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Abstract
Hydroxychloroquine sulfate (HCQ), an against-COVID-19 drug, is a dangerous organic compound in wastewater. In this 
study, 0.6 L of an HCQ solution (50 mg L−1) was electro-oxidized in a batch electrochemical cell (BEC) with two boron-
doped diamond (BDD) electrodes. The optimal operating conditions were established by DoE-driven non-convex constrained 
optimization. A central composite rotatable design (CCRD) was applied to model the chemical oxygen demand (COD) 
removal efficiency and to evaluate the influence of current density (j): 10–120 mA cm−2, initial pH: 2–12, and stirring speed 
(Ω): 400–600 rpm. Experimental results were modeled by a reduced third-order polynomial function having a determination 
coefficient (R2), root mean square error (RMSE), mean square error (MSE), and coefficient of variation (C.V.) of 0.9906, 
0.0460, 0.0021, and 3.72%, respectively. This validates the predictive capacity of the fitted model and the efficiency of the 
employed electro-oxidation process. The optimal operating vector was j = 46.36 mA cm−2, pH0 = 12.04, and Ω = 584 rpm 
within 5 h of reaction time, attaining a maximum COD removal efficiency of 85.55% with an energy consumption of 
1.24 kW h L−1 and a total operating cost of 0.067 USD$ L−1. Also, a total organic carbon removal of 52.5% was achieved. 
Additionally, mathematical models were established to fit the temporary profiles of HCQ degradation, COD, and TOC 
removal. The estimated apparent kinetic constants (kapp) were 1.21 h−1, 0.26 h−1, and 2.65 mg L−1 h−1, respectively. Finally, 
it was concluded that the assessed electrochemical process could help mineralizing wastewater containing HCQ.

Keywords  Batch electrochemical cell · BDD electrode · Electrochemical degradation · Hydroxychloroquine · Non-convex 
optimization

Nomenclature
a	� Electrode surface (cm2)
ANOVA	� Analysis of variance
BDD	� Boron-doped diamond
BEC	� Batch electrochemical cell
C	� Concentration (mg L−1)
CCD	� Central composite design
CCRD:	� Central composite rotatable design
COD	� Chemical oxygen demand (mg L−1)

C.V.	� Coefficient of variation (%)
EC	� Total energy consumption (kW h)
E	� Electricity used (kW h)
F-value	� Ratio of the mean square’s treatment to the 

mean squares error
GWE	� Global warming potential
HCQ	� Hydroxychloroquine
j	� Current density (mA cm−2)
i	� Current intensity (µA)
K	� Factor number
k	� Kinetic constant (h−1)
m	� Mass of electrolyte (kg)
MSE	� Mean square error
OH●	� Hydroxyl radical
OC	� Operating cost (USD$)
pH	� Power of hydrogen (dimensionless)
p-value:	� Probability of getting a result at least as 

extreme as the one that was observed
P	� Supplier catalog nominal power (kW h)
RMSE	� Root mean square error
R2	� Determination coefficient
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t	� Electrolysis time (h)
TOC	� Total organic carbon (mg L−1)
T	� Temperature (°C)
U	� Mean voltage cell (V)
V	� Volume treated (L)
VIFs	� Variance inflation factor
x	� Encrypted independent variables

Greek letters
α	� Rotatability (1.68)
γ	� Values of the coefficient of the polynomial 

equation
Δ	� Increased
ξ	� Electricity price (USD$ (kW h)−1)
Ω	� Stirred speed (rpm)
η	� Efficiency (%)
ϕ	� Electrolyte price (USD$ kg−1)

Suffixes
Adj	� Adjusted
app	� Apparent
Elec	� Electrode
Model	� Model
M	� Mineralization
Pred	� Predicted
Pump	� Recirculation pump
Stirred	� Magnetic stirred
Tr	� Treated
i	� Number of independent variables
0	� Initial

Introduction

Even though industrialization improves the economy 
worldwide and makes some tasks easier for humans, this 
anthropogenic activity causes serious water contamination 
problems. Also, the COVID-19 pandemic period exhibits 
a critical relevance regarding water sanitation since many 
drugs (e.g., chloroquine, hydroxychloroquine (HCQ), rem-
desivir, ivermectin, and azithromycin) were consumed to 
counteract the COVID-19 virus. HCQ is used as a treatment 
against malaria, lupus, arthritis [1], and COVID-19 because 
of its potent antiviral properties with a dosage of 600 mg 
daily [2]. This has caused an increase in medical prescrip-
tions and consequently an input increase of these pharma-
ceutical drugs into the water bodies through wastewater 
discharges from the pharmaceutical industry (10 to 1000 
times higher than other effluents), hospital wastes, wastewa-
ter treatment plants, and human waste [3]. In this context, 
Agenda 2030 through the Sustainable Development Goals 
(Objective 6. Clean water and sanitation) [4] adopted by 
all United Nations Member States mentions that the decon-
tamination of wastewater is worldwide one of the priority 

targets since water is a vital liquid to maintain life on our 
planet. However, conventional wastewater treatment plants 
(WWTP) are not able to efficiently remove pharmaceuti-
cal drugs [5]. In the specific case of HCQ, the WWTP has 
low degradation efficiency (approximately 6%) because of 
its low biodegradability and hydrophilicity (Log (KOW) < 3) 
[6]. Because of its chemical and biological characteristics, 
HCQ tends to persist, bioaccumulates, is carcinogenic, and 
transfer inside of aquatic organisms causing an intensified 
toxicity [7]. Given the potential risks of against COVID-19 
drugs (e.g., HCQ) for living aquatic organisms, it is neces-
sary to implement technologies more effective to accomplish 
the removal of drugs from water bodies.

Advanced oxidation processes (AOPs) are worldwide 
acknowledged because of their green characteristics, versa-
tility, amenability to automation, and simplicity in remov-
ing persistent organic compounds [8, 9]. Particularly, anodic 
oxidation by using boron-doped diamond (BDD) is based on 
the direct oxidation of organic pollutants mainly by hydroxyl 
radicals (OH● with an oxidation potential of 2.8 V) and 
other oxidizing species (e.g., H2O2, O3, S2O8

2−, and SO4
●−) 

generated on the electrode surface through water oxidation 
[10, 11]. BDD electrode might be the most suitable anode 
to perform the electrochemical degradation of persistent 
organic pollutants since exhibits electrochemical stabil-
ity, long life, wide potential windows, and organic matter 
removal efficiencies superior to 95% [12, 13]. However, has 
the limitation of the cost of production against this, new and 
novel anode materials (e.g., Ti–Sn/γ-Al2O3, Ti/RuO2–IrO2, 
DSA/Pt, DSA-Cl2, among others) were developed with an 
organic matter removal efficiency superior to 69% can be 
utilized [14–17].

