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Highlights

– Catalyst cake layer does not improve membrane separation performances

– After 150 hours of operation, membrane separation performances were stable

– Catalyst aggregation in real wastewater did not influence membrane fouling

– Wastewater ionic content permeating through reverse osmosis hinders photocatalysis
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Abstract

The emergence of non-biodegradable and persistent compounds in European surface waters calls

for the development of innovative advanced water treatments. Therefore, this work aimed to as-

sess the performance of a slurry photocatalytic membrane reactor to treat secondary wastewater

effluent polluted by anti-cancer drugs. Results show that the 100 kDa Al2O3 membrane effec-

tively rejected TiO2 catalyst particles. Furthermore, stable water permeabilities and separation

properties were observed during 150 hours in secondary wastewater at optimized operating con-

ditions. However, significant deterioration of photocatalytic degradation rates were obtained

in real effluent when compared to laboratory grade water experiments. An innovative matrix

filtration methodology developed in this study permitted to conclude that the negative effects

of real effluent were principally imputed to ions present in real matrix. This study concluded

that photocatalytic membrane reactor is a promising technology for advanced water treatment,

but still requires the development of catalyst to operate on real effluents.
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1 Introduction

Recent occurrence studies have correlated the amount of anti-cancer drugs detected in European

surface waters to the amount administrated to patients [1, 2, 3, 4, 5]. Several pharmaceuticals

have properties which can explain this pollution: limited metabolization by the human body,

high urine excretion ratio [1], and low-biodegradability [6]. Therefore, drugs studied in this work

were selected based on these properties: 5-fluorouracil, capecitabine, and cyclophosphamide.

After being administrated to patients, a fraction of the parent drug is thus excreted and car-

ried away together with its metabolites through sewage systems towards municipal wastewater

treatment plants where biological digestion and disinfection steps are conducted. However, the

oxidizing power of the currently applied municipal wastewater treatment plant is insufficient to

fully degrade such stable pharmaceutical compounds. Related environmental issues are com-

plex to assess because anti-cancer drugs, metabolites, and oxidized by-products were shown to

be toxic [7, 8]. An additional aspect calling for the development of appropriate water treatment

is the dynamic of the world population histogram: the number of people aged 60 or over is

expected to rise worldwide in the coming decades (962 million in 2017, 1.4 billion in 2030, and

2.4 billion in 2050) [9], and the main risk factor for cancer development is advancing age [10].

The present work investigates the potential of slurry photocatalytic membrane reactor (PMR)

for degrading anti-cancer drugs spiked in real secondary wastewater effluent. Several pub-

lished studies report efficient removal rates of anti-cancer drugs by UV/T iO2 processes which

transform energy conveyed by photons into free oxidative radicals [11, 12, 13, 14, 15, 7, 16].

Literature indicates that complex water matrices such as wastewaters hinder oxidizing power of

photocatalytic systems due to catalyst active site deactivation and/or radical scavenger effect

assigned to ionic species and natural organic mater [17, 18, 19, 20, 21, 22]. Additive method-

ologies are generally applied to investigate the effects of one or several species in a pure matrix

possibly missing complex interaction occurring in real samples. Therefore an innovative sub-
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tractive method was developed and applied in this work to identify species most responsible for

photocatalytic deactivation using sequential batch filtration steps (nanofiltration and reverse

osmosis).

In comparison to immobilized catalyst systems, the suspension of particles in slurry PMRs,

investigated in this work, allows to increase the catalyst surface area exposed to UV. However,

the slurry feature requires a filtration module to confine catalyst particles in the PMR system.

Because polymeric membrane showed low resistance to UV s and free oxidative radicals, as well

as abrasion induced by repetitive catalyst-membrane contact [23, 24], ceramic membrane are

preferentially selected for PMR applications [25]. Another advantage of the ceramic membranes

stands in the possibility to recycle the ceramic material, as published by several studies [26, 27].

