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A pencil graphites were used for detection of pentachlorophenol (PCP) based on differential pulse
voltammetry (DPV) and cyclic voltammetry (CV). The voltammetric studies were carried out using a
pencil graphite electrode (GPE), carbon paste electrode (CPE) and powdered electrode (PE). The
pencil graphites were characterized with scanning electron microscope (SEM), Raman spectroscopy
and powder X-ray diffraction (XRD) methods. The effects of deposition potential, scan rate and pulse
amplitude were examined to optimize the differential pulse voltammetry conditions. Compared to the
other working electrodes the graphite pencil electrodes were recognized by their low cost, simplicity,
commercial availability and ease of modification. The voltammetric studies have shown the usefulness
of the pencil graphite as an electrode material. Their electrochemical usability increased with
decreasing hardness (2B> 5B> 8B).

Keywords: graphite pencil electrode, carbon paste electrode, pentachlorophenol, voltammetric
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1. INTRODUCTION

The use of carbon working electrode for the determination of organic compounds is steadily
growing due to the good conductivity, long-term stability and low residual current. The best known
carbonaceous electrodes are those involving glassy carbon, carbon paste, carbon fiber, screen-printed
carbon strips, etc. [1-4]. Carbon paste is one of the most attractive material for electroanalysts [5-7]
due to its easy surface recondition, easy modification and reproducibility.

Pentachlorophenol (PCP) has been commonly used as pesticide, wood preservative and
disinfectant. As its overuse in the past, now it can be found in environment throughout the World
Health Organization [8]. However, as a persistent organic contaminant with highly toxic, PCP is
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carcinogenic and harmful to living organisms including humans [9]. Moreover, in tap water, the
maximum admissible concentration of the pesticide has been strictly controlled to be trace level by
European Union and the United States Environmental Protection Agency (0.5 and 1 pg L7
respectively) [10-13].

In recent years, several methods for the detection of pentachlorophenol have been described
[14-22]. In this study, three types of the electrodes including pencil graphite electrode, carbon paste
electrode modified with pencil graphite as well as powder electrode were prepared and used for the
detection of pentachlorophenol. Three types of the pencil graphite with different hardness (2B, 5B and
8B) have been tested. Graphite is the most important component of pencil lead - in fact, it's actually
made up of a mixture of graphite and clay. The composition of this mixture determines its hardness
grade. The higher the proportion of graphite content relative to clay the lead has, the softer and darker
the lead will be. The European scale was coined by the KOH-I-NOOR in the Czech Republic. This
system uses a combination of letters and numbers. The “B” symbol denotes soft leads or leads with a
greater graphite content. The higher corresponding number, the softer the lead and the darker the
marks produced by the lead. The “H” symbol designates leads with the higher clay content.

Recently, graphite pencil electrodes were used for the detection and determination of many
environmental contaminants including metal ions [23-26], inorganic pollutants [27-29], phenolic
compound [30-31], organic dyes [32] and pesticides [33-34]. However, the graphite pencil electrodes
were not compared with other electrodes. To our best knowledge, the electrochemical detection of the
pentachlorophenol at the different electrodes based on pencil graphite have not been reported so far
[35]. In this study the electrochemical characteristics and behavior of the produced pencil graphite
electrodes were examined by cyclic and different pulse voltammetry. Physical characterization of the
electrodes was done with Raman and X-ray diffraction methods. The SEM images were taken to
investigate the morphology of the electrodes used.

2. EXPERIMENTAL

2.1. Chemicals

The pentachlorophenol was received from Merck. The pencil graphites were purchased from
KOH-I-NOOR (Hardtmuth a.s., Czech Republic). The graphite powder (45 um), spectroscopic grade
mineral oil (Nujol) and potassium ferricyanide were purchased from Sigma Aldrich (St. Louis, USA).

The voltammetric experiments were carried out in 0.1 mol L™ sodium sulfate. The solutions
were prepared with doubly distilled water. Nitrogen gas (MULTAX S.A.) was passed over the
solutions during all of the voltammetry measurements. The ethanol (96%), hydrochloric acid (35%),
potassium chloride and sodium sulfate were from POCh (Gliwice, Poland).

