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The main goal of this paper is the optimization of the square wave voltammetric response of antimony film elec-
trode (SbFE) to determine reducible nitro groups using response surface methodology (RSM). The SbFE was pre-
pared on a glassy carbon electrode (GCE) while cathodic stripping square wave voltammetry (CSSWV) was used
as detection technique. In this study, the optimization process of solution pH and 4,6-dinitro-o-cresol (DNOC) ac-
cumulation time was carried out using a Central Composite Design (CCD) while a Box-Behnken Design for SWV
instrumental variables optimization. The two reduction current peaks were used as dependent variable to eval-
uate the performance of the system. For solution pH and DNOC accumulation time the optimization process con-
sidered only reduction current peak, while for SWV instrumental parameters (step, amplitude and frequency)
both the relationship between current peak and standard deviation with the different factors were analysed, fi-
nally both designs were quantitatively described by a multivariate regression model through the RSM. Further-
more, the optimal parameter combinations were obtained by maximizing the reduction current peak and
minimizing standard deviation within the studied experimental range. Under the optimal parameter combination,
a linear calibration curve ranged from (1.0 to 15) x 10~ mol L™ with a detection limit of 1.12 x 10~ mol L~! was
obtained. The proposed analytical procedure was further applied to detect DNOC in natural water samples with
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satisfactory results.
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1. Introduction

Among different electrochemical techniques, stripping voltammetry
plays an important role and has long been recognized as one of the most
powerful tool in trace and ultratrace analysis of heavy metals and some
organic compounds, due to its exceptional sensitivity in conjunction
with different electrode materials [1]. Moreover, electrochemical
methods are known for their relative simplicity, low-cost instrumenta-
tion and possibility of system integration and miniaturization. There-
fore, on-site testing can be carried out, such as environmental
monitoring, industrial control and measurements in specific and more
challenging environments, e.g. in vivo studies. It is well known that a
proper choice of the electrode materials is a crucial factor in assuring a
favourable performance of a stripping voltammetric procedure.

The search for new electrode materials and sensors surfaces is sys-
tematically pursued in modern electroanalytical chemistry. For decades
mercury electrodes has been providing the best characteristics for appli-
cation in electrochemical analysis of metals and some reducible organic
compounds. In recent years the use of mercury-based electrodes has
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been decreasing due to their toxicity and handling problems. Search
for new electrode materials or modifications of currently used materials
possibly replacing mercury electrodes and applicable for metallic and
organic analytes resulted in the introduction of antimony film elec-
trodes (SbFEs) [2]. In a relatively short time, these electrodes have
attracted much attention, which is reflected in the growing number of
special studies focused on the SbFEs [3]. This electrode was employed
successfully in electrochemical stripping analysis to determine metals
[4-21]. However, as far as we know there were only a few works that
use it for organic compounds i.e. sulfasalazine [22], pantoprazole [23],
food dyes allura red with tartrazine [24], tetracyclines [25], and triflura-
lin [26]. Trifluralin belongs to the class of so called dinitroaniline herbi-
cides and as the name suggests, it contains two nitro groups on a
benzene moiety. Both these groups are electrochemically reducible via
simultaneous 8-electron reduction to hydroxylamine groups in acidic
medium [27-29]. In these studies, authors focused on the characteriza-
tion and the comparison of different substrate electrode materials used
for the preparation of antimony film electrodes and concluded that the
antimony film glassy carbon electrode provide the best results. Never-
theless, the field of analytical optimization of nitro groups electroanaly-
sis based on the antimony electrode has still remained completely
unexplored and certainly needs a particular attention. Therefore, further
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investigation of SbFEs for the determination of organic compounds
using another pesticide with two nitro groups (4,6-dinitro-o-cresol) as
a model compound is presented in this paper.

4,6-dinitro-o-cresol (DNOC) is used agriculturally as a larvicide, ovi-
cide and insecticide (against locusts and other insects) as well as a po-
tato haulm desiccant. It is also used as a polymerization inhibitor and
as an intermediate in the chemical industry. For agricultural uses,
DNOC is mainly formulated as emulsifiable concentrate, either aqueous
or oily [30]. The main sources of human exposure are from contact dur-
ing manufacturing, and from use in agriculture and in the plastics indus-
try. Because of the known acute toxicity and the strong yellow staining
of the skin, agricultural workers are careful to use adequate protective
clothing in order to reduce dermal exposure. In the plastics industry,
DNOC is made and transported as a powder often dampened with
water (12% by weight) to reduce the risk of workers' exposure to
dusts. DNOC has caused acute poisoning in humans with several symp-
toms. Effects are enhanced at high environmental temperature. These
effects are consistent with the proposed mechanism of action of
DNOC. For these reasons it is important to have fast and sensitive
methods for DNOC determination.

