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In this study, the electrochemical determination of the amodiaquine (ADQ) drug was evaluated us-

ing an electrochemically pretreated boron-doped diamond (BDD) electrode due to the enhanced surface 
activity. The cyclic voltammogram results of ADQ were given as single reversible and diffusion-
controlled peaks at +0.48 V for the oxidation peak and +0.05 V for the reduction peak (vs. Ag/AgCl) in 
Britton-Robinson (BR) buffer at pH 8.0. The peak potential and current signals of ADQ were evaluated at 
the surface of the BDD electrode using instrumental parameters to develop a simple method for ADQ de-
tection. Also, the effect of an anionic surfactant, sodium dodecyl sulfate (SDS), on the adsorption ap-
plicability of the BDD electrode significantly increased the stripping voltammetric determination of 
ADQ. Under the optimal conditions chosen and employing square-wave adsorptive stripping voltamme-
try at the BDD electrode, ADQ was determined at + 0.34 V (vs. Ag/AgCl) at the open-circuit condition in 
BR buffer at pH 8.0 in the presence of 2·10–4 mol l–1 SDS. Furthermore, analytical parameters showed the 
linear relationship for ADQ determination in the concentration range of 0.1–20.0 μg ml–1 (2.2·10–7 – 
4.3·10–5 mol l–1), with a detection limit of 0.03 μg ml–1 (6.5·10–8 mol l–1). The proposed approach can be 
applied to determine ADQ in water samples. 
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ВОЛТАМЕТРИСКО ОПРЕДЕЛУВАЊЕ НА АНТИМАЛАРИЧНИОТ ЛЕК АМОДИАКИН  
СО УПОТРЕБА НА ДИЈАМАНТСКА ЕЛЕКТРОДА ШТО СОДРЖИ ПРИМЕСИ НА БОР  
НА ЕЛЕКТРОДНАТА ПОВРШИНА МОДИФИКУВАНА СО АНЈОНСКИ СУРФАКТАНТ 

 
Во рамките на оваа студија извршено е електрохемиско определување на 

антималаричниот лек амодиакин (ADQ) со употреба на електрохемиски третирана дијамантска 
електрода што содржи примеси на бор (BDD-електрода). Цикличните волтамограми на амодиакин 
беа пресликани во единичен хемиски реверзибилен и дифузиски контролиран процес со пик на 
+0,48 V во оксидациска насока и со редукциски пик позициониран на +0,05 V (во однос на 
потенцијалот од референтната Ag/AgCl електрода) во Бритон-Робинсонов пуфер со рН = 8,00. 
Потенцијалите и струите на пиковите од волтаметрискиот сигнал на ADQ беа евалуирани на 
површината на BDD-електрода со примена на инструментални параметри што овозможуваат 
примена на едноставен метод за квантитативно определување на ADQ. Притоа беше утврдено 
дека присуството на анјонски сурфактант натриум додецил сулфат (SDS) влијае врз 
атсорпцискиот потенцијал на BDD-електродата, при што присуството на SDS придонесува за 
значително зголемување на содржината на ADQ со примена на т.н. „стрипинг“  волтаметрија. Со 
примена на оптимални услови и со употреба на квадратно-бранова атсорптивна стрипинг 
волтаметрија на BDD-електрода, определувањето на ADQ беше извршено на + 0,34 V при 
отворено електрично коло во Бритон-Робинсонов пуфер со рН од 8,00 и во присуство на 2·10–4 mol 
l–1 SDS. Аналитичките параметри покажаа линеарна зависност од концентрацијата на ADQ во 
подрачјето на концентрации на ADQ од 0,1 до 20,0 μg ml–1 (2,2·10–7 – 4,3·10–5 mol l–1), со граница 
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на детекција од 0,03 μg ml–1 (6,5·10–8 mol l–1). Предложениот метод може да се употреби за 
определување на содржината на ADQ во примероци на вода.  
 
Клучни зборови: amodiaquine (амодиакин); антималаричен лек; сурфактанти; дијамантска 
електрода што содржи примеси на бор; волтаметрија.  

 
 

1. INTRODUCTION 
 

Malaria is one of the oldest and most wide-
spread human infectious African diseases. It is con-
sidered one of the most fatal illnesses.1 Africa ac-
counts for the highest rates of infection and mortali-
ty, with nearly 94 % of the total malaria cases and 
deaths globally, particularly in the sub-Saharan Af-
rica.2 Every two minutes, a child dies from the dis-
ease.3 To this day, malaria is the leading cause of 
death in developing countries, infecting, on average, 
around 220 million people every year.4 The world 
witnessed 229 million malaria cases, which resulted 
in 409,000 deaths, in 2019 alone.2 This disease is 
caused by parasitic protozoans in the genus Plasmo-
dium, which are transmitted between vertebrate 
hosts by female mosquitoes in the genus Anopheles, 
which act as carriers.5 Plasmodium falciparum is 
one of the six infecting species and is responsible 
for almost 90 % of all malaria infections.6 This dis-
ease is life threatening but can be cured when diag-
nosis is made at an early stage with the use of the 
right eradication therapy, based largely on the type 
of infecting species and severity, age, and general 
health of the patient.7 

