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Abstract : The detection of anti-cancer drugs in surface waters at ng/L indicates that most
wastewater treatment processes currently applied are not effective enough to remove these re-
silient compounds from wastewater. Therefore alternative treatment processes should be tested
to avoid discharges in the environment of drugs that have been linked to genotoxic effects. The
innovative contribution of this study stands in coupling nanofiltration with advanced oxidation
processes to treat real secondary wastewater efluents spiked with 4 widely consumed anti-
cancer drugs. Direct photolysis was found to be extremely effective to degrade etoposide and
paclitaxel from the secondary effluent as well as from the highly concentrated retentate pro-
duced by nanofiltration. The two drugs were not detected after 10 minutes of exposure that
corresponds to higher than 98% removals given the method detection limits by direct injection.
This is equivalent to pseudo-first order degradation rate constants higher than 0.46 min=1,
which, to the best of the author’s knowledge, has not yet been reported for paclitaxel in the lit-
erature. However, none of the tested oxidation processes (UV, UV/TiOy and UV /H50,) using
the reactor setup, exposure times and concentrations of 7905 and H50, tested, were able to
degrade cyclophosphamide or ifosfamide effectively. Compared to literature data, this is prob-
ably related to the low amount of photons received by the treated media. Finally important
aggregation of catalyst particles was observed in secondary efluent, and photocatalysis had no

advantage compared to the other two processes tested.

Graphical abstract
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1 Introduction

Anti-cancer drugs, also called cytostatic drugs have been detected in surface waters at ng/L
levels (Booker et al., 2014). As these emerging contaminants are genotoxic, mutagenic and fe-
totoxic for human (Kummerer et al., 2000), negative impacts on natural ecosystems is likely to
result from long time exposure : Novak et al. showed that a mixture of four drugs exerted low
cytotoxicity towards zebrafish liver cells, however it induced significant DNA stand break for-
mation at relevant environmental concentrations of cyclophosphamide, ifosfamide, fluorouracil,
cisplatin (12, 10, 0.09 and 0.6 g/ L, respectively) (Novak et al., 2017). Therefore prioritization
lists based on state of the art of toxicity data were realized by various groups of research in
France, Portugal, Spain and United-Kingdom (Besse et al., 2012; Booker et al., 2014; Escudero-
Onate et al., 2017; Franquet-Griell et al., 2015; Toolaram et al., 2014). The four cytostatic drugs
investigated in this work were selected from these lists taking into account environmental risk
quotients, diversity of molecular structures and chemical properties: paclitaxel, etoposide, cy-
clophosphamide and ifosfamide. In addition to be toxic, some anti-cancer agents are designed
to be chemically stable in order to maximize probabilities of reaching the body parts where
therapeutic effects are required (Sanderson et al., 2004). Consequently some cytostatic com-

pounds are non-biodegradable (Kummerer et al., 2000) and biological treatments applied in
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conventional wastewater facilities are not effective for removing these emerging contaminants.

In last decades, nanofiltration (NF) modules were implemented in treatment stations as effective
barriers against discharge of micro-pollutants in surface waters (Radjenovi¢ et al., 2008; Taheran
et al., 2016). Zhao et al. reported mean rejections above 90% of 23 pharmaceuticals spiked in
deionized water with NF membranes operating at lower pressures than reverse osmosis modules
(Zhao et al., 2017) However the influence of water composition on separation properties of
membranes has been reported by earlier studies (Boedec et al., 2017; Kimura et al., 2009). A
recent study conducted by our team compared the potential of two nanofiltration membranes
(Desal 5DK and NF270) to remove paclitaxel, etoposide, cyclophosphamide and ifosfamide)
from different matrices (laboratory grade water, synthetic urine and real secondary effluent).
Desal 5DK proved to be more effective than NFEF270 to remove the target drugs from the
different matrices and proved to be less susceptible to fouling in the experiments performed
with real secondary effluent (Cristovao et al., 2019). However the concentrated retentate was

found to be toxic to freshwater crustaceans and should therefore be subject to further treatment.

