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HIGHLIGHTS 

 

 MWCNTs present electrocatalytic effect toward nalidixic acid reduction 

 The nalidixic acid reduction is an irreversible process 

 The process is controlled by adsorption and not by difussion 

 A total degradation is obtain using MWCNT modified glassy carbon electrode 

 Two different sub-products were identified based on the elemental composition 
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Abstract 

The aqueous phase electrochemical degradation of nalidixic acid (NAL) is studied in this work, 

using cyclic voltammetry (CV) and differential pulse voltammetry (DPV) as instrumental 

techniques. The promotional effect of multi-walled carbon nanotubes (MWCNT) on the the 

performance of glassy carbon electrodes is demonstrated, being observed that these materials 

catalyze the NAL reduction. The effect of surface functional groups on MWCNT -MWCNT-

COOH and MWCNT-NH2 – was also studied. The modification of glassy carbon electrode (GCE) 

with MWCNT leads to an improved performance for NAL reduction following the order of 

MWCNT > MWCNT-NH2 > MWCNT-COOH. The best behavior at MWCNT-GCE is mainly due to 

both the increased electrode active area and the enhanced MWCNT adsorption properties.  

The NAL degradation was carried out under optimal conditions (pH = 5.0, deposition time = 20 

s and volume of MWCNT =10 µL) using MWCNT-GCE obtaining an irreversible reduction of NAL 

to less toxic products. Paramaters as the number of DPV cycles and the volume/area (V/A) 

ratio were optimized for maximize pollutant degradation. It was observed that after 15 DPV 

scans and V/A=8, a complete reduction was obtained, obtaining two sub-products identified by 

liquid chromatography-mass spectrometry (LC-MS).   

 

Keywords:  quinolones; degradation; cyclic voltammetry; differential pulse voltammetry; 

micropollutants 
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1. Introduction 

In recent years, the production and consumption of pharmaceutical products have 

exponentially increased, leading to an increase of the release to different kinds of water 

streams [1]. Many of these drugs are antibiotics, which are non-biodegradable, toxic  and 

refractory to degradation by conventional chemical or biological methods [2].  

Nalidixic acid (NAL) is a non-biodegradable antibacterial agent firstly synthesized by Lesher et 

al. in 1960 and used in the treatment of gram-negative urine tract infections. Because of this 

use, this chemical is released to the environment and frequently identified in surface water 

and wastewater [3-6]. Due to its release to water effluents and its inefficient removal in 

sewage treatment plants, the concerns about its effects on human health have increased. 

When it is present at low concentrations, the compound acts as bacteriostatic, inhibiting 

bacterial growth and reproduction, while at high concentrations it exhibits bactericidal effects 

[7]. Besides, when the antiobiotic is consumed unnecessarily and prolonged in time may affect 

the immune system  and act as toxic compound [8].  

Although there are many studies about the determination of nalidixic acid by several 

techniques, such as spectroscopy [9], fluorescence [10, 11], phosphorescence [12] and 

chromatography [13-15], reports on its degradation are rather scarce.  

Nalidixic acid has been found in surface water at very low concentration in the order of 10 

ng·L-1 to 2 µg·L-1  [16]. Due to its low concentration in water, and in order to facilitate the 

removal step, a two-step process by pre-concentration and removal is proposed in a previous 

work [17]. The NAL pre-concentration was studied by adsorption onto carbon materials – 

activated carbon, high surface area graphite and multiwall carbon nanotubes – obtaining the 

best results using carbon nanotubes [17]. Once the pollutant is concentrated and the volume 

of water to be treated has been reduced, the stage of degradation of NAL could be 

implemented. 
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Different advance oxidation processes (AOPs) have been tested by other authors. Sirtori et al., 

[5] studied the removal of NAL by solar photo-fenton reaction, Pollice et al., [7] reported its 

degradation by an integrated MBR-ozonation system and the photodegradation of NAL has 

been considered by Petronella et al., [18] and Vargas et al., [19]. 

Although AOPs are promising removal procedures, these techniques require a large capital, 

and in many cases, a complex chemistry must be tailored to specific application. Besides, the 

choice of reagent is a critical parameter due to the possible formation of by-products.  

