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Abstract: For the fast and simple sensing of the arsenic drug roxarsone (ROX), the development of a
glassy carbon electrode (GCE) modified with cationic surfactant (cetyltrimethylammonium bromide,
CTAB) material is critical. The CTAB-modified glassy carbon electrode, in contrast to the unmodified
one, showed excellent behavior for electrochemical reduction of ROX using cyclic voltammetry (CV)
and square-wave adsorptive stripping voltammetry (SWAdSV) techniques. CV studies reveal an
irreversible reduction process of NO, to NH-OH in the ROX molecule in NaAc-HAc buffer (pH = 5.6).
The electrode material was characterized using CV and electrochemical impedance spectroscopy. The
experiments show that the surfactant-modified material has faster electron transfer and a higher active
surface area, and permits a diffusion-adsorption-controlled process. After optimization, the SWAdSV
procedure with GCE/CTAB has linear ranges of 0.001-0.02 and 0.02-20 uM, and a detection limit of
0.13 nM. Furthermore, the procedure successfully determined roxarsone in river water samples.

Keywords: roxarsone; glassy carbon; cation surfactant; square-wave adsorptive stripping voltammetry;
river water

1. Introduction

The arsenic drug roxarsone (ROX, 3-nitro-4-hydroxyphenyl arsenic acid) was widely
used in poultry farming. It can promote animal growth, exhibits an anti-coccidian effect
against the intestinal parasites and cures dysentery [1-3]. ROX is excreted by animals and
degraded into toxic metabolites. The toxicity of ROX is increased through biotic and abiotic
pathways when it is transferred into inorganic arsenic (As(IlI) and As(V)). Therefore, ROX
can cause risks to human health and the environment. For this reason, in 1999 ROX was
banned in the European Union [4]. In the U.S,, it has not been officially banned by the Food
and Drug Administration (FDA), but the ROX manufacturer Pfizer stopped its production
in 2011 [5]. In 2019 China, one of the world’s largest producers of poultry and swine, also
banned the use of ROX in animal feed [6]. However, ROX is still used in many parts of
Asia, in Canada, and in South American countries [5,7].

Gas chromatography and high-performance liquid chromatography are the main
methods used for the ROX determination [8,9]. However, these tools are costly, requiring
a time- and reagent-consuming sample preparation and analysis step. Moreover, they
are laborious and are not suitable for on-site analysis. Electrochemical techniques are
sensitive, relatively cheap and portable, and could be alternative analysis techniques to the
conventional tools. Nonetheless, there are few reports in which electrochemical techniques
are applied for ROX analysis [10-18].

In the present study, we have described a fast and simple electrochemical procedure
for the determination of ROX in environmental water samples using a cationic surfactant-
modified glassy carbon working electrode material in conjunction with square-wave adsorp-
tive stripping voltammetry (SWAdSV). Surfactant molecules are amphiphilic in character,
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with a hydrophilic group that is compatible with water on one end and a long hydrophobic
tail. As regards the surfactant properties (mainly adsorption at interfaces and aggregation
into supramolecular structures) in electrochemistry, many uses have been reported [19-22].
Surfactant adsorption may occur due to the electrostatic interaction, van der Waals interac-
tion and solvation and desolvation of adsorbate and adsorbent species [22].

The effects of different types of surfactants, namely anionic, nonionic and cationic
ones, on the reduction of ROX were examined. It was established that a cationic surfactant
(cetyltrimethylammonium bromide, CTAB) adsorbed on a glassy carbon (GC) surface,
which made it possible to obtain a large and active surface area and a significant increase
in the reduction signal of ROX. The ROX reduction process at the CTAB-modified glassy
carbon electrode (GCE/CTAB) was studied using various techniques, such as cyclic voltam-
metry (CV), electrochemical impedance spectroscopy (EIS) and square-wave adsorptive
stripping voltammetry.

