¢! Desalination and Water Treatment
www.deswater.com

o doi: 10.5004/dwt.2018.22096

117 (2018) 88-100
June

Toxicity and degradation pathways of selected micropollutants in water
solutions during the O, and O,/H,O, process

Edyta Kudlek*, Mariusz Dudziak

Faculty of Energy and Environmental Engineering, Silesian University of Technology, Konarskiego 18, 44-100 Gliwice, Poland,

Tel. +48 32 237 24 78; email: edyta.kudlek@polsl.pl

Received 9 December 2017; Accepted 20 February 2018

ABSTRACT

Ozonation is one of the most effective methods of water disinfection. This process, as a single method
or with the involvement of other oxidizing agents, can be also used as an advanced decomposition
process for hardly or non-biodegradable compounds. Ozone-based processes do not always lead to
a complete mineralization of compounds. The oxidation of parent compounds may contribute to the
formation of a significant number of new micropollutants with a high toxic potential. The paper pres-
ents the removal degrees of diclofenac sodium salt (DCF) and bisphenol A after the O, and O,/H,O,
process. The processes were carried out at various times, that is, 10, 20, 30 and 60 min. The O, dose
was 3 mg/L and the H,0, dose was equal to 9 mg/L. The GC-MS analysis indicated the formation of
different decomposition by-products during both oxidation processes. The type and concentration of
generated new micropollutants depends on the pH of the water solution and the process time. It has
been observed that the decomposition degree of DCF decreased with the increase in the pH of the
reaction medium. An inverse relationship was observed for bisphenol A, where the largest number of
oxidation by-products was observed in water solution at pH 11. The conducted toxicological analysis

confirmed the toxic nature of the generated decomposition products.
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1. Introduction

In recent years a constantly decrease in the availabil-
ity of water resources, which meet the requirements of
drinking water was observed [1,2]. Climate changes, which
causes with gradual drying of many aquatic ecosystems,
become a major problem not only in African countries but
also in many Asian regions [3]. On the other hand surface
waters, which are often the only available water resources
[4] are polluted with large loads of different potential toxic
micropollutants. The major source of those compounds is
municipal and industrial wastewater effluents. This is related
to the maladjustment of conventional wastewater treatment
technologies for the decomposition of hardly biodegradable
compounds [5]. Advanced water treatment processes such
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as in-depth oxidation processes, adsorptive or membrane
filtration allow to obtain high removal degrees of a large
number of compounds of emerging concern [6-9].

Ozoneis classified as a high reacting oxidation agent, which
according to literature data is one of the most effective agents of
water disinfection used in different industry sectors [10]. The
process of ozonation carried out as a single method or with the
involvement of other oxidizing agents and in-depth treatment
processes, can be also used as an advanced decomposition
process for hardly or non-biodegradable compounds [11-14].
Margot et al. [15] compared the removal degrees of 70 micro-
pollutants, which occurring in municipal wastewater, during
conventional wastewater treatment processes and processes
supported by ozonation. They indicated a beneficial effect of
ozone on the decomposition of micropollutants belong to the
group of pharmaceuticals, endocrine disrupting compounds,
pesticides and other common chemicals.
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O, is slightly soluble in water and very unstable in water
media [16]. Ozone molecules are rapidly decomposed in
water through different reactions from Egs. (1) to (9) [17]. It
leads to the formation of a large number of radicals, which
are able to decompose organic pollutants. However, OH rad-
icals are characterized by the strongest oxidation potential
and they can abate compounds, which are resistant for O,
decomposition [18].

