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A B S T R A C  T

The degradation kinetics, the operational influencing factors, the determination of short-chain organic by-pro-ducts, the mineralization degree, the evolution of 
residual toxicity, as well as the treatment of complex matrices were systematically investigated on removal of piroxicam by Electro-Fenton process (EF), due to its 
persistence and low removal in water matrices. The second order reaction rate constant between piroxicam and hydroxyl radical (•OH) was determined as (2.19 ± 
0.01) × 109 M−1 s−1. It was found that the process was able to almost completely mineralize 0.08 mM piroxicam solution (92% TOC removal) at 6 h treatment. 
Based on identification of short-chain carboxylic acids, released inorganic ions and the removal of total organic carbon, a schematic proposal of piroxicam 
degradation by EF treatment was done. The evolution of the acute toxicity of treated piroxicam solution was monitored by Microtox method, showing a significant 
toxicity reduction at 180 min treatment. Remarkably, piroxicam in simulated urine and hospital wastewater was completely degraded after 120 min of EF 
treatment. Therefore, the results indicate that the tested EF process constitutes an efficient option for the elimination of piroxicam in aqueous media.

1. Introduction

The presence of pharmaceuticals in environmental water is a topic
of growing concern around world [1–3]. This is mainly associated to
low removal ability of the conventional wastewater treatment plants
toward such substances [4,5]. Among the most consumed pharmaceu-
ticals classes are “Non-Steroidal Anti-Inflammatory Drugs” (NSAIDs),
with concentrations from ng L−1 to μg L−1 detected in effluents of
wastewater treatment plants, surface water, groundwater and even in
drinking water [6,7]. NSAIDs are considered as potentially dangerous
emerging environmental pollutants [8–11] because of their acute and
chronic toxicological effects on humans and animals [12,13]. Thereby,
effective technologies are required to prevent the release of such con-
taminants into natural aquatic environment [7,14–16].

Piroxicam belongs to the most consumed NSAIDs for treating
chronic inflammatory diseases for almost 30 years. Unfortunately, it has

a high persistence in environment [17,18]. Indeed, it was found that
NSAIDs, including piroxicam, are accumulated in water bodies con-
tributing to the expansion of cyanobacterial mass by pushing back eu-
karyotic algae [8]. Due to the environmental risks and the un-
satisfactory removal of micro-pollutants by conventional biological
treatment processes, advanced oxidation processes (AOPs) have been
emerged as an alternative for removing biologically toxic or recalcitrant
molecules from wastewater [13,19,20].

In AOPs, hydroxyl radical (•OH) is the main acting oxidant; it is the
second strongest oxidizing agent with E° (•OH/H2O)=2.80 V/SHE, just
after fluorine. These radicals are generated in situ in AOPs and are able
to oxidize any organic compounds through a non-selective oxidation
pathways. Among AOPs, electrochemical advanced oxidation processes
(EAOPs) are considered as powerful and environmentally friendly
technologies to remove recalcitrant pollutants from water/wastewater
[3]. •OHs can be from water oxidation on the anode surface (direct
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•OH is homogeneously produced in the bulk from the reaction of gen-
erated H2O2 with externally added ferrous iron (as catalyst) through
Fenton reaction (Eq. (2)). The system is electrocatalytic since the cat-
alyst (Fe2+) is continuously electro-regenerated (Eq. (3)) from Fe3+

formed by Fenton reaction (Eq. (1)), effectively promoting the catalytic
cycle of iron required by the Fenton system [2].

O2(g) + 2H+ + 2e− → H2O2 (1)

Fe2+ + H2O2 → Fe3+ + •OH + HO− (2)

Fe3+ + e− → Fe2+ (3)

In the case of using an appropriate anode material (having high O2-
evolution overvoltage) such as BDD in EF, additional •OH are also
generated heterogeneously on the anode surface from water oxidation.
Water oxidation involves the interfacial charge transfer at the anode
surface (M) with the formation of adsorbed hydroxyl radical (M(•OH),
Eq. (4)) [24] allowing high process efficiency in degradation of organic
pollutants [25].

