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Effects of pH on dispersion of carbon nanotubes (CNT) in poly(acrylic acid) (PAA) composites and on
electrocatalytic activity of CNT toward oxidation reactions of uric acid (UA) at the composite-
modified glassy carbon electrode (GCE) were investigated. Cyclic voltammetry data found that CNT
in PAA could electrocatalyze the oxidation reactions of UA as indicated by a significant increase in the
anodic peak current (l,,). Better dispersion of CNT in the PAA cast film exhibited a higher I,, and
electrocatalytic activity. The 1, was increased with increasing CNT content, with the highest
increasing rate from pH 7 at which the electrode was modified by the composite. For a given pH, CNT
had higher electrocatalytic activity than fCNT (the functionalized CNT). In the presence of an excess
of ascorbic acid, UA and dopamine (DA) could be simultaneously detected by the PAA/CNT 10/2.5 of
pH 7-modified GCE. The sensitivity for simultaneous detection of DA was higher than that for UA.
The linear range for the DA detection was 0.04—6 uM and for the UA detection was 0.04—3 uM.

Keywords: Carbon nanotubes, poly(acrylic acid), composite-modified electrode, electrocatalytic
activity, simultaneous detection

1. INTRODUCTION

Uric acid (UA) is main final products of purine metabolism in the human body. UA and
ascorbic acid (AA) coexist in blood and urine. It is not easy to selectively detect UA in the presence of
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AA, due to similar oxidation potentials of UA and AA at bare electrodes [1]. Dopamine (DA) is an
important catecholamine neurotransmitter in the central nervous, cardiovascular and hormonal systems
because abnormal DA metabolism may lead to schizophrenia and Parkinson’s disease [2]. The rapid
and accurate determination of DA concentration in body fluid is therefore important to diagnose the
diseases. However, DA also largely coexists with AA in the body fluid. The oxidation potential of AA
is similar to that of DA due to homogeneous catalytic effect [3]. It would cause the overlapped
voltammetric responses and be difficult to discriminate signals in electrochemical analysis. Therefore,
it is of importance to distinguish DA from AA or eliminate the interference of AA. There have been
intense investigations in the development of methods for the selective detections of DA, UA, and AA
[4-14]. Although the simultaneous detection of DA, AA, and UA at polymer-modified electrodes has
been reported [9-14], the detection was rarely reported at a pH sensitive carbon nanotubes (CNT) /
poly(acrylic acid)(PAA) composite-modified electrode [1] with which the effects of pH on the
detections were not investigated.

CNT is hydrophobic in nature [15, 16], easily dispersing in non- or low-polar solvents such as
acetone and alcohol but precipitating in deionized water, a highly polar solvent [17]. With acid
treatment, CNT can be functionalized by carboxylic groups (COOH) and exhibits hydrophilic
properties, resulting in effective dispersion in deionized water but not in acetone or alcohol [17]. Since
protonation and deprotonation of COOH groups depend on pH, the dispersion of acid-treated CNT in
water is prone to change with pH. The dispersion of acid-treated CNT increases with a rise in pH in
water. Previous studies [17-19] revealed that acid-treated CNT are poorly dispersed in low-pH water
(pH < 3) due to full protonation at this low pH, leading to aggregation by hydrogen bonding [19].
However, the aqueous solution at very high pH (e.g., pH 13) unexpectedly exhibits poor dispersion for
acid-treated CNT [17] due to a higher ionic strength arising from a larger amount of sodium cations in
the aqueous solution of pH 13 to cause the aggregation of carboxylate anions, which leads to
precipitation.

