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a b s t r a c t

In this study, coal Fly Ash (FA) was used as a low-cost source of Si and Al to synthesize the Zeolite 
A (ZA) via a hydrothermal reaction. ZA and FA were characterized by XRD, XRF and SEM/EDX. A 
series of batch sorption experiments was carried out for the sorption of Cu(II) from aqueous solu-
tions on ZA and FA. The obtained data revealed that maximum removal efficiencies were ~ 98% 
(with 0.3 g, 5 min, 5 of adsorbent dose, contact time and pH respectively for ZA) and 96% (with 
0.3 g, 4 h, 5 of adsorbent dose, contact time and pH respectively for FA). Studying the kinetic of 
Cu(II) adsorption onto FA indicated the adsorption process was controlled by pseudo-second-order 
and intra-particle diffusion models. Isotherm models subjected to experimental data at T = 25°C 
demonstrated that Cu(II) adsorption onto ZA and FA were both favorable with good adsorption 
characteristics with maximum sorption capacity of 54.9 and 16.6 mg g–1 for ZA and FA respectively. 
The calculated amounts of thermodynamic parameters such as ΔHº, ΔSº and ΔGº showed that the 
adsorption of Cu(II) onto both FA and ZA was feasible, spontaneous and endothermic. Moreover, a 
three-layer artificial neural network was constructed to model the experimental data by matlab soft-
ware. Levenberg–Marquardt back-propagation training function with 6 neurons in the hidden layer 
was found to be the most proper network.
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1. Introduction

Water, the most vital natural resource, is highly affected 
by daily disposal of heavy metals from diverse industries 
[1]. The wastewater or water with heavy metal ions brings 
about serious environmental risks, because these pollut-
ants are highly toxic, persistent and non-biodegradable and 
tend to be accumulated in living organisms causing several 
health effects [2]. For instance, the presence of copper (stan-
dard limit of copper concentration is 0.2 mg L–1) in water can 
cause vomiting, diarrhea, stomach cramps, nausea, greenish 
or bluish stools, hypotension, heart disease, premenstrual 
tension, postpartum depression, paranoid and hallucinatory 
schizophrenias, childhood hyperactivity and autism and 
may have severe effect in the brain and liver of people with 
Wilson’s disease [3]. The human body has complex homeo-

static mechanisms which attempt to ensure a constant supply 
of available copper, while eliminating excess copper when-
ever this occurs. However, like all essential elements and 
nutrients, too much or too little nutritional ingestion of cop-
per can result in a corresponding condition of copper excess 
or deficiency in the body, each of which has its own unique 
set of adverse health effects [4]. Cu(II) is produced by metal-
lurgical, plating, printing circuits and mining activities and 
can be categorized as one of the most common heavy metal 
ions existing in industrial wastes [5].

Numerous techniques, such as chemical precipitation, 
electrocoagulation [6–8], reverse osmosis and membrane 
processes [9], ion exchange [10,11], and adsorption [12,13] 
have been widely applied for the removal of heavy metal 
ions from water and wastewater. Among these methods, 
adsorption seems to be the most attractive due to its high 
efficiency, fairly low cost, simplicity and easy handling, 
availability of a wide range of adsorbents as well as the 
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possibility to operate at ambient temperature/pressure 
[14]. In recent years, the utilization of natural materials and 
industrial wastes such as human hair [15], natural/agricul-
tural wastes biomass [16], sawdust [17], eggshell and coral 
wastes [18], waste crab shells [19], soil, coal fly ash [20,21], 
charcoal ash [22], lignin and natural zeolites [11], ostrich 
bone waste [23], etc. as low-cost adsorbents for wastewater 
treatment has been widely investigated.

Coal fly ash, the most abundant inorganic residue 
obtained from thermal power plants, has been known as 
a potential material for wastewater treatment due to its 
chemical composition, low cost and considerable adsorp-
tion properties [24,25]. The major components in fly ash, 
namely alumina and silica, has made it a potential precursor 
in synthesis of various types of zeolites which are porous 
aluminosilicate compounds having attractive characteris-
tics such as molecular sieving, high thermal stability, ion 
exchange capability and shape selective catalytic behavior 
due to their special structures [24]. Approximately 24 types 
of different zeolites have been synthesized from coal fly ash; 
among them, zeolite A and X have more attractive prop-
erties, especially in wastewater decontamination processes 
because of their high CEC resulted from their low Si/Al 
ratio as well as their large pores [24,26]. On the other hand, 
there are few studies in literature regarding the adsorption 
of Cu(II) on zeolite A as an attractive adsorbent. 

Artificial neural network (ANN) represents a non-tra-
ditional processing system based on the human brain’s bio-
logical network in problem solving processes [27]. ANNs 
are composed of multiple interconnected non-linear pro-
cessing elements operating in parallel which determine the 
network output based on the available experimental infor-
mation [28]. In recent years, ANNs have attracted signifi-
cant attentions due to their prominent advantages over the 
conventional computational systems including the capacity 
of producing complex and transparent mappings, simplic-
ity and adaptability, robustness, fault tolerance and also 
not requiring the complex nature of the underlying process 
[5,29–32].

In the present work, pure zeolite A was synthesized 
through a two-step process (alkaline fusion - hydrothermal 
synthesis) using raw coal fly ash and characterized using 
XRD and SEM/EDX. The prepared zeolite as well as the 
raw material (coal fly ash) were used as adsorbents for the 
removal of copper ions from aqueous solution. The effect 
of various operational parameters, such as initial pH, ini-
tial Cu(II) concentration, adsorbent dosage, contact time 
and temperature on the removal of Cu(II) was investigated. 
ANN modeling approach was applied to predict Cu(II) 
removal efficiency of the prepared zeolite and the raw fly 
ash as well. Finally, output results obtained from the model 
were compared with the experimental data. In addition, in 
order to better understanding of the adsorption character-
istics, isotherm, kinetic and thermodynamic models were 
also studied.

