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Abstract: Hydroxychloroquine (HCQ) has been extensively consumed due to the Coronavirus
(COVID-19) pandemic. Therefore, it is increasingly found in different water matrices. For this reason,
the concentration of HCQ in water should be monitored and the treatment of contaminated water
matrices with HCQ is a key issue to overcome immediately. Thus, in this study, the development of
technologies and smart water solutions to reach the Sustainable Development Goal 6 (SDG6) is the
main objective. To do that, the integration of electrochemical technologies for their environmental
application on HCQ detection, quantification and degradation was performed. Firstly, an electro-
chemical cork-graphite sensor was prepared to identify/quantify HCQ in river water matrices by
differential pulse voltammetric (DPV) method. Subsequently, an HCQ-polluted river water sample
was electrochemically treated with BDD electrode by applying 15, 30 and 45 mA cm−2. The HCQ
decay and organic matter removal was monitored by DPV with composite sensor and chemical
oxygen demand (COD) measurements, respectively. Results clearly confirmed that, on the one
hand, the cork-graphite sensor exhibited good current response to quantify of HCQ in the river
water matrix, with limit of detection and quantification of 1.46 mg L−1 (≈3.36 µM) and 4.42 mg L−1

(≈10.19 µM), respectively. On the other hand, the electrochemical oxidation (EO) efficiently removed
HCQ from real river water sample using BDD electrodes. Complete HCQ removal was achieved
at all applied current densities; whereas in terms of COD, significant removals (68%, 71% and 84%
at 15, 30 and 45 mA cm−2, respectively) were achieved. Based on the achieved results, the offline
integration of electrochemical SDG6 technologies in order to monitor and remove HCQ is an efficient
and effective strategy.

Keywords: hydroxychloroquine; cork; COVID-19; boron doped diamond electrode; electrochemical
oxidation

1. Introduction

On 11 March 2020, the World Health Organization (WHO) declared COVID-19 a
pandemic. This infectious disease is caused by a new strain of CoV, a mutation (ID-19)
of its two previous forms and is called SARS-CoV-2 or CoV-19 [1]. During the pandemic
of COVID-19, national and international medical organizations around the world treated
or alleviated symptoms, in certain hospitalized patients, by using some drugs such as
chloroquine, HCQ, azithromycin, ivermectin, dexamethasone, remdesivir, favipiravir and
some HIV antivirals [2]. However, the possible use of some of them to treat COVID-19 is
only an unproven hypothesis, such as the case of chloroquine and HCQ [3].
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In some countries, the use of some of these drugs on large scale during the pandemic
was reported, for example, in Italy [4] and Brazil [5]. Consequently, the high risk of water
contamination due to their large production and utilization is a key issue to overcome
urgently. Sometimes these drugs are not completely metabolized by the body, and their
active forms or metabolites can be eliminated through feces and urine [6]. After that, these
compounds reach the sewage system when discharged. At that point, some limitations are
found in their elimination from water treatment plants which mostly rely on conventional
treatment systems in industrialized countries, but it is different in developing nations
since they are under different pressures where the pollutants are not efficiently treated or
have limitations in the removal of these compounds, provoking environmental and health
risks [7–11].

In Brazil, HCQ was included in COVID-19 kits together with ivermectin and
azithromycin, as a pre-treatment option [12]. Recent studies have demonstrated that
HCQ is present in Brazilian water ecosystems, confirming its high persistence and bioaccu-
mulation in vegetation and groundwater [13]. Therefore, it has motived some investigations
to develop sensors for quantifying and monitoring HCQ to determine its potential as con-
taminant as well as the search for an effective approach to remove this micropollutant from
wastewaters before its discharge in water ecosystems [14].

Based on the existing literature, the treatment of different water matrices (synthetic or
real) containing HCQ has been carried out by photolysis [15], adsorption [16,17], photo-
catalysis [18] and electrochemical technologies (electrooxidation (EO), photo-assisted EO
and sono-assisted EO) using boron doped diamond (BDD) [19]. However, no real matrices
polluted with HCQ were treated in the case of electrochemical treatments.

