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Abstract. An electrode for monoethylene glycol analysis was developed based on the modification of the surface
of the glassy carbon electrode with electrochemically reduced graphene oxide and gold and palladium nanoparticles (GCE/rGO/AuPd-np). Its analytical performance was assessed by determining some analytical figures of
merit. Graphene oxide was reduced electrochemically as well as the metal particles with gold deposited by
chronopotentiometry and palladium by cyclic voltammetry (CV). The electrode was characterized by MET, TEM
and EDS techniques. The study of alcohol behaviour was performed electrochemically using CV technique. The
positive synergistic effect of metals provided greater electrocatalytic response, stability and resistance to poisoning. The GCE/rGO/AuPd-np sensor presented a detection limit equal to 31.48 lmol l–1 for a linear range of
89.5–179 lmol l–1 with a linear correlation coefficient of 0.9096 and high stability, not losing response even after
650 cycles.

Keywords. Monoethylene glycol; palladium nanoparticles; gold nanoparticles; reduced graphene oxide; cyclic
voltammetry.

1.

Introduction

Monoethylene glycol (MEG) is a colourless and odourless
alcohol, which has the following characteristics or properties: relatively non-volatile, hygroscopic, low viscosity,
high solubility in polar solvents, little soluble in non-polar
solvents, low melting point, high flash point, low flammability, thermodynamically stable and high availability [1].
These characteristics make MEG’s presence in several
branches of the industry, playing important roles associated
with energy, chemical, automotive, textile, transportation
and manufacturing technologies. It is important to highlight
the use of the reagent as a refrigerant in: automobiles and
beer production tanks, aircraft windscreen defrost fluid,
inhibitor of hydrate formation and desiccant in the production of natural gas, precursor to the manufacture of
fibres and polyester resins, and fuel in fuel-cells batteries
[2–8].
However, its use may cause problems in different sectors
in which it is used, as refrigeration fluid, flaws in the
insulation of refrigeration systems can cause contamination

in products with MEG (such as lubricating oil and beers)
[4,6,9]; in the food industry, if there is MEG contamination
in food, consumers will be poisoned; and in the oil industry,
the presence of certain levels of MEG in fuels will result in
a loss of fuel efficiency due to the poisoning of catalysts
[10]. Regarding the toxicological effects, MEG when
metabolized by the liver, generates metabolites that are
extremely harmful to the body, which can cause kidney
failure and damage to the nervous system [11–13].
All these problems show that the control of MEG in
different matrices is extremely important. The most used
techniques for the analysis of alcohol are gas chromatography, liquid chromatography, mass spectroscopy or even
the combination among them, however, even if they are
efficient, they are techniques that are often worthwhile due
to the high cost and analysis time [6,8,14–16].
Electrochemical methods using metal nanoparticles have
been shown to be quite efficient for the oxidation of alcohols due to their low-cost, high sensitivity and when compared to other techniques, it is faster, less laborious and
inexpensive [17,18]. Thus, the search for electrocatalytic
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materials has been the focus of many researchers, and they
can be applied in several areas, such as fuel cells, energy
storage, chemical syntheses and electrochemical sensors
[19]. The use of metallic nanoparticles and graphene oxide
had already provided a great advance in the area, allowing
to obtain new properties or to improve them in relation to
metal in its natural form, due to the increase in the surface
area, electrocatalytic activity, mechanical resistance and
high electron transfer [18,20–24].
However, the combination of nanoparticles of different
metals, mainly noble metals, such as gold could provide an
even more significant improvement, the synergism between
the particles allows not only the increase in the surface area,
but also the increase in charge transfer, chemical resistance
and degree of freedom [25,26]. Palladium and palladiumbased materials have been widely used for the oxidation of
alcohols due to their high availability, electrocatalytic efficiency compared to platinum (considered the best alcohol
oxidation catalyst in basic media, however, its use is
restricted due to the high value, low availability and low
tolerance to CO interference) and relatively low-cost
[21,27,28].
Positive synergistic effect between Au and Pd has
shown a good catalytic performance for oxidation of
higher alcohols due to the fact that gold is able to oxidize
the CO intermediates that binds to the Pd active site,
therefore, increasing the catalytic activity of palladium and
its tolerance to poisoning, improves electrode efficiency
[27,29,30].
This study aims to develop an electrode based on reduced
graphene oxide (rGO) with gold and palladium nanoparticles (GCE/rGO/AuPd-np) for the electrochemical analysis
of monoethylene glycol using cyclic voltammetry (CV)
technique. The use of palladium and gold metals is due to
their efficient catalytic ability in the electro-oxidation of
alcohols and their nanoparticle forms which increases the
surface area of the electrode, thereby increasing the
detectability of the method.

