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ABSTRACT

The removal of trivalent and divalent heavy metal ions from aqueous solutions by the ion-exchange
process was investigated via a theoretical study using two- and three-parameter isotherm models.
Fe* and Ni* ions were chosen as models of trivalent and divalent heavy metal ions in this study.
A hybrid zeolite/carbon composite was used to remove these ions from aqueous solutions in a batch
test to provide the required data for the theoretical study. This work studied the effect of shaking
time (0-24 h), pH solution (2-10), and initial ions concentration (50-500 ppm). The experimental
data of ion-exchange of both metal ions were studied using the two-parameter isotherm models
including Langmuir isotherm, Freundlich isotherm, and Temkin isotherm. Also, the experimental
data of ion-exchange were studied using the three-parameter isotherm models including Hill iso-
therm, Khan isotherm, Redlich-Peterson isotherm, Radke-Prausnitz isotherm, Sips isotherm, Toth
isotherm, Koble-Corrigan isotherm and Liu isotherm. The experimental data of ion-exchange of
Fe®* ions best fitted the Temkin isotherm. Also, they followed the three-parameter isotherm models
comparably due to the correlation factor for all studied models ranging from 0.923-0.924 despite
the values of some model parameters were away from reality. But, Koble-Corrigan isotherm was
not applicable for Fe* ion-exchange. While the experimental data of ion-exchange of Ni* ions best
fitted the Langmuir isotherm with R*> = 0.930. Also, they fitted the three-parameter isotherm mod-
els indistinguishably despite some model parameters diverted away from reality. For both metal
ions, the determined values of exponent of the Toth isotherm confirmed the system heterogeneity.
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1. Introduction

The overpopulation, industrial activities, and unplanned
urbanization directly influence the continuous availability
of freshwater over the world since it is an essential need for
all living beings [1]. Water streams are accessible by vari-
ous pollutants due to agricultural growth and rapid indus-
trial activities [2] which makes the water pollution problem
a global challenge [3]. The presence of metallic organic and
inorganic species in the water bodies with concentrations
that exceed the lethal dosage will harm the metabolic sys-
tem [4]. Therefore, water bodies contaminated with poison-
ous heavy metal ions released from different industries are
a threatening environment for aquatic beings’ health and
thus human health [5]. The presence of even low amounts
of some heavy metals or radioactive elements such as zinc,
manganese, nickel, lead, iron, copper, chromium, cadmium,
arsenic, and cobalt, in natural water systems can enter into
the human body causing malfunctions of many organs and
therefore generate different problems such as vomiting,
nervous system injuries, nausea, and bone difficulties [6-8].
For the last past decades, pollution by heavy metals pollu-
tion has become a serious concern because they can accu-
mulate in the environment and are not biodegradable [9,10].

Heavy metals ions are discharged through the effluents
of various industries such as metal processing, mining, bat-
tery industries, electroplating industries, tanneries indus-
tries, textile industries, pesticides industries, petroleum
refining industries, pigment industries, paint industries,
photographic industries, and printing industries [11]. As
a consequence of the massive industrial wastewaters dis-
charged annually, removal of pollutants especially heavy
metals and radionuclides that result from nuclear activities
is one of the most important matters [12]. Excessive accumu-
lation of nickel ions in the human and biological bodies risks
human life by causing function degradation of the lung,
heart, kidney, and brain [13]. While, excessive inhalation
of nickel causes chest pain, skin eruption, gastrointestinal
ache, a dry cough, nausea, diarrhea, breathing problem,
renal edema and pulmonary fibrosis [14]. Accordingly, the
nickel concentration in drinking water should not exceed
0.07 ppm as stated by the World Health Organization [15].
Excessive iron endangers human health because of the tox-
icity of iron through the production of free radicals from
a reaction between free ferrous iron and peroxides. These
free radicals can damage DNA lipids, proteins and other
cellular components because of their high reactivity. Also,
the toxicity of iron causes problems of hypothermia, diar-
rhea, anorexia and cellular death therefore its concentration
in drinking water should not exceed 0.3 ppm according to
the World Health Organization. However, excessive level
of iron in groundwater causes problems with plumbing
fixtures, staining of laundry, turbidity, odor, metallic taste
and growth of micro-organisms [16]. Therefore, and due to
the consequences of these metals (whether trivalent or diva-
lent), a frugal and effective removal process is necessary.