2. Materials and methods

2.1. Materials

Raw coal fly ash was collected from a combustion test 
furnace in Alborzsharghi Coal Company which is located in 

Sharood (Iran). Stock copper solution with 1000 mg L–1 con-
centration was prepared by dissolving 3.8 g of its nitrate salt 
(Cu (NO3)2·3H2O) in 1 L of distilled water. The copper solu-
tions with the required concentrations were freshly made 
by serial dilution of the stock solution with distilled water. 
To adjust the pH of the solution, 0.1–1.M HNO3 and 0.1–1.M 
NaOH solutions were used. Sodium hydroxide (97%) and 
sodium aluminate (99.99%) utilized for zeolite synthesizing 
and all other chemicals used throughout this study were 
purchased by Merck.

2.2. Zeolite synthesis

A two-step process was taken to synthesize pure zeo-
lite A [26]. Typically, raw coal fly ash was mixed with solid 
NaOH in mass ratio of 1:1.2. The mixture was heated at 823 
K for one hour. After the alkaline fusion step, the mixture 
was cooled at room temperature and milled into fine pow-
ders. Calculated amount of sodium aluminate was added 
to the grinded mixture to control the molar ratio of SiO2/
Al2O3 and mixed with water. The mixture was then stirred 
at room temperature at the speed of 400 rpm for 16 h. At this 
time, the slurry was sealed in a Teflon-lined autoclave and 
heated to 373 K in an oven for hydrothermal synthesis for 7 
h. After cooling down to room temperature, the suspension 
was filtered and the solid was washed several times with 
deionized water and dried at 378 K for 16 h. Finally, the syn-
thesized zeolite was characterized and used in the sorption 
experiments.

2.3. Characterization of adsorbents

The elemental characterization of the coal fly ash was 
carried out on PHILIPS PW2404 X-ray fluorescence (XRF) 
spectrophotometer. The mineralogical compositions of raw 
fly ash (FA) and the zeolite prepared from it (ZA) were 
determined by a GBC X-ray Diffractometer using Cu Kα 
radiation at 35 kV and 28.5 mA. The scan was continuous 
with the step time of 0.5 s, in a range of 10–60 (2θ). Surface 
morphology of the adsorbents was analyzed by scanning 
electronic microscopy coupled with EDX analysis (SEM/
EDX, HITACHI, S-4160, Japan). In the SEM analysis, the 
adsorbent samples were covered with a thin layer of gold 
and mounted on a copper stab using a double-stick tape.

2.4. Batch adsorption experiments

The adsorption of copper ions from aqueous solution 
onto raw fly ash and the zeolite prepared from it was done 
in a batch mode using a magnetic stirrer (Heidolph MR 
3001K). Experiments to determine the optimum pH were 
carried out at room temperature (25°C) by adding 0.3 g of 
adsorbent into 50 ml of Cu(II) solution with the concen-
tration of 50 mg L–1 at various pH values ranging from 2 
to 6 and each sample was stirred at 400 rpm for 6 hours. 
To determine the effect of contact time on Cu(II) adsorp-
tion onto FA at the optimum pH determined in the previ-
ous step, samples were taken at specified time intervals of 
0.5-1-2-3-4-5-6 h. Also, contact times of 5, 10, 20, 30 and 60 
min were studied for Cu(II) adsorption onto ZA. Exper-
iments to investigate the effect of adsorbent dosage were 
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performed at 25°C by adding different adsorbent dosages 
ranging from 0.05 to 0.4 g into 50 ml of Cu(II) solution (50 
mg L–1) with the optimum pH and contact time obtained in 
the previous steps. Experiments to study the effect of initial 
Cu(II) concentration were carried out by adding the opti-
mum adsorbent dosage in 50 ml of Cu(II) solution. The ini-
tial pH of solutions and contact times were also optimized. 
Various initial Cu(II) concentrations ranging from 50 to 250 
mg L–1 were chosen. Tests to determine the optimum tem-
perature in Cu(II) adsorption onto FA and ZA were accom-
plished at three different temperatures of 25, 35 and 45°C 
by adding the optimum adsorbent dosage in 50 ml of Cu(II) 
solution with the concentration of 50 mg L–1. After predeter-
mined intervals in each experiment, the suspension of the 
adsorbent was separated from solution by filtration and the 
filtrate was analyzed to measure the final Cu(II) concentra-
tion using an atomic adsorption spectrophotometer (AAS, 
Varian, model AA240). All the experiments were repeated 
twice to minimize the experimental error (below 4%), and 
the average data was reported. The removal efficiency of 
Cu(II), %Removal, was calculated according to the follow-
ing equation:

%Removal
C C

C
i f

i

=
−

× 100  (1)

where Ci (mg L–1) and Cf (mg L–1) are the initial and final 
concentration of Cu(II) in the solution respectively. q (mg 
g–1) is the amount of metal ion adsorbed per mass unit of 
adsorbent. The adsorption capacity at time t, qt (mg g–1) can 
be obtained by the following equation:

q C C
V
mt i t= −( ) ×  (2)

where Ct (mg L–1) is Cu(II) concentration at any time t; V (L) 
is the solution volume and m (g) is the mass of adsorbent.

The amount of adsorption at equilibrium, qe (mg g–1) is 
given by:

q C C
V
me i e= −( ) ×  (3)

where Ce (mg L–1) is the copper ion concentration at equi-
librium.

2.5. Artificial neural network modeling

Artificial neural networks, powerful models simulat-
ing analytical functions of the human brain, use experience 
and experiment to learn and identify complex and highly 
non-linear multivariable systems. The ability to extract the 
desired outputs using the experimental input data, without 
the need for additional experiments, as well as their reli-
ability and capacity in terms of capturing nonlinear rela-
tionships between variables in complex systems has made 
ANNs efficient and powerful modeling techniques applied 
in many scientific applications and industrial processes 
including the prediction of adsorption systems [33,34]. 
Artificial neurons, fundamental processing units in ANNs, 
are located in three types of layers: one input layer which 
contains neurons representing independent variables, one 
output layer in which neurons representing dependent 
variables exist, and multiple hidden layers [35]. In the 

ANN structure, each neuron is connected to other neurons 
existing in the neighbor layer. The interconnection pattern 
among the neurons is called the network architecture. There 
are several ANN architectures applied in engineering appli-
cations, among which the Multi-layer Perceptron (MLP) 
is an extensively used feed forward network architecture 
which uses back-propagation (BP) learning algorithm [34]. 
In the feed-forward neural networks, information moves 
only in the forward direction from the input to the hidden 
and finally to the output layer [33].

