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Abstract 
Deep eutectic solvents (DESs) are a class of mixtures with melting points notably lower than 
those of their raw constituent components. These liquids have found a tremendously wide 
spectrum of applications in the last two decades of their research, so their contact and 
interaction with technical metals and alloys are inevitable. Therefore, the corrosivity of DESs 
towards metals is an extremely important topic. This review summarizes research efforts 
collected in the last two decades related to the corrosion rate of various metals in different 
DESs. Since the DESs are mainly composed of organic raw compounds, and by their 
physicochemical properties they may be regarded as a separate class of ionic liquids, the 
literature data about DESs corrosivity has been compared to the data related to the 
corrosivity of various organic solvents and ionic liquids as well. All the results gained until 
now show significantly low corrosivity of DESs. This observation is discussed in relation to 
the chemical composition of DESs. The absence of the oxidizing agents, the inhibitory action 
of organic ions and molecules, high viscosity and low electrical conductivity have been 
recognized as the main factors contributing to the low metal corrosion rate in DESs. 
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1. Introduction  

Deep eutectic solvents (DESs) refer to mixtures of two or three solid or liquid compounds in a 

eutectic composition, where an unusually deep melting point depression is observed [1,2]. The 

preparation of DESs usually consists of simple mixing of the two components for several hours at a 

slightly elevated temperature until the homogeneous liquid is obtained (Figure 1). The main 

characteristic of DESs is that they are in a liquid state at room or slightly elevated temperatures [3]. 

Although they may not be considered ionic liquids, the DESs share many physical characteristics, such 

as relatively high viscosity and density, low electrolytic conductivity compared to aqueous solutions, 

low volatility and vapour pressure, and high thermal stability. These attributes make DESs good 

candidates for the replacement of traditional volatile organic solvents in many industries [4]. In ad-

dition, the DESs have some beneficial features compared to conventional ionic liquids: they are usually 

composed of inexpensive, widely available compounds that are biodegradable and nontoxic [5].  
 

 
Figure 1. Preparation of ethaline: dried choline chloride and ethylene glycol are mixed in a controlled 

atmosphere (Ar‐filled glovebox), heated to 80 °C for 2 hours, then cooled to room temperature. Improper 
heating can lead to the formation of choline chloride crystals (i.e., precipitation from solution) [6]. Reprinted 

with permission from ref. [6], copyright (2019), American Chemical Society 

During the last two decades, DESs have been involved in various applications, the most important 

being: dissolution of metal oxides and salts in metallurgy [7]; electrolytes in metal and alloy 

electroplating [8,9]; liquid-liquid extraction [10]; metal extraction [11]; gas solubility and capture 

[12]; electrolytes in batteries [13] or solar cells [14]; biocatalysis [15]; extraction and preparation of 

biodiesel [16]; biomass processing [17]; biomolecular structure stabilization [18]; genomics [19]; 

pharmaceutical and medical applications [20]; nanomaterials synthesis [21].  

The DESs have been particularly recognized as a convenient way to extend the range of 

coating/substrate combinations that may be produced by the electrodeposition process, in 

comparison to the existing electroplating processes in water-based baths [22-24]. For example, the 

DESs may be an alternative for the electroplating of metals having electroreduction potential more 

negative to the potential of water decomposition, such as Ti, Al, and W [22,25,26]. Furthermore, the 

electroplating in DESs may afford the replacement of the electroplating systems known to be toxic 

and carcinogenic, such as Cr, Ni and Co [9,23,25,27]. Figure 2 illustrates an example of the surface-

sensitive Ni electrodeposition at Pt(111) single crystal surface, from choline chloride + urea DES 

(reline) [9]. The number of pure metal and alloy coatings that have already been successfully 

obtained by electrodeposition in DESs is significant, so here only the most important examples are 

mentioned, including corrosion-resistant coatings like Cu [28-31] and Zn-alloys [32], magnetic alloys 

like Sm–Co [33,34], semiconducting alloys like CuGaSe2 [35], electrocatalytic surface alloys like Pt–

Co [36], etc. 
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Figure 2. Representation of Ni(II) electrodeposition in DES on Pt(111) and AFM image (22 μm2) of Ni clusters [9] 

Reprinted with permission from ref. [9] copyright (2018), American Chemical Society 

To apply deep eutectic solvents in any large-scale process, it is important to gain knowledge about 

their corrosivity and interaction with different materials, particularly technical metals and alloys. This 

article first addresses the important features of the DESs chemical composition: their protic/aprotic 

character and the presence of strong complexing agents. It further recaps the data related to the metal 

corrosion rates collected in various DESs and by different measuring methods. Finally, it summarizes the 

most relevant factors responsible for a generally low corrosion rate in DESs. 

2. Chemical composition of deep eutectic solvents 

A mixture of any two compounds that exhibits a deep melting temperature decrease at the eutectic 

ratio of the two components may be regarded as a DES. Up to now, various DESs have been prepared 

by combining a quaternary ammonium salt, a metal salt or a metal salt hydrate, and a hydrogen bond 

donor (HBD), usually an organic molecule such as an amide, carboxylic acid, or polyol [2]. Table 1 explains 

the classification of DESs into five types according to their components [4,22,37]: 

Table 1. Five types of deep eutectic solvents 

 Metal salt Metal salt hydrate 
Organic molecule 

as HBD 

Quaternary ammonium salt Type 1 Type 2 Type 3 

Metal salt hydrate   Type 4 

Organic molecule as hydrogen bond acceptor (HBA)   Type 5 
 

It is estimated [38] that there may be 106–108 potential DES formulations as various binary 

combinations of ammonium salts, metal salts, and organic molecules. Since the majority of DESs 

contain an organic compound as one of the constituents, to predict the corrosivity of a particular 

DES, it is advisable to first analyse the metal corrosion in a particular organic, since the literature 

about this topic is usually vastly available [39].  

Interestingly, up to now, only the metal and alloy corrosion in the Type 3 DESs has been studied, 

and particularly in DESs containing choline chloride as a quaternary ammonium salt, and as a result, 

this review focuses primarily on the metal corrosion in Type 3 DESs. 

http://dx.doi.org/10.5599/jese.1135
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3. Protic character of DESs  

Metals with the corrosion potential more negative than the equilibrium potential of hydrogen 

electrode corrode with the electroreduction of hydrogen proton. The presence of solvated hydrogen 

proton in protic organic media thus induces corrosion of electronegative metals [39]. It should be 

held in mind that the most frequently used HBDs in Type 3 DESs (alcohols, amides and carboxylic 

acids) are protic organic compounds, and so the presence of free hydrogen ions may be expected in 

these DESs.  

The pH value of a DES depends on the ability of the DES’s cation, anion, and HBD to act as proton 

acceptors and proton donors [40,41]. If HA is a protic hydrogen bond donor, then the protonation 

reaction in DES is 

HA + Y ⇌ HY+ +A− (1) 

where Y represents the DES constituent [40,41].  

Metal corrosion may occur due to the partial cathodic reaction of the protonated species  

2HY++ 2e−→ 2Y+ H2 (2) 

but also, as it is often the case in organic solutions, due to the direct hydrogen evolution from 

the non-dissociated proton donor [42]: 

2HA+ 2e−→ 2A−+ H2 (3) 

The experimentally determined pH values of a few representative choline chloride based Type 3 

DESs are listed in Table 2. The pH value of ChCl based DESs is significantly influenced by the type of 

HBD. The acidity decreases in the following order: DESs with carboxylic acids (citric, glycolic, lactic, 

malic, malonic, oxalic acid)>polyols (ethylene glycol, glycerol) > sugars(fructose, glucose) > amines and 

amides (urea, ethanolamine, diethanolamine) [41]. For all choline chloride based DESs, a linear 

decrease of pH value was observed with the increase in temperature, and as concerning the water 

influence, the increase in water content decreases the pH for the majority of DESs. However, there 

are DESs where the opposite was observed, for instance in ChCl-citric acid mixture [41]. 

Table 2. Experimentally measured pH values of several DESs 

DES pH value Reference 

1 ChCl : 1 oxalic acid 1.32 [43] 

1 ChCl : 1 malonic acid 2.39 [43] 

1 ChCl : 1 citric acid : 3 H2O 0.63−0.67 [44] 

1 ChCl : 2 ethylene glycol 
4.77 

5.93 (pH indicator) 
6.89 (pH glass electrode) 

[45] 
[43] 
[43] 

1 ChCl : 2 glycerol 
7.54 
7.48 

[46] 
[43] 

1 ChCl : 2 urea 
10.39 
10.07 

[46] 
[47] 

 

The fast metal corrosion due to the rapid hydrogen evolution reaction in acidic DESs was 

demonstrated by Abbott et al. [48], where it was shown that the corrosion rate (expressed in μm 

per year) for mild steel in oxaline was two orders of magnitude higher in comparison to reline and 

ethaline, whereas it was one order of magnitude higher for Ni. Interestingly, the corrosion rate of 

Al was low and very similar in both acidic and pH neutral DESs, probably due to the Al passivation 

by oxalate anion [48]. High acidity of an organic acid containing DESs is beneficial for the dissolution 
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of various metal oxides in industrial and recycling processes because the hydrogen protons act as 

oxygen acceptors and break the metal–oxide bonds [49]. 

4. High concentration of ligands in DESs 

Choline chloride based DESs contain 5 mol dm-3 chloride anions, and these species are well 

known to be detrimental for metal corrosion in two ways. Firstly, the chloride ions cause the metal 

oxide film rupture and pitting corrosion. According to the kinetic model of pitting corrosion, the pit 

initiation starts with the adsorption of chloride ions on the metal oxide surface and their penetration 

through the oxide film and propagates with the localized dissolution of metal at the metal/oxide 

interface [50,51]. Secondly, chloride is a ligand that forms complex salts with metal ions, increasing 

the solubility of metal ions and metal compounds, preventing metal passivation, and displacing the 

redox electrode potential of the metal to the negative side, making its anodic dissolution easier [52]. 

As a matter of fact, since the 1990s the halide salts have been used as ligands to promote metal 

solubility in organic solvents [53]. 

The catalytic role of chloride anion in the anodic partial reaction of a metal corrosion process is 

well known for aqueous media, for example, in the cases of copper and steel corrosion [54,55]. It is 

assumed that the first step in the metal anodic dissolution mechanism is one of the following 

reactions: 

Cu + Cl−⇌CuCl + e−
 (4) 

CuCl + Cl−⇌CuCl2-
 (5) 

Cu + 2Cl−⇌CuCl2- + 2e−
 (6) 

Fe + Cl−⇌FeCl + e−
 (7) 

FeCl ⇌Fe+ + Cl− (8) 

The identical participation of Cl– is also very likely present in the metal dissolution process in DESs 

[28,56]. Furthermore, by identifying FeOCl in the corrosion products at steel immersed in ethaline 

and reline, Kityk et al. [56] concluded that the chloride ion present in large concentrations even 

changes the mechanism and accelerates steel corrosion in DES, in comparison to water solution. 

Particularly, Cl– ions enable the formation of FeOCl, an intermediate compound that facilitates the 

formation of γ-FeOOH [56]. 

Due to the high Cl– concentration in DESs, the majority of metal ions are solvated in DESs in the form 

of various chloro-complexes. The metal speciation was studied in DES mixtures of choline chloride with 

several HBDs (urea, ethylene glycol, propylene glycol, and 1,3-propanediol), by dissolving various metal 

salts, namely sulphates, nitrates, oxides, thiocyanates, and perchlorates [57]. It was found that M+ ions 

form [MCl2]–and [MCl3]2−species and/or their mixtures, depending on the HBD present, for instance 

[CuCl2]− and [CuCl3]2−, [AgCl2]−and [AgCl3]2−, [AuCl3]2−, etc. This speciation is consistent with the chemistry 

in aqueous solutions with high chloride concentrations [58].  

As concerning M(II) salts, in diol-based DESs all M2+ ions, except Ni2+, form tetrachloro complexes 

[MCl4]2−, like for example, [FeCl4]2−, [ZnCl4]2−, [PtCl4]2−, etc. Interestingly, chloride was not found in 

the Ni2+coordination shell, but rather only the [Ni(HBD)3]2+ cationic complexes were detected [57]. 

Contrary to the diol based DESs, in urea-based DES, the complex ion composition depends on the 

metal: the late transition metals form tetrachloro complex anions, but early transition metals like 

Fe, Mn and Cr, form salts with HBD as a ligand, where HBD may be water or urea, i.e., [Mn(HBD)6]2+, 

[Fe(HBD)5]2+ and [CoCl3(HBD)]- [57]. 
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Among M(III) salts, the experiments with Cr3+ in the same study [57] showed that in ethylene 

glycol-based DES, chromium forms complex salt with mixed ligands [Cr(H2O)2Cl4]2−, and in urea-

based DES, the first shell consists only of HBD, i.e. [Cr(HBD)6]3+.  

Dissimilar metal speciation in DESs compared to water is responsible for the difference in the 

electrochemical series, i.e., the series of equilibrium electrode potentials for redox reactions of 

various metal/metal ion couples in different media. Electrode potentials for some redox couples in 

ethaline were reported [59] and compared to the analogous values in an aqueous, metal chloride 

containing medium. It was apparent that some equilibrium electrode potentials were positive, while 

others were more negative compared to the values measured in water. For the redox couples with 

more negative potential in ethaline, the redox equilibrium in ethaline is shifted to the species with 

a higher oxidation state compared to the equilibrium in water, and the reverse is true for the couples 

above the line. It was noticeable that for metals that form strong chloro-complex ions (Au, Pd, Ag), 

there was a significant negative deviation of the equilibrium redox potential in ethaline. An 

interesting case was observed for Cu: the equilibrium potential for the redox couple Cu+/Cu is 

surprisingly negative in ethaline. However, the potential of the Cu2+/Cu+ couple is very positive, 

pointing to the fact that in ethaline, the Cu+ species is stable along with Cu and Cu2+ [59].     

Interesting investigations of Cu corrosion in ethaline show that Cu dissolution is accelerated 

when Cu2+ species are present in the medium due to the comproportionation reaction (Eq. 9).  

CuCl42− + Cu → 2CuCl2− (9) 

This reaction is well known in chloride-containing aqueous media, and it seems that the 

analogous mechanism may be applied for the case of ethaline [28,29]. The consequence of this 

reaction is observed in the electrodeposition process with Cu soluble anode, where the so-called 

“anomalous dissolution” occurs, i.e., the mass loss of Cu anode is much higher than anticipated 

based on the amount of charge passed for a single electron transfer. In other words, in case Cu2+ is 

present in ethaline, the anodic dissolution processes occurring at the Cu anode to form CuCl2
− are 

coupled with the cathodic process involving the reduction of CuCl4
2− [28,29].  

5. Electrochemical tests and measured corrosion rates in DESs 

The corrosion rate of various metals in choline chloride-based DESs has been analysed by electro-

chemical methods in majority of the previous studies, and the reported data are summarized in 

Table 3. For nearly pH neutral DESs, i.e., with the exception of acidic DESs, generally, it may be con-

cluded that all the sources report significantly low corrosion rates, ranging from around 1 µA cm-2 to 

extremely low values of the order of nA cm-2. For example, the comparison of the surface morphology 

of Al alloy samples exposed to the air and to reline at 60 °C for 19 days (Figure 3) showed that all the 

samples were shiny. The brownish deposits at the samples immersed in reline, were not corrosion 

products or signs of pitting, but rather only reline deposits not removed by the washing process [60]. 

Except for the results reported in [63], the DESs were reported as of very low corrosivity to 

various metals, in practically all of the conducted studies available in the literature, in spite of 

containing strong ligands in high concentration. The Cu dissolution in [63] was promoted by the 

rotation of the working electrode and the ultrasonic agitation to enhance metal leaching in ethaline. 

Therefore, it is understandable that the corrosion rate in such working conditions is significantly 

higher than the values measured in stationary conditions. 
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Figure 3. Visual inspection of the alloy samples after 19 days: (a,c) AA2024-T6, AA6065-T6 in 

the air; (b,d) AA2024-T6, AA6065-T6 in reline, respectively [60] 
Reprinted with permission from ref. [60] copyright (2020), Elsevier 

Very low corrosivity of DESs had been ascribed to the absence of an oxidizing species in DESs, high 

viscosity and low electrical conductivity of DESs, the formation of a protective layer at the metal surface 

immersed in DES, or the inhibiting action of the constituting compounds in DESs [48,56,60-62].   

The chemical corrosion of a metal in a corrosive medium implies the reaction of metal with 

species X and the formation of corrosion product:  

M + X → MX (10) 

In analogy, electrochemical corrosion implies the transfer of electrons from a metal surface to 

the corrosion agent, i.e., to the species in a corrosive medium capable of metal oxidation: 

M → Mn+ + ne-
 (11) 

ne- + X → Xn-
 (12) 

The well-known corrosion agents in aqueous media are water molecules, oxygen molecules, and 

hydrogen ions. Understandably, if these species are present as impurities in non-aqueous media, 

they also may act as agents inducing metal corrosion.  

Yet, in case that the liquid medium does not contain any compound that can act as a corrosion 

agent for metal, the medium remains chemically inert and the metal corrosion does not occur.  

It has been stated [52,56,60] that apart from oxygen and water present as impurities, the pH-

neutral choline chloride based DESs do not contain any other species capable of metal oxidation. To 

support this statement, it is useful to tackle the oxidizing power of the organic compounds 

representing the most often used constituents in DESs. 
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Table 3. Corrosion rate data for several DESs. 

Metal DES jcorr / µA cm-2 testing method, reference 

steel reline 
0.87 at 25 °C 
1.72 at 80 °C 

Tafel plots, [56] 

 reline 
10-3 at 25 °C 
0.02 at 75 °C 

Tafel plots, [61] 

 ethaline 
1.18 at 25 °C 
1.78 at 80 °C 

Tafel plots, [56] 

 ethaline 
0.2 at 25 °C 
3.9 at 75 °C 

Tafel plots, [61] 

 glyceline 
6 10-3 at 25 °C 
0.52 at 75 °C 

Tafel plots, [61] 

 ChCl-malonic acid 
5 at 25 °C 

187 at 75 °C 
Tafel plots, [61] 

copper reline 
3.58 at 25 °C 

30.45 at 75 °C 
Tafel plots, [61] 

 reline 340 at 80 °C Tafel plots, [62] 

 ethaline 
17.44 at 25 °C 

166.53 at 75 °C 
Tafel plots, [61] 

 ethaline 
460 at 50 °C 

8700 at 50 °C 
27540 at 50 °C 

Tafel plots, RDE 5000 rpm [63] 
Tafel plots, ultrasonic agitation (US) [63] 

Tafel plots, RDE 5000 rpm + US [63] 

 Glyceline 
6.03 at 25 °C 

31.22 at 75 °C 
Tafel plots, [61] 

 ChCl-malonic acid 
7.43 at 25 °C 

333.17 at 75 °C 
Tafel plots, [61] 

Stainless steel 316 Reline 
8  10-3 at 25 °C 
0.013 at 75 °C 

Tafel plots, [61] 

 Ethaline 
0.014 at 25 °C 
0.23 at 75 °C 

Tafel plots, [61] 

 Glyceline 
8  10-3 at 25 °C 

0.11 at 75 °C 
Tafel plots, [61] 

 ChCl-malonic acid 
0.4 at 25 °C 

22.7 at 75 °C 
Tafel plots, [61] 

Aluminum alloys AA2024 
and AA6065 

Reline 0.4 at 60 °C 
Inductively coupled plasma optical 

Emission spectroscopy, [60] 

Extremely low corrosion rates for mild steel, Ni and Al in reline, 
ethaline, and glyceline: 1.9 to 5.02 μm year-1 

Tafel plots, [48] 

Very slow reaction of AZ31B Mg alloy in ethaline,  
at temperatures up to 85 °C 

[64] 

 

Cholinium cation, being the representative of quaternary ammonium cations, is extremely stable 

toward the electroreduction, even at very negative electrode potentials [65]. Pure ethylene glycol (a 

constituent of ethaline) is almost inert even to reactive metals like magnesium [66]. As concerning 

urea (a constituent of reline), although the molten urea is a very versatile solvent that dissolves the 

majority of inorganic chemicals [67], the data on its corrosivity are very scarce. Yet, it is known from 

the research in urea production plants that the pure molten urea is not corrosive to stainless steels 

[68] and in addition, it has been used as a supporting electrolyte with a wide electrochemical window 

[69]. This brief summary shows that, indeed, the pure organics used for preparing the most common 

DESs, are not capable of metal oxidation.  
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The second important reason for the low corrosivity of choline chloride-based DESs is probably 

the corrosion inhibiting nature of the raw compounds. Like most organics, the choline cation and 

the common hydrogen bond donors should be easily adsorbed onto a metal surface, which is the 

main prerequisite for the inhibition of the corrosion process by blocking the anodic and/or cathodic 

sites. Consequently, the literature on the application of quaternary ammonium ions [70], choline 

based salts [71], choline based ionic liquids [72], urea [73], ethylene glycol [66, 74], alcohols in 

general [75], etc., as corrosion inhibitors in aqueous media, is extensive. 

In [60], very low corrosion of AA2024-T6 and AA6065-T6 alloys in reline was ascribed to the 

adsorption of choline cation or urea molecules on the metal surface, where one or both of these 

species constitute the first liquid layer in contact with Al2O3 passive film, thus separating and 

protecting it from the Cl– anions. It was well documented for various DESs (choline chloride with 

ethylene glycol, 1,2- ethanediol, 1,2-propanediol, 1,3-propanediol, urea or thiourea) that at 

negative and open circuit electrode potential, the choline cations and HBD molecules occupy the 

first layer of adsorbate at the metal surface, whereas at a positive potential, the Cl– anion is 

adsorbed [76, 77]. The mechanism of reline adsorption at various 2D nanomaterials was studied 

using molecular simulation methods [78]. Independently on the material used as a substrate, the 

number density profiles showed that the first adsorbed layer mainly consisted of urea molecules, 

while the number of Cl- ions was significantly low, as presented in Figure 4 [78]. 
 

 
Figure 4. Number of molecules, N, in the first adsorbed layer for reline adsorbed on graphene, 

boron nitride, silicene, germanene, and molybdenum disulfide [78] 
Reprinted with permission from ref. [78] copyright (2020), American Chemical Society 

Finally, as is the case in other organic media, an important factor of the metal corrosion rate in 

DES, may be the DES high viscosity or low electrical conductivity. For example, in the case of Zn 

corrosion in HCl-containing representatives of alcohols, ketones, esters, ethers, aromatics and 

chlorinated hydrocarbons, the viscosity was singled out as the decisive factor in the corrosion rate 

since it plays an important part in the transport of the oxidation agent and corrosion products [79]. 

On the contrary, in the same investigation and same media, for other metals under study (Fe, Al and 

stainless steel), the electrolytic conductivity of the solvents showed the most notable influence on 

the corrosion rate. It was concluded that the conductivity of around 10 mS cm-1 represents a 

threshold value below which the corrosion process is considerably retarded, because the corrosion 

mechanism changes from electrolytic to non-electrolytic. The industrial application of organic media 

with conductivity lower than the listed threshold value would enable the employment of 

construction materials that are lower in price without fear of corrosion [79]. 
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It is very important to draw the parallel between the described findings in organic media and the case 

of DESs, bearing in mind the high viscosity and low electrical conductivity of the majority of DESs, as 

illustrated in Table 4. For instance, the high reline viscosity and low diffusivity of species in this liquid 

were assumed to be an important factor in Al-oxide passive film's stability at the Al-alloys in reline. 

Namely, the passive layer at the AA2024-T6 and AA6065 alloy surfaces remained intact even after 35 

days of exposure to reline at 60 °C [60]. It was concluded that the pitting corrosion, even if it occurs at 

some point, will be terminated due to the significant mass transport limitation in a viscous medium 

because the diffusion of metal cations within the pit is necessary for a stable pit formation.   

Although the conductivity of DESs with common HBDs listed in the table is notably higher than 

the conductivity of molecular solvents like ethylene glycol and glycerol, it is still well below the 

critical value of 10 mS cm-1.  

Table 4. Viscosity and electrical conductivity of several DESs, some ionic liquids, and some molecular 
solvents at 298 K 

Solvent Viscosity, cP Conductivity, mS cm-1 Reference 

ChCl-malonic acid 721 0.55 [4] 

ChCl-urea DES 632 0.75 [4] 

ChCl-glycerol 376 1.05 [4] 

ChCl-ethylene glycol DES 36 7.61 [4] 

C4mimBF4 ionic liquid 115 3.5 [4] 

Glycerol 967 5 10-5 [80] 

Ethylene glycol 16.1 1.4 10-4 [81] 

6. Effect of water content 

Since choline chloride and typical HBDs in DESs (amides, alcohols, polyols, carboxylic acids, etc.) 

are very hygroscopic substances, a highly hydrophilic behaviour of most choline chloride-based DESs 

is expected [82]. As an illustration, reline contains 2500 ppm water even after a drying process 

conducted in a vacuum oven at 353 K over 24 h, and it can absorb atmospheric moisture up to a 

water concentration of 40 wt.% [83]. Similarly, the as-prepared ethaline contained 2.4 wt.% water 

even after thorough drying of precursor materials, and after two weeks in the open air, the water 

content reached 14.3 wt.% [82].  

In general, water in DES decreases its kinematic viscosity (Figure 5), increases its electrical 

conductivity, and notably narrows its electrochemical window [82,84], and all these factors 

contribute to the increase in the corrosion processes rate. Consequently, it was shown in [85] that 

the corrosion of mild steel in ethaline and reline is significantly enhanced even with the addition of 

only 10 wt.% of water.  

Very similar observations may be found in numerous researches of the water effect on the corro-

sivity of ionic liquids. When the corrosion behaviour of carbon steel, austenitic stainless steel, nickel-

based alloy, copper, brass and AlMg3 alloy was examined in seven ionic liquids with different chemical 

structures, the addition of only 10 % of water increased the corrosivity of all ionic liquids significantly 

[87]. The increased corrosion rate with water addition of up to 8 wt.% was also measured for the case 

of Mg alloys in 1-butyl-3-methylimidazolium trifluoromethyl sulfonate ionic liquid [88].  

The water effect on the metal corrosion rate in ionic liquids and deep eutectic solvents was ascribed 

to the increased solubility of oxygen as a cathodic species in the corrosion mechanism, higher 

diffusivity of oxygen, and the easier removal of corrosion products [85,89]. Moreover, it is known that 
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the presence of water in an ionic liquid can cause anion hydrolysis, increasing electrolyte aggressive-

ness [89]. This should also be held in mind when a particular DES is selected for technical applications.  
 

 
Figure 5. Experimental values of viscosity vs. water mole fraction for the choline chloride+DL-

malic acid DES, where symbols refer to experimental data points at several temperatures: 
298.15 K (♦); 303.15 K (○); 308.15 K (●); 313.15 K (Δ); 318.15 K (▲); 323.15K (□); 328.15 K (■); 

338.15 K (+); 348.15 K (⌂); 358.15 K (◄) and 363.15 K (×) [86] 
Reprinted with permission from ref. [86] copyright (2017), Serbian Chemical Society   

According to the previous knowledge, it may be stated that the appropriate DES handling, 

storage, and water removal strategies should be developed to minimize the water content in DES in 

commercial applications. 

Finally, when the future application of these types of electrolytes at an industrial scale is taken 

into account, it should be held in mind that even if the corrosion rates of various metals in DESs are 

low, future studies should focus on the long exposure to the DESs, which is characteristics of the 

real-life exploitation. Only a few of the cited studies in this review report the results from the 

prolonged contact of metals with DESs. In [56], the behaviour of the mild steel was monitored for 

30 days of exposure to ethaline and reline, but it was observed that the most significant changes on 

the sample surface occurred on the first day of immersion. In the other example, the corrosion of Al 

alloys in reline was monitored for 36 days and it was concluded that the resistance of the passive 

layer steadily increased over the immersion time [60].  

7. Conclusions 

In spite of the fact that the term “deep eutectic solvent” may be attributed to as many as  

106–108 various mixtures, the corrosion problem has been raised for a remarkably low number of DESs 

until now. A comprehensive literature data is nowadays available exclusively for traditional DESs 

containing choline chloride as their component, so these sources were the focus of the current review. 

One of the first and still actual applications of DESs has been the dissolution of various metal salts in 

electroplating, anodic polishing, and metal extraction/recycling by electrolysis due to the very strong 

solvating power of DESs. However, as this review clearly shows for various metals and DESs, when it 

comes to the dissolution of metals or alloys in their reduced (M0) state, the solvating power of DESs 

shows to be very low, resulting in strikingly low corrosion rates.  
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This article recognizes the most distinguishing causative factors for the low DES corrosivity, and 

these are the absence of the oxidizing agents (apart from hydrogen ion, oxygen and water), the 

inhibiting role of organic DES components, and physical properties that do not allow the rapid 

corrosion process to occur or enhance the metal passivation process.  

Yet, concerning the water impurity influence on their corrosivity, DESs are no different from the 

majority of other organic solvents or ionic liquids: the increase in water content notably increases 

the DES aggressiveness. If corrosion problems are to be avoided, strategies to minimize the water 

content in DES should be applied. 
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Abstract 
Comparative analysis of copper nanoparticles (CuNPs) obtained by electrodeposition on 
highly oriented pyrolytic graphite (HOPG) substrates from different supporting electrolytes 
containing sulphate anions, was performed. Voltammetric results indicated that Cu 
electrodeposition follows a diffusion-controlled nucleation and crystal growth model for 
three solutions studied (Na2SO4, H2SO4 and Na2SO4+H2SO4). Na2SO4 solution was most 
effective because the copper reduction occurs at the most positive potential value, reaching 
the highest current density. Analysis of potentiostatic current transients revealed that the 
process can be described predominantly by a model involving a 3D-progressive nucleation 
mechanism, which was corroborated by scanning electron microscopy (SEM) analysis. SEM 
images showed a high density of hemispherical shaped Cu particles of different sizes (mostly 
between 80-150 nm), randomly distributed on the HOPG surface for Na2SO4 electrolyte 
solution. In the presence of H2SO4, the size dispersion decreased, resulting in particles with 
greater diameters (up to 339 nm). The electrolyte solution with Na2SO4+H2SO4 revealed 
lower particle density with a considerable crystal size dispersion, where very small 
crystallites are prevailing. Cyclic voltammetry was used to evaluate qualitatively the 
catalytic activity of CuNPs deposited from three electrolyte solutions towards the nitrate 
reduction reaction. An enhanced catalytic effect was obtained when copper particles were 
prepared from either Na2SO4 or H2SO4 supporting electrolyte. 

Keywords 
Copper nanocrystals; electrodeposition; plating solution; highly oriented pyrolytic 
graphite (HOPG); nitrate reduction 

Introduction 

Recent studies have reported that supported copper nanostructures, in addition to being suitable 

for a wide range of applications (nanoelectronics [1], biosensing [2,3], optoelectronics [4], etc.), 

show excellent results as electrocatalyst material for different reactions, in particular those of 
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environmental interest [5-8]. Nitrate ions are one of the chemical species that can be potentially 

dangerous for human health if their concentration in drinking water and food exceeds the upper 

limit allowed, as indicated by the World Health Association [9]. Therefore, there is a high necessity 

for nitrate ions to be detected and quantified. The detrimental effect of nitrate ions comes mainly 

from nitrogen-based fertilizers contaminating drinking water supplies, and their removal or 

reduction has gained special attention.  

The ability of copper nanostructures as an electrocatalyst material for nitrate reduction has already 

been studied by several authors [10-12]. In particular, the influence of structural properties of 

nanoparticles has been analyzed on the reaction performance [13-15]. It has been demonstrated that 

the final properties of metal nanoparticles are strongly dependent on their surface morphology, which 

is essentially related to the selected preparation method. The electrodeposition is one of the most used 

preparation methods because it presents additional advantages. The main assets are simplicity and the 

possibility of working at room temperature and pressure. In addition, this method allows the kinetic 

process control and, consequently, the size of particles and the amount of formed deposit. 

As stated above, the morphological features of deposits have a significant influence on their 

electrocatalytic properties. It is well known that variations of the plating solution composition and 

pH can influence the deposit morphology. Therefore, it is necessary to relate the operating 

conditions to the shape, size, and distribution of produced nanoparticles.  

Previous works addressing the electrodeposition of copper nanoparticles on carbonaceous 

substrates, have analyzed the influence of some parameters of the electrochemical process on 

structural features of the deposit [16,17]. In particular, it was found that the pH and concentration 

of CuSO4 solution have a remarkable effect on the texture and population density of deposited 

nanostructures the use of Na2SO4 supporting electrolyte. For the latter, an intriguing behavior was 

reported, which deserves a detailed study [18].  

On the other hand, the effect of anions present in the electrolytic solution has been analyzed by 

several authors [19,20]. González et al. [19] have investigated Cu+ intermediate species formed during 

copper electrodeposition process and demonstrated that in the presence of NO3
- ions, the value of the 

reduction peak current increases because this anion is catalytically reduced on Cu nanoparticles freshly 

electrodeposited on a glassy carbon electrode. Presence of SO4
2- anions in the plating solution does not 

interfere with the current measurement of the copper reduction, but they are adsorbed considerably, 

preventing the discharge of Cu+ ions. For ClO4
− ions, adsorption is negligible; therefore, a reduction peak 

current higher than from SO4
2-- anions is evidenced. These studies were carried out at pH 3 with a higher 

Cu2+ concentration than in the present study. Bélanger et al. [20] analyzed the copper electrodeposition 

on highly oriented pyrolytic graphite (HOPG) substrates using two different copper salts (CuSO4 and 

Cu(NO3)2) in 1.8 M H2SO4 aqueous solution and demonstrated that the deposition of copper in the 

presence of CuSO4 induced the co-deposition of sulfate anions. 

In the present work, a comparative analysis of the initial stages of copper electrodeposition on 

HOPG from different supporting electrolytes containing SO4
2- anions (Na2SO4, H2SO4 and Na2SO4+ 

H2SO4) has been carried out to increase the understanding of the nucleation and growth of copper 

particles and their electrocatalytic properties. The electrodeposition process is studied using 

conventional electrochemical techniques (cyclic voltammetry and chronoamperometry), and the 

copper deposits are characterized by scanning electron microscopy (SEM) with energy-dispersive X-

ray spectroscopy (EDX). The catalytic effect for the reduction of nitrate anions in NaNO3 + Na2SO4 

solution has been qualitatively evaluated by voltammetric measurements for CuNPs deposited from 

three different sulphate-containing media.  
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Experimental  

The solutions used in this work for metal deposition were prepared with supra pure chemicals (E. 

Merck, Darmstadt, Germany) and tri-distilled water. The supporting electrolytes added to 1 mM CuSO4 

solution were 0.1 M Na2SO4, 0.1 M H2SO4 and 0.1 M Na2SO4 + 0.1 M H2SO4, taking into account that the 

same anion was present in all three cases. The catalytic effect was studied in 0.1 M NaNO3 + 

+ 0.1 M Na2SO4 solution. Prior to each experiment, solutions were deaerated by nitrogen bubbling. 

Cyclic voltammetric measurements and chronoamperometric studies were carried out in a 

conventional three-electrode electrochemical cell at a temperature of T = 298 K. HOPG SPI-2 grade 

substrates (SPI Supplies, USA) were used as working electrodes, which were prepared by cleaving 

its surface with an adhesive tape immediately prior to each experiment. The electrode was held 

within a Teflon sheath with an exposed area of 0.216 cm2. The counter electrode was a Pt sheet 

(1 cm2), and the reference electrode was a saturated calomel electrode (SCE), (ESCE = 0.2415 V vs. 

SHE). All electrode potentials mentioned in this work are referred to this electrode. The experiments 

were performed with an EG&G Princeton Applied Research model 273A potentiostat-galvanostat 

controlled by a microcomputer. 

Cu nanoparticles prepared from different electrolytes by the potentiostatic step technique on 

HOPG substrates were characterized by SEM using a Zeiss MA 10 microscope integrated with an EDX 

analyzer. 

Results and discussion 

Cyclic voltammetry 

Electrodeposition of Cu on the HOPG substrate was performed in the following plating solutions: 

a) 1 mM CuSO4 + 0.1 M Na2SO4 (pH 4.66), b) 1 mM CuSO4 + 0.1 M H2SO4 (pH 0.95), and c) 1 mM 

CuSO4 + 0.1 M Na2SO4 + 0.1 M H2SO4 (pH 1.10). The process was initially examined qualitatively by 

cyclic voltammetry recorded within the potential range -0.7  E/V  0.3, at the scan rate (dE/dt) of 

10 mV s-1. As shown in Figure 1, the voltammetric responses of HOPG in three solutions exhibited 

similar features, including the hysteresis loop (the so-called nucleation loop) formed between 

cathodic and anodic sweep curves at negative potentials values, which is typical of a nucleation and 

growth process [21,22]. An extensive analysis of cyclic voltammograms at different scan rates 

confirming this conclusion was shown elsewhere [23]. During the potential scan towards the 

negative direction, a cathodic peak is observed, associated with the reduction of Cu2+ ions to Cu0. In 

the reverse scan, a single anodic peak is evidenced, consistent with the dissolution of Cu clusters 

deposited previously.  

Generally, a single cathodic peak is evidenced as a result of the Cu2+ electroreduction process, 

and it is accepted that it occurs on a global stage via 2 electrons. However, it is well known that in 

an acid medium [24,25] or in the presence of complexing anions such as chloride [26], the 

electrodeposition of Cu can be considered to occur in two consecutive stages with the formation of 

Cu+ ions as intermediate species. These stages can be described by equations (1) and (2)  

Cu2+ + e− = Cu+      (1) 

Cu+ + e− = Cu0     (2) 

with the first reaction being the rate-determining step. In fact, in the case of the electrolyte 

containing only sulphuric acid, the broad Cu2+ reduction peak could be considered to be formed by 

two waves, which could be associated with two steps of the process. 
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Figure 1. Cyclic voltammetry of HOPG for 1 mM CuSO4 in 0.1 M Na2SO4, 0.1 M H2SO4 and 0.1 M Na2SO4 +  

0.1 M H2SO4.|dE/dt|=10 mV s-1. Inset: cyclic voltammograms of HOPG in blank electrolyte solutions 

For comparison, cyclic voltammograms of HOPG electrode immersed in blank solutions (without 

containing Cu(II) ions) shown in the inset of Figure 1, indicate that the hydrogen evolution reaction 

occurs at more negative potential values and does not interfere with the Cu electrodeposition 

process under the conditions considered in this study.  

When the supporting electrolyte is Na2SO4 (solution a), which is added to the plating bath primarily 

to increase electrolyte conductivity, the peak corresponding to the reduction of Cu2+ ions, is occurring at 

a more positive potential value (Epeak= -0.39 V) than in the other two cases, and reaching the maximum 

current density value of jpeak= -142.68 A cm-2. The presence of H2SO4 in the plating solution (solution b) 

also favors the conductivity of the electrolyte, showing Epeak and jpeak at -0.49 V and -112.68 A cm-2, 

respectively. According to the observed behavior, it could be inferred that part of SO4
2- ions can be 

adsorbed on the surface of HOPG substrate, reducing thus the number of active sites for the formation 

of Cu nuclei, in agreement with the literature reviewed [19,20]. Moreover, Hope and Woods [27] have 

demonstrated by in-situ surface-enhanced Raman scattering (SERS) that sulphate adsorption occurs 

during metal electrodeposition. Their spectro-electrochemical investigations revealed that sulphate ions 

were transient adsorbed species during Cu electrodeposition process, which was not observed for 

copper surfaces in the absence of metal ions in solution. For the third solution studied (solution c), 

although the conductivity was higher than of other supporting electrolytes, the most negative Epeak for 

Cu deposition and the lowest jpeak values were obtained. The copper nucleation is retarded by this plating 

solution which provides more sulphate anions at the electrode interface, and consequently, it can be 

assumed that they could be adsorbed on the surface, blocking more sites for Cu deposition. 

