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improved the method sensitivity and achieved a detection limit for determination of bisphenol A at 84.0 nmol L™ .

Different methods of functionalisation and the influence of the multi-walled carbon nanotube sizes were investigat-
ed on the bisphenol A electrochemical determination. Samples with diameters of 20 to 170 nm were functionalised
in HNO3 5.0 mol L™ ! and a concentrated sulphonitric solution. The morphological characterisations before and after
acid treatment were carried out by scanning electron microscopy and cyclic voltammetry. The size and acid treat-
ment affected the oxidation of bisphenol A. The multi-walled carbon nanotubes with a 20-40 nm diameter
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1. Introduction

Carbon nanotubes (CNTs) have intrinsic characteristics, such as
structural, mechanical, electronic, chemical and thermal stability, high
resistance, elasticity, high surface area and good electrical conductivity
[1,2]. All these properties make the CNTs a special material to be used
in electrochemical devices. Several studies have focussed on the CNT
synthesis, purification, suspension, filling and surface functionalisation
[3]. Depending on the CNT synthesis methods, the CNTs may be pro-
duced as single-walled carbon nanotubes (SWCNTs) or multi-walled
carbon nanotubes (MWCNTSs) [4,5]. Some properties of CNTs can be
improved from the functionalisation of this material as an acid pretreat-
ment. The treatment causes changes in the CNT morphologies, thus
decreasing the size and opening the blocked ends of the nanotubes.
Also, it was shown that the functionalisation steps can increase the
number of defects (denoted as break-bones) in the structure of the
CNT sidewall. In addition, the CNT treatment can cause the appearance
of oxygenated functional groups on the CNT edge planes [6].

Most of the structural and morphologic modifications, as previously
cited, are due to the treatment of the CNTs in the presence of a solution
of an individual oxidant agent or a mixture of concentrated strong
mineral acids. Under soft conditions, as with the functionalisation
with a nitric acid solution, the decrease in the size of the tubes can be
controlled and minimised. In this condition, the chemical modification
is confined mostly to the opening tube edge plans and the formation
of functional groups on the defect sites along the sidewalls [7]. On the
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other point of view, the use of a concentrated mixture of oxidant acids
can lead to dramatic changes in the CNT morphology. It was reported
that this kind of acid functionalisation promotes a sharp decrease of
the tube diameter and unblock the CNT ends and the high incorporation
of several functional groups such as hydroxyl, carboxyl, epoxide and
other oxygenated species [8].

Besides the acid treatment, another important factor that influences
the properties of CNTs is size, since the diameters of nanotubes directly
affect the microstructure on the surface of CNTs and electrocatalytic
activity [9]. One example is the determination of quercetin using CNTs
with different diameters. Sensors fabricated with MWCNTSs untreated
with an average diameter of 50 nm were used in the amperometric
detection of quercetin and the detection limit was 0.66 pmol L™ [10].
In contrast, a sensor produced with MWCNTs and with an average
diameter of 22.5 nm yielded a detection limit at 0.20 umol L™ [11].
The decrease in the CNT diameter caused an increase in the sensor
sensitivity at the determination of quercetin.

In the other report, the synergistic effect of the diameter and
CNTfunctionalisation step can also be observed in the determination
of quercetin. In this report, sensors were fabricated with CNTs with
diameters of 15 nm and 20 nm and treated in two different conditions,
i.e., sulphonitric solution and a mixture containing concentrated nitric
acid and perchlorate acid. The sensor fabricated with CNTs with
15 nm diameter and treated in a sulphonitric solution exhibited a
detection limit at 4.9 nmol L™ Instead, the sensor based on CNTs
with a diameter of 20 nm and functionalised in the acid mixture
allowed a detection limit of 19.0 nmol L™! [12,13]. These results
presented that the efficiency of the sensors modified with CNTs can be
enhanced using CNTs with smaller diameters and functionalised in
vigorous conditions.
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Due to the potentiality of the CNTs in electrochemical device produc-
tion, this material has been extensively used for electrocatalysis and
electroanalysis, including the sensitive determination of several species
such as metals [ 14,15], pharmaceutical products [16], neurotransmitters
[17,18,19], pesticides [20], hormones [21], dyes [22,23] and endocrine
disruptors [24,25]. On the other hand, it is well established that there
is a direct correlation with the type, size and pretreatment of the CNTs
and their performance as an electrochemical sensor. However there
are very few works in which it has a study of the effect of the function-
alisation and the size of the CNT in the response of this material as an
electrochemical sensor. It is noteworthy that despite a large number
of articles on the CNT based electrochemical sensors, which show the
LOD values, LOQ, sensitivity and linearity range, often do not mention
the dimensions of this material or the acid treatment performed. Consid-
ering what has been described above, this study focussed on the influence
of the size and type of the functionalisation step of the CNTs and their
application on the sensitive determination of bisphenol A (BPA), which
is an environmental target molecule.

