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ABSTRACT: In this study, the Cu nanoparticles were prepared by reducing CuSO4. These 

particles were used in making copper nanoparticles modified carbon paste electrode (nano-CPE).  

The electrochemical characteristics of this electrode (nano-CPE) were investigated. The results  

of the electrocatalytic oxidation of theophylline (TP) on nano-CPE, using cyclic voltammetry technique 

showed that nano-CPE, has more reactivity and more effective surface area, as compared  

to the unmodified carbon paste electrode (un-CPE). The investigation of voltammograms obtained 

from oxidation of TP at different scan rates on the nano-CPE confirmed a cyclic mediated redox 

mechanism followed by reducing Cu(III) which is a chemical reaction (EC mechanism).  

These species formed in more positive potentials and act as a redox intermediate for TP oxidation. 

There was a linear relationship between the oxidation peak current and the square root of scan rate, 

showing that the oxidation reaction of TP at nano-CPE might be due to the diffusion-controlled 

process. 
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INTRODUCTION 

Theophylline (1, 3-dimethyl-7H-Purine-2, 6-dione; TP) 

(Scheme 1) is a methyl xanthine drug used to treat 

respiratory diseases, such as asthma and acute pulmonary 

infections [1-4]. 

This drug causes relaxation in bronchial airway,  

 

 

 

smooth muscle and the pulmonary vasculature. It also 

reduces spasm of the bronchus and increases the air flow 

rate and vital capacity [5-8]. Its plasma concentration 

should be between 20 and 100 μM [2, 9]. If the TP level 

in the plasma is more than this rate, it can cause nausea,  
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Scheme 1: Chemical structure of TP. 

 

insomnia, irritability, seizure or even death [10-13]. 

Therefore, monitoring its concentration in the patient's 

blood plasma is essential, to ensure that it is not higher 

than the normal concentration in order to avoid drug 

toxicity. Some analytical methods, including 

spectrophotometry [14], ElectroSpray Ionisation Ion 

Mobility Spectrometry (ESI-IMS) [15], High Performance 

Liquid Chromatography (HPLC) [16-17], fluorescence 

polarization [18], Capillary Electrophoresis (CE), and 

immunoassay [19] were reported in the literature for 

measuring TP levels in plasma. Electrochemical methods 

have attracted a lot of attention in comparison to other 

methods due to advantages such as cheaper devices, 

easier operation, high speed, high sensitivity, excellent 

selection, and fast response.[20-26]. 

Several researches have focussed in electrochemistry, 

by preparing nanoparticles in connection with 

electrochemical sensors [27-31]. Carbon paste have been 

widely used to manufacture various electrochemical 

sensors[32-34], due to the wide range of anodic  

and cathodic potentials from -1.4 to 1.3 volts[35].  

These electrodes are inexpensive and easily constructed, 

and their surfaces can easily be renewed with a simple 

polishing, so that for each measurement a new surface  

is provided and the problem of electrode fouling due to 

the adsorption of the products or reaction intermediates  

is eliminated [36]. The residual current of these electrodes 

are one-tenth of the glassy carbon electrode or noble 

metallic electrodes [37]. Most importantly, it is easy  

to modify it by adding different materials to the bulk  

of carbon paste in order to improve the efficiency of  

the electrode [38-40].   

Nowadays, electrochemical scientists have used some 

nanostructures such as multiwalled carbon nanotubes [41-42] 

and different types of nanoparticles, in the form of  

metal [43-45], oxide [46-47], hydroxide [48] 

semiconductor[49-50],alloys[51], and composite[52-55] 

to modify electrodes with the aim of achieving better 

responses. Nanoparticles show different physicochemical 

properties in comparison to their bulk forms, owing  

to their small size. The most important role of nanoparticles 

is to catalyze electrode processes by reducing  

the electrode overpotantial[56]. The very small size, the high 

surface to volume ratio, and increasing the number  

of atoms on the surface are the most important reasons  

for the emergence of catalytic properties in nanomaterials. 

The absorption of reactants on the surface of the catalyst 

is the beginning of a heterogeneous catalytic reaction  

that culminates the breakdown or loosening of intra-molecular 

bonds. Then, adsorbed species on the surface often react 

in several consecutive steps [57].  

