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A New Sensor Based on Reduced Graphene Oxide/Au Nanoparticles for Glycerol Detection
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The projections for the global energy demand have been one of our society’s greatest challenges,
which has contributed significantly to the search for new sources of energy, among which biodiesel
stands out and, consequently, the development of methods for quality assurance is essential to
ensure its technological demand. In this context, a stable sensor based on graphene oxide and gold
nanoparticles was developed for glycerol analysis. The electrochemically deposited gold nanoparticles
presented the best results with a peak current (Ip) four times greater than the chemically produced gold
nanoparticles. The combination of glassy carbon electrode with electrochemically reduced graphene
and electrochemically deposited gold nanoparticles (GCE-ErGO-EAuNp) resulted in an efficient
sensor to detect glycerol, promoting an /_ increase. The proposed non-enzymatic method showed a
linear response in the concentration range of 1.0 x 10~ to 1.0 x 10-%(w/w) with a good determination
coefficient (r> = 0.9989), limits of detection and quantification at 1.2 x 10“* and 4.0 x 10**(w/w),
respectively, with a repeatability of (RSD% ranged from 0.36% to 2.78%), intermediate precision and
recovery of (99.3% to 104.4%) and excellent stability of 700 continuous analysis cycles.

Keywords: Biodiesel, Liquid-liquid Extraction, Graphene Oxide, Gold Nanoparticles, Glycerol,

Cyclic Voltammetry, Validation.

1. Introduction

Glycerol is a water-soluble product that is viscous,
hygroscopic, odourless and has a sweet taste; it is a natural
chemical constituent of many foods and is currently used
in fruit juices, wine, vegetable oil, beer, tobacco, honey,
among others'.

The determination of glycerol has been used in many
applications, such as clinical, pharmaceutical and food-industry
laboratories, and more recently in biodiesel quality control.
There are several analytical methods in the literature for
glycerol determination. The official methods for determining
glycerol are those recommended by the Association of
Official Analytical Chemists (AOAC) involving gas and
liquid chromatography, which are time-consuming, tedious
and expensive to use for routine analysis’.

The development of accessible devices is necessary for the
field’s research advancement, which enables the development
of alternative commercial techniques for the determination
of this analyte. In this context, the enzymatic methods that
combine the selectivity of enzymes involved are either ‘in
solution’ or ‘immobilized’, and different detection systems
have been extensively applied to develop prospective methods
for measuring glycerol in clinical analysis, food products
and biotechnological processes*'?. There is an enzymatic
assay based on the methodology of substrate dosage by
the end-point method that uses glycerokinase (GK) and
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glycerol-3-phosphate oxidase (G3PO) for glycerol analysis
in different matrices such as tobacco casing, fermented
products, blood serum and biodiesel**!:12:14,

Studies were recently presented in the literature about
non-enzymatic electrochemical analysis through glycerol
oxidation in NaOH solution at a boron-doped diamond
electrode, gold electrode, copper electrode and Au(111)/
Si0, cavity/ITO electrode'>'®. As the electrochemical
methods are cost effective, highly sensitive and mostly
simple to perform, a search for new sensors is of the utmost
importance's. A promising sensor material is graphene. This
material presents high conductivity, surface area, thermal and
mechanical stability'>?. Using reduced graphene oxide on
electrochemical sensors promotes an increase of the sensor
sensibility because of an increase of their current response®-¢.

Several catalysts can be found in the literature for the
electro-oxidation of glycerol such as nickel, palladium,
platinum, copper and gold>!%27%°,

The gold electrodes are considered very important
for the free glycerol (FG) analysis in biodiesel, which
has a wide linear range on the evaluation of glycerol
concentration'®. According to the Sabatier principle®, a
good catalyst must have an optimal adsorption force to
yield a better activity. If the adsorption force is low, the
adsorption step of the reagents is very slow, limiting the
entire reaction. If the adsorption force is excessive, the
catalyst does not release the products, which is a phenomenon
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called catalyst poisoning and one of the main problems
of'the use of metals in organic molecules electroanalysis,
generating the loss of electric signals as a result, which
decreases the sensitivity of the electrode. In this context,
the gold is an excellent catalyst for the electro-oxidation
of organic molecules, like glycerol, because it promotes
good stability and sensitivity. The reduced graphene oxide
associated with gold is a promising combination for the
development of a sensor for glycerol analysis, and this
combination was studied in this work to analyze free
glycerol contained in biodiesel.

In this study, sensors based on reduced graphene oxide
(rGO) and gold nanoparticles (AuNp) were studied to detect
free glycerol in biodiesel previously extracted by liquid
phase extraction.

