







































































































































































































































































the oxidation peak of BPA showing the good reproducibility in preparing the ERGO-SbNPs-PGE.

The modified electrodes were stored in a refrigerator in between the measurements.
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Figure 6.19: DPV of 0.1 molL™ PBS at pH 7 containing 50 uM BPA at single- use ERGO-SbNPs-

PGE.
6.3.12. Preconcentration time optimization

The influence of pre-concentration time on the peak current of BPA while stirring was investigated
over the time interval from 30 to 180 seconds (Figure 6.20). A significant enhancement of
adsorptive stripping peaks was observed as the pre-concentration time increased since, a longer
time allowed for more BPA to be adsorbed onto the electrode surface. As the peak heights has not
increased significantly after 60 seconds a pre-concentration time of 60 s was chosen for further

analysis.
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Figure 6.20: Effect of pre-concentration time on the peak current of 5.0 uM BPA in 10

mL 0.1 M PBS at ERGO-SbNPs-PGE using DPV.

6.3.13. Effect of scan rate on the electrocatalytic oxidation of BPA at ERGO-

SbNPs-PGE

Figure 6.21 shows the cyclic voltammograms of BPA at the ERGO-SbNPs-PGE when the scan
rate (v) varies from 10 t0100 mVs™. As is shown in Fig 6.21 (a), the oxidation peak currents
increased linearly in an irreversibly electrode process, indicating that the oxidation of BPA at the
ERGO-SbNPs-PGE is adsorption-controlled. Moreover, not linearity of the plot of the peak current
(Ipa) against the square root of scan rate (v2), confirms the adsorption-controlled BPA oxidation
(Fig 6.21 (d)) [52,114,115]. The linear regression equations for oxidation peak (lpa) current is: lpa
=409.44 v + 1.6547 with the correlation coefficients of 0.9984 (Fig 6.21 (b)). As shown in figure

6.21 (c) there is a linear relationship between the peak potential (Ep) and the natural logarithm of
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scan rate (Inv) for the ERGO-SbNPs-PGE. As for an irreversibly electrode process, the number of

electrons involved in the reaction can be estimated according to the Laviron's equation as follows:
Ep = E® + (RT/anF) [In (RTks/onF) — Inv] (Eqgn. 6.1)

Where a is the electron transfer coefficient, ks is the standard rate constant of the surface reaction,
T is the temperature (298 K here), v is the scan rate, R the gas constant (8.314 JK *mol™), n is the
electron transfer numbers, F the Faraday constant (96,480 C mol™?) and E® the formal redox
potential. The an value can be calculated from the slope of the linear regression equation of the
linear plot of E, with respect to In v of E = 0.0248 In(v) + 0.4649, R?>= 0.998. RT/anF was 0.0248
here, then the value of an= 1.035 was obtained. Generally, for a totally irreversible electron
transfer, o was assumed to be 0.5. Thus, the nwas calculated to be 2.07 showing that two electrons

were involved in the oxidation of BPAon the ERGO-SbNPs-PGE.
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Figure 6.21: (a) Cyclic voltammetric responses of 10 uM BPA at ERGO-SbNPs-PGE in 0.1 M
PBS (pH= 7.0) at scan rates, (inner to outer) 10, 20, 30, 40, 50, 60, 70, 80, 90, 100 mVs™. (b and

d) The plots of peak currents vs scan rate and square root of scan rate, respectively. (c) The
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6.3.14. pH optimization

The effect of pH on the adsorptive stripping peak current (Ip) and peak potential was studied by
differential pulse voltammetry measurements at pH ranging from 5 to 10 containing 5.0 uM BPA
(Figure 6.22). The highest peak current (Ip) was observed at 7.04. Therefore pH 7.04 was chosen
as the optimum pH for use in subsequent BPA measurements. The linear shifting of the peak
potential to more negative values with increasing pH with a slope of -61.24 mV/pH which was
close to the theoretical value 57 mV/pH indicates equal number of protons and electrons are

involved in the BPA oxidation (a two-electron-two-proton process) [11,86,115].