PAA, a weak polyelectrolyte, is a water-soluble polymer and its conformation in water is
sensitive to pH due to the presence of the ionizable COOH side group in every repeating unit. PAA
was found to be a good dispersing agent for CNT at pH 5, a value close to the pKa of PAA [20]. PAA
was reportedly grafted on CNT, and the resulting PAA-grafted CNT exhibit sound dispersion in water
and other polar solvents [21]. The CNT microstructure varied with pH in PAA aqueous solutions [22].
At a low pH, PAA was highly coiled due to the hydrogen bonding of COOH groups, leading to
aggregated CNT. At a high pH, on the other hand, PAA was extended due to the repulsion of
negatively charged carboxylate anions, resulting in exfoliated CNT. PAA-wrapped CNT had been
studied for their application as B-Nicotinamide adenine dinucleotide (NADH) sensors [23]. Liu et al.
[23] observed that the PAA-CNT complex film-covered electrode had stable and excellent
electrocatalytic activity for oxidizing NADH. Glassy carbon electrode (GCE) that was modified by
PAA-coated CNT followed by binding ferrocene and glucose oxidase exhibited electrocatalytic
activity for the oxidation of glucose [24]. As described earlier, the pH and ionic strength in aqueous
solutions affected the microstructure of CNT in PAA and might consequently affect the
electrocatalytic activity of CNT on PAA-modified electrodes. In this work, to develop an optimal
electrode for sensing devices, how the pH-varied CNT dispersion in PAA affected the electrocatalytic
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activity of CNT to redox reactions of UA was investigated. The selective and simultaneous detection
of UA and DA in the presence of an excess of AA was also examined using the PAA/CNT-modified
GCE.

2. EXPERIMENTAL

2.1 Materials

CNT was synthesized by thermal chemical vapor deposition at 750 °C for 1 h using acetylene
as carbon source and ferrocene as catalyst in a quartz tube furnace in our laboratories [17]. The
deposited product was investigated by transmission electron microscopy (TEM, JEOL JEM-1200CXI1I)
and demonstrated to consist of multi-walled CNT. The synthesized CNT was approximately 20-30
nm in diameter and over 1 um in length. The COOH-functionalized CNT (fCNT) was synthesized by
acid treatment on raw CNT in a mixture of sulfuric acid and nitric acid at a ratio of 3/2 by volume at
60 °C for 3 h. PAA, with an average molecular weight of 100,000 g/mol, of 35 wt% in aqueous
solution was supplied by Sigma-Aldrich and used as received. UA with purity of higher than 99 %, DA
with purity of higher than 98 %, and AA with purity of higher than 99.7 % were all received from
Sigma-Aldrich.

2.2 CNT and fCNT dispersions in PAA aqueous solutions of different pH

Aqueous solutions of different pH containing 0.1 wt% of PAA were prepared by adding HCI or
NaOH. Various amounts of CNT (or fCNT) were added to obtain CNT (or fCNT) dispersions in PAA
aqueous solutions of different pH after sonication for 10 min. The pH and x/y in the sample code PAA-
pH/CNT x/y stand for the pH value of the PAA solution and the x/y for the weight ratio of PAA/CNT,
respectively. The so prepared dispersions of PAA-pH/CNT x/y and PAA-pH/fCNT x/y were visually
examined on the dispersion stability and recorded using a digital camera as a function of time. The
dispersion, immediately after 10-min sonication, was cast on a precleaned glass plate followed by
drying in a hood to examine surface morphology using a field emission scanning electron microscopy
(FESEM, HITACHI S-4800). The FESEM was operated at 3 KeV.

2.3 Preparation of PAA/CNT- and PAA/fCNT-modified GC electrode

A 20 pL of the PAA-pH/CNT x/y or the PAA-pH/CNT x/y dispersion taken immediately after
sonication was cast on a prepolished glassy carbon electrode (GCE), followed by placing in a
ventilated hood for about 12 h until the cast film on GCE was dry. The active area of the GCE for the
cast film was a circle with 3 mm in diameter.

2.4 Electrochemical Analyses of PAA/CNT- and PAA/fCNT—modified GCE

A potentiostat (CH611D, CH Instruments) was used to conduct cyclic voltammetry (CV)
analyses at 25 °C in a conventional three-electrode system with GCE as working electrode, a platinum
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wire as auxiliary electrode, and an Ag/AgCI/3M KCI as reference electrode. The PAA-pH/CNT x/y—
or the PAA-pH/fCNT x/y-—modified GCE was immersed in 300 uM UA in 0.1 M KCl aqueous solution
at 25 °C. The pH 7.4 phosphate buffer solution (0.1 M) served as a background electrolyte in all
experiments. CV was conducted between 0 and 0.5 V with scan rate 100 mV/s. The second CV cycle
was used for the investigations on electrocatalytic activity of the composite films. For simultaneous
detection of DA and UA in the presence of a high AA content, the PAA-pH/CNT x/y— or the PAA-
pH/ACNT x/y—modified GCE was immersed in the aqueous solution containing a mixture of the three
analytes with UA and DA concentrations being in between 0 and 20 uM and AA being 300 uM,
followed by CV analysis at 25 °C between 0 and 0.5 V with scan rate 100 mV/s.

