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Abstract

Anodic stripping voltammetry (ASV) and cathodic stripping voltammetry (CSV) were used to
determine Mn concentration using metal catalyst free carbon nanotube (MCFCNT) electrodes and
square wave stripping voltammetry (SWSV). The MCFCNTSs are synthesized using a Carbo
Thermal Carbide Conversion method which results in a material that does not contain residual
transition metals. Detection limits of 120 nM and 93 nM were achieved for ASV and CSV,
respectively, with a deposition time of 60 s. CSV was found to be better than ASV in Mn
detection in many aspects, such as limit of detection and sensitivity. The CSV method was used in
pond water matrix addition measurements.
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1 Introduction

Manganese (Mn) is commonly found throughout most aquatic environments. While Mn is a
required trace metal, elevated concentrations of Mn are associated with a host of health
issues, including neurotoxicity and development of Parkinson’s disease symptoms [1,2]. For
this reason, Mn in drinking water is regulated at a low concentration of 50 ppb, and thus the
determination of Mn in aqueous samples is of direct practical importance [3].

Both spectroscopic and electroanalytical methods are commonly used for the determination
of trace metal contaminants such as Mn; both methods offer advantages for different
applications. Typically, electroanalytical methods are less expensive, more portable, and
require fewer separation steps than spectroscopic techniques. The electroanalytical
technique most commonly used for the determination of metal analytes at the trace level is
stripping voltammetry.
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Stripping voltammetry broadly describes a variety of electroanalytical techniques that are
often used for many analytical applications where a high level of sensitivity is required.
Stripping methods are generally more sensitive than other voltammetric techniques because
of a preconcentration step which accumulates the desired analyte on the surface of the
electrode. The analyte may be preconcentrated by either electrodeposition or by physical
adsorption, depending on the analyte and the stripping method being used. Once sufficient
preconcentration is achieved, the potential of the working electrode is swept as to strip the
analyte off of the electrode surface, with the associated faradaic current being measured to
quantitatively determine the concentration of analyte present [4].

ASV is the most commonly used form of stripping voltammetry. In this technique the
analyte, typically a metal ion, is preconcentrated on the electrode surface by reductive
electrodeposition. The electrode potential is then swept in the positive direction, and metal
ions are oxidatively liberated from the electrode surface at their oxidation potentials [5,6].
The determination of numerous metals has been reported using ASV, on solid electrode
surfaces as well as on liquid films and drops of mercury [5,7]. While most commonly
applied to metals such as copper, cadmium, lead, and zinc, ASV has also been used for the
determination of Mn [8]. Mn is more difficult to determine by ASV in some applications
because of the negative potential of the Mn?* +2e~ — Mn redox couple. This reduction
potential is beyond the working range of most common solid electrode materials, and most
reported ASV methods use a Hg surface [4,6,8]. Due to toxicity concerns, the use of Hg is
often limited, making these analyses unsuitable for many applications [9-12].

A second form of stripping voltammetry that has been used for Mn determination is
adsorptive stripping voltammetry (AdSV) [13,14]. In AdSV, the deposition of the analyte is
not accomplished by means of electrolysis, but rather by a physical or chemical interaction
with the electrode surface. Many of the AdSV techniques for Mn that have been reported in
the literature use Hg, making these techniques unsuitable for applications requiring mercury-
free analysis [14].

CSV is a third stripping technique used for Mn determination [15-17]. CSV is the reverse of
ASV in that the analyte is accumulated as an oxidized species, and is stripped by a potential
sweep in the negative direction. This technique offers several advantages for Mn
determination, including insensitivity to oxygen and intermetallic interferences, Hg free
analysis, and a redox potential within the working range of many common electrode
materials. CSV methods have been reported using glassy carbon, platinum, and boron doped
diamond electrodes [15,18,19].