2. Materials and Methods
2.1. Reagents and Apparatus

Ultrapurified water (>18 MW cm, Milli-Q system, Millipore, UK) was used to prepare
the solutions. To prepare 10 and 1 mM solutions of roxarsone (AK Scientific, Union
City, CA, USA), 96% ethanol solution (Merck, Darmstadt, Germany) was used. Sodium
dodecyl sulphate (SDS), Triton X-100 and cetyltrimethylamonnium bromide (CTAB) were
obtained from Merck. An acetate buffer solution (NaAc-HAc) made with CH3COONa and
CH3;COOH (Merck, Darmstadt, Germany) of pH 5.6 was used for analysis of ROX. For
interference studies, standard solutions of Fe3*, Ni2*, Pb%*, Cd%*, Zn%*, Sb3*, Cu?*, NO, ~,
NO3~, CI~ and PO43~ (Merck, Darmstadt, Germany) were used. River water samples
from the Bystrzyca River (Lublin, Poland) were spiked with appropriate concentrations of
ROX and filtered using a 0.22 um Millipore filter.

An pAutolab analyzer with GPES 4.9 and FRA 4.9 software (Eco Chemie, Utrecht,
Netherlands) was applied to perform the electrochemical experiments. The CTAB-modified
GCE (diameter of 1 mm), Ag/AgCl (3M KCl) and Pt wire were used as the working, refer-
ence and auxiliary electrodes, respectively. The electrode surface cleaning was performed
using silicon carbide paper (SiC-paper, #2000, Buehler, Skovlunde, Denmark), alumina
particle suspension (0.3 um), a Buehler polishing pad and an ultrasonic bath (InterSonic,
model IS-2, Olsztyn, Poland).

2.2. Preparation of GCE/CTAB and ROX Analysis

The GCE surface was covered with CTAB during voltammetric measurements. The
0.075 M NaAc-HAc (pH = 5.6), 40 mg/L CTAB solution and a specified volume of the
standard ROX solution or sample were added to 10 mL of the electrochemical cell. In the
first stage, a potential of 0.5 V was applied for 10 s in order to electrochemically clean
the electrode surface. Then, without applying the potential and stirring the solution, the
electrode was left in the test solution for 90 s. In this step, the accumulation of CTAB and
ROX onto the electrode surface takes place. Square-wave adsorptive stripping voltammo-
grams were registered from 0 to —1.1 V with a frequency (f) of 350 Hz, a square-wave
amplitude (Esw) of 50 mV and a step potential (AE) of 18 mV. For each voltammograms the
background curve was subtracted and the baseline was corrected.

3. Results and Discussion
3.1. GCE/CTAB Sensor Characteristics

The effect of different types of surfactants, such as SDS (anionic), Triton-X 100 (non-
ionic), and CTAB (cationic), on the reduction signal of ROX was studied. The peak current
and peak potential of the analyte depended on the type and amount of surfactant in the
supporting electrolyte. Among the studied surfactants used in the present work, 10 mg/L
of SDS and Triton-X 100 caused a decrease in peak intensity (to 69.3 and 75.4% of their
original values, respectively), while 10 and 40 mg/L of CTAB enhanced the ROX peak
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current intensity to 135.4 and 164.0% of its original value, respectively (Figure 1A). The
CTAB formed a layer on the electrode surface with a high density of positive charges
focusing on the exterior of the electrode surface. Therefore, molecules in anionic form
are electrostatically attracted to the surface of the electrode [19-22]. According to the
literature data [23] ROX has three pK, values in aqueous solution (3.49, 6.38 and 9.76) and
in acidic medium of pH 5.6 exists in mono-anion form. Therefore CTAB may improve, SDS
may repel and Triton X-100 may hinder the ROX accumulation. Consequently, CTAB was
selected for further experiments. Figure 2B demonstrates the variations in the ROX peak
current intensity with the changing CTAB concentration (0-70 mg/L). The ROX analytical
signal increased with the CTAB concentration up to 40 mg/L, and then the signal slowly
decreased when the amount of CTAB increased. This signal increase was related to the
formation of a positively charged CTAB adsorbent layer on the surface of the GCE electrode,
which was confirmed using the differential capacity curves obtained without and in the
presence of CTAB in the solution (Figure 1C). As can be seen, the signal of CTAB adsorption
on the electrode surface (around —0.5 V) increases with increasing concentration of CTAB.
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Figure 1. (A) SWV curves of 5 uyM ROX in 0.05 M NaAc-HAc buffer (pH = 5.6) recorded without
(a), and in the presence of 10 mg/L (b) and 40 mg/L CTAB (c). (B) The relationship between CTAB
concentration and 5 uM ROX peak current intensity. (C) The differential capacity-potential curves
of the double-layer interface GCE/ NaAc-HAc buffer (pH = 5.6) in the presence of 0, 10 mg/L and