2. Experimental
2.1. Chemicals and solutions

Samples of the MWCNTs1 (purity of 90%, length 5.0-9.0 um, diame-
ter 110-170 nm) were obtained from Sigma-Aldrich, and MWCNTs2
(purity of 95%, length 5-15 um, diameter 20-40 nm) were obtained
from Shenzhen Nanotech Port Co., Ltd., China. Sulphuric acid was obtain-
ed from Chemis; nitric acid was obtained from Synth and BPA was obtain-
ed from Sigma-Aldrich. All other chemicals were of analytical grade and
used without further purification. 0.1 mol L™! of a phosphate buffer
solution (PBS — pH 7.0) was prepared using NaH,PO4 and Na,HPO,,
and the pH was adjusted with NaOH. All solutions were prepared with
de-ionised water ("18.2 MQ).

2.2. Apparatus and procedure

Electrochemical measurements were carried out using an Autolab
Type PGSTAT30 (Eco Chemie, Utrecht, Netherlands) potentiostat/
galvanostat coupled to NOVA software (Eco Chemie). The electro-
chemical cell was assembled with a conventional three-electrode
system: a glassy carbon electrode (GC with area at 0.2 cm?) modified
with treated and untreated MWCNTSs as a working electrode, an Ag/
AgCl (KC13.0 mol L™ ') as a reference electrode and platinum as a coun-
ter electrode. All electrochemical measurements were performed in
1.0 x 10~* mol L™ ! BPA in a pH 7.0 PBS solution at a controlled temper-
ature at 25 °C. Cyclic voltammetry (CV) experiments were carried out in
a potential range that varied from +0.2 V to + 1.0 V and with a scan rate
at 50 mV s~ . Electrochemical impedance spectroscopy (EIS) data were
obtained using FRA2 software (Eco Chemie, The Netherlands) in a
frequency range from 10 kHz to 10 mHz and an amplitude of 10 mV,
with 10 data points per frequency decade. Measurements were carried
out under open circuit potential (OCP) conditions in 0.1 mol L~ PBS
pH 7.0 containing 1.0 mmol L™ ! BPA. The determination of BPA was
carried out using differential pulse voltammetry (DPV) with a scan
rate of 10 mV s~ !, amplitude at 100 mV and step potential at 2 mV.
The potential was varied from + 0.2 V to + 1.0 V for BPA determination.
The analytical characteristics were obtained from the addition of
volumes of BPA standard solutions, and the detection limit (LOD)
was calculated according to the [UPAC recommendation [26].

The morphologies of the MWCNT samples were examined using a
field-emission gun scanning electron microscopy (FEG-SEM), recorded
with a FEG-Zeiss model Supra 35VP (Zeiss, Germany), equipped with
a higher-resolution secondary electron detector (in-lens detector) and
operating at 6.0 kV and a point-to-point resolution of 3.8 nm. Samples
were prepared by dropping MWCNT suspension on a glassy carbon
plate. The films were dried for 12 h.

2.3. MWCNTfunctionalisation

The MWCNTs1 and MWCNTSs2 were functionalised in a 5.0 mol L™!
of a HNOs solution and concentrated sulphonitric solution, which
consisted a mixture of HNO3/H,S0,4 (3:1 by volume). For the MWCNT
functionalisation, 100 mg of MWCNTs was mixed with 50 mL of HNO;
solution. This mixture was stirred for 12 h at room temperature and
was subsequently filtrated, continuously washed using purified water
and dried in an oven for 12 h at 70 °C. The same procedure was performed
for the functionalisation of MWCNTs with a concentrated sulphonitric
solution.