Recently, carbon nanotubes (CNTs) have emerged as a novel electrode material due to their
useful electrochemical properties, such as large potential window, fast electron transfer rate
and large surface area [20-22]. CNT electrodes have been created in a number of ways,
including arc discharge, laser ablation and chemical vapor deposition [23,24]. A hindrance
of these methods when producing electrodes for trace stripping analysis is that they
generally use metal catalysts that can contaminate the CNTs and reduce the analytical
effectiveness for sensor applications [25-27]. Previously, metal catalyst free CNTs
(MCFCNTS) synthesized via a solid-phase growth mechanism has been reported by the
Banks research group [28]. CNTs are grown on a silicon carbide matrix which does not have
a residue of transition metal catalyst in the CNT structure [28,29]. Because of its unique
array structure, this novel material is very robust and the CNTSs can be “rejuvenated” by
refreshing the electrode with a high voltage treatment [30]. In this paper, the use of
MCFCNT electrodes for trace determination of Mn using ASV and CSV is explored.
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2 Experimental

All chemicals were purchased without further purification: Mn AAS standard solution with
2% HNOg3 from Fisher Scientific, 20X borate buffer from Thermo Scientific. MCFCNT
electrodes were supplied by SCNTE LLC (Beavercreek, OH) and used without any
pretreatment. All solutions were prepared with deionized water (18.2 MQ from Milli-Q
System, Barnstead, MA). ASV measurements were carried out in a 20 ml conventional
three-electrode cell consisting of MCFCNT electrode as working electrode, Ag/AgCl as
reference electrode (filled with 3 M KCI solution), Pt wire as auxiliary electrode. The
solution volume was 15 ml for both ASV and CSV experiments. A BASi 100B
Electrochemical Analyzer from BASi (West Lafayette, IN) was used as the potentiostat.
Basic set-up parameters for Osteryoung square wave voltammetry were S. W. amplitude=25
mV, step potential=5 mV and frequency=25 Hz [31].

3 Results and Discussion

3.1 Anodic Stripping Voltammetry Study of Manganese

3.1.1 Cyclic Voltammetry of Mn in NH4CI—ASV of Mn in NH,4CI has been done and
shown to give repeatable and reliable results on a rotating solid silver amalgam electrode in
0.05 M NH4CI solution [32]. For this reason, aqueous solutions consisting of 0.05 M NH4CI
(pH 4.5) with 1.5 mM Mn2* were prepared and studied using cyclic voltammetry on
MCFCNT electrodes to characterize the redox behavior of Mn. A flat background was seen
for 0.05 M NH4CI in the range of 1400 mV to —1500 mV and hydrolysis started from -1500
mV. Then, the potential was cycled with 1.5 mM Mn2* in 0.05 M NH,CI both from 0 mV to
1500 mV and from 1500 mV to —2000 mV to observe multiple relevant redox couples, as
seen in Figure 1. As illustrated in the cyclic voltammogram, the reduction of Mn2* starts at
approximately —1000 mV with a peak width of 600 mV and a peak potential of —1300 mV,
and the oxidation peak of deposited Mn is at —=1250 mV. This peak location is compatible
with ASV in the potential window of the MCFCNT electrode, so experiments were done to
optimize the experimental conditions for ASV of Mn2*,

3.1.2 pH and Deposition Potential Optimization—Osteryoung square wave mode
was used for ASV measurements, and the first variable that was investigated was pH.
Decreasing pH from 4.5 causes increasing peak current of Mn and for pH values lower than
3, evolution of hydrogen gas starts to significantly interfere with Mn electrodeposition on
the electrode surface. The ASV analysis at pH 3 had the sharpest and highest peak current.
Thus, pH 3 was selected for further optimization of ASV parameters for the measurement of
Mn. The next parameter explored was deposition potential. This was done using 100 uM Mn
in 0.05 M NH4CI (pH 3). As show in Figure 2, 1800 mV produces the sharpest peaks and
largest peak current. At each potential, the measurements were done three times and the
standard deviation is shown in Figure 2. The peak current drop for more negative deposition
potentials is attributed to hydrogen gas evolution at the electrode surface which interferes
with the mass transport of manganese analyte to the electrode surface. Thus, —1800 mV was
selected as the most suitable deposition potential for further measurements.

3.1.3 Reproducibility and Cleaning Step Study—Between measurements, a constant
potential of 600 mV was applied to thoroughly oxidize manganese residue on the electrode
surface. After this step, the electrode showed reproducible behavior for CSV manganese
detection.

3.1.4 Calibration Data—With a deposition time of 60 s, the peak height of stripping
peaks shows a linear relationship in the concentration range from 3.5 uM to 13.5 yM with

Electroanalysis. Author manuscript; available in PMC 2013 November 12.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Yue etal.