In the MLP network, each connecting line corresponds 
to a certain weight. The network training is implemented 
by adjusting these weights leading to minimize the network 
error function. As presented in Eq. (4), applying a transfer 
function to a weighted summation of its inputs results in a 
neuron output which in turn serves as input to other neu-
rons [34]:

γ γ βjk k
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ijk i k jkF W
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−

∑
1
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where βjk is the bias weight for neuron j in layer k and 
γjk is the neuron j’s output from k’s layer. The model-fit-
ting parameters (Wijk) are the connection weights that 
were selected randomly and Fk  is the nonlinear activa-
tion transfer function that may appear in various forms 
including Identity function, Binary step function, Binary 
sigmoid, Bipolar sigmoid, Gaussian as well as linear 
functions [36].

In this study, we applied a three-layer feed-forward 
MLP network using Levenberg-Marquardt back-propaga-
tion training function to predict the adsorption process of 
Cu(II) from aqueous solution. Fig. 1 shows the MLP net-
work used in this work consisting of one input layer with 5 
neurons (pH, contact time, adsorbent dosage, initial Cu(II) 
concentration, and temperature), one output layer with 1 
neuron (% removal efficiency), and one hidden layer with 6 
neurons. In order to evaluate the integrity of the experimen-
tal data fit and the prediction accuracy of the model and to 
choose the best network architecture, the mean square error 
(MSE) was calculated according to the following equations 
[33,36]:

Fig. 1. Schematic diagram of the neural network structure for 
Cu(II) removal.
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where yi, yi
  and n are experimental data, predicted data, 

and the number of experiments, respectively. The neural 
network was examined with different number of neurons 
to identify the optimum number of neurons in the hidden 
layer by obtaining the minimum MSE. Results of prediction 
by neural network (mean square error) for different transfer 
function are presented in Table 1.

3. Results and discussion

3.1. Characterization of adsorbents

Table 2 indicates the chemical composition of raw fly ash 
as determined by XRF. It is obvious that the main elements 
include O, Si, Al, Fe, Ca, and Mg as well as trace amounts 
of K, Na, S and Li. By 84.68% of total Fe2O3, Al2O3 and SiO2 
compounds, the used fly ash can be categorized as Class F 
fly ash in terms of ASTM C618-99 specification. 

The X-ray diffraction (XRD) spectrums of FA and ZA 
are shown in Fig. 2. As it is observed, diffraction peaks of 
Quartz (SiO2), Hematite (Fe2O3), Anhydrite (CaSO4), Mag-
netite (Fe3O4) and Lime (CaO) are found in the XRD pattern 

of raw fly ash, with quartz being the main crystalline phase. 
Although the composition of Al2O3 in the raw fly ash is near 
28% (Table 2), aluminum mineralogical phases such as mul-
lite could not be found in the XRD pattern of FA. That is 
probably due to the fact that the minerals present in the coal 
dictates the elemental composition of the fly ash, while the 
mineralogy and crystallinity of the ash is dictated by the 
boiler design and operation [37]. The XRD pattern of ZA can 
also be seen in Fig. 2. According to the diffractogram, the 
synthetized product presents the pure phase of zeolite A.

The surface morphologies of FA and ZA are shown 
in Figs. 3a–d. As can be seen in the images of FA, fly ash 
particles are generally spherical and irregular in shape, in 
accordance with literature [38,39]. In addition, a smooth 
surface and fairly nonporous structure can be observed 
for the ash. Actually, diverse physical states of silica exist-
ing in fly ash are responsible for the particles of irregular 
sizes [38]. Figs. 3b,d illustrate morphology changes of ZA. 
According to literature, zeolite A presents a cubic struc-
ture. The structure of zeolite A is fitted in by a β-cage (the 
fundamental structure of sodalite) interconnected with 
double 4-ring units (D4R) [40]. The SEM micrographs 
confirm the presence of pure zeolite A. Furthermore, the 
surface morphology and chemical structure of the zeo-
lite was analyzed using SEM/EDX after adsorption. The 
results are shown in Fig. 4. As can be observed, the cubical 
structure of the zeolite did not change during the adsorp-
tion process and the small particles attached to zeolite may 
assume to be Cu(II) adsorbed onto the zeolite surface. In 
addition, the EDX analysis confirms the adsorption of cop-
per ions onto zeolite since the peak of Cu atom is seen in 
the EDX analysis while there was no Cu atom in the chem-
ical composition of raw fly ash (Table 2) and consequently 
the zeolite prepared from it.

3.2. Effect of initial solution pH

The aqueous solution pH is a vital parameter controlling 
the adsorption process of metal ions from aqueous solution 
as it can affect the surface charge of adsorbent, the chemi-
cal speciation of metal ions as well as the ionization of the 
functional groups on the adsorbent surface [41,42]. For the 
purpose of investigating the influence of initial solution pH 
on the adsorption of copper ions onto FA and ZA, the batch 
adsorption experiments were accomplished in pH range of 2 

Fig. 2. X-ray diffraction patterns of FA and ZA.

