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Abstract

In the present study, nanoparticles of chitosan-cetyltrimethylammonium bromide (CTAB)-sodium bentonite clay were 
synthesized and characterized using EDX, SEM, FTIR, XRF and XRD techniques. The composite material was utilized as 
adsorbent for the treatment of contaminated aqueous solution containing naphthalene. The adsorption process was 
modeled and optimized using artificial neural network (ANN) and ANN–genetic algorithm respectively. The process variables 
considered were surfactant concentration, 1X , activation time, 2X , activation temperature, 3X , and chitosan dosage, 4X . 
The predicted ANN models for % removal of naphthalene and adsorption capacity of the composite adsorbent fitted excellently 
the experimental adsorption data of naphthalene judging from high value of coefficient of determination, 2R , amongst others 
and very low values of error functions. The optimum conditions obtained with ANN–GA were 1X  = 70.7580 mg/L, 2X  
= 2.9940 h, 3X  = 99.9880oC, and 4X  = 2.0340 g. The predicted response variables of 99.1461% removal of naphthalene 
and 249.67 mg/g adsorption capacity of the composite adsorbent using the ANN-GA models were in excellent agreement 
with their corresponding experimental values of 99.35% and 250.16 mg/g with % errors of 0.2056 and 0.1960 respectively. 
Consequently, the ANN models and the ANN–GA optimized conditions can be reliably applied to the experimental adsorption 
data of naphthalene on the chitosan–CTAB–sodium bentonite clay composite nanoparticles as adsorbent. Moreover, the 
prepared adsorbent in this study is a viable alternative adsorbent for the treatment of industrial wastewater containing 
polycyclic aromatic compounds, especially naphthalene.
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Introduction

Polycyclic aromatic hydrocarbons (PAHs) are described 
as fused two or more aromatic rings. Their presence in the 
environment is globally very much evident as pollutant 
in wastewater or contaminant in water bodies and soil 
linked to anthropogenic activities, especially those with 
high proximity to oil producing companies and natural 
sources. This leads to prolonged adverse health effects 
due to their carcinogenic, mutagenic, teratogenic and 
immunotoxicogenic nature. Hence, PAHs have been listed 
amongst the priority pollutants to be tracked in industrial 
effluents by the European Environmental Agency in the year 
2000. Moreover, in 2006, the World Health Organization 
(WHO) recommended a limit for PAHs in potable water. The 
separation of PAHs from contaminated aqueous solution is 
quite tasking because they are known to be hydrophobic, 
thermostable and non-biodegradable [1,2]. Thus, the 
removal of PAHs from industrial wastewaters is an area of 
key interest to the world at large.

The literature is furnished with information on the 
sterling attributes of adsorption technique as a panacea 
for the treatment of PAHs–contaminated water, among 
other available options like ion-exchange, flocculation 
or coagulation, chemical oxidation, reverse osmosis and 
precipitation. The simplicity in design, ease of adaptability to 
suit process conditions, high capacity or separation efficiency 
of targeted pollutants and recyclability of adsorbent are the 
comparative advantages credited to adsorption process [3]. 
The earth crust or surface, agricultural and industrial wastes 
are currently one of the predominant sources of low-cost 
adsorbents and they are apt substitute for the commercially 
ones in terms of cost and adsorption capacity [4-9]. In the 
last 2 decades, these sources have been thoroughly utilized 
and explored for treatment of aqueous solutions with foreign 
or unwanted materials. Despite this level of development, 
the search amongst concerned environmentalists for more 
low-cost alternative sources of adsorbents that may be 
subjected to some treatment conditions so as to possess 
unique features directed for the treatment of contaminated 
water is still ongoing.

 In recent times, a nitrogenous polysaccharide that trails 
cellulose in abundance, which is derived from sea food wastes, 
has been projected as a promising material suitable for the 
treatment of contaminated aqueous or effluent solutions 
[10]. This biopolymer is known as chitosan. Its nomenclature 
is simply poly-β-(1→4)-2-amino-2-deoxyl-D-glucose, which 
primarily consists of three major reactive functional groups 
of amine (–NH2), acetamide (CH3CONH2) and primary and 
secondary hydroxyl groups (–OH–) in its structural frame 
work [11]. The chemical nature, positive charge, flexibility 
of the structural framework and presence of high amount 

