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ABSTRACT

Recent regulation policies are focusing on the presence of priority and emerging pollutants
in water, among them, pharmaceutical residues are of particular public concern since trace
of these molecules is commonly found in drinking and superficial waters. Progresses in
innovative technologies for wastewater treatment are mandatory in order to improve their
abatement efficiencies for water source prevention and reclamation. The OH:-based
technologies, a group of different techniques usually called advanced oxidation processes
(AOPs), can be used to mineralize organic pollutants. In particular, combined treatments
based on UV light appear to be more eco-friendly, also giving very interesting removal effi-
ciencies if opportunely devised. Moreover, many of the commonly detected pharmaceutical
compounds are susceptible to degradation by UV at disinfection doses. In this paper, the
removal of ibuprofen (IBP)—a widely used non-steroidal anti-inflammatory drug (NSAID)
—from synthetic water streams was explored using a lab-scale experimental device, consist-
ing of a batch reactor equipped with a lamp emitting monochromatic UV light at fixed
wavelength and intensity (254 nm; 400 m] m~?). IBP initial concentration (Crp,) was varied
in the range 30-60 mg L™'. The treatment time, the initial IBP concentration, pH and the
presence of nitrates were investigated by several sets of experiments in order to study their
effect on IBP degradation, showing very promising results. IBP removal of 75% was
obtained at pH 6.0 with a concentration of NaNO; of 10 mg L™ and at pH 6.6 with an ini-
tial concentration of ibuprofen of 60 mg L™'. Moreover, a reaction mechanism has been pro-
posed, which fits well in the experimental results, and the kinetic constants of 0.026 and
0.015 were statistically evaluated.
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1. Introduction

Solving water quality problems requires strategies
to prevent, treat and remediate water pollution [1].
The cheapest and most effective strategy to protect
water quality is reducing or removing contaminants at
the source, before they get into natural water bodies
(prevention). Unfortunately, nowadays, the quality of
many water sources and watersheds has already been
compromised; therefore, a second-order intervention
(treat wastewater before it is discharged) or third-
order intervention (physically restore the biological
integrity of polluted watercourses through remedia-
tion) are mandatory [2-7].

Anthropogenic activities release numerous pollu-
tants in the environment: industries discharge about
300-500 million tons of heavy metals, organics (persis-
tent organic pollutants—POPs), toxic sludge and other
wastes into the world’s waters every year [8]. More-
over, about 700 new chemicals are introduced into
commerce every year in the United States alone [1],
and most of them are discharged, modified or not, in
public sewers, without considering the combination of
these pollutants that cause worse, or different, impacts
than the cumulative effects of a single one.

Among those substances, pharmaceutical residues
(pharmaceutical compounds, PhACs), excreted after
application in their native form or as metabolites,
strongly contribute to the water pollution problem,
together with the disposal of unused medicines of
households and manufacturing facilities. PhACs resi-
dues, together with illicit drugs, endocrine disruptors,
personal care and home products constitute the group
of the so-called emerging pollutants [9]. Despite their
widespread use, the fate of many of these new chemi-
cals is still mostly unknown since till now chemical
measurement techniques have been unable to detect
contaminants at low concentrations in the environ-
ment. The presence of trace pharmaceuticals and other
xenobiotic compounds in drinking and superficial
waters is a major public health concern, since little is
known about the potential chronic effect on human
health associated with long-term ingestion of mixtures
of these substances [10]. Thus, over the past few years,
both the occurrence and fate of pharmaceutical
residues have attracted the interest of the scientific
community [11,12].

Non-steroidal anti-inflammatory drugs (NSAIDs)
are among the most frequently detected pharmaceuti-
cals in environmental samples and among the most
widespread drugs in the world [12]. Ibuprofen
(2-(4-(2-methylpropyl)phenyl) propanoic acid, here-
inafter IBP) belongs to this family of medicines, and
its concentration in the environment is reported to be

22879

between 10 and 160 ng L7 ! [13-15]. Particularly, IBP is
the sixth most abundant pharmaceutical detected in
the inlet of wastewater treatment plants (WWTPs) in
Italy [16].