The values of Epeak and jpeak for three studied electrolyte solutions are summarized in Table 1. 

Table 1. Cathodic peak potentials and peak current densities for Cu deposition from three supporting 
electrolytes containing 1 mM CuSO4 

Supporting electrolyte 0.1 M Na2SO4 0.1 M H2SO4 0.1 M Na2SO4 + 0.1 M H2SO4 

Epeak / V -0.389 -0.494 -0.519 

jpeak / µA cm-2 -142.68 -112.68 -87.88 
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Chronoamperometry 

Potentiostatic current transients were carried out to obtain information about the kinetics of 

copper electrodeposition on the carbonaceous substrate. Representative j-t curves were performed 

applying simple potentiostatic pulses at selected potentials more negative than the cathodic peak 

potential (see Figure 1) for three cases studied, and they are shown in Figure 2 (inset graphics). These 

curves exhibit a typical shape of the nucleation process with 3D growth controlled by diffusion of 

electroactive species [28]. The potentiostatic current transients for three plating solutions showed an 

increase of current up to maximum, corresponding to the formation of Cu crystallites through the 

nucleation and growth process, followed by a decreasing region, reflecting the transition to linear 

diffusion. These results revealed that the presence of sodium sulfate in the plating solution generates 

the highest current for nucleus formation, which was reached at shorter times. 

To analyze the type of nucleation, a commonly used criterion is the application of the theoretical 

model proposed by Sharifker and Hills [28]. By means of this model, two limiting nucleation mechanisms, 

instantaneous and progressive, can be distinguished based on the equations (3) and (4): 

 
    

= − −   
     

2
2

2
mm

m

1.9542
1 exp 1.2564

j t

t tj

t

 (3) 

    
 = − −  
     

2
22

2
mm

m

1.2254
1 exp 2.3367

j t

t tj

t

 (4)  

where the parameters jm and tm are the maximum current density of the transient and the time at 
which the current maximum occurs, respectively.  

Eq. (3) corresponds to the instantaneous nucleation where the nuclei are formed and grown on 

active sites of the carbonaceous substrate, all activated simultaneously. In contrast, Eq. (4) 

corresponds to the progressive nucleation where the nuclei are formed on preferential sites and 

activated at different times during the electroreduction process. 

As shown in Figure 2, representative potentiostatic current transient data were normalized and 

compared with both types of the described model. As stated above, the corresponding experimental 

transients are those included in the inset of the figures from which the type of nucleation is analyzed.  

Figure 2a shows a very good correlation for the transient obtained at E= -0.42 V in solution a, 

with the theoretical curve for progressive nucleation. For solution b, shown in Figure 2b, copper 

crystallites were generated at E= -0.50 V. Cu nucleation begins in a progressive way at short times, 

passing to an intermediate state until reaching instantaneous nucleation in the last stage. These 

results are in agreement with those obtained by Huang et al. [29]. They demonstrated that for 

copper deposition on HOPG electrode from 1 mM CuSO4 + 1 M H2SO4 solution, the analysis of 

experimental transients according to the theoretical model proposed by Sharifker and Hills [28] 

showed a good correlation with the theoretical curve for progressive nucleation for a potential more 

negative than the reduction peak. At the last stage, nucleation transition from progressive to 

instantaneous was found at even more negative potential. 

When the experiments were performed using the solution c, i.e., cupric sulfate with sodium 

sulfate and sulfuric acid solution as supporting electrolyte (Figure 2c), the nucleation mode follows 

predominately progressive nucleation, which is a behavior similar to that of the first electrolytic 

medium (0.1 M Na2SO4). In this case, the deposits were formed at E= -0.55 V. 
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Figure 2. Non-dimensional (j / jmax)2 vs. (t / tmax) plots of experimental current transients (shown in insets) 

 for HOPG in solution containing 1 mM CuSO4 and: (a) 0.1 M Na2SO4; (b) 0.1 M H2SO4;  
(c) 0.1 M Na2SO4 + 0.1 M H2SO4 

Surface analysis 

Direct information on the shape, size and density of Cu nanoparticles can be acquired by scanning 

electron microscopy (SEM) analysis. Figure 3 exhibits hemispheric Cu deposits generated by a simple 

potentiostatic pulse on HOPG substrate in three analyzed solutions.  
 

 

 
Figure 3. SEM images of CuNPs electrodeposited on HOPG from 1 mM CuSO4 in: (a) 0.1 M Na2SO4, (b) 0.1 M 

H2SO4 and (c) 0.1 M Na2SO4 + 0.1 M H2SO4, and corresponding particle size distribution histograms 
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Figure 3a reveals the formation of a considerable density of Cu particles distributed on the HOPG 

surface when Na2SO4 was used as the supporting electrolyte (solution a). These particles were 

electrodeposited at E=-0.42 V during 100 s. Cu structures present different particle sizes (as shown in 

the corresponding histogram), consistent with progressive nucleation. A large number of small particles 

can be observed in Figure 3a, with a minimum diameter of 16 nm, and large ones with a maximal 

diameter of 259.17 nm. Figure 3b shows copper particles obtained by electrodeposition at -0.5 V during 

120 s in the copper solution containing H2SO4 (solution b). The particle size dispersion is slightly smaller, 

resulting in the formation of larger copper particles with a maximum diameter value around 339 nm and 

without the predominance of small particles. Therefore, the particle size distribution tends to conform 

to the normal distribution, with crystals mostly between 180-210 nm in diameter.  

Some of the Cu nuclei formed in solution b are formed on HOPG step edges acting as active sites 

for metal nucleation, and the presence of crystals forming dimers and trimers are also detected, as 

shown in Figure 4. 

 
Figure 4. SEM image of CuNPs electrodeposited from 1 mM CuSO4 + 0.1 M H2SO4 showing 

deposits on HOPG step edges and presence of single particles, dimers and trimers 

As seen in Figure 3c, the number of metallic clusters generated at E= -0.55 V during 120 s in the 

combined electrolyte (solution c) decreases, and a wide range of particle sizes is observed with small 

particles of 37 nm and larger with a maximum diameter of 300 nm. These crystals grow on random 

active sites and also on some HOPG step edges. 

Generally, SEM images confirmed the progressive nature of copper nucleation derived by the 

Sharifker and Hills dimensionless analysis for three solutions used. 

Figure 5 exhibits SEM images of Cu crystallites formed on the HOPG electrode with marked points 

where the EDX analysis was performed. Cu structures were generated on the surface substrate after 

applying a potential pulse at E= -0.5 V for 120 s in the solution containing H2SO4. 
 

 
Figure 5. SEM micrograph of HOPG substrate after Cu deposition from 1 mM CuSO4 + 0.1 M 

H2SO4 solution at -0.5 V for 120 s and representative EDX analysis applied on top of crystallite 
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Only the elemental distribution for the most representative point is shown, confirming the 

presence of Cu besides the signal corresponding to the C substrate (HOPG). 

Electrocatalysis  

The catalytic activity of CuNPs modified HOPG substrates was evaluated qualitatively by cyclic 

voltammetry in 0.1 M NaNO3 + 0.1 M Na2SO4 solution. Initially, Cu nanoparticles were obtained on 

the HOPG electrode after applying a single potentiostatic pulse to the electrode immersed in three 

electrolytes studied at E= -0.65 V for 400 s. Potentiostatic pulse parameters, different from those 

applied for nucleation analysis, were chosen, i.e., a more negative pulse potential and a longer 

deposition time, to increase the copper-covered area on the HOPG electrode surface, and therefore, 

to induce more noticeable nitrate anion reduction signal in the voltammetric analysis.  

The type of nucleation, in this case, was analyzed anew, as well as the surface characterization 

by SEM of CuNPs modified HOPG electrode. 

Figure 6a show a representative SEM image and the corresponding size distribution of Cu deposits 

generated when Na2SO4 (solution a) was used as the supporting electrolyte.  
 

 
Figure 6. SEM images of CuNPs electrodeposited from 1 mM CuSO4 in (a) 0.1 M Na2SO4, (b) 0.1 M H2SO4 and 
(c) 0.1 M Na2SO4 + 0.1 M H2SO4, with the corresponding particle size distribution histograms (left), and non-

dimensional (j / jmax)2 vs. (t / tmax) plots of experimental current transients (right) 
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Crystals of different sizes with a predominance of very small particles of the order of 31-50 nm with 

maximum diameters of 352 nm, are observed. The covered area was 17 % of the electrode geometric 

area, calculated from the average of several low magnification SEM images. The type of nucleation 

analyzed from Sharifker and Hills model leads to a progressive nucleation mode, the same as for E = -

0.42 V. For the second solution containing H2SO4 (solution b), Figure 6b shows a representative SEM 

image of Cu-decorated HOPG electrode revealing a great disparity in copper particle sizes as a result of 

the formation of many agglomerates that reached values up to 514 nm, but also a large number of 

crystallites between 30-50 nm. The covered area of 22 % was estimated. Size diversity of metal deposits 

is consistent with a progressive nucleation and growth mechanism, which was corroborated throughout 

the analyzed time range by the theoretical model used. The same nucleation model was obtained 

previously for E=-0.50 V at short times. When the deposits were formed using the third solution (solution 

c), a large number of deposits with a diameter of approximately 104 nm is observed, some of them 

reaching a maximum size of 326 nm, with no predominance of particles with diameters less than 50 nm 

(Figure 6c). In this case, the calculated covered area was 24 % and, unlike for the pulse at E= -0.55 V, the 

nucleation is predominantly instantaneous.   

Electrocatalytic properties of CuNPs 

After this analysis, the electrocatalytic behavior of CuNPs modified HOPG electrode was 

evaluated for the nitrate reduction reaction. Figure 7 shows the voltammetric results for different 

Cu structures generated from three plating electrolytes and recorded in the solution of 0.1 M NaNO3 

+ 0.1 M Na2SO4. Cathodic current peaks observed in the range -0.40  E/V  -0.55, were attributed 

to the reduction reaction of nitrate ions, while the current increase evidenced at more negative 

potential values is related to the hydrogen evolution reaction. The voltammetric response for a solid 

copper electrode in the same solution containing nitrate ions is also shown in Figure 7 for 

comparison purposes. 
 

 
Figure 7. Cyclic voltammograms of CuNPs electrodeposited on HOPG electrode from three 

plating solutions and recorded in 0.1 M NaNO3 + 0.1 M Na2SO4. Inset: CV of polycrystalline Cu 
recorded in the same solution. |dE/dt|=10 mV s-1 
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The HOPG-modified electrodes showed voltammetric features similar to those of polycrystalline 

copper, i.e., a cathodic peak corresponding to nitrate reduction in the same potential region  

(-0.45 < E/V < 0.6), followed by an abrupt current increase due to hydrogen evolution. The HOPG 

electrodes modified by copper crystals prepared from solutions containing H2SO4 and Na2SO4 showed 

a more pronounced catalytic effect than the one observed for the solution containing both 

components. It can be inferred that this enhancement of the electrocatalytic effect, is due to the 

presence of a larger number of crystallites smaller than 50 nm, which favor adsorption of nitrate ions, 

despite the fact that a larger covered area was found for the third solution. This behavior is in 

accordance with the findings of other authors [30,31]. A. J. Wain [30] reported that the electro-

catalytic activity was increased with decreasing particle size in the range 5–50 nm, which was 

attributed to the exposure of different reactive facets of the crystallites. Also, Masel et al. [31] 

demonstrated that Ag nanoparticles increased their electrocatalytic activity with decreasing particle 

size until a certain particle size (5 nm). They also indicated that this behavior could be caused by 

several reasons, such as variations with a particle size of the number of steps or kink sites of the 

crystallites, the electronic structure or work function of the particles, or the binding energy of the 

involved species. Accordingly, the aforementioned assumption is not conclusive and related studies 

in this regard are in progress. 

Table 2 summarizes the values of the peak potential and maximum cathodic current values for 

nitrate reduction reaction using CuNPs deposited on HOPG surfaces from three supporting electrolyte 

solutions. The values corresponding to a freshly polished polycrystalline copper electrode were also 

included. 

Table 2. Cathodic peak potential and maximum cathodic current values of nitrate reduction at CuNPs 
deposited from different supporting electrolytes 

Supporting electrolyte for CuNPs 
Nitrate reduction 

Epeak/ V imax / µA 

Na2SO4 -0.54 6.39 

H2SO4 -0.52 7.04 

Na2SO4 + H2SO4 -0.48 3.12 

Solid copper -0.56 29.50 

Conclusions 

Formation of HOPG supported copper nanoparticles (CuNPs) by electrodeposition from three 

different supporting electrolytes containing sulphate anions, and their potential application as 

electrocatalyst materials for the reduction reaction of nitrate ions were analyzed. 

Cyclic voltammetric results indicated that for all supporting electrolyte solutions, the kinetics of 

the nucleation and growth of CuNPs on HOPG electrodes follows predominately a progressive 

model, presenting a good correlation with SEM images. 

The voltammetric response of CuNPs modified HOPG electrode regarding nitrate reduction 

showed a better catalytic effect for Cu nanoparticles generated from solutions containing either 

Na2SO4 or H2SO4 species. 
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Abstract 
In this study, the lateral flow assay (LFA) has been developed for the detection of bacterial 
infection (BI) by specific biomarker procalcitonin (PCT), without a need for complicated 
instrumentations and technical expertise. For the development of the assay, gold 
nanoparticles (AuNP) and their conjugates with antibodies specific to the model antigen PCT 
are assessed. Polyclonal antibody (pAb) labelled with gold nanoparticles (AuNP) to obtain the 
AuNP-pAb complex and the specific monoclonal antibody (mAb) have been dropped at the 
test zone. This complex is placed over the conjugate line of the LFA strip. In the absence of PCT 
or the presence of other biomarkers, the test line remained colourless, which revealed the 
specificity of assay towards PCT among a pool of various analytes. Herein, observations have 
been made through two different platforms for quantitative and qualitative analysis for the 
detection of PCT biomarker. The qualitative analysis has been performed on the basis of 
appearance red color in the test band, while for quantitative analysis, a novel approach has 
been adopted. Herein, the nitrocellulose membrane (paper strip) is cut out from the LFA strip 
and used for electrochemical studies under similar solution conditions. Different paper strips 
presented different cyclic voltammograms (CV) that could be correlated to varying PCT 
concentrations captured at the test line of the paper strip. The qualitative detection limit for 
PCT using this LFA was determined to be 2 ng ml-1 and the quantitative detection limit was 1 
ng ml-1. The electrochemical response studies of the paper strip by CV technique revealed the 

sensitivity value of 0.695 A ml ng-1. 

Keywords 
Cyclic voltammetry, lateral flow assay; gold nanoparticles, polyclonal antibody, mono-
clonal antibody; biomarker  

 

Introduction 

Globally, bacterial infections (BI) are one of the primary reasons for illness and death, and they are 

becoming an increasingly serious problem due to the regular growth of bacteria. According to WHO 

report, antibiotic-resistant bacteria pose a risk to public health. Therefore, for BI's diagnosis and 
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immediate response, some on-site detection technique is required [1]. For the clinical utility of BI specific 

biomarkers, numerous immunoassays like time-resolved fluoro-immunoassay (TRFIA) [2,3], chemi-

luminescence immunoassays (CLIA) [4], immunochromatographic tests (ICT), and enzyme-linked 

immunosorbent assays (ELISA) [5] have been presented in a wide variety of research applications for 

diagnosis purposes. Nevertheless, the lateral flow immunoassay (LFA) remains an ideal technique for 

the point of care (POC) testing of BI and any other pathological changes inside the human body [6]. LFA 

technique allows even unskilled users to perform difficult tests at the point of need in a cost-effective 

manner and without the need for any additional equipment, which makes it popular among users. As a 

labeling agent, gold nanoparticles (AuNP) [7] remain of interest to date for LFA development, owing to 

their enriched intensity, optical stability, biocompatibility, and easy surface modification properties 

[8,9]. In several already reported studies [10,11], the LFA technique was used to detect BI-specific 

biomarker procalcitonin (PCT) by AuNP as a label. For the diagnosis of BI or sepsis, PCT acts as a 

forerunner of the hormone calcitonin and can differentiate between bacterial and viral infections 

[10,12]. In serum, the value of PCT is < 0.1 ng ml-1, which rises with the severity of the infection. During 

BI in healthy adults, PCT is < 0.05 μg ml-1, if the systemic infection is unlikely. In the case of localized 

infection, PCT increases from 0.05 to <0.5 μg ml-1, while in the conditions like major trauma, recent 

surgery, or severe cardiogenic shock, PCT rises further from 0.5 to <2 μg ml-1 [13-15].  

Some reported works have developed LFA strips using spherical and popcorn-like AuNP to detect 

varying PCT concentrations on multiple test lines [16-18]. In the present work, procalcitonin (PCT) has 

been selected for BI diagnosis as a model antigen taken from the literature [19]. Regarding the new 

approach to PCT detection, the results of the test line of LFA strips were examined by qualitative and 

quantitative determinations. Test line qualitative results were obtained with the LFA technique followed 

by the sandwich assay. On the other hand, the portion of the nitrocellulose (NC) membrane, where the 

antigen-antibody complex is already formed in the test area of the LFA test strips, was subsequently 

used to confirm the electrochemical quantification. The effectiveness of electrochemical quantification 

was dependent on the presence of electron transfer agents at the electrode surface [20]. Electro-

chemical studies were carried out for the reliability of the test results and signal intensity [21-23]. Signal 

detection of redox species curving in the LFA-modified strip indicates the possibility of developing a one-

step analysis format with electrochemical quantification. In numerous published papers, it has been 

shown that as the concentration of analyte increases, the redox peak current of an electron transfer 

agent decreases due to the slowing of electron transmission between the paper strip and electrolytic 

solution. These results confirmed the accuracy of the currently presented cyclic voltammetry (CV) 

studies. From observing CV curves, it was found that the pattern of oxidation currents reduces with 

increasing concentration and proved that the responses are concentration-dependent [24-27]. Here, the 

LFA strip test results are validated by the quantitative and qualitative determination of PCT. The purpose 

of this study is to detect PCT on a paper strip using LFA and electrochemical CV technique. This new 

paper strip is a convenient method for quantifying PCT with high sensitivity and low detection limit. This 

study showed that electrochemical detection is independent of AuNP-antibody conjugation and works 

normally when colorimetric detection suggests a false positive test, whereas LFA can respond to AuNP-

antibody conjugation and antigen-antibody interaction. 

Experimental  

Reagents and instruments 

Chloroauric acid, tri-sodium citrate dihydrate, bovine albumin serum (BSA), disodium hydrogen 

phosphate, and monobasic sodium phosphate were purchased from CDH Chemicals. Sodium 
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borohydride and Tween-20 were purchased from Thomas Baker (Chemicals), sucrose, tris (hydroxy-

methyl) methylamine, sodium chloride and sodium azide from Fisher Scientific, while mAb and pAb 

were purchased from mybiosource.com. Glass fiber sample pad (24×260 mm), polyester 

conjugation pad (70×260 mm), NC membrane (50×260 mm) and absorption pad (21×260 mm) were 

purchased from Advanced micro devices (mdi) membrane. The electrochemical characterization has 

been conducted on an Autolab PGSTAT204 potentiostat/galvanostat (Eco Chemie, The Netherlands) 

using a three-electrode system with the paper strip as working electrode, Ag/AgCl as reference 

electrode and platinum foil as a counter electrode, in-0.1 M KCl containing 10 mM [Fe(CN)6 ]3−/4−. 

Preparation of AuNP-antibody conjugate 

AuNP were synthesized by the citrate method. For the synthesis, 50 ml of the aqueous solution 

of (2.5 mM) hydrogen tetrachloroaurate(III) trihydrate (HAuCl4· xH2O) was prepared and boiled at 

about 65 °C, and after that 1ml of 5 % aqueous solution of trisodium citrate (TSC; 1 mL) [28-31] was 

mixed dropwise. The solution was stirred continuously for 30 minutes, resulting in a color variation 

from pale yellow/colorless to purple and finally to ruby red (Figure 1). For the conjugation of AuNP 

with pAb, a purified concentration of 0.2 mg ml-1 pAb was diluted in PBS buffer (100 mM, pH 7.4). 

Potassium carbonate is used to maintain pH to 6.7 with a solution of colloidal gold and diluted 

antibodies. The diluted solution was incubated for 30 minutes at 25 °C followed by the addition of 

0.25 % blocking agent BSA and then continued to stir for twenty minutes. Subsequently defining the 

sanctified concentration of binding pAb, the AuNP-pAb was prepared. For the prediction of 

conjugation of AuNP-pAb, the absorption peak was monitored at about 523-526 nm by ultraviolet-

visible (UV-Vis) spectroscopy. About 15-20 minutes, the entire solution was centrifuged at 8000 rpm. 

After centrifugation, the unconjugated antibody supernatant was gradually removed. Pallets were 

resuspended in buffers 10 mmol PBS, 0.5 % BSA, 5 % sucrose, and 0.1 % freshly prepared solution 

of sodium azide and stored at 4 °C for future use.  
 

 A B C D 

     
Figure 1. The appearance of the color of AuNP: (A) 25 mM of HAuCl4·xH2O solution; (B ),(C) 

after adding TSC and continued to stir; (D) ruby red color of prepared AuNP 

Assembling of LFA strip components  

The complete assembly parameters of the LFA test are described in Figure 2. The NC membrane 

has an adhesive plastic backing plate. The conjugate pad (1.40.5 cm2) was pasted in a position 

overlapping the NC (2.40.5 cm2) membrane by 5 mm. An absorbent pad (2.40.5 cm2) was 

overlapped on the other side of the membrane by 5 mm. The sample pad (1.30.5 cm2) was further 

http://dx.doi.org/10.5599/jese.1127


J. Electrochem. Sci. Eng. 12(2) (2022) 265-274 LATERAL FLOW ASSAY TEST FOR PROCALCITONIN DETECTION 

268  

pasted over the conjugate pad with overlapping of 5 mm length. To confirm the proper placement 

and operation of the components, the liquid sample was dripped from the sample pad to the 

absorbent pad. For the preparation of the test line, 0.2 mg ml-1 mAb antibody containing PBS was 

dropped by a micropipette on the NC membrane and dried for 24 h at room temperature. Once fully 

assembled, LFA strips were stored in a dry place. 
 

 
Figure 2. Schematic illustration of LFA test strip 

Pre-treatment of pads 

The glass fiber sample pad strips were pretreated with an aqueous solution containing 1 % 

sucrose, 1 % BSA, 0.05 % sodium azide, 20 mol l-1 sodium borate, and 0.05 % Tween-20 for 60 min. 

The strips were dried at 45 °C and stored in a dry state for further use. The polyester fiber conjuga-

tion pad was immersed in a solution containing 5 % sucrose and 0.05 % sodium azide in water for 

90 minutes and then dried for 120 minutes at 50 °C. The conjugation pad was dipped in 5 ml of pre-

prepared conjugate (pAb-AuNP) solution for 24 h. The conjugation pad was then dried at 37 °C and 

stored for further use. The NC membrane was pretreated by 1 % Tween-20 and 1 % BSA for 1 h and 

dried at 38 °C for 60 minutes and stored in the dry state for further use. 

Results and discussion  

In this study, we discussed the qualitative and quantitative determination of the BI-specific bio-

marker PCT because PCT is promising and very sensitive to increased BI levels and is often reported 

to be more significant than other biomarkers. PCT ranges from 2 to 10 ng ml-1 in sepsis, whereas 

PCT above 10 ng ml-1 indicates a state of septic shock. However, PCT concentration of 2 to 

0.15 ng/ml indicates uncertainty in the presence of BI. AuNP is used as a labelling agent and PCT-

specific mAb was dropped at the test line by a micropipette. When the complex (AuNP-pAb/PCT) 

moves through the NC membrane and reaches the test line containing mAb, a sandwich complex 

(AuNP-pAb /mAb/PCT) is formed. The formation of this complex can be visualized by appearing a 

red-colored band on the test line due to the presence of AuNP in the sandwich complex. The 

strength of the red color band indicates PCT concentration which has further been quantified using 

colorimetric and electrochemical techniques. 

Characterization of AuNP and pAb-AuNP conjugate 

UV-Vis spectroscopy, transmission electron microscopy (TEM), and scanning electron microscopy 

(SEM) were used for the spectroscopic and morphological characterization of AuNP and its conjugates. 

UV-Vis spectroscopy can be used to determine the stability of nanoparticle solution over time. When 
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AuNP are exposed, they appear in a red solution, but when the particles are conjugated, the solution 

color turns blue/purple and may turn into a clear solution with a black precipitate. Figure 3 shows the 

UV-visible absorption spectra of AuNP and its conjugate with pAb. In this graph, the red color curve 

shows bare AuNP, and a black colour curve is indicates for AuNP-pAb conjugation. Bare AuNP peak 

was recorded at 524 nm, which approves the existence of sphere-shaped AuNP with remarkable 

colloidal constancy and consistency in size and composition. The peak of AuNP-pAb was recorded at 

530 nm, which explains that AuNP-pAb conjugation is taking place. Here, the shift of the peak to the 

right indicates a longer wavelength with increasing AuNP [32]. 
 

 
Wavelength, nm 

Figure 3. UV-Vis absorption spectra of AuNP and AuNP-pAb 

For TEM studies, carbon-coated copper grids were used. The prepared AuNP solution (10 μl) was 

dropped on-grid and dried for 24 h. Experimental data was collected at 200.0 kV and 50000× 

magnification. The TEM images reveal that synthesized AuNPs are well separated and spherical 

(Figure 4A), indicating their stable dispersion in the solution condition. Furthermore, the synthesized 

particles are monodispersed, having a size range from 15.4 -25.6 nm (Figure 4B). 
 

 A B 

  
Figure 4. TEM images of AuNP 

For the preparation of SEM samples, the drop-casting method was applied. By this method, polyvinyl 

alcohol and AuNP (PVA-AuNP) film were prepared. In this method, the ITO plate surface (1.0×1.0 cm2) 
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was ultrasonically cleaned with an aqueous solution of ammonia and ethyl alcohol. The mixed solution 

(1ml of colloid gold and 5 % PVA) was dropped on the bare surface of ITO. Then the strips were dried at 

140 °C for 1.5 h to make PVA-AuNP film [33]. After that, the annealing process of PVA-AuNP film was 

done and kept about 4-5 h at different temperatures (400-600 °C). Eventually, the strengthened film 

was cooled at room temperature in the air. The SEM image of the sample has been demonstrated in 

Figure 5. Experimental data was collected at 20.00 kV and x 1000 magnification. 
 

 

Figure 5. SEM image of AuNP deposited on ITO glass after annealing at 400 °C 

Optimization of standard sample assay  

For the LFA reaction, a sandwich analysis was performed to detect the PCT signal. For this purpose, 

standard solutions of PCT with concentrations of 1, 2, 10, 20, 30, 40, 50, and 60 ng ml-1 were prepared 

from the stock solution of 0.1 mg ml-1 solution in PBS solution (pH 7.4). The sample pad and conjugate 

pad were pretreated with buffers and used to develop antigen-antibody interaction. The AuNP-pAb 

complex was applied to the conjugation pad. Samples containing PCT antigen with different standard 

concentrations were dropped to the sample pad to initiate the reaction. The sample antigen interacts 

with the pAb-AuNP complex and forms a labeled antigen-antibody complex as it starts flowing through 

the sample pad. This complex moves across a porous membrane where specific mAb is already present 

in the test zone, forming a sandwich complex. The test line was drawn on the NC membrane 2.1 cm 

away from the conjugated pad. When PCT (100 μl) was dropped at sample pad at concentrations of 10 

to 60 ng ml-1, a strong red band appeared at the test line (Figure 6d-i).  

 
 a b c d  e f  g  h i 

Figure 6. Illustration of LFA strips test results of different concentrations of PCT: (a)  1 ng ml-1 and  
(b) 1 ng ml-1 are showing negative test results; (c) 2 ng ml-1 is showing weak positive bands;  

(d-i) 10 to 60 ng ml-1 are showing strong positive test results 
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At the concentration of 2 ng ml-1, a weak red band appeared at the test line (Figure 6c), and thus, 

this concentration has been considered as the qualitative limit of detection of the test assay. 

However, at 1 ng ml-1 (Figure 6b) and lower concentrations (Figure 6a) no bands appeared at the 

test line, and thus, 1 ng ml-1 has been considered as a negative test result. 

Electrochemical characterization of LFA strip and response studies 

Cyclic voltammetry (CV) studies were conducted for electrochemical detection of a range of PCT 

concentrations using an Autolab potentiostat/galvanostat instrument with a three-electrode setup. 

Platinum wire was used as the counter electrode, Ag/AgCl as the reference electrode, and the portion 

of NC membrane cut from the modified LFA test strip (pAb-AuNP/mAb/PCT) was used as the working 

electrode (paper strip). For electrochemical analysis, 0.1 M KCl containing 10 mM [Fe(CN)6 ]3−/4− 

solution was used as a redox probe [19,35]. In the present work, CVs were performed with the paper 

strip as a working electrode which exhibits low conductivity. Thus, to enhance electron transmission 

between the working electrode and electrolyte and to record oxidation/reduction currents in CV 

curves, the redox probe [Fe(CN)6 ]3−/4− was added as a marker to investigate changes in electrode 

behaviour after loading different concentrations of PCT on the paper strip [34,36,37].  

To obtain voltammetric signals, portions of the NC (2.4×0.5 cm2) membrane of the strips which 

have an antigen-antibody complex, were cut (2 cm) and immersed in a redox probe solution (0.1 M KCl 

containing 10 mM [Fe(CN)6 ]3−/4−. CVs were performed between -0.4 and 0.8 V at the scan rate of 

50 mV s-1. Figure 7A shows decreasing oxidation/reduction currents in recorded CVs for every increase 

in the concentration of PCT analyte on the paper strip. In an electrochemical investigation through CV, 

redox currents produced as a result of electron transfer from an electrolyte to a working electrode or 

vice versa were monitored. The intensity of produced redox currents depends upon the electroactive 

species present in the electrolytic solution. With the help of this mechanism, redox currents are 

observed to identify the PCT analyte on the paper strip. Oxidation and reduction current peaks are not 

visible in recorded CVs in our work as the paper strip is a poor conductor and does not facilitate charge 

transfer. Thus, a characteristic cyclic voltammogram is not obtained even after the application of 

redox agents. Nevertheless, the recorded CVs of the paper strips in the presence of redox agents in 

the solution are in conformity with work published by various research groups [38,39]. Thus, to study 

variation in oxidation current of the strip with respect to varying PCT concentrations, the oxidation CV 

signal has been recorded at the fixed potential (0.3V). When the concentration of 1 ng ml-1 PCT paper 

strip was investigated by CV, the oxidation current was 60.03 μA, and when the concentration of the 

analyte was increased to 2 ng ml-1, a decrease of oxidation current to 53.29 μA was observed. On 

further increasing of the analyte concentration from 10, 20, 30, 40, 50 and 60 ng ml-1, a continuous 

decrease of oxidation current was observed as 46.96, 37.21, 29.52, 23.49, 21.13 and 17.46 μA, 

respectively. This can be attributed to higher loading of PCT on the paper strip surface with increasing 

concentration, which hinders electron transmission between the redox probe and the electrode, and 

so, the current density is decreased. Using CV current responses, the calibration curve is obtained and 

presented in Figure 7B as a function of measured oxidation current at 0.3 V and PCT concentration on 

the paper strip in the range of 1 to 60 ng ml-1. Linear proportionality of this plot indicates that 

magnitude of current changes linearly with the change in analyte concentration, while the negative 

slope of this plot indicates that oxidation current decreases with the increase of analyte on the paper 

strip. The linear proportionality of the current value and PCT concentration in the range from 1 to 

60 ng ml-1 corresponds to the equation (1), showing the regression coefficient value of 0.97 and 

sensitivity value of 0.695 A ml ng-1.  
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I = 0.695 [CPCT] + 54.646 (1) 

 A B 

 

Figure 7. (A) CV recorded for modified LFA strip as a function of PCT concentrations (1 - 60 ng ml-1) in  
0.1 M KCl containing 10 mM [Fe(CN)6 ]3−/4−; (B) calibration plot of oxidation current at 0.3 V as a function of 

PCT concentration 

Conclusions 

The present paper successfully developed a portable and inexpensive detection test kit for the 

quantitative and qualitative detection of PCT analyte through LFA and electrochemical CV techniques. 

Here, AuNP performed excellent specificity and color appearance at the test line. The color intensity 

on the test zone was directly proportional to the concentration of the PCT analyte. LOD of the LFA 

technique of 2 ng ml-1 was found qualitatively and 1 ng ml-1 quantitatively. By electrochemical CV 

response studies, a linear relation between oxidation current and PCT in the concentration range of 1 

to 60 ng ml-1 was obtained, with the sensitivity of the modified LFA strip of 0.695 A ml ng-1. This 

approach proves that for electrochemical detection of PCT, there is no need to use highly conductive 

substrates such as gold, silver, ITO, and expensive quantitative equipment. Hence, LFA and electro-

chemical techniques are convenient and easy POC techniques to detect BI-specific biomarker PCT. 
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Abstract 
Electrodeposited palladium was used as an electrocatalyst for electrochemical oxidation of 
hydrazine and methanol and the development of a sensitive platform for their detection. 
The electrochemical behavior of the electrode was evaluated by cyclic voltammetry (CV), 
while electroanalytical properties were determined by differential pulse voltammetry (DPV). 
The electrodeposited Pd catalyst exhibited good electrocatalytic activity towards oxidation 
of hydrazine in neutral solution and methanol oxidation in alkaline solution. Under opti-
mized DPV conditions, the electrodeposited Pd electrode shows good sensing capability for 
hydrazine and methanol detection. 

Keywords 
Sensitivity; differential pulse voltammetry; electroanalytical properties 

 

Introduction 

The interest in fuel cells has been growing over the past few decades, particularly for low- 

temperature fuel cells, since they can be used in portable electronic devices, electric vehicles, or 

stationary power supplies. Direct methanol fuel cells (DMFCs) are promising power sources, and as 

such, they demand highly efficient electrocatalysts for methanol electrooxidation. It was shown that 

Pd is an appropriate replacement for Pt because of its lower cost, higher tolerance against CO-like 

species, and better stability [1]. In addition, the choice of potential fuels is varied, and among them, 

hydrazine is of interest due to its large theoretical energy density, ease of storage and transport, 

and faster overall oxidation kinetics compared to the carbon-containing compounds [2].  

It has been known that organic compounds, such as formaldehyde, isopropanol, methanol, hydra-

zine, are volatile and harmful to human health. To detect these compounds, many research groups 

investigate and have already established sensors with rapid response rates, excellent stability, and 

selectivity. Nanostructures could be promising and effective electrodes for sensing applications and 

the detection of various chemicals. Electrodeposition is one of the most efficient methods for the 
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preparation of metals or their alloys as nanostructures with appropriate composition and morphology. 

This rapid and facile technique provides nucleation and growth of metal nanoparticles with different 

sizes and shapes depending on applied potential, current, time, or concentration of the solution. In 

recent years the electrochemical detection of hydrazine or methanol using Pd nanostructures has 

been reported in the literature. The highly dispersed and ultrafine carbon-supported Pd nanoparticles 

(Pd NPs) catalyst was synthesized by the NaBH4 reduction method in the presence of ethylenediamine-

tetramethylene phosphonic acid (EDTMP) [3]. This Pd/C catalyst exhibited a significant electrocatalytic 

performance for hydrazine oxidation in 0.05 M H2SO4. Rastogi et al. investigated Pd NPs immobilized 

on organic-inorganic hybrid nanocomposite material coated on a GC electrode as electrocatalyst in 

the oxidation of hydrazine and its amperometric sensor [4]. Using pulsed electrodeposition technique, 

Pd species were deposited on the multi-walled carbon nanotubes dispersed in Nafion membrane to 

catalyze the electrooxidation of hydrazine and investigate their electroanalytical properties [5]. Zhang 

et al. reported the preparation of Pd NPs loaded on cobalt nanoparticles wrapped in nitrogen-doped 

carbon nanotubes for hydrazine determination [6]. Considering electrochemical methanol sensors, 

research is directed toward developing electrode materials that can electrochemically oxidize 

methanol at low potentials with high selectivity, providing high sensitivity. Tao et al. proposed an 

electrochemical methanol sensor based on palladium-nickel nanoparticles dispersed onto the surface 

of the silicon nanowires [7]. This composite electrode shows good electrooxidation capability for 

methanol, and because of that, it can be used for its detection. Electrochemical sensor for the 

determination of methanol-based on Pd NPs supported on Santa Barbara amorphous-15- PrNHEtNH2 

(PdNPs@SBA-15-PrEn) is synthetized as well [8].  

The aim of this paper is to prepare the electrode applying the electrochemical deposition of Pd 

without any additives in a simple one-step procedure and to examine its electrocatalytic activity and 

sensitivity in hydrazine and methanol oxidation. The sensing parameters such as sensitivity and 

detection limits are determined by means of differential pulse voltammetry (DPV) measurements. 

Experimental  

All electrochemical measurements were performed using Volta Lab PGZ 402 (Radiometer Ana-

lytical, Lyon, France). A conventional three-electrode system was employed, including a gold rotating 

disk electrode (Au) electrode (geometric surface area 0.196 cm2) as the working electrode, Pt wire as 

the counter electrode, and a saturated calomel electrode (SCE) as the reference electrode. A mirror-

like polished Au electrode was prepared as previously stated [9]. The electrochemical deposition was 

performed without any additives in a simple one-step procedure at a potential of -0.16 V within 100 s 

and 1000 rpm at room temperature from deaerated 0.1 M NaCl solution containing 30 mM PdCl2 as 

was previously described [10]. In DPV measurements, the accumulation of the hydrazine at the 

working electrode was carried out for 0.2 s at -400 mV and 0.2 s at -600 mV for methanol. After that, 

the potential was scanned at a scan rate of 0.125 mV s-1, pulse amplitude of 50 mV, f = 5 Hz and step 

value 2 mV. All reagents were of analytical grade and purchased from Sigma-Aldrich. All solutions were 

prepared using nanopure water supplied by a Milli-Q system (Millipore®) with resistivity ≥18.2 MΩ cm. 

Electrochemical measurements were performed under N2 atmosphere at ambient temperature.  

Results and discussion 

Electrochemical oxidation of hydrazine 

A complete characterization of prepared Pd catalyst involving structural, morphological, and 

surface studies, was previously reported [10]. According to SEM measurements, a simple 
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electrochemical deposition process without surfactants created the morphology of nanorods with 

a diameter of ∼5 nm and an aspect ratio of ∼8. A clear rod shape was resolved by TEM image. 

It is well known that the electrode surface area and reactant concentration affect the current. In 

the presented work, one electrodeposited Pd electrocatalyst was examined and it is reasonable to 

assume that the electrochemically active surface area is the same in all experiments. If the other 

parameters such as temperature and the viscosity of the solution remain constant, the current is 

proportional to the reactant concentration. Because of that, the results were given per geometric 

surface area or just as current intensity.  

The electrocatalytic activity of electrodeposited Pd in the oxidation of 0.5 mM hydrazine was 

investigated in 0.1 M K2SO4 (pH 7) at 100 mV s-1 as is presented in Fig 1a. Neutral solution was 

selected as a blank electrolyte since it has been shown that the electrooxidation of hydrazine is more 

favored under neutral conditions regarding alkaline medium [11,12]. One anodic peak for hydrazine 

oxidation at 80 mV in the forward scan can be noticed. The absence of a current peak in the 

backward scan implies that the electrooxidation of hydrazine is an irreversible process that occurs 

during the positive potential scan. 

