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HIGHLIGHTS

« A electrochemical sensor modified
was proposed with GO containing
CuNPs using PAD technique.

« The detection limit reached
6.4 x 10°°mol L™! in a wide linear
range from 2.0 x 107> to 4.4 x 1074,

« The developed method is fast and
simple compared to classical methods
currently used.

« The sensor showed quick response,
sensitivity, accuracy and selectivity.

« The sensor was successfully applied
to detect total reducing sugars in
residual waters samples.
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ABSTRACT

This work presents the analytical method development for total reducing sugars determination in resid-
ual water samples obtained from sugarcane processing for ethanol production. This method was devel-
oped using pulsed amperometry with a glassy carbon electrode modified with graphene oxide containing
copper nanoparticles. With pulsed amperometry detection was achieved a limit of detection of
6.4 x 10~ mol L1, The amperometric sensitivity was 1.6 x 1072 A mol~! L. The recovery study showed
that the method has good accuracy and repeatability, with recovery of 92.8 + 0.5%. Experiment results
obtained showed that the sensor has good long-term stability, sensitivity and is interference free, and
the method developed is simple and fast.

© 2015 Elsevier Ltd. All rights reserved.
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1. Introduction

Nowadays, the bioenergy sector is facing a major challenge: to
ensure and prove its sustainability. Environmental issues such as
the availability of fossil fuels and environmental problems
generated from their use [1], as well as economic and geopolitical
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reasons put emphasis in the search for clean and renewable energy
sources. In this search, biofuels derived from different biomass
stands out as a potential source, as well as the ethanol derived
from sugarcane [2].

The chemical composition of sugarcane is very variable depend-
ing on the physical and chemical properties of the soil, climate and
maturation stage [3]|. The two main fractions of sugarcane as
regards to its processing are the fiber and the broth, the latter
being the raw material for the production of ethanol. The sugar-
cane broth is an impure solution of sucrose, glucose and fructose.
Sucrose is in larger amount, having an average composition of
14%, while for others sugars, depending upon the state of matura-
tion is 0.4% [4].

Monosaccharides like glucose and fructose are the two types of
reducing sugars found in sugarcane broth, they receive this name
due to the presence of free ketonic carbonyl group, able to oxidize
in the presence of oxidizing agents in alkaline solutions. However,
sucrose is a disaccharide that does not have this characteristic, so it
is referred to as a non-reducing sugar. The total reducing sugars
represent the sum of reducing sugars and inverted sucrose. The
inverted sucrose is the sucrose present in sugarcane broth that
converts to reducing sugars (glucose and fructose) by acid hydrol-
ysis, and thus can be quantified.

The determination of reducing sugars in various stages of the
processing of sugarcane has great importance because it allows
evaluating the quality of the raw material used to produce ethanol
as well as possible losses enabling the optimization of production
ensuring a better use of the raw material. Studies in the literature
for determination of reducing sugars in different matrices showed
that the classical chemical methods known for the analysis of
reducing sugars are mostly based on reduction of copper ions in
alkaline solutions - Fehling Solutions - [5]. There are also those
based on the dehydration of sugars by using concentrated acid,
with subsequent staining with organic compounds [6], or the sim-
ple reduction of organic compounds, forming other measurable
coloring compounds in the visible region [7,8].

Among these methods, the Somogyi-Nelson is widely applied in
the sugarcane production to quantify the reducing sugars content
in different samples providing reliable and accurate results for
the industrial losses in general. However, this method, has major
disadvantages such as relatively large analysis time, use of con-
trolled temperature as well as low selectivity because it is prone
to interference from other molecules that can act as reducing
agents [9].

Most recently, some studies have shown the determination of
glucose and fructose using non-enzymatic amperometric sensors
[10,11]. A study was performed for applying a non-enzymatic
glucose sensor in biological samples using a lead-tin oxide
electrode modified with copper oxide microfibres (CuO-NPs)
showing satisfactory results for biological samples [10]. Cobalt
oxide-doped copper oxide composite nanofibers (CCNFs) were
successfully achieved via electrospinning followed by thermal
treatment processes and then exploited as active electrode
material for direct enzyme-free fructose detection by cyclic
voltammetry and amperometry [11].

Copper as an electrode material is of interest for analysis of
carbohydrates and amino acids [12-15] because of the possibility
of performing amperometric detection at a constant potential in
solutions with a high value of pH. In comparison to Pt, Au, Ni, Ag
and Co, Cu was reported to be better in terms of range of response,
detection limit, and especially stability [12].

Recent trends in the use of chemically modified electrodes
(CMEs) in electrochemical detection systems are searching for
new materials that can be operated without loss of the electrode
activity, at constant applied potential [16]. Among these materials
used for modification, the metallic nanoparticles (NPs) have been

widely studied due to their physical and chemical properties,
which differ of their bulk material [15]. NPs can display unique
advantages over macroelectrodes, such as, enhancement of mass
transport, higher signal-to-noise ratio, electrocatalysis, high sur-
face area and effective control over the microenvironment of the
electrode [17,18].

