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ABSTRACT

The functionalized copper oxide-zinc oxide nanocomposite (FCZN) was synthesized and
characterized using Fourier transform infrared, scanning electron microscopy, X-ray diffrac-
tion, X-ray fluorescence, and BET. Dye removal from aqueous solution was done in a batch
system using FCZN as an adsorbent. The effects of adsorbent dosage, initial dye concentra-
tion, pH, temperature, and additive salts on dye removal were investigated. Isotherms,
kinetics, and thermodynamics of dye adsorption were studied. Equilibrium and kinetic data
were fitted by Langmuir isotherm and pseudo-second-order kinetic, respectively. The
thermodynamic data showed that dye adsorption was spontaneous, endothermic, and
physical reaction. In addition, genetic programming (GP) was applied in order to predict
dye removal using an explicit formula. The results of proposed GP models were in close
agreement with the experimental data.

Keywords: Nanocomposite synthesis; Dye removal; Genetic programming model; Isotherm;

Kinetic; Thermodynamic

1. Introduction

In recent decades, industrial growth and increase
in the number of industries associated with color, lead
to the increase in water pollution. Currently, there are
lots of industries dealing with dyes such as leather,
paper, plastic, textile, food processing, printing, cos-
metics, pharmaceutical, and dye manufacturing indus-
try [1,2] and the effluents of these industries are of
serious concern because of their adverse effects [3,4].
The dye-containing wastewater can affect the aquatic
environment by reducing photosynthetic activity due
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to the decreased sunlight penetration. In addition,
some dyes can cause health problems such as muta-
tion and cancer [5,6]. On the other hand, shortage of
drinking water is a critical issue. For these reasons,
dye-containing wastewater treatment should be taken
seriously. Therefore, various methods have been
applied for dye removal from effluents such as mem-
brane filtration, flocculation, coagulation, ozonation,
bioelectrochemical system, anaerobic decolorization,
[7-13], etc. Simplicity of design, low cost, availability
and ability to treat dyes in more concentrated form,
are some advantages that make adsorption a suitable
choice for dye removal [14,15]. Also, adsorption bene-
fits from some other advantages such as high capacity

1944-3994/1944-3986 © 2015 Balaban Desalination Publications. All rights reserved.


mailto:mahmoodi@icrc.ac.ir
mailto:nm_mahmoodi@aut.ac.ir
mailto:nm_mahmoodi@yahoo.com
mailto:Chamani.hooman@yahoo.com
mailto:kariminia@sharif.edu
http://dx.doi.org/10.1080/19443994.2015.1094677

18756

and large scale [16]. However, the limitations of this
method such as the need to centrifuge should be con-
sidered and studied more.

So far different materials have been used as adsor-
bent, e.g. Wood, Eucalyptus bark, Red mud, Modified
sepiolite and zeolite, Calcined alunite, Biosorbent
(Canola  hull), Poly (cyclotriphosphazene-co-4,4-sul-
fonyldiphenol) [14,17-22]. The studies continue to pre-
pare adsorbent with higher capacity in order to
reduce adsorbent dosage and consequently decrease
the value of disposal material.

Metal-based nanoparticles have some properties
including high ordered structure, high mechanical and
thermal strength, high number of vacant reactive sur-
face sites, metallic or semi-metallic behavior, and high
surface area which make them applicable for removal
of toxic materials [23,24]. Besides, an emerging field in
adsorption process is surface functionalization that
increases adsorption capacity to a large extent. Table 1
presents dye removal ability of different adsorbents
containing metal [25-32].

Also, various methods of modeling have been used
in capturing the non-linear relationship existing
among variables in complex systems in the field of
adsorption process, e.g. neural network [33-35] which
is a powerful tool for prediction, but it is not usually
able to produce practical prediction equations [36].
Adaptive neuro-fuzzy inference system [37-40] and
least square support vector machine [41,42] are some
other methods of modeling that were used in this
field. However, no reported work was found to use
genetic programming (GP) approach for modeling of
dye removal in the field of adsorption process. The
main advantage of this kind of modeling is to present
an explicit formula for prediction.
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A literature review showed that dye removal using
FCZN was not investigated. Since the synthesized cop-
per oxide-zinc oxide nanocomposite (CZN) had a
hierarchical 3D morphology composed of flower-like
ZnO microstructure integrated with CuO nanopatches
[43], the aim of this study was to investigate the effect
of functionalization on the mentioned surface. In this
research, CZN was synthesized and functionalized
using 3-aminopropyltrimethoxysilane. FCZN was
characterized using Fourier transform infrared (FTIR),
scanning electron microscopy (SEM), X-ray diffraction
(XRD), X-ray fluorescence (XRF), and BET. Three azo
dyes (DR23: Direct Red 23, DR80: Direct Red 80 and
DR81: Direct Red 80) were used. The reason of select-
ing these dyes was that more than 60% of dyes used
in industries are azo dyes and most of them are non-
biodegradable [44,45]. The effects of adsorbent dosage,
initial dye concentration, pH, temperature, and addi-
tive salts on dye removal were investigated. Iso-
therms, kinetics, and thermodynamics of dye
adsorption were studied. Furthermore, GP was
applied for dye adsorption modeling.