In order to improve the removal efficiency of this
compound, for water source prevention and reclama-
tion, the development of innovative technologies is
therefore mandatory. Among the technologies aimed
at the oxidization of organic pollutants, advanced oxi-
dation processes (AOPs) are a group of different tech-
niques based on the generation of extremely reactive
species, the OH'. Over the past two decades, the AOP
treatments have been studied from both the experi-
mental and the theoretical point of view [17,18].
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,
particularly because of the high costs (considering the
equipment and the process). Furthermore, AOP effi-
ciency is influenced by the wastewater composition
and often their residual streams need to be further
treated and managed, requiring the combination of
several removal techniques [19-21].

Photo-oxidation process presents several disadvan-
tages, since they can be energy consuming and mate-
rial intensive [22]; however, combined treatments
based on UV light appear to be more eco-friendly,
with a reduced energy demand, also with very inter-
esting removal efficiencies if opportunely devised
[23,24].

Many of the commonly detected pharmaceutical
compounds can be degraded by UV at disinfection
doses. It is to point out that photodegradation of
every molecule dissolved in water 1is strongly
dependent on many experimental factors such as the
volume of solution, the turbidity, and in real waters,
the presence of other species may enhance pho-
todegradation by generative strong active species
when irradiated [25] or acting as OH' scavengers,
such as nitrite/nitrate, dissolved organic matter,
carbonates [26].

The degradation of IBP by hydrodynamic cavita-
tion was investigated by Musmarra et al. [27]. They
observed an ibuprofen removal close to 60% with an
initial concentration of IBP of 200 ug L', a run time of
60 min, an electrical energy per order (EEO) of
10.77kWhm™ and a relative inlet pressure of
0.35 MPa.

Quero-Pastor and co-workers [28] found IBP
removal over 99% using ozonation, with O; flow
stream of 50 g h™' and a run time of 20 min.

Scheers et al. [29] studied ibuprofen removal
using H,O,-based AOPs, observing the complete
degradation of IBP, at an initial concentration of
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22 mg L™, by the application of a H,O, concentration
of 0.024mgL™" for the photo-assisted Fenton
oxidation.

Scheideler et al. [30] combined O;/H,0O, and UV
light to investigate the degradation of atrazine, bro-
macil, ibuprofen and NDMA (10-20 pg L™"). They
found 59, 85 and >99% removal of ibuprofen by UV/
H>0,, O3/H,0; and O3/H,0,/UV, respectively.

In this paper, the removal of ibuprofen from syn-
thetic water streams was explored by using a lab-scale
experimental apparatus, consisting of a batch reactor
equipped with a lamp emitting monochromatic UV
light at fixed wavelength and intensity (254 nm;
400 mJ m ™).

The IBP initial concentration (Cigp,) was varied in
the range 30-60 mg L™'. Several sets of experiments
were carried out to study the effect of different
parameters on IBP degradation, such as the treatment
time, the initial IBP concentration, the pH, the
presence of nitrates, showing very promising results.
In particular, the presence of NOj ions, instead of
acting as OH' scavenger [31], seems to enhance the
photodegradation of IBP, in agreement with the
literature findings [32,33]. Moreover, a reaction mecha-
nism is suggested, which fits well in the experimental
results.

2. Materials and methods

An ibuprofen sodium salt (Na-IBP) of analytical
grade with purity higher than 98% from Sigma-
Aldrich (UK) was used. The presence of nitrate was
simulated by adding powder sodium bicarbonate
(NaNOg3) of analytical grade with purity higher than
99.5% from Sigma-Aldrich (UK) to the ibuprofen solu-
tion. Solutions were made using MilliQ water.

