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Abstract

Novel hybrid carbon materials such as activated carbon-carbon nanotubes (AC-CNTs) and 

carbon spheres/activated carbon-carbon nanotubes (CSs/AC-CNTs) based on activated carbon 

(AC) derived from the pits of Algerian date palm have been prepared and characterized. In 

addition, the carbon paste electrodes based on graphite carbon (GC) and cavity microelectrode 

(CME) modified with these hybrid materials were used to detect gallic acid at pH=7 using 

square wave voltammetry method (SWV). The conductivity measurements revealed that 

CSs/AC-CNTs is more conducting than AC-CNTs. SWV measurements showed that the 

oxidation current was directly proportional to the concentrations of gallic acid (from 0 to 

0.00536 M) with the lowest limit of detection (LOD), reaching 6.43 µM and 3.64 µM using 

GC/CSs/AC-CNTs electrode and CME/GC/CSs/AC-CNTs sensor, respectively. The 
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reproducibility and the stability of the studied sensor were confirmed by the relative standard 

deviation of the oxidation current response of gallic acid (RSD Reproducibility =1.44% and RSD 

Stability=3.7%).

Keywords: Hybrid carbon materials; Electrical conductivity measurement; Cavity 

microelectrode sensor; Gallic acid analysis. 

1. Introduction

Over the last few decades, much attention has been devoted to the application of nano-

structured materials, in particular carbon nanotubes. The application of CNTs and carbon 

derivatives has been widely carried out in several fields of chemical analysis [1-4]. A 

combination of the interactions between CNTs and the metal-ligand system was found to be 

the most important recognition mechanism [5-7]. This class of compounds is commonly 

known to facilitate the transfer of electrons between the electroactive species and the working 

electrodes, but their major disadvantage is the prohibitive cost of these metal catalyst systems. 

For this, it would be wise to look for efficient and low cost products such as hybrid activated 

carbons.

Activated carbons are multifunctional materials that have interesting properties such as 

electrochemistry, catalysis, sorption, ion exchange and complexation. For these advantages, 

these materials are widely used in various applications [8]. In recent years, considerable 

efforts have been invested in improving the electrochemical properties of activated carbons by 

introducing carbonaceous materials such as carbon nanotubes, graphene, and carbon black [9, 

10]; this not only increases the conductivity and shortens the electron transfer distances, but 

also increases the active surface area and improves the utilization rate of the active material.

Generally, chemically modified electrodes are formed by binding the mono- or multilayer 

molecules on the surface of the electrode [11, 12]. The change in the nature of the surface of 
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the material was found to improve the selectivity and sensitivity of the electrode [13]. 

Different electrodes modified with insoluble electroactive compounds have been used in 

analytical chemistry [14-17], electrochemical and kinetic methods. They are widely useful in 

all of these are highly useful for the detection and monitoring of electroactive species [18-20]. 

Composites of multiwalled carbon nanotube and porous activated carbon were fabricated to 

determine different analytes simultaneously using electrochemical techniques [21, 22]. Also, 

single and double thread activated carbon fibers were used for pH sensing [23]. In addition, 

the composites of carbon spheres were used to prepare non-enzymatic glucose sensors [24], as 

well as in the development of electrochemical sensing platform based on nitrogen-doped 

hollow carbon spheres for sensitive and selective isoprenaline detection [25].

To the best of our knowledge, the utilization of modified electrodes derived from activated 

carbon, sourced from date pits in the detection of gallic acid, as antioxidant compound, has 

not been covered by the scientific literature before. The latter is considered as potential 

antioxidant and its proper intake may be good for health, it is used as an additive in foods, 

drugs and cosmetics. In addition, gallic acid is a type of polyphenol contained in natural 

plants, fruits and vegetables, and has antiallergic, antimutagenic and antistamenic activities 

[26, 27]. 

