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Photodegradation of diclofenac in wastewaters
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ABSTRACT

A major environmental concern has recently developed due to emerging pollutants (EC) that are
nowadays being detected in the effluents of municipal and industrial wastewater treatment plants
(WWTP) at very low concentrations, thanks to improved analytical techniques. Pharmaceutical
compounds (PhACs) are some of the most hazardous EC. These compounds can be retained into
the water cycle (from users to WWTP, and then to water sources by discharge) virtually endlessly.
Thus innovative solutions are required, such as the advanced oxidation processes (AOP). Among
them, combined treatments based on UV light appear to be eco-friendly, giving very interesting
removal efficiencies if opportunely devised. In this paper, the removal of diclofenac, a widely used
non-steroidal anti-inflammatory drug (NSAID), from synthetic water streams was explored by using
a lab-scale experimental device, consisting of a batch reactor equipped with a lamp emitting mono-
chromatic UV light at fixed wavelength and intensity (254 nm; 400 mJ m™). The experimental tests
have been carried out to evaluate the effect of treatment time and to verify the possibility of further
degrading the obtained compound. The preliminary results confirm what has been recently and
unexpectedly found in literature, that is the formation of a dimer during the first minutes of photol-
ysis, carbazole, a very stable coloured intermediate.
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1.Introduction

Despite their widespread use, the fate of many of phar-
maceutical compounds (PhACs) is still mostly unknown
because of the lack of chemical measurement techniques
that till now have been unable to detect contaminants at low
concentrations in the environment. Moreover, the presence
of trace pharmaceuticals and other xenobiotic compounds
in drinking and superficial waters is a major public health
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concern, since little is known about the potential chronic
effect on human health associated with the long term inges-
tion of mixtures of these substances [1-4]. The problem is
felt even more in the case of water reuse, since PhACs are
persistent, toxic, bio-accumulative and bio-refractory.
Non-steroidal anti-inflammatory drugs (NSAIDs) are
among the most frequently detected pharmaceuticals in
environmental samples and among the most widespread
drugs in the world [5,6]. Diclofenac (2-(2,6-dichlorani-
lino) phenylacetic acid, hereinafter DCFE, chemical formula
C,H,CLNO,), belongs to this family of medicines. DCF
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concentration in the environment is reported to be 250 ng
L at the inlet of wastewater treatment plants and 215 ng
L at the outlet of the plants, thus confirming that conven-
tional treatments remove only a small percentage of this
compound, max 14% [7]. In order to improve the removal
efficiency of this compound for water source prevention
and reclamation, the development of innovative technol-
ogies is therefore mandatory. Among the technologies
aimed at the oxidization of organic pollutants, advanced
oxidation processes (AOPs) are based on the generation of
extremely reactive species, the OH radicals. Over the past
two decades the AOP treatments have been studied from
both the experimental and the theoretical point of view
[8-12]. Despite their great potential in the field of WWT and
the recent advances of scientific knowledge, AOPs are still
scarcely employed on pilot and industrial scales. Moreover,
they present several disadvantages of being energy- and
material-intensive, and they often need further treatment to
remove their residuals [13].

On the other hand, combined treatments based on UV
light appear to be more eco-friendly, also with very inter-
esting removal efficiencies if opportunely devised. Many of
the common pharmaceutical compounds can be degraded
by UV at disinfection doses [14-17]. Photodegradation of
DCF has been scarcely investigated so far. Among the few
results on DCF photolysis are those obtained by Shu et al.
[13], whose investigations showed that diclofenac UV direct
photolysis is very effective to remove DCF that reacts rap-
idly with hydroxyl radicals which was also confirmed by
Packer et al. [18] who showed hydroxyl radical rate constant
values approaching to diffusion-control limits. Giri et al.
[19] reported that DCF is degraded very efficiently within
short reaction periods regardless of the AOP employed.
Fatta-Kassinos et al. [1] reports that 13 photoproducts have
been identified, showing that the photolysis of DCF occurs
by two main routes: one is the consequence of the initial
photocyclisation of diclofenac into carbazole derivatives,
while the other goes through the initial decarboxilation of
diclofenac and further oxidation of the alkyl-chain, which
are typical photolytic process reactions. As for the conven-
tional removal of DCF, the work by Rivera-Ultrilla et al. [7]
shows that at least five by-products are formed in diclofenac
chlorination, although none of them is a chloramine [20],
and the degree of mineralization achieved is not accept-
able. In addition, Lekkerkerker-Teunissen et al. [21] stud-
ied the degradation of a possible degradation product of
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diclofenac, carbazole, showing that it was not appreciably
removed by UV or UV/H,0, treatment. In the recent work
by Keen et al. [22] the formation of a dimer was observed
during the ultraviolet (UV) photolysis of diclofenac, con-
firmed by mass spectrometry, NMR and fluorescence
analysis. The dimers were combinations of the two parent
molecules or of the parent and the product of photolysis,
and had visible colour.