2. Materials and methods
2.1. Chemicals

DR23, DR80, and DR81 were purchased from Ciba
(Germany) and applied without any purification. The
other materials were obtained from Merck.

2.2. Synthesis of FCZN

NaOH (1 g) was dissolved in 90 mL distilled water.
ZnCl, (1g) was then added to sodium hydroxide
solution and stirred for 30 min. In the next step,

Table 1
Dye removal ability of different adsorbents containing metal
Adsorbent Dye Qo (mg/g) Refs.
Magnetic Fe;O,@graphene nanocomposite Methylene blue 45 [25]
Congo red 34
MnO-Fe,O3 composite Acid red B 105 [26]
MgO nanoparticles Reactive blue 19 167 [27]
Reactive red 198 123
NiO nanoparticle Congo red 40 [28]
v-Fe>O3 Acridine orange 59 [29]
Magnetic Fe;0,@C nanoparticles Methylene blue 44 [30]
Cresol red 11
Zinc oxide loaded on activated carbon Malachite green 323 [31]
Fe;O,4 hollow nanospheres Neutral red 105 [32]
FCZN Direct red 23 362 [This study]
Direct red 80 208
Direct red 81 160
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CuSO,4-5H,0 (1 g) was added and the solution was stir-
red in the environment temperature for 30 min. The
prepared solution was heated in a closed bottle at
100°C for 24 h. The upper liquid was decanted, the
solid material was washed three times and then heated
to be dried. The dried material was powdered (CZN).
For functionalization, CZN (1 g) was added to 1 mL
distilled water. Then, 2 mL 3-aminopropyltrimethoxy-
silane and 20 mL ethanol (96% volumetric) were
poured into the solution. The solution was stirred in a
closed bottle at environment temperature for 24 h, and
then heated at 90°C for 24 h. Fig. 1 shows the mecha-
nism of functionalization. The solid material was pow-
dered (FCZN) and used for further investigation.

2.3. Characterization of FCZN

To determine the point of zero charge (pHp,.) of
FCZN, 10 bottles of water (100 mL) with various pH
from 2 to 11 were prepared. 0.1 g adsorbent was then
added to each bottle and stirred for 24 h [46,47]. By
plotting final pH of solution against initial pH, pHy,.
was determined as pH 7.

The functional groups of materials were investi-
gated using FTIR spectroscopy (Perkin-Elmer
Spectrophotometer Spectrum One) in the range 4,000
450 cm™'. The morphological structure of the FCZN
was examined by SEM using LEO 1455VP scanning
microscope. The XRD pattern of materials were
achieved using a D8 ADVANCE XRD spectrometer
(Bruker, German) with a Cu Ko target at 40 kV and
50 mA at a scan rate of 0.02° 20 s™'. The XRF analysis
was performed on ARL 8410 to obtain the chemical
composition of the samples. Brunauer-Emmett-Teller
(BET) surface analyzer (Micromeritics 3020, USA) was
employed to study the surface anatomical properties.
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2.4. Dye adsorption

Batch adsorption experiments were performed by
mixing the adsorbent with 250 mL of dye solution for
60 min. Each experiment was sampled at specific time
intervals (0, 2.5, 5, 7.5, 10, 15, 20, 30, 40, 50, and 60 min).
All samples were centrifuged and then the residual dye
in the samples was determined using spectrophotome-
ter (Perkin—Elmer Lambda 25) at maximum wavelength
(Amax)- The values of A, were 500, 540, and 509 nm for
DR23, DR80, and DR8], respectively.

The isotherms and kinetics of adsorption process
were investigated using the data obtained from the
evaluation of adsorbent dosage and initial dye concen-
tration effect, respectively. Thermodynamics were
studied through the data obtained from the study of
temperature effect.

