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Abstract— Degradation of endocrine disruptors
on an immobilized titanium dioxide photocatalyst
in the presence of UV light was tested on a
specially designed plug-flow reactor. The active
part of this pilot plant reactor with the inner free
volume of 3.5L consisted of stainless steel
annulets coated by titanium dioxide thin layers in
a zig-zag arrangement. Two representative
endocrine disruptors, 17-ethynyl estradiol and
bisphenol A, in water solution were chosen for
testing of the designed pilot plant reactor.
Efficiency of the reactor was evaluated for various
concentrations and flow rates. Process
effectiveness and high reproducibility was also
confirmed by estrogenity and toxicity tests. The
designed photocatalytic treatment system was
tested by purification of real waste water
containing seven main endocrine disruptors and
rinsed water from pharmaceutical industry.
Efficiency of the photocatalytic degradation
process varied between 44 — 100 % with respect to
the individual endocrine disruptors and flow rates.
Possible utilization of the photocatalytic reactor
as the last purification unit at sewage plants was
confirmed even for flow rates up to 300 L/h.

Keywords — Endocrine disruptor; Titanium
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l. INTRODUCTION

Endocrine disruptors (EDCs) have been receiving
a growing worldwide attention owing to their potential
negative impacts on human health and environment.
Endocrine disruptors belong to exogenous hormonally
active agents influencing the hormonal system of
animals and humans and can negatively affect their
development. These compounds possess a very large
chemical diversity, which influences their different
endocrine activities. Agency for Environmental
Protection (EPA) has established a list of potential
substances with endocrine activity of over 10,000
molecules [1]. One of the first study focused on the
EDCs is the publication written by T. Colborn (1993)
[2]. The ability of EDCs to bind to steroid hormone
receptors led scientists to a closer investigation of the

endocrine disruptor hazard, particularly on wildlife and
humans [3-6]. Moreover, endocrine disruptors may be
hormonally active in very low concentrations and they
may cause chronic disorders during a long-term
exposure [7].

Regarding the fact that conventional methods of
water and sewage treatment are not completely
effective in removing the EDCs, Advanced Oxidation
Processes (AOPs) have been intensively studied as
really promising technologies for EDCs degradation
[8-13]. Especially, heterogeneous photocatalysis has
evoked a great interest in treatment of various types
of organic contaminants found in polluted water or air.
This method is based on the formation of highly
reactive species which can degrade even the most
recalcitrant molecules. The most commonly used
photocatalyst is titanium dioxide (TiO,) applied in the
form of powder or immobilized as a thin layer. An
intensive effort has been focused on removing single
endocrine disrupting compounds (EDCs) or their
mixtures which belong to the group of environmental
pollutants from polluted water by TiO, photocatalysis.

Nevertheless, most studies were usually carried
out in a laboratory scale [14-20], and studies
concerning pilot scale units are rare. Moreover, the
total majority of pilot plant experiments combine the
TiO, photocatalysis with other AOPs such as Fenton
or photo-Fenton treatment, the solar UV-light system
or the addition of hydrogen peroxide [20-22] together
with  membrane processes such as cross-flow
microfiltration to guarantee the TiO, powder removal
[23]. Other pilot studies were limited to experiments
with solar type pilot plants [24-27]. Thus, there is a
lack of literature dealing with the application of TiO,
photocatalysis in the pilot plant scale. Moreover, this
method does not indicate the formation of
estrogenically active transformation products during
the treatment and, therefore, it seems to be highly
effective and proficient for water purification.

Consequently, this study is focused on water
treatment containing various EDCs by application of
photocatalytic oxidation in a specially designed pilot
plant unit with immobilized TiO,. Efficiency of this
reactor was tested not only on simulated polluted
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water but also on real waste water after the sewage
plant treatment or real water from pharmaceutical
industry with special focus on representative EDCs
such as 17b-ethynyl estradiol, bisphenol A,
norethisteron, danazol etc.