Therefore, electrochemical treatment is an interesting alternative. Electrochemical techniques 

have been commonly used as analytical methods for the determination of different pollutants 

in water. In this work the novelty of using this technique as a method of degradation of 

pollutants is proposed, since this technology offers relevant advantages: instrumental 

simplicity, moderate costs, use of clean reactants – electrons- and possibility to operate at 

ambient temperature and pressure [20, 21].  

Conventional electrodes used in electrochemical methods present low surface areas and weak 

interaction with the organic compound. This fact leads to low sensitivity when conventional 

electrodes are used for analytical purposes, or low efficiencies when used for pollutant 

abatement. It is an ongoing challenge to develop proper materials for electrode surface 

modification increasing the performance of these devices [22, 23]. As an alternative for 

electrode modification, carbonaceous materials, and in particular  carbon nanotubes (CNTs) 

offer great potential due to their high electrical conductivity, high mechanical resistance, good 

chemical stability and high surface area [24-25]. An increased electrode surface area improves 

the electrochemical response and provides the electrode with anti-fouling properties [25]. 

Besides, the electron transfer reactions improve by using short carbon nanotubes comparing 

with long MWCNT  and it may be affected by the functional groups present at carbon 

nanotubes [26-29]. The electrocatalytic effect has been attributed to the activity of edge-

plane-like graphite sites at the carbon nanotubes ends [27, 30] 
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The main objective of this work is the study of the degradation of nalidixic acid by 

electrochemical techniques using electrodes modified with carbon nanotubes. To the best of 

our knowledge, electrochemical degradation of NAL has not been reported yet. The variables 

which influence the process (pH, deposition time and volume of MWCNT) were optimized. 

Three kinds of MWCNT were used: non- functionalized (MWCNT), functionalized with 

carboxylic (MWCNT-COOH) and amine (MWCNT-NH2) groups in order to investigate the effect 

of functional groups on the degradation process. Experiments were performed using cyclic 

voltammetry and differential pulse voltammetry. These techniques allow a systematic study of 

the electrochemical degradation of this kind of pollutants, determining the effect of both 

electrode properties and operation conditions in this electrochemical reaction.  

 

2. Materials and Methods 

2.1. Chemicals and reagents 

Nalidixic acid was purchased from Duchefa, Biochemie B.V. (purity > 99.4).  

Three multi-walled carbon nanotubes have been used, all manufactured by DropSense: non-

functionalized multi-walled carbon nanotubes (MWCNT; SBET=277 m2/g and Vmeso=2.50 cm3/g), 

functionalized with –COOH groups (MWCNT-COOH; SBET=273 m2/g and Vmeso=1.32 cm3/g), and 

functionalized with –NH2 groups (MWCNT-NH2; SBET=293 m2/g and Vmeso=1.38; cm3/g). Their 

morphological properties have been reported in a previous work (Table S1) [31]. 

Phosphate buffer (PBS) solutions of different pH were prepared by mixing the corresponding 

amounts of sodium chloride (NaCl), potassium chloride (KCl), potassium phosphate monobasic 

(KH2PO4) and sodium phosphate dibasic (Na2HPO4).  

Potassium hexacyanoferrate (II) (K4[Fe(CN)6]) was purchased from Merck and potassium 

hexacyanoferrate (III) (K3[Fe(CN)6]) was obtained from Sigma-Aldrich, Belgium. 
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2.2. Instrumentation 

All electrochemical experiments, cyclic voltammetry and differential pulse voltammetry, were 

performed using a µ-Autolab Potentiostat/Galvanostat PGSTAT20, type II controlled by NOVA 

1.10 software package (ECO Chemie, Utrecht, The Netherlands). The three electrode system 

consists of a glassy carbon (GCE) as working electrode, saturated calomel (SCE) as the 

reference electrode and platinum (Pt) as an auxiliary electrode. Prior to the electrochemical 

measurements, the solution were purged for 20 min with purified nitrogen gas and a constant 

potential was applied to enable the deposition of NAL on the working electrode surface. 