Page 4

the correlation equation /(uA)=(0.663+0.009) x [Mn (umol)]—[(1.90+0.05) (uA)] and
another linear range from 13.5 uM to 36.5 uM with the correlation equation /
(WA)=(0.18+0.01)x[Mn (umol)]+[(4.5£0.2) (uA)] as shown in Figure 3. Severe hydrogen
evolution occurs in the manganese oxidation potential region, which leads to a distorted
background for Mn voltammograms. The steep baseline causes the poorly-defined Mn
stripping peaks since the manganese oxidation is superimposed on the hydrogen wave,
which shifts positively as more Mn is deposited. The narrow linear range at lower
concentration is due to saturation of the working electrode surface with a layer of Mn. The
second linear range at higher concentration follows the mechanism of deposition of Mn on
top of the base Mn layer which has a different slope as reflected in the calibration curve.
Based on the first linear range, the limit of detection by ASV was calculated (3adfslope) to be
120 nM. Also, under the same experimental conditions, a 10 min deposition was explored
and longer deposition time does not change either the two linear range patterns or increase
the sensitivity. Because of the relatively narrow linear range of detection and poorly defined
peak shape within the detection range of ASV, CSV was investigated as an alternative
technique for Mn detection.

3.2 CSV Study of Manganese

3.2.1 Cyclic Voltammetry of Mn in Borate Buffer—Cyclic voltammetry was first
performed with Mn2* to study the redox behavior of Mn2* in a wide potential window. The
accumulation of Mn is the oxidation of MnZ* to MnO»:

Mn** (Hz0), (aq) < MnO; (H20),,_, (s)+4H* +(y—2) HoO+2e~

Since a basic medium helps the formation of MnO», borate buffer solution was selected as a
basic buffer [15]. The voltammogram was first scanned from 0 to 1000 mV and then
scanned from 1000 mV to —1000 mV and back to 0. Figure 4 shows two major reactions of
Mn?Z* on the CNT electrode in pH 8.5 borate buffer solution: oxidation of MnZ* to MnO, at
ca. 500 mV and reduction of Mn?* to Mn at ca. —1400 mV. The reduction peak of Mn2* is
superimposed on the hydrolysis wave which, as discussed earlier, significantly interferes
with ASV measurement of Mn2*. On the other hand, the oxidation peak of Mn2* is in a
more central region of the potential window which has much less interference compared to
the ASV method.

3.2.2 pH Optimization of Buffer Solution—Since the solubility of MnO; is quite
dependent on solution pH, optimization of buffer pH is critical for reproducible and
sensitive experimental results. Figure 5A shows how pH affects the CSV peak height of
Mn2*. It is observed that with a deposition potential of 600 mV at pH 8.5 in borate buffer,
the CSV peak has a larger peak height and better looking peak shape than the ASV peak.
Therefore, pH 8.5 was selected as the buffer pH for CSV measurements. Stripping peaks are
observed to shift to a more negative potential as the pH becomes more basic. This is because
the more acidic solution makes the reduction of MnO5 easier by pushing the equilibrium to
the right.

MnOz (H0), , (s)+4H" +(y—2) HoO+2e~ < Mn** (H,0), (aq)

3.2.3 Deposition Potential Optimization of CSV—A deposition potential study was
performed in pH 8.5 borate buffer with 1 uM Mn?2* solution. Based on the CV of Mn2*
(Figure 4), 600 mV was chosen as the minimum deposition potential that would
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preconcentrate MnO5 onto the CNT electrode, and the deposition potential was investigated
using increases of 50 mV up to 800 mV, as illustrated in Figure 5B. Increasing the potential
did not change the size or shape of MnO» reduction, so 600 mV was chosen as the
deposition potential for CSV.

3.2.4 Reproducibility and Cleaning Step Study—Similar to ASV measurements, a
reproducibility test was carried out to establish a protocol for reliable CSV manganese
measurements. Between measurements, a constant potential of —~1500 mV was applied to the
electrode for 2 min to thoroughly reduce manganese oxide. After this step, the electrode
showed reproducible behavior for CSV manganese detection.