In order to identify the best variables operating conditions, the re-
sponse surface methodology as Central Composite or Box-Behnken de-
signs [31] is commonly and usefully used. These methods allow the
simultaneous analysis of more than one factor at the same time and
their statistical significance to reduce the number of experiments, min-
imize reagent consumption, and assess the interaction between the fac-
tors. A proper design matrix can lead to a regression equation which
highlights effects of individual factors and their relative importance in
a given operation process. The possibility of evaluating the interaction
effects between the variables on the response can also be used, that
is not possible in a classical method (one-factor at-a-time (OFAT))
[31]. If the factors are independent (which is rarely the situation),
the most common practice is OFAT while holding all others parame-
ters constant. However, the result of this univariate analysis shows
inadequate optimization toward response(s). Moreover, OFAT ap-
proach is costly in sense of time and reagents. There is now increas-
ing recognition that hereditary malpractice ought to be replaced by
soundly based reliable methods, such as response surface methodol-
ogy (RSM) based on statistical design of experiments (DOEs). Until
now, few reports of the voltammetric response optimization using
response surface methodology (RSM) have been published
[25,32-36]. Nevertheless, there is lack of articles on the
voltammetric response optimization for modified electrode in
DNOC determination using RSM.

This study has been focused on the multivariate optimization of
chemical and cathodic stripping square wave voltammetry (CSSWV) in-
strumental variables by RSM to determine the pesticide DNOC as model
of nitro group compounds. The SbFE has been prepared on a glassy car-
bon electrode and CSSWV has been used for DNOC determination in
water samples. Applicability of this method has been verified by
DNOC quantification in natural water samples.

2. Material and methods
2.1. Apparatus

Square wave voltammetry and potentiostatic measurements were
all performed with Autolab (PGSTAT 101 Eco-Chemie) potentiostat con-
trolled by NOVA software (Eco Chemie). A conventional three-electrode
system was used where glassy carbon (GCE, 3 mm 75 diameter), a plat-
inum wire, and a Ag/AgCl (3 M KCl) were used as working, auxiliary,
and reference electrodes, respectively. All potentials are referred to
this reference electrode. All electrochemical experiments were carried
on at room temperature. Test solutions were stirred during DNOC depo-
sition and cleaning steps with a magnetic stirrer.

2.2. Reagents and solutions

All reagents were obtained as analytical grade and used without fur-
ther purification. Milli-Q water obtained from a purifying system
(18 Mcm™ ') Millipore was used for all experiments. 4,6-Dinitro-o-cre-
sol (DNOC) and SbCl; were purchased from Sigma-Aldrich (St. Louis,
MS, USA). Phosphoric acid, acetic acid, sodium acetate, boric acid, hy-
drochloric acid, and potassium hydroxide were from J.T. Baker. Britton
Robinson buffer solution (BRBS) with different pH values was prepared
by mixing acetic acid, phosphoric acid, and boric acid to a final
0.12 mol L™ concentration of each component and the pH was adjusted
to the required value by adding either 1.0 mol L™! hydrochloric acid
(HCI) or potassium hydroxide (KOH) solution. The 1 x 107> mol L™!
SbhCl3 stock solution was prepared by dissolving the appropriate amount
of the solid salt in diluted 5% HCl solution. The electrodeposition solu-
tion (5 x 107> mol L™!) was prepared in a 10 mL volumetric flask by
adding 0.50 mL of stock solution and diluting to 10 mL with acetic buffer
solution pH 4.50. To evaluate the accuracy and applicability of the pro-
posed method, the optimized procedure for different water samples
was performed. Water samples were taken from different sources, San
Roque Lake, Rio Tercero River and drinking water from Cérdoba city
local net, all locations from Cérdoba, Argentina. The collected water
samples were filtered through a 0.45 pm Micropore membrane and
maintained in glass containers, then stored at 4 °C until they were
analysed. For each sample, a 2.0 mL aliquot was transferred to a 10 mL
calibration flask, and then DNOC standard solution was added to a 5
x 107% mol L™ final concentration and filled with buffer solution.

2.3. Preparation of SbFE

The glassy carbon electrode was mechanically polished with 0.05 um
alumina/water slurry (Buehler, USA) on a polishing cloth to a mirror-
like finish, followed by a sonication step, rinsed with distilled water,
dried in air and inserted into the electrochemical cell. The antimony
film electrodeposition was carried out at a constant potential in the
electrodeposition solution by applying a —1.00 V deposition potential
for 60 s. To remove the bismuth film, a potential step of +0.5 V for
60 s in BRBS was applied, after which a fresh film deposition was
performed.