It has been shown that for the oxidation of hydrazine at platinum electrodes, surface oxides are 

substantial to electrocatalysis [13]. To establish the necessity of surface oxides, voltammetry was 

conducted in the absence of hydrazine at the Pd electrode. Figure 1b shows the typical response 

feature of the Pd surface. The peak in the range of -700 to -400 mV is for the oxidation of the 

adsorbed and absorbed hydrogen. A reversible redox feature in the potential region -200 – 100 mV 

is ascribed to the influence of ions in a sulphate electrolyte [14] and possibly also to the effect of 

the metal loading [15]. As is illustrated in Figure 1b the formation of Pd oxides starts at E > 400 mV, 

which is a higher overpotential than noticed in hydrazine oxidation. So, the effect of surface 

palladium oxide on electrocatalytic activity of Pd catalyst should be neglected during the hydrazine 

electrooxidation. 
 

 
 E / mV vs. SCE E / mV vs. SCE 

Figure 1. CV of electrodeposited Pd in 0.1 M K2SO4 in the presence (a) and absence (b) of 0.5 M N2H4.  

Voltammetric response, forward direction, of Pd electrode towards electrochemical oxidation of 

hydrazine was investigated as a function of scan rate (Fig. 2). With an increasing scan rate, a positive 

shift in the oxidation peak potential along with enhancement in catalytic current density was 

noticed. The plot of current density vs. square root of scan rate (Fig. 3a) showed a linear 
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dependency, demonstrating that hydrazine electrooxidation on Pd electrode is a diffusion-

controlled process which is in accordance with the reported results [3,16]. 

 
E / mV vs. SCE 

Figure 2. The forward direction of CVs obtained on Pd electrode towards 0.5 mM N2H4 in 0.1 M 
K2SO4 at a scan rate from 5 to 160 mV s-1 

 a b 

 
 v0.5 / (mV s-1)0.5 log (v / mV s-1) 

Figure 3. (a) Plot of peak current vs. square root of scan rate. (b) Plot of peak potential from 
the log of scan rate. Data collected from Fig. 2 

The oxidation potential simultaneously shifts to positive values with a linear correlation between 
the peak potential and the logarithm of scan rate, as is presented in Fig. 3b. Bearing in mind that 
dependency, the Tafel slope was considered using the equation (1) for the irreversible diffusion-
controlled process [17]: 

Ep = b/2 log v + const. (1) 

The slope of the dependency Ep – log v is b/2, and it is found to be 62 mV in this work, thus 

b = 2 × 62 = 124 mV. The Tafel slope is b = 59/(1-α)n (α is the transfer coefficient; n - the number of 

electrons involved in the rate-determining). It is well known that the first electron transfer of 

hydrazine oxidation is rate-determining [4,18]. Assuming the number of electrons is 1, the transfer 

coefficient is estimated as 0.48, illustrating that the rate-limiting step is a one-electron transfer 
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process. The mechanism of hydrazine oxidation was studied electrochemically at the Pd electrode in 

solutions of different pHs (pH 2-11), presented in detail [19-21]. It has been shown that the mechanism 

of hydrazine oxidation depended significantly on the electrolyte solution and the nature of the 

electrodes [2,19]. Hydrazine is oxidized through the 4e- process with the final product N2 in an aqueous 

solution [14,18]. The first intermediate of hydrazine oxidation in aqueous solutions has been identified 

as the radical ion N2H4
+ [22] or radical di-cation N2H5

2+ [19]. The formation of N2H4
+ ion was usually 

regarded as the rate-determining step, while other proposed intermediates are not stable [23]. 

Electrochemical oxidation of methanol 

Figure 4 shows the voltammetric response of investigated Pd catalyst in 1 M NaOH containing 

1 mM methanol at 50 mV s-1. Electrodeposited Pd showed two anodic peaks for methanol oxidation 

at -250 mV in the forward scan and at -430 mV in the backward scan. The peak observed in the 

forward scan was ascribed to the oxidation of chemisorbed species coming from methanol 

adsorption on the surface of the catalyst in the presence of adsorbed OH- species. The peak in the 

reverse scan might be caused by oxidation of freshly chemisorbed species or carbonaceous species, 

which are not completely oxidized in the forward scan. OH formation ability of a catalyst is in relation 

to alcohol oxidation activity. It is well documented in the literature that the kinetics of the alcohol 

oxidation reaction is enhanced by increasing the concentration of OH- ions in the solution, thus 

causing the higher coverage of the electrode surface by OH- species [24,25]. So, unlike hydrazine, 

methanol oxidation is determined by the degree of chemisorbed species originating from methanol 

and OHad coverage. Kinetic study of methanol electrooxidation reaction on Pd-based catalysts is well 

described in the literature [25,26].  

 
              E / mV vs. SCE 

Figure 4. CV of electrodeposited Pd in 1 M NaOH in the presence of 1 mM CH3OH at a scan rate 50 mV s-1 

Electroanalytic determination of hydrazine and methanol 

To check the analytical performance of the electrodeposited Pd electrode in the electrochemical 

determination of hydrazine and methanol, DPV and square wave voltammetry (SWV) were tested. 

Since the DPV showed improved peak current compared to SWV the first-mentioned method was 

used and optimized to detect these molecules. DPV response of electrodeposited Pd catalyst 

towards different concentrations of hydrazine was presented in Figure 5a. With increasing hydrazine 
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concentration, the current of hydrazine oxidation also increases. According to Fig. 5b, the calibration 

plot of current vs. hydrazine concentration gives a linear dependence in the concentration range of 

0.1-2 mM hydrazine. An excellent correlation coefficient (R = 0.999) was obtained as well. 
 

 
 E / mV vs. SCE c / mM 

Figure 5. (a) DPVs obtained on the electrodeposited Pd electrode in the presence of increasing 
hydrazine concentrations. (b) Dependency of peak current on hydrazine concentration 

Figure 6a shows the results of DPV obtained on the electrodeposited Pd electrode in the presence 
of an increasing concentration of methanol. Alkaline media were chosen because of their higher 
activity and poisoning resistance regarding acidic or neutral media. It can be noticed that the 

addition of methanol leads to a rapid and well-resolved increase of the peak currents at 300 mV. 

Ep slightly shifts (15 mV) towards more positive potentials, indicating that electrodeposited Pd 
shows satisfactory poison resistance from electrochemically formed intermediates. 

 
 E / mV vs. SCE c / mM 

Figure 6. (a) DPVs obtained on the electrodeposited Pd electrode in the presence of increasing 
methanol concentration. (b) Dependency of peak current from concentration 

The constructed linear dependency was used to evaluate several electroanalytical parameters. 

Thus, sensitivity was obtained from the slope of the calibration curve. The other electroanalytical 

parameters are the limit of detection (LOD) and the limit of quantification (LOQ). LOD demonstrates 

the lowest compound concentration which can be detected, while LOQ demonstrates the lowest 

concentration of compound, which can be quantitatively determined. Both LOD and LOQ were 
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calculated according to the equations k’ SD / b, where k’ = 3 for LOD and 10 for LOQ, SD is the 

standard deviation of the intercept and b is the slope of the calibration curve [27]. The obtained 

electroanalytical parameters are given in Table 1. It should be noted that the comparison of the 

electrochemical result is not unambiguous, as the electrochemical parameter is dependent on more 

than one experimental variable. 

Table 1. Determination of investigated compounds by DPV 

Compound 
Concentration 

linear range, mM 
Sensitivity, µA mM-1 LOD, mM LOQ, mM R 

Methanol 0.1-2.5 1.5 0.21 0.71 0.997 

Hydrazine 0.1-2 1.3 0.09 0.3 0.999 

 

The sensing capability of Pd in hydrazine detection is comparable to that established on Pd species 

deposited on the multi-walled carbon nanotubes dispersed in the Nafion membrane [5]. Nevertheless, 

the obtained LOD and LOQ values for both investigated compounds are lower than the reported data 

obtained on Pd nanostructures [5,8,18,28], indicating the unavoidable improvement of the electro-

chemical characteristic. Following this strategy, the synthesis of Pd nanostructures of diverse shapes 

has been extensively used. Additionally, a mixture of metals forming alloys or core-shell structures can 

be found in literature as an effective way of improving electrocatalytic activity. Enhancing the electro-

chemical activity and sensitivity towards hydrazine and methanol oxidation will be a matter of future 

studies. 

Conclusions 

Electrochemical deposition of Pd was performed without any additives in a simple one-step 

procedure. Electrodeposited Pd was then used as an electrocatalyst for the electrochemical oxidation 

of hydrazine and methanol. The electrochemical behavior of the Pd electrode reveals that the effect 

of surface palladium oxide should be neglected in the course of hydrazine electrooxidation. 

Conversely, in the case of the oxidation of methanol, surface oxides are necessary to electrocatalysis. 

The constructed linear dependency of Ip from hydrazine or methanol concentration was used to 

evaluate electroanalytical parameters. Some improvements will be a matter of future studies. 
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Abstract 
In this work, we have synthesized and discussed the results of electrosynthesis of metal-
polymer nanocomposites of gold. Nanocoatings were made on pure iron and steel 
electrodes by combining the process of electropolymerization of 1-vinyl-1.2.4-triazole with 
crotonic acid and cathodic deposition of gold. Using UV, IR and atomic absorption spectro-
scopies, X-ray phase analysis, as well as thermogravimetric and elemental analyses, the 
structure and composition of the synthesized nanocomposites and nanocomposite coatings 
were studied. 
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Introduction 

Nanocomposite materials containing gold nanoparticles have unique properties and their 

development is promising for medicine, nanophotonics and catalysis [1-4].  

Electrosynthesis and study of the properties of functional polymers and on this basis obtained 

nanomaterials, is the most rapidly developing area of modern chemical science. As noted in [2-12], 

nanomaterials are used in medicine as antibacterial drugs, systems for targeted delivery of contrast 

agents and drugs, biosensors, and other biomedical purposes. 

For wider use in medicine, nanomaterials must have thromboresistance, hydrophilicity, biological 

activity, biocompatibility, etc., and also, due to the presence of functional groups they must have an 

ability to bind to various substances, including drugs. These properties are characteristic for copoly-

mers of 1-vinyl-1.2.4-triazole (VT) with acrylic acid, which are poorly studied, but promising polymers for 

medical use [13-16]. Materials based on nanoparticles of various metals are often used in medicine. 

They are used as coverings for wounds, various medical devices, surgical masks, etc. [17-20]. Among 

metal nanoparticles, gold nanoparticles have the highest antibacterial and antiviral activity [20,21]. 
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The synthesis of new functional thrombo-resistant, non-toxic polymeric materials with gold 

nanoparticles makes it possible to expand the area of their application, as well as to increase the 

range of materials used in pharmaceuticals when creating new dosage forms. The properties of 

these nanocomposites substantially depend on both the nature of the stabilizing polymer matrix 

and the conditions for the formation of nanoparticles. As a polymer matrix, VT polymers and 

copolymers can be used since they are non-toxic (LD50 > 3000 mg kg– 1) and have high film formation 

ability, solubility, and biocompatibility [22,23]. In [22,24], a possibility of electrochemical formation 

of metal-containing nanocomposites and nanocomposite coatings based on vinylazole copolymers 

has already been reported. 

The synthesis and research of nanostructured functional systems, including nanocatalytic ones, are 

the priority areas of modern science. Due to their unusual physical and chemical properties, which 

differ from those of bulk metal, metal nanoparticles have a wide variety of potential applications in 

the field of catalysis, biomedicine, optics, electronics, etc. [25-35]. Metal nanoparticles are 

thermodynamically unstable, and in a relatively pure individual form, they can be obtained only when 

fixed on a solid as immobile support. To obtain such particles on an electrically conductive carrier, the 

electrochemical method is widely used in various versions of its implementation [36]. 

Nanocomposite materials containing gold nanoparticles have unique properties, and their use is 

promising for medicine [27-29]. Polymer nanocomposites containing zero-valent gold are effective 

antimicrobial and antiviral agents. The high antibacterial activity of gold nanoparticles is due to its 

developed surface. In addition, nanoparticles are small enough and capable of penetrating cell 

membranes and affecting intracellular processes. 

In this work, we discuss the results of electrosynthesis of metal-polymer nanocomposites and their 

coatings on pure iron and steel electrodes when electrochemical (co) polymerization of solid solution 

with crotonic acid (CA) is combined with the cathodic discharge of metal. 

Experimental  

The electrochemical initiation of polymerization was carried out in a glass electrolyzer without a 

diaphragm. Electrosynthesis in galvanostatic and potentiostatic modes was carried out using a 

ПИ-50.1 potentiogalvanostat with a ПР-8 programmer (Russia). The thickness of films was 

determined by micrometric and magnetic methods. Elemental analysis was performed on a FLASH 

EA 1112 series analyzer. The IR spectra of the polymers were recorded on Specord M-80 and Bruker 

Vertex 70 spectrometers using fine powders pressed into tablets with KBr. Absorption spectra were 

recorded on a Perkin Elmer Lambda 35 UV/VIS spectrophotometer. The metal content in the 

composites was determined by elemental and atomic absorption analysis on a Perkin Elmer Analyst 

200 spectrometer. The distribution of gold nanoparticles was established on a Leo 906 E TEM 

(Germany). Thermogravimetric analysis was performed on an MOM derivatograph (Hungary), the 

temperature rise rate was 5 °C min-1, while electrical conductivity was measured using a standard 

E6-13A teraohmmeter. As electrodes, we used pure ARMCO iron with an iron content of 99.92 % 

and St-3 with an iron content of 97 %. 

1-vinyl-1.2.4-triazole was obtained and purified by the method described in [37], and crotonic 

acid was purified by sublimation. 

General method of electrosynthesis of nanocomposites and coatings  

In a glass electrolytic cell with a capacity of 50 ml, electrolysis was carried out [E = -0.1 ... -1.2 V 

vs. Аg/AgCl, j = 1-15 mA cm-2] in aqueous or water-ethanol solutions (bi-distilled water and distilled 
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ethanol) containing 0.5 - 1 mol l-1 of 1-vinyl-1.2.4-triazole, 0.5 - 1 mol l-1 of crotonic acid,  

1.5 - 4 mmol l-1 HAuCl4, 0.02 - 0.05 % 4-tert-butylperoxy-4-oxobutanoic acid (TBOBA), and in some 

cases 0.05 to 0.07 wt.% chitosan. A pure iron or steel plate with an area of 1 - 2 cm2 was used as the 

working electrode (cathode), and a platinum or glassy carbon (SU-12, SU-20) plate with the same 

area was used as the anode. At high current densities j > 10 mA cm-2, the nanocomposite was 

deposited onto the electrolyzer floor. After the end of electropolymerization, the electrode package 

was removed, the cathode with the formed coating was separated, thoroughly washed with distilled 

water, and dried to the constant weight. The synthesized films were of lilac color, which confirms 

the presence of incorporated gold particles. 

Results and discussion 

During the electrolysis of aqueous or water-ethanol solutions of VT and CА or their mixtures at 

various ratios in the presence of HAuCl4 and chitosan, nanocomposites and nanocomposite coatings 

with a gold content of 1-10 wt.% are formed only in the presence of a peroxide-type initiator, for 

example, TBOBA, at the potential of electroreduction of 0.6 - 1.2 V vs. Аg/AgCl. 

After drying, the formed nanocomposite coatings on the electrodes become insoluble in water and 

in commonly used organic solvents (DMSO, DMFА, acetonitrile, etc.). The copolymer is crosslinked 

upon heating. In the electronic spectra of gold-containing nanocomposites, in contrast to aqueous 

solutions of the initial copolymers and HAuCl4, plasmon absorption bands appear with a maximum in 

the region of nanocomposite coatings containing gold. In Figure 1, absorption bands appear with a 

maximum in the region of 517-521 nm, which is typical for systems with zero-valent gold. 

 
Figure 1. Electronic absorption spectra of VT-CA copolymer (1), gold 6.8 wt.% (2),  

gold 7.3 wt.% (3), gold 8.0 wt.% (4) 

The IR spectrum of gold-containing VT-CA copolymer shown in Figure 2 contains bands 

corresponding to the frequencies of stretching bending vibrations of the triazole ring at 1503, 1434, 

1138, 1005, 660 cm-1 (C-N, C = N), 1275 cm-1 (NN), 3106 cm-1 (CH), and a band at 1711 cm-1 related 

to stretching vibrations of the units of the carboxyl group. 

Analysis of IR spectra shows that the formation of gold-containing polymer nanocomposites leads 

to insignificant changes in the chemical structure of the copolymer matrix. Thus, the intensities of 

the absorption bands of the triazole ring, which can act as coordination centers of gold nano-
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particles, show a weak shift (by 3 - 4 cm-1) of one band at 1506 cm-1, which is characteristic of the 

stretching vibrations of the ring (C-N and C = N).  
 

 
Figure 2. IR spectrum of gold nanocomposite based on VT-CA copolymer 

This shift may indicate the coordination interaction of the triazole ring with the surface atoms of 

metal nanoparticles. An intense band in the IR spectra of the copolymers at 1711 cm-1 indicates that 

the carboxyl group of CA in the copolymers is in unionized form. When passing from copolymers to 

nanocomposites with gold nanoparticles, it can be seen that the number of non-ionized carboxyl 

groups (–СООH) decreases significantly, and a new absorption band appears at 1577 cm-1, which is 

characteristic of stretching vibrations of the carboxylate anion (–COOH-). 

The gold content in nanocomposite films was 1-8 %, according to the data of elemental analysis 

and atomic absorption spectroscopy. The intrinsic viscosity of polymer nanocomposites, in contrast 

to the initial copolymers, increased by an average of 10 - 20 %, which can be explained by the 

presence of numerous bonds of polymer macromolecules with metal nanoparticles (Table 1). 

Table 1. Nanocomposites based on VT-CA copolymers 

Nanocomposite E / V Au content, wt. % Yield, % η / dl·g-1 λmax / nm Nanoparticle sizes, nm 

1 -0.60 6.8 73.4 1.52 521 2 - 10 

2 -0.75 7.3 78.5 0.83 517 4 - 6 

3 -0.90 8.0 80.1 0.19 517 2 - 4 
 

As can be seen from the results, with an increase in the cathodic potential, the metal content in 

the nanocomposite increases while the size of the nanoparticles decreases.  Coordination occurs 

due to the nitrogen atoms of the heterocycle. As a result of this work, a nanocomposite of the 

following structure presented in Scheme 1 is formed. 

The solubility of nanocomposites is mainly due to the intramolecular interaction of copolymer 

macromolecules with gold nanoparticles, due to which relatively loose polymer coils are formed 

rather unfolded in an aqueous solution since a small amount of nanoparticles participates in the 

coordination interaction. Polymer coils represent a more compact conformational state of macro-

molecules of a polymer nanocomposite, in comparison with the initial copolymer, which arises due 

to partial crosslinking by nanosized particles. 
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Scheme 1. Nanocomposite structure 

An increase in gold content over 8 wt.% leads first to a partial and then to a complete loss of 

solubility. This is due to the enhancement of intermolecular interaction and crosslinking of polymer 

macromolecules by metal nanoparticles under the influence of multiple cooperative forces. In this 

case, the intermolecular binding of macromolecules with the surface atoms of gold nanoparticles 

affects the hydration of the copolymer. The solubility of the copolymer is due to the formation of 

hydrogen bonds of the triazole ring and carboxyl groups [38,39] (hydrophilic hydration is charac-

teristic of poly-1-vinyl-1.2.4-triazole). Thus, with an increase in the content of gold nanoparticles, 

the hydration of the polymer nanocomposite decreases down to its complete loss (most of the 

triazole and carboxyl groups are involved in coordination interaction with gold nanoparticles and do 

not participate in the formation of hydrogen bonds with water molecules). The formation of organo-

inorganic nanocomposites, namely the presence of gold nanoparticles and an amorphous polymer 

phase, is confirmed by the results of X-ray phase analysis. The approximate sizes of metal nano-

particles are presented by the results of X-ray phase analysis shown in Figure 3.  
 

 

Figure 3. Fragment of the diffractogram of gold nanocomposite 

In the region where the gold particle Au (111) has d = 0.235 nm, a strongly broadened maximum 

is observed in the diffractogram of the composite, which confirms the presence of metallic gold in 

the nanosized state in the studied samples. 

The sizes of gold nanoparticles were calculated according to [40]. According to the results of 

transmission electron microscopy (Figure 4), nanocomposite contains mostly elliptical gold 

nanoparticles, uniformly distributed in the copolymer matrix, having sizes of 2 - 10 nm. 
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Figure 4. Electron micrograph (left) and distribution diagram of gold nanoparticles by size (right)  

in VT-CA copolymer matrix 

The study of the thermal stability of polymer nanocomposites showed that the first stage of 

polymer matrix destruction is observed in the temperature range from 280 to 400 °C and is 

accompanied by a gradual weight loss down to 40 %, which refers to the elimination and oxidation 

of carboxyl and methyl groups (Figure 5). 
 

 
Figure 5. Thermogravimetric curves: 1- copolymer VT-CA, 2 - gold-bearing nanocomposite 

The next stage of decomposition of the composite occurs in the temperature range 480-570 °C. 

The gold-containing nanocomposite is thermally more stable than the copolymer, since denser coils 

of the nanocomposite with the metal are formed. 

The electrical conductivity of nanocomposite polymer films based on VT-CA copolymers increases 

by three orders of magnitude, up to 8.910-10 - 7.210-9 S m-1, in comparison with the original 

copolymers. Pure VT-CA copolymer has no electrical conductivity. The increase in electrical conduc-

tivity is apparently due to the contribution to the total electrical conductivity of individual local 

tunneling currents arising in these samples between electrically conducting metallic gold nano-

particles closely located in the dielectric polymer matrix. 
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Conclusion 

Based on monomeric VT-CA systems, nanocomposites and nanocomposite coatings have been 

synthesized electrochemically. It was found that, depending on the electrode potential, the 

nanoparticle size changes from 2 to 10 nm, and the viscosity from 0.19 to 1.52 dl g-1.  According to 

the transmission electron microscopy data, the gold nanoparticles are uniformly distributed over 

the polymer matrix. The composition and structure of the obtained nanocomposites have been 

investigated. The synthesized nanocomposites can be used in medicine as thromboresistant, bio-

compatible polymers. 

Acknowledgement: This study was supported by the Ministry of Education, Science,  Culture and 

Sports RA, Science Committee (project no. 21T-2E068). 

References 

[1] A. D. Pomogailo, A. S. Rosenberg, I. E. Uflyand, Metal Nanoparticles in Polymers, Khimiya,
Moscow, Russia, 2000.

[2] C. N. R. Rao, A. Müller, A. K. Cheetham (Eds.), The Chemistry of Nanomaterials: Synthesis,
Properties and Applications, Wiley-VCH Verlag GmbH & Co. Weinheim, Germany, 2004.
ISBN 3-527-30686-2.

[3] P. Broz (Ed.), Polymer-Based Nanostructures: Medical Applications, Roy. Soc. Chem. Pub.,
Cambridge, UK, 2010.

[4] M. Noroozi, A. Zakaria, M. M. Moksin, Z. A. Wahab, A. Abedin, International Journal of
Molecular Sciences 13(7) (2012) 8086-8096. https://doi.org/10.3390/ijms13078086

[5] S. H. Sargsyan, K. S. Margaryan, Russian Journal of General Chemistry 84 (2014) 550-551.
https://doi.org/10.1134/S1070363214030232

[6] A. Tiwari (Ed.), Recent Developments in Bio-Nanocomposites for Biomedical Applications,
Nova Science Publishers Inc., New York, USA, 2011, p. 511. ISBN 13: 9781617615139

[7] L.-S. Wang, C.-Y. Wang, C.-H. Yang, C.-L. Hsieh, S.-Y. Chen,  C.-Y. Shen,  J.-J. Wang, K.-S.
Huang International Journal of Nanomedicine 10(1) (2015) 2685-2696.
https://doi.org/10.2147/IJN.S77410

[8] G.F. Prozorova, A.S. Pozdnyakov, A.I. Emel'Yanov, S.A. Korzhova, T.G. Ermakova, B.A.
Trofimov, Doklady Chemistry 449(1) (2013) 87-88. https://doi.org/10.1134/S00125008-
13030051

[9] R.A. Hule, D.J. Pochan. MRS Bulletin 32(4) (2007) 354-358. https://doi.org/10.1557/-
mrs2007.235

[10] F. Liebig, R. M. Sarhan, M. Bargheer, C. N. Z. Schmitt, A. H. Poghosyan, A. A. Shahinyan, J.
Koetz, RSC Advances 10(14) (2020) 8152-8160. https://doi.org/10.1039/D0RA00729C

[11] A. V. Meltonyan, A. H. Poghosyan, S. H. Sargsyan, K. S. Margaryan, A. A. Shahinyan Colloid
and Polymer Science 297 (2019) 1345-1352. https://doi.org/10.1007/s00396-019-04554-x

[12] A. V. Meltonyan, A. H. Poghosyan, S. H. Sargsyan, K. S. Margaryan, A. A. Shahinyan, Journal
of Polymer Research 27 (2020) 91. https://doi.org/10.1007/s10965-020-02075-8

[13] A. S. Pozdnyakov, N. P. Kuznetsova, S. A. Korzhova, T. G. Ermakova, T. V. Fadeeva, A. V.
Vetohina, G. F. Prozorova, Russian Chemical Bulletin 64 (2015) 1440-1444.
https://doi.org/10.1007/s11172-015-1029-9

[14] S. H. Sargsyan, K. S. Margaryan, A. S. Sargsyan, Russian Journal of Applied Chemistry 91
(2018) 310-313. https://doi.org/10.1134/S1070427218020210

[15] J. S. Kim, E. Kuk, K. N. Yu, J.-H. Kim, S. J. Park, H. J. Lee, S. H. Kim, Y. K. Park, Y. H. Park, C.-Y.
Hwang, Y. -K. Kim, Y.-S. Lee, D.H. Jeong, M.-H. Cho. Nanomedicine: Nanotechnology,
Biology and Medicine 3(1) (2007) 95-101. https://doi.org/10.1016/j.nano.2006.12.001

http://dx.doi.org/10.5599/jese.1193
https://doi.org/10.3390/ijms13078086
https://link.springer.com/journal/11176
https://doi.org/10.1134/S1070363214030232
https://www.ncbi.nlm.nih.gov/pubmed/?term=Wang%20LS%5BAuthor%5D&cauthor=true&cauthor_uid=25878501
https://www.ncbi.nlm.nih.gov/pubmed/?term=Wang%20CY%5BAuthor%5D&cauthor=true&cauthor_uid=25878501
https://www.ncbi.nlm.nih.gov/pubmed/?term=Yang%20CH%5BAuthor%5D&cauthor=true&cauthor_uid=25878501
https://www.ncbi.nlm.nih.gov/pubmed/?term=Hsieh%20CL%5BAuthor%5D&cauthor=true&cauthor_uid=25878501
https://www.ncbi.nlm.nih.gov/pubmed/?term=Chen%20SY%5BAuthor%5D&cauthor=true&cauthor_uid=25878501
https://www.ncbi.nlm.nih.gov/pubmed/?term=Shen%20CY%5BAuthor%5D&cauthor=true&cauthor_uid=25878501
https://www.ncbi.nlm.nih.gov/pubmed/?term=Wang%20JJ%5BAuthor%5D&cauthor=true&cauthor_uid=25878501
https://www.ncbi.nlm.nih.gov/pubmed/?term=Huang%20KS%5BAuthor%5D&cauthor=true&cauthor_uid=25878501
https://www.ncbi.nlm.nih.gov/pubmed/?term=Huang%20KS%5BAuthor%5D&cauthor=true&cauthor_uid=25878501
file:///C:/Users/Admin/Downloads/International%20Journal%20of%20Nanomedicine
https://doi.org/10.2147/IJN.S77410
https://www.elibrary.ru/contents.asp?id=33854540
https://doi.org/10.1134/S0012500813030051
https://doi.org/10.1134/S0012500813030051
https://www.cambridge.org/core/search?filters%5BauthorTerms%5D=Rohan%20A.%20Hule&eventCode=SE-AU
https://www.cambridge.org/core/search?filters%5BauthorTerms%5D=Darrin%20J.%20Pochan&eventCode=SE-AU
https://www.cambridge.org/core/journals/mrs-bulletin
https://doi.org/10.1557/mrs2007.235
https://doi.org/10.1557/mrs2007.235
https://doi.org/10.1039/D0RA00729C
https://link.springer.com/journal/396
https://link.springer.com/journal/396
https://doi.org/10.1007/s00396-019-04554-x
https://doi.org/10.1007/s10965-020-02075-8
https://doi.org/10.1007/s11172-015-1029-9
https://doi.org/10.1134/S1070427218020210
https://doi.org/10.1016/j.nano.2006.12.001


J. Electrochem. Sci. Eng. 12(2) (2022) 283-291 ELECTROSYNTHESIS OF GOLD NANOCOMPOSITES 

290  

[16] M. Rai, A. Yadav, A. Gade. Biotechnology Advances 27(1) (2009) 76-83. https://doi.org/-
10.1016/j.biotechadv.2008.09.002   

[17] C. A. Mecha, V. L. Pillay, Journal of Membrane Science 458 (2014) 149-156. https://doi.org/-
10.1016/j.memsci.2014.02.001  

[18] E. F. Panarin, Russian Chemical Bulletin 66(10) (2017) 1812-1820. https://doi.org/10.1007/-
s11172-017-1952-z  

[19] A. S. Pozdnyakov, A. A. Ivanova, A. I. Emelyanov, T. G. Ermakova, G. F. Prozorova, Russian 
Chemical Bulletin 66 (2017) 1099-1103. https://doi.org/10.1007/s11172-017-1860-2  

[20] V. V. Kopeikin, E. F. Panarin, Doklady Chemistry 380(4-6) (2001) 277-279. 
https://doi.org/10.1023/A:1012396522426  

[21] M. Davoodbasha, S.-C. Kim, S.-Y. Lee, J.-W. Kim, Archives of Biochemistry and 
Biophysics 605 (2016) 49-58. https://doi.org/10.1016/j.abb.2016.01.013  

[22]  L. A. Tatarova, T. G. Yermakova, Al. Al. Berlin, Ye. F. Razvodovskii, V. A. Lopyrev, N. F. 
Kedrina, N. S. Yenikolopyan, Polymer Science U.S.S.R. 24(10) (1982) 2529-2536. 
https://doi.org/10.1016/0032-3950(82)90127-7  

[23] G. F. Prozorova, S. A. Korzhova, T. V. Kon’kova, A. S. Pozdnyakov, T. G. Ermakova, T. V. 

Fadeeva, S. A. Vereshchagina, B. A. Trofimov, Russian Chemical Bulletin 60 (2011) 671. 

https://doi.org/10.1007/s11172-011-0104-0  
[24] K. S. Margaryan, S. H. Sargsyan, A. S. Sargsyan, Russian Journal of Applied Chemistry 89 

(2016) 1261-1264. https://doi.org/10.1134/S1070427216080073  
[25] H. Hirai, N. Toshima, Polymer-attached catalysis in Tailored Metal Catalysts, Iwasawa, Ed., 

D. Reidel Pub. Co., Dordrecht, Holand, 1985, pp. 87-140. https://doi.org/10.1007/978-94-
009-5261-4_2   

[26] A. D. Pomogailo, A. S. Rozenberg, G. I. Dzhardimalieva, Russian Chemical Reviews 80(3) 
(2011) 257. http://dx.doi.org/10.1070/RC2011v080n03ABEH004079  

[27] V.I. Roldugin, Russian Chemical Reviews 69(10) (2000) 821. https://dx.doi.org/10.1070/RC-
2000v069n10ABEH000605  

[28] M.-C. Daniel, D. Astruc, Chemical Reviews 104 (1) (2004) 293-346. https://doi.org/-
10.1021/cr030698+  

[29] V. V. Volkov, T. A. Kravchenko, V. I. Roldughin, Russian Chemical Reviews 82(5) (2013) 465. 
https://doi.org/10.1070/RC2013v082n05ABEH004325  

[30] B. I. Kharisov, O. V. Kharissova, U. Ortiz-Méndez, Handbook of Less Common 
Nanostructures, CRC Press, Taylor and Francis Group, Boca Raton, 2012, p. 828. 

[31] P.C. Lee, D. Meisel, The Journal of Physical Chemistry 86(17) (1982) 3391-3395. 
https://doi.org/10.1021/j100214a025  

[32] P. Yang, W. Zhang, Y. Du, X.J. Wang, Journal of Molecular Catalysis A: Chemical 260(1-2) 
(2006) 4-10. https://doi.org/10.1016/j.molcata.2006.06.045  

[33] E. J. Kim, J. H. Yeum, H. D. Ghim, S. G. Lee, G. H. Lee, H. J. Lee, S. I. Han, J. H. Choi, Polymer 
(Korea) 35(2) (2011) 161-165. https://www.cheric.org/PDF/PK/PK35/PK35-2-0161.pdf  

[34] S. V. Vasilyeva, M. A. Vorotyntsev, I. Bezverkhyy, E. Lesniewska, O. Heintz, R. Chassagnon, 
The Journal of Physical Chemistry C 112(50) (2008) 19878-19885. https://doi.org/-
10.1021/jp805423t  

[35] O. A. Petrii, Russian Chemical Reviews 85(2) (2015) 159. http://dx.doi.org/10.1070/RCR4438  
[36] Z.-Y. Zhou, N. Tian, J.-T. Li, I. Broadwell, Sh.-G. Sun Chemical Society Reviews 40 (2011) 4167-

4185 https://doi.org/10.1039/C0CS00176G   
[37] G. F. Prozorova, A. S. Pozdnyakov, S. A. Korzhova, T. G. Ermakova, M. A. Novikov, E. A. 

Titov, L. M. Sosedova, Russian Chemical Bulletin 63 (2014) 2126-2129. https://doi.org/-
10.1007/s11172-014-0709-1  

https://doi.org/10.1016/j.biotechadv.2008.09.002
https://doi.org/10.1016/j.biotechadv.2008.09.002
https://www.sciencedirect.com/science/journal/03767388
https://doi.org/10.1016/j.memsci.2014.02.001
https://doi.org/10.1016/j.memsci.2014.02.001
https://doi.org/10.1007/s11172-017-1952-z
https://doi.org/10.1007/s11172-017-1952-z
https://ur.booksc.eu/g/Pozdnyakov,%20A.%20S.
https://ur.booksc.eu/g/Ivanova,%20A.%20A.
https://ur.booksc.eu/g/Emelyanov,%20A.%20I.
https://ur.booksc.eu/g/Ermakova,%20T.%20G.
https://ur.booksc.eu/g/Prozorova,%20G.%20F.
https://ur.booksc.eu/journal/21712
https://ur.booksc.eu/journal/21712
https://doi.org/10.1007/s11172-017-1860-2
https://doi.org/10.1023/A:1012396522426
https://doi.org/10.1016/j.abb.2016.01.013
https://www.sciencedirect.com/science/article/abs/pii/0032395082901277#!
https://www.sciencedirect.com/science/article/abs/pii/0032395082901277#!
https://www.sciencedirect.com/science/article/abs/pii/0032395082901277#!
https://www.sciencedirect.com/science/article/abs/pii/0032395082901277#!
https://www.sciencedirect.com/science/article/abs/pii/0032395082901277#!
https://www.sciencedirect.com/science/article/abs/pii/0032395082901277#!
https://www.sciencedirect.com/science/article/abs/pii/0032395082901277#!
https://www.sciencedirect.com/science/article/abs/pii/0032395082901277#!
https://www.sciencedirect.com/science/journal/00323950
https://doi.org/10.1016/0032-3950(82)90127-7
https://link.springer.com/article/10.1007/s11172-011-0104-0#auth-G__F_-Prozorova
https://link.springer.com/article/10.1007/s11172-011-0104-0#auth-S__A_-Korzhova
https://link.springer.com/article/10.1007/s11172-011-0104-0#auth-T__V_-Kon_kova
https://link.springer.com/article/10.1007/s11172-011-0104-0#auth-A__S_-Pozdnyakov
https://link.springer.com/article/10.1007/s11172-011-0104-0#auth-T__G_-Ermakova
https://link.springer.com/article/10.1007/s11172-011-0104-0#auth-T__V_-Fadeeva
https://link.springer.com/article/10.1007/s11172-011-0104-0#auth-T__V_-Fadeeva
https://link.springer.com/article/10.1007/s11172-011-0104-0#auth-S__A_-Vereshchagina
https://link.springer.com/article/10.1007/s11172-011-0104-0#auth-B__A_-Trofimov
https://link.springer.com/journal/11172
https://doi.org/10.1007/s11172-011-0104-0
https://doi.org/10.1134/S1070427216080073
https://doi.org/10.1007/978-94-009-5261-4_2
https://doi.org/10.1007/978-94-009-5261-4_2
http://dx.doi.org/10.1070/RC2011v080n03ABEH004079
http://www.mathnet.ru/php/person.phtml?option_lang=eng&personid=69276
https://doi.org/10.1070%2FRC2000v069n10ABEH000605
https://dx.doi.org/10.1070/RC2000v069n10ABEH000605
https://dx.doi.org/10.1070/RC2000v069n10ABEH000605
https://doi.org/10.1021/cr030698
https://doi.org/10.1021/cr030698
https://doi.org/10.1070/RC2013v082n05ABEH004325
https://doi.org/10.1021/j100214a025
https://www.ingentaconnect.com/content/el/13811169
https://doi.org/10.1016/j.molcata.2006.06.045
https://www.cheric.org/PDF/PK/PK35/PK35-2-0161.pdf
https://doi.org/10.1021/jp805423t
https://doi.org/10.1021/jp805423t
http://dx.doi.org/10.1070/RCR4438
https://doi.org/10.1039/C0CS00176G
https://doi.org/10.1007/s11172-014-0709-1
https://doi.org/10.1007/s11172-014-0709-1


S. H. Sargsyan et al. J. Electrochem. Sci. Eng. 12(2) (2022) 283-291 

http://dx.doi.org/10.5599/jese.1193 291 

[38] N. L. Mazyar, V. Annenkov, V. A. Kruglova, S. M. Anan'ev, E. N. Danilovtseva, A. V. Rokhin, S. 
V. Zinchenko, Russian Chemical  Bulletin, International Edition  49(12) (2000) 2013-2017. 
https://doi.org/10.1023/A:1009571908805  

[39] A. S. Pozdnyakov, A. I. Emel’yanov, T. G. Ermakova, G. F. Polymer Science B 56 (2014) 238-
246. https://doi.org/10.1134/S1560090414020122  

[40] Ch. S. Barrett, T. B. Masalsky, The structure of metals, Metallurgy, Moscow, USSR, 1984, p. 
681 

 

 

©2022 by the authors; licensee IAPC, Zagreb, Croatia. This article is an open-access article  
distributed under the terms and conditions of the Creative Commons Attribution license  

(https://creativecommons.org/licenses/by/4.0/) 

http://dx.doi.org/10.5599/jese.1193
https://www.researchgate.net/scientific-contributions/NL-Mazyar-77509433
https://www.researchgate.net/profile/Vadim-Annenkov-2
https://www.researchgate.net/scientific-contributions/VA-Kruglova-78589258
https://www.researchgate.net/scientific-contributions/S-M-Ananev-77867214
https://www.researchgate.net/scientific-contributions/Elena-N-Danilovtseva-39022005
https://www.researchgate.net/scientific-contributions/A-V-Rokhin-27851050
https://www.researchgate.net/profile/Sergey-Zinchenko-4
https://www.researchgate.net/profile/Sergey-Zinchenko-4
https://doi.org/10.1023/A:1009571908805
https://doi.org/10.1134/S1560090414020122
https://creativecommons.org/licenses/by/4.0/)


 



 

http://dx.doi.org/10.5599/jese.1162    293 

J. Electrochem. Sci. Eng. 12(2) (2022) 293-304; http://dx.doi.org/10.5599/jese.1162   

 
Open Access : : ISSN 1847-9286 

www.jESE-online.org 

Original scientific paper 

Synthesis and antioxidant activity of six novel N-ferrocenyl-
methyl-N-(nitrophenyl)- and -N-(cyanophenyl)-acetamides: 
Cyclic voltammetry and molecular docking studies 
Abdellatif Kedadra, Touhami Lanez, Elhafnaoui Lanez, Hadia Hemmami and 
Meriem Henni 

VTRS Laboratory, Department of Chemistry, Faculty of Sciences, University of El Oued B.P.789, 39000, 
El Oued, Algeria 

Corresponding author: touhami-lanez@univ-eloued.dz;   

Received: November 8, 2021; Accepted: December 28, 2021; Published: January 25, 2022 
 

Abstract 
Cyclic voltammetry (CV) assays were performed to measure superoxide anion radical (O

2
-) 

scavenging activities of six novel N-ferrocenylmethyl-N-(nitrophenyl)-acetamides and N-fer-
rocenylmethyl-N-(cyanophenyl)acetamides (FMA1-FMA6), followed by molecular docking 
simulations and in silico toxicity prediction. The obtained values of IC50 from CV assays 
indicated that all studied compounds showed promising scavenging activity against O

2
- 

radicals, with the compounds FMA1, FMA3, and FMA4 possessing the most significant 
potency. A molecular docking study revealed that all compounds interact with amino acid 
residues of glutathione reductase via hydrogen bonding and hydrophobic interactions. 
The compound FMA4 was the most inactive compound against the glutathione reductase 
enzyme having the highest inhibitory concentration of 2.61 µM and the lowest docking 
score of -31.85 kJ/mol. Toxicity studies demonstrated that among six studied compounds, 
FMA4, FMA5, and FMA6 are predicted to be nontoxic. 