A Cary 100 UV-Vis spectrophotometer (Varian Inc. USA) was employed for the detection of 

NAL at a wavelength of 258 nm. Calibration was established using five standards with the r2 

coefficient of determination higher than 0.995. The by-products degradation were determined 

by high performance liquid chromatography with mass spectrometry detector (LC-MS), using a 

UPLC Agilent 6460. 

 

2.3. Preparation of the modified electrodes 

Before modification, the GCE was polished with 0.1 and 0.05 µm aluminum slurry, rinsed with 

distilled water and then ultrasonicated in water and dried in the air.  

MWCNTs solution was prepared by dispersing MWCNTs into dimethylformamide (DMF) with 

concentrations of 0.25 g·L-1 by ultrasonication to obtain a well-dispersed suspension, according 

to the process developed by García-González et al.[31]. Next, an amount of 5, 10 or 15 µL of 

the suspension was deposited on the GCE area and then, dried under room temperature 

before the electrochemical measurements. 
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2.4. Electrode characterization 

Scanning electron microscopy (SEM) was performed with a QUANTA 250 FEG SEM (FEI, 

Hillsboro, Oregon, USA) and in a JEOL-6610LV SEM (Tokyo, Japan). SEM was used to 

characterize the working electrodes modified with the MWCNTs solutions. 

The surface area of the MWCNTs modified GCE and the bare GCE were obtained by cyclic 

voltammetry (CV) using a 1 mML-1 K3[Fe(CN)6] solution at different scan rates.  

 

2.5. Reaction procedure 

The degradation process was carried out in the cell using the three electrode system 

with MWCNT-GCE as working electrode by applying a potential from -1.15 to -0.45 V 

by DPV. The process was studied at diffeten V/area (solution volume/electrode area) 

ratios and the swift potential was applied several times until the maximum 

degradation was reached. Prior to the swift potential a constant potential was applied 

with the aim of promoting the NAL adorption on the electrode surface, thereby 

achieving a greater degradation.  

 

3. Results and Discussion 

3.1. Characterization of the modified electrodes 

The MWCNTs modified GCEs were first characterized using SEM. Fig. 1 and S1 show the SEM 

images obtained for the different working electrodes at two different magnifications. As 

shown in Fig. 1 (B), the modified electrode presents an interwoven mesh of nanotubes, with 

different thin layers forming a porous structure. Functionalized MWCNT modified electrodes 

(Fig. 1 (C) and (D)), resulted in a more heterogeneous surface. In the case of MWCNT-COOH 

modified GCE (Fig.1(C), carbon nanotubes formed bubble like structures, where the carbon 

nanotubes are clustered. For MWCNT-NH2 (Fig. 1(D)), the MWCNT density presents differences 
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between the perimeter zone, where the numbers of layers and therefore the density of 

MWCNT-NH2 is less, and the central zone, where the density is higher (Figure S2). The film 

thickness and density of  multi-wall carbon nanotubes were also calculated (Fig. 2 and Table 

1). MWCNT modified GCE presents the most uniform film thickness, with different MWNCT 

layers with a practically constant density, where the electrocatalytic reduction of NAL can take 

place (Fig. 2 (A)). In the case of MWCNT-COOH a film with constant thickness was obtained 

over the entire surface, but the presence of buble structures makes the surface as no-uniform 

(Fig. 2 (B)). Finally in the case of MWCNT-NH2, the film thickness is not constant along the 

whole radius, and it is 2.5 times higher in the central zone than in the perimeter zone, which 

involves a difference in the density of carbon nanotubes (Table 1). The distributions obtained 

for the working electrodes correspond to those achieved in other works, where MWCNT leads 

to a uniform surface, which makes it as the best option to modify the electrode surface [28, 

33, 34]. 

The active surface area of the different electrodes is estimated according to the Randles-Sevcik 

equation (Eq. 1) (at 20 °C) for a reversible process (Table 1)[35]. 