In this context, graphene also stands out because of its two-
dimensional plane, which provides itself with a large specific sur-
face area for the immobilization of large amount of substances
including a wide range of metals, nanoparticles, biomolecules,
etc. Since every atom in a graphene is a surface atom, molecular
interaction and thus electron transport through graphene can be
highly sensitive to absorbed molecules [19]. Due to these proper-
ties, graphene has the ability to promote electron transfer reactions
when used as an electrode, which provides an inexpensive alterna-
tive to carbon nanotubes [20].

CMEs with copper nanoparticles and graphene were used for
electrochemical determination of glucose by flow injection analy-
sis (FIA) and amperometry. Many advantages were found for the
proposed system including high sensitivity and stability. Wide
range of linearity and good reproducibility [21,22]. Chen and co-
authors [23] prepared microdisc electrodes of graphene-copper
nanoparticle composite by the in situ chemical reduction. The
results indicated that copper nanoparticles with an average diam-
eter of 20.8nm were successfully deposited on graphene
nanosheets. The CMEs were applied for sensing carbohydrates in
combination with cyclic voltammetry and capillary electrophore-
sis. The sensitivity and detection limits were determined to be
85.96 nA/mM and 0.87 uM for mannitol, 52.63 nA/mM and
1.42 uM for sucrose, 50.88 nA/mM and 1.47 uM for lactose,
63.16 nA/mM and 1.19 uM for glucose, and 45.61 nA/mM and
1.64 uM for fructose, respectively [23].

The determination of reducing sugar content is extremely
important in studies that provide a greater appreciation of waste
materials, in particular, development of processes for production
of ethanol from sugarcane. Thus, the scope of the present work
was the development of a glassy carbon electrode (GCE) modified
with graphene oxide (GO) containing copper nanoparticles for
the simultaneous determination of glucose and fructose, which
are the reducing sugars, in residual waters from ethanol produc-
tion plant. The technique employed in this study was the pulsed
amperometry, which solves the problem of losing activity alternat-
ing anode and cathode polarization to clean and reactivate the
electrode surface [24-26]. After an extensive literature review,
we could not find any work involving the simultaneous determina-
tion of glucose and fructose by electroanalytical techniques in
wastes from ethanol production plant. Therefore, this study can
overcome one scientific lack with the development of a new elec-
troanalytical tool, which should contribute to the better use of sug-
arcane as well as to improve the production process by reducing
possible losses.

2. Experimental
2.1. Reagents and solutions

Solutions were prepared from analytical-reagent grade chemi-
cals without further purification and by using ultrapure water
(MILLI-Q). Sodium hydroxide (>98%), copper sulfate pentahydrate
(=>98%), glucose (=97%), fructose (=97%), sucrose (=97%),
graphene oxide (2 mg mL™!), Nafion® 117 solution, sulphuric acid
(98% w/w) were obtained from Sigma-Aldrich, hydrochloridric
acid (37% w/w) from ].T. Baker and ethanol absolute P.A from
Merck. The carbohydrates solutions were prepared with ultrapure
water (MILLI-Q). Residual waters sample was supplied by a
sugarcane plant in Araraquara, Sdo Palo, Brazil.



114 F.C.U. Santos et al./Fuel 163 (2016) 112-121

2.2. Apparatus

An Autolab PGSTAT-30 potentiostat/galvanostat controlled with
the General - Purpose Electrochemical System (GPES) software
(Eco Chemie B.V.) was used for electrochemical measurements.
Cyclic voltammetry (CV) and pulsed amperometry was done in a
conventional cell three-electrode using the glassy carbon (geomet-
ric area: 0.070 cm?) modified with graphene oxide and copper
nanoparticles working electrode (NPsCu-GO/GCE), Ag/AgCl (KCl
3.0 mol L7!) electrode and platinum wire were used as working,
reference and auxiliary electrodes, respectively. All experiments
were carried out at room temperature (25 °C). The detection exper-
iments with agitation of 1000 rpm.

The spectroscopic characterizations of the modified electrodes
were carried out in a glassy carbon plates (GC) with area covered
of 0.070 cm?, following the same procedure described in item
2.4. Scanning Electron Microscopy (SEM) made the morphological
characterization of GC surface modified. A scanning electron
microscope with field emission gun (FEG-SEM) of Jeol, model JSM
7500F and energy dispersive X-ray spectroscopy (EDX) module
coupled was used for the measurements. Raman spectra were
obtained on a LabRAM HR microscopic confocal Raman spectrom-
eter (Horiba Jobin Yvon S.A.S.) employing a 632.8 nm laser beam.
The signal position was calibrated against silicone. The XPS analy-
sis was carried out at a pressure of less than 10~/ Pa using a com-
mercial spectrometer (UNI-SPECS UHV System, Berlin, Germany).
The Mg Ko line was used (hv =1253.6 eV) and the analyzer pass
energy was set to 10 eV. The inelastic background of the C 1s and
O 1s electron core-level spectra was subtracted using Shirley’s
method. The composition (at.%) of the near surface region was
determined with an accuracy of +10% from the ratio of the relative
peak areas corrected by Scofield’s sensitivity factors of the corre-
sponding elements. The binding energy scale of the spectra were
corrected using the C 1s hydrocarbon component of the fixed value
of 285.0 eV. The spectra were fitted without placing constraints
using multiple Voigt profiles. The width at half maximum (FWHM)
varied between 1.2 and 2.1 eV and the accuracy of the peak posi-
tions was *0.1 eV.