The advanced oxidation process can be conducted by dif-
ferent cell configurations; batch cell [18], continuous stirred 
tank [16], plug-flow [19, 20], flow-by [21, 22], flow-through 
[23, 24], and others [25–27] have been successfully imple-
mented. In lab-scale studies, a batch cell consisting of two 
vertical electrodes in an agitated tank is convenient due to 
the following benefits [8, 28]: i) easy and secure electrical 
connection, ii) easy incorporation of the electrolyte, iii) easy 
electrode insertion and removal, iv) appropriate mixing by 
a magnetic stirring bar, v) possible kinetic analysis of water 
treatment, and vi) easy continuous pH adjustment.

Once a particular combination of electrodes and electro-
chemical cell has been elected, it is of paramount importance 
to establish optimum operating conditions to generate oxi-
dant species, mainly the hydroxyl radical [29]. Conducting 
this at bench scale is the first step to establish the feasibility 
of a process to be implemented at a large scale. The optimal 
conditions can be used not only for the scaling-up of the 
process but also to establish through life cycle analysis its 
environmental impacts, like carbon footprint (global warm-
ing potential, GWE) [30].
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In the context of optimization, the response surface meth-
odology (RSM) stands out as the most popular because of its 
simplicity and flexibility in the use of experimental designs 
(e.g., Doehlert, Box-Behnken, central composite rotatable 
(CCR), Plackett–Burman, among others). The CCR design is 
the most useful since the number of experiments employed 
offers enough information to model responses by a polyno-
mial equation as a function of operating parameters. Another 
important methodology that can be used to optimize elec-
trochemical plants is convex optimization. However, convex 
optimization has not been enough exploited yet despite being 
largely employed by environmental and chemical engineer-
ing students and of course industrial and academic research-
ers because there is limited literature focusing on convex 
optimization of electrochemical plant parameters such as  
the landfill leachate reverse osmosis (RO) concentration 
[31], electro-Fenton oxidation of cooking wastewater [32], 
and chloroquine electro-oxidation [33]. Although convex 
optimization is a powerful tool, it is limited to optimiz-
ing linear and quadratic functions with linear or/and quad-
ratic constraints imposed on a decision-space since some 
responses could be modeled by third-order polynomial 
equations (e.g., [34, 35]) or other functions derived from 
a real-world optimization problem [36]. In this context, the 
non-convex constrained optimization solves the mentioned 
limitation by applying the trust-region [37], active-set [38], 
and sequential quadratic programming [39] methods. These 
methods have been included in the MATLAB Toolbox librar-
ies (“fmincon” function), which works for convex and non-
convex-constrained optimization problems.

Table 1 summarizes the efforts of some research groups 
on assessing the degradation of HCQ by different treatments 
under different reaction environment conditions, i.e., apply-
ing gamma radiation, with UV light, electro-oxidation, or 
with a combination of the last two. It can be observed in 

Table 1 that a high degradation efficiency of HCQ is gener-
ally achieved; however, the TOC and COD removal efficien-
cies were not reported in all cases. Also, it can be noted that 
the optimization of different degradation treatments has not 
been implemented and the electro-oxidation of HCQ has not 
been assessed with two BDD electrodes.

The objective of this work was the maximization of the 
removal of hydroxychloroquine (HCQ) by electro-oxidation 
in a batch electrochemical cell (BEC) equipped with two 
BDD electrodes, which was evaluated in terms of the COD 
removal efficiency (ηCOD) by the non-convex-constrained 
optimization method. To accomplish the optimization objec-
tive, a CCRD and non-convex constrained optimization was 
employed to model and evaluate the effect on COD removal 
efficiency (ηCOD) by three operating factors, specifically the 
current density (j), initial power hydrogen (pH0), and stirring 
speed (Ω). Additionally, model verification, operating cost, 
and kinetic rate models for degradation of HCQ, COD, and 
TOC removal were obtained.

Materials and methods

Chemical substances and aqueous 
hydroxychloroquine solution

Sulfuric acid (H2SO4, purity of 95%) and sodium hydroxide 
(NaOH, purity of 97%) were from Sigma-Aldrich Company, 
while hydroxychloroquine sulfate (HCQ, grade standard) 
and the sodium sulfate (Na2SO4, purity of 99%) were pur-
chased from Karal Group (Mexican Company) and Supelco 
Company, respectively.

An aqueous solution of HCQ (50 mg L−1) with 0.1 M 
of Na2SO4 as supporting electrolyte was prepared in a 
volumetric flask for each trial. The aqueous solution was 

Table 1   Degradation of HCQ by different treatments

O Optimized, NO Not optimized, EO Electrooxidation, EO-S, Electrooxidation assisted with sonication, EO-UV Electrooxidation assisted with 
UV radiation; PhC: Photocatalyst, Ph Photolysis, GR Gamma radiation, EC Energy consumption

Operating environment conditions Main results

Process/
Cell

O NO ηHCQ (%) ηTOC (%) Ref

GR/Micro batch –- x CHCQ = 20 mg L−1, gamma dosage of 1 kGy, pH0 = 6.8, 0.6 h 98 –- [40]
Ph/Batch –- x pH0 = 6.43, CHCQ = 15.5 mg L−1, 320 mg L−1 of bicarbonate, λ = 300–800 nm, 10 h, 

V = 0.2 L
100 –- [7]

PhC/Batch –- x CHCQ = 10 mg L−1, pH0 = 7.5, radiation UV-A, Ccat = 20 g L−1 of 15%ZnOCP, V = 0.25 L 96 –- [41]
EO/Flow –- x j = 20 mA cm−2, CHCQ = 125 mg L−1, pH0 = 7.1, T = 25 °C, 0.05 M Na2SO4, EC = 102 kW 

m−3, 4 h, V = 0.6 L
100 80 [42]

EO-UV/
Flow

–- x CHCQ = 125 mg L−1, pH0 = 7.1, UV lamp mercury, λ = 254 nm, 15 W, EC = 63 kW m−3, 4 
h, V = 0.6 L

36 –-

EO-S/
Flow

–- x CHCQ = 125 mg L−1, pH0 = 7.1, 9.0 W, EC = 101 kW m−3, 4 h, V = 0.6 L 100 –-
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homogenized for 10 min in a BEC. The pH of aqueous 
solution was adjusted with a solution either of 0.1 M of 
NaOH or 0.1 M of H2SO4. Additionally, distilled water 
was employed for preparing all aqueous solutions of HCQ. 
Table 2 displays the physical–chemical properties of HCQ.