Amodiaquine (ADQ), known as 4-[(7-chloro-
quinolin-4-yl)amino]-2-(diethylaminomethyl) phe-
nol, is a Mannich base 4-aminoquinoline anti-
malarial pro-drug and is largely converted to the 
active metabolite desethylamodiaquine. It was 
FDA approved in 1948. ADQ differs from other 
types of quinolines such as chloroquine in that it 
has the same 7-chloroquinoline ring system but has 
a Mannich base side chain that contains a p-
hydroxyaniline aromatic ring, which changes the 
pKa, the lipophilicity, and the flexibility of the side 
chain.8 ADQ is therapeutically effective, treating 
malaria as well as chloroquine-resistant Plasmodi-
um falciparum malaria infections. In the past, 
ADQ was used as a prophylaxis for malarial dis-
eases but was found to be linked with severe cases 
of acute hepatitis and agranulocytosis associated 
with long-term use and thus was used as prophy-
laxis.7 Therefore, in 2006, the World Health Or-
ganization (WHO) recommended artemisinin-
based combination therapy (ACT) as global first-
line treatments for uncomplicated P. falciparum 
malaria. Five ACTs are recommended by the 

WHO, including Artesunate-Amodiaquine which 
is considered one of the best treatments to improve 
the efficacy and prevent the development of re-
sistance against Artesunate. This is due to the fact 
that Artesunate has an extremely rapid effect (in 
vitro studies show complete growth inhibition of 
all parasite stages within 2–4 h of exposure) and a 
short half-life, while the ADQ metabolite has a 
long half-life of several weeks.9 The mechanism of 
action of ADQ is targeting ferriprotoporphyrin 
(IX), also known as Heme, the toxic byproduct of 
hemoglobin. In other words, the drug inhibits the 
glutathione-dependent destruction of ferriproto-
porphyrin IX in the malaria parasite, leading to the 
accumulation of this harmful peptide that 
compromises the parasite’s survival.7,10 

A number of analytical methods have been 
applied for the determination of ADQ in various 
samples, such as high-performance liquid chroma-
tography (HPLC),11–14 liquid chromatography/mass 
spectrometry (LC/MS),15 nuclear magnetic reso-
nance (NMR),16 fluorimetry,17 conductometry,18 
spectrophotometry,19 potentiometry,20 and capillary 
electrophoresis.21–23 It is agreed that the analytical 
methods provide high precision and sensitivity to 
the analysis. However, they require long hours, 
prolonged extraction methods, skilled personnel 
for operation, and expensive equipment. On the 
other hand, electroanalytical techniques provide 
wide application areas for analysis in terms of sen-
sitivity, ease of use, and different alterations to 
electrodes to obtain suitable chemical selectivity. 
One of the most commonly used analytical ap-
proaches is voltammetry; it can be used as a means 
of complementary electrochemical analysis or an 
alternative to the analytical methods of analysis, 
with advantages of low-cost equipment, little to no 
prior treatment, rapid analysis, and rapid, repro-
ducible, and sensitive detection of analytes with 
redox active groups.24-26 

According to the literature, five studies have 
been reported on electroanalytical techniques for 
quantitative analysis of ADQ in which different 
types of modified electrodes have been used, such 
as hemin-modified carbon paste electrode (CPE) 
using square wave voltammetry (SWV),27 multi-
walled carbon nanotubes (MWCNT)-polymethyl 
orange modified glassy carbon electrode using dif-

https://en.wikipedia.org/wiki/Artemisinin-based_combination_therapy
https://en.wikipedia.org/wiki/Artemisinin-based_combination_therapy
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ferential pulse voltammetry (DPV),28 polyvinyl 
chloride (PVC) membrane sensors using potenti-
ometry,20 pencil graphite electrode (PGE) using 
DPV,29 and poly(calcein)-modified pencil graphite 
electrode using DPV.30 

Literature has shown that the use of surfactants 
enhances the analytical results in the field of electro-
chemistry and analytical chemistry. In electrochemis-
try, aside from the main function of surfactants in 
enhancing solubility (forming micelles), the decrease 
in liquid surface tension between two immiscible 
solutions, adsorption of surfactants on electrodes, and 
micelle aggregates can significantly change the redox 
potential, amplify the oxidation peak potential, and 
enhance the electron transfer kinetics process, selec-
tivity, and sensitivity of the electrochemical analy-
sis.31–33 Numerous studies have been conducted using 
electroanalytical techniques with boron-doped dia-
mond (BDD) electrodes for the purpose of testing an 
analyte with its opposite charged surfactant. This aid-
ed in the adsorption of the analyte to the surface of 
the electrode.34–42 