2.
2.1

Experimental
Reagents and materials

The monoethylene glycol (C2H6O2, 99.5%) and potassium
hydroxide (KOH, 85%) were purchased from Isofar (Sao
Paulo, Brazil), chloroauric acid (HAuCl4xH2O, 99.5%),
palladium chloride (PdCl2, 99%), sulphuric acid (H2SO4,
95–98.0%), sodium chloride (NaCl, 99.0%), hydrogen
phosphate disodium (Na2HPO4, 99.0%) and potassium
hydrogen phosphate (K2HPO4, 99.0%) were purchased
from Sigma-Aldrich (São Paulo, Brazil) and the expanded
graphite was obtained from Nacional de Grafite (São Paulo,
Brazil). The solutions were prepared with ultrapure water
obtained from the Millipore Gradiente A10 system (Massachusetts, USA).
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2.2

Electrochemical apparatus

Electrochemical analyses were performed in an Autolab
PGSTAT204 potentiostat/galvanostat (Metrohm AUTOLAB, The Netherlands). Data processing was performed
with NOVA 2.0. The working electrode was a glassy carbon
electrode (GCE, area = 3.14 mm2) obtained from Lab
Solutions (São Paulo, SP, Brazil), which was modified with
rGO and gold, palladium nanoparticles (GCE/rGO/AuPdnp). Platinum wire and Ag/AgCl/Cl- (3 mol l-1) were used
as the auxiliary and reference electrodes, respectively, in a
15 ml electrochemical cell.

2.3

Production of rGO

For this purpose, 1 mg of graphite oxide obtained by
Hummers method [31], was weighed and solubilized in 1 ml
milli-Q water and placed in a conventional ultrasound bath
for 20 h at a frequency of 40 kHz to form graphene sheets.
Then, 5 ll of this solution was added to the surface of the
GCE, previously cleaned by CV in the range of –1 to ?1 V
at 1 V s–1 for 50 cycles in 0.5 mol l–1 of sulphuric acid.
After drying in an oven at 35°C, the electrode was subjected
to electrochemical reduction by chronoamperometry at
–1.5 V for 60 s in phosphate buffer (pH 7.4) for the rGO
formation.

2.4 Optimization of Au and Pd nanoparticles’
electrodeposition parameters
The screening step was performed to assess significance of
the parameters involved in electrodeposition of the metals
on the electrode surface. For this purpose, the Plackett–
Burman (PB) [32] model with eight runs without replicates
was applied (table 1) where the coefficients’ and the
Table 1. Experimental matrix PB planning for the electrodeposition of gold and palladium nanoparticles.
Experiment

