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Carbon paste modified electrodes (CPME) were prepared from composites containing lignin or oxi-
dized lignin adsorbed onto graphite, but no voltammetric signal was observed in K4[Fe(CN)s] solutions,
probably due to the low conductivity of these composites. Gold nanoparticles were produced on both
composites using the reducing properties of the lignin, which was able to reduce Au?*, from HAuCl, at
pH 4.7, although only Au/graphite/lignin . composite has shown better characteristics to the electro-
chemical purposes. There were differences in FTIR spectra between lignin and lignin i) and TEM images
were used to explain the results. The better composite to prepare CPME was that containing 0.2% of gold
and 2.5% of oxidized lignin, with the percentages expressed in relation to the graphite mass, and admit-
ting that the Au?* reduction, from the HAuCly solution, was quantitative. The proportion of 2:1 (w/w) of
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Au/ligningy;)/graphite composite to the mineral oil (nujol) was used to prepare the CPME with catalytic
properties toward the oxidation of dopamine and ascorbic acid and reduction of nitrite and iodate in the

positive potential range.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Lignin is a phenolic macromolecule and the second major com-
ponent in woods being responsible by their mechanical resistance,
attributed to the linkage with carbohydrates, mainly cellulose [1,2].
A highly viscous liquid, called black liquor as well as the main dis-
posal of the cellulose industries, is produced in tons every year
and is rich in lignin and lignin derivatives being burned in ther-
mal generators to generate a fraction of the energy consumed in
industry. Methods of extraction [2] and applications of this mate-
rial as an adsorbent of heavy metals in effluents [3,4], carbon source
in the synthesis of activated charcoal [2-5] or as a wastewater
metal remover in the development of biodegradable resins [6,7]
were described. Its chemical properties have been determined by a
wide spectrum of analytical techniques which evaluated its thermal
[8-13], spectroscopic [8,11-13], and electrochemical characteris-
tics. It was demonstrated that the lignin chemical properties are
dependent on the pulp process.
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The lignin electrochemical oxidation mechanism is simi-
lar to that observed in phenolic models [14,15], as benzo-
quinone and involves in aqueous medium, an electrochemical-
chemical-electrochemical (ECE) pathway.

Lignin molecules contain quinone/hydroquinone (Q/HQ) groups
and therefore, have antioxidant characteristics, beyond catalytic
properties, always desirable for the development of chemically
modified electrodes [16-21]. Its application as a reducing agent
in materials synthesis has been increasing throughout the years,
especially in the field of the nanomaterials synthesis. The appli-
cation of phenolic compounds in gold and silver nanoparticles
synthesis was reported in the literature and involves very quick
and easy steps: the heating of a mixture containing humic acid,
rich in phenolic groups, and a metallic precursor [22] or, a local pH
variation promoted by the neutralization of an acidic mixture of
phenol derivatives containing HAuCl, [22-24]. The electrochemi-
cal sensors based on materials containing metal nanoparticles have
been widely reported [25-35] and great analytical potential can
be exploited [22]. Electrodeposition [22,25,29,30,32] is the most
applied methodology when it is desired to create nanostructures
at the surface of a solid electrode, such as glassy carbon (GC) or
gold (Au) electrodes. The electrode surface is usually pre-modified
with a relatively long chain carbon aliphatic molecule containing
NH, or SH functional groups, surfactants and dithiols, which could
establish covalent bonds to the electrode’s surface allowing to con-
trol the nucleation or the amount of the nanoparticles immobilized
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onto GC or Au self-assembled monolayers, respectively [26-28].
The use of composite materials is a relevant and versatile alterna-
tive synthesis route to the usual methods using citrate reduction or
polyalcohol method [22], in which the subsequent immobilization
of the nanoparticles formed onto the graphite powder is neces-
sary. Composites formed by nanoparticles (Np) and graphite can
be applied in the development of biosensors through the immo-
bilization of redox enzymes [33-35] or can be used as a modified
surface electrode in electrochemical sensing of molecules.