The selection of the working electrode is es-
sential in the fabrication of an electrochemical sen-
sor because the electrode type significantly affects 
the sensitivity, cost, stability, and selectivity.29,43 
The BDD electrode is a chemically modified, in-
novative electrode material that offers a wide range 
of work in the electrochemistry field. It provides 
high functioning properties and results when com-
pared with other types of electrodes. This distinc-
tive electrode offers remarkable features, such as 
wide potential working window (both cathodic and 
anodic direction), low background current, low 
signal-to-noise ratio, large surface-to-volume ratio, 
and reproducible electrochemical analysis.44–46  

To the best of our knowledge, the BDD elec-
trode has not yet been used in the voltammetric 
determination of ADQ. The aim of the study is to 
develop a simple voltammetric procedure for the 
determination of ADQ using the BDD electrode in 
the presence of the anionic surfactant SDS and ap-
ply it to measure ADQ levels in tap water samples. 
 

2. EXPERIMENTAL 
 

2.1. Chemicals 
 

ADQ (as dihydrochloride dehydrate salt, 
ReagentPlus® 99.73 %) in its pure form was sup-
plied from ChemScene LLC (USA) and used for 
analysis without further purification. The stock 
solution of ADQ of 1.0 mg ml–1 (adjusted by the 
supplied form) and all other solutions were pre-
pared by dissolving in deionized water using the 

Millipore Milli-Q system (Millipore, resistivity ≥ 
18.2 MΩ cm) and stored in cylindrical tubes under 
refrigeration to prevent degradation while not in 
use. Britton-Robinson (BR) buffer (0.04 mol l–1, 
pH 2.0–11.0) was prepared by using analytical-
grade reagents (boric, acetic, and orthophosphoric 
acids) and purified water. The stock solution of 
ADQ was diluted prior to use with a supporting 
electrolyte at selected pH for the preparation of 
working solutions in calibration studies and the 
sample analysis. The surfactants tested were of the 
anionic type, sodium dodecyl sulfate (SDS, 90%, 
Merck), non-ionic type (Tween 20), and cationic 
type, cetyltrimethylammonium bromide (CTAB, 
99 %, Sigma). Stock solutions (1 × 10–2 mol l–1) of 
SDS and Tween 20 were prepared in water, while a 
water-methanol mixture (90:10, v/v) was used for 
CTAB. All voltammetric measurements were per-
formed three times under working conditions.  

 
2.2. Apparatus and measurements 

 
The comprehensive electrochemical meas-

urements were done using μAutolab type III 
(Metrohm Autolab B.V., The Netherlands), operat-
ed through GPES software (Version 4.9). Cyclic 
voltammetry (CV) and square-wave voltammetry 
(SWV) techniques were implemented for the pri-
mary studies to investigate the ADQ electrochemi-
cal behaviour. Square-wave adsorptive stripping 
voltammetry (SW-AdSV) was used in the presence 
of surfactants for the development of an electroan-
alytical method and quantification of ADQ in the 
samples. The resultant peak signals in the square 
wave (SW) voltammograms were corrected using 
the Savicky-Golay algorithm to smooth out the 
signals and baseline corrected by a moving average 
algorithm (peak width of 0.01 V).  

All voltammetric measurements were per-
formed in a three-electrode conformation single 
compartment glass cell (volume of 10 ml) main-
tained at 25 ± 1 ℃. This cell consisted of a com-
mercially available BDD working electrode (with a 
diameter of 3 mm and boron content of 1000 ppm, 
Windsor Scientific Ltd., UK), a platinum wire aux-
iliary electrode, an Ag/AgCl reference electrode (3 
mol l–1 NaCl, model RE-1, BAS, USA). A pH me-
ter (model WTW inoLab pH 720 m) with a com-
bined glass-reference electrode was used for the 
pH value measurements. 

At the beginning of each laboratory day, the 
surface of the BDD working electrode was pre-
treated electrochemically using CV or SWV to en-
sure sensitivity and repeatable measurements. An-
odic activation (+1.8 V for 180 s) followed by ca-
thodic activation (–1.8 V for 180 s) was applied in 
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0.5 mol l–1 H2SO4 as recommended in the 
literature.33,47,48 Afterwards, a mechanical cleaning 
step was performed following the two activation 
steps and also between every individual measure-
ment taken. In this manner, the surface of the elec-
trode was gently rubbed against a smooth damp 
polishing cloth manually in a circular steady pat-
tern for less than a minute and then rinsed with 
deionized water.  

To begin with, the CV technique was em-
ployed to study the electrode reaction mechanism 
and overall electrochemical behaviour of ADQ. 
Later, SW-AdSV was used to investigate the most 
suitable optimization conditions, such as the sup-
porting electrolyte at different pH values, surfac-
tant content, accumulation period, surface pre-
treatment, interfering compounds, practical appli-
cation, and calibration for ADQ determination. 