Considering that several research groups are evaluating the treatment effectiveness
of certain technologies by polluting in laboratory different water matrices (e.g., river, sea,
groundwater, tap water, drinking water and so on) with a well-known amount of a single
target pollutant for understanding the experimental data in order to translate to real appli-
cations [20]. Then, this work aims to electrochemically treat a real water matrix polluted
with HCQ. To do that, (i) real water samples were collected and preserved, (ii) identifica-
tion and quantification of HCQ in these water samples was spectrophotometrically and
electroanalytically performed and (iii) EO approach in a batch reactor with BDD anode was
tested to decontaminate a real water matrix.

In a previous work, the use of the cork-graphite composite as electrochemical sensor
for quantifying HCQ in real water matrices [14] was demonstrated, confirming HCQ pollu-
tion in lagoon water. However, the possibility to integrate technologies as an appropriate
water depollution solution to eliminate HCQ from a real water matrix was not proven
yet. Therefore, the development of technologies and smart water solutions to reach the
Sustainable Development Goal 6 (SDG6) represent a substantial opportunity to guarantee
sustainability and increase competence in water management (to treat and distribute water
for human use) [21]. The possibility to integrate SDG6-based electrochemical technolo-
gies [22], which have been developed until now, for identifying, quantifying, eliminating
and monitoring HCQ in/from real water samples represents a clear benefit for our society,
offering a coherent vision for the future [23].

2. Materials and Methods

The highest quality commercially available chemicals were used. HCQ sulfate (purity
99%) and graphite powder were purchased from Sigma-Aldrich (São Paulo, Brazil). H2SO4
was purchased from Merck (São Paulo, Brazil). Specific solutions were prepared using
ultra-purified water obtained from a Milli-Q system (Millipore, Natal, Brazil). The raw cork
that was used in the experimental studies was provided by Corticeira Amorim S.G.P.S., S.A.
(Porto, Portugal). The raw cork granules were washed twice with distilled water for 2 h at
60 ◦C to remove impurities and other water extractable components that could interfere
with the electrochemical analysis. Before use, the raw cork was dried at 60 ◦C in an oven
for 24 h [24].
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2.1. Preparation of Cork-Modified Electrodes

The raw cork granules were reduced in size; a fraction below 150 µm (designated as
raw cork powder) was selected for constructing the sensor in this work, according to our
previous work [24]. The cork–graphite composite sensor (working electrode) was prepared
by mechanical homogenization of raw cork powder and graphite in proportions of 70:30%
w/w, using 0.3 mL of paraffin oil as a binder and mixing everything in an agate mortar for
about 30 min, as previously reported [14].

2.2. Electrochemical Measurements

The electrochemical tests were performed using an Autolab PGSTAT302N (Metrohm,
Zurich, Switzerland) that was controlled with GPES software (4.0) and consisted of a three-
electrode cell, using Ag/AgCl (3.0 M KCl), Pt wire and a cork–graphite sensor (geometrical
area of approximately 0.45 mm2, while a real area of 116 mm2, which was estimated
by procedure in [25]) as the reference, auxiliary and working electrodes, respectively.
Differential pulse voltammetry (DPV) parameters were as follows—modulation time:
(≥0.002 s), 0.05 s; interval time: (≥0.10 s), 0.5 s; initial potential: 1.0 V; final potential: 1.7 V;
step potential: 0.00495 V; modulation amplitude: 0.01995 V; potential scan rate: 100 mV s−1;
and agitation time: 30 s. The optimized parameters were used for all measurements [14].
All analyses were performed in triplicate. All electrochemical analyses were conducted
without deaeration, at 25 ± 2 ◦C. For the identification/determination of HCQ in river
water matrices, firstly, the electrochemical sensor’s response, in terms of current, was
verified by constructing an analytical curve in river water samples. Secondly, the HCQ
concentration in HCQ-polluted river water sample was electrochemically treated and the
HCQ concentration was determined, at collected electrolysis times, using the standard
addition method, where the samples were spiked with a known quantity of a standard
solution of HCQ, as it is recommended for diminishing the matrix effect on the current-
response sensibility [14]. Potentiodynamic measurements (polarization curves and cyclic
voltammetry) were also carried out at 25 ◦C in the conventional cell described above with
BDD as working electrode. The exposed apparent area of the working electrodes was
1.5 cm2.

