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ABSTRACT 

Planar bare electrodes fabricated with surface-modified multiwalled carbon nanotubes (MWCNT) 

are used to detect organophosphate (OP) compounds, which are used as herbicides and fungicides 

but are harmful to human health. Deposition of carbon nanotubes on the surfaces of bare electrodes 

enhances electrocatalysis, increasing the electrode to analyte current response and narrowing peak-

to-peak potential separation during cyclic voltammetry (CV). We hypothesize that, as the thickness 

of the deposited MWCNT layer decreases, FT mass transport between the layers of porous 

multiwalled carbon nanotubes changes from semi-infinite to thin-layer diffusion. This influences 

the electrode electrochemical response to the analyte. Using simulations and experiments, we show 

that when porous MWCNT are deposited on a conductive glassy carbon electrode the mass 

transport of fenitrothion (FT, an OP) changes from semi-infinite to thin-layer diffusion during CV. 

This alters the electrochemical response of the electrode and reduces peak-to-peak potential 

separation. To simulate CV response to FT, both the semi-infinite and thin-layer diffusion models 

are employed for the planar bare and modified porous surface electrodes. The transition from thin 

layer to semi-infinite diffusion is clear when the nanotube layer thickness on the bare electrode 

increases. The model is applicable to other toxic chemicals, such as 4-nitrophenol, parathion, or 

methyl parathion that have similar electrode kinetics.  

 

KEYWORDS: Fenitrothion – Organophosphate – Cyclic voltammetry – Carbon nanotube – Thin-

layer diffusion – Porous electrode – Heterogenous rate constant  
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1. Introduction 

Organophosphorus (OP) compounds are widely used to improve agricultural production, 

contributing to 70% of pesticide consumption in agriculture.1 The OP residue that persists in the 

environment has a serious public health impact, since it can lead to mental disorder, coma and 

death.2 Due to human poisoning and associated illnesses from OP, an annual economic cost of $1 

billion is estimated in the U.S. alone.3 The typical analytical techniques to monitor OP include 

mass spectrometry4 and liquid or gas chromatography,5 but these require complex sample 

processing, skilled professionals, and are costly.6 Due to their lower cost, rapid response and high 

sensitivity, electroanalytical methods have emerged as promising methods for OP monitoring. 

To lower the detection limit and improve sensor sensitivity, the electrochemical response 

of an electrode to an analyte must be enhanced. When nanomaterials, such as carbon nanotubes 

(CNT), are deposited on a bare electrode, the electrode specific surface area and electrical 

conductivity also increase,7, 8 which improves sensitivity by augmenting electrocatalysis,9 

enhancing OP detection.7, 10, 11, 12 These faster electrode kinetics have been interpreted through the 

peak-to-peak potential separation of cyclic voltammograms, a comparison is valid when the mass 

transport of the analyte towards the electrode is the same for both the bare and modified electrode.9 

However, the mass transport regime is not the same in both cases, making the argument in favor 

of faster electrode kinetics influenced by a CNT-modified electrode questionable. 

The additional mass transport of analytes on the surfaces of CNT-modified electrodes 

occurs through thin-layer diffusion in contrast to semi-infinite diffusion for bare electrodes.9, 13-15 

Semi-infinite diffusion of the analyte from the bulk solution occurs at the planar surface of the 

electrode, while thin-layer diffusion occurs between the layers of nanotubes containing trapped 

portions of the solution, as depicted in Fig. 1. Both the semi-infinite and thin-layer diffusion 
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models for ferrocyanide demonstrate that the thin-layer model produces a smaller peak-to-peak 

potential separation in cyclic voltammogram for a porous CNT/glassy carbon electrode (GCE) as 

compared to an unmodified GCE.9 Further evidence for thin-layer effects at the surface of a porous 

MWCNT/GCE electrode has been provided based on semi-infinite and thin-layer diffusion mixed 

mass transport for nicotine.13 Therefore, mass transport effects must be considered while 

explaining the electrochemical response of a porous modified electrode towards an analyte. 

To simulate a cyclic voltammetry (CV) response, we select fenitrothion (FT) as the OP that 

undergoes multi-step and multi-electron electrochemical reactions. FT has a redox-active -NO2 

group that undergoes multi-step multi-electron electrochemical reactions, as shown in Fig. 2 (B). 