Il. MATERIALS AND METHOD
A. Preparation of TiO, layer

TiO, thin layers were prepared by a sol-gel process
controlled in a reverse micellar environment by a dip-
coating technique. TiO, was synthesized by the
addition of Titanium (V) isopropoxide (Ti(OCH(CHs),)4,
Aldrich, > 97%) into the formed inverse micellar
solution made of cyclohexane (Aldrich, 99.9+%, HPLC
grade), non-ionic surfactant Triton X114 (Cy;H4g075s,
Aldrich) and distilled water. The molar ratio of
cyclohexane/Triton X114/water/Ti(OC3H;), was kept at
11/1/1/1 (volume ratio TX114/cyclohexane = 0.49)
[28]. Thin TiO, films were deposited by four cycles of a
dip-coating method. The substrate was dipped into the
sol during 30 s and then it was pulled out with the
velocity of 6 cm min™’. At the time between the single
dip-coating cycles, the samples were thermally treated
by calcination at 450 °C for 4 h with the temperature
ramp 1 °C min™ in an air flow in a muffle furnace. As a
substrate, 21 stainless steel annulets of 2 different
averages were used. The larger annulet had
240.5 cm?, and the smaller one 224.2 cm”.

B. Layer characterization

Structural analyses of the prepared thin TiO, films
were performed by X-ray diffraction (Panalytical-MRD
laboratory diffractometer with the Cu anode), Raman
spectroscopy (Raman Dispersive Spectrometer Nicolet
Almega XR, 473 nm laser), scanning electron
microscopy (Hitachi S4700) and atomic force
microscopy (Thericroscopes). The layer resistance
was measured by an abrasion tester Elcometer 1720.

C. Decomposition of endocrine disruptors

17a-ethynylestradiol (EEZ2; Sigma-—Aldrich,
>298.0% HPLC) and bisphenol A (BPA; Sigma-
Aldrich, = 99.0 %) were chosen as the representative
endocrine disruptors for tests with simulated water.
The initial applied concentration of EE2 and BPA was
10 ppm. The average initial concentrations of the
monitored EDCs in the real waste water after the
sewage plant treatment are summarized in Table I. for
three main contaminants (bisphenol A (BPA), irgasan
(IRG) and 4-nonyphenol (4-NPH)).

TABLE I. ENDOCRINE DISRUPTORS IN REAL WASTE WATER
Substance Concentration [ng/L]
BPA 387.2
IRG 180.2
4-NPH 59.6

Decomposition of EDCs was studied by a
photocatalytic process by means of the UV light
activated TiO, thin layers. Irradiated TiO, creates

active radicals which can react with molecules of
water or directly with endocrine disruptors and form
oxidative products and intermediates. This process
can be described by a simple mechanism (Equation
1-4).

TiO, + hv — TiO, (" + h") (1)
h*+ H,0 - OH'+ H" 2)
e+0,—> 02. (3)
h*/OH" + ED — Oxidative products (4)

The degradation of EDCs in water was evaluated
on the basis of the concentration decrease. The
analysis was performed on Waters Alliance HPLC
module equipped with PDA detector, a column
thermostat and Empower software. Standard retention
time and UV spectra by consensus (maximum
280 nm) were used for identification.

Kinetic parameters of the reactions studied in
photocatalytic system were determined by fitting
experimental data to the theoretical model described
by the equation (5), where, c, represents the
concentration of A in dependence on time, Cyg is the
initial concentration of A, n represents experimental
order of the reaction, k for reaction rate coefficient and
1 for time.

ca=cao[1+(n=1)cag” kr]"" n (5)

The standardized determination of
bioluminescence inhibition of Vibrio fischeri bacteria
strain was applied [29] as a toxicity test. For this
purpose, a gram of negative bacteria strain V. fischeri
NRLL-B- 11177 was used as a testing microorganism.
Bacteria emit the light arising in the organism during
the chemical reaction and this visible light is reduced
at the contact of bacteria with the contaminant.

Estrogenity was tested on a Saccharomyces
cerevisiae sp. strain with an integrated receptor for
human estrogen and androgen compounds. The yeast
cells in contact with hormonal active agents produced
luciferase, which together with luciferin present in the
medium created light measured by luminometer.