2.4. Experimental procedure

The determination of pesticides such as DNOC (Scheme 1) can be
carried out by a cathodic electrochemical process, corresponding to
the nitro group reduction as proposed in the literature [27-29]. In this
work, DNOC determinations were done by cathodic stripping square

wave voltammetry (CSSWV) with a previous accumulation step, and
two peaks were obtained. The SWV parameters together with the
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Scheme 1. 4,6-Dinitro-o-cresol (DNOC) structure.
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solution pH and the accumulation time were evaluated by factorial de-
signs. The following optimized SWV procedure was used: 10 mL of
DNOC solution in 0.12 mol L™! BRBS pH 2.0 were transferred to the
voltammetric cell and deaerated by bubbling oxygen-free nitrogen for
5 min; the nitrogen stream was then kept over the solution. After equi-
librium time (5 s), a square wave cathodic potential scan was applied
between —0.2 to —1.0 V vs. Ag/AgCl (3.0 mol L™ KCI) with the follow-
ing settings: frequency 120 Hz, amplitude 0.10 V and step potential
0.01 V. All measurements were carried out three times with the same
SbFE (n = 3) for each concentration.

2.5. Data analysis

Experimental designs, statistical analyses, and regression models
were performed by Design-Expert 7.0.0 software. The adequacy of the
developed models was tested by the analysis on R-squared (R?), ad-
justed R-squared (Rzadj) and predicted R-squared (Rzpre), and its statis-
tical significance was checked by a Fisher F-test. The level of significance
was given as values of the probability <0.05

2.6. Experimental design

RSM is an empirical statistical technique employed for multiple re-
gression analysis by using quantitative data. This method varies the dif-
ferent variables simultaneously and obtains a multivariable equation
from properly designed experiments. The graphical representation of
their functions is called response surface, which is used to describe the
individual and interaction effects of the test variables and their interac-
tion effect on the response [31,37]. The CCD was proposed for the anal-
ysis of two factors, as BBD can be used only for three or more factors. The
BBD was specifically selected when three or more factors are considered
since it requires fewer runs than CCD [31].

According to CCD and BBD matrix design (Tables 1 and 2) to predict
the mathematical relationship between independent factors and the de-
pendent response, a second order polynomial model must be fitted to
experimental results. During optimization process, relationship of re-
sponse, main variables, and interactions can be formulated as a qua-
dratic model which also includes the linear terms:

k k k=1 k
Y=Bo+> BXi+Y Bixt+Y.> Bxixj+e (1)
i=1 i=1 i=1 j=2

Table 1

Coded and actual levels of variables considered for matrix of variables for solution pH and
accumulation time variable. Central composite face centered design for pH of DNOC solu-
tion values, time deposition, and obtained responses.

Variables Symbol Coded levels
—1 0 1
Accumulation time (s) A 0 120 240
pH of DNOC solution B 2 45 7
Run Variables Peak 1 Peak 2
A B i,? (A) E,” (V) i,? (A) E,” (V)
1 120 70 —108x107° —058 —1.00x107°  —0.763
2 240 2.0 —2.66x 107> —0.356 —247x107° —0.515
3 0 7.0 —1.01 x 107> —0.588 —9.13x 1076 —0.763
4 120 4.5 —239x107° —0.498 —233x107° —0.704
5 240 45  —229x107°  —0498 —221x107°  —0.704
6 120 4.5 —1.99 x 107> —0.506 —1.88x107° —0.728
7 0 4.5 —1.70 x 10> —0.462 —1.57x107° —0.656
8 0 2.0 —212x107° —0.372 —1.95x 107> —0.531
9 240 7.0 —1.03x 107> —0.596 —962x10°C —0.763
10 120 4.5 —2.34x107° —0.498 —224x107° —0.720
11 120 2.0 —245x107° —0.380 —223x107° —0.539

¢ Peak current.
b Peak potential.

Table 2
Coded and actual levels of variables considered for matrix of variables for SWV. Box-
Behnken design for instrumental variables and obtained responses.