In this work, novel hybrid carbon materials and modified electrodes designed from different 

carbon compounds based on activated carbon obtained from the pits of Algerian date palm 

have been developed to detect the presence of gallic acid in solution. The purpose of this work 

is divided into two folds; initially, the synthesis, characterization, electrical conductivity 

measurements and electrochemical properties of novel hybrid carbon materials based on 

activated carbon from the pits of date palm (AC), CSs and CNTs were studied. Secondly, the 

carbon paste electrodes and CME modified with these new hybrid materials have been 

developed in order to determine the amount of gallic acid in an aqueous solution.

https://www.sciencedirect.com/science/article/pii/S0254058418308198
https://www.sciencedirect.com/science/article/pii/S1572665719304564
https://www.sciencedirect.com/science/article/pii/S1572665719304564
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2. Materials and methods

2. 1. Apparatus and reagent 

Fourier Transform Infrared Spectroscopy (FT-IR) and Attenuated Total Reflectance (ATR) 

spectra were recorded using a BRUKER ALPHA-T/P spectrometer (Ettlingen, Germany) in 

the spectral range of 4000-400 cm-1
. Scanning Electron Microscopy with Energy Dispersive 

X-Ray Analysis (SEM-EDX) characterization of the synthesized carbon products was carried 

out using scanning electron microscope FEI QUANTA 250 (Salem, OR, USA). The apparatus 

used to carry out X-Ray Diffractograms (XRD) and Thermogravimetric Analysis (TGA) are 

Bruker D8 Advance A25 diffractometer (Ettlingen, Germany) and SDT Q600 TA Instrument 

(Delaware, USA), respectively. All conductivity measurements were recorded using a GW 

Instek model GDM-8255 multimeter (Taipei, Taiwan). Electrochemical measurements were 

performed using Potentiostat/Galvanostat Metrohm Autolab 302N (Utrecht, The Netherlands) 

and a cell containing a reference electrode (Ag/AgCl) and a counter electrode (vitreous 

carbon). All measurements were recorded using "Nova 1.9" software.

All reagents and solvents used to prepare the measurement solutions were of high purity and 

analytical grade purchased from Sigma–Aldrich (USA) (Multi-Walled Carbon Nanotubes: 

MWCNTs and gallic acid), Merck (Germany) or Fluka (Switzerland) Chemical Companies 

(HNO3, H2O2, NaH2PO4/Na2HPO4).

2. 2. Preparation of carbon compounds 

2. 2. 1. Activated carbon 

Our activated carbon is obtained from 141.36 g of pits of Algerian date palm (188 pits of 

Deglet Nour). Carbonization of the pits was performed after washing them several times with 

distilled water and further optimization of the carbonization temperature (carbonization time 

of each tested temperature: 1 hour). The resulting black product (mass: 43.109 g; yield: 
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65.9%; calc. temp. 450 °C) was cooled to room temperature, washed with distilled water and 

dried under vacuum in an oven for 48 hours at 50 °C. The resulting coal was activated using 

potassium hydroxide (1M), the product was then filtered, washed with distilled water and 

dried in an oven at 60 °C. 

2. 2. 2. Activation of CNTs

CNTs (MWCNTs): 5-10 nm diameter, length: 5-30 m and high purity (99%)) were 

purchased from sigma-Aldrich and were activated using the following procedure:

1 g of carbon nanotubes was mixed with 100 mL of concentrated nitric acid (1 M), the 

mixture was stirred mechanically for 24 hours. The resulting product was filtered, washed 

with distilled water and dried at 60 °C. Finally, 0.8 g of activated CNTs have been recovered 

after the activation step using HNO3.

The activated CNTs were not soluble in water or other organic solvents such as DMSO and 

DMF.

2. 2. 3. Preparation of CSs

Carbon spheres were synthesized following chemical vapor deposition (CVD) method, using 

acetylene as a carbon source [28, 29]. The synthesis procedure of CSs is as follows [30]:

A quartz tubular reactor was placed horizontally in an oven at 900 °C, acetylene was passed 

through to effect pyrolysis (flow: 100 mL/min) in the presence of nitrogen (N2 flow: 40 

mL/min) for 2 hours to generate the desired carbon spheres. The yield of the reaction was 

15%.
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2. 2. 4. Preparation of AC-CNTs material

To prepare AC-CNTs, 1.4 g of AC was mixed with 0.7 g of activated carbon nanotubes in 

distilled water, the resulting mixture was stirred for 2 hours. Finally, the resulting product was 

filtered, dried at 60 °C and placed in an oven at 500 °C for 2 hours.