of amine and hydroxyl groups of chitosan serve as active 
adsorption sites necessary for the treatment of contaminated 
aqueous solution [7,12,13]. It has tremendously gained 
enormous economic importance being used, among others, 
as plasticizer [14], stabilizer [15], preservatives [16] and 
drug deliverer [17]. It has equally attracted environmental 
interest owing to its low cost, insensitivity to toxic substances, 
ease of modification, biodegradable nature, biocompatibility, 
renewability and the ability to chelate pollutants of various 
hazardous effects [12,18,19]. However, chitosan adsorption 
performance is pH sensitive. In acidic media, the amino 
group ionizes to become cationic and predisposes it easily 
to dissolute in the medium and exhibits more polyelectrolyte 
attributes [12]. Hence, it is subjected to some modification 
process by way of graft or cross linking to improve and 
enhance its mechanical and physical properties to possess 
the desirable features. Researchers mostly settle for the 
former in lieu of the latter because it is void of compromise 
of some adsorption sites. One of the readily available less 
expensive materials, which can be blended or impregnated 
with chitosan to hype the physical and mechanical properties 
is the clay minerals such as bentonite clay. Bentonite clay has 
the molecular formula, Mg2Al10Si24O60(OH)12[Na,Ca] [20] and 
is formed from the product of devitrification and chemical 
alteration material of igneous origin [21]. It is a smectite clay 
that contains largely montmorillonite [22,23]. It was widely 
reported and described as a 2:1 type of aluminosilicate whose 
structure consists of two-dimensional layers sandwiched 
centrally with octahedral sheet of alumina fused to two 
external silicate layers [24,25]. According to Anirudhan and 
Ramachandran [26], bentonite clay possesses the unique 
characteristics of exhibiting isomorphous substitution (Al3+ 
for Si4+ common in the tetrahedral layer and Mg2+ for Al3+ in 
the octahedral layer) and ion exchange between inorganic 
cations (Na+, Ca2+, amongst others) at its disposal to provide 
a balance between the negative and positive charges. In 
addition, bentonite clay is broadly classified according to 
predominate cations as Na-bentonite and Ca-bentonite, 
amongst others. It is characterized with a net variable 
negative charge that attracts water molecules leading to 
expansion in size, especially the Na-bentonite, possession 
of very thin layers and small particle sizes that influence 
and meaningfully contribute notably for their larger surface 
area, higher cation exchange, thermal stability, adsorption 
capacity, swelling ability, plasticity, shrinkage properties 
and other endearing physio-chemical properties suitable for 
myriad industrial and scientific applications than other types 
of clay [21,25,27-30]. Similarly, the raw calcium bentonite 
clay is bedeviled with poor settling characteristics, particle 
size, hydrophilic nature, among others, that hinder the 
adsorption of organic compounds like polycyclic aromatic 
hydrocarbon (PAHs) [25]. These challenges associated with 
chitosan and bentonite mineral clay can be averted through 
modification process leading to the formation of hybrid 
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composites or matrix with noticeable desirable qualities 
and high performance in terms of physical, chemical and 
mechanical properties [31]. The use of chitosan-bentonite 
matrix has been reported as a viable adsorbent for the 
separation of pollutants like heavy metals, dyes compounds, 
organic compounds, to mention but a few, from aqueous 
solutions especially those garnished with surfactants 
(such as cetyl trimethyl ammonium bromide, CTAB) to 
enhance interlayer spacing of the bentonite structural 
frame work and introduce NH4

+ as functional group in the 
composite or hybrid adsorbent [32]. CTAB, with molecular 
formula [(C16H33)N(CH3)3] Br, finds extensive applications 
in biological, medical, protein electrophoresis and DNA 
extraction processes. It has equally been used for applications 
from nanoparticle synthesis to cosmetics. It is frequently 
used as an effective means of introducing organic cations 
for transformation from hydrophilicity to hydrophobicity 
and organophilicity [25]. In addition, it facilitates adequate 
interlayer opening for chitosan intercalation [29,33] coupled 
with the electrostatic attraction of NH3

+ and the available 
negative sites bentonite structure [34]. This is important 
because adsorption of organic molecules onto clay minerals 
is influenced by the chemical properties of the molecules and 
its surface properties [35].

The success of any adsorption process largely depends 
on the nature, adsorption capacity of the adsorbent used 
and the optimum process variables. Against the backdrop, 
the appropriate optimization and modeling tool must be 
employed to achieve optimum variables conditions for high 
efficiency removal of the selected PAHs (such as naphthalene 
used in this study) and the pollutants under consideration. 
Several modeling tools are in vogue and are widely applied 
for input-output set of data particularly in engineering fields. 
One of the tools with outstanding performance is the artificial 
neural network (ANN), which is a branch of the artificial 
intelligence (AI). Artificial neural network (ANN) has proved 
to be a good modeling tool endearing its applications to so 
many research problems involving non-linear or continuous 
functions owing to its high degree of accuracy [36]. It is 
categorized as an artificial intelligence modeling technique 
due to its unique and resounding ability to capture and 
recognize patterns for establishing relationship between 
input and output data. Equally, it can conveniently handle 
huge amount of data with notable complex features and 
generalize them through self-learning to arrive at the best 
output despite the enormity of available inputs. Moreover, 
it makes sound judgment of the high prediction accuracy 
with new data set within the purview of the experimental 
work, it is void of complicated programming and the training 
process is without prior knowledge of the data set of which it 
is intended to be modeled [37,38].
 

 Modeling process is geared towards optimization to 

achieve the optimum conditions of the process variables. 
There are basically two methods, which are often used to 
determine the optimum set of design variables that can then 
provide minimum or maximum value of the objective function 
associated from the experimental design. These methods are 
gradient and search methods [38,39]. The gradient based 
method is more or less prone to local optimization as against 
the search-based method. To improve the performance 
of ANN in achieving global optimization, the evolutionary 
algorithm such as the genetic algorithm, one of the choicest 
and most popular algorithms, is employed [40].

 
The dearth of insightful information of the interaction 

and relative importance, modeling and optimization of 
the process variables involved in the production of the 
matrix of chitosan–CTAB–bentonite clay used as adsorbent 
for the treatment of aqueous solution contaminated with 
naphthalene necessitated this study, which has not been 
reported in the literature to the best our knowledge. Hence, 
the primary design of this study is to carry out modeling 
and optimization studies of the adsorption of naphthalene 
on the synthesized composite nanoparticles of chitosan–
CTAB–sodium bentonite clay using artificial neural network 
(ANN) and ANN–genetic algorithm (GA) respectively. This 
is with the objectives of obtaining applicable models and 
optimum conditions for the % removal of naphthalene and 
adsorption capacity of the synthesized composite adsorbent. 
In addition, the prepared adsorbent was characterized using 
EDX, SEM, FTIR, XRF and XRD techniques. The efficacy of the 
nanoparticles of chitosan–CTAB–sodium bentonite clay in 
the removal of naphthalene from aqueous wastewater was 
reported in this study. Hence, the prepared material in this 
study is a viable alternative adsorbent for the treatment of 
industrial wastewater containing naphthalene.

Methodology

Materials

The states and sources of the materials used in this work 
have been succinctly reported by Olafadehan, et al. [41], 
which include raw bentonite clay, Archachatina marginata 
(African giant snail) shell waste, hydrochloric acid (HCl), 
ethanoic acid, sodium trioxocarbonate (IV) (Na2CO3), 
ammonium ethanoate (CH3COONH4), sodium hydroxide 
(NaOH), naphthalene (C8H10), methylene blue (C16H18ClN3S) 
and cetyltrimethylammonium bromide (CTAB), [(C16H33)
N(CH3)3]Br.

