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ABSTRACT

Cancer is one of the most common causes of death and an increase in cancer cases is
expected in next decades. As a consequence, the consumption of cytotoxic drugs is
raising. These pharmaceuticals are able to interact with DNA blocking the
proliferation of cancer cells but lack of selectivity and may act on healthy cells too.
Unfortunately, these compounds have been detected in surface waters. In fact,
wastewater treatment plants are not able to remove cytotoxic compounds due to their
low concentrations and high hydrophilicity. Thus, it is important to develop new
techniques capable to treat them. Photocatalysis through UV and TiO. seems an
effective alternative as it involves the generation of highly reactive radical species.
With the present work photocatalysis with Degussa P25 TiO. is tested on three widely
used anticancer drugs, methotrexate (MTX), cyclophosphamide (CP) and
gemcitabine (GEM). The effect of the process parameters, such as pH, TiO.load and
initial concentration was investigated for MTX in pure water. pH plays an important
role as it regulates adsorption and electrostatic interactions between MTX and TiO..
At acidic pH photocatalysis was completely inhibited while at neutral and basic pH
degradation of MTX was possible. The degradation rate increased with increasing
TiO. load reaching a plateau for [TiO.]=1.5 g/L and with decreasing MTX
concentration. At the optimal conditions MTX was completely degraded in less than
10 minutes. Nevertheless, degradation did not occurred in synthetic urine proving
that inorganic ions and NOM inhibit photocatalysis. Results on a mix of MTX, GEM
and CP underlined that MTX was still eliminated as CP and GEM showed only partial
degradation. This may be due to the different reciprocal affinity with radical species.
So, photocatalysis seemed applicable for cytotoxic drugs but further studies are
needed to assess its applicability on complex matrixes such as hospital wastewaters.
In addition, a more detailed study of the toxicity of the treated water should be

performed to investigate the production of toxic by-products.
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1 INTRODUCTION

The present study focused on the photocatalysis through TiO, and UV irradiation of
three widely diffused anti-cancer pharmaceuticals methotrexate (MTX), gemcitabine
(GEM) and cyclophosphamide (CP), paying more attention on MTX since few studies
have been performed about it.

The influence of parameters such as pH, photocatalyst load, cytotoxic compound
concentration and irradiation wavelength was studied to firstly optimize the process
on MTX.

After assessing and optimizing photo-degradation of MTX the technology was tested
on a mixture of MTX, GEM and CP since hospital wastewaters contain more than one
contaminant with worse effects on the environment.

The present master thesis aims to understand what are the main parameters
influencing photocatalytic degradation of cytotoxic compounds in order to support
the TREAT-AFTER-TOO project; its final aim is to design a Photocatalytic Membrane
Reactor (PMR) to test at a pilot scale in hospitals in India and Portugal
(www.indigoprojects.eu/object/project/118). PMRs couple photocatalysis and

membrane filtration allowing the set-up to work in continuous flow and recover TiO.
particles through the filtration step. The work was performed in the context of an
exchange program with the Ecole Polythenique de Louvain (Louvain-la-Neuve,
Belgium) where all the laboratory activities were carried out.

The project involves the use of a copper-doped TiO. since the doping permits the
photocatalyst to be activated by low frequency light radiation offering the possibility
to exploit solar irradiation. The recovery of TiO. particles and the use of sunlight
configure this treatment as a sustainable technology that combines economic and

environmental advantages.



http://www.indigoprojects.eu/object/project/118




2 STATE OF THE ART

The fight of cancer is one of the most important medical challenge of the 21th century
since nowadays it still represents one of the most common cause of death. Among all
the illnesses, only cardiovascular disturbs kill yearly more people than cancer
(Stewart et al., 2014).

According to 2014 World Cancer Report by WHO, in 2012 14.1 millions of new cases
of cancer arose leading to the death of 8.2 millions of people. Since the 1950’s cancer
incidence have been increased (Figure 2.1) and it is expected to continue increasing
with the growth in world population and the improvement in life conditions in
developing countries that will characterize the next decades. The relationship between
cancer incidence and developed countries lifestyle will bring to 20 million new cases

of cancer by 2025 (Figure 2.2).
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Figure 2.1: Incidence of cancer during time. Data from Global Cancer Observatory,
IARC (http://gco.iarc.fr/)
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Figure 2.2: Relationship between cancer incidence and Human Development
Index, Incidence in 2012 and estimated incidence in 2025 (Stewart et al., 2014).

In blue the change of incidence due to the growth of population, in red the change
due to the postulated evolution of human habits

Along with the increase in cancer cases more pharmaceuticals will be consumed to
cure new patients and this will constitute an alarming threat for the environment.
These compounds, known as cytotoxic or antineoplastic compounds, are designed to
interact with DNA by altering its structure in order to rapidly inhibit the growth of
cancer cells but they lack of selectivity and cause cytotoxicity to normal cells too.
Many of these pharmaceuticals proved to have genotoxic and mutagenic effects on
aquatic microorganisms (Cesen et al., 2016; Kiimmerer et al., 2000; Zounkouva et al.,
2007). Among all these pharmaceuticals, 5-fluoracil, ifosfamide, cyclophosphamide
and methotrexate are the most administred anti-cancer worldwide (Kosjek & Heath,
2011).

However, many other pharmaceuticals belong to the group of the anticancer drugs
and consumption trends vary regionally and yearly. For example in Italy,
cyclophosphamide is one the most consumed drugs (with an average of 118+7 t/year
in the period 2014-2016) as its average yearly consumption is higher than the one of
other common chemoterapic agents. Taking into account methotrexate and
gemcitabine, average cyclophosphamide yearly consumption is more than 6 times
higher than the one of methotrexate and 270 times higher than gemcitabine
consumption.

Nevertheless, if the consumption of cyclophosphamide and methotrexate was almost

stable during the period 2014-2016, the consumption of gemcitabine increased by the

4 ) The Human Development Index measures the development of a country taking into account the
healthcare level (life expectancy at birth), the education level (expected and average years of scholarship)
along with the economic level (per capita gross net income). (http://hdr.undp.org/en/content/human-
development-index-hdi)
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187% (elaborazione AIFA su dati NSIS - Flusso della Tracciabilita del farmaco, D.M.
15 luglio 2004 - Ministero della Salute).

Thus, there is a need to monitor the highest possible number of these compounds to
prevent environmental pollution.

Cytotoxic compounds are excreted by patients taking chemotherapy and enter the
sewerage through hospital wastewaters (HWWSs) or municipal wastewaters (MWWs5s)
depending on the time spent at the hospital. Via treatment plants they can reach
surface waters as conventional treatment plants are not able to degrade them due to
their high persistency and low adsorption on activated sludge flocs.

Some studies arose the possibility that these contaminants could also reach drinking
water at very low concentrations leading to possible harmful effects on human health
(Franquet-Griell et al., 2016); no study about long time human exposure at very low
concentrations has been conducted yet.

For all these reasons, anti-cancer drugs caught the attention of the scientific
community that started to monitor them through international risk-assessment

programmes as PHARMA  (http://pharmas-eu.net/) and  CytoTreat

(http://www.cytothreat.eu/).

As monitoring can help us to understand dangers to ecosystems and human health,
source control can avoid any risk on man and nature. As stated before, MWWs and
HWWs are the principal sources of these pollutants, with the latter playing the most
important role. It is thus necessary to equip hospitals with proper treatment units for
their effluents.

Among all possible treatments, Advanced Oxidation Processes, AOPs, with the
employ of very reactive radical species, showed promising results in cytotoxic
compounds degradation. Processes using ozone, UV radiation, H.O. and Fenton
reactions proved to be possible alternative to HWWs treatment but nowadays
scientific research focused on light-activated photocatalyst treatment using TiO..
Photocatalysis is a technique that combines effective degradation with economic and
environmental benefits as TiO. has a quite low cost and its chemical stability and good
mechanical properties make it recoverable combining photocatalysis with membrane
filtration.

In addition, experiments on doped TiO. proved that doping, typically with noble

metals, could be a possible way to activate the photocatalyst under visible light (Fiszka
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Borzyszkowska et al., 2016; Ofiarska et al., 2016) leaving open the possibility of

exploiting sunlight as a free source of activation energy.

2.1 Antineoplastic compounds

Cytotoxic compounds belongs to the group L (Antineoplastic compounds) of
Anatomical and Chemical Therapeutic Classification (ATC). Cytotoxic compounds
can furtherly be divided in two classes: cytotoxic, strictly so-called, and cytotoxic
compounds.

Cytotoxic compounds act altering the DNA of the cells leading to their death as
cytostatic compounds do not modify DNA but blocks cellular reproduction targeting
especially highly reproductive cells such as cancer cells.

In Table 2.1 it is reported a re-worked version of the synthetic classification by Besse
et al. (Besse et al., 2012). The classification is not strict as some drugs show multiple
mechanisms of action.

Due to their interaction with DNA and cellular reproduction these compounds are
very dangerous as they can theoretically damage all eukaryotic organisms (Johnson
et al., 2008). For this reason, they are considered as Contaminants of Emerging
Concern (CECs) namely pollutants with known or suspected adverse effects on
environment or human health whose release in water has not been regulated yet.
These chemicals proved to be toxic, genotoxic, carcinogenic and mutagenic to
microorganisms ( Cesen et al., 2016; Mater et al., 2014; Zounkouva et al., 2007, 2010).
The results of the common ecotoxicity tests have been reviewed by different authors
(Besse et al., 2012; Kosjek & Heath, 2011; Zhang et al., 2013).

As these compounds are present as a mixture of different drugs, it is important to
underline that a mix of cytotoxic compounds is more harmful than a single compound
(Elersek et al., 2016; Mater et al., 2014).

However, usually ecotoxicity studies are carried out at higher concentration (ug-
mg/L) with respect to environmental ones (low ng/L) and address mainly acute
toxicity. To the best of author’s knowledge, till now no study has been performed at
environmental concentrations and the effect on long time exposure at trace levels is

not known. For these reasons other authors underline the need of long time and even
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multi-generation toxicity tests at concentration that can be found in real waters (Besse

et al., 2012).

Table 2.1: Classification of cytotoxic drugs (re-worked version of Besse et al., 2012).

Class Mechanism of actions Detailed mechanism
Alkylating agents Attach one or more nucleophile groups to the
Cytotoxics Cyclophosphamide, Ifofosfamide | DNA and inhibit or alter its transcription

that interacts

Platinum complexes
Cisplatin, Carboplatin

Prevent DNA replication by binding to it

directly with .
DNA Intercalating agents '
Doxorubicin, Daunorubicin, Break single-stranded DNA
Mitoxantrone
Antimetabolites Structural analogues of purine, pyrimidine
Methotrexate, 5-Fluoracil, or folic acid, act by blocking enzyme activity
Gemcitabine, Capecitabine and DNA synthesis
Cytotoxics Cytotoxic antibiotics Intercalate between DNA base pairs
Doxorubicin, Epirubicin, disturbing the synthesis and/or the

that interacts

- Mitomycin C functioning of nucleic acids
indirectly
. Mitotic spindle inhibitors . N
with DNA P Halt chromosome segregation by inhibiting
(Plant alkaloids) L. . .
mitotic spindle formation
Vinblastine, Vincristine
Topoisomerase inhibitors Induce or stabilize DNA damage by blocking
Irinotecan, Etoposide relegation of double stranded DNA
Interact with protein kinases, involved in the
Protein kinase inhibitors . . .
regulation of many biological processes (cell
. Imatinib
Cytostastics growth, migration, survival...)

Monoclonal antibodies
Brentuximab vedotin,TDM-1

Block tumoral cells extracellular receptors

Regarding human exposure, cytotoxic compounds prove to have noxious effects on

hospital staff working with the drugs (Bouraoui et al., 2011) but the concentration of

the administered drugs are much more higher than the one in the environment.

Nevertheless, humans may be exposed to concentration still non detectable with

actual analytical tools through drinking water during the whole life. The effects on
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long time exposure are not known yet and the teratogenic effect of antineoplastic

compounds could be an issue for pregnant women (Johnson et al., 2008).
2.1.1 Environmental properties

Cytotoxic compounds are typically organic polar compounds possessing a broad range
of different physico-chemical properties. Regarding the parameters that affect the fate
and the distribution of these compounds in the environment, these includes:

1) solubility;

2) Henry’s coefficient (Kn);

3) vapor pressure;

4) the dissociation constant pKa;

5) the octanol-water partition (K,w) and distribution coefficient (Dow);

6) organic carbon partition coefficient (Koc);

7) the bioconcentration factor (BCF);

8) atmospheric OH- rate.
The physico-chemical properties of some of the common used cytotoxic drugs are

reported in Table 2.2.

Cytotoxic compounds have generally high values of solubility and low values of the
Henry coefficient Ky and vapor pressure so removal by precipitation or volatilization

is negligible.

The dissociation constant pK. gives information about the state of dissociation of a
compound in a solution at specific pH. In particular, if pH>pK, the compound tends
to dissociate and it is more mobile in the aqueous phase.

Considering an environmental pH of 7, MTX, IF and CP are likely to be dissociated
(Table 2.2).

pK. influences the ionization state of the compounds since compounds tend to be
deprotonated if pH>pK., or protonated otherwise. The state of protonation regulates
electrostatic interactions with the typically negative charged organic matter and other

solid in the water matrix promoting or preventing adsorption.
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The octanol-water partition coefficient Kow, generally reported as logKow,
gives indication about the hydrophilicity or hydrophobicity of a compound. Namely,
it is defined as the ratio between the concentration of the un-ionized form of a
compound in octanol and its concentration in water if the compound is dissolved in

a mixture of the two immiscible phases (Eq. 2.1).

tanol
gty = log ({2

octanol

[C] un—ianized) Eq 2.1

where [(] is the concentration of a general compound.

Octanol is taken as a reference solvent as it is apolar and it mimics organic carbon in
soils and sediments or in lipid tissues. The values of Kow give also an indication about
the sorption on activated sludge.

Apart from CP and IF, the other cytotoxic compounds have negative values of logKow
showing high hydrophilicity. Nevertheless, CP and IF proved not to be adsorbed onto
activated sludge ( Kiimmerer et al., 1997).

However, the logarithm of the distribution coefficient (logDow) should be taken into
account when a compound can dissociate in water. In fact, logDowrefers to both the
ionized (dissociated) and un-ionized (un-dissociated) forms of the compound (Eq.

2.2)

octanol octanol

[C]un—ionized + [C]ionized

octanol octanol

[C]un—ionized + [C]ionized Eq 2.2
logDyy = log

It is possible to calculate the value of Dow from Ko through Eq. 2.3.

Eq. 2.
Dow = Kow + 1/(1 + 10PH-PKal) 423

The organic carbon partition coefficient K, is similar to K,y as it expresses
the ratio between the concentration of the contaminant adsorbed to organic carbon in
soil and the concentration of the compound in solution in the water phase.
Compounds with high values of this coefficient are less mobile in soil and accumulate.
As expected by low values of logK,w cytotoxic compounds have relatively low values

of Ko due to their strong hydrophilicity.
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The bioconcentration factor BCF is the ratio between the concentration of a
chemical in an aquatic organism and the concentration in water. Usually, the partition
coefficient Kow and the BCF are linked as the affinity for lipid translates into
bioaccumulation in organisms. So, it is expected that a chemical with a low value of
Kowhas a low BCF.

According to Franke the bio-magnification risk can be extrapolated from BCF data:
the risk is low if BCF<30, moderate if it is between 30 and 100, high if between 100
and 1000 and very high if higher than 1000 (Franke et al., 1994).

Data from Table 2.2. show that the risk of biomagnification related to anticancer drugs

is low.

In the end, atmospheric OH- rate describes the reaction rate of a compound
with hydroxyl radicals and it is a rough indicator to assess the potential of a pollutant
to be degraded by AOPs. Among the cytotoxic compounds, MTX seems to be more
easily degraded by hydroxyl radicals. In fact, in a study with Degussa P25 TiO,and UV
irradiation Lutterbeck reported an half-life of MTX of 3 min (Lutterbeck et al., 2015)
as a similar study with IF and 5-FU reported respectively half-lives of 10,9 and 20,9
min (Lin & Lin, 2014). The half-lives of the three compounds are in accordance with

value of the atmospheric OH- rate in Table 2.2

10
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Table 2.2: Physico-chemical properties of common used cytoxic compounds.

(MTX=methotrexate, CP=cyclophosphamide, GEM=gemcitabine, 5-FU=5-fluoracil, IF=ifofosfamide)

Henry law
Solubility Atmospheric OH rate Vapor pressure
PKa logKow Koc BCF constant UV max
(mg/mL) (10 cm3/moleculexs) (mm Hg)
(atm-m3/mole)
0,45 (pH=5)
b b H= b b
MTX 4,7 [1] 9,97 (PH=7) assp] | [11 | 3.2[1] 31,7 [1] 1,54%10731[1] 2,09x1079[1] 290 [5]
4,8-5,5[2] (3] 20 [4] 3[4]
2,6 [1]
2,84 [5]
0,63 [1] 52 [1] 3[1] 1,40x10 [1]
Cp 6 [4] 40 [1] 7,03 [1] 4,45%1075[1] 200 [5]
59[5] | 2,1[5] 7x101 5]
4,5-6,5 [6]
-1,22 [1]
3601 51,4 [1] -1,24[4] | 1[4] 3[1] 234; 268
GEM 5,27 [5] ’ ’ 0,04 [5] 1,7x10"7[1] 1,7x10[7] ’
15,3 [4] -2,01[5] | 1,4[5] 1[5] [5]
11,65 [8]
-2,22 [9]
8;13[1] -1[1]
8 [1] 3,6 [1]
5-FU 8,02 [5] 11,1 [1] -0,89[5] 0,583 [1] 1,66x1079[1] 2,68x10°6[1] 266 [5]
4 [4] 3 (5]
7,6-8; 13 [4] -0,93 [4]
1,45 [5] 7ol 3[1] <290 [5]
IF 515 3,78 [1] 0,86 [1] | 62[5] 4,28 [1] 1,36x10711[1] 2,98x10%5[1] >
1,45-4 [4] 51041 2,2[5] 200 [10]

[1] Kosjek & Heath, 2011 [2] Reid et al., 1993 [3] Rubino, 2001 [4] Booker et al., 2014 [5] Zhang et al., 2013 [6] L. Wang et al., 2009 [7] Toolaram et al., 2014

[8] Santana-Viera et al., 2016 [9] Negreira et al., 2013 [10] Fiszka Borzyszkowska et al., 2016

11
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Two other important environmental properties not related to specific indexes are

biodegradability and the stability towards photolysis.