2.3. Real Samples of River

River water samples were collected at the river located in Natal (5◦56′56.1”
S 35◦10′18.4” W), Rio Grande do Norte (Brazil). After that, these were acidified to avoid
their decomposition and stored at 4 ◦C until its use. The main physical–chemical character-
istics of the real samples used in this work are shown in Table 1.

Table 1. Physical–chemical characteristics of the real river samples. Non-electrochemically treated
and after electrochemical treatment.

Parameters No Treated Samples
(As-Collected) After Electrochemical Treatment

mg L−1 Non-Polluted Polluted 15 mA cm−2 30 mA cm−2 45 mA cm−2

[HCQ] 0.0 26.7 b >1.46 a >1.46 a >1.46 a

pH 7.5 7.6 2.7 2.0 2.0
COD 57.2 58.0 18.0 16.0 0.8

[NO3
−] 2.1 2.0 14.9 17.3 12.3

Free chlorine 0.03 0.03 0.07 0.24 0.38
a [HCQ] below 1.46 mg L−1 (≈3.36 µM) determined by spectrophotometric approach [14]. b [HCQ] also deter-
mined by spectrophotometric approach [14].

2.4. Electrochemical Treatment

All electrolysis experiments were conducted in an undivided reactor of 250 mL of
capacity that was equipped with magnetic stirring to ensure homogenization and mass
transport towards electrodes. Experiments were conducted under galvanostatic conditions



Appl. Sci. 2022, 12, 699 4 of 13

with a power supply MINIPA MPL–3305 M triple power DC generator to apply 15, 30 and
45 mA cm−2 as applied current density (j) values. Two electrodes were placed at the center
of the reactor with an electrode distance of ≈2 cm (BDD and Ti electrodes were used as
anode and cathode, respectively, with a geometric area of 13.5 cm2). The characteristics of
the BDD are as follows: 225 sp3/sp2 ratio; 500 mg L−1 boron content; and a diamond layer
of 2.68 µm thickness. All BDD-electrolysis were performed for 120 min and were conducted
in triplicate. The EO efficiency for degrading HCQ was studied by using 250 mL of polluted
river water plus 10 mL of 0.1 M of H2SO4 as supporting electrolyte, which is the volume
used to acidify the sample and maintain its physical–chemical conditions. Samples were
withdrawn at predetermined time intervals for quantifying HCQ with the cork-graphite
sensor during its electrochemical treatment. Chemical oxygen demand (COD), NO3

−

ammonium and free chlorine were also determined by using HANNA commercial kits.
Additionally, during EO, it was possible to estimate the total current efficiency (TCE)

(in %) for the treated solutions at a given electrolysis time (in s) from the COD values, using
the following Equation (1) [26]:

TCE (%) =

(
∆(COD)exp × F×Vs

8× I×4t

)
× 100 (1)

where ∆(COD)exp is the experimental COD difference between the initial COD and COD at
time t, F is the Faraday constant (96,487 C mol−1), Vs is the solution volume (L), I is the
applied current (A), 8 is the equivalent mass of oxygen (g eq−1), t is time (s) and ∆t is the
electrolysis is time interval (s).

Afterwards, the energy consumption (EC) was estimated by Equation (2) in terms of
kWh kgCOD−1 [26,27] with the average cell voltage registered during the EO (cell voltage
being reasonably constant with just some minor fluctuations; for this reason, the average
cell voltage was estimated),

EC/KWh m−3 =

(
Ecell × I× t

V

)
(2)

where Ecell is the average potential difference of the cell (V) and t is the BDD-electrolysis
duration in h.