x1

x2

x3

x4

x5

x6

x7

1
2
3
4
5
6
7
8

?1
?1
?1
–1
?1
–1
–1
–1

?1
?1
–1
?1
–1
–1
?1
–1

?1
–1
?1
–1
–1
?1
?1
–1

–1
?1
–1
–1
?1
?1
?1
–1

?1
–1
–1
?1
?1
?1
–1
–1

–1
–1
?1
?1
?1
–1
?1
–1

–1
?1
?1
?1
–1
?1
–1
–1

x1
x2
x3
x4
x5
x6
x7

-

(Au deposition time used in CA/s): (–1): 250; (?1): 350.
([Pd?2]/mmol l–1): (–1): 2; (?1): 4.
(number of cycles of Pd deposition in CV): (–1): 600; (?1): 800.
(scan rate for Pd deposition in CV/V s–1): (–1): 4; (?1): 6.
([KOH]/mol l–1): (–1): 0.1; (?1): 0.3.
(activation cycles in alkaline medium): (–1): 5; (?1): 10.
(dummy factor).
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parameters’ effects were studied by the model matrix using
Excel. The Au particles were deposited by chronopotentiometry (CA) and Pd particles were deposited by CV.
In this study, Au deposition time in CA, [Pd2?], number
of cycles of Pd deposition and scan rate in CV were studied,
since these parameters can influence the growth of the gold
and palladium metal crystals on the GCE surface and the
synergism between these metals and, consequently, affect
the electrocatalytic efficiency of the modified GCE towards
the MEG oxidation. The number of cycles in KOH and
[KOH] used in the activation step are directly linked to the
formation of palladium and gold hydroxides, essential
compounds in the oxidation process of alcohol molecules.
All combinations were evaluated according to the
response obtained in the MEG analysis. To do so, it has
used the area of oxidation peak (given in C) as the response
variable. After screening, the parameters considered significant were modelled using the appropriate models.

2.5

Modification of GCE

On the modified GCE with rGO, gold particles were initially deposited by CA using a 1 mmol l–1 solution of
HAuCl4 in 0.5 mol l–1 H2SO4 in the optimized condition of
–0.18 mA for 250 s. Then, palladium was deposited using a
4 mmol l–1 PdCl2 solution in 0.5 mol l–1 H2SO4 by the CV
technique for 800 cycles, at 4 V s–1 in the range of –1 to
1 V. Finally, the electrode was subjected to CV in KOH
0.1 mol l–1 medium to activate the modified electrode
(GCE/rGO/AuPd-np).

2.6

Characterization of electrode surface

The evaluation of the morphological and chemical characteristics as well as the distribution, form and size of the
particles on the electrode surface were studied by scanning
electron microscopy (SEM) and energy dispersive spectroscopy (EDS) using a Fei Helios Nanolab 650 working at
10 or 20 kV and the transmission electron microscopy
(TEM) was performed using a FEI Tecnai Spirit working at
120 kV. For TEM analyses, the electrode was scraped in
deionized water and sonicated for few minutes and then, the
solution was dropped in conventional holey carbon Cu TEM
grids. This study was performed by modifying the screenprinted electrode (SPE) based on carbon with rGO and Au
and Pd nanoparticles.

2.7

Electrochemical study of electrode

An electrochemical study was carried out to evaluate the
performance of electrode where the electroactive area,
charge transfer resistance (Rct) and heterogeneous transfer
constant (k0) were evaluated. The electroactive area was
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calculated according to the Randles–Sevcik equation
[33–35] (equation 1), while k0 was calculated using the
Nicholson [36–38] (equation 2), both analyses were performed using the CV technique in 20 mmol l-1 [Fe(CN)6]3in 3 mol l–1 KCl at different scan rates.
3

1

1

ip ¼ 2:69  105 n2 ACD2 v2 ;

ð1Þ

where ip is the peak current (A), A the electroactive area of
the electrode (cm2), n the number of electrons, C the
[Fe(CN)6]3- concentration (mol cm-3), D the [Fe(CN)6]3diffusion coefficient (6.2  10-6 cm2 s–1) and v (V s–1) the
rate scan.
ca k 0
W ¼ pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ ;
ð2Þ
PaD0
 
Fv
, D0 and Dr (cm2 s–1) are the
where c ¼ DDor and a ¼ RT
diffusion coefficients of oxidized and reduced species, F the
Faraday constant, T the absolute temperature (K) and R the
molar gas constant. Considering that the system is in
equilibrium DD0r ﬃ 1. W [38] is a dimensionless charge
transfer parameter that can be calculated using the equation
below:
W¼

0:6288 þ 0:0021X
;
1  0:017X

ð3Þ

where X is the peak potential separation, DEP (mV), in the
recorded cyclic voltammogram.
EIS technique was performed for the electrodes, at 0.4 V,
with a disturbance amplitude of 10 mV, using a frequency
range from 200 kHz to 0.01 Hz with seven points per
decade. This technique is used to verify the resistive and
capacitive characteristics of the electrodes, comparing the
efficiency of the electrodes under the study. The equivalent
circuits used are described in supplementary figure S1,
where Re is the resistance of the electrolyte, R1, R2 and R3
are the resistances of the different materials deposited on
the GCE (rGO, gold film and palladium film), Rct is the
charge transfer resistance, C is the double layer capacitance,
CPE is the constant phase element used to calculate the
capacitances of different films and W is the Warburg
impedance.