Table 1
Results of artificial neural network for prediction of adsorption 
amounts

Transfer function Number of 
neurons

MSE (mean Square Error)

FA ZA

Logsig

Logsig n
e n( ) =

+ −

1
1

4 3.01 1.91
6 1.10 0.139
10 1.79 0.44

Tansig

a
e n=

+
−−

2
1

12

4 6.11 0.400
6 1.48 0.38
10 3.66 0.93

Linear
a = n

4 2.20 1.96
6 1.18 2.07
10 4.73 6.19

Table 2
Chemical composition of raw fly ash by XRF

Component % mass

LiO 0.98
SiO2 37.88
Al2O3 28.73
Fe2O3 18.07
CaO 11.54
MgO 1.79
SO3 0.38
K2O 0.34
Na2O 0.29
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 (a) (b)

Fig. 4. SEM image and EDX analysis of ZA after adsorption.

 

 (a) (c)

 

 (b) (d)

Fig. 3. SEM images of (a) FA, (b) ZA, (c) FA with more zoom, (d) ZA with more zoom.
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to 6, avoiding the precipitation of insoluble Cu(II) hydroxides 
formed at pH values higher than 6 [21]. The obtained results 
are presented in Fig. 5. As it is observed, the removal effi-
ciency of Cu(II) increased with the increase of pH. It means 
that both FA and ZA have higher performances for Cu(II) 
removal in weak acidic or neutral solution than that in strong 
acidic media. Lower adsorption capacities observed for 
copper ions at pH values below 4 can be attributed to more 
existing hydrogen ions which strongly compete with metal 
ions for the same negatively charged adsorption sites on the 
adsorbent surface. Besides, the electrostatic repulsion of H+ 

ions prevents the approach of metal ions to the adsorbent 
surface at low pH values. In addition, under strong acidic 
conditions, the H+ ions in the solution can neutralize the basic 
anhydride on the surface of the adsorbent, diminishing the 
adsorption capacity [39]. As the pH increases, the concentra-
tion of H+ ions in the solution decreases which leads to an 
increase in the amount of adsorbed metal ions. The mecha-
nism of removing divalent metal ions including Cu(II) at high 
pH values can be assumed to be a combination of adsorption 
and precipitation processes [5,39]. The optimum pH for cop-
per adsorption onto both FA and ZA was determined to be 
5, in which the maximum removal efficiency of 96.5% has 
been achieved for FA, whereas the adsorption efficiency of 
copper ions onto ZA was in a higher range (81.1–98.9%). Fur-
thermore, another advantage of ZA over FA to be used as 
an adsorbent for Cu(II) removal is to achieve high removal 
efficiencies in a wide range of pH (3–6). The main adsorp-
tion mechanism in cation removal by zeolites is ion exchange 
with exchangeable cations in the structure of the zeolite such 
as Ca2+, Mg2+, K+ and Na+. Cation exchange capacity (CEC) 
of these materials can be measured by the number of nega-
tively charged sites attracting exchangeable cations. The neg-
ative charge resulted from the substitutions within the lattice 
structure is enduring and does not depend on pH, while the 
charges on the edges and the exposed hydroxyls surface are 
pH dependent [43]. 

3.3. Effect of contact time

The effect of contact time on the adsorption of Cu(II) 
from aqueous solution onto FA and ZA is depicted in 
Figs. 6a,b. The results show that the removal efficiency of 
copper ions by FA increased with the increase of contact 

time until the adsorption process attained an equilibrium 
state after approximately 5 h. In other words, the adsorption 
efficiency of Cu(II) onto FA increased to 63.4% at 30 min. As 
can be seen, longer time is required for the removal of Cu(II), 
i.e., 96.4% of Cu(II) is adsorbed after 4 h. The relatively fast 
adsorption rate within the first hours before the equilib-
rium time was probably due to the abundant availability 
of vacant active sites for the metal ions to adsorb on. Fur-
ther increase in contact time after the equilibrium time did 
not have significant influence on the adsorption percentage 
since almost all active sites on the adsorbent surface were 
occupied and also there was a repulsive force between the 
adsorbed molecules and their homologues in the bulk phase 
[44,45]. In addition, based on Fig. 6b, it is evident that the 
adsorption efficiency of copper ions onto ZA also increases 
slightly with the increase of contact time. Since the amount 
of adsorbed Cu(II) onto ZA did not significantly change with 
time, the minimum contact time of 5 min with the removal 
efficiency of 98.4% was set as the optimum adsorption time 
for the later experiments. The fast ion uptake by the synthe-
sized zeolite used in the experiments may be attributed to its 
highly porous structure which provides a large surface area 
with far more active adsorption sites for the adsorbates. It 
should be noted that by utilizing ZA instead of FA in adsorp-

Fig. 5. Experimental data for pH effect on the removal efficiency 
of Cu(II) by FA and ZA.

(a)

(b)

Fig. 6. Experimental data for contact time effect on the removal 
efficiency of Cu(II) by (a) FA and (b) ZA.
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tion of Cu(II), high removal efficiencies can be achieved in 
far less time, making ZA a highly attractive adsorbent for 
Cu(II) removal from aqueous solutions.

3.4. Adsorption kinetics

In order to investigate the mechanism of adsorption 
kinetics, three widely used kinetic models Morris-Weber, 
pseudo-first-order and pseudo-second-order kinetic mod-
els have been investigated for their validity with the exper-
imental adsorption data of Cu(II) onto FA. Studying the 
kinetic of Cu(II) adsorption onto ZA was impossible since 
the adsorption process attained an equilibrium state in a 
very short time. Many adsorption phenomena are depen-
dent on time with different adsorbents. 

The pseudo-first-order kinetic model of Lagergren 
assumes that the rate of change of solute uptake with time is 
proportional to the difference in the equilibrium adsorption 
capacity and the adsorbed amount at any time t. The lin-
earized form of this kinetic model can be expressed as [46]:

log log
.

q q q
k

te t e−( ) = − 1

2 303  (6)

where k1 (h
–1) is the first order rate constant; qe and qt (mg 

g–1) are the amounts of Cu(II) adsorbed at equilibrium and 
at any time t, respectively.