There are many reports in the litrature about 

electrocatalytic oxidation of theophylline with different 

modifiers such as multiwalled carbon nanotube [1],  

Yu Jun Yang and Wikun Li, modified a glassy carbon 

electrode with multiwalled carbon nanotube and 

manganese oxide nanoparticles and studied 

electrocatalytic oxidation of theophylline on this 

electrode[58]. Some researchers used nano composites  

to improve the electrode sensitivity for theophylline [59], 

Tajik, S. et. al. used a new ferrocene-derivative for 

modified graphene paste electrode to increase the peak 

currents of the electrocatalytic oxidation of theophylline [60], 

Sevgi, G. et. al constructed an electrode modified with 

Imprinted sol-gel film immobilized on carbon 

nanoparticle layer as a sensor for theophylline [61]. 

Yangyang Gao et.al. designed an electrode modified with 

large mesoporous carbon and nafion composite and 

investigated the electrochemical activity of 

theophylline[62]. Many researchers have used silver [59], 

manganese oxides[6, 58],  gold and platinum 

nanoparticles[10], in order to improve the electrodeʹs 

efficiency. Gungming Yang et al. used gold nanoparticle 

and chitosan- ionic liquid to modified the electrode and 

enhanced the electrochemical sensing[63].  

Various studies have shown that copper nanoparticles 

exhibit strong catalytic properties for oxidizing various 

compounds [64]. These particles have been used to 

modify the electrode surface for advantages such as wide 

array of reactivities, alternative selectivities relative  

to other metall catalysts and relatively inexpensive  

and low toxicity [65]. Luo, J. et al. applied Cu nanoparticle 
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to modify graphen sheets electrode as a non-enzymatic 

glucose sensor[66]. H. Helli et al. modified carbon paste 

electrode with copper nanoparticles and studied the 

oxidation of acetylcholine on it [67]. Nagashree, K.L. et al. 

designed an electrode which was modified with Cu 

nanoparticles in order to study the electrocatalytic 

oxidation of methanol in alkaline medium [68]. As far as 

we know, there is no report about electrocatalytic 

oxidation of theophylline on a copper nanoparticles 

modified carbon paste electrode in acidic medium (pH 3.0).  

Carbon paste electrodes modified by nanoparticles have 

great advantages when compared with the unmodified 

carbon paste due to the high mass transfer rate,  

catalytic activity, and high effective surface area [69]. 

The application of cyclic voltammetry is usually  

for qualitative studies [70-76]; and quantitative studies 

are usually done by techniques such as amperometry 

or differential pulse voltammetry, etc[77-78]. This research 

has been done with the aim of obtaining new qualitative 

results on the basis of physical chemistry view point.  

In this study, the carbon paste electrode was modified  

by using copper nanoparticles and the electrode was used 

for qualitative study of TP electrocatalytic oxidation  

by cyclic voltammetry.  

 

EXPERIMENTAL SECTION 

Reagents 

The chemicals used in this study were Copper(II) 

sulfate anhydrous (CuSO4 ), disodium phosphate 

(Na2HPO4 ), and mono sodium phosphate (NaH2PO4)  

as the products of Merck; polyvinylpyrrolidone (PVP), 

hydrazine hydrate, graphite powder, paraffin oil, and 

theophylline were purchased from Sigma-Aldrich and 

were used without further purification. Phosphate buffer 

solutions with different pH were prepared by adding 

appropriate amounts of HCl or NaOH solutions  

to a solution of 0.02 M Na2HPO4 and 0.02 M NaH2PO4.  

A stock solution of TP (0.01 M) was prepared and stored 

in a refrigerator at 4°C. The working solutions of TP (0.1 mM) 

were made daily from the stock solution. 

