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Photolytic and photocatalytic removals of 17a-ethinylestradiol (EE2) and levonorgestrel (LNG) in phar-
maceutical wastewater were investigated under UVC radiation. Wastewater collected from WYETH,
St-Laurent, Canada contained high concentrations of EE2 and LNG in suspension and coloring agent tar-
trazine in solution. Aqueous phase removals of EE2 and LNG were studied as individual contaminants in

Accepted 3 January 2012 water and in complex matrices including: co-contaminants in water, in simulated synthetic wastewater

; and in the wastewater. After 30 min of UVC photocatalysis of the individual contaminants, removal effi-
If;);v—vgtrgisrllylestradiol ciencies of EE2 and LNG were 92% and 97%, respectively, while higher photolytic removal was observed
Levonorgestrel for LNG (94%) compared to EE2 (60%). Hydroxyl radicals were shown to contribute significantly to the
Photocatalysis removal of both compounds in water. In contrast to EE2, photolytic removal of LNG was higher than
Photolysis its photocatalytic removal efficiencies in all complex matrices. Higher photolytic removal of LNG was

attributed to the fact that it absorbs UVC radiation considerably more than EE2. Lower photocatalytic
removals of LNG in complex matrices compared to its photocatalytic removal as an individual contam-
inant was due to the presence of EE2 at concentrations up to five times larger than LNG in water, thus
leading to increased competition for hydroxyl radicals and retarding LNG removal. In the wastewater
matrix photocatalytic removals for EE2 and LNG were similar at 48%, whereas the photolytic removal
of LNG (76%) was higher than EE2 (29%). The applicability of UVC processes for reduction of hormone

Pharmaceutical wastewater

content in similar wastewaters was demonstrated.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

The occurrence of natural and synthetic chemicals in the aquatic
environment has been reported regularly in the recent years [1,2]
and the observed adverse effects of these compounds on human
and aquatic wildlife by interfering with the endocrine system is
now an issue of global concern [3,4]. These compounds are referred
to as endocrine disrupting chemicals (EDCs). The U.S. Environ-
mental Protection Agency (EPA) defines environmental EDCs as
xenobiotics that interfere with the synthesis, secretion, transport,
binding, action, or elimination of natural hormones in the body that
are responsible for the maintenance of homeostasis, reproduction,
development, and/or behaviour [5]. Common EDCs include natural
estrogens such as estrone (E1), 173-estradiol (E2) and estriol (E3),
synthetic estrogens such as 17a-ethinylestradiol (EE2) and indus-
trial chemicals such as bisphenol A, DDT, alkylphenols, PCBs and
phthalic esters.

A major source of aquatic contamination by EDCs is the effluent
of sewage treatment plants (STPs) associated with domestic and
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hospital wastewater as well as with manufacturing plant wastew-
ater. Estrogenic hormones have been commonly detected in the
effluents of STPs, surface waters and evenin treated drinking waters
[2,6-8]. Among these, EE2 is a synthetic estrogen widely used in
oral contraceptives and hormone replacement therapy. A whole
lake addition study performed in Canada showed that spiking a lake
with EE2 concentrations of 5-6 ng/L resulted in extinction of whole
fish populations [9]. EE2, even at ng/L concentration levels, was also
shown to induce the expression of vitellogenin in male fish, cause
sex differentiation, and lead to the reduction in fish fertility [10,11].
LNG is a synthetic progestogen (i.e. progestin), used either alone
or in combination with EE2 in a variety of hormonal formulations
[12,13]. Occurrence of progestins only recently received attention,
and currently there are very few data on the presence of these com-
pounds in aquatic environments [14,15]. LNG was found to affect
male fertility and exposure to high levels of LNG (500 p.g/day over
10 weeks)was shown to lead to azoospermia (no measurable sperm
in semen) by Bebb et al. [16]. Due to the undesirable affects of
EDCs on the environment and low removal in wastewater treat-
ment plants, more effective treatment methods are necessary to
mitigate their impact on the environment and public health.
Advanced oxidation processes (AOPs) have been recently inves-
tigated as complementary or alternative methods to conventional
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wastewater treatment. AOPs such as ozonation [17-19], fenton
and photo-fenton oxidation [20,21], photocatalysis and photolysis
[22-32] have been investigated as effective methods for elimina-
tion of estrogenic activity of EDCs such as EE2. Few photo-removal
studies for EE2 were performed in complex matrices as mixtures
of estrogens [25], with co-pollutants in complex water matrices
[23,24] and in natural waters [32]. Generally there is lack of data
on the photo-removal of EE2 in a wastewater matrix, especially
no information on removal of mixture estrogens and progestins in
manufacturing plant wastewater is available. Additionally, there
are no reported data on the photolytic or photocatalytic removal of
LNG.