Keywords 
Ferrocene derivatives; superoxide anion radical; binding free energy; toxicity study  

 

Introduction 

Recently, ferrocene derivatives have been widely studied because of their versatile potential appli-

cations in many research fields such as medicinal chemistry [1–7], material sciences [8], and diagnostic 

applications fields [9]. N-ferrocenylmethylamines and their derivatives, in particular, N-ferrocenyl-

methyl-N-(nitrophenyl)- and -N-(cyanophenyl)aniline, have shown important biological activities due 

to their promising biological potential as anticancer properties [10,11], antimicrobial agents [12], 

antioxidants [13,14], and anti-proliferative agents against MCF-7 human breast cancer cell lines [15]. 
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Most of ferrocenylmethylaniline derivatives scavenge superoxide free radicals, and this reaction 

is useful in the inhibition of cancer growth [16]. The superoxide radical scavenging activities of ferro-

cenylmethylanilines are mainly due to the presence of functionalized aniline in the ferrocene moiety 

that could donate protons to the superoxide anion radical to form the corresponding radical species. 

The mechanism might be described by a first proton transfer (Eq. (1)), followed by the electron 

transfer (Eq. (2)). With a second proton transfer (Eq. (3)) the overall reaction is a two-electron 

reduction of oxygen (Eq. (4)). In our experimental conditions with ferrocene derivatives, we did not 

observe the increase of oxygen current reduction, which is expected in the hypothesis of a proton 

donating mechanism [17]. 

O
2

- + FcH → HO
2 +Fc-  (1) 

HO
2 + O

2
- → HO2

- + O2  (2) 

HO2
- + FcH → H2O2 +Fc-  (3) 

O
2

- + 2e +FcH → H2O2 + 2Fc-  (4) 

Glutathione, a tripeptide protein naturally produced by the body, is made up of three amino acids: 

glutamic acid, cysteine, and glycine. It plays an essential antioxidant intracellular role [18], since it is 

involved in the elimination of reactive oxygen species and acts as a scavenger for various oxygen 

radicals. The enzyme glutathione reductase (GR), also called glutathione-disulfide reductase, reduces 

the oxidized form of glutathione disulfide (GSSG) to the reduced glutathione form (GSH). Elevated 

levels of GSSG/GSH ratio lead to intracellular signal transduction, elimination of free radicals and 

reactive oxygen species, and the preservation of intracellular redox status [19]. Thus, inhibition of 

glutathione reductase results in a decrease in GSH, an increase in GSSG, and consequently a high 

GSSG/GSH ratio. Studying the glutathione reductase inhibition by potentially antioxidant compounds 

could serve for choosing antioxidants candidates. A good antioxidant candidate should inhibit 

glutathione reductase enzyme less. 

In this work, we describe the synthesis and the scavenging activity against O
2

- of six novel N-fer-

rocenylmethyl-N-(nitrophenyl)- and N-ferrocenylmethyl-N-(cyanophenyl)acetamides using cyclic vol-

tammetry assays. Further, the compounds were scrutinized through toxicity study and molecular 

docking to predict the median lethal dose (LD50) and the toxicity class (TC) to afford an insight into the 

inhibition and binding partialities of the most potent compounds with glutathione reductase. 

Experimental  

Chemicals  

All starting materials and solvents used for the synthesis of N-ferrocenylmethyl-N-(nitrophenyl)- 

and N-ferrocenylmethyl-N-(cyanophenyl)acetamides were of analytical grade and obtained from 

different commercial sources and used as received. Tetrabutylammonium tetra-fluoroborate 

(Bu4NBF4) (electrochemical grade 99 %) was from Sigma-Aldrich. Oxygen gas (research-grade 99.99 %) 

was supplied by Linde Gaz Algérie.  

Materials and methods 

CV experiments were run on a PGZ301 potentiostat (Radiometer Analytical SAS, France) 

connected to an electrochemical cell having a volume of 15 mL and equipped with three electrodes: 

a glassy carbon working electrode of an area equal to 0.013 cm2, a platinum wire auxiliary electrode, 

and a Hg/Hg2Cl2 reference electrode. The reaction medium was saturated with high-purity com-

mercial oxygen for 15 min before each experiment. 1H NMR spectra were obtained on a Bruker 
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Avance DPX 300 MHz spectrometer. All 1H NMR spectra are reported in ppm relative to the central 

line of the singlet for CDCl3 at 7.28 ppm. 

Structure optimization was run using density functional theory implemented in Gaussian 09 

package [20]. All calculations were carried out with the unrestricted Becker’s three-parameter 

hybrid exchange functional [20] combined with Lee-Yang-Parr nonlocal correlation function, abbre-

viated as B3LYP [22–24] with combined basic sets, LanL2DZ [25–27] for optimizing iron atom and 6-

311G+(d) for the rest of atoms [28–30]. 

The in silico toxicity study was performed using the ProTox-II web server [31].  

Molecular docking simulations were performed using AutoDock 4.2 docking software [32,33], 

executed on a Pentium 2.7 GHz and 8 GB Ram microcomputer MB memory with windows 8 operat-

ing system. 

Synthesis  

N-ferrocenylmethyl-N-(nitrophenyl)- and N-ferrocenylmethyl-N-(cyanophenyl)acetamides coded 

as FMA1-FMA6 were synthesized by coupling the well-known quaternary salt (ferrocenylmethyl)-

trimethyl-ammonium iodide [34] with the corresponding substituted anilines, following our previously 

reported procedure [35,36]. The obtained products were then acetylated using acetic anhydride and 

their molecular structures are shown in Figure 1. The antioxidant activities of the synthesized 

compounds against superoxide anion radicals were measured using CV assays. 
 

 

FMA1, X = 2-NO2; FMA2, X = 3-NO2; FMA3, X = 4-NO2; 
FMA4, X = 2-CN; FMA5, X = 3-CN; FMA6, X = 4-CN 

 
 
 

Figure 1. Chemical structures of N-ferrocenylmethyl-N-(nitrophenyl)-
acetamide and N-ferrocenylmethyl-N-(cyanophenyl)acetamide 

General procedure for the synthesis of compounds (FMA1-FMA6) 

The corresponding N-ferrocenylmethyl-N-(nitrophenyl)aniline (500 mg, 1.49 mmol) or N-ferro-

cenylmethyl-N-(cyanophenyl)aniline (500 mg, 1.58 mmol) was dissolved in acetic anhydride 160 ml 

(1.7 mmol) and the reaction mixture was heated at 65 °C for 30 minutes under an atmosphere of 

nitrogen. Then it was allowed to cool to room temperature and poured on 140 ml 0.1 M of an 

aqueous solution of sodium carbonate and extracted three times with dichloromethane. The 

combined extracts were evaporated and the obtained residue was recrystallized from a mixture of 

methanol/water (30/70) to yield a red/orange yellowish solid.  

Results and discussion 

Antioxidant activity assays against superoxide anion radicals  

Superoxide anion radicals (O
2

-) scavenging activity assays were used to measure the antioxidant 

activity of N-ferrocenylmethyl-N-(nitrophenyl)- and N-ferrocenylmethyl-N-(cyanophenyl)-acetami-

des. The O
2

- was electrochemically generated in situ by one-electron reduction of commercial 

molecular oxygen dissolved in DMF containing 0.1 M tetrabutylammonium tetra-fluoroborate 

(Bu4NBF4) as a supporting electrolyte. Increased concentrations of each studied compound were 

then added to the electrochemical cell containing a solution of the generated O
2

-, and the cyclic 

voltammograms were recorded after each addition of the test compounds, in the potential window 
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from −0.0 to −1.6 V at the scan rate of 0.1 V s-1. Obtained voltammograms of oxygen-saturated DMF 

containing 0.1 M of Bu4NBF4  in the absence and presence of gradually increasing concentrations of 

the compounds FMA1-FMA6 in the same solvent are shown in Figure 2. 
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Figure 2. Cyclic voltammograms of oxygen-saturated DMF in the absence and presence of 

gradually increased concentrations of FMA1-FMA6. Inset plots of [(i0 – i) / i0 vs. c] 

All voltammograms showed a decrease in the anodic peak current density of the O
2

-/O2 redox 

couple upon addition of gradually increasing concentration of test compounds, and this decrease 

was used for the calculation of the half-maximal inhibitory concentration (IC50).  

The inhibition of O
2

- was calculated using the following equation [17,37,38] 

O
2 scavenging activity = 0

0

100 
i i

i

−
  (5) 
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where i0 and i are the anodic peak current densities of the superoxide anion radical in the absence 

and presence of the test sample, respectively.  

The half-maximal inhibitory concentration (IC50) values were obtained from the plot of O
2

-sca-

venging activity against different compound concentrations (inset plots of Figure 2). The antioxidant 

activity has been expressed as IC50. The IC50 value was defined as the concentration of the compound 

that inhibits the formation of O
2

- by 50 %. 

Obtained values of IC50 shown in Figure 3 indicate that all N-ferrocenylmethyl-N-(nitrophenyl)- 

and N-ferrocenylmethyl-N-(cyanophenyl)acetamides showed promising scavenging activity against 

O
2

- radicals, with the activity of compounds FMA1, FMA3, and FMA4 almost comparable to that of 

the standard α-tocopherol (7.058 mM) used as a positive control.  
 

 

Figure 3. IC50 values of N-ferrocenyl-
methyl-N-(nitrophenyl)- and N-
ferrocenylmethyl-N-(cyanophenyl)ace-
tamides (FMA1-FMA6) and α-
tocopherol as a positive control 

Molecular docking study  

A molecular docking study was carried out to afford an insight into the inhibition and binding para-

meters of N-ferrocenylmethyl-N-(nitrophenyl)- and N-ferrocenylmethyl-N-(cyanophenyl)-acetamides 

with the enzyme glutathione reductase. The enzyme glutathione reductase (GR), also called gluta-

thione-disulfide reductase, reduces glutathione disulfide (GSSG) to glutathione (GSH), which is 

involved in the elimination of reactive oxygen species and acts as a scavenger for various oxygen 

radicals. Glutathione exists in reduced (GSH) and oxidized (GSSG) forms, the reaction symbolized by 

the equation (6): 

2GHS + NADP+  GSSG + NADPH + H+ (6) 

Inhibition of glutathione reductase results in a decrease in reduced glutathione (GSH) and an 

increase in glutathione disulfide (GSSG) using nicotinamide adenine dinucleotide phosphate (NADPH), 

particularly from the pentose phosphate pathway in bacteria, plants, and animals to regenerate 

glutathione, a molecule essential for resistance against oxidative stress and the preservation of 

intracellular pH. So, studying glutathione reductase inhibition could serve as a good means for the 

selection of antioxidants candidates. A good antioxidant candidate should reduce the inhibition of the 

glutathione reductase enzyme. 

Rigid receptor and flexible ligand molecular docking models were carried out to study the inhibition 

of glutathione reductase by N-ferrocenylmethyl-N-(nitrophenyl)- and N-ferrocenylmethyl-N-(cyano-

phenyl)acetamides, and to understand how strong the interactions are between them. The crystal 3D 

structure of the glutathione reductase target involved in this study was retrieved from the online data 

bank, RCSB PDB (https://www.rcsb.org/pdb, ID: 1XAN) [40], Figure 4. 
 

IC
50

 /
 m

M
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Figure 4. UCSF chimera ribbons chemical structure view of human 
glutathione reductase in complex with a xanthene inhibitor (ID: 1xan) 

Receptor preparation 

The receptor was first imported into the AutoDockTools interface. Missing atoms were inserted 

in incomplete residues, alternate conformations were deleted, all water molecules and ligands were 

removed, and polar hydrogen atoms and charges were added to the receptor structure. 

Receptor-ligand docking 

In silico molecular docking simulations studies were executed by using the AutoDock 4.2 software 

[32,33]. Lamarckian genetic algorithms were utilized with the grid box size set at 60×60×60 Å in the 

x, y, and z directions and the coordinates were fixed at x = 69.46, y = -17.32, and z = 55.62. All docking 

experiments consisted of 50 docking runs while the other parameters were left to their default 

values. The best conformation was selected with the lower docking energy for further docking 

analysis. The visualization of the interaction was generated with the PLIP webserver (protein-ligand 

interaction profiler) [41,42]. 

Results from the molecular docking suggest that hydrogen bonding, hydrophobic forces, and π-

cation interactions are involved in the binding process. Figure 5 illustrates the interactions of 

compounds FMA1, FMA2, FMA3, FMA4, FMA5, and FMA6 with the nearby residues in the active site 

of glutathione reductase. 

Interacting residues and their corresponding bond types and length are summarised in Table 1.  

Table 1. Interaction types between ligands FMA1, FMA2, FMA3, FMA4, FMA5, FMA6 and glutathione reductase 

Molecule Bond type Amino acid (number of bonds/interactions) Distance, Ǻ 

FMA1 

H-bonds THR339 (2) 2.25, 2.00 

Hydrophobic interactions ILE198(2), LEU338, PRO340, THR369, PHE372 
3.89, 3.95, 3.27,  
3.79, 3.41, 3.47 

π-Stacking interactions TYR197 5.25 

FMA2 

H-bonds THR339 (2) 2.62, 1.95 

Hydrophobic interactions THR369(2), TYR197, ILE198, LEU338, PHE372 
3.57, 3.55, 3.34,  
3.62, 3.04, 3.45 

FMA3 

H-bonds THR339 1.94 

Hydrophobic interactions TYR197, LEU338, PRO340, THR369, PHE372 3.88, 3.21, 3.81, 3.41, 3.35 

π-stacking interactions TYR197 5.42 

FMA4 

H-bonds TYR197, THR339 (2) 3.10, 2.65, 2.01 

Hydrophobic interactions THR57, TYR197, ILE198, LEU338, THR369, PHE372 
3.82, 3.71, 3.85,  
3.25, 3.47, 3.30 

π-stacking interactions TYR197 5.25 

FMA5 

H-bonds SER177, THR339 (2) 3.04, 3.29, 2.96 

Hydrophobic interactions THR57, TYR197, ILE198, LEU338, THR369, PHE372 
3.58, 3.49, 3.86,  
3.10, 3.51, 3.37 

FMA6 
H-bonds THR339 (2) 2.55, 1.93 

Hydrophobic interactions THR57, TYR197, LEU338, THR369, PHE372 3.79, 3.56, 3.16, 3.44, 3.37 
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 FMA1-GR FMA2-GR 

   
 FMA3-GR FMA4-GR 

   
 FMA5-GR FMA6-GR 

Figure 5. Best docking poses for glutathione reductase interacting with FMA1, FMA2, FMA3, 

FMA4, FMA5, and FMA6 illustrating H-bonds, hydrophobic, and -cation interactions 

It can be seen from this table that besides hydrophobic interactions, compounds FMA4 and FMA5 

formed with the GR three hydrogen bonds. Compounds FMA1, FMA2, and FMA6, however, reacted 

via two hydrogen bonds, while the compound FMA3 interacts only via one hydrogen bond beside 

one -stacking interaction. 

Obtained binding free energy and inhibitory concentration from molecular docking study for the 

compounds FMA1-FMA6 are summarised in Table 2. 
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Table 2. Binding free energies and inhibitory concentration obtained from molecular docking study 

Adduct FMA1-GR FMA2-GR FMA3-GR FMA4-GR FMA5-GR FMA6-GR 

ΔG / kJ mol-1 -34.90 -34.82 -33.36 -31.85 -33.94 -33.56 

IC50 / µM 0.76 0.79 1.42 2.61 1.11 1.31 

In silico toxicity study  

In silico toxicity study aims to help in optimizing compounds regarding their toxicity proprieties. The 

study could offer an important improvement to the awareness of the full perspective of virtual screening 

for the identification of target compounds with negligible or no toxicity, which may open a path for the 

selection of novel nontoxic ferrocenylmethylaniline derivatives with high antioxidant activity. 

In silico toxicity study of the compounds FMA1-FMA6 was performed using the ProTox-II web 

server [31]. It aims to predict hepatotoxicity (Dili), carcinogenicity (Carcino), immunotoxicity 

(Immuno), mutagenicity (Mutagen), cytotoxicity (Cyto), median lethal dose (LD50), and toxicity class 

(TC). According to in silico toxicity profiles presented in Table 3, the toxicity class of all compounds 

was detected to be equal to 3. FMA4, FMA5, and FMA6 were predicted to be nontoxic. FMA1, FMA2, 

and FMA3 were predicted to be toxic in mutagenicity. 

Table 3. In silico toxicity profiles of the studied compounds 

Molecule Dili Carcino Immuno Mutagen Cyto LD50 / mg kg-1 TC 

FMA1 inactive active inactive active inactive 237 3 

FMA2 inactive active inactive active inactive 237 3 

FMA3 inactive active inactive active inactive 237 3 

FMA4 inactive inactive inactive inactive inactive 256 3 

FMA5 inactive inactive inactive inactive inactive 237 3 

FMA6 inactive inactive inactive inactive inactive 256 3 
 

Based on the obtained results from the antioxidant study, molecular docking simulations and 

toxicity prediction, the compounds FMA2, FMA5, and FMA6 cannot be accepted as antioxidant 

candidates because they have the lowest antioxidant activity (Figure 1), the highest binding 

affinities, and the highest inhibitory activities towards the enzyme glutathione reductase (Table 2). 

Furthermore, the compound FMA1 possesses the highest antioxidant activity (Figure 1), but it 

cannot be the best antioxidant candidate because it has the highest binding affinity towards the 

enzyme glutathione reductase and also possesses the lowest inhibitory concentration of 0.76 µM 

that is necessary to reduce the rate of glutathione reductase enzyme reaction by 50 %. The 

compounds FMA4 and FMA3 possess the highest antioxidant activities, the lowest binding free 

energy of -31.85 and -33.36 kJ/mol, and the highest inhibitory concentration of 2.61 and 1.42 µM 

against glutathione reductase enzyme reaction, respectively, these values indicate weak binding 

affinity towards the enzyme glutathione reductase compared to the other compounds. Thus, the 

compounds FMA4 and FMA3 are weaker inhibitors of glutathione reductase. However, although 

compound FMA3 has higher antioxidant activity than FMA4, it cannot be a good antioxidant 

candidate because it is predicted as mutagenic (Table 3). Finally, based on what is cited above, the 

compound FMA4 can be chosen as the best antioxidant candidate. 

Detailed procedure for the synthesis of compounds (FMA1-FMA6) 

N- ferrocenylmethyl-N-(2-nitrophenyl)acetamide (FMA1) 

N- ferrocenylmethyl-N-(2-nitrophenyl)acetamide (275 mg, 49 %) was obtained, as described 

above, m.p. 148 °C, orange solid.  
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IR (KBr:) ν = 3381 cm-1 (C-H), 1658 cm-1 (C=O), 1610 cm-1 (C=C), 1506 and 1572 cm-1 (C-NO2) 
UV-Vis: λmax  (CH3CN) = 230 and 278 nm (π→π*, Fc, Ar), 431 nm (n→π*, NO2, CO), 
CV (ν = 100 mV s-1, CH3CN): ipa = 26.02 µA cm-2, ipc = -25.09 µA cm-2, ipa/ ipc = 1.04, Epa = 508 mV vs. SCE, Epc 

= 445 mV vs. SCE, ΔE = 63 mV, E1/2 = 476.5 mV vs. SCE, 
NMR 1H (300 MHz, CDCl3): δ = 1.91 ppm (3H, s, H1), 4.16 ppm (2H, m, H2), 4.23 ppm (2H, m, H3), 4.30 

ppm (5H, s, H4), 4.64 ppm (2H, s, H5); 6.70 ppm (1H, dd, J = 11.03 Hz, H9), 6.92 ppm (1H, d, J = 11.37 Hz, H8), 
7.49 ppm (1H, m, J = 22.18 Hz, H7), 8.24 ppm (1H, dd, J = 13.49 Hz, H6). 

N- ferrocenylmethyl-N-(3-nitrophenyl)acetamide (FMA2) 

N- ferrocenylmethyl-N-(3-nitrophenyl)acetamide (478 mg, 85 %) was obtained, as described 

above, m.p. 132 °C, orange leaflet. 
IR (KBr:) ν = 3058 cm-1 (C-H), 1656 cm-1 (C=O), 1612 cm-1 (C=C) 1350 and 1531 cm-1 (C-NO2), 
UV-Vis: λmax (CH3CN) ) = 232 and 325 nm (π→π*, Fc, Ar), 423 nm (n→π*, NO2, CO), 
CV (100 mV s-1, CH3CN): ipa =8.06 µA cm-2, ipc = -8.18 µA cm-2, ipa/ ipc = 0.98, Epa = 534 mV vs. SCE, 

Epc = 468 mV vs. SCE, ΔE = 66 mV, E1/2 = 501 mV vs. SCE, 
NMR 1H (300 MHz, CDCl3): δ = 1.87 ppm (3H, s, H1), 4.00 ppm (2H, m, H2), 4.07 ppm (2H, m, H3), 4.10 

ppm (5H, s, H4), 4.67 ppm (2H, s, H5), 7.29 ppm (1H, t, J = 6.28Hz, H6), 7.53 ppm (1H, t, J = 8.94 Hz, H7), 7.90 
ppm (1H, s, H9), 8.18 ppm (1H, d, J = 7.76 Hz H8). 

N- ferrocenylmethyl-N-(4-nitrophenyl)acetamide (FMA3) 

N- ferrocenylmethyl-N-(4-nitrophenyl)acetamide (461 mg, 82 %) was obtained, as described above, m.p. 
158°C, red needles. 

IR (KBr:) ν = 3075 cm-1 (C-H), 1659 cm-1 (C=O), 1602 cm-1  (C=C), 1593 cm-1 (C-NO2),   
UV-Vis: λmax (CH3CN) ) = 232 nm (π→π*, Fc, Ar), λ = 380 nm (n→π*, NO2, CO), 
CV (100 mV s-1, CH3CN): ipa = 9.62 µA cm-2, ipc = -9.73 µA cm-2, ipa/ ipc = 0.99, Epa = 494 mV vs. SCE, 

Epc = 431 mV vs. SCE, ΔE = 63 mV, E1/2 = 462.5 mV vs. SCE, 
NMR 1H (300 MHz, CDCl3): δ = 1.87 ppm (3H, s, H1), 4.01 ppm (2H, m, H2), 4.07 ppm (2H, m, H3), 4.12 

ppm (5H, s, H4), 4.69 ppm (2H, s, H5), 7.17 ppm (2H, d, J = 8.92Hz, H6), 8.22 ppm (2H, d, J = 8.94Hz, H7). 

N-ferrocenylmethyl-N-(2-cyanophenyl)acetamide (FMA4) 

N-ferrocenylmethyl-N-(2-cyanophenyl)acetamide (FMA4) (311 mg, 55 %) was obtained, as described 
above, m.p. 146°C, orange reddish solid. 

IR (KBr:) ν = 3304 cm-1 and 3081 cm-1  (C-H), 2210.6 cm-1  (CN), 1602.3 cm-1  (C=O), 
UV-Vis: λmax (CH3CN) ) = 337 nm (π→π*, Fc, Ar), λ = 444 nm (n→π*, CO), 
CV (100 mV s-1, CH3CN): ipa = 100.61 µA cm-2, ipc = -102.13, ipa/ ipc = 1.015, Epa = 525 mV vs. SCE, 

Epc = 421 mV vs. SCE, ΔE = 99 mV, E1/2 = 475 mV vs. SCE, 
NMR 1H (300 MHz, CDCl3): δ = 2.13 ppm (3H, s, H1), 4.02 ppm (2H, m, H2), 4.20 ppm (2H, m, H3), 4.22 

ppm (5H, s, H4), 4.26 ppm (2H, s, H5), 7.12-7.19 ppm (3H, m, J = 8.92Hz, H7,H8,H9), 7.55 ppm (2H, d, 
J = 18.95Hz, H6). 

N-ferrocenylmethyl-N-(3-cyanophenyl)acetamide (FMA5) 

N-ferrocenylmethyl-N-(3-cyanophenyl)acetamide (FMA4) (345 mg, 61 %) was obtained, as described 
above, m.p. 162°C, orange reddish solid. 

IR (KBr:) ν = 3081 cm-1 (C-H), 2214.2 cm-1 (CN), 1636.1 cm-1 (C=O), 
UV-Vis: λmax (CH3CN) ) = 433.5 nm (n→π*, CO), 
CV (100 mV s-1, CH3CN): ipa = 10.71, µA cm-2, ipc = -11.09 µA cm-2, ipa/ ipc = 1.03, Epa = 598 mV vs. SCE, 

Epc = 463 mV vs. SCE, ΔE = 99 mV, E1/2 = 531 mV vs. SCE, 
NMR 1H (300 MHz, CDCl3): δ = 1.77 ppm (3H, s, H1), 3.99 ppm (2H, m, H2 ), 4.07 ppm (2H, m, H3), 4.10 

ppm (5H, s, H4), 4.63 ppm (2H, s, H5),7.21 ppm (1H, d, J = 7.74Hz, H6), 7.29 ppm (1H, s, H7), 7.48 ppm (1H, t, 
J = 7.75Hz, H9), 7.61 ppm (1H, d, J = 7.74 Hz, H8). 
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N-ferrocenylmethyl-N-(4-cyanophenyl)acetamide (FMA6) 

N-ferrocenylmethyl-N-(4-cyanophenyl)acetamide (FMA4) (385 mg, 68 %) was obtained, as described 
above, m.p. 155°C, yellow solid. 

IR (KBr:) ν = 3081 cm-1  (C-H), 2214.2 cm-1 (CN), 1636.1 cm-1 (C=O), 
UV-Vis: λmax (CH3CN) ) = 265.5 nm (π→π*, Fc, Ar), 
CV (100 mV s-1, CH3CN): ipa = 18.61, µA cm-2, ipc = - 18.76 µA cm-2, ipa/ ipc =1, Epa = 488 mV vs. SCE, 

Epc = 426 mV vs. SCE, ΔE = 62 mV, E1/2 = 457 mV vs. SCE, 
NMR 1H (300 MHz, CDCl3): δ = 1.82 ppm (3H, s, H1), 4.01 ppm (2H, s, H2), 4.08 ppm (2H, m, H3), 4.12 ppm 

(5H, s, H4), 4.66 ppm (2H, s, H5), 7.13 ppm (2H, d, J = 8.39 Hz, H6),7.67 ppm (2H, d, J = 8.36 Hz, H7). 

The 1H NMR spectra of all the synthesized compounds presented in Figure 6 reveal one downfield 

singlet at  = 1.77-2.13 ppm which is ascribed to methyl protons.  
 

8 7 6 5 4 3 2 1

 / ppm
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  8 7 6 5 4 3 2 1

 / ppm

FMA2

 
  / ppm  / ppm 
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Figure 6. 1H NMR spectra of FMA1, FMA2, FMA3, FMA4, FMA5, and FMA6 compounds 

The - and -protons of the substituted ring of ferrocene C5H4 appeared as a multiplet at 3.99-

4.16 and 4.07-4.23 ppm respectively, the unsubstituted protons of the C5H5 ring of ferrocene 

appeared as a singlet at 4.10 to 4.30 ppm. A singlet appeared at  = 4.26-4.69 ppm was due to 

methylene protons, this downfield shift of the methylene protons was observed due to electro-

negativity of the nitrogen atom. The aromatic protons appeared in the range of  = 6.70-8.24 ppm. 
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Conclusions 

In this work, in vitro and in silico studies have been carried out to evaluate the scavenging activity 

against O
2

- and the antioxidant activity of six novel N-ferrocenylmethyl-N-(nitrophenyl)acetamides 

and N-ferrocenylmethyl-N-(cyanophenyl)acetamide using cyclic voltammetry assays. The obtained 

values of IC50 indicated that all derivatives showed promising scavenging activity against O
2

-, with the 

compounds FMA1, FMA3, and FMA4 possessing the most significant potency. A molecular docking 

study and an in silico toxicity prediction revealed that compound FMA4 is the most inactive compound 

against glutathione reductase enzyme, having an inhibitory concentration of 2.61 µM and a docking 

score of -31.85 kJ mol-1, which make the best good antioxidant candidate. The obtained in vitro and in 

silico results correspond with one another and give room for the design of novel antioxidant 

ferrocenylmethylaniline derivatives with less activity against glutathione reductase. The in silico 

toxicity study allowed us to predict the toxicity, the median lethal dose (LD50), and the toxicity class 

(TC) of the studied compounds. 
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Abstract 
Nanostructured LiMnPO4 cathode materials for lithium-ion batteries (LIBs) have been 
successfully prepared by a modified solvothermal method under controlled conditions. 
Polyethylene glycol (PEG-10000) was used as a solvent to optimize the particle size/mor-
phology and as a carbon conductive matrix. In order to investigate the effect of synthesis 
parameters such as concentration of PEG-10000, reaction time and reaction temperature 
on the LiMnPO4 phase purity, Response surface methodology was carried out to find 
variations in purity results across the composition. The purity of all materials was checked 
using HighScore software by comparing the matched lines score to ones of reference data. 
As a result, it has been found that the pure phospho-olivine material LiMnPO4 can be syn-
thesized using the following optimum conditions: PEG concentration = 0.1 mol l-1, reaction 
time = 180 min, and reaction temperature = 250 °C. The as-prepared LiMnPO4 under opti-
mum conditions delivered an initial discharge capacity of 128.8 mAh g-1 at 0.05 C-rate. 
The present work provides insights and suggestions for optimizing synthesis conditions of 
this material, which has been considered the next promising cathode candidate for high-
energy lithium-ion batteries. 

Keywords 
Response surface methodology; olivine structure; solvothermal synthesis; PEG-10000; 
lithium-ion batteries 
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Introduction 

Rechargeable lithium-ion batteries (LIBs) with high-energy, high power density, durability, and 

lightweight have become the most requested energy source in order to meet future society's needs 

in many renewable energy storage systems, starting from laptops, cell phones to electric vehicles. 

With the increasing demand for higher capacity and improved safety, many efforts have been made 

to further develop the next generation of LIBs with high volumetric/gravimetric energy density. 

Most commercial LIBs are currently based on LiCoO2 layered structure as a cathode material. 

Therefore, one of the main challenges is to replace the commercialized layered structure cathode 

(which exhibits a theoretical specific capacity of 274 mAh g-1) with other promising and efficient 

cathode materials. 

LiMPO4 (M = Fe, Mn, Co, Ni) olivine-based high-performance cathodes are the recommended 

alternative cathode materials to replace traditional ones (LiCoO2) due to their low cost, non-toxicity, 

high thermal and cyclic stability, and environmental impact [1–5]. Compared to the first commer-

cialized cathode, which is LiFePO4, LiMnPO4 is considered as the most promising cathode material 

in the next generation of lithium-ion batteries due to the high theoretical energy density 

(701 Wh/kg), which is higher than that of LiFePO4 (586 Wh kg-1)[6,7]. Moreover, the low voltage 

(4.1 V vs Li/Li+) of LiMnPO4, which is positioned within the stable window of the most commercia-

lized electrolytes, makes it the best candidate material compared to LiCoPO4 and LiNiPO4, which 

have higher potentials, being respectively 4.8 and 5.1 V vs. Li/Li+ [8–10]. 

However, LiMnPO4 exhibits significantly lower electrochemical performances than LiFePO4 because 

of two important drawbacks that limit its electrochemical activity, including low electronic 

conductivity (˂10-10 S/cm) being even lower than that of LFP (10-9 S cm-1), and low lithium-ion diffusion 

rate ≈10-16 cm2 s-1 [11,12]. Furthermore, the anisotropic distortion of the Jahn-Teller lattice in the Mn3+ 

sites and the interface strain during phase transitions between the lithiated and delithiated phases 

(LiMnPO4-MnPO4) cause a significant volume change (≈8.9 %) compared to LiFePO4-FePO4 (≈7 %) 

[13,14]. Recently, many attempts have been reported to overcome these limitations [15–17]. The 

results confirmed that particle size reduction could strongly increase the lithium-ion diffusion during 

the charge/discharge process [17–19]. The same behavior has been reported by the surface carbon 

coating [20–22], and the partial substitution of transition elements [23–26]. 

The synthesis process was also considered a direct approach to achieving desired performances. 

For this reason, several methods have been applied to prepare LiMnPO4 with high purity, such as 

spray-pyrolysis [22,27], sol-gel method [28,29], hydrothermal synthesis [30–33], precipitation 

method [34,35] and solution combustion process [36,37]. Among all these methods, some selected 

ones offer more advantages such as morphology control, better homogeneity, submicron-sized 

particles, and larger specific surface area with increased electrochemical performances [38,39]. The 

solvothermal technique has significant assets compared to other methods such as simplicity to 

handle, short reaction time, moderate reaction temperature, good crystallinity and high purity 

[40,41]. The process is widely used for preparing various micro and nanostructured materials such 

as cathodes/anodes, oxides, semiconductors, ceramics, etc. 

However, morphology and particle size are difficult to control since they are determined by many 

factors such as precursor types, additives or surfactants, pH, reaction time/temperature, and 

physico-chemical properties of the used solvent. Polyethylene glycol (PEG) is an organic solvent that 

can be easily adsorbed on the crystal's surface by hydrogen bonding, consequently influencing 

nucleation and crystallite growth.  
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Based on these advantages of PEG, we report in this work the synthesis of LiMnPO4 cathode 

material under solvothermal conditions, using the PEG-10000 as a solvent to optimize particle 

size/morphology and as a carbon-coated source. To the best of our knowledge and after a thorough 

literature review, no study is presented on optimizing the synthesis parameters of LiMnPO4 using 

the Response Surface Method (RSM). Figure 1 is a schematic representation of LiMnPO4 synthesis 

and analysis performed in this work.  
 

 

Figure 1. Schematic figure for LiMnPO4 synthesis and analysis 

Experimental  

Materials preparation 

All chemical precursors are of analytical grade and used without any further purification. The 

cathode LiMnPO4 was prepared via facile solvothermal reaction using the following raw precursors; 

Li3PO4, MnSO4.H2O (99 %, Sigma Aldrich) and PEG-10000 (flakes, Sigma Aldrich). Firstly, Li3PO4 

intermediate compound was prepared by mixing Li2CO3 (99 %, Honeywell Fluka) with (NH4)2HPO4 

(99 %, Merck) and citric acid (2M) (99.5 %, Merck) in appropriate amounts under magnetic stirring and 

heat at 90 °C for 60 min. The resulted product was filtered, washed with deionized water (DW) and 

dried overnight. Then, MnSO4
.H2O, Li3PO4, and PEG-10000 (with different concentrations: 0.00, 0.05 

and 0.1 M) solvent were mixed under vigorous stirring for 60 min. The suspension was transferred 

into a 100 ml stainless steel autoclave followed by thermal treatment at different temperatures, i.e., 

150, 200 and 250 °C for a certain reaction time ranging from 60 to 180 min. The autoclave was then 

taken out of the furnace and cooled down to room temperature. The obtained products were washed 

with distilled water several times, collected by filtration, and finally dried at 80 °C overnight. Surface 

carbon coating of LiMnPO4@C was activated by sintering the as-prepared products at 700 °C for 6 

hours under argon atmosphere with a heating rate of 5 °C min-1. 

Experimental design and statistical analysis 

The Box-Behnken design was used for the response methodology to examine the relationship 

between one or more dependent response variables and a set of quantitative experimental factors 
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(independent variables). A mathematical model, followed by the second polynomial equation, was 

developed to describe the relationship between the predicted response variable (matching lines 

score (purity) of the synthesized LiMnPO4) and the independent variables of solvothermal synthesis 

conditions. It was described by eq. (1) 

   
= = =  =

= + + +  4

3 3 3 3
2

LiMnPO 0 i i ii i ij i j
i 1 i 1 i 1 i j 1

Y X X X X  (1) 

where YLiMnPO4 is the predicted response variable, Xi, Xj (1 ≤ i, j ≤ 3; i ≠ j) represent the coded 

independent variables (solvothermal conditions), 0 is the intercept coefficient,  i are linear terms, 

 ii are squared terms, and  ij are interaction terms. 

This study used this design to determine the effect of three factors (PEG concentration, 

solvothermal reaction time and temperature) on LiMnPO4 phase purity. The ranges and levels of the 

experimental parameters are depicted in Table 1. The Design-Expert12 software was used to analyze 

the results of all experiments. 

Table 1. Experimental ranges and levels of independent variables 

Variables Symbol 
Level 

-1 0 1 

PEG concentration, mol l-1 X1 0 0.05 0.1 

Reaction temperature, °C X2 150 200 250 

Reaction time, min X3 60 120 180 

Structural, morphological and electrochemical characterization 

Crystalline structure and phase purity of all products were analyzed and evaluated by X-ray 

diffraction using diffractometer PANalytical's X'Pert PRO, with Cu Kα radiation ( = 1.5418 Å). The 

surface morphology and the chemical compositions were observed with a scanning electron 

microscope (FEI QUANTA 200) equipped with EDS for microanalysis of the surface.  

The electrochemical tests were performed at room temperature in the potential range between 

2.5 and 4.5 V using battery test systems (BaSyTec GmbH, Germany). All experiments were conducted 

using coin-type cells (CR2032) assembled according to our previous work [25].  

Phase and morphology of the intermediate compound Li3PO4 

All detectable peaks of the as prepared Li3PO4 are shown in Figure 2, where the peaks are indexed 

as Li3PO4 according to the standard data PDF # 071-1528.  
 

 

Figure 2. XRD patterns of as-
prepared Li3PO4 intermediate 
compound 
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Based on the matching lines score, no impurity-related peaks could be detected, indicating a high 

level of purity of the as-prepared Li3PO4 material. The prepared sample has an orthorhombic crystal 

structure with a Pmn21 space group.  

Figure 3 shows SEM images of the Li3PO4 product at different magnifications, which suggest that 

the product is of an irregular nanoplate-like structure. The present results are in good agreement 

with the literature [33,42]. The microstructure of Li3PO4 was studied by energy dispersive spectro-

scopy (EDS) to obtain the elemental composition. The collected EDS results shown in Figure 3, 

confirm the presence of only P and O atoms with a high amount of carbon (from the sample holder 

and citric acid), without the appearance of any other element. 
 