2.2. Electrochemical studies

Cyclic voltammetry (CV) and differential pulse voltammetry (DPV) measurements were
performed in AutoLab (Eco Chemie, the Netherlands), potentiostat PGSTAT 20 connected to a three
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electrode cell. A conventional three-electrode cell assembly was used. The reference electrode was a
saturated calomel electrode and the counter electrode was a platinum wire. The working electrode was
either a graphite pencil electrode, modified carbon paste electrode or a powder electrode. The system
was run on a PC using GPES 4.9 software. Before each analysis, the working electrode was polished
with alumina to 0.2 um thickness, followed by cleaning in an ultrasonic bath in water for 5 min and
thorough rinsing with distilled water. The cyclic voltammetry measurements were operated with a
potential range from -1.0 to +1.0 V and a scan rate of 50 mV s. The CV measurements were
performed in potential range from -0.5 V to +1.45 V with the scan rate as 50 mV s in a redox probe
solution of 2 mmol L™ Fe(CN)s*/Fe(CN)s*(1:1) prepared in 0.1 mol L™ KCI.

2.3. Pencil graphite characterization

The X-ray diffraction powder analysis (XRD) was performed to identify the phases using
BRUKER D8 Discover diffractometer equipped with a standard Cu Ka radiator (A = 1.54056 A,
Siemens KFL CU 2 K, 40 kV voltage and 40 mA current in operating mode). The Bragg-Brentano
geometry diffraction for 20 range 10-60 was used. The step size was equal to 0.015, acquisition time
was 2 seconds per step and T = 298 K. Measurements of the chemical compositions were carried out
using Philips XL30/LaB6 scanning microscope coupled with an energy dispersive X-ray spectrometer
(EDS). The characterization of the pencil graphite was done by Raman spectroscopy using Renishaw
inVia Raman Microscope with 785 nm excitation wavelength.

For a more complete characterization of the pencil graphites their adsorption capacities towards
pentachlorophenol were also tested. The adsorption experiments were carried out in a batch mode with
the following procedure. A 10 mL of the PCP solutions (from 1.0 to 10.0 mg L™) were added to an
Erlenmeyer flasks containing the same amounts of the pencil graphites (0.5 g). The mixtures were
agitated for a predetermined period of time (4 h) at 200 rpm. At the expiration of this period, the
mixtures were filtered through a 0.2 pum pore size filter and analyzed by high-performance liquid
chromatography method described elsewhere [36]. The equilibrium amount of PCP adsorbed per unit

mass of the graphite, g. (mg g™*), was calculated by the following equation:
C,-C.\V
g, = Co=CeV )
m
where Cy and Cg are the initial concentration and equilibrium concentration of the PCP (mg L

1, V is the volume of the solution (L) and m is the mass of the adsorbent (g).

2.4. Preparation of the electrodes

In these studies three types of working electrodes including the pencils graphite of different
hardness, the modified carbon paste electrode and the powder electrode were used.

The first type of working electrode was constructed with 2B, 5B or 8B graphite leads (PGE/2B,
PGE/5B and PGE/8B). The posterior end of the pencil lead was connected to a copper wire of
electrical contact. The pencil lead was tightly coated with Teflon band and its tip was polished on a
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smooth paper to a smoothed finish. During the measurements the 1.5 cm of the graphite lead was
introduced into the solution to be analyzed while the holder was kept in the upright position.

The second type of working electrode was carbon paste electrode modified with graphite pencil
(CPE/2B, CPE/5B and CPE/8B). An ideal paste electrode should exhibit good electroanalytical ability.
The CPE was prepared by mixing graphite powder and paraffin oil. The paste was incorporated into
the electrode cavity and polished with alumina to 0.2 um thickness. The modified CPE was initially
prepared by mixing graphite powder (90%, m/m) and one type of the pencil graphite (2B, 5B or 8B)
and subsequently adding mineral oil. The mixture was pounded in a mortar for at least 10 min to
produce the final (homogenous) paste and kept at 25°C for 48 h. Next, the paste was packed into the
electrode cavity (2.5 mm) with @ 3.5 mm. The electrode surface could be renewed by simple
extraction of a small amount of paste from the tip of the electrode.

The last type of working electrode was powder electrode (PE/2B, PE/5B and PE/8B). The
powdered material was placed in an electrode container and immersed with a solution to obtain a
sedimentation layer. All potentials were measured and are reported against a potassium chloride
saturated calomel electrode (SCE) connected to the electrochemical cell via an agar-agar/KCI bridge.
A Pt wire was served as the counter electrode. The analyses were carried out in potential ranges
preventing the electrochemical modification of the surface of the materials used.