2.3. Glassy carbon modification with graphene oxide and copper
nanoparticles

Graphene oxide was added onto bare surface of GCE by drop-
ping 2.5 pL of a GO-Nafion suspension 0.5 mg mL~" in ethanol con-
taining 0.30% in Nafion. After modification, the electrode was dried
at room temperature. Parameters such as concentration of Nafion
and GO were optimized. Before electrodeposition process, the
GCE was immersed in hydrochloridric acid (37% w/w) for one min-
ute to remove metal impurities from the electrode surface, and
then the electrode was rinsed with ultrapure water. Graphene
oxide suspension (0.50 mg mL~') in Nafion 0.30% were added onto
GCE surface by dripping 2.5 pL of the suspension, according to pre-
vious optimization.

The best results for electrodepositing copper nanoparticles on
the surface of GO/GCE were determined as —0.7 V potential for
120s in 0.1 mol L~' H,SO, solution containing 1 x 10~> mol L~!
CuSO4-5H,0, according to previous optimization. The resulting
electrode was then washed with ultrapure water to remove any
adsorbed species. Posteriorly, the NPsCu-GO/GCE were put in
0.1 mol L~! NaOH solution and scanned repetitively for 30 cycles
under potential range from —0.5 to 0.3 V at 100 mV s~ ! for surface
passivation [27]. For Comparison, an electrode was modified only
with GO (GO/GCE) and another one was modified under the same
conditions of the NPsCu-GO/GCE, however, a solution 0.1 mol L™!
H,S0,4 without CuSO4-5H,0 was used (RGO/GCE).

2.4. Sample pre-treatment

Residual waters sample was obtained by a sugar and ethanol
plant, which was collected from the sugarcane processing for the
ethanol production. First, the sample was filtered, to removing
impurities and insoluble particles, in Thermo Scientific Titan3 PTFE
and Titan2 PTFE filters (Polytetrafluoroethylene) with 0.45 mm and
0.2 mm pore size, respectively, both with 30 mm diameter, and
30 mm diameter. Then the sample was hydrolyzed using chloridric
acid in order to invert the existing sucrose in glucose and fructose,
so that sucrose is converted to reducing sugar that can be detected
by the proposed method. The sum between glucose, fructose and
inverted sucrose characterizes the total reducing sugars.

The procedure adopted for the acid hydrolysis of the sample
started with 25 mL of residual waters, this aliquot was then heated
to 67-70°C and next was added 5 mL of HCI 37%, remaining in
water bath for 5 min. Then, the system was cooled and after that
8 mL of NaOH 30% was added until it was observed pH change
[28]. The solution was transferred to a 50 mL volumetric flask,
which had its volume completed with ultrapure deionized water.

2.5. Electrochemical measurements

For analytical measurements the modification parameters such
as concentration of Nafion and GO, suspension volume add on GCE
were optimized. Moreover, experimental conditions (CuSO,4 con-
centration, electrodeposition time and potential) and instrumental
parameters for pulsed amperometry were optimized. The reducing
sugars oxidation potential applied for pulsed amperometry detec-
tion (PAD) was studied from 0.45V to 0.85V and the optimal
potential was applied as potential detection of reducing sugars.

After preparation, the NPsCu-GO/GCE was characterized by
electrochemical impedance spectroscopy (EIS) and studied the
electrochemical behavior of glucose and fructose. The
electrochemical characterization was performed using EIS with
Fe(CN)¢~ 10 x 103> molL~! in 0.1 molL~! KCI, the applied
potential was 0.22 V vs. Ag/AgCl (KCI 3 mol L™!), frequency ranging
from 10,000 to 0.1 Hz in the modified electrode. Study was also
performed by CV with Fe(CN)¢/*~ 10x 10> molL~! in KCl
0.1 mol L~'. The electrochemical behavior of analytes was studied
using separate solutions of each sugar with concentration of
1x102molL™! in NaOH 0.1 molL™! by CV with scan rate of
50 mV s~! in a potential range from —1.0V to 1.0 V.

The sensor response using pulsed amperometry detection was
studied in function of the concentration of reducing sugars, with
four replicates. Stock solutions of reducing sugars 0.1 molL™!
(fructose and glucose 1:1) were prepared. Standard curves were
constructed by addition of 10 pL aliquots of reducing sugars solu-
tion at regular interval of 20 s in a cell containing 50 mL NaOH
0.1 mol L~! with 1000 rpm stirring. Once the current reached a
baseline in the absence of reducing sugars, approximately 100 s,
the amperometric current response of the modified electrode
was measured by the current difference between the base line
and addition of 10 pL aliquots of reducing sugars solution. The
potentials and time periods for the pulsed amperometric detection
were: E; =0.65V, E;=0.70V and E3 = —0.05 V and all pulses were
applied during 100 ms.

