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Abstract A novel modified electrode was constructed by
electropolymerization of bromophenol blue at a multi-
walled carbon nanotubes modified glassy carbon electrode.
The electrode developed was used for the simultaneous
determination of the isomers of dihydroxybenzene in
environmental samples using a voltammetry method. There
was a linear relationship over the range 10°~10~* mol L™
of hydroquinone, catechol and resorcinol; the detection
limits was 3 x 1077 mol L™'. The constructed electrode
showed excellent reproducibility and stability. Actual wa-
ter samples were analyzed and satisfactory result was ob-
tained.

Keywords Bromophenol blue - Carbon nanotubes -
Dihydroxybenzene isomers - Voltammetry determination

Dihydroxybenzene is an important industrial raw and
processed material and is widely used in the photography,
dye, cosmetic, chemical and pharmaceutical industries.
Catechol, resorcinol and hydroquinone are the isomers of
dihydroxybenzene. Hydroquinone and catechol are signif-
icant airborne toxic environmental pollutants (www.epa.
gov). Due to their similar structure and character, it is
crucial to develop a simultaneous and simple analytical
method for dihydroxybenzene isomers. The current meth-
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ods for the simultaneous determination of dihydroxyben-
zene isomers are chromatography (N. A. Penner et al.,
2001), spectrophotometry (P. Nagaraja et al., 2001) and
electrochemical methods (Rosangela M. et al., 2000).
However, these techniques have some disadvantages, such
as the requirement for previous separation, complicated
operation, intricate chemometric treatments of the analyt-
ical signals and a narrow linear range. There are few direct
and simultaneous determination methods for dihydroxy-
benzene isomers.

Electrochemical methods are one of the favored tech-
niques in environmental and biological analysis because of
their low cost, high sensitivity and simple operation (Eric
Bakker, 2004). With their specifically functionalized sur-
faces, good stability and reproducibility, chemically mod-
ified electrodes are an important component for
electrochemical analysis (Qiantao Cai et al., 1994). Meth-
ods used for electrode modification included electropoly-
merization, physical coating and covalent attachment.
Electropolymerized dye electrodes show good selectivity
and catalytic property (Guiying Jin et al., 2005, F. Valen-
tini et al., 2004).

Since the discovery of their unique electronic structures,
and high specific surface area and electrical conductivity,
carbon nanotubes have been attractive candidates for use as
chemical sensors and biosensors (Joseph Wang, 2005,
Qiang Zhao et al., 2002). Multi-walled carbon nanotubes
(MWNTs) have been used as electrode modified carbon
materials and have exhibited excellent catalytic properties
(Joseph Wang et al., 2003). Bromophenol blue (BPB) is an
acid—base indicator and has been used as an spectropho-
tometric and electrochemical reagent for protein assay (Ma
etal., 1997, Sun et al., 2005). However, there are no reports
of electropolymerized of bromophenol blue with carbon
nanotubes for environmental applications.
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For derivative voltammetry, cyclic voltammetric curves
were treated using the nth-order derivative technique. The
derivative voltammetric curve allows the avoidance of
linear interference between the background and noise and
increases signal sensitivity and resolution power. To date,
the method has been widely applied in electrochemical
fields (Jeremiah Mbindyo et al., 2000, Y. Bonfil et al,,
2000; http://www.epa.gov).

In this article, a novel modified electrode was fabricated
by electropolymerization of bromophenol blue at a multi-
walled carbon nanotubes modified glassy carbon electrode.
The resulting electrode combined the catalytic properties of
carbon nanotubes with the selectivity of the polymerized
film and was used for the simultaneous determination of
the isomers of dihydroxybenzene with good reproducibility
and stability.

Materials and Methods

Multi-walled carbon nanotubes (MWNTSs) were obtained
from Shenzhen Nanotech Port Co. Ltd. with a typical
diameter of 10-30 nm and length of 1-2 pum; their purity
was 95-98%. Other chemicals were analytical reagents,
and were used as received. Doubly distilled water was used
throughout the experiments. All of the procedure was
carried out at room temperature.