Preparation of Composite Nanoparticles

The preparation of composite nanoparticles of chitosan–
CTAB–Na bentonite clay was reported in the work of 
Olafadehan, et al. [41]. In this study, this composite adsorbent 
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was used for the optimization studies of naphthalene 
adsorption.

Measurement of the Physicochemical Properties

The measurement of the physicochemical properties of 
the resulting chitosan–CTAB–Na bentonite clay nanoparticles 
is reported elsewhere [41]. This includes specific gravity, 
moisture content, bulk and tapped density, particle (true) 
density, porosity, Hausner ratio, iodine number, void volume, 
surface zero-point charge, swelling index, Barrett, Joyner 
and Halenda (BJH) pore diameter, cation exchange capacity 
(CEC), total pore volume and micropore volume.

Characterization of Chitosan-CTAB-Na Bentonite 
Clay Hybrid Matrix

The detailed characterization of the prepared chitosan–
CTAB–Na bentonite clay nanoparticles has been reported by 
Olafadehan, et al. [41]. This includes Brunaüer-Emmet-Teller 
(BET) surface area, Energy Dispersive X-ray Spectroscopy 
(EDX), scanning electron microscopy (SEM), Fourier 
Transform Infrared Spectroscopy (FTIR), X-ray fluorescence 
spectrophometry and X-ray Diffraction (XRD analyses.

Batch Adsorption Experiment of Naphthalene 

The standard and stock solutions of naphthalene were 
prepared by dissolving 5 g of it in 1000 mL of deionized 
water and glacial ethanol mixture (40 v/v%). The mixture 
was thoroughly stirred to attain homogenous solution. The 
solution concentration of 250 mg/L maintained throughout 
the experimental runs was obtained by stepwise dilution. 
Sorbent dose of 50 mg was added to the various solutions 
in each experimental run. The solution mixtures were 
agitated in a mechanical shaker (JP Selecta SKU 3000974) 
for 45 min. Subsequently, the solution mixture was filtered 
with Whatman Grade 44 ashless thin filter paper, 125 mm 
circle. The equilibrium concentration of naphthalene was 
evaluated using UV-visible spectrophotometer at maximum 
wavelength of 270 nm. The amount of naphthalene per gram 

of the adsorbate and the percentage removal, eR , were 
obtained using Equations (1) and (2) respectively:
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where eq  is the equilibrium amount of naphthalene in 
the adsorbed phase (mg/g), 0c  and ec  the initial and 
equilibrium concentrations of naphthalene in the aqueous 
solution (mg/L), cm  the mass of the composite adsorbent 
(g) and V the volume of aqueous solution in contact with 
the adsorbent (L).

Optimization Studies 

The optimization technique of artificial neural network 
(ANN) was used to model and optimize the synthesis process 
variables investigated in this study.

Experimental Design

The number of experimental runs for a full central 
design composite (CCD) adopted in this study is determined 
using Equation (3) [42,43]:

c
n nnN ++= 22  (3)

where the number of factorial runs ( )n2= , the number of 
axial runs ( )n2= for enabling the estimation of experimental 
error, cn  the number of center runs needed to ensure 
constant variance in model prediction and n the number 
of the independent variables. For the four independent 
variables (surfactant concentration, 1X , activation time, 

2X , activation temperature, 3X  and chitosan dosage, 4X
) investigated in this study, the full experimental design 
consists of 31 runs with 16 factorial, 8 axial and 7 center 
points, which was obtained using Equation (3). Table 1 
depicts the values of the coded and uncoded independent 
variables, experimental range and levels.

Control factors ( )2−−α -1 0 1 ( )2++α

Surfactant concentration, 1X (mg/L) 20 40 60 80 100

Activation time, 2X (h) 1 1.5 2 2.5 3

Activation temperature, 3X (oC) 60 70 80 90 100

Chitosan dosage, 4X (g) 2 3 4 5 6
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Table 1: Coded and uncoded factors for the design of experimental range and levels.
The coded values were obtained using Equation (4): 

( )max

max

2 2 min
i

min

X X X
X

X X

 − + =
−

 (4)

where iX  is the required coded value of any variable X, whose 
value ranges from the lower level, inmX , of the variable to the 
upper level, maxX , of the variable.

The full experimental design is displayed in Table 2.

Experimental runs (standard order)
1X  (mg/L) 2X  (h) 3X  (oC) 4X  (g)

1 40 1.5 70 3
2 80 1.5 70 3
3 40 2.5 70 3
4 80 2.5 70 3
5 40 1.5 90 3
6 80 1.5 90 3
7 40 2.5 90 3
8 80 2.5 90 3
9 40 1.5 70 5

10 80 1.5 70 5
11 40 2.5 70 5
12 80 2.5 70 5
13 40 1.5 90 5
14 80 1.5 90 5
15 40 2.5 90 5
16 80 2.5 90 5
17 20 2 80 4
18 100 2 80 4
19 60 1 80 4
20 60 3 80 4
21 60 2 60 4
22 60 2 100 4
23 60 2 80 2
24 60 2 80 6
25 60 2 80 4
26 60 2 80 4
27 60 2 80 4
28 60 2 80 4
29 60 2 80 4
30 60 2 80 4
31 60 2 80 4

Table 2: Experimental design generated by MINITAB 17.
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Artificial Neural Network

The artificial neural network (ANN) is a technique widely 
applied as a modelling tool in many areas of research. It is 
a modeling tool whose operation was configured after the 
biological nervous system under the auspices of the brain. 
It can adequately model simple and complex non-linear 
problems. The neural network exists in different forms such 
as feed forward back propagation, feed forward distributed 
time delay, feed forward time-delay, generalized regression, 
Hopfield, layer recurrent, linear layer, probabilistic, radial 
basis, self-organizing map, among others [44]. The feed 
forward back propagation is the most popular and widely 

reported type of neural network replete in the literature. It 
is the type of neural network marked with multiple layers 
that are interconnected, the gradient error is calculated 
from input to output layer; propagates the error estimated 
backward via the layers to update the weights and biases by 
modification in process yield the desired results [45]. The 
feed forward back propagation network is used in this work 
because of its unique ability to model processes by updating 
weights and bias associated with its structure after repeated 
training cycles. In terms of structure, the feed forward back 
propagation network, as depicted in Figure 1, consists of 
three layers: input, hidden and output layers.