Different treatment methods have been mentioned in
the literature such as solvent extraction, oxidation pro-
cess, ion-exchange, adsorption, coagulation—precipitation,
chemical precipitation evaporation, electrolysis and mem-
brane technology including reverse osmosis, nanofiltration,

microfiltration, ultrafiltration and electro-dialysis [17-19].
Numerous research papers have experienced adsorption
and ion-exchange processes because the media chosen for
such applications (such as zeolite in this work) are abundant,
low-cost and have a large surface area. Therefore, these pro-
cesses are feasible, cost-effective and effective [20,21]. Other
research papers experienced adsorption by organic adsor-
bents such as citric anhydride anchored mesoporous metal
organic framework (MOF) [22], heteroatom-doped magnetic
hydrochar [23], and multi-walled carbon nanotubes [24,25],
to remove different pollutants.

Zeolites are crystalline aluminosilicates minerals with
open and accessible microporous framework structures
made of SiO, tetrahedron and AlO, tetrahedron connected
by sharing oxygen atoms [26]. Zeolites have been recog-
nized as effective inexpensive adsorbents and ion-exchang-
ers due to their open pores and channels which are filled by
water that can be removed [27,28]. Zeolite structure contains
positive cations that are balanced with the negative charge
of zeolite structure and these non-structural cations are easy
to exchange with the harmful cations. [29]. Hierarchically
porous zeolite composites have been prepared in differ-
ent ways and they proved their effectiveness in removing
different heavy metals and radioactive elements because
of the small amount of zeolites coating macroporous/
mesoporous supports [30-32].

Unlike our previous work, this paper studies the
behaviour of the zeolite/carbon composite in the removal of
two different-charge heavy metals. Also, this work focuses
on elucidating the zeolite/carbon composite behaviour
through different isotherm models by non-linear regression.
Two-parameter isotherm models such as Langmuir isotherm
model, Freundlich isotherm model, Temkin isotherm model
and Halsey isotherm model; and three-parameter isotherm
models such as Hill isotherm model, Khan isotherm model,
Redlich-Peterson isotherm model, Radke-Prausnitz iso-
therm model, Sips isotherm model, Toth isotherm model,
Koble-Corrigan isotherm model and Liu isotherm model
will be studied. A calculated correlation factor (R?) will be
used to judge the convergence between the experimental
data and the isotherm models.

2. Experimental section
2.1. Methodology

The ion-exchanger used for this study was 4A zeo-
lite/carbon composite that is prepared and characterized
according to the procedures mentioned in previous work
[32]. Briefly, 3.94 g of modified carbon was added to 48.71 g
of a synthesis gel before crystallization at 100 C for 4 h.
The characterization of this composite showed that it has
a Si/Al ratio of 1, zeolite percentage of 41.98%wt. and BET
surface area of 183.36 m?/g. Similarly, ion-exchange experi-
ments were carried out in the same way conducted in [32].
This was made by mixing a certain weight of ion-exchange
material and 100 mL of a solution containing metal ions.
The experiment time was set to 24 h to study the time effect
and to figure out the equilibrium time for ion-exchange of
2 g zeolite composite for each liter of metal ions solution
of 200 ppm. The experiment time for the other experiments
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studying the initial solution pH and initial metal ions con-
centration was set to 4 h. Both NiSO,-7H,O (99.999%wt.)
and FeCl,-6H,O (97%wt.) were supplied by Sigma-Aldrich
and used to prepare the metals ions solutions. The Ni*" ions
solutions showed a light turquoise color, while the Fe* ions
solutions showed a bronze color.