Potentiodynamic polarization measurements

The micro-electrolysis test was carried out using an Auto-
lab potentiostat/galvanostat ® 30 that was controlled with 
GPE software V 4.3, which consists of a three-electrode 
cell (volume capacity of 100 mL), using Ag/AgCl, graph-
ite bar, and a BDD electrode (with a geometric area of 
1 cm2) as reference, auxiliary, and working electrodes, 
respectively. Linear and cyclic voltammetry was as fol-
lows: scan rate of 50 mV s−1, range from 0 to 2 V, pH of 
5.98, pressure of 1 atm, temperature of 25 °C, and stirring 
time of 60 s before each voltametric experiment to achieve 
a homogeneous mixture.

Electrolysis set‑up

The electrolysis system (see Fig. 1) was constituted by a 
BEC (1 L), two BDD electrodes (geometric area of 20 cm2) 
separated from each other by 1 cm (only one side of the 
electrodes contains boron-doped diamond (BDD), and a 
magnetic stirrer (2 cm). Also, the energy was supplied by 
using a GW Instek GPR-3510HD D.C. power supply. All 
experiments were conducted at 25 °C and 1 atm. Cold water 
was recirculated with a peristaltic pump through the cool-
ing jacket of the cell to maintain the solution at 25 °C. It is 
worth mentioning the electrode section outside the liquid 
was insulated with Teflon tape to achieve uniform distribu-
tion in potential and current across the BDD electrodes.

Experimental design

An aqueous HCQ solution (0.6 L) was added into the BEC 
of the electrolysis set-up above described (see Fig. 1). The 
studied operating factors were current density (j), initial 
power of hydrogen (pH0), and stirring speed (Ω), according 

Table 2.    Solution characteristics and physicochemical properties of HCQ [43], [44], [45]

Formula of HCQ Solution characteristics

CHCQ (mg L-1) pH Conductivity
(µS cm-1)

Turbidity 
(NTU)

COD 
(mg L-1)

50 8.3 * 13,310 * 0.34 * 141 *

Physicochemical properties

Property Value
Molar weight (g mol-1) 433.95

Melting point (ºC) 90 [43]

Condensed formula:
C18H26ClN3 2SO4

CAS No.: 747-36-4

Solubility in water (mg mL-1) at 25 ºC 87 [44]

Log (Kow) 3.03 [6]

Max (nm) 343 [45]

* Average value of the trials.
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to Table 3. The lower, center, upper, and axial levels of 
each operating factor that appear in Table 3 are encrypted 
as − α, − 1, 0, + 1, and + α, correspondingly according to 
Eq. (1).

The design matrix and experiments to perform the opti-
mization of the COD removal efficiency (ηCOD) are displayed 
in Table S1. A central composite rotatable design (CCRD 

(1)xi =
Xi − Xi, 0

ΔXi

with three factors) was adopted as an experimental design. 
The CCRD was composed of 2K factorial points, K central 
points, and 2 K axial points, giving a total of 17 tests. The 
CCRD and posterior model fit, and ANOVA analysis were 
conducted using the Design Expert ® V.10.0 software pack-
age (serial number: 9839–2917-5744–6919; Multion Con-
sulting, S.A. de C.V, Calz, Mexico from Stat-Ease, Inc.). In 
this study, the j was selected according to the typical range 
of current density used in electrochemical removal processes 
[46], the pH0 was elected according to the solubility of the 
HCQ, and the Ω was chosen according to previous author 
works, where 4-chlorophenol has been electrochemically 
removed in the same BEC [47].

Chemical analysis

Samples of HCQ solution electrochemically treated for 5 h 
were taken from BEC. The determination of COD of HCQ 
solution before and after electrochemical treatment was 
measured by the Standard Method (5220B) established by 

Fig. 1   Electrolysis set-up

Table 3   CCRD design and encoded levels of each operating factor

K operating factors Levels

 − α  − 1 0  + 1  + α

X1: j (mA cm−2) 10.0 32.5 64.5 96.5 120.0
X2: pH0 2.0 4.5 7.0 9.5 12.0
X3: Ω (rpm) 400 450 500 550 600
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Baird et al. [48]. The COD analysis consists of the complete 
organic matter oxidation into carbon dioxide with potassium 
dichromate under acidic conditions (sulfuric acid). Mean-
while, the determination of the TOC of HCQ solution before 
and after treatment was conducted in a 6001 TOC analyzer 
Shimadzu, where the TOC analysis consists of the complete 
oxidation of organic carbon contents in the water sample 
into carbon dioxide by combustion at high temperatures 
(680–900 °C) in the presence of platinum or palladium as 
a catalyst. Additionally, the UV–Vis absorption spectrum 
of HCQ was detected by using a Lamda 365 PerkinElmer 
UV–visible spectrophotometer, and the abatement of HCQ 
during electrochemical treatment was detected at λMax of 
343 nm. Finally, the pH of all HCQ solutions was deter-
mined by a HI2210 Hanna potentiometer.

Analytical procedures

The COD degradation efficiency of HCQ (ηCOD) was deter-
mined by the difference in COD quantity between the initial 
sample and the treated sample, computed by using Eq. (2),

where CCOD, 0 and CCOD, t (mg L−1) is the chemical oxy-
gen demand (COD) of the HCQ solution at times 0 and t, 
respectively.

The TOC degradation efficiency of HCQ (ηTOC) was 
determined by the difference in TOC quantity between the 
initial sample and the treated sample according to Eq. (3),

where CTOC, 0 and CTOC, t (mg L−1) is the total organic carbon 
(TOC) of the HCQ solution at times 0 and t, respectively.

The degradation efficiency of HCQ (ηHCQ) was deter-
mined by the difference in HCQ quantity between the initial 
sample and the treated sample according to Eq. (4),

where CHCQ, 0 and CHCQ, t (mg L−1) is the concentration 
of the HCQ solution at times 0 and t, respectively.

Model fitting

The COD removal efficiency (ηCOD) was modeled by a third-
order polynomial (Eq. (5)) as function of density current 
(X1), initial power of hydrogen (X2), and stirring speed (X3).