20 mg/L CTAB (frequency of 200 Hz). The solution was stirred for 60 s before each measurement.
The standard deviation was calculated for n = 3.
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Figure 2. (A) CV curves of 5.0 mM Kj[Fe(CN)g] in 0.1 M KCl at the GCE and GCE/CTAB (v of
500 mV/s). (B) The relationship between I, and v!/2 at the GCE/CTAB (a) and GCE (b). (C) Nyquist
diagrams of the GCE and GCE/CTAB.
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The CTAB surface modification mechanism was supported by electrochemical
impedance spectroscopic (EIS) and cyclic voltammetric (CV) studies. The CV curves
of 5.0 mM Kj[Fe(CN)¢] as redox probe in 0.1 M KCl at the GCE and GCE/CTAB (v of
500 mV/s) are presented in Figure 2B. The GCE/CTAB displays enhancement in oxidation
current response (Fe?" to Fe3*) compared to the GCE (18.4 vs. 15.4 uA, respectively). This
result indicates that the active sites of the GCE increases after surface modification with
surfactant. To confirm these results, the active surface areas (A;) for these electrodes were
specified. The plot of I, versus v1/2 (Figure 2B, v of 5.0—500 mV /s) demonstrates linearity
with an 7 value of 0.9944 for the GCE and 0.9997 for the GCE/CTAB. The A, values of these
electrodes were calculated considering the slope of I, (anodic peak current) versus v1/2
(square root of the v) based on the Randles—Sevcik equation [24]. The A; is the maximum
for the GCE/CTAB (0.728 mm?) in comparison with the GCE (0.601 mm?). Moreover,
modification of the GCE surface with CTAB causes an acceleration of the electron transfer
kinetics, as seen in the values of relative peak separation (x°) (2.0 for the GCE and 1.4 for
the GCE/CTAB, v of 500 mV/s). Figure 2C presents the Nyquist plots where the diameter
of the semicircle is proportional to the charge transfer resistance (R.). From the plots, it
is clear that the GCE/CTAB exhibits a smaller semicircle (R¢s of 27.8 Q) cm?) in compar-
ison with the GCE (R of 41.4 Q cm?), indicating the synergistic effect of conductivity
due to the CTAB-adsorbed layer promoting a rapid electron transfer in the redox probe
([Fe(CN)6]*~/27).

3.2. Electrochemical Behaviour of ROX

Figure 3A illustrates the CV curves at the GCE/CTAB for three different scan rates (v
of 300, 400 and 500 mV/s) and 5 pM ROX. As can be seen, the cathodic peak associated
with ROX reduction slightly shifts to more negative potentials with the v increase. The lack
of an anodic peak confirms the irreversible behavior of ROX at the GCE/CTAB. As shown
in Figure 3B, a linear relationship (r = 0.9962) between the ROX reduction peak current (I,)
and the square root of the scan rate (v'/2) is observed, which suggests that the electrode
reaction is a diffusion-controlled process. Moreover, in Figure 3C the relationship between
log I, and log v (r = 0.9961) is presented. The slope value of 0.67, higher than the theoretical
value of 0.5, suggests a mixed, diffusion-adsorption-controlled process [25]. Additionally,
the relationship between the reduction peak potential of ROX (E,) and log v (Figure 3D)
was examined. Then, using the obtained slope and Laviron’s equation [26], the number of
electrons involved in the ROX electrochemical reduction process at the GCE/CTAB sensor
was calculated. The received value of 4.07 suggested that four electrons were involved in
the ROX reaction. According to the literature data [27,28], electrochemical reduction of
nitroaryls can yield nitroso compounds, hydroxylamines and anilines as products. In each
of these steps, 2 e~ /2 H" are involved. Summing up, the ROX signal at the GCE/CTAB
(peak potential around —0.5 V) in NaAc-HAc buffer (pH = 5.6) comes from the irreversible
reduction process of NO, to NH-OH in the ROX molecule (Figure 4).