This paper demonstrates that lignin, a cheap and abundant
reducing agent, can be used for the synthesis of gold nanopar-
ticles directly onto graphite’s surface. The method involved the
previous oxidation of lignin with hydrogen peroxide in alkaline
medium with further impregnation of the oxidized lignin, lig(oxi),
onto graphite by rotoevaporation. The lig(oi)/graphite composite
was suspended in acetate buffer solution, pH 4.7 and the metallic
precursor, HAuCly solution, was added to the mixture. In the last
step Au3* was reduced by the lig(oxi), Producing gold nanoparticles
with 100 nm of diameter, which were identified by TEM images.
FTIR spectrum of lignin,y;y showed that thiol groups, which can
promote better interaction with gold, were formed and that the
conjugation degree in the carbon increased, due to the aligning
of the sp? orbital hybridized carbons. Additionally, phenol groups
were still present after the oxidation process and the reducing
properties of the original lignin were maintained, justifying the
formation of gold nanoparticles. Carbon paste modified electrodes
(CPME) prepared using these composites showed catalytic proper-
ties toward the oxidation of ascorbic acid (AA) and dopamine (DA),
beyond the reduction of nitrite (NO,~) and iodate (I03~) in the
positive potential range.

2. Materials and methods
2.1. Reagents and solutions

Graphite (code number 1.04206), hydrochloric acid
(100317), hydrogen peroxide (107209), potassium ferrocyanide
(1.04984.0500), disodium hydrogen phosphate (1.06586) and
sodium nitrite (106544) were acquired from Merck; dimethyl-
formamide (15,481-4) and lignin (370959-100G) from Aldrich;
HAuCly (50778-1G) and potassium di-hydrogen phosphate (P0662)
from Sigma-Aldrich; mineral oil-nujol (M5904) from Sigma;
ascorbic acid (1852) from Mallinckrodt; dopamine hydrochloride
(11136) from Avocado and potassium iodate (472565) from Carlo
Erba.

All reagents were used as received and the solutions were
prepared using deionized water from a reverse osmosis device
(Gehara Co., model OS10LX ultra-pure system, water resistivity
>18 M2 cm).

2.2. Lignin oxidation [36-39]

Adequate quantity of lignin (500 mg) was solved into 50.0 mL of
0.1 mol L~! NaOH solution containing 3% (v/v) of hydrogen perox-
ide. The mixture was kept under vigorous stirring and heating at
60 °C for 2 h. After cooling to room temperature, 0.1 mol L-! HCl was
added until the lignin quantitative precipitation. The solid oxidized
lignin, lig,x;), was isolated by centrifugation process, re-suspended
in deionized water and centrifuged again to remove any excess
of HCl and/or H,0,. The last step was repeated 2 times and the
resultant solid was dried in oven at 60°C for 12 h.

2.3. Preparation and optimization of the composites

Preparation of the composites containing lignin and graphite;
ligning,y;) and graphite and; gold nanoparticles (AuNps), ligninoxi)

and graphite and optimization of the composites containing gold
nanoparticles (AuNps), ligniny;y and graphite are as follows: To
obtain a graphite free of superficial functional groups it was pre-
treated with HCI 0.1 molL~! solution under vigorous stirring for
12h followed by a vacuum filtration. After this procedure, the
graphite was submitted to a thermal treatment under 400 °C for
2h, to remove any volatile component adsorbed superficially,
and was kept in oven at 200°C for 24h. Enough amount of
solid lig or lig,yjy was weighed and added to the graphite in a
variable (w/w) proportions and the mixture was suspended in
10.0mL of DMF. After adequate homogenization, the solvent was
eliminated by rotoevaporation under reduced pressure, and the
lignin or ligninay), soluble in DMF, was re-precipitated onto the
graphite.

The solid material was re-suspended in acetate buffer
0.1molL-!, pH 4.7, and adequate volume of a 3.4 mmol L~! HAuCl,
in HC1 0.1 mol L~ solution was quickly added to the mixture, which
was kept under vigorous stirring for 15 min. No pH variation was
observed after the addition of the HAuCl, solution and AuNps were
formed under action of the lignin previously incorporated onto the
graphite. The solid material was filtrated, washed with deionized
water and dried in oven for 80°C. Table 1 presents the composi-
tion of the composites obtained and the respective carbon paste
modified electrodes (CPME), which were prepared using these
materials.

The composition of CPME containing lignin or oxidized lignin
adsorbed onto graphite was not optimized since no or bad response
was observed in K4[Fe(CN)g] solutions, probably due to the low
conductivity of these materials.