Advanced oxidation processes are promising technologies for post-NF treatment (Joo and
Tansel, 2015) as high removal efficiencies of pharmaceuticals were reported by ozonation, pho-
tocatalysis and chemical oxidation due to the formation of free radicals having strong oxidizing
power (Koltsakidou et al., 2017; Lin and Lin, 2014; Fiszka Borzyszkowska et al., 2016; Lai
et al., 2015; Ofiarska et al., 2016; Molinari et al., 2008; Janssens et al., 2017). The aim of
this work was to assess performances efficiencies of UV, UV/Ti0O, and UV/H,05 to degrade
anti-cancer drugs from two different matrices: secondary wastewater effluent and nanofiltration
concentrate. The novelty of the present work is multiple: i) regarding the effect of real matrix
on photocatalytic formation of OH radicals, ii) regarding the comparison of the effectiveness of
different treatment processes (nanofiltration and direct or indirect photolysis) to treat widely
used anti cancer drugs and iii) regarding the evaluation of using direct and indirect photolysis

to treat a highly concentrated retentate.



- 2 Material and methods

« 2.1 Materials and handling precautions

ss Paclitaxel, etoposide, cyclophosphamide, ifosfamide were purchased at the highest purity grade
55 (> 98 %) from Sigma-Aldrich, Germany (their molecular structures are represented in Figure
&7 1. Stock solutions were prepared in methanol following safety guidelines reported for cytostatic
s drugs handling (Eitel et al., 1999). Samples and solutions were stored in the dark at —20°C’
o as recommended by Negreira et al. (Negreira et al., 2014). Presence of free hydroxyl radical
o in solution was indirectly assessed using a molecular probe - para-chlorobenzoic acid (pCBA)
o - described by Elovitz and von Gunten (Elovitz and Von Gunten, 1999) and purchased from
» Sigma-Aldrich, Germany, at highest purity grade favailable (> 98 %). Titanium dioxide Degussa
s P25, a mixture of 70 % anatase and 30 % rutile (Evonik Degussa, Germany) was used for the
u oxidation experiments as well as hydrogen peroxide purchased from Sigma-Aldrich, Germany

s (30 —wt % in Hy0).

a.
c. c'\/\N/\/CI .d. Cl H
O§| \/OZI?

0~ “NH A
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Figure 1: Molecular structures of a) paclitaxel, b) etoposide, ¢) cyclophosphamide and d) ifosfamide
drawn on ChemSpider www.chemSpider.com
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2.2 Water matrices

Two water matrices were investigated in this work. The first one was laboratory grade wa-
ter produced by a MilliQ water system (Millipore, CA, USA; Resistivity:18.2 MQ at 25°C
TOC< 5ug/L; bacteria< 1 CFU /mL; particulates < 0.22 wm). The second one was a real
secondary wastewater effluent collected at the biological treatment outlet of a municipal wastew-
ater treatment plant located in Lisbon, Portugal. The grab sample collected in January 2018
was stored in the dark at 4°C' in glass bottles and tested within 10 days after sampling. Char-
acterization of this effluent was published in a previous work (Cristévao et al., 2019) and is

available in supplementary data in Table S1.

2.3 Oxidation experiment

Degradation tests were performed on four anti-cancer drugs: etoposide (ETP), paclitaxel (PAC),
cyclophosphamide (CP) and ifosfamide (IF). In European wastewaters, anti-cancer agents were
detected at maximum concentrations of 124 pg/L for 5-fluorouracil (Mahnik, 2007) and 100
ng/L for carboplatin (Lenz et al., 2007). In order to reflect real occurrence levels the four
drugs were spiked in the secondary effluent at concentrations of similar order of magnitude to
those detected in wastewaters: 500 g/ L individually. This concentration permitted to observe
degradation rates taking into account detection limits (about 10 wg/L) by direct injection in

the HPLC-MS/MS using selective ion monitoring.