For quantification of ADQ using SW-AdSV, 
a three-electrode setup was immersed in a voltam-
metric cell containing the required aliquot of the 
ADQ working solutions and BR buffer at pH 8 in 
the presence of 2·10–4 mol l–1 SDS. The selected 
pre-concentration potential (open-circuit condition) 
was applied while the solution was stirred at 500 
rpm. Following a fixed rest period (10 s) for the 
solution to reach equilibrium, anodic scanning was 
applied from 0.0 to +1.3 V in the alkaline solution. 
This protocol was utilized for the successive meas-
urement for each analytic parameter. All measure-
ments were performed in triplicates, and the de-
termination of ADQ in the samples was made in 
accordance with the standard addition method. 

The optimized parameters using SW for the 
sample analysis were as follows: frequency of 50 
Hz, pulse amplitude of 50 mV, and step potential 
of 12 mV. 

 
2.3. Sample preparation 

 
The tap water was sampled from the analyti-

cal laboratory (Van Yuzuncu Yil University, Fac-
ulty of Pharmacy, Van, Turkey), analyzed with no 
further pretreatment. The tap water sample (9 ml) 
was pipetted into a test tube and then spiked with 
the standard working solution of ADQ (1 ml of 1 
mg ml–1). After mixing the test tube for 5 min, the 
sample (0.5 ml) was pipetted into an electrochemi-
cal cell and filled up to 10 ml with the selected 
supporting electrolyte (BR buffer at pH 8 in the 
presence of 2·10–4 mol l–1 SDS). The prepared so-
lution was analyzed by the SW-AdSV technique. 
Then, respective volumes of the standard solutions 
of the compound were added to the mixture, and 
the analysis was undertaken. The ADQ content in 
the sample was determined by using the standard 

addition method in which six standard additions 
were added. Consequently, SW-AdS voltammo-
grams were recorded after each addition. 
 

3. RESULTS AND DISCUSSION 
 

3.1. Cyclic voltammetry on the BDD electrode 
 

The CV technique was executed to study the 
reaction kinetic mechanism and overall electrochem-
ical behavior of ADQ. The cyclic voltammogram 
showed the result of the redox behavior on the sur-
face of the BDD electrode for 100 μg ml–1 ADQ in 
BR buffer pH 8.0 without the presence of the surfac-
tant. As shown in Figure 1A, at a scan rate of 100 
mV s–1, the cyclic voltammogram recorded three suc-
cessive readings and showed a quasi-reversible elec-
tron transfer. The oxidation system of ADQ dis-
played a pair of redox peaks, which might be related 
to the presence of a hydroxyl group.  

 
 

 
 

Fig. 1. The repetitive CVs at the scan rate of 100 mV s–1 for 
100 μg ml–1 amodiaquine (A) and CVs at different scan rates 

(10, 25, 50, 75, 100, and 200 mV s–1) for 100 μg ml–1 amodia-
quine (B) on the BDD electrode in BR buffer at pH 8.0.  

A: Arrow indicates order of the recorded scans; dashed lines 
represent background current 
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ADQ is converted by a two-electron oxida-
tion reaction into the quinoneimine form (ADQ-
2H), as can be seen in Scheme 1.49 During the CV 
anodic scan from –0.50 to +1.40 V, ADQ exhibited 
a broad oxidation signal at about +0.48 V. Similar-
ly, in the cathodic scan (reverse scan), ADQ exhib-
ited a broad reduction signal at about +0.05 V. No 
important change was obtained in the second and 
third cycle of the three successive recordings, 
which might be due to the diffusion phenomenon 
that plays a major role on the electrode surface.  

The effect of the potential scan rate (υ) on 
the oxidation peak current (ip) of 100 µg ml–1 ADQ 
in BR buffer pH 8.0 was investigated by CV for 
the electrochemical determination of the electrode 
surface kinetics. As shown in Figure 1B, using a 
scan rate range of 10 to 200 mV s–1 (n = 6), the 
oxidation peaks of ADQ slightly shifted toward 
more positive potential values with increased scan 
rate. Also, the oxidation peak current (ip) showed a 
linear relationship to the square root of the scan 

rate (v1/2) using the equation ip (µA) = 0.449 v1/2 
(mV s−1) – 0.043, r = 0.995. To better understand 
the ADQ oxidation on the BDD electrode, plots 
were constructed between the log ip and log ν. In 
this case, a linear relationship was also achieved as 
follows: log ip (µA) = 0.467 log v (mV s−1) ‒ 
0.294, r = 0.982. Moreover, the reduction peak 
current (ip) showed a linear relationship to the v1/2 
as follows: ip (µA) = 0.141 v1/2 (mV s−1) + 1.839, r 
= 0.989. Similarly, plots were constructed between 
the log ip and log ν of the reduction signal and a 
linear relationship was also attained as follows: log 
ip (µA) = 0.249 log v (mV s−1) ‒ 0.147, r = 0.943. 