To optimize the gold content in the composite 2 the
following gold percentages were used: 0.1% (composite 2a;
CPME 2a), 0.2% (composite 2b; CPME-2b); 0.4% (composite
2c; CPME-2c) and 0.8% (composite 2d; CPME-2d), with the
percentages also being expressed as function of the graphite
mass.

In order to evaluate, separately, the lignin, lignin,y;), and gold
nanoparticles’ effects on the voltammetric profile of the CPME,
composites containing only gold nanoparticles on graphite were
also prepared.

Gold nanoparticles were prepared according to the Turke-
vich method [40]. Briefly: 1.0mL of 0.1 molL~! HCI containing
3.4mmolL~! HAuCly, was mixed with 2 mL of 0.1% (w/w) citrate
solution. The pH of the mixture was adjusted to 6.0, using
0.1 molL~! sodium hydroxide solution, and the volume was com-
pleted to a 20.0 mL with deionized water. The final solution was
heated and maintained at the boiling point for 15 min, and after
removal of the heating, it was stirred for another 15 min. After that,
500 mg of graphite, pre-treated as described before, was subse-
quently added to the mixture, which was stirred for 12 h. After
centrifugation, the material was washed twice with deionized
water and subsequently dried at room temperature. The pro-
portion gold/graphite was the same used at composite 2b. The
AuNp carbon paste electrode (AuNpCPE) was prepared as described
below.

2.4. Preparation of carbon paste modified electrodes (CPME)

The CPME were prepared by mixing the desired composite and
mineral oil in a proportion of 2:1 (w/w). The body of the electrode
consists of a Teflon tube, 7 cm in length, drilled from side to side by
a brass stem to make the electrical contact. One of the extremities
of the brass stem was lowered toward the extremity of the Teflon
tube in order to produce a cavity with a diameter of 3 mm where
the composite was added while the other extremity was used for
the connection to the potentiostat.
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Table 1

Mass, percentage of the composite components, expressed as function of the graphite mass, and denomination of the correspondent carbon paste modified electrode (CPME)

- variation of the lig and lig(oxi) mass on the composite compositions.

Composite CPME Graphite (mg) Lig(oxi) (Mg) HAuCly (mg) Mineral oil (mg)
1 1 500 5.0 (1.0%) 0.5(0.1%) 250
22 22 500 12.5(2.5%) 0.5(0.1%) 250
3 3 500 25.0 (5.0%) 0.5(0.1%) 250
Composite CPME Graphite (mg) Lig (mg) HAuCl, (mg) Mineral oil (mg)
4 4 500 5.0 (1.0%) 0.5(0.1%) 250
5 5 500 12.5(2.5%) 0.5(0.1%) 250

2 Optimized condition.

The percentages were expressed as function of the graphite mass, and the Au content was calculated admitting quantitative reduction of the metal added.

2.5. Apparatus

A JEM-2100 microscope (Cs 1.4mm, resolution 0.25nm) at
200kV was used to obtain the transmission electron microscopy
(TEM) images, which were recorded with a slow scan CCD camera
(Gatan SC1000 ORIUS). The samples were dispersed in isopropyl
alcohol and introduced onto a holey carbon film on a 400 mesh Cu
grid.

2.5.1. FTIR - Fourier transform infrared spectroscopy

The FTIR spectra were registered using Bomem MB100 equip-
ment, briefly: it used 1 mg of sample to 100 mg of dried KBr; the
mixture was macerated in a mortar of agate and pressed into 13 mm
diameter pastillator at a pressure of 7 metric tons. In the spectral
range of 4000-400 cm~!, the resolution was 4cm~"! in 64 scans.

2.5.2. Voltammetric measurements

Voltammetric measurements were carried out with a poten-
tiostat/galvanostat PGstat 20 Autolab (Ecochemie) coupled to the
stirrer device IME663 interface. Data treatment was done using the
software NOVA version 1.6. A conventional three-electrode sys-
tem was adopted. The working electrode was the above described
CPMEs while the auxiliary and reference electrodes were platinum
wire and Ag/AgCl, KCl(s,y), respectively. All electrochemical mea-
surements were performed in a 20 cm?3 electrochemical cell at room
temperature. All pH measurements, when necessary, were done
using a pH-meter model 654 and a combined glass electrode, model
6.0203.100 (OE), both from Metrohm.