The limit of detection (LOD) and the limit of quantification
(LOQ) were defined as 3.3 times and 10 times the standard devia-
tion (SD) of the regression line equation divided by slope (b) of the
analytical curve, respectively [29]. Other parameters including lin-
earity and correlation coefficients (R) were assessed for the ana-
lyte. To determine the concentration and the method’s recovery
of reducing sugars in sample it was used the standard addition
method.
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3. Results and discussion
3.1. Morphological characterization

Fig. 1(A) shows GCE without modification and Fig. 1(B) and (C)
presents the graphene sheets deposited on the surface of the GCE.
The wrinkled nature of the graphene sheets is highly favorable
since it maintains a high surface area on the electrode since the
graphene sheets cannot return to graphitic structure [30], Fig. 1
(B) and (C). Fig. 1(D) shows the NPsCu-GO/GCE at optimized condi-
tions (Supplementary information, Figs. 1 and 2). From the SEM
image, it is possible to note that the nanoparticles electrodeposited
display sizes between 21 and 152 nm (300 nanoparticles were
counted), and mean diameter of 81 +26 nm, Fig. 2(A). Further-
more, the nanoparticles densely occupy the region around the
graphene sheet, but also incorporating it, being detached by small
white spots on a layer.

The composition of the GO/GCE and NPsCu-GO/GCE was anal-
ysed by EDX analysis. The obtained diffractograms is shown in
Fig. 2(B). The chemical composition obtained for GO/GCE indicated
mainly carbon, fluorine, oxygen and sulfur. The presence of fluo-
rine and sulfur signals in GO/GCE is due to the Nafion polymer that
was used to adhere the GO in the surface of the electrode, and car-
bon and oxygen signals are due to the GO. In the NPsCu GO/GCE
was observed characteristic signals of carbon, fluorine, oxygen, sul-
fur and copper. This result confirms the modification of the elec-
trode with NPsCu.

Raman spectra of GO/GCE, RGO/GCE and NPsCu-GO/GCE are
shows in Fig. 2(C). The bands associated at ~1328, ~1600, 2677
and 2922 cm™! correspond to D (defect band due to intervalley
scattering), G (graphene band), 2D and D + G bands, respectively
[31-33]. After applying the potential of —0.7 V, it was observed
that the intensity of the D and G bands is not reversed, once gra-
phene oxide is not reduced to graphene. The D/G intensity ratio
for RGO/GCE (1.1) remains equal to that obtained for the GO/GCE
(1.1), indicating that the defect concentration remained constant
and the GO was not reduced. This can be explained by the fact that
the GO be reduced only the most negative potentials than —1.0 V.
When the GO/GCE is modified with copper nanoparticles (NPsCu-
GO/GCE) is observed that the D/G intensity ratio increases from
1.1 to 1.5. This change in the intensity ratio of the D/G is attributed
to the increased defect concentration caused by the modification of
the GO with copper nanoparticles. The 2D (or G’) band confirm the
presence of graphene and it originates from a double resonance
process that links phonons to the electronic band structure and
D + G band are generally related to point defects in the basal plane
or edges of single-crystalline graphene domains [31,34].

The surface chemistry of GO/GCE and RGO/GCE were character-
ized using XPS in order to investigate the oxidation level and
chemical bonding nature. In the XPS spectra of GO/GCE and RGO/
GCE were observed three large peaks at 284.9, 532.4 and
688.9 eV corresponding to the C 1s, O 1s and F 1s (Peak from the
Nafion polymer used in the electrode modification) emissions,
respectively. The high-resolution C 1s spectra of the samples can
be deconvoluted into eight components corresponding to carbon
atoms in different functional groups at 282.7 (C—Si), 284.6 (C—C),
285.3 (C—H), 286.7 (C—0), 287.7 (C=0), 289.2 (0—C=0), 291.8
(CF,) and 293.5 (CFs) eV, Fig. 2(D) [32,33,35]. After the process of
electrochemical reduction, the high-resolution C 1s spectra of
RGO/GCE shows that the intensities of the ethers, epoxides, esters,
carboxylic acids and alcohols/phenols groups (C—0, C=0 and
0—C=0) groups suffered a slight increase (approximately con-
stant). It was also observed that the intensities of the aromatic
component (C—C) increased and sp> carbon groups (C—H)
decreased. The oxygen content was monitored by the O 1s signal,
Fig. 2(D). The high-resolution O 1s spectra of the samples can be

deconvoluted into five components. It was observed four compo-
nents corresponding to oxygen atoms in different functional
groups at 531.6 (C=0), 532.2 (C—0), 533.7 (0O—C=0) and 535.2
(H,0) eV, and one component potential sodium Auger overlap with
0O 1s at 536.0 (Na KLL) eV which can be from the NaOH used in pas-
sivation of modified electrodes. The quantitative XPS analysis from
the C1s spectra showed that the oxygen concentration decreases of
24.0 at.% (GO/GCE) to 20.5 at.% (RGO/GCE) and the carbon concen-
tration increases of 76.0 at.% (GO/GCE) to 79.5 at.% (RGO/GCE). And
the O/C atomic ratio subtly diminishes of 0.32% (GO/GCE) to 0.26%
(RGO/GCE) after the modification. These results, combined with
RAMAN analysis, indicate that does not hear structural changes
significant from graphene oxide (GO/GCE) to graphene (RGO/GCE).