D. Pilot plant experiments

According to the obtained data and knowledge
based on the flow and batch reactors [30], a pilot
reactor was built up. Photocatalytic experiments were
performed in this special pilot plant reactor (Fig. 1)
[31] placed at the sewage treatment plant area. The
active part of the pilot plant reactor with the inner free
volume of 3.5L consisted of 21 stainless steel
annulets coated by TiO, active thin layers. The reactor
body uses a system of two tubs - an inner quartz tube
and outer borosilicate glass tube. A medium pressure
mercury lamp Philips HOK 25/120 with technical data:
Overall Length C 367 mm; Diameter 21.6 mm; Lamp
Wattage 2500 W; Lamp Voltage 440V is situated
inside the quartz tube. This UV lamp emits the
polychromatic light beam which is cooled by air
blowing in the inner tube and actuated by a ventilator.
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The photocatalytic reactor is covered by a metal case
to prevent UV light emission.
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Fig. 1. Pilot plant photocatalytic reactor

The space between the inner tube and the outer
tube is filled by rings with immobilized TiO,
nanoparticles in a thin layer form. The contaminant
water was pumped into the reactor at a constant rate
and flow through the reactor annulus from the bottom
upwards. The system of coated annulets was created
by alternated organized bigger and smaller rings
characterized by the shape of an isosceles triangle in
a vertical sectional view (Fig.?2). This special
arrangement provided the unique zigzag stream mode
of contaminant water which ensured higher
photocatalytic efficiency due to the increased UV
irradiation transmittance and the larger irradiated area
of the photocatalyst. The UV light emitted by the lamp
homogenously irradiated the skew upper and lower
area of the small and big rings, which caused
photocatalysis and photolysis of organic compounds
in the flowing contaminated water. The special zigzag
water flow in the reactor led to a better transfer of the
matter between molecules of contaminants and the
photocatalyst surface, which also increased the
photocatalytic activity.

Fig. 2. The coated annulets system with thin TiO; films

I1l. RESULTS AND DISCUSSION
A. Layer’s characterization

The prepared thin TiO, layers deposited on the
metal rings possess the anatase crystalline structure,
which was determined by XRD analysis and Raman
spectroscopy. The thickness of three deposited layers
was evaluated from images made by SEM and it was
estimated at 330 nm. The layer surface morphology
was studied by AFM analyses and the obtained value
of RMS factor (< 1) indicated a smooth surface of
layers. A more detailed characterization of layers was
described in our previous work [32].

Regarding any application, layer resistance belongs
to the most important properties. Therefore, the
abrasion test was performed. A frictional element- felt
disc with the density of 0.56 g cm-3 was applied as a
tester. The abrasion resistance was tested by 1160
cycles with the weight of 0.25 kg and 2900 cycles with
the weight of 0.5 kg. After these 4060 cycles, only 40-
50 % of TiO, layers were removed, which corresponds
to high abrasion resistance.

B. Degradation of simulated water

Two representative endocrine disruptors in water
solutions were chosen for photocatalytic degradation in
the designed pilot plant reactor with the volume of
3.5L. EE2, which represents the pharmaceutical
substance of hormonal contraception, and BPA, which
is released e.g. from food packages, were selected as
model EDCs. The efficiency of the degradation
process was studied on simulated water with the initial
concentration of both contaminants of 10 ppm. This
model concentration of EDCs was chosen on the basis
of the laboratory tests made in a flow photoreactor.
The chosen concentration of EE2 similarly as BPA in
simulated water was significantly higher than the usual
sum of endocrine disruptors in real water at the output
of sewage plant. Thus, the certainty of absolute
purification of real water could be guaranteed even at
high velocities.

Photocatalytic degradation of EE2 was measured
for three various flow rates - 6, 9 and 14 L/h with
corresponding retention time of 35, 24 and 15 min. The
reaction course of EE2 decomposition during
photocatalytic reaction in the reactor is depicted in
Fig. 3. The efficiency of EE2 degradation process at
flow rates 6 and 9 L/h achieved 95% and 90 %
respectively, while at 14 L/h the decomposition
efficiency decreased to 78 %. The difference in
efficiency between the flow rate 6 and 14 L/h is almost
20 % and it is evident that the degradation efficiency
strongly depends on a used flow rate. In fact, the most
important quantity is the retention time; a higher
retention time causes a longer time of photocatalytic
reaction of the solution on the TiO, layer surface and
thus higher degradation efficiency.
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Fig. 3. Decomposition of EE2 from model water at various
flow rates, e —6 L/Ih, m—9 L/h, A —14 L/h

The photocatalytic degradation of BPA at three
various flow rates - 5, 11 and 14 L/h is depicted in
Fig. 4. The retention time of the solution during
irradiation in the reactor was 45, 19 and 15 min,
respectively. The highest conversion was reached at
flow rate 5 L/h and the efficiency was 80 %. It can be
seen that BPA is a more resistant compound to the
photocatalytic process than EE2. Comparing the
reached results at flow rate 14 L/h after 1 reaction
cycle (15 min), it is obvious that degradation efficiency
of EE2 is 78 % while BPA only 44 %; thus, EE2
degradation is nearly twice more efficient than BPA.