Based on the previously mentioned gap of knowledge, the objec-
tive of this work was to evaluate the applicability of UVC photolysis
and photocatalysis to remove simultaneously EE2 and LNG in
pure water matrix, and more importantly in a complex wastew-
ater matrix produced at a pharmaceutical processing plant. The
wastewater selected for this study was the highly concentrated
wastewater generated from the oral contraceptive production facil-
ities of WYETH, St-Laurent production plant. The current method
of disposal of the first wash of the mixing vessels used for produc-
tion is segregation followed by incineration. Incineration of large
quantities of diluted aqueous solutions is costly. Therefore study-
ing the applicability of a photolytic or a photocatalytic process as
a wastewater treatment alternative is necessary to help reduce (or
completely remove) the concentrations of the hormonally active
compounds from the first wash, which might then be safely mixed
with the rest of the wastewater generated at the plant.

2. Materials and methods
2.1. Reagents

17a-Ethinylestradiol (EE2, CyoHz40,, >98%), 17p-estradiol
(EZ, C18H2409, 298%), levonorgestrel (LNG, Cy1Hy509, 299%),
19-norethindrone (NOR, CyoHy0,, >99%), tartrazine (TART,
C16HgN4Na30g9S;, >98%) and ammonium acetate (>98%) were
obtained from Sigma-Aldrich, Canada. Commercial TiO, Degussa
P25 (70% anatase and 30% rutile) was used as catalyst with an
average particle size of 30 nm and a BET surface area of 50m?/g,
according to the manufacturer. HPLC grade methanol, acetonitrile,
chloroform and isopropanol as well as KOH pellets were purchased
from Fisher Scientific, Canada. 95% ethanol was obtained from
(Commercial Alcohols Inc., Boucherville). All the chemicals were
used as received without purification.

2.2. Wastewater collection and quantification of pharmaceutical
compounds

Industrial wastewater samples were collected at the WYETH
production plant located in St-Laurent, Canada on November 11th,
2008 by taking a grab sample (10L) from the first wash of the
vessels used for production of oral contraceptive pills. The sam-
ple was collected in amber bottles and frozen within 2 h following
sampling. The wastewater was stored at —30°C until the time of
treatment (12-18 months). The only information disclosed by the
company about the constituents used in the production of the pills
was the presence of EE2, LNG and dye FD&C YELLOW 5 LAKE 960
(i.e. tartrazine). Visual observations indicated that a considerable
amount of material was in suspension. The low solubility of EE2
and LNG suggests that a significant portion of the hormones were
in suspension.

Aqueous phase EE2 and LNG concentration in the wastewater
was determined by HPLC analysis of syringe filtered wastewa-
ter samples. In order to quantify the total hormone concentration

Table 1
Extraction recoveries of compounds of interest and their respective internal
standards.

Extraction recoveries (%)
E2 EE2 NOR LNG
97 + 4

98+4 1015 102+5

(in suspension and in solution), a chloroform extraction method
was developed. The optimum volumetric ratio of sample to chlo-
roform was determined by sequentially adding 50 mL chloroform
to a 100 mL of wastewater sample in a 250 mL separatory funnel.
After each 50 mL chloroform addition, UV-vis absorbance spectrum
of the organic portion was determined (Thermo Scientific Evolu-
tion 300). The optimum ratio was determined when negligible UV
absorption in the 200-400 nm range was measured. This value was
determined to be 5:1 (chloroform volume:sample volume). For the
determination of extraction recoveries of EE2 and LNG, E2 and NOR
were chosen as internal standards, respectively. In order to validate
the extraction method and choice of internal standards, 250 mL
pure reverse osmosis (RO) water samples were spiked with EE2,
E2, NOR and LNG stock solutions in methanol at concentrations of
10 mg/L for each compound. Six 10 mL samples were extracted with
50 mL of chloroform in a 125 mL separatory funnel. 4 mL samples
from the organic phase were withdrawn, chloroform was evapo-
rated from the extracted samples by Thermo Scientific Savant SPD
131 DDA Speedvac Concentrator equipped with RVT 4104 refrig-
erated vapor trap, and the samples were reconstituted in 4 mL
methanol to be analyzed by HPLC. The extraction recoveries of
internal standards and respective pharmaceuticals of interest were
shown to be satisfactorily close (Table 1), validating the extraction
method and choice of internal standards. The described extraction
method was applied to wastewater for the determination of the
total concentrations of EE2 and LNG in the wastewater (as well
as their total concentrations in pure suspensions). The concentra-
tion of coloring agent in the wastewater, tartrazine (TART) was
quantified by UV-vis absorbance at 428 nm. Since TART is strongly
hydrophilic, transfer of this compound to the organic phase during
extraction was not a concern. The aqueous portion of the wastewa-
ter sample was directly compared to standards of TART in RO water
to quantify its concentration.