0, +HO —HO; + 0O 1)
HO, & O;" +H" 2)
0,+0,">0;"+0, (3)
O;"+H" - HO; 4)
HO;, - HO" +0, ©®)
HO" + 0O, - HO; (6)
HO;, —» HO; + O; @)
HO; + HO;, - H,0, + 20, 8)
HO; + HO, - H,0, + O, + O, )

The main assumption of advanced oxidation processes
including O,-based process is the complete mineralization
of organic compounds, but under actual process conditions
pollutants degraded to different transformation products
[19]. In general, the decomposition occurs as a result of reac-
tion between O, and/or other reactive free radicals formed
in the reactions listed above [20,21]. Yu et al. [22] appointed
the bimolecular reaction rate constants for the reaction of
HO* with the pharmaceutical compound diclofenac at about
9.29 x 10° M s7'. The comparison of this value with several
model compounds allows to determine the site of HO® attack
on the compound structure. Fig. 1 presents a simplified
scheme of oxidation pathways of the degradation process
via ozonation and ozonation supported by other oxidizing
agents, that is, H,0,.

According to the scheme (Fig. 1) of compound oxidation
pathways it can by assume, that the type of transformation
products strictly depends on the oxidizing agent that mainly
driven the decomposition of the micropollutant. A compre-
hensive review on the oxidation products from the reaction of
organic micropollutants with O, and "OH radicals was made
by von Sonntag and von Gunten [21] and Hiibner et al. [23].

Oxidation by-products similar to their parent com-
pounds are still classified as biologically active. Therefore,
this micropollutant can have a negative impact on water
organisms. Literature [24,25] does not clearly indicate a

negative impact of the ozonation process on the quality of
treated water streams contaminated by organic micropollut-
ants. However, Stalter et al. [26,27] drew attention to the toxic
nature of several transformation products. Also, Li et al. [28]
indicated that the micropollutant transformation products
after the O, process can sometimes be more toxic than the
parent pollutants. Whereas Bundschuh et al. [11] showed
that the estimated toxicity of post-ozonated water solutions
depends on the kind of used ecotoxicological test system and
on the composition of the micropollutants and transforma-
tion products in the tested water.

For a full assessment of the beneficial effects of the single
O, and other O,-based oxidation processes of micropollutant
water solutions it is necessary to evaluate the removal degree
of each compound and identify all the transformation prod-
ucts and to carry out different toxicity tests.

Pharmaceuticals and personal care products and
industrial additives belong to the most commonly identified
compound groups in different environmental water samples
[29,30]. The paper presents the identification of both
diclofenac sodium salt (DCF) — pharmaceutical compound,
and bisphenol A (BPA) —industrial additives, decomposition
by-products formed during the O, and O,/H,O, process.
The influence of the pH of the micropollutant water solu-
tions on their oxidation and the generation of different
by-products was tested. In addition, toxicological analyzes
of post-treated water solutions were carried out using
three biotests, basing on the analysis behavior of indicator
organisms: saltwater bacteria, freshwater crustaceans and
vascular plants.

2. Materials and methods
2.1. Material and reagents

Theanalytical standardsofboth, BPA and thenon-steroidal
anti-inflammatory drug in the form of DCF of purity grade
>97% were supplied by Sigma-Aldrich (Poznan, Poland). The
chemical characteristic of the tested compounds was pre-
sented in Table 1. Methanol and acetonitrile with over 99.5%
of purity by Avantor Performance Materials Poland S.A. were
also used in the investigations. Solid phase extraction (SPE)
cartridges Supelclean™ ENVI-8 and Supelclean™ ENVI-18
were supplied by Sigma-Aldrich.

2.2. O, and O,/H,O, process

Both O, and O,/H,0, oxidation processes were carried
out in a glass reactor with the volume of 1 L. To eliminate the
influence of light (especially UV irradiation) on the microp-
ollutant oxidation processes the reactor was placed in a dark
chamber (Fig. 2). O, was generated from air in the Ozoner
FM500 generator by WRC Multiozone and it was introduced
to the reactor through a ceramic diffuser. The O, dose was
constant at 3 mg/L (measured at the inlet to the reactor)
in both processes. However, the dose of H,O, during the
O,/H,O, process was equal to 9 mg/L. Both applied O, and
H,O, doses were determined during preliminary studies
[32,33]. The contact time between the oxidizing reagent and
the micropollutant water solutions lasted for 10, 20, 30 and
60 min. Na,SO, in the concentration of 24 mmol/L was added
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Fig. 1. Simplified scheme of micropollutant oxidation pathways during O, and O,/H,O, processes.

