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ABSTRACT

The generation of toxic by-products is an adverse effect that accompanies the processes of chemical
oxidation, which is increasingly being used to eliminate organic micropollutants from wastewater.
This paper concentrates on assessing the elimination of selected organic micropollutants (bisphenol
A, 17a-ethinylestradiol and 17f-estradiol) and evaluating the changes in the toxicity of wastewater
after various oxidation processes (UV, UV/OS, UV/TiOz) that were conducted for 30 min for compar-
ative purposes. The toxicity of wastewater was assessed with the help of selected indicator organ-
isms (bacteria, crustacea, a water plant) from different taxonomic groups. Regardless of the type of
researched oxidation process, the effectiveness of micropollutant elimination increased with time, and
oestrogens (17a-ethinylestradiol, 17(3-estradiol) were more susceptible to degradation than bisphenol
A. Nevertheless, after every oxidation process, the wastewater was toxic to one or more groups of
indicator organisms. Among the researched oxidation processes, the most efficient process for degrad-
ing micropollutants was the UV/O, process. The wastewater treated by this process was toxic only to
bacteria, which was the most sensitive group among the indicator organisms. This paper also presents
an interesting phenomenon regarding the influence of an environmental matrix on observed toxicity.
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1. Introduction

Currently, there is a demand for new technological
solutions that would allow a reduction in both the amount
and load of micropollutants that enter surface waters
from discharges of urban sewage treatment plants. This is
because the conventional treatment systems that are most
commonly used are ineffective in eliminating low molec-
ular organic substances found at low concentration levels
(i.e., micropollutants) [1,2].

In the area of wastewater treatment, oxidation constitutes
a key element in the technology of industrial wastewater
treatment [3] and in the post-treatment of municipal
wastewater that contains various organic pollutants,
including micropollutants [1,2,4-7].

* Corresponding author.

Among the oxidation processes used in the treatment of
wastewater, the so-called advanced processes using hydroxyl
radicals or other peroxyl radicals are gaining popularity. The
processes of advanced oxidation also utilise the synergy of
various oxidants (ozone, hydrogen peroxide, etc.) and UV
irradiation to boost the effectiveness and reduce the amount
of time needed to degrade organic compounds [3,4,7,8-10].

Chemical oxidants are also the source of various
unfavourable phenomena [3,11-14]. All strong oxidants, to
a greater or lesser degree, lead to the formation of oxidation
by-products, which often have unknown biological activities.
The formation of oxidation by-products may have a dramatic
impact on the toxicity of the treated solution. This problem
also occurs during advanced oxidation processes [3,11,12].
However, the literature on this topic is still scant.
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Based on this information, this paper concentrates on
assessing the degree of degradation of selected micropollutants
and changes in the toxicity of wastewater after subjection to
various oxidation processes.

2. Materials and methods
2.1. Research subject

The tests focused on three different organic micropollut-
ants, that is, bisphenol (a compound of the phenol group, used
in the production of plastics), 17a-ethinylestradiol (synthetic
oestrogen found in the majority of modern combined con-
traceptives) and 17f3-estradiol (natural oestrogen). Bisphenol
A, 17a-ethinylestradiol and 17p-estradiol were provided by
Sigma-Aldrich (Poland). In this work, model tests were car-
ried out. The applied concentrations of micropollutants were
higher than observed in the water environment (surface
waters, wastewater). The adopted order of magnitude facili-
tates the analytical procedure, and thus increases the accuracy
of the measurements. Samples consisted of micropollutants
solutions (concentrations ranging from 0.1 to 5.0 mg/L) in both
deionised water with nutrient salts and wastewater effluent.

2.2. Physicochemical analyses

The general parameters (i.e.,, pH and temperature) were
measured using a laboratory multi-parameter metre inoLab®
740, which is manufactured by WTW (Poland). Absorbance
was measured at a wavelength of 254 nm using a UV/VIS Cecil
1000 of Analytik Jena AG (Poland), and the concentration
of total organic carbon was determined using a HiPerTOC
analyser of Thermo Electron (Poland). Micropollutants were
extracted by solid phase extraction (SPE) and further anal-
ysed by high-performance liquid chromatography (HPLC).
SPE was performed with Supelclean™ ENVI-18 cartridges
(6 mL, 1.0 g, Supelco) which were conditioned with both
methanol (5 mL) and acetonitrile (5 mL). Then they were
washed with deionised water (5 mL) and eluated with 1 mL
of a mixture of acetonitrile:methanol (60:40, v/v). The extracts
were evaporated under a nitrogen stream. The analysis of
the extracted micropollutants was performed by HPLC with
UV detection (A = 220 nm) (Varian Inc., USA). Separation
was performed with an analytical column Microsorb 100
C18 (250 x 4.6 mm, 5 um) from Thermo Scientific (USA). The
mixture of acetonitrile and water in the volume ratio of 85:15
(v/v) was the mobile phase. All of the used solvents were
of analytical grade of the company Avantor Performance
Materials Poland S.A. (Poland).

