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Abstract

For the first time, a new method for preparation of graphene oxide-LaMnQO3 (GO-LaMnO3)
nanocomposite as a material of electrochemical sensor for simultaneous determination of
catechol (CT) and hydroquinone (HQ) is developed. LaMnQOs nanoparticles have been
characterized by Fourier-transform infrared spectroscopy (FT-IR), scanning electron
microscopy (SEM), X-ray diffraction (XRD), transmission electron microscopy (TEM) and
energy dispersive X-ray analysis (EDX) technique. Due to the excellent catalytic activity,

enhanced electrical conductivity and high surface area, the simultaneous determination
of HQ and CT with two well-defined peaks has been achieved at the GO-LaMnQO3s modified
electrode. Comparing with unmodified electrodes, the oxidation currents of HQ and CT
increased remarkably. Also, the result exhibited a great decrease in anodic overpotential

resulting in about 150 mV negative shift of potential. The catalytic peak current values are
found linearly dependent on the HQ and CT concentrations in the range of 0.5-433.3 and
0.5-460.0 uM with sensitivity of 0.0719 and 0.0712 uA uM-, respectively. The detection
limits for HQ and CT are determined as 0.06 and 0.05 uM, respectively.
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Introduction

Phenolic materials compounds are widely used in a broad class of industries, such as coal mining,
cosmetics, paint, pharmaceutical preparation and polymer [1]. During the manufacturing and appli-
cation process of these compounds, some of them are unintentionally released into environment,
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polluting thus ground waters and rivers. Catechol (CT) and hydroquinone (HQ) are two most important
isomers of phenolic materials which are announced as environmental contaminants by the European
Union and the US Environmental Protection Agency [2]. Simultaneous determination of HQ and CT is
very important for environmental analysis because they coexist in environmental samples as envi-
ronmental contaminants of high toxicity and too difficult to degrade [3]. CT has also been found in
cigarette smoke and researches have demonstrated that it induces damage to DNA and can cause
cancer [4,5]. Hence, it is essential to develop a sensitive, simple, rapid and cheap analytical method
for determination of dihydroxybenzene isomers. So far, many analytical methods have been reported
for their determination, such as capillary zone electrophoresis, liquid chromatography, synchronous
fluorescence, gas chromatography/mass spectrometry, chemiluminescence, and pH based-flow
injection analysis [6-12]. Electrochemical methods have some attractive advantages such as simple
and fast response, low maintenance cost, excellent selectivity and high sensitivity. However, a serious
obstacle is that the oxidation peak potentials of the isomers are too close at a bare electrode which
causes overlapping of voltammetric responses, making their discrimination very difficult [13-17]. A
chemically modified electrode is a superior approach to solve the peak separation problem by applying
a modifier [18-24]. Hence, a few modified electrodes have already been reported to determine HQ
and CT such as GCE modified by carbon nanotubes (CNT), poly-amid sulfonic acid-CNTs, graphene—
chitosan composite, carbon nanotubes/poly (3-methylthiophene), penicillamine), Zn/Al layered
double hydroxide film, or gold-graphene [25-31].

Graphene (Gr) nano sheets have a great potential for the applications in the development of
electrochemical sensors and biosensors. Gr is used as a support material to improve the
electrochemical reactivity of molecules on the surface of modified electrode, what is due to its
superior mechanical, electrical, thermal, and optical properties [32]. On the other side, its low energy
storage capacity greatly hinders its extensive use. To overcome these shortcomings, many researches
have been focused on the synthesis of graphene-based inorganic composites. Recently, the synthesis
procedures of new composites of graphene with inorganic particles, such as metal, metal oxide, metal
hydroxide, or metal sulfide particles, have been reported [33-38]. Due to presence of graphene and
inorganic particles, the fabricated electrochemical sensors display exceptional improvement in
electrical properties and functionality for different types of composites. Among inorganic particles,
perovskite nanocrystals having electrically active structure and convenient magnetic and dielectric
properties have been broadly studied and employed in the development of electrochemical gas
sensors, solid fuel cells and many of electrochemical catalytic processes [39-44].