Degradation tests were performed in a collimated beam reactor with a 600W medium pressure
mercury lamp (UVH 1019 Z-6 from UV-Technick Meyer gmbh). Experiments were conducted
at room temperature using double walled petri dishes and the spiked solution was continuously
stirred. At regular intervals, a shutter was used to block UV rays while 1 ml samples were
taken from the 50 ml photoreactor. Personal protection against armful UV light was also used

(complete skin coverage with laboratory coat and anti-UV face masks). As cellulose acetate
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was reported to be a low absorbent material towards anti-cancer drugs (Negreira et al., 2014),
cellulose acetate syringe filters (0.2 wm) were used to prevent suspended catalyst particles and

natural organic matter to be injected in the HPLC-MS/MS equipment.

Tests on pCBA lasted 1h while cytostatic experiments were performed for 3h. In parallel of
each experiment, samples in dark conditions evidenced that no adsorption or degradation of
interest compound occurred. Reproducibility of pCBA degradation was assessed by duplicate
experiments. However essays involving cytostatic drug handling were not repeated in order to
reduce exposure to armful compounds. In this case, toxic waste was disposed as hazardous
special waste. Production of hazardous liquid waste was reduced thanks to mindful cleaning

and reuse practices and the use of small reactors.

2.4 Membrane filtration

As presented in Equation 1 the permeability of the investigated Desal 5 Dk nanofiltration
membrane (MWCO 150-300 Da, GE Osmonics, USA) was calculated by dividing the trans-
membrane flux (J) by the transmembrane pressure (TMP) and the active area of filtration (A).
During preliminary tests, a laboratory grade water permeability of 3.38 A§ 0.07 L/(h.m?.bar)

was measured.

1 J
P‘ZTMP (1)

In order to produce the required amount of retentate for oxidation tests, several batch filtra-
tions were carried out with the dead-end filtration module. One batch test corresponds to the
filtration of 250 ml of feed solution (V) at 10 bars until 50 ml remains at the retentate side
(V) and 200 ml at the permeate side (V,). Retentate volumes were collected, mixed together
and stored in dark at 4°C'. More details on the filtration procedures used can be found in a

previous publication (Cristovao et al., 2019).
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Drug concentrations in feed, retentate and permeate samples were quantified by HPLC-MS/MS
(Cy, C. and C,) and membrane rejection percentages (R) for each anti-cancer drugs were
calculated by R = (C; — C,)/Cy % 100. In addition the percentage of cytostatic compounds

adsorbed on membrane was assessed by the following mass balance:

Cf*Vf—CT*V;—Cp*V;)*
Cf*Vf

adsy, = 100 (2)

2.5 Analytical methods

Compounds of interest were quantified by HPLC-UV and HPLC-MS/MS with a Luna C18
separation column (5 wm, 150 x 2.0 mm) thermostatted at 35°C'. For pCBA analysis, 10 uL
of sample were injected through the column at 0.8 ml/min in an isocratic mode using a mobile
phase of 50/50-water/acetonitrile. The molecular probe was quantified with an UV absorbance
detector operating at 240 nm wavelength. Anti-cancer drugs were separated using the same
column but with a solvent gradient presented in Table 1. For drugs quantifications, the column
was connected to a HPLC-MS/MS detector (Waters Alliance 2695 module, Ireland). More

details on these analytical methods were published in a previous work (Cristévao et al., 2019).

