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The electrochemical behaviors of hydroxylamine at the benzoylferrocene modified carbon nanotubes
paste electrode (BFCNPE) have been studied. The modified electrode shows an excellent
electrocatalytic activity for the oxidation of hydroxylamine and accelerates electron transfer rate. The
electrocatalytic currents increased linearly with the hydroxylamine concentration in the ranges of 0.9—
400.0 uM and the detection limit for hydroxylamine was 0.1 uM. The diffusion coefficient and the
Kinetic parameters such as the electron transfer coefficient and the heterogeneous rate constant for
hydroxylamine were determined using electrochemical approaches. Finally, the method was employed
for the determination of hydroxylamine in water samples.
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1. INTRODUCTION

Hydroxylamine, a derivative of ammonium is one of the reducing agents widely used in
industry and pharmacy. It is identified as a key intermediate in the nitrogen cycles and production of
nitrous oxide [1]. Hydroxylamine is a well-known mutagen, which induces highly specific mutations
with the nucleic acid cytosine. Modest levels of hydroxylamine can be toxic to the humans, animals


http://www.electrochemsci.org/
mailto:h.beitollahi@yahoo.com

Int. J. Electrochem. Sci., Vol. 9, 2014 2956

and even plants [2]. It is known to cause both reversible and irreversible physiological changes
associated with methernoglobobinemia [3].

Further, in industrial standpoint, it can be used as a raw material for the synthesis of
pharmaceutical intermediates and final drug substances. Therefore, from the industrial, environmental
and health viewpoints, development of a sensitive analytical method for the determination of
hydroxylamine is very important. Many methods have been developed for the determination of
hydroxylamine including chromatography [4], spectrophotometry [5], indirect potentiometry [6], and
electrochemistry [7-10]. Among the different methods, electrochemical method of determination has
several advantages over other methods such as less time consuming and more selective and sensitive
[11-12].

Electrochemical sensors constructed by modified electrodes have been proven as an
inexpensive and simple analytical method with remarkable detection sensitivity, reproducibility, and
ease of miniaturization rather than other instrumental analysis methods [12-18]. They have found a
vast range of important applications in the fields of clinical, industrial, environmental, and agricultural
analyses [19-26]. The modification of electrodes using redox modifiers is an interesting field in
analytical chemistry. Redox modifiers are electroactive compounds that effectively shuttle electrons
between the analyte and the electrode. One of the most important effects of any modifier is a reduction
of the overpotential required for electrochemical reaction, which enhances the sensitivity and
selectivity of the method [27-32].

Carbon nanotubes (CNTs), an unique class of one-dimensional functional structures, are a
promising building block for nanoscience and nanotechnology because of their high surface area, good
mechanical strength and rich electronic properties [33-37]. The subtle electronic behavior of carbon
nanotubes reveals that they have the ability to promote electron-transfer reactions when used as an
electrode material in electrochemical reactions [38-40]. In recent years, considerable efforts have been
made to fabricate different CNT morphologies and explore their application in various fields including
composites, electrochemical devices and sensors [41-48].

Carbon paste electrode (CPE) is a special kind of heterogeneous carbon electrode consisting of
mixture prepared from carbon powder and a suitable water-immiscible or non-conducting binder [49-
59]. CPEs are widely applicable in both electrochemical studies and electroanalysis thank to their
advantages such as ease and speed of preparation and of obtaining a new reproducible surface, very
low background current (compared to solid graphite or noble metal electrodes), low cost, large
potential window, simple surface renewal process. The level of background currents cannot be exactly
defined; it strongly depends on the composition of carbon paste as well as upon the type of
measurement [60-80]. Besides the advantageous properties and characteristics listed before, the
feasibility of incorporation different substances during the paste preparation (which resulting in the so-
called modified carbon paste electrode), allow the fabrication of electrodes with desired composition,
and hence, with pre-determined properties [80-98].

To our knowledge, no study has reported the electrocatalytic oxidation of hydroxylamine by
using benzoylferrocene (BF) modified carbon nanotube paste electrode (BFCNPE). Thus, in the
present work, we described initially the preparation and suitability of a BFCNPE as a new electrode in
the electrocatalysis and determination of hydroxylamine in an aqueous buffer solution. Then, in order
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to demonstrate the catalytic ability of the modified electrode in the electrooxidation of hydroxylamine
in real samples, we examined this method for the voltammetric determination of hydroxylamine in
water samples.

2. EXPERIMENTAL

2.1. Apparatus and chemicals

The electrochemical measurements were performed with an Autolab potentiostat/galvanostat
(PGSTAT 302 N, Eco Chemie, the Netherlands). The experimental conditions were controlled with
General Purpose Electrochemical System (GPES) software. A conventional three electrode cell was
used at 25 = 1 °C. An Ag/AgCI/KCI (3.0 M) electrode, a platinum wire, and the BFCNPE were used as
the reference, auxiliary and working electrodes, respectively. A Metrohnm 710 pH meter was used for
pH measurements.