This advantage was shown to reduced investment costs while producing eco-friendly membranes

[28]. A stability study performed by Mozia et al. on three ceramic TiO2 membranes of dif-

ferent pore sizes (5kDa and 100 kDa ultrafiltration and 0.2µm microfiltration) showed that

the membrane with the most stable separation properties and permeate fluxes was the 100kDa

ultrafiltration membrane (100 h operation). Furthermore, at low cross-flow velocity (CFV)

values, deposition of catalyst particles was observed on membrane surface [29] leading to the

formation of a cake layer which increased the overall filtration resistance. Another study on the

same membrane observed a reduction of separation properties after 400 hours of filtration at a

higher CFV of 6 m/s [30]. These works highlight that ceramic membranes are subject to abra-

sive effects but to a lower extent than polymeric ones. The present study investigates further

the cake layer formation mechanisms in real wastewater matrices and their impact on separa-

tion properties. To the knowledge of the authors, this study evidences important information

related to the behavior of slurry PMR systems operating on real wastewater effluents.
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2 Material and methods

2.1 Materials and handling precautions

Three anti-cancer drugs were purchased from Sigma-Aldrich at the highest purity grade avail-

able (> 98 %): 5-fluorouracil, capecitabine, and cyclophosphamide. Molecular structures are

presented in Figure 1. Stock solutions (1 mg/mL) of these toxic drugs were prepared in MilliQ

water following safety guidelines [31]. Samples and stock solutions were stored in the dark at

-20◦C as recommended in a stability study by Negreira et al. [32]. Also, the molecular probe -

para-chlorobenzoic acid (pCBA) - described by Elovitz and Von Gunten was used to measure in-

directly the presence of free hydroxyl radical in solution [33]. The highest purity grade available

for this compound was purchased from Sigma-Aldrich, Germany and the TiO2 photocatalyst

(P25, 70/30 − wt% anatase/rutile) was purchased from Evonik Degussa, Germany.

Figure 1: Molecular structure of (a) 5-fluorouracil, (b) cyclophosphamide and (c) capecitabine drawn
on www.chemSpider.com

2.2 Water characterization

Two water matrices were investigated: the laboratory grade water (LGW) produced by a

MilliQ water system (Millipore, CA, USA; Resistivity:18.2 MΩ at 25◦C; TOC < 5µg.L−1;
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bacteria < 1CFU.mL−1; particulates < 0.22µm) and secondary wastewater effluent collected

at the outlet of the last treatment step of a municipal wastewater treatment plant located in

Louvain-la-Neuve, Belgium. Single grab samples were collected in March 2019, stored in the

dark at 4◦C, and used for experiments within 10 days. Biological oxygen demand (BOD),

total suspended solids (TSS), total nitrogen, nitrogen, and total phosphorous content of water

samples were analyzed by the treatment plant operator. The other characteristics presented in

Table 1 were analyzed in our laboratories: pH (WTW - inoLab pH meter, Germany), chem-

ical oxygen demand (COD) with the Spectroquant COD cell kit (4 - 40 mg/L) while sulfate,

nitrate, phosphate, chloride, bicarbonate and calcium content were measured by ion-exchange

chromatography using the Ion Chromatography System Dionex ICS-2000.

2.3 Sequential batch filtration method

To identify which water species were impacting most photocatalytic performances, the sec-

ondary wastewater effluent was filtered consecutively through a nanofiltration (YMSESP3001

from Steriltech at a TMP of 15 bars) and a reverse osmosis (YMDLSP3001 from Steriltech at a

TMP of 25 bars) flat sheet membrane using an Armfield FT17 cross-flow filtration system. Vol-

umes permeated were collected and stored in dark conditions at 4◦C for further photocatalysis

essays with pCBA. Characteristic of the secondary wastewater effluent (WWeff), NF-permeate

and RO-permeate are presented in Table 1. In addition, rejection values (R) were calculated

for each membrane based on the concentration of each species (i) in the wastewater effluent

(CW W eff,i) and in the permeate (Cpermeate,i) using the Equation 1.

Ri = CW W eff,i − Cpermeate,i

CW W eff,i

(1)
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2.4 Photocatalytic membrane reactor

Anti-cancer drugs have been detected in European hospital wastewaters at levels of 124 µg/L

for 5-fluorouracil [34] and at 100 µg/L for carboplatin [35]. Therefore, the same order of

magnitude of concentrations were selected for oxidation experiments by spiking individually

5-fluorouracil, cyclophosphamide, and capecitabine at 500 µg/L in the studied water matrix.

