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ABSTRACT

In this study, the potential of natural pumice (NP) and iron-coated pumice stone (Fe-CP) as
novel low-cost adsorbents to remove ethidium bromide (EtBr) from aqueous solutions was
investigated. The operational parameters affecting removal efficiency and adsorption
capacity such as adsorbent dose, initial EtBr concentration, pH, and contact time were
studied in order to maximize EtBr removal. The maximum amount of adsorbed EtBr (qm)
using NP and Fe-CP was 40.25 and 45.08 mg g–1, respectively. It was found that EtBr
adsorption followed the Freundlich isotherm model and fitted the pseudo-second-order
kinetics equation for both adsorbents. In addition, the experimental system could be easily
modeled by artificial neural network calculations.

Keywords: Artificial neural network (ANN); Ethidium bromide (Etbr); Pumice; Iron-coated
pumice; Adsorption isotherms; Kinetics studies
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1. Introduction

Ethidium bromide (3,8-diamino-6-phenyl-5-ethy-
lphenanthridinium bromide, 2,7-diamino-10-ethyl-9-
phenylphenanthridinium bromide; homidium bromide;
Dromilac; EtBr) is a dark red, crystalline compound,
soluble in water, whose molecular structure and
physicochemical properties are shown in Table 1 [1,2].
EtBr is widely used in research laboratories as a stain
and a nonradioactive marker for rapid visualization of
nucleic acids bands in electrophoresis gels and in other
methods of gel-based nucleic acid separation [3]. EtBr is
recognized as a toxic and hazardous waste due to its
potent mutageneous and teratogeneous effects. For the
aforementioned reason, careful handling and disposal
procedures are required [4]. Nowadays, different meth-
ods are used to remove dyes and organic compounds
from aqueous solutions such as chemical and electro-
chemical degradation [2], photocatalytic degradation
[5,6], incineration, biological treatments, and adsorption
[7,8]. Chemical degradation of EtBr is complicated and
requires the use of expensive reagents, which increases
the price of wastewater treatment. Also, biological
methods are ineffective in removing EtBr because of its
resistance to biodegradation. Among the available
methods, the adsorption process has been shown to be
the most suitable method for EtBr removal from aque-
ous solutions [9]. Thus, a variety of natural and syn-
thetic materials have been tested as EtBr adsorbents,
such as XAD 7 resin [10] and single-walled nanotubes
[11]. However, commercially activated carbon and nan-
otubes are expensive and need to be regenerated con-
tinuously in order to reduce the processing cost.
Therefore, the development of efficient and low-cost
materials to remove EtBr from aqueous solutions is
needed. Considering the difference in adsorption capac-
ity, cost, and availability of different adsorbents, the

applicability of regional adsorbents deserves attention.
Pumice is a volcanic rock coming from solidified vol-
canic lava and can be found in many places worldwide.
In particular, in Iran, this rock can be abundantly found
in many parts, especially in Azerbaijan. Pumice has
high porosity and low weight where it normally either
floats on water or sinks slowly. Pumice rocks are porous
and amorphous materials which consist mainly of SiO2

and Al2O3. Traditionally, pumice has been used in the
construction industry [12–14]. In recent years, pumice
has also been used in the field of water and wastewater
treatment, both in natural and modified forms, to
remove fluoride [15], azo dyes [16], phenol and
4-chlorophenol [17], heavy metals [18], SO2 [19], and
natural organic matter [20]. In order to improve the
adsorption capacity of naturally occurring pumice,
various organic and inorganic chemicals such as
hydroxy-aluminum [21], hydroxy-iron salts and magne-
sium chloride [12], and hydrogen peroxide [14] have
been used.