450

E (mV)
(vn) |

400

Figure 6.22: Effect of pH on the peak current (blue) and peak potential (red) of 1.0 uM BPA in

10 mL 0.1 M PBS at ERGO-SbNPs-PGE using DPV.
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6.3.15. Interference studies

The effect of various possible interfering molecules was examined on the determination of 50 uM
bisphenol A by DPV measurements in the absence and presence of the interferences (Figure 6.23).
The electroinactive molecules that were tested were as following: O-Nitrophenol, Potassium
Chloride, Cerium (I11) nitrate hexahydrate, sodium chloride, 4-cumylphenol. As it shown in the
Figure 8 no electroactivity and change was found in the voltammetric response of 50 uM BPA in
the presence of two-time excess concentration (100.0 uM) of these species except 4-cumylphenol.
The oxidation peak response of the BPA increased significantly in the presence of 4-cumylphenol
indicating the interfering effect of 4-cumylphenol on electrode response towards BPA

measurement.
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Figure 6.23: Percentages of the oxidation peak current of 50 uM of the BPA in absence and

presence of 100 uM O-Nitrophenol, Potassium Chloride, Cerium (111) nitrate hexahydrate, sodium

chloride, 4-cumylphenol.

6.3.16. Detection limit

The detection limit was calculated from BPA calibration curve using the DPV optimized
conditions as previously described at the rGO-SbNPs-PGE electrode to investigate its
electrochemical response as a function of the BPA concentration (0.4 uM to 5.0 uM). As it was
shown in Figure 6.24 there was a linear relationship between the BPA concentration and peak

current with a correlation coefficient of 0.999 (n = 9).
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Figure 6.26: Cyclic voltammetry at bare PGE (black), ERGO-PGE in absence of AuNPs (red) and

ERGO-AuUNPs-PGE (green) in 5.0 mM Fe(CN)g in 0.1 M KCI solution.

6.4.2. Impedimetric analysis

Figure 6.27 shows electrochemical impedance analysis of the bare PGE, ERGO-PGE, and ERGO-
AuNPs-PGE in 0.1 M KCI solution containing 5 mM [Fe (CN)s]*’*. The electrochemical
properties of the film modified on the pencil graphite electrode are studied by using the associated
equivalent circuit model. The semicircle parameters of the Nyquist plots of the bare PGE, ERGO-
PGE, and ERGO-AuUNPs-PGE correspond to the double layer capacity (Cai) of the film and the
electron transfer resistance (Rct) [109-111]. A semicircle area (Rt = 1971.9 Q) is observed at bare

PGE which is larger than ERGO film (R¢t = 458.94 Q); this area has decreased at ERGO-AUNPS

100

http://etd.uwc.ac.za



film (Rt = 224.04 Q) in comparison to other two electrodes indicating the lower electron transfer
resistance at ERGO-AUNPs film which improves the electron- transfer kinetics process as a faster

one and more suitable for the electrocatalytic activities, respectively [110,112,113].

8000 |
6000 ]
\\ 4000+
\
N
2000 |
i | ERGO-AUNPSs-PGE
| ERGO-PGE
04 i s+ Bare PGE
0 50 1000 1500 2000 2500
Z'TkQ

Figure 6.27: EIS response of the bare PGE (green), and ERGO-PGE (red), and ERGO-AuUNPs-

PGE (black) in 0.1 M KCI containing 5 mM [Fe (CN) ¢]*"*

6.4.3. The effect of scan rate

It is shown in Figure 6.28a the CV measurements of the 5 mM KsFe(CN)s at ERGO-AUNPs-PGE
at different scan rates from 10 to 100 mV s™. The linear relationship between the square root of
the scan rate and oxidation and reduction peak current of KzFe(CN)e (Fig. 6.28b) indicates that
the process is diffusion controlled[15]. Anodic and cathodic peak current versus the square root of

the scan rate obtained a correlation of 0.9998 and 0.998, respectively.
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Figure 6.28: Cyclic voltammograms overlay at different scan rates from 10 to 100 mV s-1 in10

mL 0.1 M KClI solution containing 5.0 mM [Fe (CN) ¢]*/* at ERGO-AuNPs-PGE (a) and The plot

of peak currents vs square root of scan rate (b).