3. Results and Discussion
3.1. Identification of the Presence of HCQ in River Water Samples

Collected samples were spectrophotometrically analyzed to identify the HCQ presence
in river water according the procedure reported in [14]. From the results obtained (see
Table 1), it was possible to confirm the presence of HCQ in a river water sample, which was
denominated as “polluted”, with approximately 26.7 mg L−1. Meanwhile, no significant
HCQ concentration was determined in another river water sample, which was considered
as “non-polluted”. Thus, both samples were used to electrochemically investigate:

(i) The matrix effect during the analytical curve construction with composite sensor
using non-polluted river water sample;

(ii) The validation of HCQ concentration in polluted river water with DPV by using
cork-graphite sensor and;

(iii) The possibility to integrate technologies as an appropriate water depollution solution
to eliminate HCQ from real water matrices.

3.2. DPV Analytical Curve and Standard Additions Method in River Water Sample

From the results obtained in our previous work, the composite sensor exhibited
an excellent response for detecting HCQ in H2SO4/ultrapure water solution. However,
the use of ultrapure water with a single target pollutant could mask the applicability of
the experimental data to actual uses [20] with real water matrices (which are composed
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by several inorganic and organic compounds that can affect the electrochemical sensor
response to quantify HCQ). Then, this composite sensor was used to construct an analytical
curve with a non-polluted river water matrix (see Table 1). As can be observed in Figure 1,
the sensor presented excellent performances, in terms of the electrochemical response
(current vs. (HCQ)) as a function of HCQ concentration, when a non-polluted river water
sample was used. This behavior demonstrated that non-significant matrix effect was
attained at surface sensor during the analytical curve construction. In other words, it was
possible to confirm that real water composition did not affect the detection of HCQ.
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the addition of different volumes of standard HCQ solution to polluted sample [32]. The 
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Figure 1. (a) DPV curves for electrochemical cork-graphite sensor in acidified sample of river water
sample by adding well-known volumes (HCQ solution (10 mM)) to obtain: (a) 2.5 (b) 5, (c) 10, (d) 15,
(e) 20, (f) 25, (g) 30, (h) 40 mg L−1. Blank is the red dashed line. Inset: Plot of electrochemical
responses, in terms of current, as a function of HCQ concentration. (b) Graphic representation of the
residual’s behavior, which confirms the linearity of the calibration curve.

The analytical curve was represented considering the current-peak (Ip) responses as a
function of the linear increase of the HCQ concentration (Figure 1a), in the range from 2.5 to
40 mg L−1 (5.72−92.17 µM). The linear regression equation (Ip vs. (HCQ)) was determined
as, Ip(I) = 3.7 × 10−3 × [HCQ] − 1.3 × 10−2 (R2 = 0.990). The limit of detection (LOD) and
limit of quantification (LOQ) were found to be 1.46 mg L−1 (≈3.36 µM) and 4.42 mg L−1

(≈10.19 µM), according to Equations (3) and (4).

LOD = 3.3 × Sy/x/b (3)

LQ = 10 × Sy/x/b (4)
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where Sy/x is the residual standard deviation and b is the slope of the calibration plot [28,29].
The non-linearity was also evaluated from the residuals of regression curve, as can be
observed in Figure 1b. Thus, the absence of significant non-linearity was confirmed,
guaranteeing the reliability in real water matrices, as recommended by IUPAC [28,30] and
the literature [31]. It is important to highlight that all analyses were performed in triplicate,
consequently it was possible to obtain the confidence intervals and standard deviations
within 95% (red dotted lines in analytical curve). Thus, this information was used in order
to identify false positives and false negatives (α = β = 0.05), as already reported by experts
in the field [31].

Later, to evaluate the reliability of directly using the composite sensor in real water
matrices, the sensor was used to electroanalytically quantify the HCQ concentration by stan-
dard addition method in the polluted river water sample. As can be observed in Figure 2,
the HCQ signal was confirmed by intensification of the peaks associated with the addition
of different volumes of standard HCQ solution to polluted sample [32]. The HCQ concen-
tration electroanalytically determined by DPV approach was about 26.87 ± 0.34 mg L−1

(61.92 ± 0.04 µM), which was similar to the spectrophotometric measurement reported in
Table 1. It is important to highlight that the results were obtained with acceptable standard
deviations and confidence intervals, within 95% [31].
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Figure 2. Results obtained for determining HCQ in river water by the standard additions method
using the DPV approach with a cork-graphite sensor (—) standard additions of 1 mM HCQ in 0.1 M
H2SO4 (200, 400 and 600 µL) as well as (—) river water sample.