This concentration was selected as low as possible taking into account the limits of detection

(10 µg/L) of the analytical method (UPLC-MS).

Table 1: Characteristic of the secondary wastewater effluent (WWeff) permeated through nanofil-
tration (NF-permeate) and reverse osmosis (RO-permeate) membranes, and corresponding
rejection values (R), ionic content, biological oxygen demand (BOD), total suspended solids
(TSS), and chemical oxygen demand (COD).

WWeff NF-permeate RO-permeate
mg/L mg/L R mg/L R

(a) BOD 0.5 - - - -
(a) TSS 0 - - - -
(a) Tot. N 5.42 - - - -
(a) Tot. P 3.2 - - - -
(b) COD 8.1 <4 - <4 -
(b) SO2−

4 63.4 34 46% 10.6 83%
(b) NO−3 2.1 1.6 24% 0.4 81%
(b) PO3−

4 2.6 1.8 31% n.d. >90%
(b) Cl− 444 227 49% 93 79%
(b) HCO−3 265 - - 55 79%
(b) Ca2+ 101 - - 12 88%
(b) pH 7.1 7.1 - 7.1 -

(a) analysed by treatment plant operator
(b) analysed in our laboratories
(n.d.) non detected
(-) not analysed

2.4.1 Experimental setup

The photocatalytic membrane reactor was composed of a double-jacket photocatalytic reactor

and a cross-flow filtration module, as presented in Figure 2. One low-pressure mercury lamp
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(10W, Elios Italquartz, Italy) was immersed in the 1.3 L reactor which was thermoregulated

at 20◦C by a cooling system (Microcool MC250, Lauda, Germany). The low-pressure mercury

lamp had a monochromatic emission spectrum at 254 nm (supplier data). Furthermore, a

double diaphragm pump (XPX1, Wilden, UK) was used to circulate and pressurize the aqueous

solution at 3 bars in the lumen side of a 100 kDa tubular ceramic membrane purchased from

Atech Innovation, Germany. The photocatalytic reactor was connected to a membrane module

in order to confine the suspended catalyst in the system allowing for continuous treatment. The

selected membrane has an active separation layer made of ZrO2 and supported on a tubular

support made of Al2O3. The active surface area is 4.7 10−3 m2, and the external/internal

hydraulic diameter equals 10mm/6mm.

Figure 2: Scheme of the photocatalytic membrane reactor with suspended photocatalytic particles
(black stars), the membrane module

2.4.2 Experimental procedures

Feed solutions were prepared by spiking compounds of interest in 1.6 L of the selected water

matrix together with the TiO2 catalyst at a concentration of 1.5 g/L. Then the pump was started

in a low flow regime and the feed solution was poured into the reactor. This low flow regime was

maintained for 10 minutes to remove eventual air trapped in the system. Afterward, operating

conditions were set and the lamps were switched on after a 20 min dark absorption period. At

regular intervals (2, 4, 8, 15, 30, 45, and 60 min) 1 mL samples were withdrawn from the reactor
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with a syringe and filtered through a cellulose acetate filter which showed low drug absorption

rates [36]. This filtration step was performed to avoid any injection of solid matter in the

UPLC-MS separation column. Filtered samples were stored at 4◦C in dark conditions waiting

for UPLC-MS analysis. In parallel to each experiment, 100 mL of feed solution were stirred

in dark conditions evidencing that the amount of target compound adsorbed on the catalyst

was negligible. Also, all pCBA tests were duplicated to plot the standard error of the means

in graphs. However, anti-cancer degradation tests were not duplicated to reduce personnel

exposure to toxic compounds. To avoid skin exposure to harmful UV rays and eventual toxic

drugs splash during filtration, face masks and laboratory coats (Tyvek 400 Dual) were used.

Also, waste and reuse management procedures allowed to reduce the volume of toxic waste

produced. Aggregation of catalyst particles was visualized thanks to an optical microscope

(Olympus Provis AX70, UK). Homogeneous particle distribution was assessed and verified by

scanning various areas of each sample with the optical microscope. The TiO2 concentration in

solution was measured by spectrophotometry (DR/400 UV-vis Hach, Germany) at a wavelength

of 390 nm working in adsorption mode.

