinagréases as well. Changes in
the value of the generic organic compounds mayltrésa change in the form
of PAHs. This confirms the loss of the concentratad individual PAHs and
guantity of added oxidant cobalt catalyst, andiplah. The use of titanium
catalyst resulted in the highest reduction of CQihoentration. A similar
dependence was observed in the changes of indivieldbls concentration.
It can be concluded that under catalytic oxidatoamditions the process of
mineralization of organic compounds may occur.

4. CONCLUSIONS

The efficiency of 8 PAHs removal was in the rand&9-80% under catalitic
(cobalt catalyst) oxidation conditions. Chemicalagativity of studied

hydrocarbons decreased as follows: 5-ring PAH%4(8Fmoval) > 4-ring PAHs
(76% removal), respectively. The highest removalRAHs at the dose of the
oxidant equal to 7.4 mL/L for the platinum catalysas obtained. Chemical
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reactivity of the studied hydrocarbons decreasedhe series: 4-ring PAHs
(86% removal) > 5-ring PAHs (83% removal). The laghefficiency of PAHs
removal was archived at 7.4 mL/L dose of the oxidasing titanium catalyst.
Chemical reactivity of the selected hydrocarbonsreises in the series: 4-ring
PAHSs (94% removal) > 5-ring PAHs (93% removal).
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KATALITYCZNE UTLENIANIE WWA W SCIEKACH

Streszczenie

Celem badania byto okdlenie skuteczriei usuwania 4, 5- piécieniowych WWA ze
sciekdbw koksowniczych przy ayciu ditlenku diwodoru w obecioi katalizatora
kobaltowego, platynowego i tytanowego. Do prébkidawano odpowiedai ilo$¢

ditlenku diwodoru i katalizatoréw. Dawka utleniacagnosita 7,4 ml i 14,8 ml/l. Probki
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mieszano i pozostawiono w warunkach laboratoryjnyez 12 godzin. Po tym czasie
oznaczono skenie WWA. llcsciowa i jakosciowa analiz chromatograficzn
przeprowadzono przyzyciu chromatografu gazowego sgranego ze spektrometrem
masowym. Najwkszy ubytek (93%) sumarycznej dto oSmiu WWA oshkgnieto przy
zastosowaniu dawki utleniacza 7,4 ml/l analizowanyciekow oraz katalizatora
tytanowego.

Stowa kluczowe: utlenianie, ¥, GC-MS, scieki koksownicze, katalizator
platynowy, katalizator kobaltowy, katalizator tytawy, WWA

Editor received the manuscript: 17.08.2015