6.4.4. Influence of the number of GO-AuUNPSs electrodeposition cycles

The effect of the number of cycles to modify the pencil graphite electrode with GO-AuNPs on the

oxidation peak of BPA was investigated in a 0.1 M phosphate buffer solution (pH 7) containing

50 pug Lt BPA (Figure 6.29). The optimum number of cycles of 5 was selected for the further

analysis as the peak heights decreased after 5 cycles due to the ERGO-AuUNPs film thickness

causing less electron flow to the electrode surface.
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Figure 6.29: Effect of number of cycles on the peak currents of BPA at the ERGO-AuUNPs-PGE

in 0.1 M phosphate buffer solution (pH 7).

6.4.5. Effect of the concentration of the gold

The influence of gold concentration in the GO-AuNPs solution before its electrodeposition onto
the pencil graphite electrode was studied in a 0.1 M phosphate buffer solution (pH 7) containing
50 pug L BPA (Figure 6.30). It was observed in Figure 10 that the electrochemical response of
BPA at ERGO-AuUNPs-PGE changes with increasing the gold concentration in GO-AuNPs
solution. A 15 ppm concentration of Au solution gives the highest oxidation peak current. The
gold nanoparticles sizes probably enlarge with increasing the gold concentration in the solution
and it causes the shorter oxidation peak heights at solution concentrations greater than 15 ppm of

Au [80,81,108].
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Figure 6.30: Effect of gold concentration in the GO-AuNPs solution for modification of pencil

graphite electrode on the oxidation peak of BPA in 0.1 M PBS (pH 7) containing 50 pg L™ BPA.

6.4.6. The effect of the electrodeposition time of GO-AuNPs

The effect of the electrodeposition time of GO-AuNPs varying from 30 s to 300 s for the
modification of the pencil graphite electrode on the oxidation peak of BPA was investigated in a
0.1 M phosphate buffer solution (pH 7) containing 50 pug L™t BPA (Figure 6.31). The peak currents
increased to a maximum at 120 s with increasing the electrodeposition time followed by the
decrease in peak current with increasing the electrodeposition time more than 120 s suggesting
surface saturation of the electrode. The optimal deposition time of 120 s was chosen for further

analysis.
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Figure 6.31: Effect of the electrodeposition time of GO-AuNPs for modification of pencil graphite

electrode on the oxidation peak of BPA in 0.1 M PBS (pH 7) containing 50 pg L™ BPA.

6.4.7. Microscopic Characterization of Electrodeposited Graphene- AuNPs
Modified Pencil Electrode (ERGO-AuNPs-PGE)

The high resolution scanning electron microscopy (HRSEM) images of the bare PGE, ERGO-PGE
and ERGO-AuUNPs-PGE surfaces are shown in Figure 6.32. Surface roughness with grooves on
the surface along the direction of machining can be observed at the bare PGE surface (Figure
6.32a). Following the electrochemical reduction of graphene oxide, flakes of graphene sheets can
be seen at the ERGO-PGE surface at high magnification (Fig 6.32b). Gold nanaoparticles on top
of the graphene sheets are observed at the ERGO-AuNPs-PGE (Figure 6.32c). The gold

nanopaeticles sizes varies from 20 to 50 nm (Fig 6.32d)
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Figure 6.32: HRSEM images of bare PGE (a), EGO-PGE (b), and ERGO-AuUNPs-PGE (c) at

20.00 k times magnification (1) and 1000 times magnification (2). HRSEM image of ERGO-