Table 1

The structural and chemical characteristics of investigated compounds [31]

Compound Bisphenol A Diclofenac sodium salt
Structural formula CHs 0
o 1o 0 ona
H
CHs N
Cl
Molecular formula CH,0O, CH,,CI,NNaO,
CAS No 80-05-7 15307-79-6
Molecular mass (g/mol) 228.291 318.13
Solubility in water (mg/L) 120 50
Pk, 9.6 4.15
logK 3.32 4.51
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to the post-processed water samples in order to remove the
ozone residues. The experiments for both tested compounds
were carried out separately.

2.3. Water samples

The tested water solutions were prepared based
on deionized water matrices with the addition of DCF
or BPA standards of concentration 0.5 mg/L. The high
micropollutants concentration, that is, much higher than the
one occurring normally in the water environment was used
in order to increase the identification precision of the gener-
ated oxidation by-products. To determine the impact of pH
on the micropollutant decomposition efficiency, the pH of
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Fig. 2. Scheme of the test stand.

Table 2
SPE details and chromatographic analysis conditions

the prepared water solutions was adjusted to 4, 7, 9 and 11
using 0.1 mol/L HCI or 0.1 mol/L NaOH. Preliminary studies
did not show any significant effect of HCl or NaOH addition
on the decomposition of the tested compounds before the
implementation of the oxidation processes.

2.4. Analytical procedure and identification of generated
oxidation by-products

The analytical procedure of tested compounds was
performed by SPE of the micropollutants and their
decomposition by-products and the quantitative—qualitative
analysisoftheobtainedextractsby GC-MS(EI)chromatography.

The quantitative analysis was made by 7890B gas
chromatograph (GC) coupled with mass spectrometer
(MS) with electron ionization (EI) by Perlan Technologies
(Warszawa, Poland). SLB™ - 5 ms 30 m x 0.25 mm capil-
lary column of 0.25 um film thickness by Supelco was used
for the micropollutants analysis. Helium 5.0 at a constant
flow rate of 1.1 mL/min was used as the carrier gas. The
temperature of the ion trap was 150°C and the temperature
of the ion source was set on 230°C. For the quantitative
analysis, MS detector was operated in scan ion monitoring
mode ranged from 50 to 400 m/z. The decreases in com-
pounds concentrations were calculated based on the mea-
surements of their peak areas, which were compared with
data obtained during the calibration curves estimation. The
injector temperature was set at 250°C.

The volume of analyzed water samples before and after
the implementation of oxidation processes was equal to
20 mL. The pH of each sample was adjusted to 7. Details
of the SPE method and the column oven temperature pro-
gramme were given in Table 2.

Analysis of parent compound and its by-products

Bisphenol A

Diclofenac sodium salt

Solid phase extraction

Cartridge type Supelclean™ ENVI-18
Cartridge bed Octadecylsilane (C,,)
Conditioning 5 mL of acetonitrile

5 mL of methanol
Washing 5 mL of deionized water
Sample flow (mL/min) 1

Vacuum drying time (min) 5

Extract elution 1.5 mL of methanol

1.5 mL of acetonitrile

GC-MS(EI) chromatography
Injected volume (uL) 1

Injector temperature (°C) 250

Oven program

80°C (6 min)-5°C/min — 220°C (5 min)

Supelclean™ ENVI-8
Octylsilane (C,)

5 mL of methanol

3 mL of methanol

80°C (6 min)-5°C/min — 260°C-20°C/min — 300°C (2 min)




92 E. Kudlek, M. Dudziak / Desalination and Water Treatment 117 (2018) 88-100

The identification of micropollutants oxidation by-products
was made based on their mass spectra, which were compared
with the NIST 17 Mass Spectral Library.