In order to develop suitable clean water solutions, the integration of electrochemical-
SDG6 technologies was achieved by the electrochemical treatment of polluted HCQ river
water matrix with BDD-electrolysis and by the determination, in real-time, of the residual
HCQ concentration with the cork-graphite sensor.

3.3. Degradation of HCQ by BDD-Electrolysis in Real Water Matrices

The elimination of HCQ (Figure 3a) and organic matter (Figure 3b), in terms of COD,
in polluted river water sample (≈26.87 mg L−1) by EO approach with BDD electrode is
shown in Figure 3. In order to compare j, the electrolysis experiments for removing HCQ
using BDD|Ti reactor were performed by applying 15, 30 and 45 mA cm−2 in order to
comprehend the effect of this experimental condition. As shown in Figure 3a, normalized
changes of HCQ concentration were registered and a complete HCQ decay was attained, for
all j values. A faster HCQ elimination was achieved when an increase on the j was reached.
This behavior can be attributed to the increase on the production of the oxidants that are
typically •OH radicals (5), SO4

−•(6) and S2O8
2−(7,8) [33,34], promoting a quick oxidation

of HCQ in the polluted river water matrix. BDD electrode is considered a non-active anode
material that can produce efficiently free heterogeneous •OH radicals at its surface [33] as
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well as other oxidants [11], which contribute to quickly mineralizing/degrading organics
in synthetic and real water matrices [35,36].

BDD + H2O→ BDD(•OH) + H+ + e (5)

SO4
− + BDD(•OH)→ SO4

−• + H2O (6)

SO4
−• + SO4

−• → S2O8
2 (7)

2SO4
2− → S2O8

2− + 2e− (8)
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trix [39]. 
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strate can be directly oxidized at BDD surface [39]. Meanwhile, when the potential is in-
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Figure 3. Effect of j: (•) 15, (•) 30 and (•) 45 mA cm−2 on the abatement of 26.8 mg L−1 of HCQ in an
acidic river water matrix with H2SO4: (a) normalized HCQ concentration decays ([HCQ]t/[HCQ]0

at time t and t = 0 (in min) considering an initial HCQ concentration of 26.87 mg L−1, as electroana-
lytically determined by DPV approach with cork-graphite sensor at 25 ± 2 ◦C). Inset: Decay kinetic
analysis assuming pseudo-first order reaction. (b) COD decay, over time in min.

In fact, polarization curves (Figure 4) and cyclic voltammetry (inset in Figure 4) have
confirmed this information. Figure 4 shows the linear polarization curves of (a) non-
polluted and (b) polluted river water matrices with BDD anode at 50 mV s−1 as scan rate.
The curves (a and b) are very different and show that oxygen evolution potential starts at
+1.85 V versus Ag/AgCl (3 M) when non-polluted water was investigated. This means that
BDD anode has high oxygen evolution overpotential in real water matrix, and consequently,
it is a poor electrocatalysts for the oxygen evolution reaction (o.e.r.) compared with other
electrodes reported in literature [37,38]. Meanwhile, polluted river water sample presented
a well-defined peak at about +1.6 V before the o.e.r and it moderately extends to +1.9 V
where the production of free heterogeneous •OH radicals [33] and other oxidants [11] is
feasible. This result clearly indicated that direct and indirect oxidations can be attained,
allowing a quick elimination of HCQ from real polluted water matrix [39].
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decreased at the beginning of the treatment due to the formation of acid intermediates 
during EO of HCQ [19]. Under acidic conditions, two of the HCQ functional groups exist 
in protonated forms, which may facilitate the rupture of C-N bonds by the attack of ●OH 
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BDD anode at 50 mV s−1 as scan rate.