M + H2O → M(•OH) + H+ + e– (4)

Considering the problems associated to piroxicam in natural and
engineered environments, the present paper reports an extensive study
on its degradation and mineralization by EF process. A previous work
showed the applicability of anodic oxidation for piroxicam degradation
in water [6]. Nevertheless, the significant issues such as piroxicam
mineralization, mineralization current efficiency (MCE), identification
of the transformation products and the assessment of the solution
toxicity during treatment were not studied. What is more, the appli-
cation of the process to more complex matrices than water is also cri-
tical aspect towards the implementation of this process that still re-
mains unstudied. Therefore, in the current work, first the effects of the
catalyst (Fe2+) concentration and current as well as the impact of the
anodic material type on piroxicam removal were monitored in order to
determine the suitable operational conditions. Then, the mineralization
ability of the process and MCE for the EF treatment of piroxicam so-
lutions was investigated. Afterwards, the evolution of carboxylic acids
(oxidation intermediates) and inorganic ions originating from de-
gradation were determined in order to propose a degradation scheme.
Furthermore, the evolution of solution toxicity during the treatment
was also assessed. Finally, in order to test the ability of the process to
degrade piroxicam in more complex matrices, the EF process was ap-
plied to simulated hospital wastewater and urine previously spiked with
the drug.

2. Materials and methods

2.1. Chemicals

Piroxicam (C15H13N3O4S), anhydrous sodium sulfate (Na2SO4) and
acetic acid (C2H4O2) were supplied by Sigma-Aldrich. Sulfuric acid
(H2SO4), iron (II) sulfate heptahydrate (FeSO4•7H2O), p-hydro-
xybenzoic acid (p-HBA, C7H6O3), methanol (CH3OH), acetic (C2H4O2),
glyoxylic (C2H2O3), oxalic (C2H2O4), formic (CH2O2), glycolic (C2H4O3)
acids were purchased from Acros Organics in analytical grade.
Ammonium nitrate, sodium nitrate and sodium nitrite were purchased
from Fluka. Urea (CH4N2O), sodium acetate (NaC2H3O2), sodium di-
hydrogen phosphate (NaH2PO4), potassium dihydrogen phosphate
(KH2PO4), potassium chloride (KCl) and sodium hydroxide (NaOH)
were provided by Merck. Magnesium chloride hexahydrate

oxidation) or electrochemically-driven reactions in the solution bulk 
(indirect oxidation) [21–23]. Electro-Fenton (EF) is a well-known 
EAOP, where a continuous generation of H2O2 in the solution is pro-
moted through reduction of O2 according to Eq. (1) at the cathodic 
compartment of the electrolytic cell using an appropriate cathode, 
mostly carbonaceous materials like carbon-felt cathodes [2]. Therefore,

(MgCl2•6H2O), calcium chloride dihydrate (CaCl2•2H2O) and ammo-
nium chloride (NH4Cl) were purchased from Panreac.

Piroxicam solution at 0.08 mM (26.48 mg L−1) was prepared in tap 
water. Other solutions were prepared with ultra-pure water obtained 
from a Millipore Milli-Q-Simplicity 185 system (resistivity > 18 MΩ at 
25 °C). Solutions pH was adjusted using analytical grade H2SO4 and/or 
NaOH.

2.2. Electrolytic systems for the degradation of piroxicam

The degradation experiments were performed in an open, undivided 
and cylindrical electrochemical cell of 250 mL capacity. As anode, a 
boron-doped diamond (BDD, area: 24 cm2, thin-film deposited on a 
niobium substrate from CONDIAS, Germany) or a Pt cylindrical grid (d 
= 4.5 cm) were utilized. A tri-dimensional carbon-felt (18.0 cm × 6.0 
cm × 0.6 cm, Carbone-Lorraine, France) was used as cathode.