            
     ⁄         

  ⁄     ⁄                                                                            (1) 

where ip is the anodic peak current, n is the number of electron transfer (n=1), A is the surface 

area of the electrode, C0 is the concentration of potassium ferrocyanide (1 mM), DR is the 

diffusion coefficient (DR= 7.6 x 10-6 cm2s-1) and   is the scan rate. From the slope of the ip 

vs    ⁄ , the value of A can be obtained.  

The electrode surface area obtained follows the order MWCNT >> MWCNT-COOH > 

MWCNT-NH2 > Bare. As it is clear from these values, MWCNT-GCE presents the highest surface 

area, three times greater than the bare GCE; whereas modified GCE with functionalized 

MWCNT results in a similar surface area slightly higher compared to bare-GCE, in agreement 

with other authors [33, 36-38]. The increased effective surface area after modification of GCE 
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with MWCNTs could lead to an enhancement in the NAL pre-concentration, and, consequently, 

to a higher NAL electrochemical degradation.  

 

3.2. Electrochemical response by CV and DPV 

The cyclic voltammetric responses of 110-5 M NAL in phosphate-buffered saline (PBS; pH=7) at 

bare GCE are shown in Fig. 3. The concentration was selected both considering the detection 

limits of the technique, as well as typical concetration both in wastewaters and in the streams 

coming from the cleaning of adsorption beds used in water purification [17]. No 

reduction/oxidation peak was observed at GCE in a blank solution. In the presence of 110-5 M 

NAL, a small reduction wave appeared at -0.91 V (vs. SCE). The absence of the oxidative peak 

on the reverse scan suggests the irreversible nature of the electrode process, which is 

corroborated by previous works [39]. 

To evaluate the electrocatalytic effect of MWCNT on the NAL reduction, DPV scans were 

performed at  bare-GCE and MWCNT-GCE. As despicted in Fig. 4, the peak current related to 

NAL (110-5 M) increases when the surface of GCE is modified with MWCNTs. Same results 

were obtained by other studies about the electrochemical response of different antibiotics. 

For example, Rezaei et al.,[33] did not obtain an oxidation peak for noscapine at the bare 

electrode, on the contrary, two oxidation peaks were obtained using a MWCNT modified 

electrode by cyclic voltammetry. Moyo et al., [38] obtained also better results with MWCNT 

for the electro-oxidation of triclosan, with a peak area approximately twice bigger compared 

to that obtained at bare GCE by cyclic voltammetry and differential pulse voltammetry. The 

increased surface area of the electrode after the modification with carbon nanotubes results in 

higher catalytic activity and adsorption capability of the surface and a higher response making 

carbon nanotubes as a good alternative for NAL degradation.  

The relation between the peak current and the concentration of NAL was obtained by DPV 

using MWCNT-GCE. The peak current increases with increase in the NAL concentration, and 

http://cshprotocols.cshlp.org/content/2006/1/pdb.rec8247
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two different ranges were obtained (Fig. 5). The first linear range is between 0.0001-0.05 µM 

and the second linear range is from 0.1 µM to 50 µM, both with a regression coefficient, higher 

than 0.996. A similar trend has been observed by other authors by different electrochemical 

techniques for paracetamol [40], ascorbic acid and caffeine [41]. This phenomena can be 

explained through the formation of a sub-monolayer in the first linear part, where NAL 

molecules are adsorbed inside pores and between the different layers , followed by the 

formation of a NAL monolayer in the second part of the calibration plot, after adsorption on 

the electrode surface [40]. 

3.3. Optimization of experimental variables 

3.3.1. pH 

The effect of pH on the DPV response was studied in PBS in the range of 3.0 - 9.0, to obtain the 

optimum pH value for NAL reduction using MWCNT-GCE as working electrode (Fig. 6). At the 

same time, it is important to take into account the NAL forms at different pH. Lorphensri et al., 

[42] found that at pH<4.5 and pH>8.0, NAL is present in its neutral and anionic form 

respectively. At 4.5<pH<8.0, NAL is present in both neutral and anionic form at differents 

proportions depending on the pH. The neutral form should be more electrochemically active 

than the anionic form, so a pH close or less than 4.5 would be the best option. Taking into 

account the peak current obtained at different pH, it reaches a maximum value at pH 5.0, after 

that, the peak current decreases, observing a significant influence of the pH on the reduction 

of NAL. Conferring to Lorphensri et al., [42] at this pH (pH 5.0) the 95% of NAL is present in the 

neutral form. 