(2)�COD =
CCOD,0 − CCOD,t

CCOD,0

× 100

(3)�TOC =
CTOC,0 − CTOC,t

CTOC,0

× 100

(4)�HCQ =
CHCQ,0 − CHCQ,t

CHCQ,0

× 100

where (ηCOD) is the COD model response, γ values are the 
coefficients of the polynomial, and xi are the encrypted inde-
pendent variables according to Eq. (1). The γ values were 
estimated by the stepwise regression method in the Design 
Expert ® V.10.0 software package.

Accuracy of the model

The accuracy of the adjusted polynomial to the experimental 
data was established by the determination coefficient (R2, see 
Eq. (6)) [49], root mean square error (RMSE, see Eq. (7)) 
[50], and mean square error (MSE, see Eq. (8)) [51]. To 
achieve a very good model fitting, a low value of the error 
metrics is desirable.

where n is the number of experimental data points, ηexp is 
the experimental response, ηmodel is the modeled response, 
�exp and � mod el are the average values of the experimental 
and model values, respectively.

Optimization process

The objective function of the non-convex constrained opti-
mization problem was to maximize the COD removal effi-
ciency (ηCOD, third-order polynomial (Eq. (5))) subject to 
convex constraints ( x2

i
≤ �2, i = 1, 2, and 3 ), where ηCOD 

is a non-convex function (see Eq. (5)) and α represents the 
rotatability of the central composite design (CCD). The 
non-convex constrained optimization problem of the COD 
removal efficiency (ηCOD) is written in standard form as 
shown by Eq. (9).

(5)

�COD = �0 + �1x1 + �2x2 + �3x3 + �11x
2
1
+ �22x

2
2
+ �33x

2
3
…

+�111x
3
1
+ �222x

3
2
+ �333x

3
3
+ �12x1x2 + �13x1x3 + �23x2x3 …

+�123x1x2x3 + �112x
2
1
x2 + �113x

2
1
x3 + �122x1x

2
2
+ �133x1x

2
3
…

+�223x
2
2
x3 + �233x2x

2
3

(6)R2 =

n
∑

i=1

�

�exp,i − �exp
��

� mod el,i − � mod el

�

�

n
∑

i=1

�

�exp,i − �exp
�2

n
∑

i=1

�

� mod el,i − � mod el

�2

(7)RMSE =

√

√

√

√

1

n

n
∑

i=1

(

�exp,i − � mod el,i

�exp,i

)2

(8)MSE =
1

n

n
∑

i=1

(

�exp,i − � mod el,i

)2
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The optimal point of the non-convex constrained 
problem (Eq.  (9)) was found employing three differ-
ent algorithms (e.g., “active set,” “sequential quadratic 
programming,” and “interior-point”). To make easy this 
assignment, the Toolbox “fmincon” of MATLAB R2017a 
® software package (License number: 1082300; Multion 
Consulting, S.A. de C.V, Calz, Mexico from MathWorks) 
was adopted. Also, an algorithm to solve the non-convex 
optimization problem assumed by Eq. (9) is accessible in 
the supported material (see Table S1).

Energy consumption and operating cost

The total energy consumption (EC (kW h)) for the elec-
trochemical oxidation of HCQ was computed in terms of 
electricity consumed by the BDD electrodes (Eelectrodes), 
by the stirrer (Estirrer), and by the pump used to recirculate 
the cooling water (Epump, heat) of the cooling systems, such 
as shown by Eqs. (10) to (13),

where U is the average cell potential (6.7 V), a is the elec-
trode surface (20 cm2), j is the applied current density 
(46.36 mA cm−2), t is the electrolysis time (5 h), Pstirrer is the 
supplier catalog nominal power (0.02 kW) for stirring, and 
Ppump, heat is the supplier catalog nominal power (0.123 kW) 
for the cooling system pump.

The total operating cost (OC (USD$)) is the sum of the 
total electricity price and the electrolyte price as denoted 
by Eq. (14).

where ξ is the electricity price (0.049 USD$/kW h, based on 
1 USD$ (MXN 17.01) −1), ϕ is the price of the electrolyte 
(0.8 USD$ kg−1), and melectrolyte is the used electrolyte mass 
(0.0085 kg).

(9)

Min − �COD
(

x1, x2, x3
)

s.t.

x2
1
≤ �2

x2
2
≤ �2

x2
3
≤ �2

� = 1.68

(10)Eelectrodes = U × j × a × t

(11)Estirrer = Pstirrer × t

(12)Epump, heat = Ppump, heat × t

(13)EC = Eelectrodes + Estirred + Epump, heat

(14)OC = � × EC + � × melectrolyte

Results and discussions

Linear and cyclic voltammetry study

Linear and cyclic voltametric measurements were 
employed to study the electrochemical behavior of HCQ on 
the Nb/BDD electrode. Figure 2a shows the linear polari-
zation curve of Na2SO4 (black line) and Na2SO4 + HCQ 
(red line) with BDD anode at 50 mV s−1 as scan rate. The 
curves (black and red lines) show that oxygen evolution 
potential starts at approximately + 1.8 V versus Ag/AgCl 
when no HCQ is presenting in water (Na2SO4), and thus, 
it is an insignificant electrocatalyst for the oxygen evolu-
tion reaction and this in concordance with that reported 
in [52]. While Na2SO4 + HCQ presents a well-defined 
peak at + 1.37 V before the oxygen evolution reaction, 
which corresponds to oxidation of HCQ by the produc-
tion of hydroxyl radicals (OH●) and other oxidants species 
(SO4

●- and S2O8
2−) in agreement with [53–55]. Figure 2b 

shows the cyclic voltammetry of Na2SO4 (black line) and 
Na2SO4 + HCQ (red line) with BDD anode at 50 mV s−1 
as scan rate. Figure 2b exhibits a typical behavior of a 
non-reversible system when water contains HCQ with a 
well-defined peak at around + 1.37 V, which suggests that 
the HCQ is directly oxidized at the BDD electrode surface. 
Also, when the potential is increasing, a nonsmoothed 
current signal was observed after the peak at + 1.37 V, 
which may indicate that there is no remarkable signal of 
the oxidation by-products from HCQ in contrast with the 
reported results in [52]. Furthermore, the oxidation peaks 
(+ 1.37 V) of the electrolyte coincide with the oxidation 
peak of the HCQ, indicating that indirect oxidation of 
HCQ can be attained by OH●, SO4

●-, and S2O8
2− [53, 

56, 57].