The results presented in the figures are the arithmetic
average of the four replicates of each experiment. For all the
cases assigned error (estimated based on the standard devia-
tion) did not exceed 5% so the results are presented without
marking of the ranges of error.

2.5. Toxicity tests

The toxic potential of tested micropollutants water
solution was determined by three different biotests, that is,
Microtox® test, Daphtoxkit F® test and Lemna sp. Growth
Inhibition Test. All tests were based on the observation of
changes in the behavior of indicator organisms.

The Microtox® test uses saltwater bioluminescence bac-
teria Aliivibrio fischeri, which are considered to be high sensi-
tivity for a broad range of toxic substances including organic
micropollutants [34,35]. The test was carried out according
to the screening test procedure of MicrotoxOmni system in
Microtox analyzer Model 500 by Modern Water. The change
in the intensity of bacteria light emission was measured after
5 min of the exposure to the tested water samples. 2% NaCl
solution was use as a reference non-toxic sample.

The second, Daphtoxkit F® assays base on immobility or
mortality of freshwater crustaceans Daphnia magna during
a 24 or 48 h period of exposition on potential toxic water
samples. In the present study, the behavior of indicator
organisms was tested only after 24 h. The test was performed
according to OECD 202, ISO 6341 guidelines, which regulate
the proper execution of tests on Daphnias. The toxicity effect
was calculated by the use of Eq. (10).

Lemna sp. growth inhibition test (GIT) was carried out
for 7 d taking into account protocols listed in the OECD 221
guidelines. Freshwater vascular plants Lemna minor with two
fronds were used as indicator organisms. The plants came
from an own plant breeding. The temperature during the
test was equal to 25°C + 1°C, while the light exposure was
6,000 lux. The toxicity effect was calculated according to
the same Eq. (10) as in the test conducted on Daphnia magna
crustaceans.

_(N.-N))

E «100%

(10)

C

where E is the toxicity effect (%); N_is the number of living
test organisms (plant fronds) for the control sample; N_is the
number of living test organisms (plant fronds) for the test
sample.

The classification of water samples after the estimation of
their toxicological response was made according to the toxic-
ity classification system presented in Table 3 [36,37].

3. Results and discussion

3.1. Oxidation process

The first stage of the study was focused on determina-
tion of the rates of concentration decrease of DCF (Fig. 3)
and BPA (Fig. 4) in deionized water solutions of different

Table 3
Toxicity classification system of micropollutant water samples
[36,37]

Effect (%) Toxicity class
<25.00 Non-toxic
25.00-50.00 Low toxic
50.01-75.00 Toxic
75.01-100 Highly toxic

pH during the O, and O,/H,O, process. It was noted that the
concentration of DCF and BPA decreased with the increase
of the process time in both oxidation processes. Diclofenac
sodium salt was more effective decomposed in the O, pro-
cess carried out in the presence of H,O, irrespective of the
time of the process, than in the O, process. The presence
of H,O, assists the formation of OH* [38], so it leads to
an increase in the oxidation of micropollutants. A bene-
ficial influence of H,O, on the decomposition of different
pharmaceutical micropollutants was also determined by
other researchers [39]. The difference in the efficiency of
both processes increased with the increase of the pH of
the water solutions. For example, the removal rate of the
pharmaceutical compound in the solution of pH 5 after
60 min of O, process amounted 66% and for the O,/H,O,
process exceeded 89%. While in the solutions of pH 11 the
concentration of DCF after the O, process decreased by 35%,
after the O,/H,O, supported process it decreased by 67%.
Therefore, the obtained results indicate an influence of the
pH of the reaction medium on the kinetic of the oxidation
reaction of particular pollutants. It has been observed that
decomposition degree of DCF decreased with the increase
in the pH of the reaction medium. An inverse relationship
was observed for the oxidation of BPA (Fig. 4). The concen-
tration of BPA decreases with the increase of the reaction
mixture pH. The value of the micropollutant removal rate in
the O,/H,O, process was equal to 19% for pH 5 solutions, 22%
for pH 7, 41 for pH 9 and 57% for pH 11. Unexpected results
were obtained for the O, BPA oxidation process, which
was characterized by a higher oxidation ability against that
compound. After 60 min of O, the concentration of BPA
decreased by 59% for pH 5 solution and over 81% for pH
11 solutions. A similar effectiveness of BPA decomposition
in the O, process was observed in a previous work devoted
to the comparison of BPA removal in various advanced oxi-
dation processes [32]. von Gunten [40] and Sehested et al.
[41] have demonstrated that OH* radicals may lead to the
destruction of O,in accordance with Egs. (11)-(13), which
lead to the formation of O, and H,O. This phenomenon
causes a decrease in the decomposition ability of the whole
oxidation mixture.