NaOH (99.9%wt.) supplied by Fisher Scientific and
hydrochloric acid (36%) supplied by BDH laboratory were
used to adjust the pH of metal ions solutions during the
treatment process. The effect of initial solution pH was
studied at an ion-exchanger mass of 2 g/L of metal ions solu-
tion of 200 ppm. The initial pH values of the solutions of
200 ppm were measured to be 5.85 for the Ni*" ions and 2.24
for Fe®* ions. Also, the effect of initial metal ions concentra-
tion and the equilibrium isotherm models were studied at
an ion-exchanger mass of 2 g/L of metal ions solution of 50,
100, 200, 300, 400 and 500 ppm. The samples were filtered,
diluted and measured by Inductively Coupled Plasma-
Optical Emission Spectroscopy (ICP-OES, model Vista-
MPX by Varian) at a wavelength of 238.204 nm for iron and
231.6 nm of for nickel. The ion-exchange experiments and
measurements were repeated three times to confirm the
reliability of the obtained results. The repeated measure-
ments were used to calculate the standard deviation.

3. Results and discussion
3.1. Ion-exchange

The results displaying the manner of NaA zeolite/carbon
composite with divalent ion (Ni*) and trivalent ion (Fe®')
are shown in Fig. 1. Starting with a 200 ppm Ni* ions initial
concentration, the ion-exchange process took place and was
kept for 24. The results of the remaining ions concentra-
tion against the contact time showed that the composites
removed nearly 160 ppm Ni* ions, and 80 ppm Fe* ions at
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Fig. 1. The remaining concentration of the Fe* ions and Ni* ions
after ion-exchange for 24 h, NaA zeolite/carbon per solution
volume = 2 g/L, initial metal concentration = 200 ppm, mixing
speed = 200 rpm, room temperature and normal solution pH.
Standard deviation was 3.6% for Fe*" ions and 1.8% for Ni* ions.

the same conditions; and the equilibrium likely occurred
after 4 h of running the experiment. Perhaps the charge
and the ionic radius of the exchanging ions which often
affects the ion-exchange capacity and the overall selectiv-
ity order can explain the different affinity by the composite
shown toward the two different-charge ions [14]. Typically,
the selectivity increases with increasing the charge of the
exchanging ions [33]; however, this would not eliminate the
role of the ionic radius of the exchanging ions. Positively
charged cations with small size can be surrounded by many
shells of water molecules forming the hydration shell or
hydrated radius. During ion-exchange, the cation with a
hydration shell hardly enters zeolite pores impeding the
occurrence of ion-exchange unless it is stripped [33]. The
larger the ionic radius, the smaller the hydrated radius and
higher affinity for ion-exchange [20]. The ionic radius of
Ni2* ion (0.72 A [34]) is larger than the Fe* ion (0.6 A (the
larger hydrated radii)). Despite the higher charge of Fe*
ions, the zeolite composite showed less affinity toward
Fe® ions than Ni* ions which can be attributed to the large
hydrated radius of Fe* ion (4.57 A), comparing with Ni2 ion
(4.04 A), which limits its access to the zeolite pores of 4 A.
Fig. 2 shows the results presented as the remaining
concentration of metal ions in solutions against the initial
pH of the metal solutions. As the pH has a predominant role
in the exchange process, it became necessary to compare its
effect on the removal of two different-charge metals (such
as trivalent and divalent). It was hard to raise the pH of Fe*
ions solutions above 4 because it precipitated as Fe(OH), in
the form of bronze sludge. While no obstacle was encoun-
tered during increasing the initial pH from 2 to 10 for the
Ni?*" ions solutions. Less concentration of Fe* ions remained
in the solution at pH =4, and the same behaviour was noticed
when the pH of solutions containing Ni*" ions was increased
to 8 and 10. This is because acidic medium negatively influ-
ences zeolite structure by attacking the Al-linkage leading to
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Fig. 2. The remaining concentration of the Fe* ions and Ni*'
ions after ion-exchange for 4 h, NaA zeolite/carbon per solution
volume = 2 g/L, initial metal concentration = 200 ppm, mixing
speed = 200 rpm, room temperature and different solution pH.
Standard deviation was 2.8% for Fe* ions and 1.3% for Ni* ions.
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dissociating it from zeolite structure. Besides, increasing the
solution pH increases the competition among the metal ions
and hydrogen ions for zeolite actives sites. Khana et al. [35]
reported that less uptake of divalent metal cations occurred
at low pH can perhaps be due to the competitive effect
between the divalent metal cations and hydronium (H,O")
ions. Contrariwise, the high uptake of divalent metal cations
that occurred at higher pH (just above 6) can be attributed to
less concentration of the interfering H,O" ions available in the
aqueous medium.