2.4.3 Ceramic membrane characterization

Permeability values (P) were calculated as the volume of solution (∆Vp) permeating through

the active membrane surface area (A) during a fixed amount of time (∆t) at a certain trans-

membrane pressure (TMP ):

P = 1
A ∗ TMP

∆Vp

∆t

[
L

m2.h.bar

]
(2)

The overall resistance (Rov) to the water transfer through the membrane was calculated as the

inverse of the permeability (P) multiplied by the water viscosity, µw (bar ∗ h):

Rov = 1
P ∗ µw

[m−1] (3)
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In addition, separation properties were assessed by filtering Dextran 150 kDa purchased from

Sigma-Aldrich, Germany, through the membrane and by calculating its rejection with Equation

1. After each test, the ceramic membrane was cleaned with the following procedure: 2 hours

at 250◦C in an oven, 20 min of immersion in an ultrasonic bath, 30 min of immersion in an

alkaline bath at 80◦C (15 gNaOH/L) and 15 min of immersion in an acidic bath at 50◦C (1 mL

of 75% aqueous H3PO4 /L).

2.5 Analytical methods

Dextran concentrations in samples were quantified by evaporative light scattering detector

(ELSD, 1200 series Agilent Technologies) using nitrogen as drying gas at 3.5 Bar and 40◦C

with a gain of 5.

Concentrations of the molecular probe pCBA in samples were quantified by high-performance

liquid chromatography (Agilent HPLC 1200 Series HPLC, Agilent Technology, Germany) con-

nected to a diode array detector recording at 240 nm wavelength. 50 µL of sample were injected

in a Sorbax Eclipse XDB-C8 column (4.5 x 150 mm, 3.5µm) carried away by a mixture of 80 %

methanol and 20 % 25mM NaH2PO4 aqueous solution (pH=2.5) at a flow rate of 0.6 mL/min.

The column thermostat was set at 30◦C.

Concentration of anti-cancer drugs in samples was quantified by ultra-high-pressure liquid chro-

matography (UPLC 6100 Serie, Agilent Technology, Germany). 5 µL of sample were injected

in an HSS5 column (100 x 2.1 mm, 1.8µm) at a flow rate of 0.3 mL/min leading to retention

times shown in Table 2. The solvent gradient presented in Table 2, was adapted from the work

of Negreira et al. [37].

Once eluted compounds were detected by an electrospray ionization mass spectrometer (MS

6150 Serie, Agilent Technology, Germany) equipped with a Chemstation software. The mass

to charge ratios of each drug and fragmenter voltage are presented in Table 3. The source had

a nozzle voltage of -1250V and a capillary voltage relative to the needle of 200 V in positive
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Table 2: Solvent Gradient used for the high performance liquid chromatography (UPLC-MS) analy-
sis.

Time
(min)

0 3 9 12.5 15 17.5 20 22 25

Solvent
B%

0 0 35 35 50 95 95 0 0

A: 0.1 % formic acid in Milli-Q
B: 0.1 % formic acid in acetonitrile

mode and -1500 in negative mode. The dry gas was high purity nitrogen flowing at 8 mL/min

at 250◦C and the nebulizing gas was delivered at 30 psig.

Table 3: Retention times and mass to charge ratio of the three studied anti-cancer drugs.

5-fluorouracil (−) cyclophosphamide (+) capecitabine (+)
Retention time (min) 1.6 9.9 11
Detection (m/z) 129 261 360
Fragmenter voltage
(V)

100 175 100

(−) : negative mode
(+) : positive mode

3 Results and discussion

3.1 Catalyst filtration

To understand the behavior of PMR in secondary wastewater effluent (WWeff), the permeability

(P) of the PMR system was first measured with the laboratory grade water (LGW) without

catalyst added. At a cross-flow velocity (CFV) of 6 m/s and transmembrane pressure (TMP)

of 3 bars, a value of 190 L/(m2.h.bar) was obtained with the 100 kDa ceramic membrane using

Equation 2. As presented in Figure 3, the suspension of 1.5 g/L catalyst in the reactor did

not modify water transmembrane fluxes at CFV of 6 and 3 m/s. Therefore, the presence of

catalyst did not add a resistance to the water transfer through the membrane. Also, catalyst

concentrations measured by spectrophotometry in the bulk reactor observed were lower than the
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theoretical 1.5 g/L, probably due to particle deposition on reactor walls and piping. However,

the reduction of CFV to 1 m/s, led to a decrease of the suspended catalyst concentration to