Artificial neural networks (ANNs) have been
widely used to solve environmental problems because
of their reliable, robust, and salient characteristics in
capturing the nonlinear relationships existing between
variables (multi-input/output) in complex systems
[22]. This approach is particularly useful in applica-
tions where the complexity of the mechanisms
underlying process performance is high; this is the
case of biological treatment processes for pollution
control. Therefore, ANNs have gained increasing
consideration in wastewater treatment modeling and
control [23]. Thus, recently, Turan et al. used hazelnut
shells as a new adsorbent to remove Zn(II) from
leachate and proposed a feed-forward three-layer
network type. Among many ANN structures, the
multi-layer back-propagation network is by far the

Table 1
The molecular structure and physicochemical properties of EtBr

Molecular formula C21H20BrN3

Molar mass 394.29 g mol–1

Appearance Purple-red solid
Meltingpoint 260–262˚C
Solubility in water 40 g L–1

λmax 480 nm
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most popular [23,24]. The ability to identify a
relationship from given input vectors make it possible
for ANNs to solve large-scale complex engineering
problems such as pattern recognition, classification,
nonlinear modeling, association, and control [25]. A
neural network is characterized by its architecture that
represents the pattern of association between nodes,
its method of determining, the connection weights,
and the activation function. ANNs are classified
according to the number of layers in either single or
multi-layer and based on the direction of the informa-
tion in stream and feed-forward processing. The input
variables determine the number of input nodes in the
input layer. The output layer is where the output is
processed and sent to an external source. The number
of hidden layer nodes in the hidden layer is deter-
mined by a trial and error procedure until the error is
minimized. The number of neurons in the hidden
layer determines the performance of a network. There-
fore, too few or too many nodes in the hidden layer
lead to poor performance of the network. It is recom-
mended that the total number of hidden layer nodes
is at least three times of the total number of input
layer nodes in order to avoid failure to reach conver-
gence [26]. Due to the number of advantages of
pumice stone, the aim of the present work was to
investigate its applicability to remove EtBr from
aqueous solutions. For this, the effect of pH, adsorbent
dose, initial EtBr concentration, and contact time on
the adsorption process was studied. On the basis of
batch adsorption experiments, a three-layer ANN
model to predict the EtBr removal efficiency of
pumice adsorbents was applied. The adsorption of
EtBr from aqueous solutions was optimized to
determine the optimal network structure. The use of
ANN based on radial basis functions (RBF) was also
investigated and proposed as an efficient network
type for adsorption studies.

2. Material and methods

2.1. Preparation of iron-coated pumice (Fe-CP)

Natural pumice (NP) stone was obtained from
Tikmeh Dash region of eastern Azerbaijan (Iran). Prior
to the coating of the surface of the pumice stone with
iron, the NP was washed several times with double
distilled water and then immersed in 1 N HCl for
24 h. After that the pumice was rinsed several times
by double distilled water until its effluent turbidity
reached at least 0.1 NTU (Nephelometric Turbidity
Unit). Finally, the prepared sample was crushed and
sieved to 20 meshes for experimental studies. The
crushed and sieved particles of pumice were

immersed in double distilled water for 24 h and then
dried in an oven at 105˚C for 14 h. In order to coat the
particles with iron, 50 g of pumice particles and
150 mL of 0.1 M Fe(NO3)3·9H2O solution were placed
into a beaker and the pH was adjusted to 11 by add-
ing 10 M NaOH solution dropwise while stirring for
2 min. Thereafter, the beaker was kept in a static and
stable state at laboratory temperature (24 ± 1˚C) for
72 h, and then, the coated pumice was dried in an
oven at 110˚C for 24 h. In order to remove traces of
unbounded iron, the dried particles were washed
again with double distilled water and dried in an
oven at 105˚C for 14 h [13]. The chemical structure of
the adsorbents was determined by X-ray fluorescence
(Model XRert, Holland). In addition, the morphology
of the pumice before and after coating was character-
ized by scanning electron microscopy (SEM) (XL30,
Philips). The specific areas of the raw and iron-coated
pumice have been previously determined as 2.34 and
3.00 m2/g, respectively [12,27].