 
Figure 3. SEM images and EDS spectrum of the as-prepared Li3PO4 

Results and discussion 

Effect of operating conditions on LiMnPO4 phase purity 

The design matrix composed of 17 experiences, along with their experimental and predicted 

responses, are shown in Table 2.  

Table 2. Experimental design matrix proposed for LiMnPO4 phase purity 

Run X1 X2 X3 
Matching lines score with reference data #01-074-0375, % 

Experimental Predicted 

1 0 0 0 75.00 74.60 

2 0 0 0 73.00 74.60 

3 -1 1 0 12.00 5.75 

4 0 0 0 75.00 74.60 

5 -1 0 1 10.00 11.75 

6 1 1 0 99.00 93.25 

7 1 -1 0 91.00 97.25 

8 0 0 0 74.00 74.60 

9 0 0 0 76.00 74.60 

10 0 1 1 50.00 44.50 

11 1 0 -1 77.00 65.25 

12 0 1 -1 30.00 32.50 

13 0 -1 -1 11.00 16.50 

14 -1 -1 0 6.00 11.75 

15 1 0 1 100.00 99.25 

16 -1 0 -1 3.00 8.25 

17 0 -1 1 88.00 70.50 
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The results show good agreement between experimental and predicted responses. The matched 

lines score with reference data#01-074-0375 (purity) of LiMnPO4 was found to range from 3 to 100 %. 

Based on the results presented in Table 2, the coefficients of the developed model in eq. (1) are 

estimated using multiple regression analysis technique. The polynomial model for the phase purity 

of LiMnPO4 is represented by eq. (2):  

YLiMnPO4 = 74.60 + 43.25X1 – 2.50 X2 + 16.50X3 + 0.50X1X2 + 6.50X1X3 –  

– 10.50X2X3 – 9.30X1
2 – 13.30X2

2 – 20.30X3
2  (2) 

The fit quality of the LiMnPO4 purity model was attested with an analysis of variance (ANOVA) 

[43]. Generally, the suitability of the model is confirmed by higher Fisher’s value (F-value) with 

probability (p-value) as low as possible (p<0.05)[44]. Table 3 shows the analysis of variance (F-test) 

and the p-value for this experiment. The p-value of this model is about 0.0002, which indicates that 

the model was suitable for use in this experiment. 

Table 3. Analysis of variance (ANOVA) for the fitted quadric polynomial model for optimization of LiMnPO4 
phase purity 

Source Degree of freedom Sum of squares Mean square F-value p-value 

Model 3 17192.50 5730.83 14.61 0.0002 

Residual 4 5.20 1.30 - - 

Corrected total sum of squares 17 72621.00 4271.82 - - 

R2 = 0.93 

Adjusted R2= 0.90     

 

The calculated F-value for the regression is higher than 14, much higher than the value from 

Fisher tables (F3,4 = 6.69, for a 95 % confidence level), confirming that the model is well fitted to the 

experimental data [45,46]. 

The determination coefficient (R2) quantitatively evaluates the correlation between the 

experimental data and the predicted responses [47]. With R2 = 0.93, we conclude that the predicted 

values match the experimental values perfectly. The adjusted R2 ≈ 0.90 is very close to the cor-

responding R2 value, which confirms that the model is highly significant [48]. 

The regression coefficients of eq. (2) and the corresponding p-values are presented in Table 4. 

From this result, we can conclude that the linear effect of PEG concentration (X1) and reaction time 

(X3) are the principal determining factors for the response on LiMnPO4 phase purity. 

Table 4. Estimated regression coefficients and corresponding p-values obtained during Box-Behnken design 
for LiMnPO4 material purity: 

Parameter Term Estimate regression coefficient Standard error F-value p-value 

0 Intercept 74.60 6.26 12.05 0.0017 

 1 X1 43.25 4.91 77.50 < 0.0001 

 2 X2 -2.50 4.91 0.2589 0.6265 

 3 X3 16.50 4.91 11.28 0.0121 

 11 X1X1 -9.30 6.77 1.89 0.2120 

 12 X1X2 0.5000 6.95 0.0052 0.9446 

 22 X2X2 -13.30 6.77 3.86 0.0903 

 13 X1X3 -10.50 6.95 2.28 0.1745 

 23 X2X3 6.50 6.95 0.8752 0.3807 

 33 X3X3 -20.30 6.77 8.99 0.0200 
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The response surface plot as a function of PEG concentration (X1) and reaction time (X3) is 

presented in Figure 4(a). X1X3 was chosen as the interaction key, which exhibits a low p = 0.1745 

compared to others that are not significant (since they exhibit a p-value higher than 0.1) [49,50]. 
 

 

Figure 4. 3D response surface (a) and contour plot (b) of LiMnPO4 phase purity for different 
coded values of X1 (PEG concentration) and X3 (reaction time) 

The combined effects of the two factors are positive and statistically significant, as also revealed by 

the contour lines presented in Figure 4(b). The optimum conditions for maximum LiMnPO4 phase 

purity are as follows: cPEG = 0.1 mol l-1, T = 250 °C and  = 180 min.  

The synthesized material LiMnPO4 under optimum conditions was characterized by X-Ray diffract-

tion to confirm the phase purity. Figure 5 shows XRD results of the pure sample before and after cal-

cination. It is clearly seen that the two patterns are very similar, with a difference in the peaks intensity 

which is much higher for the calcined sample. It is also observed that thermal treatment has not a 

remarkable effect on the formation process of the LiMnPO4 phase and does not change the purity of 

the material, which indicates that the reaction has been done in the autoclave under solvothermal/op-

timum conditions. On the other hand, the main objective of calcination is the conversion of PEG layer 

adhered on the surface of the particles to the carbon layer, which promotes a higher electronic 

conductivity and consequently an improvement of the electrochemical performances. 
 

 

Figure 5. XRD patterns of pristine and calcined LiMnPO4 material synthesized under optimum conditions 
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The obtained results also confirm that a pure phospho-olivine structure LiMnPO4 can be 

generated with a PEG-10000 concentration of 0.1 mol l-1, a reaction temperature of 250 °C and a 

reaction time of 180 min. This pure phase was indexed as LiMnPO4 crystal structure according to 

the standard data #01-074-0375, crystallizes in the orthorhombic system with the Pmnb space 

group. 

During the thermal treatment process, most materials are generally subjected to some changes 

in the crystal structure, i.e., crystallite size and microstrain (such as crystal lattice defects, stacking 

errors, displacement, etc. [51]). In order to verify these two parameters, both samples before and 

after calcination were examined by the Williamson - Hall (W-H) method as explained previously 

[35,36]. The W-H curves for all samples are displayed in Figure 6. 
 

 

Figure 6. Williamson-Hall plots of pristine and calcined LiMnPO4 obtained under optimum 
conditions (Struct.B means structural broadening) 

According to these results, we can state that the crystallites size after calcination is about 

68 ± 19 nm, which is strictly lower than that of the pristine material (150 ± 90 nm). This difference 

could be due to the thermal process that leads to the coalescence of the polyethylene glycol 

particles remaining adhered to the LiMnPO4 material surface during the synthesis steps, leading to 

the formation of smaller, well-carbonated nanocrystallites. The lowest microstrain value of about 

0.1 ± 5 % was observed for the calcined sample, while the highest strain value of 0.3 ± 1 % was 

detected for the pristine one. It can be noticed that crystal lattice defects can be reduced using an 

optimized PEG-10000 concentration, which can act as a protective matrix during the synthesis 

process due to the viscous property of this solvent. 

Figure 7 shows the corresponding SEM images of the obtained products, pristine LiMnPO4 and 

calcined LiMnPO4@C materials. The surface morphology of the pristine sample seems like particles 

embedded in a polyethylene glycol matrix. However, the calcined sample image shows irregular 

secondary particles, with degradation of PEG matrix formed during synthesis steps, which confirms 

the transformation of PEG particles still adhered on the LiMnPO4 material surface to a thin carbon 

layer. 
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Figure 7. SEM images of the synthesized pristine and calcined LiMnPO4 material under optimum conditions 

Electrochemical performance of calcined LiMnPO4@Ccathode material 

The charge-discharge behavior of the calcined LiMnPO4@C obtained under optimum conditions 

was studied using the “galvanostatic charging–discharging” method in the potential range of 2.5 to 

4.5 V. As seen in Figure 8, the charge-discharge curves of the 1st, 2nd and 3rd cycles exhibit clear 

charge/discharge plateaus around 4.25 and 4.05 V, which is in agreement with the electrochemical 

de-lithiation/lithiation process, respectively [52]. The initial charge-discharge specific capacities 

were 164.8 and 128.8 mAh g-1 at 0.05 C-rate, respectively, which can be mainly attributed to the 

nanostructured crystallite size with the reduced microstrain that promotes good inter-

calation/disintercalation of lithium ions within LiMnPO4@C material structure [36,53]. Our findings 

are in good agreement with some previous works, where it was confirmed that LiMnPO4 olivine 

structure without impurity could generate improved electrochemical performances [54]. However, 

the initial coulombic efficiency of about 78.2 % is mainly affected by unavoidable passivation 

phenomena of the electrolyte and the active electrode materials [55]. 

The as-prepared material under optimum synthesis conditions will be subjected to a wide range 

of electrochemical characterization in order to fully explain the different reaction mechanisms 

during the charge-discharge process. 
 

 

Figure 8. Charge–discharge profiles of 
prepared LiMnPO4@C material at 0.05 C-
rate 
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Conclusions 

During this study, the intermediate compound Li3PO4 was firstly synthesized by a simple 

precipitation method. Thereafter, the main material LiMnPO4 was prepared by solvothermal 

reaction under controlled conditions. The objective of this research was the optimization of 

solvothermal synthesis parameters using response surface methodology based on Box-Behnken 

design. Three independent variables were considered in this study, which are the concentration of 

solvent (PEG), reaction time and reaction temperature. The RSM optimization of operating 

conditions for the preparation of the pure LiMnPO4 phase was applied. Analysis of variance (ANOVA) 

confirmed that the proposed regression model is in good agreement with the experimental data, 

providing a high determination and adjusted determination coefficients.The obtained results 

confirmed that the optimum conditions for maximum LiMnPO4 phase purity are: cPEG = 0.1 mol l-1, 

T = 250 °C and  = 180 min. The material synthesized under optimum conditions was subjected to 

supplementary characterization techniques to study the crystalline structure and the surface 

morphology. The results suggested that the used precursors, as well as the synthesis parameters, 

can directly affect the material purity and the structural properties.  

This as-prepared cathode material LiMnPO4@C, can display an initial charge-discharge capacity 

of 164.8 and 128.8 mAh g−1 at 0.05 C-rate, respectively, with moderated initial coulombic efficiency 

of about 78.2 %. Further investigations on the prepared material (such as particle size reduction, 

improved carbon coating, etc.) will be conducted to improve its electrochemical performance.  
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Abstract 
This work describes the development and application of chemically modified carbon 
paste electrode (CMCPE) with metal ion complexes of transition metals Co(II) and 
Cu(II) anchored on functionalized silica (SF). The prepared CMCPE was used for the 
determination of dopamine (DA) in the presence of pyridoxine (VB6) in commercially 
available pharmaceutical formulation, without any treatment of samples. The 
CMCPEs were built by incorporating graphite and functionalized silica and complexes 
of metal ions (Cu and Co) anchored by nitrogen groups on the silica surface. The 
electrochemical analysis was performed by cyclic voltammetry, while a drug analyzed 
in the present study was Revivan ampoules (DA determination). 

Keywords 
Chemically modified carbon electrode; functionalized silica; metal complexes; dopamine, vitamin 
B6, cyclic voltammetry 

 

Introduction 

In many studies detected in the literature associated with the preparing of chemically modified 

silica, particular regard has been put to modifying materials containing transition metal ions that 

create supported complexes on the silica surface. Such materials are used to construct chemically 

modified electrodes (CME), which are usually linked with electroanalysis and eletrocatalysis [1-3]. 

Due to the mechanical rigidity, chemical inertia and large surface area, chemically modified silica 

gel has also been used as a stationary phase for high-performance liquid chromatography [4], for 

immobilizing enzymes [5], catalysts [6] and as an adsorbent of metal ions in aqueous solution and 

not aqueous [7,8].  
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The present investigation describes the development and application of chemically modified 

carbon paste electrodes (CMCPE) with metal ion complexes of transition metals Co(II) and Cu(II) 

anchored on the functionalized silica, for the determination of dopamine (DA) in the presence of 

pyridoxine (VB6) in commercially available pharmaceutical formulation, without any sample 

treatment. The cyclic voltammetry technique was used, and the drug analyzed in the present study 

is Revivan drug ampoules (DA determination). 

It must be added that VB6 plays an important role in neurotransmitters synthesis, such as DA 

synthesis, and also participates in amino acid degradation reactions [9]. DA is an important 

neurotransmitter in the central nervous system (CNS) of mammals, having a concentration in 

extracellular fluid lower than that of ascorbic acid (AA) [10]. The voltammetric response with 

vitreous carbon electrode for dopamine, therefore, suffers the interference of ascorbic acid, which 

coexists in vivo in extracellular fluid of basic central nervous system, as anions in high concentration, 

and it has an oxidation potential close to dopamine (lower concentration) [11].  

Experimental 

Materials 

All solutions were prepared using Millipore Milli-Q water. All chemicals were of analytical reagent 

grade and used without further purification. Silica gel (Merck), 3-(2-aminoethyl)aminopropyl]tri-

methoxysilane (Synth), ethanol (Synth), m-aminobenzoic acid (Sigma), hydrochloric acid (Merck), 

sodium hydroxide (Synth), ethylenediaminetetraacetic acid (Synth), copper chloride (Merck), and 

cobalt chloride (Merck) were used for all preparations. Graphite powder (1-2 mm particle size, 

Aldrich) and mineral oil (Aldrich) of high purity were used for the preparation of carbon paste. The 

supporting electrolyte used for all experiments was 0.10 mol dm-3 phosphate buffer solution (PBS). 

Pyridoxine (Merck) and dopamine (Sigma) were used as analytes.  

AETS modified agent coated on the silica gel surface 

Silica gel was degassed at 423 K under vacuum (10-3 atm) for 8 hours. About 40 g of this material 

was mixed with 32.0 cm3 of [3-(2-aminoethyl)aminopropyl] trimethoxysilane dissolved in 350 cm3 

of dry toluene. The mixture was kept under reflux, mechanical stirring and inert nitrogen 

atmosphere for 12 hours. The resulting silica was firstly washed and filtered with ethanol and ethyl 

ether, and then in a Sohxlet extractor for 24 hours with ethanol, and finally dried at 353 K under 

vacuum (333 K). The prepared solid was named SF-AETS. 

Modification of SF-AETS silica with MABA  

In 10 g of SF-AETS silica suspended in 50.0 cm3 of bidistilled ethanol, the reagent m-aminobenzoic 

acid (MABA) was added. The mixture was refluxed under mechanical stirring for one hour, then 

filtered and washed with ethanol and anhydrous ethyl ether. The silica obtained was named SF-

AETS/MABA. 

Characterization  

The nitrogen amount in SF-AETS and SF-AETS/MABA samples was determined by nitrogen 

elemental analysis on Perkin-Elmer Analyzer 2400 series H CHNS/O device. Infrared spectra of samples 

were performed on Perkin-Elmer FTIR spectrophotometer, model 1600, by using pressed KBr pellets 

in the 4000-400 cm-1 range with 4 cm-1 of resolution. Thermogravimetric curves were recorded using 

a DuPont model 1090 B apparatus, coupled to a model 951 thermobalance, by heating from room 
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temperature to 1273 K at a heating rate of 0.16 K s-1 in argon flow of 1.67 cm3 s-1. The samples varied 

in weight from 15.0 to 30.0 mg. 

Adsorption isotherms 

Adsorption isotherms for CuCl2 and CoCl2 in ethanol solutions were determined with the use of 

the batch-wise method. A series of samples containing 100 mg of SF-AETS/MABA was shaken for 3 

hours as previously established, in an orbital bath with variable concentrations of each metal halide 

at a constant temperature of 298  1 K. The concentration of metal ions in solution in equilibrium 

with solid phase was determined by direct titration with EDTA (0.010 mol dm-3) using murexide as 

an indicator. The amount of cations adsorbed, nf, was determined by applying the equation: 

nf = (na - ns)/m, where m is the adsorbent mass and na and ns are initial and equilibrium amounts of 

metal in the solution phase in moles, respectively, nf is a measure of coverage degree in actual 

experimental conditions, defined according to:  

−
= = m 2(SF-AETS/MABA) MCla s

f
m

Cn n
n

m m
  (1) 

In eq. (1), the summation extends over all species on the surface. The maximum number of moles 

of the adsorbed complex, nf
max, is equal to the maximum value of nf when the concentration of Co(II) 

and Cu(II) tends to infinity. 

Adsorption of Co(II) and Cu(II) held in solution depends on the selectivity coefficients of 

complexes constituted with the ligand immobilized on the surface. The formation of equilibrium of 

the complex Co(II) and Cu(II) with SF-AETS/MABA was examined by a Filippov model [12,13].  

The reaction of a metal (M) complex formation at the surface can be expressed by the following 

equation:  

MXz + nR    MRnXz (2) 

where z is the charge of the metallic ion, X is an anion with unit charge and R is linking group, 

electrically neutral, and fixed on the support surface. 
In the equilibrium, the following relation is applied: 

n / (1 - n) = nC (3) 

where the fraction of SF-AETS/MABA bonded to metal is n = ñ nf /n0 n0 is the quantity of MABA 

immobilized on SF-AETS (mol g-1), ñ is the number of ligands bonded to the metal, and n is the 

stability constant.  

Substitution for n in eq. (3) results in the ending expression [14]:  

= +
f n

1 ñ ñ

n NY C N
          (4) 

Considering that metallic ions Cu(II) and Co(II), when adsorbed on the surface (with a homo-

geneous covering ligands), form immobilized complexes with different ratios between them and are 

anchored at SF-AETS/MABA, the total concentration of immobilized ligand on the surface is equal 

to the sum of the concentrations of all species; N is the degree of functionalization, C is the 

concentration of the surface complex; ñ is the average number of supported ligands bound to a 

metallic ion, defined as: 

= z 2 z m zMRX MR X MR X

f

+2 + ... + mC C C
ñ

n
 (5) 

where m adsorbent mass and R is linking group. 
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Eq. (4) can be re-written as 


= +

f

1

n

ñ ñ

n N C N
  (6) 

where n is the selectivity coefficient, equal to 
=


n

m
1m

y . 

Electrode preparation and electrochemical measurements 

Modified CMCPE was prepared by mixing 30 mg of silica, 30 mg of graphite and a drop of mineral 

oil (2.010-2 cm3). The paste was placed into a cavity on the area of a platinum disk, fused to the end 

of a glass tube with 1 mm of inner diameter. This proportion was used because of a great response 

reached with a preliminary test after a detailed study of the paste composition.  

Electrochemical measurements were carried out using CMCPE as the working electrode, Ag/AgCl 

(sat. KCl) as the reference electrode and a platinum wire as the counter electrode. Electrochemical 

properties were explored by means of cyclic voltammetry with a PAR 273A (EG&G) potentiostat-

galvanostat. All experiments were performed in 0.10 mol dm-3 PBS, under a pure argon atmosphere, 

and the pH value of electrolyte solutions was adjusted to 7.0 by adding HCl or NaOH solutions. 

Different supporting electrolytes were tested as well. 

Results and discussion 

Surface characterizations  

Silica gel functionalized (SF) with [3-(2-aminoethyl)aminopropyl]trimethoxysilane group (AETS) 

was obtained according to the following reaction: 

Si(OH)3 + (CH3O)3Si(CH2)3NH(CH2)2NH2  →  SiO3Si(CH2)3NH(CH2)2NH2 + 3CH3OH  (7) 

 SF AETS SF-AETS 

For SF-AETS silica, the amounts of supported groups were set by nitrogen analysis using the 

method described in the experimental part. The functionalization efficiency was determined for 

(silane) groups as 0.91±0.01 mmol g-1 in SF-AETS based on the nitrogen content. 

Further modification of SF-AETS with m-aminobenzoic acid into SF-AETS/MABA was reached by 

the following reaction:  

SiO3Si(CH2)3NH(CH2)2NH2    +  

COOH

NH2

SiO3Si(CH2)3NH(CH2)2NHOC NH2

 

(8)

 

 SF-AETS MABA SF-AETS/MABA  

Subsequent coordination of metal ions at the surface of SF-AETS/MABA silica was obtained 

through reactions with metal chlorides, as shown below: 

SF/AETS/MABA  +  M(II) → SF/AETS/MABA/M(II) (9) 

Figure 1 presents infrared spectra of SF, SF-AETS and SF-AETS/MABA silicas. The assignment of 

vibrational frequencies to pure silica (SF) and functionalized silica (SF-AETS) are listed in Table 1.  

The appearance of new bands attributed to the stretch CH2, NH2, CH2N and SiCH2 pointed to the 

effective functionalization of silica gel with AETS silylating agent on its surface. Infrared spectra of 

SF-AETS/MABA/Co(II) are shown in Figure 2. 
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Wavenumber, cm-1 

Figure 1. Infrared spectra of (a) SF, (b) SF-AETS and (c) SF-AETS/MABA  

Table 1. Vibrational frequencies assigned for SF and SF-AETS silica 

SF / cm-1 SF-AETS / cm-1 Assignment 
3400 (vs) 3400 (vs) OH 

-- 2940 (w) CH2 
1992 (w) 1995 (w) * 
1871 (w) 1870 (w) * 
1637 (s) 1634 (s) OH 

-- -- OH + δNH2 
-- 1575 (m) NH2 
-- -- C=C ring 
-- 1480 (m) CH2N 
-- 1418 (m) SiCH2 

* related to silica skeleton , vs = very strong band, m = mid band, s = short band, w = weak band 

 

 

Figure 2. The infrared spectrum of SF-AETS/MABA/Co(II) 

The assignments for SF-AETS/MABA and SF-AETS/MABA/Co(II) silicas are shown in Table 2. The 

comparison of infrared spectra in Figures 1 and 2 shows that in all spectra, a strong and wide band 
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appears in the region of 3400 cm-1, attributed to OH stretches of water and silane groups, a band in 

the region of 1634 cm-1, which is characteristic of angular deformation of water [15], besides two 

bands close to 1900 cm-1 attributed to combinations of silica skeleton (Tables 1 and 2). Infrared 

spectra of SF-AETS/MABA silica with Co(II) ion anchored on its surface presented in Figure 2 showed 

a similar behavior (Table 2). The infrared spectra of the SF-AETS/MABA silica showed characteristic 

bands of amide bond (1626 + 1605 cm-1) (HOH + (C=O, Band I of amide) and (1549 cm-1) (NH + CN, 

Band II of amide), of the band in (1386 cm-1) (CN of and so on primary aromatic amine), showing 

that the successive change in surface SF-AETS silica actually occurred (Table 2). 

Table 2. Vibrational frequencies assigned for SF-AETS/MABA and SF-AETS/MABA/Co(II). 

SF-AETS/MABA /cm-1 SF-AETS/MABA/Co /cm-1 Assignments 
3400 (vs) 3400 (vs) OH 
3343 (vw) 3253 (vw) NH2 
3226 (vw)  NH amide 
3067 (vw)  CH aromatic 

2940 + 2893 (vw) 2940 (vw) νCH2 
2000 (vw) 2000 (vw) (*) 
1869 (w) 1871 (w) (*) 

1626 + 1605 (s) 1631 (s) HOH + C=O Band I of the amide 

1549 (vs) 1575(m)+1492 (vw) NH + CN Band II of the amide 
1452 (w) 1458 (m) CH2-N 

- 1407 (s) Si- CH2 
1386 (vs) 1387 (s) CN primary aromatic amine 
1304 (vw)  NH + CH  Band III of secondary amide 

vs = very strong band, vw = very weak, m = mid band, s = short band, w = weak band 

Thermogravimetric curves of pure silica (SF) and functionalized silica SF-AETS were obtained as 

described in the experimental part and shown in Figure 3. The SF and SF-AETS silica showed mass 

loss of 9.7 and 12.9 %, respectively. In examining these compounds, the following processes were 

detected: i) water molecules are lost from room temperature at near 500 K, and ii) the functional 

groups are lost from 453 up to 813 K. 
 

 
       Temperature, K 

Figure 3. Thermogravimetric curves of (a) SF and (b) SF-AETS silica 
 

The thermogravimetric curve of SF-AETS/MABA silica is shown in Figure 4 and presented a 

percentage of mass loss of 15.7 % and the greatest mass loss occurring between 453 and 813 K. 
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Temperature, oC 

Figure 4. Thermogravimetric curves (integral and differential) of SF-AETS/MABA silica 

Adsorption of copper and cobalt 

The corresponding isotherms of metal ion adsorption from ethanol solutions of selected cations 

Cu(II) and Co(II), at SF-AETS/MABA were also investigated. Early investigation showed that the 

original silica matrix does not adsorb these cations.  

The solid adsorption capacity of metal halide on SF-AETS/MABA depends on the nature of the 

complex formed on the surface and the affinity of any particular ligand attached to the metal. 

Maximum adsorption capacity, nf
max, for CuCl2 and CoCl2, was 0.17 and 0.64 mmol g-1, respectively, 

indicating that cobalt binds more effectively than cooper to available basic centers. The average 

stability constant () and the average number of ligands bonded and coordinated to the metallic ion 

(ñ) were determined from the plot of 1/nf and 1/C. The average stability values of CuCl2 and CoCl2 

in SF-AETS/MABA were 391 and 191 dm3 mol-1, respectively, and the average number of ligands (ñ) 

for SF-AETS/MABA was four to cooper and one to cobalt metallic ions. The values of calculated 

constants indicate the formation of stable complexes.  

Electrochemical studies 

Silica SF-AETS/MABA/Cu(II) 

Voltammetry experiments using CMCPE modified with different silica materials were carried out. 

For the electrode modified with only SF-AETS/MABA, no current peaks were observed, while for 

CMCPE prepared with SF-AETS/MABA having complexed cooper (II) attached, some peaks were 

obtained. They can be observed in Figure 5, where stabilization of CMCPE/SF-AETS/ MABA/Cu(II) in 

0.10 mol dm-3 PBS, pH 7.0 was followed by cyclic voltammograms recorded consecutively at  

20 mV s-1 in the potential range of -1.0 to 1.0 V (vs. Ag/AgCl) at 298 K. In this potential range, a pair 

of peaks is observed in Figure 5, with almost reversible characteristics, E1/2 = -0.11 V (where E1/2 = 

(Epa + Epc)/2 and Epa and Epc are anodic and cathodic peak potentials, respectively). These almost 

reversible peaks were assigned to the Cu(II)/Cu(I) redox pair, while the irreversible anodic peak at 

Epa= 0.90 V was assigned to the Cu(III)/Cu(II) redox pair.  

Cyclic voltammograms of stabilized CMCPE/SF-AETS/MABA/Cu(II) electrode, recorded at different 

potential scan rates, are shown in Figure 6. It is obvious that the value of the potential difference 

between anodic and cathodic peaks, Ep (Ep = Epa - Epc), is increased at higher scan rates. This result 

reflects the kinetics of electron transfer on the electrode surface, which is not fast enough, as a 

consequence of having a matrix with considerable resistance. The graphs of anodic peak current as 

a function of the square root of scan rate and anodic peak current as a function of scanning rate 

(not shown here) presented linear behavior, which suggests a diffusion-controlled process [16,17]. 
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Since it was shown earlier that electroactive species strongly adhere to the matrix, the mechanism 

may be explained by the transport of the ion of supporting electrolyte from the electrode surface 

for charge compensation [18,19].  

 

 

Figure 5. Cyclic voltammograms of CMCPE/SF-AETS/MABA/Cu(II) electrode stabilization in  
0.10 mol dm-3 PBS, pH 7.0, at 20 mVs-1 and 298 K  

 
Figure 6. Cyclic voltammograms of CMCPE/SF-AETS/MABA/Cu(II) electrode in 0.10 mol dm-3 PBS 

pH 7.0, at 298 K, as a function of the scan rate (5, 10, 20, 30, 50 and 60 mVs-1) 

The nature of supporting electrolyte that was changed by varying the cation and anion 

(phosphate buffer, KCl, NH4Cl, NaNO3 and NH4NO3) did not produce any significant influence on E1/2. 

Such results suggested that these supporting electrolytes are not interacting with the matrix surface 

and produce no significant change of the midpoint potential [20]. 

With CMCPE/SF-AETS/MABA/Cu(II) electrode, a preliminary study of oxidation of vitamin B6 was 

made by voltammetric measurements. Figure 7 shows electrochemical responses of CMCPE/SF-

AETS/MABA/Cu(II) without (curve a) and with 9.810-4 mol dm-3 of vitamin B6 (curve b). It is obvious 

that the anodic oxidation potential of VB6 is around Epa= 0.95 V, as shown in Figure 7(b).  

Figure 8 shows the electrochemical behavior of CMCPE/SF-AETS/MABA/ Cu(II) electrode in PBS 

containing 0.30 cm3 of Revivan drug in the presence of vitamin B6 (CVB6 = 9.810-4 mol dm-3), and after 

successive additions of dopamine, in the concentration range of 9.610-5 to 2.510-4 mol dm-3.  
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Figure 7. Electrochemical behavior of CMCPE/SF-AETS/MABA/Cu(II) electrode in 0.10 mol dm-3 PBS, 

pH 7.0, at 20 mV s-1and 298 K: (a) without, and (b) with 9.810-4 mol dm-3 vitamin B6 

 
Figure 8. Dopamine determination in Revivan by the standard multiple addition method on the 

CMCPE/SF-AETS/MABA/Cu(II) electrode in 0.10 mol dm-3 PBS, pH 7.0, at 20 mV s-1 and 298 K:  
(a) 0.30 cm3 of Revivan in the presence of 9.8x10-4 mol dm-3 VB6 and after successive additions of 

dopamine (9.6x10-5 to 2.5x10-4 mol dm-3) 

The oxidation potential of dopamine is at Epa= 0.39 V, and anodic peak current graph versus 

dopamine concentration (CDA = 9.610-5 to 2.510-4 mol dm-3) allowed the quantification of dopa-

mine present in the drug. A linear correlation was observed between Ip and DA concentration, with 

a detection limit of 9.410-5 mol dm-3. The determined value in mol dm-3 was 5.1×10-2, and after, 

this value was recalculated to g cm-3. The value was found equal to (4.9  0.3)×10-3 g cm-3 is in accor-

dance with that supplied by the manufacturer. 

The reproducibility of the electrode response to DA was also investigated by repetitive measure-

ments. The results of 200 successive measurements showed a relative standard deviation of 1.03 %. 

Thus, the modified CMCPE/SF-AETS/MABA/Cu(II) electrode was found to be a very stable and highly 

reproducible electrode, appropriate for DA determination. 

Silica SF-AETS/MABA/Co(II) 

First, the stabilization of CMCPE/SF-AETS/MABA/Co(II) electrode was followed by recording 

consecutive CVs in 0.10 mol dm-3 PBS, pH 7.0 at 298 K. CVs were carried out at 20 mV s-1 going from 

1.0 to -0.70 V (vs. Ag/AgCl) (cathodic scanning), and presented in Figure 9.  

An almost reversible peak with E1/2 = 0.84 V can be assigned to the Co(III)/Co(II) redox pair. After 

the stability of the CMCPE/SF-AETS/MABA/Co(II) electrode was attained, it was used the study of 

oxidation of dopamine in the presence of vitamin B6. Up to now, the electrochemical oxidation of 

vitamin B6 has been mostly studied on carbon paste electrodes. 
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Figure 9. Cyclic voltammograms of CMCPE/SF-AETS/MABA/Co(II) electrode stabilization in 
0.10 mol dm-3 PBS , pH 7.0, at 20 mVs-1 and 298 K 

The reaction was supposed to involve the oxidation of pyridoxine (PYX) into pyridoxal derivative 

(PYO) [21]. The voltammetric response obtained with the CMCPE/SF-AETS/MABA/Co(II) after the 

successive additions of vitamin B6 in the concentration range 9.910-5 to 3.910-4 mol dm-3, 

however, did not present significant current variations (Figure 10). For this reason, CMCPE/SF-

AETS/MABA/Co(II) cannot be used for the electrochemical determination of vitamin B6 in the drug.  
 

 
E / V 

Figure 10. Electrochemical behavior of the CMCPE/SF-AETS/MABA/Co(II)electrode in 
0.10 mol dm- 3PBS, pH 7.0, at 20 mV s-1 and 298 K without and with added vitamin B6 in the 

concentration range of 9.9x10-5 to 3.9x10-4mol dm-3 

Figure 11 shows the electrochemical behavior of CMCPE/SF-AETS/MABA/Co(II) electrode in  

0.10 mol dm-3 PBS, pH 7.0, after dopamine additions of 5.010-5 to 2.010-4 mol dm-3. 
  

 
Figure 11. Electrochemical behavior of the CMCPE/SF-AETS/MABA/Co(II)electrode in  

0.10 mol dm-3 PBS, pH 7.0, at 20 mV s-1 and 298 K without and with added DA in  

the concentration range of 5.010-5 to 2.010-4 mol dm-3 

I /
 

A
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Electrochemical behavior of CMCPE/SF-AETS/MABA/Co(II) electrode as a function of scanning 

rate in the presence of 2.010-4 mol dm-3 dopamine is presented in Figure 12.  
 

 
Figure 12. Electrochemical behavior of CMCPE/SF-AETS/MABA/Co(II) electrode in  

0.10 mol dm-3 PBS, pH 7.0, 298 K and 2.0×10-4 mol dm-3 DA at different  
scan rates (2, 5, 10, 20, 30, 40, 50, 60, 70 mV s-1) 

The graph of anodic peak current for CMCPE/SF-AETS/MABA/Co(II) at the oxidation potential of 

dopamine (Epa= 0.250 V) against 1/2 presented linear behavior with two slopes, one at high and the 

other at low scan rates [22]. 

The electroanalytical determination of dopamine in Revivan ampoules was executed with this 

CMCPE/SF-AETS/MABA/Co(II) electrode by the method of multiple pattern addition. Dopamine 

concentration was varied from 4.910-5 to 1.9310-4 mol dm-3 and the presence of B6 vitamin  

4.510-5 mol dm-3 did not show significant variation (Figure 13). A linear correlation is observed 

between peak current and dopamine concentration with a detection limit of 4.910-5 mol dm-3. The 

graph of anodic peak current versus dopamine concentration allowed the quantification of dopa-

mine present in the drug. The determined value in mol dm-3 was 8.9×10-2, and after, this value was 

recalculated to g cm-3. The value was found equal to (4.8  0.3)×10-3 g cm-3, which coincides with 

that provided by the manufacturer (5 mg cm-3). 
 

 
Figure 13. Determination of dopamine in Revivan by the multiple standard addition method at 

CMCPE/SF-AETS /MABA/Co(II) electrode in 0.1 mol dm-3 PBS, pH 7 at 20 mV s-1 and 298 K. (a) cyclic 

voltammogram in the presence of B6 vitamin 4.510-5 mol dm-3 (b) after addition of 0.50 cm3 of 

Revivan and successive additions of dopamine in the concentration range of 4.910-5 to 1.9310-4 
mol dm-3 

The comparison of CMCPE/SF-AETS/MABA/Co(II) electrode response with that of glassy carbon 

electrode in the solution containing a mixture of vitamin B6 and dopamine is presented in Figure 14. 

Compared to glassy carbon, for the CMCPE modified with silica, there is no appearance of the 
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oxidation peak of vitamin B6 in the studied potential range. Also, the current catalysis for dopamine 

oxidation is clearly presented for CMCPE/SF-AETS/MABA/Co(II) electrode, showing much greater 

sensitivity than is observed for the glassy carbon electrode. 
 

 
Figure 14. Comparison of (a and b) CMCPE/SF-AETS/MABA/Co(II) electrode and (c) glassy carbon 

electrode responses in 0.10 mol dm-3 PBS, pH 7.0, and 4.510-5 mol dm-3 VB6 at 20 mV s-1, and 298 K 
after: (a) addition of 0.50 cm3 of Revivan; (b and c) addition of 1.93x10-4 mol dm-3 of dopamine  

The performance of CMCPE/SF-AETS/MABA/Co(II) electrode over five months was followed by 

measurements of oxidation peak currents for dopamine in PBS on each consecutive day. This serves 

as an indicator of the stability of modified electrodes toward dopamine. The electrodes were used 

every day. The experimental results indicated that current responses showed a relative standard 

deviation of 2.0 %, suggesting that modified electrodes possess fine stability.  

The reproducibility of electrodes was investigated. Repetitive measurements were performed in 

dopamine. The results of 200 successive measurements show a relative standard deviation of 

1.03 %. Thus, the modified electrodes are found very stable, showing great reproducibility.  

Conclusions 

The enrichment of interfacial layer of silica gel by chemisorption, with interactions of covalent 

nature on its surface through the use of silylating agents with nucleophilic sites, favored the 

increased capacity of organofunctionalized silica to sequester metals, with complexes anchored on 

its surface. The analytical results obtained from the electrode containing Cu(II) and Co(II) complexes 

were very promising. The benefits to employ the suggested electrodes have been stated by our 

analytical processes, and its progress is easy. The electrodes did not present significant variation in 

response after five months of use, thus showing good chemical stability. These characteristics make 

this material very attractive for use as a sensor for dopamine determinations. 

Acknowledgment: The authors are indebted Josué A. Da Silva for manuscript revision. 
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Abstract 
An electrochemical chemical sensor for the determination of uric acid (UA) with high sensiti-
vity and a wide working range was fabricated using the layered zinc hydroxide-sodium dode-
cyl sulphate-propoxur (LZH-SDS-PRO) nanocomposite, modified with multiwall carbon nano-
tubes (MWCNT). The introduction of LZH-SDS-PRO as a conducting matrix has enhanced the 
conductivity of MWCNT. The morphology of LZH-SDS-PRO/MWCNT was characterized by 
transmission electron microscopy (TEM) and scanning electron microscopy (SEM), while 
electrochemical behavior of UA and K3[Fe(CN)6] at LZH-SDS-PRO/MWCNT paste electrode 
was studied by square wave and cyclic voltammetry, respectively. Under the optimized experi-
mental conditions, the electrode established linear plot for UA concentrations 7.0 mol L-1 to 
0.7 mmol L-1 (R2 = 0.9920) and LOD was calculated to be 4.28 µmol L-1 (S/N = 3). The fabricated 
LZH-SDS-PRO/MWCNT electrode was successsfully applied to urine samples, exhibiting 
excellent stability and reproducibility, which made it worthwhile for analytical applications. 
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Introduction 

2,6,8-trihydroxypurine, also known as uric acid (UA), is a fundamental electroactive molecule 

resulting from the metabolism of endogenous purine, which occurs inside the human body [1,2]. 

Biological responses such as inflammation, vasoconstriction, oxidative stress and endothelial 

dysfunction can be stimulated by UA. Identifying diseases such as gout, hyperuricemia, kidney stone, 

type-2 diabetes, renal impairment, and Lesch-Nyan syndrome can be done by quantifying the 

concentration level of UA in blood and urine [3,4].  

Various high precision, accurate and robust methods have been developed for analytical 

purposes, such as chromatography, fluorescence, electrophoresis, chemiluminescence and spectro-

photometry, but all these methods are energy-consuming, high-cost, time-consuming and need 

complex operating processes [5-11]. Since UA is highly electrochemically active compound, 

alternative electrochemical methods were developed and characterized by cost-effectiveness, 

fastness, simplicity and portability for quantitative analysis.  

Different functional materials have been introduced in developing UA sensors to improve the 

electron transfer of UA at electrodes, such as Co(II)-based zeolitic imidazolate framework [12], 

platinum nanoparticles (PtNPs) [13,14], nano resin [15] and ferrocene derivative and core-shell 

magnetic nanoparticles [16]. 