Table 1: Solvent Gradient for HPLC-MS/MS

Time (min) 0O 7 10 12 15
Solvent B % 5 100 100 5 5

A: 0.5 % formic acid in Milli-Q
B: acetonitrile
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3 Results and discussions

3.1 Catalyst load optimization

Para-chlorobenzoic acid (pCBA) can be used as molecular probe to assess hydroxyl radicals
formation during photocatalytic reactions. This methodology, proposed by Elovitz and von
Gunten (Elovitz and Von Gunten, 1999), has been applied in previous researches to indirectly
quantify hydroxyl radicals formation (Brunet et al., 2009; Rosenfeldt et al., 2006; Pereira et al.,
2007). In the present work, degradation tests were performed at different catalyst loads and
experiments inducing the fastest degradations were interpreted as experiments with the highest
OH radical production. As presented in Figure 2, the linearity of in(C/Cy) = —k*t regressions
indicate that pCBA degradation followed a pseudo-first order kinetics (R?* > 0.95). The slopes
of these regressions, called time-based apparent degradation rate constants (k), measured in
laboratory grade water and secondary wastewater effluents using different 7705 concentrations
were reported on Figure 3. The trend of removal rates showed in Figure 3 depends strongly on

the matrix investigated.

Time (min)

0 5 10 15 20 25 30

0 :
X Cat 0 mg/L
# Cat. 50 mg/L
S 3 5 . — Linear (Cat. 50 mg/L)
3] (3 ® Cat 100 mgiL
£ 5 > ¢ Cat. 500 mgiL
f(x) = - 0.08 x - 0.18 > » Cat 1000 mg/L
R2=0.96 « < Cat 2000 mgiL
9

Figure 2: Pseudo-first order kinetics of pCBA (5 pM) degradation at various catalyst loads in lab-
oratory grade water

In absence of catalyst, direct photolysis of pCBA occurred in the two water matrices. This
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is probably related to the emission of powerful photons by the mercury lamp which are able
to break pCBA stable covalent bond. The addition of catalyst in suspension had a significant
impact on pCBA degradation rates as presented in Figure 3. In laboratory grade water, degra-
dation rates first increased with 770 concentrations and then flattened at high catalyst load
(2000 mg/L) because the high particle concentration reduces the light penetration length. A
similar trend was obtained in our previous work on photocatalysis using LEDs as light source
(Janssens et al.). This effect is defined in literature as light screening effect (Umar and Aziz,
2012). In real effluent, a similar increasing trend was observed for catalyst concentrations be-
low 100 mg/L. However above a T90Oy concentration of 500 mg/L removal rates decreased to

become negligible.

0.30
|
x
= 0.20 B
E
=
HLGW
- 0.10 —
; # Secondary effluent
¢ *
0.00 T .| T ?
0 500 1000 1500 2000

Cat. load (mg/L)

Figure 3: Catalyst load optimization based on the pCBA degradation time-based degradation rate
constant obtained at different 79Oy concentrations in laboratory grade water (squares)
and secondary wastewater effluent (diamonds)

Microscopic pictures of the catalyst slurry were taken at 100x magnification in samples con-
taining 50 and 500 mg/L of T9O, dispersed in the two investigated matrices: laboratory grade
water (LGW) and secondary effluent. Homogeneous particle distribution was assessed and ver-
ified by scanning various areas of each sample. Microscopy pictures presented in Figure 4 help

to understand what happens with the catalyst in secondary effluents. In the first set of pictures

10
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realized in laboratory grade water (see Figures 4.a-b), aggregates of similar sizes were identified
increasing in numbers with the catalyst load. In the second set of pictures taken in secondary
water (see Figures 4.c-d), agglomerates of larger sizes were observed having islands-like shape
instead of small homogeneous white dots. Nanoparticles aggregation depends on the electro-
static state of the double layer formed by various species in solution. If electrostatic repulsion
between particles, called zeta-potential, deviates from zero, individual catalyst particles hav-
ing nominal sizes of 25 nm will tend to aggregates (Topuz et al., 2015). Ottofuelling et al.
have evidenced that the presence of organic matter in natural water favours 70O, dispersion,
whereas divalent ions (e.g. Ca?*, SO7™) elevate zeta-potential leading to the formation of
micrometer size aggregates (Ottofuelling et al., 2011). In regards to the number and concen-
tration of divalent ions present in the secondary effluent investigated (see Table S1), it is not
surprising to observe aggregates of micrometer scale in the real matrix. The decrease of pCBA
degradation rates observed in Figure 3, might be explained by the presence of these aggregates
seen in Figures 4.c-d: above a certain catalyst concentration (100 mg/L) light screening effects
become more and more significant until the formation of OH radicals is completely inhibited.
Therefore 100 mg/L was selected as optimal catalyst load for further experiments conducted in

real wastewater effluents.