Deionised water was the basis for the preparation
of research solutions. Micropollutants were dissolved

Table 1
Physicochemical characteristics of the tested solution

in deionised water and then diluted with the relevant
nutrient salt solutions required for the indicator organisms
used in accordance with the recommended procedures
(section 2.3).

The treated wastewater was collected from the drain
of a mechanical and biological wastewater treatment plant
located in southeast Poland, which initially did not contain
the tested compounds. The physicochemical characteristics
of the tested model solutions are presented in Table 1. Sample
pH was adjusted to 7.0 with the addition of 0.1 mol/L HCl or
0.2 mol/L NaOH.

2.3. Toxicological tests and toxicity

The tested solutions were assessed with regard to their
toxicity. For this purpose, three different types of biotests
were used, that is, a Microtox® enzymatic test, a Daphtoxkit
F® survival test and a Lemna minor growth test, to assess the
toxicity towards bacteria, crustacea and vascular plants.

The Microtox biotest® of the MicroBioTests Inc. (Belgium),
which uses Aliivibrio fischeri bioluminescence bacteria as
indicator organisms, was performed in accordance with the
screening test procedure of MicrotoxOmni in the Microtox
Model 500 analyser of the company Modern Water Inc.
(USA). The bacteria that were used are highly sensitive to a
wide range of both organic and inorganic toxicants [15]. The
test provides a percentage of bioluminescence inhibition,
which represents the value of the inhibited metabolic pro-
cesses of the indicator organisms that have been exposed to
the tested sample for 5 min against the value from the control
sample (i.e., 2% solution of NaCl).

The Daphtoxkit F® biotest of the MicroBioTests Inc.
(Belgium) uses freshly hatched freshwater crustaceans
(Daphnia magna) as indicator organisms. The test was
performed according to Standard Operational Procedure
in accordance with ISO 6341 [16]. The number of dead
organisms was read after 24 h.

The Lemna minor biotest was conducted on vascular plants
in accordance with OECD Guideline 221 (2001) [17]. The
plants used in the tests came from on-site farming. The test
consisted of observing changes in the plants” morphology.
The test was performed at a temperature of 25°C + 2°C and
at a continuous light exposure of 6,000 lux. The toxicity
was assessed after 7 d, and the result was the percentage of
growth inhibition experience by the plant fronds.

The effect of the toxicity (%) was determined according
to the equation:

e 100-(E, —E;)

% 1
i % 1)

K

Deionised water

Deionised water with salts Wastewater effluent

pH (original) 5.8
Conductivity (uS/cm) 5.18
Absorbance (UV,,,) (1/cm) 0.000

Total organic carbon (TOC) (mg/L) 0.00

6.7 72
33,400.00 mS 9,850.00

0.00 0.218

0.00 33.01
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where E, is the effect observed in a blank sample, E_ is the
effect observed in a test sample.

Depending on the given test, the effect was measured
by the decrease in bioluminescence (i.e., the enzymatic
Microtox® test) or organism viability (i.e., the Daphnia magna
test) and leaf growth (i.e., the Lemna minor test).

To eliminate the influence of the oxidant presence on
the ecotoxicological analysis, solid sodium sulphate of
Sigma-Aldrich (Poland) was added to the sample.

The toxicity of samples was classified using a common
system, which is used by many researchers [15,18-21] and is
based on the extent of the toxicity observed in the indicator
organisms (Table 2).