Since the first discovery of carbon nanotubes (CNT) in 1991, various materials have been incor-

porated into them and attracted widespread attention in the field of electroanalysis [17]. The unique 

electrochemical properties of CNT in terms of large surface area, excellent electron transfer, fine 

structure and light-weight make them be good electrodes for various applications [18-20]. In recent 

studies, multi-walled carbon nanotubes (MWCNT) were more preferable than single-walled CNT 

(SWCNT) due to rapid electron transfer for different reactions and better conductivity [21]. Besides, 

metal layered hydroxides have also gained much attention in carbon paste electrode (CPE) fabri-

cation, owing to their remarkable capability of anion exchange and also excellent physicochemical 

properties in terms of low toxicity, chemical inertness and high surface area [22]. In our previous 

work, abilities of layered zinc hydroxide-ferulate (LZH-F), layered zinc hydroxide-L-phenylalanate 

(LZH-LP) and layered zinc hydroxide-sodium dodecyl sulphate-isoprocarb (LZH-SDS-ISO) applied as 

modifiers with MWCNT were demonstrated for the determination of hydroquinone (HQ) [23], 

acetaminophen (PCM) [24] and dopamine (DOP) [25], respectively. 

Propoxur or 2-isopropoxyphenyl-N-methylcarbamate, was introduced to the market in 1959 and 

widely used in the pest control industry. Intercalation of propoxur with layered zinc hydroxide 

produces a nanocomposite material that has good electron transfer ability and a large surface-to-

volume ratio. It has also been reported that this material shows low toxicity, high thermal stability, 

biocompatibility and the potential for controlled release [26,27]. Based on the listed advantages, in 

this work, we are presenting for the first time LZH-SDS-PRO material as a mediator used to increase 

the electrocatalytic activity of the redox reaction important for the determination of UA. 

Experimental  

Chemicals and reagents 

The uric acid stock solution was prepared by dissolving the appropriate amount of UA in 0.1 mol L-

1 NaOH solution. Potassium acetate, chloride salts (Sigma-Aldrich, USA), paraffin oil, copper(II) 

sulphate, potassium nitrate, potassium iodide, phosphate buffer solution (PBS) (K2HSO4 and KH2SO4) 

(Merck, Germany), barium chloride, glucose, fructose, sucrose and MWCNT (Timesnano, China) were 

of analytical grade and used as received. Ultra-pure water was used during the work. 
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Apparatus 

FESEM model SU8020 UHR (Hitachi, Japan) and FETEM model JEM2100F (Jeol, Japan) were used 

for the characterization of surface morphologies of LZH-SDS-PRO/MWCNT and MWCNT. Potentiostat/ 

galvanostat model Ref 3000 (USA) was used for electrochemical impedance spectroscopy (EIS) 

measurements, while cyclic voltammetry (CV) and square wave voltammetry (SWV) were conducted 

using Potentiostat series-G750 (USA). Three-electrode system was used in this study, where LZH-SDS-

PRO/MWCNT, a platinum wire and Ag/AgCl electrode MF-2052 (Bioanalytical syst, USA) with fiber 

junction, acted as the working electrode, counter electrode and reference electrode, respectively. 

Preparation of LZH-SDS-PRO nanocomposite 

LZH-SDS was prepared by the addition of 40 mL of 0.5 M of Zn(NO3)2·6H2O and 1.0 M NaOH into 

a solution of 40 mL of 0.25 M SDS. The pH value was adjusted to 6.5. Then, the slurry was 

centrifugated and dried in an oven at 70 °C.  

Intercalation of propoxur into the interlayer of LZH-SDS was done by an ion-exchange method. 

0.5 g of LZH-SDS was dissociated in 0.001 M propoxur solution and kept under a magnetic stirrer for 

3 hours. The slurry was then aged 24 hours in an oil bath at 70 °C. After that, the slurry was 

centrifuged and the white solid was dried in an oven [26]. 

Electrode preparation 

LZH-SDS-PRO (5 mg), MWCNT (100 mg) and paraffin oil (3 drops) were mixed using mortar and 

pestle. The homogenized mixture was firmly packed into Teflon tubing (i.d. 2.0 mm and 3 cm long). 

To establish the electrical contact, one of the ends of the paste was connected to the copper wire, 

and the other end was smoothened using soft paper. The non-modified MWCNT electrode was 

prepared with the same method but without LZH-SDS-PRO added. 

Measurement procedure 

UA solutions present at desired concentrations in 0.1 mol L-1 PBS (pH 6.4) as the supporting elec-

trolyte were used throughout the work to perform voltammetry unless otherwise stated. The UA 

solutions were deoxygenated with N2 before measurements for about 15 minutes. SWV experi-

ments of UA determination were performed between 100 mV to 500 mV, with a frequency of 

150 Hz, pulse height of 60.0 mV and step increment of 6.0 mV. CVs taken between -300 to 800 mV 

at the scan rate of 100 mV s-1 were applied for electrochemical characterization of the fabricated 

electrode with K3[Fe(CN)6] as a redox probe. For EIS measurements, the frequency range of 10 kHz 

to 0.1 Hz and amplitude of the alternating voltage of 5.0 mV were used. All experiments were 

conducted at the ambient temperature of 25 ± 1 oC. 

Results and discussion 

Surface morphology 

The SEM image of LZH-SDS-PRO shown in Figure 1, resembles nanoflower-like particles with a 

thickness of approximately 1.5 – 3.0 µm. To confirm the formation of LZH-SDS-PRO nanocomposite, 

EDS analysis was carried out. Different areas were focused during the EDS measurement and the 

conforming peaks were observed. The LZH-SDS-PRO can be seen in the synthesized composite 

nanostructure in the EDS spectrum. In the spectrum A, the quantity of C, Zn and O (measured in 

wt.%) were 40.1, 29.4 and 22.6, respectively, while in spectrum B, the values were 50.3, 29.5 and 

17.0 % for C, Zn and O, respectively.  
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Figure 1. SEM image and EDS spectrum of (A) LZH-SDS-PRO and (B) LZH-SDS-PRO/MWCNT 

TEM analysis was performed to further investigate the morphology of the LZH-SDS-PRO 

composite. Figure 2 shows TEM images of the composite nanostructure at a low magnification 

where sharp edges and smooth surface of LZH-SDS-PRO (A) and carbon nanotubes strings (B) were 

observed, confirming the results from SEM images. 

 

 
Figure 2. TEM image of (A) LZH-SDS-PRO and (B) LZH-SDS-PRO/MWCNT 

Electrochemical response of K3[Fe(CN)6] at LZH-SDS-PRO/MWCNT paste electrode 

Figure 3 shows CV voltammograms of 4.0 mmol L-1 K3[Fe(CN)6] contained in 0.1 mol L-1 KCl at the 

LZH-SDS-PRO/MWCNT and unmodified MWCNT paste electrodes.  
 

 

Figure 3. Cyclic voltammograms of  
(a) non-modified MWCNT and  
(b) LZH-SDS-PRO/MWCNT for 4.0 
mmol L-1 K3[Fe(CN)6] in 0.1 mol L-1 KCl,  
at scan rate 100 mV s-1 

A B 

A B 
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The LZH-SDS-PRO/MWCNT paste electrode showed redox peak current at Ipa = 8.743 µA, 

Ipc = 7.618 µA, and peak-to-peak separation (∆Ep) = 71.6 mV. Meanwhile, redox peak current of the 

non-modified MWCNT paste electrode was Ipa = 5.854 µA, Ipc = 5.843 µA, and ∆Ep = 92.7 mV. It is 

evident from these findings that the introduction of LZH-SDS-PRO as an MWCNT modifier is 

responsible for improving electron transfer rate, electroactive surface area and the conductivity 

performance of the modified electrode. 

The investigation of interfacial redox reaction kinetics of [Fe(CN)6]3-/4- redox probe at LZH-SDS-PRO/ 

/MWCNT paste electrode was done by using the EIS method. The charge transfer resistance, Rct values 

were estimated as diameters of semicircles appearing in high-frequency regions of Nyquist plots, 

where the diffusion process is represented by straight-line plots at lower frequencies [28]. In the inset 

of Figure 4, the Randles equivalent circuit used for fitting measured impedance spectra is presented. 

Rct value for bare MWCNT paste electrode was 1.325 kΩ, while Rct for LZH-SDS-PRO/ /MWCNT was 

0.245 kΩ. It is clearly observed that LZH-SDS-PRO/MWCNT displayed lower charge transfer resistance 

within the interfacial layer, as suggested by more than five times smaller diameter of the semicircle.  
 

 
Z’ /  

Figure 4. Nyquist plots recorded in the 
solution of 4.0 mmol L-1 K3[Fe(CN)6] in 
0.1 mol L-1 KCl using (a) non-modified 
MWCNT, and (b) LZH-SDS-PRO/MWCNT 
paste electrode. Inset: Randles equi-
valent electrical circuit used for data 
fitting 

 

The apparent rate constant, kapp of the electron transfer on unmodified MWCNT and LZH-SDS- 

-PRO/MWCNT paste electrode was 1.17×10-5 and 6.38×10-5 cm s-1, respectively, which was 

calculated using the eq. (1): 

kapp = RT/F2 Rct c (1) 

where T represents temperature, R is the gas constant, c is the concentration of K3[Fe(CN)6] and F is 

Faraday’s constant.  

As a consequence of the high specific area and high conductivity, LZH-SDS-PRO/MWCNT 

electrode effectively promotes the electron transfer process. 

The effect of scan rate () change on the redox peak currents of 4.0 mmol L-1 K3[Fe(CN)6] 

contained in 0.1 mol L-1 KCl at LZH-SDS-PRO/MWCNT paste electrode was also studied. As can be 

observed in Figure 5A, anodic and cathodic peak currents were progressively increased with 

increasing scan rate from 10 to 300 mV s-1, while their Ep values shifted positively and negatively, 

respectively, suggesting kinetic limitation in the reaction [29]. In addition, there is also a straight-

line relationship between peak current and scan rate () with the linear regression equations, 

Ipa = 0.0635 + 3.9461 (R2 = 0.9910) and Ipc = -0.0636 - 3.599 (R2 = 0.9903) as shown in Figure 5B. 

-Z
 

/ 

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Besides that, the graph of peak currents versus square root of scan rate (1/2) was plotted in Figure 5C, 

showing a good linear relationship with the following linear equations: Ipa = 1.26791/2 - 

1.1281 and Ipc = -1.25661/2 + 1.394. The correlation coefficients obtained were 0.9913 and 0.9927, 

respecttively. These results revealed that the redox reaction of K3[Fe(CN)6] on LZH-SDS-PRO/MWCNT 

paste electrode is reversible, i.e. diffusion-controlled [30]. 
 

 
Figure 5. (A) Cyclic voltammograms in the solution of 4.0 mmol L-1 K3[Fe(CN)6] in 0.1 mol L-1 KCl 

at scan rates of 10, 20, 40, 70, 100, 150, 200 and 300 mV s-1; (B) plot of peak currents versus 
scan rate; (C) plot of peak currents versus square root of scan rate 

Electrochemistry of UA on LZH-SDS-PRO/MWCNT paste electrode 

The square wave voltammetry (SWV) measurements were carried out to compare electroanalytical 

performance of the non-modified MWCNT and LZH-SDS-PRO/MWCNT paste electrodes. As illustrated 

in Figure 6, the peak current of UA oxidation at the non-modified MWCNT is observed at 5.613 µA.  
 

 
Figure 6. SW Voltammograms in the solution of 0.1 mmol L-1 UA in 0.1 mol L-1 PBS at pH 6.4 using:  

(a) non-modified MWCNT and (b) LZH-SDS-PRO/MWCNT 
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The oxidation peak current of LZH-SDS-PRO/MWCNT, however, is dramatically improved by the 

factor of 3 to 18.16 µA. Except for the effect of increased surface area, this might be due to the 

excellent electrical conductivity of LZH-SDS-PRO/MWCNT that can act as an effective electrons 

promoter during the electrochemical reaction. Hence, the addition of LZH-SDS-PRO into MWCNT 

has enhanced the electrode performance for the detection of UA. 

Scheme 1 illustrates the proposed mechanism for the oxidation reaction of UA at the LZH-SDS- 

-PRO/MWCNT paste electrode. By UA oxidation, imine alcohol is produced from UA by donating two 

protons and electrons, while two moles of propoxur at the electrode surface accept those protons 

and electrons to produce o-isopropoxyphenol [31,32]. 
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Scheme 1. Probable mechanism of oxidation reaction of UA at LZH-SDS-PRO/MWCNT paste electrode 

The effect of pH 

Figure 7 shows how pH values between 6.0 and 8.0 of 0.1 mol L-1 PBS affect the oxidation peak 

currents of 0.1 mmol L-1 UA at LZH-SDS-PRO/MWCNT paste electrode since PBS was optimized at 

the pH scale of 6.2 to 8.0 [33]. The oxidation peak current of UA increased with increasing the pH 

value from 6.0, reached a maximum point at pH 6.4, and then decreased with further pH increasing. 

Therefore, throughout the work for UA determination, the optimum pH was set at 6.4. It is clearly 

seen from Figure 7 that the peak potential shifted negatively with pH increase, proving thus the 

involvement of protons in the oxidation of UA.  
 

 
Figure 7. Plot of oxidation peak current (I) and oxidation potential (E) vs. pH of 0.1 mol L-1 PBS 

containing 0.1 mmol L-1 UA at LZH-SDS-PRO/MWCNT paste electrode 
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The relationship between pH and peak potential (E) of UA can be expressed as: E = -50.226 pH +  

+ 643.83 (R2 = 0.9921), suggesting the equal number of electrons and protons involved in the 

electrochemical oxidation of UA at LZH-SDS-PRO/MWCNT. This conclusion is based on the obtained 

slope of 50.226 mV pH-1, close to the Nernst value of 59 mV pH-1 [34]. 

Calibration curve and limit of detection  

In order to study the relationship between the concentration of UA and oxidation peak current 

(I) on the LZH-SDS-PRO/MWCNT paste electrode, a series of UA solutions was prepared, containing 

7.0 µmol L-1 to 0.7 mmol L-1. As shown in Figure 8A, I increased linearly as UA concentrations were 

increased. The plot of I vs. [UA] showed a linear relationship with the following linear regression 

equation: I = 0.058 cUA – 1.417 (R2 = 0.9920) and the limit of detection (LOD) was found to be 

4.28 µmol L-1. LOD was determined using eq. (2):  

LOD = 3σ / m   (2) 

where m = slope of the calibration curve and σ = relative standard deviation of its intercept. 
 

  
Figure 8. (A) Linear plot of I vs. cUA and (B) SWVs at different concentrations (7, 10, 30, 70, 100, 

300 and 700 µM) of UA in 0.1 mol L-1 PBS (pH 6.4)  

The high sensitivity of the LZH-SDS-PRO/MWCNT paste electrode compared to those obtained 

for several other electrodes by different electroanalytical methods is presented in Table 1. The 

obtained results proved that the suggested sensor can be used for the determination of UA in 

environmental and even biological analytes. 

Table 1. Comparison of analytical properties of different fabricated electrodes for the determination of UA 

Electrode materials Method Linear range of concentration, µmol L-1 LOD, µmol L-1 Ref. 

DMF / SPCE DPV 100.0 – 500.0 0.19 [35] 
Poly(Isoniazid) / CPE CV 10.0 – 1000.0  1.173 [36] 

PEDOT / GCE CV 6.0 – 100.0 7.0 [37] 
MWCNT-PEDOT / GCE DPV 10.0 – 250.0 10.0 [38] 

GF / NiCo2O4 SWV 10.0 – 26.0 0.2 [39] 
MWCNT / GCE SWV 10.0 – 200.0 1.0 [40] 

LZH-SDS-PRO / MWCNT / CPE SWV 7.0 – 700.0 4.28 This work 

Selectivity, stability, reproducibility and repeatability of LZH-SDS-PRO/MWCNT paste electrode 

The selectivity of the LZH-SDS-PRO/MWCNT paste electrode was tested by evaluating differren-

ces in the oxidation peak current value of 0.1 mmol L-1 UA in 0.1 mol L-1 PBS (pH 6.4) in the presence 

of possible coexisting interfering species such as D-glucose, L-fructose, and Na+, Mg2+, Ca2+, Cl-, SO4
2- 
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and NO3
- ions. As illustrated in Figure 9, LZH-SDS-PRO/MWCNT paste electrode has the anti-

interference ability in the presence of 10- and 50- fold higher concentrations of interfering species 

with the relative error of less than ± 10 %. 

The stability of the fabricated paste electrode was recorded towards 0.1 mmol L-1 UA in 0.1 mol L-1 

PBS (pH 6.4) within 14 days and the results were retained about 90 % from the initial response, 

indicating high stability of electrode over a long period.  

The reproducibility of the fabricated paste electrode was conducted using five individual 

electrodes prepared by the same procedure. The relative standard deviation (RSD) of these 

electrodes was 3.19 %. Moreover, the RSD value of 4.73 % obtained after 10 successive measure-

ments with similarly fabricated electrodes suggested that LZH-SDS-PRO/MWCNT paste electrode 

can be used repeatedly for the determination of UA. 
 

 

Figure 9. Interference analysis of 0.1 mmol L-1 UA at LZH-SDS-PRO/MWCNT paste electrode 

Real samples analysis 

The validity of the results obtained using the LZH-SDS-PRO/MWCNT paste electrode was studied 

by determining the concentration of UA in the urine sample via the standard addition method. The 

urine sample was directly diluted 30 times in 0.1 mol L-1 PBS (pH 6.4) without pre-treatment. Then, 

known concentrations of UA were spiked into the urine sample to study electrode recoveries. As a 

result, LZH-SDS-PRO/MWCNT paste electrode exhibited good recoveries, as summarized in Table 2. 

Table 2. Determination of UA in urine sample using LZH-SDS-PRO/MWCNT paste electrode (n = 3) 

Sample 
cUA / µmol L-1 

Recovery, % RSD, % 
Determined Spiked  Found 

Urine 140.3 

100 243.8 101.5 3.81 

200 337.3 99.1 2.94 

300 445.7 101.2 3.72 

Conclusions 

In this experiment, a simple, highly sensitive, and cost-effective sensing material was proposed 

for the determination of UA with low LOD. These beneficial sensing electrode properties were 

realized through a combination of unique properties of LZH-SDS-PRO nanomaterial and MWCNT. 
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The prepared nanocomposite electrode exhibited significant electrocatalytic activity toward UA 

oxidation with satisfactory results of selectivity, stability and reproducibility, suggesting that LZH-

SDS-PRO/MWCNT paste electrode is an attractive candidate for practical applications. 
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Abstract 
The effect of the galvanic corrosion process taking place between aluminium alloy (AA2024- 
-T3) and carbon fiber reinforced plastic (CFRP) immersed in 0.05 M NaCl was studied using 
organic and inorganic compounds as corrosion inhibitors. Electrochemical approaches such 
as electrochemical noise analysis (ENA) and electrochemical impedance spectroscopy (EIS) 
were carried out to evaluate efficiencies of 1,2,4-triazole (C2H3N3) and cerium nitrate 
hexahydrate (Ce(NO3)3·6H2O) as corrosion inhibitors. The highest efficiency was reached for 
Ce(NO3)3 6H2O, with some improvement observed by adding C2H3N3 in a mixed inhibitor 
solution. The noise resistance (Rn) and polarization resistance (Rp) values calculated from 
ENA and EIS data showed almost identical behavior with different magnitudes but similar 

trends. Adsorption isotherm models estimated with fractional surface coverage () 
parameter were fitted better to Langmuir model for C2H3N3 and Temkin model for 
Ce(NO3)3·6H2O. The calculated values of Gibbs free energy suggested physisorption and 
chemisorption as spontaneous interactions between a metal surface and both inhibitors. 
Energy-dispersive X-ray spectroscopy (EDS) was carried out before and after immersing 
AA2024-T3 in the electrolyte, identifying rich zones in copper with cerium deposited over it 
and confirming the presence of rare-earth oxide deposition and oxide film products. The EDS 
analysis for CFRP revealed the deposition of Ce and Al particles over its surface after 
immersion in the electrolyte, especially in the areas rich in carbon. 

Keywords 
Electrochemical methods, rare earths, adsorption isotherm, Gibbs free energy, synergistic 
effect, power spectral density  
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Introduction 

Hybrid structures have received great interest from the aerospace industry, especially in cases 

where a single material can not satisfy structural demands [1]. Materials with a high strength-to-

density ratio, such as carbon fiber reinforced plastic (CFRP) and aluminum alloys, are promising 

candidates for modern aircraft structures since when both are combined, the mechanical properties 

of a material are improved [2]. 

Nevertheless, aluminum alloys such as AA2024-T3 in contact with other nobler materials (CFRP) 

tend to accelerate their electrochemically-driven degradation since they are more active in the 

galvanic series, showing an anodic behavior [3, 4]. For example, when CFRP is coupled to AA2024-T3 

in NaCl solution, the structural integrity of this last material is compromised since CFRP has an open 

circuit potential (OCP) around +0.28 mV (nobler) [5] than AA2024-T3 having OCP around -500 mV 

(more active) [6]. Furthermore, AA2024-T3 contains impurities that stimulate the formation of 

galvanic microcells between the matrix and its intermetallic phases, thus increasing its susceptibility 

to the degradation processes [7].  

A lot of efforts have been focused on analyzing mechanical properties of the hybrid structure 

AA2024-T3-CFRP, such as tensile and compressive properties, shear strength and damping behavior, 

and on establishing conditions under which this hybrid material could work without risk of damage 

during its operating life [8-10]. Based on the latter, Payan et al. did some experiments to find an 

adequate method for the analysis of the corrosion mechanism of aluminum matrix composite 

reinforced with graphite fibers, giving quantitative information on the morphology and kinetics of 

corrosion [11]. Sherif et al. investigated different aluminum-graphite composites, showing the 

graphite concentration effect in the matrix, and observing an increment in the corrosion rate with 

reduction of the polarization resistance [12]. 

It is certainly important to find a way to reduce the effect of the corrosion process that is taking 

place in these hybrid materials, with the aim to reduce the damage caused by the oxidetion/reduction 

process. An effective way to resolve it is the utilization of corrosion inhibitors. So far, only a few studies 

have focused on using inhibitors or their combination for corrosion protection of AA2024-CFRP hybrid 

structure. Wang et al. have studied the galvanic corrosion resistance of carbon fiber metal laminates 

(CARALL) with AA2024-T3 and CFRP and proposed a surface treatment technique combining anodizing 

in sulfuric acid to prevent galvanic corrosion [13]. These authors also showed that the corrosion rate 

decreased in the presence of the coating over the surface.   

The goal of the present work was to reduce the effect of the galvanic corrosion process present 

in the hybrid structure AA2024-T3-CFRP with corrosion inhibitors. A systematic study of organic and 

inorganic inhibitors was conducted using a set of complementary electrochemical analyses. 

Experimental 

Materials and chemicals 

The nominal composition of AA2024-T3 alloy is listed in Table 1. Several samples were cut to 

platelets with an exposed area of 2 cm2 with 0.2 cm thickness. Platelets were ground with emery 

cloth of 300, 600 and 1000 grit size, degreased with ethanol, washed with distilled water, and dried 

with dry air. The carbon fiber composite was obtained from a fully cured carbon fiber composite 

sheet of 0.2 cm thickness. Samples with a nominal area of 2 cm2 were cut. The carbon fiber 

composite specimen was prepared to expose one individual region, removing impurities with 320 

grade emery paper to improve its conductivity.  
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Table 1. Composition of AA2024-T3 aluminum alloy 

Content, wt.% 

Cu Cr Fe Mg Mn Si Ti Zn Other Al 

3.8-4.9 0.1 0.5 1.2-1.8 0.3-0.9 0.5 0.15 0.25 0.15 Balance 
 

Distilled water with a resistivity of 18 MΩ cm was used for rinsing and solution preparation. The 

test solution was naturally aerated at 25 °C. All electrochemical tests were done in 0.05 M NaCl with 

stirring at room temperature using a Gill AC computer-controlled potentiostat. 

High-grade reagents Ce(NO3)3·6H2O and C2H3N3 received from Sigma-Aldrich with chemical struc-

tures shown in Figure 1 were used as corrosion inhibitors at three concentrations (0.5, 2 and 10 mM) 

with the aim to observe their protective efficiency against the corrosion process at the metal surface. 
 

 
Figure 1. Chemical structures of compounds used as corrosion inhibitors: a) C2H3N3 and b) 

Ce(NO3)3·6H2O  

Electrochemical techniques 

Electrochemical noise analysis (ENA) 

ENA technique was carried out recording 1024 points per second each hour for 24 h. Data were 

recorded simultaneously using a silver-silver chloride (Ag/AgCl) reference electrode (RE) and AA204-

T3 and CFRP in the galvanic couple as working electrode one (WE1) and working electrode two (WE2), 

respectively. The exposed area of each WE was 0.5 cm2. The galvanic couple was closed by a switch 

before each test, connected via a zero-resistance ammeter (ZRA).  

Electrochemical impedance spectroscopy (EIS) 

EIS measurements were conducted in a conventional cell of three electrodes, in the following 

arrangement: Ag/AgCl electrode was used as RE, a platinum wire as an auxiliary electrode (AE), and 

AA2024-T3 and CFRP in galvanic couple with an exposed area of 0.5 cm2 as working electrodes (WE1 

or WE2). EIS was performed at the open circuit potential value with a sinusoidal perturbation of 

10 mV RMS (root mean square) amplitude at room temperature, in a frequency range from 30 kHz 

to 0.01 Hz. The electrochemical cell used for the experiment setup is shown in Figure 2. 
 

 

Figure 2. Electrochemical corrosion cell 
for ENA and EIS measurements 
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Surface characterization of corroded surfaces 

Micrographs of corroded AA2024-T3 and CFRP samples in solutions of 0.05 M NaCl with and 

without inhibitor, extracted after 24 h of immersion, were examined with a Tescan Vega3 SB 

scanning electronic microscope (SEM) with an EDX analyzer. 

Results and discussion 

Electrochemical noise analysis (ENA) 

Inhibition effect of 1,2,4-TR. 

Figure 3 and 4 shows the current and potential electrochemical noise time series recorded for 

AA2024-T3-CFRP galvanic couple in 0.05 M NaCl without and with different concentrations (0.5 to 

10 mM) of C2H3N3. The electrochemical current noise (ECN) and the electrochemical potential noise 

(EPN) plots measured after 1 h (Figure 3) showed a decrement in their fluctuations when the inhibitor 

was added into the solution. The single exception is seen for the concentration of 0.5 mM, which 

showed an increment in the current fluctuation from 10-5 to 510-5 mA cm-2, increasing its frequency 

domain. The latter is attributed to the formation of a protective film on intermetallic sites, especially 

where there is copper contained in the sample, forming Cu-C2H3N3. Moreover, copper reacts with Cl- 

ions present in the solution to form CuCl- complexes with C2H3N3 [14], minimizing the oxygen reduction 

processes at intermetallic particles. Figure 4 shows the current and potential time series recorded 

after 24 h, where it is evident that the test without inhibitor showed an increment in current 

fluctuations. For the test with 2 mM C2H3N3 and 10 mM C2H3N3, a diminishing in current fluctuations 

is appreciable.  No change is evident for the test at 0.5 mM C2H3N3. 
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Figure 3. Time series of ECN (left) and EPN (right) for AA2024-T3-CFRP in galvanic couple 

immersed in 0.05 M NaCl without and with 0.5-10 mM C2H3N3 at the beginning of the test (1 h) 
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AA2024-T3 is highly susceptible to pitting corrosion due to the existing intermetallic particles [15]. 

When CFRP is kept in contact with AA2024-T3, these species cause increased electrons flow between 

cathodic and anodic areas. Through the electrochemical noise analysis done, the noise resistance (Rn) 

was calculated by the ratio of standard deviations of the current and potential (I/P) measured after 

24 h and shown in Figure 5. The highest value of Rn of 8.27 kΩ cm2 was obtained at 10 mM of C2H3N3 

which remains almost constant until the end of the test. It is obvious that with addition and further 

increment of the inhibitor concentration in the solution, a decrement in the current fluctuation of the 

time series was recorded at the beginning of the test as shown in Figure 3, and kept almost constant 

until the end of the test (Figure 4). These suggest the almost constant corrosion resistance of AA2024-

T3-CFPR in a galvanic couple (Figure 5).  
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Figure 4. Time series of ECN (left) and EPN (right) for AA2024-T3-CFRP in galvanic couple 

immersed in 0.05 M NaCl without and with 0.5-10 mM C2H3N3 at the end of the test (24 h) 
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Figure 5. Time behavior of Rn for AA2024-
T3-CFRP in galvanic couple immersed in 
0.05 M NaCl at different concentrations of 
C2H3N3 
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The single exception in Figure 5 is observed at 0.5 mM C2H3N3, where Rn tends to decrease due to the 

accelerated degradation of the surface, which forms a passive film susceptible to metastable pitting. 

The power spectral density (PSD) plots represent the potential and current fluctuations of ENA 

over time as functions of frequency, allowing to determine energy changes in the system and the 

stability of a passive film formed over the metal surface. 

When an increment in current is observed, the mass transport increases too, and when the 

potential increases, corrosion over the metal surface increases also. PSD plots for AA2024-T3-CFPR 

with and without C2H3N3 are shown in Figure 6. PSD plots for the current at the beginning and the 

end of the test (Figure 6a and 6c) did not show significant changes. At both testing times, the current 

density increased with the addition of 0.5 mM C2H3N3 into the solution, which accelerates the mass 

transport phenomena from the bulk to the metallic surface and increases the exposed area due to 

the formation of porosities at the surface [16]. Moreover, PSD plots for the potential (Figure 6b and 

6d) showed increments at 0.5 mM C2H3N3, indicating rising corrosion over the metallic surface. For 

all the remainder concentrations, all is kept constant until the end of the test.  
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Figure 6. PSD plots of current (left) and potential (right) for AA2024-T3-CFRP in galvanic couple immersed in 
0.05 M NaCl without and with 0.5-10 mM C2H3N3 at the beginning (a and b) and the end (c and d) of the test 

Inhibition effect of cerium nitrate 

Time series of current and potential noise fluctuations for AA2024-T3-CFRP immersed in 0.05 M 

NaCl with and without Ce(NO3)3·6H2O as corrosion inhibitor are shown in Figure 7. At the beginning of 

the test (1 h), the addition of Ce(NO3)3·6H2O generated an increment in the current and potential 

fluctuations (Figure 7), accelerating the corrosion process at the metal surface, and forming a passive 

layer of corrosion products. At the end of the measurement (24 h), this layer promotes a magnitude 

decrement of current fluctuations from 10-4 to 10-6 mA/cm2, which was lower than the test without 

inhibitor (Figure 8).  
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Figure 7. Time series of ECN (left) and EPN (right) for AA2024-T3-CFRP in galvanic couple immersed in 

0.05 M NaCl without and with 0.5-10 mM Ce(NO3)3·6H2O at the beginning of the test (1 h) 

The potential time series showed a decrement in intensity fluctuations from the beginning to the 

end of the test and also sudden potential drops and recovery transients with high amplitude and 

high frequency, typical of localized corrosion [17]. In the presence of the inhibitor, Rn values 

presented in Figure 9 showed a clear trend of increase with time of exposure and significant 

increment with the addition of Ce(NO3)3·6H2O into the solution. The highest value of Rn was 

obtained for 0.5 mM Ce(NO3)3·6H2O, reaching 29.9×104 Ω cm2,  which is at least one order of 

magnitude higher than without inhibitor (2.77 kΩ cm2).  

During the first hour, PSD for the current density showed an increment in the current density due 

to the mass transport phenomena (Figure 10. a), while PSD for the potential showed an increment 

correlated with the corrosion magnitude (Figure 10. 10b). At the end of the test, PSD values for the 

current density and potential (Figure 10. 10c and 10d) dropped slightly, suggesting improvement of 

the corrosion resistance of AA2024-T3-CFRP due to the formation of a passive film with high 

susceptibility to pitting corrosion.  

Based on the fluctuations observed in Figures 3, 4, 7 and 8 for the time series for the current and 

potential, it was possible to determine that mixed corrosion (uniform type of corrosion combined with 

localized corrosion) is present over the metal surface of AA2024. The PSD for both inhibitors at the 
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beginning of the test had an increment in the current density and potential, the first one is due to a 

rise in the mass transport and the second one suggests an increment in the corrosion process. 
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Figure 8. Time series of ECN (left) and EPN (right) for AA2024-T3-CFRP in galvanic couple immersed in 

0.05 M NaCl without and with 0.5-10 mM Ce(NO3)3··6H2O at the end of the test (24 h) 
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Figure 9. Time behavior of Rn for AA2024-T3-CFRP in galvanic couple immersed in 0.05 M NaCl 

with different concentrations of Ce(NO3)3·6H2O 
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Figure 10. PSD of current (left) and potential (right) for AA2024-CFRP in galvanic couple 

immersed in 0.05 M NaCl without and with 0.5-10 mM Ce(NO3)3·6H2O  at the beginning (a and 
b) and the end (c and d) of test 

EIS measurements  

Figure 11.  shows Nyquist and Bode's plots recorded for AA2024-T3-CFRP in galvanic couple 

immersed in 0.05 M NaCl with and without C2H3N3. Nyquist plots in Figure 11a showed the 

formation of a depressed semicircle at high to middle frequencies for all tests, which is usually 

attributed to the charge transfer phenomena. In addition, from middle to low frequencies, a second 

semicircle was recorded for each test, except at 0.5 mM C2H3N3, which can be associated with the 

corrosion process at the metal surface. For solution without inhibitor and 0.5 mM C2H3N3, an 

inductive response is indicated at the lowest frequencies, usually related to intermediate 

adsorption/desorption and/or pitting corrosion.  
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Figure 11. Nyquist (a) and Bode (b) plots for AA2024-T3-CFRP galvanic couple immersed for 

24 h in 0.05 M NaCl without and with different concentrations of C2H3N3 
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The impedance modulus values of Bode plots shown in Figure 11b increased gradually when 

C2H3N3 was added into the solution, reaching the highest value at 10 mM C2H3N3. Each phase angle 

plot of the galvanic couple presented in Figure 11b exhibits one well-defined time constant about 2 

Hz, and one barely seen at about 1000 Hz. The high-frequency time constant can be associated with 

the presence of a native oxide layer over the metallic surface [18], while this at about 2 Hz to the 

intermediate layer of corrosion products, including a thin layer of inhibitor molecules adsorbed over 

the surface. At frequencies lower than 0.1 Hz, another time constant is present. Phenomena at the 

lowest frequencies are usually ascribed to the corrosion process at the substrate.  

Figure 12. shows EIS spectra recorded for AA2024-T3-CFRP in galvanic couple exposed to 0.05 M 

NaCl without and with different concentrations of Ce(NO3)3·6H2O. It can be noticed that when 

Ce(NO3)3.6H2O was added into the solution, an increment in the impedance of the system occurs, 

particularly in the range of low frequencies, reaching its maximum value at 2mM Ce(NO3)3·6H2O. In 

the phase angle spectra, it is possible to observe the formation of two-time constants at middle and 

low frequencies (Figure 12b). As was previously explained, the first-time constant could be related 

to the formation of a passive layer of corrosion products over the metal surface, including a thin 

layer of inhibitor over it. The low frequency related constant phase angle and clear inductive 

response at 0.5 mM of Ce(NO3)3·6H2O could be attributed to the corrosion process, which evidently 

changes with the concentration of inhibitor used for each test.  

Several studies have already been done to establish the mechanism of corrosion in the presence 

of Ce(NO3)3·6H2O as an inhibitor. In this way, it has been found that Ce(NO3)3·6H2O acts as a cathodic 

inhibitor, blocking the occupied zones by intermetallic particles [19], preferentially in areas rich in 

copper, which has more cathodic potential with respect to the matrix [20].  
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Figure 12. Nyquist (a) and Bode (b) plots for AA2024-T3-CFRP galvanic couple immersed for 24 

h in 0.05 M NaCl without and with different concentrations of Ce(NO3)3·6H2O 

A mix of the optimal concentrations of C2H3N3 (10 mM) and Ce(NO3)3.6H2O (2 mM) was carried 

out to observe the effect of both inhibitors in a possible synergistic combination. The corresponding 

EIS spectra are presented in Figure 13. A significant increment of the semicircle diameter (Figure 

13a) and impedance magnitude (Figure 13b) can be observed, which were both higher than for two 

inhibitors looking separately. This improvement of protection ability can be attributed to the fact 

that Ce(NO3)3·6H2O is added preferentially to intermetallic sites (cathodic zones) through a 

hydroxide film formed over them, whereas  C2H3N3 is adsorbed over  the aluminum matrix due to 

its polar groups, combined with double bonds in its structure, offering more stability to the film 

adsorbed over the metal surface. Based on the latter, it seems that each inhibitor enhanced the 
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other's inhibition efficiency, reducing microgalvanic effects that promote localized attacks around 

the matrix, delaying the cathodic and anodic reactions.  
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Figure 13. Nyquist (a) and Bode (b) plots for AA2024-T3-CFRP galvanic couple immersed for 24 

h in 0.05 M NaCl without and with 10 mM of C2H3N3 + 2mM Ce(NO3)3·6H2O 

Electrical equivalent circuit 

To simulate EIS data measured for AA2024-T3-CFRP in galvanic couple and evaluate polarization 

resistance (Rp) values, two electrical equivalent circuits were used for modeling (Figure 14). Rs is 

ascribed to the uncompensated solution resistance, while CPEdl and Rct are the constant phase 

element of double layer and charge transfer resistance, respectively. CPEinh+oxy is the constant phase 

element related to the film formed by corrosion products and adsorbed inhibitor, whereas Rinh+oxy is 

ascribed to the corresponding surface film resistance.  
 

 a) b) 

 
Figure 14. Electrical equivalent circuits used to fit EIS data for AA2024-T3-CFRP in galvanic 

couple immersed in 0.05 M NaCl in a) presence and b) absence of inhibitor 

Table 2 summarizes Rp and IE values in solutions with and without C2H3N3, Ce(NO3)3·6H2O and 

their optimal concentrations mixture. All impedance parameter values, including Rct and Rinh+oxy, 

were obtained by fitting an electrical equivalent circuit in Figure 14 to measured impedance spectra 

(Figures 11-13). Rp was calculated as the sum of Rct + Rinh+oxy [21].  

Table 2. EIS-based polarization resistance (Rp) and inhibition efficiency of C2H3N3, Ce(NO3)3·6H2O and their 
optimal concentrations mixture for AA2024-CFRP in galvanic couple immersed in 0.05 M NaCl. 

Inhibitor C2H3N3 Ce(NO3)3·6H2O C2H3N3+Ce(NO3)3·6H2O 

cinh / mM Rp / Ω cm2 IE, % Rp / Ω cm2 IE, % Rp / Ω cm2 IE, % 

0 9.90 102 -- 9.90102 -- 9.90 102 -- 

0.5 1.12103 11 2.54103 61 -- -- 

2 1.97103 49 5.28103 81 
8.36103 88 

10 5.05103 80 3.39103 70 
 

The inhibition efficiency of the inhibitor was calculated using Eq (2), 
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p/inh p/o

p/inh

IE= 100
R R

R

−
 (1) 

where Rp/Inh and Rp/0 are polarization resistance (Rp) with and without inhibitor in the electrolyte.  

The repeatability and reproducibility of Rp values at optimal concentrations for both inhibitors 

were determined by the standard deviation obtained after repeating the tests three times for each 

inhibitor. At 10 mM C2H3N3, Rp was calculated as 5.05 kΩ cm2 with the standard deviation of ±47 Ω 

cm2, while for 2 mM Ce(NO3)3·6H2O, Rp value of  5.28 kΩ cm2 was estimated with the standard 

deviation of ±699 Ω cm2. 