2. Experimental

2.1 Graphene Oxide Sample Preparation

For high yield and high performance of graphene oxide
(GO) synthesized using a chemical route, the precursor
requires a large surface area. Expanded graphite was used
in this work as a precursor and was obtained from Nacional
de Grafite. This precursor exhibits a larger surface area
(21 BET/m? g') than other precursors, such as graphite
flakes (0.6 BET/ m? g!), due to the pre-treatment step®'-32,
Pre-treatment includes the intercalation of graphene sheets
by small molecules followed by subsequent heating, which
eliminates the intercalating molecules®. As a result, the
recovered graphite exhibits considerably smaller crystallites,
which lead to a significant increase in the surface area.
Expanded graphite is a very bulky material that retains
most of the properties of the original particles (graphite
flakes), but gains additional processability or ability to be
compressed into a highly cohesive, flexible sheet making
it heat and chemically resistant. A precursor with a large
surface area interacts easily with oxidant mixtures, which
promotes higher yields. GO was prepared according to the
Hummers’ method™®.

Briefly, concentrated H,SO, (9.2 mL) was added to a
mixture of graphite (0.4 g) and NaNO, (0.2 g) in an ice bath.
KMnO, (1.2 g) was slowly added to maintain the reaction
temperature below 20 °C. The produced mixture was warmed
up to 35 °C and stirred for 30 min. Subsequently, water
(18.2 mL) was slowly added to the mixture; which promoted
an intense exothermic reaction, increasing the temperature of
the mixture to 98 °C. External heating was used to maintain
the reaction temperature at 98 °C for 15 min. To stop the
reaction, the mixture was initially placed in an ice bath for
10 min. Later, a solution containing water (55.3 mL) and
30% H,0, (0.4 mL) were added. The product obtained
was filtered and the resultant brown-coloured slurry was
washed with HCI solution (180 mL of water and 20 mL
of 30% HCI solution) to remove metallic ions residuals.
The slurry placed in the HCI solution was then centrifuged
to remove supernatant impurities. The remaining solution
was repeatedly washed with water and centrifuged to remove
impurities, until the pH of the supernatant water was neutral.
Exfoliation of graphite oxide to GO was performed by
the ultra-sonication of graphite oxide dispersions in water
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(1 mg mL1")**. In our previous work, different processes of
GO production were extensively studied to obtain a better
proceeding for glassy carbon electrode (GCE) modification
with rGO?*, In this context, the GCE was modified with GO,
exfoliated for 30 min on a probe sonicator(200 W) using the
concentration of 1 mg mL-!.

2.2 Characterization of expanded graphite and
graphite oxide

Raman spectroscopy analyzes were carried out on a
Renishaw InVia spectrometer with a 514.5 nm laser line ata
power of 0.1 mW and 100x objective lens. All Raman spectra
were obtained from accumulation and averaging of 10 scans
with an accumulation time of 10 sec/scan and the reported
spectra represent the average of twenty-five measurements
made at different points of the sample.

X-ray diffraction (XRD) analysis was performed on a
D8 Focus diffractometer (Bruker-AXS, Karlsruhe, Germany)
with Ni-filtered Cu Ka characteristic radiation with a 20 step
of 0.02, and a collection time of 20s per step. A thin film
of GO was prepared by dripping the sample suspension,
1:1 GO/water, onto a Si water and subsequently drying it in air.

Transmission-mode scanning electron microscopy
(TSEM) images were acquired on a high-resolution SEM
(Magellan 400).

FTIR analyses were performed using a Perkin—Elmer
Spectrum GX spectrometer. The samples were prepared in
powder form and mixed with potassium bromide (KBr) at
a concentration of ~2 mg/g. The mixture was pressed into
pellets of 1 mm thickness, applying 980 MPa equivalent
pressures. The pellets were then analyzed in a spectrometer
under ambient conditions in the range 400 cm™ to 4000 cm™!
using 1 cm™ of step and a resolution of 4 cm™'. The final
spectrum was an average of 16 scans.

2.3 Preparation of glassy carbon electrode
modified with a reduced graphene oxide
(GCE-rGO)

The GCEs used in this study were cleaned by polishing
with alumina powder suspensions (1.0 and 0.3 pm),
followed by rinsing with deionized water and sonication in
3mmol L' of HNO, for 5 min to remove alumina residues.
GO-modified glassy carbon (GCE-GO) were prepared by
dropping 10 pL of GO suspensions (1 mg mL™") onto the
cleaned GCE:s surface, followed by drying at 40 °C in an
oven. Disc with a diameter of 3 mm of the GCE electrode
limited the deposition volume of the GO solution.

Electrochemical reduction of GO cast on GCE-GO
was carried out by chronoamperometry with a 0.1 mol L-!
phosphate buffer solution (PBS) solution at —1.2 Vversus
Ag/AgCl for 60 s, resulting in the formation of GCE-ErGO
electrodes™.

