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h i g h l i g h t s

� Simple and fast assessment method of ethanol fuel adulteration.
� Simultaneous multivariate electroanalytical determination of methanol and ethanol.
� Variable selection was crucial for accurate quantification.
� GA-MLR shows the best prediction performance.
� Technology: voltammetry.
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a b s t r a c t

In this work, it is proposed the one-voltammogram simultaneous determination of methanol and ethanol
in hydrated ethyl alcohol fuel (HEAF) samples by cyclic voltammetry and multivariate calibration. To per-
form the determination, different multivariate calibration approaches were tested namely partial least-
squares regression (PLS) and multivariate linear regression (MLR). To minimize collinearity problems
in MLR, three variable selection algorithms were evaluated: the successive projections algorithm (SPA),
the stepwise (SW) formulation, and the genetic algorithm (GA). Variable selection could also provide
an improvement in prediction results when compared to full-voltammogram PLS. In this sense, genetic
algorithm PLS (GA-PLS), interval PLS (iPLS), and synergy interval PLS (siPLS) were evaluated. An excellent
analytical performance was obtained for both alcohols (RMSEP < 0.8% w.w�1) with GA-MLR performed on
data transformed by standard normal variate (SNV). The developed method presented a wide linear
working range for both alcohols and a LOD = 0.9% w.w�1 for methanol sufficient to assess the adulteration
of HEAF samples in accordance to Brazilian regulatory agency. The proposed method is simple (with no
sample pre-treatment), accurate, rapid, presents low-cost, and can be conducted at distribution sites
using a portable potentiostat.

� 2015 Elsevier Ltd. All rights reserved.

1. Introduction

In Brazil, ethanol is widely employed as an automotive vehicle
fuel. It can be found in the anhydrous form (blended with gasoline)
and as hydrated ethyl alcohol fuel (HEAF). The production and con-
sumption of this fuel are increasingly larger, making ethanol more
susceptible to adulterations. Specifically, a common non-confor-
mity refers to the addition of methanol to HEAF. In Brazil, the
acceptable maximum level of methanol in ethanol fuel is 1.0 %
w.w�1 [1].

There is a predominance of spectroanalytical methods for the
determination of methanol in HEAF samples [2–4]. In Brazil, the

official method uses gas chromatography [5]. Some papers report
the use of electroanalytical methods to monitor the quality of bio-
fuels [6–8]. Bueno and Paixão [9] proposed a method to evaluate
the adulteration process of ethanol fuel with water based on capac-
itance measurements of a copper interdigitated electrode and non-
supervised pattern recognition methods. Pereira and coworkers
[10] developed an interesting method using cyclic voltammetry
to the simultaneous determination of ethanol and methanol in fuel
ethanol at a bare gold electrode. In that method, ethanol has been
selectively detected at +0.19 V and both compounds at +1.20 V,
with methanol being determined by subtracting the currents at
those potentials after applying a correction factor to estimate the
contribution of ethanol at +1.20 V [10]. However, some drawbacks
could be observed such as the narrow linear working ranges for
both alcohols (0.00–0.35% w.w�1 for ethanol, and 0.00–0.15%
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w.w�1 for methanol), and the correction factor that must be deter-
mined for each calibration procedure.

Silva and coworkers [11] proposed a screening analysis method
to identify HEAF adulteration by methanol based on the voltam-
metric analysis at copper electrodes aided by supervised pattern
recognition techniques, classifying samples as ‘‘adulterated’’ or
‘‘unadulterated’’, with excellent classification rates. Screening anal-
ysis is an interesting approach, since it could provide a reduction in
the number of samples submitted to official review by the chro-
matographic method, reducing the cost of official inspection pro-
grams. However, in the absence of conditions to perform the
official method, it is important to have alternative methods with
analytical features that meet the resolution of the analytical prob-
lem and, if possible, at a lower cost.

In this sense, the present work proposes the use of the same
voltammetric procedure carried out by Silva and coworkers [11]
allied to multivariate calibration techniques to develop a one-
voltammogram simultaneous determination of methanol and
ethanol in HEAF samples. The association of electroanalytical tech-
niques with chemometric tools are shown to be most suitable to
evaluate the quality of fuels accurately, rapidly, and at low-cost
[9,11,12]. As in [11], this method also employed a copper electrode,
which presents electrocatalytic activity toward the anodic oxida-
tion of simple alcohols and small organic molecules in highly alka-
line medium [13–15], contrary to gold electrode that requires the
addition of methanol to the electrolyte to perform the simultane-
ous determination of methanol and ethanol [10].

Multivariate calibration models were built based on partial
least squares (PLS) regression or multiple linear regression (MLR),
which generally requires the use of a tool for selecting non-redun-
dant variables in order to minimize multicollinearity problems
[16]. Different variable selection techniques associated to MLR
were evaluated: genetic algorithm (GA) [17], stepwise (SW) formu-
lation and successive projections algorithm (SPA) [18].