0.53 ± 0.34 g/L. As described by Jiang et al, this decrease of catalyst content corresponds to

the deposition of catalyst particles on the membrane surface [29]: at this low CFV, the drag

force exercised on catalyst particles induced by filtration overcomes the lift forces coming from

turbulences leading to the formation of a catalyst cake layer. Consequently, an increase of

water permeation resistance was observed in Figure 3, as permeabilities values started to lower.

To avoid catalyst cake formation, the design and surface properties of photocatalytic particles

could be tuned in future researches.

Figure 3: Catalyst concentrations in the reactor and ceramic membrane permeabilities (P) observed
without and with 1.5 g/L of TiO2 catalyst suspended in laboratory grade water (LGW) at
different cross flow velocities (CFV) and fixed transmembrane pressure (TMP = 3 bars)

Effects of the real matrix on catalyst filtration was investigated by repeating previous LGW

tests on secondary wastewater effluents and reported in Figure 4. Without suspended catalyst,

no significant deviation of permeability values were obtained with the two matrices, indicating

that organic fouling did not occur (see horizontal dashed lines on Figure 4). The low organic

matter content present in the real matrix can explain this observation (see COD value in Table

1).

A similar decrease of permeability was observed in WWeff and LGW effluents when the CFV was
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Figure 4: Water transfer resistances and permeabilities (P) through the ceramic membrane observed
by filtering 1.5 g/L of TiO2 catalyst suspended in laboratory grade water and secondary
wastewater effluent at different cross flow velocities (CFV) and fixed transmembrane pres-
sure (TMP = 3 bars)

reduced to 1 m/s. However as it can be seen in Figure 4, a more important drop of permeability

values was obtained in WWeff (146 ± 10 L/(m2.h.bar)) than in LGW (112 ± 7 L/(m2.h.bar)).

Deviation bars reported in Figure 3 and 4 are standard errors obtained during two different tests

performed on two different tubular membranes having the same characteristics. The resistance

to water transfer was further analyzed by observing catalyst behavior in the two matrices by

optical microscopy. Images indicate that larger clusters of catalyst particles were formed in

secondary wastewater effluent (Figure 5b) than in LGW (Figure 5a). TiO2 particle aggregation

is induced by the presence of natural organic matter as well as Ca2+ and SO2−
4 which modify the

photocatalyst surface charge [38]. Therefore, the photocatalyst cake layer formed in WWeff and

LGW has different characteristics. The cake layer formed by successive deposition of aggregates

of larger size (in WWeff) may induce the development of a cake with higher porosity than the

one formed of small aggregates in LGW. The higher porosity is a probable explanation for the

lower resistance to water transfer measured in WWeff (2.74 ± 0.19 ∗ 1012/m), when compared

to the LGW value (2.21 ± 0.15 ∗ 1012/m).
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(a) (b)

Figure 5: Optical microscope pictures of TiO2 catalyst (1.5g/L) suspended in (a) laboratory grade
water (LGW); (b) secondary wastewater effluent (WWeff)

3.2 Influence of catalytic cake layer on membrane separation

properties

The effects of the catalyst cake layer on membrane separation properties were investigated by

filtering a compound larger than the 100 kDa membrane molecular weight cut off. Therefore

Dextran 150 kDa (1 g/L) was brought into solution with TiO2 (1.5 g/L) and filtered through

the ceramic membrane at a fixed TMP of 3 bars. After 60 min of operation at 3 m/s CFV, the

Dextran rejection was measured using equation 1 and then again after 60 min of operation at

1 m/s CFV. Rejection results presented in Figure 6 indicate that the cake layer formed only

at CFV of 1 m/s, did not influence Dextran separation. Therefore the exclusion size of the

catalyst layer formed in LGW was not smaller than the average membrane pore size of the

ceramic membrane.

Another interesting result presented in Figure 6 is the stability of the values obtained for

Dextran rejections after 75 and 150 hours of continuous operation at 3 m/s CFV and 3 bars

TMP without catalyst cake layer. In addition, stable permeability values were observed during

these tests: P = 187 ± 7 L/(m2.h.bar) at t = 0h and P = 192 ± 11 L/(m2.h.bar) at t = 150h.