2.4. Oxidation processes

The photodegradation experiments included photolysis
(UV), photolysis—ozonisation (UV/O,) and photocatalysis
(UV/TiO,). They were performed in a laboratory glass batch
reactor with a capacity of 0.7 L of Heraeus (Germany) for
30 min. The reactor was equipped with an immersion medium
pressure UV lamp of 150 W located in a cooling jacket made of
Duran 50 glass, which emanated radiation with a wavelength
A, range from 313 to 578 nm. The lamp was placed in a
cooling jacket, which enabled to keep a constant temperature
of the conducted process that did not exceed 20°C + 1°C. The
reactor was placed on a magnetic stirrer and connected to an
aeration pump of capacity of 4 L air per minute to oxidate the
system. In the case of a combined process, UV/O, ozone was
produced from the air by an Ozone FM 500 generator with a
capacity of 0.14 mg/s (WRC Multiozon, Poland) and directed
to the reactor through a ceramic diffuser. The dose of ozone
was kept at a constant level of 3 mg/L, and the contact time
between the oxidant and water was 1 min. On the other hand,
in the UV/TIiO, process, the catalyst, that is, titanium diox-
ide, was added into the solution and stirred for 15 min to
ensure homogeneity before light exposure. The catalyst was
commercial titanium dioxide P25 of Degussa (Germany) at a
dose of 100 mgTiO,/L. Titanium dioxide P25 contains a mix-
ture of anatase and rutile (70:30, w/w).

The above conditions were selected for the oxidation
processes based on previous research in this area [22-24].

The effectiveness of micropollutant elimination was
assessed by monitoring for changes in concentrations (C/C),
where C and C; are the concentrations of a compound in
wastewater after and before the oxidation process, respectively.

The presented results are the arithmetic average of the
four repeats of each experiment. For all cases, the assigned
error (estimated based on the standard deviation) did not
exceed 5% so the results are presented without marking of
the ranges of error.

Table 2
Samples toxicity classification system [15,18-21]

Effect (%) Toxicity class
<25 Non toxic
25-50 Low toxic
50.1-75 Toxic
75.1-100 Highly toxic

3. Results and discussion

3.1. Relationship between toxicity and concentration of selected
micropollutants for deionised water solution

Aspartofthe preliminaryresearch, in the prepared solutions
of deionised water with salts, the influence of the concentration
of bisphenol A, 17a-ethinylestradiol and 17(3-estradiol on
bacterial bioluminescence inhibition was assessed (Fig. 1). The
micropollutants were tested separately. It was determined that
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Fig. 1. Influence of the concentration of (a) bisphenol A,
(b) 17a-ethinylestradiol and (c) 17(3-estradiol on Aliivibrio fischeri
bacteria (enzymatic test).
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as the concentration of bisphenol A and 17a-ethinylestradiol
in the deionised water with salts increased, bioluminescence
became increasingly inhibited. As presented in Table 2, the
solutions containing bisphenol A or 17a-ethinylestradiol at
concentrations above 0.5 mg/L were toxic. In the solutions
containing 17B-estradiol, regardless of its concentration,
no toxicity was observed. It was, however, reported that
17B-estradiol stimulated the bioluminescence of bacteria. In
the work by Schultis and Metzger [25], the oestrogenic activity
of this micropollutant has been documented.

Table 3 shows the results of the remaining toxicological
tests (i.e., the survival test with crustacea and the growth
test with a water plant). Despite the fact that during the
investigation of toxicity, the concentration of micropollutants
was the same as that in the enzymatic test, and the results of
the analyses were presented in a table due to the lack of a
clear linear dependence of the tested variables.

Toxicity to both the crustacea and the water plant was
reported in solutions whose concentrations of bisphenol A
were above 1.0 mg/L. The results indicate that these organisms
are not as sensitive to bisphenol A as bacteria. In the case of
17a-ethinylestradiol, the compound was found to be toxic to
crustacea and bacteria in solutions with concentrations of the
compound exceeding 0.5 mg/L. In the case of the water plant,
however, no toxicity was observed, regardless of the concen-
tration of 17a-ethinylestradiol. Additionally, no toxicity was
detected for solutions containing 17p-estradiol.

Based on the obtained results, the following research
hypothesis may be formulated: the effective elimination of
toxic micropollutants from an aqueous solution occurred
with the help of oxidation processes and resulted in lowered
toxicity. An exception to this rule suggests the existence of
other dangerous phenomena occurring during the execution
of these processes. Nevertheless, a complex biological
evaluation of the impact on micropollutants should be based
on tests using various indicator organisms due to their
varying sensitivity to micropollutants.