24. Preparation of GG/MWCNTs

Prior to modification, the surface of the glassy carbon (GC) electrode
surface was polished with alumina slurries (0.3 pm), rinsed thoroughly
with double-distilled water, sonicated for 5 min in ethanol and 5 min in
water and air-dried. Afterwards, the GC electrode was electrochemically
cleaned in 0.1 mol L™ ! pH 7.0 PBS with a subsequent application of
anodic potential at + 1.5 V during 60 s, followed by an application of
cathodic potential at — 1.5 V during 60 s. Then, 50 cyclic voltammograms
were performed in a range of potential varying from —1.0 Vto +1.0 V to
obtain reproducible and stable voltammetric behaviour. For the sensor
preparation, first, 1.0 mg of MWCNTs was suspended in 1.0 mL of
dimethylformamide (DMF). The suspension was dispersed using ultra-
sonic stirring for 1 h. Then, an aliquot of 10 pL of the suspension was
placed as a droplet on the GC electrode surface, and the solvent was
then evaporated at room temperature. DMF was used because it was
found to be more compatible than other solvents (e.g., ethanol, acetone)
given the hydrophobic nature of the GC surface, and which led to a
more homogeneous film.

3. Results and discussion
3.1. Characterisation of MWCNTSs

The morphologies of the CNT samples (MWCNTs1 and MWCNTs2)
were evaluated using FEG-SEM microscopies before and after the func-
tionalisation step. Fig. 1A displays an image of the untreated MWCNTs1,
in which it can be observed that the tubes have an average diameter
of 150 nm with an average length of 5.0 pm. In addition, it is clearly
observed that the CNTs presented caps on the sidewalls and in the tube
ends. The same observation can be seen in the MWCNTSs2 presented in
Fig. 1D. However, the CNTs presented low values in the dimensions
(diameter average at 48 nm) compared with the MWCNTs1. This differ-
ential in the CNT size is due to the type of synthesis method and the man-
ufacturer [27]. Comparing the effect of acid treatment on the MWCNTSs1
and the functionalisation using a nitric acid solution (Fig. 1B) promotes
a30% decrease in the CNT diameter (100 nm) compared with the pristine
CNTs (MWCNTs1 — Fig. 1A). Also, it was observed in this slight treatment
that the CNT ends were completely unblocked. However, using the
concentrated sulphonitric functionalisation, it was presented in Fig. 1C
that the tube ends were completely unblocked and the CNT sidewalls
were flaked, thus leading to a large number of defects. In addition,
this strong treatment decreased the CNT diameter to 70 nm.

The same behaviour of the removal of amorphous carbon caps in the
end and tube sidewalls was observed for the MWCNTSs2. Also, the effects
of the treatment, nitric acid and sulphonitric solution allowed a decrease
of the CNT average diameters at 35 nm (Fig. 1E) and 20 nm (Fig. 1F),
respectively. It is clearly observed that the strong acid functionalisation
using the sulphonitric solution promoted the most changes in the CNT
samples. However, we emphasise that the source of the CNTs is more
important than the pretreatment step. This statement can be seen when
Fig. 1C and F are compared. For electrochemical sensors, the nature of
the electrode material is primordial. It is sought as a nanostructured
material with large surface area and electrocatalytic properties. Then,
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200 nm

Fig. 1. FEG-SEM micrographs for: (A) MWCNT1 untreated, (B) MWCNTT1 treated with HNO3 solution (5.0 mol L~1!), (C) MWCNT1 treated with a concentrated solution of 3HNO3:1H,S04;
(D) MWCNT2 untreated, (E) MWCNT2 treated with HNO; solution (5.0 mol L™'), and (F) MWCNT2 treated with concentrated solution of 3HNO5:1H,S0,.

the structural changes, such as the breaking of the edge plans and
anchoring of carboxylate functional groups, remarkably improved the
electrocatalytic performance and conductivity of CNTs [28,29]. In this
sense, the MWCNTSs2 pretreated in a sulphonitric solution, displayed
in Fig. 1F, become an interesting material to be used in sensor
development.