Scanning electron microscopy (SEM) images were ob-
tained by using a JSM-6700F field emission SEM (JEOL
Ltd., Japan). All electrochemical experiments were carried
out on a CHI660B electrochemical workstation (Chenhua
Instrument Company of Shanghai, China) in a conventional
three-electrode cell. The working electrode was a glassy
carbon disk electrode (GCE) with a diameter of 3 mm, the
auxiliary electrode consisted of a platinum wire, and a
saturated calomel electrode (SCE) was used as the refer-
ence electrode. All potentials reported in this paper are
relative to the SCE.

Prior to use, the 3 mm GC working electrode was
carefully polished with a chamois leather containing 0.05
pm Al,Oj3 slurry and then ultrasonically cleaned in ethanol
and distilled water, and finally electrochemically treated by
potential cycling between —1.0 and 1.6 V in 0.5 mol/L
H,SO,4 until a steady state was reached. The MWNTs were
treated according to a previously described procedure
(Hidefumi Hiura et al., 1995). Ten milligrams of purified
and functionalized MWNTs was dispersed with the aid of
ultrasonic agitation in 10 mL of N,N-dimethylformamide
(DMF) to give a 1.0 mg/mL black suspension. The MWNT
modified GCE was prepared by dropping 4 pL of the
suspension of MWNTs onto the clean GC electrode surface
well, and evaporating the solvent using an infrared lamp.
The electropolymerization of bromophenol blue was per-
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formed in pH 6.0 phosphate buffer solutions with 0.5 mM
bromophenol blue by cyclic voltammetry between —1.0 V
and 1.8 V. The scan rate was 0.1 V/s.

Firstly, the modified electrode was activated by six
successive voltammetric cycles from —0.1 to 0.90 V in pH
6.0 phosphate buffer solution (PBS). Next, linear sweep
voltammograms (LSV) were recorded from —0.1 to 0.90 V
in pH 6.0 PBS as the background. Then, the same sweep of
LSV of dihydroxybenzene isomers was recorded. Finally,
after subtracting the background, the LSV curves were
treated with a first-order derivative technique on the
CHI660B electrochemical workstation. Peak currents were
measured at 0.11 V for hydroquinone, 0.22 V for catechol,
and 0.63 V for resorcinol.

Results and Discussion

The electropolymerization of bromophenol blue was per-
formed in pH 6.0 PBS with 0.5 mM bromophenol blue by
cyclic voltammetry between —1.0 V and 1.8 V. The scan rate
was 0.1 V/s. Figure 1 illustrates the typical set of cyclic
voltammetry grams obtained from the electropolymerization
of bromophenol blue on MWNT modified GCE. There was a
broad reductive peak from —0.15 V to 0.40 V and three
oxidative peaks from 0.27 to 0.90 V with steadily increasing
current. The oxidative peak at 0.82 V indicates that the
monomer of BPB was oxidized at a high potential. In the
second cycle, a new pair of redox peaks appeared and the
current increased across the scan, which is indicative of the
buildup of a conducting polymer film at the electrode.
Figure 2 shows the typical morphology of the MWNTSs/
GCE (a) and poly-BPB/MWNT/GCE (b) characterized by
scanning electron microscopy (SEM). It could be observed
that the MWNTs distributed homogeneously on the glassy
carbon electrode and displayed a special three-dimensional
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Fig. 1 Typical cyclic voltammograms of electropolymerization of
0.5 mM BPB at MWNT modified GCE. The arrows shows increasing
current
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Fig. 2 SEM images of: (a)
MWNTs, and (b) poly-BPB/
MWNT modified electrodes
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Fig. 3 Cyclic voltammograms of Poly-BPB/MWNT/GC electrode in
0.5M H,S0y, at 50, 100, 150, 200, 250, 300, 400, 500 and 600 mV/s
(1-9). Inset: plots of cathodic peak currents (ip.) and anodic peak
currents (ip,) versus the square root of the scan rate

structure. The poly-BPB/MWNTs nanocomposite on the
glassy carbon electrode exhibited a similar structure to that
of MWNTs, which means that the electrodeposited poly-
BPB did not change the structure of the MWNTs. There-
fore, it is difficult to discern the difference between the
poly-BPB/MWNTs and MWNT modified GCE; this may
be mostly due to the large amount of MWNT present while
the electrodeposited poly-BPB is very thin. It is hoped that
the poly-BPB/MWNT nanocomposites distributed hom-
ogenously on the electrode will provide a high signal-to-
noise ratio since they are fully and easily accessible to
analytes when used as an electrochemical sensing unit. The
effect of the polymerizing potential was studied. When the
upper limit of potential was less than 1.4 V or the lower
limit of the potential was more than —0.6 V, electropoly-
merization had not occurred. The selective experimental
parameter was similar to that for direct electropolymer-
ization of BPB on bare GCE.