The linear plot of log (qe – qt) versus t is shown in Fig. 7a. 
The rate constant (k1) and the amount of Cu(II) adsorbed at 
equilibrium (qe) can be calculated from the slope and inter-
cept of the straight line, respectively. The calculated param-
eters as well as the correlation coefficient (R2) are given in 
Table 3. As it is obvious, the experimental data is fitted with 
a relatively poor correlation factor, indicating that the pseu-
do-first-order kinetic model is not applicable to properly 
describe the Cu(II) adsorption onto FA.

The pseudo-second-order kinetic model is based on the 
adsorption capacity of the solid phase and it is in agreement 
with the chemisorption mechanism being the rate-limit-
ing step [47]. The linear form of pseudo-second-order rate 
equation of Ho and McKay is expressed as [14]:

t
q k q

t
qt e e

= +
1

2
2  (7)

where k2 (g mg–1 h–1) is the pseudo-second-order adsorption 
rate constant. Fig. 7b illustrates the linear plot of t/qt versus 
t. The values of k2 and qe calculated from the intercept and 
slope of the straight line and the correlation factor (R2) are 
presented in Table 3. The results reveal that the adsorption 
process of Cu(II) onto FA well followed the pseudo-sec-
ond-order kinetic model. In fact, the obtained experimental 
results support the assumption behind the kinetic model, 
suggesting that the rate controlling step in the adsorption 
process of Cu(II) onto FA is chemisorption mechanism 
which involves valence forces through sharing or exchang-
ing electrons between the adsorbent and metal ions [48].

The pseudo-first-order and pseudo-second-order kinetic 
models are not able to explain the diffusion mechanism. For 
this purpose, the intra-particle diffusion model proposed 
by Weber and Morris was applied to analyze kinetic data. 
The intra-particle diffusion model is expressed as [14]:

q K t Ct id= +0 5.  (8)

where kid (mg g–1 h–°.5) is the intra-particle diffusion rate 
constant and C (mg g–1) is the intercept which gives infor-
mation concerning the thickness of the boundary layer. If 

   

 (a) (b) (c)

Fig. 7. Adsorption kinetic plots for Cu(II) adsorption onto FA: (a) Pseudo-first-order, (b) Pseudo-second-order, (c) Intra-particle.

Table 3
Kinetic parameters for Cu(II) adsorption onto FA

Calculated ConstantsKinetic model

R2qe (mg g–1)k1 (h
–1)Pseudo-first-order

0.838.971.31

R2qe (mg g–1)k2 (g mg–1 h–1)Pseudo-second-order

0.998.710.27

R2C (mg g–1)kid (mg g–1 h–°.5)Intra-particle diffusion

0.984.081.89
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the intra-particle diffusion is involved in the adsorption 
process, the plot of qt against t0.5 will be linear and if this 
line passes through the origin of the plot, the intra-particle 
diffusion is the sole rate-limiting step [49]. The first steep 
stage can be attributed to the diffusion of adsorbate through 
the solution to the external surface of the adsorbent or the 
boundary surface diffusion of the sorbate molecules. The 
second stage describes the gradual sorption, where intra-
particle diffusion is rate-limiting, and the third stage is 
attributed to the final equilibrium due to extremely low 
sorbate concentration left in solution and the reduction of 
interior active sites [50].

The plot of qt vs. t0.5 is shown in Fig. 7c. The calculated 
amounts of intra-particle diffusion rate constant (kid) and the 
intercept C as well as the correlation factor (R2) are provided 
in Table 3. Furthermore, based on Fig. 7c, it is self-evident 
that the Cu(II) adsorption onto FA involves the intra-parti-
cle diffusion due to the linearity of the plot, although it is 
not the only rate-controlling step. 

3.5. Effect of adsorbent dosage

Adsorbent dosage is an important parameter that is 
essential to be investigated in the adsorption processes 
because this parameter determines the capacity of an adsor-
bent for a given initial concentration of the adsorbate at the 
operating conditions [23]. The effect of FA and ZA dosages 
(0.05–0.4 g/50 mL solution) on the adsorption of Cu(II) ions 
(50 mg L–1) was studied while the other operating param-
eters were constant. The results are presented in Fig.  8. 
As it can be observed, the adsorption percentage of Cu(II) 
onto FA and ZA increased with the increase of adsorbent 
dose, until it reached a maximum value of 96.2% around 0.3 
grams of FA and it attained a saturation level of adsorption 
efficiency (97.5%) around 0.1 grams of ZA. These results 
may be attributed to the availability of more adsorption 
sites due to higher amounts of the adsorbent. At higher 
dosages, the equilibrium uptake of Cu(II) did not increase 
significantly with increasing of adsorbent. Such behavior 
is expected due to the saturation level attained during an 
adsorption process. As it is noticeable, less amounts (one-
third) of adsorbent is required if ZA is utilized instead of FA 
for removing copper ions from aqueous solutions.

3.6. Effect of initial metal ion concentration

The Cu(II) adsorption capacity of FA and ZA and the 
removal efficiency of metal ions as a function of initial 
Cu(II) concentration are shown in Fig. 9a,b. As it can be 
seen, the Cu(II) adsorption capacity of both FA and ZA 
firstly increased with increasing the initial concentra-
tion of metal ions until it attained a saturation value at 
around 200 ppm. The maximum equilibrium uptake of 
Cu(II) was about 16.6 mg g–1 for FA, while the maximum 
adsorption capacity of ZA was found to be 54.9 mg g–1. 
Then the values did not significantly change with the 
initial metal ion concentration. Also, it is evident from 
the results that the percentage removal of copper ions 
decreased with increasing the initial concentration of 
metal ions for both cases. The reduction of Cu(II) adsorp-
tion may be attributed to the lack of available active sites 
required for the high initial concentration of copper ions. 
The higher uptake of copper ions at low concentration 
is due to the availability of more area on the surface of 
the adsorbent for less number of adsorbate species [33]. 
It can be concluded that ZA has higher adsorption capac-

Fig. 8. Experimental data for adsorbent dosage effect on the re-
moval efficiency of Cu(II) by FA and ZA.