2.3. Preparation of hormone stock solutions and types of matrices

Stock solutions of EE2, E2, LNG and NOR (1000 mg/L) were pre-
pared in methanol. EE2 and LNG stock solutions in methanol were
used to prepare HPLC standards and solutions in RO water. Stock
solutions of E2 and NOR, used as performance surrogates, were used
to spike samples prior to chloroform extraction. All solutions were
kept at 4°C in the dark until the time of analysis (maximum time
of storage was one week).

Photolytic and photocatalytic removal of EE2 and LNG were
studied in four different matrices: (1) individual contaminants in
RO water (Pure), (2) co-contaminants in RO water (MIX), (3) multi-
component mixture in tap water along with TART to obtain a
simplified synthetic wastewater (SWW) and (4) the real wastew-
ater from WYETH (WW). In order to compare the removal of
EE2 and LNG in the four matrices studied, similar initial concen-
trations of compounds in all matrices were required. The total
concentration of LNG in the WW was found to be above 500 mg/L.
Therefore, to ease the analysis and to reduce reaction times
and the significantly high costs associated with hormonal com-
pounds at the relevant wastewater concentrations, the degradation
experiments were performed using 10 times diluted wastewater
(first wash) and corresponding total concentrations in the other
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Table 2
Concentration of EE2 and LNG in the matrices studied.

Matrices pH Total conc(mg/L) Aqueous conc (mg/L)
EE2 LNG EE2 LNG
Pure EE2 5.5 ~5 - 3.5-5 -
Pure LNG 5.5 - ~50 - 0.8-1.6
MIX 53 ~5 ~50 3.5-5 0.8-1.6
Swwa 7.1 ~5 ~50 3.5-5 0.8-1.6
Wwp 6.8 ~5 ~50 1.6-24 1.5-2.5

2 In tap water contains TART at 0.7 mg/L.
b Wastewater diluted with tap water contains TART at 0.7mg/L and other
unknown organic material.

matrices (EE2 ~ 5 mg/L and LNG ~ 50 mg/L). The concentrations of
LNG and EE2 in the matrices studied are tabulated in Table 2. The
working volumes were stirred overnight and sonicated for 30 min
prior to treatment in order to obtain a well-mixed suspension and
avoid agglomeration.

2.4. Photolysis and photocatalysis setup

Irradiation experiments were carried out in 2-L cylindri-
cal water-cooled jacketed pyrex photoreactor (215 mm height,
108 mm diameter). The reactor walls were covered with aluminum
foil to avoid exposure to UV radiation. 1.6 L of working solution
was charged to the reactor for each experiment. The solution was
irradiated by a Hg—Ar (Germicidal UV-C) lamp (Atlantic Ultravi-
olet Corp. GPH212T5L) located in the center of the reactor and
protected in a quartz sleeve (maximum output at 254 nm). It was
previously shown that light intensity inside the reactor highly var-
ied by position and the maximum intensity of incident radiation
per unit volume was 1.3 x 10~3 £ 0.3 Einstein/min/L [33]. Mixing
was achieved by magnetic stirring, and oxygen was supplied via
bubbling air through a sparger located at the bottom of the reactor.
The concentration of TiO, was fixed at 0.2 g/L for all photocatalytic
experiments. For photocatalytic experiments, TiO, suspensions
were sonicated for 30 min prior to addition to the reaction mix-
ture to avoid agglomeration and subsequent reduction in active
surface area. The initial pH for all the matrices studied is provided
in Table 2. EE2 and LNG have high pKa values of 10.4 and 19.3,
respectively [34]. At the studied ambient pH values they are not
charged therefore slight changes in pH is expected not to affect
their removal.

It was found that both photolytic and photocatalytic removal of
EE2 and LNG in each matrix followed pseudo-first order reaction
kinetics in the first 10 min of removal. Therefore the rate constants
where determined from

In(C/C,) = —kt (1)

where, Cis the concentration of compound of interest (mg/L), Cg is
initial concentration (mg/L), tis time (min) and k is the pseudo-first
order reaction rate constant (min—!). Pseudo-first order reaction
rate constants were calculated from the slope of the plots of
—In(C/Cy) against time.