Application of a negative cathodic potential of -0.6 V vs. Ag/AgCl during cyclic voltammetry 

reduces the -NO2 group of FT irreversibly to -NHOH producing FTred 12 as shown in Fig. 7 (A). 

During subsequent scans, the -NHOH and -NO groups undergo quasi-reversible oxidation and 

reduction, forming FTox and FTred, respectively. We are unaware of the existence of a theoretical 

model to simulate such multi-step and multi-electron electrochemical reactions like, FT. 

Our objective is to simulate FT’s electrochemical response at bare and porous modified 

electrodes to investigate the occurrence of thin-layer effects. We hypothesize that the change in 

the FT mass transport regime between the layers of porous multiwalled carbon nanotubes from 

semi-infinite to thin-layer diffusion influences the electrode electrochemical response to the 

analyte. This thin-layer effect lowers peak-to-peak potential separation during CV with a 

MWCNT/GCE compared to a bare GCE. We simulate the FT electrode kinetics at the surfaces of 

bare and porous modified electrodes to characterize the effects that arise due to thin-layer diffusion 

through the porous MWCNT deposit. The theoretical model should apply to other toxic 
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compounds with similar electrode kinetics, like 4-nitrophenol, parathion, or methyl parathion, that 

are typically used to synthesize pesticides, pharmaceuticals, and dyes.7, 16 

 
Figure 1. Schematics of the two different mass transport regimes present at the surfaces of (A) a 

glassy carbon electrode (GCE) and (B) a multiwalled carbon nanotube/glassy carbon electrode 

(MWCNT/GCE). (C) TEM image of the MWCNT. 

2. Mathematical formulation 

The CV responses to FT at the surfaces of the unmodified planar GCE and porous MWCNT/GCE 

are simulated using semi-infinite diffusion and thin-layer cell models.9 In contrast to the semi-

infinite planar diffusion model, the thin-layer cell model contains both planar conductive and 

insulating layers.9 The solution containing the electroactive species is confined within these thin-

layer cells, representing pockets of solution contained between MWCNT layers. The FT 

electrochemical reactions occur when electron transfer between FT and the electrode is 

thermodynamically and kinetically favorable, which generates redox peaks in the CV profiles. 

We assume an idealized scenario, where only FT is present in the solution exposed to the 

electrodes. The starting, vertex and ending potentials used in the simulation are -0.2, -0.8 and 0.5 

V, respectively. Table 1 contains a list of the dimensionless variables used to simulate the 

electrochemical process. 
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Table 1: List of all the dimensionless variable used for simulating the electrochemical reaction 

kinetics of the FT, where 𝑐FT, 𝑐FT
𝑟𝑒𝑑, and 𝑐FT

𝑜𝑥 denote the concentrations of FT, reduced FT, and 

oxidized FT, respectively. 𝑐𝑏 initial bulk concentration of FT, ϵ radius of the macroscale disc 

electrode, A area of the electrode, x perpendicular coordinate from the electrode, R universal gas 

constant, T absolute temperature, F Faraday’s constant, E imposed electrode potential, 𝐸1
0 apparent 

formal potential for step A (see Fig. 2 (B)), 𝐸𝑟𝑑𝑠
0′  and 𝐸𝑛𝑜𝑛−𝑟𝑑𝑠

0′  formal potentials for the second 

and first electron transfers of step B, 𝛥𝐸0′
=  𝐸𝑟𝑑𝑠

0′ − 𝐸𝑛𝑜𝑛−𝑟𝑑𝑠
0′ , D diffusion coefficient of the 

species (D = 6.9× 10-6 cm2 s-1 17), t time, 𝑘1
0 and 𝑘2

0 apparent standard heterogeneous rate constants 

for step A and B (see Fig. 2 (B)), respectively, v scan rate, and i current. 