3.2. Electrochemical characterization

The cyclic voltammogram for bare CGE shows a reversible redox
behavior of an electron to the [Fe(CN)g]*~/>~ in KCl, with peak sep-
aration (AEp) of 76 mV and the peak current divided by the anode
current cathodic peak (Ipa/Ipc) equal to 1. After modification of the
CGE with CuNPs only, a decrease of peak current was observed
(Ipa/lpc = 0.87) as well as greater AEp, Fig. 3(A). In GO/GCE voltam-
mogram an irreversible redox behavior was observed for [Fe
(CN)g]* 3~ that showed an anodic peak at 270 mV with Ipa equal
to 2.23 pA, this behavior was observed because Nafion is loaded
negatively and prevents the diffusion of ferricyanide ions toward
the electrode surface [36]. These results indicate that Nafion has
a blocking effect of the electrode surface and CuNPs are responsible
for improving the electron transfer in GCE modification. The
voltammograms shows that there is an effective surface modifica-
tion of GCE with GO and CuNPs, resulting in the promotion of the
electrons transfer between the substance analyzed the NPsCu-GO/
GCE.

The EIS is widely used for information on the transfer of elec-
trons between the electrolyte and the electrode surface. EIS graph-
ics typically include a semicircular part of the Nyquist plot and a
linear part, Fig. 3(B, curves d and e). The semicircular part at higher
frequencies corresponds to the limited electron transfer process,
and the diameter is equivalent to the electron transfer resistance
(Rct) and the electron transfer process of the redox pair on the elec-
trode surface. The linear part at lower frequencies corresponds to
the diffusion process [19,27].

In Fig. 3(B, curve e) is presented the EIS diagram for the GCE
modified with GO in the frequency range of 0.1 Hz-100 kHz. The
diagram not present a linear region, indicating no Warburg resis-
tance limiting the diffusion in the electrochemical process. In the
EIS diagram for the GO/GCE are observed approximately two semi-
circle of electron transfer. As the electron transfer at the two inter-
faces is not very fast, the semicircles are observed. Furthermore,
the time constants of the exchange reactions at interfaces not are
equal, facilitating the visualization of two semicircles [37]. The first
semicircle is related to the electron transfer at the polymer-GO/
solution interface and the second semicircle is related to transfer
of ions at the electrode/polymer-GO interface.

The equivalent circuit for an electrode undergoing heteroge-
neous electron transfer is usually described on the basis of the
model by Randles, however, the GO/GCE has not Warburg resis-
tance. The equivalent circuit for the modified electrode with GO
includes in series: the solution resistance (R;), electron transfer
resistance (R.;) and capacitance in the polymer-GO/solution inter-
face in parallel. End the constant phase element (CPE) that is asso-
ciated, in part, with the roughness of the surface of the working
electrode, corresponding the modified of the GCE with GO and
polymeric film, double-layer capacitance (Cq4;) and electron transfer
resistance (R.) in the electrode/polymer-GO interface in parallel
(Supplementary information, Fig. 3) [37].
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Fig. 1. Scanning electron microscope images of the (A) glassy carbon electrode (GCE), GCE modified with graphene oxide (GO/GCE) at low (B) and high (C) magnification, and

(D) GO/GCE containing copper nanoparticles (NPsCu-GO/GCE).
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Fig. 3. (A) Cyclic voltammograms of (a) bare GCE, (b) GO/GCE and (c) NPsCu-GO/
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The GCE modified with GO exhibits higher R.; (5.21 K, curve e)
and compared to unmodified GCE (R, 760 Q) is approximately 6.9
times greater, Fig. 3(B, curve d). This result is due to the Nafion
used in the modification that can act as a barrier, blocking the
interfacial load transfer [36]. Also, Fig. 3(B, curve f) shows that
the modification with CuNPs-GO decreased R to 414 Q, indicating
that the modification has increased transfer of electrons compared
to the modification made only with GO. Moreover, it was observed
that CuNPs act as electron mediators in electron transfer process,
in other words, the heterogeneous electron transfer capability of
graphene sheets is enhanced by incorporating CuNPs [36] and
the results indicate the GO and CuNPs were successfully fixed on
GCE surface.

