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Abstract
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acetaminophen and caffeine with a PVP/graphene modified electrode
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E-mail Address: insireerat@gmail.com

Project Period : 2 May 2018 — 1 May 2020

Abstract:

The reduce graphene oxide (rGO) and polyvinylpyrrolidone (PVP) composite film
was fabricated on the glassy carbon electrode (rGO-PVP/GCE), and used for simultaneous
determination of dopamine (DO), paracetamol (PAR) and caffeine (CAF). The pH and scan
rate were also investigated at the surface of rGO-PVP/GCE .Square wave voltammetry,
three well and distinct peak with large peak potential separation between simultaneously
Do, Para and Caf were observed. It showed good sensitivity and selectivity in a wide linear
range from 5-100 uM, 5-100 uM and 20-200 uM , with detection limit of 0.81 uM, 0.16 uM
and 19.6 uM for Do, Para and Caf, respectively. The rGO-PVP/GCE was also successfully
applied for the determination Do, Para and Caf in pharmaceutical, beverage and biological
samples.
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2. Executive summary

Acetaminophen, commonly known as paracetamol (Para) is commonly used as an antipyretic and
analgesic medicine, which is considered safe at therapeutic levels for humans with normal drug use.
Dopamine (Do) is a neurotransmitter that plays a crucial role in the central nervous, cardiovascular, renal
system and endocrine system. In the case of Parkinson's disease, the concentration of Do in extracellular
fluid is an important parameter to be used in the diagnostics. Caffeine (Caf) is widely distributed in plant
products and beverages such as tea, coffee bean, cocoa nuts, cola nuts, and Coca-Cola. It is one of the
most widely used drugs in the world and has many important pharmacological effects such as the stimulant
of central nervous system, diuresis and positive effect on cardio-vascular system. Obviously, the
determination of dopamine, paracetamol and caffeine at trace quantities in the pharmaceutical preparation
and biological sample as individual of simultaneous form is of importance but it require fast, simple, precise
and sensitive methods. Spectrophotometry, high-performance liquid chromatography, chemiluminescence,
and electrochemical methods have so far been used for the task. Electrochemical methods have attracted
attention because of the combination of a high sensitivity, simplicity, reproducibility with low cost of the
required instrumentation. Graphene has higher surface area, more excellent electrical conductivity and
electron mobility at room temperature due to their unique two-dimensional nanostructure. More recently, it
is attractive to develop graphene-based nanocomposite films for enhancing the sensitivity of the
electrochemical sensors. The macromolecule surfactant of polyvinylpyrrolidone (PVP), contains a strong
hydrophilic component with a considerable hydrophobic group with C=0O, C-N and CH, functional groups.
It is a water soluble inexpensive polymer with interesting features such as low toxicity and high thermal
stability.

In this study, we successfully synthesized reduced graphene oxide (rGO) from graphene oxide
(GO) by using ascorbic acid and characterized by FT-IR spectroscopy, Raman Spectroscopy, Scanning
Electron Microscope (SEM) and Thermogravimetric analyzer (TGA). The combining the unique electronic
properties of graphene with properties of PVP, the PVP, rGO modified glassy carbon electrode (rGO-
PVP/GCE) was studies by cyclic voltammetry (CV) and square wave voltammetry (SWV). The rGO-
PVP/GCE exhibited favorable electron transfer kinetics and electro catalytic activity towards the oxidation
of Do, Para and Caf when comparative with GO/GCE, PVP/GCE, rGO/GCE. The SWV results show three
well distinguished stripping peaks at 0.40, 0.53 and 1.43 V (vs Ag/Ag/Cl), corresponding to the oxidation
of Do, Para and Caf, respectively that present good linearities in the investigated concentration ranges.
Limit of detection (LOD, 3S/m) for Do, Para and Caf were found to be 0.81, 0.16 and 19.6 uM, respectively.
Finally, the proposed sensor has been utilized for the simultaneous determination of Do, Para and Caf in

human urine sample, pharmaceutical tablet and energy beverage.



3. Objective
3.1 Preparation of reduced graphene oxide by Hummers method and chemical reduction.

3.2 Establishment of a new graphene/PVP-modified electrode tailored for the simultaneous

electrochemical detection of acetaminophen, codeine and caffeine.

3.3 Characterization of the graphene/PVP-modified electrode and optimization of its application for
simultaneous detection of acetaminophen, codeine and caffeine. Parameter identification for the
optimal execution of measuring procedures and assessment of the selectivity, sensitivity,

detection limit, stability and reproducibility for target analyte measurements.

3.4 Application of the developed sensing strategy for the quantification of acetaminophen, dopamine

and caffeine content in some pharmaceutical, drinking and biological samples.

4. Research methodology

4.1 Preparation of graphene oxide and reduced graphene oxide

The preparation of graphite oxide (GO) was carried out with a modified Hummers’ method [1]. In
brief, 2 g of natural graphite powder (AR Grade, Chempur) were dispersed in concentrated H,SO, 68 ml
and NaNO; 1.5 g in a round bottle flask equipped with a thermometer and a gas trap. KMnO, 9 g was
then gradually added to the mixture over a period of 30 min. During this step, the reaction mixture was
kept on an ice water bath due to the exothermic nature of the oxidation reaction Following the mixture was
allowed to cool for 2 h in the ice water bath. After cooling, the mixture was removed from the ice water
bath and was allowed to stand for five days. During this time, the reaction temperature was maintained
below 35 °C. Next, 0.1 M H,SO, 40 mlwas added, and the mixture was stirred overnight. Then, unreacted
KMnQO, was removed using 30% H,O, 6 ml. The final mixture was centrifuged at 4000 rpm for 10 min and
the graphite oxide precipitate collected and re-dispersed in H,O and centrifuged again. This procedure
was repeated 20 times to raise the pH. Finally, the outer solution was detected UV—vis absorbance until
the absorbance nearly zero. The graphene oxide in form precipitated slurry was keep at -1 °C.

The reduced graphene was prepared by using ascorbic acid as the reduction agent according to
Silva et al. [12]. A suspension of 100 mg GO was prepared by sonicating slurry GO in 100 mL distilled
water. To its 100 ml, 100 mg of ascorbic acid was added. The pH of the medium was adjusted to ~ 10 by
adding 28% NH; solution to promote colloidal stability through the electrostatic repulsion. The mixture was
allowed to stir at 65 ‘C until 1 h. The resulting suspensions were filtered through cellulose acetate

membrane filter papers, washed with copious of distilled water and dried at 80 °C until 2 h.



4.2 Preparation of GO, PVP, rGO, rGO-PVP modified electrode

The glassy carbon electrode (GCE, 3 mm diameter) surface was polished on fine emery paper
and chamois leather containing 5, 1, 0.5 um alumina (Al,O3) slurry respectively, and then sonicate in DI
water and dried in air. 1 mg of rGO and 0.25 mg of PVP was dispersed in 1 mL of water by sonication in
2 h giving complete dissolution. A suspension of a mixture of rGO and PVP was prepared of the above
rGO, PVP and PVP-rGO suspensions were separately dropped 2 L onto the surface of clean GC
electrodes and dried under IR lamp 5 min to obtain the rGO/GCE, PVP/GCE and PVP-rGO/GCE
electrodes. After each measurement, the modified electrodes were regenerated by thoroughly washing the
electrodes with DI water and then sonication the electrodes in DI water for about 2 min to remove any

adsorbate from electrode surface and to provide a fresh one for subsequent experiments.

4.3 Morphology and surface characterization of graphite powder, GO and rGO

- FT-IR spectra of graphite powder, GO and rGO film were obtained with Fourier Transform
Infrared Spectrometer, FTIR (Perkin, Spectrum100) by Attenuated total reflectance (ATR) mode.

- Raman spectra of graphite powder, GO and rGO film were obtained using a Bruker Senterra
Raman Spectrometers and Microscopes with argon laser 532 nm, 5 mW.

- SEM image were obtained with Field Emission Scanning Electron Microscope (FE-SEM) Zeiss
Auriga.

- TGA Thermogravimetric analyzer; TGA; were obtained with PerkinElmer; STA 6000 with a

heating rate of 10 °C min™".

4.4 Analytical procedures

Electrochemical measurement were performed with an Autolab potensiostat (PGSTAT204) with
Nova2.1 software package. A three electrode system in 50 mL voltammetric cell included bare GCE,
graphene oxide (GO/GCE) and reduced graphene oxide (rGO/GCE) as working electrode, a platinum
sheet and Ag/AgCl, 3 M KCI were used as counter and reference electrode, respectively. Cyclic
voltammetric (CV) experiments were carried out in a quiescent solution at 50 mV/s in an electrochemical
cell filled with 10.0 mL of buffer solution. Square wave voltammetry (SWV) with the following parameters:

step potential, 10 mV; amplitude, 10 mV; frequency, 10 Hz.

4.5 Sample preparation

The pharmaceutical containing 500 mg Paracetamol per tablet were weighed and carefully ground
with mortar to a fine powder. A quantity of homogeneous powders equivalent to the average weight of one
tablet was dissolved in 100 mL of deionized water by sonication for 10 min. and then extracts diluted 10-
times were added to the supporting electrolyte, and were analyzed using the voltammetric method. Liquid
samples (energy drink) were degassed by sonification for 10 min. Then, energy drink samples were added

to the 0.1 M acetate buffer at pH 5.0. Urine sample were centrifuged (2500 rpm) for 5 min. The supernatant



was filtered using filter paper no.1 and diluted 10 times with 0.1 M acetate buffer at pH 5.0. Then the
determination of dopamine, paracetamol and caffeine content in real samples were evaluated using the

standard addition method.