2.8

Partial validation

To evaluate if the proposed electrochemical method produces reliable and adequate results, it was subjected to
partial validation, where some analytical figures of merit
were studied as linearity, limit of detection (LOD), limit of
quantification (LOQ), sensitivity, accuracy (repeatability
and intermediate precision) and precision (recovery)
[39,40].
2.8a Linearity: The linearity of the method was studied
by constructing an analytical curve using 89.5, 107.4, 125.3,
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143.2, 161.1 and 179 lmol l–1 of MEG with triplicates. Using
a Hamilton micro syringe, aliquots of a 10% v/v MEG
solution were added to the electrochemical cell. The peak
oxidation area of MEG was evaluated as a function of its
concentration for constructing analytical curves. To assess
the homogeneity of the variance and normality of the
residuals, the Cochran [41] and Anderson–Darling [42]
tests were used, respectively, where the P value was assessed
at a significance level of 5% to assess the hypothesis of
equality of variance and normality waste. Finally, the
correlation coefficient between the peak voltammetric area
and the MEG concentration was obtained with the linear
regression and evaluated by Pearson’s correlation coefficient
using r[0.900 as a high correlation criterion [43].

2.9

2.8b Limits of detection and quantification: The limits
of detection (LD) and quantification of the method were
obtained through the evaluation of the analytical curve
slope and the intercept standard deviation according to the
following criterion (equation 4):

SEM images in figure 1 show the different electrode surface
morphologies during each modification step. The electrode
without modification (figure 1a) presented a smooth structure with some grooves and deformations characteristic of
the SPE surface [49], with the modification of rGO (figure 1b), it is possible to observe a structure forming different reliefs, characteristics of the overlapping of rGO
sheets on electrode surface. When the SPE/rGO was modified with metallic nanoparticles (figure 1c), the surface
changed completely with several nanoparticles distributed
along the surface and the presence of ’leaves like particles‘,
characteristic of the growth of palladium particles. In a
higher magnification image (figure 1d), it is possible to
observe the spherical characteristic of the nanoparticles.
The EDS analysis confirmed the presence of palladium and
gold in the electrode surface and also indicates the presence
of oxygen and carbon (figure 1e) from the carbon SPE and
rGO layer. TEM analyses were performed to characterize
the morphology and crystalline structure of the deposited
particles. Figure 1d shows numerous spherical particles and
shows in detail that the AuPd nanoparticles are \ 20 nm in
size.

r
LD ¼ 3 ;
a

ð4Þ

where r is the standard deviation of the analytical curve
intercept and a the slope of the curve. The quantification limit
was estimated at 3.3 times of the detection limit [44–46].
2.8c Precision: The precision of the method was assessed
based on the study of repeatability and intermediate precision.
Repeatability was verified for the analytical curve by
analysing the analytical curve concentration levels of relative
standard deviation (RSD%), for n = 3, calculated according to
equation (5) below [46,47]:
r
RSD% ¼   100;
ð5Þ
X
where r is the standard deviation and X is the
average value.
For intermediate precision, two analytical curves were
performed on different days using different electrodes, i.e.,
with different rGO/AuPd-np films, but prepared under the
same conditions, and the equality of the curves was evaluated by the F test and t test using Microsoft Excel.
2.8d Accuracy: Accuracy of the method was studied by
evaluating the recovery of the method for the analytical
curve, obtained as described in section 2.7. The
experimentally obtained results were compared with the
results obtained from the linear regression model. Recovery
was assessed according to equation (6) [48].
Rð % Þ ¼

Cm
 100;
Cexp

ð6Þ

where Cm the experimentally measured concentration and
Cexp the expected concentration from the linear regression
model.