Figure 1: Artificial neural network structure of the hybrid adsorbent modelling process.

The input layer accommodates the input variables, 
( )niX i ,.....,2,1= , which are surfactant concentration,

1X , activation time, 2X , activation temperature, 3X , and 
chitosan dosage, 4X . The hidden layer houses the neurons 
with weights and bias. The input variables are specifically 
allotted to the neurons, ( )zini ,.....,2,1= , which aid 
the establishment of a relational equation that comprises 
of the weights, ijw  and bias term, ib , to give the weighted 
output in the form [44]:

∑
=

+=
n

i
iiiji bxwC

1
 (5)

The scalar weighted output is passed through a transfer 
function interconnecting the layers. The transfer functions 
associated with feed forward back propagation include 
hyperbolic tangent sigmoid (tansig), log-sigmoid (logsig) 
and linear (purelin) expressed respectively as follows [41]:
Hyperbolic tangent sigmoid transfer function (tansig):

11,1
1

2
2 ≤≤−−

+
= − ixi F

e
F  (6)

Sigmoidal transfer function: 10,
1

1
≤≤

+
= − ixi F

e
F  (7)

Purelin (linear): ∞+≤≤∞−= ii FxF ,  (8)
 From the transfer functions given in Equations (6)–

(8), depending on the type of the activation function at 
the hidden and output layers after optimizing the neural 
network, Equation (5) becomes:

( )ii CfF =  (9)

In this present investigation, the activation function 
at the hidden and output layers were tansig and purelin 
functions respectively. Hence, Equation (9) can be simply 
expressed as [46]: 

[ ]( ){ }0 21 12 12 21tan (1) , (2) , (3) , (4)Y purelin w sig w x x x x b b= × × + +  

(10)

where )3(,)2(,)1( xxx  and )4(x  represents the inputs, 
12w  and 12b  are the weights and bias of hidden layer, 21w  and 

21b  are the weight and bias of the output layer. The relative 
importance of the input variables is usually evaluated using 
the connection weight method such as Garson algorithm 
and Olden algorithm or by model response method such as 
sensitivity analysis. 
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Results and Discussion

Characterization of the Chitosan-CTAB-Na 
Bentonite Clay Nanoparticles

Physicochemical Characteristics: The physicochemical 
characteristics of the composite nanoparticles of chitosan-
CTAB-sodium bentonite clay used as adsorbent in this study 
is shown in Table 3 [41].

S/No. Parameters Values
1 Specific gravity 0.7179
2 Moisture content (%) 3.04
3 Bulk density (g/cm3) 0.8367
4 Particle (true) density (g/cm3) 3.7397
5 Porosity 0.7557
6 Tapped density 0.9136
7 Hausner ratio 1.0919
8 Iodine number (mg/g) 1682
9 Pore (void) volume 0.8272

10
zpcpH 7.2

11 BET surface area (m2/g) 1,668.00
12 MB surface area (m2/g) 1,984.05

13 Cation exchange capacity 
(millieq/100 g) 4840

14 Barrett–Joyner–Halender (BJH) pore 
diameter (Å) 20.82

15 Total pore volume (cm3/g) 0.8682
16 Micropore volume (cm3/g) 0.3219
17 Swell/ degree of expansivity (%) 97.76

Table 3: Physiochemical properties of the prepared 
chitosan–CTAB–Na bentonite clay.

In Table 3, the estimated external surface area of the 
composite adsorbent using the methylene blue method 
(1,984.053m2/g) is greater than the estimated BET surface 
area of 1,668 m2/g. This may be as a result of the inability 
of N2 to adequately penetrate the internal region of swelling 
clay while the methylene blue (MB) method can account 
for both external and internal surface areas [47,48]. The 
composite adsorbent prepared in this study is adjudged to be 
a good material with excellent flow ability for the adsorption 
of naphthalene since the Hausner ratio is within 1.00–1.11 
[49]. The cation exchange capacity (CEC) is a measure of the 
quantity of readily available exchangeable cations sufficient 
to neutralize the negative charge in the bentonite structure 
expressed in milliequivalent per 100 g of the adsorbent [50,51]. 

Ammonium ethanoate was used for evaluating the amount of 
CEC, which was obtained as 4840 milliequivalent/100 g of 
the composite adsorbent. The swelling capacity/ratio/ index 
of the composite adsorbent calculated as 97.76% is credited 
to bentonite clay, the primary constituent in the matrix and 
a confirmation of the swelling ability of bentonite clay. The 
porosity value is an indication and reflection of the amount of 
space not occupied by the framework of atoms that make-up 
the structure of the composite adsorbent. The result shows 
that 75.57% of the total volume of the composite adsorbent 
structure is made up of void in the form of cavities, channels 
or interstices but it does not reveal the total fraction of voids 
or their distributions [52,53]. The Barrett–Joyner–Halender 
(BJH) pore diameter value gives an idea of the nature and 
classification of the porosity of the adsorbent as microporous 
if the pore diameter is within the range of 2–50 nm [54,55] 
and thus falls within the purview of nanoparticles [56]. Thus, 
microporous and composite nanoparticles of chitosan–CTAB–
bentonite clay was obtained in this study. The value of the 
micropores volume in comparison with the total pore volume 
gives an indication that the composite adsorbent comprises 
more macropores than micropores with a percentage 
mesopore volume of 74.4413% and micropore volume of 
25.5586%. The mesopores facilitate the adsorption of the 
large molecular size naphthalene molecules [57-59] to the 
structural framework to the credit of the CTAB surfactant 
applied that enabled the pore size control from the typical 
micropores nature of clay to mesopores [60,61] contrary to 
the result of Hussein, et al. [62], which reported decrease in 
surface area as one compares the precursor of the composite 
adsorbent, however, without the use of surfactant. The pH zero 
surface charges of the composite adsorbent (i.e., nanoparticle 
of chitosan–CTAB–sodium bentonite clay) was obtained as 7.2.
 