3.2. Effect of the different MWCNTSs on the BPA electrooxidation process

The electrocatalytic activity of different MWCNT samples was
demonstrated by comparison using BPA oxidation peak potential
(Epa) and oxidation current peak (Ip,) obtained by cyclic voltammo-
grams in 0.1 mol L™ ! PBS (pH 7.0) containing 1.0 x 10"* mol L™}
BPA (figure in Supplementary information). Fig. 2 presented the

variation of the Ip, and E,, as a function of different materials used
in the BPA electrooxidation. There are no significant changes in the
Ipa and response of the bare GC electrodes, untreated CNTs and the
sensor fabricated with MWCNTs1. However, the sensor fabricated
with MWCNTSs2 functionalised exhibited a sharp increase in the BPA
current peak oxidation. The increase in the I, is due to the changes in
the CNT structure, which leads to an increase of the electroactive area.
In comparison, the sensor prepared with MWCNTs2 treated in a
sulphonitric solution archived a current peak value at 33 pA, which
is almost 3.5-times higher than the untreated MWCNTs2 electrode.
Regarding the Ep, variation, the sensor with untreated MWCNTs1
presented a slight shift in the potential value for more negative values
when compared with the bare GC electrode. In addition, due to the
increase of the functional groups on the edge planes of the CNTs, the
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Fig. 2. Plot of oxidation peak potential and oxidation peak current obtained by cyclic voltam-
mograms of 1.0 x 10~% mol L™! BPA in 0.1 mol L™ ' PBS (pH 7.0) to different electrodes.

functionalised MWCNTSs1 continuously shifted the potential for cathod-
ic direction. However, when the MWCNTs1 sulphonitric treatment
sensor response was compared with the untreated MWCNTSs2 sensor,
it was observed that the functionalisation step promotes the shift for
more negative potential values. In contrast, for the MWCNTSs2 sensors,
the effect of functionalisation promoted a great shift in the Ep, for
more negative values. This behaviour is a function of the increase of
the amount of oxygenated functional groups and the decrease of the
CNT dimensions, which lead to an increase of the electroactive surface
area. In addition, it was reported that the functionalisation step allowed
the increase of the number of edge plans that are completely linked to
the electrocatalytic properties [25,30,31]. The increase in the number
of edge plans promotes a faster charge-transfer rate that shows electro-
catalytic behaviour. Experimentally, this effect can be seen by the shift
in the potential values, as much of the literature reports [32,33].

In order to evaluate the best results for different CNT sources
(MWCNTs1 and MWCNTs2) treated in sulphonitric solutions, CV ex-
periments were carried out in 0.1 mol L~! PBS (pH 7.0) containing
1.0 x 10~* mol L™ BPA. Fig. 3A presented the cyclic voltammograms
for the sensors (a) bare GC, (b) GC/MWCNTs1 and (¢) GC/MWCNTSs2. A
single electrochemical process was observed in all scans. This peak is
attributed to an irreversible oxidation of the hydroxyl group present in
the aromatic ring of the BPA to form phenoxenium ions, which is a kind
of phenoxy radical [34]. Comparing these results, the GC/MWCNTs2
sensor shifted 0.10 V in the oxidation potential of BPA to a less positive
value when compared with the bare GC (4 0.66 V), and it shifted 0.05 V
compared with GCG/MWCNTs1 sensor. Additionally, the oxidation on the
catalytic, presented in the MWCNTSs?2 treated surface, showed a 5-fold
increase in the current peak compared with bare GC and a 3-fold increase
in the current peak compared with GC/MWCNTs1. The low dimensions of
the MWCNTSs2 added to the effect of the functionalisation in a sulphonitric
solution reflect a shift in the potential value, an increase in the current
peak and a well-defined oxidation peak.

The electrocatalytic effects of the CNT dimensions and functionalisa-
tion steps were also evaluated using electrochemical impedance spectros-
copy. The EIS experiments allowed the charge-transfer resistance values
for the sensor process to be obtained. The spectra in Fig. 3B were recorded
at OCP and modelled using a modified Randles equivalent circuit,
consisting of the cell resistance (Rq,) in series with a parallel combination
of a constant phase element (CPE), considered as a non-ideal capacitance
of capacity (C) and a charge-transfer resistance (R.), with a Warburg
impedance (Z,).

After fitting the parameters presented in Fig. 3B, the R, values were
very similar for the three different sensors, i.e. the value found was close
to 70 Q. The determined capacitances of the bare GCwas 9.51 pF s for
GC/MWCNTs1 the capacitance was 33.4 uF s*1 and for GC/MWCNTSs2
the CPE value was 163.0 pF s*!. Compared with the electrode prepared
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Fig. 3. (A) Cyclic voltammograms of 1.0 x 10~ mol L~" BPA in pH 7.0 PBS, (a) GC; (b) GC/
MWCNTs1 (3HNO3:1H,50,); and (c) GC/MWCNT2 (3HNO3:1H,S0,). Scan rate: 50 mV s~ 1.
(B) Nyquist diagrams of 1.0 mM BPA in pH 7.0 PBS solution obtained at (a) GC, GC/MWCNTs1
(3HNOs5:1H,S04); () GC/MWCNT2 (3HNOs:1H,S0,). Inset: magnified plots of (a), (b) and
(c) at the high-frequency region.