OH" +0, »HO;, +0, (11)
HO; > 05" + H* (12)
O;. + 03+ HZO d 2OZ+ OH® + OH" (13)
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Fig. 3. Influence of the pH of the reaction medium on the degradation of diclofenac sodium salt (DCF) in the O, and O,/H,O, process.

It is well known that the ozone decomposition dynamic
increases with the increasing pH of water solution [42].
Therefore, it can be assumed that the decomposition of
DCF occurs mainly as a result of the reaction with O, mol-
ecules, which were more stable in the acid media. On the
other hand, the oxidation of such phenolic compounds as
BPA results from reactions with different radicals formed
during O, decomposition. An increase of phenols oxidation
with the increase of the pH of reaction was also reported by
Poznyak et al. [43].

As already mentioned, the oxidation of micropollut-
ants results from the direct reactions with O,, but also from
the reactions with reactive radicals generated during the
decomposition of the O, molecule. Thus, the tested organic
micropollutant oxidation by-products of decay can assume
different forms. The tests were carried out without any

scavenger of OH" radicals, therefore, it was difficult to dif-
ferentiate which identified transformation products have
been generated by reactions with OH® and which were
induced only by ozone.

Due to high reaction rates of the oxidation process of DCF
and BPA, the determination of most transformation products
was possible only in samples after 10 and 20 min of the pro-
cess time. Therefore, it can be assumed that the newly formed
micropollutants are further decomposed in samples after 30
and 60 min of the O, and O,/H,0O, process. The decomposi-
tion of oxidation by-products of both tested micropollutants
to several compounds of a smaller molecular weight was
confirmed by the increase of the phenol concentration in
samples after 60 min of process duration. The identification
of those small molecular weight compounds was impossible
because of the adopted methodology of samples preparation.
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Fig. 4. Change of bisphenol A concentration during the O, and O,/H,0, process of micropollutant water solutions of different pH.

However, the preformed toxicity tests indirectly confirmed
the presence of new generated high toxic compounds in
post-process water solution, which were below the detection
limit of the chromatographic analysis.

The identification of transformation products was
made by the comparison of obtained MS results with
mass spectra data provided by the NIST library (matching
>85%). This enabled to propose possible degradation path-
way of DCF (Figs. 5 and 6) and BPA (Figs. 7 and 8). The
characteristics of identified micropollutants were given in
Tables 4 and 5.