3.2 Optimization of photo-chemical oxidation

Besides photocatalytic essays, chemical oxidation tests were performed with hydrogen peroxide
diluted in the secondary effluent (20 - 150 mg/L). The evolution of pCBA concentrations during
experiments indicated that degradation kinetics followed a pseudo-first order (In(C/Cy) =
—kxt). As presented in Figure 5, under UV irradiation and without hydrogen peroxide, limited
pCBA degradation was obtained. However a linear increase of the time-based degradation rates
was observed with the amount of H,Os added in solution. In contrary to photocatalytic results

in laboratory grade water, chemical oxidation showed no limitation to the amount of hydrogen

11
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Figure 4: Optical microscope pictures (100x magnification) of different catalyst concentrations dis-
persed in laboratory grade water (a-b.) and secondary effluents (c-d.)

peroxide used. Therefore, in order to select optimal oxidant concentration, economic aspects

were taken into account. Results of an economic analysis comparing UV/HyOs, UV /S;05~ and

solar photo-fenton at pilot scale indicated that 40 mg/L is an optimal H,O, concentration for

the elimination of micro-contaminants in natural water (Miralles-Cuevas et al., 2017). Therefore

a similar value was selected for further chemical oxidation experiments (50 mg/L).

For comparison, pCBA degradation rates in real effluent are presented in Figure 6 for the
following processes: UV, UV/TiOy and UV/Hy05. No pCBA degradation were observed
in the controls kept under dark conditions because catalyst activation and hydrogen perox-
ide photolysis requires the presence of UV light. Direct photolysis (only UV) gave a rate
of 0.0436 4 0.0005 min~' which was only improved by 38% when adding 100 mg/L of cata-
lyst. As aforementioned, catalyst aggregation is a possible reason for such a small enhance-
ment in the real efluent. Replacing the catalyst by 50 mg/L of hydrogen peroxide led to a
0.373 & 0.003min~! degradation rate, one order of magnitude higher than the one obtained
by UV/Ti0O,. Even 20 mg/L of HyO, performed better than optimized UV/TiO,. Therefore

12
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Figure 5: pCBA (5 uM) degradation in function of hydrogen peroxide concentration in secondary

effluent

24 peroxide is an efficient alternative to catalyst when aggregation phenomena limits removal rates

25 of photocatalysis.
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Figure 6: Comparison of UV/Ti02 (100 mg/L) and UV/H05 (40 mg/L) for pCBA (5 uM) degra-

dation in secondary effluent
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3.3 Degradation of anti-cancer drugs spiked in secondary effluent

UV, UV/TiOy and UV/H;04 experiments were conducted on secondary effluent spiked with
four anti-cancer drugs at 500 pg/L as indicated in section 2.3. After 10 minutes of irradiation,
etoposide and paclitaxel could not be detected in the photo-reactor as shown in Figure 7, mean-
ing a removal above 98% and degradation rate higher than 0.46 min~'. This is an encouraging
result since these lamps are currently installed in water treatment plants for disinfection pur-
poses (EPA, 2006). Degradation of etoposide by photolysis has bee been previously reported
corroborating results obtained in this work (de Sousa Filho et al., 2018; Franquet-Griell et al.,
2017). However to the best of the authors knowledge, photolysis of pactitaxel has not yet been
published in literature. The large molecular structure of paclitaxel and etoposide presented
in Figure 1 may explain their low stability toward direct photolysis. The probability to break
one of their diverse and numerous chemical bonds is higher for larger molecules. At last, the
addition of photocatalyst in the reactor did not either improve nor hinder degradation rates
obtained by photolysis of etoposide and paclitaxel. The two other compounds investigated
were not removed after 180 minutes of irradiation with and without catalyst or hydrogen per-
oxide (see Figure 7). The inefficiency of direct photolysis to degrade cyclophosphamide and
ifosfamide has been reported in previous works (Franquet-Griell et al., 2017; Lutterbeck et al.,
2016). Furthermore Kim et al. ranked cyclophosphamide as the second most resilient com-
pound over 30 pharmaceuticals and personal care products in terms of photo-degradation rates
(Kim et al., 2009). The authors linked this stability to the presence of an amine group allowing
for resonance stabilization (see molecular structure in Figure 1). This probably explains why
our essays to degrade cyclophosphamide and ifosfamide by advanced oxidation processes with
Ti0y (P25) and H,0; in the photoreactor showed negligible removals, equivalent to controls in