3. RESULTS AND DISCUSSION

3.1 Dispersions of CNT and fCNT in PAA aqueous solutions of different pH
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PAA-11/CNT 10/1

Figure 1. Photos (taken immediately, 24 h, and 48 h after 10 min of sonication) of the PAA-pH/CNT
10/1 dispersion in 10 mL of water of different pH.

PAA-13/CNT 10/1

A MI )

Iﬂm

To investigate how dispersions of CNT and fCNT in PAA composites affected electrochemical
properties of the composites-modified electrodes, CNT and fCNT dispersions in PAA aqueous
solutions of different pH were first examined. As visually demonstrated in Figure 1, PAA helped
improve the CNT dispersion over a wide pH range from 1 to 13 for at least 24 h. Without the presence
of PAA, CNT precipitated immediately after sonication at any pH [25]. PAA solutions with low pH
values (pH 1-5) and high pH values (pH 11 and 13) did not exhibit stable CNT dispersion for 48 h
(Figure 1). The poor CNT dispersion in PAA aqueous solutions of low pH values could be attributed to
the low extent of ionization (or deprotonation) of the COOH groups of PAA. The hydrogen bondings
which were formed between COOH groups of PAA caused the aggregation of PAA, leading to
precipitation of CNT. CNT exhibited good dispersion for 48 h in PAA solutions of pH 7 and 9; this
could be attributed to the greater ionizations of COOH groups of PAA at these higher pH values,
resulting in more carboxylate anions (—-COO"), as compared to lower pH values. Negatively charged
carboxylate anions on the PAA-coated CNT expelled one another to separate CNT, leading to good
CNT dispersion. The unexpectedly poor CNT dispersions in PAA solutions of pH 11 and 13 were
associated with high ionic strengths originating from the addition of NaOH used to increase pH. At
these high pH values, a sizeable amount of NaOH was added, and the high content of sodium cations
lent high ionic strength; this triggered the aggregation of carboxylate anions by ionic bonding, leading
to precipitation [17]. Compared with PAA/CNT 10/1 (Figure 1), the PAA/fCNT 10/1 dispersion was
stable for 48 h in solutions of pH 3—11 except pH 1 and 13 (photos not shown in this paper). The
COOH-functionalized CNT (i.e., fCNT) exhibited good dispersion over a wider pH range as compared
with CNT which was not functionalized.

The FESEM image for the cast film from the PAA-1/CNT 10/1 solution (Figure 2A) could
infer that most of CNT were coated by PAA to form aggregates (as schematically represented by
Figure 3A) but some of CNT were not (Figure 3B). The aggregates arising from the PAA-coated CNT
were loosened at pH 7 due to the expulsion of the negatively charged carboxylate anions on the PAA-
coated CNT (Figure 2B).
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Figure 2. FESEM images for PAA/CNT 10/1 films that were cast from solutions of (A) pH 1, (B) pH
7, and (C) pH 13.

At pH 13, the carboxylate anions on the PAA-coated CNT formed ionic bonding with the Na*,
leading to aggregation and precipitation (Figure 2C). The findings in Figure 2 agreed with the visual
observations for the CNT dispersion in PAA solutions of pH 1, 7, and 13 (Figure 1). The FESEM
image for the cast film from the PAA-1/fCNT 10/1 solution (Figure 4A) could infer that all fCNT
(CNT-COOH) were aggregated because hydrogen bondings were formed in PAA, in fCNT, and in
between PAA and fCNT for both uncoated fCNT and PAA-coated fCNT (as schematically represented
by Figure 5). Slightly loosened PAA/fCNT aggregates were found at pH 7 (Figure 4B) due to the
expulsion of the formed negatively charged carboxylate anions. The aggregates were loosened further
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but precipitated due to the ionic bondings formed between the carboxylate anions and the Na™ in PAA,
in fCNT, and in between PAA and fCNT (Figure 4C).