Therefore, according to the different results, pH 5.0 was chosen as the optimum and it was 

used for the following experiments. 
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3.3.2. Deposition time  

Initially, a constant potential is applied in order to favor the NAL adsorption on the electrode 

surface. For this reason, the effect of deposition time was studied ranging from 10 to 1200 s. 

Fig. 7 shows that the peak current decreases for a deposition time higher than 20 s. No further 

change in peak current was observed with the increasing time higher than 20 s. In most cases, 

peak intensity remains constant after a certain accumulation time, contrary than the result 

obtained in this work [43-45]. A decrease in the peak intensity with time was also observed by 

a few number of authors and it is attributed to the formation of multilayer on the electrode 

surface, which reaches a maximum thickness due to the lack of stability of the MWCNT [46, 

47].  In this way, part of the nanotubes can detach the electrode, decreasing the concentration 

of carbon nanotubes in the electrode surface, and as consequence, the amount of NAL 

adsorbed. 

 

3.3.3. Volume of MWCNT suspension 

The effect of varying the volume of MWCNT suspension was studied in the range from 5 to 

15 µL. It was observed that increasing the MWCNTs volume, the reduction peak current 

increases until 10 µL and then, the current decreases drastically. This effect can be explained in 

relation to the film thickness, which was obtained from the cross section SEM images (Figure 

S3). When the film is too thin ( 0.9 µm), the amount of NAL adsorbed is less and therefore, 

the reduction current is suppressed. When the film is too thick (2.87 µm), the film 

conductivity is reduced and the MWCNT film becomes unstable, resulting in a lower value of 

the peak current. Therefore, 10 µL of MWCNTs, with a thickness close to 2 µm,  is chosen as 

the optimal dosage in the present study. The same trend was obtained in different studies for 

the detection of pharmaceutical products using GCE modified with MWCNTs [37, 48, 49]. 
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After optimization of all the variables that can influence the process, the selected optimum 

conditions were: pH equal to five, 20 s of deposition time and 10 µL of MWCNT to drop on the 

GCE surface. The rest of the experiments were done at optimal conditions. 

3.4. Scan rate studies 

The relationship between peak current and scan rate gives information about if the 

electrochemical process is controlled by adsorption or by difussión. Scan rate studies were 

carried out under optimal conditions, and it was found that the anodic peak current of NAL is 

linear to scan rate, which  indicates that the electrode process is controlled by adsorption [43, 

50] (Eq. 2). 

   (  )           (     )                          (2) 

It was also confirmed by the relationship between log Ip and log ν; which follows the next 

equation: 

      (  )             (     )                         (3) 

The slope is closed to the theoretically expected value 1.0 which confirms adsorption 

controlled nature of the electrode process [50] 

From the scan rate it is also possible to obtain information about the reversible/irreversible 

nature of the process. As the scan rate increases, the peak potential is shifted to more 

negative value with increase in current, which confirms the irreversible nature of the reduction 

process [37, 51]. 

 

3.5. Effect of functional groups of MWCNT 

In order to study the effect of the nature of the functional groups present at the MWCNTs on 

the electrochemical reduction of NAL, both MWCNT-COOH and MWCNT-NH2 modified glassy 

carbon electrodes were tested by DPV. The peak intensities of 110-5 M NAL obtained at 

different modified electrodes  are compared in Fig. 8. All electrodes modified with MWCNTs 
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showed the redox process of NAL. MWCNT presents the highest value for the peak current, 

which can be explained by the high adsorption capacity of NAL onto MWCNTs. The deposition 

step is very important since the amount of reduced NAL increases as the amount of adsorbed 

NAL on the electrode surface increases. The adsorption of NAL onto these carbon nanotubes 

has been studied in previous works by batch and fixed bed adsorption [17, 31]. The adsorption 

capacity is dependent on both, morphological and chemical properties of the different 

MWCNT (Table S1). Regarding to the morphological properties, MWCNT is the material with 

the highest mesoporous volume and pore width (Table S1). For this reason a greater amount 

of NAL is adsorbed on the electrode surface during the deposition time when MWCNT is ussed 

to modified the GCE, and as consequence the peak current is higher for this working electrode. 