5. Result and discussion

5.1 Characterization of graphite powder, GO and rGO

FTIR is identify the type of oxygen functionalities and bonding configuration in GO and rGO.
Figure 1, the GO and rGO spectrum shows a broad and intense peak between 3005-3450 cm™ attributed
to O—H stretching vibrations mode of intercalated water shows bands attributed to oxygen containing
groups, which confirmed the successful oxidation of graphite. After the chemical reduction, the expected
bands were observed C=0 stretching vibration of carbonyl group (1630 cm™) of GO differs from that of
rGO by the significant decrease of the intensities of C=0 functional groups bands. Furthermore, the C-O-
H bending (1415 cm™), C-O-C stretching (1226 cm™) was not observed in rGO spectrum. This indicated
the most oxygen functionalities in GO can be effectively eliminated upon reduction which results agree
with those reported in the literature [3,4]. Despite the increase significant band C-O stretching (1110 cm’
Y in the rGO sample and its position is shifted compared to the similar band in the GO, suggestion the
reduction of carbonyl group due to the formation of hydroxyl groups. However, the alkoxy and epoxy
groups were hardly reduced and could only be electrochemically reduced at more negative potential (i.e.,

-1.5 V vs. SCE) [5].
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Figure 1. FT-IR spectra of graphite powder (a), GO (b) and rGO (c).

Raman spectroscopy is another useful and non-destructive technique used to reveal the structural
information of carbon based materials, which in turn provides their electronic properties. Carbon-based
materials such as graphene, carbon nanotubes, graphite, GO and rGO have been widely characterized by
Raman spectroscopy. Figure 2 shows Raman spectra for graphite powder (a), GO (b) and rGO (c). All
Raman data show first and second-order spectra. The first-order spectrum of the pristine graphite powder
shows a characteristic strong G band at 1580 cm™ and a weaker D band at 1355 cm™. The second-order
spectrum of the starting graphite sample presents a strong 2D band at 2718 cm™ and a weak shoulder on
the G band at 1618 cm™ (D’ band). The spectrum of GO shows a dramatic increase in the ID/IG ratio from
0.25 to 1.00, compared to the starting graphite material, the 2D band is broader, the relative intensity is
smaller compared to the G band. As it is known, the intensity ratio of the D and G bands (ID/IG), as well
as the relative intensity of the D’ band, increase with the amount of disorder in the graphitic layer. Thus,
the observed features in the GO Raman spectrum demonstrate that some structural disorder is produced
in the GO carbon lattice due to the oxidation process. The Raman spectrum of the reduced material rGO
exhibits an increment in the ID/IG ratio compared to the GO sample. These results show that when the
GO sheet is deoxygenated by the reduction process, the distortion of the 6-fold rings is removed and the

carbon lattice returns to an essentially graphitic but highly defected state [4,6].
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Figure 2. A: Raman spectra of graphite powder (a), GO (b) and rGO (c). B: the material portion as

indicated in the optical image of graphite powder (a), GO (b) and rGO (c).

In Scanning electron microscopy characterization (SEM) a focused electron beam is applied to
the sample and the electrons signal emitted from the samples are derived and used to generate the
surface image of sample. As shown in Figure 3., the surface morphologies of the both GO and rGO films
which formed from the stacking of individual sheets on a substrate by chemical techniques generally show
crumpled and wrinkled texture in their SEM images. The same observation has been reported in the SEM
images of rGO films [9] whereby its surface morphologies show little different from that of its GO film

counterpart.



Figure 3. FESEM of (a) GO film, (b) rGO film (1,000 magnification), (c) GO film and (d) rGO film (20,000

magnification)

The thermal stability of graphite, GO and rGO were measured using TGA in a N, atmosphere
and the results are shown in Figure 4. Graphite does not show any mass loss between room temperature
and 650 °C. GO has a rapid 50% mass loss below 150 °C, resulting from the evaporation of adsorbed
water and a slowly 10% mass loss from 150 to 500 °C which is due to the removal of the oxygen-containing
functional groups. The mass loss of rGO is obviously lower than that of GO, especially the mass loss
lower 150 °C, which demonstrates an obvious decrease in the amount of oxygen-containing functional
groups and a profound reduction of GO. Meanwhile, a higher mass loss is found between 400 and 600

°C in rGO.
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Figure 4. TGA curves of graphite, rGO and GO.

5.2 Electrochemical behavior of paracetamol dopamine and caffeine

The electrochemical performance of modified glassy carbon electrode was examined in acetate
buffer solution of pH 4.0 containing dopamine, paracetamol and caffeine using cyclic voltammetry at
potential -0.2 to +1.7 V (Figure 5A). As can be seen, three oxidation peak obtained on rGO-PVP/GCE
assigned to 0.4 3 V, 0.62 V and 1.54 V are well separated. By contrast, bare GCE only showed one
oxidation peak of caffeine; whereas the rGO/GCE decreased peak currents because the agglomeration
and inhomogeneous of rGO on electrode surface. The composite of rGO and PVP show a synergy for
promotion the separated electrochemical response of dopamine and paracetamol. The superior feature of
rGO and PVP over rGO could be attributed to the important role of PVP in enhancing the electronic
properties, rendering the hydrophilicity of composite and preventing the agglomeration of graphene sheet
[10]. Moreover, the positive charges of PVP may be advantageous to the separation of dopamine and
paracetamol which performed caffeine oxidation peak. Thus, the rGO-PVP/GCE showed the best feature

for simultaneous determination of dopamine, paracetamol and caffeine.
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Effect of pH

The effect of solution pH on the oxidation response of rGO-PVP/GCE for the dopamine,
paracetamol and caffeine mixed solution was carefully investigated by square wave voltammetry. In Figure

5, this parameter was established in a series of acetate buffer solutions with pH 3.0-8.0 by carrying out
stripping measurement on the three species solution. It can be easily concluded that the oxidation peak

current of dopamine, paracetamol and caffeine was very high at pH 4.0. Therefore, pH 4.0 employing

0.1 M acetate buffer was chosen for the subsequent analytical experiments.
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The anodic peak potential (Ep,) of dopamine, paracetamol and caffeine was found to be
dependent on pH and shifted to less positive potential with increasing pH, suggesting the involvement of
protons in the oxidation reaction of dopamine, paracetamol and caffeine at rGO-PVP/GCE. From the plot
of Ep, vs. pH (Figure 6), it is clear that the oxidation peak potential varies linearly with pH and is shifted
to more negative by 57, 40 and 7.5 mV/pH for dopamine, paracetamol and caffeine respectively and

expressed by the following regression equations,

Dopamine Epa(V) = -0.0568pH + 0.6035 R2 = 0.9909
Paracetamol Epa(V) = -0.0403pH + 0.72438 Rz =0.9917
Caffeine Epa(V) =-0.0075pH + 1.4725 R2 = 0.9634

The slopes of the two regression equations for dopamine and paracetamol were 57 and 40
mV/pH, respectively, indicating that the redox reactions of two compounds at the surface of rGO-PVP/GCE
were accompanied by proton transfer following Nernstian theory. In case of caffeine, a slope of 7 mV/pH
unit indicated that unequal number of protons and electrons are involves in the oxidation process because
the electrode surface is more complex in the studies pH window [11].

Thus the redox of dopamine, paracetamol and caffeine at rGO-PVP/GCE given in Scheme 1,

based on the previous literature [15,18,19]
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Scheme 1. The simultaneous electrochemical oxidation of dopamine (A), paracetamol (B) and caffeine

(C) at rGO-PVP/GCE.
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Effect of scan rate

The effect of varying scan rates on the oxidative peak currents of each 200uM dopamine
paracetamol and 3mM caffeine at the surface of rGO-PVP/GCE in acetate buffer pH 4.0, deposition
potential +0.1 V 30 s was studied. Figs. 8 (A), and (B) shows the cyclic voltammetric curves of dopamine
and paracetamol obtained in the range of 10, 25, 50, 75, 100, 125, 150, 175, 200, 225, 250, 275, 300,
325, 350, 375, 400 mV/s respectively. The oxidation peak currents were observed to increase with scan
rate with the anodic peak potentials shifts to the more positive value and cathodic peak potential shifts to
more negative value in case of dopamine paracetamol and caffeine. The peak currents showed a linear
relationship with the square root of the scan rate (Insets in Figure 7A, B and C), indicating the diffusion
controlled process dominated for DO, Para and Caf, because of the fast electron transfer rate on
nanocomposite. As shown in Figure 7A, B and C the following linear relationships were observed: |, =

0.4593VL"% + 0.2905 (R? = 0.9977), |, = -0.3418V'? - 0.3577 (R? = 0.9996), |, = 0.5798L"” - 0.462 (R?