This paper deals with a preliminary investigation
concerning DCF removal by direct photodegradation. In
particular, the effect of the irradiation time was investi-
gated and the preliminary detection of DCF photolysis
reaction by-products was carried out. Moreover the effect
of photodegradation on carbazole, a dimer detected as
the main by-product, was preliminary studied. Finally,
a possible DCF degradation pathway by photolysis was
proposed.

2. Materials and methods
2.1. Chemicals

A diclofenac sodium salt (Na-DCF) purchased by Sig-
ma-Aldrich (UK) (CAS Number 15307-79-6), without any
further purification, was used. Solution was made by using
MilliQ water (20 mL, containing 20 mg L™ DCF). Samples
were directly analyzed after irradiation.

2.2. Experimental set-up

A lab-scale experimental device, consisting of a batch
reactor equipped with a lamp emitting monochromatic UV
light at fixed wavelength and intensity (254 nm; 400 mJ m)
was used to explore diclofenac removal from synthetic
water streams. The results confirm the unexpected forma-
tion of the dimer carbazole, a very stable coloured interme-
diate, during the first minutes of photolysis, in agreement
with literature findings. The experimental apparatus is
shown in Fig. 1.

The irradiation of the aqueous samples was carried out
in plastic Petri dishes of 90 mm diameter. The sample pH
was adjusted by addition of NaOH or HCL. For the irradia-
tion a Vilber-Lourmat BLX-254 with Ultraviolet wavelength
of 254 nm was used. The temperature was measured and
kept constant at 20°C in all the experiments.

L HEEEEHEEEEE
] =

s .

Fig. 1. Experimental apparatus: a — simplified sketch; b — UV light lamp (Vilber-Lourmat BLX-254)
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Fig. 2. Diclofenac absorbance spectrum

2.3. Analysis

An UV-V is field spectrophotometric analysis (Perkin
Elmer LAMBDA 40) was carried out to assess by-prod-
uct formation by DCF photodegradation. The absorbance
spectrum of diclofenac is shown in Fig. 2. As illustrated, a
typical peak in the wavelength range of 270-290 nm can be
observed. The colour formed by the oxidation by products
was measured at 400 nm.

Quantitative analyses have been carried out using a
reverse phase high performance liquid chromatography
(RP-HPLC system, Shimadzu) performed with a Shimadzu
DAD detector (SPD-M20A), equipped with Shimadzu
LC-20AD. The column used was a Discovery C18 (250 x
4.6 mm; 5 um; Supelco, Bellefonte, PA), operated at 25°C.

The analytical measurement of the chloride ions in irra-
diated solution was performed by an ionchromatography
(DIONEX DX-120) with conductivity detector. An Ion-Pac
AS14A anion column (4 x 250 mm, Dionex) was used to per-
form separation.

3.Results and discussion
3.1 Effect of irradiation time on DCF remouval

DCF removal was studied as a function of the irradiation
time in the range 0-50 min. A solution volume of 20 mL, an
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initial solution pH of 6.6 and DCF concentration of 20 mg L~
were used. Photodegradation experiments were carried
out by using an UV-light with an irradiation wavelength of
254 nm and an intensity of 400 m] m™. Experimental results
are sketched in Fig. 3. Investigations were performed in trip-
licate; however, the average values are reported.

As shown, diclofenac removal rapidly increased with
exposure time since a treatment time of 1 minute was suf-
ficient to achieve a DCF degradation close to 60%, while
after an irradiation time of 5 min diclofenac was almost
completely treated and a DCF removal higher than 98%
was obtained. In the range 5-50 min, no significant increase
of DCF removal was found. Investigations highlight the
extreme high degradation rate of diclofenac, in agreement
with literature findings [22].

