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Abstract

The diffusion of drug residues in wastewaters and surface waters as rivers and streams may constitute a problem for the environment, with
consequences on the ecosystem and also on the human health. This paper deals with the study of the photo-induced transformation of amiloride, an
orally administered diuretic agent, under simulated solar light. Direct photolysis and photocatalyzed degradation processes, using titanium dioxide
as a photocatalyst, were investigated. The study involved the monitoring of the drug decomposition, the identification of intermediate compounds
of the decomposition, the assessment of mineralization, as well as the evaluation of the toxicity associated to the degradation products.

Amiloride underwent complete degradation within 30 min of irradiation (heterogeneous photocatalysis) or 4 h (homogeneous photolysis). HPLC
coupled to HRMS, via ESI interface, demonstrated to be a powerful tool to identify and measure degradation products of the studied drug. By
considering the photocatalytic process, the identified intermediates are formed through: (1) dechlorination and hydroxylation of the heteroaromatic
ring; (2) the detachment of the guanidinic moiety; (3) cleavage of the heteroaromatic ring. The drug photomineralization was a rather slow process
and after 4 h of irradiation 25% of the total organic carbon (TOC) was still present. Chlorine was stoichiometrically released as chloride ions within
the considered irradiation times (4 h), while nitrogen was only partially converted into ammonium ions. This was due to the formation of guanidine,
known to be hardly mineralized photocatalytically, and some other small molecules still containing the nitrogen. Acute toxicity, measured with a
Vibrio fischery assay, showed that amiloride transformation proceeded through the formation of toxic compounds.
© 2008 Elsevier B.V. All rights reserved.
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1. Introduction erinary drugs can be released in the environment mainly as a
consequence of manufacturing processes, disposal of unused or
expired products and accidental spills during manufacturing and

distribution or excreta by humans and animals. These substances

The presence in the environment of new xenobiotic com-
pounds as a consequence of the massive use of chemicals in

different productive fields constitutes a ticklish and complex
emerging subject-matter. Many of these substances are now con-
sidered “persistent organic pollutants” (POPs) and their effects
on the ecosystem and on the living organisms are becoming
target of various studies [1-3].

In recent years, pharmaceutical residues have appeared as a
new class of pollutants, for which public and scientific concern
has progressively increased, due to their potential impact on the
human health and on the environment [4-8]. Human and vet-
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and their metabolites may accumulate in soils and sediments and
contaminate groundwater, or be discharged into sewers through
urine and faeces and then enter sewage-treatment plants (STPs),
prior to entering rivers and streams, lakes and sea [4,9-12].
Sometimes, not only the parent compound may arouse adverse
effects on ecosystem and human health but also its metabolites.
For most medical substances and their metabolites the transfor-
mation pathways in the aquatic system are largely unknown and
investigations into their occurrence in environmental compart-
ments are still rare [13,14]. Pharmaceuticals can undergo both
abiotic and biotic processes of transformation. Abiotic reactions
in surface waters may occur via hydrolysis or direct and indirect
photolysis [15-17].
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Some compounds may be unaffected by sewage-treatment
and remain in the water effluents or be transformed into
breakdown products. The presence of pharmaceuticals in
the environment was considered a consequence of a com-
bination of a partial removal in STP and of refractoriness
in natural (biotic or abiotic) transformations. Heterogeneous
photocatalysis represents an example of advanced oxidation
processes able to achieve a complete oxidation of organic
and inorganic species, including also pharmaceutical sub-
stances [18-22]. It takes advantage of some semiconductor
solids, which can be used as photocatalysts suspended in
the water effluent to be treated, or immobilised on vari-
ous types of supports. Among them TiO; is widely used
because it is non-toxic, inexpensive, as well as biologically
and chemically inert. The electron/hole pair (e~/h™) gener-
ated under light illumination of energy greater than 3.2eV
reacts with the molecules, objects of degradation, or water
molecules oxidized by the photoholes (h*) and gives rise to
the generation of hydroxyl radicals, responsible for the com-
plete decomposition of the chemical substances. Moreover,
intermediates coming from an artificial photocatalytic process
can be identical to those found in the metabolic system of
living organisms [23] and in the environment, as a conse-
quence of naturally occurring reactions [24]. The target drug
of this study is amiloride (3,5-diamino-N-diaminomethylene)-
6-chloropyrazine-carboxamide monohydrochloride), an orally
administered diuretic agent, which acts as a sodium channel
inhibitor and is excreted 50% in urine and 40% in faeces [25].
Amiloride showed photosensitization properties, related to the
adverse clinical photobiological responses observed in patients
exposed to sunlight [26].