2. 2. 5. Preparation of CSs/AC-CNTs compound

CSs/AC-CNTs was synthesized by the following procedure:

A solution of carbon spheres was prepared by dissolving a mass of 0.15 g of CSs in 60 mL of 

DMSO. A mass of 1.5 g of AC-CNTs was added to this solution (carbon spheres) and the 

resulting mixture was stirred for further 24 hours. Finally, the obtained product was filtered, 

washed and dried at 60 °C.

2. 2. 6. Preparation of modified electrodes

The modified carbon paste electrodes based on graphite carbon (GC) were prepared as 

follows:

300 mg of graphite powder and 50 mg of each synthesized product (AC, AC-CNTs and CSs/ 

AC-CNTs) were mixed and grounded in a mortar for 15 min. Five drops of paraffin oil 

(Nujol) were added to the obtained homogeneous mixture. The prepared carbon paste was 

embedded in a 2 mm diameter quartz glass tube, and the same amount of graphite powder was 

introduced into the upper part of the tube to improve the conductivity of the electrode. The 

electrical contact was made using a copper wire.

To prepare the new sensor based on the modified cavity microelectrode (CME/GC/CSs/AC-

CNTs), the CME (Scheme 1) was filled with active material by pressing the electrode tip into 

the GC/CSs/AC-CNTs powder previously prepared.
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Before each measurement, the CME was washed by ultrasonic method using successively 

HNO3 solution (1 M), H2O2 (30%) and deionised water.

2. 2. 7. Electrochemistry

The electrochemical behavior of the modified CME and carbon paste electrodes was assessed 

by CV and SWV experiments in a buffer solution (NaH2PO4/Na2HPO4: 0.1M; pH=7) with 

KNO3 (0.1 M) as support electrolyte. The SWV study was carried out within the potential 

range between -0.5 V and 0.73 V, frequency = 1 Hz and potential increment = 5 mV. In order 

to check the stability of the electrode materials, successive scans were recorded at 20 mV/s 

before each measurement.

To study the electrochemical behavior of all carbonaceous compounds, such as 

electrochemical response as a function of scan rate as well as the charge transfer, we used a 

more suitable electrode surface (carbon paste electrode) to assess the best electrochemical 

response among the three compounds (AC, AC-CNTs and CSs/AC-CNTs). After these 

studies, the best compound will be tested for the detection of gallic acid using CME. 

3. Results and discussion

3. 1. Characterization of the compounds

3. 1. 1. Infrared spectra

Infrared spectroscopy was used to identify the different functional groups present in carbon 

compounds.

The most important vibration bands of the various carbon compounds are shown in Fig. S1 

and Table 1.

Comparative study of FTIR spectra of all carbon products showed the disappearance, 

appearance and shift of vibrational bands corresponding to certain functional groups. The 
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intense peaks observed in the range of 3400-3450 cm-1 are attributed to the stretching 

vibration of OH bonds in hydroxyl and carboxylic acid groups [31, 32]. The peaks recorded 

between 2820 and 2980 cm-1 are assigned to asymmetric and symmetric CH in CH2 and CH3 

groups of aliphatic, olefin and aromatic groups [31-34]. The bands appearing between 1752 

and 1733 cm-1 are assigned to carbonyl group (υC=O) vibrations in hydroxyl, carboxylic acids 

and anhydride groups. Analysis of FTIR spectra showed low-intensity bands in the range of 

1510-1595 cm -1, attributed to C=C stretching vibrations in the aromatic rings [31, 32]. The 

peaks observed between 1424 to 1460 cm -1 are due to the deformation vibration of O-H and 

C-H in hydroxyl, phenol and olefin groups, while the peak located around 1380 cm-1 

corresponds to methyl groups [31, 32].