In all experiments, the anode was centered in the electrochemical 
cell and surrounded by the carbon felt cathode (which covered the 
inner wall of the cell). The concentration of O2 in the solution was 
maintained in saturation by continuously bubbling compressed air 
through a frit at a flow rate of 1 L min−1. A period of 10 min before 
electrolysis was sufficient to reach a stationary O2 level. Solutions were 
homogenized by a magnetic PTFE stirrer during the treatment to limit 
mass transport issues toward electrodes. All the experiments were 
conducted at room temperature (23 ± 1 °C) using 0.05 M Na2SO4 as 
supporting electrolyte. The current was continuously provided by a DC 
power supply (HAMEG Instruments, HM 8040-3). The pH was mea-
sured with a CyberScan pH 1500 pH-meter from Eutech Instruments. As 
the considered system is based on Fenton reaction, which has its best 
performance at pH: 3.0, the electrochemical process (Electro-Fenton) 
was carried out at such pH value.

2.3. Analytical methods

Piroxicam evolution was established by reversed-phase high per-
formance liquid chromatography (RP-HPLC, Merck Lachrom) having a 
Purospher column (RP-18: 5 μm; 25 cm × 3.0 mm). The measurements 
were made under an optimum absorption wavelength of 240 nm at 
40 °C with a mobile phase of 40:60 (v/v) KH2PO4 (0.1 M)/methanol 
mixtures at flow rate of 0.6 mL min−1.

The mineralization of piroxicam was measured by a Shimadzu 
VCSH TOC analyzer using the non-purgeable organic carbon method 
and reproducible TOC values (with ± 2% accuracy) were determined.

Carboxylic acids (intermediate species) generated from the pollu-
tant degradation were identified and quantified by comparison of re-
tention times with that of pure standards. Ion-exclusion HPLC with a 
Supelcogel H column (9 μm, φ = 4.6 mm × 25 cm (i.d.)) was used. The 
mobile phase consisted of a 1% H2SO4 solution at 0.2 mL min−1. The 
analysis was carried out at room temperature and wavelength of 
210 nm.

Inorganic ions (NO3
−, NH4

+ and SO4
2−) produced during the mi-

neralization of pollutant were assessed by using a Dionex ICS-1,000 
Basic Ion Chromatography System. For the determination of anions/
cations, the system was fitted with an IonPac AS4A-SC (anion-ex-
change) or IonPac CS12A (cation-exchange) column of 25 cm × 4 mm. 
Anion determinations were conducted with a 1.8 mM Na2CO3 + 
1.7 mM NaHCO3 aqueous solution as mobile phase (2.0 mL min−1 at 
35 °C). For the cation, a 9.0 mM H2SO4 solution was applied as mobile 
phase (1.0 mL min−1 at 30 °C). The sensitivity of the detector was im-
proved by using an ASRS-ULTRA II or CRS-ULTRA II self-regenerating 
suppressor for anions and cations, respectively. In the analyses, the 
injection volume was 20 μL and measurements were controlled through 
EZChrom Elite 3.1/Chromeleon SE software.

Toxicity of piroxicam and its intermediates was monitored by fol-
lowing the inhibition of luminescence of the bacteria V. fischeri (with a 
Lumistox LCK 487 device) after 15 min of exposition to the solutions at



15 °C. The tests were performed under the international standard pro-
cess (OIN 11348-3).

3. Results and discussion

3.1. Piroxicam degradation under different electrochemical conditions

The EF process is strongly dependent on operational factors such as
catalyst (Fe2+) concentration and anode material [26]. Hence, the in-
fluence of these two parameters on the pollutant degradation was firstly
evaluated. Initially, the effect of iron concentration (0.05 to 0.5 mM) at
pH 3.0 was assessed with the piroxicam concentration decay during
treatment with the EF process using the BDD anode as response vari-
able. The concentration decay of piroxicam exhibited an exponential
behavior indicating pseudo-first-order degradation kinetics (Fig. 1A).
Therefore, the pollutant degradation fits well to the expression (Eq. (5))
that can be utilized to analyze the response to piroxicam degradation
during EF process treatment.

-Ln (C/C0) = kapp×t (5)

Fig. 1B presents the change in the kapp as a function of catalyst
concentration. It can be noted that the kapp increased as the Fe2+

concentration raised from 0.05 to 0.1 mM, but decreased for con-
centrations over 0.1mM. That means there is a suitable catalyst con-
centration to reach the fastest pollutant removal in EF process and
catalyst overloading will result to the wasting of •OH generated in the
system. Indeed, high Fe2+ concentrations lead to the enhancement of
the reaction rate of the wasting reaction (Eq. (6)) that compete with
piroxicam for •OH causing thus a decrease in process efficiency [27].