These results (Fig. 3) are supported by the UV-V is
absorbance spectra of the irradiated solution monitored
overt the exposure time in the range 0-5 min, as reported
in Fig. 4. The colour formation was apparent after 5 min of
oxidation as seen in Fig. 3.

3.2. Formation of by-products

As shown in Fig. 4, the characteristic absorbance spec-
trum of diclofenac (i.e. t = 0 min) was not more detected
since by products were formed were found (i.e. t = 1-5 min).
The results confirm the unexpected formation of the dimer
carbazole, a very stable coloured intermediate, during the
first minutes of photolysis, in agreement with findings by
Keen et al. [20]. They observed dimer formation by irradiat-
ing sample solutions with UV fluence of 100 mJ cm™. Exper-
iments were carried out by using both low (10 ng L™) and
high (100 mg L) diclofenac concentrations.

As shown in Fig. 4, samples at different exposure times
produce the same spectrum, characterized by multiple peaks,
in the wavelength ranges of 230-250 nm and 330-350 nm. This
observation underlines the formation of the same by-product
by diclofenac photodegradation. The trend of the spectra
observed coincides with the typical spectrum of a dimer, the
carbazole-1-acetic acid that is sketched in the box in Fig. 4.
In agreement with several investigations [6,22-25] Carbazole
was identified as the main by-product of the DCF photolysis.
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Fig. 3. Diclofenac removal as a function of the irradiation time. Colour of the investigated diclofenac solution is shown in a — before

the UV light irradiation; b — after an irradiation time of 5 min.
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Fig. 4. By-product absorbance spectra of the diclofenac photo-
degradation (total irradiation time = 5 min)

The photolysis results were not used to quantify
by-products, however a concentration of the dimer of about
8 mg L™ was estimated with a treatment time of 5 min. Since
no significant variation of DCF degradation was found, the
concentration of the dimer can be supposed to be constant
during the exposure time. In order to support this finding,
UV-V is absorbance spectra of the irradiated solution mon-
itored overt the exposure time in the range 10-30 min are
reported in Fig. 5. As shown, no relevant changes may be
observed in the width of absorbance spectra, in agreement
with the results shown in Fig. 3. Moreover the persistence
of the carbazole-1-acetic acid to the direct photolysis was
highlighted, as reported by Lekkerkerker-Teunissen et al.
[21] and Kanakaraju et al. [24].

A possible dimer formation pathway from the DCF
degradation by photolysis is sketched in Fig. 6. As shown,
carbazole-1-acetic acid formation can occurs starting from
an epoxide production by the inclusion of dissolved oxy-
gen, followed by the loss of both chlorine atoms [22,26]. The
formation of the carbazole-1-acetic acid may be supported
by the pH decrease that was observed during the investiga-
tions, from the initial value of 6.6 to the final value of 4.1, in
agreement with literature results [22].

An ion chromatographic technique was used to carry
out the analytical measurement of the ions in the treated
solution. As shown by the ion chromatograph reported in
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Fig. 5. By-product absorbance spectra of the diclofenac photo-
degradation (total irradiation time = 30 min)
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Fig. 6. Possible DCF photolysis degradation pathway.

Epoxide

E;r:"<§ — ;i:a:ﬁ

Carbazole

Fig. 7, chloride ions were found in the irradiated solution
and a concentration of about 15 mg L™ was calculated. The
detection of chloride ions may support the hypothesized
pathway degradation based on the loss of chloride atoms
from the diclofenac under an UV-light exposure treatment,
in agreement with literature findings [27]. Calza et al. [27]
investigated diclofenac photolysis over aqueous titania
suspensions, detailing photodegradation by product for-
mation and presenting fragmentation pathways. They
observed a fragment at m/z 215 due to the loss of chlorine
radicals, which are released as chlorine ions, in agreement
with derivatives produced by diclofenac photodegradation,
since chlorinated and dichlorinated intermediates disap-
peared after an hour of treatment [27].
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Fig. 7. Ion chromatograph of the irradiated solution (1 — Acetate
ion; 2 — Chloride ion)
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4. Conclusions

A preliminary investigation concerning the degrada-
tion of diclofenac from simulated water streams via direct
UV-light irradiation was carried out; a lab-scale batch
reactor, equipped with a lamp emitting monochromatic
UV-light at a wavelength of 254 nm and an intensity of
400 mJ m?, was used. In particular, the effect of the irradi-
ation time was investigated and the dimer carbazole was
detected as the main by-product of the DCF photolysis
reaction. Furthermore the effect of photodegradation on
carbazole was studied.