Adsorption and dark control experiments were performed in
triplicates to make sure that removal of compounds was not due to
adsorption of compounds to either TiO, particles or to the walls of
the reactor. Suspensions of EE2 (5 mg/L) and LNG (50 mg/L) as well
as aqueous solutions of TART (0.7 mg/L) were tested for adsorp-
tion onto TiO; at a fixed concentration of 0.2 g/L. Erlenmeyer flasks
were filled with TiO, and the compounds of interest were placed
inside an incubator shaker set at 25°C. After 24 h, samples were
analyzed by HPLC and compared to the controls containing only
the compounds. Dark control experiments for all compounds were
performed inside the reactor with the lamp turned off. Samples

were taken over a period of 2 h and analyzed for EE2 and LNG con-
tent to see if any removal was due to sampling or normal operation
of the reactor. Samples were analyzed for concentrations of LNG
and EE2, both as total and in solution.

Evidence for hydroxyl radical participation in removal of both
EE2 and LNG in aqueous phase was evaluated by scavenging
experiments. The method of scavenging and the concentrations
of scavenging compounds were based on the results reported by
Palominos et al. [35]. Isopropanol has been described as one of
the best hydroxyl radical quencher due to its high reaction rate
constant with the radical (1.9 x 10° mol/L/s)[36]. In this work, scav-
enging of hydroxyl radicals was achieved by adding isopropanol
to the reaction mixture at a molar concentration which was three
orders of magnitude larger than the initial total molar concentra-
tion of EE2 and LNG.

2.5. Light intensity determination and fraction of light absorbed

In order to quantify the intensity of incident radiation, azoxy-
benzene was used as a chemical actinometer. The method was
modified from the technique developed by Bunce et al. [37]. The
detailed description of the actinometric method employed here can
be found in a previous study [33]. All the actinometric experiments
were performed at a single location in the reactor (radial distance of
2 cm away from the lamp, at height of 10 cm from the bottom of the
reactor). Maximum available light intensity (Imax) was determined
from the amount of light absorbed by the actinometric solution
when the reaction system is only composed of pure RO water (no
hormones, etc.) The actinometric solution was irradiated in each
matrix (i.e. pure EE2, pure LNG, MIX, SWW and WW) and the asso-
ciated light intensity was measured (I,). The differences between
Imax and I; were normalized by Imax ([Imax — la]/Imax) to give the
respective fractions of light absorbed by the additional constituents
of the matrices studied.

2.6. Analytical methods

Prior to analysis, samples were filtered using 0.22 wm syringe
filters. EE2 and LNG concentrations were monitored by a HPLC sys-
tem (Agilent 1200 series) equipped with a Zorbax Eclipse Plus C-8
(Agilent, 4.6 mm x 150 mm, 3.5 microns) and two detectors (flu-
orescence and diode array) with an injection volume of 20 L.
Starting from initial conditions of acetonitrile/5 mM ammonium
acetate 30/70 (v/v), the mobile-phase gradient linearly increased
to 60/40 (v/v) over 20 min. The flow rate was set at 0.8 mL/min.
The same HPLC method was used for samples in water and in
methanol. The excitation and emission wavelengths of the fluo-
rescence detector were respectively set at 280 nm and 310 nm to
quantify EE2 concentration. For the LNG concentration the diode
array detector was set at a wavelength of 244 nm. Chemical oxygen
demand (COD) of the wastewater sample was measured by using a
HACH Digital Reactor Block (DRB 200), a HACH spectrophotometer
(DR/2500) and low range (3-150 mg/L) COD digestion vials (HACH).
Total organic content (TOC) determination of the wastewater was
achieved via Shimadzu TOC-VCPH total organic carbon analyzer.

3. Results and discussion
3.1. Quantification of the pharmaceuticals in the wastewater

The method of determining the required volumetric ratio of
chloroform to sample was described in Section 2.2. The evolution
of UV-vis chromatograms associated to the described procedure is
presented in Supplementary Fig. S1. The volumetric ratio of sample
to chloroform was determined to be 1:5 to maximise the recovery
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and obtain an accurate measurement of the initial concentration of
EE2 and LNG in the wastewater.

The total (suspended and dissolved) concentrations of EE2
and LNG in the wastewater were determined to be 55.1+7.5
and 567 +25mg/L, respectively. The concentration of the color-
ing agent, TART, in the wastewater was 7.2+ 0.5 mg/L by UV-vis
absorption analysis at 428 nm. COD and TOC measurements were
made in a 1000 times diluted version of the wastewater due to
its highly concentrated state. Initial COD and TOC values were
78,600 £+ 1600 mg/L and 28,600 & 7100 mg/L, respectively.

The characterization results suggest that the wastewater sample
obtained from WYETH is highly concentrated both in hormones and
other undisclosed constituents. The high COD and TOC values can be
attributed to the presence of organic compounds used in the prepa-
ration of the contraceptive pills that also end up in the first wash of
the production vessels. As mentioned previously the degradation
experiments were performed using 10 times diluted wastewater
(first wash), the resulting corresponding total and aqueous concen-
trations are tabulated in Table 2. All adsorption and degradation
experiments were performed at these initial total and respective
aqueous phase concentrations. Where applicable the total con-
centration refers to the total hormone content including both in
suspension and in solution, as measured after chloroform extrac-
tion (described in Section 2.2).