2.5. Desorption studies

The FCZN was used for dye adsorption for 60 min
(initial concentration =50 mg/L, pH 2, tempera-
ture =20°C). In the next step, pH of solution was
reached to 12 by adding NaOH. The solution was agi-
tated for 60 min. The adsorbed and desorbed dye was
determined using first and second step, respectively.
The residual dye of each step was determined using
spectrophotometer after centrifuging.

3. Result and discussion
3.1. Characterization

The FT-IR spectrum of CZN has two peaks at
3,453 and 497 cm ' (and 615 cm™!) which indicate
O-H stretching vibration and metal-oxygen vibration,

H3CO\ OCH; O Ethanol and water
N Si +
HN AP 25°C, 24 hr
OCH;
(3-Aminopropyl) trimethoxysilane Zn0 - Cu0
NH,
~_NH,
Si H,N q
H>N : g,
NH
NH,

Fig. 1. The mechanism of CZN functionalization.
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respectively (Fig. 2). The FTIR spectrum of the FCZN
displays a number of characteristic bands at 3,429,
2,944, and 497 cm™' (and 615cm™") (Fig. 2). These
bands are assigned to O-H and N-H stretching
vibration, -CH,—~ asymmetric vibration, and metal-
oxygen vibration, respectively [48]. The N-H (amine)
and C-N (amine) bending vibrations display a strong
band at 1,600-1560 cm™' and 1,350-1,000 cm™',
respectively [48].

SEM has been a primary tool for determining the
particle shape, porosity, and appropriate size distribu-
tion of the adsorbent. SEM images of FCZN are shown
in Fig. 3. It is clear that FCZN is a nanoparticle.

Fig. 4 shows the XRD of CZN. Diffraction peaks
are in good agreement with those of the standard pat-
terns of hexagonal wurtzite ZnO (JCPDS Card No. 36-
1451) and monoclinic CuO (JCPDS Card No. 05-0661).
In Fig. 4, there are two sets of diffraction peaks for the
zinc oxide/copper oxide nanocomposite sample,
which are correspondingly ascribed to hexagonal
wurtzite ZnO and monoclinic CuO, and no peaks of
other phases and impurities were detected [43].
Also, after functionalization of CZN, analysis was
performed and no change was observed.

The chemical composition of FCZN was deter-
mined using XRF. Based on XRF analysis, FCZN has
higher ZnO (56%) and lower CuO (34%). In addition,
FCZN has 2.6% SiO, and 7.4% of the initial weight
was lost due to heating the sample at 900°C for 1 h.
The N,/77 K adsorption isotherm provides useful
information about surface anatomical properties.
Table 2 shows a summary report of surface area, pore
volume, and pore size.

97

95+

93

91+

Transmittance (%)

— C2ZN
89 — FCZN

87

3900 3400 2900 2400 1900 1400 900 400
Wavenumber (cm-1)

Fig. 2. FT-IR spectrum of CZN and FCZN.
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3.2. Effects of operational parameters
3.2.1. Effect of adsorbent dosage

By conducting experiments at a similar condition
and different adsorbent dosage range of 0.025-0.15 g/L
for DR23, 0.08-0.26 g/L for DR80, and 0.05-0.3 g/L for
DR8], the effect of adsorbent dosage on dye adsorption
was investigated. Figs. 5 and 6 illustrate the results for
CZN and FCZN, respectively. According to these
figures, the adsorption capacity of FCZN was much
better than CZN. It can be attributed to the presence of
amine functional group of FCZN. At acidic pH, amine
group (-NH,) of FCZN is converted to positively
charged group (-NHj). A significantly high electro-
static attraction exists between the positively charged
surface of the adsorbent, due to the ionization of func-
tional groups of adsorbent and negatively charged
anionic dye. Since FCZN took precedence over CZN in
terms of the values of dye removal percent, FCZN was
used for further studies.

Increasing the amount of adsorbent increases the
available and suitable sites on the adsorbent surface,
and consequently leads to the increase in the dye
removal percent. However, the adsorption capacity
(mg adsorbed dye per g adsorbent) is reduced. It can
be related to overlapping or aggregation of adsorption
sites resulting in a decrease in total adsorbent surface
area available to the dye and an increase in diffusion
path length [49,50].