To the best of our knowledge, no study has already been reported for the electroanalysis and
simultaneous determination of HQ and CT using GCE modified by GO-LaMnOs. For the first time, we
have described the preparation of a new, GO-LaMnOs; modified GCE for the electroanalysis and
determination of HQ and CT. In this paper, we have evaluated analytical performance of this sensor
for simultaneous determination of HQ and CT by the voltammetry technique.

Experimental

Reagents and solutions

Manganese sulphate, lanthanum chloride and oleic acid were purchased from Merck and used as
received. The HQ and CT were purchased from Sigma-Aldrich (Sigma-Aldrich, USA) and used as
received. A 1.0x1072mol L"*HQ and CT solution was prepared daily by dissolving appropriate amounts
of HQ and CT in water and the solution was diluted to 100 mL with distilled deionized water. The
solution was kept in a refrigerator in dark. More dilute solutions were prepared by serial dilution of
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phosphate buffer solutions. Phosphate buffer solution (PBS, 0.1 mol L™!) was prepared by mixing the
stock solution of 0.1 mol L™ NaH,PO4 and 0.1 mol L™* Na;HPOs, and the pH was adjusted by HCl or
NaOH. All other materials used were of analytical reagent grade and all solutions were prepared with
double distilled deionized water. All chemicals were used without additional purification.

Apparatus

FT-IR spectra were recorded as KBr disks on a JASCO FT/IR-460 PLUS instrument. X-ray powder
diffraction (XRD) analysis was conducted on a Philips analytical PC-APD X-ray diffractometer with
graphite monochromatic Cu Ke radiation (o1, A1 = 1.54056 A, @, A2 = 1.54439 A) to verify the
formation of products. Surface analysis was done using a low vacuum JSM, 6380 LV scanning
electron microscope (SEM) after coating the samples with a thin layer of gold by magnetron
sputtering. Energy-dispersive X-ray spectrometry (EDX) is a significant nondestructive analytical tool
typically applied for the chemical composition analysis. Electrochemical determinations were done
with a SAMA 500 Electroanalyser (SAMA Research Center, Iran) controlled by a personal computer.
The three-electrode electrochemical cell system consisted of glassy carbon working electrode (GCE,
modified or unmodified), a saturated calomel reference electrode (SCE) and a Pt wire electrode as
the auxiliary electrode. All electrochemical determinations were carried out under a pure nitrogen
atmosphere at room temperature.

Synthesis of perovskite nanocrystal

In order to synthesize lanthanum manganese oxide nanocrystals, manganese sulphate and
lanthanum chloride were chosen as starting materials. Solutions of manganese sulphate (10 ml,
0.1 M) and lanthanum chloride (10 ml, 0.1 M) were prepared and mixed together. Oleic acid (2 ml)
was added into the pink solution. The pH of solution was adjusted to 7-8 by dropwise addition of
NaOH (1.5 M) in the stirred solution. After complete precipitation, it was nebulized in the ultrasonic
at 60 °Cfor 30 min. The precipitate was centrifuged for 15 min at (3000 rpm), washed with deionized
distilled water and dried at 100 °C for 8 h. The achieved product was calcinated at 1100 °C for 6 h to
let the sample self-ignite and burn off the impurity organic compound in the crystal.

Electrochemical synthesis of graphene oxide

The graphene oxide nano sheets were prepared by the electrochemical functionalization of
graphite. In a typical synthesis, 10 mL 1-octyl-3-methyl-imidazolium hexafluorophosphate
(IC8mim]*[PFs]’) and 20 mL water were mixed and used as the electrolyte. A static potential of 2 V
was applied between two graphite rods (6.0 cm distance between two rods) for 2 h and then
potential increased to 6 V for 6 h. After corrosion for 6 h at room temperature, a black precipitate
of GO was obtained at the bottom of the reactor. The black precipitate was separated and washed
with ethanol and then sonicated for 30 min. The product was dried for 3 h in an oven at 70 °C.