In conclusion, based on the obtained results, 
we can theorize that the electro-oxidation of ADQ 
is mainly controlled by a diffusion-based mecha-
nism on the surface of the BDD electrode. A simi-
lar surface behavior has been reported for the volt-
ammetric analysis of ADQ on various carbona-
ceous electrodes.28–30 

 
 

 
 

Scheme 1. The proposed mechanism for the oxidation of amodiaquine (ADQ) 
 
 
3.2. SW voltammetry in the presence  

and absence of a surfactant 
 

The above CV voltammogram illustrated re-
versible peaks of ADQ on the BDD electrode in 
BR buffer at pH 8.0; this result motivated further 
work to assemble a methodology for ADQ deter-
mination by using SWV approach as a pulsed volt-
ammetric technique, more sensitive than CV. Fur-
thermore, the initial investigation was to study the 
effect of the solution pH and acidity on the electro-
oxidation behavior of our analyte as well as its ef-
fect on the resultant peak currents using SWV anal-
ysis. Furthermore, SW voltammetric measurements 
were carried out on 10 μg ml–1 ADQ in the potential 
range from 0.0 to +1.4 V, and the pH effect was 
assessed over a pH range of 2.0 to 11.0 of the BR 
buffer solution in the absence of surfactants. 

ADQ SW voltammograms displayed single 
anodic peak patterns throughout the BR buffer so-

lutions ranging from pH 2.0 to 11.0, as shown in 
Figure 2. Additionally, when increasing the pH of 
the solution, the peak potential shifted to the more 
negative direction. This suggests that the oxidation 
of ADQ on the surface of the BDD electrode is pH 
dependent. Moreover, a significant increase in the 
peak current was noticed when increasing the solu-
tion pH from 2.0 to 4.0. Then, the peak current 
slightly decreased using pH 5.0. Furthermore, after 
pH 5, the peak currents began to rise with increasing 
solution pH until it reached pH 8.0. The ADQ peak 
currents decreased at pH values from 9.0 to 11.0, 
and at pH 11.0 having the lowest peak current.  

Hawley et al. explained the pKa values of 
ADQ; pKa1 ~ 8.14 and pKa2 ~ 7.08, which corre-
spond to the side chain terminal diethylamine ni-
trogen and the first proton reaction involving the 
quinoline nucleus, respectively.50 This confirms 
that ADQ is a diprotic weak base that works best in 
a neutral and alkaline pH solution. 
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Fig. 2. SW voltammograms for 10 μg ml–1 amodiaquine in BR 
buffer pH 2.0–11.0 on the BDD electrode. Accumulation pa-
rameter 30 s at the open-circuit condition; SWV parameters: 
frequency, 50 Hz; step potential, 8 mV; pulse amplitude, 30 

mV. A: Inset represents the plot of Ep vs. pH 
 
 
The correlation between the anodic peak po-

tential and the solution pH value (2.0–11.0) 
showed a linear relationship between the pH and 
the Ep (Fig. 2 inset). This could be understood by 
using the linear regression equation of Ep(V) =      
–0.080 pH + 1.039, with a correlation coefficient 
of r = 0.998. The slope 80 mV/pH over the pH 
value range of 2.0 to 11.0 was found to be close to 
the Nernstian slope value (59 mV/pH), which, ac-
cording to literature, suggests the participation of 
equal ratios of protons and electrons in the rate 
determining step of electronic transfer as well as 
electro-oxidation of ADQ at the BDD electrode.28–

30 Correspondingly, the proposed mechanism for 
the electrochemical oxidation of amodiaquine is 
presented in Scheme 1.49 

Moreover, BR buffer at pH 8.0 was selected 
as the most suitable medium due to obtaining the 
highest peak current compared to the others. This 
pH was fixed for all subsequent electrochemical 
experiments. 

For the next step in assembling a methodol-
ogy for ADQ determination, we focused on three 
types of surfactants; SDS (anionic), CTAB (cation-
ic), and Tween 20 (non-ionic) to obtain the highest 
peak current for the ADQ oxidation process. 
Therefore, a fixed ADQ concentration of 15.0 μg 

ml−1, BR buffer solution at pH 8.0, and 2·10–4 mol 
l–1 of each surfactant was used separately for the 
purpose of testing the effect of different types of 
the surfactants (data not shown). First of all, the 
effect of the surfactants was tested with (accumula-
tion time of 30 s at the open-circuit condition) and 
without accumulation, and it was determined that 
under the accumulation parameters, the highest 
peak current of ADQ was obtained. Thus, subse-
quent experiments were performed under accumu-
lation. SW-AdS voltammograms of Tween 20 and 
CTAB containing solutions showed no alteration in 
the peak current of the ADQ signal. This might be 
due to electrode fouling that happens in the unfa-
vorable interaction between the fouling agent and 
the electrode surface.51 Moreover, the addition of 
SDS to the solution contributed to the enhance-
ment of the oxidation peak current of ADQ with a 
slight potential value shift toward a more positive 
direction.  