AuNPs-PGE at 100.00 k times magnification (d).
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6.4.8. Effect of the ERGO-AUNPs nanocomposite surface on electrochemical

oxidation of BPA

The electrochemical response of BPA on the ERGO-AuNPs-PGE was evaluated in 0.1 mol L
PBS pH 7, containing 50 uM BPA by differential pulse voltammetry (DPV) experiments with
amplitude of 100 mV, step potential of 2 mV, and an effective scan rate of 5 mV s*. The results
are presented in Fig 6.33. The DPV voltammetry shows a negative shift for BPA oxidation peak
on bare PGE at 542 mV to 461 mV and 416 mV on ERGO-PGE and ERGO-AuNPs-PGE,
respectively. Moreover, the BPA oxidation peak on modified ERGO-AuUNPs-PGE at 20.2 pA
shows a 9 times bigger current than the bare PGE at 2.39 pA. The enhancement in the oxidation
current peak of PBA at ERGO-AuUNPs-PGE reflects the increase of the electroactive surface area

by the formed hybrid (ERGO-AuUNPSs).
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Figure 6.33: DPV of 0.1 molL™ PBS at pH 7 containing 50 M BPA for the electrode (black) bare

PGE, (red) RGO-PGE, (green) ERGO-AUNPs-PGE

6.4.9. Preconcentration time optimization

The pre-concentration time of BPA oxidation was optimized over the time interval from 0 to 120
seconds at ERGO-AuUNPs-PGE using differential pulse voltammetry (Figure 6.34). As a longer
pre-concentration time allowed for more analyte to be adsorbed onto the electrode, the peak current
increased with increasing pre-concentration time. A pre-concentration time of 60 s was used for

further measurements.
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Figure 6.34: Effect of pre-concentration time on the peak current of 5.0 uM BPA in 10 mL 0.1

M PBS at ERGO-AuUNPs-PGE using DPV.

6.4.10. Effect of scan rate on the electrocatalytic oxidation of BPA at ERGO-
AuNPs-PGE

Figure 6.35 shows the cyclic voltammograms of BPA at the ERGO-AuUNPs-PGE when the scan
rate (v) varies from 10 to100 mVs™. As is shown in Fig 6.35 (a), the oxidation peak currents
increased linearly in an irreversibly electrode process, indicating that the oxidation of BPA at the
ERGO-AuUNPs-PGE is adsorption-controlled [52,114,115]. Moreover, not linearity of the plot of
the peak current (lps) against the square root of scan rate (v*2), confirms the adsorption-
controlled BPA oxidation (Fig 6.35 (d)). The linear regression equations for oxidation peak (lpa)

current is: lpa = 0.478 v + 1.64 with the correlation coefficients of 0.9984 (Fig 6.35 (b)). As
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shown in Figure 6.35 (c) there is a linear relationship between the peak potential (Ep) and the
natural logarithm of scan rate (Inv) for the ERGO-AUNPs-PGE. As for an irreversibly electrode
process, the number of electrons involved in the reaction can be estimated according to the
Laviron's equation as follows:

Ep = E® + (RT/onF) [In (RTks/anF) — Inv] (Eqgn. 6.3)

Where a is the electron transfer coefficient, ks is the standard rate constant of the surface reaction,
T is the temperature (298 K here), v is the scan rate, R the gas constant (8.314 JK *mol ™), n is the
electron transfer numbers, F the Faraday constant (96,480 C mol ™) and E® the formal redox
potential. The an value can be calculated from the slope of the linear regression equation of the
linear plot of Ep with respect to In v of Ep =0.0211 In(v) + 0.515, R2=0.998. RT/anF was 0.0248
here, then the value of an=1.21 was obtained. Generally, for a totally irreversible electron transfer,
a was assumed to be 0.5. Thus, the n was calculated to be 2.43 showing that two electrons were

involved in the oxidation of BPAon the ERGO-SbNPs-PGE.
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Figure 6.35: (a) Cyclic voltammetric responses of 10 uM BPA at ERGO-AuUNPs-PGE in 0.1 M
PBS (pH= 7.0) at scan rates, (inner to outer) 10, 20, 30, 40, 50, 60, 70, 80, 90, 100 mVs™. (b and
d) The plots of peak currents vs scan rate and square root of scan rate, respectively. (c) The

variation of peak potential vs In v.
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6.4.11. pH optimization