The analytical measurement of the total IBP in solu-
tion was performed by gas-chromatography coupled
with mass spectrometry (GC/MS), preceded by a solid
phase extraction (SPE) step. The pharmaceuticals were
isolated from the water samples through a reverse-
phase cartridge (Oasis HLB 1cc, Waters). Each
cartridge was pre-conditioned with 3 ml of methanol
(analytical grade, Fluka) followed by 5 ml of ultra-pure
water. The samples were extracted under vacuum at a
flow rate of 5 ml min '. After extraction, the cartridges
were dried under vacuum for 10 min. Ibuprofen was
eluted with 3 ml of methanol. The extracts were dried
under a gentle stream of nitrogen. The final volume
extracted was 100 ul. The dried extracts were deriva-
tized by adding 200 uL MTBSTFA + 1% TBDMSCI
(Fluka). The derivatization was conducted in capped
vials at 60°C for 90 min. Then, they were cooled down
quickly and the extracts were transferred into GC vials
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which were then analysed by GC/MS (1 uL. sample
volume). The trimethylsilyl (TMS) derivatives of IBP
were analysed on a GC/MS system consisting of a
7890A gas chromatograph with a mass spectrometric
detector MSD5975C (Agilent Technologies, USA),
equipped with a capillary column HP-5MS (capillary
column, 5% phenyl-95% methylsiloxane, length: 30 m,
internal diameter: 0.25 mm, film thickness: 0.25 pm).
The irradiation of the aqueous samples (20 mL,
containing 30-60 mg L™ IBP) was carried out in plastic
Petri dishes of 90 mm diameter. The sample pH
was adjusted by addition of NaOH or HCl For
the irradiation, a Vilber-Lourmat UV-Crosslinker
BLX-E254 with exposure chamber dimensions of
14.5 cnx 36 cmx 35 cm (H x D x W), five UV tubes of
ultraviolet wavelength of 254 nm was used. The tem-
perature was measured and kept constant at 20°C in
all experiments. A simplified sketch of the experimen-
tal apparatus is shown in Fig. 1.

3. Results and discussion
3.1. Experimental results

A parametric investigation was carried out to
study IBP removal as a function of the irradiation
time. The effects of IBP initial concentration (Cigp,)
and nitrate presence (NOj;) were studied in two series
of experiments, respectively. In both cases, a solution
volume of 20 mL, an irradiation wavelength of 254 nm
and an UV-light intensity of 400 mJ m™* were used.
Experimental runs were performed in triplicate; how-
ever, the average values are reported.

The influence of IBP initial concentration is
sketched in Fig. 2, which shows the IBP removal vs.
the irradiation time (0-60 min). Three IBP initial con-
centrations were used (30, 45.9 and 60 mg LY, while
the initial pH of the solution was kept constant at the
value of 6.6. The ibuprofen removal increases mono-
tonically with irradiation time and higher the Cgp,
concentration, higher is the IBP degradation, as high-
lighted by Mendez-Arriaga et al. [34] and Achilleos
et al. [35]. At a runtime of 60 min, an IBP removal
close to 75% was found with Cigp, =60 mgL™"
Removals of about 66 and 71% were observed with
Crp, = 45.9 and 30 mg L respectively.

As shown in Fig. 3, the absolute removal of
ibuprofen increases rapidly by achieving the maxi-
mum value upon which a slow decrease can be
observed. The lower the IBP concentration, the higher
will be the IBP absolute removal. The pick values
were found at a runtime in the range 10-15 min, while
the lowest values were found at a runtime in the
range 55-60 min. The highest IBP absolute removal
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1. Experimental apparatus: (a) simplified sketch and (b) Vilber-Lourmat BLX-E254.
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3. IBP absolute removal.

close to 1.4 mg min~' was observed at a runtime of

15 min with Cigp, =30 mg L™
The influence of the presence of nitrate is sketched
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Fig. 4. Nitrate effect on IBP removal: (a) initial pH 6.0 and
(b) initial pH 2.25.
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IBP removal with and without NOj as a function of
the irradiation time (0-60 min). Nitrate was added as
NaNOs, a concentration of 10 mg L™ was considered
and two initial pH of the solution were used (2.25 and
6.0). After an hour of treatment, at the initial pH of
six, an increase in ibuprofen removal was observed
with the presence of NO;y, passing from 66%, without
nitrate, to 75%, with nitrate, while at the pH of 2.25,
after an irradiation time of 30 min, IBP degradation
passes from 25 to 45%, in agreement with literature
results [16]. Ibuprofen degradation increases monoton-
ically with irradiation time and higher the solution
pH, the higher will be the IBP removal, in agreement
with literature findings [36].