Cyclic voltammograms were also obtained with (a) non-polluted and (b) polluted
river water matrices with BDD anode, in acidic sample at 25 ◦C (inset in Figure 4). On the
one hand, the CV curves did not show significant current signals due to the interaction
between the water species composition and BDD surface when the non-polluted sample
was investigated, confirming that no significant matrix effect was attained. On the other
hand, the typical behavior of a non-reversible system was observed when polluted water
matrix was studied. The peak in the CV at +1.58 V can be understood in terms of an
electroactivity of HCQ towards the diamond electrode, suggesting that the organic substrate
can be directly oxidized at BDD surface [39]. Meanwhile, when the potential is increased,
a smooth current signal was achieved as an extension of the HCQ peak at +1.58 V. This
result indicated that other organic compounds are present in the water matrix, which could
be oxidation’s by-products from HCQ [19]. However, these intermediates are indirectly
oxidized by free heterogeneous •OH radicals [33,37] and other oxidants [11,40] that can be
produced at higher potentials [32]. This behavior is in accordance with the HCQ and COD
decays in Figure 3.

From data in Figure 3a, kinetic studies were carried out under pseudo-order condi-
tions [41]. Under these experimental circumstances, the concentration of •OH in solution
was kept in excess with respect to the HCQ in solution which ensures that the reaction of
depollution was considered under pseudo-first-order conditions [42]. Then, the kinetic
experiments were performed by monitoring the decay of HCQ concentration in real wa-
ter matrix as a function of time. In view of the principles of chemical kinetics, the rate
expression for the decay reaction of HCQ solution can be written as (9) [19],

-d[HCQ]/dt = k[HCQ]m [•OH]n (9)

where [HCQ] and [•OH] are molar concentrations of HCQ and •OH, respectively. m and
n are the order of the reaction with respect to the given reactant, separately. k represents
the apparent rate constant for the decay reaction. Under an excess of •OH concentration in
solution, Equation (11) was rewritten as (10),

-d[HCQ]/dt = k[HCQ]m (10)

By using the natural logarithm of HCQ concentration with the reaction time (min)
(inset of Figure 3), linear relationships were estimated (R2 = 0.99), which suggested that
the decay of HCQ concentration followed pseudo-first order kinetics, and the positive of
the slope of this line equals the apparent rate constants of 0.0554 min−1, 0.0855 min−1 and
0.118 min−1 at 15, 30 and 45 mA cm−2, respectively, demonstrating an improvement in the
reaction rate when an increase on the j was attained [32].
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As can be seen in Figure 3b, COD decay obtained by applying 15, 30 and 45 mA cm−2

was about 18, 16 and 8, respectively, after 90 min of BDD-electrolysis. Taken into con-
sideration that up to 68% of COD removal was obtained at 15 mA cm−2 after 90 min of
BDD-electrolysis, while 71% and 84% were achieved by applying 30 and 45 mA cm−2,
respectively. This results in evidence that the j influenced the degradation of HCQ, which
is justified due to the efficiency production of oxidizing species, mainly free heteroge-
nous •OH radicals at BDD surface [19,43,44]. Bensalah and coworkers [19] have reported
significant insight regarding the electrochemical treatment of HCQ in synthetic effluents,
confirming that the large production of •OH radicals from EO of water at the BDD surface
of BDD attack immediately HCQ at the vicinity of BDD surface and decompose it into
small fragments. In fact, they observed that the pH value of the solutions decreased at
the beginning of the treatment due to the formation of acid intermediates during EO of
HCQ [19]. Under acidic conditions, two of the HCQ functional groups exist in protonated
forms, which may facilitate the rupture of C-N bonds by the attack of •OH radicals and
thus release the branched group. For this reason, 4-quinolamine, oxamic and oxalic acids,
as well as chloride, nitrate and ammonium were identified during HCQ mineralization
by Bensalah and coworkers [19]. These assertions are in agreement with the polarization
curves and cyclic voltammograms in Figure 4. Additionally, the identification of inorganic
by-products (NO3

− and free chorine (see Table 1 values for polluted water matrix) in our
investigation for the electrochemical treatment of polluted HCQ river water matrix allowed
for the confirmation of the fragmentation of the initial HCQ chemical structure, as already
reported by Bensalah et at. [19] when synthetic solutions were electrochemically treated,
identifying the main by-products and consequently proposing a degradation pathway.