Different results were obtained by Szymanski et al. on a 100 kDa membrane made out of TiO2
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(Filtanium, Tami Industries, France), as separation properties decreased after 400 h operation

[30]. For future researches, it would be interesting to operate the 100kDa Al2O3 membrane,

studied in the present work, during 400 h and compare its resistance to abrasion with the one

of the Filtanium membrane.

Figure 6: Influence of the catalytic cake layer on the rejection of Dextran 150 kDa by the 100 kDa
membrane during 150 hours of continuous filtration in LGW (TMP = 3 bars)

3.3 Catalyst load optimisation

The molecular probe pCBA was used to assess which catalyst concentration led to a maximum

production of free hydroxyl radicals by UV/T iO2 in the photocatalytic membrane reactor.

Pseudo-first order kinetics of degradation were observed as pCBA concentration decrease dur-

ing experiments fitted well the following model: ln(C/C0) = −k′∗t with linear coefficient values

above 0.96, with the UV exposure time (t), the pCBA initial concentration (C0 = 5µM), and

the pCBA concentration during the experiment (C).

To determine the optimal TiO2 concentration, several catalyst loads were tested and the cor-

responding pCBA pseudo-first-order apparent rate constants (k′) were reported in Figure 7.

The non-zero value of pCBA degradation rates (k′ = 0.019 min−1) obtained without catalyst

in suspension indicates that UV rays can degrade pCBA to a limited extent. Furthermore,

the increase of pCBA degradation rates with the addition of catalyst particles up to a load of
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1.5 g/L witnesses that free hydroxyl radicals were formed in solution. Above this optimum,

penetration lengths of photons in the solution were hindered by the high amount of catalyst

particles. This phenomenon referred as light screening in literature [39], was responsible for the

decrease of removal rates observed in Figure 7 above 1.5 grams of TiO2 per litre.

Figure 7: Pseudo-first order apparent rate constants (k′) of pCBA degradation in laboratory grade
water and secondary wastewater effluent in function of catalyst concentrations

The effect of real water matrix on hydroxyl radical production was investigated by repeating

pCBA degradation tests in secondary wastewater effluents. Results presented in Figure 7 show

a significant deterioration of apparent degradation rates at every catalyst concentration tested.

Before to further investigate and discuss mechanisms inhibiting oxidative radical production

(see Sec. 3.5), the influence of secondary wastewater effluents on anti-cancer drugs will be

investigated at the optimal catalyst load found in LGW (1.5 g/L).

3.4 Anti-cancer drug degradation

Pseudo-first order apparent rate constants of anti-cancer drugs obtained in LGW and WWeff

with and without catalyst added in solution are presented in Figure 8. As it was the case

without catalyst for pCBA in LGW, non-negligible degradation rate constants of 5-fluorouracil

(0.042min−1), cyclophosphamide (0.025min−1) and capecitabine (0.061min−1) were obtained
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in laboratory grade water by direct photolysis. Similar results were obtained for 5-fluorouracil

[16], cyclophosphamide [40] and capecitabine [41] in previous publications. An explanation to

the higher degradation rate observed for capecitabine can be explained by its higher number

of conjugated double bond systems (π bonds) in comparison to 5-fluorouracil and cyclophos-

phamide molecular structures (see Figure 1). The conjugated double bond can indeed be excited

by UV photons and break during relaxation leading to drug degradation.

The addition of TiO2 catalyst in suspension led to a removal rate increase of the three drugs:

5-fluorouracil (+90%), cyclophosphamide (+250%), and capecitabine (+130%), due to the pro-

duction of free OH radicals by photocatalytic reactions. This was evidenced by hydroxyl probe

tests in section 3.3. Concerning the effects of WWeff on anti-cancer drug degradation, similar

negative impacts are observed in Figure 8 as the ones observed in pCBA tests on Figure 7.

Chemical species responsible for the deterioration of OH radical production will be discussed

in the following section 3.5.