On the other hand, the interaction should be worse on the surface of MWCNT-COOH, the 

material with the lower PZC (Table S1). Although MWCNT-NH2 presents the highest PZC, it is 

similar than the obtained for MWCNT, so that this difference is not enough to exceed the 

adsorption obtained with MWCNT, which presents the best morphological properties (Table 

S1). The adsorption capacity obtained by batch adsorption experiments for the different 

MWCNT followed the order: MWCNT>MWCNT-NH2>MWCNT-COOH,  fitting clearly with the 

results obtained in this work, which justifies that the adsorption stage during the constant 

potential plays an important role in efficiently reducing NAL.  

The negative effect of functionalized-MWCNT on the NAL degradation can be explained since 

the functional groups onto MWCNTs might block the adsorption of NAL molecules [52]. Once 

the importance of the adsorption process on the NAL degradation has been demonstrate, it is 

important to note that the π- π interaction plays an important role, where the carbon 

materials act as electron donor and the aromatic rings of NAL as electron acceptor. This allows 

partially to explain the poor performance of MWCNT-COOH compare with MWCNT-NH2. The 

oxygen groups present in MWCNT-COOH make the π-π interaction more difficult due to the 

modification of the electron density at the carbon nanotubes surface [53]. In addition, the 
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nitrogen content in MWCNT-NH2 act as electron donor, increasing its affinity for NAL [54]. 

Besides, due to the hydrophilic character of MWCNT-COOH (more than MWCNT-NH2), these 

groups could favor the formation of hydrogen bonds with water molecules, which causes a 

decrease in the amount of NAL adsorbed on the electrode surface leading to less degradation 

[31].  

The current intensity/area (i/A) ratio of different electrodes were compared in order to 

determine if both parameters are related. The i/A ratio follows the order: MWCNT>MWNCT-

COOH>MWCNT-NH2>Bare, which confirms that the chemical nature of the nanotubes 

positively affects the NAL reduction [55]. 

The peak potential of NAL reduction are all shifted, in the order: MWCNT (-0.84 V) < MWCNT-

NH2 (-0.82 V) < MWCNT-COOH (-0.80 V) < Bare (-0.79 V) (Fig. 8), which proves the existence of 

electro-catalytic activity of these modified GCE [56]. Bi et al., [55] obtained similar result in the 

study of the effect of functional groups of MWCNT for the detection of ascorbic acid, 

dopamine and uric acid. The study employed MWCNT, MWCNT-COOH and MWCNT-OH, where 

the highest electrocatalytic activity was obtained by MWCNT. 

 

3.6. Degradation of NAL by DPV and degradation products 

The electrochemical degradation of NAL was performed by DPV using MWCNT-GCE as working 

electrode, under the optimum operating conditions in a potential range of -0.3 to -1.15 V.  The 

experiments were performed for 2, 3, 4, 5, 10 and 15 DPV scans (add the time equivalent of 15 

DPV) and the final concentration was analyzed by UV-Vis spectrophotometer in order to 

estimate the NAL degradation in %. A V/A ratio equal to 28 and an initial NAL concentration of 

110-5 M of NAL were selected. The initial concentration was selected taking into account the 

detection limits of this technique and the concentration factor obtained in a previous work, 

where the pre-concentration of NAL was studied, since the degradation is a part of a two-step 
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process (pre-concentration + degradation) [17]. After one DPV, the degradation of NAL in the 

solution was calculated to be 12.5 %. In order to increase the NAL removal, repetitive DPV 

were carried out. With increasing the number of DPVs,  more NAL deposition on the electrode 

surface takes place, which could increase the amount of reduced NAL.  

Fig. 9 (A) shows the effect of several DPV scans on the NAL degradation (%). The degradation 

increases linearly (r2> 0.9) from 12.5 % to 80 % as the number of DPV increase, up to 10 DPV. 