3.4. Efficiency and Energy Consumption

Figure 5 shows the total current efficiency (%TCE) (Figure 5a) and EC (Figure 5b)
when a polluted HCQ river water sample was electrochemically treated at different j
(15, 30 and 45 mA cm−2). It is an important parameter to evaluate the viability of the
EO using BDD anodes [45]. Thus, in the first 30 min for all experiments, a slow %TCE
decrease was observed, as a function of time. This behavior can be associated to, on the
one hand, the efficient use of current to eliminate HCQ from river water until the process
is controlled by mass transport and on the other hand, the existence of parallel reactions,
such as oxygen evolution and degradation of persistent by-products formed during HCQ
removal (i.e., short-chain aliphatic carboxylic acids), that employ a portion of the electrical
energy applied. Meanwhile, the EC increased with j and electrolysis time, thus the most
rapid and efficient process was observed at high j. Obviously, as seen Figure 5b, the j has a
strong effect of the EC; however, agitated beaker reactor could not be representative for
energetic requirements and oxidation environment for scale-up conditions, in terms of
effectiveness, mass transport and oxidants production [46]. Therefore, more studies are in
progress in order to decrease EC and consequently, the relative costs. Another strategy is
based on the integration of photovoltaic (PV) to electrochemical technologies to supply
the electrical energy for treating different water matrices [47–49]. The falling price and the
more efficient materials used in solar photovoltaic panels are making the process promising.
Up to now, few research groups are employing solar-driven for water treatment, and as far
as we know, there are few reports on BDD electrodes applied for different water matrices.
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4. Conclusions 
From this work, the following conclusions can be drawn: 

 This study highlights that is possible to detect and quantify HCQ in real water ma-
trix by DPV technique using electrochemical cork-graphite device. The DPV method 
using the composite sensor showed a satisfactory current-response and higher sen-
sitivity to determine HCQ in a polluted river water matrix. It is important to em-
phasize that in previous work [14], an electroanalytical approach was compared 
with the spectrophotometric method achieving good performances, confirming the 
analytical confidence of the measurements using cork-graphite sensor. 

 The HCQ degradation (26.8 mg L−1) was studied under different j (15, 30 and 45 mA 
cm−2), demonstrating that higher current densities accelerated the organic matter 
elimination from solution because of the efficient electrogeneration of oxidants with 
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Figure 5. (a) Total current efficiency (%TCE) over time and (b) energy consumption (EC) as a function
of COD removal, during the treatment of a solution containing HCQ (26.8 mg L−1) at different current
densities (•) 15, (•) 30 and (•) 45 mA cm−2 on the abatement of 26.8 mg L−1 of HCQ in a 0.1 M
H2SO4 solution.

4. Conclusions

From this work, the following conclusions can be drawn:

− This study highlights that is possible to detect and quantify HCQ in real water matrix
by DPV technique using electrochemical cork-graphite device. The DPV method using
the composite sensor showed a satisfactory current-response and higher sensitivity
to determine HCQ in a polluted river water matrix. It is important to emphasize
that in previous work [14], an electroanalytical approach was compared with the
spectrophotometric method achieving good performances, confirming the analytical
confidence of the measurements using cork-graphite sensor.

− The HCQ degradation (26.8 mg L−1) was studied under different j (15, 30 and
45 mA cm−2), demonstrating that higher current densities accelerated the organic
matter elimination from solution because of the efficient electrogeneration of oxidants
with BDD anode. Increasing of j, favor the electrogeneration of different oxidants at
the BDD surface or via the participation of •OH radicals, favoring the elimination of
HCQ from real water matrix.

− Detection of NO3
− and free chorine after the degradation of HCQ, evidenced by

electrochemical SDG6 technology being effectively applied, promoting clean water
and sanitization outcomes.
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