3.2.2. Effect of initial dye concentration

The effect of initial dye concentration on dye
removal was studied in the initial dye concentration
range of 50-200 mg/L. Fig. 7 shows the effect of initial
dye concentration on dye removal using FCZN. It can
be seen that the higher the initial concentration, the
lower the percent of dye removal. At a constant adsor-
bent dosage, the decrease in the adsorption percent is
probably due to the saturation of the active binding
sites on the FCZN surface at higher dye concentra-
tions. However, if the amount of adsorbent is kept
unchanged, increasing the amount of initial dye con-
centration increases the amount of dye adsorbed onto
the adsorbent, due to the increase in the driving force
of the concentration gradient at the higher initial dye
concentration [51].

3.2.3. Effect of pH

The effect of pH on dye adsorption was studied by
conducting experiments at a similar condition and
different pH in the range of 2-10. Fig. 8 illustrates the



N.M. Mahmoodi et al. | Desalination and Water Treatment 57 (2016) 18755-18769

o A
3 - all, . { }
ENT= 10000 WD= §mm Mag= 1000KX  SgralA=SE1
L Ins$iute of Color Science & Technology

18759

EHT= 10000 WO= Smm Mag= 2100KX  SonelAsSEl

Ins#ute of Color Science & Technology |

©

Fig. 3. SEM images of FCZN with different magnifications (a,b) 300 nm, (c) 1 pm, and (d) 2 pm.
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Fig. 4. XRD pattern of CZN.

effect of pH on dye removal. If the pH of the solution
is less or more than pH,,., the adsorbent surface gets
positive or negative charge, respectively [52]. The
decrease in pH increases the electrostatic interaction
between the negatively charged dye molecules and

the FCZN surface sites, which favors the uptake of
dye anions. As a consequence, the lowest pH (pH 2)
in which the adsorbent had more positive charge, was
the best pH value for dye removal. On the other hand,
presence of excess OH™ at alkaline pH destabilizes
anionic dyes and also competes with dyes for achiev-
ing empty sites on the adsorbent surface.

3.2.4. Effect of additive salts

NaCl, Na,SO,4, and NaNO; were used as additive
salts in this investigation. Presence of these salts are
common in the wastewater of color industries, e.g.
NaCl can be used in textile industry because it has
coating effect on surface charge of fiber and improves
the connection between the dye and the fiber. There-
fore, sodium chloride may be found in industrial efflu-
ents. The presence of anions in wastewater can cause
two problems: (i) anions and dyes may compete for
active sites on the adsorbent surface. (ii) Anions can
deactivate the adsorbent surface. Both of these
situations can reduce the amount of adsorbed dye.
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Table 2
The properties of FCZN
Parameter Value
Surface area
Single point surface area at p/p° = 0.222782128 8.2981 m/g
BET surface area 7.9675m/g
Langmuir surface area 10.7721 m/g
Pore volume .
Single point adsorption total pore volume of pores less than 1,255.659 A width at p/p° = 0.984339111 0.036023 cm/g
t-plot micropore volume . 0.004045 cm/g
BJH adsorption cumulative volume of pores between 17.000 and 3,000.000 A width 0.049028 cm/g
BJH Desorption cumulative volume of pores between 17.000 and 3,000.000 A width 0.048974 cm/g
Pore size .
Adsorption average pore width (4 V/A by BET) 180.8504 A
BJH adsorption average pore width (4 V/A) 464.134 A
BJH desorption average pore width (4 V/A) 334.748 A
(a)m (b) 20 {C) 20
16 16 16
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Fig. 5. The effect of adsorbent dosage on dye removal percent using CZN: (a) DR23, (b) DR80, and (c) DR81 (initial

concentration = 50 mg/L, pH 2, temperature = 20°C).
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Fig. 6. The effect of adsorbent dosage on dye removal percent using FCZN: (a) DR23, (b) DR80, and (c) DR81 (initial

concentration = 50 mg/L, pH 2, temperature = 20°C).

As it can be seen in Fig. 9, adding salts reduced the
dye removal percent.