3. Results and discussions
3.1. Electrochemical characterization of the modified electrodes

As stated earlier, CPME containing lignin or oxidized lignin
adsorbed onto graphite showed no response in K4[Fe(CN)g] solu-
tions, probably due to the low conductivity of the composites. To
increase this conductivity, preliminary studies were carried out, but
in no optimized conditions, to evaluate the possibility of using the
reducing properties of lignin, previously adsorbed onto graphite, to
produce gold nanoparticles.

The electrochemical behavior of carbon paste electrode (CPE),
Lig-CPE3 and CPME prepared from the composite containing
Au, lignin and graphite (Au-Lig-CPE)* was evaluated using a
5.0mmol L~ [Fe(CN)g]*~ in 0.1 molL~! phosphate buffer solution
(PBS), pH 6.0, as an electrochemical probe.

Fig. 1 shows the cyclic voltammograms, recorded in 0.1 mol L~!
KCl pH 6.0, at a carbon paste electrode (CPE); and at carbon

3 Lig-CPE: lignin: 12.5 mg of lig; 500 mg of graphite and 250 mg of mineral oil.
4 Au-Lig-CPE: 12.5 mg of lig; 500 mg of graphite; 4.0 mg of HAuCl, and 250 mg of
mineral oil.
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Fig. 1. 1st cyclic voltammograms obtained in 0.1 mol L-! KCI, pH 6.0, at CPE (- B -);
lig-CPE (- O -) and Au-lig-CPE (-A-). Inset: Cyclic voltammogram recorded at AuE
in 0.1 mol L-! KCI, pH 6.0. Experimental conditions: E; = —0.1V; E; =+1.2V (for AuE)
and +1.4V (for lig-CPE and Au-lig-CPE); Ef=—0.1V and v=100mVs~'.

paste modified electrodes using the composites containing lignin
adsorbed onto graphite (lig-CPE) and lignin adsorbed onto graphite,
containing gold, Au-lig-CPE.

As can be seen from Fig. 1, the gold oxidation peak was observed
only at Au-lig-CPE and disappeared when the supporting elec-
trolyte, KCI, was substituted PBS, which does not act as complexing
agent of Au3* (Fig. 2). The working potential range of the Au-lig-CPE

tZDHA .

Epa=117V
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Fig. 2. 1stcyclic voltammograms obtained at Au-lig-CPE in 0.1 mol L~ KCl solution,
pH 6.0 (- B -) and in 0.1 molL-! PBS, pH 6.0 (- O -). Inset: cyclic voltammogram
obtained at AuE in 0.1 molL~' PBS pH 6.0. Experimental conditions: E;=-0.1V,
E;=+1.4V,E=—0.1Vand v=100mVs~'.
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Epa=0.326V

Epc = 0.167 V
1 M 1 M 1 i 1

-0.2 0.0 0.2 0.4 0.6 0.8
E/Vvs Ag/AgCl, KCI _,

Fig. 3. Cyclic voltammograms obtained in 0.1molL~! PBS, pH 6.0 containing
5.0mmol L~ [Fe(CN)s]~* at CPME-2 (1) and CPME-5 (2). Experimental conditions:
E;=—02V,E; =+0.7V,E;=—0.2V and v=100mVs~"'.

in PBS was expanded to +1.4V, while this potential was limited to
about 1.0V at a solid gold electrode, AuE (Fig. 2, inset).

After the experimental evidence that Au3* had been reduced
by lignin adsorbed onto the graphite, CPME were prepared using
the composites described on Table 1. Initially, the contents of
gold, graphite and mineral oil were fixed while the lignin or
lignin,y;y was varied. CPME-2, containing lignin,y;) presented bet-
ter response in a 0.1 molL~! phosphate buffer solution (PBS), pH
6.0, containing 5.0 mmol L-! [Fe(CN)g]*~, used as an electrochem-
ical probe, than CPME-5, containing no oxidized lignin (Fig. 3).

It is possible to conclude from data presented in Fig. 3 that the
lignin oxidation state is an important experimental parameter to be
considered when this material is used for electroanalytical appli-
cations. In fact, the experimental conditions previously used in the
literature, in which potentials of about +0.8V [19] and +1.0V [17]
were reached during the electrochemical preparation of the lignin
modified electrodes, already indicated this possibility.