Moreover, the electrochemical behavior of 5 uM ROX at the GCE/CTAB at various
types and pH values of the supporting electrolyte in the presence of 40 mg/L CTAB was
studied (Figure 5A). As can be seen (Figure 5B,C), the peak current intensity and peak
potential values depend on the pH but also on the composition of the electrolyte, which is
related to its ionic strength. The potential of ROX reduction changes in different pH values,
which means that protons take part in the reduction process of ROX. The highest signal with
the most negative peak potential was obtained in 0.05 M NaAc-HAc buffer of pH = 5.6, so
this supporting electrolyte was used in further experiments. Moreover, the effect of the
NaAc-HAc buffer concentration on the 5 uM ROX signal was examined (Figure 5D). The
highest signal was obtained for the 0.075 M NaAc-HAc buffer concentration. Therefore,
since then this concentration value was considered as optimal.
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Figure 3. (A) CV curves of 5 uM ROX in 0.05 M NaAc-HAc buffer (pH = 5.6) and 40 mg/L CTAB at
the GCE/CTAB. The relationship between (B) I, and 1172 (v from 5 to 500 mV/s), (C) log I, and log v

and (D) E, and log v.
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Figure 4. Schematic reduction mechanism of ROX at the GCE/CTAB.
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Figure 5. (A) SWYV curves in different supporting electrolytes. The relationship between: (B) Iy
and pH, (C) E, and pH and (D) Isy and the concentration of NaAc-HAc buffer of pH = 5.6. The
experiments were performed for 5 uM ROX and 40 mg/L CTAB. The standard deviation was
calculated for n = 3.

3.3. Procedure Parameter Optimization Step

The CV studies indicated that the electroreduction process of ROX at the GCE/CTAB
is not purely diffusion- and adsorption-controlled. Therefore, the effect of the potential
and time accumulation of ROX on its signal was tested. It was found that the use of
potential values of —0.25, —0.5, 0, 0.1 and 0.25 V did not influence on the 0.05 uM ROX
signal. Therefore, the accumulation of ROX was performed in open circuit potential. After
electrochemical cleaning of the electrode surface (0.5 V for 10 s), the electrode was left in the
stirring solution for a certain period of time, so as to adsorb the CTAB layer onto the GCE
surface and accumulate ROX. As can be seen in Figure 6, the highest signal was obtained
without additional time for CTAB and ROX accumulation. However, the results are subject
to a huge error (RSD around 65%, n = 5). It was found that the 0.05 uM ROX signal
repeatability improves with increasing time. Moreover, the application of an accumulation
time of 90 s without solution stirring decreased the standard deviation of the peak current
intensity. In this case the RSD was equal to 0.7% for n = 3. Further extension of the time did
not increase the ROX signal or improve the repeatability.
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Figure 6. The relationship between Isyy and ¢ (CTAB and ROX accumulation time). * means time
without stirring the solution. The standard deviation was calculated for n = 3.