Fe2+ + •OH → Fe3+ + OH– (6)

On the other hand, Fig. 1C also highlights the effect of the anode
material in EF process. Besides, it can be also noted that the slope of the
plot kapp vs. current density for BDD anode (0.009) was about 5 times
higher than that obtained for Pt anode (0.002). The difference in pir-
oxicam degradation efficiency can be related to the larger potential
window of BDD than the Pt as well as the adsorption properties of •OH.
BDD(•OH) is physisorbed (so more available) while Pt(•OH) is chemi-
sorbed [6]. The formation rate of •OH in the bulk being constant, the
high efficiency in piroxicam degradation can be accounted for the
production of high amount of heterogeneous radical in the case of BDD
anode leading to the best degradation kinetics of piroxicam.

In order to determine the extent of piroxicam oxidation by •OHs and
compare with other organic pollutants, the second order (or absolute)
reaction rate constant (kpir) was determined by the competition kinetics
method [28,29]. The simultaneous degradation at equal molar con-
centration (0.08 mM) of piroxicam (pir) and p-hydroxybenzoic acid (p-
HBA) was carried out by EF. The analysis was performed at the early
stage of the degradation to avoid the influence of intermediates pro-
duced during the process. Based on the fact that reaction of most or-
ganic molecules with •OH follow a pseudo-first-order kinetic, the ab-
solute rate constant kpir was calculated by using Eq. (7) [30]:

=

k
k

Ln(
[pir]
[pir]

)/Ln(
[pHBA]
[pHBA]

)pir

pHBA

0

t

0

t (7)

where kpHBA (the second order reaction rate for p-HBA) is well known to
be 2.19×109M−1 s−1 [31], the subscripts 0 and t are the reagent
concentrations at time zero and at any time of the reaction (t), re-
spectively. By substitution in Eq. (7) the experimental data from the
simultaneous degradation of piroxicam and p-HBA, the Ln [pir]0/[pir]t
/ Ln [pHBA]0/[pHBA]t ratio was 1.002 ± 0.01 (Fig. 2). Hence, kpir
value was calculated to be (2.19 ± 0.01) × 109M−1 s−1. The high
second order reaction rate suggests that •OH / BDD(•OH) have a high
reactivity toward piroxicam, most likely due to the presence of pyridine
and benzene moieties on this compound. In fact, this value is close to

Fig. 1. Degradation of Piroxicam by EF. (A) Fitting of Piroxicam degradation to
pseudo-first order kinetics (Fe2+: 0.05mM). (B) Effect of catalyst (Fe2+) con-
centration on the degradation and decay kinetics of Piroxicam in tap water by
electro-Fenton with BDD anode (current intensity =100mA). (C) Effect of
anodic material. Experimental conditions: [Piroxicam]= 0.08mM;
[Na2SO4]= 50mM; V=0.25 L; pH=3.0.



the second order reaction rates of •OHs with pyridine
(3.9× 109M−1 s−1) and several other organic pollutants with an aro-
matic moiety [31].

3.2. Transformation of piroxicam: evolution of short-chain carboxylic acids
and toxicity assessment during the EF process

From the chemical structure of piroxicam (Fig. 6), it can be noted
that this compound has pyridine, cyclic enaminyl-sulfone and benzene
rings, which are electron-rich moieties. Thus, the primary transforma-
tions by •OH attack on such functional groups of piroxicam are very
likely (Fig. 6). Subsequently, the generation of short chain carboxylic
acids following successive attacks of •OH is expected [23,32]. There-
fore, maleic, succinic, malonic, oxamic, acetic and oxalic acids were
identified and followed during the piroxicam degradation by EF process
with BDD anode.