3. RESULT AND DISCUSSION

3.1. Characterization of the pencil graphite

Figure 1. The SEM images of the 2B (a), 5B (b) and 8B (c) pencil graphites.

The morphologies of the pencil graphite were investigated using scanning electron microscopy
(SEM). The SEM images are shown in Fig. 1. Since electrochemistry is based fundamentally on the
interfacial phenomena, the nature of the electrode surface is of importance. It is evident that that the
roughness of the electrodes is related to the granularity of the conductive materials. The pencil graphite
is characterized by a surface formed by irregularly shaped micrometer sized flakes of graphite.

The EDS analysis of the pencil graphite was shown in Table 1. The pencil graphites contain of
graphite and kaolin. As shown in the Table 1, the carbon content (graphite) decreases as the pencil
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graphite hardness increases. All of the samples tested can also find small amounts of other elements
such as potassium, calcium, titanium and iron.

Table 1. Chemical composition (wt. %) of investigated pencil graphites measured by EDX.

2B 5B 8B
Element Wt % Wt % Wt. %
C 59.23 69.16 75.08
0 20.72 14.78 13.79
Si 9.13 7.43 5.26
Al 7.54 5.85 4.00
K 0.75 0.49 0.25
Ca 0.26 0.24 0.26
Mg 0.18 0.19 0.28
Ti 0.37 0.16 0.30
Fe 1.82 0.80 1.24
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Figure 2. Raman spectra of the G, D and 2D bands for 2B, 5B and 8B pencil graphites.

The Raman spectroscopy is a useful method for the characterization of grapite-based materials.
Figure 2 shows the Raman spectra of 2B, 5B and 8B pencil graphites. Although G, 2D and D bands
were observed for each electrode, the intensities and peak maximums had different values. The D
bands of the pencil graphite were determined to be 1359, 1362 and 1363 cm ™' for PGE/2B, PGE/5B
and PGE/8B, respectively. The G bands were identical for pencil graphites 2B, 5B and 8B (1584 cm™).
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The position of the 2D bands was comparable for each electrodes. The peak ratio of Is/lIp were 0.158,
0.149 and 0.072 for the pencil graphites 2B, 5B and 8B, respectively.

The pencil graphite for hardness 2B, 5B and 8B were characterized with X-ray diffraction
method (Fig. 3).
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Figure 3. The XRD analysis of the pencil lead.

The result shows only the (002) and the (004) peaks of graphite, which is a sign that the pencil
lead is made of natural graphite [35]. This explains the various impurities present in the sample. The

average size of the graphite grains were estimated using the “Scherrer formula” [37]:
094

D = )

Bcosf

where D is the average grain size, A is the wavelength of the X-ray used in the measurement
=1.54056 A, B is the full-width at half-maximum width of the XRD peak, and 0 is the Bragg angle of
the peak. Using Eg. 2 and the results presented in Fig. 3, the average size of the graphite grains was
found to be approximately 154 nm.

3.2. Adsorptive properties of the pencil graphites

The adsorption isotherms of the PCP on the pencil graphites as well as on the commercial
Sigma-Aldrich graphite are presented in Fig. 4. The adsorption equilibrium data were fitted using the
Langmuir and Freundlich isotherm models [38]. The Langmuir isotherm is employed to monolayer
adsorption while the Freundlich isotherm is widely applied for adsorption surfaces with nonuniform
energy distribution. The equations of the isotherms can be represented as follows:

Langmuir model
_ A K.C,

1+K,C,
Freundlich model
d. = K:C." (4)

9e (3)
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where: qm [mg g™] is the maximum adsorption capacity, K. [L mg™] is the Langmuir constant
related to the free energy of the adsorption, Ke [(mg g™%)«(L mg™)"" is the Freundlich equation
constant which relate to the adsorption capacity, and n is the adsorption intensity of the adsorbent. All
of the model parameters were evaluated by non-linear regression using the OriginPro 7.5 software. The
calculated adsorption constants and the correlation coefficients are presented in Table 2.
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Figure 4. Adsorption isotherms of the PCP on the pencil graphites.