The biodegradability of a compound deeply influences its fate in a wastewater
treatment plant and in the environment. Typically cytotoxic compounds are persistent
and recalcitrant pollutants difficult to degrade by biological treatments but
biodegradability depends also on the chemical composition and structure of the
compounds and cytotoxic drugs gather many different chemical compounds.

IF and CP proved not to be biodegraded both in laboratory tests and by WWTPs
(Kosjek & Heath, 2011). 5-FU and MTX have been degraded in laboratory at
conditions similar to that of a real WWTP but degradation of MTX led to the formation
of a recalcitrant biodegradation product, 7-hydroximethotrexate (Kiffmeyer et al.,
1998). Also GEM was found to be biodegradable in laboratory tests (Kiimmerer et al.,

1997).

Another important property that influences the stability of anticancer drugs in
the environment is capacity to absorb solar light. An organic compound is able to
absorb light if it contains chromophores, namely functional groups that permits light
absorption. In particular, chromophores have to allow light absorption in the range of
UV-vis wavelenghts (200-800 nm) that represent the highest fraction of the solar
irradiation spectrum. Typically chromophores containing aromatic rings and double
bounds, for example, C=C, C=C, C=0 and N=0, are able to absorb lower wavelengths
in the range 200-800 nm. Other important chromophores are functional groups
containing hetero atoms (i.e. atoms of elements different from C or H) with non-
bonding electron pairs like C-Br. These other functional groups absorb light at higher
wavelengths and are characterized by lower molecular extinction coefficients (so they
are more likely to absorb light in their absorption spectrum).

The absorption of UV-vis light is promoted by the presence of conjugated bonds and
as a general rule the more are the conjugated bonds the more the molecule is able to
absorb light at lower energy (higher wavelength) (Decadic, Extinction, & Pollutants,
2003).

Among the compounds in Table 2.2, MTX with is suitable for photolysis due to the

three aromatic rings and the presence of C-O double covalent bonds (Figure 2.3).
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Figure 2.3: Methotrexate (MTX) structure

Nevertheless, other drugs do not absorb light in the UV-vis range. 5-FU proved not to
absorb light at wavelengths higher than 290 nm as CP and IF react only with short

wavelengths (<190 nm) (Baumann & Preiss, 2001).

In summary, cytotoxic compounds represent a class of high persistent compounds in
water as:

e they are very soluble hydrophilic compounds (high solubility, very low Ku);

e they do not sorb to soil or sediments so they are likely to be present in
surface water (high values of Kow and Koc);

e they are generally low biodegradable and do not adsorb on sludge making the
common activated sludge treatment unsuitable for their removal.

However, their interactions with hydroxyl radicals suggest that AOPs may be a
possible way to degrade them.

2.2 Sources of pollution

The two principal pathways through which cytotoxic compounds can contaminate the
environment are hospital and municipal wastewaters. Patients taking chemotherapy
excrete a fraction of the ingested drugs through urine and faeces in the sewerage.
Drugs are not completely metabolized by human body and are excreted unchanged or
in the form of metabolites. The excretion percentage depends on the type of drug and
its way of administration (oral or intra-venous), the age and the constitution of the
patients and the time of administration (K. Kiimmerer et al., 2000; Pérez & Barcelo,
2007).

These factors influence also the form of the excreted drugs in the urine. In fact, drugs

that need to be activated by enzymes (pro-drugs) are mainly excreted in the form of
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metabolites that should be taken into account when investigating the occurrence of
cytotoxic compounds in the environment. At the European level (Directive
2004/27/EC), environmental risk assessment is required for pharmaceuticals human
metabolites with excretion ratios exceeding the 10% of the total dose (Laenge et al.,
2006).

As in the past HWWs were the main sources of pollution, currently the contribution
of MWW s to environmental pollution is raising. In fact, an increasing percentage of
this kind of pharmaceuticals is now administered to out-patients and it is sold in
pharmacies. Nowadays, the 75% of cytotoxic consumption is at home (Johnson et al.,
2008). In addition, the time spent at the hospital for chemotherapy is reducing and
even if the patients take the drugs at the hospital, the excretion is at home.

Other minor sources of pollution derive from concentrated effluents of
pharmaceutical plants and contamination from improper waste disposal (Reddersen
et al., 2002).

Nevertheless, even if the concentration of these compounds in MWWs can be higher
than in HWWs (Ferrando-Climent et al., 2014), typically they are more concentrated
in hospital effluents. Weissbrodt et al. found that 2’,2’-difluorodeoxyurine, the human
metabolite of gemcitabine, reached a concentration of 200 mg/L in the wastewater of
a hospital in Swiss (Weissbrodt et al., 2009).

Many countries still discharge hospital effluents into the sewer network without any
treatment. For instance, in Europe there are no specific legislation or guidelines
regarding the management of HWWs. The danger of hospital waste is recognized by
European Directive n.98 of 19 November 2008 about the management of hazardous
wastes that states that liquid wastes, such as pharmaceutical products, medicines and
others (soaps, solvents etc), must be disposed as waste and not discharged into the
sewer. However, there is no specific indication regarding hospital effluents which may
contain these same dangerous substances (Carraro et al., 2016).

Another European directive, the European Directive n. 91 of 21 May 1991 (91/271/CEE
modified from Directive 277 of February 1998 n. 98/15/CE) on the treatment of MWW
requires a pre-authorisation for the discharge into MWW collection system of
industrial effluents (Carraro et al., 2016). However, the decision of considering
HWWs as industrial effluents or municipal ones is up to each EU state member. As an

example, in Italy no pre-treatment is required for HWWs.
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Other countries such as Spain or France consider HWWs as industrial effluents for
which specific characteristics are required. Nevertheless, it is possible that HWWs do
not comply with these characteristics and are consequently treated as domestic
wastewaters. In fact, in term of macropollutants (NOM and nutrients) and physico-
chemical characteristics (pH, temperature, alkalinity...) HWWs are similar to MWWs
(Carraro et al., 2016; Verlicchi et al., 2015).

Thus, as rarely hospitals have a water treatment unit, HWWs are discharged
untreated in the sewerage where they mix and dilute with MWWs and reach a
wastewater treatment plant (WWTP). The concentration of cytotoxic compounds
released in HWWs depends on the type of hospital (specialized in cancer treatment or
not), its size (number of beds), its water consumption (dilution) and on the presence
of in-situ treatment units (removal).

WWTPs are not able to efficiently remove these pollutants as they are designed to
remove principally nutrients and macropollutants at concentrations of mg/L.
Inefficacy of WWTPs in cytotoxic drugs removal is documented by many authors
(among them: Buerge et al., 2006; Kiimmerer et al., 1997; Verlicchi et al., 2010; Yin
et al., 2010).

For these reasons, some countries are raising awareness about the environmental
danger of micropollutants; for example, in Switzerland a new treatment step for
micropollutants (ozonation or adsorption on activated carbon) is mandatory for
WWTPs starting from 2016 (Wittmer et al., 2015).

So, effluents of WWTPs typically still containing cytotoxic compounds at low
concentrations (in the order of ng/L) are discharged in the environment leading to
possible surface water (Ferrando-Climent et al., 2014), ground water (Heberer,
2002) or land contamination if treated waters are re-used for irrigation.

Cytotoxic compounds diluted in surface waters undergo a series of processes: they can
partially biodegraded by microorganisms, they can be photodegraded by solar
irradiation or they can adsorb to organic matter or accumulate in the sediments.
Regarding photodegradation, most antineoplastic compounds proved not to be
directly photodegradable in natural environment. Degradation by radicals formed due
to solar irradiation may be possible but only in clear water rich in nitrate ions since

hydroxyl radicals form after photolysis of them (Buerge et al., 2006).
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Hence, as poorly degradable in the environment, antineoplastic compounds reach
drinking water treatment plants (DWTPs) that treat surface water before distribute it
to users. DWTPs involve advanced treatment steps as ozonation, chlorination and UV
treatment that can act on these recalcitrant pollutants. However, some authors arose
the possibility of drinking water contamination by the cytotoxic compounds itself or
in the form of by-products (Franquet-Griell et al., 2016; Garcia-Ac et al., 2010).

Actually, studies about the presence of these compounds in tap water revealed
concentrations under the limit of detection of the used instruments (Mendoza et al.,
2016; Mompelat, Thomas, & Le Bot, 2009, 2011) but more detailed studies including
human metabolites and possible transformation products have not been conducted
yet. The fate of cytotoxic compounds in the water treatment cycle is summarized by

Figure 2.4.
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2.3 Treatment technologies

A more specific review by Zhang focused on the treatment of cytotoxic compounds
(Zhang et al., 2013) but almost all of the studied technologies were the same used for
HWWs treatment in general. These technologies may be subdivided in three main
groups:
1) Advanced biological treatments: membrane bioreactors (MBR);
2) Physico-chemical separation: nanofiltration (NF), reverse osmosis (RO),
powdered activate carbon (PAC) and granular activated carbon (GAC);
3) Advanced oxidation processes: ozonation (05, 03;/H,0, 0O5/UV,
0;/H,0,/UV), oxidation with H,O. (H.O. UV/ H.0.), electrochemical
oxidation, photocatalytic oxidation (UV-TiO.), Fenton and photo-Fenton

processes.

These technologies can be applied alone or in combination to enhance degradation of

the compounds.

Before describing the functioning of each treatment option it is useful to distinguish
between the different effects that each technique has on the contaminants.

First of all, a great distinction should be done when comparing processes that degrade
or separate compounds from water.

Among the three categories listed above, advanced biotic treatments and AOPs
actually degrade compounds in water as physical treatment processes only transfer
the compounds from a phase to another (in the case of adsorption on activated
carbon) or concentrate the compounds in another stream (the retentate in the case of
NF/RO). As degradation sometimes may lead to by-products whose effects could be
of concern in term of ecotoxicity, separation overcomes this issue. On the other hand,
separation implies the treatment or disposal of the residues of the process with an
increase in costs.

The difference between degradation and demineralization concerns the final products
of the applied treatment. As degradation means the transformation of a parent
compound into other low molecular weight species, demineralization is the
conversion of an organic compound into CO. and elementary substances. Degradation

is considered acceptable only to the extent that the toxicity of its products is lower
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than the one of the parent compound (Eddy & AECOM, 2014). In fact, a partial
degradation may be acceptable due to the higher costs of a complete demineralization.
On the contrary, a degradation is not acceptable if generates more toxic or less
degradable species. Thus, demineralization yield should be adopted to compare
different treatments as the disappearance of the parent compound does not
necessarily result in better water quality (Prasse et al., 2015).

The formation of transformation products (TPs) concerns both advanced biological
treatments and AOPs but generally the latter are more studied from this point of view
due to their complicate degradation pathways. The degradation mechanism depends
on applied AOP with different AOPs leading to same or different TPs. However,
generally an increase in toxicity is observed during the first phase of an AOP treatment
suggesting that high toxicity is associated to transient TPs and enough reaction time

is necessary to avoid worsening the quality of the treated water (see Table 2.3).

Table 2.3: Review about TPs of common used cytotoxic compounds

Cyt | Treatment | TPs Ecotoxicity Ref.

UV/H202 6 TPS -

, [1]
MTX UV/TiO, 6 TPs -
. Acute toxicity test: high toxicity of transient TPs,
UV/TiO, 8 TPs ) . ] [2]
slight toxicity of final TPs
Chronic toxicity, genotoxicity and mutagenicity tests:
UV/H.0. | 6TPs o toxielly, genotoxiclly anc mutageniclty
no toxicity after 256 min of irradiation
-FU Genotoxicity and mutagenicity tests: no toxicity after
5 UV/TiO. | 4TPs Ty ane mutagenery Y (3]
256 min of irradiation
UV/Fe/H.0. | 2 TPs -
05, O3/H-0: 1TP - [4]
CP Acute toxicity: toxicity increased during the first
UV/TiO, 7 TPs | phase of the treatment and the decreased. No [5]

toxicity after 6 h of irradiation.

Acute toxicity: toxicity increased during the first
IF UV/TiO. 10 TPs | phase of the treatment and the decreased. No toxicity [5]

after 6 h of irradiation.

[1] Lutterbeck et al., 2015; [2] Calza et al., 2014; [3] Lutterbeck, Wilde, et al., 2015; [4]
Fernandez et al., 2010
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2.3.1 Advanced biological treatments: MBRs

MBRs combine biological degradation and microfiltration in one unit thanks to
microfiltration membranes with nominal pore sizes ranging from 0.1 to 0.4 pm. They
may be immersed in the reactor or placed in a separated module placed outside. In
the first configuration the vacuum applied to the membrane allows water to be drawn
through the membrane while solids are kept inside the reactor.

In the case of separated systems, the influent is pressurized and pumped through the
membrane placed outside that allows the passage of purified water and retains solid
biomass that is recirculated to the bioreactor.

In these systems cytotoxic agents are removed from the effluent due to adsorption on
biomass and/or biological degradation.

Nevertheless, the cytotoxicity of these compounds may slow down bacterial activity

and lowering the efficiency of the process it is (Delgado et al., 2009).

A pilot-scale MBR was tested by Manhik et al. (Mahnik et al., 2007) to treat the
effluent from an oncological ward and the concentration of 5-fluoracil and
anthracyclines, a class of cytotoxic antibiotics, was monitored. 5-fluoracil was rapidly
degraded as anthracyclines were removed (removal efficiency>90%) due to
adsorption onto the biomass.

In another study, the technology was tested on HWW for the removal of CP, a poorly
degradable compound. CP exhibits low degradation (<20%) for SRT up to 50 days
(Verliefde et al., 2007). However, a similar study on MTX in domestic wastewater
with inoculated activated sludge showed removals up to 80% but the measure of
ecotoxicity of the permeate revealed residual ecotoxicity probably due to degradation

bio-products (Delgado et al., 2009).
2.3.2 Physico-chemical separation

Among the feasible treatments for cytotoxic compounds membrane filtration
(NF and RO) showed interesting results as adsorption on activated carbon seemed not
to be effective alone due to low logK, of the antineoplastic compounds.
Stripping is not a feasible technique due to the low values of the Henry coefficient of

these pharmaceuticals (Table 2.2).
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Membrane filtration: NF and RO

Membranes can reject compounds namely through three mechanisms: size exclusion
or steric hindrance effect, electrostatic interactions and adsorption on the membrane

surface.

The steric hindrance effect depends directly on the dimensions of the pores of
the membrane and on the size of the molecules to be removed. In the case of cytotoxic
and in general all the pharmaceuticals only nanofiltration and reverse osmosis proved
to be effective in water treatment because of the relatively low size and molecular

weight of these compounds (Verlicchi et al., 2015).

Electrostatic interactions establish between the typically negatively charged
polymeric NF/RO membranes and positively or negatively charged compounds in
solution. Negative charge of the membrane is due to the deprotonation of the
carboxylic acid groups at its surface. These mechanisms are strongly dependent on
pH as both the charge of the membrane and state of ionization of the compounds in
solution are related to pH. The charge of the membrane surface at a specific pH can
be known from its point of zero charge as the protonation/deprotonation state of a
compound can be derived by its pKa. So, considering the membrane to have a negative
charge at pH of HWWs, negatively charged compounds are rejected by the membrane
as neutral and positive compounds may be separated only due steric hindrance effects

or adsorption.

Adsorption of compounds on the membrane is typical of hydrophobic
compounds as NF membrane are highly hydrophobic. Hydrophobic substances
adsorb onto the membrane and may be removed from the effluent but in the case of
molecules lighter than the molecular weight cut-off of the membrane adsorption is

only the preliminary step before their diffusion in the membrane to the permeate side.

In the case of cytotoxic compounds the first two mechanisms are predominant as
adsorption may be excluded due to their high hydrophilicity.

Application on CP proved that removal by NF was high (<90%) only when the
membrane operated at a low water recovery percentage (10%) (Verliefde et al., 2007).
Wang and others compared the performances of NF and RO membranes
demonstrating that the rejection of CP was higher with RO membrane (Wang et al.,

2009).
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Adsorption on activated carbon

Adsorption on the activated carbon in the form of a powder in slurry phase (PAC)
or packed in beds (GAC) has been tested to treat HWWSs containing also cytotoxic
drugs.

In the review by Verlicchi (Verlicchi et al., 2015) it is underlined that it was possible
to remove CP and IF with PAC only at high dosage (150-450 mg/L). Capecitabine, the
pro-drug of 5-fluoracil, showed low removal efficiency even if at high dosages (<40%).
Due to the high concentration needed PAC seems not to be an economically
sustainable technique.