2.2. Experimental

Batch adsorption studies were performed in 100-
mL Erlenmeyer flasks under magnetic stirring condi-
tions at room temperature (24 ± 1˚C). A stock solution
(1,000 mg L–1) of EtBr was prepared in deionized
water and kept at room temperature (24 ± 1˚C).
Required concentrations of EtBr standards were pre-
pared by appropriate dilution of the above EtBr stock
solution. The adsorption processes were conducted by
mixing 4 g of NP or 4 g of Fe-CP, according to the
experiment, in 100-mL Erlenmeyer flasks containing
50 mL of aqueous solutions with different concentra-
tions of EtBr. The flasks were kept at room tempera-
ture (24 ± 1˚C) under shaking (120 rpm). The effect of
pH (from 3 to 10), initial EtBr concentration (from 10
to 100 mg L–1), adsorbent dose (from 1 to 10 g L–1),
and contact time (from 1 to 210 min) on the adsorp-
tion process was studied. After the adsorption process,
the samples were filtered and analyzed for EtBr
concentration.

The amount of EtBr adsorbed onto the adsorbent,
qt (mg g−1) was calculated as follows:

qt ¼ ðCo � CtÞ � V

m
(1)

where Co (mg L–1) and Ct (mg L–1) are the initial con-
centration of EtBr and the EtBr concentration after a
particular adsorption time t, respectively, m (g) the
mass of the adsorbent, and V (L) the volume of the
liquid phase.
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2.3. Analysis

The surface morphology and the related chemical
composition of the adsorbents were analyzed by SEM
and energy dispersive X-ray diffraction (EDX), respec-
tively. A colorimetric method was used to analyze the
EtBr concentration of the samples. Thus, EtBr was
measured at a wavelength of 480 nm using a UV–vis
spectrophotometer according to the method presented
in standard methods for the examination of water and
wastewater [28]. Statistical analyses were performed
using Excel software.

2.4. Modeling approach

In this work, Matlab™ was used to predict the
adsorption efficiency. A three-layer ANN, an input
layer with 2 neurons (initial pH, adsorbent dosage,
contact time, and initial EtBr concentration), a hidden
layer with 2 neurons, and an output layer with 1 neu-
ron (2-2-1 and 1-2-1) were established. Six training
algorithms were tested according to their performance
in order to select the best back-propagation (BP) train-
ing algorithm. Following benchmark comparisons, an
optimization was carried out for the best BP algo-
rithm. Then, the three-layer ANN was evaluated by
the best BP algorithm. Finally, the use of an ANN
based on RBF was also investigated and compared
with the classical feed-forward BP neural networks.

3. Results and discussion

3.1. Adsorbent characteristics

The solid structure and photomicrography of the
exterior surface of the NP and Fe-CP analyzed by
SEM are shown in Fig. 1. The SEM images of NP and
Fe-CP in Fig. 1 showed ordered silica crystals at their
surface, and micropores or roughness with small
cracks on the NP surface. The Fe-CP (Fig. 1(b)) had a
significant rougher surface than the NP (Fig. 1(a)). The
results of EDX analysis are shown in Fig. 1(c) and (d)
and summarized in Table 2. Fig. 1(c) and (d) indicates
that the major constituents of the adsorbents included
Fe, Si, and K, while other elements were present in
relatively small amounts. The chemical composition
on the Fe-CP surface was different from that of the
original pumice; after the coating, the presence of Fe
was observed to increase from 16.63 to 51.33%.

3.2. Kinetics studies

As can be seen in Fig. 2, the removal efficiency
increased with time (for an EtBr initial concentration

of 30 and 100 mg L–1, an adsorbent dose of 4 g L–1 and
pH 10) until reaching a constant value after 90 and
150 min for NP and Fe-CP, respectively, correspond-
ing to the saturation of the adsorbent. The removal of
EtBr was found to be rapid during the initial period
of contact time, and then, it diminished with the
increase in contact time. This was probably due to the
abundant number of free active sites on the adsor-
bents at the beginning of the process, whereas with
the gradually increased occupancy of these sites with
time, the adsorption process becomes less efficient
[29].