Table 2. Parameters of the Langmuir and Freundlich isotherm models for the adsorption of PCP on the

graphites
Langmuir Freundlich
Graphite Om K. R° Ke n R®
[mgg’] [L mg'] [(mg g™)-(L mg™)"]

Sigma- 0.767 0.164 0.993 0.106 1.370 0.998
Aldrich
Pencil 8B 0.664 0.173 0.992 0.096 1.160 0.997
Pencil 5B 0.512 0.158 0.991 0.074 1.127 0.996
Pencil 2B 0.405 0.151 0.991 0.057 1.119 0.998

The regression correlation coefficient values show that the equilibrium data obtained were well
represented by both models, nevertheless, a higher R? values (> 0.996) were observed for the
Freundlich equation. The values of the Freundlich constant Kr as well as the Langmuir maximum
adsorption capacity (gm) increased in the order: 2B < 5B < 8B < Sigma-Aldrich graphite. The
adsorption capacity of the pencil graphites is much lower than activated carbons [39,40]. This is not
surprising, since their specific surface area is tens of times greater than the graphite. However, the
adsorption of the PCP is comparable or greater than the other low porous materials including eggshell
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(Ke = 0.028 (mg g™)-(L mg™)*™ [38], spent mushroom compost (K¢ = 0.056) [41] or almond shell (Kg
= 0.075) [42].

3.3. Voltammetry

3.3.1. Optimization

For the purpose of determining the electroactive surface area of all of the electrodes the
electrochemical behaviour of potassium ferrocyanide in 1 mol L™ KCI supporting electrolyte was
studied. The CV voltammogram of 1.0 mmol L™ K3[Fe(CN)s] in 0.1 mol L™ KCI recorded at the
same scan rates is presented in Fig. 5.

I

04 00 04 08
E/V

Figure 5. Cyclic voltammogram of 1.0 mmol L™ potassium ferrocyanide in 0.1 mol L™ KCI recorded
on PGE/8B (black line), PGE/5B (red line) and PGE/2B (blue line).

The peak current for a reversible process is described by the Randles-Sevcik equation (5):

I, = 2.69x10°AD*?n*/2p1/2C ©)
where: A is area of the electrode (cm?), n is the number of electrons participating in the reaction (equal
to 1), D is the diffusion coefficient of the molecule in solution, C is the concentration of the probe
molecule in the solution (2 mmo L™) and v is the scan rate (V' s ).

Based on the results presented in Fig. 5 the value of the active electrode area was found to be
0.198 cm? for all of the electrodes.

The effects of the scan rates (from 10 mV s™ to 100 mV s™) on the peak potential and the
pentachlorophenol peak current were evaluated. The anodic peak current increased with increasing
scan rate. For the whole range of the scan rates studied, the peak shape shows irreversible
characteristics. The anodic current recorded at about +0.79 V vs. SCE increased linearly with the v}
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(as shown in Fig. 6) indicating a mass-transfer controlled process. Optimization for carbon paste
electrodes was described elsewhere [43].
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Figure 6. Plot of I, versus v for the oxidation of pentachlorophenol at pencil graphite electrode for
different hardness: 8B, 5B and 2B.

The values of the R? for the anodic peaks current versus v¥% were 0.96; 0.98 and 0.99 (expected
about 1.0) for the 2B, 5B and 8B pencil graphite electrodes, respectively. The logarithm of the peak
current vs. logarithm of the scan rate suggested that the oxidation process is predominantly diffusion-
controlled (Fig. 6).

3.3.2. Effect of modifier content
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Figure 7. Cyclic voltammogram pencil graphite electrode for different hardness: 8B, 5B and 2B
recorded in 0.5 mmol L™ PCP.
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The CV was used to develop a voltammetric methodology for the detection and determination
of the PCP in water samples. Cyclic voltammogram for all of the PGEs are shown in Fig. 7.

The oxidation process of the pentachlorophenol on the pencil graphite electrodes occurred at
the potential value of approximately +0.99 V versus SCE, and only one peak appeared. The current
corresponding to the peak oxidation of PCP increased with increase in the graphite content
(2B<5B<8B). On the reverse scan from +2.0 V to —0.5 V vs. SCE, no corresponding reduction peak
was observed within the potential range between +2.0 and +0.40 V vs. SCE, revealing that the anodic
PCP oxidation on the PGE electrode was totally irreversible. The same test was performed for the
powder electrodes and carbon paste electrodes modified with the same materials.

3.3.3. Analytical application

The linearity of the methods was tested in the pentachlorophenol concentrations from 0.1 to 0.5
mmol L. The calibration curves were obtained by plotting the peak current vs. the PCP concentration.
The characteristics of the calibration plots are presented in Table 3. The limits of detection (LOD) and
quantification (LOQ) were calculated from the calibration curves as 3c/a and 60/a, respectively,
where: a is a slope of the calibration curve and o is a standard deviation of the blank signal. As can be
seen, all of the calibration curves for PCP measurements were linear in the studied ranges (the R?
values were more than 0.98).