Stability

Stability was determined by running many successive
analyses using the same electrode (GCE/rGO/AuPd-np) to
identify the last MEG signal which remained close to the
first one. For this study, the electrode was subjected to CV
in a 0.3 mol l–1 KOH solution containing 2.38 mmol l–1
MEG.

3.

Results and discussion

3.1 Characterization of modified carbon SPE with rGO,
and Au and Pd particles

3.2

Electrochemical study of electrode

The use of rGO is due to its benefits in terms of mechanical
strength, increased electron transfer and mainly the increase
in surface area. To evaluate the effect of the electrode
surface modification with rGO, voltammetric analyses were
evaluated using GCE with and without rGO in a 3 mol l–1
KCl solution containing 20 mmol l–1 potassium ferricyanide
redox couple.
Figure 2 shows that the modification with the rGO
increases both anodic and cathodic peaks related to
ferri/ferrocyanide redox couple presenting peak currents
*3.2 times higher with the modified GCE. The cathodic
peak current was equal to 9.73  10-5 A for the modified
GCE with rGO against 3.01  10-5 A for the non-modified
GCE. This result shows that the GCE modification was
achieved with success.
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Figure 1. Electron microscopy analyses of SPE/rGO/AuPd-np electrode fabrication steps. SEM images of (a) the
carbon screen printed electrode (SPE), (b) SPE/rGO-np, (c) SPE/rGO/AuPd-np, (d) SPE/rGO/AuPd-np in higher
magnification, (e) EDS spectrum of the SPE/rGO/AuPd-np electrode and (f) TEM images of the AuPd nanoparticles.

In figure 3, it is possible to observe the study of the
electrochemical behaviour in the absence and presence of
the same concentration of EG in 0.1 mol l–1 KOH using
GCE, modified GCE with rGO (GCE/rGO), modified GCE
with rGO and gold (GCE/rGO/Au) and modified GCE with

rGO and gold and palladium nanoparticles (GCE/rGO/
AuPd-np).
It is evident that only on the GCE/rGO/AuPd-np electrode (figure 3d), it was possible to observe the presence of
the alcohol oxidation peak at about –0.2 V, showing that
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possibly the synergism between the materials was essential
for the analysis of the analyte. This synergism effect was
evaluated by the kinetic study presented in table 2.
Throughout the modification, it is possible to observe that
the electrochemically active area of the electrode had a
slight increase, however, evaluating each step, the addition
of rGO and Au increased the area by more than two times,
however, with the addition of palladium the area dropped by
half.
The decrease in area may be correlated with the filling
of the electrode pores with palladium particles. Even
after falling by half of the area by adding palladium, k0
increased as well as the charge transfer resistance
decreased, showing that the synergism between Au and
Pd was extremely important for the electrode, a result that
is shown in figure 3.

Figure 2. Profile of the potassium ferricyanide redox couple at
20 mmol l–1 using (a) GCE and (b) modified GCE with rGO at a
scan rate of 0.1 V s–1.

(a) 10

(b)

Blank
143 µM of EG

300

5

250

Current (µA)

0

Current (µA)

Blank
143 µM of EG

350

-5

200
150
100
50
0

-10

-50
-15

-0.4

-0.2

0.0

0.2

0.4

0.6

Potential (V vs. Ag/AgCl)

(c)

500
400

-100

0.8

(d)

Blank
143 µM of EG

-0.2

0.0

0.2

0.4

0.6

0.8

Potential (V vs. Ag/AgCl)
1000
800

Blank
143 µM of EG

600

Current (µA)

300

Current (µA)

-0.4

200
100
0

400
200
0
-200

-100
-0.4

-0.2

0.0

0.2

0.4

Potential (V vs. Ag/AgCl)

0.6

0.8

-400
-1.0

-0.8

-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6

0.8

1.0

Potential (V vs. Ag/AgCl)

Figure 3. Analysis of 143 lmol l–1 of EG in KOH 0.1 mol l–1 using (a) GCE, (b) GCE/rGO, (c) GCE/rGO/Au and (d) GCE/rGO/
AuPd-np at a scan rate of 0.05 V s–1.
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Kinetic study of each modification step in potassium ferricyanide.