Thermal reduction of GO (TrGO) was carried out by the
heat treatment in an oven at 300 °C for 1 hour followed by
a treatment in a conventional microwave oven at 1000 W
for 10 seconds. This methodology was established by
Voiry et al.*. After reduction, the TrGO was dispersed in H O
in a concentration of 1 mg mL" and 10 uL of this solution
was deposited onto the cleaned GCEs surface, followed by
drying at 40 °C in an oven.



A New Sensor Based on Reduced Graphene Oxide/Au Nanoparticles for Glycerol Detection 3

2.4 Gold nanoparticles preparation

In the electrochemical method to prepare gold
nanoparticles (EAuNp), the electrode was immersed in a
solution containing 1mmol L' HAuCl, and 0.5 mol L H,SO,.
The electrodeposition occurred by applying potential cycles
in the range of 0 to 850 mV with a scan rate of 12 V s and
136 depositions”. After the Au deposition, the electrode
was rinsed with Milli-Q water and oven dried at 40 °C.
The electrochemical deposition of AuNp was performed
on the GCE and GCE-ErGO modified.

In the colloidal method to AuNp production (QAuNp),
200 mL of MILI-Q H,O at 100 °C, 7.5 mL of 1 mol L
sodium citrate and 7.5 mL of 1%w/w of HAuCl, were
mixed and stirred for 8 minutes®. After the synthesis, the
hot solution, which was still hot, was packed in a falcon
tube to avoid fungi proliferation. The modification of GCE
and GCE-ErGO was performed by dropped casting process
using 10 pL of colloidal AuNp solution.

2.5 Characterization of GCE modified electrodes

The electrochemical performance of the produced electrodes
using ErGO and TrGO (GCE-ErGO and GCE-TrGO) was
studied by cyclic voltammetry (CV) in the potential range
of-0.2 to 0.6 V, using potassium ferrocyanide (5 mmol L),
0.1 mol L'KCl and 30 mV s scan rate.

The electrochemical performance of the produced
electrodes (GCE-ErGO-EAuNp and GCE-ErGO-QAuNp)
towards glycerol (3 mmol L) oxidation was studied by CV
in the potential range of -0.5 to 0.6 V, with 30 mV s™' scan
rate in 0.2 mol L' KOH solution.

For the scan of electron microscopy (SEM) images
and energy-dispersive X-ray spectroscopy (EDS) analyses,
we have used a FEI Helios Nanolab 600 equipped with a
Thermo Fisher EDS detector working at 10 kV and 50 pA
for imaging and 3 nA for EDS.

2.6 Electrochemical cell

In all experiments, a platinum wire was used as the
counter electrode, while an Ag/AgCI/KCl 3 mol L' was
the reference electrode.

2.7 Partial validation of proposed method

The purpose of validating the studied method was to
verify the reliability of the results; if it corroborates the
requirements and standards for the specific proposed use.
The parameters studied were: linearity, limit of detection
(LOD), limit of quantification (LOQ), precision (repeatability
and intermediate precision) and accuracy (recovery).

2.8 Linearity

The linearity study was performed by injection, in triplicate
(n=3) of the standard solutions (k=10) corresponding to
each point in the analytical curve. To test the homogeneity
of variances, the Cochran test was used. The Cochran test
verifies the differences between the variances of a given group
of samples, and it was calculated according to Equation 1.

2
Smax
Cc= W (1)

k
is the highest variance and Y's? is the sum of
i=1

Where: s, .
all the variances of the samples.

The linearity was checked by the determination coefficient
(r?) of the curve. The working range was considered linear

with values above 0.99%.

2.9 Limit of detection and Limit of quantification

The limit of detection (LOD) was calculated following
the evaluation of the standard deviation of the y-residuals
from the line of best fit and slope of the analytical curve,
through Equation 2 and the limit of quantification (LOQ)
was obtained considering 3.3 times the value of LOD.

LOD = 3b—s 2

Where: s is the standard deviation of the analytical curve
intercept and b is the slope of the analytical curve.

The visual method was also performed to determine
the LOD value.

2.10 Precision (repeatability and intermediate
precision)

Precision was evaluated based on the repeatability of the
analyses, which was analyzed from the standard deviations
obtained in triplicate from an analytical curve constructed
with the same instrument (Equation 3).

RSD% =100 (3)
X

Where: o is the standard deviation of triplicate analyses and
X is the results average.

The intermediate precision was evaluated through
analysis of variances (ANOVA) with two analytical curves
obtained with the same electrode and different electrodes
plotted on different days, using the same experimental
conditions (i.e., in the same laboratory and operating the
same potentiostat). The Anova test evaluated the F value,
whereas the slope comparison between the different curves
was performed by the t test.