The influence of pH on the oxidation peak current of BPA on ERGO-AuUNPs-PGE was studied
with pH ranging from 5 to 10 as shown in Figure 6.36. The oxidation peak at pH 7 showed the
highest peak current. Thus pH was selected as the optimum pH electrolyte for subsequent
experiments. The linear shifting of the peak potential to more negative values with increasing pH
with a slope of -61.24 mV/pH which was close to the theoretical value 57 mV/pH indicates equal
number of protons and electrons are involved in the BPA oxidation (a two-electron-two-proton

process) [11,86,115].
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Figure 6.36: Effect of pH on the peak current of 1.0 uM BPA in 10 mL 0.1 M PBS at ERGO-

AUNPs-PGE using DPV.
6.4.12. Interference studies

The influence of possible interfering molecules for the oxidation measurements of 50 pM

bisphenol A in the absence and presence of interfering molecules was studied using adsorptive
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stripping differential pulse voltammetry (Figure 6.37). The interfering molecules that were
examined were as following: 2, 2- Dimethoxyphenol, Potassium Chloride, 4- Hydroxyanisol 4-
Methoxyphenol, sodium chloride, 4-cumylphenol. . No electroactivity and change in the
voltammetric response was observed for 50 uM BPA in the presence of a two-time excess
concentration (100 uM) of electroinactive species except for 4-cumylphenol. The significant
increasment observed in the oxidation peak current shows the interfering effect of 4-cumylphenol

on response of the electrode towards BPA measurement.
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Figure 6.37: Percentages of the oxidation peak current of 50 uM of the BPA in absence and

presence of 100 puM 2, 2- Dimethoxyphenol, Potassium Chloride, 4- Hydroxyanisol 4-

Methoxyphenol, sodium chloride, 4-cumylphenol.

6.4.13. Detection Limit

A linear relationship between the BPA concentration in the range of 0.4 uM to 5.0 uM and peak
current with a correlation coefficient of 0.999 is observed (Figure 6.38). The standard deviation

was calculated based on the linear regression equation of the average of calibration curves (n=5)

as following:
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I(MA) = 0.739 (A pmol L) [BPA] (umol L) + 0.141 (pA) (Eqgn. 6.4)

Detection limit for biphenol A with ERGO-AuNPs-PGE was determined using following

equation:

D.L. = 3o/slope (Egn. 6.5)

Where,

D.L, IS the limit of detection

30, is three times the standard deviation of the blanks
Slope, is the gradient (slope) of the calibration curve

The detection limit was found to be 0.062 uM based on ten replications of the electrode’s response

in the blank solutions.
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Figure 6.38: DPV voltammograms for ERGO-AuNPs-PGE with the optimised parameters (a).
The BPA concentrations range from 0.4 umol L™ to 5.0 pmol L. Linear dependence of the peak

current with BPA concentration (b).
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The calculated detection limit is comparable to those reported in the literature. The analytical
parameters obtained in this study and those reported previously is shown in Table 6.2. However
lower detection limits have been found in the reported literature but fouling problem as the main
challenge for the determination of BPA [11], [12], [54] is eliminated using the single used ERGO-
AUNPs-PGE.

Table 6.2. Comparison of the proposed method with some of the previously sensors.