The main objectives of this research were to assess the
degradation of the pollutant through the identification of
possible intermediate products as well as the determination
of the final products by employing liquid chromatogra-
phy coupled to mass spectrometry and ion chromato-
graphy.

Identification of intermediate compounds formed during the
degradation is necessary to verify the real ability of the oxi-
dation technology in reducing toxicity of water and to inspect
the possible formation of dangerous substances. Toxic effects of
drugs have been tested on microorganisms [3,27,28], on phyto-
plankton [29] and on insects [30]. In recent years, the attention
has been focused also on genotoxicological effects connected
to the spreading of some types of drugs in the aquatic environ-
ment, in particular in drinking water, wastewater and sludge
[31,32]. Toxicity was also demonstrated at concentrations at
which pharmaceuticals are normally found in the aquatic envi-
ronment in the range of wg/l to ng/l [4,33-35]. Some drugs
are suspected to be able to affect endocrine system of living
organisms such as fish [2] and, even if in trace quantities, they
may cause endocrine disruption also in humans, with conse-
quent alterations in reproduction or development [9,36]. In the
present study, the acute toxicity of the irradiated solutions was
also evaluated; a bacterial assay based on the bioluminescence
reduction of the marine bacterium Vibrio fischeri was carried
out.

2. Experimental
2.1. Materials and reagents

Amiloride was purchased from Aldrich. The photocatalytic
experiments were carried out using TiO, Degussa P25 as a pho-
tocatalyst (surface area 50 m? g~!). In order to avoid possible
interference from ions adsorbed on the photocatalyst, the TiO»
powder was irradiated and washed with distilled water until no
signal due to chloride, sulphate or sodium ions could be detected
by ion chromatography. HPLC grade methanol (BDH, Milan,
Italy) was filtered through a 0.45-m filter before use.

2.2. Irradiation procedures

Irradiations were performed using a xenon lamp (30 W/m?)
simulating AM1 solar light and equipped with a 340-nm cut-off
filter. Irradiation experiments were carried out in pyrex glass
cells (@=4cm) containing 5ml of amiloride (15 mgl’l) and
TiO, (200mgl~") or 5ml of amiloride (15mgl~") solution.
The distance of the cells from the lamp was 10 cm, the photon
flux was 6.4 x 1077 Einsteins~! and the temperature measured
during the experiments was about 35 °C. The entire content of
the cells was filtered through a 0.45-pum filter and then analyzed
with the appropriate techniques.

2.3. Analytical procedures

2.3.1. Liquid chromatography

The chromatographic separations followed by a MS analysis
were run on a C18 column Phenomenex luna (Phenomenex,
Bologna, Italy) 150 mm x 2.0 mm. Injection volume was 10 pl
and flow rate 200 pl/min. The gradient program was as follows:
methanol/formic acid 0.05% in water 5/95 to 100/0 in 20 min.