2.11 Accuracy (recovery)

Accuracy was reported as recovery, R (%), and it was
verified for all concentrations, in triplicate, on the analytical
curve. Results of accuracy were calculated according to
Equation 4.

C
R(%) = =100 )

exp

Where: C,, and C,,, are the measured and expected by the
analytical curve concentrations, respectively.

2.12 Biodiesel analysis

For biodiesel analysis, a previous stage was performed to
remove FG from the samples. This process was performed by
liquid-liquid extraction using the method related in aprevious
work of the group*. After the liquid-liquid extraction, the
analysis by the proposed electrochemical method was carried
out by adding a standard solution to the sample.
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3. Results and Discussion

3.1 Sensors characterization and Glycerol
electro-oxidation

The Figure 1 represents the structural and morphological
characterization of the produced graphite oxide and the
precursor, expanded graphite. The FTIR spectra is presented
in Figure 1a, and shows evidences for the oxygen-containing
functional groups in graphite oxide samples composed to
physisorbed water or/and hydrogen bonds in 3500-3000 cm-
!, carbonyl groups in 1730 cm™, OH deformation in 1630
cm’!, aromatic vibrations of C=C structure in 1580 cm™! and
vibrations of epoxy groups in 1183 cm'? %" The graphite
structure presents a peak of physisorbed water and a peak
of aromatic vibrations of C=C bonds.

The Raman spectra (Figure 1b) shows the broad G band
at 1580 cm!, which is a result of in-plane vibrations of sp?
bonded carbon atoms producing the E,, symmetry normal
mode***!. The D band, in the graphite oxide structure,
centered at 1350 cm™! is A,, symmetry mode produced by
out-of-plane vibrations of carbon atoms, and it becomes
active due to the presence of structural defects*..

XRD measurements of the produced GO samples are
shown in Figure 1c. The graphite oxide sample exhibits a
characteristic XRD peak at 20 ~ 11° representing a periodic
stacking of its sheets*?, unlike the graphite structure.
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It represents the modification of graphite structure after
Hummers’ process with a peak shift of 260 of 26° to 11°.

Figure 1d shows TSEM micrograph, on dark field mode,
of produced graphene oxide deposited on the ultrathin carbon
film on a lacey carbon support film, which confirms the
membrane-like architecture of GO, reproducing the results
of similar studies on GO morphologies®**.

It is well known that electrical properties are fundamental
to goodsensor performance. Along these lines, after the
production of GOs two reduction procedures were carried
out to produce reduced graphene oxide which, unlike
graphene oxide, presents good electrical properties: with
electrochemical and thermal reduction. Figure 2 shows all
the electrochemical characterization of GCE modified with
ErGO and TrGO in the presence of K,[Fe(CN),]. It is noticed
that both reduced materials have excellent performances
regarding the GCE, showing higher responses of reduction
and oxidation currents. However, the electrochemically
reduced GO showed a current response, compared to the
thermally reduced GO, two times higher, a fact that highlights
its superior performance. The electrochemically reduced
GO was obtained adding 10 pL of 1 mg L' graphene oxide
dispersion in water on the GCE, and then it was reduced at
-1.5 V/SCE. The TrGO was obtained in different way; the
thermally reduced GO particles suspension in water were
deposited on the GCE. This performance can be attributed
to the little dispersion of the thermally reduced particles,
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Figure 1. Graphite oxide structural and morphological characterization. FTIR (a), Raman (b), XRD (c¢) and STEM micrograph of produced

graphite oxide (d).
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because of the low solubility of the TrGO in an aqueous
medium; and the graphene oxide presents a good dispersion
in water. The solubility of TrGOs was higher in low polarity
solvents such as hexane and toluene. On the other hand, the
presence of these solvents on the electrode surface could
reduce the electrode performance®.

The best response of the ERGO electrode is probably
because of the procedure used to prepare the electrode.
In preparing the ERGO electrode an aliquot of GO dispersion
is deposited on the glassy carbon electrode, while the TrGO
electrode was obtained by adding an aliquot of TrGO
suspension on the GCE. GO particles can disperse very
well in water, whereas TrGO particles have little affinity for
water. The GO particles deposited on the GCE were reduced
at the surface, applying —1.5 V/SCE.