However, GAC could be a more effective technique. In fact, Lenz et al. coupled an
MBR with a GAC adsorption column to treat the effluent from the oncological ward of
the hospital of Vienna managing to remove cancerostatic platinum compounds
(CPCs) and 5-fluoracil with high removal efficiencies. As 5-fluoracil was already
removed below the detection limit after the MBR step, the GAC column allowed the

removal of CPCs (Lenz et al., 2007).
2.3.3 Advanced oxidation processes

AOPs involves the production of radicals to oxidise recalcitrant compounds. Among
them, ozonation coupled with H.O. and/or UV irradiation is the more consolidated
technique but nowadays there is an emerging interest on other treatments such as
photocatalytic  oxidation with titanium dioxide, Fenton/photo-Fenton,
electrochemical oxidation and sonolysis.

Another issue associated with ozonation and AOPs in general is the formation of by-
products whose toxicity as to be monitored since they can be more dangerous than

their parent compound.

Oxidation with 03, O3'H202, O3'UV and UV-H:0:

Ozonation is a consolidated technique for the treatment of micropollutants in water.
Ozone can directly attack organic contaminants or decompose to form -OH- radicals
due to its unstable nature in water.

Compared to hydroxyl radicals that can react with a broad range of functional groups

ozone reacts more selectively attacking electron-rich moieties of organic substances
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such as functional groups containing unsaturated double or triple bonds. More in
detail, compounds as (Lee & von Gunten, 2010):

- olefin, phenol, aniline, thiophenol, thiol and tertiary amine exhibit high
reactivity with ozone,

- secondary amines, thioester and anisol an intermediate reactivity,

- primary amines and nitro group a slow reactivity,

- amides are no reactive.

An enhancement of the process is expected at alkaline pH. pH can be increased
artificially or in alternative it is possible to add H.,O. to increase the production of
hydroxyl radicals.

In fact usually ozone is not dosed alone but process combining ozone and H,O,, ozone
and UV irradiation or ozone with both UV and H.O. are applied for wastewater
treatment.

NOM concentration is an important parameter influencing the process since it acts as
a radical scavenger both for ozone and hydroxyl radicals.

In the case of ozone treatment, the formation of bromides is possible for matrix

containing bromine compounds.

Applications of ozonation for HWW treatment have been documented by Verlicchi et
al. (Verlicchi et al., 2015) who reported that oxidation of CP, IF and capecitabine was
possible at relatively high ozone dosages (removal efficiency>80% for dosages of
2g0,;/DOC or 4.1-7.8 gO3/TOC).

Garcia-Ac et al. (Garcia-Ac et al., 2010) studied the ozonation of MTX and CP in
drinking water showing that MTX was rapidly oxidised by ozone as CP was less
reactive. This can be explained by the chemical structure of MTX that contains amino
groups, an aromatic ring and two N-containing aromatic groups (Figure 2.3) that are
known to be moieties selectively attacked by ozone. CP was more recalcitrant and only
reacted directly with ozone at CT (O concentration x contact time) = 45 mg min/L
which is a relatively high value compared to common values used in treatment plants.
The possibility to degrade MTX, together with 5-fluoracil, cytarabine and
azathioprine, by ozone was proved by other authors (Pérez Rey et al., 1999).
Ferre-Aracil et al. applied ozonation to a real HWW and found that among the
cytostatic compounds in solution, namely ifosfamide, cyclophosphamide, irinotecan
and capecitabine, cyclophosphamide was the hardest compound to degrade. An ozone

concentration of 43.9 g/m3 and a reaction time of 30 min were needed to remove the
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97% of CP in solution. The same authors estimated the cost of the treatment (cost of
electricity + cost of oxygen supply) to be around 0.3 € per ms of treated water (Ferre-
Aracil et al., 2016).

The degradation of CP by ozonation was studied also by Lester et al. who underlined
that the presence of NOM and alkalinity in treated water results in a slowdown of the
reaction with the major effect of alkalinity (Lester et al., 2013).

In another study the same authors compared the performances of ozonation alone
with treatments combining ozone and UV and/or H.O,. UV/H.0,/0; treatment
leaded to highest degradation rates compared to the other treatments (Lester et al.,

2011).

It is possible to generate hydroxyl radicals combining UV and H.O, without Os. This
alternative may be feasible for micropollutants rather than high concentration
contaminants as H.O, has a small molar extinction coefficient.

In alternative, H.O. can be added during ozonation to enhance the production of
hydroxyl radicals or can be dosed in combination with UV.

Thus, organic compounds are degraded through two mechanisms: direct photolysis

by UV and reactions with radicals.

Regarding applications on cytotoxic compounds, studies exists only at the laboratory
scale.

Lutterbeck et al. compared the efficiency of three different UV-based treatments
(UV/Fe/H,0,, UV/H,0, and UV/TiO,) for the treatment of MTX and 5-FU
(Lutterbeck et al., 2015a; 2015b).

Regarding MTX, best demineralization efficiency was obtained with UV/Fe/H.0.
(78.4%) followed by UV/TiO. (72.1%) and UV/H.0. (65.1%); the fastest process was
UV/TiO. since it completely eliminated the parent compound in 4 min as with
UV/Fe/H.0. and UV/H.0O. the total elimination occurred after 8 min and 16 min
respectively.

The study about 5-FU underlined no substantial differences in the demineralization
achieved with the three AOPs and assessed that UV/Fe/H.O. was the fastest process
followed by UV/H.0, and UV/TiO..
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Ecotoxicological analyses revealed that all the three AOPs reduced the ecotoxicity of
the treated water in the case of 5-FU but transformation products of MTX after
UV/H.0, were still ecotoxic and less biodegradable.

Thus, results showed that H.O. was more effective in combination with Fe
(photofenton process) but further studies should be performed about the degradation
pathways of other cytotoxic compounds as HWWSs contain many different compounds
whose TPs can be even dangerous than the parent compound.

In another study other authors tested different AOPs combining ozonation, UV
irradiation and H,O, to degrade CP. O;/H,0, was the fastest treatment followed by
simple ozonation (Lester et al., 2011).

Cyclophosphamide can be degraded with UV/H.O.too (degradation yield > 90%) but
at high UV dose (1695 mJ cm?2) (Kim et al., 2009).

Sonolysis

Sonolysis is the application of ultrasonic irradiation to a water medium to degrade
organic compounds in solution. Ultrasounds cause acoustic cavitation that is the
adiabatic formation and collapse of bubbles with the creation of microscopic zones at
high temperature and pressure where a high amount of energy is liberated.

In these microzones temperature can reach 10,000 K and pressure is in the range
300-975 bar (Crittenden et al., 2012).

Sonolysis involves mainly two degradation mechanisms: pyrolysis of the organic
pollutants due to high temperatures and pressures (Weavers & Hoffmann, 1999) or
indirect degradation by radicals generated during the process.

In fact, water molecules affected by sonolysis evaporates leading to the formation of
radicals and hydrogen peroxide in the bubbles (Hartmann et al., 2008).

Radicals may attack organic compounds on the gas-liquid interface at the surface of
the bubbles or diffuse in the water medium (Weavers & Hoffmann, 1999).

Sonolysis can be coupled with ozonation to improve the production of hydroxyl
radicals. The high energy liberated by cavitation allows the thermolytic decomposition

of ozone and the subsequent formation of hydroxyl radicals (Weavers et al., 2000).

Somensi et al. (Somensi et al., 2012) combined ozonation with sonolysis to degrade
MTX and doxorubicin (DOXO).
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DOXO resulted more difficult to remove (degradation efficiency <50%) as good
results were achieved for MTX even without ozonation (degradation efficiency>80%).
Coupling sonolysis with ozonation enhanced the performances of the process both for
DOXO and MTX but the removal rate and efficiency was pH-dependent; at pH="7, that
is close to the pH of HWW, the process achieved satisfactory results only for MTX

(Somensi et al., 2012).

Photocatalysis with UV-TiO-

Heterogeneous photocatalysis is one of the most studied AOP for the removal of
organic species in water treatment. During this process the photocalyst is excited by
light irradiation to directly oxidise organic pollutants or to favour the production of
radical species that indirectly degrade the contaminants.

Many semiconductor metal oxide, such as ZnO, Fe,O, CdS, GaP and ZnS, may act as
photocatalysts but typically TiO. is employed due to its good thermal and chemical
stability, its strong mechanical properties, its low excitation energy and its low cost.
TiO. has three different crystalline forms anatase, rutile and brookite but usually
commercial titanium-based photocatalyst are mainly composed by anatase and rutile.
Degussa P25 TiO., the most employed photocatalyst for water treatment, is a mixture
of 70-80% anatase and 20-30% rutile (Ohtant, 2008). The crystalline composition of
the photocatalyst influences the band-gap energy, i.e the energy necessary to promote
an electron from the valence band (VB) to the conduction band (CB) of the
semiconductor. In fact, as anatase and rutile present band-gaps respectively of 3.2 eV
and 3.0 eV the semiconductor needs at least 3.2 eV to be excited. This amount of
energy can be provided by irradiation wavelengths shorter than 390 nm (Grci¢ & Li
Puma, 2013).

Regarding the photocatalytic mechanism initiated by light irradiation, a brief
description is provided by Colmenares and Xu (Colmenares and Xu, 2016) and by the
reviews by other authors (Chong et al., 2010; Herrmann, 1999; Ohtani, 2010, 2008;
Fujishima, 2000, 2008).

When the photocatalyst surface is irradiated an electron moves from the VB to CB
generating an electron-hole pair (Reaction 2.1).

React. 2.1
Electron-hole pair formation TiO, + hv > ecg + hi’g
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The electron-hole pairs may recombine (Reaction 2.13) or if trapped at the TiO.
surface (Reaction 2.2 and 2.3) they can lead to the production of radical species which

can subsequently attack organic pollutants.

React. 2.2
Electron-hole pair recombination ecg + hifg = heat and/or light
React. 2.
Trapping of photogenerated holes hifs = hig 3
. . _ _ React. 2.4
Trapping of excited electrons ecg — err

Trapped photogenerated holes and excited electrons react respectively with adsorbed
water molecules and molecular oxygen to form hydroxyl radicals (Reaction 2.5) and
superoxide anions (Reaction 2.6). These highly reactive and scarcely selective radicals
are responsible in organic contaminants degradation.
ht. +OH- - OH React. 2.5
ere + 0, > 0F React. 2.6
The presence of electron scanvengers such as adsorbed oxygen (Reaction 2.6) is vital
to prolonge the life of electron-hole pairs as they typically recombines in nanoseconds.
Another possible mechanism is the direct oxidation of organic contaminants by the
trapped holes. In this case contaminants have to diffuse near the TiO. and to adsorb

on an active sites where they are oxidised.

Typically, TiO. is dosed as powder in a slurry form but supported TiO. applications
exist. TiO. may be supported on nanorods, nanofibers or membranes (Chong et al.,
2010; Colmenares and Xu, 2016).

Nowadays, an interesting field of research is TiO. doping. The doping of TiO. with
metal or non-metal impurities reduces the band-gap between the VB and CB allowing
excitation of the photocatalyst with longer wavelengths. In fact, generally the
photocatalyst is activated by UV irradiation provided by UV low pressure (254 nm)
lamps that exert a synergic disinfection action or UV medium pressure lamps that
provide a broader spectra in the range of wavelengths that can be absorbed by organic
compounds (200-400 nm). So, the cost of the treatment derives mainly from the
electricity used for lamp functioning.

However, doping may extend the light absorption in the range of long UV and visible
wavelengths allowing the process to be activated by sunlight. Solar light-activated
photocatalysis could be an economical and sustainable technique to treat polluted

water streams.
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Typical dopants are noble metals as Pt, Ag, Cu, Ni, Rh, Pd (Kumar & Rao, 2017;
Nasirian & Mehrvar, 2016; Ofiarska et al., 2016) or non-metals such as N, C, For S
(Fujishima et al., 2008). Among the two doping techniques, doping with non-metal

compounds is economically convenient compared to noble metal doping.

To the best of author’s knowledge applications of titanium dioxide photocatalysis for
HWW and more in detail for cytotoxic compounds exist only at the lab scale.

In Table 2.4 some studies about the application of TiO. photocatalysis are reported.
It is useful to underline that all the studies achieved good results but only at laboratory

controlled conditions.
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Table 2.4: Review of studies about photocatalytic oxidation of cytotoxic compounds

Cat load

. Light . Tirr Tdeg
Cyt Catalyst Matrix pH Conc (mg/L) . . A (nm) T (°C) Kapp (min-1) . Ref.
(mg/L) intensity (min) (%)
5-FU 5.8 20 0.2 0.0375 90 99.9
Degussa P25 | PW( 8W 254 2542 [1]
Ccp 5.8 20 0.1 0.0434 90 99.9
Bi-B-TiO, 250 5 0.0240 (AS(3))
AS®): 5290 90 | 100
IF pw(®) 7 430 W/m? o5+2 | 0.0180 (VS(4)) [2]
vs(): 5400
Pure TiO 2500 50
: 0.019 (ASB®)) | 240 100
5-FU N-doped - 88.8
CP TiO BLG5): - 59.3
5T - pw() 5.6 20 0.2 16 W 2542 1200 < [3]
5- - - 1.5
P Degussa P25 390-500

[1] Lin & Lin, 2014; [2] Fiszka Borzyszkowska et al., 2016; [3] Lin, Lin, & Hung, 2014;

The meaning of the symbols for cytotoxic compounds is the following:

5-FU= 5-fluoracil; CP= cyclophosphamide; IF= ifofosfamide; MTX = methotrexate; DR=doxorubicin

The meaning of the other symbols are:

(1) PW = pure water (mQ water); (2)DW = demineralized water; (3) AS=artificial sunlight; (4) VS = visible light; (5) BL = blue light;
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Table 2.4: Review of studies about photocatalytic oxidation of cytotoxic compounds

C Catalvst Mt - Cat load C (mg/L) Light A (am) T CC) Kanp (min-s) Tirr Tdeg Ref
Tl nc (m nm aj min1 .
N atalys At P (mg/L) onelms intensity pp LTH (min) (%) €
Pt-TiO. 7 500 5 0.294 (AS(3)) 60 100
IF 0.0148 (AS(3)y | 240 | 100
Pure TiO2 5.5 5000 50 AS(3): 5290 >240 | =90
pw(V) 550 W/m> 25 | 0.0093 (VS4) [4]
vs(@): 5400
Pt-TiO. 0.0783 (AS®)) | 60
Cp 5.5 5000 50 100
Pure TiO2 0.0181 (ASB)) | 240
IF Degussa P25 pw(2 5.5 100 0.1 8W 352 25 0.433+0,024 10 100
6.4
MTX | Degussa P25 pw(2) 500 20 2057 mJ/cm? 200-440 2542 0.234 4 82 [5]
MTX | Degussa P25 pw(2) - 200 15 40 W Amax = 390 26 ti2= 2 min 30 100 [6]

[4] Lai et al., 2015; [5] Lutterbeck et al., 2015; [6] Calza et al., 2014

The meaning of the symbols is the following:

5-FU= 5-fluoracil; CP= cyclophosphamide; IF= ifofosfamide; MTX = methotrexate; DR=doxorubicin
(1) PW = pure water (mQ water); (2) DW = demineralized water; (3) AS=artificial sunlight; (4) VS = visible light; (5) BL = blue light
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The values of the ki, in Table 2.4 refers to the pseudo-first order constant of
degradation of the cytotoxic compounds.

A pseudo-first order kinetic describes a reaction involving two reactants where the
concentration of one of them remains constant during the process. In the case of the
photocatalysis of cytotoxic compounds, it is the TiO., concentration that is stable while
the concentration of the cytotoxic drug decreases. This is a good approximation of
reality because TiO. concentration is typically five or six orders of magnitude higher
than the one of the cytotoxic compounds and photocatalyst remains substantially
unchanged in the process if no adsorption establishes between the two compounds.
So, the rate of the reaction can be considered to be first order even if the reaction
involves two reactants. If the process can be simplified through React. 2.7:

) React. 2.7
Cyt +TiO, - TPs

where Cyt represent the cytotoxic compound, TiO; the titanium dioxide concentration
and TPs are the reaction transformation products.
The rate law r (s*) can be calculated according to Eq. 2.4.
d[Cyt]

dt

r = k[Ti0,][Cyt] = — Eq. 2.4

where:

e k = reaction rate coefficient (L s moli -1);
e [TiO2] = TiO2 concentration (mol L-1);
e [Cyt] = cytotoxic compound concentration (mol L-1);

As the concentration of the photocatalyst is supposed not to change during the process
it is possible to group the reaction rate coefficient r and TiO. in one coefficient called
the apparent rate coefficient or the apparent constant of degradation kay, (Eq. 2.5).

kapp has dimension of the inverse of time.
d[Cyt]
dt

r = (k[Ti0;D[Cyt] = kapplCyt] = Eq.2.5
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Electrochemical oxidation

Electrochemical oxidation exploits the generation of electricity with electrodes to
dissociate organic molecules. In particular, pollutants may be directly oxidised by
electron transfer with the anode (“anodic oxidation”) or attacked by radicals (mainly
hydroxyl radicals) generated during the process (“mediated oxidation”). The dosage
of chlorine facilitate the degradation of the target contaminants through the

generation of active chlorine species like hypochlorite, chlorine dioxide and chlorine.

Regarding mediated oxidation, the first step of the process is formation of OH-
radicals at the surface of the anode.
After the first step the degradation pathway depends on the nature of the electrodes

that can be distinguished in “active” or “non-active” electrodes.

Active electrodes promote the formation of oxides thanks to the interaction between
the adsorbed OH- and the anode surface.

The oxide, known as “active oxygen”, can attack organic contaminants, such as
cytotoxic compounds, leading to their oxidation.

Commonly used active electrodes are stable electrodes such as Pt and Ti electrodes

whose surface can be oxidised to form active oxygen.