The cyclic voltammetry grams of the poly-BPB/
MWNT/GCE are shown in Fig. 3 for different scan rates in
0.5M H,SO,. A pair of current peaks appeared in the range
0.62-0.70 V, the redox peaks of poly-BPB. The peak
current increased with the scan rate. The inset figure shows
the linear relationship between the peak current and the
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Fig. 4 Cyclic voltammograms of dihydroxybenzene at different
electrodes in pH 6.0 PBS. Dotted line: bare GCE; long-dash line:
poly-BPB/GCE; solid line: poly-BPB/MWNT/GCE. a,, a, and a3 are
the oxidation peak potentials of hydroquinone, catechol and
resorcinol, respectively. The concentration of catechol, hydroquinone
and resorcinol was 0.1, 0.1 and 0.2 mM, respectively

square root of the scan rate. This illustrates the transmis-
sion of electrons in the polymerized film in accord with the
diffusion law.

The electrochemical behaviour of dihydroxybenzene
isomers at different electrodes was investigated by cyclic
voltammetry; the results are shown in Fig. 4. At the bare
GC electrode, there are two oxidation peaks at potentials of
0.43 and 0.76 V. The oxidation peak of catechol and
hydroquinone could not be divided and the peak current
was low (Fig. 4, dotted line). Under the identical condi-
tions, the isomers of dihydroxybenzene yielded three oxi-
dation peaks whose potentials were 0.16, 0.26 and 0.71 V
at the polybromophenol blue GCE (Fig. 4, long-dash line).
The oxidation peaks of catechol and hydroquinone were
divided with a difference of 100 mV. This illustrates that
the poly-BPB GCE has better selectivity with respect to
catechol and hydroquinone. However, the peak current was
still low. In contrast, the poly-BPB/MWNT/GCE showed
excellent electrocatalytic activity and the best selectivity
for the isomers of dihydroxybenzene (Fig. 4, solid line).
The difference in the oxidation peak potential between
hydroquinone, catechol and resorcinol was 105 and 432
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mV and the oxidation peak current was greater than for the
other electrodes. These results illustrate that the poly-BPB/
MWNT/GC electrode combined the catalytic effect and the
selectivity from MWNTs and the polymerized film and that
the modified electrode could be used in the analysis.

Cyclic voltammetry was used to investigate the effects
of different supporting electrolytes. Different supporting
electrolytes were tested: H,SO,, acetate buffer, Britton—
Robinson buffer and phosphate buffer solution. We
found that in PBS and H,SO, solutions, the peak cur-
rents of the dihydroxybenzene isomers were larger and
the peak was sharper. However, the peak potentials of
hydroquinone, catechol and resorcinol were shifted to-
wards positive values for increasing pH. This indicated
that there had been a larger over-potential and greater
interference. In this paper, PBS was chosen as the sup-
porting electrolyte. The effect of the pH of the PBS was
tested from 4.0 to 8.0. When the scan rate was constant,
all peak potentials shifted towards negative values with
increasing pH in the range 5.0-8.0. The relationship
between the anodic peak potential and the pH was linear
with the regression equation:

Hydroquinone : E, = 0.475 — 0.0537pH(R* = 0.993),

Catechol : E, = 0.594 — 0.0565pH(R*= 0.990),

Resorcinol : E, = 1.081 — 0.0649pH(R*= 0.993).

The experimental results show that protons participate in
the redox processes of dihydroxybenzene isomers at the
modified electrode (Huaisheng Wang et al., 2004). In
addition, the peak currents increased slightly with
increasing pH. However, at low pH, the oxidation poten-
tials were high and interference was serious. Therefore, a
weak acidic solution was better for the experiments. In this
work, pH 6.0 was chosen as the optimum pH.

