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Figure 4.42: SWASV of Zn?* at the Gr-GCE. (c) signal responses, c(i) calibration plot in the
range 15 - 90 pg L™. Supporting electrolyte (0.1 M acetate buffer pH 4.6), deposition time
(120 s at -1.3 V), rotation speed (1000 rpm), frequency (50 Hz), amplitude (0.04 V) and
sweep rate (0.2975 Vs™).

Table 4.10: Correlation coefficient (r?), and detection limits of Zn?* determined individually

on Gr-GCE.
Analytical parameter Range 15-90 ug L™, Zn*
Slope (pA/pg L™ 0.07+0.04
Standard Deviation (SD) of the blank 0.09
Correlation coefficient (r?) 0.983
Detection limits (ug L™) 3.9

*n = 3, where n is the number of replications

4.5.3 Comparison of individual and simultaneous determination

The detection limits were used to compare individual and simultaneous analysis. As can be
seen from the tables the detection limits for individual analysis are higher than that in
simultaneous analysis, this differences is due to the competition of the different metal ions for

the limited number of active sites at the modified electrode surface in simultaneous analysis.
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4.6 Comparison of metal platforms

The sensitivity for Zinc, Cadmium and Lead at different-metal platforms (Gr-GC-HgE, Gr-
GC-BiE, Gr-GC-SbE and Gr-GCE) were compared in 0.1 M buffer acetate (pH 4.6)
containing 60 pg L™ of target metal ions and the required amounts of Hg?*, Bi** and Sb*" by
SWASV. As can be seen from Figure 4.42 the highest and sharpest peaks for all the metals
were observed at the Gr-GC-HgE. The peak height of Zn®** and Cd** on Gr-G-HgE was
around 2 times bigger than on Gr-GC-BIE and Gr-GC-SbE. While the peak height for Pb** on
Gr-GC-HgE was eleven times greater than on Gr-GC-SbE. The peak height for Zn*" at the
Gr-GC-HgE was forty five times greater than that for Zn?* at the Gr-GCE. For Cd*" at the Gr-

GC-BIE the peak heights was 5.8 times and, Pb*" was two times bigger than at the Gr-GCE.
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Figure 4.43: SWASV of 60 pg L™ Zn*, Cd** and Pb** at a Gr-GC-HgE, Gr-GC-BiE, Gr-
GC-SbE and Gr-GCE. Supporting electrolyte (0.1 M acetate buffer pH 4.6), deposition time
(120 s at -1.3 V), rotation speed (1000 rpm), frequency (50 Hz), amplitude (0.04 V) and
sweep rate (0.2975 Vs™).
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4.7 Summary of detection limits for target metals ions at the different graphene- metal

platforms

Table 4.11 shows that graphene-metal platforms offer a rational linear range and the detection
limit was lower than most of previous reports. However, the detection limits for simultaneous
analysis were higher than for individual analysis. This is due to the fact that during
simultaneous analysis the metal ions have different affinities for the electrode surface and

thus compete for the sites on the electrode surface.

Table 4.11: Correlation coefficient (r?), slopes and detection limits for the simultaneous

analysis of Zn”**, Cd** and Pb?* at the different graphene-metal platforms

standard Correlation
Electrode Simultaneous Slope Deviation coefficient Detection
type (MA/pg L™ | (SD) of the ) limits (pg L)
blank
Zn* 2.65 +0.42 0.07 0.996 0.08
Gr-GC-HgE Cd* 1.99+0.43 0.035 0.998 0.05
Pb* 0.96+0.01 0.046 0.996 0.14
Zn** 0.56+0.03 0.022 0.996 0.12
Gr-GC-BiE cd* 0.37+0.01 0.027 0.992 0.22
Pb* 0.22+0.01 0.021 0.990 0.28
Zn?* 0.57+0.018 0.023 0.997 0.1
Gr-GC-SbE Ccd* 0.43+0.049 0.044 0.994 0.3
Pb* 0.05+0.038 0.022 0.974 1.2
Zn** 0.01+0.01 0.03 0.995 9
Gr-GCE cd* 0.1+0.06 0.04 0.996 1.2
Pb? 0.3+0.17 0.05 0.996 0.5

*n = 3, where n is the number of replications
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Table 4.12: Correlation coefficient (r?), slopes and detection limit values for the individual

determination of Zn**, Cd**and Pb** at the different graphene-metal platforms.