3.2.5. Effect of temperature

The effect of temperature on dye adsorption was
investigated at different temperatures in the range
of 20-50°C. As shown in Fig. 10, temperature has

positive effect on dye removal percent. Increasing
temperature enhances the rate of diffusion of the
adsorbate molecules across the external boundary
layer and in internal pores of adsorbent, owing to the
decrease in the viscosity and increase in diffusion
coefficient of dye. Furthermore, changing the tempera-
ture has effect on the equilibrium capacity of the
adsorbent for a particular adsorbate [53,54].
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Fig. 7. The effect of initial dye concentration on dye removal percent using FCZN: (a) DR23, (b) DR80, and (c) DR81
(adsorbent dosages were 0.15, 0.26, and 0.3 g/L for DR23, DR80, and DR81, respectively, pH 2, temperature = 20°C).
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Fig. 8. The effect of pH on dye removal percent using FCZN: (a) DR23, (b) DR80, and (c) DR81 (adsorbent dosages were
0.15, 0.26, and 0.3 g/L for DR23, DR80, and DR81, respectively, initial concentration = 50 mg/L, temperature = 20°C).
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Fig. 9. The effect of additive salts on dye removal percent using FCZN: (a) DR23, (b) DR80, and (c) DR81 (adsorbent
dosages were 0.15, 0.26, and 0.3 g/L for DR23, DR80, and DR81, respectively, Initial dye concentration = 50 mg/L, pH 2,

temperature = 20°C, and 0.02 mol/L salt).

3.3. Adsorption isotherm

According to equilibrium data (g and C,),
adsorption isotherms describe how molecules of dye
and adsorbent surface react with each other. The
isotherm plays an important role for designing the
adsorption systems. Many isotherm models have been
presented for analysis of adsorption process.
Langmuir, Freundlich, and Tempkin isotherms are
common for solid-liquid systems.

The Langmuir isotherm is based on some assump-
tions [55]: (i) Adsorption occurs on specific and

homogeneous sites within the adsorbent. (ii) Adsorbent
has a limited capacity for absorption. (iii) Adsorption
sites are identical in terms of energy and structure.
(iv) Each site is occupied by a molecule of dye. The
Langmuir equation is:

o qOKLCe
T =11K.C. @

where ., 90, Ce, and Kp are the amount of dye
adsorbed onto the adsorbent at equilibrium (mg
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Fig. 10. The effect of temperature on dye removal percent using FCZN: (a) DR23, (b) DR80, and (c) DR81 (adsorbent
dosages were 0.15, 0.2, and 0.3 g/L for DR23, DR80, and DR8], respectively, initial concentration = 50 mg/L, pH 2).

adsorbed dye/g adsorbent), the maximum adsorption
capacity (mg/g), the equilibrium concentration of dye
solution (mg/L), and Langmuir constant (L/mg),
respectively. The linear form of Langmuir equation
can be expressed by:

C. 1 Ce
= +— @)
ge  Krgo 9o

where gy, Ki, and coefficient of determination (R?
were indicated by linear plotting C./g. vs. C. (Table 3).
The essential characteristics of the Langmuir isotherm
can be represented by a dimensionless constant called
equilibrium parameter, R;, which is defined by follow-
ing equation:

1
Ry = m 3)

The Ry, values indicate the type of isotherm to be irre-
versible (R = 0), favorable (0 < Ry < 1), linear (R, = 1),
or unfavorable (Ry > 1) [55,56]. For all three dyes, the
values of R;, were in favorable section.

The Freundlich expression is an empirical equation
based on adsorption on a heterogeneous surface and it
is not limited to the formation of the monolayer [57].
Isotherm data were tested with Freundlich isotherm
which can be expressed using the following equation:

e = KeCl/" 4)

Eq. (4) can be rearranged to a linear form:

log g. = log K¢ + (1/n) log C. (5)

where Kg and 1/n are the adsorption capacity at unit
concentration and adsorption intensity, respectively.

The values of Kg, 1/n, and R? were determined by
using a linear plot of log g. vs. log C,. (Table 3). The lat-
ter constant can be classified as irreversible (1/n =0),
favorable (0 < 1/n < 1), and unfavorable (1/n > 1) [58].
As shown in Table 3, the values of 1/n are in favor-
able section for all three dyes.

Tempkin isotherm model describes that the heat of
adsorption of all the molecules on the adsorbent sur-
face layer would decrease linearly with coverage due
to adsorbate-adsorbate interactions [59]. The Tempkin
equation is given as:

ge = (RT/b) In(ArCe) (6)

which can be linearized as follows:

Je = BT In AT + BT In Ce (7)
where

RT
Br = b (8

where Br and At (L/mg) are the Tempkin constant. T
and R are the absolute temperature (K) and universal
gas constant (8.314 J/mol K), respectively. The con-
stant b is related to heat of adsorption [59]. Ar, Br,
and R* were obtained by linear plotting g. vs. In C.
(Table 3).