Table 3

3.2. Toxicity tests for various matrices

Subsequently, the toxicity of wastewater with and
without the addition of the tested micropollutant models
was examined (Fig. 2). The results were compared with the
results of the analyses that used deionised water with salts
that also contained a mixture of micropollutants. In the case
of deionised water with salts containing bisphenol A and
17a-ethinylestradiol, toxicity was reported for all three tested
indicator organisms (i.e., bacteria, crustacea, the water plant),
with bacteria being the most sensitive organisms. Wastewater
without the addition of micropollutants was toxic only to
bacteria. Once the tested micropollutant models were added,
toxicity was observed, but only to the water plant.

The source of the toxicity of wastewater without the
addition of micropollutants was not identified. What was
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Fig. 2. Toxicity of deionised water containing salts and
wastewater with and without micropollutants (concentration of
particular compounds was 1 mg/L).

Influence of micropollutants concentrations on crustacea and a water plant

Test Bisphenol A concentration (mg/L)
0 0.1 0.5 1.0 2.0 5.0
Effect (%) (toxicity class?)
Survival with Daphnia magna 0(-) 0(-) 10 (-) 35 (+) 45 (+) 50 (+)
Growth with Lemna minor 0(-) 8 (-) 17 (=) 58 (++) 58 (++) 92 (+++)
Test 17a-ethinylestradiol concentration (mg/L)
0 0.1 0.5 1.0 2.0 5.0
Effect (%) (toxicity class®)
Survival with Daphnia magna 0(-) 5(-) 25 (+) 45 (+) 50 (+) 55 (++)
Growth with Lemna minor 0(-) 0(-) 0(-) 0(-) 0(-) 8(-)
Test 17B-estradiol concentration (mg/L)
0 0.1 0.5 1.0 2.0 5.0
Effect (%) (toxicity class®)
Survival with Daphnia magna 0(-) 0(-) 0(-) 0() 10 (-) 50)
Growth with Lemna minor 0(-) 0(-) 0(-) 0(-) 0(-) 0(-)

3(-) non toxic; (+) low toxicity; (++) toxic; (+++) high toxicity.
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surprising, however, was the difference in toxicity between
deionised water and wastewater, given the fact that both
of these substances contained the same concentration of
micropollutants. This phenomenon was further investigated.

Wastewater is a complex mixture of various organic
and inorganic compounds. The presence of microorganisms
means that there are various biochemical processes occurring
in the water matrix that have an effect on the concentration
levels of organic micropollutants. Micropollutants present in
wastewater may be adsorbed onto the organic or inorganic
matter particles present in this mixture. They may also
be desorbed. Micropollutants may also form complex
compounds with other wastewater ingredients. Complex
compounds that are formed may be less toxic than a sin-
gle compound. That is why it cannot be inferred that the
observed toxicity of real wastewater would result only from
the concentration of toxic micropollutants.

The research by Loépez-Pefalver et al. [26] also
demonstrates that dissolving the same weighed amount of
tetracycline into two different environmental matrices, that
is, surface water and wastewater, resulted in wastewater
showing less bacterial bioluminescence inhibition than that
specified for surface water. Therefore, in the area of envi-
ronmental research, it is essential to conduct tests using real
environmental matrices.

3.3. Evaluation of different oxidation processes with regard to
micropollutant elimination and changes in wastewater toxicity

The last stage of research consisted of assessing the
elimination of the tested micropollutants and the changes in
wastewater toxicity caused by the use of various oxidation
processes over different periods of time (Fig. 3). The concen-
tration of each micropollutant in wastewater was 1 mg/L.

Regardless of the type of researched oxidation
process (i.e., UV, UV/O, UV/TIO,), the effectiveness of
micropollutant elimination increased with time, with
oestrogens (17a-ethinylestradiol, 17(3-estradiol) being more
susceptible to degradation than bisphenol A. Nevertheless,
after every oxidation process, the wastewater was toxic to one
or more groups of indicator organisms (i.e., bacteria, crusta-
cea, the water plant). This phenomenon was also influenced
by oxidation time. To compare the obtained correlations, the
oxidation time was set to 30 min, the time at which the great-
est degradation of the tested micropollutants was achieved.