The peaks observed in the range of 1000-1250 cm-1 are assigned to the vibration of C-O 

bonds that can be appeared after activation of compounds [35, 36]. 

Comparative studies between the FTIR spectrum of AC and that of AC-CNTs showed that the 

vibration peaks of O-H and C=O were shifted to high energies, while the vibration band of 

C=C was shifted towards the low energies, explaining the modification of the environment of 

the functional groups of each carbon compound due to the formation of hydrogen bonds. 

Compared with that observed on the spectrum of AC-CNTs, the recorded CSs/AC-CNTs 

spectrum showed that the vibration bands of O-H and C=C were shifted towards high and low 

energies, respectively. In addition, the stretching vibration of the carbonyl group (υC=O) has 

disappeared in the spectrum of CSs/AC-CNTs. These results (shift and disappear of bands) 

indicate the modification of the environment of the functional groups and the formation of 

covalent bonds between CSs and AC-CNTs, confirming the formation of hybrid carbon 

compound (CSs/AC-CNTs).

It should be noted that these results were also confirmed using attenuated reflectance 

spectroscopy (ATR) (not shown here).
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3. 1. 2. SEM- EDX characterization

Results showing the SEM characterization of the various carbon products are presented in 

Fig. 1. It has been noted that all carbon compounds presented a remarkable variation in 

surface morphology. SEM photographs of the surface of activated carbon revealed the 

formation of small-sized pores and channels. Fig. 1a, b showed homogeneity on the surface of 

treated coal (AC). With regards to the SEM photographs recording for CSs/AC-CNTs (Fig. 

1c, d), clusters of carbon nanotubes which are in the form of very dense fibers were observed 

on the activated carbon surface. These photographs showed insertion of the carbon spheres 

into the pores of the activated carbon, thus confirming the adsorption of CSs on AC-CNTs. 

EDX analysis of the coal (not shown here) demonstrated the presence is composed mainly of 

carbon (53.77%), nitrogen (28.27%), oxygen (16.91%) and trace elements as impurity 

(1.05%), while that of the activated carbon contained mainly 73% of carbon and large amount 

of oxygen resulting from the activation of the coal. The EDX analysis reported in Fig. S2a 

showed that AC-CNTs compound contained 79% of carbon and 16% of oxygen. The addition 

of carbon spheres to AC-CNTs increased the oxygen content (22.03%) and decreased that of 

the carbon content (68.61%) (Fig. S2b). 

3. 1. 3. X-ray diffraction (XRD)

XRD makes it possible to identify the nature of the crystalline and amorphous phases present 

in a solid. However, several crystalline meshes must follow each other to form visible 

diffraction lines. If the number of meshes constituting the crystallites is small, the diffraction 

lines will appear wide. This property makes it possible in certain cases to determine the size 

of the crystallites.

The angle (2θ) range used in this study is between 10° and 80°. The results of X-ray 

diffraction peaks of the obtained carbon based products are shown in Fig. 2.
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Recordings showed an amorphous structure for all the carbon based products with a low 

crystallinity observed in the range 10 to 45°.

For the untreated coal, the diffractograms showed a peak at 23° and another peak at 41°. 

Diffraction patterns of the different activated products (AC, AC-CNTs, CSs/AC-CNTs) were 

almost of the same shape with diffraction peaks between 24-25° and 41-43°, which are 

respectively attributed to the presence of graphite carbon and dehydrated hemicellulose. After 

activation of the raw coal, the main peak moved from 23° to 24°, which demonstrated that the 

activation process has been well performed.

By adding CNTs to activated carbon, the peak at 24° became more intense than that of AC 

and shifted to about 25°. After adsorption of the carbon spheres on the AC-CNTs compound, 

the peak of AC-CNTs became wider while it was also shifted on the CSs/AC-CNTs 

diffractogram.