=0.9953), |, = -0.2013L"2 - 0.3408 (R2=0.9621), lpa = 3.14090"2 + 9.3114 (R? = 0.9899) respectively
and the plot showed good linearity, for DO, Para and Caf.
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Figure 7. Cyclic voltammogram of 200pM dopamine (A) 200pM paracetamol (B) and 3mM caffeine (C)

in acetate buffer pH 4 on rGO-PVP/GCE at different scan rate 10, 25, 50, 75, 100, 125, 150, 175, 200,
225, 250, 275, 300, 325, 350, 375, 400 mV/s. Insert a plot of Ip vs scan rate, (scan rate)"? and In(scan

rate), respectively, obtained from cyclic voltammograms.
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Effect of deposition potential of adsorptive anodic stripping square wave voltammetry

The stripping peak current was evaluated in the potential range +0.1 to +0.5 V in Figure 8A. The

stripping peak currents of dopamine, paracetamol and caffeine in Figure 8B reached their suitable at

deposition potential of +0.1V. For all further studies, +0.1V was selected as deposition potential.
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Figure 8. (A) Square wave voltammogram of 200uM dopamine, 200uM paracetamol and 1mM caffeine at

different deposition potential in acetate buffer pH 4.0 at rGO-PVP/GCE, (B) peak current of dopamine,

paracetamol and caffeine with

deposition potential.
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Simultaneous determination of dopamine, paracetamol and caffeine

Based on the results described above, an analytical method was proposed for determination of
Do, Para and Caf simultaneously at rGO-PVP/GCE. For this purpose, two cases were studied. In the first
study, in a mixture of Do, Para and Caf, the concentration of one species changed while the concentrations
of the other two remained constant. The results was shown in Figure 9. The SWV results show three well
distinguished stripping peaks at potentials of 0.44, 0.63 and 1.49 V (vs Ag/Ag/Cl), corresponding to the
oxidation of Do, Para and Caf, respectively. The detected potential difference of 0.14 V between Do and
Para, and 0.86 V between Para and Caf is large enough for separate determination of the three substances
in their mixture. As shown in Figure 9A, the current response of DO increases regularly as it concentration
is increased at fixed concentrations of Para and Caf (their oxidation currents remain fairly constant).
Similarly, Figure 9B and C show that the peak current responses of Para and Caf increase with the
increase of their contents, while the peak currents of the other two compounds remain fairly stable. After
first case, to study the possibility of rGO-PVP/GCE for the simultaneous determination of Do, Para and
Caf, the stripping peak currents of these species by simultaneously varying their concentrations in a mixture
were measured. As can be seen in Figure 10, the respective SWV curves for Do, Para and Caf at 0.40,
0.53 and 1.43 V present good linearities in the investigated concentration ranges. Analytical parameters
are presented in Table1. The sensitivity of the proposed method was checked in terms of the limit of
detection(LOD) values. LOD was calculated using the following equations: LOD = 3s/m, where s is the
standard deviation of the peak current (three runs) of the blank which the related linearity range, and m
the slope of the related calibration plot.

These results are compared with other modified electrodes reported in the literature (Table 2). An
electrode considerably improves current response (sensitivity) detection limit of three analyte simultaneous

as compared to other reported method.
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Figure 9. Square wave voltammogram of dopamine, paracetamol and caffeine obtained at different
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1000 uM) in the presence of presence of 200 pM dopamine and 1 mM caffeine; (C) Caffeine (40, 60, 80,
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100, 200, 400, 600, 800, 1000 pM) ) in the presence of 200 UM paracetamol and 200 pM dopamine in
acetate buffer pH 4.0, deposition potential +0.1 V 30 s, at rGO-PVP/GCE.
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Figure 10. Square wave voltammogram of dopamine, paracetamol and caffeine obtained at different
concentrations of (A) dopamine paracetamol 5, 10, 20, 40, 60, 80, 100, 200, 400, 600, 800, 1000 uM and
caffeine 20, 40, 60, 80, 100, 150, 200, 300, 500, 700, 1000, 2000 ; in acetate buffer pH 4.0, deposition
potential +0.1 V 30 s, at rGO-PVP/GCE (B) (C) (D).
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Table 1: The calibration characteristics of Do, Para and Caf obtained at rGO-PVP/GCE.

Compound Linear working Linear regression equation R’ LOD

range (M) (uM)
Do 5-100 Ip(1A) = 0.05096[Do](1M) + 2.9067 0.9937 0.81
Para 5-100 Ip(1A) = 0.3687[Para](M) + 0.958 0.9945 0.16
Caf 20-200 Ip(1A) = 0.1283[Caf](uM) + 30.46 0.9936 19.6

Data for all the three compounds simultaneously

Table 2: Comparison for the simultaneous determinations of Do, Para and Caf at different modified

electrodes

Electrode Technique Species Linear range UM  Detection limit, UM  Ref.

BDD MPA- HPLC  Para 50-1298 0.66 20
Caf 51.4-1324 0.87

Poly (AHNSA) SWvV Para 10-125 0.45 21
Caf 51.4-1324 0.87

EIGPU DPV Para 1-40 0.84 18
Caf 4-200 1.60

GCE-M221-Fe;0, DPV Para 50-200 16 13
Caf 20-900 23

AG-NA/GCE DPV Do 0.5-35 0.33 14
Para 0.05-20 0.031

AuNPs/SDS- DPV Do 0.5-300 not report 15

LDH/GCE Para 1-400 not report

NiO-CuO/graphene  SWV Do 0.5-20 0.17 16
Para 4-400 1.33

EDDPT/GO/CPE DPV Do 100-600 not report 17
Para 100-600 not report

rGO-PVP/GCE SWv Do 5-100 0.81 this
Para 5-100 0.16 work
Caf 20-200 19.6

BDD: Boron-doped diamond film

Poly(AHNSA): poly(4-amino-3-hydroxynaphthalene sulfonic acid)

PNBMGCE: poly(Nile blue) modified glassy carbon electrode

EIGPU: polyurethane screen-printed composite electrode
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GCE-M221-Fe;0,: Cassava Starch-Fe;O, nanoparticles modified glassy carbon electrode

AG-NA/GCE: graphene Nafion modified glassy carbon electrode

AuNPs/SDS-LDH/GCE: gold nanoparticles and a layered double hydroxide sodium modified with
dodecylsulfate (SDS-LDH) modified glassy carbon electrode

EDDPT/GO/CPE: carbon paste electrode modified with graphene oxide and 2-(5-Ethyl-2,4-
dihydroxyphenyl)-5,7-dimethyl-4H-pyrido[2,3-d][1,3]thiazine-4-one

Effect of interferences on the behaviors of Do, Para and Caf

Under optimal experimental conditions, the potential influence of some interference was also
investigated to evaluate the anti-interferential ability of the modified electrode for the determination of Do,
Para and Caf. Most common usual interference being derived from any of the 1mM glucose, sucrose, citric
acid, , NH,", Mg%, Ca*, SO,%, CO,* and 0.1 mM ascorbic acid in 10 uM Do, Para and 100 uM Caf.
Among these compounds, the interferences from any of Do, Para and Caf are very important because
their oxidation peak potential are close to each other and they usually are present in real biological samples
simultaneously. The results are shown in Figure 11, it suggesting that the presence of interference species
causes the negligible amount of signal changes (less than 10%) only, which proposed that the rGO-

PVP/GCE exhibits the excellent selectivity for electrochemical detection of Do, Para and Caf.

W Do W Para I Caf
100

Relative error (%)
= =) co
o o o

]
o

o
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Figure 11. The corresponding relative error diagram from peak current of Do, Para and Caf for interference

study.
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Finally, the practical application of the proposed modified electrode was showed by simultaneously
determining the concentrations of Do, Para and Caf commercial pharmaceutical, beverage and biological
samples by means of the standard addition method. The results obtained are summarized in Table 3 and
4. It was found that the results obtained by the proposed method agree well with the labelled contents.
Recovery tests were also performed and the mean results of three analysis for added Do, Para and Caf
in urine sample ranged from 94.6 to 103.4%. This shows the possible applicability of rGO-PVP/GCE for

the determination of Do, Para and Caf in real samples without any interference.

Table 3. Results obtained of paracetamol and caffeine in pharmaceutical formulations and energy drink

using the rGO-PVP/GCE methods.

Sample Compound Found Declared by manufacturer
Energy drink Caffeine 43.4 + 2.5 mg/150mL 50 mg/150mL
Paracetamol syrup Paracetamol 245 + 11 mg/5mL 250 mg/5mL

Mean * s (n=3)

Table 4. Detection results of dopamine paracetamol and caffeine in biological sample

Sample Compound Added (uM) Found (uM) Recovery (%)
Urine dopamine 20 18.92 94.6
Paracetamol 20 19.15 95.8
caffeine 100 103.4 103.4
n=3
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6. Conclusion and Discussion

Reduced graphene oxide was prepared by graphite powder and characterised by FT-IR, Raman,
SEM and TGA techniques. Combining the unique electronic properties of reduced graphene oxide with
the excellent properties of PVP, rGO-PVP modifies film was constructed on the surface of GCE
conveniently and firmly. In SWV response large peak potential separation and high peak current could be
observed at the obtained electrode. Under the optimal condition, rGO-PVP/GCE showed excellent
simultaneously the electro-oxidation of dopamine, paracetamol and caffeine. The proposed electrode
system results a wide linear range, low limit of detection and selectivity of dopamine, paracetamol and
caffeine. Moreover, this method very able for accurate determination in beverage drink, pharmaceutical

and biological sample.
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7. Appendix

The calculation LOD of dopamine, paracetamol and caffeine

current (LA) at potential of

time dopamine paracetamol caffeine
1 0.5421 0.0223  26.1080
2 0.4529 0.0399  26.6521
3 0.3444 0.0524  27.1839
4 0.2527 0.0627  27.8714
5 0.1555 0.0791  28.4582
standard deviation (s) (n=5) 0.1377 0.0194 0.8381
sensitivity (m,slope from linear range) 0.5096 0.3687 0.1283
LOD (3s/m) (uM) 0.8108 0.1577  19.5963

Picture of declared label by manufacturer for pharmaceutical formulations (A) and energy drink (B)

(A) (B)
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Abstract

Gallic acid is a valuable compound that is present or incorporated in a variety of foods, beverages,
cosmetics, and other chemical formulations. However, the cost-efficient determination of gallic acid
over a wide range of concentrations is an unsolved problem. In this work, we propose a reduced graphene
oxide (rGO)-modified electrode design that is easy to manufacture in a highly repeatable manner, does
not involve toxic chemicals or fragile components, and offers superior sensitivity and linear dynamic
range. Application of the electrode is demonstrated and optimized with common cyclic voltammetry and
square-wave voltammetry system; the latter being recommended for quantification. The electrode is
reusable, very robust to common interferents, and is shown to yield precise determinations in real

samples, even at very low gallic acid concentrations.