Among the researched oxidation processes, the best effi-
ciency in terms of micropollutant degradation was demon-
strated by the UV/O, process. After 30 min of the process
that eliminated bisphenol A, 17a-ethinylestradiol and
17pB-estradiol, the detected changes in concentrations (C/C)
were 0.009, 0.007 and 0.002, respectively. The reduction in
the concentrations of specific compounds was very large,
exceeding 99%. During UV/O,, the selected indicators of
wastewater quality, that is, absorbance and total organic
carbon, were also significantly reduced. The reduction in
absorbance and total organic carbon amounted to 61.2% and
48.1%, respectively. Additionally, the treated wastewater
was toxic only to bacteria, which was the most sensitive
among the groups of indicator organisms. According to
the toxicity classes presented in Table 2, the toxicity of the
treated wastewater was low.
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Fig. 3. Elimination of tested micropollutants and changes in the
toxicity of wastewater subjected to various oxidation processes
(concentration of particular compounds was 1 mg/L): (a) UV,
(b) UV/O,, (c) UV/TiO,.

After 30 min, the effectiveness of the UV process, in terms
of the elimination of bisphenol A, 17a-ethinylestradiol and
17B-estradiol (C/C,), was also high and amounted to 0.017,
0.008 and 0.003, respectively. Of particular concern is the fact
that the treated wastewater was toxic to both bacteria and the
water plant. The toxicity of the treated wastewater was low
(Table 2).

After UV/TiO,, the observed elimination of bisphe-
nol A, 17a-ethinylestradiol and 17B-estradiol (C/C)) was
0.330, 0.071 and 0.031, respectively, and the treated waste-
water was toxic to bacteria, crustacea and the water plant.
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Comparing these results against Table 2 allowed us to deter-
mine that the treated wastewater was toxic or highly toxic
to bacteria, plants and crustacea. In the UV/TiO, process, the
decomposition of micropollutants was smaller than in UV
process, and post-process solutions were more toxic. The
used catalyst contains a mixture of anatase and rutile. During
photocatalytic oxidation, some of the hydroxyl radicals react
with rutile that may limit the distribution of low-molecular
micropollutants. It does not happen in the case of the UV pro-
cess. The difference in the toxicity of post-process solutions
is related to the toxicity of the produced by-products [27,28].
In the UV/TiO, process, the formed by-products are more
toxic than in UV process. Based on previous results [23], the
toxicity of the catalyst particles can be excluded. Adsorption
of micropollutants on the catalyst particles was insignificant
and did not exceed a 8% level.

Summarizing this part of the research, it can be inferred
that an ecotoxicological analysis is a good and fast indirect
tool for evaluating new technologies of wastewater treatment
with regard to the occurrence of dangerous phenomena, such
as the formation of toxic by-products during the degradation
of pollutants, including micropollutants. This is particularly
important in the case of oxidation processes. It needs to be
emphasised that the traditional identification of oxidation
by-products requires the use of time-consuming chromato-
graphic analytic procedures. Degradation by-products of the
tested micropollutants were not identified in this research.
However, the wastewater used in this study was collected
from an actual wastewater treatment plant discharge site,
so the added micropollutants may not have been the only
source of toxicity. The investigated oxidation processes were
evaluated alongside one another, so the obtained results pro-
vide insight into the impacts of particular processes on the
formation of toxic by-products during the degradation of
pollutants. One attempt has been made to answer the ques-
tion about why the toxicological effects obtained as a result
of the performed oxidation processes were so different. The
different results may be caused by various toxic by-products
that formed during the degradation of pollutants; these
by-products would be dependent on the type of the oxidation
process that was used. Equally important in this regard is the
durability of the toxic by-products produced during the deg-
radation of pollutants. This was confirmed by the correlation
that was explained earlier in this paper. Wastewater treated
with comparable oxidation processes was toxic to one or
more groups of indicator organisms (i.e., bacteria, crustacea,
the water plant).

4. Conclusions

e The evaluation of new technologies of wastewater
treatment, with regard to the occurrence of dangerous
phenomena, should be supported by ecotoxicological
analyses that use indicator organisms from different
taxonomic groups. This is of particular importance in
the case of oxidation processes. An ecotoxicological
analysis allows researchers to determine, in an indirect
way, whether toxic by-products are being generated by
oxidation processes.

e Among the tested oxidation processes (i.e, UV,
UV/O,, UV/TiO,), the most effective one, with regard

to micropollutant (i.e., bisphenol A, 17a-ethinylestra-
diol and 17p-estradiol) degradation, was UV/O,, as the
treated wastewater was toxic only to bacteria, which are
the most sensitive of the chosen indicator organisms (i.e.,
bacteria, crustacea, water plants). The effectiveness of the
UV process was also high, but the treated wastewater
was still toxic to both bacteria and the water plant. The
least effective treatment was the UV/TiO, process, as the
treated wastewater was still toxic to all three groups of
indicator organisms.
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