All solutions were freshly prepared with double distilled water. Hydroxylamine and all other
reagents were of analytical grade from Merck (Darmstadt, Germany). The buffer solutions were
prepared from orthophosphoric acid and its salts in the pH range of 2.0-11.0. Multiwalled carbon
nanotubes (purity more than 95%) with o.d. between 10 and 20 nm, i.d. between 5 and 10 nm, and tube
length from 0.5 to 200 um were prepared from Nanostructured & Amorphous Materials, Inc.
Benzoylferrocene was synthesized in our laboratory as reported previously [33].

2.2. Preparation of the modified electrodes

The BFCNPEs were prepared by hand mixing 0.01 g of BF with 0.89 g graphite powder and
0.1 g CNTs with a mortar and pestle. Then, ~ 0.7 mL of paraffin oil was added to the above mixture
and mixed for 20 min until a uniformly-wetted paste was obtained. The paste was then packed into the
end of a glass tube (ca. 3.4 mm i.d. and 15 cm long). A copper wire inserted into the carbon paste
provided the electrical contact. When necessary, a new surface was obtained by pushing an excess of
the paste out of the tube and polishing with a weighing paper.

For comparison, BF modified CPE (BFCPE) without CNTs, CNTs paste electrode (CNPE)
without BF, and unmodified CPE in the absence of both BF and CNTs were also prepared in the same
way.

3. RESULT AND DISCUSSION

3.1. Electrochemical properties of BFCNPE

BFCNPE was constructed and its electrochemical properties were studied ina 0.1 M PBS (pH
7.0) using CV (Fig. 1). The experimental results show well-defined and reproducible anodic and
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cathodic peaks related to benzoylferrocene / benzoylferricenium redox system, which show a
quasireversible behavior in an aqueous medium.
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Figure 1. CVs of CPE (a) and BFCNPE (b) in 0.1 M PBS (pH 7.0).In all cases scan rate is 100 mV s™.

The electrode capability for the generation of a reproducible surface was examined by cyclic
voltammetric data obtained in optimum solution pH 7.0 from five separately prepared BFCNPEs

(Table 1).

Table 1. Cycllic voltammetric data obtained for constructed BFCNPE in 0.1 M PBS (pH 7.0) at 100
mV s,

0.645+1.3 0.540+1.4 0.592+1.3 0.105*1.4 5.2+1.7 -2.4£1.6

*Versus Ag/AgCI/KCI (3.0 M) as reference electrode
® All the '+' values are RSD% (n=5)
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3.2 Electrocatalytic oxidation of hydroxylamine at a BFCNPE
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Figure 2. CVs of BFCNPE (d) and BFCPE (c) in 0.1 M PBS (pH 7.0) containing 75.0 uM
hydroxylamine. (a) and (b) are CVs of CPE and CNPE in 0.1 M PBS (pH 7.0) containing 75.0
UM hydroxylamine. In all cases scan rate is 10 mV s,

Fig. 2 depicts the CV responses for the electrochemical oxidation of 75.0 uM hydroxylamine at
unmodified CPE (curve a), CNPE (curve b), BFCPE (curve c) and BFCNPE (curve d). As can be seen
from curves c and d the anodic peak potential for the oxidation of hydroxylamine at BFCPE (curve C)
and BFCNPE (curve d) is about 645 mV, while at the CNT modified CPE (curve b) and bare CPE
(curve A) no current is observed in the presence of hydroxylamine.

However, BFCNPE shows much higher anodic peak current for the oxidation of
hydroxylamine compared to BFCPE, indicating that the combination of CNTs and the mediator (BF)
has significantly improved the performance of the electrode toward hydroxylamine oxidation. The
BFCNPE, in 0.1 M PBS (pH 7.0) and without hydroxylamine in solution, exhibited a well-behaved
redox reaction (Fig. 1 curve b) and with addition of 75.0 uM hydroxylamine, increased the anodic peak
current (Fig. 2 curve d), indicating a strong electrocatalytic effect [99].

The effect of scan rate on the electrocatalytic oxidation of hydroxylamine at the BFCNPE was
investigated by linear sweep voltammetry (LSV) (Fig. 3A). As can be seen in Fig. 3A, the oxidation
peak potential shifted to more positive potentials with increasing scan rate, confirming the kinetic
limitation in the electrochemical reaction. Also, a plot of peak height (l,) vs. the square root of scan
rate (v/?) was found to be linear in the range of 10-100 mV s*, suggesting that, at sufficient
overpotential, the process is diffusion rather than surface controlled (Fig. 3B).
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A plot of the scan rate-normalized current (I,/v"?

aracteristic shape typical of an EC” process [99].
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Figure 3. (A) LSVs of BFCNPE in 0.1 M PBS (pH 7.0) containing 50.0 uM hydroxylamine at various
scan rates; numbers 1-5 correspond to 10, 25, 50, 75 and 100 mV s, respectively. (B)Variation
of anodic peak current vs. square root of scan rate; (C) normalized current (Ip/v”z) vs. v; (D)
anodic peak potential (Ep) vs. logarithm of scan rate.