Variables Symbol Coded levels
-1 0 1
Frequency C 10 65 120
Amplitude D 0.05 0.075 0.1
Step E 0.005 0.0075 0.01
Variables Peak 1 Peak 2
Run C D E i," (A) SD"ip i," (A) SD"ip
1 10 005 00075 —862x 1.55 x —8.00 x 1.48 x
10-° 1077 107° 1077
2 10 0075 0.005 —1.04x 6.70 x —1.01 x 2.87 x
107° 10~8 107° 1077
3 10 0075 001 —222x 3.48 x —2.09 x 432 %
107° 1077 10°° 1077
4 65 0075 0.0075 —4.59 x 1.36 x —438 x 530 x
10~° 10°¢ 10-° 1077
5 120 005 0.0075 —4.25x 1.02 x —3.04 x 7.73 x
107° 10°¢ 107° 1077
6 65 01 001 —545x 1.92 x —5.60 x 1.38 x
107° 10°° 107° 10°¢
7 120 01  0.0075 —5.95x 1.08 x —541 x 6.55 x
10° 10~ 107° 1077
8 65 0075 0.0075 —5.05x 1.89 x —5.14 x 1.73 x
107° 10°° 107° 10-°
9 10 01 00075 —1.36x 1.36 x —124 x 1.56 x
10° 1077 10° 1077
10 120 0.075 0.005 —4.04x 1.55 x —339 x 218 x
10-° 10°¢ 10-° 10°°
11 65 0075 00075 —4.67 x 1.23 x —4.66 x 1.50 x
107° 10°° 10°° 107°
12 65 005 0005 —3.13x 6.91 x —2.53 x 5.93 x
10-° 10~8 10° 1077
13 65 005 001 —342x 1.19 x —2.87 x 1.25 x
107° 10°° 107° 10°°
14 65 0075 00075 —554x 731 x —5.36 x 7.90 x
10~° 1077 10° 1077
15 65 01 0005 —335x 8.11 x —3.30 x 1.28 x
107° 1077 10°° 10°¢
16 65 0.075 00075 —4.02x 9.69 x —3.46 x 9.55 x
10~° 10-° 107° 10°°
17 120 0.075 001  —533x 2.04 x —451 x 1.58 x
10° 10°¢ 107° 10°°

@ Peak current.
b Standard deviation.

where Y is the predicted response, 3o the offset term, 3; the coefficient
of linear effect, (3;; the coefficient of squared effect, (3;; the coefficient of
interaction effect, and € the random error.

In this study, optimization process of solution pH and DNOC accu-
mulation time for CSSWV determination was carried out using CCD, a
total of 11 experiments were performed consisting of 3 factorial points
(coded to the usual 4 1 notation), and 3 replicates at the centre points
(0,0, 0) in order to allow the estimation of pure error (Table 1). While
BBD for SWV instrumental variables optimization, consisting of 12 fac-
torial points and 5 replicates at the centre points in order to allow the
estimation of pure error was used (Table 2), indicating that altogether
17 experiments were required.

2.7. Desirability function

The Derringer function (desirability function, DF) is the most cur-
rently used methodology to find optimal compromises between the
total numbers of responses taken into account [31]. We have already
used this function to obtain optimal conditions in other systems
[32,33] where it was described. Basically, it establishes the relationship
between the predicted responses on dependent variables and the desir-
ability of the responses. Each estimated response variable was trans-
formed into a dimensionless individual desirability value (di) using
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the DF of the statistical program. First, the response is converted into a
particular desirability function that varies from O to 1. The desirability
1 is for maximum while desirability 0 is for non-desirable situations or
minimum. Inspecting the desirability profile, it determines which levels
of the predictor variables produce the most desirable predicted re-
sponse on the dependent variables [31].

3. Results and discussion
3.1. Comparison between GCE and SbFE

Nitro group can be electrochemical reduced by the generalized
mechanism in a four electrons and four protons process to hydroxyl-
amine in two steps:

R—NO, + e——R—NO, "~ (slow)
R—NO,— +3 e— +4H"-R—NHOH + H,0 (fast)

As already mentioned, DNOC presents two nitro groups that are re-
duced at different potential values, so two differentiable cathodic current
peaks are obtained. The electrochemical behaviour of 1 x 10™> mol L™!
DNOC with glassy carbon electrode and SbFE is presented in Fig. 1.
Results were obtained in BRBS pH 2 by CSSWV with an accumulation
step at —0.16 V for 240 s under stirring and with the following SWV
parameters, frequency 120 Hz, amplitude 0.10 V, and step potential
—0.010 V. As it can be seen, at both electrodes two cathodic peaks
corresponding to both nitro groups reduction are observed (peak 1
and peak 2). However, there are some remarkable differences on
the voltammograms as the SWV profile for the SbFE modified elec-
trode presents sharper peaks at lower potential values. Therefore,
these results suggest that the SbFE is better suitable for determining
DNOC when compared to unmodified GCE.