Model fitting

In this work, the Design Expert ® V.10.0 software pack-
age was adopted to perform the CCRD, model fitting, and 
ANOVA analysis. To model the COD removal efficiency 
(ηCOD), 17 assays of the CCRD were employed (Table S2). 
Trials 2, 5, 7, 9, 10, 12, 16, and 17 are factorial points; tri-
als 4, 6, 11, 13,14, and 15 are axial points; trials 1, 3, and 
8 are central points. The mean experimental values of ηCOD 
for all assays are reported in Fig. 3. Also, in Fig. 3, it can 
be observed that the COD removal efficiency goes from 
29.63 to 75.86%. It is worth mentioning that all trials were 
replicated by triplicate. Therefore, the design matrix and 
the mean COD removal efficiency (ηCOD) data with their 
respective standard deviation for each trial are presented 
in Table S2.



	 Journal of Solid State Electrochemistry

The found relationship between ηCOD and the operational 
factors (x1, x2, and x3) fits a reduced third-order polynomial 
like Eq. (15).

Equation in encrypted factors,

(15)

�COD = 54.03 + 13.74x1 + 2.28x2 + 5.98x3 + 7.28x1x2 − 4.75x1x3 …

+4.13x2x3 − 3.35x2
2
+ 3.74x2

3
− 9.34x2

1
x3 − 12.58x1x

2
2

The γ0 (54.03) value corresponds to the overall average 
response (ηCOD) of all trials. The variance inflation factors 
(VIF) for �1, �2, �3, �12, �13, �23, �22, �33, �113, and �122 are 2.41, 
1.00, 2.141, 1.00, 1.00, 1.00, 1.05, 1.05, 2.41, and 2.41, 
respectively. In this case study, the terms x2, x1x2, x1x3, and 
x2x3 are orthogonal since their VIF values are 1. Also, the 
terms x1, x3, x22, x

2
3
, x2

1
x3, and x1x22 are multicollinear because 

all VIF values are greater than 1. Furthermore, a higher VIF 

Fig. 2   a Polarization curve 
obtained for a 50 mg L−1 HCQ 
in 0.1 M Na2SO4 solution at 
anodic BDD electrode; b cyclic 
voltammogram obtained for 
a 50 mg L−1 HCQ in 0.1 M 
Na2SO4 solution at anodic BDD 
electrode. Potential scan rate: 50 
mV s.−1
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value than 1 indicates a serious correlation of factors. As a 
rough rule, VIFs lower than 10 are acceptable.

Additionally, the positive sign before of �1, �2, �3, �12, �23, 
and, �33 values suggests a positive effect on ηCOD; while the 
negative sign of �12, �22, �3, �13, and, �122 suggests a negative 
effect on ηCOD [58].

Analysis of variance (ANOVA)

Table 4 displays the model fit statistics with R2 = 0.9906, 
adjusted-R2 = 0.9749,  modeled-R2 = 0.8286,  std 
dev = 2 .02%,  mean = 54.35%,  adequate  prec i -
sion = 28.4071, and C.V. (%) = 3.72. The determination 

Fig. 3   Response values of the 
CCRD

Table 4   Reduced third-
order polynomial ANOVA 
for optimum COD removal 
efficiency

R2 = 0.9906; adjusted-R2 = 0.9749; modeled-R2 = 0.8286; std dev = 2.02%; mean = 54.35%; adequate preci-
sion = 28.4071; C.V. (%) = 3.72

Source Sum of squares Degree of 
freedom

Mean square F-value P-value Remark

Model 2586.46 10 258.650 63.19  < 0.0001 Significant
x
1

1068.61 1 1068.610 261.08  < 0.0001
x
2

71.26 1 71.260 17.41 0.0059
x
3

202.21 1 202.210 49.40 0.0004
x
1
x
2

423.55 1 423.550 103.48  < 0.0001
x
1
x
3

180.41 1 180.410 44.08 0.0006
x
2
x
3

136.37 1 136.370 33.32 0.0012
x
2

2
138.35 1 138.350 33.80 0.0011

x
2

3
172.94 1 172.940 42.25 0.0006

x
2

1
x
3

289.07 1 289.070 70.62 0.0002
x
1
x
2

2
524.25 1 524.250 128.08  < 0.0001

Residuals 24.56 6 4.090
Lack of fit 23.24 4 5.810 8.82 0.104 Not significant
Pure error 1.32 2 0.658
Cor total 2611.01 16
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coefficient (R2) is close to unit, thus indicating that the 
model fitted is in very good agreement with the experi-
mental data [59] as this is confirmed with the parity plot 
shown in Fig. 4a.

The modeled-R2 is in reasonable agreement with the 
adjusted-R2 since the difference (0.1463) is less than 0.2. 
The F-value (63.19) implies that there is an adequate signal-
to-noise ratio with only a 0.01% chance that noise could 

Fig. 4   a Parity plot; b Pareto 
plot
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affect model accuracy. Also, the p-value (0.0001) confirms 
that the chosen reduced third-order polynomial is signifi-
cantly evidenced for modeling the degree of interactions 
and relative impact of the removal efficiency of hydroxy-
chloroquine parameters: current density (x1), initial power 
of hydrogen (x2), and stirring speed (x3). Furthermore, the 
RMSE (0.0460) and MSE (0.0021) are close to 0, indicating 
that the reduced fitting third-order polynomial agrees very 
well with experimental data [60, 61].

The lack of fit F-value (8.82) implies that the lack of fit 
is not significant relative to the pure error with only 10.44% 
chance that an F-value this large could occur due to noise. 
Also, the x1, x2, x3, x1x2, x1x3, x2x3, x22, x

2
3
, x2

1
x3, x1x

2
2
 are sig-

nificant model terms because all p-values are less than 0.05. 
Furthermore, the fitting model can be used to navigate the 
design space because the adequate precision ratio value 
(28.407) is greater than 4 [62].

Pareto analysis was conducted by using Eq. (16) to evalu-
ate the percentage effect of each polynomial term (Pi) on 
response ηCOD,

Figure 4b depicts the Pareto plot analysis. The exposed 
results in this figure suggest that the terms γ1 (current den-
sity (mA cm−2)) and γ122 (current density (mA cm−2) × (pH0 
(dimensionless))2) give the largest effect: 20.46%, and 
18.73% on ηCOD, respectively. Also, the interaction term 
γ113 ((current density (mA cm−2))2 × (Ω (rpm))) gives a 
medium effect: 13.91% on ηCOD. Besides, the rest of terms 
γ2, γ3, γ12, γ13, γ22, and γ33, contribute the lowest effect: 
3.39%, 8.90%,10.83%, 7.07%, 4.99%, and 5.57% on ηCOD, 
respectively.