On the contrary, non-active electrodes are made of materials as boron-doped
diamond (BDD) or oxides of Sn or Pb that cannot be furtherly oxidised. So, adsorbed
hydroxyl radicals do not react with the surface forming active oxygen but directly
oxidise organic compounds in solution.

Non-active electrodes leads to demineralization of the target compounds while active
electrodes leads to oxidised by-products whose effects in term of ecotoxicity should

be investigated in order to fully understand the efficacy of the process.

Applications of electrolysis of cytotoxic compounds are reported in Table 2.5.

In particular, in a study by Fabianska and other authors (Fabianska et al., 2015) it is
underlined that the presence of other ions such as ClI-, PO,3-, NH,*, NO;- and HCOj
may even enhance the process due to the formation of other radicals species with
higher oxidant power or selectivity than hydroxyl radicals. Thinking about possible

applications with real HWWs this is encouraging as HWWs contain many different
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ionic species. In fact, good results with hospital wastewater or human urine were

obtained by others (Kobayashi et al., 2008, 2012).

Table 2.5: Electrolysis of cytotoxic compounds

Treatment Compounds Matrix Results Ref
Electrolysis at CP. IF p . %) (1]
, ure water deg (%0)=97 1
BDD anode Mg 270
Reduction of measured
Mix of Model wastewater cytoxicity:
compounds (12 compounds) 99.6 % (o]
2
(MTX, CF, GEM, Clinical wastewater (model wastewater)
5-FU...) (5-18 compounds) 94.9 + 7.7%
(clinical wastewater)
Drug inactivation
) Single-compound .
Electrolysis at Pt ) Single compounds:
solutions + NaCl N
based Ir anode 13 compounds (cytotoxic activity)fina=
(MTX, CP...) 1/3-1/100 000 (cytotoxic [3]
S Solution containing a activity)initial
mix of 13 Mix of contaminants:
contaminants + NaCl | (cytotoxic activity)sina= 1/100
(cytotoxic activity)initial
Human urine
MTX + Naeg (%)>95 [4]
153 mM NacCl

[1] Fabianska et al., 2015; [2] Kobayashi et al., 2008; [3] Hirose et al., 2005 ; [4] Kobayashi

et al., 2012.
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Fenton and photo-Fenton process

Fenton process exploits the reaction between hydrogen peroxide and iron ions to
produce hydroxyl radicals. Fe2*ions act as catalysts in H.O, decomposition initiating
a complex reaction sequence (Ganiyu et al., 2015).

In the case of photo-Fenton oxidation, UV or UV/vis (A<400 m) light is used to
catalyse Fenton reactions through photo-reduction of Fe3* and decomposition of
Fe(II) hydroxide enhancing productions of OH-. In fact, at pH=3.5 Fe is mainly
present in the form of Fe(OH)2* which has a strong absorption in the UV region.

The Fenton process is optimal at acid pH in the range 2.5<pH<3.5 as at pH>3.5 the
Fe3* ions precipitate in the form of Fe(OH) and at pH<2.5 the production of hydroxyl
radicals becomes difficult (Ganiyu et al., 2015). Thus, the process seems not

economically convenient for HWW (typical pH=7-8) as a correction of pH is required.

Few applications regarding HWW or pharmaceuticals-contaminated water with
Fenton process exist.

To the best of author’s knowledge, up to now only one study have been performed to
treat cytotoxic compounds.

A study on Fenton and photo-Fenton degradation of 5-fluoracil proved that it was
possible to degrade the compound with this technique achieving respectively 50% and
67% mineralization yields after 8 h of treatment. The procedure was tested on a real
WWTP effluent spiking 5-fluoracil achieving even higher degradation rate compared
to degradation in synthetic water (Governo et al., 2017).

Anand et al. tested a solar photo-Fenton reactor to treat HWW and managed to reduce
the COD by 98% and increase the BOD;/COD ratio from 0.16 to 0.7 demonstrating
the improved biodegradability of the treated water (Anand et al., 2016).
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3 MATERIALS AND METHODS

The experimental methodology followed the scheme adopted by other authors
studying photocatalysis of cytotoxic compounds (among them: Lai et al., 2015; Lin &
Lin, 2014; Ofiarska et al., 2016). In particular, before evaluating the photocatalysis of
the studied compound, some experiments were performed to evaluate the adsorption
of the compounds in the dark and their capability to photodegrade in absence of the
photocatalyst. These experiments are necessary to isolate the contribution of the non-
photocatalytic phenomena to cytotoxics degradation.

In the present work 3 cytotoxic compounds were selected: methotrexate (MTX),
gemcitabine (GEM) and cyclophosphamide (CP). MTX was detectable by both
spectrophotometry and High Performance Liquid Chromatography (HPLC) as GEM
and CP only by HPLC.

MTX was chosen as sample compound to optimize the procedure since it was possible
to measure its degradation with the spectrophotometer; in fact, the compound is in
the form of a yellow powder that gives a yellowish colour to the medium. However, a
first experiment was performed measuring MTX concentration both with
spectrophotometry and HPLC to assess if the two analytical techniques give
comparable results.

The effect of the main parameters influencing the photocatalysis, namely pH, TiO-
load, MTX concentration and irradiation wavelength, was studied to optimize the
photocatalysis of this compound. When one parameter was varied, the other ones
were kept constant to ensure comparability between the experiments.

All these experiments were performed in pure water and the solution was irradiated
for 60 minutes. Irradiation was provided by a low pressure UV lamp except for
experiments on the effect of the irradiation wavelength when a medium pressure UV

lamp was tested too. As it was not possible to replicate all the experiments for time
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reasons, experiments were repeated only for one value in the range of variability of
each studied parameter.

In the end, one experiment on MTX photocatalysis was performed in synthetic urine
to assess if the technique is efficient in a more complex matrix. In this case, it was
necessary to work at higher concentrations than in pure water ([MTX]=10 mg/L) to
ensure MTX detectability by spectrophotometry.

Afterwards, the optimized procedure was tested on a mix of MTX, GEM and CP in
order to understand the influence between the compounds and the possibility to
degrade them at the same optimal conditions found for methotrexate. As HPLC was
used to measure the concentration of the compounds, it was possible to study
degradation at lower concentrations ([MTX]=[GEM]=[CP]=100 pg/L). The effect of
initial pH on the degradation of the mixture was studied. The framework of the

experiments tested values of each parameter is shown in Figure 3.1.

Effects of non-photocatalytic phenomena

A differant pH:
48;6;65;7;8;

= lnitial pH
{wariable pH during degradation|
448:6;7:8;85

= Constant pH during degradation
6568 |pHrxc); 7; 8

0.25;05;1;15;25g/L

1;33; 5 mg'L

= P Eamp {100, ks = 254 nm)
- MAP lamg {125 W, k= 200-500 nmij

- Daminarsfized
Effect of the matrix waber
an MTH
- Synthatic urina

= Photolysis

Optim ized param sters

B, cat booed, BATY comc

Effect on the mix of
the 3 compounds
MTH+GEM+LP

= Adsorption:
At different pH:4.8;6;

7:85
Degradation:
A diffarant p:
58;7;48

Figure 3.1: Experimental framework
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3.1 Chemicals

The three cytotoxic compounds, MTX, CP and GEM, were provided by Sigma Aldrich.
Stock solutions were prepared diluting the pharmaceuticals in a solution of mQ water
(resistivity 18.2 MQ-cm) and methanol (methanol concentration=1mg/mL) and then

stored in dark at -20°C.

Aeroxideg TiO, P25 (Evonik, Germany) was the photocatalyst used in a slurry phase
during photocatalytic experiments; its physico-chemical characteristics and chemical
composition are summarized in Table 3.1.

Table 3.1: Physico-chemical properties of Aeroxideg P25 TiO.

(www.aerosil.com/www2/uploads/productfinder/AEROXIDE-TiO2-P-25-EN.pdf)

Properties Unit Value
Specific surface area (BET) m2/g 35-65
pH value in 4% dispersion - 3.5-4.5
Loss on drying (2 h at 105°C) % <15
Tamped density g/l 100-180
Sieve residue (by Mocker, 451um) % < 0.050
TiO, content % >99.50
Al,O5 content % < 0.300
Si0O. content % < 0.200
Fe,O; content % < 0.010
HCI content % < 0.300

The photocatalyst was stored in the dark at ambient temperature to avoid accidental

photoactivation.

The synthetic urine solution was prepared according to Method 6301.1 suggested by
the Center for Disease Control and Prevention (CDC, 2010). The procedure involves
the mix in sequence of the following reagents before adding 1 L of demineralized
water. The reagents and their quantities are:

¢ 500 mL of demineralized water;

e 3.8 g of potassium chloride (KCl);

e 24.5gof urea (CO(NH.,).);
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1.03 g of citric acid (CsHsO-);

0.34 g of ascorbic acid (C¢HgOs);

e 1.18 g of potassium phosphate (KH.PO,);

e 1.4 gof creatine (C,HoN;50.);

e 0.64 g of sodium hydroxide (NaOH) to add slowly;

e 0.47 g of sodium bicarbonate (NaHCO5);

e 0.28 mL of sulfuric acid (H.SO,);

The prepared solution must be stored in the refrigerator at 4°C.

The composition of synthetic urine is reported in Table 3.2.

Table 3.2: Synthetic urine composition

Compound Formula M (moles/L)
Potassium chloride KCl 5.1X1072

Urea CO(NH.). 4.08%x10!

Citric acid Ce¢HsO, 5.36x1073

Ascorbic acid CsHsgOs 1.93%x1073
Potassium phosphate KH.PO, 8.54%103

Creatine C,HyN,0, 1.07%x1072

Sodium hydroxide NaOH 1.60%x102

Sodium bicarbonate NaHCO; 5.6x103

Sulfuric acid H.SO, 2.8x104

3.2 Photocatalytic experiments

The set-up consisted in a 1.5 L glass batch reactor containing a UV lamp centrally-
located, as show in Figure 3.2 and Figure 3.3. The surface of the reaction vessel was
covered by an aluminium foil in order to screen it from outside irradiation and reflect
radiation maximizing photocatalyst illumination. Shape and dimensions of the
reaction vessel are reported in Figure 3.3.

The reaction vessel was connected to a cooling system (LAUDA Microcool MC250) to
ensure that the temperature of the reaction was stable.

A magnetic stirrer guaranteed adequate stirring of the medium in the reactor; the

stirring rate was set at 550 rpm.
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Figure 3.2: Experimental set-up
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Figure 3.3: Schematic representation of the reaction vessel

Two different Hg vapours UV lamp (Helios Ital quartz, Italy) were tested. The two
types differ for the pressure of the Hg vapours that surround the lamps. Namely, we
tested:
* alow pressure UV-C germicide lamp (10 W) with a monochromatic spectra
concentrated around 254 nm;
* a medium pressure UV-A lamp (125 W) with a broader spectra in the UV

region. The emission spectra of the lamp is reported in Figure 3.4.
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Figure 3.4: Irradiation spectrum of the medium pressure UV lamp provided by the
supplier

(www.heliosquartz.com/prodotti/lampade-uv-a-media-pressione)

Lamps were placed in a transparent quartz sleeve to protect them from abrasion.
3.3 Experimental procedure

The reactor was cleaned three times with 1.5 L of demineralized waterxtime and one
time with 1.5 L of mQ water. HPLC and spectrophotometry analysis showed that
negligible mass of contaminants remained after the four cleaning steps. A pump was

used to empty every volume of cleaning water.

All the solutions were prepared spiking 1 L of the medium in the reaction vessel with
the desired amount of cytotoxic compound tipped from the stock solution. When
different cytotoxic compounds were dosed the tip of the pipette was changed for every
compound.

Solutions were stirred 10 minutes before sampling to obtain homogeneous

concentration in the reactor.

The desired amount of TiO. was weighted with a balance (precision=0.01 g) before
adding it into the reactor.

The photocatalyst was dosed in dispersion with additional 0.5 L of the same medium
in the reactor.

When required pH was adjusted tipping NaOH from two different solutions at 0.2 and
0.02 M.

Before switching on the lamp and start the photocatalysis the solution was stirred in

the dark at least 30 minutes to reach the adsorption equilibrium at stable pH.
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Then, the UV lamp was switched on to start the photodegradation of the cytotoxic
compound. Samples were taken at fixed time steps to follow the degradation.

Every sample was filtered through a 0.2 pm cellulose filter to block TiO. particles and
was stored in the dark at -20°C before analysis. Sampling procedure is explained in
more detail in Appendix A.

Temperature and pH were monitored during all the experiments. Temperature was

set at 19+1°C while pH varied during degradation.
3.3.1 Adsorption quantification

Adsorption of the compounds was studied at different pH and quantified with two

quantities: adsorption ratio (%) and specific adsorption (mgcyt/grioz)-

The adsorption ratio, Ads, is the ration between the adsorbed and the dosed mass:

MO - Ml (CO X Vo) - (Cl X Vl) Eq. 3.1
Ads(%) = ———x 100 = x 100
M, (Co x Vo)

The specific adsorption, Ads, instead, is the ratio between the adsorbed mass (mgcy:)

and the dosed mass of TiO. (grio-):

(Co X Vo) — (G X Vy)
Mrio

Eq. 3.2

Adsg,(mgurx/ rio2) =

The meaning of the variables in Eq. 3.1 and 3.2 is the following:

- Cy = initial cytotoxic concentration (mg/L)

- My = Initial cytotoxic mass in solution (mg) = CoxV)
- C1 = cytotoxic concentration after adsorption (mg/L)
- M; = cytotoxic mass after adsorption (mg)

- Vp = initial volume without photocatalyst (L)

- Vi = volume after photocatalyst addition (L)

- Mrioz = photocatalyst load (g)

The initial concentration Cyand the cytotoxic concentration after adsorption C; are the

mean value obtained by three samples.
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3.3.2 Kinetic constant evaluation

The photocatalytic process was modelled with a pseudo-first order kinetic since it
properly fits the concentration decrease during photocatalytic processes (Fiszka
Borzyszkowska et al., 2016; Lai, Lin, & Lin, 2015; Lutterbeck et al., 2015; Ofiarska
et al., 2016 among those who worked on cytotoxics).
Modelling the process with a first order kinetics allows the calculation of the apparent
reaction rate with a simple linearization. In fact, the integration of the Eq. 3.3 between
time 0 and the generic time ¢t leads to Eq. 3.4.
[Cyt]e = [Cyt]oexp(—kappt) Eq. 3.3
In[Cyt]; = In[Cyt]o — kappt Eq.34
where [Cyt]ois the cytotoxic concentration right before irradiation, t is time and [Cyt]

is the concentration of the cytotoxic at the generic time t.

Excel was used to estimate the kapp calculated using the function “Add trendline”
whose outputs are the equation of the trendline and the R2 coefficient. The more R?
value is closer to 1 the better the trendline fits the data.

The intercept with the y-axis was set equal to the measured [Cyt], for each set of

experimental data.

It is important to underline that in the case of spectrophotometry analysis the
calculated value of the ki, do not refers to rate of degradation of the parent compound
but it is a quantity that refers to the degradation rate of the mixture of the parent

compound and transformation products in the matrix.

3.4 Analytical methods

Two different techniques were used to measure the concentration of the cytotoxic
compounds: spectrophotometry and High Performance Liquid Chromatrography
coupled Mass Spectrometry (HPLC/MS).

Spectrophotometry was used to measure methotrexate and HPLC/MS was used to

measure the concentration of the three compounds in a mixture.
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Spectrophotometry analysis

A HACH DR 4000 U spectrophotometer was used to analyse methotrexate
concentration in solution. The maximum peak of absorption of methotrexate was

detected at 300 nm (ABS=0.171 in comparison to a blank sample, Figure 3.5)
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Figure 3.5: MTX absorption spectre in ultrapure water ((MTX]=5 mg/L).

The Limit of Detection (LOD) of the instrument is ABS=0.002 (3 times the standard
deviations of the ABS values given by blank samples) and the Limit of Quantification
(LOQ), estimated as 10 times the standard deviation of the values registered for blank
samples, is 0.006. Anyway, samples whose ABS was lower than 0.010 were not
considered to reduce the experimental error.

A calibration curve was made measuring samples at concentrations: 0.1 — 0.5 — 1 —
2.5 — 5 — 7.5 — 10 mg/L. For each concentration, three different samples were
prepared to measure absorption and assess the variability of the absorption measures.
The direct relationship between absorption at 300 nm and concentration is showed

in Figure 3.6.
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Figure 3.6: Calibration curve for MTX in pure water. Error bars represents the
standard deviation of the concentration. The values over each point are the
concentration values used to calibrate the instrument.

The relationship between ABS and MTX concentration is linear (R2=0.999) and it is
expressed by Eq. 3.5.
[MTX] = 24.905 - ABS — 0.0638 (R?=0.9989) Eq.3.5

The same procedure as the one for pure water was followed to calibrate
spectrophotometry measures in synthetic urine. The maximum absorption peak was
still at 300 nm (ABS=2.563). The instrument was calibrated at concentration
values=5-7.5-10 mg/L. It was necessary to work at higher concentrations since MTX
was not detectable for concentration lower than 5 mg/L. The calibration curve was

still a straight line (R2=0.9989) and it is plotted in Figure 3.7.
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Figure 3.7: Calibration curve for MTX in synthetic urine. Error bars represents the
standard deviation of MTX concentration. The values over each point are the
concentration values used to calibrate the instrument.
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The relationship between measured ABS and MTX concentration is expressed by Eq.
3.6.
[MTX] = 24.347 - ABS — 0.1936 (R?=0.9982) Eq. 3.6

HPLC/MS analysis

HPLC/MS analyses were performed through an Agilent 6495 triple quadrupole
LC/MS apparatus.