(a)

(b)

Fig. 9. The effect of initial concentration on the removal efficien-
cy of Cu(II) by (a) FA and (b) ZA.
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ities than FA; therefore, by using ZA as adsorbent more 
amounts of Cu(II) can be removed. 

3.7. Adsorption isotherms

The adsorption isotherm model is based upon the 
hypothesis saying that all sorption sites are equivalent 
and their status does not depend on whether the neigh-
boring sites are occupied or not [50]. Adsorption isotherm 
models generally represent the amount of adsorption at 
equilibrium as a function of equilibrium concentration at 
a constant temperature. The plots of qe versus Ce for the 
adsorption of Cu(II) ions onto ZA and FA are presented 
in Fig. 10.

3.7.1. Langmuir isotherm model

The Langmuir isotherm model is based on the assump-
tion that all the adsorption sites of the adsorbent are homo-
geneous and have identical adsorption energies and the 
maximum adsorption takes place when the adsorbent sur-
face is covered by a saturated monolayer of solute mole-
cules [8,51]. The linearized form of this isotherm model is 
expressed as follows:

C
q q K q

Ce

e m L m
e= +

1 1
 (9)

where qe (mg g–1) is the amount of metal ions adsorbed at 
equilibrium per specific amount of the adsorbent; Ce (mg 
L–1) is the equilibrium metal ion concentration; qm (mg g–1) 
is the amount of metal ions adsorbed to form a monolayer, 
giving the maximum adsorption capacity of the adsorbent 
and KL (L mg–1) is the Langmuir constant.

The monolayer adsorption capacity, qm, and the Lang-
muir constant, KL, calculated from the slope and intercept of 
the linear plots as well as the related correlation factors, R2, 
are given in Table 4. As can be seen, Langmuir isotherm fits 
the experimental data very well which may be attributed to 
the homogenous distribution of active sites on the adsor-
bent surface, supporting the assumption behind the Lang-
muir isotherm model which considers the adsorption sites 
of the adsorbent as homogenous with the same adsorption 
energy.

The essential characteristics of Langmuir isotherm can 
be expressed in terms of a dimensionless constant sep-
aration factor, RL, which is used to determine whether an 
adsorption system is favorable or unfavorable.

R
K CL

L

=
+

1
1 0

 (10)

where KL (L mg–1) is the Langmuir constant and C0 (mg L–1) is 
the initial concentration of Cu(II). The value of RL can indi-
cate the shape of isotherm to be either unfavorable (RL > 1) 
or linear (RL = 1) or favorable (0 < RL < 1) or irreversible (RL 
= 0) [52]. The calculated amounts of RL for Cu(II) adsorption 
onto FA and ZA which are given in Table 4 show that both 
raw fly ash and the zeolite prepared from it were favorable 
for the adsorption of Cu(II) from aqueous solution under 
the selected conditions.

3.7.2. Freundlich isotherm model

Freundlich equation is based on multilayer adsorption 
onto heterogeneous adsorbent surface with sites that have 
different adsorption energies. The linearized form of Freun-
dlich equation can be shown as below [41,49]:

log log logq K n Ce F e= + 1  (11)

where KF is the Freundlich isotherm constant related to the 
relative adsorption capacity and n is a constant concerned 
with the intensity of adsorption.Fig. 10. Experimental adsorption isotherm as a plot of qe vs. Ce.

Table 4
Isotherm parameters for Cu(II) adsorption onto FA and ZA

Langmuir equation KL-ZA (min–1) KL-FA (min–1) qmZA (mg/g) qmFA (mg/g) RL-ZA RLFA R2
ZA R2

FA

0.29 0.11 56.49 17.82 0.013 0.035 0.99 0.99
–0.064 –0.15

Freundlich equation KL-ZA (min–1) KL-FA (min–1) nZA nFA R2
ZA R2

FA

27.09 6.82 6.38 5.36 0.92 0.97

Temkin equation KT-ZA KT -FA BZA BFA R2
ZA R2

FA

67.69 12.15 6. 22 2.25 0.97 0.94

D-R equation βZA βFA
qm-ZA qm-FA R2

ZA R2
FA

4×10–7  5×10–7 50.65 14.54 0.88 0.59
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The Freundlich constant, KF and the value of constant 
n can be obtained from the intercept and slope of the lin-
ear plots, respectively. The magnitude of the exponent n 
gives information regarding the favorability of the adsorp-
tion process. It is generally said that the values of n in the 
range 2–10 indicate good, 1–2 moderately difficult and less 
than 1 poor adsorption characteristics [33]. The calculated 
amounts of KF and n and the correlation coefficients (R2) 
are summarized in Table 4. The results revealed that the 
adsorption processes of copper ions onto both FA and ZA 
are favorable with good adsorption characteristics.

3.7.3. Temkin isotherm model

The heat of adsorption and the interactions between 
adsorbents and adsorbates can be evaluated using Temkin 
isotherm model. Temkin isotherm model suggests that the 
reduction in the heat of adsorption is more linear rather 
than logarithmic as already expressed implicitly by the Fre-
undlich equation. The linearized form of Temkin isotherm 
model is commonly described as [33]:

q BlnK BlnCe T e= +  (12)

where B = (RT/AT) and the constant AT (J mol–1) is related to 
the heat of adsorption; T (K) is the absolute adsorption tem-
perature; R (8.314 J mol–1 K–1) is the universal gas constant 
and KT (L min–1) is the equilibrium binding constant corre-
sponding to the maximum binding energy. The values of B 
and KT can be obtained from the slope and intercept of the 
linear plots, respectively. Table 4 summarizes the results.