Kinetics modeling not only allows estimation of
adsorption rates but also leads to suitable rate expres-
sions characteristic of possible reaction mechanisms.
In this respect, three kinetic models including the
pseudo-first-order equation (Eq. (2)), pseudo-second-
order equation (Eq. (3)), and intra-particle diffusion
(Eq. (4)) [30–32] were tested.

The pseudo-first-order rate expression is given as
follows:

qt ¼ qeð1� e�k1tÞ (2)

where qe is the adsorption capacity of the adsorbate
(mg g–1) at equilibrium and k1 is the pseudo-first-order
rate constant.

Pseudo-second-order kinetics is expressed as
follows:

qt ¼ k2q
2
e

ð1þ k2qetÞ t (3)

where k2 is the pseudo-second-order rate constant
(g mg–1 min–1).

These equations have been widely used to describe
adsorption kinetics data. The most accurate model
was considered to be based on the regression coeffi-
cient (R2) and the comparison of the qe values to the
experimental ones. Kinetics of dye removal is shown
in Fig. 2 and the corresponding parameters are given
in Table 3. As shown, the kinetics of EtBr removal by
both NP and Fe-CP followed the pseudo-second-order
equation. Additionally, the calculated values of qe
were close to the experimental ones while the qe val-
ues calculated from the pseudo-first-order kinetic
equation were underestimated as it was revealed
above. Accordingly, the pseudo-second-order kinetic
model could be used to successfully calculate the
amount of EtBr adsorbed at equilibrium using the
kinetic experimental results. These results suggested
that the pseudo-second-order adsorption mechanism
was predominant and adsorption was controlled by

B. Heibati et al. / Desalination and Water Treatment 57 (2016) 13472–13483 13475



the chemisorption process [13]. In addition, the intra-
particle diffusion model is a commonly used tech-
nique for identifying the mechanism involved in the
adsorption process. This was studied by plotting EtBr
adsorption, qt, vs. the square root of the time, t1/2, as
shown in Fig. 2. The rate parameter of intraparticle
diffusion can be defined as follows:

qt ¼ kip � t1=2 (4)

where kip is the intraparticle diffusion rate constant
[mg (g min1/2)–1].

In Fig. 2, it can be observed that multiple straight
lines were obtained. Essentially, a multiple order pro-
cess means that the process can be divided into two or
three linear stages, where each stage would express a
pseudo-first-order mechanism. The first stage is related
to the initial binding of EtBr molecules on the active
sites of Fe-CP and NP, and the other stages character-
ize a tendency of EtBr to form a constant layer on the
adsorbent surface. It can be seen from Fig. 2 that the
adsorption process during the first stage was much fas-
ter than during the other stages, which were controlled
by a film or intraparticle diffusion mechanism [33]. In
general, kip was found to increase while increasing the
initial EtBr concentration which can be due to a greater
concentration driving force [34].

3.3. Effect of adsorbent dose

The effect of the adsorbent dose on EtBr removal
at a fixed pH (pH 10) and a fixed initial EtBr
concentration (100 mg L−1) is shown in Fig. 3. It was

(a) (b) 

(c) (d) 

Fig. 1. (a) SEM image of the NP; (b) SEM image of the iron-coated pumice (Fe-CP); (c) X-ray diffraction spectrum (XRD)
of the NP; (d) XRD of the Fe-CP.

Table 2
Elemental composition (wt.%) of NP and iron-coated
pumice (Fe-CP) obtained from EDX characterization

Elements Al Si K Fe

NP 13.55 63.81 6.021 16.63
ICP 9.104 39.53 – 51.33
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evident that the percentage of EtBr removal increased
with the increase of the adsorbent dose, which was
due to a greater amount of adsorbent implies a greater
number of available binding sites. The maximum
adsorption capacity occurred using 10 g of adsorbents.
However, it was also observed from Fig. 3 that, after
an amount of 5 g L−1, there was no significant change
in the percentage removal of EtBr. This was most
probably due to the overlapping of active sites at a
higher adsorbent dose. Overlapping of active sites at a
higher adsorbent dose could be a result of con-
glomeration of exchanger particles. Due to con-
glomeration of exchanger particles, there was not any
appreciable increase in effective surface area, thereby
keeping the percentage removal constant with any
increase in adsorbent dose beyond these limits [35].