Modification step

Electrochemically active area (cm2)

GCE
GCE/rGO
GCE/rGO/Au
GCE/rGO/AuPd

0.0414
0.0701
0.1045
0.0499

k0 (cm s–1)
1.58
3.98
3.56
3.79






10-3
10-3
10-3
10-3

Rct (X cm2)
555.64
490.41
522.54
500.00

Table 3. Responses obtained with PB planning (table 1) for
GCE/rGO/AuPd-np electrode preparation.

Table 4. Effects of the parameters studied for the GCE/rGO/
AuPd-np electrode preparation.

Experiment

Parameter

Peak area response (lC)

1
2
3
4
5
6
7
8

11.3
12.8
13.3
16.2
5.93
9.8
9.29
8.36

3.3 Experimental optimization for electrodeposition
of gold and palladium nanoparticles
Table 3 shows the obtained responses to the eight experiments presented in table 1. The estimated effect of the
dummy factor was used to analyse the significance of the
factors. Table 4 shows the estimated effect for the proposed
model.
Based on the values obtained from the peak area for EG
oxidation, effect of the parameters was calculated according
to the dummy factor (table 4).
According to the estimated effect of the dummy factor
(x7), no parameters were significant. Thus, based on the
obtained results in the screening step (table 4), the parameters were set at 250 s of gold deposition, 4 mmol l–1 of
PdCl2, 800 cycles and 4 V s–1 for palladium deposition, 0.1
mol l–1 of KOH and 10 cycles of activation.

3.4

Electrooxidation mechanism

The metal electrocatalytic effect is associated with its
ability of adsorbing the alcohol molecules and hydroxide
ions and the alcohol electrooxidation mechanism in metals
as platinum, gold can be summarized by the following
scheme [19,50–52].
M þ ROH ! M-ROHads :


ðReaction 1Þ


M-OH ! M-OHads þ e :

ðReaction 2Þ

–0.008
0.305
0.01
–0.284
–0.013
0.0615
0.4305

x1
x2
x3
x4
x5
x6
x7
x1
x2
x3
x4
x5
x6
x7

Effect

(Au deposition time used in CA/s);
([Pd?2]/mmol l–1);
- (number of cycles of Pd deposition in CV);
- (scan rate for Pd deposition in CV/V s–1);
- ([KOH]/mol l–1);
- (activation cycles in alkaline medium);
- (dummy factor).
-

M-ROHads þ M-OHads ! products:

ðReaction 3Þ

M-ROHads þ OH ! products þ e :

ðReaction 4Þ

In figure 4, it is possible to observe the electrochemical
behaviour of the GCE/rGO/AuPd-np in an alkaline medium
in the absence and presence of MEG.
As can be seen in the voltammetric profile, the GCE/rGO/
AuPd-np sensor presented three anodic peaks and three
cathodic peaks. Peaks 1 and 6 refer to the adsorption and
desorption of hydrogen on the electrode surface, while peak
2 refers to the OH- adsorption in gold, peak 4 refers to the
reduction of gold hydroxide oxide, peak 5 is the peak
characteristic of palladium oxide reduction and peak 3
refers to the MEG oxidation [50,53–57]. In this analysis it
was not possible to observe the peaks related to the
adsorption of OH- in palladium and the oxidation of
Pd(OH)ads to PdO that are around -0.4 and ?0.2 V versus
Ag/AgCl [58], respectively, and the peaks related to the
adsorption of OH- in gold and the formation of Au(OH)3
and Au2O3 that appear at around ?0.3 and 0.5 V versus Ag/
AgCl, respectively [59,60].
These results indicate that there was an interaction
between gold and palladium, because even though some
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Figure 4. GCE/rGO/AuPd-np voltammetric profile in alkaline
medium in the (a) absence and (b) presence of 2.38 mmol l–1 MEG
at the scan rate of 0.05 V s–1.