Keywords: voltammetry; reduced graphene oxide; glassy carbon electrode (GCE); gallic acid; square-
wave voltammetry

1. INTRODUCTION

Phenolic acids and polyphenols are secondary metabolites produced by some plants that are
receiving increasing attention by industry and society due to their health implications [1]. Gallic acid
(GA, 3,4,5-trihydroxybenzoic acid) is one of the most abundant phenolic acids in plants and is the
building block of many polyphenols (hydrolysable tannins) [2]. GA is abundant in foods like tea, wine,

and berries. Fast and simple determination of GA is essential in the quality control and authentication of



foods. The total phenolic content or antioxidant capacity of a sample is typically expressed as gallic acid
equivalents. Gallic acid is also extracted to produce food additives and nutraceuticals [3] and, because
of its bioactive properties -namely antioxidant but also antimicrobial, hepatoprotective, anti-HIV-1, etc.
[4, 5], it is also widely used in the cosmetic industry and pharmaceutical research.

In research, a variety of methods have been used for the detection of gallic acid [6]. A common
approach involves liquid chromatography separation followed by UV or electrochemical detection (ED)
[6, 7]. However, for industrial applications, it is desirable to develop methods that can provide
determinations requiring less capital investment, quickly and easily, involving few or no reagents and
little sample preparation. This makes electrochemical sensors very attractive. Multiple electrochemical
sensors have been proposed [8-15], which often would be used after sample pretreatment with liquid-
liquid or solid-phase extraction. Despite the advances, there is still room to improve the sensitivity, linear
range, cost and, especially, to minimize interferences by other compounds present in the matrix, which
would simplify sample processing and improve accuracy. In addition, a better understanding of the effect
of matrix and instrumental variables is necessary for the sensors to be applicable in a variety of samples

and laboratories.

In this work, we propose a novel electrode design based on reduced graphene oxide (rGO). The
rGO holds many benefits, including, low cost, excellent electrical properties, and ease of modifications
due to its controlled amount of oxygen containing functional groups on its surface [16]. As the rGO
prepared by electrochemical reduction has advantages over the one made by chemical reduction in terms
of simplicity and avoidance of hazardous chemicals for the reduction of GO [17], we applied the
electrochemical method for elctrode preparation in this work. Next, the electrode was tested under a
variety of conditions, such as pH and measurement parameters, to find the best conditions for the
determination of GA. The interference study and the stability over repeated measurement cycles of the
electrode were then evaluated in acidic buffer solutions. This rGO-modified electrode also demonstrated
a wide analytical range for the GA determination with low limit of detection. Finally, the capability of
this electrode for GA detection has been investigated in real samples, such as, drinking water and tea, to

ensure its real-life applications.

2. EXPERIMENTAL

2.1 Reagents and Solutions

Gallic acid was obtained from Sigma-Aldrich (Missouri, USA). Potassium ferricyanide was
purchased from Acros (Geel, Belgium). Citric acid and nitric acid were obtained from Carlo-Erba
(Milan, Italy). Nitric acid, sulfuric acid, hydrogen peroxide, potassium permanganate, and sodium

acetate were purchased from QREC (New Zealand). All chemicals used in this work were of analytical



grade purity. Graphite was obtained from ChemPUR (Karlsruhe, Germany). All the solutions were
prepared with deionized (DI) water (R = 18.2 MQ-cm).

2.2 Apparatus

A potentiostat/galvanostat Autolab model PGSTAT 204 (Metrohm Autolab B.V., Netherlands) was
employed for the electrochemical measurements. Voltammetric experiments were carried out with a
three-electrode system at room temperature. The reference electrode was an Ag/AgCl electrode, and the
auxiliary electrode was a platinum sheet electrode. A glassy carbon electrode (3 mm diameter) was
employed as the conductive substrate before GO modification. The chemical functionalities in GO and
rGO were investigated with a Spectrum 100 FT-IR spectrometer (PerkinElmer, USA).

2.3 Synthesis of Graphene oxide

Graphene oxide was prepared by adapting Hummers’ method [18]. 1 g of graphite was added and
dispersed in 36 mL 98% H>SO4. The mixture was continually stirred for 1 h. Then, the mixture was kept
in an ice bath while 56 % HNO; was slowly added under agitation. Next, 5 g KMnO, was gradually
added to the mixture while keeping the mixture in the ice bath. The resulting mixture was stirred at room
temperature for 12 h. Then, 120 mL of deionized water were added and stirred for 2 h. Next, 6 mL of
H>O, were added to the mixture and further stirred for 2 h. After this step, the mixture was left for at
least 24 at room temperature. The mixture was separated into two layers: a colorless supernatant and a
yellow precipitate. The supernatant was removed from the mixture and the yellow precipitate was
washed with 250 mL deionized (DI) water. Finally, 1 mL 37% HCI and 10 mL 3% H,0, were added
sequentially to the mixture and stirred for 2 h. The resulting mixture was centrifuged to obtain the
precipitate. The precipitate recovered was washed with 600 mL DI water and centrifuged to remove the
supernatant. This washing was repeated several times until the pH of the supernatant was 6.7. The
precipitate of GO was kept in a freezer at -10 °C for 12 h. Then, the frozen precipitate was kept in a

lyophilizer for 24 h before storing in a fridge at -4 °C.
2.4 Reduced Graphene Oxide-modified Electrode

A glassy carbon electrode (GCE) (Metrohm, diameter 3mm) was successively polished on a
polishing cloth using alumina powders of size 5, 1, and 0.5 microns, respectively. The electrode surface
was rinsed with DI water and sonicated in ethanol for 3 min to remove the alumina. GO was
electrochemically reduced to rGO using cyclic voltammetry by adapting the approach from [19]. 5 uL
of graphite oxide 0.5 mg/mL was drop-casted on the electrode surface and the electrode was allowed to
dry for 2 h at room temperature. The obtained GO-modified glassy carbon electrode was immersed in
an acetate buffer at pH 5. To obtain rGO, the potential of the GO-modified glassy carbon was scanned
between -1.5 and 1.5 V (vs. Ag/AgCI electrode) with the scan rate of 100 mV/s for 30 cycles. The



resulting rGO-modified glassy carbon electrode was thoroughly rinsed with deionized water before
performing the voltammetric measurements.

To confirm the active surface area of the electrode, cyclic voltammetry was carried out in the
solution containing 5 mM Ks[Fe(CN)e] and 0.1 M KCl as a supporting electrolyte [20]. The electroactive
surface area of the electrodes was calculated by using the oxidation peak current obtained from the CV
using the Randles-Sevcik equation as following:

I, = 2.69 x 10° ADY*n*%Y?C

where A is the electroactive surface area of the electrode (cm?), n is the number of the electron involved
the redox reaction, D is the diffusion coefficient (cm%s), v is the scan rate applied to the electrode (V/s),
and C is the concentration of the electroactive species (mol/L). By using the value for the diffusion
coefficient of [Fe(CN)e]* of 6.30 x 10° cm? s, the electroactive surface area of each electrode was

obtained.

2.5 Analytical procedure and sample preparation

The modified electrodes were used to study the electrochemical oxidation of gallic acid at varying
concentrations in 0.1 M citrate buffer at pH 1.8. Cyclic voltammetry was demonstrated as a possible
method, which is widely available. Subsequently, square-wave voltammetry (SWV) was demonstrated
as a superior method for gallic acid determination with optimized SWV parameters (a pulse size of 10
mV, a potential step of 2.5 mV and a frequency of 15 Hz) in the potential range between 0.4 to 0.7 V.
The accumulation time for allowing the gallic acid to adsorbed on the electrode surface before the SWV

measurement was 180 s at the open-circuit potential.

Drinking water (brand ‘Crystal’) was directly analyzed by the standard addition method after
spiking in known concentrations of gallic acid. For a green tea sample (purchased from the local market
in Chiang Rai), the procedure was adapted from [11] 50.4 mg of green tea powder was dissolved in 10
mL DI water and boiled at 80 °C for 10 min under stirring. The tea sample was allowed to cool down
before filtrating through a Whatman filter paper no.1 and then DI water was added to a volume of 50
mL. GA gquantification in tea was performed by 25-fold dilution of the green tea sample with the citrate
buffer at pH 1.8 using the standard addition method. Percentual recovery and percentual relative standard

deviation were calculated for method validation.



3. RESULTS AND DISSCUSSIONS

3.1 Characterization of the electrodes prepared

FT-IR spectroscopy was used to confirm the formation of rGO by electrochemical reduction. The
IR spectra of graphene oxide (GO) and the prepared reduced graphene oxide (rGO) are shown in Fig. 1
The broad peak found in both GO and rGO at 3350 cm™ is assigned to the -OH stretching vibration. In
the GO spectrum, the band at 1735 cm™ corresponds to -COOH (carboxylic acid group), while the peak
at 1625 cm™ is assigned to -C=0 (carbonyl group). The bands at 1411 and 1226 cm™ correspond to the
stretching of -COO" and -CO (epoxy group), respectively. By contrast, in rGO, the transmittance of these
bands significantly increased relative to GO. This is because the electrochemical reduction process
decreases the amount of functional groups including -OH, -C=0, -COOH, -COO" and -CO. These results

are consistent with previous reports [21-25].