Preparation of GCE and modified electrode

Prior to the surface modification, GCE was carefully polished with 0.3 um and 0.05 pm alumina
slurries to obtain a mirror-like surface. After sonication in water and ethanol successively for 20 s,
the electrode was rinsed with water, and then dried under an infrared lamp. The GCE/GO-LaMnOs3
was prepared by casting 4 puL of GO-LaMnOs suspension (0.01 g LaMnOs + 0.005 g GO + 50 uL
chitosan 1 % + 0.95 mL H,0) on the surface of cleaned GCE. The solvent was then evaporated under
an infrared heat lamp. As controls, GCE/GO and GCE/ LaMnOs were also fabricated with similar
procedure by replacing GO-LaMnOs hybrid materials with GO or LaMnOs, respectively.
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Results and discussion

Characterization of LaMnQOs nanocrystals

The FT-IR spectra of the pure oleic acid (a), precursor (b) and LaMnOs nanoparticles after
calcination (c) are shown in Figure 1(A). In curve (a), two sharp bands at 2925 and 2854 cm™ are
attributed to the asymmetric CH; stretch and the symmetric CH; stretch, respectively. The intense
peak at 1710 cm™ was derived from the existence of the C=0 stretch and the band at 1285 cm™
exhibits the presence of the C-O stretch. In the curve (b), the asymmetric CH; stretch and the
symmetric CH; are shifted to 2922 and 2853 cm?, respectively. The surfactant molecules in the
adsorbed state were subjected to the field of the solid surface. As a result, the characteristic bands
shifted to a lower frequency region which indicates that the hydrocarbon chains in the monolayer
surrounding the precursor are in a closed-packed, crystalline state. All these bands disappeared
when the precursor was calcinated at 800 °C, but two strong bands appear in the range of
400-600 cm* related to metal-O and O-metal-O vibration of LaMnOs perovskite (Fig. 1(A) (c)).
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Figure 1. (A) FT-IR spectra of (a) oleic acid, (b) precursor before calcination and (c) the product
after calcination, (B) XRD pattern of the product, (C) SEM image of LaMnOs (D) EDX of
nanocrystals

XRD pattern of LaMnO3s sample prepared via the ultrasonic-assisted co-precipitation process at
1100 °C is shown in Figure 1(B). For LaMnOs nanoparticles all diffraction peaks can be directly
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indexed to a hexagonal phase of LaMnOs according to the JCPDS No. 23-0484 and no additional
peaks for other impurities can be detected, indicating high purity of prepared sample. Furthermore,
the narrow sharp peaks suggest that LaMnOs nanoparticles are well crystallized. The size
distribution of LaMnO3s nanoparticles has been estimated from the XRD spectra using the Debye—
Scherrer equation [45]:

K
© PBcosd

where D is the crystallite size, K is the so-called shape factor which usually takes a value about 0.9,
A is the wavelength of radiation, fis the corrected full width at half maximum (FWHM), and @is
diffraction angle. The crystallite size of LaMnOs was estimated as 54 nm at 1100 °C. The
morphologies of LaMnOs nanoparticles were studied by SEM. As can be seen from Figure 1(C),
LaMnOs crystal is made from spherical particles with average size of 56 nm. The purity of the
nanocrystalline product was evaluated by EDX (Figure 1(D)), which showed that the sample was
merely composed of La and Mn.

Characterization of GO and GO-LaMnO3 nanocomposite

TEM image shown in Figure 2A proves the formation of very thin GO. The flake-like GO shows a
very stable nature under irradiation of electron beam. Very thin and featureless sections are likely to
be few layers of GO, suggesting that the electrochemical method is slight, but strong enough to break
down the van der Waals interaction and make GO layers by fractional exfoliation of the graphite
surface. As expected, TEM image of GO-LaMnOs presented in Figure 2B shows well dispersed
combinations of LaMnOs nanoparticles on GO when LaMnOs and GO are mixed together, which may
cause many conducting channels between the electrode and electrolyte for electron transfer.

Figure 2. TEM image of (A) GO and (B) GO-LaMnOs.