3.2. Adsorption and control experiments

After 24 h of mixing, adsorption of 14.8 £4.7%, 2.1 +£0.5% and
4.4 +1.2% were observed for TART, EE2 and LNG, respectively. The
total concentrations of EE2 and LNG obtained from experiments
performed in the reactor in the absence of light, with or with-
out TiO,, are shown in Fig. 1. No measurable loss of EE2 was
observed suggesting that loss due to adsorption to the reactor wall
is negligible (Fig. 1a). Although the LNG soluble concentration did
not change (results not shown), the total concentration of LNG
obtained by extraction was highly variable (Fig. 1b) and some of
the concentrations measured were even higher than the initial total
LNG concentration. These unexpected results are due to the non-
homogeneity of the solution in terms of LNG concentration because
of its high concentration in solids. Deposition of suspended solids
was also visually confirmed from the formation of a deposit on
the quartz sleeve and the sides of the pyrex reactor. Because of
these limitations, the LNG concentration was monitored only in
the aqueous phase, which was stable throughout the experiments.

3.3. Photolytic and photocatalytic removal of EE2, LNG and TART
as pure compounds in RO water

The removal data of TART in RO water is presented in Fig. 2a.
Photocatalytic removal of TART is considerably higher than its pho-
tolytic removal. Complete elimination of color was achieved during
photocatalytic treatment after 45 min while only 3% was removed
by photolysis. A recently published study by Gupta et al. [38]
also confirms the slower removal rate under photolytic conditions.
In the work of Gupta et al. [38], the pseudo-first order reac-
tion rate constant for photocatalysis at 0.2 g/L TiO, concentration
was estimated to be approximately 4.5 x 10-2 min~! compared to
7.8+1.7x10~2min~! (+1 standard deviation) calculated in the
work presented here. Even though the pseudo-first order reaction
rate constant values are of the same order of magnitude, the dis-
crepancy can be associated to various factors such as: the initial
concentration of TART used by Gupta et al. [38] was two orders
of magnitude higher than what was used here, the photocatalyst
used was pure anatase TiO, instead of Degussa P25 (anatase/rutile)
powder and a smaller reactor was employed by Gupta et al. [38]
(150 mL), leading to differences in light intensity distribution.
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Fig. 1. Evolution of total concentration of (a) EE2 and (b) LNG under dark conditions
in the reactor in a pure RO water matrix.

The removal data of EE2 as a single contaminant in RO water
is presented in Fig. 2b (aqueous). EE2 removal is considerably
enhanced in the presence of TiO,. After 30 min of irradiation,
92 + 7% of initial EE2 in the aqueous phase is removed during pho-
tocatalysis compared to 60 & 12% photolytic removal. The work by
Liu et al. [26] for the photolytic removal under UVC radiation of EE2
resulted in 50% removal over 30 min which is in accordance with
the value presented here. From another study by Mazellier et al.
[28], 40% photolytic removal over 30 min was calculated from their
reported data. This slightly lower removal can be attributed to the
fact their working volume (4 L) was more than twice the working
volume used in this work. Higher reactor volume would lead to
larger variations in light distribution inside the reactor, resulting in
decrease in light availability and thus inefficient removal. A more
recent study, investigating the removal of estrogenic compounds
in multi-component estrogen mixtures by Li Puma et al. [25], also
confirmed faster removal of EE2 during photocatalysis than pho-
tolysis. They obtained a value of 86% photocatalytic removal of
EE2 in a mixture of E1, E2 and E3 over 30 min, which lies within
the removal efficiency reported here. However, they obtained a far
lower removal efficiency of about 22% of EE2 under photolysis over
30min compared to the photolytic removal presented here. The
slower EE2 removal is most likely due to the presence of other
estrogens in the multi-component mixture leading to enhanced
competition and reducing light availability. The removal trend of
total EE2 was shown to closely follow the trend observed for aque-
ous removal. Similar pseudo-first order reaction rate constants are
calculated for total and aqueous phase removal of EE2 during both
treatments (Table 3). This suggests that the system is mass-transfer
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Table 3
Pseudo-first order reaction rate constants of EE2 based on total and aqueous con-
centration for UVC photolysis and photocatalysis.