3.2.5 Calibration Data—CSV measurements of a series of Mn standards were performed
under optimized conditions as described above in 0.1 M pH 8.5 borate buffer solution.
Figure 6A shows the dynamic range of CSV measurements of Mn in the concentration range
from 0.12 uM to 12 uM. Each measurement was done three times and the standard deviation
is shown in Figure 6A. The linear range was from 0.6 to 6.7 uM and the correlation equation
was / (WA)=(1.452+0.003)x[Mn (umol)] - [(0.65+0.12) (uA)] (R2=0.99 for 11
concentrations within the range). The limit of detection was calculated to be 93 nM (based
on 3dfslope). Figure 6B shows CSV stripping voltammograms of Mn with increasing Mn
concentrations in the linear concentration range of 0.6-6.7 uM. Each voltammogram
represents three replicas of measurements which behave similarly. A longer deposition time
of 15 minutes under the same experimental condition gave a detectable concentration of 30
nM. 0.12 uM Mn solution was used to study how accumulation time affects Mn CSV
behavior and the result is shown in Figure 7. It is seen that for an accumulation time less
than 13 min, peak current follows a linear trend vs. accumulation time; as time increases,
peak current starts to level off due to depletion of the analyte from the sample.

3.3 Natural Matrix of CSV Study of Manganese

In general, CSV has several advantages over ASV for Mn measurements on MCFCNT
electrodes, such as lower limit of detection, better sensitivity and better reproducibility. To
show that this method shows promise for Mn2* detection in more complex matrices, a
sample of natural water was run to evaluate this method in the presence of potential
interferences. Burnet Woods (Cincinnati, OH) pond water was collected from shore using a
plastic sampling bottle on November 11t 2011. There was no further treatment to the pond
water and it was used immediately after collection as a natural water matrix into which
Mn2* was spiked. Atomic absorption spectroscopy showed no detectable MnZ* in the
unspiked sample. For CSV analysis the sample was adjusted to pH 8.5 using borate buffer.
A 0.09 pM artificial Mn?* sample was prepared by diluting AAS standard Mn solution
(1000 ppm) into the buffered pH 8.5 pond water matrix and tested with the standard addition
method using CSV (Figure 8). The peak current shows linear response vs. additions of Mn
stock solution: / (uA)=(0.83%0.04)x[Mn (umol)]+[(0.074+0.011) (uA)] (R2=0.99). The
result of Mn in the spiked sample was calculated to be 0.09+0.01 pM which is in close
agreement with 0.09 uM.

4 Conclusions

We have evaluated two stripping voltammetry methods of detecting Mn2* in aqueous
solutions using metal catalyst free carbon nanotube electrodes. The ASV method we
examined was shown to have a narrow linear range of detection and poor stripping peak
shape. The CSV method that was explored as an alternative shows a lower limit of detection
and better sensitivity. The CSV method was then shown to be a very reproducible and
reliable technique for the detection of MnZ*, and robust enough to operate in a sample such
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as pond water. The MCFCNT electrode for CSV detection of Mn has a low limit of
detection, wide linear range and good reproducibility. Previously, our lab has designed a
bismuth film chip which was used for ASV detection of Mn in blood samples [33].
However, due to the high electronegativity of Mn, the limit of detection of Mn was only
5uM. Since MCFCNT has shown a promising CSV result for Mn detection, it can
potentially be a coating material on this chip to provide a better limit of detection.
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Fig. 1.
Cyclic voltammetry of 1.5 mM Mn2* in 0.05 M NH4CIl on MCFCNT electrode, scan rate
100 mV/s.

Electroanalysis. Author manuscript; available in PMC 2013 November 12.



1duosnuey Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Yue etal.

H
o
1
(=

w
[3,}
1

Peak Current (pA)

N
(3]
1

I T I T I N I T I
1650  -1700  -1750  -1800  -1850
Deposition Potential (mV)

Fig. 2.
Deposition potential optimization of 100 uM Mn2* in 0.05 M NH4CI.
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A) Calibration curve for anodic stripping voltammetry of Mn2* in 0.05 M NH,CI; B)
Anodic stripping voltammograms of Mn2* in 0.05 M NH,CI in the concentration range of

3.5 uM to 13.5 yM.
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Fig. 4.
Cyclic voltammogram of 1.5 mM Mn2* in 0.1 M pH 8.5 borate buffer, scan rate 100 mV/s.
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A) CSV pH optimization of Mn2* from pH 7.5-9.5, deposition potential: 600 mV; B) CSV

deposition potential optimization of MnZ* from 600 mV to 800 mV, pH 8.5; MnZ*
concentration for A and B: 1 uM, deposition time for A and B: 60 s.
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Fig. 7.
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Accumulation time effect on peak current from 1-20 min; deposition potential: 600 mV; pH:

8.5; Mn concentration: 0.12 pM.
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Voltammograms of CSV measurements of Mn in spiked pond water sample; deposition

time: 60 s; deposition potential: 600 mV; pH: 8.5.
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