EDX, SEM, FTIR, XRF and XRD

The energy dispersive X-ray (EDX) spectroscopy and 
the micrographs of the surface outlook of the prepared 
composite nanoparticles of chitosan–CTAB–Na bentonite 
clay before and after adsorption of naphthalene respectively 
at different magnifications of 9,000X, 10,000X and 11,000X 
are reported by Olafadehan, et al. [41]. The FTIR spectra 
and X-ray fluorescence (XRF) analyses of raw bentonite clay 
(Ca–bentonite clay), Na–bentonite clay and surfactant Na-
bentonite clay impregnated on chitosan (chitosan–CTAB–
sodium bentonite clay) were reported elsewhere [41]. The 
XRD analysis for the surfactant modified Na-bentonite clay 
impregnated on chitosan was reported by Olafadehan, et al. 
[41].

ANN Analysis

The modelling was actualized using MATLAB 2018® 
with the inbuilt nntool. The experiment data was normalized 
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and apportioned into various set or categorized for training, 
testing and validation. In this investigation, 70%, 15% and 
15% of the experimental data were used for training, testing 
and validation respectively. The normalization is necessary 
to avert overflows and reduce minimally the scaling effect of 
parameter values owing to high or small values of weights 
[46,63,64] and was achieved using Equation (11):

min

max min

2 1i
norm

X X
X

X X
 −

= − − 
 (11)

where normX  is the normalized value of iX  (the input or 
output variable X), nimX  and xamX are the respective 
minimum and maximum values of variable X.

The training of the experimental data to model the 
production process of the hybrid adsorbent was successfully 
carried out with Levenberg-Marquardt algorithm with 
hidden layers of 12 neurons after optimization of the neural 
network architecture with minimum MSE value as depicted 
in Figure 2 while the optimized architecture for the response 
variables is shown in Figure 3.

Figure 2: Mean square error (MSE) versus number of neurons.

Figure 3: ANN optimized architecture for the modeling process.

The best validation performance is provided in Figures 
4a & 4b, which show the performance of the network’s 
training process measured in terms of MSE displayed on 
log scale. The resultant-mean square error of 0.14323 
and 0.47538 for percentage naphthalene removal and the 
adsorption capacity of the composite adsorbent respectively 

are quite small after 4 epochs or iterations. The training 
curve diminishes more than the validation curve, which 
indicates that the performance of the trained network with 
the learning data is better than the data not involved in the 
prior learning process.
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Figure 4: Best validation performance (a) percentage removal of naphthalene, (b) adsorption capacity of the composite 
adsorbent.

ANN Empirical Function

An ANN empirical relation was obtained using the 
procedure outlined in Shahryari, et al. [65] whereby the 
weights ( iW ) and biases ( ib ) of the optimized network 
presented in Tables 4 and 5 are employed. The predicted 
models for % removal of naphthalene and adsorption 
capacity of the composite nanoparticles of chitosan–CTAB–
Na bentonite clay are given in Equations (12) and (13) 
respectively:

( ) 7654321 4938.04982.06690.03162.02572.00202.00127.0 FFFFFFFR prede ++−−+−=

8 9 10 11 120.4767 0.5653 0.0475 0.0117 0.5528 0.1123F F F F F+ + + + − −  

(12)

( ) 7654321 6636.01085.04999.04008.03476.00208.03710.0 FFFFFFFq prede +−−−+−−=

8 9 10 11 120.6095 0.1897 0.3065 0.2966 0.3607 0.6434F F F F F− − − − − +  

(13)

where the coefficients are the weights and biases to the 
output layer and iF  is the tansit activation function used in 
the hidden layer given as:

( )22 1 1, 1 12iE
iF e i−= + − = −  (14)

for the optimized number of neurons using the Bayesian 
regularization training algorithms. The weighted sum of the 
input, iE , defined as:

iiii bXwE +×=  (15)

Application of Equation (22) to the four process variables 
under study yields:

iiiiii bXwXwXwXwE +×+×+×+×= 44332211  (16)

The training, validation and testing results in Figure 5 
show that 2R  values of 0.97004 and 0.97425 for training; 
0.99747 and 0.99808 for validation; 0.99623 and 0.99627 
for testing and 0.97478 and 0.97895 for the overall process 
respectively are indication of good fitness of the ANN models 
to the % removal of naphthalene and adsorption capacity of 
the composite nanoparticles of chitosan-CTAB-Na bentonite 
clay as adsorbent.

Relative Importance of Process Variables
The response model sensitive analysis was used to 

ascertain the relative importance of the process variables 
with the aid of nntool in MATLAB 2018 software. The results in 
Table 6 show that surfactant concentration, 1X , exhibits the 
highest regression value of 0.5885 and RSME minimum error 
of 3.398 amongst the single factors considered, followed by 

2X , 4X  and 3X  in that sequence. For the double interactive 
effect, the interaction of surfactant concentration, 1X , and 
activation time, 2X , registered the highest regression value 
( 2R = 0.6998, RSME = 2.967) and effect while the interaction 
of surfactant concentration, 1X , and chitosan dosage, 4X , 
ranked second while the interactions, 31 XX , 32 XX , 42 XX  
and 43 XX  ranked third, fourth, fifth and sixth respectively. 
Similarly, the surfactant concentration, 1X , activation time, 