Non‑convex optimization of the removal efficiency 
of hydroxychloroquine

The non-convex constrained optimization problem to be 
solved is stated by Eq. (17). The optimal operating point 
observed is displayed in Table 5. A local maximum was 
attained when the non-convex constrained optimization 
problem (Eq.  (17)) was solved by performing different 
numerical methods. The three numerical methods used find 

(16)Pi =

�

�i
∑

�i

�

× 100

a single optimal operating point. For this non-convex-con-
strained optimization problem, the IP and AC methods are 
significantly faster than the SQP method since they solve 
the non-convex-constrained optimization problem in only 
one iteration.

Figure 5 shows the contour graphs of the COD removal 
efficiency (ηCOD) by means of electrochemical treatment. In 
the electrochemical treatment of organic chemicals such as 
hydroxychloroquine, the pH plays a key role since it controls 
the hydroxyl radical formation [33] and is related the mol-
ecule ionization hinted by its pKa. In concordance, Fig. 5a 
reveals the pH effect and its interaction with current density. 
Thus, it can be observed that high ηCOD is achieved when 
j is increased if pH is kept close to 8. This suggests that 
around this pH, the oxidation of organic compounds might 
be mainly through direct electron transfer at the electrode 
surface. It is important to note that a similar ηCOD (~ 74) is 
achieved either at low pH values (< 2) or high pH values 
(> 13) and relatively low current density (j < 35 mA cm−2). 
This can be due to the presence of ozone (O3), which has 
been demonstrated [63] to be produced with the same elec-
trodes and supporting electrolyte. Depending on pH, O3 can 
participate in direct oxidations at acidic pH [64] and in the 
case of chlorinated aromatic compounds, this proceeds at 
the chlorine position [65], thus producing other chlorine 
species that might also participate in the oxidation process. 
Nevertheless, when using BDD electrodes, it has also been 
demonstrated that the oxidation via O3 is not superior to 
that via hydroxyl radicals. Under alkaline conditions, the 
participation of ozone in the oxidation process is indirect 
since the interaction with the hydroxyl ions is preferred, thus 
favoring the hydroxyl radical concentration in solution [64].

Figure 5b shows that ηCOD increases as the Ω decreases, 
indicating that the pollutant travels (by diffusion) easily from 

(17)

Min −

⎡

⎢

⎢

⎣

54.03 + 13.74x1 + 2.28x2 + 5.98x3 + 7.28x1x2 − 4.75x1x3 …

+4.13x2x3 − 3.35x
2

2
+ 3.74x

2

3
− 9.34x

2

1
x3 − 12.58x1x

2

2

⎤

⎥

⎥

⎦

s.t.

x
2

1
≤ (1.68)2

x
2

2
≤ (1.68)2

x
2

3
≤ (1.68)2

Table 5   Solved non-convex 
constrained optimization of 
ɳCOD employing different 
numerical methods

IP, interior-point; SQP, sequential quadratic programming; AC, active set

ɳCOD
(%)

Method Iteration j (mA cm−2) pH0 Ω (rpm) Characterization

85.551 IP 1 46.360 12.04 583.999 Local maximum
85.552 AC 5 46.366 12.04 584.000 Local maximum
85.552 SQP 1 46.360 12.04 584.000 Local maximum
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the bulk to the electrode surface where there is a consider-
able amount of hydroxyl radicals (see Eq. (18)) able to react 
with the organic pollutant,

Also, high ηCOD is achieved when j is increased if the Ω is 
kept around 440 rpm. From Fig. 5c, it can be seen that ηCOD 
increases as Ω increases. This suggests the process is being 
mass-transfer controlled and the resistance to this phenom-
enon is being reduced when the stirring speed increases. 
Similarly, high ηCOD is attained as the pH decreases, indicat-
ing that hydroxyl radials (OH●) and hydroxyl anions (OH−) 
were produced at the electrode surface. In this study, high 

(18)BDD + H2O → BDD(HO∙) + H+ + e−

ηCOD is achieved because a high amount of OH● is produced 
at acid and basic (pH ≥ 10) conditions directly and indirectly 
(by oxidation of OH−), favoring the oxidation of pollutants 
[66].

Finally, the shapes of the contour plots in Fig. 5 depict 
a hyperbolic function, indicating that the optimal operating 
point is cataloged as a saddle point. Besides, as the unique 
optimal operating point was found, the local maximum also 
can be called a global maximum. Furthermore, the saddle 
point theorem [67] indicates that if there exists a saddle 
point as the solution to the minimization-constrained prob-
lem, it can be considered an optimal point since the exist-
ence of a saddle point is a sufficient condition assuming 
Karush–Kuhn–Tucker conditions.

Fig. 5   a 2D plot effect of initial pH and j (mA cm-2) on ηCOD, Ω of 584 rpm and 5 h; b 2D plot effect of Ω (rpm) and j (mA cm−2) on ηCOD, pH0 
of 12.04; c 2D plot effect of Ω (rpm) and initial pH on ηCOD, j of 46.36 mA cm−2. Treatment time for all experiments was 5 h
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Model verification

To confirm the optimal operating point previously found, a 
series of three complementary trials were performed under 
optimal operating variables established by non-convex opti-
mization; computed and experimental values are displayed 
in Table 5. The relative error (6.47%) presented in Table 6 
indicates a very good approximation of the optimal operat-
ing point by non-convex optimization. Thus, the maximum 
COD removal efficiency was 85.55% at a pH0 of 12.04, a j 
of 46.36 mA cm−2, and a Ω of 584 rpm within 5 h of elec-
trochemical treatment.

Total operating cost

The total operating cost was computed as a function of energy 
consumption and the used mass of the electrolyte according to 
the set of Eqs. (10) to (13). Thus, the energy consumption was 
0.746 kW h at a cost of 0.04 USD$ per 0.6 L of volume treated 
(or 0.067 USD$ L−1) when the BEC operates under optimal 

operating conditions (j of 46.36 mA cm−2, pH0 of 12.04, and 
Ω of 584 rpm within 5 h of electrochemical treatment). It is 
worth mentioning that this research is the only one that reports 
the associated cost (see Table 7).

A TOC analysis was carried out according to the meth-
odology described in the “Chemical analysis” section. The 
initial and final TOC values were 25.54 mg L−1 and 12.26 mg 
L−1, respectively, accomplishing a TOC removal efficiency of 
52.5% at 5 h of electrochemical treatment.