To obtain reproducibility of the measurements the
photocatalytic experiments were repeated and the
determined deviation was lower than 5 %.
Nevertheless, this deviation includes not only
reproducibility of the experiments but also the error of
the analytical method and analytical determination.
Therefore, it can be concluded that reproducibility of
photocatalytic experiments is evidently very good.

Kinetic parameters of EE2 and BPA degradation in
photocatalytic reactor were calculated acording the eq.
(5) and are summarized in Table Il. The obtained
kinetic data of EDCs decomposition in the photo-
reactor evinced the pseudo first order reaction for both
compounds.

100

80 |

0 10 20 30 40 50
t [min]

Fig. 4. Decomposition of BPA from model water at various
flow rates, e —51/h,m - 11 L/h, A —14 L/h

Comparison of the rate constants (Table II.) clearly
shows higher efficiency for EE2 degradation.
Degradation of EE2 solution was approximately
3.5 times faster than for BPA solution.

TABLE II. KINETIC PARAMETERS OF EE2 AND BPA SOLUTION
DEGRADATED IN PILOT PLANT UNIT
k n Cao
O min'l [ [mgL?
EE2 0.091 1.011 11.31
BPA 0.026 1.194 11.83
Many researchers have investigated the

degradation of BPA using various series of oxidants
and described the oxidation kinetics but only in a
laboratory scale [33-35]. In fact, there is a real lack of
literature providing similar results for pilot plant scale;
nevertheless, J.Sharma [36] studied photolysis of BPA
with and without H,O, addition under similar
conditions. They achieved without H,O, addition under
UV radiation efficiency of 30% during 350 min and with
H,O, addition under UV radiation the efficiency
increased up to 80% in dependence of H,0,
concentration (1.47 -11.76 mM). The reported results
for BPA degradation with UV/H,O, showed pseudo-
first-order kinetics for the oxidation reactions.
Regrettably, important information concerning toxicity
and/or estrogenity before and after a degradation
process is really missing.

C. The effect of EDCs degradation on toxicity
and estrogenity

During photocatalytic degradation of EDCs some
new intermediates or by-products are created and
these compounds can possess higher estrogenity and
toxicity than the original contaminants. Therefore, we
focused on estrogenity and toxicity of EE2 and BPA
decomposition. The obtained results for the flow rate of
14 L/h are summarized in Fig. 5, where the vertical
dashed line represents retention time of the reactor.

100 100

80 80

g K
O 10 409
20 20
0 0
0 10 20 30 40 50
t [min]

Fig.5. Estrogenity and toxicity of EE2 during the

photocatalytic experiment, e — Concentration at 14 L/h,
m — Estrogenity, A — Toxicity, -- 1 cycle (15 min)
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It is evident that the estrogenic activity of EE2 was
reduced to 20 % and the toxicity value ranged from 0
% to 3 %, which falls to error of analytical
determination and can be evaluated as a zero toxic
effect during the reaction. The measured values of
toxicity and the residual concentration in EE2 solution
also demonstrated rapid equilibration (15 min)
corresponding to the residence time at a given flow. It
follows that no emerging products, intermediates or
by-products which reveal any estrogenic activity were
created.

Similar results were also obtained for BPA
degradation. The decrease of estrogenity corresponds
to BPA degradation rate and the significant decrease
of toxicity was also detected, see Fig. 6. Toxicity and
estrogenic activity of BPA solution during the
experiment was measured at a flow rate of 5 L/h,
which corresponds to the residence time of 45
minutes and the highest degradation efficiency

(Fig. 4).