2X , and chitosan dosage, 4X , gave the highest effect among 
the three factors ( 2R = 0.8143, RSME=2.2922). Finally, the 
four factors interaction gave a high regression in predicting 
the response variables where the value of RSME decreased 
from 2.2922 to 1.0935 with the inclusion of 3X .
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Fitness and Comparison of ANN Models with 
Experimental Data
The bias, Bi , value was estimated for both responses 

(% removal of naphthalene and adsorption capacity of the 
prepared composite nanoparticles of chitosan-CTAB-Na 
bentonite clay) using Equation (17) [66]:

Neutron 1 2 3 4 5 6 7 8 9 10 11 12

Input 1 ( 1iw )
-1.6108 -1.0731 -1.4334 -1.3252 1.4732 2.2037 2.0619 0.90345 -0.06057 -1.1942 0.98015 -1.4537

Input 2 (
2iw )

-1.1499 -1.4549 1.6223 2.0623 -1.6065 0.43478 1.616 -1.7341 1.3155 -0.15883 -0.01606 1.0922

Input 3 (
3iw )

1.085 1.6781 1.2409 -0.62882 1.5771 -1.3895 -0.17318 1.7145 -1.6052 -1.6925 1.9413 -1.795

Input 4 (
4iw )

-0.94067 -0.25848 -1.221 -0.03163 1.5617 0.10943 0.62915 1.7382 -1.45 1.2566 -1.2038 0.028271

Output 
weights 0.012719-0.20237 0.25718 -0.31618 -0.66897 0.49815 0.49383 0.47665 0.56532 0.0474690.011672 -0.55277

Input bias, ib 2.663 2.5883 1.126 1.7154 -0.471 -0.08647 0.67645 0.76394 0.83465 -1.4236 2.448 -2.7209

Output bias, 
jb -0.11226

Table 4: ANN optimized connection weights and biases of percentage removal of naphthalene.

Neutron 1 2 3 4 5 6 7 8 9 10 11 12
Input 1 (

1iw )
-1.8328 0.018279 1.5421 1.9834 2.9306 0.35674 -2.7643 -0.861 1.2955 -1.6631 -1.6631 1.0973

Input 2 (
2iw )

-1.3799 1.7741 -0.75282 -1.4597 -0.40348 0.10993 -1.6344 2.1825 -0.40149 -0.40149 -0.53186 1.2705

Input 3 (
3iw )

-1.3558 1.0569 2.0988 -1.2134 -0.22985 -2.3123 -0.47708 0.64505 1.6919 1.6919 -1.9466 0.050203

Input 4 (
4iw )

0.062003 -1.5822 -0.53871 -1.2991 0.37565 -0.77309 -1.3133 0.51045 -0.86492 -0.86492 0.94824 0.89316

Output 
weights -0.37098 -0.02077 0.34761 -0.40078 0.49986 -0.10849 0.66362 -0.60949 -0.18969 -0.30653 -0.29661 -0.36068

Input bias, 
ib 2.4595 -2.0844 -1.208 -0.93916-0.68011 -0.31968 0.57753 -1.2117 -0.92617 2.2824 -1.4416 3.4343

Output bias, 
jb 0.64342

Table 5: ANN optimized connection weights and biases of adsorption capacity of the composite nanoparticles of chitosan–
CTAB–Na bentonite clay.
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(a)

(b)
Figure 5: Linear regression analysis between the experimental values and predicted values of ANN for training, validation, 
testing and overall (a) naphthalene percentage removal, (b) adsorption capacity of chitosan–CTAB–sodium bentonite clay 
composite adsorbent.
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S/No. Parameters RMSE 2R Best linear equation Ranking

1
1X 3.3982 0.5885 Y=0.9465X + 4.8217 1

2
2X 4.9719 0.1327 Y=0.8963X +8.9953 2

3
3X 5.1923 0.0451 Y=0.8085X +17.351 4

4
4X 5.1235 0.0603 Y=1.0583X - 5.164 3

Double-factor effect

5
21 XX 2.9669 0.6998 Y=0.7869X +19.822 1

6
31XX 3.3777 0.6004 Y=0.8929X +9.7844 3

7
41 XX 3.0947 0.6565 Y=1.0069X – 0.5995 2

8
32 XX 4.9509 0.146 Y=0.7062X + 27.296 4

9
42 XX 5.664 0.0875 Y=0.4005X +56.079 5

10
43XX 5.4667 0.0599 Y=0.41X +54.561 6

Three-factor effect

11
321 XXX 2.3473 0.8038 Y=0.9979X + 0.398 2

12
421 XXX 2.2922 0.8143 Y=0.8366X +15.555 1

13
432 XXX 5.3133 0.157 Y=0.4903X + 47.273 3

Four-factor effect

14
4321 XXXX 1.0935 0.9745 Y=0.9628X +3.4044

Table 6: Sensitivity analysis of process variables.
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The bias values of 1.000281 and 1.000127 were estimated 
for % removal of naphthalene and adsorption capacity of the 
composite adsorbent using ANN technique respectively. The 
approximated value of 1 for each response translates that 
the errors are normally distributed depicting a good model 
fit using ANN technique [66]. Equally, the following error 
functions were used to compare the predicted ANN models 
with the experimental data of % removal of naphthalene 
and adsorption capacity of the composite nanoparticles of 
chitosan–CTAB–Na bentonite clay [67-72]:
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CI WI R= ×  (28)

where n is the number of experimental runs, eiY ,  [= ( ) xpteieR ,  
or ( ) xpteieq , ] the measured adsorption data for run i, and 

prediY ,  [= ( ) predieR ,  or ( ) predieq , ] the predicted (or 

calculated) adsorption data for run i, 2R  is the coefficient of 
determination, RMSE the root mean square, MAE the mean 
absolute error, MAPE the mean absolute percentage error, 
MPE the mean percentage error, SPE the standard error 
prediction, TIC the Theil Inequality Coefficient, WI the 
Willmott index and CI the confidence or performance index.