Standard Correlation
Electrode Individual Slope (LA/ug Deviation coefficient Detection limits
type L™ (SD) of the " (ngL™)
blank
Zn?* 1.32+0.35 0.018 0.996 0.04
Gr-GC-HgE Cd* 0.92+0.05 0.035 0.999 0.11
Pb** 0.66+0.04 0.03 0.998 0.14
Zn** 0.24+0.01 0.048 0.992 0.6
Gr-GC-BiE Cd* 0.07+0.001 0.06 0.996 2.6
Pb** 0.06+0.02 0.05 0.982 25
Zn* 0.32+0.05 0.02 0.994 0.2
Gr-GC-SbE Cd* 0.65+0.02 0.059 0.984 0.3
Pb** 0.198+0.06 0.02 0.994 0.3
Zn** 0.07+0.04 0.09 0.983 3.9
Gr-GCE cd* 0.32+0.16 0.09 0.994 0.8
Pb** 0.41+0.24 0.03 0.987 0.2

*n = 3, where n is the number of replications

The detection limits of the Gr-GC-ME were compared with some of the electrodes found in

literature and have found to have lower or comparable values for the detection limits as

shown in Table 4.13.
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Table 4.13: Detection limits found from previous studies of Zn**, Cd** and Pb*" at various electrodes.

Metal detected Electrode substrate Measur_e ment De_posmon Detegtlon I|m|j[1 Refs.
technique time (s) metal ion (ug L™)

Cd**, Pb*, Zn** | Carbon based mercury thin film electrode | CV & (DPASV) 60 Cd**(0.25), Pb**(0.08), Zn**(5.5) [206]
Pb*, Cd** Thin-film Hg SWASV 120 Pb*(1.8), Cd* (2.9) [207]
Pb*, Cd**, Zn** Bi—C- nanotubes SWASV 300 Pb*(1.3), Cd**(0.7), Zn**(12) [208]
cd*, Pb** Porous antimony films ASV 100 Cd*(0.7), Pb*(0.5) [209]
cd*, Pb** Non-porous antimony films ASV 100 Cd*(2.8), Pb*(1.8) [209]
cd*, Pb** BiF-ZDCPE DPSV 120 Cd**(0.08), Pb**(0.1) [210]
Zn**, cd*, Pb* In situ plated NCBFE DPASV 180 Zn**(0.3), Cd**(0.17), Pb*(0.17) [211]
Pb** Sh/poly(p-ABSA)FE SWASV 240 Pb* (0.1) [202]

Cd**, Pb** MFSPCE SWASV 120 Cd*(2.0), Pb*(1.0) [212]
Pb*, Cd**, Zn** NC (Bpy)BIiFE SWASV 120 Pb*(0.08), Cd**(0.12), Zn**(0.56) [50]
Pb**, Cd** Bismuth film electrode SWASV 20 Pb*(6.9), Cd™(1.4) [213]
Zn*, cd*, Pb** Chemically synthesized Bi SWASV 120 Zn*"(0.52), Cd**(0.45), Pb**(0.41) [214]

nanoparticles

Zn*, Pb**, Cd** Ex situ deposited bismuth DPASV 60 Zn**(3.5), Pb**(0.5), Cd**(3.9) [215]

Zn*, Pb*", Cd** Gr-GC-HgE SWASV 120 Zn*'(0.08), Cd*(0.05), Pb**(0.14) | In thli(s
Wor

Zn*, cd?, pb?* Gr-GC-BiE SWASV 120 Zn*'(0.12), Cd*'(0.22), Pb*(0.28) In thli(s
wor

Zn*, cd?, Pb?* Gr-GC-SbE SWASV 120 Zn%*(0.1), Cd?*(0.3), Ph?(1.2) In thli(s
Wwor

Zn*, Cd*, Pb** Graphene-GCE SWASV 120 Zn**(9), Cd** (1.2), Pb?*(0.5) In thli(s
wor
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4.8 Part E: Application of graphene — metal film electrodes

The graphene-metal film electrodes (Gr-GC-ME) was applied to the analysis of Zn®*, Cd*
and Pb”" in tap water samples, which was collected in our laboratory. 19 ml of tap water was
added to 1 ml of 2 M acetate buffer (pH 4.6) to give a 0.1 M acetate buffered tap water
sample. The electrode was established in the buffered tap water sample after adding the
appropriate metal ion for in situ metal film preparation. SWASYV analyses were performed by
in situ deposition of the metal film and target metals, using a deposition time of 240 s. A
longer deposition time was used in order to obtain a signal since a deposition time of 120 s

was not adequate for real samples [216].

The amount of metal ions present in the tap water sample was determined by the standard
additions method and given in Tables 4.14 to 4.19 below. Only the Gr-GC-HgE was sensitive
enough to detect metal ions the tap water sample whereas, the GC-BIE and GC-SbE could
not. This result demonstrates the superiority of mercury since, only the Gr-GC-HgE was
sensitive enough to detect metal ions the tap water sample without any additional sample pre-

concentration techniques.