Figure 5 illuminates the typical first-derivative record-
ing of the background-subtracted LSVs of mixed isomers
of dihydroxybenzene. Hydroquinone, catechol and resor-
cinol exhibited an excellent record with the signal height of
the other two isomers remaining unchanged, thus proving
that the responses to the dihydroxybenzene isomers were
relatively independent. The calibration experiments were
carried out by varying the concentration of one isomer in
the presence of the other two in pH 6.0 PBS. (The con-
centration of catechol and hydroquinone was 0.1 mM; the
concentration of resorcinol was 0.2 mM.)

The results show that the oxidative peak current has a
linear relationship with concentration in the range 107° —
10* M (resorcinol, hydroquinone and catechol). The
detection limits of hydroquinone, catechol and resorcinol
were 3 x 1077 M (a signal-to-noise ratio of 3). The cali-
bration formulas and the linear correlation coefficients are
(ipa in A/s, C in mol/L): C in mol/L):

Hydroquinone: ip, = 3.35 X 1072C +9.44
x 1073 (R* = 0.9999)

Fig. 5 Typical first-order 3e-6 2e-6
derivative of linear sweep
voltammograms of: (a) 01 0
hydroquinone (1-6) at 0, 0.2, - -
0.6, 1, 2, and 3 x 10~ M; (b) 2 3 26
catechol (1-7) at 0, 0.2, 0.6, 1, % -3e-6 1 g
2,3, and 4 x 107 M; (c) = S et
resorcinol (1-7) at 0, 0.04, 0.1, 666 |
0.2,0.4,1.2,and 2.0 x 10* M -6e-6
-9e-6 T -8e-6
0.8 0.6 0.4 0.2 0.0 0.8
E(V)
2e6
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g A
3
T -2e6
C 7
-de6
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Table 1 Determination of hydroquinone in a water sample

Water sample® 1 2 3 4b
Isomer HQ CA RE HQ CA RE HQ CA RE HQ
Added (107 M) 0.00 0.00 0.00 0.00 2.00 2.00 2.00 5.00 5.00 0.00
Found (107> M) 3.52 _ _ 3.47 1.92 2.10 5.50 5.08 4.89 3.43
RSD (n = 6) _ _ _ 2.2% 3.0% 1.8% 2.7% 1.6% 2.1% 2.5%
Recovery (%) 96.0 105.0 99.0 101.6 97.8

? The waste sample was diluted 100 times. HQ = hydroquinone; CA = catechol; RE = resorcinol, average of six measurements

® The result of the spectroscopic method

Catechol: iy, = 2.20 x 1072C +2.44
x1077(R* = 0.9941)

Resorcinol: iy, = 5.49 x 1072C + 1.40
x 1077 (R* = 0.9981)

The poly-BPB/MWNT/GCE was prepared repeatedly six

times using the same GCE. Measurements of a standard
sample mixed with 4 x 10> mol.L™" dihydroxybenzene
were carried out in parallel three times with relative stan-
dard deviations (RSD) of 2.43 %, 3.76 % and 2.89 % for
hydroquinone, catechol and resorcinol, respectively. The
results indicated that the poly-BPB/MWNT/GCE has
excellent reproducibility and stability.

The effect of possible interference in the wastewater due
to metal ions, anions and organic compounds was tested. A
large number of compounds, such as Ca®*, Zn>*, Mg**,
Cu**, Na*, K™, NO3, CI', SO, PO (each at concentra-
tions of 5 mM ) and ethanol, benzene, toluene (each at
concentrations of 0.1 mM) had no influence on the di-
hydroxybenzene signals.

The water samples (D-72# develop waste) were ob-
tained from a photo studio. The main ingredients of the D-
72# developer liquid are methyl-p-aminophenol sulfate (w/
w 0.3 %), sodium sulfite (w/w 4.5 %), hydroquinone (w/w
1.2 %), sodium carbonate (w/w 6.8 %) and potassium
bromide (w/w 0.2 %). First, the waste was adjusted to weak
acidity by added 0.5 M H,SO,. Then, the waste was diluted
100 times. Finally, the approach described above was used
to measure dihydroxybenzene by direct determination and
the standard added method. The results obtained by this
method are compared with those from the spectroscopic
method (A. Afkhami et al., 2001) in Table 1. The recovery
was 96.0-105.0%. The results of the proposed method
agree well with those obtained by the spectroscopic
method, which suggests the accuracy and reliability of the
approach, and that it has great potential for practical
analyses.
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