 

Apparatus 

The electrochemical experiments were performed  

in a glass container with a cap having holes for introducing 

electrodes. The reference electrode was an Ag/AgCl 

electrode; the counter electrode was a Pt wire  

and the self-made carbon paste electrode as a working electrode, 

powered by potentiostat/galvanostat Autolab (Nova 

software model PG stat 302N.Metrohm, Netherlands) 

together with a personal computer. All the potentials 

given in this paper were recorded using the Ag/AgCl 

(3 M KCl) reference electrode. Transmission Electron 

Microscopy (TEM) was performed using a Philips EM 208  

to study the shape and size of copper nanoparticles  

The electron microscope was operated using a 100 kV 

accelerated voltage. Samples were prepared by suspending 

the nanoparticles in ethanol and dripping one drop  

on Cu grid (200 mesh) and evaporating solvent on it. 

Absorption spectra was recorded on CARY 100 Conc 

UV- Visible spectrophotometer, using 1cm quartz cell 

and scanning from 500 to 800 nm. 

 

Preparation of copper nanoparticles 

PVP (10 mg) was added to 30 mL hydrazine 50%  

and was stirred to obtain the desired solution. Then 0.02 mol 

CuSO4 powder was added to the solution smoothly  

by stirring it. The reaction mixture was stirred using 

magnetic stirrer for 3 h, until a dark brown mixture  

was obtained. Subsequently, it was deposited using 

centrifugation and by being washed several times with 

double distilled water and smoothed with a filter paper 

and a bokhner funnel connected to the vacuum pump.  

It was later dried at 25°C for 24 h in a vacuum oven. 

Then, it was grounded in the mortar to obtain a fine powder. 

The TEM images showed that the diameters of copper 

nanoparticles are fairly less than 60 nm with near-

spherical shape (Fig. 1). 

The 0ptical absorption spectra of the Cu nanoparticles 

which was dispersed in a mixture of hydrazine hydrate 

and polyvinylpyrrolidone (PVP), was recorded in the 

range of 500 - 800 nm. As shown in Fig. 2, itʹs absorption 

at 596 nm is due to the surface resonance phenomenon 

(SRP). The absorption bands of copper nanoparticles 

have been reported to be in the range of 550 – 600 nm 

[79-80]. 

 

Electrode preparation 

The unmodified Carbon Paste Electrode (un-CPE)  

was prepared by hand mixing graphite powder with paraffin 

oil (80/20% (w/w ) ratio ) according to the literature [67, 69]. 

These materials were mixed well homogeneously  

in a mortar for 20 min. The resulting paste was carefully 
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Fig. 1: TEM images of Cu nanoparticles. 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 2: UV-vis Spectrum of Cu nanoparticles in a mixture  

of hydrazine hydrate and polyvinylpyrrolidone (PVP). 

 

poured into a tube of an insulin syringe and was packed 

firmly in it. A copper wire was inserted into the carbon 

paste to provide the electrical connection. Before each 

use, the surface of the electrode was smoothed by 

slipping it gently onto a weighing paper. This procedure 

was used to create a new surface before any experiment, 

and the surface fouling was ceased. Copper nanoparticle-

modified carbon paste electrode (called nano-CPE )  

was prepared in a similar fashion, by mixing graphite powder, 

copper nanoparticles, and paraffin oil in a 60/20/20% 

(w/w ) ratio.This optimized ratio was used on the basis of 

the previous published papers [67, 69]. The electrode area 

was calculated using cyclic voltammetric technique,  

at different scan rates, in a mixture of 6 mM K4Fe(CN)6 

and 1 M KNO3 (Figs. 3 to 5) . 

For a redox reversible system, the Randles-Sevcik 

formula can be used [81]. 

( )pI . n AD C=  5 3 2 1 2 1 22 69 10                                    (1) 

where Ip is the anodic peak current (maximum 

current) at ”298 K”, n is the number of transferred 

electrons, A is the surface area of the electrode, D is the 

respect diffusion coefficient, ϑ is the scan rate, and C is 

the concentration of the respective species. For 6 mM 

K4Fe(CN)6 in 1 M KNO3 electrolyte, n=1 , D=1×10-6 cm2/s, 

the slope of the plot of Ip versus1 2 , is 3.7×10-4 and  

1.97×10-3 μA (Vs-1 )-½  for un-CPE and nano-CPE, 

respectively and the calculated area of the electrode is 

0.23 and 1.22 cm2 for un-CPE and nano-CPE, 

respectively. 