After 10 DPV , the final concentration remains constant with no further increase of the NAL 

degradation, which may be due to a saturation of the electrode surface. If the electrode 

surface is saturated, the NAL adsorption onto the surface is not possible and as consequence, 

the MWCNT cannot act as electro-catalyst for its further reduction. 

In order to increase the NAL degradation, the V/A ratio was decreased until obtaining the 

maximum NAL reduction. By reducing the total volume (same initial concentration and 

electrode area), the mass of NAL in the solution decreases, therefore the saturation of the 

electrode will take place after more DPV . The same effect will take place if the electrode area 

increases. Three different V/A ratio containing 28, 14 and 8 were tested at 15 DPV to ensure 

that the maximum NAL degradation is obtained. As can be seen in Fig. 9 (B) the maximum NAL 

degradation was obtained for a V/A ratio equal to eight, where all the NAL has been reduced 

to the sub-products.  

The sub-products have been identified by LC-MS through the final solution under the 

conditions where a complete degradation was obtained. The disappearance of the peak 

corresponding to the nalidixic acid confirms its complete degradation. On the other hand, the 

appearance of two new peaks indicate the formation of subproducts where the highest 

intensity was obtained for m/z ratios equal to 223 and 269. At this point, it is important to 

emphasize that there are not any study reported about the sub-products resulted from the 

electrochemical reduction of NAL. Their identification was based on the elemental composition 

for the measured accurate m/z of the protonated molecules. The proposed structures and 
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pathways are shown in Figs. 10 and 11. The methyl-pyridine ring remained unchanged in all of 

them. In the first step, the double bond cleavage of the second ring takes place by water 

addition in both cases. In the second step, a new water molecule causes the cleavage ring with 

the addition of an oxygen in C2 or C3 depending on the mechanism propoused. The products P1 

and P3 are obtained by reduction of the less stable carbonyl group. The loss of the carboxylic 

group generates the products P2 and P4 corresponding with the m/z=222. In the pathway 1, the 

previous molecule has two carboxylic groups so that, this loss takes place in the less stable 

bond, corresponding with the C-N bond.   

Regarding to the by-products toxicity, the same products or in some cases very similar 

products were obtained in other works by different degradation techniques [5, 18, 57]. These 

authors determined that the toxicity of the final solution is mainly due to the residual 

concentration of NAL, rather than by-products. 

4. Conclusions 

The electrochemical degradation of nalidixic acid was studied by differential pulse 

voltammetry. After the optimization of the experimental variables and previous to the 

degradation process, modified electrodes with three different multi wall carbon nanotubes – 

MWCNT, MWCNT-COOH and MWCNT-NH2 – were tested. 

The electrocatalytic effect towards NAL reduction with modified electrodes was compared to 

the situation at a non modified glassy carbon electrode, following the order: MWCNT > 

MWCNT-NH2 > MWCNT-COOH. MWCNT is nanostructured allowing an efficient adsorption and 

preconcentration of NAL on the electrode surface during the deposition step, yielding higher 

current responses by CV and DPV.  

A complete reduction of NAL has been obtained with a  MWCNT modified GCE, under the 

optimal conditions of 15 DPV scans and the V/A ratio equal to 8. The complete degradation has 

been confirmed by UV-VIS spectrophotometer and two different sub-products have been 

identified by LC-MS.  
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This study shows the direct application of MWCNT modified GCE for the complete degradation 

of nalidixic acid and offers a green alternative, a simple fabrication procedure and an easy 

regeneration of electrode surface, which only needs to be polished for a new use.  
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Table 1. Multi-wall carbon nanotubes film properties 

 

Material Density (g·cm-3) Film tickness (µm) Surface area (cm2) 

Bare - - 0.064 

MWCNT 0.198 0.90 0.180 

MWCNT-COOH 0.140 0.58 0.070 

MWCNT-NH2 (0.091-0.232) (0.771-1.842) 0.069 
1
 Perimeter zone 

2
 Central zone  
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Figure captions 

Figure 1. SEM images of working electrodes (A) Bare-GCE, (B) MWCNT modified 

GCE, (C) MWCNT-COOH modified GCE and (D) MWCNT- NH2 modified GCE. 