the dark (see Figure 7).

Other works reported in literature indicate that despite their high stability, successful degra-

dations of cyclophosphamide and ifosfamide were obtained by 1Oy photocatalysis at similar

14
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Figure 7: Removal percentages of etoposide (ETP), paclitaxel (PAC), cyclophosphamide (CP) and
ifosfamide (IF) spiked at 500 png/L by UV, UV/TiOs (100 mg/L) and UV/Hy0, (50
mg/L) in secondary wastewater effluent

pollutants levels (Lin and Lin, 2014), water matrix (Fiszka Borzyszkowska et al., 2016) and

catalyst concentrations (Lutterbeck et al., 2015) than to ones tested in this work. In addition,

Lutterbeck et al. and Zhang et al. observed cyclophosphamide degradation at similar hydrogen

peroxide concentrations (9.8 — 19.6mM and 1 — 4 mM) than the one studied in this paper (1.1

mM) (Lutterbeck et al., 2015; Zhang et al., 2017). The higher removal performances achieved

by these works may be explained by the use of different reactor configurations as well as lamps

irradiance and emission spectrum.

3.4 Degradation of anti-cancer drugs from nanofiltration retentate

In order to reduce the volume to treat by oxidation processes, the secondary effluent spiked
with anti-cancer drugs was concentrated by nanofiltration applying a concentration factor of
5. Permeability value were calculated using equation 1 and plotted on figure 8 evidencing

that higher permeability were obtained by filtration of laboratory grade water than wastewater

15
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effluent. This is probably related to the presence of ions and natural organic mater in the real
matrix (see Table S1 in supp. data). During effluent filtration, no flux decline was observed
suggesting that no fouling occurred (see Figure 8). Drug rejections were calculated as explained
in section 2.4: etoposite > 98%, paclitaxel > 98%, cyclophosphamide 92 + 4% and ifosfamide
854-7%. Similar values were obtained and discussed in our previous work: etoposite 98.74-0.2%,
paclitaxel 99 + 0.005%, cyclophosphamide 90.4 & 0.5% and ifosfamide 88.8 + 0.2% (Crist6vao
et al., 2019). It is worth noting that in the previous publication referenced and this one, same

filtration procedures, feed solution and membrane (Desal 5DK) were used.

4.00 k
3.00
i 3 ¢ &
— ® & L 2 .
5 . ¢
8 200
E HLGW
100 % Spiked secondary effluent
0-00 T T T T 1 1
0 50 100 150 200 250 300 350
Time (min)

Figure 8: Removal percentages of etoposide (ETP), paclitaxel (PAC), cyclophosphamide (CP) and
ifosfamide (IF) spiked at 500 pg/L by UV, UV/TiOs (100 mg/L) and UV/Hy04 (50
mg/L) in secondary wastewater effluent