Voltammetric behavior of mixed HQ and CT

Electrochemical behavior of mixed components of HQ and CT (166.0 uM of each) in 0.1 M PBS
of pH 5 was carefully investigated at the surfaces of bare GCE (BGCE), GCE/LaMnOs and GCE/GO-
LaMnOs using cyclic voltammetry. BGCE electrode showed a weak and broad oxidation peak for a
mixture of HQ and CT at 0.33 V (curve a in Figure 3) suggesting slow electron transfer kinetics. The
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oxidation peaks of HQ and CT are merged with a very low peak current. In contrast, the GCE/LaMnOs
modified electrode showed two well-defined and sharp oxidation peaks for HQ and CT at 0.11 and
0.21 V vs. SCE, and two corresponding reduction peaks. It can be seen from curve b in Figure 3 that
the oxidation peak current for HQ and CT at GCE/LaMnOs is several times larger than that of the
unmodified electrode (BGCE) because of catalytic property of LaMnOs3 that acts as a promoter by
increasing the rate of electron transfer. The potential values of peaks shifted to less positive
potentials comparing with BGCE. After addition of GO to the modifier composition, peak current
values increased (curve cin Figure 3) due to high surface area and conductivity of GO. The separation
of oxidation peak potential of HQ-CT was 0.1 V which is high enough for the simultaneous
determination of two isomers.
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Figure 3. CVs recorded in PBS (0.1 M pH 5) in presence of HQ and CT (166.0 uM each) at (a) BGCE, (b)
GCE/LaMnOs, (c) GCE/GO-LaMnOs electrodes and in absence of HQ and CT (d). Scan rate: 100 mV s™.

Effect of pH on the oxidation of HQ and CT

The acidity of electrolyte has a significant influence on the HQ and CT electro-oxidation because
protons take part in the electrode reaction. The effect of pH on GCE/GO-LaMnOs current signal was
carefully investigated by cyclic voltammetry using 0.1 M buffer solutions at pH ranging from 2 to 6.
The results are shown in Figure 4(A). Obviously, the peak current values of HQ and CT increased with
an increase of the solution pH until pH reached 5 and then decreased. It can be seen from Figure 4(B)
that the highest peak current value is for both compounds obtained at pH 5. Also, as pH of the medium
was gradually increased, peak potentials for the oxidation of HQ and CT are shifted towards less
positive values, showing that protons have taken part in the electrode processes. Since phosphate
buffer solution at pH 5 gave the best response in terms of peak current value, peak shape and negative
shift, it was selected as the optimal pH for further studies. Plot of Eyvs. pH for HQ and CT in the working
pH range is shown in Figure 4(C). E, values of two compounds showed linear relationship with pH of
the buffer solution according to the following equations:
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CT: E,/V=-0.06pH+0.506 (R*=0.999) (1)
HQ: E,/V=-0.063pH+0.41  (R?=0.9963) (2)

The observed slopes of 0.063 and 0.06 mV/pH for HQ and CT are close to the anticipated Nernstian
value for two-electron, two-proton electrochemical reaction [46]. Therefore, it can be concluded
that equal number of electrons and protons are involved in both electrode reactions. The presumed
HQ and CT oxidation mechanisms are presented in Scheme 1.
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Scheme 1. Probable oxidation mechanism for HQ and CT
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Figure 4. (A) Effect of pH on the peak separation and peak current for the oxidation of HQ and CT (100.0 uM
each); pH 2-6. Scan rate: 100 mVs™. (B) Plots of peak currents vs. pH. (C) Plots of peak potentials vs. pH.
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Influence of scan rate on electrochemical behavior of HQ and CT

The influence of the scan rate on the oxidation peak currents of HQ and CT was investigated on the
GO-LaMnOs modified GCE by cyclic voltammetry. As can be seen in Figure 5(A), the peak current
values continuously increase with the increase of scan rate. As shown in Figure 5(B), the current is
directly proportional to the square root of the scan rate in the range of 10-1000 mV s, which
powerfully proposed that the redox reactions of HQ and CT are diffusion controlled. Also, the results
show clearly that the peak separation of HQ and CT is satisfactory for their separate analysis at higher
scan rates. It is additionally observed in Figure 5 that with increasing of the scan rate, potential of the
oxidation peak shifted positively, while potential of the reduction peak shifted negatively. This pointed
to a kinetic limitation existing at higher scan rates in the course of the reaction between the GCE/GO-
LaMnOs composite and HQ and CT. Due to our study, the scan rate of 100 mV s™* has to be ultimately
chosen to reach the best efficiency for peak currents and peak separation.
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Figure 5. (A) CVs of GCE/GO-LaMnO; electrode in pH 5 in the presence of HQ and CT (100.0 uM
of each) at various scan rates (from inner to outer curve): 10, 25, 50, 100, 150, 200, 250, 300,
500, 700 and 1000 mV s™. (B) Plots of oxidation and reduction peak currents vs. u*?.