Also, a comparison among the behaviour of Fe® ions
and Ni*" ions shows that the affinity of zeolite composites
toward Ni* ions was less than toward Fe* ions. This can
be explained by that the higher charge of Fe* ions allows
it to win the competition against H' for zeolite actives
sites.

The results explaining a comparison between Fe* ions
and Ni* ions removed by zeolite/carbon composite at var-
ious initial ions concentrations are shown in Fig. 3. The
results showed that a very massive difference between the
remaining concentrations of Fe** ions and Ni* ions. Zeolite/
carbon composite exhibited higher affinity toward Ni* ions
than Fe® ions, therefore the remaining concentrations of
Ni*" ions were so lower than the remaining concentrations
of Fe** ions at high initial metal concentrations especially
between 300 and 500 ppm. This difference in the behaviour
of zeolite composite can be attributed to the acidic nature
of the Fe* ions that hinders the ion-exchange process.
Besides, increasing the metal concentration increases the
population of the competing Fe** ions for the same active
sites number which in turn increases the exchange and thus
the pH that causes precipitation of Fe(OH),.

All these experiments were conducted to obtain the
experimental ion-exchange capacity values (q,) for triva-
lent and divalent metals and use them together with the
predicted equilibrium values (g, ) to investigate and

500
3+ .

g —=—Fe” ions
(=9 24 .
i —e—Ni ions
£ 400
g /Ai
=
[
2
§ 3001
2 /
E /
=
£ 200 /
£ // .
2
S 100
E —
[9)
~

0

N T T T T T T T T T T 1
0 100 200 300 400 500 600
Initial metal ions concentration, ppm

Fig. 3. The remaining concentration of the Fe* ions and Ni*
ions after ion-exchange for 4 h, NaA zeolite/carbon per solution
volume = 2 g/L, different initial metal concentration, mixing
speed = 200 rpm, room temperature and normal solution pH.
Standard deviation was 3.1% for Fe** ions and 2.7% for Ni*" ions.

find the best-fitting isotherm models, two/three-parameter
models, via the correlation factor.

3.2. Equilibrium isotherms study

The results of studying the equilibrium isotherm models
have been presented in the form of ion-exchange capac-
ity g, (mg metal ions/g media) that was determined using
Eq. (1) verse equilibrium metal concentration C, (ppm) [36].

c,-C
%=MXVS @

m

where C is the initial metal concentration (mg/L), W, is the
ion-exchanger mass (g) and V, is the metal solution volume
(L). R* was used to show the matching between the exper-
imental results and the regression line of the isotherm
model according to Eq. (2) [37].
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where n is the number of conducted experiments, g;
is an experimental value of g, q,,. . is the average of the
experimental value of g, and ¢; is a model value of g..

The mathematical equations that express the concen-
trations of a captured substance in a solid phase and its
concentrations in a liquid phase at a constant pH and tem-
perature are called adsorption isotherms [38]. These iso-
therms explain the mechanism by which a substance moves
from an aqueous medium to a solid phase at equilibrium
conditions. Therefore, numerous isotherm models have been
established to depict the solid surface properties, the affin-
ity of the solid materials and thus the uptake mechanism
through determining the values of the model constants [39].

The nonlinear regression analysis has been adapted to
calculate different isotherm parameters because the linear-
ization of the isotherm equations causes the inseparable bias
and changing the error structure of experimental data. Also,
nonlinear regression analysis allows a mathematically pre-
cise calculating way of the models’ parameters using the orig-
inal form of isotherm equations [40]. Nonlinear regression
incorporates minimizing the error between the experimental
data points and the values theoretically predicted by a cho-
sen isotherm model depending on its convergence standards
[41]. In this study, solving the isotherm model equations
was conducted by using the trial-and-error of the non-linear
method via the solver add-in function in Microsoft excel.

3.2.1. Two-parameter isotherm models

Both the Langmuir isotherm model and the Freundlich
isotherm model were used previously to model the experi-
mental data of ion-exchange of heavy metals and radioactive
elements by different zeolite composites [30,32,42,43].