with MWCNTSs2, the capacitance of the MWCNTSs1 the increase in the
CPE value indicating an increase in the conductive area of the CNT
surface, leading to an increase in the analytical signal (current peak).
However, based on the CVs experiments displayed in Fig. 3A, shifts on
the potential values for more negative values were observed. This
affirmation was evaluated when the electron transfer resistance was
calculated. Using the equivalent circuit previously described, R were
determined bare GC was 174 k), for GC/MWCNTs1 was 63.5 k(), and
for GC/MWCNTSs2 the R value was calculated at 3.23 k(). These results
are in agreement with the CV experiments, in which the sensor prepared
with MWCNTSs2 presented an increase in the peak current, well-definition
of the electrochemical process and also a shift in the potential values,
demonstrating the electrocatalytic effect of the surface.

3.3. Adsorption studies

It was reported that the BPA response was effected by an adsorption
process in aqueous solution [35,36]. In order to evaluate the adsorption
behaviour cyclic voltammetry experiments were performed. Thus, 10
successive cyclic voltammograms were carried out in 0.1 mol L™ of
PBS (pH 7.0) containing 1.0 x 10~ % mol L™ ! of BPA, in a potential
range between +0.1 and + 1.0 V vs. Ag/AgCl, with a scan rate of
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50 mV s~ 1. It can be observed in Fig. 4A that the BPA oxidation process
(4+0.55 V) decreased after the successive scans. This behaviour is due to
the formation of a film from the BPA oxidation product showing an
adsorption effect.

The effect of the scan rate on the peak current responses at the GC/
MWCNT2 (3HNO3:1H,S04) sensor was also investigated. In Fig. 4B, a
linear increase can be observed with the scan rate between 2.5 and
100 mV s~ . As the scan rate values exceeded 50 mV s~ !, broadening
and distortion of the peak shapes are observed, which leads to the
increase of the peak current values. Also, I,, was directly proportional
to the scan rate over the range of 2.5-100 mV s~ !, as shown in the
inset in Fig. 4B, which suggests an adsorption process on the modified
electrode surface.

As discussed, the BPA oxidation process is accompanied by an adsorp-
tion step. Therefore, a poisoning of the electrode surface may occur and
consequently reduction of the analytical signal. The influence of potential
pretreatment applied was investigated after each DPV voltammogram.
The potential was investigated for the following values: + 0.25, 0.0,
—0.25, —0.50, —0.75, and — 1.0 V. Complete recovery of the original
response was obtained using —0.50 V as a cleaning pretreatment poten-
tial. At more positive cleaning potentials, the peak current, I,,, obtained
during the following experiment begins to decrease, reaching only 25%
at +0.25 V pretreatment cleaning potential. Thus, —0.50 V was chosen
as the pretreatment cleaning potential in further studies. The influence
of the pretreatment time was also evaluated, varying from 10 to 90 s.
The I, increased up to 30 s and no difference was seen for higher time
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Fig. 4. (A) 10 successive cyclic voltammograms at GG/MWCNT2 (3HNOs:1H,S0,) electrode,
of 1.0 x 10~* mol L~" BPA in pH 7.0 PBS, with a scan rate of 50 mV s~ . (B) Linear relation-
ship between anodic current peak and the scan rate. Inset: cyclic voltammograms for the GC/
MW(CNT2 (3HNOs:1H,S0,) electrode in 1.0 x 10~ mol L™ " BPA in pH 7.0 PBS, at a scan rate
varying from 2.5 to 100 mV s~ .

values, hence 30 s was chosen as the time of pretreatment for cleaning
the electrode surface.

3.4. Analytical characteristics

DPV was used to investigate the electrochemical response as a func-
tion of the BPA concentration. In this study, three sets of sensors (each
set consists of three different sensors such as: bare GC, GC/MWCNTs1
and GC/MWCNTs2 — in which the CNTs were functionalised in the
sulphonitric solution) were employed as the working electrodes, and
their analytical responses were compared. BPA standards were used to
construct the calibration curves shown in Fig. 5 with three measure-
ments for each concentration. The inset in Fig. 5 presents the DPV
signals recorded for the GC/MWGCNTSs2 sensor.