Interference studies

As dihydroxybenzene isomers usually coexist in real samples, it is very important to study the
interference of each other for the selective detection of the single one species. In each experiment,
the concentration of one species was changed, while the concentration of the other one was kept
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constant. The results are shown in Figure 6. It can be seen from Figure 6(A) that the oxidation peak
current of HQ increased with an increase in the concentration of HQ, while the peak current for the
oxidation of CT remained constant. The same is seen in Figure 6(C) for the voltammetric peak
corresponding to the oxidation of CT. This peak increased linearly with the increase of CT
concentration, whereas the peak current for the oxidation of HQ remained constant. The results
presented in Figure 6 (B and D) show that peak currents are linearly proportional to the
concentration of HQ and CT, respectively. The fact that by changing concentration of one species,
the peak current value of the other species did not change, indicates that oxidations of HQ and CT
at GO-LaMnOs modified GCE take place independently.

Interference of some other species on determination of HQ and CT was investigated by the
addition of interfering species (foreign compounds) into a solution containing 40.0 UM of HQ and
CT and the effects on the electrode recovery are shown in Table 1. It is clear that all kinds and
amounts of interfering species (expressed as ratios between foreign compounds and HQ and CT) did
not cause effects on currents being higher than 15 %.
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Figure 6. DPV at the GCE/GO-LaMnOs electrode in PBS (0.1 M pH 5) (A) containing CT (166.6 uM) and
different concentrations of HQ (from inner to outer): 0.0, 6.6, 13.3, 33.3, 53.3, 86.6, 116.0, 170.0, 216.6,
250.0, 283.3, 316.0 and 350.0 uM. (C) HQ (233.3 uM) and different concentrations of CT (from inner to
outer): 0.0, 6.6, 13.3, 33.3, 53.3, 86.6, 116.0, 170.0, 225.0, 275.0, 310.0 and 350.0 uM. Plots of peak
current vs. concentration of (B) HQ and (D) CT.
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Table 1. Effect of interferences on determination of HQ (40.0 uM) and CT (40.0 uM).

Foreign compound Molar ratio of foreign compound/HQ and CT Recovery, %
K* (12 mM) 300.0 98.2
Ca®* (8 mM) 200.0 97.3

Zn%* (12 mM) 300.0 96.0
Fe?* (10 mM) 250.0 98.0

Cl (12 mMm) 300.0 99.4
NOs3 (16 mM) 400.0 98.0
Ascorbic acid (8 mM) 200.0 95.7
Urea (12 mM) 300.0 96.9

Simultaneous determination of HQ and CT

Differential pulse voltammetry (DPV) was performed to investigate the relationship between the
peak current value and concentration of HQ and CT. As shown in Figure 7, DPV curves showed two
well distinguished oxidation peaks. Electrocatalytic peak currents of HQ and CT oxidation at the
surface of GCE/GO-LaMnOs are linearly dependent on HQ and CT concentrations over the range of
0.5-433.3 and 0.5-460.0 UM, respectively. Detection limit was obtained 0.06 and 0.05 uM for HQ
and CT, respectively. For 7 successive determinations of 100.0 UM of HQ and CT, the relative
standard deviations were 2.2 % and 1.9 %, respectively. These results show that the proposed
electrode can be used effectively for the simultaneous determination of HQ and CT. Comparison of
here obtained results using GCE/GO-LaMnOs electrode with the results obtained using other
modified electrodes is presented in Table 2.
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Figure 7. (A) DPV of the mixtures of HQ and CT at the GCE/GO-LaMnOQOjs electrode in PBS (0.1 M pH 5) at the
scan rate of 100 mV s™%. Concentrations from inner to outer of curves: (0.0, 0.5, 1.5, 2.0, 3.0, 6.6, 13.3, 20.0,
30.0, 40.0, 55.0, 66.6, 85.0, 100.0, 133.3, 166.6, 200.0, 233.3, 266.6, 280.0, 316.6, 330.0, 350.0, 400.0,
433.3 and 460.0). (B) and (C): Plots of oxidation peak current vs. concentration.
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and CT with other modified electrodes.