Langmuir model presumes several assumptions such as
maximum uptake capacity occurs when there is complete
coverage of a monolayer of the adsorbate molecules on the
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adsorbent surface with no interactions between them. Also,
it assumes each molecule is adsorbed at a specific site onto
a homogeneous surface with equal energy and no transmi-
gration occurs among the adsorbate molecules in the surface
plane [39]. The non-linear form of the Langmuir model is
given by Eq. (3) [37].

g,xbxC,
9= 1+bxC, ®)
where g, is the amount of metal ions removed at the equi-
librium (according to Eq. (1), g, is the ion-exchange capac-
ity) (mg/g), C, is the equilibrium metal ions concentration
(mg/L), b is the Langmuir equilibrium constant (L/mg), and
g, is the maximum capacity of the ion-exchanger (mg/g) [44].

The Freundlich isotherm model is an empirical model
that can be used for multilayer, reversible and non-ideal
uptake over the heterogeneous surface plane with irreg-
ular distribution of affinities and heat of the uptake of the
ions [45]. The Freundlich isotherm model can be expressed
in Eq. (4) [46].
4. =K, xC" )
where K. is a constant of Freundlich isotherm that corre-
sponds to uptake capacity (mg/g) and n is the intensity of
uptake [47].

The Temkin isotherm model postulates increasing the
surface coverage by the adsorbed molecules in a layer lin-
early reduces the heat of the adsorption of the molecules.
The Temkin model takes into consideration the adsor-
bate-adsorbent interactions (heat of uptake). This model
can be applied for the intermediate range of metal ions
concentration and is not valid for extremely high and
low concentrations [40]. The Temkin isotherm model can
be represented by Eq. (5) [45].
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where R is a gas constant (8.314 J/mol K), T is the absolute
temperature (K), b, is the Temkin isotherm constant ((J/
mol)(g/mg)) which is the uptake energy difference and
A, is the equilibrium binding constant associated with the
maximum energy of binding (L/mg) [48].

Halsey isotherm model suites to fit the experimental
data of multilayer uptake that occurs at a relatively large
distance from the surface and that happens by materials
of heterogeneous nature [48]. The Halsey model can be
represented by Eq. (6) [49].

.- exp((ln K, ~log cg)} ©

nH

where K, is the constant of the Halsey model and 7, is the
exponent of the Halsey model (dimensionless).

Fig. 4, Tables 1 and 2 present the results of fitting the
equilibrium data to two-parameter isotherm models.
The results show that the equilibrium data of Fe* ions fit
the Temkin isotherm model confirmed by the higher value
of R more than other isotherm models. However, there is no
significant difference in the values of the correlation factor
of the Temkin isotherm model (R* = 0.922) and Langmuir
isotherm model (R? = 0.920). This can be explained as the
homogeneous coverage of the zeolite surface by Fe* ions
within intermediate concentrations and all sites have equal
energy. However, the results show that the equilibrium
data of Ni* ions fit the Langmuir isotherm model with a
higher value of an R? of 0.930 followed by the Freundlich
isotherm model with an R? value of 0.893 then Temkin iso-
therm model with an R? value of 0.890. This result confirms
occurring of homogenous coverage of the zeolite surface
by Ni* ions with a possibility of the occurring multilayers
uptake which caused higher uptake of Ni* ions as given by
the ion-exchange results. A comparison between Fe** jons
and Ni*" jons based on the maximum uptake capacity deter-
mined using the Langmuir isotherm model show that the
maximum capacity for Ni* ions approximately was four
times this for Fe** ions. This can be attributed to that Ni*
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Fig. 4. Two-parameter uptake isotherms of (a) Fe* ions and (b) Ni* ions.
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ions practiced multilayer ion-exchange and that was con-
firmed when making a comparison based on the K, value
obtained using the Freundlich isotherm model that corre-
sponds to the ion-exchange capacity. Tables 1 and 2 show
that the K; value for Ni*" ions was higher than the K, value
for Fe** ions.

For both metals ions, the Halsey isotherm model sig-
nificantly deviated far from the equilibrium data with
unacceptable values of R This deviation can be attributed
to that the uptake of ions did not occur on the layers far
from the surface even though it occurred in multilayers.