3.4. Effect of the initial pH on EtBr removal

Solution pH is an important factor controlling the
surface charge of the adsorbent and the degree of ion-
ization of the materials in the solution. To determine
the optimum pH for maximum EtBr removal, the
equilibrium adsorption of EtBr (for an initial concen-
tration of 50 mg L−1) was investigated for a pH range
from 3 to 10, while the other parameters were main-
tained constants, namely 24˚C and 4 g L–1 adsorbent
dose. In Fig. 4, it is shown that the efficiency of
removal increased with increasing pH for both adsor-
bents. As pH increased from 3 to 10, the removal effi-
ciency of NP and Fe-CP for EtBr increased from 32.64
to 67.10% and from 46.04 to 70.98%, respectively.
Maximum dye uptake was achieved at pH 10. High
adsorption of EtBr at high pH indicated that the sur-
face seems to be alkaline which decreases the protona-
tion at their surfaces due to neutralization of positive
charges, resulting in easier diffusion. At basic pH,
since there is no electrostatic repulsion between the
on-ionized EtBr species and the Fe-CP and NP, the
adsorption is higher.

3.5. Adsorption isotherms

In this study, the experimental data of adsorption
equilibrium were described by means of Langmuir
and Freundlich isotherms, the most widely used ones.
The Langmuir model is the simplest one, in which
adsorption at any site is not influenced by neighboring
sites, as may be the case with physical adsorption on
a single layer. In its simplest form, only one type of
species is available for adsorption. The Freundlich
model is an empirical model for adsorbents in which

Fig. 2. Adsorption kinetics: pseudo-first-order, pseudo-
second-order and intraparticle diffusion kinetics for
adsorption isotherm of EtBr for NP and iron-coated
pumice (Fe-CP).
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the affinity of sites for adsorption is not uniform, i.e.
where the sites with higher affinity will, statistically
speaking, become occupied first. Langmuir isotherm
can be used for physical adsorption in a single layer.
The Langmuir isotherm can be expressed as follows
[36]:

Qe ¼ qmbCe

1þ bCe
(5)

where qm is the maximum adsorption capacity and b
is the Langmuir constant related to the energy of
adsorption.

The Freundlich isotherm can be expressed as
follows [37]:

qe ¼ KFC
1=n
e (6)

where KF and 1/n are the Freundlich constants. For
favorable adsorption, the value of n should be in the
range from 1 to 10 [38]. In order to understand
the adsorption type, equilibrium data were tested with
the Dubinin-Radushkevich isotherm [39]. The lin-
earized D-R equation can be written as follows:

ln qe ¼ ln qm � KDRe
2 (7)

where ε is the polanyi potential and is equal to RT ln
(1 + 1/Ce), qe is the amount of EtBr adsorbed per unit
mass of adsorbents, qm is the theoretical adsorption
capacity, KDR is the constant related to mean free
energy, R is universal gas constant, and T is the abso-
lute temperature (K). The mean free energy of adsorp-
tion (E) was calculated from the constant “K” using
the relation [40]:

Table 3
Parameters of kinetic equations

Adsorbent Conc. (mg L−1)

Pseudo-first-order
model

Pseudo-second-order
model

Intraparticle diffusion
model

qe,exp (mg g−1)
qe,cal
(mg g−1) k1 R2

qe,cal
(mg g−1) k2 R2

kip
(g mg–1 min−1/2) R2

Fe-CP 30 6.005 5.610 0.110 0.852 5.777 0.047 0.918 0.390 0.850
100 17.75 15.45 1.278 0.872 16.14 0.069 0.910 0.819 0.870