3.7.4. The Dubinin–Radushkevich isotherm model

To determine the nature of the sorption process namely 
chemisorption and/or physisorption, the Dubinin–Radush-
kevick (D–R) [53] isotherm was used. The linear form of this 
model is expressed by:

ln lnq qe m( ) = ( ) − βε2  (13) 

where qe is the amount of Cu(II) adsorbed per unit dosage of 
the adsorbent (mg/g); qm denotes the monolayer capacity; 
β indicates the activity coefficient related to the mean sorp-
tion energy and finally ε is the Polanyi potential described 
as:

ε = +






RTln
Ce

1
1

 (14)

The β, qm values were determined by the slope and inter-
cept of the linear plot using the plots of ln qe versus ε2. Table 
4 indicates the statistical results together with the isotherm 
constants. Results suggest that the Cu(II) sorption by ZA 
and FA can be matched using the Langmuir equation. Also, 
It can be understood from the D–R isotherm that the het-
erogeneity of energies is close to the adsorbent surface. The 
quantity is related to the mean sorption energy, E, which is 
the free energy for the transfer of 1 mole of Cu(II) from the 
infinity to the surface of the adsorbent [3,50]. The following 
equation shows how the mean free energy of adsorption (E, 
kJ/mol) is calculated [53,54]:

E = (2 β) – 0.5    (15)

It is clear that we can use the E magnitude to estimate 
the adsorption type. If this value goes below 8 kJ/mol, 
the adsorption type is expressed by the physical sorption 
and between 8 and 16 kJ/mol the adsorption type can be 
explained by ion exchange. In this study, the E values were 
below 8 kJ/mol (1.18 and 1 kJ/mol for ZA and FA respec-
tively). This reveals that the adsorption of Cu(II) onto ZA 
and FA was in fact a physical sorption [3,50].

3.8. Adsorption thermodynamics

3.8.1. Effect of temperature

Temperature is an important factor in adsorption pro-
cesses which determines the nature of the adsorption with 
the calculation of thermodynamic parameters. The influ-
ence of temperature on the adsorption of Cu(II) onto FA 
and ZA was investigated at three different temperatures 
(25, 35 and 45°C) as shown in Table 5. The removal effi-
ciencies of FA and ZA for copper ions revealed an increase 
with rising temperature from 25 to 45°C. The increase in 
the amount of metal ions adsorbed onto the adsorbent sur-
face with increasing temperature indicates the endother-
mic nature of the adsorption of Cu(II) ions onto FA and 
ZA. The increase in adsorption efficiency with tempera-
ture may be due to the increase in the number of active 
sites created because of breaking of some internal bonds 
near the edge of active sites of the adsorbent. This may 
also be attributed to the shrinkage of the boundary layer 
thickness surrounding the adsorbent, so that the mass 
transfer resistance of metal ions in the boundary layer 
reduces which results in an enhanced accessibility of the 
adsorbate molecules to the active sites of the adsorbent. 
Furthermore, the increase in the extent of adsorption with 
increasing temperature may stem from the strengthening 
of adsorptive forces between the active sites of adsorbents 
and the adsorbate species and between the neighboring 
molecules of the adsorbed phase [23,51].

3.8.2. Thermodynamics parameters

Thermodynamic parameters including the change in 
enthalpy (ΔHº), free energy (ΔGº) and entropy (ΔSº) were cal-

Table 5
The effect of temperature on the removal efficiency and 
thermodynamic parameters for Cu(II) adsorption onto FA and 
ZA

Adsorbent T (K) %Removal 
efficiency

ΔGº 
(kJ mol–1)

ΔHº 

(kJ mol–1)
ΔSº 

(kJ mol–1 K–1)

ZA 298.15 97.5 –7.34 + 92.84 + 0.33
308.15 98.1 –8.36
318.15 99.7 –14.12

FA 298.15 96.2 –3.59 + 42.79 + 0.15
308.15 97.6 –4.90
318.15 98.7 –6.71
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culated using Eqs. (16)–(18) to explain the thermodynamic 
behavior of the adsorption of Cu(II) ions onto FA and ZA 
[45]: 

K
q
CD

e

e

=  (16)

ln K
S
R

H
RTD = −

° °Δ Δ
 (17)

ΔG RT KD
° = − ln  (18)

where KD is the thermodynamic equilibrium constant; R 
(8.314 J mol–1 K–1) describes the universal gas constant and 
T (K) is the absolute adsorption temperature. The values of 
ΔHº and ΔSº can be obtained from the slopes and intercepts 
of the linear plots of ln KD versus 1/T by Eq. (17), respec-
tively. The results are summarized in Table 5. As it can be 
observed, the values of ΔHº are both positive which confirm 
the endothermic nature of the adsorption processes. Fur-
thermore, the reactions were accompanied by an increase 
in entropy. The positive values of ΔSº suggest an increase 
in the randomness at the adsorbent–adsorbate interfaces 
during the fixation of the ions on the adsorbent active sites. 
Moreover, the negative values of ΔGº indicate thermody-
namically feasible and spontaneous nature of the adsorp-
tion processes.

3.9. ANN modeling

Sola and Sevilla [55] represented that the effects of data 
normalization on the ANN process and concluded normal-
ization of data yields better prediction, however, recently, 
it was reported that better results are yielded without nor-
malization also [30–32]. In this study, all raw data are used 
as input variables without normalization. Table 6 indicates 
the input and output parameters used for ANN study along 
with the range of variables investigated. The total number 
of data points is 29. 70% (21), 15% (4) and 15% (4) data 
points were used for training, cross-validation and testing, 
respectively, for LM algorithms used. Fig. 11 indicates the 
comparison between the experimental and predicted data. 
It can be observed in Fig. 11 that the obtained results from 
the proposed ANN model are in excellent agreement with 

the data obtained from batch experiments of Cu(II) adsorp-
tion onto both FA and ZA.

3.10. Comparison of the Cu(II) maximum sorption capacity 
using various sorbents

To have a better understanding of the sorption capacity 
of ZA and FA, the values of the maximum removal obtained 
for Cu(II) ion uptake with various types of sorbents are 
indicated in Table 7. The experimental data collected from 

(a)

(b)

Fig 11. Comparison between the experimental to the predicted 
removal efficiency (a) ZA (b) FA.

Table 6
Range of data for ANN modeling.