peaks referring to gold and palladium cannot be observed, it
is still possible to see spikes referring to these two metals in
an alkaline environment, such as peaks 4 and 5 that are
present in figure 4.
3.5

Partial validation

3.5a Linearity: Figures 5 and 6 show the relationship
between the MEG anodic peak current and its area (given in
C), respectively, vs. MEG concentration in the range of 89.5
to 179 lmol l–1. For the proposed analytical curve
(figure 6), a Pearson correlation coefficient of 0.9096 was
obtained, [ 0.900, and the P value of the F ANOVA test
was equal to 5.06 9 10–10, \ 0.05, thus, rejecting the
hypothesis of no relationship between the peak area and the

(a)

concentration. These results show that there is an adequate
relationship between the parameters for the applied model.
For the Cochran test, a P value of 0.4145 ([ 0.05) was
obtained, therefore, the hypothesis of equality of variances
at the 5% level of significance is not rejected, being a
homoscedastic model. For the Anderson–Darling test, the
P value obtained was 0.9237 ([ 0.05), so the hypothesis of
normality of residues is not rejected [42,61]. These results
show that the applied linear model is reliable.
3.5b Limits of detection and quantification: Detection
and quantification limits are the lowest analyte values that
can be detected and quantified, respectively, with
acceptable precision and accuracy under pre-established
experimental conditions. According to equation (4), the

(b)
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Figure 5. GCE/rGO/AuPd-np voltammetric profile: (a) complete voltammogram and (b) MEG oxidation peak after successive
additions of MEG in 0.1 mol l–1 KOH at the scan rate of 0.05 V s–1.
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Figure 6. Analytical curve obtained for MEG using GCE/rGO/
AuPd-np.

n=3
Lower (89.5)
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Higher (179)

160

180

Figure 7. The analytical curves obtained for MEG using GCE/
rGO/AuPd-np prepared on different days with different electrodes.
Table 6. Evaluation of the analytical recovery of the GCE/rGO/
AuPd-np electrode.

RSD of the GCE/rGO/AuPd-np electrode.

Concentration (lmol l–1)

140

Concentration (µmol L )

Concentration (µmol L )

Table 5.

120

-1

-1

(RSD%)

1.03
9.14
6.17

Theoretical concentration
(lmol l–1)

Recovery
(%)

95.8
106
119
144
157
186

107
98.3
94.6
100
97.2
104

89.5
107
125
143
161
179

obtained detection and quantification limits were 31.5 and
104 lmol l–1, respectively.

0.50
0.45
0.40

Chargep,a (µC)

3.5c Precision: The concentrations used were 89.5
(lower level), 143 (medium level) and 179 lmol l–1
(upper level). Table 5 shows the repeatability (n = 3)
obtained by the proposed method. The standard deviation
value is \ 9.14% variability, showing good accuracy. RSD
values below 20% are considered suitable for analytical
methods [46,48].
For the intermediate precision study (figure 7), two analytical curves were made, following the same procedure
described in section 2.5. These curves were made on different days and using different electrodes. When comparing
the variances found for the analytical curves obtained by the
same analyst using different GCE/rGO/AuPd-np films by
the single-factor ANOVA test, it was found that both can be
considered equal, since the Fcalculated value (1.45), for a 95%
confidence interval, is less than the critical one (2.27). The
slopes of the straight lines were also compared, and it was
found that both can be considered equal, since the calculated (1.69) for a 95% confidence interval is less than the
critical (2.03).

Expected concentration
(lmol l–1)

0.35
0.30
0.25
0.20
0.15
0.10
0.05
0.00

0

100

200

300

400

500

600

700

Number of cycles
Figure 8. MEG anodic peak area response for successive
voltammetric cycles using the same GCE/rGO/AuPd-np sensor
in 0.1 mol l–1 KOH solution.

3.6

Recovery

To study the recovery of the method, MEG standard solutions were used at the same concentration of the analytical
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Table 7.
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Comparison of techniques and some merit figures for MEG analysis with other electrochemical methods found in the literature.