3.3. Electrochemical behaviour of analytes

The analytes electrochemical behavior investigated on the sur-
face of the NPsCu-GO/GCE compared to the GO/GCE. Fig. 4(A)
shows the voltammetric response of the GO/GCE in NaOH
0.1 mol L~! with a scan speed of 50 mV s~! in presence or absence
of each sugar. It can be seen that the addition of analyte does not
cause any effect on the cyclic voltammogram of graphene electrode
and no oxidation peak of the analyte is observed, Fig. 4(A). After the
electrodeposition of copper nanoparticles on the GO/GCE surface,
the electrode began to respond to the presence of carbohydrates,
exhibiting characteristic peaks due to the irreversible oxidation
process that starts in approximately 0.70V, Fig. 4(B). Were
observed similar results in other studies [21,38]. These results sug-
gests that copper nanoparticles play the lead role towards glucose
and fructose oxidation due to its electrocatalytic property, whereas
graphene improves the electrocatalytic performance of the elec-
trode as a result of its high surface area and high conductivity as
well as the fast electron transfer provided by graphene sheets.

The electrocatalytic activity performed by the NPsCu-GO/GCE
was studied in the potential range between 0.10V and 0.75 V.
Fig. 5 shows that in presence of the analyte there is a current
increase, where it is possible to note characteristic irreversible oxi-
dation peaks in potential of approximately 0.45V to glucose and
0.65 V to fructose. The mechanism involved in electrocatalytic oxi-
dation of glucose and fructose by copper nanoparticles is not yet
known, however the most accepted one was suggested by Marioli
and Kuwana [39]. According to the authors, the electrocatalysis
occurs via several steps, including the formation of oxidized spe-
cies Cu (III), which acts mediating electron transfer [39]. The mech-
anism starts with the oxidation of copper species.
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Fig. 4. Cyclic voltammogram of (A) GO/GCE and (B) NPsCu-GO/GCE in 1.0 x 103 -
mol L~ of (a) glucose, (b) fructose in (c) NaOH 0.1 mol L™, v =50 mV s~ . (C) Inset
shows the region of interest.
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Fig. 5. Cyclic voltammogram of NPsCu-GO/GCE in 1.0 x 103 mol L~! of (A) glucose,
(B) fructose in (C) NaOH 0.1 mol L~!, v=50mV s ™.

Cu (Il)=Cu (1Il) + e~ 1)
Followed by carbohydrate oxidation:
Cu (III) + Carbohydrate — Intermediate + Cu (II) 2)

Subsequently, the intermediate oxidizes to the product, glycolic
acid and formic acid, by a similar reaction mediated by Cu (III).

Cu (1) + Intermediate — Product + Cu (II) 3)

Glucose and fructose oxidation potential in NPsCu-GO/GCE
shown in Fig. 5 is in agreement with the potential range where
Cu (II)) oxidize to Cu (IlI) which is from 0.40 V to 0.80 V [39,40], that
indicates that there’s a relationship between the formation of Cu
(Ill) and the oxidation electrocatalysis as proposed by Marioli
and Kuwana [39]. The anodic peak current to glucose was
19.0 pA, as for fructose was 5.9 pA. These results shows that the
electrode modification process exercised indeed an important role
in sugars oxidation.

3.4. Pulsed amperometry detection

Reducing sugars are detected by measuring the electrical cur-
rent generated through their oxidation on the surface of the
NPsCu-GO/GCE. The products of this oxidation reaction can poison
the surface of the electrode, and as such, it has to be cleaned
between measurements. The PAD solves this problem of activity
lost for scoring alternate the anode and cathode polarization, and
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thus promoting cleanliness and reactivation of the electrode
surface during application of the pulses [24-26].

An investigation was initially carried out on the potential of
detection of the reducing sugars (Supplementary information,
Fig. 4) and the best pulse sequence applied in the determination
was optimized thereafter. PAD thus employs a sequence of three
potentials. The first potential (E;) is where the reducing sugars
are oxidized. The second potential (E,) seeks oxidize all the species
present on the electrode surface and prevent them from being
adsorbed. The third potential (E3) should be low enough to reduce
the oxidized surface of the electrode and increase the selectivity
and stability of the electrochemical signal [27]. As the electrode
was formed from copper oxides, not more than the negative poten-
tial of —0.05 V was applied for only 100 ms, because in most neg-
ative potential the copper species can dissolve in the supporting
electrolyte. The potential of 0.65 V chosen to detect reducing sug-
ars presented higher detectability. So, the potentials and time peri-
ods for the PAD were: E;, 0.65V; E,, 0.70 V; E3, —0.05 V. And time
periods were applied during 100 ms.

3.5. Stability of the modified electrode

The stability of the NPsCu-GO/GCE was carried out by PAD
method. The response of the NPsCu-GO/GCE was assessed in single
glucose and fructose solutions. After a period of 100 s to stabilize
the current, 1.0 x 107> mol L~! of glucose and fructose were added
in supporting electrolyte of 0.1 mol L~! NaOH. The response time
between the addition of the sugars and the response of the modi-
fied electrode was 5.9 s and 9.2 s for glucose and fructose, respec-
tively. And remained stable for 1000 s, indicating the stability of
the electrode, with 5.3% loss of signal for glucose and 4.8% for
fructose.