3.2. Optimization of DNOC determination by experimental design

3.2.1. CCD analysis design, optimization and validation of pH and accumu-
lation time

The proposed mechanism for nitro group reduction involves four
protons, so an SWV profile depending on pH is expected. Furthermore,
DNOC has a pKa value of 4.48 [30], indicating that at lower pH values
(2.50) the molecule would have no charge while for higher pH values
(6.50) it will be negatively charged. For that reason solution pH was

0} —GCE =
—— SbFE

-1x107°

-2x10°®

i (A)

-3x10°

-4x10°®

_5X10-5 1 1 1 1 1
-1.0 -0.8 -0.6 -0.4 -0.2

E (V)

Fig. 1. Square wave voltammograms of 1 x 10~> mol L' DNOC in BRBS pH 2 at (black)
GCE and (red) SbFE. E;cc —0.16 V, taec 240 s, 120 Hz frequency, 0.10 V amplitude, and
0.01 V step. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)

optimized together with the accumulation time by CCD using the reduc-
tion current peaks as dependant variables. As mentioned before, there is
a pH current peak shift, for that reason the accumulation potential (E,,)
was not considered as a variable to optimize and fixed E,, were
employed for different pH values (—0.16 V, —0.26 V and —0.39 V for
pH 2.0, 4.5, and 7.0, respectively). The design explains the significance
and interaction effects of independent variables on the cathodic current
and potential peaks; considering current peaks maximization. All the
values reported correspond to an average of three samples analysis
with the same antimony film (n = 3).

Table 1 presents DNOC reduction current (ip) and potential (E,)
peaks (1 and 2) values after blank correction, for each CCD run, in
0.12 mol L™ BRBS.

Fig. 2 presents SW voltammograms corresponding to Table 1 matrix
runs. As expected, considering the reduction mechanism an important
potential shift is observed for the reduction signals at different pH
values. At more acidic pH, the current peaks appear at lower potential
values while at pH 7.0 the lowest current peaks are observed. When
considering the accumulation time, the most important effects is ob-
tained for pH 2.0 where there is a continuous current increase with in-
creasing accumulation time.

A mathematical model can be build up with all the analytical results
by adjusting a second order polynomial function by minimum squared
methodology. The ANOVA test was used to establish the significance
of the multiple regression adjustment, and the lack of fit (LOF) for a
0.05 significance level. Table 3 summarizes the significant terms for
the current (i,) and potential (E,) peaks together with the R-Squared
(R?), the model adjusted R-Squared (R?.q;), predicted R-Squared
(Rzpred), p-values for LOF and the semi-empirical expressions for the
fitted model equations. As it can be observed, both cathodic peaks can
be modelled with the same significant terms. For the current peaks
the two variables studied, accumulation time (A) and solution pH
(B) either in the lineal (A and B) and the quadratic terms (A and B?)
and the interaction (A-B) must be included in the model. On the other
side, for both peaks potential, the lineal and the quadratic terms are sig-
nificant. The LOF p-values indicate that the analysis is not significant
with respect to the pure error (p > 0.05). Furthermore, the R-squared
values (Rzadj >0.893 and Rzpred >0.752) demonstrate that >89.3% of
the model variability and >75.2% of new data variability can be satisfac-
torily explained by the models. In all cases, both values corresponds
each other, as the difference between them is <0.2 indicating a

0.0 F

-5.0x10° |-

-1.0x10° |

i (A)

-1.5x10° |

-2.0x10° |

-2.5x10° |-

_3.0x10° 1 1 . 1 1 . I .
-1.0 -0.8 -0.6 -0.4 -0.2 0.0

E(V)

Fig. 2. Square wave voltammograms of 1 x 10> mol L™! DNOC at SbFE electrode in
0.12 mol L~! BRBS at different pH values 2.0 (black); 4.5 (red), and 7 (blue) at three
accumulation time values 0 s (solid), 120 s (dash), and 240 s (dot). SWV parameters:
45 Hz frequency, 0.02 V amplitude, and 0.008 V step. E,c.c —0.16 V, —0.26 V, and —
039V for pH 2.0, 4.5, and 7.0, respectively. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)
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Table 3
Significant terms and statistics summary of response surface models for pH (A) and accumulation time (B) optimizations.
Significant terms R® R%4j R%pea LOF Fitted model
Peak 1
Current peak (A) A,B,AB,A?and  0.960 0921 0826 0790 i,=—1.63x1075—-598x10"8A —3.22x107°B + 430 x 10~? AB + 1.02 x 107 '° A? 4 6.05 x
B2 1077 B?
Potential peak A, B,A’and B> 0987 0978 0945 0.0837 E,= —025—254x10"*A—0.06B + 8.95x 10~7 A> 4+ 1.40 x 107> B?
V)
Peak 2
Current peak (A) A,B,AB,A*’and  0.947 0.893 0.752 0754 i,=—131x10"°—593x107®A —3.98x 107°B + 3.97 x 107° AB + 1.02 x 107" A? + 6.68 x

B? 10~7 B?
Potential peak A, B, A% and B? 0.978 0.964 0916 0.263

(V)

Ep=—031 —413x 10 *A — 0.12B + 1.53 x 10 °A? + 817 x 10> B?

reasonable agreement. Different diagnosis graphs were also evaluated,
among them normal probability distributions, studentised vs. predicted,
external studentised residuals, leverage DFFITS, DFBETAS and Cook dis-
tance, demonstrating that the model satisfactorily explain the experi-
mental results (not shown).