Technique
CG (ASTM D4291-04)
LC-MS/MS
HS-CG
GC-MS
Chronoamperometry
Photo-electrocatalysis
CV
CV

Electrode

LOD

LOQ

Linear range

—
—
—
—
Copper foil covered by Cu2O/CuO
Ti/TiO2 nanotubes
Ni/Ni(OH)2
GCE/rGO/AuPd-np

—
0.56 mmol l–1
—
0.81 mmol l–1
10 lmol l–1
7.2 lmol l–1
651 lmol l–1
31.5 lmol l–1

—
4.83 mmol l–1
0.161 mmol l–1
—
Not studied
23.8 lmol l–1
2150 lmol l–1
104 lmol l–1

0.0805–3.22 mmol l–1
1.61–64.4 mmol l–1
0.161–32.2 mmol l–1
0.806–80.6 mmol l–1
0.01–1.5 mmol l–1
3  10–5–0.88 mol l–1
2.20–13.2 mmol l–1
89.5–179 lmol l–1

curve. With their voltammetric analysis, a comparison of
experimental and theoretical values was performed
(table 6). The results present in table 6 show that the method
had an excellent recovery in the studied concentration
range. The recovery is between 94.6 and 107%, which is
within the acceptable limits. Acceptable concentration
ranges vary between 70 and 120%, with an accuracy in the
range of ±20% [48].

3.7

Stability

Stability of the electrode is one of the most important factors to be evaluated, since it will provide a less time-consuming and inexpensive method. The stability of GCE/rGO/
AuPd-np was verified by performing several continuous
voltammetric cycles using the same working electrode in a
solution containing 2.38 mmol l–1 of MEG under the following conditions: 0.050 V s–1, 0.1 mol l–1 KOH solution
and potential range –0.8 to 0.7 V. Up to 650 voltammetric
cycles, the electrochemical response was kept constant, as it
can be seen in figure 8, showing that the proposed sensor
presents high stability.

4.

Comparison with literature data

As can be seen in table 7, all the chromatographic and mass
methods present low detection or quantification limits,
while the Ti/TiO2 and Cu electrode showed a lower
detection limit for MEG. However, despite having obtained
a high detection limit, the method proposed here is less
laborious and fast (Ti/TiO2 and Cu electrodes took 4 h to
make, while the GCE/rGo/AuPd-np electrode took 40 min)
and the use of external UV sources is not necessary. Serum
levels [ 50 mg dl–1 (8 mmol l–1) are generally associated
with serious monoethylene glycol poisoning, which can
cause serious damage to the kidneys and liver [65], so the
electrode developed in this work is a great alternative to
identify contamination levels of monoethylene glycol in
humans.

5.

Reference
[62]
[14]
[16]
[15]
[5]
[63]
[64]
Our study

Conclusion

A simple, less expensive and environmentally viable route
was used to manufacture a sensor based on rGO and
nanoparticles of gold and palladium for the sensitive
determination of monoethylene glycol.
Modification of the electrode with nanomaterials
proved to be considerably beneficial, in comparison with
the GC electrode, the developed electrode had an increase
of 20 and 140% in the electroactive area and heterogeneous transfer constant, respectively. It is important to
highlight the important role of gold and palladium, when
the electrode was modified with gold, there was an
increase of 150% and after the addition of palladium, it
reduced to 20% in the electroactive area, however, the
same did not happen with k0, even reducing considerably
the k0 area in relation to the gold electrode had an
increase of 6.5%, i.e., even with a much smaller area, the
final electrode had a higher kinetic performance, showing
that the synergism of metals had an important role in the
performance of the electrode.
The sensor showed excellent analytical characteristics,
such as good limit of detection and quantification, good
reproducibility, high stability, recovery and durability,
showing to be a great alternative for analysis of MEG in
human serum. The sensor not only offers satisfactory performance for monoethylene glycol, it can be reused for the
analysis of substances that present in the alcohol functional
group in its structure.

Acknowledgements
We thank Fundação de Amparo à Pesquisa do Estado do
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