Figure 3. Schematic diagram of CNT dispersion in PAA solutions of pH < 5 for (A) PAA-coated
CNT, and (B) uncoated CNT. The dotted lines stand for hydrogen bondings.
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(A)

Figure 4. FESEM images for PAA/fCNT 10/1 films that were cast from solutions of (A) pH 1, (B) pH
7,and (C) pH 13.

The surface morphologies at pH 13 in Figures 2C and 4C looked somewhat different because
the ionic bonding did not form in CNT but did form in fCNT.
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(A)

(B)

Figure 5. Schematic diagram of fCNT dispersion in PAA solutions of pH < 5 for (A) PAA-coated
fCNT, and (B) uncoated fCNT. The dotted lines stand for hydrogen bondings.

3.2 Cyclic voltammetric analyses of PAA/CNT composite films

Figures 6A and 6B show CV curves recorded at PAA-modified GCE in 300 uM UA. As can
be seen in these figures, without the presence of CNT, CV curves did not exhibit well defined anodic
peaks, all with very low currents for all pH at which GCE was modified. In addition, cathodic peaks
were not observed.
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Figure 6. CV recorded at GCE, modified by (A, B) PAA-pH/CNT 10/0 and (C, D) PAA-pH/CNT
10/1, in 300 pM UA aqueous solution at pH 7.4 and 25 °C. Scan rate 100 mV/s.
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Figure 7. CVs of (A) PAA-7/CNT 10/0-modified GCE and (B) PAA-7/CNT 10/1-modified GCE in
the presence of 50 uM UA with varying scan rate. CVs were measured in 0.1 M phosphate
buffer solution (pH 7.4). Scan rate (mV/s): (a) 10, (b) 20, (c) 40, (d) 100, (e) 200, (f) 400, and
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Figure 8. (A) Currents and (B) potentials of the anodic peaks (lpa and Epa, respectively) in CV,
recorded at PAA-pH/CNT x/y-modified GCE in 300 uM UA aqueous solution at pH 7.4 and 25
°C, as a function of pH at which the GCE was modified. Scan rate 100 mV/s.

CV curves in Figures 6C and 6D were recorded at PAA/CNT 10/1-modified GCE from
aqueous solutions of different pH, all exhibiting well defined anodic peaks with much higher peak
currents than those in Figures 6A and 6B. CV curves recorded at PAA/CNT of other ratios of
composites-modified GCE including the ratios 10/0.5, 10/1.5, 10/2, and 10/2.5 were all giving rise to
well defined anodic peaks as well but were not shown in this paper for clarity. Instead, their anodic
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peak currents (lp,) were plotted as a function of pH and of the CNT/PAA ratio later in Figures 8 and 9,
respectively. The much increased anodic peak currents with CNT present in the composites as shown
in Figures 6C and 6D suggested that CNT exhibited electrocatalytic activity to the oxidation reactions
of UA.
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Figure 9. Currents of the anodic peaks (l,a) in CV, recorded at PAA-pH/CNT-modified GCE in 300
uM UA aqueous solution at pH 7.4 and 25 °C, as a function of the CNT/PAA ratio. Scan rate
100 mVJs.