3.2.2. Three parameter isotherm model

Hill isotherm model is used to describe the binding
of various species onto homogeneous surfaces because it
assumes that the uptake is a cooperative phenomenon.
This is because the coordinate bonding at one site influ-
ences other binding sites on the same substrate surface [41].
This model can be given by Eq. (7) [37].

7,xC;
1=k, +C @)
where g_is the maximum uptake capacity (mg/g), n is the
exponent of the Hill model (dimensionless) and K, is the
constant of the Hill model (mg/L)".

The Khan isotherm model is suggested for the uptake
from pure dilute aqueous solutions and it is expressed
by Eq. (8) [50].

— qmax X Kk XCL’

. ®)

(1+K, xC,)"
where g is the theoretical isotherm saturation capac-
ity (mg/g), n, is the exponent of the Khan isotherm
model (dimensionless) and K, is a constant of the Khan
isotherm model (L/mg).

Redlich-Peterson isotherm model gathers the parame-
ters of the Langmuir and Freundlich isotherm models and
can be applied for both heterogeneous and homogeneous
sorption systems. The values of concentration in the numer-
ator and an exponential function in the denominator define
the Redlich—Peterson model to show the equilibrium of the

Table 1
Model parameters of two-parameter isotherms for Fe®* ions
removal

Isotherm model Model parameters

Langmuir isotherm q, (mg/g) b(L/mg) R*
model 48.869 1.073 0.920
Freundlich isotherm K, (mg/g) n R?
model 30.563 3.233 0.862
Temkin isotherm model b, (J/mol)(g/mg) A, (L/mg) R*

543.767 381.230 0.922
Halsey isotherm model K|, n, R?

2 x 10% 9.788 0.031

Table 2
Model parameters of two-parameter isotherms for Ni* ions
removal

Isotherm model Model parameters

Langmuir isotherm q, (mg/g) b(L/mg) R
model 195.420 0.016 0.930
Freundlich isotherm K, (mg/g) n R?
model 70.868 2.851 0.893
Temkin isotherm b, (J/mol)(g/mg) A, (L/mg) R*
model 108.579 1.723 0.890
Halsey isotherm K, n, R?
model 3x10* 11.713 0.6132

uptake system [38]. The Redlich—Peterson isotherm model
can be expressed by Eq. (9) [51].

K, xC
g =t ©

© 1+a xC"

where K, and a_are the constants of Redlich-Peterson iso-
therm model of (L/g) and (mg/L)fB’ , respectively and B,
is the exponent of Redlich-Peterson model that should be
<1 (dimensionless). This equation becomes linear at a low
surface coverage (B, = 0) and is reduced to the Langmuir
isotherm when B_=1 [37]. At high concentration conditions,
the Redlich-Peterson model approaches the Freundlich
isotherm model, but it approaches the Langmuir isotherm
model at low concentration [41].

Radke-Prausnitz isotherm model is similar to the
Redlich-Peterson model and it has several preferable prop-
erties, therefore, it suites the uptake processes at low concen-
tration as well as a wide range of adsorbate concentrations
[40]. This model can be expressed by Eq. (10) [37].

Kyp
q,= M (10)

(1+ Ky xC, )"

where g __ is the Radke-Prausnitz maximum uptake capacity
(mg/g), K, is the equilibrium constant of Radke-Prausnitz
model (L/mg), and n,, is the exponent of Radke-Prausnitz
model (dimensionless). Also, the Radke—Prausnitz model can
be reduced to the Freundlich isotherm at high concentrations
of adsorbate and to the Langmuir isotherm at 1/n,, equals
zero [37,40].

Sips isotherm model combines both Langmuir and
Freundlich isotherms in an expression to predict the uptake
in heterogeneous systems and avoid the limitation of using
the Freundlich isotherm model at high adsorbate concen-
trations [41]. The Sips isotherm model can be expressed
by Eq. (11) [37].