If each of these three models is applicable, its lin-
ear form should give a line with the highest value of
R®. The lines fitted according to these models, using
equilibrium data at different adsorbent dosage. Table 3
represents the constant values of isotherms and R?
values. According to values of R?, Langmuir isotherm
gave the best correlation for the adsorption process in
this study because the dye adsorption on FCZN took
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Table 3
Isotherm coefficients for adsorption of all three dyes using FCZN at different adsorbent dosages
Langmuir Freundlich Tempkin
q0 Ky R? Kg 1/n R? Ar Bt R?
DR23
362 0.5287 0.9888 266 0.0681 0.6797 1.2E5 22 0.6559
DR80
208 1.5484 0.9979 190 0.015 0.5170 1.2E28 3 0.5088
DR81
160 1.3021 0.9998 135 0.0419 0.9811 1.5E9 6 0.981

place at specific homogeneous sites and a one layer
adsorption was formed.

3.4. Adsorption kinetic

It is necessary to evaluate the kinetic to provide
information about the rate of adsorption onto the
adsorbent. The evaluation of kinetic was done by
applying pseudo-first-order, pseudo-second-order, and
intraparticle diffusion model [60,61].

Linear form of pseudo-first-order model is
illustrated as:
ky
log(ge —q1) = log(qe) — | 5355 |1 €

where g, 9;, and k; are the amount of dye adsorbed onto
the adsorbent at equilibrium (mg adsorbed dye/g adsor-
bent), the amount of adsorbed dye at time t (mg/g), and
the equilibrium rate constant of pseudo-first-order
kinetic (1/min), respectively.

A linear form of pseudo-second-order equation is:

t 1 1

where k; is the equilibrium rate constant of pseudo-
second-order kinetic (g/mg min).

The equation of intraparticle diffusion model is
given as:

g =kt 41 (11)

where k;, and I are the intraparticle diffusion rate con-
stant and intercept, respectively.

Using the data obtained from the evaluation of the
effect of initial dye concentration, log(q. — ;) vs. t, t/q;
vs. t, and g; vs. t'/2 were plotted. As a result, Table 4
represents the linearized kinetic parameters for dye
adsorption using FCZN. By comparing the values of
R? it was observed that the pseudo-second-order
kinetic could best describe adsorption kinetic.

3.5. Adsorption thermodynamic

Thermodynamic can express direction (sponta-
neous reaction or its reverse) and type (exothermic or
endothermic and physical or chemical) of reactions.
Thermodynamic parameters can be obtained using the
following equations [62]:

Ke = Ca/Cs (12)
In Kc = (AS/R) — (AH/RT) (13)
AG = AH — TAS (14)

where Kc, Ca, Cs, AS, AH, R, T, and AG are the
equilibrium constant, the amount of dye adsorbed on
the adsorbent of the solution at equilibrium (mol/L),
the equilibrium concentration of dye in the solution
(mol/L), entropy (k]J/mol K), enthalpy (kJ/mol), the
gas constant (8.314 J/mol K), absolute temperature
(K), and Gibbs free energy (kJ/mol), respectively.

A linear curve of In K¢ vs. 1/T was plotted for
each dye and the values of AS and AH were calculated
by using the values of the slope and intercept. Also,
the values of AG were calculated by Eq. (14) for all
temperatures. Table 5 presents the values of thermo-
dynamic parameters of dye adsorption process.



18764

Table 4
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Linearized kinetic parameters for dye adsorption using FCZN at different initial dye concentrations

Pseudo-first-order

Pseudo-second-order Intraparticle diffusion

Dye
(mg/L) (qe)exp (qe)cal kl R2 (qe)cal k2 RZ kp I R2
DR23
50 301 95 0.0845 0.9100 303 0.0029 0.9999 9 236 0.8964
100 354 140 0.0873 0.9361 357 0.0019 0.9996 13 260 0.9237
150 372 131 0.05642 0.8315 370 0.0015 0.999 15 261 0.9442
200 403 166 0.0861 0.9459 417 0.0014 0.9998 18 282 0.8874
DR80
50 191 41 0.1306 0.8973 192 0.0097 0.9999 5 160 0.5533
100 245 94 0.0668 0.8747 250 0.0022 0.9992 10 171 0.9111
150 252 121 0.0684 0.9106 256 0.0016 0.9993 15 149 0.8783
200 279 113 0.06218 0.8787 286 0.0016 0.9994 14 178 0.8386
DRS81
50 145 70 0.0981 0.9602 149 0.0037 0.9999 7 98 0.8450
100 155 98 0.1172 0.9608 161 0.0029 0.9996 8 99 0.8590
150 160 68 0.0721 0.8907 164 0.0031 0.9993 7 108 0.8902
200 163 72 0.0705 0.8778 167 0.0028 0.9977 7 110 0.9138
Table 5
Values of thermodynamic parameters of dye adsorption process
Thermodynamic parameters