Figure 3 shows the electrochemical behavior of glycerol
using GCE-ErGO in the presence and absence of glycerol.
The small increase in the current is observed starting at
0.6 V in the presence of glycerol, which is, according to
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Figure 2. Cyclic voltammograms of GCE electrodes without

modification, modified with TrGO (GCE-TrGO) and modified
with ErGO (GCE-ErGO) in potassium ferrocyanide (5 mmol L).
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Tehrani et al. (2012) as related to the glycerol oxidation®.
The insert in Figure 3 shows the behavior of GCE also in the
absence and presence of glycerol. In comparison, the use of
electrochemically reduced graphene (GCE-ErGO) promotes
larger current responses. In the presence of glycerol, it was
observed an increase of current in the GCE-ErGO electrode
in more negative potential, showing its electro catalysis
performance. The capacitive behavior of GCE-ErGO in
relation to CGE relates to its large surface area. As previously
described, the peak current (/) as well as the capacitive
current (/) are proportional to the electrode area™. It can be
shown that the metallic catalyst is fundamental to promote
the electrochemical glycerol oxidation. Figure 3b shows
the electro catalytic performance of AuNp towards glycerol
oxidation. Two methods of AuNp production were tested:
chemical synthesis and electrodeposition of a gold film
directly on the electrode surface®”* (Figure 3b). As shown in
Figure 3b, the electrochemical method of deposition showed
the best results, providing a current about four times higher
when compared to nanoparticles produced by the chemical
method and dripped onto the surface. The ErGO-EAu-Np
delivered more sensitivity than the ErGO-QAu-Np probably
because of the presence of stabilizing ions (citrate) around
theirparticles to avoid the crowding effect in the chemical
synthesis. These large ions decrease the efficiency of the
sensor towards the glycerol oxidation, because it makes the
interaction between the Au nanoparticles and the glycerol
molecules more difficult. The great advantages of using gold
nanoparticles electrochemically deposited are: the possibility
to achieve more homogeneous films, the films are prepared
from dilute solutions that can be reused and a higher stability
is achieved contrasting with the chemically obtained gold
nanoparticles, which can generate larger aggregates when
influenced by environmental and storage issues, such as
temperature, pressure and external contamination.

Figure 4a shows a comparison between GCE modified
with EAuNp (GCE-EAuNp) and ErGO (GCE-ErGO-EAuNp).
As noted, ErGO promoted an increase in ]P from 40 pA to
1000 pA, approximately. In fact, it can be attributed to the
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- - - - GCE-ErGO-QAuNp

/(nA)
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Figure 3. Cyclic voltammograms of GCE-ErGO without glycerol and with glycerol, the introduced graphic is the same analysis but using
the CGE (a) and Cyclic voltammograms of GCE-ErGO modified with QAuNp and EAuNp (b), in 0.2 mol L"' KOH solution containing

3 mmol L' glycerol using 30 mV s scan rate.
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Figure 4. Cyclic voltammograms of GCE and EAuNp with (GCE-ErGO-EAuNp and without reduced graphene (GCE-EAuNp) modification
in 0.2 mol L' KOH solution containing 3 mmol L' glycerol using 30 mV s scan rate (a) and the respective analytical curves using

GCE-EAuNp and GCE-ErGO-EAuNp (b).

increase of the active surface of the electrode promoted by
ErGO. Figure 4b shows the influence of the use of ErGO on
the A for different glycerol concentrations. The sensitivity
improvement of the method is clear with the use of
GCE-ErGO-EAuNp electrode.

The voltammetric profile of glycerol in gold electrodes
is already well known in the literature®?®. The anodic peak,
in Figure 4a, in the positive potential scan, is attributed to
the electro-oxidation of the glycerol by the formation of its
intermediates, in the reverse scan, another anodic peak is
attributed to the oxidation of the remaining intermediates on
the electrode surface. This peak in the reverse potential scan
is responsible for electrode activation®®*. The mechanism
for the electro-oxidation of glycerol in platinum was related
for the first time in 1984% and confirmed in 1991 on gold
electrodes®. Tt is described by a sequence of 4 reactions,
presented below, being M the metallic working electrode,
G the glycerol and the subscriber “ads” to the adsorbed
substance (Equations 5-8). The formation of the AuOH
species is necessary for the initiation of glycerol oxidation,
since the electro-oxidation of glycerol on gold occurs through
the interaction between adsorbed glycerol (Au-G, ) and
OH-adsorbed species (AuOH, , ). Among the products formed
by the oxidation of glycerol are glyceraldehyde, tartronic
acid and glyceric acid.

M+ G > M-Gyy %)
M-OH — M —-OH  + e— 6)
M -G,y + M —OH ;0 — products (7)
M -G,y + OH™ — products + e— (3

Mohammad et al.*” concluded that parameters such as
scan rate and the number of cycles directly interfere with
the size and homogeneity of the formed nanoparticles,
which consequently decrease the electrode performance.

The modified GCE with both ErGO and EAuNp presented
homogeneous morphology, with excellent adhesion on the
electrode surface and excellent stability.