During the O, process of DCF, seven different
transformation products were identified (Fig. 5). Their con-
centrations increased with the increase of the pharmaceuti-
cal decomposition. Thus, in the solution of pH 9 and 11 three
by-product 4',5-dihydroxydiclofenac, 5-hydroxydiclofenac

and 2-aminophenylaceticacid were detected and in the
solution of pH 7 and 5, all the seven diclofenac transfor-
mation products (4',5-dihydroxydiclofenac, 5-hydroxyd-
iclofenac, 2,6-dichlorodiphenylamine, 2,6-dichloroaniline,
2,6-dichloro-4-aminophenol, 2-aminophenylaceticacid and
2-hydroxyphenylacetic acid) were present. The O,/H,O,
process, which was more effective against the decomposi-
tion of DCF, leads to the formation of only five by-products
(Fig.6), thatis, 4',5-dihydroxydiclofenac, 5-hydroxydiclofenac,
2,6-dichloro-4-aminophenol, 2-hydroxyphenylacetic acid and
2,3-dihydroxyphenylacetic acid. The presence of an addi-
tional source of OH" radicals in form of H,O, affected in a
higher ability to by-products oxidizing. This relation was
additionally confirmed by a smaller toxicological response of
test organisms exposed to water solutions after the O,/H,O,
process compared with samples after the O, process.
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The identified compounds during the O, decomposition
of DCF were similar to those noted by Yu et al. [22].
Sein et al. [44] estimated the dose of O, required for the
complete decomposition of diclofenac in solution with and
without an OH* scavenger agent. For the elimination of 1 mol
of diclofenac in the presence of +-BuOH scavenger 5 mol of

CH;
./ \
V.

I OH Ly
CH3 CH3 CH3
CH3 CH3 CH3
© |

wr 5

V4

viir x Ho‘®_\
CH
HOO—OH — OGO 3

Fig. 8. Possible decomposition pathway of bisphenol A in water
solutions of different pH after O,/H,O, process.

O, are needed. During the performance of reaction with-
out t-BuOH the mole ratio increases to 8 mol O, to 1 mol
diclofenac. This dependency may be caused by the fact that
OH" radicals generated intermediates, which can react more
quickly with O, than the diclofenac compound [44].

The largest number of nine oxidation by-products
was observed in BPA water solution at pH 11 after the O,
process. The GC-MS analysis indicated the formation
of 4-[2-(4-hydroxyphenyl)-2-propanyl]-1,2-benzenediol,
4,4'-propane-2,2-diyldibenzene-1,2-diol, 4-[2-(4-hydroxy-
phenyl)-2-propanyl]-1,2-benzoquinone, 3,4-dioxo-1,5-cy-
clohexadiene-1-carboxylic acid, 4-(2-hydroxy-2-propanyl)
phenol, 4-hydroxyacetophenone, 4-hydroxybenzoic acid,
hydroquinone and 1,4-benzochinon. The same transfor-
mation products were also present in the post-treated BPA
solutions of pH 9 and 7. Only in the solution of pH 5 the
parent compound oxidation leads to the formation of a
smaller number of by-products among which 4-[2-(4-hydr
oxyphenyl)-2-propanyl]-1,2-benzenediol, =~ 4-[2-(4-hydroxy-
phenyl)-2-propanyl]-1,2-benzoquinone, 3,4-dioxo-1,
5-cyclohexadiene-1-carboxylic acid, hydroquinone and
1,4-benzochinon were listed. Deborde et al. [45] identified
six BPA O,-oxidation by-products, which included 3-formy-
lacrylic acid derivatives. Those compounds were not detected
under our experimental conditions. Garoma et al. [46] also
identified other BPA ozonation reaction intermediates in the
form of acetone, resorcinol, formaldehyde and the organic
acids, acetic, formic, maleic and oxalic acid.

The introduction of H,O, during the O,/H,0O, process
resulted not only in a smaller removal degree of BPA, but also
contributed to the formation of only six transformation prod-
ucts, thatis, 4-[2-(4-hydroxyphenyl)-2-propanyl]-1,2-benzene-
diol, 4-[2-(4-hydroxyphenyl)-2-propanyl]-1,2-benzoquinone,
4-(2-hydroxy-2-propanyl)phenol, 4"-hydroxyacetophe-
none, hydroquinone and 1,4-benzochinon. Those products
were identified in all micropollutant water solutions inde-
pendently from the pH.