CPME-1, CPME-3, CPME-4 and CPME-5 showed higher AE,
(Epa — Epc) and lower current levels than CPME-2 in a 0.1 mol L1
PBS, pH 6.0, containing 5.0 mmol L~ [Fe(CN)s]*~, and were dis-
carded.

To understand the role of the lignin i) in the electrochemical
behavior of the CPME, a FTIR spectra of lignin and lignin,y;) were
obtained and compared (Fig. 4).

As can been seen from Fig. 4, the vibrational spectrum of the
lignin,y;y showed important structural differences in relation to the
vibrational spectrum of the lignin. In the lignin i) a large band at
2530cm™!, attributed to S—H stretches, appeared simultaneously
to the increasing of the band at 600 cm~1, which corresponds to the
C—S stretches and therefore, an indicative of thiol groups formation
exists after the oxidation process which could, following Pearson’s
principle, promote better interaction with gold.

Furthermore there was a significant increase in the band cor-
responding to conjugated carbonyl groups at 1685cm~! and a
decrease in the OH stretching at 3400 cm~!, which increases the
degree of conjugation of the molecule by aligning of the orbitals
from sp? hybridized carbons, besides maintenance of the phenol
groups present in the oxidized lignin, detected by the C—O phenol
stretching at 1220cm~1.

The oxidation reaction decreased the aromaticity of lignin,
evidenced by decrease in the intensity of bands corresponding
to C=C aromatic stretching at 1511 and 1470cm~!, without a

significant change in the intensity of the band corresponding to
C=C at 1631 cm™!, which can be associated with both, asymmet-
ric stretch of double aromatic bonds or the asymmetric stretch of
the conjugated double bonds. Hydrolysis of the aliphatic ethers
occurred, as can be seen by the decrease of the intensity of absorp-
tion at 1270cm™!, but there was a formation of alkyl aryl ethers,
detected by the appearance of the band at 1140cm~1.

All the three facts, the appearance of the C—S stretches, indica-
tive of thiol groups formation, which can promote better interaction
and stabilization of the AuNp formed; the increase in the conjuga-
tion degree of the molecules, providing higher conductivity at the
material; the maintenance of the phenolic groups in the lig o),
which can act as reducing groups, explain the better response of
the CPME-2 (Table 1 and Fig. 3), and justify the maintenance of
the lignin reducing properties, even after a previous oxidation step
with hydrogen peroxide in alkaline medium.

After optimization of the amount of lignin ) to be incorpo-
rated into the composite, the content of graphite, lignin ;) and
mineral oil, present in CPME-2, was kept constant and the gold
content was varied as described in the experimental section and
the better composite to prepare the CPME was the composite 2b
(data not shown).

Considering that lignin ;) maintained its reducing properties,
TEM images were used to verify if the gold reduction occurred with
the formation of nanoparticles and in fact, gold nanoparticles were
formed and their morphology was dependent of the gold content
in the composite (Fig. 5).

An irregular morphology was observed for the gold nanoparti-
cles present in the composite 2b (0.2% in gold) (Fig. 5A and C), as
compared with the morphology of the nanoparticles present in the
composite 2¢ (0.4% in gold), Fig. 5B and D which presented a more
spherical shape.

In the composite 2b, the AuNps formed do not have very definite
morphology and the different energies, existent on the irregular
AuNps surface, can improve the catalytic and conductive behav-
ior of the CPME-2b [41,42]. On the other side, the AuNps formed
on the composite 2c, have a more spherical shape with a more
homogeneous superficial energy distribution, and therefore the
improvement of the catalytic and conductive behavior can be
limited.

To elucidate whether the voltammetric performance of the
CPME-2b was related to the presence of ligninayj), gold nanopar-
ticles or the synergistic action of both, the voltammetric profile of
a carbon paste modified electrode containing only gold nanopar-
ticles adsorbed on graphite, (AuNp-CPE), was also evaluated using
[Fe(CN)g]*~ as an electrochemical probe, and the results compared
with those obtained at lig(,j)-CPE* and CPME-2b (Fig. 6).

As can be seen from Fig. 6, the electrochemical behavior of the
CPME-2b can be attributed to a synergistic action of lignin o) and
gold nanoparticles and the effect was similar to that observed at
a gold nanocluster/overoxidized-polypyrrole composite modified
glassy carbon electrode [29].