The LC apparatus works extracting 10 puL from a sample vial filled during an
experiment. A syringe extracts the sample volume at a speed of 8 uL. /s. Each sample
volume is pumped at 10 bar with an Accela 1250 pump through the elution column.
The elution column (KINETEX C18) is made of packed silica grains and its
dimensions are 150x2.1 mm (cylindrical column, 150 mm length, 2.1 mm diameter).
The HPLC set-up can be classified as Reversed-Phase Chromatography (RPC).
Contrary to Normal-Phase Chromatography, that employs unmodified silica resins as
hydrophilic stationary phase, RPC uses a hydrophobic stationary phase obtained
bonding an octadecyl carbon chain (C18) to silica. The temperature of the column is
kept at 30°C. The mobile phase was obtained from a mixture of two different solvents:
solvent A (98.9% water, 1% CH3;CN and 0.1% HCOOH) and solvent B (CH;CN). The
composition of the mobile phase varied during the process to facilitate the elution of

the three cytotoxic compounds (see Table 3.3). The mobile phase flowrate was 200

pL/min.
Table 3.3: Mobile phase composition
Mobile phase composition
Solvent A content (%) Solvent B content (%)
Time (min) Solvent A composition: Solvent B composition:
98.1 % H-0, 1% CH5CN, 0.1% HCOOH 100% CH3;CN
o 97 3
30 3 97
32 97
32 97
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The mass spectrometer was run in positive mode. Mass-to-charge ratios (m/z) used
by the mass spectrometer to detect the three cytotoxic compounds are reported in

Table 3.4.

Table 3.4: m/z ratios of the studied compounds

Compound m/z ratio
MTX 455.2
GEM 261.0
Cp 264.1
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4 RESULTS

4.1 Analytical results

MTX concentrations obtained by spectrophotometry and HPLC are reported in
Figure 4.1.
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Figure 4.1: MTX concentration vs time, measure by HPLC and spectrophotometry
[MTX]=400 mg/L, [TiO:]=0.5 g/L, pH=7. 1 LP UV lamp (10 W, 254 nm)

HPLC and spectrophotometry start to detect different concentrations few minutes
after degradation. This demonstrates that TPs originate quickly and can absorb light
at 300 nm. In fact, after 30 minutes HPLC measures null concentration while the
spectrophotometer still reveal the presence of the compound.

In some experiments (see section 4.3.3), MTX disappeared in 10-15 minutes as
reported by Calza (Calza et al., 2014).

TPs generated by the photocatalysis of MTX with TiO, have been recognized by others
(Lutterbeck et al., 2015, see Figure 4.2).
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Figure 4.2: Transformation products of MTX with UV/TiO, treatment
(adapted from Lutterbeck et al., 2015)

Differences in concentration measures reflect into different values of the constant of
degradation. Kinetic calculations made on spectrophotometry data lead to lower
values of the degradation constant (Kspectro=0.066 min << kgprc = 0.209 min™ for

experiment in Figure 4.1) because of the parent compound and MTX by-products.

HPLC is a more precise instrument that allows the distinction of the parent compound
and its TPs but spectrophotometry was useful to have a cheap and fast response on
the efficiency of the process.

The decision to use spectrophotometry knowing the limits of the technique (limit of
detection, difficulty in distinguishing between the parent compound and its TPs) is
acceptable because this work configures as a preliminary study in a more complex
project that is at the very beginning.

The final goal of the project is to couple the photocatalytic reactor with a membrane
to recover TiO. particles (PMR, Photo Membrane Reactor); this PMR will be tested at
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the pilot scale with real hospital wastewaters and the parameter to assess the efficacy
of the set-up will be the decrease of toxicity.

The decrease in toxicity is the best parameter to evaluate the environmental
performances of the set-up as also the TPs of cytotoxic compounds can be eco-toxic
(Calza et al., 2014). Measuring the removal efficiency of the parent compound only
gives a partial idea on the efficacy of the process. However, eco-toxicity analyses are
expensive and time-consuming so they will be implemented only at the end of the

project when the procedure will be more consolidated.

HWWs contains a lot of different contaminants but it was decided to treat cytotoxic
compounds as the increase in cancer cases worldwide will increase the presence of
these contaminants in the environment. Among all the contaminants, they proved to
be very persistent and difficult to degrade.

Spectrophotometry was a cheap method to start studying the system as other authors
proved that there is a direct relationship between the decrease in absorption at a
precise wavelength and the removal of a pharmaceutical compound (Wittmer et al.,
2015).

For its nature of preliminary study, higher concentration than environmental ones
were studied so as the working conditions were far from the limit of detection of the

spectrophotometer.

4.2 Phototocatalysis of MTX

4.2.1 Adsorption in the dark

The adsorption of MTX was studied at different pH values for the initial MTX
concentration of 3.3 mg/L and the same photocatalyst load of 0.5 g/L.

Results are shown in Figure 4.3.
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Figure 4.3: Effect of pH on adsorption (%). [MTX]=3.3 mg/L; [TiO.]=0.5 g/L.
pH was adjusted with NaOH and at least 30 minutes were waited to
reach the adsorption equilibrium

The pH of the system without NaOH addition (MTX and TiO. in pure water) was
pH=4.7.

Adsorption decreases for basic pH values being negligible at pH=".

pH plays a predominant role in electrostatic interactions between TiO. and MTX
since it determines the surface charge of TiO. photocatalyst and the ionization state
of both the cytotoxic compound and the photocatalyst.

Degussa P25 TiO. (20% anatase and 80% rutile) Point of Zero Charge (pHpzc), namely
the pH at which TiO. exhibits a neutral charge, is around 6.9 (Kosmulski, 2014) i.e.
the surface of photocatalyst presents positive charge if pH<6.9, negative charge
otherwise.

Ionization of the surface of the photocatalyst occurs according to Reactions 4.1 and
4.2 (Gad-Allah et al., 2011):

Protonation TiOH + HY © TiOH; pH<pHp,c  React. 4.1

Deprotonation TiOH + OH™ ©Ti0O” + H,0 pH>pHpzc React. 4.2

MTX has a pKa ranging from 4.8 to 5.5 (Reid, Yuen, Catolico, & Carlson, 1993).
Drugbank.com, a commonly used database for pharmaceutical data
(https://www.drugbank.ca/drugs/DB00563) reports a pKa value of 4.7. So MTX
tends to be deprotonated at pH>4.8 and protonated otherwise.
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Thus, the pH can strongly influence the interaction between MTX and the
photocatalyst surface determining attraction or repulsion between TiO, and the
chemical drug. If attraction occurs cytotoxic molecules can be more easily drawn to
the surface of titanium dioxide particles where they can be adsorbed. The relationship
between pH and electrostatic interaction between MTX and TiO. is schematically

represented in Figure 4.4.

pKovrx PHezc
4.8 6.9 rpH

TiO: surface charge
MTX charge

Repulsion Attraction Repulsion

Figure 4.4: Schematic representation of the electrostatic interactions between
MTX and TiO. surface

In the range between the pH of the system (=4.7-4.9 in the presence of TiO.) and the
pHprzc, adsorption is significant and becomes more and more negligible at values
around the PZC of titanium dioxide. For pH>pHpzc repulsions should establish
between MTX and TiO. so no adsorption is observed.

Nevertheless, as adsorption is very high at pH=4.8 (88.1-91.2%), it is possible that the

MTX in its protonated/non-dissociated form is more affine to TiO..

Similar consideration about the effect of pH on electrostatic interactions are described
by other authors who studied other cytotoxic compounds as Lin and Lin who worked
with 5-fluoracil (Lin & Lin, 2014) and Ofiarska and Lai (Ofiarska et al., 2016; Lai et
al., 2015) who both studied photocatalytic degradation of isofosfamide and
cyclophosphamide. Even if they observed that these other cytotoxic drugs did not
adsorbed on the photocatalyst, they underlined that faster degradation occurred when
the cytotoxic compounds and TiO. attract because cytotoxic compounds are drawn

near the surfaces where oxidation by hydroxyl radicals it is more likely to occur.

Influence of the pH of the solution on the adsorption of the contaminants was studied
also by Wang (Wang & Ku, 2007) who studied the dependency on pH of dyes
adsorption on TiO. and by Mrowetz and Selli (Mrowetz & Selli, 2006) who obtained

similar conclusions working with benzoic acid.
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4.2.2 Photolysis of MTX

One experiment to assess the possibility to photodegrade MTX in absence of TiO, was
performed at initial MTX concentration of 3.3 mg/L. The initial pH was not adjusted
(pH=5). A low pressure UV lamp (10 W, 254 nm) provided irradiation of the water
medium for 60 min.

The results are shown in Figure 4.5 and show the possibility to photodegrade MTX

even in absence of a photocatalyst.
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Figure 4.5: Photolysis of MTX. [MTX]=3.3 mg/L, initial pH=5, 1 LP lamp
(10 W, 254 nm)

MTX degradation was 44.6% and the apparent constant degradation k., was
estimated to be 0.0107 min (R2=0.9938).

Other studies found that MTX can undergo direct photolysis. Lutterbeck et al. worked
with a medium pressure UV lamp (200-440 nm) showing that MTX parent compound
was completely degraded after 128 min but no important demineralization occurred
(the DOC removal after 256 min was lower than 5%) (Lutterbeck et al., 2015) as Calza
et al. who worked with a 40 W lamp with a maximum emission at 390 nm (60% of
degradation after 1 h of irradiation in presence of 0,2 mg/L of TiO,) (Calza et al.,

2014).
4.2.3 Effect of the main parameters: results

After having assessed the effects of adsorption and photolysis the influence of the
main parameters regulating the process was studied. All the experimental results are

summarized in Table 4.1.
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Table 4.1: Summary of the results (1 LP UV lamp, 60 min of irradiation)

Ads Kapp R TNdeg
(%) | (min) (%)
Initial pH [MTX]=3,3 mg/L; [TiO:]=0,5 g/L
7 7.6 0.0280 0.9718 79.0
7.2 2.2 0.0291 0.9093 59.6
3 0.0 0.0220 0.8848 70.0
0.0 0.0213 0.9637 71.8
0.0 0.0207 0.9568 69.1
8.5 0.0 0.0174 0.9733 75-3
0.0 0.0217 0.9735 68.2
Stable pH [MTX]=3.3 mg/L; [TiO-]=0.5 g/L
6.8+0.1 5.0 0.0176 0.8412 57.8
7.24+0.1 2.5 0.0156 0.9702 51.2
8+0.1 0.0 - - 11.9
TiO: load (g/L) [MTX]=3.3mg/L; pH =38
0.25 0.0 0.0191 0.9489 67.5
2.24 0.0213 0.9637 71.8
-5 4.99 0.0220 0.8848 70.0
1 0.0 0.0210 0.9093 71.5
1.5 11.5 0.0264 0.7929 68.4
2.5 0.0 0.0254 0.9278 71.9
MTX concentration (mg/L) [TiO-] =0.5g/L; pH=8.5
0.0 0.0316 0.9041 82.0
! 0.0 0.0267 0.9408 77.2
0.0 0.0207 0.9568 70.0
3.3 0.0 0.0174 0.9733 75-3
0.0 0.0217 0.9735 68.2
5 0.0 0.0133 0.8699 64.5
Optimized procedure 7.6 0.0608 0.9727 68.12
[MTX]=1g/L; [TiO:]=0.5 g/L; pH=7 7.4 0.0663 0.9358 66.79

™ it was not possible to fit a pseudo-first order kinetic
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4.2.4 Effect of pH on photocatalysis

Two sets of experiments were performed to investigate the effect of pH on the
photocatalysis of MTX.

The first set of experiments aimed at studying the effect of initial pH: pH was adjusted
only at the beginning and then varied during irradiation.

For the second set, the pH was kept constant adding NaOH throughout all the
experiment.

The effect of pH was studied in the range from 7 to 8.5 since MTX showed negligible
adsorption at this pH values. In fact, MTX adsorption at acidic pH prevents its
degradation as probably MTX coverage of TiO, surface inhibits its photo-activation as
shown by the long experiment at the pH of the system in Figure 4.6 (367 min of
irradiation at pH=4.8). As light started some desorption of MTX occurs and the
compound is not degraded even after 6 h of irradiation. In this case, adsorption was
higher than 90% and then after 20 minutes of irradiation the 10.5% of the adsorbed
MTX desorbed.
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Figure 4.6: Photocatalytic experiment at the natural pH of the system.
[MTX]=3.3 mg/L, [TiO.]=0.5 g/L, pH = 4.7, 1 LP UV lamp (10 W, 254 nm).
Photocatalyst was added at 35 min and UV started at 70 min.

On the contrary, MTX was degraded during experiments at neutral or basic pH.

The results are shown in Figure 4.7 and Table 4.1.
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Figure 4.7: Degradation efficiency (a) and rate of degradation (b) as a function of
pH. [MTX]=3.3 mg/L; [TiO.]=0.5 g/L; 1 LP UV lamp (10 W, 254 nm); Time of
irradiation=60 min.

Results showed that the degradation was not so sensible to pH as the nqes ranges from
60 to 79%.

The values of kapp ranges from 0.0174 to 0.0291 min* with the maximum values for
the pH=7 (0.280 min) and 7.2 (0.291 min™). This value of pH was optimal probably
both for the absence of adsorption that can inhibits degradation and the neutral

charge of the photocatalyst (no repulsion).

As stated in Paragraph 4.2.1, pH influences the reciprocal charge of MTX and TiO.
and their electrostatic interactions. Electrostatic attraction determines an expected

enhancement of degradation since oxidising reactions mainly occur at the surface of
TiO. where electron holes and adsorbed OH: radicals can attack cytotoxic molecules

in solution.

It is important to work at conditions for which the compound to degrade is drawn
near the surface of the photocatalyst (attraction or at least neutral conditions). Other
authors proved that cytotoxic compounds degrade with the best kap, when they have
opposite charge with respect to TiO. (Ofiarska et al., 2016; Lai et al., 2015; Lin & Lin,
2014).

Similar conclusions about the effect of pH were obtained working on other
pharmaceuticals such as paracetamol (Yang et al., 2008) and diclofenac (Sarasidis et

al., 2014).
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However, in the case of MTX, the strong affinity with TiO. at acidic pH completely
inhibited the degradation due to adsorption.

In fact, in another work on photocatalysis of dyes, other authors proved that
adsorption of the target compound had a negative impact on degradation due to the
reduction of free active sites for radical production (Neppolian et al., 2002).

pH can also influence the degradation mechanism of cytotoxic compounds as
experiments showed that at acidic condition the mainly oxidants are electron-holes
since in neutral or alkaline conditions degradation occurs mainly due to hydroxyl
radical species (Tunesi and Anderson, 1991). In fact, it is logical that at alkaline
conditions, the higher concentration of OH- leads to a higher production of OH*
radicals and a more probable interaction of MTX with them.

In addition, acidic conditions are not favourable to photocatalysis as TiO. tends to
agglomerate and have a less surface area available for photon absorption (Mozia,

2010).

As pH has a strong influence on photocatalysis and at low non-adjusted pH
degradation does not occur (see Figure 4.6), the pH was kept constant adding NaOH
throughout all the experiment since pH decreases with irradiation.

However, it is important to underline that the change of pH was not only connected
with MTX degradation since a decrease in pH was observed in the presence of TiO.
only, as showed in Figure 4.8., suggesting that the decrease of pH is due mainly to OH-
consumption due to the photocatalyst activation. This results is in contrast from what
observed in another study where the pH was adjusted at value 7 and it did not change

after irradiation (Fiszka Borzyszkowska et al., 2016).
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Figure 4.8: Decrease of pH due to irradiation. [TiO.]=0.5 g/L; initial pH=8.5
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In spite of the expected enhancement of the degradation, experiments at stable pH
showed lower and slower degradation (Figure 4.9 and Table 4.1). The worst results
were obtained at pH=8 at which degradation was very low (<12%).

The supply of NaOH during irradiation is detrimental to degradation probably
because OH- do not have the time to adsorb and reach an equilibrium. Without
adsorption the generation of hydroxyl radicals was more difficult and degradation was
lower. This effect is visible for the experiment at pH=8 where degradation was very

low (see results shown in Table 4.1).
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Figure 4.9: Effect of stable and decreasing pH.
[MTX]=3.3 mg/L, [TiO.]=0.5 g/L, 1 LP lamp (10 W, 254 nm)
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4.2.5 Effect of catalyst load

Some experiments were performed with different photocatalyst load (0.25 g/L; 0.5
g/L; 1g/L; 1.5 g/L and 2.5 g/L) to understand the effect of the photocatalyst load on
the kinetic of degradation. It was decided to work at pH=8 to completely isolate the
effect of adsorption because it proved to prevent degradation. In fact, at pH=8
estimated adsorption is zero.

Figure 4.10 shows the results obtained at different photocatalyst loads.
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Figure 4.10: Effect of photocatalyst load.
[MTX]=3.3 mg/L; initial pH=8; 1 LP lamp (10 W, 254 nm)

The efficiency was quite similar for all the photocatalyst loads tested but ki, seems to
reach a plateau at 1.5 g/L. This is a typical behaviour in photocatalytic applications
since over a certain value of photocatalyst load the solution becomes too turbid and
TiO, tends to form bigger agglomerates. An increase in turbidity prevents light to
penetrate deeply in the medium making TiO. particles far from the light source more
likely to be activated. Instead, an increase in the size of the particles corresponds in a
decrease of their specific surface area and in the total area exposed to irradiation.

It is also important to define the optimum value of photocatalyst load to avoid wasting
the reagent. Other studies about the photocatalytic oxidation with of cytotoxic
compounds with Degussa P25 assessed the optimum value for the photocatalyst load.