Figure 5 shows SEM images of GCE: unmodified
(Figure 5a), modified with ErGO (Figure 5b) and modified
with both ErGO and EAuNp (Figure Sc and 5d), and the EDS
chemical analyses (Figure 5¢). Before modification, the GCE
has a flat surface and some grooves (Figure 5a). After the
ErGO modification, the presence of a wrinkled membrane
on its surface, characteristic of the overlapping of ErGO
sheets (Figure 5b), is observed. With the gold deposition, the
characteristic of the ErGO film changes completely with the
presence of several spherical shaped EAuNps (Figure 4c).
A higher magnification SEM image (Figure 5d) shows the
detail of the electro-deposited EAuNps having a bimodal
distribution with mean sizes of about 20 nm and 100 nm.
EDS analysis indicates a small amount of sodium on the
surface of the CGE-ErGO (Figure Se), which remains
from thebuffer solution used in GO reduction. The film
of the electrode showed the characteristic color of gold.
Etesami and Mohamed?” describe the same observation in
Au electrochemically deposited on the surface of graphite.

4.2 Partial validation of the voltammetric method
using GCE-ErGO-EAuNp as sensor for
glycerol analysis

The partial validation is related by the evaluation of
analytical Figures of merit such as sensitivity, linearity,
limit of detection (LOD) and limit of quantification (LOQ),
together with the accuracy and repeatability of the proposed
method. The sensitivity was evaluated by the slope of the
analytical curve (0.00673puC (%ow/w)™).

Figure 6a shows the cyclic voltammetric curves of
GCE-ErGO-EAuNp for different glycerol concentrations
(from 1.0x1073 to 1.0x102% (w/w)) in 0.2 mol L' KOH.
It can be observed that the increase in glycerol concentration
led to a higher peak area. Thus, an analytical curve was
constructed from the peak area data of the voltammetric
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Figure 5. SEM images of the GCE: without modification (a), modified with ErGO (b) and finally with EAuNp (c). A higher magnification
image of the GCE-ErGO-EAuNp (d) and EDS chemical analyses of the electrodes in all three steps (e).
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Figure 6. Cyclic voltammetric curves of GCE-ErGO-EAuNp for different glycerol concentrations to evaluate the linearity range of the

method (a) and its analytical curve (b).

curves as a function of the glycerol concentration (Figure 6b).
The choice of the peak area in the place of peak current is
because of the enlargement of the peak, which is correlated
to the various oxidation processes.

The peak area values obtained in triplicate for the
linearity analysis were submitted to the Grubb’s test (G)
and no aberrant value was found.

This curve was submitted to the Cochran test to
test for the bilateral deviation of the variances to a 5%
significance level. This test evaluates the homogeneity of the
variances. The calculated value (0.32) was also lower than

the tabulated value (0.44) for the curve over the range of
1.0x 107 to 1.0 x 10%% (w/w) (for k=10 and n=3), showing
that the variances are homogeneous as the concentration
increases, which characterizes an homoscedastic behavior.
The analysis of the determination coefficient (r>=0.9989)
of the analytical curve indicated a linear relationship, with
a linear correlation coefficient greater than 99%, and this
value was considered adequate for this methodology®**.
Precision was evaluated based on the relative standard
deviation of repeatability and from the intermediate
precision. The relative standard deviation, shown in Table 1



for the analytical curve presented in Figure 4b, varied from
99.24 t0 104.4%, which indicates that the method is acceptable
and has a good repeatability.

The LOD and LOQ limits were also obtained by the
statistical criteria. For this calculus the parameters found
on the linearity study showed in Figure 5b was used.
The LOD and LOQ found were 1.2x10** and 4.0x10% (w/w),
respectively. These results corroborate with the visual
LOD and LOQ values found as 1.0x104%(w/w) and
3.0x10% (w/w), respectively.

The intermediate precision of the method was evaluated
from the analytical curves obtained using the same experimental
conditions in different days (Figure 7a) and with different
electrodes (Figure 7b).

The variances for the analytical curves obtained in
different days, performed by the same analyst with the
same ErGO-EAuNp (Figure 7a), presented a calculated F
(0.005) lower than critic F (4.494), with a confidence of
95%. The comparison of the slopes of the straight lines
shows the calculated (1.206) lower than critic t (2.306),
with a confidence of 95%, revealing that the slopes of these
two lines are equal.

The variances for the analytical curves obtained with
different electrodes by the same analyst (Figure 7b), can

Table 1. Recovery results using the voltammetric method.
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be considered equal, since the calculated F value (0.39) is
smaller than critic F(4.49). The slopes of the straight lines
were also compared and found to be different straight lines,
since the calculate t (6.33) is larger than the critic t (2.31), with
a confidence of 95%. It means that it is necessary to build a
new analytical curve for each new GCE-ErGO-EAuNDp sensor.