Fig. 3 depicts the time-course of short chain organic acids during EF
treatment. Maleic, succinic, malonic and oxamic acids disappeared after
120min electrolysis time. In contrast, acetic and oxalic acids required
more treatment time to significantly decrease their concentrations. It
can be indicated that carboxylic species such as maleic, succinic and
malonic acids come from cleavage of the aromatic rings on piroxicam
[33]. In turn, oxamic acid is produced by the degradation of primary
intermediates with a−NH2 group [34]. Meanwhile, acetic and oxalic
acids (shorter chain carboxylic species) result from degradation of
longer carboxylic species (e.g., maleic, succinic, malonic acids) [33].

In addition to the short-chain carboxylic acids determination, the
evolution of the toxicity of piroxicam solution treated by the EF process
was also assessed by Microtox® method [35]. Fig. 4 shows the inhibi-
tion percentage of the luminescent bacteria V. fischeri as a function of
electrolysis time in the EF process. The luminescence inhibition peaked
within 20min of electrolysis. At this time more than 99% of piroxicam
has been transformed (as shown in the inset of the Fig. 4) to oxidation
reaction intermediates that are more toxic than piroxicam. Interest-
ingly, the solution toxicity (inhibition percentage) was decreased on
longer electrolysis time.

The decrease in solution toxicity after an initial luminescence in-
hibition peak could be rationalized considering two stages: 1) primary
attacks of the electro-generated •OH can break down piroxicam into
intermediaries conserving its pyridine moieties, and as pyridine-type
structures have recognized toxic nature, the inhibition percentage is
increased during the first 20min of treatment; 2) successive attacks of
•OH towards the primary degradation leads to the formation of short
chain carboxylic acids (maleic, succinic, malonic, oxamic, acetic and

Fig. 2. Competition kinetics to determine second order reaction rate for pir-
oxicam oxidation by •OH (kpir). Experimental conditions: [p-HBA] =
[Piroxicam]= 0.08mM, I =100mA (4.17mA cm−2), [Fe2+]= 0.10mM,
Na2SO4= 100mM, pH: 3.0, room temperature.

Fig. 3. Time-course of the short-chain carboxylic acid generated during the
treatment of piroxicam in tap water by EF process. A: Primary carboxylic acids
coming from aromatic moieties of piroxicam. B: Carboxylic acids coming from
primary longer acids. Experimental conditions: [Piroxicam]= 0.08mM;
[Na2SO4]= 0.05M; [Fe2+]=0.10. mM; I = 100mA (4.17mA cm−2);
V= 0.25 L; pH=3.0 and room temperature.

Fig. 4. Toxicity evolution of piroxicam solution during its degradation by EF
process in tap water (Inhibition percentage of marine bacteria luminescence
(Vibrio fischeri) was used as toxicity parameter indicator). Inset: Degradation of
piroxicam. Experimental conditions: [Piroxicam]= 0.08mM;
[Na2SO4]= 0.05M; [Fe2+]= 0.10mM; I = 100mA (4.17mA cm−2);
V= 0.25 L; pH=3.0 and room temperature.



oxalic acids) which are considered as non-toxic substances [30,36].
Furthermore, it can be underlined here that after 180min of elec-

trolysis, the toxicity level was very low (∼11% of luminescence in-
hibition, Fig. 4), suggesting that the EF process could be applied as an
effective process to remove the toxicity associated to piroxicam and its
degradation products in water.

3.3. Piroxicam mineralization under the EF process

In order to analyze the pollutant mineralization degree during its
treatment by EF process, the electrolysis time was extended up to 6 h
and the decay in TOC was followed (Fig. 5A). Besides, the formation
and evolution of inorganic ions, as NH4

+, NO3
−, and SO4

2- during the
mineralization of piroxicam was also studied (Fig. 5B).

As presented in Fig. 5, EF process was able to reach 92% TOC re-
moval. In this stage, the remaining residual TOC is mainly formed of
short-chain carboxylic acids, especially of oxalic and oxamic acids
which are resistant to mineralization. In parallel, the released ions
evolution revealed that the content of nitrogen atoms in the parent
molecule was transformed into NO3

− (∼70%) and NH4
+ (∼25%) ions.