3.2. Applications

Taking into account the data and discussions made earlier, the
CPME-2b was chosen to evaluate the oxidation of reducing agents,
dopamine (DA) and ascorbic acid (AA) and oxidizing agents (NO,~
and [037).

Fig. 7A shows the cyclic voltammograms obtained at CPE and
CPME-2b in 0.1 molL~! PBS (pH 6.0) containing 5.0 mmol L~1 DA.
The oxidation peak potential shifted about 87 mV to less posi-
tive values. This behavior can be attributed to the DA catalytic
oxidation by the phenol/quinone groups from lignin ;) immo-
bilized at CPME-2b surface or to gold nanoparticle, which can
act as an electron promoter [29]. DA oxidation peak potential at
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Fig. 4. FTIR spectra: lignin (1) and ligniney (2).

CPME-2b was observed at 0.302V, value which is about 79 and
51 mV more positive than those observed at amine-terminated
monolayer of cystamine containing gold nanoparticles [27] and
gold nanocluster/overoxidized-polypyrrole composite modified
glassy carbon electrode [29], respectively, and coincident with the
value found at carbon paste gold nanoparticle sensor [30].

Fig. 7A also shows that at CPME-2b, AE;, (Epa — Epc) decreased
from 292 to 125mV in comparison to CPE. This behavior is com-
mon at a gold nanostructured material and generally is related
to the increase of the electron transfer kinetics [30,41] producing,
simultaneously, an increasing current.

However, it may be considered that DA molecule could be
anchored on the gold nanoparticles surface by the amino group,

A

which directs the molecule to the electrode surface and in this case,
a pre-concentration effect and an increase of the electron trans-
fer kinetics could be also observed. This effect was not expected
for the ascorbic acid and in fact, the AA oxidation peak potential
was +0.302 V at CPME-2b as compared to +0.389 V observed at CPE,
although the current levels were comparable on both electrodes
(Fig. 7B).

Even considering that CPME-2b has a diameter which is two
times bigger than that for the gold electrode used in the literature,
the oxidation current levels obtained in 1.0 mmolL-1 AA, pH 6.0,
at CPME-2b were much higher than those obtained at pH 7.4 [17],
and in this case the gold nanoparticles can make the difference. On
the other side, the selective determination of DA in the presence

B

Fig. 5. TEM images of: the composite 2b (A and C) and the composite 2c (B and D) at decreasing order of magnification. The particle diameter dimension is about 100 nm.
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Fig. 6. 3rd cyclic voltammograms obtained at CPME-2b (1), lig(oxi)-CPE* (2) and
AuNp-CPE (3)in 0.1 mol L~ PBS, pH 6.0 containing 5.0 mmol L~! [Fe(CN)g]*~. Exper-
imental conditions: E; = —0.2,E;, =+0.7V,E;=—0.2Vand v=100mVs-'. *Lig(oxi)-CPE:
12.5 mg of oxidized lignin; 500 mg of graphite and 250 mg of mineral oil.

of AA, as obtained at amine-terminated monolayer of cystamine

containing gold nanoparticles [27], is not possible at CPME-2b.
The catalytic activity for the reduction of NO,~ and 03~ [32,33]

on nanostructured surfaces is well reported in literature and the

Epa =0.279V

"ePmE-2L

Ep,a,. =0.446V

composite prepared showed catalytic activity in acidic medium
(H,S04) among both species (Fig. 7Cand D), indicating a good appli-
cability of the prepared material in the region of positive potential.