To increase the sensitivity of the voltammet-
ric method, the effect of the SDS concentration in 
the electrolyte solution BR buffer (pH 8.0) on the 
peak current of ADQ was studied using the SW-
AdSV technique in the open-circuit condition (30 
s). It should be mentioned that in the potential 
range mentioned, there was no SDS oxidation pro-
cess involved. For this purpose, the ADQ concen-
tration was fixed at 15.0 μg ml−1, and SDS was 
added to the BR buffer solution at pH 8.0 within 
the range of 2·10− 5 mol l–1 to 3·10− 4 mol l–1. As 
seen in Figure 3, when increasing the SDS concen-
tration in the electrolyte solution, the intensity of 
the ADQ peak current increased gradually to the 
highest point up to the SDS concentration of 2·10−4 
mol l–1. Furthermore, at higher concentrations of 
SDS, no significant change occurred towards the 
peak current (Fig. 3 inset). Concerning the peak 
potentials, they shifted slightly to the more positive 
direction with SDS containing solutions. Another 
observation is the background current signals, 
which were lower with the addition of SDS in the 
electrolyte solution.  

As known, the critical micelle concentration 
(CMC) of SDS is approximately 8.2·10−3 mol l–1 at 
25 ℃ in the absence of any other additives.52 This 
states that SDS does not form micelles at lower 
concentrations, as it is the case in our study. Nev-
ertheless, in cases where the concentration is lower 
that the CMC of the surfactant, bilayers or hem-
imicelles (surface micelles) are formed on the elec-
trode surface that supports one (adsorption at the 
interface) of its properties.32,33 To summarize, the 
SDS concentration that was utilized for further an-
alytical investigation was 2.0·10−4 mol l–1, which 
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provided the highest peak current intensity and a 
high-resolution oxidation peak at + 0.38 V. Fur-
thermore, we establish that the BDD electrode in 
the presence of 2.0·10−4 mol l–1 SDS surfactant 
provided a minimum background current signal as 
well as sharper and well-defined oxidation peaks 
for ADQ. In this condition, the ADQ oxidation 
signals were at about 3.0 times higher compared to 
the surfactant free solution. 

 
 

 
 

Fig. 3. SW stripping voltammograms for 15 μg ml–1  
amodiaquine in BR buffer at pH 8.0 in the presence of different 
SDS concentrations (2.0·10–5 – 3·10–4 mol l–1) on the BDD elec-
trode. The signal peak without SDS is represented using dashed 
lines. Inset: plot of ip against the concentration of SDS. The 
other operating conditions are as indicated in Figure 2 

 
 

It should be noted that the SDS-containing 
solutions enhance the adsorption process as well as 
improve the sensitivity of this compound. The ef-
fect of the preconcentration/stripping conditions, 
such as the preconcentration time (tacc) and accu-
mulation potential (Eacc) for 10 mg ml–1 ADQ, was 
assessed under the chosen optimal experimental 
conditions (data not presented). The effect of the 
preconcentration time was evaluated against the 
resultant peak current signal in the range of 0 – 180 
s at the open-circuit condition. It was noticed that 
the peak currents increased until up to 30 s. After 
reaching this value, it remained constant. There-
fore, tacc of 30 s was selected for all the SW-AdSV 
experiments. The effect of the accumulation poten-
tial (Eacc) on the oxidation signal of ADQ was ex-
amined under open-circuit and different accumula-
tion potentials over the potential range from +0.1 
to +0.3 V. It was found that the anodic peak cur-
rent remained almost unchanged in the whole 
range, revealing that this parameter had no effect 
on the detection of ADQ; thus, the open-circuit 
accumulation was used. 

In SWV, the parameters frequency (f), pulse 
amplitude (ΔEsw), and step potential (ΔEs) were 

each explored on their own to achieve the highest 
possible oxidation peak current value and the best 
possible sensitivity. When one parameter was al-
tered, the other parameters remained stable. The 
value of f was calculated across a frequency range 
from 25 to 125 Hz (assuming ΔEs and ΔEsw were 
held constant at 8 mV and 30 mV, respectively). 
The measured anodic peak current increased when 
the f value was increased. Nevertheless, for f 
higher than 50 Hz, a considerable broadening of 
the peak width was found. When applied to SW 
voltammetric responses, it has been found that this 
effect reflects an increase in the analytical selectiv-
ity. As an outcome, f = 50 Hz was used for the rest 
of the study. The impact of ΔEsw (remaining pa-
rameters: ΔEs = 8 mV, f = 50 Hz) on the oxidation 
peak current intensity was also investigated in the 
range from 20 to 60 mV. The oxidation peak cur-
rent values enhanced linearly with respect to 
ΔEsw in the test area. While ΔEsw improved to val-
ues greater than 50 mV, the SW voltammograms 
broadened significantly. While ΔEs was also exam-
ined from 6 to 14 mV, all the other variables were 
stable (f = 50 Hz, ΔEsw = 50 mV), and the observed 
voltammetric signal increased to 12 mV and then 
increased slowly from 12 to 14 mV. Nevertheless, 
the SW curves broadened at ΔEs values greater 
than 12 mV. Thus, ΔEs = 12 mV was selected. 
Consequently, the best SWV parameters on the 
BDD electrode were f = 50 Hz; ΔEs = 12 mV; and 
ΔEsw = 50 mV. 

