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ABSTRACT

The variables affecting determination of ultra trace levels of uranium (VI) in aqueous samples by differential pulse ca-
thodic stripping voltammetry were examined in detail using Hg-thin film modified carbon paste and multiwall carbon
nanotube (MWCNT) incorporated carbon paste electrode. Carbon paste electrode prepared in the laboratory was modi-
fied with Hg thin film and used as the working electrode. MWCNT was incorporated into the carbon paste for en-
hancement in sensitivity of the measurements. Electrochemical response for the uranium (VI) reduction peak was found
to be well resolved on the thin mercury film modified carbon paste surface and also with the MWCNT modification.
Characteristics of the adsorption preconcentration process were investigated using electrochemical impedance meas-

urements. Electrochemical signals were observed to be enhanced on MWCNT modification of the carbon paste.
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1. Introduction

Uranium is one of the important actinide in view of its use
as a fuel in nuclear industry. Besides its utility as nuclear
fuel, geochemical pathways of the element are extremely
important due to its long term toxic implications. Com-
pared to the other elements like Cu, Zn, Pb and Cd these
aspects were studied more rigorously. Therefore deter-
mination of uranium is of immense importance in relation
to the nuclear industry, environment [1-3] and also from a
geochemical view point. Many methods for determination
of uranium at various levels were reported but electro-
chemical methods provide simpler and cost effective ana-
lysis without any prior separation [4,5]. In addition, elec-
trochemical methods using voltammetry and adsorptive
pre-concentration have superior limit of detection com-
pared to other methods. The levels of uranium in natural
water samples are in 3 pg-L™' range and determination of
uranium in this range demands special methodologies.
Adsorptive pre-concentration of uranium at the micro-
electrode surface followed by cathodic stripping under the
differential pulse mode (differential pulse cathodic strip-
ping voltammetry, DPCSV) is an excellent analytical tech-
nique for the detection of uranium in pg-L ™" concentration
range. Chloranilic acid (CAA) has been used as the com-
plexing agent by some workers and shown to have better
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activity in terms of the formation of surface-active com-
plexes with uranium [6-11]. Many complexing agents,
other than chloranilic acid has been used which includes,
oxin [12], cupferron [13] propyl gallate [14], catechol [15],
potassium hydrogen phthalate [16], aluminon [17], 8-hy-
droxy-quinoline [18], pyromellitic acid [19], arsenazo (IIT)
[20] and humic acid [21]. In the entire above cases mer-
cury drop as the working electrode was used. Use of mer-
cury thin films reduces the use of toxic metallic mercury
compared to the mercury drop. Modified electrodes by a
number of ways of modifications of the solid-state elec-
trodes have been investigated and a few among them are,
propyl gallate [22], N-phenyl-cinnamohydroxamic acid
[23], carbamoyl phosphonic acid [24], self-assembled mo-
nolayers of thiols [25,26], nafion [27], calixarenes [28,29],
carbon nanotubes [30], and modified graphite electrodes
[31]. Recently a relatively simpler method has been pro-
posed based on 6-O-palmitoyl-l-ascorbic acid-modified
graphite electrodes [32]. Thus, the general trend is to mi-
nimize the use of mercury drop electrode and to have mo-
dified electrode for the highly sensitive determination of
uranium for its natural presence in water samples. Present
method has been proposed based on the carbon paste
electrode prepared from graphitic powder, onto which thin
mercury film was deposited to form the sensor. Parame-
ters for the optimal sensitivity and the minimal usage of
metallic mercury have been optimized. Conditions and the
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mechanism of the adsorption pre-concentration process
were investigated. The thin film electrode provides better
physical stability over the mercury drop electrode for on-
site application. In the present work carbon paste elec-
trode was modified with Hg-thin film, which was used for
the adsorptive stripping voltammetric determination of
Uranium in natural water and sea water samples.

2. Experimental Procedure
2.1. Instrumentation

All the experiments were carried out under potentiostatic
control using Eco Chemie Potentiostat, AUTOLAB-100
with the VA663 stand. Electrochemical impedance mea-
surements were carried out using the frequency response
analyzer (FRA) module attached with Autolab-100 po-
tentiostat. Impedance scan was measured at the frequency
range of 10 kHz to 0.1 Hz with the amplitude of 10 mV.
After obtaining the optimum frequency for maximum ca-
pacitive behavior at 50 Hz, impedance measurements
were carried at a single frequency of 50 Hz at different
applied potentials. All the potentials were applied and
measured were with respect to the saturated calomel
electrode, SCE. The electrolyte solution was purged for
300 s using high purity nitrogen gas before every electro-
chemical scan.