The results are summarized in Table 4.2.
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Table 4.2: Optimum photocatalyst load for Degussa P25 in other studies

Optimal
Concentration Photocatalyst photocatalyst
Compound load range Ref.
(mg/L) (mg/L) load
(mg/L)
MTX 20 100-1000 500 [1]
MTX 15 - 200 [2]
5-FU 0.02-0.2 5-100 20 [3]
5-FU, CF 0.2 - 20 (4]
IF 50 1250-5000 5000 [5]

[1] Lutterbeck et al., 2015; [2] Calza et al., 2014; [3] Lin, Lin, & Hung, 2014;
[4] Lin et al., 2014; [5] Ofiarska et al., 2016

There is not a general value for the optimum photocatalyst load since this value is a
function of the concentration of the compound to be oxidised as a higher amount of
contaminant needs a higher amount of radicals for its degradation. It is necessary to
increase the quantity of TiO. to have more active sites for OH* radicals formation
(Neppolian et al., 2002).

In a review on the photocatalysis of dyes (Konstantinou & Albanis, 2004) it is
reported that degradation does not enhance over 2000 mg/L as observed by us.
Herrmann reported this limit to be 2500 mg/L (Herrmann, 1999).

The optimum photocatalyst load depends also on the fluid dynamics inside the reactor
that impacts on particle aggregation. Also lamp power influences light penetration in

the medium and so the optimum value for TiO. dosage.
4.2.6 Effect of initial MTX concentration

MTX concentration varied from 1 to 5 mg/L. No experiments were performed at an
initial concentration under 1 mg/L as the concentration of MTX reached the LOD of
the spectrophotometer during degradation. All the experiments were performed at
[TiO.]=0.5 g/L and NaOH was dosed to adjust the pH at 8.5 before starting
irradiation. This pH value was chosen to ensure no adsorption of MTX took place

The results are reported in Table 4.1 and Figure 4.11.
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Figure 4.11: Effect of MTX concentration
[TiO.]=0.5 g/L; pH=8.5; 1 LP UV lamp (10 W, 254 nm)

Results underline a dependency between the initial concentration and the kapp as if the
concentration decreases, Kkipp increases. Other authors who worked with

antineoplastic compounds described a similar behaviour (Table 4.3).

Table 4.3: Dependency between concentration and kapp. Results from other studies.

Concentration Optimal
Compound | Photocatalyst concentration | Ref.
range (ng/L) I
(ng/L)
100
IF Degussa P25 100-2000 . [1]
Kapp | with C 1
) 5000
IF Pt-doped-TiO. 5000-50 000 . [2]
Kapp | with C 1
5000
IF Bi-B-TiO, 5000-50 000 . [3]
Kapp | with C 1
FU, CP D P 200 (4]
5-FU, egussa P25 20-200 . 4
Kapp T with C 1

[1] Lai et al., 2015; [2] Ofiarska et al., 2016; [3] Fiszka Borzyszkowska et al., 2016;

[4] Lin & Lin, 2014

Photocatalysis is faster for decreasing MTX concentrations probably because an
higher amount of cytotoxic drug in solution can absorb more photons preventing their
absorption by TiO.. In addition, a too high amount of the compound to degrade can

saturate the photocatalyst surface and de-activate it.
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Similar results have been obtained in the photodegradation of other contaminants
(Gad-Allah et al., 2011; Ochuma et al., 2007; Toor et al., 2006).

However, the experiments of Lin and Lin (Lin & Lin, 2014) showed an opposite trend
with the kqpp increasing with concentration and reaching a plateau. This was because
the authors worked at much lower concentrations than the ones tested in this study
(two orders of magnitude) and at those very low concentrations the probability of

reaction between the compound and the radical species in solution is lower.
4.2.7 Optimized conditions for degradation

The assessed optimal conditions for the photocatalysis of MTX were:

[MTX] = 1mg/L; [TiO.] = 1.5 g/L; Initial pH=7;
Experiments at these conditions lead to the highest values of Kkapp, respectively
0.0608 min (R2=0.9727) and 0.0663 min* (R2=0.9358). These values are more
than twofold higher than the ones obtained for other experimental conditions (see

Table 4.1: Summary of the results (1 LP UV lamp, 60 min of irradiation).
4.2.8 Effect of the lamp

In order to understand how the light source can influence photocatalysis some
experiments were performed changing the lamp.
A medium pressure UV lamp was tested and another experiment was carried out
placing two low pressure germicide UV lamp in the reaction vessel.
As low and medium pressure lamps differ both for the lamp power and for the
wavelength of irradiation, the kapp calculated for each experiment was normalized for
the lamp power and for the volume of the irradiated medium. In fact, it was necessary
to remove the top part of the reaction vessel to place two lamps, implying to work with

1 L of solution to avoid spilling water outside.

The procedure of normalizing the kapp for the value of the light intensity and the
volume is an approximate way to compare the performance of different lamps only in
terms of the irradiation wavelength. Leblebici et al. used a similar method to compare
different photocatalytic set-ups (Leblebici, Stefanidis, & Van Gerven, 2015). It is
necessary to isolate the effect of the light intensity as the more powerful is the lamp

the higher is the quantity of photons released to activate TiO..
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According to Mozia (Mozia, 2010) at low light intensity (0-20 mW/cm2) the

dependency between light intensity and reaction rate is linear.

The formula applied to normalize the value of kapis described by Eq. 4.1.

Kapp(min™")  kqpp(min™) V(L)

LP (W) P (W) 1L

Eq. 41

kapp,std (min_l/W) =

where:
- P (W) = lamp power;

1L |

- LP (W) = standardized lamp power = P (W) - ey

- V(L) = volume of the medium in the reactor;
Results are summarized in Table 4.4.

Table 4.4: Effect of the lamp [MTX]=3.3 mg/L; [TiO.]=0.5 g/L; initial pH=7

Lamp power A s
Lamp f“l;) oy | VO (;‘:‘l’l"_l) R (mli‘:ff;;‘v_l)
1LP 10 Amax = 254 1.5 0.0280 | 0.9982 0.00420
2 LP 10 + 10 Amax = 254 1 0.0761 | 0.8305 0.00381
1 MP 125 200-400 1.5 | 0.1034 | 0.7398 0.00124

As expected, degradation was faster in the case of the low pressure lamp because,
compared to the medium pressure lamp, its spectrum is narrower and concentrated
around 254 nm.

However, commercial TiO. has an energy band gap of 3,2 eV and can be activated by
light having A<390 nm. This explains the photodegradation observed with the
medium pressure lamp (see spectrum in Figure 3.4).

Regarding the addition of a second low pressure lamp, results shows that no
enhancement of degradation occurred. This can be due to the reciprocal position of
the two lamps in the reactor as they were placed along the central diameter of the

cylindrical vessel and one lamp screened the radiation of the other.
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4.2.9 Effect of the matrix

One experiment was carried out in synthetic urine in order to assess if it is possible to
photo-degrade MTX in a more complex matrix.

Results showed that in the presence of synthetic urine the photo-oxidation was
inhibited (see Figure 4.12). Two factors can interfere with the photocatalytic process:

the system pH and the presence of other compounds that can inhibit degradation.
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Figure 4.12: Degradation in synthetic urine
[MTX]=10 mg/L, [TiO.]=1.5 g/L, pH=5.6, 1 LP lamp (10 W, 254 nm)

The pH of the urine was 5.6 and experiments on adsorption showed that at acidic pH
an important amount of the spiked MTX can adsorbs on the TiO. preventing the

degradation since no active sites are free for the production of radicals.

The presence of other substances in the matrix can slow down or block the process as
other ions can adsorb on the photocatalyst surfaces occupying active sites or/and
scavenge hydroxyl radicals.

Adsorption on the photocatalyst lead at the same consequences shown by MTX (see
sections 4.2.1 and 4.2.4) as the radical scavenging can lead to a slow kinetic because
there is competition in radical consumption by the target compound and other ions.
In particular, anions oxidize to the corresponding radical that can react with MTX;
however, typically these radicals have less oxidising power than hydroxyl radicals and
oxidation is slower compared to hydroxyl radical oxidation.

The presence of ions as Cl, H.PO, /HPO,?/PO,3-, HCO;/CO4> and HSO,/SO,>
deriving from the dissociation of the compound in solution (see Table 3.2) can modify
the degradation mechanism.

Some authors underline that, as Cl- and SO,> have no impact on the kinetic of

degradation and phosphate ions can enhance it, HCO5;/CO42- can strongly inhibit the
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process (Zhu, Nanny, & Butler, 2007). Other studies proved the negligible role of
chloride (Choi et al., 2014) and the positive action of phosphate ions (Park, Lee, &
Kim, 2017).

On the opposite alkalinity is a strong scavenger as reported by many authors (among
them: Autin et al., 2013; Pelaez et al., 2011 ; He et al., 2012). According to Autin et
al., alkalinity inhibits UV/TiO. photocatalysis as it scavenges radicals and leads to an
increase in particles size (less surface area and less photon absorption) (Autin et al.,
2013).

Also the presence of DOC (in the form of creatine, urea, acid and ascorbic acid)
decreases the removal efficiency as it can both scavenge radicals and saturate the
surface of TiO.. Some authors found that the degradation efficiency decreases with an
increase in DOC (Autin et al., 2013; Chot et al., 2014). In fact, Lai et al., in another
study about cytotoxic compounds cyclophosphamide and ifophosphamide, observed
that photocatalysis in real pharmaceutical effluents was blocked due to the high

content of DOC (Lai et al., 2015).

4.3 Photocatalysis of the mix of contaminants

After having optimized the procedure for MTX, the photo-catalytic set-up was
tested on the mixture of the three cytotoxic compounds together (MTX, GEM, CP).
Two experiments to assess adsorption of GEM and CP at different pH and photolysis

were performed before try to degrade the compounds at different initial pH values.
4.3.1 Adsorption of the mix of contaminants

The adsorption of the contaminants as function of the pH was assessed. The
concentration of the three compounds was measured by HPLC.

Results are represented in Figure 4.13.
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Figure 4.13: Adsorption of MTX, GEM, CP measured by HPLC.
[MTX]=500 ug/L; [CP]=100 pg/L; [GEM]= 100 pg/L; [TiO.]=0.5 g/L,
time of adsorption = 30 min

Among the three compounds only MTX showed adsorption (see also section 4.2.1).
Other authors obtained same results for CP with pure TiO, (Lin & Lin, 2014; Lin, Lin,
& Hung, 2014a; Ofiarska et al., 2016). To our knowledge, no study about GEM
adsorption on TiO, has been done yet.

Differences among the adsorption of the three compounds are probably due to their

different chemical structure.
4.3.2 Photolysis of the mix of contaminants

A quick preliminary experiment was performed to assess the photolysis of the mix

of all the target compounds. The mixture was irradiated for 20 minutes.
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Figure 4.14: Photolysis of the mix of contaminants.
[MTX]=100 pg/L, [CP]=100 pg/L; [GEM]= 100 ug/L, pH=4.8, 1 LP lamp (10 W, 254 nm)
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Results in Figure 4.14 show that among the three contaminants only CP does not

degrade by photolysis while MTX and GEM show degradation without photocatalyst.

4.3.3 Effect of pH on the photocatalysis of the mix of

contaminants

The effect of three different pH values on the degradation of the mixture of the three
compounds was studied. The three pH values were:

- pH=5,8 (optimal pH for CP degradation according to Lin & Lin, 2014),
- pH=7 (optimal pH found for MTX photocatalysis),
- pH=8 (negligible MTX adsorption).

No optimal pH for GEM was tested as to our knowledge no study about the
photocatalysis of this compound with TiO, has been conducted yet.

All the results are summarized in Figure 4.15 and Table 4.5.
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Figure 4.15: Effect of initial pH on the mix of contaminants: pH=5.8(a),
pH=8 (b), pH=7 (c).

[MTX]=100 pg/L, [CP] =100 pg/L; [GEM]= 100 ng/L; [TiO-]= 1.5 g/L; LP UV lamp
(10 W, 254 nm)
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The increase in concentration after 20 minutes is probably due to a desorption of the
adsorbed MTX as adsorption was very high at pH=5.8 (97.8%). However, the
difference in concentration between the point at 8 min (132 ng/L) and the point at 40
min (854 ng/L) is 722 ng/L and can be linked to heterogeneous stirring conditions in

the reaction vessel.

Table 4.5: Degradation and adsorption of MTX, GEM and CP

Concentration | Ads (%) Ndeg (%)
(ng/L)
MTX 100 97.8 1000
pH=58 | Cp 100 0 2.6
Tir=60 min
GEM 100 o 7.9
MTX 100 22.7 1000
pH=7 CP 100 o} 17.6
Tir=180 min
GEM 100 0] 16.2
MTX 100 2.4 99.8
pH=8 CP 100 0 6.6
Tirr=60 min
GEM 100 o 9.6

) naeg of MTX refers only to the parent compound

Results showed that the optimized procedure for MTX was not effective on the two
other contaminants.

More in detail, degradation at pH=5.8 was probably due to only photolysis since the
photocatalyst surface was completely covered by MTX. In this case, the presence of
TiO., was deleterious to degradation as photolysis of GEM was inhibited by the
increased turbidity of the solution.

At the other two pH values MTX was readily decomposed as GEM and CP were more
recalcitrant. A cause to this phenomenon could be the higher scavenging effect of MTX
in comparison to GEM and CP.

Best results were obtained at pH=7 that is close to pHpzc. at which the photo-catalyst
exhibits neutral charge and no repulsion establishes with the cytotoxic compounds.
In fact, all these compounds have pKa lower than pH=8 (Table 2.2) and at pH<8
exhibit negative charge as the catalyst (pH>pHpzc). This is a less favourable situation

than pH=7 as the photocatalyst and the compounds repel.
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5 CONCLUSIONS

With the present work degradation of MTX by TiO.-UV photocatalysis was
demonstrated. The procedure was optimized in term of pH, catalyst load and MTX
concentration. At the optimal conditions (initial pH=7, [TiO.]=1.5 g/L, [MTX]=1
mg/L) MTX was degraded in less than 10 minutes by irradiation with a low pressure
UV lamp (10 W, 254 nm) in pure water. The rate of the process increased for
increasing TiO. load and decreasing MTX concentration. pH showed to be an
important parameter regulating adsorption on TiO. and the rate of the degradation.
At acidic pH MTX was completely adsorbed and the photodegradation was inhibited
probably due to excessive TiO. surface coverage; best ki, was obtained for pH=7 that
is close to the PZC of TiO. as at higher pH the negative charge of TiO. repelled
deprotonated MTX molecules (pK.=4.8). One experiment was performed spiking
MTX in synthetic urine showing that a complex matrix may hinder the degradation
probably due to the presence of radical scavengers as inorganic ions and NOM.

At the end the procedure was tested on a mixture of MTX, GEM and CP at different
initial pH. As MTX was completely degraded GEM and CP showed partial degradation
after 180 min of irradiation (ngem=16.2% and ncp=17.2%) probably because MTX and
its TPs are more affine to radical attack. So, the treatment seemed to be effective
towards cytotoxic compounds depending on their chemical structure but further
studies are needed.

Future research will be addressed to test the technique on a pilot-scale with real
HWWs in order to assess the efficacy of the process on broad range of
pharmaceuticals. Eco-toxicity tests will be performed to understand if the process
generates toxic TPs.

The photocatalytic setup will be combined with a membrane to recover TiO. particles

and Cu-doped photocatalyst will be used to test if sunlight can activate photocatalysis.

68



Bibliography

Anand, A. S. A., Kumar, S. A., Banu, J. R., & Ginni, G. (2016). The performance of
fluidized bed solar photo Fenton oxidation in the removal of COD from hospital
wastewaters. Desalination and Water Treatment, 57(18), 8236—8242.
https://doi.org/10.1080/19443994.2015.1021843

Autin, O., Hart, J., Jarvis, P., MacAdam, J., Parsons, S. A., & Jefferson, B. (2013). The
impact of background organic matter and alkalinity on the degradation of the
pesticide metaldehyde by two advanced oxidation processes: UV/H202 and
UV/TiO2. Water Research, 47(6), 2041—2049.
https://doi.org/10.1016/j.watres.2013.01.022

Baumann, F., & Preiss, R. (2001). Cyclophosphamide and related anticancer drugs.
Journal of Chromatography B: Biomedical Sciences and Applications, 764(1—
2), 173—192. https://doi.org/10.1016/5S0378-4347(01)00279-1

Besse, J. P., Latour, J. F., & Garric, J. (2012). Anticancer drugs in surface waters. What
can we say about the occurrence and environmental significance of cytotoxic,
cytostatic and endocrine therapy drugs? Environment International, 39(1), 73—
86. https://doi.org/10.1016/j.envint.2011.10.002

Booker, V., Halsall, C., Llewellyn, N., Johnson, A., & Williams, R. (2014). Prioritising
anticancer drugs for environmental monitoring and risk assessment purposes.
Science of the Total Environment, 473—474, 159—170.
https://doi.org/10.1016/j.scitotenv.2013.11.145

Bouraoui, S., Brahem, A., Tabka, F., Mrizek, N., Saad, A., & Elghezal, H. (2011).
Assessment of chromosomal aberrations, micronuclei and proliferation rate
index in peripheral lymphocytes from Tunisian nurses handling cytotoxic drugs.
Environmental  Toxicology and  Pharmacology, 31(1), 250-257.
https://doi.org/10.1016/j.etap.2010.11.004

Buerge, 1. J., Buser, H. R., Poiger, T., & Miiller, M. D. (2006). Occurrence and fate of

the cytostatic drugs cyclophosphamide and ifosfamide in wastewater and surface

69



waters. Environmental Science and Technology, 40(23), 7242—7250.
https://doi.org/10.1021/es0609405

Calza, P., Medana, C., Sarro, M., Rosato, V., Aigotti, R., Baiocchi, C., & Minero, C.
(2014). Photocatalytic degradation of selected anticancer drugs and
identification of their transformation products in water by liquid
chromatography-high  resolution = mass  spectrometry. Journal of
Chromatography A, 1362, 135—144.
https://doi.org/10.1016/j.chroma.2014.08.035

Carraro, E., Bonetta, S., Bertino, C., Lorenzi, E., Bonetta, S., & Gilli, G. (2016).
Hospital ef fl uents management : Chemical , physical , microbiological risks and
legislation in different countries. Journal of Environmental Management, 168,
185-199. https://doi.org/10.1016/j.jenvman.2015.11.021

Cesen, M., Elersek, T., Novak, M., Zegura, B., Kosjek, T., Filipi¢, M., & Heath, E.
(2016). Ecotoxicity and genotoxicity of cyclophospamide, ifosfamide, their
metabolites/transformation products and their mixtures. Environmental
Pollution, 210, 192—201. https://doi.org/10.1016/j.envpol.2015.12.017

Choi, J., Lee, H., Choi, Y., Kim, S., Lee, S., Lee, S., ... Lee, J. (2014). Heterogeneous
photocatalytic treatment of pharmaceutical micropollutants: Effects of
wastewater effluent matrix and catalyst modifications. Applied Catalysis B:
Environmental, 147, 8—16. https://doi.org/10.1016/j.apcatbh.2013.08.032

Chong, M. N,, Jin, B., Chow, C. W. K., & Saint, C. (2010). Recent developments in
photocatalytic water treatment technology: A review. Water Research, 44(10),
2997—-3027. https://doi.org/10.1016/j.watres.2010.02.039

Colmenares, J. C. (n.d.). Heterogeneous Photocatalysis.