The 3D response surface plots were obtained (Fig. 3) for peak 1 cur-
rent (Fig. 3 A) and potential (Fig. 3 B) values, to determine the depen-
dence of dependent variables on independent ones. The response

presented in Fig. 3 A shows a maximum (in absolute values) at pH 2
and at the highest accumulation time, the effect of both quadratic
terms can also be observed in the figure and explains the current
peaks values obtained without accumulation time. On the other side,
Fig. 3 B presents the dependence of peak 1 potential with the two inde-
pendent variables were the lowest potential values are obtained for
pH 2.0. Both results are in agreement with SWV voltammograms pre-
sented in Fig. 2.

(A)

ipl
-1.00809E-005
-2.65612E-005
-9E-006 N\
-1.35E-005
-1.8E-005
H <,
2 :
-2.25E-005
-2.7E-005 s =
7.00
Ep1l
-0.35629
-0.59631
-0.4225
i
o
i

-0.5475

pH

240.00
180.00
120.00

Accumulation time

(B)

Accumulation time

7.00 240

Fig. 3. Response surface for peak 1 results current (A) and potential (B) for the CCD data in Table 1.
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As already described in Section 2.7 profiling the desirability of re-
sponses involves specifying the DF for the dependent variable (i), by
assigning predicted values in a scale ranging from 0.0 (undesirable) to
1.0 (very desirable), to reach this purpose, current peak values were
maximized (in absolute value) with a +-++++ (5 of 5) significance
for both peak values. On the basis of these calculations and desirability
score of 1.000, i, for DNOC reduction was optimized at (27 £ 5) pA
and (25 =+ 6) pA with a 95% of confidence for peak 1 and 2, respectively.
This current value was calculated according to the proposed model with
the following conditions: pH 2.3 and 214 s accumulation time. Confir-
mation of the optimized conditions validation was carried on by exper-
imental results (triplicate) that were then compared to predicted
values. The reduction current peak of 1 x 10> mol L™! DNOC using
these optimum conditions was found to be (24.9 £ 0.1) pA for peak 1
and (25 + 1) pA for peak 2. The mean value obtained was compared
with the predicted value indicating the suitability of the developed qua-
dratic model.

3.2.2. BBD analysis design, optimization, and validation of the SWV instru-
mental variables

DNOC quantification was performed with a SbFE modified glassy
carbon electrode by SWV using an accumulation step previously opti-
mized at —0.16 V for 214 s in BRBS pH 2.3. Under the optimized
DNOC accumulation conditions, SWV variables such as frequency, am-
plitude and step potential were also optimized. In this case there are
three independent factors and the reduction current peaks and their
corresponding standard deviations are used as response variables, so a
BBD was chosen. Table 2 presents the BBD matrix along with experi-
mental data obtained in 0.12 mol L™! BRBS pH = 2.3. The instrumental
variables analysed were frequency (C), amplitude (D), and step poten-
tial (E). Again an ANOVA test was performed and the significant results
are summarized in Table 4. All the instrumental variables are significant
either in their linear or quadratic form for all the four dependent vari-
ables. On the other side, interactions between C-D and D-E are also sig-
nificant for all the variables except for peak 2 current value standard
deviation. As already mentioned for the CCD, also for the BBD design
the LOF p-values indicate that the analysis is not significant with respect
to the pure error in all cases (p > 0.05). Furthermore, the R-squared
values for both i,, summarized in Table 4 demonstrate that >86.7% of
the model variability and >80.0% of new data variability can be satisfac-
torily explained by the current peak models. In both cases, values corre-
sponds each other, as the difference between them is <0.2 indicating a
reasonable agreement. In the SD case, data were transformed to 1.0/
Sqrt and the R-square values were >0.862 (R?), >0.779 (R%,q;) and
>0.621 (Rzpred), as in the previous case the difference between the last
two values is <0.2. However, although in the case of SD >86.2% of the ob-
served variability is explained by the model while 77.9% of new data
variability can be explained by the model, results for this analysis are
considered satisfactory.