The experimental tests have been carried out to evalu-
ate the effect of treatment time on the diclofenac removal:
the results show that after few treatment minutes the
diclofenac has been almost completely degraded and a
dimer, the carbazole, a very stable, persistent and coloured
by-product, has formed. Moreover, the possibility of fur-
ther degrading the obtained compound has been investi-
gated, however an appreciable removal of the dimer has
not been found. Finally, a possible dimer formation path-
way from the DCF degradation by photolysis has been
proposed.

The formation of the carbazole during the first minutes
of photolysis, observed in the preliminary investigations,
agrees with the recent and unexpected findings in literature.

5. References

[1] D. Fatta-Kassinos, S. Meric, A. Nokolau, Pharmaceutical res-
idues in environmental waters and wastewater: current state
of knowledge and future research, Anal. Bioanal. Chem., 399
(2011) 251-275.

[2] A. Molino, A. Erto, F. Di Natale, A. Donatelli, P. Iovane, D.
Musmarra, Gasification of granulated scrap tires for the pro-
duction of syngas and a low-cost adsorbent for Cd(II) removal
from wastewaters, Ind. Eng. Chem. Res., 52 (34) (2013) 12154—
12160.

[3] F Yuan, C.Hu, X. Hu, J. Qu, M. Yang, Degradation of selected
pharmaceuticals in aqueous solution with UV and UV/H,O,,
Water Res., 43 (2009) 1766—1774.

[4] I Bortone, A.Di Nardo, M. Di Natale, A. Erto, D. Musmarra,
G.F. Santonastaso, Remediation of an aquifer polluted with
dissolved tetrachloroethylene by an array of wells filled with
activated carbon, J. Hazard. Mater., 260 (2013) 914-920.

[5] L. Araujo, M.E. Troconis, M.B. Espina, A. Prieto, Persistence of
ibuprofen, ketoprofen, diclofenac and clofibric acid in natural
waters, J. Environ. Human., 1 (2014) 32-38.

[6] I Georgaki, E. Vasilaki, N. Katsarakis, A study on the degrada-
tion of carbamazepine and ibuprofen by TiO, & ZnO photoca-
talysis upon UV/visible-light irradiation, Am. J. Anal. Chem.,
5 (2014) 518-534.

[7] ]. Rivera-Utrilla, M. Sanchez-Polo, M.A. Ferro-Garcia, G. Pra-
dos-Joya, R. Ocampo-Pérez, Pharmaceuticals as emerging
contaminants and their removal from water. A review, Che-
mosphere, 93 (2013) 1268-1287.

[8] M. Capocelli, M. Prisciandaro, A. Lancia, D. Musmarra, Chem-
ical effect of hydrodynamic cavitation: simulation and experi-
mental comparison, AIChE J., 60 (2014) 2566-2572.

[9] M. Capocelli, M. Prisciandaro, A. Lancia, D. Musmarra,

Hydrodynamic cavitation of p-nitrophenol: a theoretical and

experimental insight, Chem. Eng. J., 254 (2014) 1-8.

D. Karatza, M. Prisciandaro, A. Lancia, D. Musmarra, Reaction

rate of sulfite oxidation catalyzed by cuprous, Chem. Eng. J.,

145(2)(2008) 285-289.

(10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

297

D. Karatza, M. Prisciandaro, A. Lancia, D. Musmarra, Sulfite
oxidation catalyzed by cobalt ions in flue gas desulfurization
processes, ]. Air Waste Manage. Assoc., 60(6) (2010) 675-680.
M. Prisciandaro, E. Olivieri, A. Lancia, D. Musmarra, Gyp-
sum precipitation from aqueous solution in the presence of
nitrilotrimethylenephosphonic Acid, Ind. Eng. Chem. Res., 45
(2006) 2070-2076.