 

Influence of pH 

The effect of the pH solution on the oxidation of TP 

in the nano-CPE was examined in the pH range of 3 to 11 

to determine the appropriate pH for the TP oxidation 

(Fig. 6). 

As shown in Figure 6, the current peak intensity  

is decreased by increasing the pH solution, so that there  

is a linear relationship between the oxidation peak current 

and the pH solution in the range of pH 3 to 9 (Fi. 7), 

which is expressed by the following equation: 

( )pI mA . . pH r .= − =20 76 0 074 0 9169            (2) 

As shown in Fig. 6, the highest current intensity of 

oxidation peak was obtained at pH 3. So, this pH was selected 

as the appropriate pH for TP oxidation. 

The TP oxidation potential goes up to positive 

potentials by increasing pH. The peak-oxidation potential 

diagram vs. pH shows a linear relationship within the pH 

range of 3 to 6 and is not pH dependent above pH 6 (Fig. 8). 

The linear relationship between E and pH (3 to 6)  

is expressed by the following equation: 
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Fig. 3: (A) CVs of 6mM K4Fe(CN)6  in 1M KNO3 recorded at un-CPE at various scan rates(from curve  a  to f ): 0.04, 0.05, 0.06, 

0.08, 0.09, 0.1 Vs-1. (B) Dependence of peak currents versus the square root of scan rate. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4: (A )  CVs of 6mM K4Fe(CN)6  in 1M KNO3 recorded at nano-CPE at various scan rates(from curve  a  to f ): 0.04, 0.05, 

0.06, 0.08, 0.09, 0.1 Vs-1 . (B ) Dependence of peak currents versus the square root of scan rate. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5: CVs of 6mM K4Fe(CN)6  in 1M KNO3 recorded at un-

CPE (a ) and nano-CPE (b ) at scan rate 0.1 Vs-1. 

( )pE V . . pH r .= − =20 39 0 03 0 948                  (3) 

where the gradient is 0.03 V/pH. This value is  

very close to that theory of 0.059 V/pH and it  

can be concluded that the number of transferred electrons 

and the number of hydrogen ions in the electrode process 

are almost equal [82]. 

 

Procedures 

At first, the nano-CPE was activated in phosphate 

buffer pH 3.0 on the basis of cyclic voltammetric sweeps; 

the electrode potential was varied in a linear fashion 

between -0.50 and 1.30 V, while the scan rate was 0.05 V/s. 

After reaching the stable cyclic voltammogram,  

the electrodes were transferred to another cell having equal 
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Fig. 6: Cvs of TP on nano-CPE , in the potential range of -0.5 

to 1.3 V in phosphate buffer solutions, pH 3.0 to 11.0 (curve a 

to i ). at scan rate 0.08V/s. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7: Oxidation peak Current function vs.pH, for 0.1 mM TP 

in phosphate buffer solution on nano-CPE using CV. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8: Oxidation peak potential function vs.pH, for 0.1 mM TP 

in phosphate buffer solution on nano-CPE using CV. 

amounts of pH 3.0 phosphate buffer solution and TP  

(0.1 mM ) and the respect experiment was performed.  

 

RESULTS AND DISCUSSION 

Electrochemical characterization of Nano-CPE 

The voltammograms of un-CPE and nano-CPE  

in a phosphate buffer solution, pH 3.0 in the potential range 

of -0.50 to 1.30 V, with a scan rate of 0.08 Vs-1 are shown 

in Fig. 9. 

At the un-CPE (curve d), the redox peak was not observed, 

but at the nano-CPE (curve c) two anodic peaks  

at +0.32 and +0.56 V and three cathodic peaks at +0.1,  

-0.22, and -0.42 V were observed, revealing that Cu nano 

particles are electroactive particles in the selective 

potential range. It seems that the produced anodic flow  

is probably due to the conversion of Cu (III)/Cu (II) [66, 83]. 

This phenomenon usually happens when using electrodes 

modified with copper nanoparticles. The presence of redox 

couple Cu (II)/Cu (III) in voltammogram anodic peak  

has been reported in alkaline solutions [69, 84-85].  