Dye T (°C) AGy (KJ/mol) AH, (kJ/mol) ASy (kJ/mol) R?
DR23 20 —5.5005 24.8131 0.1035 0.9914

30 —6.5351

40 —7.5697

50 —8.6043
DR80 20 —2.5880 43.1821 0.1562 0.9804

30 —4.1501

40 —5.7122

50 —7.2743
DRS81 20 —4.9183 30.7643 0.1218 0.9421

30 —6.1361

40 —7.3539

50 —8.5718

The positive values of AS suggest increased ran-
domness at the solid/solution interface occurs in the
internal structure of the adsorption of dye onto FCZN.
The positive values of AH indicate the presence of an
energy barrier in the adsorption process and endother-
mic process. Also, the negative values of AG express
that the adsorption process is spontaneous [63]. The
change in Gibbs free energy for physical and chemical
adsorption are between —20 and 0kJ/mol and —80
and —400 kJ/mol, respectively [64]. Based on the

obtained values of AG, physisorption was the domi-
nant mechanism in this study.

3.6. Desorption studies

The adsorbent regeneration is an important factor
for economic treatment process. Desorption studies
are useful to recover the dye and the adsorbent. Dye
desorption tests showed that the maximum dye
release of 84% for DR23, 89% for DR80, and 81% for
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DR81 were achieved in aqueous solution at pH 12. At
higher pH value, the number of positively charged
sites decreases which favors adsorbent regeneration.

3.7. Genetic programming

Genetic algorithm (GA) imitates biological evolu-
tion and progressively seeks superior solutions for an
optimization problem using the guide of selective
function (fitness) and partial combination of candidate
solutions [65,66]. GP was introduced as an extension
of GA by Koza [67] which produces computer pro-
grams or models for solving regression problems,
using the principle of Darwinian natural selection [68].
GP acts based on GA, with a difference that GA pro-
vides solutions in form of a string of numbers, while
GP presents solutions by computer programs. The
programs include tree structures with their nodes
(functions) and terminals (leaves) [67-69]. In this
study, based on experimental data, GP was applied to
produce an optimal formula in which the error is
minimum.

Fig. 11 illustrates flowchart of proposed GP. At
first, initial population of programs is generated ran-
domly, and then the fitness values are calculated for
all programs. In this study, sum of absolute differ-
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ences between experimental and predicted values is
considered as fitness value. Furthermore, if a specific
criterion (in this investigation the maximum number
of generations) is met, the algorithm is stopped and
the program with the best fitness is presented; other-
wise, new generation of programs are generated by
selecting parents based on their fitness and breed-
ing them via genetic operators such as crossover,
mutation and reproduction [69]. In the next step,
after calculating fitness values, termination criteria
should be checked. The process of generating new
programs continues until the termination criterion is
reached.

The genetic operators should be applied in a suit-
able way in order to produce better generation. The
operators can be defined as follows [70]: (i) The cross-
over operator exchanges sub-trees between a pair of
tree structure programs (parents), and two offsprings
are generated from them. (ii) The mutation operator
substitutes a randomly selected sub-tree of a program
with new sub-tree which is generated randomly.
(iii) The reproduction operator copies the best pro-
grams in the next generation.

The performance of modeling was statistically
evaluated by the coefficient of determination (R
using the following equation:

Generation=Generation+1 |

Evaluation of fitness for
all programs

Generating new
genera!ion by using
genetic operators

Fig. 11. Flowchart of proposed GP.
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N 2
R2—1_ 2_im1 (Vipred = Yiiexp)

/. (15)
Eﬁl Yiexp — yeXP)z

where N is the number of data points, ¥; prea and Vi exp
are the predicted and experimental y value of point i,
respectively, and Ve is the average of experimental
values.

In this study, GP was used for adsorption process
modeling. At first, in order to have similar domains,
all input and output variables were normalized
between 0.1 and 0.9. The modeling was done in
MATLAB R2009a environment. Table 6 illustrates the
ranges of experimental data. Based on presented flow-
chart (Fig. 11), modeling was performed by using
training data-sets (90% of all data-sets) and the
obtained equations were tested with testing data-sets
(10% of all data-sets). The training and testing data-
sets were chosen randomly. In this modeling, the
function set that were used included elements such as:
+, —, %, sin, cos, log, and abs. Eqs. (16)—(18) present
the GP models obtained for DR23, DR80, and DR8I,
respectively.