Some literature can be found regarding the influ-
ence of the variation of NO; concentration on pho-
todegradation efficiency. Wang et al. [37] recently
investigated the effect of the variation of the NO; con-
centration on the photocatalytic process applied to a
secondary effluent of an urban wastewater treatment
plant. They showed that the higher the NO; concen-
tration, the higher will be the photocatalytic activity.

The removal of ibuprofen and others emerging
pollutants by natural sunlight was lately studied by
Koumaki et al. [38]. They observed that the removal
efficiency improved due to the presence of NO; and
increased with increasing NOj; concentrations.

In water solution, an anionic (A™) and a molecular
(HA) species of IBP coexist, depending on the solution
pH and temperature [39]. The anionic and molecular
concentrations can be evaluated according to the
Henderson-Hasselbalch equation, valid for dilute
solutions [40]:

[A7]
[HA]

pH = pK, + log 1)

As shown in Eq. (1), the Ibuprofen dissociation con-
stant (pK,) influences the concentration ratio between
anionic and molecular IBP forms. In particular, with
pH < pK,, IBP is mostly in its molecular form, while
with pH > pK,, IBP is mainly in its anionic form. Since
the solution temperature is 20°C, a dissociation con-
stant of 4.32 was evaluated.

The IBP anionic species seems to be more affected
by photodegradation than its molecular species, in
agreement with Choina et al. [36].

3.2. Modelling

The photodegradation of Ibuprofen was modelled
considering the IBP dissociation forms. As sketched in
the kinetic scheme of Fig. 5, the Ibuprofen sodium salt
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Na-IBP

+H* k,
Nat+ A~ ———> HA
kl

Products C; Products D;

Fig. 5. IBP photodegradation kinetic scheme.

(Na-IBP), used to carry out the experimental activity,
was assumed to be completely dissociate in Na* and
A" ionic species in aqueous solution, with the A™ ion
to form the molecular species of the IBP (HA) due to
the hydrolysis equilibrium reactions.

The Henderson-Hasselbalch equation (see Eq. (1))
was used to calculate the IBP molecular/anionic spe-
cies concentration ratio, assuming an instantaneous
hydrolysis equilibrium condition.

Moreover, the UV-light irradiation direct photoly-
sis and the indirect photolysis reaction with transient
species, such as OH' produced by nitrate, may be
involved during photodegradation [16,33,411].

The following equation can be used to state the ini-
tial IBP concentration, the molecular and the anionic
IBP species mass balance, at the initial irradiation time
(i.e. t = 0):

Cisp = Cip, = [A™])+[HA], )

where [HA]y and [A7]; are the initial concentrations of
molecular and anionic IBP species.

According to the proposed reaction pattern
(Fig. 4), parallel reactions [42,43] with different reac-
tion rates can occur during oxidation of IBP anionic
and molecular compounds, producing different
reaction products. Anionic and molecular species
photodegradation processes were assumed to be
first-order reactions and studied by Egs. (3) and (4),
respectively:

A~ LS Products C; 3)
HA LA Products D; 4)

where k, and ks are the kinetic constant reaction rates.
It is worth highlighting that the influence of the nitrate
presence on the IBP removal can be included in the
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kinetic constants [35]. Numerous studies were focused
on the nitrate photolysis, showing that the pho-
todegradation reaction consists in the hydroxyl radical
formation [34,44,45], by favouring an indirect photoly-
sis mechanism. As reported by Xu et al. [44], the over-
all rate constants (k, and k3) can be calculated as the
sum of the direct and the indirect reaction rates,
according to the following equations:

ko = k3" + ke )
ks = k3" + ke (6)

As shown, without nitrate presence, the direct photol-
ysis only occurs.

The IBP, A~ and HA concentrations as functions of
the irradiation time can be calculated by the equations
as follows:

dillf = <k [AT) ks - [HA], @)
Cigp, = Cgp, — [A7],—[HA], ®)
A7l [AT] (pH—pK,)

=2 =10P" PN = K 9
[HA],  [HA], !

where Cigp,, [HA]; and [A7]; are the total IBP, the
molecular and the anionic IBP species concentrations
at time ¢, respectively.