3. 1. 4. Thermal measurement 

Thermogravimetric analysis is an analytical technique that consists of measuring the change 

in the mass of a sample as a function of temperature [37]. The decomposition temperature 

strongly depends on the type of material used and the employed method for the chemical 

treatment. In this part of the present work, the thermogravimetric study of carbon materials is 

performed in the temperature range of 0-1000 °C at a heating rate of 10 °C/min. The thermal 

analysis results of these products are shown in Fig. 3. The shape of the TGA curves of the 

different carbonized compounds is identical to that obtained for the other activated carbons 

already studied.

The evolution in mass loss of activated carbon during heat treatment can be divided into four 

stages: the first mass loss (0.57%), observed in the temperature range 60 to 110 °C was due to 

the release of the adsorbed water molecules [38]. The other three losses of masses, 
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corresponding to the values of 3.31%, 17.1% and 28.39%, observed in the temperature ranges 

of 110-347 °C, 347-657 °C and 657-936 °C, are due to the decomposition of activated carbon 

into pectin, hemicellulose, cellulose, lignin and carbon oxides (CO and CO2) [39, 40]. TGA of 

AC-CNTs indicated a mass loss of 13.9% in the temperature range 482-974 oC, which 

correspond to the weight loss of oxygen containing materials in the temperature range of 482-

974 °C [41]. In addition, the thermogram of AC-CNTs showed also a mass loss of 1.5% in the 

temperature range 74.8-227 °C, which was due to the dehydration of water molecules [42]. 

The evolution in the mass loss of CSs/AC-CNTs product during heat treatment can be divided 

into three stages: the first mass loss (6.94%) in the temperature range of 72 to 217 °C is 

attributed to the release of the adsorbed water molecules [43]. The second loss of mass 

(17.83%) in the temperature range 217-653 °C is due to the decomposition of residual lignin, 

cellulose, pectin and hemicellulose [44], while the products are exposed to higher 

temperatures, the surface groups decompose, producing CO and CO2 in the temperature range 

653-949 °C [45, 46].

3. 1. 5. Electrical conductivity measurement 

In this part, the graphite was used as a reference material to study the electrical conductivity 

of the synthetized hybrid carbon compounds. 

The conductivity measurements vs. temperature for all prepared products are shown in Fig. 4. 

The curves shown in Figs. 4a, 4b demonstrated the evolution of the conductivity (S) of GC, 

AC, AC-CNTs and CSs/AC-CNTs. Analysis of these results revealed that conductivity 

increases with temperature and that activated carbon was an insulating product, whereas AC-

CNTs compound was found to be more conductive than AC.
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The data recorded in Figs. 4a, 4b show that the presence of CSs in the AC-CNTs compound 

improved its conductivity. The electrical conductivity is classified as follows: GC> CSs/AC-

CNTs > AC-CNTs > AC.

Fig. 4c shows log S vs.1000/T in the temperature range of 482-600 °C. By applying the 

Arrhenius equation below [47, 48], the activation energies of the different compounds can be 

calculated from the slopes of lines .

     

With S: Conductivity (S. m-1) ;

S0: Resistivity (Ω. m) ;

ΔE: Activation energy of the reaction (eV) ;

K: Boltzmann constant (K = 8.67×10-5 eV/K) ;

T: Temperature (K).

The evaluated values of activation energies related with the various carbon products show that 

CSs/AC-CNTs compound has the lowest activation energy (Ea=0.183 eV) when compared 

with other products AC-CNTs (Ea=0.195 eV) AC (Ea=0.353 eV), ZnO matrix with CNTs and 

graphene nanoplate (GNP) mixture (Ea=0.230-0.392 eV) [49], thermally cured carbon black–

epoxy (CB–EP) (Ea=0.253-0.707 eV) [50] and sub-superficial graphite-diamond-graphite 

junction (Ea=0.217 eV) [51]. 

Knowing that the activation energy represents the minimum amount of energy needed to 

initiate a chemical reaction, we can conclude that CSs/AC-CNTs compound has better 

activity, which makes it a decisive element in the subsequent application of sensors based on 

CSs/AC-CNTs product.
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3. 2. Electrochemical study

3. 2. 1. Electrochemical behavior of modified carbon paste electrodes

The electrochemical behavior of the modified carbon paste GC/AC electrode was examined 

and compared with those of GC/AC-CNTs and GC/CSs/AC-CNTs electrodes in order to 

evaluate the difference between these electrodes in a buffer medium. The voltammograms of 

all compounds obtained at scan rate of 20 mV/s are shown in Fig. 5.