80 1
N MW

60 A

50 A

\

3

% Transmittance

40 A - COOH groups \ - C-O groups
30 /4 / - COO- groups
- OH groups BRI
20 T T T r T r T )
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm)
Fig. 1 FT-IR absorption spectra of rGO (blue) and GO (red).

Evaluating the oxidation and reduction of Ks[Fe(CN)e] is commonly used as a test reaction to
characterize the electrochemical properties of new electrode designs. The effects of modifying the GCE
with GO and rGO were investigated by measuring the cyclic voltammograms of the bare GCE, GO/GCE
and rGO/GCE electrodes in 5 mM K;[Fe(CN)s] containing 0.1 M KCI as supporting electrolyte. The
results are shown in Fig 2. The rGO/GCE showed the highest peak current (I,) as well as the smallest
peak-to-peak separation (AEp), which indicates a fast electron transfer for the reversible redox-couple

[Fe(CN)e]*"* [26]. The estimates of electroactive surface area (Table 1) indicate that the rGO-modified



electrode had the highest electroactive surface area. This may be due to a lower degree of structural
disorder compared to that of GO, which possesses higher numbers of defects and functionalities and

lead to poor electrical conductivity [16].
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Fig. 2 Cyclic voltammograms of GCE (black); GO (blue); rGO (red) in (A) 5 mM
Ks[Fe(CN)s] in 0.1 M KCI at the scan rate 50 mV s™.

Table 1. Comparison of the peak current, peak separation, and electroactive surface area for the

electrodes with different modification.

Electrode Peak current Peak-to-peak Electroactive
(nA) separation (V) surface area (cm?)

GCE 29.125 0.200 0.0235

GO/GCE 29.750 0.276 0.0295

rGO/GCE 38.656 0.161 0.0422

3.2 Electrochemical oxidation of gallic acid on the electrodes prepared
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Fig. 3 (A) Chemical structure of gallic acid and its two-step oxidation [27]. (B) Cyclic Voltammogram
of 1 mM gallic acid at the scan rate of 100 mV/s in citrate buffer pH 1.8 with a glassy carbon electrode
(GCE). (C) Cyclic voltammograms of the electrocatalytic oxidation of 1 mM gallic acid in 0.1 M citrate
buffer (pH 1.8) at a scan rate 100 mV/s over the different electrodes.

The oxidation of gallic acid consists of two steps, as shown in the cyclic voltammogram in Fig.
3(A-B). Oxidation peak I corresponds to the first oxidation of gallic acid, involving the loss of a proton
and an electron from the para-hydroxy group, resulting in a semiquinone product. The second oxidation
corresponds to the loss of a proton and an electron at the meta-hydroxy group, which lead to the
formation of the quinone [27]. When the scan direction was reversed towards negative potential values
(cathodic scan), no reduction peak was observed, indicating that the electrochemical oxidation of gallic

acid is an irreversible process [28].

The electrochemical oxidation of 1 mM gallic acid was studied on the different electrodes. As
shown in Fig 2 (C), the CV for gallic acid obtained from rGO/GCE showed much higher oxidation peak
current compared to those of GO and bare GCE (a value 12-fold higher than that of bare GCE). The
essential benefit of using rGO for gallic acid detection is a significant decrease in the amounts of

carboxyl and hydroxyl groups on GO. These groups are likely to cause a repulsive interaction with



carboxylic acid groups of the substrate. As a result, the electrochemical oxidation rate toward gallic acid
obtained with the rGO-modified electrode was remarkably improved. With the rGO-modified electrode,
the most distinct oxidation peak was the first peak (1), while the second peak (Il) evidenced lesser
oxidation. This may be attributed to the instability of the semiquinone radicals, which could quench to
a significant extent, forming oxidized products by recombination, before the potential reaches
sufficiently high values for their electrochemical oxidation on the electrode surface [29]. Indeed, other
studies have shown that increasing the scan rate over GCE increases the ratio of peak currents Il to |
[28], which agrees with this interpretation.

3.3 Optimizing the study of gallic acid by cyclic voltammetry
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Fig. 4 (A) Cyclic voltammograms of 1 mM gallic acid at various pH ranging from 1.6 to 5.0 with a
rGO/GCE electrode at a scan rate of 100 mV s™. (B) Effect of pH on the anodic peak current, and (C)

dependence of peak potential on pH.

The effect of pH on the anodic peak of 1 mM gallic acid was investigated in citrate buffer in the pH
range from 1.6 to 5.0 by cyclic voltammetry at a scan rate of 100 mV/s. As depicted in Fig. 4(A-B), the
peak current increased from pH 1.6 to 1.8, and then declined as the pH was further increased from 1.8
to 5.0. The oxidation of gallic acid is strongly dependent on the pH of the solution and explicitly occurs
at pH 2, as previously reported [30]. Therefore, pH 1.8 was chosen in the rest of the study, as it yielded
the highest oxidation current from gallic acid. The anodic peak potential (Epa) of gallic acid decreased

linearly with an increase in pH, as shown in Fig. 4(C). The linear dependency between peak potential



and pH was Epa (V) = -0.0587pH + 0.6475 (R? = 0.9981). The slope value obtained, 58.7 mV, is very
close to the theoretical Nernst value of 58 mV at 25 °C for a two-electron and two-proton process and

is in agreement with previous works [12, 31].
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Fig. 5 (A) Cyclic voltammograms of rGO/GCE for 1 mM gallic acid in 0.1 M citrate buffer pH 1.8 at
the scan rates of 10, 25, 50, 75, 100, 125, 150, 175 and 200 mV s™* (from inner to outer). (B)

Relationship between the scan rate and the peak current.

The effect of the scan rate on the electrochemical oxidation peak of gallic acid for rGO/GCE was
investigated in citrate buffer at pH 1.8 using cyclic voltammetry. The results are presented in Fig. 5(A).
The oxidation process was studied by plotting the peak current against the scan rate used in the oxidation
of gallic acid. A plot of the peak current vs. the square root of the scan rate was not linear (results not
shown) suggesting that the process was not diffusion-controlled. By contrast, the peak current showed a
linear dependence with the scan rate in the range 10 to 200 mV s™ (R? of 0.9924), the dependence being
lp = 0.62230 + 27.399 (Ip: 1A, v: mV/s) (Fig. 5(B)). Such linearity demonstrates that the electrochemical
oxidation of gallic acid over the rGO-modified glassy carbon electrode prepared in this work is an

adsorption-controlled process rather than a diffusion-controlled process [32].



3.4 Determination of gallic acid by square-wave voltammetry
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Fig. 6 (A) SW Voltammograms for different concentrations from 8 to 400 uM of gallic acid at pH 1. 8
with rGO/GCE and (B) the corresponding calibration curve for the quantification of gallic acid; SW
pulse size 10 mV; SW frequency 15 Hz; potential step 2.5 mV.

To enhance the sensitivity for the detection of gallic acid, Square-Wave Voltammetry (SWV) was
chosen, as it offers high sensitivity and enables the measurement with lower charging current than cyclic
voltammetry [33]. A series of the SWV parameters including pulse size, potential step and frequency
was investigated, the optimum values for the parameter were as follows: pulse-height of 10 mV, the
potential step of 2.5 mV and frequency of 15 Hz and were used for all SWV experiments. Under the
optimum condition, the corresponding voltammograms related to the electro-oxidation was obtained.
The rGO/GCE electrode was applied to the quantification of gallic acid by SWV. Fig. 6(A) shows the
SWV voltammograms obtained from gallic acid in the concentration range from 8 to 300 uM. The peak
current increased linearly with the gallic acid concentration, as indicated in Fig. 6(B). The corresponding
linear regression is: Ip (nA) = 0.1179uM +51.773 (R? = 0.9923), with a limit of detection of 0.42 uM.

The analytical characteristics of different methods published recently for the voltammetric
detection of gallic acid were shown in Table 2. The rGO electrochemically modified glassy carbon

proposed in this work shows a wide dynamic range as well as a low LOD compared to other proposals.



determination.

Table 2 Comparison of the analytical performance of different electrochemical methods for gallic acid

Linear Range | LOD
Electrode Method Ref
(UM) (UM)
rGO/carbon ceramic electrode SWV 0.51 - 46.46 0.0867 [34]
Polyaminobenzene sulfonic
acid functionalized SW-CNT
/poly(pyrocatechol violet)/ DPV 10-100 0.11 [35]
GCE
Polyepinephrine/GCE SWV 1.0-20.0 0.66 [11]
Poly(glutamicacid)/rGO/GCE DPV 0.03-480 0.01 [31]
Polymelamine/graphene/GCE | Amperometry 0.1-728.9 0.027 [36]
Hexagonal-prism-ZnO/GCE Amperometry 0.1-130 0.02 [37]
Graphene/GCE DPV 0.08-20 0.0012 [38]
ZrO; nanoparticles/CPE DPV 1-1000 0.124 [39]
rGO/GCE SWV 8- 400 0.42 This work

DPV: Differential pulse voltammetry
SW-CNT: Single-walled carbon nanotubes

SWV: Square-wave voltammetry
CPE: Carbon paste electrode

3.6 Repeatability, Reproducibility and Interference Studies

The repeatability of the measurements with the rGO-modified GCE was investigated by measuring
the peak current from SWV of 1 mM gallic acid for 5 replicates (Fig. 7A). The relative standard deviation
(%RSD) observed from the 5 peak currents was 0.50%, which is relatively low, indicating that the
rGO/GCE can be employed for measuring the electrochemical signal of the gallic acid with good
repeatability. The reproducibility of the proposed electrode design was evaluated by freshly preparing 5
electrodes modified with rGO and measuring the oxidation peak current of 1 mM gallic acid from the
individual electrodes (Fig. 7B). The %RSD for peak currents obtained was 0.85%. This demonstrates
that the electrode prepared in a simple manner from electrochemically reduced GO can produce highly
reproducible results for gallic acid detection.