The analytical signals exhibited a linearity range from 2.5 to
24.3 pmol L™ for bare GC (R? = 0.996). For GC/MWCNTs1, the
observed linearity range was 2.5 to 29.1 umol L™' (R? = 0.997). The
limits of detection (LODs) were calculated at 2.03 and 0.61 pumol L™!
for bare GC and GC/MWCNTs1 sensors, respectively. The detectability
level was remarkably influenced by the use of MWCNTSs2 treated in a
sulphonitric solution. The GC/MWCNTSs2 sensor (R? = 0.997) exhibited
a linearity range from 4.9 to 82.5 umol L™ ! with a LOD estimated in
0.084 umol L™ (84.0 nmol L™). The LOD values were determined
using a 3 s/slope ratio, where s is the standard deviation of the mean
value for 10 voltammograms of the blank.

The effect of the low MWCNTSs2 diameter added to the effect of the
functionalisation in a sulphonitric solution and can be further evaluated
from the values for analytical sensitivity, which were almost two times
higher with GC/MWCNTSs2 (31.3 uA/umol L) than with the GC/
MW(CNTs1 (16.5 pA/umol L™'). Compared with the bare GC (10.2
pA/umol L=1), the sensor modified MWCNTSs2 functionalised in a
sulphonitric solution presented a 3-fold increase in sensitivity. Also, the
LODs and sensitivity values were compared in a T-test at a 95% confidence
level, to compare the sensors based on the different CNTs studied.

In order to evaluate the efficiency of the GC/MWCNTSs2 sensor
functionalised with sulphonitric, a comparison with other sensors
based on carbon material modified electrodes for BPA determination
was performed. The unmodified boron-doped diamond (BDD) electrode
was used to monitor the concentration of BPA degradation. The BDD
electrode yielded a higher LOD at 210 nmol L~ [37], which is a higher
value than the proposed electrode in this work (84.0 nmol L™1). An

30

20+
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1 £V vs. AgiAgC!

0 20 40 60 80 100
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Fig. 5. Linear dependence of the DPV peak current and the concentration of BPA. (a) GC (0.2;
04;0.7;09; 1.4; 1.9; 24 x 105 mol L~ 1), (b) GC/MWCNT1 (3HNO5:1H,S0,) (0.2; 04; 0.7;
09; 14; 1.9; 2.4; 29 x 10~ mol L"), (¢) GC/MWCNT2 (3HNO5:1H,S04) (04; 1.4; 1.9; 2.4;
2.9;3.3;4.3; 5.6; 82 x 10~ mol L™ ). Inset: DPVs of different concentrations of BPA at the
GC/MWCNT2 (3HNOs:1H,S04) electrode (a) 0.4, (b) 1.4, (c) 1.9, (d) 2.4, (e) 2.9, (f) 3.3,
(g) 4.3, (h) 5.6,and (i) 8.2 x 10> mol L™ 1.
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electrode fabricated with MWCNT and lithium titanate (Li4TisO¢,) was
used at the surface modification of the GC electrode for the determination
of BPA [38]. The sensor exhibited a LOD at 78.0 nmol L™ '. Another electro-
analytical method, which exhibited a low value of LOD, was CNT carbon
paste modified with cobalt phtalocyanine [39]. The sensor archived a
LOD at 10.0 nmol L™ . It is important to evidence that the sensor proposed
here (GC/MWCNTs2) presented nanomolar detection levels, even
without a modification agent. In this sense, the GC/MWCNTSs2 sensor
functionalised in sulphonitric solution presented efficiency in the
quantitative determination of BPA.

4. Conclusion

This work showed that the dimension and type of the acid treatment
of CNTs were directly influenced at the determination of BPA. The cyclic
voltammetry results showed an increased analytical signal and an
improvement in the electron transfer rate on the surface of the GC
sensors modified with CNTs with a smaller diameter and acid function-
alisation. The best results were obtained for the GC/MWCNTSs2 sensor
when functionalised with a sulphonitric solution. This may be related
to the increased effectiveness in modifying the morphology of CNTs
with the incorporation of functional groups and the greater disturbance
of edge planes, compared with the functionalisation in HNOs solution. It
can also be concluded that there is a need to clearly specify the charac-
teristics, type and treatment of CNTs when using this material as an
electrochemical sensor.
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