Table 3. Linearity results for the pencil graphite electrodes

. Linear regression LOD LOQ

22?;?(;%' equation R? [mmol L] [mmol L]
y= ax+b

PGE/2B y=0.76x+0.038 0.997 0.277 0.554
PGE/5B y=1.11x+0.048 0.985 0.189 0.379
PGE/8B y=2.15x+0.070 0.989 0.098 0.195
CPE/2B y=3.40x+0.274 0.992 0.097 0.194
CPE/5B y=4.24x+0.405 0.983 0.078 0.156
CPE/8B y=5.76x+0.541 0.996 0.057 0.114
PE/2B y=0.67x+0.066 0.985 0.179 0.358
PE/5B y=0.87x+0.082 0.956 0.137 0.277
PE/8B y=1.28x+0.059 0.987 0.090 0.186

The sensitivity of the electrodes was correlated with the hardness of the pencil graphites (2B <
5B < 8B). The best results were observed for the 8B pencil graphite for all of the tested electrodes.
Carbon paste electrodes were found to be better than the PGE and PE electrodes. The LOD and LOQ
observed for the CPE modified with the 8B pencil graphite was 0.057 and 0.114 mmol L',
respectively. Comparison of different electrodes for electrochemical detection of PCP is presented in
Table 4.

The LOD of the pencil graphite based electrodes was much more worse than other
electrochemical methods [17-24]. However, these electrodes, as cheap and not requiring additional
preparation, can be used for the preliminary detection of pentachlorophenol.
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Table 4. Sensitivity of the different electrodes used for detection of PCP.

Electrode LOD References
[mol L™

CPE/SB 5.7 %107 this study

glassy carbon electrode 4.5 %107 [17]

multi-wall carbon nanotubes-epoxy composite electrode 1.6 x 10° [18]

glassy carbon electrode surface with CuS nanocomposites and 6.2 x 10" [19]

chitosan

chitosan modified carbon paste electrode 4.0 x 107 [20]

Pt/ZnO/AChE/chitosan bioelectrode 53x10° [21]

nano-TiO,-dihexadecylphosphate film modified electrode 1.0 x 10° [22]

poly(Rhodamine B)/graphene oxide/multiwalled carbon nanotubes 5.0 x 107 [13]

modified glass carbon electrode

Ceria nanospheres modified platinum electrode 3.0x 10 [14]

The practical application of the pencil graphite electrodes was investigated for the
determination of PCP in Vistula river water. The river water samples were spiked with different
amounts of PCP with known concentrations (0.1 mmol L) and analyzed without any pretreatment
after the addition of 0.1 mol L' sodium sulfate. The results (Table 5) demonstrates the good
agreement of the added and found concentrations of the PCP. The recovery values were from 96.3 to
105.0% with the relative standard deviation (RSD) below 7.5%.

Table 5. Results of PCP determination in spiked river water samples.

Electrode Added Found RSD Recovery
[mmol L™ [mmol L™ [%] [%]
PGE/2B 0.103+0.0076 7.4 103.3
PGE/5B 0.105+0.0056 5.3 105.0
PGE/8B 0.104+0.0046 4.4 104.0
CPE/2B 01 0.099+0.0045 4.5 99.3
CPE/5B 0.101+0.0046 4.5 101.0
CPE/8B 0.100+0.0025 2.5 99.7
PE/2B 0.104+0.0042 4.0 103.7
PE/5B 0.096+0.0032 3.3 96.3
PE/8B 0.105+0.0025 2.4 104.7

4. CONCLUSION

In this paper a three type of the electrodes containing pencil graphite with different hardness
(2B, 5B and 8B) have been compared. The pencil graphite were characterized with SEM, Raman
spectroscopy and XRD methods. For a more complete characterization of the pencil graphite their
adsorption capacities towards pentachlorophenol were also tested. The influence of the instrumental
parameters including the accumulation time and the scan rate were examined. The results showed that
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the peak current increased with the decreasing hardness (2B > 5B > 8B). The results demonstrated that
the pencil graphite electrode exhibited better electroanalytical performance and higher sensitivity
toward PCP than the powder electrodes.
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