Additionally, the parameters of the signal recording procedure (SWV) were optimized.
First, the frequency (f) was changed in the range of 25-450 Hz, and the 1 uM ROX peak
current intensity was measured (Figure 7A). It was found that the signal increased with f up
to 350 Hz. This value of f was selected as optimal. The relationship between Isyy and SWV
amplitude (Egy) for the 1 pM ROX peak current was studied in the range of 25-125 mV
(Figure 7B). Based on the intensity of the ROX signal, Esy of 50 mV was selected. Lastly,
the relationship between Igyy and step potential (AE) was tested by changing the AE value
from 2 to 20 mV. The highest 1 pM ROX signal intensity was attained for the AE value of
18 mV (Figure 7C).
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Figure 7. The relationship between Iy and f (A) as well as Egyy (B) and AE (C) for the 1 uM ROX
peak current. The standard deviation was calculated for n = 3.
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3.4. Interference Studies

To explore the selectivity of the GCE/CTAB to ROX in environmental water samples,
several interferents were added to the supporting electrolyte (0.075 M NaAc-HAc buffer of
pH = 5.6 containing 40 mg/L CTAB and 1 pM ROX), and the results were investigated in
percentage change in the ROX peak current intensity. The concentration of the interferents
(Fe3*, Ni%*, Pb%*, Cd?*, Zn?*, Sb3*, Cu?t, NO,~, NO;3~, Cl~ and PO,3) was taken to be
10 times higher than ROX (Figure 8). As can be seen, the tested metal ions had a slight
influence on the ROX signal in the presence of 10 pM DTPA. The reason for this selectivity
is that the GCE/CTAB exhibited a higher adsorption capacity for ROX than for the studied
metal ions and DTAP-complexed metal ions. Moreover, the effect of other surfactants
(10 mg/L SDS and Triton X-100) on the ROX signal in the presence of 40 mg/L CTAB
was investigated (Figure 8). The high selectivity towards ROX in this case is connected
with CTAB modification of the electrode surface. CTAB counteracts surface blocking by
other surfactants.

250 —

-

(34

o
|

Relative signal [%]

0— ROX(Fe**)*Fe** Cd?* Zn** Cu** Ni?* Sb** Pb** NO,” NO,- CI- PO,* SDSTriton
X-100
Figure 8. Influence of 10 uM metal ions (Fe3*, Ni%*, Pb%t, Cd?*, Zn?*, Sb3*, Cu?*t, NO,~, NO; ~, Cl—
and PO437), 10 mg/L SDS and Triton X-100 on the 1 uM ROX signal. (Fe3*) * without DTPA, other
metal ions and surfactants in the presence of 10 uM DTPA in supporting electrolyte. The standard
deviation was calculated for n = 3.

3.5. SWAASV Determination of ROX

The wide linear calibration plots at the GCE/CTAB were registered in ROX concentra-
tions of 0.001-0.02 and 0.02-20 uM in 0.075 M NaAc-HAc buffer of pH = 5.6 containing
40 mg/L CTAB (Figure 9). The sensitivity of the sensor is 3.0 pA/nM from the linear
regression equation Isw [LA] = 3.0 crox [nM] 18.6 and the correlation coefficient r = 0.9907.
The limit of detection (LOD) and quantification (LOQ), calculated as LOD = 3SD, /b and
LOQ = 10SD, /b (SD;—standard deviation of intercept (n = 3); b—slope of calibration
plot), were 0.13 and 0.43 nM, respectively [29]. In Table 1 the SWAdSV procedure at the
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GCE/CTAB was compared with the other studies [8-17,28,30]. The current analytical
procedure has a lower LOD compared to gas chromatography and high-performance liquid
chromatography, and practically all electrochemical procedures. Only one described in
paper [17] offers a comparable LOD value, on the order of 0.1 nM. Comparing all described
analytical procedures, it can be concluded that the proposed SWAdSV procedure using the
GCE/CTAB sensor is more economic for ROX analysis. In this case, we have a quick and
simple procedure for ROX determination and preparation of the electrode itself. It is worth
emphasizing the low consumption of reagents and the possibility of conducting analyses
outside the laboratory.