In order to evaluate the stability of the electrode, several
cycles of analysis were performed. A test with continuous
cycles (700) was performed using GCE-ErGO-EAuNp
sensor in 0.2 mol L' KOH containing 3 mmol L' of glycerol.
The ECV-ErGO-EAuNp kept the peak current constant after
700 cycles of analysis.

A comparison between the sensor proposed in this work
and other sensors reported in the literature that use gold or
nickel as a catalyst for oxidation of glycerol is presented in
Table 2. The method using Au electrode, flow injection analysis
(FIA) and chronoamperometry (CA) detection showed an
LOD in the range of 0.0005 mmol L', the lowest LOD of
the references cited in Table 2'. Despite the excellent LOD,
the authors did not determine the free glycerol content in the
biodiesel samples. They performed only a recovery study
with biodiesel samples fortified with glycerol, and there
was no comparative analysis with the reference method,

Theoretical . . D Standard Standard Measured
1* Signal 2" Signal 31 Signal Average . "
[Glycerol] w0) (u0) we) (uC) deviation deviation [Glycerol]  Error (%)
(% wiw) : : : : (10) (10) (% wiw)
1.0 x 10° 7.76 x 10 7.71 x 10 7.75 x 10 7.74 x 10 2.81x10% 0.36 1.01x 103 100.6
2.0x10°% 1.51x10° 1.51x 10° 1.48 x 10° 1.50 x 10 2.10x 107 1.40 2.09 x 103 104.4
3.0x 103 2.17x10° 2.22x10° 2.10x 10° 2.17x10° 6.03x 107 2.78 3.08x 107 102.8
4.0x 103 2.73 x 10° 2.76 x 10° 2.79 x 10° 2.76 x 10° 3.05x 107 1.11 3.97x10° 99.3
5.0x103 3.45x10° 3.44x10° 3.45x10° 3.45x10° 4.00 x 107 0.12 5.00x 107 99.9
6.0x10° 4.27x 10° 426 x 10° 421x10° 4.25x 10° 3.01x 107 0.71 6.19x 107 103.2
7.0x10° 494 x 10° 491 x10° 4.86x 10° 491x10° 3.91x 107 0.80 7.17x 107 102.7
8.0x10° 5.60 x 10° 5.62x 107 5.57x 107 5.60 x 107 2.69 x 107 0.48 8.21x10° 102.6
9.0 x 10 6.16 x 10° 6.17x 107 6.09 x 10° 6.14x 107 4.61x 107 0.75 9.01x 107 100.2
1.0 x 10° 6.76 x 10 6.82x 107 6.81 x 10° 6.79 x 107 3.24x 107 0.48 9.99x 107 99.9
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Figure 7. Analytical curves obtained by the same analyst using the same GCE-ErGO-EAuNp on different days (a) and analytical curves
obtained by the same analyst using different GCE-ErGO-EAuNp (b).
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Table 2. Comparison of analytical parameters for the proposed method with other electrochemical methods found in the literature.

Reference Sensor Electrochemical LOD Linear range
technique (mmol L") (mmol L)
Maruta and Paixdo'® Au FIA 0.0005 0.001 to 0.3
Lietal.' Si/Au VPD-CA 0.0015 0.01t00.8
Yasmin et al.?! C/NiNp VPD-CA 0.033 0.5t0 12
Lietal. Cu FIA-CA 0.003 0.033 to 1.7
Chen et al.*® PtRu-SPUME CA 0.006 0.01to 1
This Work ErGO/EAuNp CV 0.01 0.1to 1.1

CV - cyclic voltammetry; DPA — differential pulse voltammetry; CA — chronoamperometry; FIA — flow injection analysis

gas chromatography. Others authors developed methods
using FIA"™ or CA* methodologies and obtained lows LOD.

In contrast to the much smaller LOD achieved in this
work, a LOD of 0.0015 mmol L' was reported in a method
using silicon electrode with gold nanoparticles'®. Actually,
an ITO substrate, Indium Tin Oxide, was modified with
polystyrene and SiO, from a colloidal silica dispersion.
The aim of SiO, was to increase the surface area of the
electrode for the gold nanoparticle deposition. Glycerol
was analyzed using differential pulse voltammetry (DPV),
the statistical study was not done and the stability of this
electrode was not described.

Another method found in the literature used electrochemically
deposited nickel nanoparticles on graphite-based electrode®.
This work reached a LD 0f 0.033 mmol L' using DPV, three
times higher than the LOD reached in this work.