It is also notable that the synergism among gold nanoparticles
and lignin produces a catalytic effect toward the reduction of NO,~
when compared to the gold nanoparticle/poly(3-methylthiophene)
modified glassy carbon electrode, which presented electrocatalytic
activity toward the oxidation of nitrite to nitrate in PBS, pH 4.0
[32]. Although Au nanoparticles are stabilized by thiol groups in
both modified electrodes, the quinone/hydroquinone groups could
act as an electron donor toward the reduction of nitrite explaining
the different behavior of the gold surfaces. Because of this behav-
ior, usually copper surfaces or copper nanostructures are used in
the development of electrochemical sensors for the reduction of
NO,~ [43,44] as long as copper acts as an electron donor. In the
CPME-2b, it was observed a current discharge toward nitrite reduc-
tion starting at positive potential range, in comparison to —0.33V
observed at CuNp/Thiol/Au modified electrode [43] and —0.05V at
CUpano/CNTs-Nf/GCE [44]. In both cases, the nitrite reduction pro-
cess showed a peak shape instead a current discharge. The literature
also presents that 103~ is frequently determined in WO3 modified
electrodes at low concentration levels [45,46] and therefore CPME-
2bis an alternative to those surfaces. The discharge current for 103~
at CPME-2b starts at +0.3V, value which is comparable to +0.2V
obtained at WO3/Pt modified electrode microarrays [46], but it was
an improvement toward the value of 0.0V, obtained at WO3/GCE
electrode or —0.2V, obtained at a AuNp/poly(3-methylthiophene)
[33,45], respectively. The presence of the quinone/hydroquinone,
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Fig.7. (A)Cyclic voltammograms obtained in 0.1 mol L~ PBS, pH 6.0, containing 1.0 mmol L-! DA at CPME-2b (1) and CPE (2). Experimental conditions: E; = —0.2V, E; =+0.7V,
Ef=-0.2V and v=100mVs~'. (B) Cyclic voltammograms obtained in 0.1 molL~"' PBS, pH 6.0, containing 1.0 mmolL-! AA at CPME-2b (1) and at CPE (2). Experimental
conditions: E;=—0.2V, E; =+0.7V, E;=—0.2V and v=20mV s~ . (C) Cyclic voltammograms obtained in 0.5 mol L-! H,SO4 solution containing 1.0 mmol L-! NO,~ at CPME-2b
(1) and CPE (2). (D) Cyclic voltammograms obtained in 0.5molL~' H,SO4 containing 0.1 mmol L-! 103~ at CPME-2b (1) and CPE (2). Experimental conditions: E; =+0.7V,

Ey=-0.1V,E;=+0.7Vand v=20mVs~'.
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Fig. 8. Cyclic voltammograms obtained at CPME-2b in 0.5molL~! H,SO4 con-
taining 0.1, 0.2, 0.3, 0.4 and 0.5mmolL-! [03~. Experimental conditions:
E;=+0.7V, E; =—-0.1V, E;=+0.7V and v=20mVs~!. Inset: iodate analytical curve:
I(pA)=-0.485 pA+22.4 [105~] (mmol L-1); R=0.992.

acting as an electron donor group, allied to the AuNp interaction
with iodine atom in I03~, can be a possible explanation to the
catalysis observed at CPME-2b.

For higher concentrations of [03~ (>0.4 mmol L-1) an oxidation
peak in the positive potential was observed after iodate reduction
(Fig. 8). The initial proposition is the electrochemical oxidation of
the iodate reduction product to I, which suffers strong adsorption
on gold surfaces [19] and therefore can be oxidized to hypoiodite,
[0~. It must be emphasized that it is not possible to determine
105~ with CPE due to lack of stability of baseline through poten-
tial sweeps, including line intersection of these various points in
the potential sweep.

4. Conclusions

CPME, prepared from composites containing lignin or oxidized
lignin adsorbed onto graphite, show no or bad voltammetric sig-
nal in K4[Fe(CN)g]| solutions, probably due to the low conductivity
of these composites. Nevertheless, the reducing properties of the
lignin were used to incorporate gold nanoparticles in the lignin or
ligningyi)/graphite composites to increase the conductivity of these
materials.

Both composites, lignin/graphite and ligningi)/graphite
adsorbed onto graphite were able to reduce Au3*, from HAuCly
at pH 4.7, but the conductivity of the composite containing
Au/graphite/ligniny;) showed the better characteristics to the
electrochemical purposes. FTIR spectra from lignin and lignin
oxidized showed that, in the last case, the spectral changes were
compatible with the formation of thiol groups, which could
promote better interaction with gold and an increase in the
conductivity of the composite and maintenance of the phenol
groups, which could be able to reduce Au3* to Au with formation
of nanoparticles, identified by TEM images.

The better composite to prepare CPME was that containing 0.2%
of gold and 2.5% of oxidized lignin, with the percentages expressed
in relation to the graphite mass, and admitting that the Au3* reduc-
tion, from the HAuCly solution, was quantitative. The proportion of
2:1 (w/w) of Au/ligninei)/graphite composite to the mineral oil
(nujol) was used to prepare the CPME with catalytic properties
toward the oxidation of dopamine and ascorbic acid and reduction
of nitrite and iodate in the positive potential range.
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