The significant effects for current peak 1 versus the significant vari-
ables are displayed in Fig. 4, where a 3D representation of the polynomial
equation (Table 4) obtained from the experimental data is presented. The
variation of iy as a function of two independent variables while the third
remains constant is presented in Fig. 4. Fig. 4 A shows ip,; versus amplitude
and frequency at a 0.0075 V step, Fig. 4 B shows the variation of i,; with
step and frequency at a 0.075 V amplitude and finally in Fig. 4 C the de-
pendence of iy, on the step and amplitude at a 65 Hz frequency is
shown. As it can be observed, in all cases maximum current peaks (in ab-
solute value) are obtained for the highest independent variables values. A
similar behaviour is observed for i, (not shown).

In Fig. 5, the 2D amplitude-frequency contour plot of the standard
deviation for both current peaks at low, medium and high step potential
values are presented. As it can be observed, the current peak 1 standard
deviation presents the lowest values in the whole frequency range for
medium to low amplitude values and low step potential (Fig. 5 A),
also for low amplitude values when the step potential is medium
(Fig. 5B) and for high amplitude values at high step potential (Fig. 5C).
For the other side, current peak 2 standard deviation presents minimum
values at low frequency for all the amplitude values for the three step
potential levels.

In order to obtain the best operational conditions and as already de-
scribed for CCD, the DF was used to maximize absolute current peaks
values and to minimize both SD values for the three independent vari-
ables. To reach this purpose, current peak values were maximized
with a + 444+ (5 of 5) significance while the SD for the triplicate sig-
nals for each new SbFE was minimized with a ++ (2 of 5) significance
and three different optimal solutions were obtained (Table 5). It is wor-
thy to note that solution 1 corresponds to all the variables in their
highest values while for solution 3 all the variables are at their middle
values, these results agree with the behaviour already described for
SDip: (Fig. 5). Fig. 6 presents the DF for the amplitude-frequency at the
three step potential values levels. In agreement with already discussed
results (Figs. 4 and 5 and Table 5), a maximum DF value is obtained
when instrumental variables are at the highest values (Fig. 6C). Experi-
ments using the conditions obtained by the different solutions were car-
ried on to choose the best one and the obtained results indicate that the
highest current values were obtained for solution 1 while the SD values
were similar for all three solutions. For that reason, solution 1 (120 Hz
frequency, 0.10 V amplitude and 0.01 V step) was chosen as the opti-
mum operational condition. To confirm the validity of the model; exper-
iments were carried out to compare experimental results with
predicted values using the model equation. DNOC reduction current
peaks were found to be —63.2 pA and —59.1 pA with a 95% prediction
interval between —48.0 pA and —78.4 pA and —40.2 pA and —77.9 pA
for peak 1 and 2, respectively. On the other side, experimental values
obtained with three different SbFEs for 1 x 10~> mol L' DNOC were
—57.1 £ 0.5pA and —51.1 £ 0.5 pA for peak 1 and 2, respectively. Ob-
tained mean values were compared with predicted ones indicating the
suitability of the developed quadratic model.

Table 4
Significant terms and statistics summary of response surface models for SWV optimizations.
Significant terms R? R%4j R%pea LOF  Fitted model
Peak 1
Cathodic current
peak %, D*yE?
1.0/Sqrt (Standard
Deviation ip) 2, D?*yE?
Peak 2
Cathodic current
peak 2, D*yE?

1.0/Sqrt (Standard
Deviation ip) E?

C,D,E,CD,DE, 0959 0917 0.847 0.839 i(A)=—570x10">—6.61x10""C—7.18x107*D — 759 x 10> E — 2.18 x 10~® CD — 0.07 DE
+3.88x 1078 +7.90 x 1077 D? + 0.71 E?

C,D,E,CD,DE, 0909 0.818 0.621 0.125 1/(SD)"? = 2.08 x 10*-69.19C — 1.94 x 10° D — 2.24 x 10°E + 3.76 x 10* CD + 1.00 x 107 DE +
0.19 C? + 7.01 x 10° D? + 6.48 x 107 E2

C,D,E,CD,DE, 0933 0.867 0.800 0936 i(A)=627x10">—593x10"7C—8.83x107%D —7.22x10>E — 3.51 x 10~°CD — 0.08 DE +
463x107°C% +924x 10> D? + 0.71 E?
C,D,E,C>,D’yE* 0.862 0.779 0.698 0.945 1/(SD)"? = 3.75 x 10*-37.04C — 9.36 x 10° D + 6.37 x 10°E + 0.20 C? + 6.09 x 10° D*~4.47 x 10’
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(Band E) step 0.075 and (C and F) step 0.01.