Meanwhile, ∼95% of sulfur atoms initially present in the piroxicam
was converted into SO4

2- ions. The mass balance of nitrogen (95% of
mineralization) was slightly lower than the reaction stoichiometry, in-
dicating probable loss of nitrogen by formation of volatile compounds,
such as NO2 or gas N2 [17]. It could be indicated that the release of
inorganic ions into the treated solutions at very close concentration to

the stoichiometric amounts can be considered as another evidence of
the efficient (quasi-complete) mineralization of the piroxicam by EF
process.

Based on the identification and evolution of short-chain carboxylic
acids (Fig. 3), released inorganic ions (Fig. 5B) and the TOC removal
results (Fig. 5A), a plausible degradation pathway for mineralization of
piroxicam by •OH / M(•OH) during EF treatment was proposed in Fig. 6.

Fig. 5 can also allow us to discuss the mineralization behavior along
treatment time. From 0–3 h, the EF process achieved a high TOC re-
moval rate (81%), nevertheless, the evolution in TOC removal between
3 and 6 h was not significant (from 81 to 92%). This behavior can be
associated to the fast mineralization efficiency in the beginning of the
electrolysis due to the easy mineralization of piroxicam and its aromatic
intermediates. Then, the hydroxylated aromatic intermediates undergo
oxidative ring opening reactions to form aliphatic compounds that are
transformed to carboxylic acids. In contrast to aromatic compounds (k
= 109 – 1010M−1 s−1), the aliphatic acids react slowly with •OH
(k=107 – 108M−1 s−1) [31] as discussed in sub-section 3.2 (Fig. 5).
Therefore, the formation of persistent organic compounds such as car-
boxylic acids slows down the mineralization kinetics. The longer the
electrolysis time the slower the mineralization kinetics [37].

The mineralization current efficiency (MCE) constitutes another
parameter for the process efficiency. MCE denotes the utilization degree
of the supplied electric charge to transform the pollutant into carbon
dioxide, water and inorganic ions. MCE at a given electrolysis time is
calculated by Eq. (8) [38]:

=

×

×MCE
nFVs TOC exp

mIt
(%)

Δ( )
4.32 10

1007 (8)

where n is the number of electrons consumed per molecule mineralized
(86 for piroxicam following Eq. (9)), F is the Faraday constant
(96487 Cmol−1), Vs is the solution volume (0.25 L), Δ (TOC)exp is the
experimental TOC decay (in mg L−1), 4.32× 107 is a homogenization

Fig. 5. Mineralization of piroxicam solution by EF process. A: TOC removal
kinetics (inset: mineralization current efficiency (MCE)). B: Evolution of the
concentration of released inorganic ions. Experimental conditions:
[Piroxicam]= 0.08mM; [Na2SO4]=0.05M; [Fe2+]= 0.10mM; I = 100mA
(4.17mA cm−2); V= 0.25 L; pH=3.0.

Fig. 6. Proposed plausible degradation pathway of piroxicam by hydroxyl ra-
dicals generated during EF process.



factor (3600 sh−1× 12,000mgmol−1), m is the number of carbon
atoms of piroxicam (15), t is the electrolysis time (in h) and I is the
applied current. The theoretical mineralization reaction of piroxicam by
the •OHs is as follows:

C15H13N3O4S + 39 H2O → 15 CO2 + SO4
2− + 3 NO3- + 91 H+ + 86

e– (9)

The MCE values during mineralization experiments were calculated
for different treatment electrolysis times and depicted in the inset of
Fig. 5A. In the early electrolysis times, high MCE values were obtained,
however, slowed down on longer treatment times. This last fact could
be also associated to the formation of more hardly oxidizable by-pro-
ducts in the treated solution, such as recalcitrant carboxylic acids or
their iron-complexes, which are recalcitrant to oxidation by •OHs and
lead to high energy consumption [39]. To reduce excessive energy
consumption, the electrolysis can be stopped after complete destruction
of aromatic/cyclic compounds, i.e., after 3 h according to the results in
Figs. 3–5.

3.4. Application of EF process to complex matrices

To evaluate the applicability of the EF process to eliminate pirox-
icam in more complex matrices than tap water, the experiments were
carried out in urine and hospital wastewater (both simulated, Table 1).
Such matrices were considered due to the main excretion way of this
pharmaceutical in humans in the urine [40–42], and hospital waste-
water is a recognized source of anti-inflammatories discharge into
municipal treatment plant [43–46]. Moreover, the EF process applica-
tion at primary sources of pollution by piroxicam (as urine and hospital
wastewaters) could contribute to mitigate the negative environmental

impact of this pharmaceutical. Fig. 7 presents a comparison of the EF
treatment of piroxicam in tap water and such matrices.