The voltammograms recorded in Fig. 5a showed that all electrodes had no electrochemical 

response in the absence of gallic acid. However, in the presence of gallic acid (Fig. 5b), all 

electrodes presented an electrochemical response in the form of an oxidation wave (Ea) 

between 0.25 and 0.5 V, assigned to the oxidation of gallic acid. The recorded 

voltammograms showed that the oxidation of gallic acid was performed easily on the surface 

of GC/CSs/AC-CNTs electrode giving the highest oxidation current (ia=461.65 µA; Epa=0.36 

V). On the other hand, the oxidation of gallic acid was carried out with difficulty on the 

surface of GC/AC (ia=102.31µA; Epa=0.64 V) and GC/AC-CNTs (ia=220.03 µA; Epa=0.41 V) 

electrodes. This result showed the effect of the active surface area of CSs on the efficiency of 

GC/CSs/AC-CNTs electrode.

3. 2. 2. Electrochemical behavior versus scan rate of modified carbon paste electrodes in the 

presence of gallic acid 

Fig. 6a showed the voltamperograms obtained using GC/CSs/AC-CNTs electrode at different 

scan rates in a phosphate buffer solution (pH = 7) containing KNO3 (0.1 M) in the presence of 

gallic acid (0.01M). It was clearly observed that increasing the scan rate prompted increases 

in the current intensity of the anodic peaks. Indeed, increasing the scan rate (v) was 

accompanied by a shift in potentials towards the most positive values, indicating that the 

electro-oxidation process of gallic acid was irreversible.
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Studying of the variation in current vs. square root of scan rate (ip= f (v1/2)) (Fig. 6 b, Fig. 

S3a) and the variation of the potential vs. logv (E=f (logv)) (Fig. 6 c, Fig. S3b and Fig. S4) 

can give information on the nature of the limiting step occurring in the electrochemical 

process as well as providing us with an insight about the reaction mechanism happening at the 

surface of the electrode. 

Fig. 6 b and Fig. S3a showed that the current intensity was directly proportional to the square 

root of scan rate, suggesting that the processes corresponding to the oxidation peaks are 

controlled by the diffusion phenomenon of the species in solution.

On the other hand, the potential is found to be proportional to the logarithm of the scanning 

rate, this value was moved towards the most positive region revealing that the oxidation-

reduction processes are slow and irreversible.

3. 2. 3. Calculation of the charge transfer coefficient (α)

By referring to the Tafel line which defines an irreversible electrochemical process [52], the 

value of the charge transfer coefficient (α) is deduced from the slope of the equation below:

With   is the slope of straight line and K is constant.

Assuming that the number of electrons involved in the electrochemical system is n = 2 

(reaction below), we obtain the 

values of calculated α reported in 

Table 2.
OH

OH

OH

O

OH

-2H+-2é
O

OH

O

OH

O
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The charge transfer coefficient determined using the carbon paste electrode modified with 

CSs/AC-CNTs material (GC/CSs/AC-CNTs: α=0.77) indicated a better electro-catalytic 

mechanism for the oxidation of gallic acid in the presence of a very homogeneous surface 

(GC/AC-CNTs: α=0.76; GC/AC: α=0.75).

3. 2. 4. Electrochemical behavior of modified electrodes using square wave voltammetry 

(SWV)

Measurements were carried out by SWV after the introduction of the modified CME and 

paste carbon electrodes into a solution containing a phosphate buffer (pH = 7) and KNO3 (0.1 

M) in the absence and presence of gallic acid. When compared with the results obtained in the 

electrochemical study section using cyclic voltammetry, the SWV study (Fig. S5) showed that 

the anodic waves are sharper and better defined (better resolution) than those obtained by CV.