3.3. Method performance triplicate measurements at five concentration levels were performed
under the analytical procedure in the (1.0-15.0) x 107° mol L™!
DNOC concentration range. Calibration curves were fitted by least-
squares and R? value >0.999 were obtained. The limit of detection
(LOD) and quantification (LOQ) was calculated on the basis of the resid-
ual standard deviation (Sy) and the slope (S) of the calibration curves

3.3.1. Linearity and related figures of merit

Due to the fact that both current peaks have a similar behaviour, the
analytical method was tested only with peak 1 current as it is the one
that show higher current values. To check the method linearity,

Table 5
Upper and lower limits that were chosen for the responses and factors to instrumental SWV optimization and possible solutions in order of desirability.
Constraints
Lower Upper
Name Goal Limit Limit Importance
Frequency Is in range 10 120 3
Amplitude Is in range 0.05 0.1 3
Step Is in range 0.005 0.01 3
ip1 (A) Minimize —5.95x 107> —8.62x107° 5
SD ip Minimize 670 x 1078 9.69 x 107° 2
i (A) Minimize —560x 1073 —7.80x 1076 5
SD ipy Minimize 148 x 1077 9.55x10°° 2
Solutions
Optimo number Frequency Amplitude Step Desirability
1 120.0 0.10 0.0100 0.689
2 70.3 0.10 0.0097 0.641
3 70.7 0.062 0.0066 0.526
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Table 6

Analysis of known concentration solutions and natural water samples.
Theoretical Experimental cvP p-Value
(x107%mol L™1) (x107%mol L™ ') + SD* (%)
1 1.0+ 0.1 10 0.806
5 5.0 +£ 0.6 11 0.9745
10 9.9+ 0.7 7 0.784
Sample N° Added Found Recovery

(x10~%mol L") (x10~% mol L™1)¢ (%) + SD?

Rio Tercero 5 532 106 + 3
Lago San Roque 5 522 104 £ 2
Canilla 5 4.73 95+ 4

¢ Mean values and standard deviation of three determinations.
b CV: coefficient of variation.
¢ SWV measurements were repeated five times (n = 3).

at the levels approaching the limits according to the equation LOD = 3.3
(Sy/x/S) and LOQ = 10(Sy«/S) [38]. The following values were found:
LOD 1.12 x 10~ ® mol L™ " and LOQ 1.42 x 10~° mol L™".The final cali-
bration equation calculated by the average and standard deviation for
the slope and the intercept of all the calibration curves is:

ip1(A) = (—6.9£0.9) x 107° 4 (—4.8 + 0.2) Cpnoc (Amol”L*l)

3.3.2. Precision

The intra-assay precision studies (repeatability) were carried out
using three replicate samples at three levels of concentration (1 x 107,
5% 1075 and 10 x 10~® mol L), under the same conditions and on
the same day. Table 6 shows the coefficient of variation (CV %) values
for different DNOC concentrations and results for current peak values at
intermediate precision under different conditions. As it can be observed,
CV values near 10% are obtained, indicating a good precision for the pres-
ent method.

3.3.3. Accuracy

The accuracy was obtained by measuring known concentration sam-
ples and comparing the experimental concentration to the true value at
three levels. In Table 6 theoretical and the obtained averages concentra-
tion values, together with Student's t-test p values are presented. The
Student's t-test that compare both concentration values establishes
that there are no statistical differences at 95% confidence level between
the results achieved by the three concentration values.

3.3.4. Application to real sample analysis

Finally, the proposed analytical method was tested for DNOC detec-
tion in water samples to validate the potential application in real analy-
sis. Water samples were prepared according to Section 2.2, and
experiments were performed by the standard addition method. In
Table 6 added and found DNOC concentration, together with SD and re-
covery % are presented. It can be observed that in all cases satisfactory
recovery results are obtained the average recovery value being 102%,
confirming the validity of the developed method.

4. Conclusion

A validated method for DNOC determination in water samples has
been developed. An antimony film electrode has been used coupled to
cathodic stripping square wave voltammetry. The solution pH and the
accumulation time together with SWV instrumental parameter were
optimized with a CCD and BBD combining RSM and DF respectively, to
obtain the optimal conditions for the highest reduction current peak.
Optimal conditions for the analytical method involve an accumulation

step at pH 2.30 for 214 s, while DNOC quantifications was performed
by striping SWV at 120 Hz frequency, 0.10 V amplitude, and 0.01 V
step potential. Based on these results, a linear calibration curve
ranged from (1.0 to 15) x 107 mol L™ ! with a detection limit of
1.12 x 10~% mol L~! was obtained. Finally, the method has been
successfully applied to DNOC detection in natural water samples.
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