An interference study was carried on by comparing the peak current response from the oxidation of
60 UM gallic acid to those obtained in the presence of interfering species. The results for the influence
of foreign substances are shown in Table 3. For example, ascorbic acid and caffeine are widely used in
the food and beverage industry and contain ionizable and polar groups that could interfere with the
determination. When ascorbic acid and caffeine were introduced at 30-fold higher concentrations than

gallic acid, the peak currents for gallic acid observed were still maintained within + 6.0%.



We also reasoned that some cations, including Ni?*, Zn?*, Na* and K*, could potentially interfere
with the signal of gallic acid due to the formation of complexes, and were also investigated. The results
also indicated that the presence of these metal ions, even at concentrations 300-fold higher than those of
gallic acid did not cause any considerable change in the peak current of gallic acid. The results
demonstrate that despite the presence of these common interferents, the rGO/GCE electrode can still be
used for the determination of gallic acid thanks to its good selectivity.
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Fig. 7 (A) SW Voltammograms acquired as part of the repeatability study and (B) of the reproducibility
study in the electrochemical oxidation of 1 mM gallic acid at pH 1.8 over rGO/GCE; SWYV pulse size
10 mV;frequency 15 Hz; potential step 2.5 mV.

Table 3 Effect of various interferents on the peak current in gallic acid determination with the rGO/GCE

electrode in tihs work.

Substance 'A‘(TT]]?\;J? t Peal;:ltil)'rent % Deviation
60 uM gallic acid - 95.14 -

NiSO. 18 96.28 +1.20
ZnCl, 18 89.50 -5.93
Na,COs 18 99.00 +4.06
KNO; 18 90.63 -4.74
Caffeine 0.54 99.44 +4.52
Ascorbic acid 0.54 92.89 -2.36




3.6 Validation of the rGO-modified electrode design for gallic acid determination

The validity of the proposed method for gallic acid determination was examined in water and tea
samples, which contained 0.1 M citrate buffer pH 1.8. Gallic acid standards of known concentrations
were also spiked into the samples in order to evaluate the percentual recovery. The determination of
gallic acid in the samples was performed by the standard addition method. No gallic acid was found in
the drinking water sample, while the concentration of gallic acid in the green tea sample was 8.77+ 0.17
KM (n =3), which corresponds to 0.037 mg gallic acid/mg green tea. The recoveries for gallic acid in
the beverage samples are close to 100%, showing the suitability of the electrode for the quantitative

analysis of gallic acid.

Table 4 Recovery test for gallic acid in drinking water and green tea samples (n = 3).

Original conc. Added Detected | , 5
Sample measured (M) (M) (M) YoRecovery YoRSD
Drinking - 5 5.21 104.2 2.88
water
Green tea 8.77 5 14.91 108.27 1.94

4. CONCLUSION

In this work, an electroanalytical method for gallic acid quantification using reduced graphene
oxide (rGO) on glassy carbon electrode (GCE) was demonstrated. rGO can be prepared by the
electrochemical reduction of graphene oxide, thus improving the electrical conductivity and chemical
surface for this determination. The electrochemical behaviour of the rGO-modified electrode for the
oxidation of gallic acid was investigated by cyclic voltammetry and square-wave voltammetry. The
rGO-modified electrode displayed high sensitivity, a wide linear analytical range, as well as a low
detection limit for gallic acid determination. The proposed method was successfully applied to the
quantification of gallic acid in beverage samples, including tea and drinking water. The results obtained
were reproducible with %RSD less than 5% and yielded a good percentual recovery, making it suitable

for real applications.
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Abstract

A novel pencil lead electrode (PGE) modified with a single wall carbon nanotube and
Poly(vinylpyrrolidone) (PVP) (PVP/SWCNT/PGE) was used for the voltammetric determination of
paracetamol. The surface morphology was probed by scanning electron microscope (SEM). The co-
existence and dispersions of PVP along with SWCNT on the PGE which may be responsible for the
better electrochemical sensing performance for the detection of target analysis. This electrochemical
sensor exhibits excellent analytical performance for paracetamol detection at physiological pH with
limit of detection was 0.38 uM and its linear response was from 1-500 uM. The application of this

sensor to determine syrup and tablet paracetamol was proposed with satisfactory results.



Introduction

Paracetamol (N-acetyl-p-aminophenol, also known as acetaminophen) is one of the most
prescribed drugs globally, due to its antipyretic and analgesic properties [1]. However, it is highly
toxic at elevated doses, with involvement of an already described oxidative stress, kidney and liver
damage [2]. Paracetamol has been considered a priority pharmaceutical in the aquatic environment
by de Voogt et al.[3] based on literature review and a series of criteria (including toxicity, persistence,
environmental fate, etc.). The environmental concern surrounding paracetamol stems from its
common presence in the aquatic environment that has been found in concentrations range of ng/l to
mg/l [4]. A variety methods have been used for determining paracetamol in pharmaceutical,
biological fluids and environmental sample [5] e.g. spectroscopy [6], chemiluminescence [7], titration
[8], gas chromatography [9] high performance liquid chromatography [10] and electrochemical
methods [11-13]. Among them, electrochemical methods have attracted much attention due to their

advantages of high sensitivity, fast response, low cost of the instrument and simple operation.

In this study, a pencil graphite electrode (PGE) was used for the sensitive and selective
voltammetric determination of paracetamol. When compared with other carbon-based electrodes,
PGEs have the same advantages, such as high electrochemical reactivity, commercial availability,
good mechanical rigidity, disposability, low cost, low technology and ease of modification [14-15].
Due to high adsorption property of PGE its surface modification with conductive polymers [16] metallic
nanoparticles [17] carbon nanostructures [18] , or their combinations [19], facilitate the conversion of
irreversible oxidation processes into reversible one due to the rapid electron transfer rates. Among
these compounds carbon nanotubes (CNTs), have been widely applied to the surface modification
with the aim to improve the electron transfer behavior on bare electrodes [20-21]. However, the
practical applications of CNTs are challenged by its irreversible agglomeration both in the drying
state and in common solvents, which significantly reduces its effectiveness [22]. To overcome these
disadvantages, large effective surface area and strong electrochemical interaction of CNTs can be
combined with the macromolecule surfactant of polyvinylpyrrolidone (PVP). The PVP molecule
contains a strong hydrophilic component with a considerable hydrophobic group with C=0, C-N and
CH, functional groups. It is a water soluble inexpensive polymer with interesting features such as

low toxicity and high thermal stability [23]. Generally, it is used not only as a dispersant but also as



a stabilizer to prevent the aggregation of nanoparticles via the repulsive forces that arise from its
hydrophobic carbon chains [24]. It has been well established that PVP can be used as capping
assisting to adsorb paracetamol contaminations. However, the sensing potential of SWCNT with PVP
for detection of paracetamol has not yet been investigated. In the present work, we develop a simple,
rapid, and low-cost electrochemical paracetamol sensor based on SWCNT and PVP modified pencil
graphite electrode. The electrochemical behavior of PVP/SWCNT/PGE and the electrocatalytic
activity to the oxidation of paracetamol were investigated by cyclic voltammetry and square wave
voltammetry. The PVP/SWCNT/PGE showed a significant increase in the anodic current
accompanied with a decreased over-potential compared to a bare PGE, SWCNT/PGE and PVP/PGE
due to its enhanced sensitivity for the determination of paracetamol. This method possesses several

remarkable advantages, including high sensitivity, simplicity, rapid response, and good selectivity.
Experimental
Reagents and materials

Acetaminophen, CgHgNO, (Acros), single walls carbon nanotube (P3-SWCNT, Carbon Solutions,
Inc.), polyvinylpyrrolidone ,PVP (Carlo erba), potassium ferricyanide, Ks;[Fe(CN)g] (Acros), di-Sodium
hydrogen phosphate, Na,HPO, (Qrec), potassium dihydrogen phosphate, KH,PO, (Qrec) potassium
chloride, KCI (Qrec) were analytical grade and used without further purification. Deionized water was

used for the preparation of all aqueous media.
Apparatus

All electrochemical experiments were carried out through the operation of a three-electrode
electrochemical sensor interface (Metrohm 910 PSTAT Mini, The Netherlands) with PSTrace 4.8
software. Pseudo-reference electrode (RE) was an Ag/AgCl wire and the counter electrode (CE) was
a Pt spiral. The surface morphologies of working electrode surface were investigated using field

emission scanning electron microscope (FE-SEM Zeiss AURIGA FE-SEM/FIB/EDX).
Fabrication of the working electrodes

Pencil graphite electrode (PGE) were constructed from ordinary pencil rods (Staedtler mars carbon,