NP 30 5.250 4.718 0.969 0.929 4.905 0.221 0.957 0.157 0.889
100 15.50 14.99 0.125 0.884 15.33 0.021 0.932 1.759 0.961

Dosage (g/L)
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80

100
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Fe-CP

Fig. 3. Effect of adsorbent dose on EtBr removal (initial
EtBr concentration = 100 mg L−1; temperature 24˚C; pH 10;
contact time 150 and 90 min for iron-coated pumice
(Fe-CP) and NP, respectively).
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Fig. 4. Effect of solution pH on the adsorption of EtBr by
iron-coated pumice (Fe-CP) and NP (Initial EtBr concentra-
tion = 50 mg L–1; pH 10; adsorbent dose = 4 g L–1;
temperature = 24˚C and contact time 150 and 90 min for
iron-coated pumice (Fe-CP) and NP, respectively).
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EDR ¼ ð2KDRÞ�0:5 (8)

EDR is defined as the free energy change when 1 mol
of ion is transferred to the surface of the solid from
infinity in solution.

Isothermal studies of EtBr removal are shown in
Fig. 5. The fit of experimental values using the three
isotherm models was patterned and the results are
presented in Table 4. As can be seen from the correla-
tion coefficients (R2), for both NP and Fe-CP, the Fre-
undlich model fitted the experimental values better
than the Langmuir model, indicating a heterogeneous
surface binding. The Freundlich adsorption isotherm
predicts that the pollutant (EtBr) concentrations on the
adsorbents (Fe-CP and NP), i.e. adsorption capacity
will increase if there is an increase in the EtBr concen-
tration in the solution. The values of KF and 1/n were
calculated from the slope and intercept of the plot in
Fig. 5 and they were reported in Table 4. KF is a con-
stant indicative of the adsorption capacity of the
adsorbent; while n is an empirical constant related to
the magnitude of the adsorption driving force [38]. It
is shown from the results in Table 4 and Fig. 5 that
the theoretical value of the adsorption capacity was
higher for Fe-CP than NP, and this is probably due to
the higher porosity of Fe-CP. However, the Langmuir
constant, b, connected to the adsorption free energy
and specifying the adsorbents affinity for EtBr bind-
ing, was higher for NP than Fe-CP, indicating a more
favorable capability of EtBr molecules to form a stable
complex with NP than with Fe-CP. The 1/n value
from the Freundlich equation indicates that the rela-
tive distribution of energy sites depends on the nature
and strength of the adsorption process. The value of

1/n of adsorption EtBr onto Fe-CP surface was 0.762;
indeed, this value refers to 76% of the active sites that
have equivalent energy where adsorption happened.
Furthermore, the values of 1/n closer to 1 indicate a
homogeneous surface [41]. As observed, the Fre-
undlich equation appeared to be the most suitable
model to describe the experimental data. Thus,
R2 = 0.997 and R2 = 0.995 were obtained for NP and
Fe-CP, respectively. The fitting of the data to the Fre-
undlich equation indicated the heterogeneity of the
adsorbent surface. In addition, the n values of the Fre-
undlich model for NP and Fe-CP were 1.311 and
1.312, respectively (Table 4), indicating strong interac-
tions between the adsorbents and EtBr. The experi-
mental results also showed that the interactions
between Fe-CP and EtBr were higher than those of NP
and EtBr. This is likely related to the higher porosity
of Fe-CP stone, showing adsorption not only on the
surface but also in its inner part. Comparing the qm
values obtained in this work with those of other
adsorption studies [11,42,43], it can be seen that NP
and Fe-CP have a high adsorption capacity The plot
of ln qe against ε2 (not shown here) was almost linear
with a correlation coefficient (R2) of 0.951 and 0.805
for Fe-CP and NP, respectively. The value of qm was
45.08 and 40.25 mg g–1 for Fe-CP and NP, respectively.
In addition, the mean free energy, EDR, evaluated
using the D-R model was about 17.02 and
18.80 kJ mol–1 for NP and Fe-CP (Table 4), respec-
tively, indicating that the adsorption of EtBr on NP
and Fe-CP was a chemisorption process which
occurred through ion exchange reactions [44].