 
3.3. Analytical application of amodiaquine using 

the BDD electrode in the presence of SDS 
 

With regard to the obtained results men-
tioned above, the SW-AdSV technique was evalu-
ated for ADQ determination in the surfactant me-
dia. Therefore, the calibration was performed on 
the BDD electrode by plotting the peak current 
against ADQ concentration using the previously 
mentioned optimized operating conditions in BR 
buffer pH 8.0 containing 2.0·10−4 mol l–1 SDS so-
lution. Figure 4 displays the SW stripping voltam-
mogram and the obtained calibration curve by sub-
sequent additions of ADQ in the range of 0.1 – 
20.0 μg ml–1 (2.2·10–7 – 4.3·10–5 mol l–1). It can be 
observed that the peak current at a potential of + 
0.34 V increased proportionally with increasing 
ADQ concentration to achieve a linear calibration 
plot expressed according to the following equation: 

 

ip (µA) = 0.292 C (µg ml–1) + 0.027 (r = 0.999, n = 9), 
 

where ip is the adsorptive stripping peak current, r 
is the correlation coefficient, and n is the number of 
experiments. 
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Fig. 4. SW stripping voltammograms for amodiaquine concen-
trations of (1–9) 0.1, 0.25, 0.5, 1.0, 2.5, 5.0, 7.5, 10.0, and 20.0 
µg ml–1 in BR buffer at pH 8.0 containing 2·10–4 mol l–1 SDS. 
Accumulation parameter 30 s at the open circuit condition; 
SWV parameters: frequency, 50 Hz; step potential, 12 mV; 
pulse amplitude, 50 mV. Inset shows the corresponding calibra-
tion plot of current vs. concentration of amodiaquine 

 
 

The sensitivity of the proposed methodology 
was evaluated using the limits of detection (LOD) 
and quantitation (LOQ) values. These two factors 
were calculated using the following equations:  

LOD = 3.3 s/m;   LOQ = 10 s/m, 
 

where s is the standard deviation of the peak 
current (10 measurements) of the lowest level of 
concentration of the calibration curve and m is the 
slope of the related calibration equation. LOD and 
LOQ were found to be 0.03 μg ml–1 (6.5·10–8 mol 
l–1) and 0.1 μg ml–1 (2.2·10–7 mol l–1), respectively. 

A comparison of the related analytical per-
formance and parameters of the present method 
and methods reported in literature for voltammetric 
determination of ADQ using various electrodes is 
presented in Table 1. As a result, we can conclude 
from the obtained data that the present voltammet-
ric method displays the highest sensitivity (ob-
tained from LOD result) compared to the previous 
electrochemical analysis methods for ADQ deter-
mination, although different techniques and modi-
fied electrodes were used. Also, the use of the 
BDD electrode in the presence of the surfactant 
provides us with a wide linearity concentration 
range for ADQ analysis showing advantageous 
analytical parameters. 

 
 

         T a b l e  1  
 

Comparison of the analytical performance of the proposed approach with the other previously  
reported electrochemical ADQ sensors in literature 

 

Electrode  Linearity range 
(mol l–1) 

LOD 
(mol l–1) 

Ref. 

PVC membrane sensors 3.2 × 10−6 – 2.0 ×10−2 – 20 
Hemin-based electrode 1.9 × 10−5 – 1.0 × 10−4 7.04 × 10−6 27 
MWCNT/PMO/GCE 1.0 × 10−7 – 3.5 × 10−6 8.90 × 10−8 28 
PGE 
Poly(CCN)/PGE 

1.0 × 10−9 – 2.0 × 10−7 

5.0 × 10−7 – 2.5 × 10−5 
3.0 × 10–4 

1.6 × 10−7 
29 
30 

BDD (in the presence of SDS) 2.2 × 10–7 – 4.3 × 10–5 6.5 × 10–8 This work 

                        PVC: poly (vinyl chloride); MWCNT: multi-walled carbon nanotube; PMO: polymethyl orange;  
                        GCE: glassy carbon electrode; PGE: pencil graphite electrode;  
                        Poly (CCN)/PGE: poly(calcein)-modified pencil graphite electrode; BDD, boron- doped diamond;  
                        SDS, sodium dodecyl sulfate 

 
 

To determine the precision of the developed 
method, the intra-day (ten replicates) as well as 
inter-day (three days) evaluation by repetitive 
measurements of 0.1 μg ml–1 ADQ in BR buffer 
pH 8.0 containing SDS was examined under simi-
lar conditions. The relative standard deviation 
(RSD) values were found to be 5.39 % and 6.26 %, 
respectively. These data suggested that the BDD is 
a suitable electrode material for the determination 
of the ADQ drug. It showed repeatable results, in-
dicating the electrode’s stability and sensitivity for 
ADQ analysis in real samples. 