The fit of the predicted % removal of naphthalene and 

adsorption capacity of the composite nanoparticles of 
chitosan-CTAB-Na bentonite clay as adsorbent with the 
experimental data can equally be developed based on the 
statistical function such as the Durbin-Watson Test (DWT). 
The DWT is an autocorrelation test in the differences between 
the experimental and predicted data (i.e., the residuals) from the 
analysis of statistical regression, such that 40 ≤≤ DWT . For 

positive and negative autocorrelations, 20 <≤ DWT  and 
42 ≤< DWT respectively. However, there is no 

autocorrelation detected in the sample if 0.2=DWT . The 
value of DWT must be at least 1.0 for a good model [73]. The 
Durbin-Watson statistic is given by [72]:

SESSDSDWT =  (29)

where the sum of errors squared, SES, is given by:

( )2 2 2 2 2 2
,exp , 1 2 3 1

1
. . . .

n

i t i pred n n
i

SES Y Y ε ε ε ε ε−
=

= − = + + + + +∑  (30)

and the sum of differences squared (SDS) is given by:

( ) ( ) ( ) ( )2
1

2
34

2
23

2
12 .... −−++−+−+−= nnSDS εεεεεεεε  

(31)

and ( )nii ,....,2,1=ε  is the difference between the 
experimental adsorption data, xpteiY ,  and the predicted 
value, prediY , .

The comparison between the experimental and predicted 
values of the two responses (i.e., % removal of naphthalene 
and adsorption capacity of the composite nanoparticles of 
chitosan–CTAB–Na bentonite clay ) using ANN technique are 
presented in Table 7 and depicted in Figure 6. 

( ) xpteeR  (%) ( ) predeR  (%) % error ( ) xpteeq  (mg/g) ( )predeq  (mg/g) % error

79.1 79.1 0 197.75 197.537 0.1077
96.43 96.4272 0.0029 241.075 241.01 0.027
86.67 86.6712 -0.0014 216.675 216.611 0.0295
97.96 97.9595 0.0005 244.9 244.82 0.0327
87.81 88.3584 -0.6245 219.525 219.545 -0.0091
95.81 95.8094 0.0006 239.525 239.536 -0.0046
88.72 88.7211 -0.0012 221.8 213.414 3.7809
99.62 99.6202 -0.0002 249.05 245.423 1.4563
84.77 84.741 0.0342 211.925 211.986 -0.0288
95.24 95.2365 0.0037 238.1 238.189 -0.0374
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92.39 93.06 -0.7252 230.975 230.98 -0.0022
99.62 99.6189 0.0011 249.05 248.906 0.0578
86.72 86.7221 -0.0024 216.8 216.723 0.0355
99.62 99.6202 -0.0002 249.05 248.935 0.0462
96.77 94.1989 2.6569 241.925 240.567 0.5613
98.72 98.7187 0.0013 246.8 245.824 0.3955
82.86 82.8599 0.0001 207.15 206.928 0.1072
95.24 95.24 0 238.1 238.209 -0.0458
86.77 86.7724 -0.0028 216.925 216.888 0.0171
94.29 94.8912 -0.6376 235.725 238.434 -1.1492
89.53 89.5287 0.0015 223.825 232.19 -3.7373
92.39 91.1929 1.2957 230.975 230.994 -0.0082
87.62 87.6201 -0.0001 219.05 219.082 -0.0146
92.81 92.8094 0.0007 232.025 239.126 -3.0604
96.43 95.8111 0.6418 241.075 238.574 1.0374

96 95.8111 0.1968 240 238.574 0.5942
96.43 95.8111 0.6418 241.075 238.574 1.0374
97.34 95.8111 1.5707 243.35 238.574 1.9626
93.29 95.8111 -2.7024 233.225 238.574 -2.2935

96 95.8111 0.1968 240 238.574 0.5942
94.15 95.8111 -1.7643 235.375 238.574 -1.3591

Table 7: Experimental % removal of naphthalene, ( ) xpteeR , and adsorption capacity, ( ) xpteeq , of composite nanoparticles of 
chitosan–CTAB–Na bentonite clay and their ANN predicted values.

Figure 6: Comparison of experimental and ANN predicted values of % removal of naphthalene, ( )expe tR , and adsorption 
capacity, ( )expe tq , of composite nanoparticles of chitosan–CTAB–Na bentonite clay.
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The values of the average absolute deviation (AAD) for 
the % removal of naphthalene and adsorption capacity of the 
prepared adsorbent are computed to be 0.0305 and 0.0298 
respectively using the predicted ANN models. Moreover, the 
% errors as revealed in Table 7 are less than 5% for both 
responses. These are demonstrations of the fact that the ANN 
model for each of the responses is satisfactory for correlating 
the experimental adsorption data of naphthalene on the 
composite nanoparticles of chitosan–CTAB–Na bentonite 
clay as adsorbent since the lower the AAD and the % error 
values, the more reliable is the model. Equally, the computed 
error functions’ values are 2R = 0.9750, 2.Radj = 0.9740, 
RMSE = 0.8318, MAE = 0.0135, MAPE = 0.4422, MPE = 
1.4275, SPE = 0.8962, TIC = 0.0045, WI = 0.9937, R = 0.9878, 
CI = 0.9816 and DWT = 1.9130 for % removal of naphthalene. 
For the adsorption capacity of composite nanoparticles of 
chitosan-CTAB-Na bentonite clay, 2R = 0.9580, 2.Radj
= 0.9570, RMSE = 2.7427, MAE = 0.0465, MAPE = 0.7623, 
MPE = 1.9918, SPE = 2.9552, TIC = 0.0066, WI = 0.9863, R = 
0.9735, CI = 0.9601 and DWT = 2.0030. The model with the 
high values of R, 2R , 2.Radj , WI, CI and DWT and the very 
low value of all other error functions (RMSE, MAE, MAPE, 
MPE, SPE, and TIC) depicts the satisfactory fit of the model. 
According to Marey et al. [74], confidence (or performance) 
index, CI > 0.85 depicts excellent process modeling for the 
ANN models applied in this study. Hence, the ANN models 
can be reliably applied to the experimental adsorption data 
of naphthalene on the chitosan–CTAB–sodium bentonite 
composite nanoparticles as adsorbent.