Comparison of the SW voltammograms recorded by each modified electrode (in the absence 

and the presence of gallic acid 0.01M) (Fig. S5) showed the presence of an oxidation wave 

between Ea=0.28V and Ea=0.32V in the presence of gallic acid. The oxidation wave of this 

species, located at Epa= 0.31 V with GC/AC (ia= 36.29 µA) electrode underwent a small shift 

towards the lower potentials when compared with GC/AC-CNTs (Epa= 0.32 V; ia=95.98 µA) 

and GC/CSs/AC-CNTs (Epa= 0.28 V; ia=129.06 µA) electrodes. The last result showed that 

the process of anodic oxidation of gallic acid takes place easily on the surface of the electrode 

containing CSs/AC-CNTs compound. This finding was confirmed by evaluating the 

electrochemical behavior of the modified cavity microelectrode with CSs/AC-CNTs in the 

presence of gallic acid (Fig. 7).
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3. 3. Detection of gallic acid 

To determine LOD of gallic acid using each electrode, calibration plots of current vs. 

concentration of gallic acid have been plotted and their slopes have been evaluated. The 

general equation used to determine this limit of detection [53-55] is:

With s: the standard deviation of the oxidation currents; m: the slope of the calibration plot of 

the current intensity versus concentration of gallic acid 

In order to evaluate the influence of the concentration of gallic acid on the electrochemical 

response of the different electrodes, square wave voltammograms have been recorded for 

different concentrations of gallic acid (Fig. 8 and Fig. 9). In the absence of this species in the 

measuring solution, all modified electrodes do not show any electrochemical response. 

However, the addition of gallic acid showed the presence of an oxidation peak in the potential 

range 0-0.5 V.

Based on the recorded SW voltammograms, a linear relationship was obtained between the 

oxidation current and the concentration of gallic acid over a wide range of concentrations 

ranging from 0 to 0.00536 M.  The equations of the calibration lines determined using 

GC/AC, GC/AC-CNTs, GC/CSs/AC-CNTs modified paste electrodes and CME/GC/CSs/AC-

CNTs sensor are: ; 

, 

 and 

, respectively.

The values of the calculated limits of detection (Table 2) revealed that the LODs for gallic 

acid, determined by the different electrodes, are arranged in the following order: 

CME/GC/CSs/AC-CNTs (3.64 μM) < GC/CSs/AC-CNTs (6.43 μM) < GC/AC-CNTs (8.11 
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μM) < GC/AC (22.86 μM). These results revealed that CME/GC/CSs/AC-CNTs electrode has 

better detection of gallic acid than any other electrodes previously published in literature 

around pH =7 and in concentration range from 0 to 0.00536 M, e.g., GCE/CeO2 nanoparticles 

(LOD=11.9 μM ) [56], screen-printed carbon electrodes (LOD=23-102 μM ) and redox 

microsensors (LOD=109 μM ) [57]. Based on these results, we find that the 

CME/GC/CSs/AC-CNTs electrode exhibited more considerable electrochemical performance 

toward gallic acid analysis of in aqueous solution.

In this study, the analytical advantage of the CME/GC/CS/AC-CNTs electrode for analyzing 

gallic acid in aqueous solution was demonstrated. Then, in order to study the reproducibility 

of the sensor, four CME/GC/CS/AC-CNTs type electrodes were prepared under the same 

measurement conditions, and each one was evaluated by detecting 0.00192 M gallic acid. 

According to Figure 10, the calculations revealed that RSD % of the oxidation peak current of 

gallic acid was about 1.44 %. However, to check the accuracy and stability of the modified 

electrode (CME/GC/CSs/AC-CNTs) at pH=7, two measurements were performed to detect 

0.00192 M gallic acid, using the same electrode after ten days of storage at room temperature. 

The relative standard deviation of the actual gallic acid response was about 3.7 %. 