2.2. Reagents

Spectroscopic grade carbon powder obtained from E-
Merck, India limited was used as received for the prepa-
ration of the paste. MWCNT of 10 - 20 nm diameter and
10 - 30 pm length was used for the modification of the
carbon paste. Silicon oil was obtained from SD fine che-
micals, Mumbai, India and chloranilic acid (CAA) was
obtained from Aldrich, used without further purification.

2.3. Preparation of the Carbon Paste Electrode

The spectroscopic grade carbon powder was heated at
400°C for 4 h in inert atmosphere taking 0.5 g of the pow-
der in a quartz boat. After heating, the powder was trans-
ferred to a beaker containing high purity paraffin wax
dissolved in n-hexane. The mixture was kept in a fume
hood maintained at negative pressure and the n-hexane
was allowed to evaporate. After that the mixture was kept
under hot air blower for complete removal of n-hexane.
Heating removed the adsorbed gases from the surface of
the carbon powder and upon paraffin impregnation the
re-adsorption of gases was minimized. In this study
~1.5% (weight %) of paraffin wax was added to the car-
bon powder. After paraffin impregnation, required quan-
tity of silicone oil was added as the binder (25% of the
mass of modifier and 75% carbon powder) and grounded
well to get homogeneous paste. The carbon paste was
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filled of a glass tube with 1.5 mm diameter from the bot-
tom end. A platinum wire was used to connect the carbon
paste electrode to the instrument.

3. Results and Discussions

Modification of the carbon paste electrode was carried
out by depositing Hg film from 0.1 mM-Hg*" solution on
bare carbon paste surface by applying —0.9 V potential
for 300 s. The thin mercury film modified carbon paste
electrode (CPE) was found to be physically stable in the
experimental conditions and workability was comparable
to the hanging mercury drop electrode (HMDE). Physical
instability of HMDE restricts the stirring which is other-
wise not a problem with the mercury thin film modified
CPE. Mercury thin films on carbon substrates are stable
in neutral to alkaline solution. At highly acidic solution
(pH ~1) instability can be an issue. In the present case at
pH 2.5, the electrode was stable up to 3 hrs. Electroche-
mical parameters for sensitive determination of uranium
were optimized using the mercury thin film modified car-
bon paste electrode (MTFMCPE). The SEM micrograph
of the thin mercury film modified carbon paste electrode
was shown in Figure 1. High resolution image of mer-
cury droplets on the carbon paste and also on CNT modi-
fied carbon paste surface was shown in Figures 2 and 3
respectively. Mercury droplets were uniformly distributed
over the electrode surface. Droplets over the CNT modi-
fied surface were relatively smaller compared to those
over bare carbon paste surface. The thin mercury film
over the CPE surface was observed from the micrograph.
Occasional mercury droplets were also observed on the
surface.

3.1. Effect of Accumulation Potential on the
Measurements

Selection of an appropriate accumulation potential for the
optimum adsorption of the uranium-CAA complex is
important in the present type of stripping voltammetric
analysis as this could adversely affect the pre-concentra-
tion (marginal change in the accumulation potential). Ad-
ditionally an easy accumulation is beneficial for the field
application of the modified electrode. Effect of the accu-
mulation potential was investigated by applying it from
—0.8 V to 0.12 V (SCE) and the results were plotted in
Figure 4. It was observed that the peak current was
highest at around 0.05 to 0.08 V (SCE) of accumulation
potential. An increased peak current was also observed at
around —0.6 V and —0.7 V (SCE). Beyond (more positive)
0.12 V the peak current was reduced drastically possibly
due to the oxidation of mercury films. Thus an accumu-
lation potential of around 0.05 to 0.08 V was ideal for the
optimum determination of uranium from the water sam-
ples. Interestingly it was observed that the open circuit
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Figure 1. SEM micrograph of the MTFMCPE at lower re-
solution.
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Figure 2. SEM micrograph of the MTFMCPE at high re-
solution.
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Figure 3. SEM micrograph of the MWCNT modified MT-
FMCPE at high resolution.

potential of the MTFMCPE in the supporting electrolyte
media was 0.07 V. Thus it is possible to pre-concentrate
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the uranium-CAA complex even under open circuit con-
ditions which is an important observation for field appli-
cation of this method. In all the present investigations
pre-concentration was carried out at 0.08 V.