Optimization of Process Variables

The optimal process conditions for the synthesis of the 
chitosan-bentonite composite adsorbents were carried out 
using the hybrid of ANN-GA optimization techniques in the 
MATLAB R2018b software environment.

Genetic algorithm is a population based probabilistic 
iterative, search and optimization techniques, which operate 
on the mechanism and premises of natural genetics and 
evolution. It is a renowned stochastic search technique that 
improves performance by its unique ability to locate regions 
within the purview of any solution space to arrive at optimal 
solutions beyond the entrapment of local minima which other 

models use in this article are prone to Bello and Olafadehan 
[67]. The genetic algorithm tool box embedded in MATLAB 
R2018b software was used for the optimization process at 
the default settings. By default, genetic algorithms generate 
minimum values. However, for maximum values of the 
process variables, 1X , 2X , 3X  and 4X , the fitness function 
adopted is usually converted to maximization by inversing or 
changing the sign [75] and applying the principle of Pareto 
analysis especially for multiple variable responses [67]. For 
the ANN-GA, the weights and biases were represented in the 
form of Equations (12) and (13) and used in the tool box. The 
fitness value with the least MSE value of the response variables 
alongside the corresponding process variables was selected 
as the optimum conditions. Hence, the optimum conditions 
obtained with ANN-GA are surfactant concentration, 1X  = 
70.7580 mg/L, activation time, 2X  = 2.9940 h, activation 
temperature, 3X  = 99.9880oC, and chitosan dosage, 4X  = 
2.0340 g. Comparison of the predicted response variables 
of 99.1461% removal of naphthalene and 249.67 mg/g 
adsorption capacity of the composite adsorbent) using the 
ANN-GA models with their corresponding experimental 
values of 99.35% and 250.16 mg/g reveal % errors of 0.2056 
and 0.1960 respectively. Hence, excellent prediction ability 
of the ANN-GA model was obtained having portrayed very 
low percentage error. The blend of the inductive learning 
ability of the neural network and the deductive learning of 
the genetic algorithm on the objective function may have 
aided the superlative performance of ANN-GA in predicting 
the experimental adsorption data.

Adsorption of Naphthalene

Table 8 highlights the adsorption capacity of some 
adsorbents for the adsorption of naphthalene and the 
value obtained in this study using chitosan–CTAB–sodium 
bentonite clay composite nanoparticles as adsorbent at 
temperatures between 298 and 303 K. It is obvious that the 
adsorption capacity of the prepared composite adsorbent 
used in this study is higher than the value obtained for the 
adsorbents employed in the literature. Hence, the composite 
adsorbent of chitosan–CTAB–sodium bentonite clay is highly 
recommended for the removal of contaminated aqueous 
solution containing polycyclic aromatic compounds, 
especially naphthalene.

S/No. Adsorbents Adsorption 
capacity (mg/g) Reference

1 Chitosan beads modified with FeO and TiO2 nanoparticles 149.3
Ruiz, et al. [76]

2 Chitosan hydrogel beads impregnated with surfactant 32.39
3 Granular ripe orange peels 3.8168 Owabor and Audu [77]
4 Activated carbon prepared from bean pods 85-300 Cabal, et al. [78]
5 Activated carbon prepared from walnut 74 - 118.18 Wu, et al. [79]
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6 Activated carbon prepared from rice husks 104.5

Yakout, et al. [80]
7 Chitin 0.138
8 Chitosan 0.112
9 Activated carbon prepared from coconut shell 0.023

10 Activated carbon prepared from sugar cane bagasse 0.013 Crisafully, et al. [81]
11 Coal based activated charcoal 36.23 Ge, et al. [82]
12 AG-5 carbon 20.52-24.57

Puszkarewilz and Kaleta [83]13 DTO carbon 30.28-48.27
14 Clinoptilolite 0.89-1.05
15 Humic modified Ca-bentonite clay (HB) 0.00461

Unuabonah, et al. [84]16 Sodium dodecyl sulfate modified Ca-bentonite clay (SB) 0.00176
17 Carica papaya and Ca-bentonite composite ( HYCA) 0.00858
18 Micro wave assisted starch derived carbon (HMAC) 160.7 Liu, et al. [85]
19 Anthracite coal activated carbon (ACAC) 165.67

Liu, et al. [86]20 Bituminous coal activated carbon (BCAC) 161.21
21 Long flame coal activated carbon (LCAC) 147.1
22 Zinc sulfide-activated carbon composite 142.68 Ghaedi, et al. [46]
23 Chitosan-CTAB-bentonite clay 250.16 This article

Table 8: Comparison of adsorption capacity of some adsorbents for the adsorption of naphthalene (temperature = 298–303K).

Conclusion

The composite nanoparticles of chitosan–
cetyltrimethylammonium bromide (CTAB)–sodium 
bentonite clay were synthesized and characterized 
using analytical techniques of energy dispersive X-ray 
spectroscopy (EDX), scanning electron microscopy (SEM), 
Fourier transform infrared (FTIR) spectroscopy, X-ray 
fluorescence (XRF) and X-ray diffraction (XRD). The 
characterization results apprised of the good potential of 
bentonite clay modified with surfactant CTAB impregnated 
with chitosan flakes as adsorbent for the treatment of 
aqueous solution contaminated with polycyclic aromatic 
hydrocarbons, especially naphthalene. The modeling and 
optimization studies of the adsorption of naphthalene on 
the prepared composite adsorbent aver that the predicted 
ANN models can be applied in modeling the adsorption 
process and the hybrid of ANN and genetic algorithm can be 
used to determine the optimum conditions of the process. 
Conclusively, the prepared adsorbent in this study is a 
viable alternative adsorbent for the treatment of industrial 
wastewater containing naphthalene.
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