2H, 0.3 cm diameter) of 5 cm length. Suitable amount of two component epoxy resin AB glu (Alteco)



was mixed thoroughly on a glass slide. The cleaned-end of glass capillary (Din = 4 mm, Dout = 6
mm, L = 150 mm) was filled in with the prepared epoxy for approximate 1 cm and, it was kept in
vertical position. Slowly insert the pencil rods through the epoxy filling, which was dried in air for
24hr. The PLE surface was polished on fine emery paper and chamois leather containing 5, 1, 0.5
pm alumina (Al,O3) slurry respectively, rinsed thoroughly with DI water, soak with 1% nitric acid, and

then sonicate in DI water and dried in air. The home-made PGE was in Fig 1.
Preparation of the three composite modified pencil graphite electrode

SWCNT in ethanol (4mg/ml) was dispersed by using an ultrasonic for 1 hr to give black suspension.
The PVP/SWCNT/PGE was obtained by drop-coating 2 yL SWCNT which was dried in air for 10 min
at room temperature, subsequently, 2 pyL PVP suspension in ethanol (0.25%) was add into
SWCNT/PGE by drop-coating, and dried at room temperature. For comparison, the PVP/PGE and
SWCNT/PGE were prepared by drop-casting 2 pL of PVP and 2 yL of SWCNT onto the PGE surface

respectively.
Results and discussion
The effective of home-made bare PGE

The performance of home-made bare PGE in term of reproducibility and repeatability can be studied
by the electrochemical response that shown in Fig.2. The repeatability of the 5mM Ks;Fe(CN)g cyclic
voltammogram was evaluated by performing of 10 measurements at one PGE expressed as
percentage relative standard deviation (%RSD) of 6.84 and 5.47 for |, and I, ,respectively. For
reproducibility performance of PGE, 10 new PGE were employed for each voltammetric recording,
%RSD values of 8.55 and 7.88 were obtained for |,, and |,; respectively. These results indicate that

home-made PGE has a very good repeatability and reproducibility.
Surface morphology of bare PGE, PVP/PGE, SWCNT/PGE and PVP/SWCNT/PGE

The FESEM images of bare PGE, PVP/PGE, SWCNT/PGE and PVP/SWCNT/PGE was shown in
Fig.3. Fig.3A, the typical morphology of graphite flakes are recognizable on the pencil graphite
surface agree with literature [25] and Fig.3B the PVP film coalesced, making the surface rough with

no uniformity. After SWCNT coated to the PGE, it can be seen that SWCNT were dispersed on the



electrode with fiber three-dimensional structure (Fig.3(C)). The morphology of SWCNT has been
changed by the introduction of PVP as shown in Fig.3(D) which fibers was visible and make the film
uniform and highly porous which formatted three-dimensional network structure. The PVP in the
nanocomposite appear to be distributed homogeneously throughout the material and was adherent
to the SWCNT surface. The PVP appear as white spot embedded in the SWCNT matrix. These
clearly reveal the co-existence and dispersions of PVP along with SWCNT on the PGE which may

be responsible for the better electrochemical sensing performance for the detection of target analysis.
Electrochemical behavior of paracetamol

The electrochemical response of 1mM Paracetamol in 0.1M phosphate buffer pH7 at PGE, PVP/PGE,
SWCNT/PGE and PVP/SWCNT/PGE have been studied by using cyclic voltammetry in Fig.4. On
the bare PGE, Fig.4A and PVP/PGE, Fig.4B broads peak appeared at around 48 mV, which
paracetamol shows an irreversible redox behavior with small and undefined redox peaks. In contrast,
for the PVP/SWCNT/PGE (Fig.4D) a pair of strong and well-defined redox pair were located at anodic
peak potential (E,,) at 429 mV and cathodic peak potential (E,) at 331 mV. The peak separation
(AEp) 98 mV indicated a favorable quasi-reversible electrode process [26]. Moreover, it can observed
that the paracetamol oxidation peak current of SWCNT/PGE was improved by 2 times compared to
bare PGE, while for PVP/SWCNT/PGE improving by approximately 5 time. Therefore, the modified
PVP/SWCNT/PGE effective enhancement the oxidation of paracetamol. This improvement can be
attributed in term of carbon nanotubes properties provide an electrocatalytic activity towards the
oxidation of paracetamol due to their inherent materials properties such as, high conductivity and
electron transfer capability [20-21]. The improvement current response in the oxidation of
paracetamol in the presence of PVP into SWCNT can be described by facilitates a synergistic effect
by introducing even higher surface area of the sensor as well as a closer contact of APAP molecule
due to the homogeneous dispersion of SWCNT. Moreover, on pure SWCNT paracetamol results in
a single-layer adsorption while PVP/SWCNT, PVP provides a biocompatibility and fixed on the
electrode surface that multilayer surface structure adsorbed more paracetamol on the electrode
surface compared to the single layer adsorption in SWCNT[26]. The fabricated PVP/SWCNT/PGE
favors the reversible electrochemical reaction of paracetamol, which oxidation and reduction process

involve two electrode and two protons, as illustrated in the scheme 1.



Effect of pH

The effect of solution pH on the electrochemical response of 1mM Paracetamol on PVP/SWCNT/PGE
was investigated using CV. In Fig 5A, Variation of peak currents with respect to pH of phosphate
buffer in the pH range 4 to 9. It can be seen that the peak current increase with solution pH until the
pH reach 7. A small current was detected when the pH of the solution was either lower or higher
than 7. The broadening of oxidation peak and decreasing of peak current are observed with
increasing basicity, at pH higher than 7, suggesting a kinetically less favorable reaction at higher pH.
The buffering at pH 7, which is near to physiological pH, hence the pH 7 was used for further
electrochemical studies. As can be seen, with pH values of the solution increasing, the redox peak
shifted negatively, which indicated that the redox reaction involves the proton [27] . The peak potential
change linearly, depending on a pH from 4 to 9, and the equation was Ep = -0.0507pH + 0.8288 (R?
= 0.9953). The slope is close to the Nernstian values of -59mV [35]. This suggest that the number
of proton and electrons transfers in the redox reaction of Paracetamol are equal and likely to be two

as mention in scheme 1.

Effect of scan rate

The scan rate on the anodic and cathodic peak current of paracetamol on the
PVP/SWCNT/PGE was investigated for indicated of the sensing electrodes process. The redox peak
currents of paracetamol were increased when increasing the scan rate from 10 to 400 mV/s (Fig.
6A). The resultant peak current was plotted against the scan rate (Fig. 6B) which follows the linearity

with linear regression equation Ipa(pA) = 0.5036V(MVs™") + 12.096 (R? = 0.9995) and Ipc (LA) =

-0.3265V( mVs™) -5.0498 (R2 = 0.9978) for anodic peak and cathodic peak, respectively. This result
indicated that the electrochemical kinetic of paracetamol on the PVP/SWCNT/PGE is a surface-
controlled process. At high scan rate ranging form 200 to 400 mV/s, plotting the Epa and Epc vs.
In(v) (Fig. 6C) produces a straight line with the linear regressions as: Epa = 0.0547In(v) + 0.1578
(R2 =0.9906) and Epa = -0.0351In(v) + 0.5246 (R? = 0.9957), respectively. According to Laviron’s
equation [27] Epc = E° —(RT/anF)Iinv and Epa = E° —(RT/(1-0t)nF)Inv for cathodic and anodic peak,
respectively. Here, F is the Faraday’s constant, R is idea gas constant (J/mol.K) and T is temperature
in kelvins. The Based on the slope of two straight lines the charge transfer coefficient, L was

calculated as 0.61.



Determination of paracetamol on the PVP/SWCNT/PGE

Square wave voltammetry (SWV) is superior to cyclic voltammetry because of its sensitivity,
resolution and lower limit of detection. Fig.7A shows the SWV of different concentrations of
paracetamol in 0.1M PBS. The Ip was linearity related to the paracetamol concentration in the range
of 1-500 uM. The linear regression equation was Ipa(pA) = 0.0847x(uM) + 5.4037 (R? = 0.9980).
The detection limit was calculated to be 0.38 uM using 3c/b, where G is the standard deviation of
the blank and b is the slope of the calibration curve (sensitivity). The paracetamol oxidation on
PVP/SWCNT/PGE was compared with the previously reported paracetamol sensor and given Table1.
Table1 showing that the PVP/SWCNT/PGE developed in the present study exhibited a much lower
LOD, as well as a much wider linear range. PGE gives better performance in comparison with GCE,
because PGE is consists of graphite and clay mineral which suffer from a porous structure and high
specific surface area, disposability, low cost, low technology, ease of modification, lack of need for

polishing, and renewable surface.
Interference studies

The selectivity of the fabricated PVP/SWCNT/PGE sensor was investigated via the detection
of paracetamol using interfering species under the optimized condition. A number of potential co-
existing electroactive species, such as dopamine and caffeine. Fig 8. Shows that paracetamol 0.3
mM exhibited a well defined anodic peak with good separations from dopamine and caffeine.
Therefore, it can be considered that this sensor showed satisfactory selectivity for the determination

of paracetamol in the presence of Ascorbic acid and Caffeine.
Application in real sample

The practical application of the PVP/SWCNT/PGE sensor was validated by determining the
concentration of paracetamol within a real sample such as APAP tablets. The sample of the
paracetamol syrup was prepared by the appropriate dilution with 0.1 M phosphate buffer pH 7 and
directly used for determination of paracetamol. The paracetamol commercial tablets was ground to
powder and dissolved in phosphate buffer pH 7. These studies revealed that a good recovery and

% R.S.D was achieved by PVP/SWCNT/PGE sensor for paracetamol syrup and tablet which results



summarized in Table 2. These results indicate that the sensor developed in this work has good

accuracy and high precision for detection paracetamol in commercial samples.
Conclusion

We fabricated a simple, rapid and low-cost electrochemical sensor for precise sensing
paracetamol based on PVP/SWCNT modification of pencil graphite electrode. The composite film
modified electrode was successfully employed for the voltammetric determination of paracetamol with
low detection limit of 0.38 uM, wide linear range from 1-500 puM and good selectivity. We also
investigated the sensing performance of the sensor using commercially available paracetamol syrup

and tablet with satisfactory results.
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FIGURE CAPTIONS
Figure 1: The home-made PGE (A) side view and (B) top view

Figure 2: Cyclic voltammograms of 5mM Ks;Fe(CN)g containing 0.1 M KCI, scan rate 100 mV/s for
(A) repeatability and (B) reproducibility of PGE

Figure 3: FESEM images of (A) bare PGE, (B) PVP/PGE, (C) SWCNT/PGE and (D)
PVP/SWCNT/PGE

Figure 4. CVs of 1mM Paracetamol on the a) bare PGE, b) PVP/PGE, c) SWCNT/PGE and d)
PVP/SWCNT/PGE in 0.1 M Phosphate buffer pH 7.0 at scan rate 50 mVs™.