Dimensionless quantity Expressions 

Concentration 
𝐶FT =  

𝑐FT

𝑐𝑏
, 𝐶FT

𝑟𝑒𝑑 =  
𝑐FT

𝑟𝑒𝑑

𝑐𝑏
, and 𝐶FT

𝑜𝑥 =  
𝑐FT

𝑜𝑥

𝑐𝑏
 

Distance 𝑋 =  
𝑥

ϵ
 

Potential 𝜃1 =  
𝐹(𝐸−𝐸1

0)

𝑅𝑇
, 𝜃2 =  

𝐹(𝐸−𝐸𝑟𝑑𝑠
0′ )

𝑅𝑇
 and 

𝜃
𝛥𝐸0′ =  

𝐹𝛥𝐸0′

𝑅𝑇
  

Rate constant for step A of reaction (see Fig. 2 (B)) 
𝐾1

0 =  
𝑘1

0ϵ

𝐷
 

Rate constant for step B of reaction (see Fig. 2 (B)) 
𝐾2

0 =  
𝑘2

0ϵ

𝐷
 

Time 
𝜏 =  

𝐷𝑡

𝜖2
 

Scan rate 
𝜎 =  

𝐹𝜖2𝑣

𝑅𝑇𝐷
 

Layer thickness 
L =  

𝛽√𝐷𝑡𝑚𝑎𝑥

ϵ
 

Current 
𝑗 =  

𝑖ϵ

𝐴𝐹𝐷𝑐𝑏
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The diffusion of electroactive species is represented through Fick’s second law, and 𝑐FT, 

𝑐FT
𝑟𝑒𝑑, and 𝑐FT

𝑜𝑥
, are determined at the bare electrode and thin-layer cell by applying Eqs. (1)-(3). The 

diffusion coefficients for FT, FTred
, and FTox are assumed identical for sake of simplicity. 

𝜕𝐶𝐹𝑇

𝜕𝜏
=

𝜕2𝐶𝐹𝑇

𝜕𝑥2 , 
(1) 

𝜕𝐶𝐹𝑇
𝑟𝑒𝑑

𝜕𝜏
=

𝜕2𝐶𝐹𝑇
𝑟𝑒𝑑

𝜕𝑋2 , and 
(2) 

𝜕𝐶𝐹𝑇
𝑜𝑥

𝜕𝜏
=

𝜕2𝐶𝐹𝑇
𝑜𝑥

𝜕𝑋2 . 
(3) 

Two boundary conditions (at 𝑋 = 0 and 𝑋 = 𝐿  for 𝜏 > 0) and an initial condition (at 0 ≤ 𝑋 < 𝐿 

for 𝜏 = 0) are required to solve these equations. At the electrode surface (𝑋 = 0), the multi-

electron, multi-step kinetics are governed by the IUPAC approved Butler-Volmer kinetic 

equation18, 19 (Eqs. (4)-(6)) which assumes that the second step of the irreversible reduction of FT 

to FTred (i.e., step A) is the rate determining step (Fig. 3 A). This assumption is consistent with the 

behaviors of the experimentally measured cyclic voltammograms of bare and carbon nanotube 

modified electrodes. For the two-electron transfer reaction (step B), the second electron transfer is 

assumed to be the rate determining step (rds), while the first electron transfer remains in 

equilibrium (Fig. 3 B). Hence, kinetic equations guided by Bard & Faulkner20 are derived, where 

𝐸𝑟𝑑𝑠
0′  and 𝐸𝑛𝑜𝑛−𝑟𝑑𝑠

0′  denote the formal potentials for the second and first electron transfers, 

respectively. In the bulk (𝑋 = 𝐿), the boundary condition differs for two scenarios, (a) pre-

specified concentration of FT for semi-infinite diffusion and (b) no-flux boundary condition of the 

species (see Fig. 2 (A)) for thin layer diffusion. The 𝐿 → ∞ boundary condition is imposed at a 

reasonably large distance compared to the diffusion length scale √𝐷𝑡𝑚𝑎𝑥 by introducing a 

multiplier 𝛽 = 2.18 Further, 
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𝜕𝐶𝐹𝑇

𝜕𝑋
|
𝑋=0

= 𝐾1
0 exp[−(1 + 𝛼1)𝜃1] 𝐶𝐹𝑇, 

(4) 

𝜕𝐶𝐹𝑇
𝑟𝑒𝑑

𝜕𝑋
|
𝑋=0

= −𝐾1
0 exp[−(1 + 𝛼1)𝜃1] 𝐶𝐹𝑇 + 𝐾2

0 exp[(1 − 𝛼2)𝜃2] 𝐶𝐹𝑇
𝑟𝑒𝑑 −

𝐾2
0 exp(−𝜃

𝛥𝐸0′ ) exp[−(1 + 𝛼2)𝜃2] 𝐶𝐹𝑇
𝑜𝑥, and 

(5) 

𝜕𝐶𝐹𝑇
𝑜𝑥

𝜕𝑋
|
𝑋=0

= −𝐾2
0 𝑒𝑥𝑝[(1 − 𝛼2)𝜃2] 𝐶𝐹𝑇

𝑟𝑒𝑑 + 𝐾2
0 exp(−𝜃

𝛥𝐸0′ ) exp[−(1 + 𝛼2)𝜃2] 𝐶𝐹𝑇
𝑜𝑥. 