Pseudo first order reaction rate constant, k x 1072 (min~')

Based on aqueous concentration  Based on total concentration

28+ 1.1
95+32

uvc 30+ 13
UVC/[TiO, 10.6 £ 5.6
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0.57 £0.02
0.6
3 I
H
2 0.5
pe 0.38£0.04
©
§’ 0.4
5
S 03 4 0.2240.03 0.23£0.04
§
2 4 0.15+0.03
N m
0 T T T T
EE2 LNG TART MIX SWW WW

Fig. 3. Fraction of light absorbed by each compound and by each matrix determined
using azoxybenzene actinometry. Errors bars = £1 standard deviation.

limited, i.e. the removal rates in the aqueous phase are higher than
the dissolution rate of EE2 for both photolysis and photocatalysis.

Preliminary experiments indicated that the total amount of
LNG removed during treatment lies in the range of the error of
measurement of the total concentration of LNG. Considering this
limitation, only aqueous phase degradation of LNG was considered
here. Removal data of LNG in RO water are presented in Fig. 2c. Sim-
ilarly to EE2, removal of LNG during photocatalytic treatment was
faster than during photolysis. Over 10 min of irradiation, 93 + 2%
of initial LNG present in solution is removed during photocatal-
ysis compared to 82 +4% photolytic removal. However, in both
cases LNG is no longer detected after 30 min. The fact that more
than 80% of LNG was removed within 10 min compared to about
25% removal observed for EE2 for the same time period strongly
suggests that LNG is far more sensitive to UVC radiation than
EE2. Molar absorption coefficients (¢) at 254nm of EE2 and LNG
(egg2 =216 4+40L/mol/cm, e ng=8617 +210L/mol/cm) calculated
from UV-vis spectra shown for both compounds in Supplementary
Fig. S2 also support this observation. Additionally, the inhibition of
photocatalytic removal for both compounds was observed when
hydroxyl radicals were scavenged (Fig. 2b and c). After 30 min of
irradiation, 62% and 88% reduction in photocatalytic removal effi-
ciencies for EE2 and LNG, respectively. This observation suggests
that the hydroxyl radicals contribute strongly towards the degra-
dation of compounds during photocatalysis.

3.4. Removal of EE2 and LNG in complex matrices

Fig. 3 shows the fractions of light absorbed by each compound
and by each matrix. Compared to LNG and TART, the presence of
EE2 did not lead to any measurable decrease in the available light,
suggesting that EE2 has minimal absorption of radiation at 254 nm
(also confirmed from UV-vis spectrum for EE2 in Supplementary
Fig. S2). LNG and TART alone absorb 22% and 15% of the max light
available, respectively. The fact that WW matrix absorbs higher
fraction of light when compared to that by SWW confirms the
possibility of other unidentified species contributing to the light
absorption and resulting decrease in light available for EE2 and LNG
to undergo direct photolysis in complex WW matrix. When 0.2 g/L
of TiO; is present in the system, 97% of the light is absorbed. Thus,
for the photocatalytic experiments the availability of light is already
diminished and the contribution of photolysis to the removal of
any compound during photocatalytic treatment can be considered
minimal.

Fig. 4 shows the photolytic removals of EE2 (Fig. 4a) and LNG
(Fig. 4b) in all three matrices (Pure, MIX and SWW). Pseudo-first
order reaction rate constants calculated are tabulated in Table 4.
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Fig. 4. Evolution of relative EE2 (a) and relative LNG (b) concentration during pho-
tolysis (based on aqueous concentrations) in Pure, MIX and SWW systems.

As the complexity of the matrix increases (from Pure to SWW), the
general trend for both compounds is that the removal efficiency
decreases. At 30 min of irradiation, EE2 the photolytic removal effi-
ciency was 60% as pure compound, where as this value is decreased
to41%and 21%, for MIX and SWW, respectively. For LNG, in pure and
MIX systems photolytic removal efficiency after 30 min was mea-
sured to be 94%, however this value reduced to 87% for the SWW
system. This reduction of removal efficiency and rate is expected,
since presence of other organic species and suspended material can
compete for the photons or lead to scattering of light both resulting
in the reduction of available light for the compound of interest to
go through direct photolysis.

In all three matrices photolytic removal efficiencies and rates
are higher for LNG compared to EE2. For EE2, going from pure to
MIX, about 40% reduction in removal rate is observed, however
for LNG the removal rates and efficiencies are not reduced in the
MIX system. The presence of EE2, does not have an impact on the

Table 4
Pseudo-first order reaction rate constants of EE2 and LNG during their photolytic
and photocatalytic removals in all matrices.