In order to evaluate the accuracy of the method with the different electrodes, tap water
samples were spiked with known amounts of target metal ions and then re-determined by
applying the method of standards additions. In general, there is an improvement in the
recoveries from the simultaneous to individual analysis and the results are presented in Tables

4.14 10 4.19.

Tables 4.14 and 4.15 show that tap water samples spiked with 3 pg L™ of the target metal ions
gave excellent recoveries with the Gr-GC-HgE namely, within 10% of the spiked amount.
Much better recoveries were obtained for the individual analysis in comparison with

simultaneous analysis. However, the recovery of Cd?* was better for the simultaneous
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analysis namely, 90 % compared to the 83% of the simultaneous analysis.

Table 4.14: Recoveries for the simultaneous determination of Zn?*, Cd** and Pb?" at the Gr-

GC-HgE.
. Original Added Found

Sample Simultaneous ) : ) Recovery %
P (ug LY (ug LY (ug LY vy

Tap water zZn** 1.84 +0.05 3 458+0.2 91

2+ 0.014
Cd +0.0025 3 2.71+0.08 90
Pb* 0.45 +0.09 3 3.29+0.16 95

*n = 3, where n is the number of replications

Table 4.15: Recoveries for the individual determination of Zn?*, Cd** and Pb?" at the Gr-GC-

HgE.
. Original Added Found
Sample Individual . . R Recovery %
P (ngL?) (g L) (g L) y»
Tap water zn* 0.93+0.02 3 3.9+ 0.005 99
cd* 0.013 + 0.002 3 2.5+ 0.02 83
Pb** 0.3+0.09 3 3.3+0.04 100

*n = 3, where n is the number of replications

Table 4.16: Recoveries for the simultaneous determination of Zn?*, Cd** and Pb?" at the Gr-

GC-BIE.
. Original Added Found
Sample Simultaneous ) : ) Recovery %
P (pg L) (pg L) (pg L) y7
Tap water zn* N.D 10 7.00£0.10 70
Cd* N.D 10 7.08+0.2 71
Pb? N.D 10 7.00 £ 0.15 70

*n = 3, where n is the number of replications

Table 4.16 showed that tap water samples spiked with10 ug L™ of the target metal ions gave

excellent recoveries within 30% of the spiked amount for all target metal ions when using the




Gr-GC-BIE. The recovery improved with individual analysis in comparison with
simultaneous analysis for example, as in the case of Cd** the percentage recovery increased
from 71% to 92%. However, further improvement in recoveries was obtained when the tap
water sample was spiked with higher concentrations of the target metals, as shown in Table

4.17. The recovery percentages for Zn?* and Pb*" increased substantially (Table 4.17) and this

result suggests that accuracy improves at higher metal ion concentrations.

Table 4.17: Recoveries for the individual determination of Zn?*, Cd** and Pb?" at the Gr-GC-

BIE.
. Original Added Found
Sample Individual ) : ) Recovery %
P (ngL™) (ngL™) (ngL™) y7
Tap water zn** N.D 30 30.0+1.6 100
Cd* N.D 10 9.2+0.9 92
Pb2+ N.D 20 20.0+1.0 100

*n = 3, where n is the number of replications

The percentage recovery in tap water samples spiked with 30 pg L™ of target metal ions and
determined with the Gr-GC-SbE is shown in Tables 4.18 and 4.19. The percentage recovery
for zn** and Cd** are similar for simultaneous and individual analysis. However, the

percentage recovery for Pb?" is higher for the individual analysis namely, 95%.

Table 4.18: Recoveries for the simultaneous determination of Zn?*, Cd** and Pb?" at the Gr-

GC-SbE.
. Original Added Found
Sample Simultaneous ) . ) Recovery %
P (ngL™) (ngL™) (ngL™) y=
Tap water zn* 1.14 £ 0.03 30 30.0£2 96
Cd* N.D 30 289+15 96
Pb** N.D 30 21.8+0.1 72

*n = 3, where n is the number of replications
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Table 4.19: Recoveries for the individual determination of Zn?*, Cd®** and Pb?" at the Gr-GC-

SbE.
. Original Added Found
Sample Individual . R R Recovery %
P (ug L) (ug L) (ug L) y 7
Tap water zZn** 1.17 +£0.02 30 30.0+1 96
Cd* N.D 30 279+1.2 93
Pb* N.D 30 285+15 95