Z. Shu, J.R. Bolton, M. Belosevic, M.G. El Din, Photodegrada-
tion of emerging micropollutants using the medium-pressure
UV/H,0O, advanced oxidation process, Water Res., 47 (2013)
2881-2889.

S. Chianese, P. Iovino, S. Canzano, M. Prisciandaro, D.
Musmarra, Ibuprofen degradation in aqueous solution
by using UV light, Desal. Water Treat, (2016) 1-9. DOI:
10.1080/19443994.2016.1153908.

P. Tovino, S. Chianese, S. Canzano, M. Prisciandaro, D.
Musmarra, Degradation of ibuprofen in aqueous solution with
UV light: the effect of reactor volume and pH, Water, Air, Soil
Pollut,, 227(6) (2016) 194.

D. Fatta-Kassinos, M.I. Vasquez, K. Kiimmerer, Transformation
products of pharmaceuticals in surface waters and wastewater
formed during photolysis and advanced oxidation processes
— Degradation, elucidation of by products and assessment of
their biological potency, Chemosphere, 85 (2011) 693-709.

G.V. Buxton, Q.G. Mulazzani, A.B. Ross, Critical review of rate
constants for reactions of transients from metal ions and met-
al-complexes in aqueous solution, J. Phys. Chem. Ref. Data, 24
(1995) 1055-1349.

J.L. Packer, J.J. Werner, D.E. Latch, K. McNeill, W.A. Arnold,
Photochemical fate of pharmaceuticals in the environment:
Naproxen, diclofenac, clofibric acid, and ibuprofen, Aquat. Sci.,
65 (2003) 342- 351.

R.R. Giri, H. Ozaki, S. Ota, R. Takanami, S. Taniguchi, Degra-
dation of common pharmaceuticals and personal care prod-
ucts in mixed solutions by advanced oxidation techniques, Int.
J. Environ. Sci. Tech., 7(2)(2010) 251-260.

M. Bedner, W.A. MacCrehan, Transformation of acetamino-
phen by chlorination produces the toxicants 1,4-benzoquinone
and n-acetyl-p-benzoquinone imine, Environ. Sci. Technol., 40
(2006) 516-522.

K. Lekkerkerker-Teunissen, ET. Chekol, SK. Maeng, K. Ghe-
bremichael, C.J. Houtman, A.R.D. Verliefde, ].QJ.C. Verberk,
G.L. Amy and J.C. van Dijk, Pharmaceutical removal during
managed aquifer recharge with pre treatment by advanced
oxidation, Water Sci. Technol.: Water Supply, 12(6) (2012) 755—
767.

0.S. Keen, EM. Thurman, I. Ferrer, A.D. Dotson, K.G. Linden,
Dimer formation during UV photolysis of diclofenac, Chemo-
sphere, 93 (2013) 1948-1956.

H. Yu, E. Nie, J. Xu, S. Yan, W.J. Cooper, W. Song, Degradation
of diclofenac by advanced oxidationand reduction processes:
kinetic studies, degradation pathways and toxicity assess-
ments, Water Res., 47 (2013) 1909-1918.

D. Kanakaraju, C.A. Motti, B.D. Glass and M. Oelgemoller,
Photolysis and TiO,-catalysed degradation of diclofenac in
surface and drinking water using circulating batch photoreac-
tors, Environ. Chem., 11 (2014), 51-62.

K.AK. Musa, L.A. Eriksson, Photodegradation mechanism of
the common non-steroid anti-inflammatory drug diclofenac
and its carbazole photoproduct, Phys. Chem. Chem. Phys.,
11(22) (2009) 4601-4610.

A. Agiiera, L.A. Pérez Estrada, I. Ferrer, EM. Thurman, S.
Malato, A.R. Ferndndez-Alba, Application of time-of-flight
mass spectrometry to the analysis of phototransformation
products of diclofenac in water under natural sunlight, J. Mass
Spectrum, 40 (2005) 908-915.

P. Calza, V.A. Sakkas, C. Medana, C. Baiocchi, A. Dimou, E.
Pelizzetti, T. Albanis, Photocatalytic degradation study of
diclofenac over aqueous TiO, suspensions, Appl. Catal.,, B, 67
(2006) 197-205.