It should be mentioned that the presence of 
electroactive species may interfere with the signal of 
the tested drug in the environmental samples. The 
selectivity of ADQ determination on the BDD elec-
trode was evaluated based on the presence of several 
ions mostly present in water samples by monitoring 
the change in the peak current of ADQ when these 
interfering compounds were added to 1 μg ml–1 
(2.2·10–6 mol l–1) ADQ at the concentration ratios of 
1:1, 1:10, and 1:100 (ADQ: interfering compound) 
under the same optimized experimental conditions. 
The tolerance limit was set to a concentration that 
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produced an average error of ±5 % in the oxidation 
peak current of ADQ. The results revealed that the 
effect of 100-fold excess the cations and anions (K+, 
Na+, Mg2+, Ca2+, Cu2+, Fe3+, Al3+, Cl-, SO4

2-, NO3
-, 

PO4
3-) concentrations had no meaningful influence 

on the oxidation peak current of ADQ. The results 
show that the proposed method presents good selec-
tivity and offers the possibility for its applicability 
to the water samples.  

Lastly, the practical applicability of the de-
veloped approach was tested by measuring ADQ in 
tap water samples. The same previous optimization 
conditions with the selected pH and surfactant 
were used. For tap water application, 0.5 ml of tap 
water was added to 10 ml of the sample solution in 
the voltammetric cell with the addition of ADQ 
using the standard addition method of concentra-
tions ranging from 1 to 20 μg ml–1.  

Figure 5 displays the representative stripping 
voltammograms for the analysis of tap water (with 
spiked concentrations of 5.0 µg/ml in the voltam-
metric cell). As the result shows, an oxidation peak 
was observed at +0.35 V. Also, the intensity of the 
peak increased proportionally with increasing con-
centration of ADQ by using the standard addition 
method of six measurements (as shown in the inset 
of Fig. 5), resulting in a linear calibration plot: ip 
(μA) = 0.236 C (μg ml−1) + 1.215 (r = 0.990). This 

electrochemical analysis using the developed ap-
proach for ADQ determination suggests satisfacto-
ry results in terms of the recovery percentage in tap 
water and relative standard deviation (RSD) value. 
As shown in Table 2, good recovery as well as 
RSD values demonstrate the potential application 
of this proposed method for routine and/or envi-
ronmental analyses for direct determination of 
ADQ in complex real environmental samples.  

 
 

 
 
Figure 5. SW stripping voltammograms for ADQ in tap water 
(dashed line) and after standard additions of 1.0, 2.5, 5.0, 7.5, 
10.0, and 20.0 μg ml−1 amodiaquine in BR buffer at pH 8.0 

containing 2·10–4 mol l–1 SDS on the BDD electrode.  
The other operating conditions are as indicated in Figure 4 

 
 
                          T a b l e  2  

 
Analysis of tap water samples spiked with ADQ standard solutions 

using the proposed voltammetric method 
 

Addeda 
(µg ml–1) 

Expecteda 
(µg ml–1) 

Founda,b 
(µg ml–1) Recovery (%) ± RSD (%) 

0 5.00 5.14 102.8± 3.48 
1.0 6.00 6.48 108.0 ± 4.22 
2.5 7.50 6.93 92.4 ± 3.87 
5.0 10.00 9.48 94.8 ± 3.64 

  a Concentration in the measured solution. 
  b Average of three replicate measurements. 

 
 

4. CONCLUSION 
 

The electrochemical analysis of ADQ in the 
existing literature is based on the application of the 
modified or non-modified form of carbonaceous 
electrodes. In this study, electrochemical determi-
nation of ADQ was evaluated by using a non-
modified BDD electrode with the use of the SW-
AdSV technique for the development of a simple 
electroanalytical method for ADQ determination in 
tap water samples. The results showed one quasi-

reversible and diffusion-controlled anodic peak of 
ADQ using CV at a positive potential of about 
+0.48 V and a cathodic peak at +0.05 V in BR pH 
8.0 as the supporting electrolyte. Also, analytical 
parameters evaluated showed high sensitivity with 
a LOD of 6.5·10–8 mol l–1 and good reproducibility 
(RSD of 5.39 %). The results obtained from this 
study can provide vital information about the be-
havior and electroanalytical application method of 
ADQ in the presence of a surfactant using a BDD 
electrode. 
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