3.6. Performance analysis of ANN training phases for NP
and Fe-CP

The network architecture of 2-2-1 for analyzing A
and B and 1-2-1 for analyzing C and D was found the
best and optimal solution by having number of “trial
and error” work. Network type is shown in Figs. 6–8.
The input data are divided into 2 groups. The odd
data points of A, B, C, D and removal capacities (R%)
were used for the training procedure, while the even
data were used for the testing procedure. The follow-
ing tables show the performance analysis of testing
procedures for NP and Fe-CP. The maximum number
of iterations was set to 15,000 during the training
procedure. Therefore, the total training time is mea-
sured in just a few seconds. Following benchmark
comparisons, an optimization was carried out for the
best ANN algorithm. Then, the three-layer ANN was
evaluated by the best training algorithm. Finally, the
use of ANN based on tangential activation functions
was investigated and compared with the classical

Ce (mg/L)
0 10 20 30 40

q e
 (m

g/
g)

0

4

8

12

16

20

EtBr onto NP
EtBr onto Fe-CP
Langmuir isotherm
Freundlich isotherm

Fig. 5. Freundlich and Langmuir adsorption isotherms for
EtBr adsorption onto NP and iron-coated pumice (Fe-CP).

B. Heibati et al. / Desalination and Water Treatment 57 (2016) 13472–13483 13479



feed-forward back-propagation neural networks.
Therefore, the proposed technique is simple to imple-
ment and requires less computational time. One of the
aims in modeling the experimental system is to decide
the optimal parameters. In order to obtaining the opti-
mal parameters, an optimization algorithm should be
employed. The optimization algorithm needs the selec-
tion of those parameters, and its associated values are

most important for removal efficiency. In order to
achieve this, the analyzed parameters should be at a

Table 4
Isotherm constants for the adsorption of EtBr on NP and iron-coated pumice (Fe-CP)

Model Parameters

Freundlich isotherm KF (mg g−1) n R2

Fe-CP 1.360 1.311 0.997
NP 0.982 1.312 0.995

Langmuir isotherm qmax (mg g−1) b (L mg–1) R2

Fe-CP 45.80 0.021 0.987
NP 40.25 0.016 0.988

Dubinin-Radushkevich isotherm qm (mg g−1) EDR (kJ mol−1) R2

Fe-CP 14.51 18.83 0.951
NP 10.10 17.02 0.805

Table 5
Performance analysis of training procedures for NP and iron-coated pumice (Fe-CP)

Analyzed factors Std. dev Max. error Correlation RMS error

A and B (for NP) 0.795 1.692 0.9993 0.0080
C (for NP) 0.534 0.798 0.9983 0.0155
D (for NP) 1.061 1.341 0.9991 0.0130
A and B (for Fe-CP) 1.338 2.791 0.9989 0.0105
C (for Fe-CP) 6.349 9.436 0.9561 0.0809
D (for Fe-CP) 0.206 0.216 0.9998 0.0050

Note: A: concentration, B: time, C: pH, D: dose, std. dev: standard deviation.

Table 6
The real and estimated values of removal efficiencies for
concentration and time using NP and iron-coated pumice
(Fe-CP)

NP Fe-CP

Real Estimated Real Estimated

40 37.68 40 32.80
53 53.17 47 42.60
53 53.99 53 52.19
60 60.89 70 70.87
70 67.88 78 80.73
70 69.33 89 86.76
70 70.23 89 89.32

Table 7
The real and estimated values of pH using NP and
iron-coated pumice (Fe-CP)

NP Fe-CP

Real Estimated Real Estimated

80.6 80.80 69.3 46.61
75.3 74.48 34.6 41.02
67.0 63.63 60.0 61.77

Table 8
The real and estimated values of dose using NP and
iron-coated pumice (Fe-CP)

NP Fe-CP

Real Estimated Real Estimated

46.3 40.28 8.99 7.599
78.8 82.12 31.1 28.45
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minimum when the removal efficiency is at maximum.
Generally, simplex algorithm is used for optimization
purposes. In our study, using the optimization
algorithm to maximize the removal efficiency, the ana-
lyzed parameters were chosen (Tables 5–9).