Figure 8: Pseudo-first order apparent rate constants obtained by UV and UV/T iO2 (1.5 g/L) of
three anti-cancer drugs spiked in laboratory grade water (LGW) and secondary wastewater
effluent (WWeff) at 500µg/L
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3.5 Water matrix influence on photocatalysis

To identify chemical species responsible for photocatalytic deactivation, a sequential batch

filtration method was developed and applied on WWeff as described in Section 2.3. pCBA

degradation results obtained with 1.5 g/L of catalyst load in laboratory grade water (LGW) and

WWeff are reported in Figure 9 together with pCBA degradation results obtained in sequentially

filtered WWeff. As it can be seen, rate constants of pCBA degradation in LGW dropped from

0.043±0.002min−1 to 0.0025±0.001min−1 in secondary wastewater effluent WWeff. A possible

explanation of this inhibition is the presence of natural organic matter present in WWeff (8.1 g/L

COD see Table 1). Natural organic matter was shown to deteriorate photocatalytic processes by

absorbing UV light and/or scavenging oxidative radicals [42]. However, the pCBA degradation

rate remained unchanged when spiked (at C0 = 5µM) in the nanofiltered WWeff having a

low COD content (see Table 1). Therefore organic matter removal by nanofiltration did not

improve the OH radicals formation.

Figure 9: Time-based degradation rate constant of pCBA (C0 = 5µM) spiked in different water
matrices: laboratory grade water (LGW), secondary wastewater effluent (WWeff), WWeff
permeated through nanofiltration and reverse osmosis membrane (NF-permeate and RO-
permeate) and Cl− dissolved in LGW (0.44 g/L)

A sample of the NF-permeate, free of pCBA, was filtered through a reverse osmosis membrane

and then observed by optical microscopy. Clusters of catalyst particles were not observed in the

RO-permeate sample image, presented in Figure 10, contrarily to the WWeff sample (see Figure

5b). The fact that catalyst aggregation is not observed is probably explained by the removal of
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the natural organic matter, Ca2+, and SO2−
4 by the RO filtration step known to favor catalyst

particle attraction [38]. Furthermore as shown in Figure 9, degradation rates observed in the

RO-permeate spiked with pCBA are similar to those observed in the WWeff and NF-permeate

matrices. Therefore, the low ionic content of the RO-permeate (see Table 1) is sufficient to

deteriorate pCBA degradation. Literature reviews published on this matter indicate that ions

can hinder radical formation by different ways [21, 19]: (i) adsorb on catalyst active sites, (ii)

scavenge ◦OH to form stable radicals having low oxidizing potentials (◦SO−4 , ◦NO3,
◦Cl− or

◦CO−3 ) or (iii) modify catalyst surface charge leading to particle aggregation (observed in Figure

5b and 10), and consequently to light screening effects [38, 39]. Furthermore, several studies

reported negative impacts of SO2−
4 , NO−3 , Cl

−, HCO−3 and Ca2+ individually dissolved in LGW

at higher levels than the ones present in RO-permeate [19, 20]. Therefore, it was concluded

from the present results that a real matrix-free of natural organic matter having a low ionic

content can significantly hinder OH radical production probably by: site deactivation, radical

scavenging, and/or catalyst aggregation.

Figure 10: Optical microscope pictures of TiO2 catalyst (1.5g/L) suspended in reverse osmosis per-
meate

At last, the effect of the most present ion in WWeff was assessed by dissolving 0.44 grams of

Cl− in 1 liter of LGW. This chloride concentration corresponds to the one measured in WWeff

and presented in Table 1. As presented in Figure 9 in comparison to LGW tests (100%), pCBA

degradation rates reduction was the highest in WWeff (94%) with a significant impact related

to the chloride content present in WWeff samples (72%). The remaining part of the inhibition
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observed in WWeff can probably be imputed to the other ions present in RO-permeate HCO−3 ,

Ca2+ and SO2−
4 (see Table 1). To conclude and without taking into account possible synergic

ion-ion effects, WWeff chloride content was responsible for a significant reduction of OH radical

production in WWeff.