(6) 

Equations (1)-(3) coupled with Butler-Volmer electrode kinetic equations, Eqs. (4)-(6), are 

discretized using the finite volume method with equally spaced grid points. Time discretization is 

based on an implicit time scheme where current concentrations values at neighboring node are 

used for time marching. The resulting set of linear algebraic equations is cast in a classical 

tridiagonal matrix form and solved using the tridiagonal matrix algorithm (TDMA), which 

provides the one-dimensional spatiotemporal concentration for different species. All simulations 

are conducted in the MATLAB R2015a environment and run on a personal computer (Intel Core 

i7 processor @ 2.11 GHz, 16 GB RAM) for ≈ 2 seconds to generate each voltammogram. The 

MATLAB code is available at https://github.com/Krishnajangid1996/Fenitrothion-electrode-

kinetics. Then, the overall electrochemical current response is calculated as follows, 

𝑗 =  −4
𝜕𝐶𝐹𝑇

𝜕𝑋
+  2

𝜕𝐶𝐹𝑇
𝑜𝑥

𝜕𝑋
  (7) 

 
 

https://github.com/Krishnajangid1996/Fenitrothion-electrode-kinetics
https://github.com/Krishnajangid1996/Fenitrothion-electrode-kinetics
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Figure 2. (A) Schematic of the boundary conditions for FT transport for the one-dimensional semi-

infinite diffusion and thin-layer cell model where the species undergoes chemical reactions and 

produces electroactive species FTred and FTox. (B) Schematic of the FT electrochemical reactions 

where the redox-active -NO2 group produces electroactive FTred and FTox through steps A and B. 
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Figure 3. Schematics of the mechanism of (A) step A, and (B) step B of the FT electrochemical 

reactions producing electroactive FTred and FTox. 

 

3. Experimental 

3.1. Chemicals and Instruments 

Analytical grade FT and sodium acetate buffer solution (ABS) reagents were obtained from Sigma-

Aldrich (USA). MWCNTs (length 1-2 µm, outside diameter 13 nm, and inside diameter 4 nm) 

were purchased from Bayer Inc. (Germany). Deionized water was used for all solution preparation. 

0.1M NaOH and 0.1M HCl were used to adjust the pH of the buffer solution. FT stock solutions 

were prepared in ethanol and stored at 4°C. Electrochemical measurements were executed with a 

PARSTAT 2273 potentiostat, Princeton Applied Research, USA. A three-electrode arrangement 
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consisting of a GCE (bare working electrode), platinum wire (counter electrode) and Ag/AgCl 

(reference electrode) immersed in buffer solution was used for the cyclic voltammetric 

experiments. Transmission electron microscopy (TEM) characterization was performed with FEI 

Titan 80-300 LB instrument.  

3.2.  Preparation of MWCNT/GCE 

MWCNTs were suspended in ethanol to form a 1 mg/mL suspension. Several volumes of the 

MWCNT suspension were drop casted on the GCE and dried in air to form MWCNT-modified 

GCEs. The electrochemical response of the electrodes was obtained by scanning them using cyclic 

voltammetry from -0.2 to -0.8 V, then -0.8 to 0.5V, followed by 0.5 to -0.2V. A 1 mM FT 

concentration and a 0.2 M ABS (pH 5) were used for all experiments. Scan rates of CV were varied 

from 50 to 175 mV/s. 

4. Results and discussion 

4.1. Theoretical results from the mechanistic model 

The FT cyclic voltammetric simulations are performed and revealed the influence of thin-layer 

effects on the voltammetric response. Apparent standard rate constants for step A and B (Fig. 2 B) 

of FT at the bare planar and porous modified electrode are 𝑘1,𝑏
0 , 𝑘2,𝑏

0  and 𝑘1,𝑚
0 , 𝑘2,𝑚

0  respectively. 