Kinetic models

The electrochemical process employed here was carried out 
under galvanostatic conditions, where the electrochemical 
degradation of organic pollutants employing BDD anodes 
depends mainly on the production of OH● [68]. Hence, it can 
be assumed that the reaction responsible for the degradation 
of organic pollutants (e.g., HCQ) is given by the OH● on the 
BDD anode surface; a pseudo-first-order kinetic model was 
established to fit the experimental data following Eq. (19) 
according to reported in [69, 70].

Also, pseudo-first-order (see Eq. (20)) and pseudo-zero-
order (see Eq. (21)) kinetic models for COD removal efficiency 
and TOC abatement, respectively, were employed to model the 
experimental data.

(19)
dCHCQ

dt
= − kCOH∙

⏟⏟⏟
kapp

CHCQ = −kappCHCQ

Table 6   The optimal operating point of the COD removal efficiency

Optimal point Response ɳCOD (%)
j (mA cm−2): 46.36
pH0: 12.04
Ω (rpm): 584.00
Modeled 85.55
Mean experimental 80.35 ± 0.34
Relative error (%) 6.47

Table 7   Electrochemical degradation of HCQ under different electrolysis treatments

EL electrodes, Ca cathode, An anode, SS stainless steel; *, BDD; **, Ti/(Ti, Zr)N/PbO2-2.0; ***, CF/β-PbO2-ZrO2-MoOx

Operating environment Main results

EL V (L) ɳHCQ (%) ɳCOD (%) ɳTOC (%) EC (kWhL−1) OC (USD$L−1) Ref

Ca/An

CHCQ = 50 mg L−1 on 0.1 M de Na2SO4, 
pH0 = 12.04, j = 46.36 mA cm−2, Ω = 584 rpm, 
t = 5 h, and area = 20 cm2

*/* 0.6 99.5 85.55 52.5 1.24 0.067 This work

CHCQ = 250 mg L−1 on 0.05 M de Na2SO4, 
pH0 = 7.1, j = 20 mA cm−2, Q = 3.3 L min−1, 
t = 5 h, and area = 78 cm2

SS/* 0.6 100 –- 82.0 0.102 –- [42]

CHCQ = 26.8 mg L−1 on 0.1 M de H2SO4, 
pH0 = 7.6, j = 45 mA cm−2, Q = 3.3 L min−1, 
t = 5 h, and area = 13.5 cm2

Ti/* 0.25 100 84.00 –- 5.0 –- [82]

CHCQ = 200 mg L−1 on 0.05 M de Na2SO4, 
pH0 = 7, j = 20 mA cm−2, Ω = 200 rpm, and 
t = 3 h

SS/** 0.25 95.8 77.60 82.94 0.038 –- [80]

CHCQ = 2170 mg L−1 on 2.0 M Acetate buffer, 
pH = 5.0, j = 6 mA cm−2, Ω = 300 rpm, t = 3 h, 
and area = 4.5 cm2

SS/*** 0.05 94.2 68.00 –- –- –- [83]
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The abatement in the absorbance maximum band of HCQ 
(343 nm) was observed in Fig. 6a, as a function of elec-
trolysis time. The behavior shown in this figure indicates 
that the electrochemical degradation of HCQ forms another 
simple organic molecule since the OH● attacks the chemical 
structure of HCQ. The determination of by-products was not 
measured because it is outside the scope of this investiga-
tion. Additionally, the presented behavior in Fig. 5c suggests 
a constant production of OH●. It is worth mentioning that 
Fig. 5a only includes profiles of absorbance from t = 0 to 
t = 4 h because a degradation efficiency of HCQ achieves 

(20)
dCCOD

dt
= −kapp, CODCCOD

(21)
dCTOC

dt
= −kapp, TOC

99.45% at 4 h and the profiles of absorbance will be super-
posing for reaction times from 5 to 8 h.

The behavior observed in Fig. 6b, c, and d discloses a sat-
isfactory pseudo-first-order, pseudo-first-order, and pseudo-
zero-order kinetic rate execution for degradation of HCQ, 
COD removal, and TOC removal, respectively. Performing 
a linear regression analysis, the kapp, kapp, COD, and kapp, TOC 
values were 1.21 h−1, 0.26 h−1, 2.65 mg L−1 h−1, respec-
tively, with determination coefficients (R2) values of 0.9911, 
0.9711, and 0.9886, indicating high correlation because the 
values of R2 are close to 1 [59]. It is worth stating that the 
reported apparent degradation kinetic constant (kapp) here 
can be called as a global oxidation constant because the 
electro-oxidation of the intermediates by the OH● through 
reaction time were not differentiated for its determination.

A faster HCQ elimination (94.5%) in the first 2 h of 
the electrochemical treatment was observed (see Fig. S1) 

Fig. 6   a UV-Visible spectra for the HCQ solution at different elec-
trolysis times; b Kinetic analysis for the pseudo-first-order model for 
HCQ degradation; c Kinetic analysis for the pseudo-first-order model 
for COD abatement; d Kinetic analysis for the pseudo-zero-order 

model for electrochemical mineralization of HCQ. CHCQ = 50 mg L-1 
on 0.1 M de Na2SO4, pH0= 12.04, j = 46.36 mA cm-2, Ω = 584 rpm, 
and t= 5 h
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in concordance with the reported in [42]. This behavior is 
attributed to hydroxyl radicals formed on the Nb/BDD elec-
trode surface, as described by Eq. (18).

Although hydroxyl radicals are the dominant oxidant spe-
cies, a possible formation of persulfate ions (S2O8

2−) and 
sulfate radical (SO4

●−) on the Nb/BDD electrodes is due to 
the use of the sodium sulfate as an electrolyte [42, 71–73], 
according to Eqs. (22) to (27).

Also, a recombination of SO4
●− with water to form 

hydroxyl radicals can be expected, according to Eq. (28). 
This reaction (Eq. (28)) proceeds in favor of the removal of 
persistent organic pollutants such as the HCQ.