Figures 15 and 16 compare Rn and Rp values obtained from ENA and EIS measurements, 

presenting them in dependence on concentrations of two inhibitors, showing seemingly close 

behavior between two resistances. 
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Figure 15. Rn and RP values in dependence on the 

concentration C2H3N3 inhibitor 
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Figure 16. Rn and RP values in dependence on the 

concentration of Ce(NO3)3·6H2O inhibitor 

Characterization of inhibitor adsorption  

Rn and Rp values can be used to estimate the Gibbs free energy (ΔG°ads), which is an indicator of 

the type of molecular interaction between the inhibitor and metal surface through the 

establishment adsorption isotherm model. For this, it is necessary to estimate the fractional surface 

coverage (𝜃) values, which would give an idea about the surface covered by an inhibitor. The values 

of 𝜃 were estimated by equation (2), and the results are listed in Table 3.  

p,n/inh p,n/0

p,n/inh

R R

R


−
=  (2) 

Table 3. Fractional surface coverage (𝜃) for different concentrations of two corrosion inhibitors at AA2024-
T3-CFPR in a galvanic couple, calculated by Rn and Rp values obtained by EN and EIS analysis 

cinh / mM 

𝜃 
C2H3N3 Ce (NO3)3.6H2O 

Calculated by 
Rn Rp Rn Rp 

0.5 0.37 0.12 0.84 0.61 
2 0.17 0.50 0.72 0.81 

10 0.65 0.80 0.65 0.71 
 

Langmuir and Temkin isotherms are defined by the equations (3) and (4), 



=

−
inh

1
Kc

 (3) 
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
= +

inh

log logK g
c

 (4) 

where K is equilibrium adsorption constant, 𝑔 is molecular interaction parameter, and cinh is the 

concentration of the inhibitor. By determining K value, Gibbs free energy of adsorption can be 

calculated by equation (5): 

Go
ads = -RT ln(55.5K) (5) 

where R is gas constant, T is the temperature in Kelvin grades, and 55.5 is the molar concentration 

of water in solution. 

The interactions between the surface of AA2024-T3-CFRP in galvanic couple with either C2H3N3 or 

Ce(NO3)3·6H2O as corrosion inhibitors are best described by Langmuir isotherm in the first case and 

Temkin isotherm in the second case. The best-fitted results using models described by eqns. (3) and 

(4) are shown in Figures 17 and 18, respectively. The Langmuir model (Figure 17) assumes that there 

are sites with the capability to physically or chemically hold one molecule over the surface. All sites 

are equivalent and there are no interactions between molecules. The Temkin model (Figure 18) 

establishes a heterogeneous surface divided into zones, some of them without molecular interactions, 

establishing an attraction or repulsion of the inhibitor over the metal surface by zones. 

The values of ΔG°ads were calculated using Rn and Rp values reported in Table 3. Applying the eq. (5), 

values of ΔG°ads of C2H3N3 adsorption were calculated as -35 kJ/mol based on Rn, and -37 kJ/mol based 

on Rp. For Ce(NO3)3·6H2O, ΔG°ads of -26.78 kJ/mol based on Rn, and -26.89 kJ/mol based on Rp were 

calculated. These ΔG°ads values suggest physisorption and chemisorption of both inhibitors over the 

metal surface, since values below -20 kJ/mol are indicative of physisorption, while values higher than 

-40 kJ/mol suggest chemisorption. The values between -20 and -40 kJ/mol as obtained here, are 

indicative of a combination of both physisorption and chemisorption. In addition, negative values of 

ΔG°ads are indicative of spontaneous adsorption. The estimated values of Gibbs free energy establish 

the exothermic adsorption process, in agreement with Langmuir and Temkin isotherms for C2H3N3 and 

Ce(NO3)3·6H2O, respectively. Negative values of ΔG°ads values suggest that chemisorption and 

physisorption proceed at the metallic surface as spontaneous processes.  
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Figure 17. Langmuir isotherm for 

adsorption of C2H3N3 inhibitor 
Figure 18. Temkin isotherm for 

adsorption of Ce(NO3)3·6H2O inhibitor 

Surface analysis 

The scanning electron microscopy (SEM) allowed obtaining images of AA2024-T3 and CFRP 

surfaces. Figure 19 shows the surface of AA2024-T3 before and after its exposure for 24 h in the 

aggressive media containing Ce(NO3)3·6H2O. EDS analysis was also carried out before and after 
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immersion of AA2024-T3 into 0.05 M NaCl (Figure 19). Corrosion products can be identified in places 

with Cu particles, as demonstrated in previous research [23]. Ce(NO3)3·6H2O was preferentially 

deposited over cathodic regions. EDS analysis confirms the presence of rare-earth oxide deposition, 

as well as the formation of oxide film products.  
 

 
Figure 19. SEM micrographs and EDS analysis for aluminum alloy AA2024-T3 before a) and 

after b) exposure for 24 h in 0.05 M NaCl with Ce(NO3)3·6H2O as a corrosion inhibitor 

Figure 20 shows SEM micrographs taken for CFRP surface before and after it was immersed in 

the electrolyte with Ce(NO3)3·6H2O as a corrosion inhibitor. The EDS analysis revealed the deposition 

of Ce(NO3)3·6H2O and aluminum particles on its surface after it is immersed in the electrolyte, 

especially in the areas rich in carbon.  
 

 

 
Figure 20. SEM micrographs and EDS analysis for CFRP before a) and after b) exposition for 24 h to  

0.05 M NaCl with Ce(NO3)3·6H2O as a corrosion inhibitor 
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Conclusion  

The inhibition effect against the galvanic corrosion effect between the aluminum alloy 2024-T3 

and CFRP immersed in 0.05 M NaCl was evaluated at different concentrations (0.5, 2, 10 mM) of 

inorganic (Ce(NO3)3·6H2O) and organic (C2H3N3) compounds. The polarization resistance (Rp) 

measured using EIS for AA2024-CFRP galvanic couple increased slightly in the presence of C2H3N3, 

reaching its maximum efficiency at 10 mM with 80 % of inhibition efficiency. Ce(NO3)3·6H2O showed 

the highest polarization resistance at a lower concentration of 2 mM, with 81 % inhibition efficiency. 

For a mix of optimal concentrations of C2H3N3 and Ce(NO3)3·6H2O, Rp of 8.36 kΩ cm2 ± 243 Ω cm2 

was measured, suggesting a synergistic effect of these two inhibitors in enhancing corrosion 

protection. Similar behavior was observed for the noise resistance (Rn) obtained using ENA, where 

Ce(NO3)3·6H2O showed higher resistance than C2H3N3. Free energy of adsorption ΔG°ads was 

calculated using Rn and Rp values obtained by ENA and EIS analysis, respectively. ΔG°ads values of -

35 kJ/mol for Rn and -37 kJ/mol for Rp were calculated for C2H3N3, while for Ce(NO3)3·6H2O, -26.78 

kJ/mol for Rn and -26.89 kJ/mol for Rp were obtained.  These ΔG°ads values suggest chemisorption 

and physisorption of both inhibitors over the metal surface.  
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Abstract 
This paper investigates the effect of anode particle radius and anode reaction rate constant 
on the capacity fading of lithium-ion batteries. It is observed through simulation results that 
capacity fade will be lower when the anode particle size is smaller. Simulation results also 
show that when reaction rate constant is highest, the capacity loss is the lowest of lithium-
ion battery. The potential drop across the SEI layer (solid electrolyte interphase) is studied 
as a function of the anode particle radius and anode reaction rate constant. Modelling 
results are compared with experimental data and found to compare well. 

Keywords 
SEI; potential drop; side reaction; discharge 

 

Introduction 

Side reactions can cause various adverse effects leading to capacity fading in lithium-ion batteries. 

The aging of Li-ion batteries usually occurs due to various parameters and electrochemical reactions, 

and capacity loss varies between all stages during a charge-discharge load cycle, depending on various 

parameters such as cell voltage, electrolyte concentration, temperature, and cell current. This work 

shows the model for aging and capacity loss in the anode of a Li-ion battery, where the formation of 

a thin film of solid-electrolyte-interface (SEI) shows an adverse capacity loss of cyclable lithium. 

Capacity fading in a lithium-ion battery has been studied under various load conditions.  

Haran et al. [1] studied the effect of various temperatures during various cycles in the capacity 

fading of 18650 Li-ion cells. It is observed that with an increase in temperature of Li-ion batteries, 

capacity fading is increased. It is observed that at temperatures higher than 55 °C, the cell ceases to 

operate after 500 cycles due to ongoing SEI film formation over the anode surface. Han et al. [2] 

studied the cycle life of commercial Li-ion batteries with LTO anodes in electric vehicles. The author 

also found that at 55 °C, the capacity fading in the battery is more than lower operating temperature 

Lithium-ion battery. Liaw et al. [3] studied the correlation of Arrhenius behavior in power and 

capacity loss with cell impedance and heat generation at different temperatures and state of charge 
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in 18650 cylindrical Li-ion cells. It is observed that degradation in power and capacity fade seems to 

relate to impedance increase in the cell with the activation energy of cell at different temperatures. 

Ramadesigan et al. [4] studied the effect of the solid-phase diffusion coefficient and side reaction 

rate constant in the anode, cathode, and electrolyte as a function of cycling with various 

reformulated models. Colclasure et al. [5] studied various detailed chemistries and transport for SEI 

films on Li-ion batteries with various states of charge (SOC) at different cycles. The author states 

that SEI film grows with time according to net production rate from heterogeneous chemistry on SEI 

film surface because electric-potential and concentration profiles in the SEI layer are functions of 

the intercalation fraction [5].  

Pinson and Bazant [6] also studied the formation of SEI layer in rechargeable batteries with 

capacity loss, aging, and lifetime prediction in Li-ion batteries. Various models are studied at 

different temperatures and C-rates to study SEI layer formation and capacity fading of Li-ion 

batteries. The authors postulate that capacity fading depends on time, not on the number of cycles. 

The temperature dependence of the diffusivity of the limiting reacting species through SEI can be 

modelled using an Arrhenius dependence. Ziv et al. [7] examined electrochemical performance and 

capacity loss of half and full Li-ion batteries with several cathode materials experimentally. The 

authors stated that the loss of lithium ions due to side reactions is the main reason for the capacity 

fading of Li-ion batteries. Liu et al. [8] studied a thermal-electrochemical model for SEI formation in 

Li-ion batteries during load cycles. The authors state that the growth of SEI film is very sensitive to 

the diffusion process and side reaction rate. It is also found that SEI film grows at a higher rate during 

charging than during the discharge cycle. Guo et al. [9] also studied the capacity fading of Li-ion 

batteries with different experiments. The authors stated that capacity fading occurred due to 

several reasons, including discharge rate, number of cycles, and battery type.  

Ramesh et al. [10,11] developed a mathematical model to study capacity loss in Li-ion batteries 

due to temperature, formation, and dissolution rate constants of the SEI layer. The author also 

developed an empirical model to study capacity fading in Li-ion batteries under different 

temperatures. Xu et al. [12] also studied electrode side reactions, capacity loss and mechanical 

degradation of Li-ion batteries through experimental observations. The author states that during 

load cycles for higher reaction rates, columbic efficiency is lower, but capacity fading is also lower. 

Shirazi et al. [13] studied the effect of composite electrode’s particle size effect on electrochemical 

and heat generation of Li-ion batteries. The author states that for smaller particle size, the thermal 

characteristics of the battery is improved in comparison to larger particle size [13]. Singhvi et al. [14] 

developed a mathematical model to observe the effect of acid attack on capacity fading in Li-ion 

batteries. The author considers SEI formation due to the transport and reaction of solvent species.  

Cheng et al. [15] developed a mechanism for capacity loss of 18650 cylindrical Li-ion battery cells. 

The author postulates that the capacity loss of Li-ion batteries can be explained by continuous SEI 

layer formation over the surface of anode and side reactions. Side reaction products deposit on a 

separator and reduce its porosity, leading to capacity fading. Tomaszewska et al. [16] reviewed 

various research on fast charging of Li-ion batteries. It was observed that for fast charging, rate-

limiting processes are beneficial to reduce battery degradation and increase in cycle life. 

Meanwhile, Li plating, the structure of Li deposits, and temperature distribution during cycling 

lead to the degradation of Li-ion batteries. Gantenbein et al. [17] studied the capacity loss of Li-ion 

batteries over different SOC ranges. The author states that capacity fading originates from active 

electrodes and active lithium loss. Lee et al. [18] also studied the loss of cyclable Li on the 

performance degradation of Li-ion batteries. The author stated that the discharge behavior of the 
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cell had a strong dependence on discharge C-rate and loss of cyclable lithium. Khaleghi Rahiman et 

al. [19] developed a mathematical model to study cell life with various parameters. The author 

studied capacity loss and SEI formation in Li-ion batteries at different temperatures at different 

SOCs. The author postulates that cathode side reactions are accelerated at higher SOCs and 

temperatures. In our model, we compare the effect of anode particle radius and anode reaction rate 

constant on the capacity fading of a lithium-ion battery.  

Model development 

A 1D model of a Li-ion battery interface is created, as shown in Figure 1. The components of a Li-

ion battery are the negative electrode, positive electrode, and separator. Graphite electrode (LixC6) 

MCMB is used for negative electrode material, NCA electrode (LiNi0.8Co0.15Al0.05O2) is used for 

positive electrode material and LiPF6 (3:7 in EC: EMC) is used as a liquid electrolyte.  

 
Figure 1. Schematic of the 1D electrochemical model of Li-ion battery 

Model equations 

The model equations analyze the current equilibrium in the electrolyte and electrodes, the mass 

balance for the lithium and electrolyte in Li-ion batteries. The Li-ion battery physics at interface 

analyses five dependent variables:  
a) s - the electric potential,  

b) e - the electrolyte potential,  

c) ∆SEI - the potential losses due to solid-electrolyte interface (SEI),  
d) cLi - the concentration of lithium in the electrode particles 
e) ce - the electrolyte salt concentration.  

The domain equations in the electrolyte are the conservation of current and the mass balance 

for the salt according to the following [20]: 
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e
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1 1 ln
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+ −  = − 

  
 (2) 

where e denotes the electrolyte conductivity, f is the activity coefficient for the salt, t+ is the transport 

number for Li+, isum is the sum of all electrochemical current sources, and Qe denotes an arbitrary 

electrolyte current source. In the mass balance for the salt, e denotes the electrolyte volume fraction, 

De is the electrolyte salt diffusivity, and Re the total Li+ source term in the electrolyte. 

In the electrode, the current density, is is defined as 
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is = -ss (3) 

where s is electrical conductivity. The domain equation for the electrode is the conservation of 

current expressed as 

is = -isum + Qs (4) 

where Qs is an arbitrary current source term. The electrochemical reactions in the physics interface 

are assumed to be insertion reactions occurring at the surface of small solid spherical particles of 

radius rp in the electrodes.  

The insertion reaction is described as: 

During charging, at anode 

xLi+ + xe- + graphite → LixC6 (5) 

at cathode 

LixNi0.8Co0.15Al0.05O2 → xLi+ + xe- + Ni0.8Co0.15Al0.05O2 (6) 

During discharging, at Anode 

LixC6 →xLi+ + xe- + graphite  (7) 

at cathode 

xLi+ + xe- + Ni0.8Co0.15Al0.05O2 → LixNi0.8Co0.15Al0.05O2 (8) 

An important parameter for lithium insertion electrodes is the state-of-charge variable for the 

solid particles, denoted SOC. This is defined as 

Li

Li,max

SOC
c

c
=  (9) 

The equilibrium potentials E0 of lithium insertion electrode reactions are typically functions of 

SOC. The electrode reaction occurs on the particle surface and lithium diffuses to and from the 

surface in the particles. The mass balance of Li in the particles is described as 

Li
s Li( )

c
D c

t


= 


 (10) 

where cLi is the concentration of Li in the electrode. This equation is solved locally by this physics 

interface in a 1D pseudo dimension, with the solid phase concentrations at the nodal points for the 

element discretization of the particle as the independent variable. The gradient is calculated in 

Cartesian, cylindrical, or spherical coordinates, depending on if the particles are assumed to be best 

described as flakes, rods or spheres, respectively. 

The boundary conditions are as follows: 

Li

= 0

0
r

c

r


=


 (11) 
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s LiR

p

p
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r r

c
D
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
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where RLi denotes the molar flux of lithium at the particle surface caused by the electrochemical 

insertion reactions. In the porous electrodes, isum denotes the sum of all charge transfers current 

density contributions according to: 

isum = ΣAviloc (13) 

where, Av denotes the specific surface area at any node of the lithium-ion battery interface. Active 

specific surface area (m2/m3) defines the area of an electrode-electrolyte interface that is 

catalytically active for porous electrode reactions. Equation 13 describing the total current source 
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in the domain is a function of active specific surface area and local current in the electrode. The 

source term in the mass balance is calculated from: 

Li loc
l v l,src

i
R A R

nF


= − +  (14) 

where Rl.src is an additional reaction source that contributes to the total species source.  

At the surface of the solid particles, the following equation is applied: 

Li locv
Li

shape s

p

iA
R

S nF

r




= −  (15) 

where n is the number of electrons and Sshape (normally equal to 1) is a scaling factor accounting for 

differences between the surface area (Av) used to calculate the volumetric current density and the 

surface area of the particles in the solid lithium diffusion model. Sshape is 1 for Cartesian, 2 for 

cylindrical, 3 for spherical coordinates and 𝜐Li is the stoichiometric coefficient. 

A resistive film (also called solid-electrolyte interface, SEI) might form on the solid particles 

resulting in additional potential losses in the electrodes. To model a film resistance, an extra solution 

variable for the potential variation over the film is introduced in the physics interface. The governing 

equation is then according to 

SEI = RSEIisum (16) 

where RSEI denotes generalized film resistance, which can be expressed by: 

0
SEI

SEI

R
 



+ 
=  (17) 

where, 0 is initial film thickness, ∆ is film thickness change and SEI is film conductivity. The 

activation overpotentials,  for all electrode reactions in the electrode then receives an extra 

potential contribution, which yields 

 = s - e - SEI - Eeq (18) 

where, Eeq is the equilibrium potential of a cell. The battery cell capacity, Qcell,0 is equal to the sum 

of the charge of cyclable species in the positive and negative electrodes and additional porous 

electrode material if present in the model [20]. 

Qcell,0 = Qcycle,pos + Qcycle,neg + Qcycl,addm  (19) 

Butler-Volmer equation is used to calculate the local current density in the electrode.  

a c
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F F
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 (21) 

where a and c are the anode and cathode transfer coefficient and ka and kc are reaction rate 

constant for anode and cathode. 

Numerical methods 

1D model of Li-ion battery consists of 3 geometric regions for analysis: negative electrode, 

separator and a positive electrode. For numerical analysis of the computational domain, 1D meshing 

is done for 49,59 and 95 mesh elements. The 1D mathematical model is developed for transient 

analysis of our computational domain in Comsol 5.3a on viable concerns of Li-ion battery, 

electrochemical parameters, species transport and current distribution, consisting of the principal 
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model assumptions and equations with different initial conditions, boundary conditions and 

numerical solver strategies for solution. 

Results and discussion  

Capacity fading of Li ion battery is studied with the effect of various parameters. A summary of 

the list of parameters used for simulation is shown in Table 1. 

Table 1. List of parameters 

Description Value 

Particle radius, µm 0.5, 1, 2, 2.5  

Reaction rate coefficient, pmol m-3 s-1 200 , 20 , 2 

Initial capacity, C m-2 55761  

1C discharge current, A 15.767 

Thickness of negative electrode, µm 55  

Thickness of separator, µm 30  

Thickness of positive electrode, µm 55  

Cell temperature, ℃ 45 

Maximum cell voltage, V 4.1 

Minimum cell voltage, V 2.5 

Initial electrolyte salt concentration, mol m-3 1200  

Constant current (charge and discharge), A 15.767, -15.767 

SEI Layer conductivity, S m-1 5×10-6  

Initial SEI layer thickness, nm 1  

Number of cycles 2000 

 

The battery cycling consists of 3 various stages of charging and discharging, as shown in Figure 2:  

 
Figure 2. Charge-discharge load cycle 

• charging at a constant current rate of 1 C until the cell potential reaches 4.1 V. 

• Charging at a constant voltage of 4.1 V. 

• Discharging at constant current discharge rate at 1 C until the cell potential reaches the 

minimum voltage of 2.5 V. 



Jha and Krishnamurthy J. Electrochem. Sci. Eng. 12(2) (2022) 359-372 

http://dx.doi.org/10.5599/jese.1147  365 

Effect of particle radius on capacity fading in lithium-ion batteries 

Research on anode particle radius on capacity fading in lithium-ion batteries has been done 

previously. Rai [21] postulated that batteries with smaller anode particle sizes generate better 

capacity. The authors postulated that smaller particles(graphite) allow quicker lithium-ion 

intercalation and deintercalation due to the short distances for lithium-ion transport within the 

particles. There is no agreed-upon consensus for optimal particle size in lithium-ion batteries though 

particles less than 150 nm are mainly used. Wu [22] investigated the effect of silicon particle size in 

the micrometer range when used as a lithium-ion battery anode. The authors have found out in 

their study that particle size of 3μm shows better outcomes with respect to the 20 μm particle size 

with an initial capacity of 800 mAh/g and retention of 600 mAh/g after 50 cycles. Buqa [23] 

investigated three different graphite particle sizes (6, 15 and 44 µm) and showed that smaller 

particles could achieve better capacity retention. Several authors like Drezen [24] and Fey [25] have 

postulated that smaller particles improve capacity retention. Mei has [26] postulated that energy 

and power density increase with smaller particle sizes due to lower overpotential. Mei [26] has also 

postulated that smaller particle size increases the surface area for reaction. Our focus was to study 

the effect of the anode particle radius on the capacity fading in lithium-ion batteries taking into 

consideration lithium losses during cycling.  

Figure 3 shows the capacity fading of a lithium-ion battery with cycling for various anode particle 

radii. The model assumes zero lithium loss during the process of cycling. Four different anode 

particle radii (0.5, 1, 2 and 2.5 m) were considered for analysis. It is seen that the least capacity 

fading (high relative capacity) is seen for an anode particle radius of 0.5 m. Relative capacity is 

defined as the capacity of the battery at any point of time divided by the initial capacity of the 

battery. It can be seen that as the anode particle radius increases from 0.5 to 2.5 µm, the relative 

capacity decreases over 2000 cycles.  

 
Figure 3. Capacity fading with cycling for various anode particle radius with zero lithium loss  

Figure 4 shows the capacity fading in a lithium-ion battery cycling for four different particle radii 

(0.5, 1, 2 and 2.5 m) with 10 percent lithium loss during cycling. During charge-discharge cycling, 

there is more lithium loss during initial cycles. A comparison of Figures 3 and 4 shows that the 

capacity loss is seen to be less without cyclable lithium loss compared to 10 % initial lithium loss as 

the number of cycles increases. This is clearly shown in Figure 5. It is seen from Figure 5 that there 

is less capacity loss of around 3 % when we go from zero percent lithium loss to 10 percent lithium 

loss during cycling.  
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Figure 4. Capacity fading with cycling for various anode particle radius with lithium loss 

 
Figure 5. Comparison of relative capacity with and without lithium loss 

Figures 6 and 7 show the capacity loss in the battery as a function of the anode reaction rate 

constant.  

 
Figure 6. Capacity loss with cycling for various anode reaction rate constant without lithium loss 

The anode reaction rate constant indicates the intercalation/deintercalation reaction rate 

constant. Figure 6 shows that when the intercalation/deintercalation reaction rate constant is the 
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highest, the capacity loss is the lowest. With increasing intercalation/deintercalation reaction rate, 

the rate of lithium transport increases, effectively increasing the capacity of the battery. While 

Figure 6 shows the capacity loss when there is no initial cyclable lithium loss during cycling, Figure 7 

shows the capacity loss when there is 10 % initial lithium loss during cycling.  

Figure 8 shows the comparison of the capacity losses when there are 0 and 10 % lithium losses 

during cycling. The figure shows that when the initial lithium loss during cycling increases from zero 

percent to 10 percent, there is a 4 % differential in the capacity loss due to side reactions.  

 
Figure 7. Capacity loss with cycling for various anode reaction rate constants with 10 % Li loss during cycling 

 
Figure 8. Comparison of capacity loss for 0 % Li loss and 10 % Li loss 

Effect of anode radius on lithium-ion concentration at the anode/SEI interphase 

Figure 9 shows the concentration of lithium ions at the anode/SEI interphase as a function of 

anode particle radius (4 different particle radii are shown in the figure). It is seen that the highest 

concentration of lithium ions at the anode/SEI interphase occurs at the smallest particle radius. 

Smaller anode particles allow lithium ions to intercalate and deintercalated quickly due to the short 

diffusion path for lithium ion transport within the particles. This leads to a higher concentration of 

lithium ions at the anode/SEI interphase.  

Figure 10 shows the concentration of lithium ions at the anode/SEI interphase as a function of 

the reaction rate constant for lithium intercalation. With the increasing rate constant of 

deintercalation, the concentration of lithium ions at the anode/SEI interphase is seen to increase. 

http://dx.doi.org/10.5599/jese.1147
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Figure 9. The concentration of lithium ions at the anode/SEI interphase as a function of anode particle radius 

 
Figure 10. The concentration of lithium ions at the anode/SEI interphase as a function of the anode reaction 

rate constant 

Figure 11 shows the concentration of lithium ions at the anode/SEI interphase varying with anode 

radius in the first and the 2000th cycle.  

 
Figure 11. The concentration of lithium ions at the anode/SEI interphase in the first and 2000th cycle 
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During the charging cycle, lithium from the cathode moves to the anode and hence the 

concentration of lithium ions at the anode/SEI interphase increases. The lithium ions move from the 

anode to the cathode during the discharging cycle. Hence, the concentration of lithium ions at the 

anode/SEI interphase is seen to go from maximum to zero. As the battery cycles, lithium ions are 

lost in the intercalation deintercalation process. Hence, the concentration of lithium ions at the 

anode/SEI interphase is lower in the 2000th cycle than in the 1st cycle.  

The potential drop across the SEI layer as a function of anode particle radius 

Figure 12 shows the effect of anode particle radius on the potential drop across the SEI layer. The 

figure analyses the effect of four different particles sizes on the potential drop across the SEI layer. 

The least potential drop across the SEI layer occurs when the anode particle size is the smallest. As 

explained earlier, smaller anode particle sizes lead to higher intercalation deintercalation rates 

leading to higher current densities. Given a constant power output, this indicates a lower potential 

drop across the cell and hence a lower potential drop across the SEI layer.  

 
Figure 12. Potential drop over the SEI film with cycle number for various anode particle radius 

Figure 13 shows the effect of the anode reaction rate constant on the potential drop across the 

SEI layer.  

 
Figure 13. Potential drop over the SEI layer as a function of anode reaction rate constant 

http://dx.doi.org/10.5599/jese.1147
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The graph shows that the potential drop across the SEI layer increases with decreasing rate 

constant. The anode reaction rate constant indicates the rate of intercalation deintercalation of 

lithium ions in the anode particles. When the anode reaction rate constant is lower, the 

intercalation/deintercalation of lithium ions in the anode is reduced, giving rise to a lower current 

density. Given a constant power output, this indicates an increased potential drop across the cell 

and, hence, a potential drop across the SEI layer. This is shown in Figure 13. 

Figure 14 shows the comparison of modelling predictions with experimental data [3,11]. 

Modeling predictions are found to compare well with experimental data. The model comparisons 

are made for 1 C discharge at 45 oC operating conditions for the lithium-ion battery cell. The 

parameters used for data fitting are shown in Table 1.  

 
Figure 14. Comparison of modelling predictions with experimental data of capacity fading percentage at 1C 

discharge rate and 45 °C [3,11] 

Conclusion 

A 1-dimensional mathematical model is developed to study the effect of anode particle radius 

and anode reaction rate constant on capacity fading of a Li-ion battery. Simulation results predict 

that for the smallest anode particle radius of 0.5 m, capacity fading is less in comparison to 2.5 m. 

Smaller anode particle radii lead to faster lithium intercalation/deintercalation rates leading to 

higher current densities and lesser capacity fade. Smaller anode particle radii also lead to increasing 

anode surface area for reaction. The anode reaction rate constants are also found to play a major 

role in the capacity fading of lithium-ion batteries. It is found that the higher the anode reaction rate 

constant, the lesser is the capacity fade in the battery. Model results are compared with 

experimental data and found to compare well.  

Nomenclature 

s The electric potential at electrode 

e Electrolyte potential 

∆SEi The potential losses due to SEI layer 

CLi Concentration of lithium in the electrode particles 
Ce Electrolyte salt concentration 

e Electrolyte conductivity 

F Activity coefficient for the salt 
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t+ Transport number for Li+ 
isum Sum of all electrochemical current sources 
Qe, Qs Arbitrary electrolyte and electrode current source 

e Electrolyte volume fraction 

De Electrolyte salt diffusivity, 
Re Total Li+ source term in the electrolyte 
is Current density in electrode 

s Electrical conductivity of electrode 

rp Particle radius 
CLi,max Total concentration of reaction sites, 
Ds Salt diffusivity at electrode 
RLi Molar flux of lithium at the particle surface 
Av Specific surface 
Rl,src Additional reaction sources that contributes to total species source 
RSEI Film resistance 

 0 Film thickness 

∆ Film thickness change 

SEI Film conductivity 

Η Activation over potential 
Eeq Equilibrium potential of cell 
Qcell,0 Battery cell capacity 

a , c Anode and cathode transfer coefficient 

ka , kc Reaction rate constant for anode and cathode 
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Abstract 
In this study, decolorization of wastewater samples taken from the paper industry is investi-
gated using an electrochemical peroxidation process. The electrochemical peroxidation 
process is a part of electrochemical advanced oxidation processes, which is based on the 
Fenton’s chemical reaction, provided by the addition of external H2O2 into the reaction cell. 
In this study, iron is used as anode and graphite as cathode placed at the fixed distance of 
30 mm in a glass reaction cell. The cell was filled with the solution containing wastewater 
and sodium chloride as the supporting electrolyte. Factors of the process such as pH, current 
intensity, hydrogen peroxide concentration, and time of treatment were studied. The results 
illustrate that all these parameters affect efficiencies of dye removal and chemical oxygen 
demand (COD) reduction. The maximal removal of wastewater contaminants was achieved 
under acid (pH 3) condition, with the applied current of 1 A and hydrogen peroxide 
concentration of 0.033 M. At these conditions, decolorization process efficiency reached 100 
and 83 % of COD removal after 40 minutes of wastewater sample treatment. In addition, 
the electrical energy consumption for wastewater treatment by electrochemical 
peroxidation was calculated, showing an increase as the current intensity of the treatment 
process was increased. The obtained results suggest that the electrochemical peroxidation 
process can remove dye compounds and chemical oxygen demand (COD) from industrial 
wastewaters with high removal efficiency. 

Keywords 
Paper industry wastewater; electrochemical peroxidation; Fenton’s reaction; decolori-
zation efficiency; chemical oxygen demand 
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Introduction 

Dyes are widely used in various industries such as paper, textile, leather tanning, and printing 

industries, causing environmental pollution, especially water pollution. Five million quintals of azo 

dyes are produced each year worldwide, which constitute half of the total dyes produced [1,2].  

The paper industry is a type of industry that uses a lot of water and many active ingredients, 

including dyes [2]. Therefore, besides some active compounds, the wastewater may contain 

different dyes. Since dye wastewater becomes a problem for the environment, the industry is forced 

to carry out treatment procedure(s) that can overcome this problem [3–5]. In this context, the 

removal of active compounds measured as chemical oxygen demand (COD), and decolorization of 

wastewater, are considered crucial because many dyes and decomposition products are poisonous. 

Elimination of colours in wastewaters, especially industrial wastewaters, is essential because colour 

could severely affect the water-living system. 

The electro-Fenton’s processing is a part of electrochemical advanced oxidation processes 

(EAOPs) technology. The EAOP process itself pertains to the advanced oxidation processes (AOPs) 

developed mostly over the last decade by using clean, efficient, and economical processing in 

removing pollutants in water [6–8]. On the other hand, EAOPs form a group of emerging 

technologies, where pollutant removal is based on the Fenton’s chemical reaction. There are two 

types of processing, the first one is carried out with the addition of external H2O2, and the second 

involves internal regeneration of H2O2 [3]. The electrochemical peroxidation process is part of the 

first type, where a sacrificial iron or steel anode is used for electro-generation of Fe2+ ions by anodic 

dissolution. H2O2 is externally added to the treated solution to degrade organic pollutants with 

hydroxyl radicals (•OH) generated by Fenton's reaction [9–11]. 

The electrochemical peroxidation process has a similar mechanism to electrocoagulation, but 

better COD removal results were obtained with the addition of H2O2 [12–14]. Several studies have 

reported that COD of coke wastewater can be removed up to 90 % by electrochemical peroxidation, 

whereas by electrocoagulation, up to 30 % was removed only [13]. 

During past decades, the electrochemical peroxidation process showed a promising perspective in 

treating several kinds of dyes that contaminated water, causing pollution. In this experimental study, 

the application of the electrochemical peroxidation process for the decolorization of paper industrial 

wastewater was explored. Based on previous studies that showed successful decolorization by the 

Fenton’s oxidative processes, in the present study, the opportunity of decolorization of paper industry 

wastewater has been investigated using the Fenton’s oxidation processing. This study will explore the 

effects of various operating parameters, including the initial pH of the solution, applied current 

strength, the dosage of H2O2, and treatment time on decolorization and COD removal. Energy 

consumption was also studied to determine the most efficient process conditions for paper industry 

wastewater treatment. Positive results of this research should increase the knowledge of those 

responsible for wastewater treatment in the paper industry.  

Experimental  

Materials and chemicals 

Paper wastewater samples were taken from the equalization tank effluent in the paper mill plant 

in Kudus, District Central Java Province, Indonesia. The physicochemical characterization of these 

effluents showed COD of 240 mg/L, pH 6.8 and dark yellow colour. H2O2 (30 %, w/w), H2SO4, and 
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NaCl were obtained from Merck, Germany. All chemicals were of analytical grade and directly used 

without purification process.  

The experiments were performed at room temperature, using the open single-cell glass reactor 

with dimensions of 12  10 12 cm (1.4 L) (Figure 1). The reactor is equipped with two vertical plate 

electrodes, graphite as cathode and iron plate as anode with 376.2 cm2 of the total surface area 

(1090.3 cm). Two electrodes were put at a distance of 3 cm and connected to a DC power supply 

(MDS PS-305DM). A magnetic stirrer was used to homogenize the electrolyte solution. Distilled 

water was used throughout this experiment. 

 

 

Figure 1. Glass reactor setup: DC power supply (1); magnetic 
stirrer (2); magnetic bar-stirrer (3); electrodes (4); solution (5) 

Experimental procedures 

The electrodes were cleaned before the experiment by soaking in 0.5 M H2SO4 solution for 

15 minutes. One litre of wastewater solution was put into the reactor, together with 0.585 g of NaCl 

(0.01 M) as the electrolytic support, and H2O2 was added externally. The batch experiments were 

carried out in a homogeneous solution. To decrease the pH value, 0.5 M H2SO4 was added stepwise 

to reach the desired pH value. 15 ml of the treated solution were taken at regular intervals and 

filtered before further analysis. 

A water quality meter (Trans Instruments HP9000) was used to test solution pH values. COD 

samples were tested using a closed reflux titrimetric method based on SNI-06-6989.2-2009 and 

colour tested using SNI 6989.80:2011. A double-beam UV–vis spectrophotometer (Shimadzu UV-

1700, Japan) equipped with a 10 mm quartz cell was used to measure colour and COD concentration 

by determining absorbance at λ = 450–465 nm for colour and 600 nm for COD.  

The removal efficiency was determined by the following equation: 

o s

o

100
c c

Ef
c

−
=  (1) 

where Co and Cs refer to initial dye concentration and dye concentration at time t, respectively. 
The electrical energy consumption for a liter of the solution was calculated by:  

E = Vit (2) 
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Here E is the energy consumption in J, V is the cell voltage in V, I is the current in A, and t is the 

reaction time in s [15].  

Results and discussion 

The electrochemical peroxidation is one kind of electro-Fenton’s process, where the anode is 

used for electro-generation of Fe2+ ions according to:  

Fe → Fe2+ + 2e- (3) 

H2O2 is added from outside to degrade organic pollutants with hydroxyl radicals (•OH) created 

from the Fenton’s reaction: 

Fe2+ + H2O2→ Fe3+ + OH- + •OH (4) 

Fe3+ ions formed by Fenton’s reaction (4) are continuously reduced at the cathode according to: 

Fe3+ + e- → Fe2+ (5) 

In this process, a part of Fe3+ ions formed by the Fenton’s reaction (4) precipitates as Fe(OH)3 by 

the reaction, which depends on pH and the applied current value. These deposits can catalytically 

decompose H2O2 to O2 but also be an alternative for the removal of organic pollutants by 

coagulation [9].  

Effect of initial solution pH  

As pointed out in previous studies, the pH of the solution is one of the significant factors affecting 

the electrochemical work process [16–18]. pH value determines the speciation of iron in solution, 

and pH 3 was found as the optimum value for dye degradation by electro-Fenton’s process. In acidic 

conditions, iron anode dissolves as Fe2+ ions in water according to reaction (3), which will be the 

catalyst to produce •OH radicals with the added H2O2 according to reaction (4). At pH 3, iron ions 

(Fe2+) and hydrogen peroxide will remain stable. Therefore, the Fenton’s reaction can occur 

perfectly under this condition [20,21].  

As presented in Figure 2, 100 % decolorization in acidic conditions (pH 3) was obtained after 60 

min of treatment at 0.5 A, when the blue colour changed into clear watercolor. On the other hand, 

when pH was 6.8 (normal pH), 99 % decolorization was obtained only at the maximum electrolysis 

time of 120 min. 
 

 
Figure 2. Decolorization efficiency vs. treatment time at 0.5 A of wastewater samples 

containing 0.033 M H2O2 and 0.01 M NaCl, at pH 3 and 6.8  
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COD levels were also tested at two pH values, and Figure 3 presents the results of these 

experiments. By acidifying the solution, COD was removed up to 65 % in 120 min. COD removal 

started immediately with a decrease in COD value, reaching 100 mg/L after 20 min of treating 

(140 mg/L removed). After 20 min, COD removal did not increase significantly, which can be due to 

the pH increase of the solution to 5. Previous research on optimal electrochemical peroxidation 

processes in acidic conditions showed that increased solution pH significantly inhibited COD removal 

[18,20]. The electrochemical peroxidation process removal decreases rapidly at higher pH values, 

especially at pH higher than 5 [19]. An increase of pH during the electrochemical peroxidation process 

leads to the domination of the electrocoagulation process due to the conversion of Fe2+ and Fe3+ to 

Fe(OH)n [21].  

In acidic solutions, pH increased significantly during COD removal. As seen in Figure 3, COD 

removal slowed down after 20 min (pH 4.3 and removal efficiency 59 %). After 120 min, however, 

pH 9.21 and 62 % removal efficiency were reached. This reinforces the common statement of 

previous researchers that the best removal in the electrochemical peroxidation process is carried 

out in acidic conditions [21–23]. 