Future researches could aim to develop novel photocatalytic materials being less affected than

TiO2 by real water matrices such as self-organized TiO2 nanotube arrays synthesized by Ye et

al. [22]. However, the strong ionic scavenging effects observed in this work call for the use of

alternative oxidation processes such as electrochemical oxidation which turns the presence of

chloride into a strength by forming active chlorine species. Finally, future work should assess

the toxicity of transformation products formed during advanced oxidation processes. This is a

crucial step in the selection of wastewater treatments as transformation products were shown

to be more toxic than parent drug compounds [7]
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4 Conclusions

The presence of anti-cancer drugs in European surface waters witnesses the fact that currently

applied wastewater treatments are not effective to remove certain emerging pollutants. This

is attributed to the particular properties of some compounds: limited metabolizations by the

human body, high urine excretion ratios, and low-biodegradabilities. As anti-cancer drugs are

genotoxic, water treatment plants must be upgraded with novel advanced processes to reduce

as much as reasonably possible the pollution of the environment by such chemicals. This work

aimed to assess the performance of slurry photocatalytic membrane reactor for treatment of

anti-cancer drugs spiked in real secondary wastewater effluent.

To get the required knowledge to operate PMR in secondary wastewater effluent (WWeff), the

behavior of the membrane module was investigated first at various operating conditions in lab-

oratory grade water (LGW). Results showed that the investigated 100kDa ceramic membrane

made out of Al203 led to effective rejection of TiO2 photocatalytic particles. At cross-flow

velocities (CFV) of 6 and 3 m/s, filtration of the catalytic slurry (1.5 g/L) did not disturb

water transfer, however, at 1 m/s a cake layer formed at the membrane surface leading to a

reduction of TiO2 concentration in the reactor and thus to an increase of water transfer resis-

tance through the membrane, from 2.21 ± 0.15 to 2.74 ± 0.19 ∗ 1012/m. Also, the presence of

the cake layer was shown to have negligible influence on the membrane separation properties

as testified by stable Dextran rejection experiments. An important result of this work is that

higher permeability values were obtained when the cake layer was formed in wastewater effluent

(146 ± 10 L/(m2.h.bar)) than in laboratory grade water (112 ± 7 L/(m2.h.bar)). The effect

of catalyst particle aggregation observed in the real matrix on the cake porosity is a probable

explanation for this difference. Furthermore, stable membrane properties were observed during

150 hours of catalyst filtration at 3 m/s CFV in real and pure water matrices. Therefore these

operating conditions were used for further degradation tests.

The PMR photocatalytic part aims to produce a sufficient amount of oxidative radicals to de-
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grade anti-cancer drugs. Therefore, the TiO2 concentration leading to the maximum formation

of free oxidative radicals was found to be 1.5 g/L in laboratory grade water thanks to degra-

dation tests of a hydroxyl molecular probe. Applying the optimized PMR conditions on pure

water matrix spiked with anti-cancer drugs led to significant removal rates of 5-fluorouracil

(0.080min−1), cyclophosphamide (0.088min−1), and capecitabine (0.141min−1). However,

photocatalytic reactions were inhibited when operating on real wastewater artificially polluted

by anti-cancer drugs. An innovative sequential filtration methodology permitted to conclude

that the deterioration of hydroxyl formation in the real effluent was related mainly to HCO−3 ,

Ca2+ and SO2−
4 ions with a major contribution of Cl−. Such ions have the potential to deacti-

vate photocatalytic sites, scavenge OH radicals, and induce catalyst aggregation by modifying

particles surface charges. Even though site deactivation could be solved by the future develop-

ment of photocatalytic materials, ionic scavenging effects call for the use of alternative oxidation

processes such as electrochemical oxidation able to turn ions into active oxidizing species.

Acknowledgement

This work was supported by the European Commission through the project ERA-NET Inno

Indigo 2014 [Grant number Inn-INDIGO/0002/2014]. The personnel of the Louvain-la-Neuve

municipal wastewater treatment plant operated by inBW is gratefully acknowledged for pro-

viding wastewater samples.

22



Abbreviation list

TMP Transmembrane pressure LGW Laboratory grade water
CFV Cross-flow velocity RO Reverse osmosis
TMP Transmembrane pressure BOD Biological oxygen demand
A Active membrane surface area COD Chemical oxygen demand
Vp Permeated volume TSS Total suspended solid
P Permeability
µw Water viscosity
Rov Overall water transfer resistance
pCBA para-chlorobenzoic acid
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