The obtained results confirmed the fact that O, attacks
structures with high electron density such as C=C bonds,
activated aromatic systems and non-protonated amines [47].
According Mvula and von Sonntag [48] ozone, due to its elec-
trophilic nature, usually reacts with aromatic rings by elec-
trophilic substitution or 1,3-dipolar cycloaddition, what was
also observed during our investigations. Compounds with
phenolic groups are in general highly reactive towards ozone
and OH" radicals [49,50].



96 E. Kudlek, M. Dudziak / Desalination and Water Treatment 117 (2018) 88-100

Table 4

Characteristics of identified compounds during the O,and O,/H,O, process of diclofenac sodium salt [31]

Micropollutant Molecular formula CAS No. Molecular mass (g/mol)
I 4',5-Dihydroxydiclofenac C,H,,CLNO, 69002-86-4 328
I 5-Hydroxydiclofenac C_H, CILNO, 69002-84-2 312
I 2,6-Dichlorodiphenylamine C,H,CLN 15307-93-4 238
v 2,6-Dichloroaniline CH.CLN 608-31-1 162
\Y 2,6-Dichloro-4-aminophenol CH.CLNO 26271-75-0 178
VI 2-Aminophenylaceticacid C,H,NO, 3342-78-7 151
VII 2-Hydroxyphenylacetic acid CHO, 614-75-5 152
VIII 2,3-Dihydroxyphenylacetic acid CH,O, 19988-45-5 168
Table 5

Characteristics of compounds identified during the O,and O,/H,O, process of bisphenol A [31]

Micropollutant Molecular formula CAS No. Molecular mass (g/mol)
I 4-[2-(4-Hydroxyphenyl)-2-propanyl]-1,2-benzenediol; C,H,0, 79371-66-7 244
5-Hydroxybisphenol
I 4,4'-Propane-2,2-diyldibenzene-1,2-diol C.H,0, 18811-78-4 260
mar 4-[2-(4-Hydroxyphenyl)-2-propanyl]-1,2-benzoquinone C.H,0, 163405-36-5 242
v 3,4-Dioxo-1,5-cyclohexadiene-1-carboxylic acid CH,O, 75435-17-5 152
\%4 4-(2-Hydroxy-2-propanyl)phenol CH,,0, 2948-47-2 152
vr 4'-Hydroxyacetophenone CH,O, 99-93-4 136
VII'  4-Hydroxybenzoic acid CH.O, 99-96-7 138
VIII'  Hydroquinone CHO, 123-31-9 110
X' 1,4-Benzochinon CHO, 106-51-4 108

3.2. Toxicity analysis

A complete analysis of the effectiveness of advanced
oxidation processes requires to estimate the toxicolog-
ical influence of the post-reaction water solutions on
different indicator organisms. The toxicity tests conducted
on saltwater bacteria, freshwater crustaceans and vas-
cular plants showed a continuously increase of toxicity
for both micropollutants water solution after their treat-
ment by the both O, and O,/H,0O, process. In Figs. 9 and
10, the toxicity effect of post-processed water solutions of
diclofenac was compared. All three tests confirmed that
the oxidation of diclofenac in the O,/H,O, process leads to
the formation of a smaller number of toxic intermediates
influenced the decrease of the metabolic processes of the
tested organisms than the single O, process. Only water
samples after 10 and 20 min of ozonation were character-
ized by the Lemna sp. GIT as lower toxic than those after
the O,/H,O, process. In general vascular, plants were least
sensitive to diclofenac transformation products. According
to the toxicity classification given in Table 3, water solu-
tions of pH 5 after 10 min of ozonation are classified by
all toxicity tests as toxic. The toxicity of post-ozonation
water solution decreases with the increase of the reaction
mixture pH. However, the Microtox® and the Daphtoxkit