 

 
Figure 3 COD concentration vs. treatment time at 0.5 A of wastewater samples containing 

0.033 M H2O2 and 0.01 M NaCl, at different pH  

Effect of H2O2 

As the main source of hydroxyl radicals, the initial concentration of H2O2 plays an important role in 

the electrochemical peroxidation process of oxidizing the pollutants. It has already been found that the 

removal efficiency increases with the increasing concentration of H2O2 in the solution [13,22,24–26]. As 

presented in Figure 4, increasing the initial concentration of H2O2 in wastewater solution containing 

0.585 g NaCl, pH 3, improves colour removal. In the absence of H2O2, where only the electrocoagulation 

process is operative, the rate of colour removal after 10 min was 19 %, while after the addition of 0.0165 

M H2O2, colour removal after 10 min increased to even 30 %. This is due to the presence of more OH• 

provided by Fenton's reaction (4) in the reactor, which oxidized more organic compounds. The further 

increase of H2O2 concentration to 0.033 M and 0.0495 M improved decolorization after 10 min to 43% 

and 79%, respectively. Note that for the highest concentration of 0.0495 M H2O2, full depolarization is 

http://dx.doi.org/10.5599/jese.1017


J. Electrochem. Sci. Eng. 12(2) (2022) 373-382 DECOLORIZATION OF INDUSTRIAL WASTEWATER 

378  

reached within 20 min. This refinement is related to the generation of more hydroxyl radical species in 

the presence of increasing amounts of hydrogen peroxide [27].  

 
Figure 4. Decolorization efficiency vs. treatment time at 0.5 A of wastewater samples 

containing 0.01 M NaCl, pH=3 and different concentrations of H2O2  

The effect of H2O2 concentration on COD removal was evaluated at the constant current of 0.5 A 

and started with the solution of pH 3. The results are presented in Figure 5, where it is seen that in the 

absence of H2O2, the rate of COD removal is 13 % since only electrocoagulation is effective in this case. 

It has already been revealed by previous researchers that the electrocoagulation process has not a 

significant effect on COD removal [28]. The mechanism of COD removal in the electrocoagulation 

process is going exclusively through the adsorption process by Fe(OH)3. At H2O2 concentration of 

0.0165 M, however, COD was reduced by 30 % in 20 min, and this is due to hydroxyl radicals produced 

in the electro peroxidation process caused by added H2O2 [9,29–31]. Figure 5 indicates that increased 

concentration of H2O2 improves COD removal since efficiencies after 20 and 120 min were increased 

from 29.2 to 63.9 % for 0.0165 M H2O2, 33.3 to 65.3 % for 0.033 M and 40.2 to 69.4 % 0.0495 M H2O2.  

It is also seen in Figure 5 that after 20 min, COD removal increased only slightly for all samples, 

which is due to the increasing pH value to 5 in 20 min, and 11.2 in 120 min.  
 

 
Figure 5. COD removal vs. treatment time at 0.5 A of wastewater samples containing 0.01M 

NaCl, pH 3, and different concentrations of H2O2 



E. Marlina et al. J. Electrochem. Sci. Eng. 12(2) (2022) 373-382 

http://dx.doi.org/10.5599/jese.1017   379 

This suggests that uncontrolled pH conditions affect the process significantly. The performance 

of the electrochemical peroxidation process is optimal in acidic solutions, where generation of iron 

ions would occur and react by the classic Fenton's reaction, developing OH• as efficient oxidizers of 

organic compounds [9]. 

Effect of applied current 

The effect of applied current intensity on the electrochemical peroxidation process was also 

tested. The influence of different applied current intensities on colour and COD degradations was 

evaluated in 1 L of wastewater solution with 0.05 M NaCl, pH 3 and 0.033 M H2O2. The obtained 

results are shown in Figures 6 and 7. 

Figure 6 shows that different processing results are obtained at different applied current 

intensities. Generally, colour removal increased with increasing current strength. At 0.3 A, the results 

showed 10 % decolorization after 10 minutes, while 99 % degradation was observed after 120 

minutes. At higher currents of 0.75 and 1 A, respectively, the colour removals reached 79 and 90 % 

after 10 minutes and 100 % after 120 minutes of treatment. Better colour degradations observed at 

higher currents may be due to the fact that an increased amount of oxidized iron is generated from 

the anode at higher currents [32]. On the other side, the high current density is a trigger factor for the 

oxygen reduction process, which serves to regenerate hydrogen peroxide at the cathode [29,33–35]. 

The high currents cause an increase in the amount of OH• so that the degradation process is more 

reactive and responsive [25]. In addition to the increasing amount of OH• in solution, the use of high 

currents also causes the regeneration of iron ions, and the Fenton process's efficiency also increases 

[36].  

 

 
Figure 6. Decolorization efficiency vs. treatment time of wastewater samples containing 0.033 

M H2O2 and 0.05M NaCl, pH 3 at different current intensities 

Figure 7 shows that a decrease in COD concentration with treatment time was observed at all 

current intensities. For the highest current of 1.0 A, there is a significant reduction of COD in 40 min, 

leaving the lowest COD concentration of 40 mg/L with a removal ratio of 83 %. At 0.3 A, the lowest 

removal efficiency was obtained, where the removal ratio reached only 54 and 61% in 120 min, with 

the remaining COD content 110 mg/L in 40 min. When applying the current intensity of 1 A, there is 

a decrease in the COD removal efficiency in the treatment period of 60 to 120 min. This is probably 

due to the increase in the amount of Fe2+ ions released at the anode through the electrolysis time, 
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J. Electrochem. Sci. Eng. 12(2) (2022) 373-382 DECOLORIZATION OF INDUSTRIAL WASTEWATER 

380  

thereby reducing the efficiency electro-Fenton’s process [18]. This study has similarities with 

previous studies [38–40, which showed that an excessive current or voltage would cause a decrease 

in COD removal. 

 
Figure 7 COD concentration vs. treatment time of wastewater samples containing 0.033 M 

H2O2, 0.05M NaCl, pH 3 at different current intensities 

On the other hand, high currents will increase energy consumption in the electrochemical 

process [37]. The energy consumption in the process was calculated by eq. (2), where electric 

voltages recorded after 120 min for current values between 0.3 and 1.0 A (Figure 7), were 7.2, 10.5, 

14 and 15 V, respectively. It is obvious from these values that rising currents caused rising voltage. 

According to eq. (2), energy consumption was calculated to be 15.6, 37.8, 75.6 and 108 kJ. The linear 

correlation between current, voltage, and energy consumption has already been investigated, giving 

similar results [15]. 

Conclusions 

In this study, a detailed exploration of the electrochemical peroxidation treatment of paper 

industrial wastewater is described. It was found that process factors such as pH, applied current, and 

concentration of added H2O2 significantly affect decolorization efficiency and COD removal from the 

paper wastewater solution. The following conclusions can be derived from the present study: 

• The electrochemical peroxidation process is facilitated in an acid condition. 

• Colour and COD removal continuously increased as H2O2 was added to the process up to the 

concentration of 0.0495 M. 

• The current intensity influences colour and COD degradation in the electrochemical 

peroxidation process, where clear water was obtained for the current of 1 A in 20 min of 

treatment. 

• The electrochemical peroxidation process can be used as an efficient operational process to 

remove colour and COD from paper industrial wastewater. 
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Abstract 
Imidazoline obtained from the essential oil contained in Pouteria sapota seed was tested as 
an environmentally-friendly corrosion inhibitor of 1018 carbon steel in a CO2 saturated 3.5 % 
NaCl solution using electrochemical techniques. This imidazoline contains fatty acids with 
long hydrophobic chains, with 52.73 % of unsaturated (oleic and linolenic acids) and 40 % 
of saturated (palmitic and myristic acids) compounds. Polarization curves revealed that this 
inhibitor is a highly efficient mixed-type of inhibitor with the inhibitor efficiency of 99.9 % 
reached at 25 ppm. Also, the lowest pitting potential value was observed at 25 ppm of 
inhibitor, making the carbon steel highly susceptible to the pitting type of corrosion. 
Corrosion current density value decreased by nearly four orders of magnitude, and a passive 
film formation was induced for inhibitor concentrations higher than 5 ppm. Accordingly, 

polarization resistance values were increased from 100  cm2 up to about 106  cm2 at 
25 ppm of inhibitor. The inhibitor forms a protective film of corrosion products adsorbed on 
the metal surface in a very strong chemical way, following a Langmuir type of adsorption 
isotherm. This was supported by electrochemical impedance spectra that showed two 
relaxation processes ascribed to electrode interface and film regions. In agreement with 
polarization resistance data, the total electrode resistance determined by interfacial charge 

transfer and film resistance increased up to 8.2  105  cm2 in the presence of 25 ppm of 
inhibitor. SEM images additionally showed that type of corrosion was fully changed from 
uniform to a localized type when 25 ppm of inhibitor was added into the solution. 
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Introduction 

The presence of water in the oil and gas field, together with high content of CO2, acetic acid, and 

H2S, has increased the corrosion rate of involved metals [1,2]. One of such involved metals is carbon 

steel, which is extensively used in the oil industry as the most common material for tubing. One of the 

most frequently used methods to mitigate CO2-corrosion is by applying organic inhibitors, where the 

presence of heteroatoms including phosphorus, nitrogen, sulfur and carbon protects steel surface by 

forming a barrier of corrosion products. In such a way, metals are protected from the action of the 

environment [3-10]. However, due to serious environmental concerns, a lot of research concerning 

less toxic, cheaper, and more environmentally friendly compounds has been undertaken in the last 

years [11-13]. Thus, Allium cepa [11], expired drugs [14-18], Thymbra capitate [15], amino surfactants 

and imidazolines obtained from palm, avocado and rice bran oil [13,19,20] were already evaluated as 

corrosion inhibitors for iron and steel in different media. Abdallah et al. [12] evaluated natural nutmeg 

oil as a green inhibitor for carbon steel in 1.0 M HCl solution, finding that inhibitor efficiency increased 

with its concentration, reaching a maximum value of 94 % at 500 ppm. According to Langmuir 

adsorption isotherm, this inhibitor acted as a mixed type of inhibitor and was adsorbed on the steel. 

Similarly, Carmona-Hernandez et al. [13] studied imidazole obtained from palm oil as a corrosion 

inhibitor for UNS S41425 type supermartensitic stainless steel in an H2S-containing environment. The 

authors found that at inhibitor concentrations between 0 and 100 ppm, the maximum inhibitor 

efficiency was obtained at 25 ppm, decreasing with a further increase of inhibitor concentration. 

Imidazole was physically adsorbed onto the steel according to Langmuir adsorption isotherm, 

behaving as a mixed-type of inhibitor. In another work, Abdallah et al. [16] evaluated curcumin, 

parsley and cassia bark extracts as green inhibitors for carbon steel corrosion in 0.5 M sulfuric acid. 

They found that inhibition efficiency increased with inhibitor concentration, while inhibition efficiency 

of each particular inhibitor decreased in the following order: cassia bark extract > parsley extract > 

curcumin extract. Imidazolines obtained from avocado and rice bran oil were obtained and evaluated 

as CO2-corrosion inhibitors for X-52 steel [19,20]. Both inhibitors contained fatty acids and were 

evaluated in concentrations of 0, 5, 10, 25, 50 and 100 ppm. It was found that in both cases, the 

maximum inhibition efficiency was reached at 25 ppm and decreased with a further increase of 

inhibitor concentration.  

Mamey sapote [Pouteria sapota] is a very popular fruit growing in Mexico and Central America [21]. 

It is a fruit tree that has the potential to be cultivated in 15 of 32 states, i.e., over almost 50 % of the 

Mexican territory. Its production is concentrated in the south, southeast, west and some central states 

with an area of 1,618 hectares, with a total production of 20,120 tons of fruit, and a national average 

yield of 12.4 tons ha-1 [22]. It is a cheap fruit, less than U.S. $1000 per ton, although currently, oil 

extraction is somehow expensive. Antioxidant activity of Pouteria sapota pulp has already been 

assessed, finding different phenolic acids, flavonoids, and carotenoids, and the inclusion of such fruit 

has been recommended in daily diets [23]. 

Nevertheless, such studies have considered only the flesh and little information exists regarding 

the seed or bone, although some information suggests the existence of fatty acids [24]. Recently, 

different researchers evaluated fatty acids contained in palm, avocado and rice bran oil, similar to 

antioxidants reported for Pouteria sapota, as green corrosion inhibitors for steel in CO2 and H2S-

containing environments [13,19,20]. Thus, the goal of this research is to evaluate use of the oil 

contained in the Pouteria sapota seed to obtain an imidazoline as corrosion inhibitor for 1018 

carbon steel in a CO2-saturated NaCl solution. 
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Experimental procedure 

Materials and sample preparation 

The material used in this research work includes bars of 1018 carbon steel having a chemical 

composition given in Table 1. Specimens were grounded with 1200 grade emerging paper, rinsed 

with distilled water, acetone and blown with hot air.  

Table 1. Chemical composition of 1018 carbon steel 

Element Content, wt.% 

Fe Balance 

C 0.14 

Mn 0.60 

S <0.05 

P <0.05 

Inhibitor synthesis 

Imidazoline from Pouteria sapota seed oil was obtained by the Soxhlet method to extract the 

crude oil using hexane as a solvent. Afterward, a bleaching process was carried out on the crude oil 

using Tonsil and activated carbon in concentrations of 2 and 0.5 %, respectively. This process was 

performed at 95 °C under constant stirring during 20 min. The oil obtained was filtered under a 

suction method and mixed with water at 95 °C. Finally, the obtained emulsion was centrifuged to 

obtain the semi-refined oil. This semi-refined oil was the precursor solution in the synthesis of the 

imidazoline-based inhibitor. The inhibitor synthesis process was carried out in two stages, as 

illustrated in Figure 1.  

 
Figure 1. Synthesis of the imidazoline-based inhibitor from semi-refined Pouteria sapota oil: (1) 

N-(2-hydroxyethyl) amino ethylamine; (2) Pouteria sapota oil; (3) N-[2−[(2-hydroxyethyl) 
amino]ethyl]−amide, fatty amide, and (4) fatty-imidazoline derivative from the raw Pouteria 

sapota oil, where R=alkyl chain of Pouteria sapota oil fatty acid 

At first, amidation was carried out by hydroxyethyl ethylene diamine during 2.5 hours at 140 °C. 

This reaction was monitored by the thin layer chromatography technique (TLC) using heptane-ethyl 

acetate (Sigma Aldrich) (9:1) as eluent. The reaction products were removed by washing and filtering 

and analysed by the Fourier transform infrared spectroscopy (FTIR) technique. The second synthesis 

step consisted of performing the imidazoline cyclization reaction. This was carried out once purified 

fatty-amide was placed at vacuum (79.58 kPa) and heated at 160 °C for 16 hours using (8.5:1.5:5) 

dichloromethane (Sigma Aldrich), methanol (Baker), ammonium hydroxide (Baker) as eluent while the 

reaction products were analysed using FTIR. The obtained inhibitor was stored inside a glass beaker 

http://dx.doi.org/10.5599/jese.1196
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at room temperature. Gas chromatography was used in order to know the type of fatty acids found in 

the Pouteria sapota seed oil as described elsewhere [25]. The oil extracted from Pouteria sapota seed 

was analyzed with an FTIR Spectrophotometer from Bruker. As a corrosive environment, a CO2-

saturated 3.5 % NaCl heated at 50 °C was used according to the NACE standard method NACE TM 177-

2005, widely used in the literature [13,19,20,25]. Before starting with corrosion tests, the solution was 

bubbled with CO2 gas during 2 hours and the gas bubbling continued during testing. Inhibitor 

concentrations were chosen to be 0-100 ppm, as were also used in previous works [13,19,20]. These 

concentrations have also been recommended by manufacturers for commercial imidazolines. Tests 

were carried out under stagnant conditions as a first inhibitor screening in order to know the optimum 

inhibitor concentration.  

Electrochemical tests 

Electrochemical measurements were conducted in a conventional glass cell using a potentiostat 

from ACM Instruments. Rods of 1018 carbon steel were encapsulated in polymeric resin with an 

exposed working area of 0.5 cm2. As auxiliary and reference electrodes, graphite cylindrical bars and 

a saturated calomel electrode (SCE) were used. Tests were performed at the temperature of 50 °C. 

Before starting the experiments, 30 minutes was given for the open circuit potential value (OCP) to 

reach a steady-state value. Potentiodynamic polarization curves were obtained by applying a cathodic 

potential 800 mV more negative than the free corrosion potential (Ecorr) and then the sweeping started 

in an anodic direction at the scan rate of 1 mV s-1, ending at a potential of 800 mV more anodic than 

Ecorr. Tafel extrapolation was used to calculate the corrosion current density values, jcorr. Electro-

chemical impedance spectroscopy (EIS) measurements were performed at the Ecorr by applying an 

alternating potential of ± 10 mV in the frequency range between 10 kHz and 0.04 Hz. In order to know 

the change in the corrosion behavior with time, linear polarization resistance (LPR) measurements 

were carried out. For this, specimens were polarized ±15 mV every hour during 24 hours. All expe-

riments were performed three times. The surface of specimens used for LPR experiments was 

analyzed by the scanning electronic microscope (SEM) LEO VP 1450, whereas chemical analysis of cor-

roded specimens was performed with an X-ray energy dispersive spectrometer (EDS) attached to it. 

Results and discussion 

Inhibitor characterization 

Palmitic acid is the major fatty acid contained in the Pouteria sapota oil with 25.5 wt.%, followed 

by 19.1 % of oleic acid, 16.1 % of myristic acid and 14.1 % of linoleic acid. In Table 2, the full profile 

of fatty acids contained in the Pouteria sapota oil is shown. Chemical structures of palmitic and oleic 

acids are given in Figure 2.  

Table 2. Fatty acid composition of Pouteria sapota oil 

Fatty acid Structure Type of fatty acid Content of fatty acid, wt. % 

Palmitic acid C16:0 Saturated 24.5 

Myristic acid C14:0 Saturated 16.1 

Oleic acid C18:1 n-9 cis Unsaturated 19.1 

Linoleic acid C18:2 n-6 cis Unsaturated 14.1 

Linolenic acid C18:3 n-3 cis Unsaturated 2.4 

Arachidic acid C20:0 Unsaturated 0.6 
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Figure 2. Chemical structures of oleic and 
palmitic acids 

 

IR spectra of Pouteria sapota oil and synthesized inhibitor are shown in Figure 3. The observed C=O 

stretching signal at 1743 cm-1 corresponds to the ester vibration, whereas at 1642 cm-1 was assigned 

to the fatty amide. The inhibitor response presents a signal observed at 1720 cm-1 which was assigned 

to the ester group. Observed peaks at 1560 and 1470 cm-1 were assigned to C=C and C=N stretches in 

the ring of imidazole, whereas another signal observed at 1080 cm-1 to C-H stretch. The group N-H of 

imidazole at 3150 cm-1 is due to the aromaticity of the ring. On the other hand, the peak observed at 

1630 cm-1 corresponds to the C=O stretch of the amide. In addition, observed peaks at 1280 and 1200 

cm-1 correspond to the stretching of C-N and C-O groups, respectively. Finally, observed signals at 2920 

and 2852 cm-1 were assigned to the methyl and methylene groups, respectively.  

 
Wavenumber, cm-1 

Figure 3. FTIR spectra of Pouteria sapota oil 

and synthesized inhibitor 

Open circuit potential 

The time changes of OCP values for 1018 carbon steel exposed to the CO2-saturated 3.5 % NaCl 

solution, without and with different inhibitor concentrations, are shown in Figure 4.  

 
Time, h 

Figure 4. Variation of OCP value with time for 1018 
carbon steel in CO2-saturated 3.5 % NaCl solution 
containing different concentrations of inhibitor at 
50°C 
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Figure 4 shows that the OCP value is rapidly shifted towards the noble direction for the blank, 

uninhibited solution, reaching a steady-state value after 2 or 3 hours of exposure to the environment. 

This shift can be due to the protection of steel by the formation of iron carbonate film on its surface 

[26-29]. When the lowest inhibitor concentration (5 ppm) was introduced into the solution, the OCP 

value became more negative, reaching a steady-state value within 2-3 hours of testing. At higher 

inhibitor doses, i.e., at 10 and 25 ppm, the OCP value became more negative. With higher doses of 

inhibitor, however, the OCP value shifted to a noble direction, reaching the noblest value with the 

addition of 100 ppm. A shift of the OCP value towards more negative values means that the metal 

is getting corroded, dissolving any protective film formed on the metal surface. On the contrary, if 

the OCP value moves toward the noble direction, it indicates that the metal has been protected by 

the formation of a film made from corrosion products [30]. 

Polarization curves 

The effect of inhibitor concentrations on the polarization curve of 1018 carbon steel in the CO2-

saturated 3.5% NaCl solution is shown in Figure 5. 

  
j / mA cm-2 

Figure 5. Effect of inhibitor concentrations on polarization curve of 1018 carbon steel in CO2-
saturated 3.5 % NaCl solution at 50°C 

Figure 5 shows that in the uninhibited solution, there is no evidence of the existence of any 

passive layer on the steel surface. Similar behavior is observed when 5 ppm of inhibitor were added 

into the system, although jcorr value decreased from a value of 2.0  10-1 mA/cm2 down to 10-2 

mA/cm2 as shown in Table 3. In the absence of inhibitor and in the CO2 environment, iron carbonate 

film, which is not protective, is developed on the steel surface, which is why the passive layer was 

not formed. With the addition of low doses of inhibitor, inhibitor reacts with the released iron ions, 

forming a layer of corrosion products that acts as a barrier between the metal and the environment. 

This barrier makes their contact more difficult, which results in a decrease of jcorr value. As the 

inhibitor doses increased up to 25 ppm, a significant reduction in the jcorr value can be observed, 

reaching its lowest value of 3.0  10-5 mA/cm2. After a further increase of the inhibitor 

concentration, however, jcorr increased again. Generally, a decrease of jcorr value with the addition 

of inhibitor is due to its adsorption on the steel surface and the formation of a passive layer. As the 

inhibitor concentration increases, the number of its molecules covering the steel surface increases 

too, and due to the existence of the same electric charge, there is an electrostatic repulsion among 
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inhibitor molecules. This results in the inhibitor desorption from the steel surface, leaving the 

unprotected metal at the places of desorption. Salinas-Solano et al. [19] reported the lowest jcorr 

value of 2.34  10-4 mA/cm2 whereas Cruz-Zabalegui et al. [20] reported the value of 6.0  10-3 

mA/cm2 for carbon steel in CO2-saturated 3.5 % NaCl solution, by using amino surfactants and 

imidazolines obtained from avocado and rice bran oil, respectively. Both reported jcorr values are, 

however, much higher than the minimal value of jcorr = 3.010-5 mA/cm2 reported in this study (Table 

3). Polarization curves for inhibitor concentrations higher than 5 ppm in Figure 5 displayed the 

presence of a passive layer.  

The values of jcorr were used to calculate the inhibitor efficiency values (IE) as follows: 

−
=

corr corr/inh

corr

100
j j

IE
j

 (1) 

where the corrosion current density values obtained in the absence and presence of the inhibitor 

are represented by jcorr and jcorr/inh, respectively. Calculated IE values are listed in Table 3.  

Table 3. Electrochemical parameters obtained from polarization curves 

Cinh / ppm Ecorr / mV jcorr / mA cm-2 Epit / mV a / mV dec-1 c / mV dec-1 IE / %  

0 -240 2.0  10-1 - 50 245   

5 -300 3.0  10-2 - 60 200 95.0 0.95 

10 -850 3.0  10-4 -255 65 380 99.8 0.99 

25 -700 3.0  10-5 -290 70 400 99.9 0.99 

50 -830 2.0  10-5 -230 75 450 99.9 0.99 

100 -680 6.0  10-4 -110 80 300 99.7 0.99 

 

Data in Table 3 show an increase in the inhibitor efficiency value with an increase in its concen-

tration up to 25 ppm, and a decrease for higher concentrations. The fractional surface coverage by 

the inhibitor (), which was calculated by dividing the inhibitor efficiency value by 100, behaves in the 

same fashion as the inhibitor efficiency. The highest efficiency value of 99 % was obtained with the 

addition of 25 ppm, which is similar to the reported by Salinas-Solano et al. [19] but higher than 93 % 

reported by Cruz-Zabalegui et al. [20]. Zheng et al. [31] used a mercaptopropionic acid-modified oleic 

imidazoline as a highly efficient corrosion inhibitor for carbon steel in CO2-saturated formation water 

and obtained IE value of 95 % with the addition of 20 ppm. At the same time, jcorr value was decreased 

for 2 orders of magnitude. Sotelo-Mazon et al. [32] obtained IE of 99 % with imidazoline synthesized 

from wasted avocado oil for carbon steel in CO2-saturated 3.5 % NaCl solution, and jcorr value was 

reduced for 2 orders of magnitude, from 0.1 to 0.001 mA cm-2. Okafor et al. [33] obtained an inhibitor 

efficiency of 97 % with the addition of 200 ppm of a rosin amide imidazoline for N80 carbon steel in CO2-

saturated simulated formation water, with the reduction of jcorr value from 0.1 down to 0.005 mA cm-2. 

Therefore, the present results, which show that for a relatively low inhibitor concentration of 25 ppm, 

high inhibitor efficiency of 99 % is attained and jcorr value is reduced for even four orders of magnitude, 

are very encouraging. All these justify the use of Pouteria sapota, not only because it is a green inhibitor 

but also because it is obtained from a waste agro-industrial product that is a very abundant product in 

our country that can be utilized in this way.  

A possible effect of pitting corrosion, which is a localized type of corrosion characteristic for 

breaking of passive film on stainless steel in solutions containing chloride ions, is further explored. 

The effect of the inhibitor concentration on the pitting potential (Epit) value can be seen in Table 2. 

Since no passive film formation at 0 and 5 ppm was observed, there is no value for Epit at these 

inhibitor concentrations. However, it can be seen that at the inhibitor concentration of 10 ppm, Epit 
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value of -255 mV is observed, and it became more active at 25 ppm, showing Epit of -290 V. As the 

inhibitor concentration increased further, Epit attained more positive values of -230 and -110 mV at 

inhibitor concentrations of 50 and 100 ppm, respectively.  

Data in Table 2 clearly shows that anodic Tafel slopes remained virtually unaffected by the 

addition of the inhibitor, unlike the cathodic one, which was greatly affected, indicating that this 

inhibitor behaves as a mixed-type of inhibitor with a predominant cathodic effect. This way, it can 

be said that anodic reactions such as iron dissolution remained practically unaffected by the addition 

of the inhibitor, whereas cathodic reactions such as oxygen reduction and hydrogen evolution (HE) 

were severely affected. This indicates that this inhibitor blocked the sites where protons can be 

adsorbed on the metal surface for the HE reaction [34,35]. 

It has already been established that the adsorption of an organic compound such as an inhibitor on 

a metal surface depends, among other things, upon its chemical structure and chemical compositions 

of substrate and electrolyte [36]. At the steel/electrolyte interface, an organic compound can be 

absorbed by: i) electrostatic interaction between metal and inhibitor, ii) interaction between the 

inhibitor uncharged electron pairs and metal surface, and iii) interaction of π electrons of inhibitor with 

the metal [25]. In order to get more information about the way of interaction between an inhibitor and 

metal, it is necessary to know the adsorption isotherm. In Figure 6, different adsorption isotherm 

models, i.e., Langmuir, Temkin and Frumkin, are tested with data obtained for different concentrations 

of Pouteria sapota oil as an inhibitor for 1018 carbon steel in CO2 saturated 3.5 % NaCl.  

It is obvious from Figure 6 that the best fit to predicted linear dependences, measured by the 

correlation factor (R2), were obtained for the Langmuir type of adsorption isotherm. For this 

isotherm, this factor was 0.99, whereas, for Temkin and Frumkin isotherms, it had values of 0.70 

and 0.79, respectively. This factor is a measure of the correlation between experimental and 

predicted data, and closer to the unit, the better is the correlation.  

 
 Cinh

 / mmol L-1 - 

 
- 

Figure 6. a) Langmuir, b) Frumkin and c) Temkin isotherm plots for 1018 carbon steel in CO2-
saturated 3.5% NaCl solution containing different concentrations of inhibitor at 50 °C 
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Langmuir isotherm assumes that the interaction between molecules and a surface can be 

described by a simple equilibrium, with the equilibrium constant Kads. It does not take the interaction 

between adsorbed molecules into account, nor modification of the surface by the adsorption. 

Langmuir adsorption isotherm is a function between the fractional surface coverage by the inhibitor 

() and its concentration (Cinh) according to equation (2): 


= +inh

inh

ads

1C
C

K
 (2) 

The adsorption equilibrium constant Kads has a relationship with the standard free energy of 

adsorption (G0
ads) through the following equation (3): 

G0
ads = -RT ln(106 Kads) (3) 

where R is the universal gas constant, and T is the absolute temperature. Using data from Figure 6a, 

the calculated value for G0
ads was −43.34 kJ mol-1, indicating strong adsorption on the metal surface 

due to the sharing of charges between the molecules and/or the formation of coordinated type 

bonds (chemisorption). 

One of the explanations for the high inhibitory effect of imidazoline is the presence of nitrogen 

atoms located in the structural ring, as well as the high number of carbon atoms in the molecule, which 

will act as a barrier against electrolyte. Also, double bonds in the compound chemical structure have 

been reported as part of this high inhibitory efficiency [36]. Compounds found by the gas 

chromatography analysis detected the presence of palmitic (C16:0), myristic (C14:0), oleic (C18:1 n-9 

cis), linoleic (C18:2 n-6 cis) and linolenic (C18:3 n-3 cis) acids in proportions of 24.5, 16.1, 19.1, 14.1 

and 2.4 wt.% [36]. These compounds meet two characteristics that make an organic compound a very 

efficient inhibitor, i.e., long chains of hydrocarbons and the presence of double bonds. 

Linear polarization resistance (LPR) measurements 

Data given in Figure 7 represent the variation on the polarization resistance (Rp) value with the 

inhibitor concentration in the CO2 environment.  

 
Time, h 

Figure 7. Effect of inhibitor concentration on Rp 
value for 1018 carbon steel in CO2-saturated 3.5 % 
NaCl solution containing different concentrations 
of inhibitor at 50 °C 

 

For uninhibited solution, Rp value remained practically constant throughout the testing time, 

exhibiting a relatively low value, close to 100  cm2. A remarkable increase of Rp value was observed 

as soon as the inhibitor was added into the solution, which is believed to be due to the adsorption 

of the inhibitor onto the steel surface. As long as the metal surface area covered by the inhibitor 

increases, the value for Rp increases too. In the same way, as the inhibitor concentration increases, 

an increase of Rp value was also observed, but only up to the inhibitor concentration of 25 ppm. The 
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obtained Rp values were up to four orders of magnitude higher than that obtained in the uninhibited 

solution. With a further increase of the inhibitor concentration, Rp values decreased, which can be 

due to the electrostatic repulsion between inhibitor molecules, when they are too many and very 

close to each other that a desorption process occurs. 

It was already shown [36] that the tested inhibitor is not a pure compound because it contains fatty 

acids (Table 2), where the main are oleic and palmitic acids with chemical structures given in Fig. 3, 

although the presence of myristic and linoleic acids is important also. It is not very clear which one of 

these compounds is responsible for corrosion inhibition, but it is very likely that it is due to a synergistic 

effect of different compounds. The presence of N atoms in the imidazole group makes these fatty 

acids highly susceptible to protonation [37]. However, as established above, organic compound 

structure affects its performance, and according to Jovancicevic et al. [38], it was found that the longer 

the alkyl group's hydrocarbons chain is, the compound is a more efficient inhibitor. Alternatively, the 

presence of double bonds into the inhibitor structure improved the inhibitor adsorption onto the steel 

surface [38]. Thus, the presence of compounds with long hydrophobic chains and double bonds, in 

addition to the presence of N atoms susceptible to protonation, makes this inhibitor highly efficient.  

EIS measurements 

In order to elucidate the corrosion mechanism for 1018 carbon steel in CO2-saturated 3.5 % NaCl 

solution in the absence and presence of inhibitor, some EIS measurements at the open circuit 

potential were performed. Figure 8 shows the results presented in both Nyquist and Bode formats.  

 a b 

      
 Zre / k cm2 f / Hz 

c 

 
f / Hz 

Figure 8. Effect of inhibitor concentration on: a) Nyquist and b) and c) Bode plots of 1018 carbon steel in CO2-
saturated 3.5 % NaCl solution containing different concentrations of inhibitor at 50 °C 
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Nyquist data display two capacitive semicircles, one at high to medium frequencies and the other 

at the lowest frequencies (Figure 8a). The resulting semicircles seem to be imperfect due to the 

heterogeneity and roughness of the sample surface. The first, high-frequency semicircle, is related 

to the formation of corrosion products, whereas the second, lower frequency semicircle, is related 

to the electrochemical double-layer and charge transfer reaction due to corrosion. The shapes of 

Nyquist and Bode plots did not change with the addition of inhibitor, indicating that the corrosion 

mechanism is not affected by inhibitor addition. The semicircle diameters, however, increased with 

an increase of inhibitor concentration, reaching the highest values at 25 ppm of inhibitor. A further 

increase of the inhibitor concentration above 25 ppm caused a decrease of semicircle diameters.  

On the other hand, Bode plots in the modulus format (Figure 8b) showed that at the lowest frequ-

encies, impedance modulus is the lowest for the solution in the absence of an inhibitor. Impedance 

modulus increased with the inhibitor concentration, attaining more than four orders higher 

magnitude with the addition of 25 ppm of inhibitor. A further increase in the inhibitor concentration 

caused a decrease in the low-frequency impedance modulus value. The modulus impedance value at 

the lowest frequency takes into account all resistance contributions such as electrolyte or solution 

resistance (Rs), charge transfer resistance through double electrochemical layer (Rct) and the resis-

tance of the film formed by the corrosion products (Rf). Since the sum of the last two, i.e., Rct + Rf is 

defined as the polarization resistance value (Rp), we can see that the variation of the lowest frequency 

impedance modulus value observed in Figure 8b behaves in the same way as Rp in Figure 7.  

At higher frequencies, impedance modulus data in Figure 8b show sloping lines characteristic of 

capacitive impedance responses, where higher impedance values imply lower capacitance values. It 

is seen in Figure 8b that capacitive impedances increased (capacitance decreased) with the addition 

of inhibitor up to 25 ppm, and decreased (capacitance increased) for higher inhibitor concentra-

tions. It has already been known that two different electric interface values, such as electrical resis-

tance and capacitance, are inversely proportional [37-43], and thus, an increase in the resistance 

value decreases the capacitance value. This proves the ability of the studied extract to reduce the 

aggressive action of the acid medium. According to the Helmholtz model, the reduction in the capa-

citance value indicates an increase of the double layer thickness, which can be referred to as the 

development of a compact protective film on the metal surface by the inhibitor adsorption [44-46]. 

The phase angle Bode plots (Figure 8c) show the presence of two peaks, one at higher and the 

other at lower frequencies, defining two separate relaxations (RC) time constants characteristic for 

interfacial and film regions. These suggest two phenomena are happening and that the corrosion 

process is not only under interfacial charge transfer control.  

Surface analysis 

SEM micrographs of corroded steel surfaces in CO2-saturated 3.5 % NaCl solution in the absence 

and presence of inhibitor are shown in Figure 9. For corroded steel surface in the absence of inhibitor, 

Figure 9a presents a high area that corroded uniformly, just as predicted by polarization and Rp results.  

Similar is observed in Figure 9b, presenting the image of steel surface when 5 ppm of inhibitor were 

added to the solution, although the corroded surface area is somewhat smaller in the presence of the 

inhibitor. As the amount of inhibitor was increased further, the corrosion type shifted from uniform 

to a localized type of corrosion such as pitting corrosion, which is clearly seen in Figure 9c. The surface 

with the lowest damaged area by corrosion was found for steel corroded in the presence of 25 ppm 

of inhibitor, shown in Figure 9d. Here, the number of pits is the lowest, as predicted by polarization 

curves and Rp measurements shown in Figures 3 and 6, respectively. 
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Figure 9. SEM micrographs of 1018 carbon steel corroded in CO2-saturated 3.5% NaCl solution at 50 °C 

containing following concentrations of inhibitor: a) 0; b) 5; c) 10; d) 25; e) 50; f) 100 ppm 

EDS microchemical analysis performed on the corrosion products layer is presented in Figure 10. 

For specimens corroded in the absence of inhibitor, Figure 10a shows only chemical elements 

present in the steel and the corrosive environment such as Fe, C and O. For specimens corroded in 

the presence of the inhibitor (Figure 10b-d), Fe, C and O were also present, but the amounts of C 

and O were higher than found in specimens corroded in the absence of inhibitor since imidazoline 

contains both chemical elements. Elements present in the abrasives, such as Al from Al2O3 particles 

and SiC in the abrading paper, were also present.  

Thus, the addition of the inhibitor decreased not only the corrosion rate but also the type of 

corrosion, changing it from the uniform type in the absence of inhibitor to a localized type of corrosion 

when the inhibitor is added. This is expected since for inhibitor concentrations higher than 5 ppm a 

passive layer is formed on the top of the steel according to polarization curves shown in Figure 5, and 

this passive layer can be disrupted, giving place to localized type of corrosion such as pitting. 
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Figure 10. EDS microchemical analysis of corrosion products layer formed on 1018 carbon steel corroded in 

CO2-saturated 3.5% NaCl solution at 50 °C, containing following concentrations of inhibitor:  
a) 0; b) 5; c) 10; d) 25 ppm 

Corrosion inhibition mechanism 

As mentioned above, the obtained imidazoline is chemically adsorbed on the steel surface due to 

the sharing of charges between molecules and/or the formation of coordinated type bonds. 

Imidazoline contains a hydrophilic, imidazole group, and a hydrophobic alkyl group given by fatty 

acids, which present saturated and unsaturated structures. The high inhibitory effect of imidazoline 

compounds has been related to the structure of the inhibitor due to the nitrogen atoms located in the 

structural ring, to the long chain of hydrocarbons acting as a barrier against water and chlorides, and 

finally, to unsaturated double bonds present in the inhibitor which is chemically adsorbed on the 

surface of Fe (which form a very stable protective film). To give a better explanation about the 

corrosion inhibition process in the presence of the antioxidant constituents of the extract on the steel 

surface, a schematic diagram of the adsorption is shown in Figure 11.  

http://dx.doi.org/10.5599/jese.1196


J. Electrochem. Sci. Eng. 12(2) (2022) 383-398 Pouteria sapota AS CO2-CORROSION INHIBITIOR 

396  

 
Figure 11. Chemisorption process between antioxidant constituents in Pouteria sapota extract. Unshared 

pairs of electrons are in pink color, heteroatoms in red, and π bond orbitals are the dotted line 

Compounds contained in the Pouteria sapota extract have a strong electron-donating and 

chelating capacity with steel, giving the extract the ability to inhibit metal corrosion. This 

chemisorption is preferable by an electronic interaction between unshared pairs of electrons from 

heteroatoms and π bond orbitals from the molecules and the benzene rings with the d orbitals on 

the metallic surface until the formation of a very adherent barrier of molecules. 

Conclusions 

An imidazoline obtained from fatty acids contained in Pouteria sapota seed oil has been 

evaluated as an inhibitor for CO2 corrosion of 1018 carbon steel in 3.5 % NaCl at 50 C. It was found 

that the main fatty acids are palmitic, oleic, myristic and linoleic acid. The obtained imidazoline was 

proved to be an excellent mixed-type of inhibitor, which affected both cathodic and anodic reactions 

but with a stronger effect on the cathodic one. The inhibitor is chemically adsorbed onto the steel 

surface according to the Langmuir type of adsorption isotherm. Inhibitor efficiency increased with 

its concentration up to 25 ppm, but after this critical concentration, its efficiency decreased. 

Polarization curves indicated that Icorr value decreased more than four orders of magnitude when 

25 ppm of inhibitor were added due to the formation of a passive layer onto the steel surface. This 

is supported by EIS data that showed two separate relaxation processes due to interfacial and film 

regions. The type of corrosion was affected by the addition of inhibitor, changing from the uniform 

to a localized type of corrosion.  
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