The piroxicam degradation in both hospital wastewater and urine
(at pH 3.0) was slower than in tap water. The complete degradation of
0.08mM piroxicam is reached at 20min while it needs 120min in urine
or hospital wastewater. This could be associated to the presence of
competing substance in the matrices. Urine contains urea, acetate,
chloride, sulfate, phosphate anions at high concentrations, which can
react with generated •OH (Eqs. 10–17, [31]), producing less powerful
and more selective oxidizing agents (e.g., Cl•, SO4

• _, H2PO4
• _) than •OH

(Table 2, where X represents halide ions) [45,47]).
Also, hospital wastewater contains urea, chloride, sulfate and

phosphate anions in higher concentrations than piroxicam. This ex-
plains why the piroxicam removal in urine and hospital wastewater
required more treatment time than in tap water. However, it should be
noticed that the EF process was able to reach complete degradation
even in the complex matrices containing competing substances at high
concentrations after 120min of treatment. This is a moderate treatment
time considering the low current (100mA) applied, indicating the po-
tential of application of this process to eliminate piroxicam from com-
plex matrices.

4. Conclusions

In the present study, the EF process was shown to be effective at lab-
scale for the removal of piroxicam in tap water. The complete de-
gradation of 0.08mM (25.6mg L−1) piroxicam solution was attained at
20min when using carbon felt cathode and BDD anode under the fol-
lowing operating conditions: I = 100mA, catalyst (Fe2+) concentration
of 0.1mM and pH 3. Under these conditions, an almost complete mi-
neralization (92% TOC removal) of piroxicam solution was reached at
6 h treatment. Also, the absolute (second order) rate constant of pir-
oxicam oxidation by •OH was determined using competition kinetics
method and was found to be (2.19 ± 0.01)× 109M−1 s−1. The toxi-
city of treated solution was initially increased to a maximum value after
20min electrolysis before being reduced to a very low value after
180min of treatment. To test the feasibility of the process, degradation
of piroxicam was also carried out in complex matrices such as urine or
hospital wastewater. In spite of a slower degradation kinetics (due to
the presence of competing species), a total degradation of piroxicam
was obtained after 120min electrolysis. Hence, the obtained results are
encouraging and show the applicability of EF process to the treatment
of NSAID-loaded matrices treatment.
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Urine [43] Hospital wastewater [41]

Compound Concentration [g L−1] Compound Concentration [g L−1]

Urea 16.00 Urea 1.260
NaCH3COO 10.25 NaCl 2.925
Na2SO4 2.30 Na2SO4 0.100
NH4Cl 1.80 NH4Cl 0.050
NaH2PO4 2.90 KH2PO4 0.050
KCl 4.20 KCl 0.100
MgCl2-6H2O 0.79
CaCl2-2H2O 0.68 CaCl2-2H2O 0.050
NaOH 0.12
pH 3.00 pH 3.00

Fig. 7. Degradation of piroxicam in different matrices. Experimental condi-
tions: [Piroxicam]=0.08mM; [Na2SO4]=0.05M; [Fe2+]= 0.10mM; I =
100mA (4.17mA cm−2); V= 0.25 L; pH=3.0 and room temperature.

Table 2
Reactions of •OH with anions from the matrices.

Reaction Equation

+ ⇌
− −HO X XOH• • (10)

+ ⇌ +
+HO H X H O• • 2 (11)

+ ⇌
− − −XOH X X•

2
• + −OH (12)

+ ⇌
− −X X X•

2
• (13)

→ +
− −X X X2 22

•
2 (14)

+ → +
− −HO HCO CO H O•
3 3

•
2 (15)

+ → +
− − −SO HO SO OH4

2 •
4
• (16)

+ → +
− − −NO HO NO OH2

•
2
• (17)

Table 1
Composition of the simulated urine and hospital wastewater.
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