Drug adsorptions on membrane were also calculated using equation 2: etoposide 42 + 7%, pa-
clitaxel 32 + 22%, cyclophosphamide 2 + 2% and ifosfamide 5 + 3%. Knowing that etoposide
and paclitaxel are more hydrophobic than the two other drugs (Zhang et al., 2013), their higher
tendency to adsorb on membrane surfaces is logical. Higher adsorption of etoposide and pacli-
taxel than cyclophosphamide and ifosfamide were also observed in our previous nanofiltration
work (Cristévao et al., 2019). Surprisingly, the three oxidation processes removed etoposide

and paclitaxel as fast from the NF-concentrate (see Figure 9) as from the initial solution (see

16
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Figure 7). In less than 10 minutes of light exposure these two drugs could not be detected
by HPLC-MS/MS. This is an unexpected result as the initial drug concentrations have almost
doubled after nanofiltration and the higher salt and natural organic matter content could have
hindered light penetration through the media. However as in previous degradation tests pre-
sented in Figure 7, cyclophosphamide and ifosfamide did not degrade neither by UV/TiO nor
by UV/H30,. Post treatment of nanofiltration retentate by photolysis was effective for the
removal of etoposide and paclitaxel. However future experiments should be performed with
higher HyO, loads or other treatment processes such as ozonation to optimize the degradation
of cyclophosphamide and ifosfamide. In this case, advanced oxidation processes operated on
reduced volumes thanks to nanofiltration may stand as an effective barrier against anti-cancer

drugs discharge in surface water.
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Figure 9: Removal of etoposide (ETP), paclitaxel (PAC), cyclophosphamide (CP) and ifosfamide
(IF) from a NF concentrate by UV, UV/TiO2 (100 mg/L) and UV/H202 (40 mg/L)
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4 Conclusions

Anti-cancer drugs have been detected at ng/L levels in European rivers. The genotoxicity,
mutagenicity and fetotoxicity of these emerging contaminants appeals to lower as much as
reasonably achievable discharge of cytostatic drugs in surface water. In this work, etoposide,
paclitaxel, cyclophosphamide and ifosfamide removals were investigated in secondary effluent
spiked at 500 pg/L. Etoposide and paclitaxel were degraded in less than 10 min by direct
photolysis in secondary effluent and similar removal efficiencies were obtained on the concen-
trated nanofiltration retentate. Therefore installation of medium pressure mercury lamps in
wastewater plants may be an effective strategy for removal of etoposide and paclitaxel. Similar
results on etoposide were reported in literature, however, to the best of the author’s knowledge,
the degradation of paclitaxel has not been reported. However the two other drugs investigated,
cyclophosphamide and ifosfamide, were not degraded by any of the applied treatments: UV,
UV/TiOy and UV/H,04 using the exposure times and the concentrations of 790y and Hy0s
applied. In the case of photocatalysis, catalyst particle aggregation observed only in real matrix
was shown to deteriorate formation of OH radicals. This was evidenced thanks to novel results

obtained with the hydroxyl molecular probe (pCBA).

The effective drugs rejection (> 85%) obtained by nanofiltration together with the high removal
rates of etoposide and paclitaxel from the concentrated secondary wastewater effluent show that
combining filtration with oxidation processes stand as an effective barrier against the discharge

to surface water of some anti-cancer drugs.
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= Supporting Material

Table S1: Secondary effluent characterization reprinted with authorization form (Cristévao et al.,

2019)
pH at 20°C 7.1
Biochemical oxygen demand (mg/L 10
0,)
Chemical oxygen demand (mg/L Os) 50
Total suspended solids (mg/L) 8
Nitrogen (mg/L NHy) 17
Calcium (mg/L) 18.5+1.45
Magnesium (mg/L) 11.9+3.85
Potassium (mg/L) 1606.4 + 595.12
Sodium (mg/L) 31.6 £12.2
Chloride (mg/L) 53.3 £5.55
Nitrate (mg/L NOs) 21.0£0.51
Sulfate (mg/L) 18.24+1.05
Phosphate (mg/L) nd
Aluminium (mg/L) nd
Chromium (mg/L) nd
Iron (mg/L) 0.07 £+ 0.003
Zinc (mg/L) 0.01 + 0.0001

nd: not detectable
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