2.3.2. Mass spectrometry

ALTQ Orbitrap mass spectrometer (ThermoFisher) equipped
with an atmospheric pressure interface and an ESI ion source
was used. The LC column effluent was delivered into the ion
source using nitrogen as sheath and auxiliary gas. The source
voltage was set at 4.1 kV. The heated capillary value was main-
tained at 275 °C. The acquisition method used was previously
optimized in the tuning sections for the parent compound (cap-
illary, magnetic lenses and collimating octapoles voltages) in
order to achieve maximum sensitivity. The tuning parameters
adopted for ESI source were the following: capillary voltage
13.00V, tube lens 70V; for ions optics, multipole 00 offset
—1.25V, lens 0 voltage —4.00V, multipole 0 offset —4.75V,
lens 1 voltage —13.00V, gate lens voltage —52.00 V, multipole
1 offset —15.00'V, front lens voltage —5.00 V. Mass accuracy
of recorded ions (vs. calculated) was 15 ppm (without internal
calibration).

2.3.3. Ion chromatography
A Dionex instrument was employed, equipped with a con-
ductometric detector. Ammonium ions were determined using
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Fig. 1. Amiloride MS/MS spectrum and proposed fragmentation pathways.

a CS12A column with 25 mM methanesulphonic acid as elu-
ent; flow rate 1 mlmin~'. The anions were analyzed using an
AS9HC anionic column and a mixture of NaHCO3 12 mM and

K>CO3 5mM at a flow rate | mlmin~".

2.3.4. Total organic carbon analyzer

Total organic carbon (TOC) was measured on filtered suspen-
sions using a Shimadzu TOC-5000 analyzer (catalytic oxidation
on Ptat 680 °C). Calibration was achieved by injecting standards
of potassium phthalate.

2.3.5. Toxicity measurements

The toxicity of amiloride solution and of its aqueous sam-
ples at different irradiation times was examined by Microtox
Model 500 Toxicity Analyzer. Acute toxicity was measured
by a bioluminescence inhibition assay using the marine bac-
terium V. fischery, monitoring changes in the natural light
emission of the luminescent bacteria when challenged with toxic
compounds [37]. Freeze-dried bacteria, reconstitution solu-
tion, diluent (2% NaCl) and an adjustment solution (non-toxic
22% sodium chloride) were obtained from Strategic Diagnos-
tic Inc. (SDI). Samples were tested in a medium containing
2% sodium chloride, in five dilutions and luminescence was
recorded after 5min of incubation at 15°C. The inhibition
of the luminescence, compared with a toxic-free control to
give the percentage of inhibition, was calculated following
the established protocol using the Microtox calculation pro-
gram.

3. Results and discussion

Amiloride was irradiated alone or in the presence of TiO; as a
photocatalyst. HPLC coupled to high-resolution mass spectrom-
eter with an ESI interface in positive ions mode was performed
to recognize the unknown intermediates. Table 1 summarizes
the m/z ratios, empirical formulae, main MS/MS fragments and
possible structures for amiloride and the detected intermedi-
ates.

3.1. Amiloride MS/MS study

MS/MS spectrum of amiloride was investigated, as its frag-
mentation is helpful in identifying the unknown compounds
formed in the course of the photo-induced degradation. The pro-
posed fragmentation pathway is shown in Fig. 1. The ion at m/z
171 (loss of guanidine) was the base peak. As other product ions
the fragment at m/z 213 (loss of ammonia) and at m/z 188 (loss
of methyldiamine) were formed.

3.2. Amiloride degradation under homogeneous photolysis

Amiloride was irradiated in pure water, in order to verify
the extent of the photolysis process. After 30 min of irradia-
tion, approximately 50% of amiloride was degraded and 4h
of irradiation were required to achieve its total disappearance
(Fig. 2).