Input parameters Range Output parameters Optimum 
number of 
hidden layers

Performance 
type

Transfer 
function

Number of 
input data

Number 
of output 
data

pH

Initial 
concentration
Contact time (min)

Room temperature
Adsorbent dosage

2-6

50–250ppm

0.5–6 h (FA),  
5–60 min(ZA)
25–45°C
0.05–0.4 g

Removal Efficiency 4
6
10

MSE Logsig

Tansig

Linear

29 29
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the present investigations are corresponding to the reported 
values. As shown in Table 7, the adsorption capacity of ZA 
is higher than Humic acid-immobilized surfactant-modified 
zeolite , Chitosan-zeolite composite (CZ), Acid-activated 
montmorillonite, Cellulose acetate/zeolite composite fiber 
and Iron-oxide nano-particles-immobilized sand (INS).

3.11. Desorption and regeneration studies

Regeneration of ZA and FA for reuse is crucial impor-
tance in industrial practice for Cu(II) sorption from aqueous 
solutions. Experiments were carried out for regenerating 
adsorbent to assess the reusability of ZA and FA for copper 
sorption. So, After the adsorption reached equilibrium (in 
optimum conditions), metal-loaded ZA and FA was sepa-
rated from the mixture solution and then added into 50 mL 
of 0.1 M HCl solution for Cu(II) ion desorption. The contents 
of the flask were shaken at room temperature for 48 h, and 
the copper ion concentrations in the solution were analyzed. 
The adsorbent was finally separated from the solution. It was 
washed with distilled water and dried for reuse [18]. To indi-
cate the reusability of the adsorbent, adsorption–desorption 
cycle of Cu(II) was repeated five times by the same prepa-
rations. The results are showed in Table 8, as can be seen, 
the removal efficiency has not changed considerable in the 
process of sorption–desorption, and the reduction of removal 
efficiency is less than 22% for both zeolite. Thus, the reuse of 
the soebent is an important feature for its possible applica-
tion in continuous systems in industrial processes.

3.12. Adsorption mechanism

 Based on the results obtained from sorption energy (E), 
physical sorption can be described as mechanism for the 
Cu(II) sorption on ZA and FA. Thus, Processes such as ion- 

exchange, chemical oxidation, and positively charged Cu(II) 
ions can form strong complexes interaction between Cu(II) 
ions and adsorbents surface. In addition, electrostatic interac-
tions seem to be possible reactions which occur during heavy 
metal ions removal by oxygen-containing groups of ZA and 
FA. It can be concluded that Cu(II) sorption by ZA and FA 
is a complex process which several adsorption mechanisms 
including electrostatic attraction, ion exchange, and surface 
complexation play significant roles. However, due to the 
complex nature of sorption process, it is hard to determine 
the exact contribution of each sorption mechanism [60,61].

4. Conclusion

The present research revealed the efficiency of ZA as 
an attractive, low-cost adsorbent for the removal of Cu(II) 
from aqueous solutions. In comparison with FA (qe < 17 mg 
g–1), higher adsorption capacities (up to ~55 mg g–1) could 
be achieved by using ZA as adsorbent for the removal of 
Cu(II) from aqueous solutions. Also, the Cu(II) adsorption 
onto ZA attained an equilibrium state after approximately 
5 min, while the adsorption of copper ions by FA required 
more than 4 h to reach equilibrium. The optimum initial 
solution pH for Cu(II) adsorption onto both FA and ZA 
was determined to be 5, though ZA showed high adsorp-
tion efficiencies (96.8–98.9%) in a wide range of pH (3–6). 
The kinetics of Cu(II) adsorption onto FA followed Morris–
Weber and pseudo-second-order equations as evident from 
the correlation coefficients. The study of Langmuir, Freun-
dlich, Temkin, and D-R isotherm models showed that Cu(II) 
adsorption onto ZA and FA were both favorable with good 
adsorption characteristics. Meanwhile, the positive values 
of ΔHº (92.84 and 42.79 kJ mol–1) and ΔSº (0.33 and 0.15 kJ 
mol–1 K–1) for Cu(II) adsorption onto ZA and FA designated 
the endothermic nature of the adsorption processes as well 
as an increase in the randomness at adsorbent–adsorbate 
interfaces, whereas –14.12 kJ mol–1 < ΔGº < –7.34 kJ mol–1 
and –6.71 kJ mol–1 < ΔGº < –3.59 kJ mol–1 for Cu(II) adsorp-
tion onto ZA and FA confirmed the feasibility and spon-
taneous nature of adsorption processes. The adsorption 
performances of FA and ZA in the treatment of Cu(II) from 
aqueous solutions were successfully predicted by apply-
ing a three-layer feed-forward MLP network using Lev-
enberg-Marquardt back-propagation training algorithm. 
Different number of neurons in the hidden layer were tested 
and 6 neurons was found to have the best performance with 
the minimum MSE values of 6.1E-06 and 2.6E-05 for Cu(II) 
adsorption onto ZA and FA, respectively.

Table 7
Comparison of the maximum sorption capacity (qm) of the 
various sorbents

Sample Sorbent material qm (mg/g) Reference

1 ZA 56.49 This work

2 FA 17.82 This work
3 Humic acid-immobilized 

surfactant-modified zeolite
19.8 [56]

4 Chitosan-zeolite composite 
(CZ)

25.88 [47]

5 Acid-activated 
montmorillonite

32.3 [20]

6 Cellulose acetate/zeolite 
composite fiber

28.57 [14]

7 Nano-scale diboron 
trioxide/titanium dioxide 
(B2O3/TiO2)

82 [57]

8 Iron-oxide nano-particles-
immobilized sand (INS)

1.26 [58]

9 Cadmium Sulfide 
‎Nanoparticles

166.7 [59]

Table 8
Using the modified zeolite after regenerated

Cu(II) removal efficiency (%)

ZA FA

First time 97.8 96.3
Second time 90.5 87.35
Third time 85.14 82.34
Fourth time 82.21 78.3
Fifth time 79.4 74.85
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