Pseudo first order reaction rate constant, k x 10~2 (min~1)

EE2 LNG
Matrix uvc UVC/TiO, uvc UVC/TiO,
PURE 30+ 13 10.8 £ 5.6 174+ 1.1 403 + 4.1
MIX 1.8 +04 109 + 3.1 17.6 £ 0.9 84+09
SWW 1.1+£02 6.1+1.7 7.8 £04 23 +0.6
ww? 0.8 +£0.2 22+ 1.1 72+03 21+05

2 Initial aqueous phase concentrations of EE2 and LNG in WW are not the same
as in the other matrices.
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Fig. 5. Evolution of relative EE2 (a) and relative LNG (b) concentration during pho-
tocatalysis (based on aqueous concentrations) in Pure, MIX and SWW systems.

photolytic removal of LNG, but presence of LNG has a large impact
on EE2 removal. This behaviour can be attributed to two aspects.
First, in the MIX, the total LNG concentration is 40-60 mg/L where
as EE2 concentration is only about 5 mg/L. Since LNG is present at a
considerably higher concentration than EE2, its presence will have
a greater impact. Second and most importantly, LNG absorbs sig-
nificantly higher than EE2 in the UVC range as observed from their
respective UV-vis spectra (Supplementary Fig. S2) and from the
fraction of light absorbed by pure LNG (Fig. 3). The amount of light
available for EE2 removal in pure is considerably reduced by the
addition of a high concentration compound with high UVC absorp-
tion due to scattering and competition effects. High photolytic
removal rate associated to LNG in pure systems, is not hindered by
the presence of EE2 due to its lower total concentration and con-
siderably lower UVC absorption. The fact that the fraction of light
absorbed by the MIX is almost entirely due to the presence of LNG
also supports this observation. In all matrices, photolytic removal
of LNG is slower after 30 min of irradiation compared to its initial
removal rate. This can due to the accumulation of degradation prod-
ucts at prolonged irradiation resulting in enhanced absorption or
scattering of light. Removal rates in the SWW are further reduced
by 38% and 56% for EE2 and LNG, respectively compared to their
removal rates in MIX. In SWW, the reduction in removal rate of
LNG is more pronounced than that of EE2. As evidenced from Fig. 3,
an additional 15% of light is absorbed in the SWW compared to
MIX due to the presence of TART. Since LNG is more sensitive to
direct photolysis than EE2 under UVC radiation, reduction in light
availability affect the photolytic removal of LNG more than it does
EE2.
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Fig. 5 shows the photocatalytic removals of EE2 (Fig. 5a) and LNG
(Fig. 5b) in three matrices (Pure, MIX and SWW). The calculated
pseudo-first order reaction rate constants are tabulated in Table 4.
Similar to the trends observed for the photolytic removals of these
compounds, their photocatalytic removals tend to decrease as the
matrix gets more complex. At 30 min of irradiation, the photocat-
alytic removal efficiency of EE2 was 97% as pure compound, where
as this value is decreased to 92%, and 85% for MIX and SWW, respec-
tively. For pure LNG, photocatalytic removal efficiency after 30 min
was measured to be 97%, however this value reduced to 71% and
47% for MIX and SWW, respectively. Hydroxyl radicals generated
during photocatalysis have high oxidizing potential and they are
considered to be less selective than a variety of oxidizing species.
Therefore, overall reduction in removal efficiencies can be asso-
ciated to the enhanced competition for hydroxyl radicals due to
the presence of other organic species in more complex systems.
This reduced photocatalytic removal of EE2 in a complex reaction
medium was also reported by Karpova et al. [24] in presence of
saccharose and urine. As mentioned earlier the total concentration
of LNG (40-60mg/L) is considerably larger than the total concen-
tration of EE2 (5 mg/L); thus in the MIX system high reduction in
removal rate would be expected for EE2 compared to the removal
rate observed as pure compound. In contrast to our expectation,
the photocatalytic removal rate of EE2 in the MIX system was
not reduced whereas the LNG rate decreased considerably by 80%
when compared to their respective pure compound photocatalytic
removal rates. The explanation lies in the aqueous phase concen-
trations of the compounds. EE2 being more soluble than LNG, its
aqueous concentration is up to five times higher than the LNG aque-
ous concentration (3.5-5 mg/L EE2 compared to 0.8-1.3 mg/LLNG).
It is therefore more likely for hydroxyl radicals to encounter EE2
molecules than LNG. The slight increase in the aqueous concentra-
tion in the MIX due to the addition of LNG then had no considerable
influence on the removal rate of EE2. However for LNG, in the MIX
system the addition of a compound (EE2) at higher concentration
induces more competition; thus the removal rate was extensively
reduced. The previous observations also support the hypothesis
that most of the photocatalytic reactions occur in the aqueous phase
and that the suspended particles are not attacked by hydroxyl rad-
icals within the irradiation time frame investigated here.