¢/, [%]

0

0 10 20 30 40 50
t [min]
Fig. 6. Estrogenity and toxicity of BPA during the
photocatalytical experiment, e — 5 L/h, m — Estrogenity,
A — Toxicity, -- 1 cycle (45 min)

The results show a significant drop of BPA
concentration in the solution during the first 10
minutes, which resulted in concentration and
estrogenic activity reduction of 69 % resp. 70% and
even the toxicity decreased from 35 % to 20 %. After
this period, a slight decrease of BPA residual
concentrations to 18.5 % was visible, which could be
caused by variation in the flow rate.

These facts corroborate the original idea that
during the photocatalytic process in the designed pilot
plant unit not only the original compounds but also the
intermediates and by-products can be successfully
degraded.

D. Degradation of the real waste water

Accumulation of endocrine disruptors in nature has
become a significant environmental problem in which
municipal and industrial waste water is involved.
Therefore, an industrial town with 67 thousand
inhabitants was chosen as a source of real waste
water. One of the small sewage plants employed for
waste water treatment was selected for degradation

experiments. The photocatalytic pilot plant reactor was
placed as the last purification unit at that sewage plant.
Besides the above mentioned contaminants (EE2,
BPA, 4-NPH and IRG) were also monitored other
common contaminants: estriol (E1), estron (E2) and
estradiol (E3). It can be seen (Fig. 7) that
concentrations of all contaminants varied in time,
particularly concerning BPA and E1. Therefore, long-
term photocatalytic experiments were also conducted.
Fig. 8 shows the degradation process efficiency for
water with a relatively high content of contaminants for
the flow rate of 30 L/h with the residence time of 7 min.
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4
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Fig. 7. Concentration of EDCs during 7 consecutive days,

-—-— BPA, - - 4-NPH, - - -E1, ——E2, - - - E3, =~ EE2,

40 -

30

20
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10 -

BPA 4-Nph E1 E2 E

Fig. 8. Endocrine disruptor degradation from real waste
water in the pilot plant reactor (Flow rate 30 L/h; Residence
time 7 min), m — Input, =- Output

I |
3 EE2 IRG

Results show that decomposition of 4-Ph, E1 and
IRG contaminants achieved more than 95 %, and EE2
and BPA decomposition reached 87 resp. 88 %. E2
and E3 compounds in this waste water sample
occurred at minimal concentration only. Thus, a very
good degradation efficiency of a pilot reactor was
confirmed. High efficiency of the pilot plant reactor
should be emphasized, particularly due to the fact that
purification of water containing a huge number of
mutually influenced contaminants is extremely
complicated.
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Not only concentration of contaminants but also
toxicity and estrogenity determination, and water at
the input and output of the photocatalytic pilot plant
unit were characterized by the most important
indicators of wastewater pollutions, namely TOC (total
organic carbon) and CODc, (chemical oxygen
demand). The obtained results are summarized in
Table IlI.

TABLE III. VALUES OF WATER POLLUTION INDICATORS AT THE
INPUT AND OUTPUT OF THE PHOTOCATALYTIC REACTOR (5 HOUR)

>
E’E O - o7 SO—7 ay
3 2 oY QY 8L 9d
Water T S5 O = O > 0D
= 38 FELTE LE JE FE
@]
O

Input 7.5 127 98 389 85 627 38

Output 7.5 129 80 412 75 168 3.9

“TOC - Total organic carbon, “TIC — Total inorganic carbon,
%poC - dissolved organic carbon, “COD¢ — Chemical
oxygen demand, >TSS — Total suspended solids

Generally, the process of photocatalytic oxidation
(TiO,/UV) reduced CODc, and TOC values. It is
caused by the non-selective oxidation mechanism in
which OH radicals oxidize the entire organic pollution.
The value of TOC corresponded to the TOC normal
background level in surface waters; therefore, no
significant reduction of TOC value was detected.
However, there was a significant decrease in COD¢,
indicator - almost to the normal background level. De
facto, oxidation leads to mineralization of organic
substances to targeted inorganic substances, which
are CO, and H,O and it causes the increase in TIC
content (carbonates and free CO,). Photocatalytic
oxidation may also cause precipitation of certain
inorganic materials, which is indicated by the increase
in TSS values. In this case, a slight growth of both
indicators TIC and TSS was detected, which
corroborates the presumptions.