We have assumed that rate constants of thin-layer diffusion model (𝑘1,𝑚
0 = 6.5*10-2 cm/s, 𝑘2,𝑚

0  = 

8.2*10-3 cm/s) are greater than the semi-infinite diffusion model (𝑘1,𝑏
0  = 4.2*10-2 cm/s, 𝑘2,𝑏

0  = 

5.1*10-3 cm/s). We first compare the peak-to-peak potential separation ∆Epp for both semi-infinite 

diffusion and thin-layer diffusion models. Three different sets of rate constant values are 

considered, i.e., using (1) 𝑘1,𝑏
0 , 𝑘2,𝑏

0  for semi-infinite diffusion and 𝑘1,𝑚
0 , 𝑘2,𝑚

0  for thin-layer 

diffusion, (2) 𝑘1,𝑏
0  and 𝑘2,𝑏

0  for both models, and (3) 𝑘1,𝑚
0  and 𝑘2,𝑚

0  for both models. Hence, Case 1 
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uses different rate constants for semi-infinite and thin-layer diffusion, while Cases 2 and 3 use the 

same values for both models. For Case 1, ∆Epp is lower for the thin-layer diffusion model than the 

semi-infinite diffusion model (Fig. 4 A). Use of the same rate constants for Cases 2 and 3 provides 

similar results (Figs. 4 B, C). Next, the experimental CVs of GCE (Fig. 6 A) and MWCNT/GCE 

(Fig. 6 E) are compared with the simulated CVs, where the kinetic parameters, including apparent 

standard heterogenous rate constants, transfer coefficients and formal potentials 𝐸𝑟𝑑𝑠
0′  and 

𝐸𝑛𝑜𝑛−𝑟𝑑𝑠
0′ , are varied to obtain similar peak current ratios (IA/IC2 and IC1/IA), as shown in Figs. 5 A, 

B. Again, peak-to-peak potential separation ∆Epp is lower for the thin-layer diffusion model than 

the semi-infinite diffusion model (Fig. 5 C). Considering the timescale of the experiments, when 

FT is considerably depleted in the thin-layer cell, less current is drawn,9, 13 which explains why 

∆Epp is lower for a thin layer. 
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Figure 4. Simulated cyclic voltammograms for the semi-infinite and thin-layer diffusion models 

for (A) Case 1 that uses 𝑘1,𝑏
0 , 𝑘2,𝑏

0  for the semi-infinite diffusion model and 𝑘1,𝑚
0 , 𝑘2,𝑚

0  for the thin-

layer diffusion model, (B) Case 2 using 𝑘1,𝑏
0  and 𝑘2,𝑏

0  for both models, and (C) Case 3 using 𝑘1,𝑚
0  

and 𝑘2,𝑚
0  for both models, (D) Plot of peak-to-peak potential separation ∆Epp vs. Log of the 

dimensionless layer thickness, L. The simulation parameters for all curves are D = 6.9 × 10-6 cm2 

s-1, v = 0.1 V s-1, 𝐸𝑟𝑑𝑠
0′ = 5 mV, 𝐸𝑛𝑜𝑛−𝑟𝑑𝑠

0′ = 1 mV,  and Cb = 1 mM. 
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Figure 5. Superimposed plots of simulated and experimental CV of (A) GCE and (B) 

MWCNT/GCE. (C) Simulated cyclic voltammograms for the semi-infinite and thin-layer diffusion 

models for the experimentally matched CVs. The simulation parameters for all curves are D = 6.9 

× 10-6 cm2 s-1, v = 0.1 V s-1, 𝐸𝑟𝑑𝑠
0′ = 7 mV, 𝐸𝑛𝑜𝑛−𝑟𝑑𝑠

0′ = 2 mV, and Cb = 1 mM. 

 The FT response towards varying electrode surface characteristics is simulated for thin 

layers, where the dimensionless layer thickness L is varied and ∆Epp for the simulated CVs plotted 

vs. Log(L) (Fig. 4 D). All other parameters are identical to those used for Case 1. As shown in Fig. 

4 D, with the increase in layer thickness, the peak-to-peak potential separation ∆Epp increases since 

the diffusion layer is now larger.9 For sufficiently large layer thicknesses, ∆Epp approaches the 

value simulated by the semi-infinite model. Since, the apparent standard heterogenous rate 

constants are held constant, changes in electrode geometry alter FT mass transport, changing ∆Epp. 