In this study, the experiments were performed in a 

phosphate buffer solution pH 3.0 (acidic solution) and 

electroactivity properties from Cu nano particles were 

observed, such that during the sweeping of the potential, 

different types of copper ions were formed on the surface 

of the electrode.  

 

Electrochemical behaviour of theophilline 

The electrochemical behaviour of TP in pH 3.0 PBS 

was investigated in the potential range of -0.5 to 1.3 V on 

un-CPE and nano-CPE with the scan rate of 0.08 V/s 

using the CV technique. 

Fig. 10 shows that in un-CPE, there were no anodic 

peaks, only a current was observed associated with 

the solvent electric discharge at the end of the curve related 

to the anodic scan (curve a ). But in nano-CPE, there 

was a large oxidation peak current (curve b ). In other 

words, the electrooxidation of TP at the modified 

electrode surface had a larger anodic current density 

than the un-CPE, which can be as a result of the 

electrocatalytic role of copper nanoparticles [66-69].  

It can be said that the electrode modified by nanoparticles 

can make the transfer of the electrons from TP easier 

than unmodified electrode and nano-CPE has high 

reactivity and high effective surface area as compared to 

un-CPE [81-87] 
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Fig. 9: Cvs of un-CPE (d ) and nano-CPE (c ), (-0.5 to 1.3 V, 

0.08 V/s)  in pH 3.0 phosphate buffer solution. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 10: Cvs of TP on un-CPE (a ) and nano-CPE (b ), ( -0.5 

to 1.3 V , 0.08 V/s)  in pH 3.0 phosphate buffer solution. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 11: CVs of nano-CPE (-0.5 to 1.3 V, 0.08 V/s) in 20 mM 

PBS pH 3.0 in the absence (a ) and presence (b ) of 0.1 mM TP. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 12: Cvs of un-CPE (a , c ) and nano-CPE (b , d ) ( -0.5 to 

1.3 V , 0.08 V/s) in 20 mM PBS pH 3.0 in the absence (a, c ) 

and presence (d, b ) of 0.1mM TP. 

 

Nano-CPE in the presence of TP when compared  

with the blank buffer solution, showed two overlapped lower 

anodic peaks. It was also observed that in the reverse 

sweep, the cathodic peak current decreased. The location 

of the anodic peaks of nano-CPE in direct sweep  

in the presence of TP (indicated by 1’ and 2 in Fig. 11) 

was +0.39 and +0.56 V. It has been reported that Cu (III) 

active species has the ability to oxidize some organic 

compounds by performing a chemical reaction [83-87]. 

 This shows that the active species of Cu (III) is likely 

to oxidize this compound through an intermediate 

electron transfer process, by electrochemical reaction 

with TP [66-67]. It can be concluded from four 

voltammograms as shown in Fig. 12 that TP was oxidized 

onto electrodes containing copper nanoparticles in the 

potentials in which active Cu (III) species are formed. 

Such that, a new anodic peak associated with  

the elimination of the peak 1 and diminished peak 2  

can be observed, and then the cathodic peak current  

is decreased in the reverse sweep, which is related  

to the reduction of Cu (III) to Cu (II) and Cu (III) to  

Cu spices, because Cu (III) has been consumed by  

the oxidation of TP and itself. becomes Cu (II).  

The location of peaks can be seen in the same range 

of potentials by drawing the derived diagram (di/dt ) and 

comparing it with the voltammogram. In Fig. 13, 

diagrams c and d are the diagrams derived from the 

current intensity based on time, in which both peak 

locations and peak heights are more clearly 

distinguishable in the presence and absence of TP. 