IBP, A~ and HA concentrations were calculated by
numerically solving the three equation systems (7-9),
through a first-order finite difference forward scheme
method and using the following initial conditions (10):

Cisp = Cigp,
t=0 [AT]=]AT], (10)
[HA] = [HA,

A series-parallel reaction mechanism was used to
model the IBP removal by photodegradation. Accord-
ing to the photodegradation modelling, the IBP, con-
sidered at the equilibrium, is dissociated and the IBP
species degradation occurs in series. The dissociation
of ibuprofen is influenced by the pH of the solution.
A first-order parallel reaction was used to study the
degradation of dissociated forms. Finally, both the
direct photolysis by UV-light irradiation and the indi-
rect photolysis reaction with OH- produced by nitrate
were considered.

Table 1 shows the equilibrium constants (K;) as a
function of the solution initial pH. As previously indi-
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Table 1
Equilibrium constants
pH K1
6.61 190.9
6.00 45.95
2.25 0.0085

cated, at a solution temperature of 20°C, a dissociation
constant of 4.32 was calculated.

The reaction rate constants were statistically calcu-
lated by the best-fit line of the experimental data
(Fig. 6). In particular, direct reaction rate constants
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Fig. 6. IBP time evolution fitting (Exp = experimental;
Mod = model): (a) IBP concentration influence (pH 6.6), (b)
nitrate influence (pH 6.0) and (c) nitrate influence (pH
2.25).
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Table 2
Kinetic constants
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kg (min™") kird (min™) kird (min™")

0.012 0.005 0.003

ky (min™?Y) ks (min™?) kg (min™")
0.026 0.015 0.021
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Fig. 7. Parity diagram +25% variation range.

were determined by fitting IBP concentration experi-
mental data (Fig. 6(a)) [28], while overall kinetic con-
stants were determined by fitting nitrate experimental
data (Fig. 6(b) and (c)). Indirect reaction rate constants
were computed as difference between overall and
direct reaction rate constants. Overall, direct and indi-
rect kinetic constants are reported in Table 2. As the
kinetic constant k, is almost twice as much as ks, the
IBP anionic species can be more quickly photode-
graded than the molecular IBP species.

The comparison between the model predictions
and the experimental findings is shown in Fig. 6. The
model seems to well fit the investigation results even if
some divergences can be observed at Cigp, = 30 mg Lt
(Fig. 6(a)). The validity of the reaction mechanism
hypothesized was assessed through the parity diagram
(Fig. 7). Fig. 7 shows that all the points fall within vari-
ation range of +25%, demonstrating the best fit of the
model to the experimental observations and verifying
the reaction mechanism suggested.

4. Conclusions

The degradation of Ibuprofen from simulated
water streams via UV-light irradiation was investi-
gated on a lab-scale batch reactor, equipped with a
lamp emitting monochromatic UV-light at a wave-
length of 254 nm and an intensity of 400 mJ m™>.

The IBP photodegradation was studied by varying
different parameters, such as the treatment time, the

initial concentration of IBP, the nitrate presence and
the solution pH. Moreover, a reaction pattern was
hypothesized and the reaction rate constants were sta-
tistically estimated.

After an irradiation time of an hour, a reduction in
Ibuprofen concentration higher than 55% and up to
75% was achieved. The best results were obtained for
the experiments carried out at pH 6.0 with a concen-
tration of NaNOs of 10 mg L™ and at pH 6.6 with an
initial IBP concentration of 60 mg L™".

The photodegradation mechanism was modelled
as a series-parallel reaction system, in which the IBP
dissociation, considered at the equilibrium, and the
IBP species degradation occur in series. The degrada-
tion of dissociated forms is considered as first order
parallel reactions and both the UV-light irradiation
direct photolysis and the indirect photolysis reaction
with OH' produced by nitrate were considered. The
reaction rate constants were determined by fitting the
IBP oxidation findings. The model, supported by a
parity diagram with a variation range of +25%, well
describes the experimental results highlighting the
effectiveness of the IBP decay pattern hypothesized
and the validity of the assumption made.
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