Table 2. Performance comparison of GCE/GO-LaMnOs electrode for the simultaneous determination of HQ

Linear range, uM

Detection limit, uM

Modifier HQ T HQ cT Ref

Pt—-MnO; 3-447 15-4481 - - [26]

MWNTs-P3MT?/GCE 0.5-150 0.5-150 0.05 0.05 [28]

Gold-Graphene 1-100 1-100 0.2 0.15 [31]

RGOP—MWCNT 8-391 5.5-540 2.6 1.8 [47]

Carbon nanoparticle chitosan 0.8-100 0.8-100 0.2 0.2 [48]

Imidazolium ionic liquid 1-500 1-400 0.4 0.17 [49]

Nb,Os 0.8-500 39.8-980 1.6 0.8 [50]

Aminated glassy carbon 5-260 5-260 0.2 0.2 [51]
Graphene oxide-LaMnOs; 0.5-433.3 0.5-460.0 0.06 0.05 This work

3Poly (3-methylthiophene); PReduced graphene oxide

Real sample analysis

In order to evaluate the analytical applicability of the developed method for simultaneous
determination of HQ and CT, local tap and mineral waters were tested. The amounts of HQ and CT
in the tap (Kerman drinking water, Kerman, Iran) and mineral (Damavand mineral water Co., Iran)
water samples were determined. The reliability of the method was checked by the analysis of the
samples spiked with the known amount of HQ and CT. The results are listed in Table 3. The
recoveries were 95.4-102.5 % for HQ and CT. Therefore, a capability of the proposed electrode for
the simultaneous determination of HQ and CT is clearly confirmed.

Table 3. Determination of HQ and CT in water samples using GCE/GO-LaMnQOs (n = 5).

Amount, uM

Sample Analyte Detected Added Found? Recovery, %
HQ 20 19.4+0.8 97.0
Tap water® NDC 30 28.6+1.0 95.4
cT 20 20.5+0.8 102.5
30 29.2+1.2 97.4
Mineral water? HQ ND¢ 30 28.8+1.3 96.0
CT ND¢ 30 29.1+1.0 97.0

aMean = standard deviation for n = 5; °Kerman drinking water, Kerman, Iran; °Not detected; “Damavand mineral water
Co., IRAN;

Stability of modified electrode

Long term stability of modified electrode, GCE/GO-LaMnQOs, was assessed for a period of three
weeks, when the modified electrode was stored at atmosphere conditions. DPVs showed that there
were no significant variations in regard to HQ and CT oxidation peak potential values, with the
exception of a drop less than 2.8 % and 2.3 % in comparison to the primary response. The adjusted
electrode oxidation antifouling capacity pertaining to HQ and CT and relevant oxidation byproducts
were examined via DPV evaluation.

Conclusions

For the first time, we have demonstrated an effective approach to construct of GCE/GO-LaMnOs
sensor and its application for simultaneous determination of HQ and CT. Compared with the bare
GCE, a large peak-to-peak separation between CT and HQ, and the significant increase of peak
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current values were observed for GCE/GO-LaMnOs, which clearly demonstrated that GO-LaMnOs
could be used as an efficient promoter to enhance the kinetics of the electrochemical process of HQ
and CT. The optimization of the experimental conditions for differential pulse voltammetry yielded
a detection limit for HQ and CT of 0.06 and 0.05 UM, respectively. These values are comparable or
even better than those already described in the literature. In addition, the presented sensor was
applied for the simultaneous determination of HQ and CT in water samples with satisfactory results.
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