4. Conclusion

In this present work, novel hybrid carbon materials (AC-CNTs and CSs/AC-CNTs) based on 

activated carbon derived from the pits of Algerian date palm were prepared and characterized 

by electrical conductivity and different spectroscopic and analytical methods. The 

synthetically modified carbon paste electrodes and the modified cavity microelectrode with 

these hybrid compounds were used to determine and quantify gallic acid using square wave 

voltammetry method. 
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The electrical conductivity measurements vs. temperature showed that CSs/AC-CNTs hybrid 

carbon material has the lowest activation energy of Ea=0.183 eV and better activity compared 

to other products (AC-CNTs: Ea=0.195 eV; AC: Ea=0.353 eV). In addition, the charge 

transfer coefficient evaluated using GC/CSs/AC-CNTs modified paste electrode revealed a 

better electro-catalytic oxidation mechanism of gallic acid than that calculated using GC/AC-

CNTs electrode. The SWV study showed that the cavity microelectrode modified with 

GC/CSs/AC-CNTs hybrid carbon material exhibited a lower limit of detection of gallic acid 

(LOD=3.64 µM) than those evaluated using other modified electrodes around the same linear 

concentration range at pH = 7. The reproducibility of the studied sensor (CME/GC/CSs/AC-

CNTs) showed that RSD % of the oxidation peak current of gallic acid was about 1.44 %. 

Finally, the accuracy and stability studies of this new electrode at pH=7 revealed that the 

relative standard deviation of gallic acid response was about 3.7 %. 
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Table 1. Infrared spectral data of carbon compounds.

FT-IR (ATR) 

attribution

Coal AC CNTs CSs AC-CNTs CSs/AC-CNTs

OH hydroxyl and carboxyl  3425 3403 3410 3401 3424 3424

CH2 or CH3 asym

CH2 and CH3 sym

2928

2859

2921

2849

2922

2852

2922

2854

2928

2855

2923

2854

C=C aromatic ring 1577 1564 1555 1579 1563 1545

C=O carboxylic acid 1733 1739 1739 1721 1752 1724

δO-H hydroxyl and carboxyl

δCH in CH3

1384 

1430

1378 

1424

1382

1460 

1395

1433

1384

1441

1382

1442

C-O hydroxyl and carboxyl 1118 1134 1113 1148 1221 1221

:  Stretching vibration; δ: Deformation vibration; FTIR: Fourier transform infrared spectroscopy; ATR: 

Attenuated total reflectance; AC: Activated carbon; CNTs : Carbon nanotubes ; CSs : Carbon sphers.
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Table 2. Detection limits of gallic acid and the sensitivity of the different modified electrodes.

Electrodes pH Linear range (×10-3 M) LOD (μM) References 

GCE/CeO2 nanoparticles 7.4 0.050-2.49 11.9 [56]

Screen-printed carbon 

electrodes

7.0 0.1-2.00 23-102 [57]

Redox microsensors 7.0 0.1-2.0 109 [57]

GC/AC   7.0 0-5.36 22.86 This work

GC/AC-CNTs 7.0 0-5.36 8.11 This work

GC/CSs/AC-CNTs 7.0 0-5.36 6.43 This work

CME/GC/CSs/AC-CNTs 7.0 0-5.36 3.64 This work

LOD : Limit of detection ; GCE : Glassy carbon electrode ; AC: Activated carbon; CNTs : Carbon nanotubes ; 

CSs : Carbon sphers ; CME : Cavity microelectrode.
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                      Scheme 1. Representation of the cavity microelectrode (CME)
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Fig. 7.
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Graphical abstract

Highlights

 Electrical conductivity measurements were reported for new hybrid carbon materials 

based on activated carbon (AC), carbon spheres (CSs) and carbon nanotubes (CNTs). 

 CSs/AC-CNTs hybrid carbon material shows highest electrical conductivity and 

lowest activation energy.

 The charge transfer coefficient reveals a better electro-catalytic oxidation mechanism 

of gallic acid.

 The cavity microelectrode (CME) modified with CSs/AC-CNTs exhibits a lower limit 

of detection of gallic acid.

 The reproducibility and stability of CME/CSs/AC-CNTs revealed that the RSD % of 

gallic acid response was about 1.44 and 3.7 %, respectively.
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