The Tafel slope (b) can be obtained from the slope of Ep vs. log v using Eq. (2) [100]:

Ep = b/2 log v + constant 1)

The Tafel slope was found to be 0.134 V (Fig. 3D), which indicates that a one-electron transfer
process is the rate limiting step assuming a transfer coefficient (a) is about 0.56.

3.3. Chronoamperometric measurements

Chronoamperometric measurements of hydroxylamine at BFCNPE were carried out by setting
the working electrode potential at 0.75 V vs. Ag/AgCI/KCI (3.0 M) for the various concentration of
hydroxylamine in PBS (pH 7.0) (Not shown). For an electroactive material (hydroxylamine in this
case) with a diffusion coefficient of D, the current observed for the electrochemical reaction at the
mass transport limited condition is described by the Cottrell equation [99].

| =nF ADl/ZCbTC-UZt-l/Z )

Experimental plots of I vs. t*? were employed, with the best fits for different concentrations of
hydroxylamine. The slopes of the resulting straight lines were then plotted vs. hydroxylamine
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concentration. From the resulting slope and Cottrell equation the mean value of the D was found to be
6.8x10° cm?/s.

Chronoamperometry can also be employed to evaluate the catalytic rate constant, k, for the
reaction between hydroxylamine and the BFCNPE according to the method of Galus [101]:

le/ 1=y "' erf (v ¥2) + exp (-v) iy ] (3)

where Ic is the catalytic current of hydroxylamine at the BFCNPE, 1, is the limited current in
the absence of hydroxylamine and y = kCyt is the argument of the error function (Cy, is the bulk
concentration of hydroxylamine). In cases where y exceeds the value of 2, the error function is almost
equal to 1 and therefore, the above equation can be reduced to:

le /1, = 72 Y1/2 = 12 (kat)1/2 (4)

where t is the time elapsed. The above equation can be used to calculate the rate constant, k, of
the catalytic process from the slope of I¢/I, vs. t“2 at a given hydroxylamine concentration. From the
values of the slopes, the average value of k was found to be 6.9x10 * M s,

3.4. Calibration plot and limit of detection
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Figure 4. SWVs of BFCNPE in 0.1 M PBS (pH 7.0) containing different concentrations of
hydroxylamine in uM. Numbers 1-12 correspond to 0.9, 1.5, 2.5, 7.5, 15.0, 20.0, 35.0, 50.0,
100.0, 200.0, 300.0 and 400.0 pM hydroxylamine. Insets: (B) plots of I, vs. hydroxylamine
concentration in the first linear segment and (C) as (B) in the second linear segment.)
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SWV method was used to determine the concentration of hydroxylamine (Fig.4). The plot of
peak current vs. hydroxylamine concentration consisted of two linear segments with slopes of 0.7038
and 0.103 pA uM™ in the concentration ranges of 0.9 to 20.0 uM and 20.0 to 400.0 puM, respectively
(Figs.4B and 4C). The decrease in sensitivity (slope) of the second linear segment is likely due to
kinetic limitation. The detection limit (36) of hydroxylamine was found to be 0.1 pM.

3.5. Determination of hydroxylamine in real samples

To evaluate the applicability of the proposed method to real samples, it was applied to the
determination of hydroxylamine in water samples. The samples tested were found to be free from
hydroxylamine and thus, synthetic samples were prepared by adding known amounts of
hydroxylamine to water samples. Satisfactory recovery of the experimental results were found for
hydroxylamine.The results are given in Table 2.

Table 2. The application of BFCNPE for determination of hydroxylamine in water samples (n=5)

Tap Water
5.0 5.0 5.1 102.0 3.3
10.0 10.0 9.9 99.0 1.9
15.0 15.0 14.6 97.3 2.1
20.0 20.0 19.7 98.5 2.9
Drinking Water
7.0 7.0 6.8 97.1 1.4
12.0 12.0 12.3 102.5 3.2
17.0 17.0 17.2 101.2 2.8
22.0 22.0 21.6 98.2 2.2
River Water
9.0 9.0 9.2 102.2 2.1
14.0 14.0 141 100.7 1.7
19.0 19.0 18.6 97.9 3.5
24.0 24.0 23.7 98.7 2.6

4. CONCLUSION

In this paper, we have constructed a novel modified carbon paste electrode for the detection of
hydroxylamine. The results of this study indicated that the electrode exhibited linear response over a
wide concentration range (9.0 x 107 M —4.0 x 10 M) with a detection limit of 0.1 uM. Finally, this
method was used for the determination of hydroxylamine in water samples.
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