Electrode Linear range (uM) | Detection limit (uM) Reference
GCE-MWCNT- 0.02-0.2 0.0075 [38]
AUNPs
sSDNA/SWCNT/Au 1-3.8 0.045 [53]
PAMAM-AuUNPs- 0.001-0.0103 0.005 [52]
NF/GCE
AuUNPs/GR based 0.001-10 0.005 [10]
aptasenor
RGOM-GCE 0.01-200 0.004 [115]
GC/MWCNTSs 4-8 0.084 [54]
ERGO-AuUNPs-PGE 0.4-5.0 0.062 This study

* GCE-MWCNT-AuUNPs: nanotubes-gold nanoparticles modified glassy carbon electrode,
SSDNA/SWCNT/Au: single-stranded DNA (ssDNA) wrapped CNTs on a gold substrate,
PAMAM-AUNPs-NF/GCE: glassy carbon electrode modified with gold nanoparticles, silk fibroin,
and PAMAM dendrimers, AuNPs/GR based aptasenor: An electrochemical aptasensor based on
gold nanoparticles dotted graphene modified glassy carbon electrode for, RGOM-GCE:
graphene/melamine nanoparticle-modified glassy carbon electrode, GC/MWCNTSs: glassy carbon

electrode modified with multi wall carbon nanotubes.
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6.4.14. Analytical application of ERGO-AuNPs-PGE

The ERGO-AuUNPs-PGE was used to determine bisphenol A in real water samples using
differential pulse adsorptive stripping voltammetry. Known concentration of bisphenol A was used
to spiked 10 mL portion of tap water sample prepared as described in the experimental and
determined using standard addition method (Figure 6.39). Recovery percentage of bisphenol A
determination performed three times in tap water sample solutions spiked with 0.2 uM BPA values
in the range of 96.98 % to 103.5 % which found to be satisfactory. The range of relative standard
deviation of 1.3- 4 % was calculated for the oxidation peak of BPA in tap water samples showing

less than 5 % error in the quantification of BPA in tap water sample using the ERGO-AuUNPs-PGE.
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Figure 6.39: Linear dependence of the peak currents and BPA concentrations. Tap water sample

spiked with 0.2 uM BPA and 0.2 uM BPA was added three times.

6.5. Conclusion

Modification of pencil graphite electrodes with a reduced graphene oxide metal nanocomposite

for the detection of bisphenol A by differential pulse adsorptive voltammetry was characterized
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electrochemically and microscopically. Improved detection limits were found to be comparable to
other known carbon-based electrodes and below USEPA standards as well as accurate detection

of BPA in tap water samples with a 5% error.
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CHAPTER SEVEN

Conclusions and Future Work

This study demonstrates the need of finding sensitive and inexpensive techniques for the
determination of bisphenol A by differential pulse adsorptive stripping voltammetry and clarifies
the use of graphene-metal nanocomposite as a good coating material. A sensitive electrochemical
sensor for determining bisphenol A was prepared based on the direct electrochemical reduction of
colloidal graphene oxide metal nanocomposite at pencil graphite electrodes with the sensitivity
comparable to that of the glassy carbon electrodes.

The pencil graphite electrode modified with graphene-antimony nanocomposite showed an
improved detection limit of bisphenol A comparable to other known pencil graphite electrodes.
The enhanced sensing capabilities of reduced graphene oxide antimony nanoparticles pencil
graphite electrode was proved by the accurate detection of bisphenol A in tap water samples with
a 5% error.

The assessment of the analytical application of the reduced graphene oxide gold nanoparticles
pencil graphite electrode was conducted by recovery studies and real sample analysis with a low
detection limit below the USEPA standard of BPA.

The future work includes the use of pencil graphite electrode modified with various graphene-
metal nanocomposites to existing green approach. The electroanalytical use of graphene-metal
nanocomposite pencil graphite electrodes has been encouraged based on the achieved results.

In future, the use of pencil graphite electrode as a substrate that offer good results comparable to
common electrode substrates could be investigated for a wide range of applications. The pencil

graphite substrate could be used for future studies as a low cost and disposable electrode.
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