F® test indicated a high toxicity of samples after 30 min
of ozonation irrespective of the solution pH. A high tox-
icity estimated by the use of the Microtox® biotest was
also observed in solutions of pH 5 and 7 after the O,/H,O,
process. The test results obtained by the Daphtoxkit F®
and Lemna sp. GIT calcified those water samples as toxic.
Whereas, the solutions of pH 11 were irrespective of the
process time and the used toxicity test classified as toxic
against water organisms. The oxidization of DCF by other
advanced oxidation processes, that is, heterogeneous
photocatalysis does not indicated a toxic nature of the
post-processed solutions [51]. This is due to a significantly
lower concentration of the formed transformation products
of the oxidized compound.

The toxicity analysis results for BPA water solutions
after the process of O, and O,/H,O, are presented in Figs. 11
and 12. In both processes, an increase of water toxicity with
the increase of the reaction mixture pH and the process
time was observed. It is correlated with the continuously
decrease of BPA and the formation of oxidation by-products
in those samples. The highest sensitivity of those phenolic
transformation products was observed for the Lemna sp. GIT
test organisms. According to test results obtained from the
vascular plant bioassay all post-processed water solution
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Fig. 9. Change of water toxicity during the O, process of DCF water solutions.
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are high toxic. While the Microtox® and the Daphtoxkit F®
tests indicated the decrease in water toxicity of solutions
of pH 5 and 7 after 5 min of the O,/H,O, process and the
solution of pH 5 after 5 min of the O, process. Those solu-
tions were not toxic for saltwater bacteria and freshwater
crustaceans. The Daphtoxkit F® test also classified all solu-
tions after 60 min of process duration as toxic. While the
Microtox® and Lemna sp. GIT pointed a high toxicity of sam-
ples of pH 7, 9 and 11 after the O, process and the sample
of pH 11 after 60 min of O,/H,0, oxidation. Kim et al. [52]
and Bertanza et al. [53] reported a reduction in both estro-
genicity and acute aquatic toxicity in BPA water samples
containing other organic matter such as wastewater or
wastewater effluents, after the O, process. Therefore, it can
be assumed, that the presence of organic matter contributes
to the improvement of the removal efficiency of toxic trans-
formation products.

4. Conclusions

The results obtained during the conducted investigations
proved that during the oxidation of organic micropollutants
several transformation products were formed. The decom-
position of DCF coursed more effectively in the ozonation
process supported by the addition of H,0O, than during sin-
gle O, oxidation. The removal rate of this pharmaceutical
compound after 60 min of O,/H,O, process ranged from 67%
to 89%, while for the O, process, the compound removal rate
did not exceed 66%. An inverse relationship was observed
for the oxidation of BPA. The highest removal rate of that
compound was noted for the single O, process. Additionally,
the pH of the reaction mixtures affected the effectiveness of
both O, and O,/H,0, processes. The removal rate of DCF
increases with the decrease of the water pH. On the other
hand, the oxidation of BPA decreases with the decrease of
the reaction mixture pH. The micropollutant concentration
in solutions of pH 5 was reduced in the O,/H,O, process by
19%, while in solutions of pH 11 the removal rate of BPA
was over 57%.

The GC-MS analysis of post-processed water solution
indicated theformationofseveraldecompositionby-products.
During the ozonation of DCF seven transformation prod-
ucts were identified. However, the O,/H,O, process leads
to the formation of only five by-products. The largest num-
ber of nine oxidation by-products was observed in BPA
water solution at pH 11 after the O, process. The negative
impact of the formed by-products on water organisms was
confirmed by the performed toxicity tests. Saltwater bacteria
were more sensitive to diclofenac transformation products
than other tested organisms and classified all water solution
after 60 min of both O,and O,/H,O, processes as high toxic.
The obtained toxicity results for water solutions contain-
ing BPA transformation products indicated the highest
toxic influence of those compounds on vascular plans. The
post-processed water solution was also classified as high
toxic.
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