Along with the amiloride photolysis, two intermediate com-
pounds at m/z 212.0869 and 213.0709 were identified. Full mass
spectra for these species did not present the typical chlorine
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Fig. 2. Amiloride disappearance under homogeneous photolysis and formation
of intermediate compounds as a function of the irradiation time.
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Table 1

Amiloride (first line [M+H*] 230.0513) and intermediate compounds originating from amiloride photodegradation, empirical formula, retention times, MS/MS

fragment ions with relative abundances and proposed structures

[M+H]* Formula RT (min) MS/MS Structure
2 ¥
Cl /N C—NH—C—NH;,
230.0513 CsHyoNgO3 9.9 171 (100), 213 (30), 188 (20) j: I
x
HoN N NH,
g MM
HO /N C—NH—C—NH;
212.0869 CsHyoNgO7 7.7 195 (100), 170 (50), 141 (15) I j[
N SN NH,
7
HO /N C—NH—C—NH,
213.0709 CgH7N503 5.9 I I
HO™ SN ONH
.
115.0597 C3H7N4O 1.7 HN\/C*NH*C*NHZ
I|\|IH
60.0542 CHgN 1.6
63 HoN—C—NH,

isotopic pattern thus proving a dechlorination process. The struc-
tures for these intermediate compounds were suggested on the
basis of their exact masses.

The main intermediate at m/z 212.0869 was quickly formed,
reached the maximum amount after 1h of irradiation and then
was completely degraded after 4h of irradiation (Fig. 2). Its
MS/MS spectrum still presented the typical losses observed for
amiloride (ammonia and methyldiamine), thus confirming the
presence of unaltered guanidinic moiety and of one amino group
on the heteroaromatic ring. This intermediate was also recog-
nized by Li et al. [38] as an amiloride photolysis product and
corresponds to the structure in Table 1. It was formed through the
photo-induced cleavage of the C—Cl bond with the substitution
of a Cl group with an OH group.

The formation of the species at m/z 213.0709 was slow and it
did not disappear within the considered times. High-resolution
mass spectrum suggested an empirical formula of C¢H7NgO3,
that permitted to attribute it to the structure shown in Table 1. Its
formation involves the replacement of one (of the two) amino
group by a hydroxyl group and dechlorination/hydroxylation of
the heterocyclic ring.

3.3. Photocatalytic transformation of amiloride on TiO»

The rate of the disappearance of amiloride was enhanced
by the addition of TiOy; #1» decreased from 30 to 3 min of
irradiation and it was completely degraded within 30 min (see
Fig. 3).

Amiloride underwent dechlorination and hydroxylation of
the heteroaromatic ring with the production of the compound
at m/z 212, both by direct photolysis and under photocatalytic

treatment. While for direct photolysis it was the main transfor-
mation products, by photocatalyzed process it represented only
a secondary product (maximum amount was 20 times lower).

Interestingly, when considering the species at m/z 213, while
its formation by direct photolysis occurred in a small amount
(m/z 213:m/z 212 ratio 1:4), its formation was greatly increased
through the photocatalytic process (m/z 213:m/z 212 ratio 10:1);
it became the more important initial intermediate.

In addition to these shared intermediate compounds, the
presence of titanium dioxide initiated additional transforma-
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Fig. 3. Heterogeneous photocatalyzed disappearance of amiloride on TiO»
200 mg 1~! and total organic carbon (TOC) profile as a function of the irradiation
time.
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Fig. 4. Intermediates formed during amiloride heterogeneous photocatalyzed
degradation on TiO, 200 mg1~! as a function of the irradiation time.

tion pathways. Other two intermediates at m/z 115.0597 and
60.0542 were detected. Their main MS/MS fragments and pos-
sible structures are reported in Table 1, while their time profiles
are plotted in Fig. 4. A transient species, with m/z 115 and an
empirical formula C3H7N4O (see Table 1), was supposed to be
formed through the opening of the heterocyclic ring. It was easily
formed and transformed into smaller molecules not detectable
under our experimental conditions. Another species, at m/z 60
(formula CHsN3) was formed at high amount and recognized as
guanidine. Its identity was also confirmed by the injection of a
standard solution. It seemed to be the main intermediate; it was
rapidly formed in the course of 1h irradiation and its concen-
tration then slowly increased until 4 h to reach 3.9 mg1~!, that
corresponds to the stoichiometric conversion of the guanidinic
moiety into guanidine. Guanidine was recognized as a highly sta-
ble compound and it required 45 h of irradiation to be completely
degraded [39].