On the other hand, TP cyclic voltammograms  

at different potential scan rates in nano-CPE (Fig. 14) show 
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Fig. 13: CVs (a, b ) and derivative voltammograms (di/dt) (c, d) 

of nano-CPE (-0.5 to 1.3 V, 0.08 V/s) in 20 mM PBS pH 3.0  

in the absence (a, c ) and presence (b, d ) of 0.1 mM TP. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 14: CVs of nano-CPE measured at various potential scan 

rates: 0.06, 0.08, 0.12, 0.14, 0.16 V/s (a to e) in the presence  

of 0.1 mM TP, in the PBS pH 3.0 . 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 15: Linear relationship between Ipa and υ½ for 0.1 mM TP 

in PBS pH 3.0 on nano-CPE using CV. scan rates: 0.06, 0.08, 

0.12, 0.14, 0.16 V/s. 

a linear relationship between the square root of the scan rate 

and the oxidation peak current and it admits  

an intermediate redox mechanism that is followed up 

through a chemical reaction between Cu (III) and TP (EC 

mechanism )[88].  

Cu (III) species is produced in more positive 

potentials and plays the role of a redox intermediate  

in the oxidation of TP. At fairly fast sweep rates, each 

anodic peak being labelled according to the electron 

transfer process causing it. At very high sweep rates, 

where the chemical reaction (reaction of TP with Cu (III) 

) does not occur to any appreciable extent during a single 

sweep, peak 1 will not be seen and a new peak 1ʹ will 

appear at a more positive potential. While peak 2 is being 

depleted, as υ is increased, peak 2 decreases faster  

by increasing the scan rate and peak 1ʹ decreases slower 

than the dependency on the square root of scan rate, because 

the chemical process of the destruction of Cu (III) species 

and the production of Cu (II), have no opportunity  

to occur by increasing the scan rate, and the anodic peak 

of this process (peak 2) can be seen more sharper at  

the lower scan rates. Therefore, it seems  that low valence 

states of copper (Cu (I) and Cu (II) ) do not oxidize TP 

and they only adsorb it on the electrode surface, while  

the Cu (III) species formed at the more positive potentials 

acts as a redox species in the oxidation of TP. In previous 

reports concerning to the oxidation of some organic 

compounds in copper electrodes, the production of Cu (III) 

species from copper oxy- hydroxide is proposed [67-89]. 

 

Influence of scan rate 

The effect of the scan rate on the TP oxidation in PBS 

pH 3.0 was examined at the nano-CPE. When the scan rate 

was increased from 0.06 to 0.16 vs-1, the intensity of the 

oxidation current of the TP was also increased (Fig 14). 

The intensity curve of the oxidation current (Ipa) 

versus the square root of the scan rate was linear (Fig. 15) 

and expressed as the following equation, which shows 

that the TP oxidation in the nano-CPE, maybe a diffusion 

controlled process [77].  

( ) ( )pI mA . . mVs r .−= −  =1 2 1 20 5 1 137 0 9616   (4) 

Also, as shown in Fig. 16, log Ip versus log υ as  

a linear graph can be expressed as the following equation: 

( ) ( )pLogI A . . log Vs r .−= − +  =1 22 79 0 24 0 9677     (5) 
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Fig. 16: Oxidation peak current logarithm function  

vs. logarithm of the potential scan rate for 0.1 mM TP  

in phosphate buffer solution pH 3.0 on nano-CPE using CV. 

 

Since the slope of 0.24 A.s/V is close to the value of 

0.25 which is related to the process that is fully controlled 

by diffusion [90], it can be concluded that the TP 

oxidation process on the electrode surface is more 

controlled by diffusion than adsorption (or kinetics). 

 

CONCLUSIONS 

The optimized nano modified carbon paste electrode 

was prepared and used to study the oxidation of TP  

at the optimum conditions using cyclic voltammetric method. 

The anodic current density of TP oxidation at nano-CPE 

was considerably higher than that of un-CPE. This is  

as a result of the characteristic of copper nanoparticles 

which has high reactivity and high effective surface area 

as compared to un-CPE. From the obtained cyclic 

voltammograms, one can conclude that TP is oxidized  

on the surface of the modified electrode with Cu 

nanoparticles in the potential region where the active Cu (III) 

species exist and these species act as intermediates  

in the oxidation of TP, and this process is more affected 

by diffusion than adsorption (or kinetices). Therefore,  

the lower valence states of copper oxides did not participate 

in TP oxidation and it may only adsorb TP on the surface 

of the electrode.  In fact, the Cu (III) species that formed 

in more positive potentials, acts as a fairly powerful 

oxidant in the TP oxidation process. 
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