This study also drew attention to the increasing in
flow rates and concentration of contaminants. Fig. 9
shows results of degradation process efficiency with a
10 times higher flow rate and 10 times higher
concentration of endocrine disruptor pollutants. The
same real waste water used for Fig. 8 experiments
was spiked by individual contaminants to achieve their
concentration between 480 — 550 ng/L. It is evident
that even for such high concentrations of
contaminants and flow rates 200 L/h or 325 L/h,
degradation efficiency of the designed pilot plant
reactor reached 93 %, or 88 %, resp.

Concentration [ng/fL]

BPA El E2 E3 EE2 IRG
Fig. 9. Endocrine disruptor degradation from real waste
water in the pilot plant reactor (m input, m output 325 L/h,
o output 200 L/h)

Finely, efficiency of the designed pilot plant reactor
was also tested on the rinse water from
pharmaceutical industry, which contained another
EDCs compounds (Norethisteron, Danazol).
Concentrations of both EDCs at the input and output of
the photocatalytic reactor for two flow rates (20 L/h and
30 L/h) are summarized in Table IV. It can be seen
that degradation efficiency was 90 — 100 % and mainly
in all cases it was below the officially allowed limit
0.5 mg/L.

TABLE IV. CONCENTRATION OF NORETHISTERON AND DANAZOL
AT THE INPUT AND OUTPUT OF THE PHOTOCATALYTIC REACTOR
Input Output
- 20L/h 30L/h
¢ [mg/L] ¢ [mg/L] ¢ [mg/L]
Danazol 5.99 <0.05 0.1
Norethisteron 4.82 0.106 0.45

IV. CONCLUSIONS

The pilot plant photocatalytic reactor with stainless
steel annulets coated by TiO, thin layers with the
active anatase crystalline structure was designed and
successfully tested. For preliminary testing of the
designed pilot plant reactor, 17a-ethynylestradiol and
bisphenol A as representatives of endocrine disruptors
in water solutions of concentration 10 ppm were
employed. The photocatalytic degradation of EE2 and
BPA was performed at various flow rates in the range
of 5 — 14 L/h with efficiency between 78 - 95 % for EE2
and 44 — 80 % for BPA. During the decomposition
process, the estrogenity of both simulated waters
gradually decreased simultaneously with the
degradation of contaminants. The same trend was
found for toxicity of BPA solution, while EE2 revealed
no toxicity during the whole degradation process.
Based on this, it could be deduced that emerging
products, intermediates or by-products revealing any
estrogenic activity do not arise during the degradation
process. These facts corroborate the original
presumption that during the photocatalytic process in
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this designed pilot plant unit not only the original
compounds but also intermediates and by-products
can be successfully degraded.

Regarding photocatalytic degradation experiments,
the real waste water from an industrial town was
chosen to guarantee the presence of various types of
EDCs produced from households, hospitals and
machinery. Seven main contaminants (EE2, E1, E2,
E3, BPA, 4-NPH and IRG) were detected at the output
of the sewage plant, which was used as the input into
the pilot plant photocatalytic reactor. Long-term
photocatalytic experiments were also conducted, due
to the fact that concentrations of all contaminants
significantly varied in time. The efficiency of the
photocatalytic degradation process varied between
87 — 100 % for all photocatalytic experiments. These
values of efficiency are significantly high, considering
the difficulties connected with purification of water
containing a huge number of the mutually influenced
contaminants. Moreover, the highest applied flow rate
(325 L/n) corresponds to volume of treated water at
the smallest sewage plants.

To test the another possibilities of the
photocatalytic pilot plant unit utilization, purification of
the rinsed water from pharmaceutical industry
containing other EDCs compounds (Norethisteron,
Danazol) was also performed at two various flow rates;
20and 30 L/h. Efficiency of the photocatalytic
degradation process was 90 — 100 % and it should be
emphasized here that the concentration of EDCs
dropped down below the officially allowed limit
0.5 mg/L in all experiments.

Finally, it must be mentioned that all experiments
were performed at the pilot plant reactor with the
original TiO, layer, which refers to its enormous
resistance and a long life time of the designed
photocatalytic unit. It was proved that photocatalytic
degradation of endocrine disruptors on TiO, layers is
an efficient degradation method regarding both the
pilot scale and the small real scale.
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