Crittenden, J. C., Trussell, R. R., Hand, D. W., Howe, K. J., & Tchobanoglous, G.
(2012). Advanced Oxidation. MWH’s Water Treatment, 1415-1484.
https://doi.org/10.1002/9781118131473.ch18

Decadic, D., Extinction, M., & Pollutants, O. (2003). Chapter 15 DIRECT.

Delgado, L. F., Dorandeu, C., Marion, B., Gonzalez, C., Faucet-Marquis, V., Schetrite,
S., & Albasi, C. (2009). Removal of a cytostatic drug by a membrane bioreactor.
Desalination and Water Treatment, 9(1-3), 112—118.
https://doi.org/10.5004/dwt.2009.759

Eddy, M. &, & AECOM. (2014). Wastewater Engineering Treatment and Resource

Recovery.

70



Elersek, T., Milavec, S., Koro??ec, M., Brezovsek, P., Negreira, N., Zonja, B., Filipi, M.
(2016). Toxicity of the mixture of selected antineoplastic drugs against aquatic
primary producers. Environmental Science and Pollution Research, 23(15),
14780-14790. https://doi.org/10.1007/s11356-015-6005-2

Fernandez, L. A., Hernandez, C., Bataller, M., Véliz, E., Lopez, A., Ledea, O., & Padron,
S. (2010). Cyclophosphamide degradation by advanced oxidation processes.
Water and Environment Journal, 24(3), 174—-180.
https://doi.org/10.1111/j.1747-6593.2009.00169.X

Ferrando-Climent, L., Rodriguez-Mozaz, S., & Barcel6, D. (2014). Incidence of
anticancer drugs in an aquatic urban system: From hospital effluents through
urban wastewater to natural environment. Environmental Pollution, 193, 216—
223, https://doi.org/10.1016/j.envpol.2014.07.002

Ferre-Aracil, J., Valcarcel, Y., Negreira, N., de Alda, M. L., Barcelo, D., Cardona, S. C.,
& Navarro-Laboulais, J. (2016). Ozonation of hospital raw wastewaters for
cytostatic compounds removal. Kinetic modelling and economic assessment of
the process. Science of the Total Environment, 556, 70-79.
https://doi.org/10.1016/]j.scitotenv.2016.02.202

Fiszka Borzyszkowska, A., Pieczynska, A., Ofiarska, A., Nikiforow, K., Stepnowski, P.,
& Siedlecka, E. M. (2016). Bi-B-TiO2-based photocatalytic decomposition of
cytostatic drugs under simulated sunlight treatments. Separation and
Purification Technology, 169, 113—120.
https://doi.org/10.1016/j.seppur.2016.06.012

Franke, C., Studinger, G., Berger, G., Bohling, S., Bruckmann, U., Cohors-Fresenborg,
D., & Johncke, U. (1994). The assessment of bioaccumulation. Chemosphere,
29(7), 1501—1514. https://doi.org/10.1016/0045-6535(94)90281-X

Franquet-Griell, H., Ventura, F., Boleda, M. R., & Lacorte, S. (2016). Do cytostatic
drugs reach drinking water? the case of mycophenolic acid. Environmental
Pollution, 208, 532—536. https://doi.org/10.1016/j.envpol.2015.10.026

Fujishima, A., Rao, T. N., & Tryk, D. A. (2000). Titanium dioxide photocatalysis.
Journal of Photochemistry and Photobiology C: Photochemistry Reviews, 1(1),
1—21. https://doi.org/10.1016/S1389-5567(00)00002-2

Fujishima, A., Zhang, X., & Tryk, D. A. (2008). TiO2 photocatalysis and related
surface phenomena. Surface Science Reports, 63(12), 515-582.

https://doi.org/10.1016/j.surfrep.2008.10.001

71



Gad-Allah, T. A., Ali, M. E. M., & Badawy, M. L. (2011). Photocatalytic oxidation of
ciprofloxacin under simulated sunlight. Journal of Hazardous Materials, 186(1),
751—755. https://doi.org/10.1016/j.jhazmat.2010.11.066

Ganiyu, S. O., Hullebusch, E. D. Van, Cretin, M., Esposito, G., & Oturan, M. A. (2015).
Coupling of membrane filtration and advanced oxidation processes for removal
of pharmaceutical residues : A critical review.

Garcia-Ac, A., Broséus, R., Vincent, S., Barbeau, B., Prévost, M., & Sauvé, S. (2010).
Oxidation kinetics of cyclophosphamide and methotrexate by ozone in drinking
water. Chemosphere, 79(11), 1056—1063.
https://doi.org/10.1016/j.chemosphere.2010.03.032

Governo, M., Santos, M. S. F., Alves, A., & Madeira, L. M. (2017). Degradation of the
cytostatic 5-Fluorouracil in water by Fenton and photo-assisted oxidation
processes. Environmental Science and Pollution Research, 24(1), 844—854.
https://doi.org/10.1007/s11356-016-7827-2

Gr¢ic, 1., & Li Puma, G. (2013). Photocatalytic degradation of water contaminants in
multiple photoreactors and evaluation of reaction kinetic constants independent
of photon absorption, irradiance, reactor geometry, and hydrodynamics.
Environmental  Science and  Technology, 47(23), 13702—-13711.
https://doi.org/10.1021/es403472¢

Hartmann, J., Bartels, P., Mau, U., Witter, M., Tiimpling, W. v., Hofmann, J., &
Nietzschmann, E. (2008). Degradation of the drug diclofenac in water by
sonolysis in presence of catalysts. Chemosphere, 70(3), 453—461.
https://doi.org/10.1016/j.chemosphere.2007.06.063

He, X., Pelaez, M., Westrick, J. A., O’Shea, K. E., Hiskia, A., Triantis, T, ... Dionysiou,
D. D. (2012). Efficient removal of microcystin-LR by UV-C/H202 in synthetic
and natural water samples. Water Research, 46(5), 1501-10.
https://doi.org/10.1016/j.watres.2011.11.009

Heberer, T. (2002). Occurrence, fate, and removal of pharmaceutical residues in the
aquatic environment: a review of recent research data. Toxicology Letters, 131,
5—17. https://doi.org/10.1016/S0378-4274(02)00041-3

Herrmann, J. (1999). Heterogeneous photocatalysis: fundamentals and applications
to the removal of various types of aqueous pollutants. Catalysis Today, 53(1),
115—129. https://doi.org/10.1016/S0920-5861(99)00107-8

Johnson, A. C., Jiirgens, M. D., Williams, R. J., Kimmerer, K., Kortenkamp, A., &

72



Sumpter, J. P. (2008). Do cytotoxic chemotherapy drugs discharged into rivers
pose a risk to the environment and human health? An overview and UK case
study. Journal of Hydrology, 348(1—2), 167—175.
https://doi.org/10.1016/j.jhydrol.2007.09.054

Kiffmeyer, T., Gotze, H.-J., Jursch, M., & Luders, U. (1998). Trace enrichment,
chromatographic separation and biodegradation of cytostatic compounds in
surface water. Journal of Analytical Chemistry, 361(2), 185-191.
https://doi.org/10.1007/s002160050859

Kim, I., Yamashita, N., & Tanaka, H. (2009). Chemosphere Photodegradation of
pharmaceuticals and personal care products during UV and UV / H 2 O 2
treatments. Chemosphere, 77(4), 518—-525.
https://doi.org/10.1016/j.chemosphere.2009.07.041

Konstantinou, I. K., & Albanis, T. A. (2004). TiO2-assisted photocatalytic degradation
of azo dyes in aqueous solution: Kinetic and mechanistic investigations: A
review. Applied Catalysis B: Environmental, 49(1), 1-14.
https://doi.org/10.1016/j.apcatb.2003.11.010

Kosjek, T., & Heath, E. (2011). Occurrence, fate and determination of cytostatic
pharmaceuticals in the environment. TrAC - Trends in Analytical Chemistry,
30(7), 1065—1087. https://doi.org/10.1016/j.trac.2011.04.007

Kosmulski, M. (2014). The pH dependent surface charging and points of zero charge.
VI. Update. Journal of Colloid and Interface Science, 426, 209—-212.
https://doi.org/10.1016/].jcis.2014.02.036

Kumar, S. G., & Rao, K. S. R. K. (2017). Comparison of modification strategies towards
enhanced charge carrier separation and photocatalytic degradation activity of
metal oxide semiconductors (TiO2, WO3 and ZnO). Applied Surface Science,
391, 124—148. https://doi.org/10.1016/j.apsusc.2016.07.081

Kiimmerer, K., Al-Ahmad, A., Bertram, B., & WieBler, M. (2000). Biodegradability of
antineoplastic compounds in screening tests: Influence of glucosidation and of
stereochemistry. Chemosphere, 40(7), 767—773.
https://doi.org/10.1016/S0045-6535(99)00451-8

Kiimmerer, K., Steger-Hartmann, T., & Meyer, M. (1997). Biodegradability of the anti-
tumour agent ifosfamide and its occurrence in hospital effluents and communal
sewage. Water Research, 31(11), 2705—2710. https://doi.org/10.1016/S0043-
1354(97)00121-8

73



Laenge, R., Steger-Hartmann, T., & Schweinfurth, H. (2006). The environmental risk
assessment of human pharmaceuticals in the overall EU regulatory affairs
process. Regulatory Toxicology and Pharmacology, 45(3), 223—228.
https://doi.org/10.1016/j.yrtph.2006.04.001

Lai, W. W. P., Lin, H. H. H., & Lin, A. Y. C. (2015). TiO2 photocatalytic degradation
and transformation of oxazaphosphorine drugs in an aqueous environment.
Journal of Hazardous Materials, 287, 133—141.
https://doi.org/10.1016/j.jhazmat.2015.01.045

Leblebici, M. E., Stefanidis, G. D., & Van Gerven, T. (2015). Comparison of
photocatalytic space-time yields of 12 reactor designs for wastewater treatment.
Chemical Engineering and Processing: Process Intensification, 97, 106—111.
https://doi.org/10.1016/j.cep.2015.09.009

Lee, Y., & von Gunten, U. (2010). Oxidative transformation of micropollutants during
municipal wastewater treatment: Comparison of kinetic aspects of selective
(chlorine, chlorine dioxide, ferrateVI, and ozone) and non-selective oxidants
(hydroxyl radical). Water Research, 44(2), 555—566.
https://doi.org/10.1016/j.watres.2009.11.045

Lenz, K., Mahnik, S. N., Weissenbacher, N., Mader, R. M., Krenn, P., Hann, S., ...
Fuerhacker, M. (2007). Monitoring, removal and risk assessment of cytostatic
drugs in hospital wastewater. Water Science and Technology, 56(12), 141-149.
https://doi.org/10.2166/wst.2007.828

Lester, Y., Avisar, D., Gozlan, I., & Mamane, H. (2011). Removal of pharmaceuticals
using combination of UV/H202/03 advanced oxidation process. Water Science
and Technology, 2, 1—10. https://doi.org/10.2166/wst.2011.079

Lester, Y., Avisar, D., & Mamane, H. (2013). Ozone Degradation of Cyclophosphamide
— Effect of Alkalinity and Key Effluent Organic Matter Constituents. Ozone:
Science & Engineering, 35(2), 125—-133.
https://doi.org/10.1080/01919512.2013.761107

Lin, H. H. H., & Lin, A. Y. C. (2014). Photocatalytic oxidation of 5-fluorouracil and
cyclophosphamide via UV/TiO2 in an aqueous environment. Water Research,
48(1), 559—568. https://doi.org/10.1016/j.watres.2013.10.011

Lin, H. H. H,, Lin, A. Y. C., & Hung, C. L. (2014a). Photocatalytic oxidation of
cytostatic drugs by microwave-treated N-doped TiO2 under visible light. Journal

of Chemical Technology and Biotechnology, (August).

74



https://doi.org/10.1002/jctb.4503

Lin, H. H. H., Lin, A. Y. C., & Hung, C. L. (2014b). Photocatalytic oxidation of
cytostatic drugs by microwave-treated N-doped TiO2 under visible light. Journal
of Chemical Technology and Biotechnology, (April).
https://doi.org/10.1002/jctb.4503

Lutterbeck, C. A., Baginska, E., Machado, ??nio Leandro, & K??mmerer, K. (2015).
Removal of the anti-cancer drug methotrexate from water by advanced oxidation
processes: Aerobic biodegradation and toxicity studies after treatment.
Chemosphere, 141, 290—296.
https://doi.org/10.1016/j.chemosphere.2015.07.069

Lutterbeck, C. A., Wilde, M. L., Baginska, E., Leder, C., Machado, ??nio Leandro, &
K??mmerer, K. (2015). Degradation of 5-FU by means of advanced
(photo)oxidation processes: UV/H<inf>2</inf>0<inf>2</inf>,
UV/Fe2*/H<inf>2</inf>0O<inf>2</inf> and UV/TiO<inf>2</inf> -
Comparison of transformation products, ready biodegradability and toxicity.
Science of the Total Environment, 527-528, 232—-245.
https://doi.org/10.1016/j.scitotenv.2015.04.111

Mahnik, S. N., Lenz, K., Weissenbacher, N., Mader, R. M., & Fuerhacker, M. (2007).
Fate of 5-fluorouracil, doxorubicin, epirubicin, and daunorubicin in hospital
wastewater and their elimination by activated sludge and treatment in a
membrane-bio-reactor system. Chemosphere, 66(1), 30—37.
https://doi.org/10.1016/j.chemosphere.2006.05.051

Mater, N., Geret, F., Castillo, L., Faucet-Marquis, V., Albasi, C., & Pfohl-Leszkowicz,
A. (2014). In vitro tests aiding ecological risk assessment of ciprofloxacin,
tamoxifen and cyclophosphamide in range of concentrations released in hospital
wastewater and surface water. Environment International, 63, 191—200.
https://doi.org/10.1016/j.envint.2013.11.011

Mendoza, A., Zonja, B., Mastroianni, N., Negreira, N., Lopez de Alda, M., Pérez, S., ...
Valcarcel, Y. (2016). Drugs of abuse, cytostatic drugs and iodinated contrast
media in tap water from the Madrid region (central Spain): A case study to
analyse their occurrence and human health risk characterization. Environment
International, 86, 107—118. https://doi.org/10.1016/j.envint.2015.11.001

Mompelat, S., Le Bot, B., & Thomas, O. (2009). Occurrence and fate of pharmaceutical

products and by-products, from resource to drinking water. Environment

75



International, 35(5), 803—814. https://doi.org/10.1016/j.envint.2008.10.008

Mompelat, S., Thomas, O., & Le Bot, B. (2011). Contamination levels of human
pharmaceutical compounds in French surface and drinking water. Journal of
Environmental Monitoring, 13, 2029-20309.
https://doi.org/10.1039/c1em10335k

Mozia, S. (2010). Photocatalytic membrane reactors (PMRs) in water and wastewater
treatment. A review. Separation and Purification Technology, 73(2), 71—91.
https://doi.org/10.1016/j.seppur.2010.03.021

Mrowetz, M., & Selli, E. (2006). Photocatalytic degradation of formic and benzoic
acids and hydrogen peroxide evolution in TiO2 and ZnO water suspensions.
Journal of Photochemistry and  Photobiology A:  Chemistry.
https://doi.org/10.1016/j.jphotochem.2005.09.009

Nasirian, M., & Mehrvar, M. (2016). Modification of TiO2 to enhance photocatalytic
degradation of organics in aqueous solutions. Journal of Environmental
Chemical Engineering, 4(4), 4072—4082.
https://doi.org/10.1016/j.jece.2016.08.008

Negreira, N., Lopez de Alda, M., & Barcel9, D. (2013). On-line solid phase extraction-
liquid chromatography-tandem mass spectrometry for the determination of 17
cytostatics and metabolites in waste, surface and ground water samples. Journal
of Chromatography A, 1280, 64—74.
https://doi.org/10.1016/j.chroma.2013.01.031