Figure 2. SEM images fil thickness for: (A) MWCNT modified GCE, (B) MWCNT-

COOH modified GCE and (C) MWCNT- NH2 modified GCE. 

Figure 3. Cyclic voltammogram of bare GCE in blank solution (·····) and in the 

presence of 1E-5 M of NAL ( — ), both in PBS buffer (pH=7.0) and scan rate: 50 mVs-1. 

Figure 4. Electrocatalytic effect of GCE-MWCNTs on 1E-5 M NAL by DPV on (·····) 

bare GCE and    ( — ) modified GCE with MWCNTs in PBS buffer (pH=7.0) and scan 

rate: 50 mVs-1. 

Figure 5. Plot between peak current versus concentration as obtained in reduction of 

NAL by DPV in the optimal conditions using MWCNT-GCE. 

Figure 6. Effect of pH on peak current of 110-5 M NAL in PBS at the MWCNT-GCE 

electrode and scan rate of 50 mVs-1. pH=3             , pH=5 —, pH=7 - - -, pH=9 ···.     

Figure 7. Effect of the deposition time on the peak height on DPV of 110-5M NAL in 

PBS (pH=5.0) and 50 mVs-1 of scan rate  

Figure 8. Electrocatalytic effect of GCE modified with functionalized-MWCNT of 

110-5 M NAL in PBS (pH=5.0).  Bare             , MWCNT —, MWCNT-COOH - - -, 

MWCNT-NH2 ···   

Figure 8. Peak current versus concentration as obtained in reduction of NAL by DPV in 

the optimal conditions. 

Figure 9. Electrochemical degradation of 110-5M NAL, (A) constant V/A ratio and 

different DPV cycles and (B) 15 DPV and different V/A ratio, both at the optimum 

experimental conditions. 

Figure 10. Proposed NAL degradation pathway 1 by DPV 

Figure 11. Proposed NAL degradation pathway 2 by DPV 
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Figure 1. SEM images of working electrodes: (A) Bare-GCE, (B) MWCNT modified 

GCE, (C) MWCNT-COOH modified GCE and (D) MWCNT- NH2 modified GCE. 
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Figure 2. SEM images film thickness for: (A) MWCNT modified GCE, (B) MWCNT-

COOH modified GCE and (C) MWCNT- NH2 modified GCE. 
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Figure 3. Cyclic voltammogram of bare GCE in blank solution (dotted line) and 

in the presence of 1E-5 M of NAL (solid line), both in PBS buffer (pH=7.0) and scan 

rate: 50 mVs-1 
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Figure 4. Electrocatalytic effect of GCE-MWCNTs on 1E-5 M NAL by DPV on (dotted 

line) bare GCE and  (solid line) modified GCE with MWCNTs in PBS buffer (pH=7.0) 

and scan rate: 50 mVs-1. 
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Figure 5. Plot between peak current versus concentration as obtained in reduction of 

NAL by DPV in the optimal conditions using MWCNT-GCE. 
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Figure 6. Effect of pH on peak current of 110-5 M NAL in PBS at the MWCNT-GCE 

electrode and scan rate of 50 mVs-1. pH=3             , pH=5 —, pH=7 - - -, pH=9 ···. 
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Figure 7. Effect of the deposition time on the peak height on DPV of 110-5M NAL in 

PBS (pH=5.0) and 50 mVs-1 of scan rate 
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Figure 8. Electrocatalytic effect of GCE modified with functionalized-MWCNT of 

110-5 M NAL in PBS (pH=5.0).  Bare             , MWCNT —, MWCNT-COOH - - -, 

MWCNT-NH2 ··· .                 . 
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Figure 9. Electrochemical degradation of 110-5M NAL, (A) constant V/A ratio and 

different DPV cycles and (B) 15 DPV and different V/A ratio, both at the optimum 

experimental conditions 
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Figure 10. Proposed NAL degradation pathway 1 by DPV 
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Figure 11. Proposed NAL degradation pathway 2 by DPV 
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