3.2. Impedance Measurements

Electrochemical impedance measurements were carried
out to have an explanation about the adsorption process
of uranium-CAA complex on the MTMCPE surface.
From the frequency scan at open circuit potential, Ny-
quist plot was obtained and shown in Figure 5. Bare
CPE was observed to show very high charge transfer
resistance at open circuit potential. On deposition of mer-
cury thin film on the CPE surface the charge transfer re-
sistance was observed to reduce by almost two orders of
magnitude (cf. Inset of Figure 5). Contribution due to the
diffusion was observed at the lower frequency region.
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Figure 4. Effect of the variation of the accumulation po-

tentials from —0.8 V to 0.12 V for 2 pg-L™' of U in 0.5 M
KCl at pH 2.5.
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Figure 5. Nyquist plot of the bare carbon paste electrode,
Inset: Nyquist plot of the mercury thin film modified car-
bon paste electrode at pH 2.5 with 1 x 10> M CAA and 10
ng-L" of U.
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The Nyquist plot was characterized as a suppressed se-
micircle could be due to the uneven nature of the surface.
Nature of the Nyquist plot was not altered on mercury
film deposition. In order to obtain the charge transfer
characteristics with respect to the applied potential, im-
pedance measurements were carried out at different po-
tentials at a fixed frequency of 50 Hz. Corresponding re-
sults of potential dependency of the real part of imped-
ance was shown in Figure 6 for CPE and in the inset of
Figure 6 for MTFMCPE. General pattern of the real im-
pedance with respect to the applied potential was ob-

served to be similar for the bare CPE and the MTFMCPE.

A clear maximum was observed at around 0.19 V (SCE)
in both the cases and in either side of 0.19 V real imped-
ance decreased sharply. This maximum corresponds to
the potential of zero charge (PZC) of the electrochemical
interface. At a more positive potential to 0.19 V the mer-
cury thin film could be oxidized. A minimum in the real
impedance measurements was observed at around 0.08 V
indicated the possibility of maximum adsorption in that
potential region. As the maximum adsorption potential
region is at negative direction to the PZC, the adsorptive
species would be adsorbing through the positively polar-
ized group of the uranium-CAA complex. Thus a lower
pH of 2.5 should be ideal as the ligand would be proto-
nated at a lower pH and made the adsorption process
more feasible. The real impedance value increased at a
more negative potential to 0 V thus, choosing an accu-
mulation potential more negative to 0 V would be detri-
mental to the uranium-CAA adsorption process. Since
the adaption of the CAA as the complexing agent for the
determination of uranium in adsorptive stripping voltam-
metry an accumulation potential of around 0.05 V has
been used [6-11]. Present investigation from the imped-
ance measurements and the PZC explained the impor-
tance and the feasibility of the accumulation potential in
the range of 0 to 0.1 V. An adsorption potential of around
0.08 V optimized in the present case should be ideal for
selective and sensitive determination of uranium through
the uranium-CAA complex adsorption pre-concentration
process using MTFMCPE. Nyquist plot of CNT modi-
fied carbon paste electrode was shown in Figure 7, with
the results of mercury thin film deposited CNT modified
presented at the inset. Resistance was observed to be re-
duced drastically on thin film deposition over the CNT
modified carbon paste electrodes. Resistance of CNT mo-
dified carbon paste electrode without mercury film was
similar to that of bare carbon paste electrode.

3.3. Voltammetric Response

The well-defined reduction peak at around —0.068 V was
obtained in KCI solution using the optimized electroche-
mical and chemical parameters was due to the reduction
of U-CAA complex (at the U-centre) (cf. Figure 8). With
increase in the standard U concentration the voltammet-
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ric peak height increased proportionately. Effects of com-
monly occurring interfering agents like, Pb, Cu, Cd, Zn,
Cr, V, Mo and Fe were studied. The method was found
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Figure 6. Plot of the change in the real impedance with the
change in the applied potential V vs SCE at pH 2.5 with 1 x
1075 M CAA and 10 pg-L™" of U.

5.6x10°] 10
0.01 Hz
4.8x10° f: 8.0x10" 10000 HZ . f A ) ‘J’ 0.01 Hz
5 o )
40<10° oo/ . ,/
- 00 Goal 120 1gac
E 3.2x10° Zom S
-g o
N’
3 2.4x10° .
1.6x10° . *
°
8.0x10° o
Lwooo Hz
0.0

T T T T T
0.0 50x10' 1.0x10° 1.5x10° 2.0x10° 2.5x10°
Z' (ohm)

Figure 7. Nyquist plot of the CNT modified carbon paste
electrode. Inset: Nyquist plot of the mercury thin film de-
posited CNT modified carbon paste electrode at pH 2.5 with
1% 107> M CAA and 10 pg-L " of U.
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Figure 8. Adsorptive stripping voltammetric plots of U in