3.6. Development of the analytical method

The analytical parameters of the method developed were eval-
uated by means of analytical curves. Concentrations were studied
within the range of 2.0 x 10> mol L' to 4.4 x 10~*mol L™, The
amperometric response of the NPsCu-GO/GCE for successive addi-
tions of reducing sugars (glucose and fructose) are shown in Fig. 6
(A). At 0.65V, the modified electrode shows a significantly larger
current response with the addition of glucose and fructose, which
responds very quickly to the changes in analytes in lower concen-
trations as well as in high concentrations. Fig. 6(A) shows that a
well-defined, relatively stable amperometric response was
observed for the NPsCu-GO/GCE at 0.65V. In addition, another
attractive feature is reflected by its fast response time towards
the oxidation of reducing sugars, the electrode nearly responds
immediately after the solution containing fructose and glucose
was added, indicating an extraordinarily fast rapid and sensitive
response to reducing sugars. The time required to achieve the
steady-state was approximately 10 s.

The calibration curve for the sensor is shown in Fig. 6(B). The
linear range for the detection of the reducing sugars is 4.0 x 107>
to 3.2 x 1074 mol L. The linear regression equation for reducing
sugars was I (A)=—2.65 x 1077+ 1.51 x 1072C with a correlation
coefficient of 0.999. The upper reducing sugars concentration limit
for linear response was 4.4 x 107¢ mol L~! and the detection limit
was 1.6 x 107> mol L1, other analytical parameters are show in
Table 1. The amperometric sensitivity (AS) of the method was eval-
uated in three different NPsCu-GO/GCE in order to verify the repro-
ducibility of detection. The value obtained in this study was
1.51 x 1072+ 1.7 x 107* Amol ! L for the reducing sugars, with a
coefficient of variation of 1.1%. These results demonstrated that
three modified electrodes used for the PAD had standard deviation
which did not interfere with the method. It can be noted that the

1(A)=-2.65%10" + 1.51x10°C
R=0.999

B

0.0 1.ox10* 2.0x10" 3.0x10* 4.0x10"

[Total reducing sugars]/mol L'

0.2 pA
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T T * % T
100 200 300 400 500

Time/s

Fig. 6. (A) Cronoamperograms of successive additions of reducing sugars in NaOH
0.1 mol L~! using NPsCu-GO/GCE: (a) 2.0 x 107; (b) 1.0 x 107%; (c) 3.2 x 107%; (d)
4.4 x 104, (B) Inset shows the calibration curve. Detection potential of 0.65 V and
1000 rpm stirring.

proposed sensor exhibits a very fast response, excellent detection
and quantification limits as well as great linear correlation and
wide linear range. The detection limit was satisfactory when com-
pared with electrochemical and spectrophotometric methods for
determination of sugars described in the literature, Table 2.

3.7. Interferential analysis

One of the important analytical factors for an amperometric
sensor is its ability to discriminate the interfering species having
electroactivities similar to the target analyte. The specificity of
the sensor was investigated using an interferent that normally
co-exist with reducing sugars in sugarcane broth, sucrose. Despite
being a non-reducing sugar, sucrose can be oxidized in the pres-
ence of metal oxides such as copper oxide [40]. Although sucrose
is hydrolysed before the detection of total reducing sugars in sam-
ple, the interest of this study was to assess the potential interfer-
ence that remaining sucrose could cause in detection.

The interference experiments were carried out by successive
addition of 0.2molL™' reducing sugar and 2.4 x 1072 mol L™!
interfering specie in a cell containing 50 mL NaOH 0.1 mol L.
The successive additions of sucrose were made at different vol-
umes, resulting in a concentration of interfering specie ranging
from 10% to 100%. The measured effects of sucrose along with
reducing sugars at 0.65 V, Fig. 7. The NPsCu-GO/GCE did not show
any significant decline in the sensor response, and the current
responses due to the addition of the interfering specie ranged from
5.3% to 18.6% compared to reducing sugars at 0.65 V. These results
indicate that the NPsCu-GO/GCE is highly specific to reducing sug-
ars since that sucrose, even in large concentrations, does not cause
such a large sensor response as the reducing sugars does.

3.8. Sample analysis

The methodology developed by PAD was used for determina-
tion of total reducing sugars in hydrolysed residual waters sample
from the processing of sugarcane using the standard addition
method. An aliquot of 25 mL of the hydrolyzed sample was diluted
in distilled water in a 50 mL volumetric flask. Then, 500 pL of the
diluted sample solution was added, after that, 40 uL of the
0.1 mol L~ standard solution of reducing sugars were made
successively. Standard solutions concentrations were chosen so
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Table 1

Calibration curve analytical parameters for pulsed amperometric detection of reducing sugars.