CV curves in Figure 6 did not clearly exhibit cathodic peaks, implying that the reduction
reactions of UA were much slower than the oxidation reactions of UA, even with the catalysis of CNT
(Figures 6C and 6D). Liu and coworkers [1] reported that the electro-oxidation of UA at PAA/GCE is
irreversible and the anodic peak is rather broad, suggesting a slow electron-transfer kinetic. Another
possibility for the missing cathodic peaks might be due to oxidative decomposition of UA during the
oxidation scan. To investigate whether the oxidative decomposition of UA was a cause, varying CV
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scan rates were conducted as shown in Figure 7. Given that a higher scan rate has a less time for the
oxidative decomposition, cathodic peak is more likely to appear in a CV curve of a higher scan rate if
the oxidative decomposition reaction is to occur. As can be seen in Figure 7A, the anodic peaks
appeared at potentials at near 0.5 V which was high to lead to oxidative decomposition of UA,
although the higher scan rates (200, 400, and 500 mV/s) than the scan rate of 100 mV/s used in Figure
6 did not give rise to cathodic peaks for PAA-7 modified GCE. From Figure 7B, however, the higher
scan rates gave rise to cathodic peaks with peak currents increasing with increasing scan rates,
revealing that the oxidative decomposition was a dominant cause for the observation of negligible
cathodic peaks in Figure 6. Liu and coworkers [1] also reported that only anodic peak can be observed
at low scan rates but, when the scan rate increased, the cathodic peak appeared and increased readily.
They [1] explained that a relative higher scan rate can improve the electron-transfer reaction of UA
oxidized at PAA/CNT-modified GCE. The I, values linearly increased with the root square of scan
rates in Figure 7A suggested that the electron transfer for UA at PAA-7 modified GCE was diffusion-
controlled whereas the lp, values linearly increased with the scan rates in Figure 7B suggested a
adsorption-controlled mechanism for UA at PAA-7/CNT 10/1-modified GCE.

The cast film from aqueous solution of pH 7 exhibited the greatest anodic peak intensity in
Figures 6C and 6D, an indication that the more stable CNT dispersion in PAA solution (Figure 1) and
the more uniform PAA/CNT cast film (Figure 2) would give the greater anodic peak intensity. As
long as the PAA/CNT composite was cast at pH 7, the composite had the strongest anodic peak
irrespective of the CNT content in the composite (Figure 8A). From Figure 8B, for all pH studied, the
anodic peak potentials for the PAA/CNT composite films were all lower than those for the pure PAA
films, indicating again that CNT exhibited electrocatalytic activity [26] to the redox reactions of UA.
The effects of CNT contents in the PAA/CNT composite films that were cast at different pH on the
anodic peak currents (l,a) could be clearly seen in Figure 9 in which the I,, exhibited an increasing
trend with increasing CNT content for a given pH, with the highest increasing rate for pH 7. This
indicated that higher CNT contents exhibited higher electrocatalytic activities toward redox reactions
of UA.

3.3 Cyclic voltammetric analyses of PAA/fCNT composite films

CV curves recorded at PAA/fCNT 10/1-modified GCE in 300 uM UA were shown in Figure
10 and all exhibited much lower anodic peak currents than those for PAA/CNT 10/1 as in Figure 6. It
was evident that the functionalized CNT (i.e., f{CNT) did not exhibit as high electrocatalytic activity as
CNT, although fCNT was more effective to be dispersed in PAA aqueous solution than CNT at a given
pH. This might be associated with the structural damages on fCNT caused by the acid treatments.
These structural damages interrupted the length of conjugated double bonds and decreased the
delocalizations of electrons on CNT, leading to decreased electron transfer rates during oxidation
reactions of UA. The PAA/fCNT 10/1 films cast at low pHs exhibited lower anodic peak currents (l,a)
but higher anodic peak potentials (Eps) than those cast at high pHs (Figure 11), indicating that the
PAA/fCNT composite prepared at higher pHs could give higher electrocatalytic activities to the



Int. J. Electrochem. Sci., Vol. 7, 2012 8774

oxidation reactions of UA. This might be associated with the higher amount of carboxylate anions that
could form on fCNT in the composite films as prepared at higher pHs, leading to having more
interactions with the four secondary amine groups on UA, than those prepared at lower pHs.
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Figure 10. CV recorded at GCE, modified by PAA-pH/fCNT 10/1, in 300 uM UA aqueous solution at
pH 7.4 and 25 °C. Scan rate 100 mV/s.

As can be also seen from Figure 11, the PAA/CNT 10/1 and PAA/ACNT 10/1 films both
exhibited higher anodic peak currents and lower anodic potentials than the pure PAA films at any pH.
This again demonstrated that CNT and fCNT were both able to electrocatalyze the oxidation reactions
of UA, with CNT having a higher electrocatalytic capacity than fCNT.