0.5 M KCI solution at pH 2.5 using MTFMCPE with the
addition of 2, 4, 6, 8 and 10 p,g-L_1 of U standard solution.

AJAC



S. SAHOO

to be free from interference due to the presence of Cu, Pb,
Cd, Zn etc. at 10* fold higher concentrations than ura-
nium. However, U stripping peak was found to be af-
fected with the presence of Cr, V, Mo and Fe present at
more than 500 times the concentration of uranium in KCI
solution. Electrochemical response on MTFMCPE was
found to be better compared to HMDE surface in terms
of the shape of the peak [11]. The baseline was more sta-
ble on MTFMCPE compared to HMDE. Linear calibra-
tion plot was shown at the inset of Figure 8, observed to
be linear. Three sigma detection limit of 0.52 pg-L™" was
obtained with open circuit pre-concentration for 10 min.
The modified carbon paste electrode was better option
for the direct and also online determination of uranium in
water samples due to their better stability compared to
the HMDE. Additionally on MTFMCPE surface the U-
CAA complex adsorbed without application of any po-
tential, this has an additional advantage on onsite deter-
mination.

Carbon paste electrode was surface modified using
MWCNT by drop casting MWCNT-methanol suspension
onto the carbon paste electrode surface. This mercury
film was deposited by electrodeposition process onto the
MWCNT modified carbon paste electrode surface. Elec-
trodeposition was performed at —0.6 V deposition poten-
tial in 0.1 mM Hg*" solution for 300 s. A less negative
deposition potential was more appropriate in a MWCNT
modified surface compared to the bare carbon paste sur-
face due to the enhanced possibility of hydrogen evolu-
tion on MWCNT. This electrode was used as the work-
ing electrode for the adsorptive pre-concentration of ura-
nium-CAA complex. For this electrode, the open circuit
potential was not suitable for the adsorption pre-concen-
tration thus a deposition potential of 0.05 V was applied
for the pre-concentration on the electrode surface. Cor-
responding votammogram with increasing concentration
of uranium was shown in Figure 9. Stripping peak was
observed at —0.11 V, slightly negatively shifted com-
pared to the previous case where MWCNT was not used.
The negative shifting of the stripping is indicative of the
stronger interaction of uranium-CAA complex on the
MWCNT-mercury composite thin film surface. Stripping
peak current was increasing proportionately with the ad-
dition of uranium standard concentration in the solution.
The peak current was observed to be around two orders
of magnitude higher on MWCNT modification. However,
the stripping peaks were broadened on MWCNT modifi-
cations. The calibration plot was shown at the inset of
Figure 9. Data points were fitted well with the linear
correlation and the three sigma detection limit was ob-
tained as 0.45 pg-L™". Linear dynamic range for the mea-
surements has not improved on mercury thin films over
mercury drop electrodes even with CNT modification.
However, on real sample analysis accumulation time can
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be varied to obtain optimized signal.

3.4. Sample Analysis

One lake water sample and some processed water sam-
ples were analysed using the MTFMCPE and the results
were tabulated in Table 1. The contaminated water sam-
ples were coded from N7392-N7395 received from the
Desalination Division of Bhabha Atomic Research Cen-
tre. A special recovery procedure was employed to re-
cover the uranium from the contaminated water samples
and the analysis result of the recovered water samples
were coded as N7396-N7401. All the samples were ana-
lysed as received, no pre-treatment procedures were em-
ployed before analysis. Lake water sample was collected
from Nainital Lake situated at the footstep of Himalayan
range. This water is used for the drinking purpose and
also used as the clean water source for the water quality
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Figure 9. Adsorptive stripping voltammetric plots of U in
0.5 M KCI solution at pH 2.5 using MWCNT modified
MTFMCPE with the addition of 1, 2, 3, 4 and 5 pg-Lf1 of U
standard solution.

Table 1. Uranium content determined in lake water and
contaminated water samples.

Sample U content (ug-L™)
Lake water 0.56*
N7392 550"
N7393 1700
N7394 1200
N7395 2500
N7396 20
N7397 25
N7398 20
N7399 20
N7400 22
N7401 25

“Samples were determined by without CAA complexation. "The % relative
standard deviation was 4.2% (n = 6).
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parameter.

4. Conclusion

A method was developed for the determination of ura-
nium on mercury thin film modified carbon paste elec-
trode using adsorptive cathodic stripping voltammetric
method. Electrochemical impedance measurements were
employed to investigate the adsorption preconcentration
process. Three sigma detection limit of 0.52 pug-L™" was
obtained with open circuit pre-concentration for 10 min
using MTFMCPE. Three sigma detection limit was ob-
tained as 0.45 pg'L™' with MWCNT modified MTF-
MCPE. The method was applied for the determination of
uranium in sea lake water and contaminated water sam-
ples.
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