It was previously shown that removal of TART is mainly due
to the generation of hydroxyl radicals during photocatalysis while
removal by direct photolysis was minimal (Fig. 2a). This implies that
the presence of this compound would contribute to consumption
of hydroxyl radicals when present in a mixture. Due to the presence
of TART, reduction of removal rates by 44% and 72% from MIX to
SWW systems was observed for EE2 and LNG, respectively. EE2
still has the highest aqueous concentration in SWW, therefore it
experiences competition of hydroxyl radicals to a lesser extent.

The WW samples used for UVC irradiation experiments had dif-
ferent aqueous phase concentrations from the samples used for
quantification of hormones. The expected aqueous phase concen-
tration of EE2 from the characterization tests was 5 mg/L; however
this value was 1.6-2.4 mg/L in the WW system. The expected aque-
ous phase concentration of LNG was 0.8-1.3 mg/L, but the samples
used for degradation experiments contained 1.5-2.5 mg/L of LNG.
Even though, the real concentrations are of the same order of
magnitude with the expected values, the ratio of aqueous phase
concentrations of EE2 to LNG are different. Therefore, removals of
EE2 and LNG in the WW system were studied separately, as com-
parison of removals in WW to removals in other matrices would not
be possible. Removal data of EE2 and LNG in the WW system are
presented in Fig. 6. The corresponding pseudo-first order reaction
rate constants are tabulated in Table 4. After 40 min of irradiation
time, the removal efficiencies of EE2 in the WW system were 36%
and 59% during photolysis and photocatalysis, respectively. On the
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Fig. 6. Evolution of relative EE2 (a) and relative LNG (b) concentrations (based on
aqueous concentrations) during photolysis (UVC) and photocatalysis (UVC/TiO;) in
the WW system.

other hand, photolytic removal efficiency of LNG (76%) in the WW
system was larger than its photocatalytic removal efficiency (55%).
Given similar initial aqueous phase concentrations of EE2 and LNG,
asis the casein the treated WW, photocatalytic removal efficiencies
and rates of these compounds are similar since hydroxyl radicals
are known to be non-selective oxidizing species. The higher sensi-
tivity of LNG to direct degradation by UVC radiation leads to higher
removal of this compound compared to EE2 during photolytic treat-
ment.

Estrogenic activity of EE2 was shown to be completely removed
by Coleman et al. [22] under both UVA photolysis and UVA pho-
tocatalysis with the latter being faster. Also Mazellier et al. [28]
showed that the products generated from UVA photolysis of EE2
were not different than UVC photolysis. Conversely, Rosenfeldt
et al. [29] demonstrated that during UVC photolysis estrogenic
activity of EE2 was not reduced. In addition to these results, the
mechanism of removal of EE2 during UVA photocatalysis is not
expected to be different from that of UVC photocatalysis since
for both treatment methods the generation of hydroxyl radicals
is mainly responsible for the removal of the parent compound as
also demonstrated here in Fig. 2b and c. Therefore, during photo-
catalysis of EE2 the estrogenic activity is expected to be reduced.
However for UVC photolysis more investigation about estrogenic
activity removal is necessary to completely evaluate the possibil-
ity of using this as an alternative treatment method. Based on our
results, if the objective of a treatment system is to remove the estro-
genic activity due to EE2 in similar wastewaters, photocatalytic
treatment would be recommended over photolytic treatment. For
LNG, photolytic removal rates are higher in all complex matri-
ces (MIX, SWW and WW). However, photolytic and photocatalytic
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degradation products of LNG might possess estrogenic activity.
Therefore, future experiments should include the identification of
degradation products of this compound and assess the hormonal
activity of treated samples in order to compare the performances
of photolysis and photocatalysis for removal of LNG.

4. Conclusions

The applicability of UVC photolysis and photocatalysis to
industrial pharmaceutical wastewater was demonstrated for the
removal of EE2 and LNG. Results related to photolytic and pho-
tocatalytic removals of LNG and its mixtures with EE2 and other
wastewater components are presented here for the first time in
the literature. Only LNG was shown to be completely removed
by photolysis within the irradiation time frame studied here.
Complete photocatalytic removals of both compounds as indi-
vidual contaminants indicated that, UVC photocatalysis can be
applied satisfactorily to similar wastewaters especially if these
type of wastewaters are further diluted to solubility limits of
hormonally active compounds to avoid mass transfer limitations.
Similar removal efficiencies and removal rates were determined
for EE2 and LNG in the WW system after 40 min of photocatalytic
treatment. This suggested that simultaneous removal of both com-
pounds in a complex matrix is possible during UVC photocatalysis.
Only veryrecently, researchers started investigating the occurrence
and environmental impact of progestins, especially LNG. There-
fore, the results presented here provide researchers with strong
evidence for applying UVC induced photodegradation processes to
mitigate possible adverse environmental effects of this compound.
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