3.4 Simultaneous detection of UA and DA in the presence of AA

In an attempt to investigate whether the PAA/CNT and PAA/fCNT composites could
simultaneously detect UA and DA in the presence of an excess of AA, the PAA-7/CNT 10/2.5-
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modified GCE which exhibited the strongest electrocatalytic activity (Figure 9) among all composites-
modified GCE was chosen for the investigation.
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Figure 11. (A) Currents and (B) potentials of the anodic peaks (lpa and Epa, respectively) in CV,
recorded at PAA-pH/CNT 10/0-, PAA-pH/CNT 10/1- and PAA-pH/fCNT 10/1-modified GCE
in 300 uM UA aqueous solution at pH 7.4 and 25 °C, as a function of pH at which the GCE
was modified. Scan rate 100 mV/s.

Figure 12A shows CV curves recorded at PAA-7/CNT 10/2.5-modified GCE in aqueous
solutions of a mixture of DA (0-20 uM), UA (0-20 uM), and AA (300 uM). Two anodic peaks at near
0.16 and 0.3 V were observed and assigned to the oxidation reactions of DA and UA, respectively, as
determined by prior analyses of the pure analytes. As can be seen in Figure 12A, in the presence of a
high AA content (300 uM), the anodic peak currents of UA and DA, starting from background currents
at 3.2 pA for the DA peak and 3.9 puA for the UA peak, were found to increase with increasing
concentrations. It was thus evident that DA and UA could be simultaneously detected by the
PAA/CNT composite-modified GCE in the presence of a high AA content. The reduction reactions of
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UA could not be clearly seen whereas those of DA could be seen for high concentrations (Figure 12A),
an indication that DA had a higher reduction reaction rate and/or was more stable to resist oxidative
decomposition than UA.
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Figure 12. (A) CV recorded at PAA-7/CNT 10/2.5-modified GCE in agueous solutions of a mixture
of DA (0-20 uM), UA (0-20 pM), and AA (300 pM) at pH 7.4 and 25 °C. Scan rate 100 mV/s.
(B) Anodic peak currents (lp,) of CV from (A) as a function of concentration of DA and UA:
(@) 0 uM, (b) 0.04 uM, (c) 0.06 uM, (d) 0.1 uM, (e) 0.3 uM, (f) 0.6 uM, (g) 0.8 uM, (h) 3 uM,
(i) 6 uM, (j) 10 uM, and (k) 20 puM.

The sensitivity for simultaneous detection of DA was higher than that for UA (Figure 12B).
The linear range for the DA detection was 0.04—6 uM and for the UA detection was 0.04—3 uM. The
sensitivity for the DA detection was 1.267pA/uM (or 17.93 pA/cm? uM by taking the circled active
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area with 3 mm in diameter on GCE into consideration) and for the UA detection was 0.925 pA/uM
(or 13.09 pA/ecm?® pM).

4. CONCLUSIONS

Visual observations found that CNT exhibited good dispersions in PAA solutions of pH 7 and
9, but poor dispersions in PAA solutions of low pHs (pH 1-5) and high pHs (pH 11 and 13). FESEM
images for surfaces of the films that were cast from the PAA/CNT dispersions of different pH were
consistent with the visual observations for these dispersions. As compared to PAA-modified GCE, CV
curves recorded at PAA/CNT composite-modified GCE exhibited well defined anodic peaks with
significant increased peak currents for oxidation reactions of UA, indicating that CNT exhibited
electrocatalytic activity toward oxidation reactions of UA. The more stable CNT dispersions in PAA
solutions that could lead to the more uniform CNT dispersions in the cast films could result in the
higher electrocatalytic activity. For a given pH at which the electrode was modified by the composite,
the anodic peak current was found to increase with increasing CNT content, with the highest
increasing rate for pH 7. The functionalized CNT (i.e., fCNT) did not exhibit electrocatalytic activity
as high as CNT. In the presence of a high AA content, UA and DA could be simultaneously detected
by the PAA-7/CNT 10/2.5 composite-modified GCE. The sensitivity for simultaneous detection of DA
was higher than that for UA. The linear range for the DA detection was 0.04—6 uM and for the UA
detection was 0.04—3 uM.
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