Cyclic voltammetry was sensitive for the quantification
of glycerol. Generally, this technique is used for qualitative
analysis. For example, CA and DPV are the most used
quantitative analyses. However, as previously discussed, the
potential reverse scan is responsible for the reactivation of
the electrode, since it oxidizes all remaining species from
the main stage. It is already known in the literature that one
of the great challenges of the electroanalysis of organic
molecules is the deactivation of the electrode.

The electrodeposition of AuNp associated to the reduced
graphene was able to provide a sensitive sensor for the
analysis of the biodiesel quality, whose FG content should
be a maximum of 0.02%(w/w), according to the regulatory
agency. In addition, the excellent stability and resistance
to poisoning of the sensor developed here makes it a great
promise to glycerol analysis.

The matrix may contain components that interfere inthe
sensor response, such alcohols used in biodiesel synthesis.
These interferences may increase the electrochemicalsignal
magnitude, and the level of the effect itself may depend on the
concentration. The literature shows that gold in an alkaline
medium presents an interesting characteristic regarding the
other metals, and presents current densities variation according
to the size of the alcohol molecule analyzed and the number of
hydroxyl group*-*°. The higher the number of a carbon chain,
the higher is the current density'!, for example, methanol
presents current densities lower than ethanol, which we
attribute to an increasing hydrophobic character that would
facilitate the displacement of water molecules from the
interface**". Another point is the largest number of hydroxyl
groups present in the molecule that promotes the increase in
the current densities. This statement is confirmed in Figure 8.
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Figure 8. Selectivity test on GCE-ErGO-EAuNp sensor in the
presence of ethanol (interfering).

The glycerol presents higher current density in relation to
ethanol, besides the ethanol electro-oxidation occurs in a
more positive potential comparing to glycerol. The Figure 8
shows that the mixture glycerol/ethanol presents the sum of
the contributions of each alcohol, showing that the glycerol
analysis should be performed by standard addition method
and preferably removing the ethanol from the sample. Tehrani
and Ghani (2012) also showed the influence of alcohols on
the performance of glycerol analysis on modified electrodes
with nickel nanoparticles® and attributed the recovery to
be greater than 100% in the presence of alcohols, such as
methanol or/and ethanol. To eliminate the interference in the
glycerol recovery, a previously heating stage, on recovery
studies, was performed to remove the methanol and ethanol
residues leaving only the glycerol contribution.

4.3 Real sample analysis with the sensor
proposed in this work

The method proposed herewas applied in the determination
of FG in biodiesel samples, and the results are described in
Table 3. Glycerol was extracted from biodiesel samples to
aqueous phase according to literature®. After the liquid-liquid
extraction, all samples were dried in a vacuum at 80°C to
eliminate the residual alcohols and solvents. According to
Figure 8 and the literature, sensors based on transition metals
are not selective to alcohol molecules. The results obtained
by standard addition method and the electrochemical method
proposed here were compared to GC analysis. The data
demonstrate that the extraction is effective because all the
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Table 3. Comparison of free glycerol concentration in biodiesel samples obtained by CG and the electrochemical method proposed here.

Biodiesel Sample GC Electrochemical method Recovery
(Y%ow/w) (Yow/w) (%)
1 0.0060 + 0.0005 0.0060 + 0.0002 99.84
2 0.0180 + 0.0005 0.0174 £ 0.0005 96.82
3 0.0019 + 0.0005 0.0018 + 0.0001 96.82

glycerol present in biodiesel was recovered. The data obtained
by the electrochemical method proposed here also showed
good recovery, ranging from 94.7 to 96.7%, demonstrating
good recovery of free glycerol in biodiesel.

5.Conclusions

The glycerol analysis by the voltammetric method using
glassy carbon electrode, modified with the electrochemically
reduced graphene oxide with electrochemical deposition of gold
nanoparticles, showsa linear response in glycerol concentration
range of 1.0x107 to 1.0x10"% (w/w). The detection and
quantification limits obtained by the visual method were
1.0x10* and 3.3x10*% (w/w), respectively and the detection
and quantification limits obtained from the experimental data
of the analytical curve were 1.2x10* and 4.0x10*"(w/w),
respectively. The low standard deviation of the analytical
curve is responsible for the closeness value obtained by the
visual and statistical methods.

The statistics showed a homogeneous bilateral variance
deviation, and the method was considered homoscedastic.
However, for the analytical curves obtained by different
electrodes (identically prepared) the variance showed different
slopes. These results demonstrated the necessity of a new
analytical curve for each new electrode.

Finally, the development of an efficient and low-cost
sensorsas an alternative to the chromatography method
is very important. At this point, CGE-ErGO-EAuNp is
presented as a promising alternative to the free glycerol
detection in biodiesel, since the results obtained here certify
that our method is exceptional with a good signal-to-noise
ratio, linearity, short response time, good detection limit
and excellent stability.
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