Scheme 1. The reaction mechanism of paracetamol on the PVP/SWCNT/PGE

Figure 5: CVs of 1mM Paracetamol on PVP/SWCNT/PGE in various pH range of 0.1 M Phosphate
buffer from 4 to 9 (A). The plot of the pH of the peak current vs. pH (B). The plot of The peak

potential vs. pH (C)



Figure 6: CVs of 1mM Paracetamol on PVP/SWCNT/PGE in 0.1 M Phosphate buffer pH 7.0 at
different scan rates (10, 25, 50, 75, 100, 125, 150, 175, 200, 225, 250, 275, 300, 325, 350, 375 and

400 mV s™) (A). The plot of the peak current vs. scan rate (B). The dependes of the redox peak

potential vs. In(D)

Table 1. Comparison of the recent reported electrochemical sensor for Paracetamol

Figure 8: SWVs of 300UM Ascorbic acid, Paracetamol and Caffeine on PVP/SWCNT/PGE in 0.1 M
Phosphate buffer pH 7.0

Table 2. Determination of Paracetamol in Paracetamol syrup and tablet by PLE/SWCNT/PVP
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Figure 1: The home-made PGE (A) side view and (B) top view
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Figure 2: Cyclic voltammograms of 5mM K,Fe(CN), containing 0.1 M KClI, scan rate 100 mV/s for (A) repeatability
and (B) reproducibility of PGE
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Figure 3: FESEM images of (A) bare PGE, (B) PVP/PGE, (C) SWCNT/PGE and (D) PVP/SWCNT/PGE

Fig.4 CV of 1mM Paracetamol on the a) bare PGE, b) PVP/PGE, c) SWCNT/PGE and d) PVP/SWCNT/PGE in 0.1 M
Phosphate buffer pH 7.0 at scan rate 50 mV s™.
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Scheme 1. The reaction mechanism of paracetamol on the PVP/SWCNT/PGE
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Figure 5: CVs of 1mM Paracetamol on PVP/SWCNT/PGE in various pH range of 0.1 M Phosphate buffer from 4 to 9 (A). The plot

of the pH of the peak current vs. pH (B). The plot of The peak potential vs. pH (C)
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Figure 6: CVs of 1mM Paracetamol on PVP/SWCNT/PGE in 0.1 M Phosphate buffer pH 7.0 at different scan rates (10, 25, 50, 75,
100, 125, 150, 175, 200, 225, 250, 275, 300, 325, 350, 375 and 400 mV s™") (A). The plot of the peak current vs. scan rate (B).

The dependes of the redox peak potential vs. In(v)
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Table 1. Comparison of the recent reported electrochemical sensor for Paracetamol

Modified electrode Method Detection limit (uM) Linear range Reference
(1M)

Chitosan/MWCNT/GCE DPV 0.17 1-145/4-200 [28]
fCNT-PMG/CE CA 9.3 0-200 [29]
ED-CMWCNT/GCE DPV 0.092 1-200 [30]
GRPE sSwWv 0.60 2.5-143 [31]
Nafion/TiO,-graphene/GCE DPV 0.21 1-100 [11]
CS/CPE Swv 0.51 40-100, 0.8-20 [12]
Ni—AI—HCF/GCE CA 0.80 3-1500 [13]
PMMCNTPE DPV 0.38 2-50 [32]
Ru/CCE Swv 0.583 1.99-31 [33]
P-RGO/GCE DPV 0.36 1.5-120 [34]
PLE/CNT/PVP SWv 0.38 1-500 This work

Chitosan/MWCNT/GCE = Chitosan and MWCNT modified GCE.

fCNT-PMG-CE = functionalized CNT polymer poly(methylene green) composite electrode.
ED-CMWCNT/GCE = i carboxylic acid functionalized MWCNT modified GCE
GRPE = graphene-modified carbon- paste electrode

CSICPE = chitosan modified carbon paste electrode

Ni—AI—HCF/GCE = hexacyanoferate(lll) intercalated Ni—Al layered double hydroxide modified GCE
PMMCNTPE = poly(methyl orange) modified carbon nanotube paste electrode

RU/CCE = arene-ruthenium (1) complex

P-RGO/GCE = Phosphorus-doped graphene modified GCE

CA = chronoampertometry

Figure 8: SWVs of 300uM Ascorbic acid, Paracetamol and Caffeine on PVP/SWCNT/PGE in 0.1 M Phosphate buffer pH 7.0
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Table 2. Determination of Paracetamol in Paracetamol syrup and tablet by PLE/SWCNT/PVP

Prepared Add Found  Recovery (%) R.S.D (%)
Sample Labeled content concentration (MM) (MM) (M)
Paracetamol syrup 250 mg/5mL 49.62 - 50.41 101.59 1.45
49.62 15 63.45  98.19 2.02
49.62 30 81.02 101.76 1.53
Paracetamol tablet 500 mg/tablet ~ 50.62 - 51.73 102.19 2.94
50.62 15 67.24 102.47 1.83
50.62 30 81.23 100.76 1.71

@ Standard addition method.

® Relative standard deviation for three measurement.
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Simultaneous Determination of Lead (Il) and Cadmium (lI)
Using Antimony (ll) / Bismuth (lll) Film in-situ method
on Low Cost Pencil-Lead Electrode

Sireerat Lisnund'" Nattarika Siriyanon’ Ratchadawan Tamklang” Nutthaya Butwong’
and Artit Ausavasukhi’

Rajamangala University of Technology Isan, Suranarai Road, Nakhon Ratchasima 30000

Abstract

A highly sensitive determination method for lead (Il) and cadmium (Il) was developed based on
square-wave anodic stripping voltammetry using a pencil-lead electrode modified with antimony (Ill) /
bismuth (IIl) thin film via an in-situ method. A study was then conducted to investigate the influences of
selected variables on the analytical performance, namely, the determination of the reproducibility and
repeatability of the performance of the pencil-lead electrode, pH of the electrolyte solution, deposition
potential and deposition time. The optimal condition was noted to be - 1.2 Volt deposition potential and
120 s deposition time in acetate buffer at pH 4.5. The simultaneous detection of lead (II) and cadmium (1)
exhibited linear relations within the concentrations of 2-200 ppb (R* = 0.9904) with the limit of detection
(LOD) of 0.60 ppb and 4-200 ppb (R’= 0.9982) with LOD of 0.65 ppb for lead (Il) and cadmium(ll), respectively.
Low cost and environmentally friendly pencil-lead antimony (I1) / bismuth (1ll) film electrode was successfully
applied to determine lead (Il) and cadmium (II) in tap water and mineral drinking water samples. Accuracy
and precision of the developed method was examined by spiking lead (II) and cadmium (Il) standard solutions

into real water samples, which provided good %RSD of 1.54-2.77% and %recovery of 103.8-108.6%.

Keywords : Pencil-graphite Electrode / Antimony (Ill) Bismuth (lll) Film Electrode /
Lead (Il) and Cadmium (Il) / Anodic Stripping Voltammetry
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$1uau 10 ade daunsdinismeaesnisvien (Reproduci
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P cd Pb-  cd
BI/SbGCE  Cd* 13 210 ; 1-220 ; 015  [14]
NanoSiO, Cd2+, -1.1 120 2-150 2-150 0.60 0.20 [16]
BiFE/GCE Pb>"
PLE cd”, 1.4 600 2200  2-200 - - [17]
Pb>"
SbBICPE ~ Cd”, 1.2 120 1070 1070 090 080  [13]
Pb’"
SbBi/PLE Cd2+, -1.2 120 2-200 4-200 0.60 0.65 Gﬁuaﬁlﬂﬁ

2+

Pb

nuewe) : Bi/SbGCE

A9 Bismuth/Antimony Film Glassy Carbon Electrode

NanoSiO,BiFE fo silica nanoparticles modified bismuth film electrode,

GCE
Sb-BiF/CPEs
PLE Ao pencil lead electrode

79 Glassy Carbon Electrode,

Aa Antimony-Bismuth film carbon paste electrodes,
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Sample Added (ppb) Found (ppb) %RSD %Recovery
Pb”  cd” Pb”" cd” P cd” Pb” cd”

Tap - - <LOD <LOD - - - i
water 20 20 217 £0.39 2134 £0.37 1.81 174 1086 106.7
30 30 31.8 £0.49 32.2 +0.53 154 1.65 1056 107.3

Mineral - - < LOD < LOD - - - -
drinking 20 20 20.8 £0.58 2121039 277 184 103.8 1041
water 30 30 31.2 £0.59 31.5£0.70 188 2.21 1041 1051
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