(A) 24

I[uA]

| I |
0.2 -0.4 -0.6 0.8

E[V]

I =3.0% Gpop + 18.6
* 40 rp= 0.9907

I, =0.33* ooy + 270.6

A I 4 r=0.9909

1 ' 1
4 8 12 16 20
Crox [NMol L]

| | | I |
0 4000 8000 12,000 16,000 20,000

Crox [NMol L]

Figure 9. (A) SWAdSV curves at the GCE/CTAB in 0.075 M NaAc-HAc buffer of pH = 5.6 containing
40 mg/L CTAB and increasing concentrations of ROX (a—m, 0.001, 0.002, 0.005, 0.01, 0.02, 0.05, 0.1,
0.2,05,1,2,5,10, 20 uM); (B) Linear calibration plots of ROX. The procedure parameters: ¢ =90's,
f=350Hz, Esy =50 mV and AE = 18 mV. The standard deviation was calculated for n = 3.
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Table 1. Comparison of techniques used for ROX analysis.
Technique (Sensor) Linear Range (uM) LOD (uM) Ref.
QIT-MS-PEPD 0-0.38 0.010 [8]
HPLC-HG-AFS 0.011-0.034 0.0015 [9]
DPV (WS,;NSs/SPCE) 0.05-489.3 0.030 [10]
DPV (WS; NRs/N-rGOs/SPCE) 0.1-442.6 0.075 [11]
Amperometric method
(SRWO, NPs/GrO/GCE) 0.035-1816.5 0.022 [12]
DPV (MCPME) 3.8-190.0 0.19 [13]
DPV (CMCPE) 0.1-1.0 0.10 [14]
Amperometric method
(PrVO, /SPCE) 0.001-551.8 0.00004 [15]
DPV (2D-AC/GCE) 0.76-474.0 0.0015 [16]
DrV
0.00015-770 0.0001 [17]
(Tm-BTC MOF/GCE) 0.01-0.84 and 0.84-1130 0.002 [27]
PPV (CoMnz0,4-500) 0.025-2650 0.0124 [28]
DPV (LaMoO) ' '
SWAASV (GCE/CTAB) 0.001-0.02 and 0.02-20 0.00013 This work

The practicality of the SWAdSV procedure with the GCE/CTAB sensor was investi-
gated using ROX determination of spiked river water samples (Bystrzyca River, Lublin,
Poland). A defined volume of the spiked (0.02 and 2 uM of ROX) and filtered sample
was directly added to the electrochemical cell. The ROX determination was carried out
using the standard addition method. It is worth emphasizing that in the case of the tested
samples, there was no need to introduce DTPA into the solution in order to minimize
interference from metal ions. The recovery values were 107.5 and 96.7%, which confirm a
satisfactory degree of accuracy of the SWAdSV procedure at the GCE/CTAB. The results
reveal practical feasibility of glassy carbon modified with cationic surfactant as electrode
material for analysis of the arsenic drug ROX.

4. Conclusions

The SWAdSV procedure with the GCE/CTAB sensor displays a highly sensitive and
selective response towards the arsenic drug roxarsone (ROX) and gives wide linearity in
the ranges of 0.001-0.02 and 0.02-20 uM ROX in NaAc-HAc buffer (pH = 5.6) with the
sensitivity calculated as 3.0 pA/nM and a very low limit of detection of 0.00013 uM. The
CTAB adsorption onto the GCE surface causes a significant influence on the increase in
ROX peak current intensity (the presence of 40 mg/L of CTAB increases the signal to 164.0%
of its original value), the increase in active surface area (As of 0.601 mm? for the GCE and
0.728 mm? for the GCE/CTAB), the improvement of electron transfer kinetics (x° of 2.0 for
the GCE and 1.4 for the GCE/CTAB, v of 500 mV/s), and the decrease in charge transfer
resistance (Rt of 27.8 Q) cm? for the GCE/CTAB and 41.4 Q) cm? for the GCE). The proposed
simple and fast procedure can be used for practical analysis of ROX in environmental water
samples without the need for an initial complicated sample preparation step.
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