4. Conclusions

Fe-CP and NP were investigated for the removal
of EtBr from aqueous solutions. Experimental results
showed that Fe-CP has a greater capacity to adsorb
EtBr than NP. Adsorption equilibrium was reached
within 90 and 150 min for NP and Fe-CP, respectively.
Adsorption processes for the EtBr were found to fol-
low the pseudo-second-order kinetics model. Regard-
ing adsorption isotherms, the Freundlich model fitted
the experimental data more accurately than the Lang-
muir one. Maximum adsorption capacity (qm) was
found to be 40.25 and 45.08 mg g−1 for NP and Fe-CP,
respectively. The results showed that EtBr removal
increased with contact time and in basic conditions. A
feed-forward neural network was proposed to predict
the removal of EtBr from aqueous solutions by NP
and Fe-CP taking into account the effect of initial pH,
contact time, initial EtBr concentration, and adsorbent
dose. A simple back-propagation feed-forward net-
work with three hidden layers consisting of 2–2-1 and
1–2-1 neurons in each layer was proposed. The mini-
mum mean square error was found to be 0.005, with a
99.98% correlation.
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Table 9
Optimized values for analyzed factors for NP and
iron-coated pumice (Fe-CP)

NP Fe-CP

A 9 A 22.72
B 154 min B 210 min
C 2 mg L−1 C 2 mg L–1

D 8 mg g−1 D 10 mg g–1

Fig. 6. Network type for modeling the experimental
system.

Fig. 7. Removal efficiency with respect to A and B using
NP.

Fig. 8. Removal efficiency with respect to A and B using
iron-coated pumice (Fe-CP).

B. Heibati et al. / Desalination and Water Treatment 57 (2016) 13472–13483 13481



References

[1] R.K. Gupta, R. Pandey, G. Sharma, R. Prasad, B. Koch,
S. Srikrishna, P.-Z. Li, Q. Xu, D.S. Pandey, DNA
binding and anti-cancer activity of redox-active
heteroleptic piano-stool Ru(II), Rh(III), and Ir(III) com-
plexes containing 4-(2-methoxypyridyl)phenyldipyrro-
methene, Inorg. Chem. 52 (2013) 3687–3698.

[2] C. Zhang, L. Liu, J. Wang, F. Rong, D. Fu, Electro-
chemical degradation of ethidium bromide using
boron-doped diamond electrode, Sep. Purif. Technol.
107 (2013) 91–101.

[3] P. Quillardet, M. Hofnung, Ethidium bromide and
safety—Readers suggest alternative solutions, Trends
Genet. 4 (1988) 89–90.

[4] J. Carbajo, C. Adán, A. Rey, A. Martı́nez-Arias,
A. Bahamonde, Optimization of H2O2 use during the
photocatalytic degradation of ethidium bromide with
TiO2 and iron-doped TiO2 catalysts, Appl. Catal. B:
Environ. 102 (2011) 85–93.

[5] C. Adán, A. Martı́nez-Arias, M. Fernández-Garcı́a,
A. Bahamonde, Photocatalytic degradation of ethidium
bromide over titania in aqueous solutions, Appl. Catal.
B: Environ. 76 (2007) 395–402.

[6] M. Khraisheh, L. Wu, A.a.H. Al-Muhtaseb,
A.B. Albadarin, G.M. Walker, Phenol degradation by
powdered metal ion modified titanium dioxide photo-
catalysts, Chem. Eng. J. 213 (2012) 125–134.

[7] J. Galán, A. Rodrı́guez, J.M. Gómez, S.J. Allen,
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