GA, SW, and SPA were chosen because they are based on very
different selection principles. Genetic algorithm mathematically
simulates the evolutionary process of a living species [19], and
could be divided into three phases. In the first phase, the voltam-
mograms are codified by using a binary code assigned randomly,
where each potential represents a gene population. Then, a regres-
sion model is calculated for each gene (second phase), estimating
the fitness function. Genes that show good fitness are selected
for third phase, the reproduction. The operations selection, cross-
over and mutation of chromosomes are performed in this phase.
The second and third phases are repeated until the designated
number of generations is achieved. In SW, the algorithm checks
the importance of each variable, including or eliminating variables
based on a decision rule. At each iteration, a new model is obtained
and the effect of the included variable is evaluated by an F-test. A
variable with an F-value larger than a critical F is included in the
model. On the other hand, SPA aims to select variables that have
minimum collinearity among them. Therefore, the algorithm per-
forms three steps: the first step consists of projection operations
carried out on the calibration matrix to produce several chains of
variables. The second step produces and evaluates MLR models
for each chain of variable and selects the best one. Finally, the third
step eliminates variables in the selected chain without collinearity
with the concentration vector.

In case of PLS regression, the selection of fewer predictor vari-
ables previously to modeling is a practice that also could provide
significant improvement in prediction results, once variables not
related to the response and noise incorporated into regression
models could be discarded [20]. Thus, we also intend to evaluate
the feasibility of different variable selection techniques associated
to PLS in the simultaneous determination of methanol and ethanol.
The following variable selection techniques were evaluated:

genetic algorithm (GA-PLS) [21]; interval partial least squares
(iPLS) [22] and synergy interval partial least squares (siPLS) [23].
In iPLS algorithm, the voltammogram is split into smaller equal-
length intervals and a PLS regression model is developed for each
interval. In siPLS, a PLS model is developed for all possible combi-
nations of two, three or four intervals [20].

2. Material and methods

2.1. Data set

The data set for the study consists of 120 voltammograms of
HEAF samples obtained in a previous work [11]. In summary, 120
HEAF samples were randomly collected from different fuel distrib-
utors and ethanol content was assessed with standard chromato-
graphic method [5]. From this set, 60 samples were adulterated
with methanol (Merck), from 0.9% up to 17.0% w.w�1. Ethanol con-
centration varied from 77.0% w.w�1 up to 94.5% w.w�1.

Voltammograms were obtained in a conventional three-elec-
trode electrochemical setup using an Ag/AgCl (KCl sat.) electrode
and a platinum wire as reference and auxiliary electrodes, respec-
tively. A copper wire (d = 2.0 mm) embedded in a glass rod was the
working electrode, which was previously activated in the support-
ing electrolyte (1.0 mol L�1 NaOH) by applying a potential of �0.1
V for 5 s. All voltammograms were recorded from �0.9 V to 0.8 V
by applying a potential step of 5 mV and a scan rate of 50 mV
s�1, after addition of 100 lL of ethanol fuel in 10 mL of supporting
electrolyte at room temperature. Each sample was analyzed in trip-
licate and the average voltammograms were employed in the
calculations.

2.2. Data analysis

The total number of variables in the original voltammograms
was initially reduced from 656 to 200 by applying a cubic spline
interpolation function. This reduction is necessary once GA perfor-
mance decreases when >200 input variables are used due to the
increasing risk of overfitting and to the size of the search domain,
which becomes too great at higher variables/objects ratios [21].
Consequently, dataset comprised 120 samples (voltammograms)
with 200 variables (potentials).

Multivariate regression models were obtained from samples
divided into calibration (96 samples) and prediction (24 samples)
subsets by applying the classic Kennard–Stone (KS) uniform sam-
pling algorithm [24] to the voltammograms. Calibration samples
were used in the model-building process. Leave-one-out cross-val-
idation was carried out to select the number of factors (for PLS
models) or variables (for MLR). Prediction samples were employed
only in the final evaluation by comparing regression models in
terms of the lowest root mean squares error of prediction
(RMSEP), the relative error percentage (REP), and number of latent
or true variables employed. RMSEP is calculated as:

RMSEP ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn
i ðŷ� yiÞ

2

n

s
; ð1Þ

where ŷ are the predicted concentration values, y are the real con-
centration values and n is the number of samples in prediction set.
On the other hand, the relative error percentage (REP) denotes an
average estimate of the relative error, and is calculated as:

REP ¼ RMSEP
�y

� 100;

where �y is the average real concentration value for each analyte. All
voltammetric data were mean-centered before modeling proce-
dures. Additionally, models were built on non-transformed and
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