3.4. Final products

The photocatalytic conversion of chlorine and nitrogen atoms
into inorganic ions was plotted in Fig. 5 as a function of
the irradiation time. While chlorine was recovered as chloride
ions, nitrogen moieties can be photocatalytically transformed
to either Np, NH3/NH4*t and/or nitrite and nitrate ions, whose
ratio depends on the different features of the N-containing
structure [40]. Chlorine was easily transformed into chloride
ions and reached the stoichiometric concentration within 1 h of
irradiation, in agreement with the identified chlorine-less inter-
mediates. By contrast, nitrogen was only partially mineralized.
After 4 h of irradiation, 30% of the initial nitrogen was miner-
alized into ammonium ions, while nitrate was formed at trace
amounts. When the oxidation state of the bound nitrogen was
—3, ammonium ions were formed directly from the two amino
groups by the release of nitrogen as ammonia. The smaller extent
of nitrogen mineralization was surely due to the formation of
guanidine as the main intermediate, a very stable compound

N/No, CI/Clq

0 30 60 90 120 150 180 210 240
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Fig. 5. Evolution of nitrate, ammonium and chloride ions formed from amiloride
heterogeneous photocatalyzed degradation as a function of the irradiation time.

that can be photocatalytically mineralized only after prolonged
times (up to 70 h of irradiation) [39,41]. It accounted for 43% of
the total nitrogen, while the 20% lacking was probably caused by
the formation of other small molecules still containing nitrogen.

Total organic carbon was also measured (Fig. 3). A rapid
initial decrease is followed by a much slower decrease. After 1 h
of irradiation, when amiloride was totally degraded, the residual
organic carbon was 40% and it decreased to 25% after 4 h of
irradiation. The lack in carbon mineralization accounted for the
guanidine (17%) and other non-identified small molecules (8§%).

3.5. Toxicity assessment

Acute toxicity was evaluated by monitoring changes in the
natural light emission of the luminescent bacteria V. fischeri
when challenged with toxic compounds and was expressed as
percentage of inhibition of the bacteria luminescence. The tox-
icity of amiloride solutions after different irradiation times was
examined and is plotted in Fig. 6. No toxicity was associated to
amiloride solution (percentage of inhibition zero). In the course
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Fig. 6. Inhibition (%) of the luminescence of bacteria Vibrio fischeri as a func-
tion of the irradiation time by homogeneous photolysis and heterogeneous
photocatalysis.
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of homogeneous photolysis the inhibition reached a maximum
after 1 h (20% of inhibition) and then slowly decreased. It has
to be underlined that this toxicity curve presents a shape similar
to that observed with the identified intermediates (see Fig. 2).

In the heterogeneous photocatalysis experiments the percent-
age of inhibition gradually increased until 4 h of irradiation to
reach about 40%. Thus, even if initial transformation compounds
still showed toxicity (in agreement with photolysis experiments),
the more toxic compounds seemed to be the ultimate organic
intermediates, i.e. guanidine and other not identified nitrogenous
compounds.

4. Conclusions

The study of amiloride transformations through direct pho-
tolysis and photocatalyzed degradation process, using titanium
dioxide as a photocatalyst, has been investigated. Amiloride
underwent complete degradation under both homogeneous and
heterogeneous photocatalytic treatments. The main products
formed in the course of photocatalyzed transformation were
mainly hydroxylated and hydrolysis products. The amiloride
transformation proceeded through: (1) dechlorination and
hydroxylation of the heteroaromatic ring; (2) the detachment of
the guanidinic moiety; (3) cleavage of the heteroaromatic ring.

Complete mineralization was not reached in the investigated
time, due to the formation of guanidine, known to be hardly
mineralized and some other unidentified (and toxic) compounds.
The evolution of inorganic ions confirmed that a part of the
nitrogen was still present as organic nitrogen. Acute toxicity
measurements showed that, even if amiloride is a non-toxic drug,
its photo-induced transformation produced toxic compounds.
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