Y = sin(((log(abs(cos((cos(((((xs x (log(abs(cos(xs)))
+ (x3 —log(x2)))) x (((((cos(x3) +x1) x x5)
x cos(x3)) — x2) — x2)) — x2) — cos((((cos(cos(log(xs)
X x1)) + sin(—x2 — x4))
x sin(((log(abs(cos((cos((((((cos(x3) + x1) X x5)
x cos(x3)) — x2) — cos(2x4 + x3))) x (cos(cos(2x3))
+ sin(sin(x2 — 3x4))))))) — x2) % log(abs(sin(x2))))))
+1x3)))) x (cos(cos(2x3)) + sin(sin(—2x4))))))) — x2)
x log(abs(sin(sin(x2))))))
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Y = cos(cos(sin(cos(cos(sin(xs))) — (sin(cos(xs))

x (sin((x1 x x3) + (cos(x2) + x3))

x (sin(cos(cos(sin(xs5)))) x ((((x1

x sin(cos(log(abs(3x1 + x5 — x3))))) — sin(sin(x2)))

X X5) +x4))))))) — (sin(sin(cos((cos(cos(x3 + x1))

— (sin((x4 + cos(((log(x2 + x4) — x5) 4 cos(x2))

% x5))) 1)) X (x3 — log(xs +x4))))) x (cos(sin(x1))

x sin(cos(cos(cos(x3 + (cos(cos(cos(xs)))

~ (sin(sin(sin(cos(cos(xs)) + log(x1)))) x x2))))))))
(17)

Y = ((log(abs(cos(x2))) X x3) + sin(sin(sin(((x5 — log(xs))
+ (((x3 x (((cos(xq) x cos(xy)) — (x4 — x3))
—sin((((x3 x ((x2 — x5) — x4)) — log(xs)) + cos(xs
—log(x3))) x ((xg x log(xg)) — (sin(xz) x (x1
x log(x2))))))) % (x1 — x3)) + x5)) X X5)) — (x4
—x3))) % cos(cos(sin((x1 x ((xa x (xa2 X x3))

+ cos x%))) X ((.(log(abs(cos(xz))) X X3)

+ sin((sin(cos(sin(x5 — log(xs5)))) X x4) — (x4 — x3)))
X (x3 X x4))) — log(abs(log(abs((x, — sin(xy))

X €05(x2)))))))

A~ — T~

(18)

where x4, x5, X3, X4, X5, and Y are normalized values of
contact time, initial dye concentration, adsorbent
dosage, pH, temperature, and dye removal percent,
respectively.

As it can be seen in Fig. 12, both training and test-
ing data-sets are well distributed in a narrow area
around the diagonal line. In other words, the pre-
dicted and experimental dye removal percents have
similar values to a large extent. Moreover, the calcu-
lated values of R® confirm the reliability of the GP
modeling for adsorption process.

(16)

Table 6
Ranges of experimental data

Ranges
Variable DR23 DR80 DR81
Input
Adsorption time (min) 2.5-60 2.5-60 2.5-60
Initial dye concentration (mg/L) 50-200 50-200 50-200
Adsorbent dosage (g/L) 0.025-0.15 0.08-0.26 0.05-0.3
pH 2-10 2-10 2-10
Temperature (°C) 20-50 20-50 20-50
Output
Dye removal percent (%) 0-100 0-100 0-100
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Fig. 12. Comparison of predicted dye removal percent resulted from GP with experimental values for: (a) DR23, (b)

DR80, and (c¢) DR81.

4. Conclusion

In this research, CZN was synthesized and
3-aminopropyltrimethoxysilane was used to func-
tionalize CZN. The synthesized materials were charac-
terized using FTIR, SEM, XRD, XRF, and BET.
Equilibrium and kinetic data were fitted by Langmuir
isotherm and pseudo-second-order kinetic, respec-
tively. The thermodynamic data showed that dye
adsorption was a spontaneous, endothermic, and
physical reaction. The results indicate that FCZN can
be used as a suitable adsorbent for dye removal from
colored wastewater. On the other hand, an important
advantage of GP modeling is to present an explicit
equation. In addition, lack of need to conceptual
design is another positive point of this kind of model-
ing. Based on these advantages and the obtained
results, GP is recommended as a suitable tool for
modeling of dye adsorption process.
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