*n = 3, where n is the number of replications

The Gr-GC-BIE and Gr-GC-SbE platforms have lower sensitivity than the Gr-GC-HgE but

they can be used to determine heavy metals at higher concentrations. In order to use these

platforms for samples containing lower concentrations of heavy metals the deposition time

can be increased or an additional sample pre-concentration technique such as, using a cation-

exchange resin can be used to concentrate the metal ions.
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CHAPTER 5

Conclusions and Future work
5.1 Conclusions

Multilayer graphene nano-sheets has been successfully prepared by oxidizing graphite to
graphene oxide using H,SO, and KMnO,4 and reducing graphene oxide to graphene using
NaBH,. Graphene nano-sheets were characterized using FT-IR, TEM, SEM, XRD and Raman

spectroscopy.

Gr-GC-MEs were prepared by immobilizing the multilayer graphene nano-sheets without
binding agents onto a glassy carbon electrode using drop coating technique followed by the in
situ deposition of mercury, bismuth or antimony thin films. These Gr-GC-MEs were
employed to detect selected heavy metals namely Zn®*, Cd** and Pb?*. SWASV response of
target ions using different graphene concentration showed that 0.25 mg L™ responses is the

optimized concentration that yields the highest response.

The instrumental parameters (deposition potential, deposition time, rotation speed, frequency
and amplitude) have been optimized. Hence, the deposition potential of -1.3 V, deposition
time of 120 s, rotation speed of 1000 rpm, frequency of 50 Hz and amplitude of 0.04 V were

identified to be most suitable for the determination of the target metal ions.

The detection limits using Gr-GC-HgE for simultaneous analysis were 0.08, 0.05 and 0.14 pg
L™ for Zn**, Cd** and Pb*", respectively and 0.04, 0.11 and 0.14 pg L™ for Zn?*, Cd*" and

Pb?*, respectively, for by individual analysis.

When using Gr-GC-BIE, the simultaneous analysis the detection limits was; 0.12, 0.22 and

0.28 ug L™ for Zn?*, Cd?* and Pb?**, respectively, while detection limits for individual analysis
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for Zn**, Cd** and Pb?*, at the concentration range of 1 — 10 ug L™ and 5 — 60 pg L™ were;

N.D, 0.36 and 1.7 pg L™* and 0.6, 2.6 and 2.5 pg L™, respectively.

For Gr-GC-SbE the detection limits for simultaneous analysis were done in the concentration
range 5 - 60 ug L™, the Pb?* peak was not detected at low concentration with SbFE due to the
pH effect and the Pb?* for individual analysis determined in the range 20 - 90 pg L™ The
detection limit for simultaneous analysis was; 0.1, 0.3 and 1.2 pg L™ for Zn?*, Cd** and Pb*",
respectively and for individual analysis ; 0.2, 0.3 and 0.3 pg L™* for Zn?*, Cd*" and Pb*,

respectively.

A Gr-GCE without binding agents and no metal film was used to detect Zn?*, Cd** and Pb**
the detection limit values for simultaneous analysis was; 9, 1.2 and 0.5 pg L™ for Zn?*, Cd*
and Pb®", respectively while, for individual analysis they were; 3.9, 0.8 and 0.2 pg L™ for

Zn**, Cd** and Pb*", respectively.

From the detection limits obtained at the Gr-GC-ME and Gr-GCE, it is clearly shown that by
using a metal film (mercury, bismuth and antimony films) the sensitivity of the Zn?* signal

was tremendously enhanced.

The applicability of the modified electrodes used for the detection of Zn?*, Cd** and Pb*" in
tap water. The amount of metal ions present in tap water was determined by the standard
additions method. The results obtained show that only Gr-GC-HgE was sensitive enough to
detect metal ions at extremely low concentrations of metal ions the tap water samples

whereas, the GC-BIE and GC-SbE could not.

In general, there is an improvement in the recoveries from the simultaneous to individual
analysis for the metal ions in this study except for Cd** at the Gr-GC-HgE which showed
better detection for the simultaneous analysis namely, 90 % compared to the 83% of the

individual analysis.

103



5.2 Future work

The future work in for this project will deal with:

The application of the Gr-GC-MEs on other real samples such as; mine water or other
industrial waste water sample. Also, using the modified Gr-GC-MEs for detecting other heavy

and hazardous metal ions such as; Arsenic.

Application Gr-GCE for detecting Sb®*, Bi**, Hg?*, Zn**, Cd** and Pb?* ions in real samples

such as water, soils, plant tissue.

Developing a portable device using screen-printed electrodes (SPE) modified with multilayer

graphene for the on-site detection of heavy metals ions.
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