4.2. Results obtained from CV experiments 

Cyclic voltammetry is routinely used with GCE and MWCNT/GCE to characterize mass transport 

changes. The dependence of peak current on scan rate shows whether the process involves semi-

infinite (I vs. v1/2) or thin-layer (I vs. v) diffusion.14 Both cases are evaluated for all three 

voltammogram peaks (C1, A, and C2) with the two electrodes. For the bare GCE (see Figs. 6 B, C 

and D), the peak current is linearly dependent on the square root of scan rate, confirming semi-

infinite diffusion. For the MWCNT/GCE (Figs. 6 F, G and H), the peak current is instead linearly 

dependent on the scan rate itself, confirming thin-layer diffusion across the deposited nanotube 

interface on the GCE. Since FT transport across relatively small thin-layers is adsorption limited,14 

the measurements are made immediately after MWCNT/GCE exposure to the solution, which 

minimizes FT adsorption. 
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Figure 6. Cyclic voltammetry response of 1 mM FT in 0.2 M ABS (pH 5) at various scan rates 

ranging from 50 mV/s to 175 mV/s at (A) GCE and (E) MWCNT/GCE. Variation of peak current 

with respect to the square root of scan rate, I vs. v1/2, for three different peaks (B) C1, (C) A, and 

(D) C2 for 1 mM FT detection with a GCE. Plot of peak current vs. scan rate, I vs. v, for the (F) C1, 

(G) A, and (H) C2 peaks when 1 mM FT is detected by an MWCNT/GCE. The background solution 

contains 0.2 M ABS (pH 5) and the scan rates are varied from 50 mV/s to 175 mV/s. 

 Nanotube deposition on a bare electrode surface influences the peak-to-peak potential 

separation. The responses of bare planar and porous modified electrodes are experimentally 

validated, as shown in Fig. 7A, where a GCE modified with 1.5 µg MWCNT has ∆Epp = 0.040 V 

compared to 0.066 V for the GCE. The influence of varying MWCNT mass, a surrogate for L, is 

investigated for different amounts of nanotube deposition on GCEs (Fig. 7B). As the MWCNT 

mass on the GCE increases from 1.5 µg, both the oxidation (A) and reduction (C2) peaks shift to 

higher over-potentials, increasing peak-to-peak separation. For 4.5 µg of MWCNT and up, the 

peak-to-peak separation reaches that of the GCE (∆Epp = 0.066 V). That ∆Epp saturates after a 

sufficiently large layer thickness is consistent with the simulation in Section 4.1. Hence, we induce 

that while thin-layer effects influence the FT electrochemical response of an MWCNT/GCE, the 

electrocatalytic property of the MWCNT remains unaltered. 
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Figure 7. (A) Cyclic voltammograms showing peak-to-peak potential separations. The ∆Epp 

responses of the GCE and MWCNT/GCE are compared for 1 mM FT. (B) Variation of ∆Epp with 

respect to the MWCNT mass deposited on a GCE for 1 mM FT. The inset represents cyclic 

voltammograms for increasing MWCNT mass on a GCE for 1 mM FT. The scan rate is 50 mV/s. 

Conclusions 

MWCNT are deposited on GCE to modify planar electrodes to detect Fenitrothion (FT), an 

organophosphate (OP). We hypothesize that, as the thickness of the deposited MWCNT layer 

decreases, FT mass transport between the layers of porous multiwalled carbon nanotubes changes 

from semi-infinite to thin-layer diffusion. This influences the electrode electrochemical response 

to the analyte. Using simulations and experiments, we demonstrate thin-layer effects during FT 

detection by an MWCNT/GCE. These effects alter FT mass transport and influence the electrode 

electrochemical response to this chemical species. The change in FT diffusion as the deposition 

layer thickness decreases reduces the peak-to-peak potential separation during cyclic voltammetry. 

Simulations of the CV response of an electrode to FT are conducted with both the semi-infinite 

and thin-layer diffusion models for the planar (GCE) and modified porous (MWCNT/GCE) 

electrodes. We show that, along with the contribution of altered electrocatalysis, changes in FT 

diffusion should also be considered to understand the electrochemical response of nanotube-
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modified electrodes. The model is applicable for other toxic chemicals like 4-nitrophenol, 

parathion and methyl parathion. 
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