Neppolian, B., Choi, H. C., Sakthivel, S., Arabindoo, B., & Murugesan, V. (2002). Solar
light induced and TiO2 assisted degradation of textile dye reactive blue 4.
Chemosphere, 46(8), 1173—1181. https://doi.org/10.1016/S0045-
6535(01)00284-3

Ochuma, I. J., Fishwick, R. P., Wood, J., & Winterbottom, J. M. (2007). Optimisation
of degradation conditions of 1,8-diazabicyclo[5.4.0]Jundec-7-ene in water and
reaction kinetics analysis using a cocurrent downflow contactor photocatalytic
reactor. Applied Catalysis B: Environmental, 73(3), 259—268.
https://doi.org/10.1016/j.apcatb.2006.12.008

Ofiarska, A., Pieczynska, A., Fiszka Borzyszkowska, A., Stepnowski, P., & Siedlecka, E.
M. (2016). Pt-TiO2-assisted photocatalytic degradation of the cytostatic drugs
ifosfamide and cyclophosphamide under artificial sunlight. Chemical

Engineering Journal, 285, 417—427. https://doi.org/10.1016/j.cej.2015.09.109

76



Ohtani, B. (2008). Preparing Articles on Photocatalysis—Beyond the Illusions,
Misconceptions, and Speculation. Chemistry Letters, 37(3), 216—229.
https://doi.org/10.1246/cl.2008.216

Ohtani, B. (2010). Photocatalysis A to Z-What we know and what we do not know in
a scientific sense. Journal of Photochemistry and Photobiology C:
Photochemistry Reviews, 11(4), 157—178.
https://doi.org/10.1016/j.jphotochemrev.2011.02.001

Park, S., Lee, J. T., & Kim, J. (2017). Photocatalytic oxidation of urea on TiO2 in water
and urine: mechanism, product distribution, and effect of surface platinization.
Environmental Science and Pollution Research.
https://doi.org/10.1007/s11356-017-8380-3

Pelaez, M., de la Cruz, A. A., O’Shea, K., Falaras, P., & Dionysiou, D. D. (2011). Effects
of water parameters on the degradation of microcystin-LR under visible light-
activated TiO2 photocatalyst. Water Research, 45(12), 3787—-3796.
https://doi.org/10.1016/j.watres.2011.04.036

Pérez, S., & Barcelo, D. (2007). Application of advanced MS techniques to analysis
and identification of human and microbial metabolites of pharmaceuticals in the
aquatic environment. TrAC - Trends in Analytical Chemistry, 26(6), 494—514.
https://doi.org/10.1016/j.trac.2007.05.004

Pérez Rey, R., Padron, A. S., Garcia Leon, L., Martinez Pozo, M., & Baluja, C. (1999).
Ozonation of Cytostatics in Water Medium. Nitrogen Bases. Ozone: Science &
Engineering, 21(1), 69—77. https://doi.org/10.1080/01919519908547260

Prasse, C., Stalter, D., Schulte-Oehlmann, U., Oehlmann, J., & Ternes, T. A. (2015).
Spoilt for choice: A critical review on the chemical and biological assessment of
current wastewater treatment technologies. Water Research, 87, 237—-270.
https://doi.org/10.1016/j.watres.2015.09.023

Prof, A., & Fiehn, O. (2008). Mass Spectrometry. Structure.
https://doi.org/10.1039/9781847551306

Program, W. C. (2015). No Title, 3399—3405.

Reddersen, K., Heberer, T., & D??nnbier, U. (2002). Identification and significance of
phenazone drugs and their metabolites in ground- and drinking water.
Chemosphere, 49(6), 539—544-. https://doi.org/10.1016/S0045-
6535(02)00387-9

Reid, T., Yuen, A., Catolico, M., & Carlson, R. W. (1993). Impact of omeprazole on the

77



plasma clearance of methotrexate. Cancer Chemotherapy and Pharmacology,
33(1), 82—84. https://doi.org/10.1007/BF00686028

Rubino, F. M. (2001). Separation methods for methotrexate, its structural analogues
and metabolites. Journal of Chromatography B: Biomedical Sciences and
Applications, 764(1—2), 217—254. https://doi.org/10.1016/S0378-
4347(01)00402-9

Santana-Viera, S., Montesdeoca-Esponda, S., Sosa-Ferrera, Z., & Santana-Rodriguez,
J. J. (2016). Cytostatic drugs in environmental samples: An update on the
extraction and determination procedures. TrAC - Trends in Analytical
Chemistry, 80, 373—386. https://doi.org/10.1016/j.trac.2015.08.016

Sarasidis, V. C., Plakas, K. V., Patsios, S. I., & Karabelas, A. J. (2014). Investigation of
diclofenac degradation in a continuous photo-catalytic membrane reactor.
Influence of operating parameters. Chemical Engineering Journal, 239, 299—
311. https://doi.org/10.1016/j.cej.2013.11.026

Somensi, C. a, Simionatto, E. L., Dalmarco, J. B., Gaspareto, P., & Radetski, C. M.
(2012). A comparison between ozonolysis and sonolysis/ozonolysis treatments
for the degradation of the cytostatic drugs methotrexate and doxorubicin: Kinetic
and efficiency approaches. Journal of Environmental Science and Health. Part
A, Toxic/hazardous Substances & Environmental Engineering, 47(11), 1543—
50. https://doi.org/10.1080/10934529.2012.680414

Stewart, B. W., Wild, C. P. (2014). World Cancer Report 2014. World Health
Organization. https://doi.org/9283204298

Synthetic Urine. (2010), 6301.

Toolaram, A. P., Kimmerer, K., & Schneider, M. (2014). Environmental risk
assessment of anti-cancer drugs and their transformation products: A focus on
their genotoxicity characterization-state of knowledge and short comings.
Mutation Research - Reviews in Mutation Research, 760, 18-35.
https://doi.org/10.1016/j.mrrev.2014.02.001

Toor, A. T., Verma, A., Jotshi, C. K., Bajpai, P. K., & Singh, V. (2006). Photocatalytic
degradation of Direct Yellow 12 dye using UV/TiO2 in a shallow pond slurry
reactor. Dyes and Pigments, 68(1), 53—60.
https://doi.org/10.1016/j.dyepig.2004.12.009

Verlicchi, P., Al Aukidy, M., & Zambello, E. (2015). What have we learned from

worldwide experiences on the management and treatment of hospital effluent? -

78



An overview and a discussion on perspectives. Science of the Total Environment,
514, 467—491. https://doi.org/10.1016/j.scitotenv.2015.02.020

Verlicchi, P., Galletti, A., Petrovic, M., & BarcelO, D. (2010). Hospital effluents as a
source of emerging pollutants: An overview of micropollutants and sustainable
treatment options. Journal of Hydrology, 389(3—4), 416—428.
https://doi.org/10.1016/j.jhydrol.2010.06.005

Verliefde, A. R. D., Heijman, S. G. J., Cornelissen, E. R., Amy, G., Van der Bruggen,
B., & van Dijk, J. C. (2007). Influence of electrostatic interactions on the rejection
with NF and assessment of the removal efficiency during NF/GAC treatment of
pharmaceutically active compounds in surface water. Water Research, 41(15),
3227-3240. https://doi.org/10.1016/j.watres.2007.05.022

Wang, L., Albasi, C., Faucet-Marquis, V., Pfohl-Leszkowicz, A., Dorandeu, C., Marion,
B., & Causserand, C. (2009). Cyclophosphamide removal from water by
nanofiltration and reverse osmosis membrane. Water Research, 43(17), 4115—
4122. https://doi.org/10.1016/j.watres.2009.06.007

Wang, W. Y., & Ku, Y. (2007). Effect of solution pH on the adsorption and
photocatalytic reaction behaviors of dyes using TiO2 and Nafion-coated TiO2.
Colloids and Surfaces A: Physicochemical and Engineering Aspects, 302(1—3),
261—268. https://doi.org/10.1016/j.colsurfa.2007.02.037

Weavers, L. K., & Hoffmann, M. R. (1999). Sonolytic decomposition of ozone in
aqueous solution: Mass transfer effects (vol 32, pg 3941, 1998). Environmental
Science & Technology, 33(24), 372.

Weavers, L. K., Malmstadt, N., & Hoffmann, M. R. (2000). Kinetics and mechanism
of pentachlorophenol degradation by sonication, ozonation, and sonolytic
ozonation. Environmental Science and Technology, 34(7), 1280-1285.
https://doi.org/10.1021/es980795y

Weissbrodt, D., Kovalova, L., Ort, C., Pazhepurackel, V., Moser, R., Hollender, J., ...
Mcardell, C. S. (2009). Mass flows of x-ray contrast media and cytostatics in
hospital wastewater. Environmental Science and Technology, 43(13), 4810—
4817. https://doi.org/10.1021/es8036725

Wittmer, A., Heisele, A., McArdell, C. S., Bohler, M., Longree, P., & Siegrist, H. (2015).
Decreased UV absorbance as an indicator of micropollutant removal efficiency
in wastewater treated with ozone. Water Science and Technology, 71(7), 980—

985. https://doi.org/10.2166/wst.2015.053

79



Yang, L., Yu, L. E., & Ray, M. B. (2008). Degradation of paracetamol in aqueous
solutions by TiO2 photocatalysis. Water Research, 42(13), 3480—3488.
https://doi.org/10.1016/j.watres.2008.04.023

Yin, J., Shao, B., Zhang, J., & Li, K. (2010). A preliminary study on the occurrence of
cytostatic drugs in hospital effluents in Beijing, China. Bulletin of Environmental
Contamination and Toxicology, 84(1), 39—45. https://doi.org/10.1007/s00128-
009-9884-4

Zhang, J., Chang, V. W. C., Giannis, A., & Wang, J. Y. (2013). Removal of cytostatic
drugs from aquatic environment: A review. Science of the Total Environment,
445—446, 281—298. https://doi.org/10.1016/j.scitotenv.2012.12.061

Zhu, X., Nanny, M. A., & Butler, E. C. (2007). Effect of inorganic anions on the
titanium dioxide-based photocatalytic oxidation of aqueous ammonia and
nitrite. Journal of Photochemistry and Photobiology A: Chemistry, 185(2—3),
289—294. https://doi.org/10.1016/j.jphotochem.2006.06.023

Zounkova, R., Kovalova, L., Blaha, L., & Dott, W. (2010). Ecotoxicity and genotoxicity
assessment of cytotoxic antineoplastic drugs and their metabolites.
Chemosphere, 81(2), 253—260.
https://doi.org/10.1016/j.chemosphere.2010.06.029

Zounkov4, R., Odréska, P., Dolezalov4, L., Hilscherova, K., Marsalek, B., & Blaha, L.
(2007). Ecotoxicity and genotoxicity assessment of cytostatic pharmaceuticals.
Environmental Toxicology and Chemistry / SETAC, 26(10), 2208-2214.
https://doi.org/10.1897/07-137R.1

80



APPENDIX A

SAMPLING PROCEDURE

The sampling procedure followed these steps:

1)

2)
3)

4)
5)

6)

7)

8)

Extract 8 mL aliquot of solution with a 25 mL syringe connected to a Teflon
tube;

Connect the cellulose filter to the syringe;

Filter first 6 mL through the 0.2 pum filter and discharge them into the waste
container;

Filter the last 2 mL into a glass vial to be sent to analysis;

Clean the cellulose filter with 20 mL of pure water before filter a new sample
to avoid contamination from the previous one; change the filter if too high
pressure is needed to filter pure water;

Clean the syringe and the Teflon tube connected to it two times extracting 20
mL of demineralized water and discharge it into the waste container. Clean the
syringe with other 20 mL of pure water;

Dry the Teflon tube pumping air from a clean syringe ensuring that no water
residues remained in it to avoid dilution of the next sample;

Repeat the procedure starting from point 1);
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APPENDIX B

FUNDAMENTALS OF HPLC

HPLC/MS is a technique to separate compounds in a mixture even if they are at very
low concentrations (ng-pg/L).

The process is articulated in two phases: chromatography (HPLC) and mass
spectrophotometry (MS).

HPLC exploits the differences in affinity between each compound contained in a
liquid solution (mobile phase) and a solid phase (stationary phase). The liquid
mixture containing the analytes is forced to pass through a column of adsorbent
material, the stationary phase, thanks to high pressure pumps. The stationary phase
is typical made of a granular material such as silica packed in a column and working
pressures can reach hundreds of bars. Regarding the mobile phase, it is generally a
mixture of solvents such as water, acetonitrile or other organic substances.

As every different compound has a different degree of interaction with the stationary
and the mobile phase, analytes in solution are eluted through the column at different
flow rates. This difference in flow rate and so in the elution time, the so-called
retention time, allows the separation and detection of each compound. To reduce the
time to separate the compounds pumps can mix different solvents together in
different ratios during time generating a composition gradient in the mobile phase.
As the process is based on adsorption principles, the temperature plays an important
role in the interactions between the mobile and stationary phases and has to be kept

constant during all the process.

A detector placed after the elution column allows the measure of the concentration of

different compound characterized by their own retention times. Typically, the

83



DEGRADATION OF CYTOTOXIC COMPOUNDS BY TiO2-UV PHOTOCATALYSIS
Master Thesis in Environmental and Land Planning Engineering - Giulio Reguzzoni -
Politecnico di Milano — AY. 2015/2016

APPENDIX B

detector measures UV absorption to correlate the amount of the absorbed radiation
to the concentration of the compounds. Calibration of the instrument allows to
establish a relationship between absorption at a specific wavelength and the

concentration of a target compound.

If HPLC allows the separation of the compounds, mass spectrometry helps to
recognize them. The mass spectrophotometer works ionizing the compounds and
subsequently fragment and separate them in function of their mass-to-charge ratio
(m/z). Mass-to-charge ratio (m/z) is the ratio between the molecular mass number
(m) and the charge number of the ion (z).

First of all, a ionized stream of ions is created and then electro-magnetic forces
separate the charged particles according to different m/z ratios. In fact, the dynamics
of the ions can be described combining Newton’s 2"d law of motion (Eq. B.) and the

expression of the Lorentz force (Eq.B.2).

Eq.Ba
F=ma d
Eq.B.2
F = Q(E + vxB) = ze(E + vxB) d
The combined equation (Eq. B.3) describes the motion of the ions in function of their

m/z.

2
(m/z)-(l/e)-a:(m/Z).(l/e)_%:E_l_va Eq.B.3

The meaning of the variables in Eq. B.1, B.2 and B.3 is the following:

- m = mass of the ion;

-z = charge number of the ion;

- e = elementary charge of an electron=1,609 x 109 C;

- a = acceleration;

- s(xy,z) = position of the ion in the (x, y, z) space;

- E = electric field;

- v =velocity of the ion;

- B =magnetic field;
So according to Eq. B.3 ions in the stream change their trajectories depending on
their m/z. Varying the intensity of the electro-magnetic forces allows the

transmissions of ions with a m/z belonging to a target range to reach a final detector.
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Mass spectrophotometry is useful also to recognize the structure of a compound as
the compound is progressively fragmented in the process and each fragment is

characterized by its own m/z ratio.

Mass spectrophotometry works in three steps: ionization, mass filtration and

detection.

The aim of ionization step is to create a stream of charged ions to be subsequently

separated during the mass filtration step.

The apparatus used in this study charges the compound with Electro Spray Ionization
(ESI) in positive mode, i.e. it creates positive particles. ESI nebulizes the mixture
containing the compounds thanks to electricity. The liquid mixture is injected in a
chamber through a capillary subject to a high voltage; thanks to this high voltage the
meniscus at the apex of the capillary deforms into a cone (Taylor cone) that emits a
jet stream of droplets due to repulsion between charged particles. Droplets become
more and more charged till reaching the maximum amount of charged particles they
can carry and dissociate creating a stream of charged ions. The apparatus decreases
the droplets size thanks to evaporation caused by the injection of heated nitrogen gas
(T=350°C) next to the injection nozzle. The sheath gas aims to confine the ions in a
precise region of the electro spray leading them to the following step of mass filtration.
A circular arrangement of six capillaries (hexabore capillary sampling array) allows
the jet stream of ions to reach the following analytical steps minimizing the fraction

of ions that disperse.

The mass filtration step aims to eliminate neutral species and atmospheric air from
the ion flow to reduce the noise of the measure. First of all, the atmospheric air is
eliminated by two consecutive ion funnels where the ions are drawn by high voltage
applied. The first funnel is at high pressure as the second funnel operates at low
pressure. The first funnel is offset from the capillary arrangement and the inlet of the

second funnel to facilitate the remove of neutral species not subject to electrical forces.

85



DEGRADATION OF CYTOTOXIC COMPOUNDS BY TiO2-UV PHOTOCATALYSIS
Master Thesis in Environmental and Land Planning Engineering - Giulio Reguzzoni -
Politecnico di Milano — AY. 2015/2016

APPENDIX B

Hexabore capillary High pressure funnel Low pressure funnel

Figure B.1: Schematic representation of the dual ion funnel

http://www.agilent.com/cs/libr technicaloverviews/Public 0-5891en 10%20CMS.pd

Ions exiting from the low pressure funnel enter an octopole ion guide, i.e. an
arrangement of 8 tubular rods that maintain a high voltage, that drive only ions of the
targeted masses to the first quadrupole mass filter. Ion guides allows the transmission
of low kinetics energy ions without substantial losses. A quadrupole mass filter
exploits a changing electric field to confine ions motion in a specific direction.

A hexapole collision cell (second quadrupole) follows the first quadrupole to further
improve separation before the last step of mass filtration in the third quadrupole.

For the complexity of the functioning of quadrupoles see Prof & Fiehn, 2008.

The last step of mass spectrometry is the detection step where the selected ions
impact a high voltage conversion dynode that functions as an electron multiplier to

increase the signal arriving at the detector.
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