Analyte Linear range (mol L") LOD (mol L™ 1) LOQ (mol L™ 1) AS (Amol~'L) Linear correlation
Reducing sugars 2.0 x107°-4.4 x 104 1.6 x 107 48 x107° 1.6 x 1072 0.999
LOD = Limit of detection, LOQ = Limit of quantification, AS = Amperometric sensitivity.
Table 2 35
Analytical parameters for sugars determination by different techniques. 7
Electrode Technique Analyte LOD Reference < -
| 5.
(umol L™1) 2 v
CuOG-SPCE FIA® Glucose 0.34 [41] 304 25
GC/MWCNT/NiO CAP Glucose 160 [42] B
GOD-graphene- Cv© Glucose 20 [43] <
chitosan E— 80x10° 00 ROXI0® L6x10° 24x10°
Non-electrode FIS¢ Glucose 0.56 [44] P [Total reducing sugars)/mol L
Non-electrode FIS Fructose 2.22 [44]
Glu-PPD/GCE DPV® Glucose 0.185 [45] 254 T~ »
NPsCu-GO/GCE PAD Reducing 16 This work Standard addition
sugars
T~ Sample
? Flow-injection analysis.
> Chronoamperometry. T T T T
¢ Cyclic voltammetric. 100 150 200 250
4 Flow injection spectrophotometric. Time/s
¢ Differential pulse voltammetry.
Fig. 8. (A) Cronoamperograms of real sample with successive additions of reducing
sugars in NaOH 0.1 mol L~! using NPsCu-GO/GCE. (B) Inset shows the Standard
addition curve. Detection potential of 0.65 V and 1000 rpm stirring.
100% Sucrose
; % Sucrose
Reducing 50% l ; . ;
500 sugars 10% Sucrose 1 sugars solution (glucose and fructose 1:1), ranging from

l

T

<
§ 25% Sucrose
2.754
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Fig. 7. Interferential analysis in 0.1 mol L~! NaOH using NPsCu-GO/GCE. Detection
potential of 0.65 V and 1000 rpm stirring.

that the final concentration in cell was within the linear response
range, Fig. 8(A). The curve for the method of standard addition
for reducing sugars has linear equation, y=1.9 x 10%C
+2.0 x 107% and correlation linear of 0.997, Fig. 8(B). The devel-
oped method using NPsCu-GO/GCE using PAD technique showed
that the concentration of total reducing sugars detected in residual
waters sample was 2.2 x 1072 +3.7 x 1074 mol L™..

Validation is important to demonstrate the suitability of a
method for the intended purpose, so in addition, the obtained
results were validated by recovery study. The recovery is associ-
ated with accuracy, because this test evaluates the proximity
between the results obtained by the studied method and the real
value. Accuracy is expressed as a percentage of systematic error
inherent in the process. The systematic error may be due to loss
of substance, inaccurate volume measurements or interfering sub-
stances in the sample [46].

In the recovery test for reducing sugars in sample, the sample
was spiked with different concentrations of a standard reducing

8.0 x 107> to 2.4 x 10~* mol L. The sample was assessed in trip-
licate. Recovered value was 92.8 +0.5% for reducing sugars. This
result indicates that the developed method for reducing sugars
detection using a modified glassy carbon electrode is highly accu-
rate for the range of concentrations and evaluated sample, more-
over, it was possible to notice from these results that other
electroactive species possibly present in the matrix, such as
sucrose, not significantly interfere in the determination of reducing
sugars.

3.9. Comparison with other technique

Ion exchange liquid chromatography was used to validate the
developed method using modified electrode and PAD, the chro-
matographic determination was made by standard addition
method. The residual waters sample was analysed by the chro-
matograph in order to determine its concentration in total reduc-
ing sugars to compare with the result obtained by the proposed
method.

The total reducing sugars concentration determined in residual
waters sample by the pulsed amperometric method using the pro-
posed modified electrode method showed small error in relation to
the value determined by the chromatographic method. The statis-
tical evaluation of the obtained results was made using the
Student’s t-test and F-test in order to compare the mean value
obtained by both methods and evaluate if there is significant
differences between them in terms of accuracy, Table 3. The results
agreed within an acceptable range, showing the reliability as well
as the importance of pulsed amperometry method using the
modified electrode developed, as the results shows, Table 3. It is
observed that both the F test as in the t test the calculated values
for the sample are lower than the critical value at 95% confidence
level. Therefore, this result confirms the acceptable accuracy for
the proposed method.
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Table 3
Values obtained by implementation of statistical tests (F and t) comparing different methods that were analysed for determination of total reducing sugars in residual water
samples.
Method Mean (mol L) Variancea F bt
Calculated Critical Calculated Critical
Pulsed Amperometry 2.2 %1072 2.3 %1077 1.68 9.28 0.39 245
lon exchange liquid chromatography 2.1 %1072 1.3x 1077

dn=3.
b =6 where n = degrees of freedom.

4. Conclusions

The developed method for the determination of total reducing
sugars using NPsCu-GO/GCE by pulsed amperometry detection
showed low LOD and high amperometric sensitivity. Furthermore,
the developed modified electrode showed also quick response,
selective, since it had little interference in the presence of other
electroactive species.

Given the information obtained by this paper, we conclude that
the NPsCu-GO/GCE was successfully applied for the determination
of total reducing sugars in residual waters samples obtained from
the processing of sugarcane. The obtained results showed that the
developed method is very promising for the determination of total
reducing sugars not only residual waters samples, but also in dif-
ferent samples from various stages of the processing of sugarcane,
in view of its sensitivity, accuracy, speed and simplicity compared
to classical methods currently used for such determination.
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