This electrochemical proposed treatment herring has been 
performed at 25 °C with a concentration of electrolyte sup-
port of 0.1 M, indicating that the degradation effect by sulfate 
radical and persulfate ion on the electrooxidation of HCQ is 
low concerning hydroxyl radicals formed on the BDD elec-
trodes [74] in concordance with do the results reported in 
[71, 75], where comments that there is not enough evidence 
that the S2O8

2− and SO4
●− are formed at low temperatures 

(< 40 °C) since when BDD anode is employed heat addi-
tion is needed [76]. Similarly, there is not enough evidence 
that high concentrations of Na2SO4 (> 0.05 M) produce a 
high amount of S2O8

2− and SO4
●− when BDD electrodes are 

used. Finally, a recombination of SO4
●− with S2O8

2− could 
be given if there is an excess of SO4

●− present in the aque-
ous solution [77], as is described by Eq. (29). This could 
play against the removal of persistent organic compounds. 
There is no evidence in this study that the sulfate radical 
and persulfate ion control the removal of HCQ in a simi-
larly way as described in [42] because the electrochemical 
removal of the HCQ was carried out at alkaline conditions 
(pH of 12.04). Meanwhile, the sulfate radicals are favored 
in an acid medium is in agreement with reference [78]. This 
is supported by the polarization curve and the cyclic vol-
tammogram (Fig. 2), which does not show any intermediate 

(22)SO2−
4

+ SO2−
4

→ S2O
2−
8

+ 2e−

(23)SO∙−
4
+ SO∙−

4
→ S2O

2−
8

(24)SO−
4
+ e− → SO∙−

4

(25)SO−
4
+ OH∙

→ SO∙−
4
+ H+

(26)S2O
2−
8

+ e− → SO∙−
4
+ SO2−

4

(27)S2O
2−
8

+ Δ ohmic heating → 2SO∙−
4

(28)SO∙−
4
+ H2O → OH∙

formation in contrast with the reported in [52]. According 
to the literature, the electrochemical process leads to the 
formation of stable carboxylic acids such as maleic, formic, 
acetic, malonic, oxamic, and oxalic acids [79]. Particularly, 
the electrochemical degradation of the HCQ, the expected 
intermediates when a similar Nb/BDD anode was employed 
are 7-chloro-4-quinolinamine, oxamic, and oxalic acids 
under acid conditions [42].

The results presented in this manuscript were compared 
with literature related to electrochemical degradation of 
HCQ (see Table 7). High degradation efficiency was attained 
in all literature reports including the results of the current 
work since are higher than 94%. In this work, high COD 
removal efficiency (85.55%) was achieved. TOC removal 
efficiency in this work (52.5%) is lower than that in reference 
[42] (82%), but the area of electrodes employed in refer-
ence [42] (78 cm2) is approximately four times that used 
in this study (20 cm2). Therefore, the contact area to react 
with the pollutant molecule in Ref. [42] is higher (78 cm2) 
than the contact area (20 cm2) employed in this study. Also, 
the cell configuration of Ref. [42] provides a higher mass 
transfer coefficient than the cell configuration used in this 
study. Even that Ref. [80] achieves the highest TOC removal 
efficiency (82.94%) than that attained in this work (52.5%), 
the volume of treated waste solution of HCQ in Ref. [80] is 
approximately 2.5 less than used in the current study, and 
this may be the cause for the lower TOC removal efficiency 
attained in this work. It is important to mention that this 
manuscript is the only one that performs the optimization 
of electrochemical degradation of HCQ and provides the 
associated cost (0.067 USD$ L−1) at optimal operating con-
ditions. Additionally, it can be noted that the current density 
applied in this study is higher (46.36 mA cm−2) than in other 
studies [42, 80] since here two BDD electrodes have been 
employed. Hence, the BDD anode is considered a semicon-
ductor causing an increase in current density consumption 
[81]. Nevertheless, the energy consumption used in Ref. [82] 
is higher (5 kW h L−1) than in this research (1.24 kW h L−1). 
Finally, even though Ref. [83] uses a higher concentration of 
HCQ (2170 mg L−1) than this work (50 mg L−1), the volume 
treated here is 12 times that used in Ref. [83]. Based on the 
results reported in this research, the applied electrochemical 
wastewater treatment employed is suitable for HCQ removal.

Future work

Electrochemical wastewater treatment for drug contaminants 
such as HCQ is a green and promising technology since 
offers high efficiency and integrates renewable energies (e.g., 

(29)SO∙−
4
+ S2O

2−
8

→ SO2−
4

+ S2O
2−∙
8
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aero generators, solar panels, hydroelectric plants, and oth-
ers). Another important aspect to punch-up as preferable to 
the electrochemical process implies conducting the electro-
chemical plants scalable under a low-cost-effective perspec-
tive. Also, life cycle studies must be applied to evaluate the 
sustainability of the electrochemical wastewater processes.

Conclusions

Upon the results of this investigation, the ensuing conclu-
sions are derived as follows:

•	 The potentiodynamic polarization study demonstrates an 
irreversible oxidation of the hydroxychloroquine on the 
Nb/BDD electrode surface.

•	 The electrochemical degradation of hydroxychloroquine 
was successfully driven by hydroxyl radicals in a batch 
electrochemical cell equipped with two BDD electrodes.

•	 The reduced third-order polynomial to model the COD 
removal efficiency (ηCOD) in a batch electrochemical cell 
equipped with two BDD electrodes was established as 
function j (x1), pH0 (x2), and Ω (x3). Also, the current 
density was the most significant factor in ηCOD and fol-
lows the stirred speed factor. This reduced third-order 
f u n c t i o n  i n  e n c r y p t e d  t e r m s  i s 
�
COD

= 54.03 + 13.74x1 + 2.28x2 + 5.98x3 + 7.28x1x2 − 4.75x1x3 …

+4.13x2x3 − 3.35x
2

2
+ 3.74x

2

3
− 9.34x

2

1
x3 − 12.58x1x

2

2

•	 The optimization of operational parameters was success-
fully reached by the non-convex optimization method. A 
global maximum of ηCOD (85.55%) was achieved under 
j of 46.36 mA cm−2, pH0 of 12.04, and Ω of 584 rpm 
within 5 h of electrolysis time, employing an EC of 
1.24 kW h L−1 with an OC of 0.067 USD$ L−1.

•	 Electrochemical degradation of the HCQ, COD removal, 
and TOC removal follows pseudo-first-order, pseudo-
first-order, and pseudo-zero-order kinetic rates, respec-
tively, when the batch electrochemical cell operates 
under optimal reaction conditions.

•	 The green process evaluated in the current research has a 
potential industrial use since has a low-cost (0.067 USD$ 
L−1), low EC (0.7461 kW h), no additional chemicals 
must be added to carry out the electrochemical treatment, 
and the EC can be easily provided by photovoltaic cells 
with batteries.
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