(1m)
:qmaXXKSXCc (11
1+K_ xCct)

e

e

where q__ is the maximum uptake capacity (mg/g), K is a
constant of Sips isotherm model (L/mg)1 * and #n_ is an
exponent of the Sips isotherm model and 1/n_ should be
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<1 (dimensionless). The Sips isotherm is reduced to the
Freundlich model at low adsorbate concentrations and to
the Langmuir isotherm that gives the maximum capacity of
the monolayer at high adsorbate concentrations [39]. Mainly,
the equation parameters of the Sips isotherm model are
dominated by temperature, pH and adsorbate concentration.
Also, linearizing the model equation influences the values
of the model isotherm constants [40].

Toth isotherm model is a useful improved modifica-
tion of the Langmuir isotherm to describe heterogeneous
uptake systems to satisfy both high and low-end boundar-
ies of the concentrations [38]. The Toth isotherm model is
expressed by Eq. (12) [37].

qmax X KT X Ce

T oo (12)
[1+(k,xc )]

ql’:

where g __ is the maximum uptake capacity (mg/g), K, is
a constant of Toth isotherm (L/mg) and 7, is the exponent
of Toth isotherm (dimensionless). The constant n, rep-
resents the heterogeneity of the uptake system; thus the
system is heterogeneous when n, deviated away from
1 [40]. At very low concentrations, the model equation can
be reduced to Henry’s law [45].

Koble-Corrigan isotherm model is a combination of
both Langmuir and Freundlich isotherm models and is
applied for heterogeneous uptake [38]. The Koble-Corrigan
isotherm model is represented by Eq. (13) [52].

AXC!

_ 13
1+BxC" 13)

qt’

where A is the constant of Koble-Carrigan’s isotherm
(L" mg'™/g), B is the constant of Koble—Carrigan’s isotherm
(L"/mg") and n is the exponent of Koble—Carrigan’s iso-
therm. The Koble-Corrigan isotherm model is reduced to
the Freundlich isotherm at high adsorbate concentrations.
This model is only applicable when the constant n is >1.
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Despite the high correlation coefficient or low error value,
this model is incapable of describing the experimental data
when n <1 [40].

Liu isotherm model combines Langmuir and Freundlich
isotherm models, but it discards several assumptions
associated with both models. Since it discards the assump-
tion of the monolayer of the Langmuir model and the
assumption of infinite adsorption that initiates from the
Freundlich model. The Liu model postulates that there
is uniform energy in all active sites of the substrates.
Unlike in the Freundlich isotherm model, the active sites
should be saturated while the adsorbate molecules may
prefer active sites presented by the adsorbent for occu-
pation. The Liu isotherm model can be represented by
Eq. (14) [37].

(qmax xK, x CF)WL

14
1+(K xC,)" 9

qL’:

where K is the constant of Liu equilibrium (L/mg); 1, is the
exponent of Liu model (dimensionless), and q,__ is the max-
imum uptake capacity of the substrate (mg/g). The expo-
nent 7, could be assumed any positive value unlike to Sips
isotherm.

Figs. 5, 6, Tables 3 and 4 display the results of fitting
the equilibrium data of the metals ions to three-parameter
isotherm models. The results show that the equilibrium
data of Fe* ion fitted to all three-parameter isotherm mod-
els with very close values of an R? (0.923-0.924). However,
the equilibrium data of Ni* ion fitted the three-parame-
ter isotherm models with the following order: Khan iso-
therm model = Liu isotherm model > Radke-Prausnitz
isotherm model > Redlich-Peterson isotherm model > Hill
isotherm model = Sips isotherm model > Koble-Corrigan
isotherm model > Toth isotherm model.

The values of maximum uptake capacity displayed in
Table 4 show that these values for Ni** ions were exagger-
atedly higher than those for Fe* ions (see Table 3) except
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Fig. 5. Three-parameter uptake isotherms of (a) Fe*" ions and (b) Ni*" ions.
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Fig. 6. Three-parameter uptake isotherms of (a) Fe*" ions and (b) Ni*" ions.
Table 3
Model parameters of three-parameter isotherms for Fe** ions removal
Isotherm model Model parameters
Hill isotherm model g, (mg/g) n K, (mg/L)" R?
54.939 0.457 1.225 0.924
Khan isotherm model ... (Mg/g) K, (L/mg) n, R?
34.531 2.248 0.942 0.923
Redlich—Peterson isotherm model Ky (L/g) a (mgfL)iB~ B, R?
85.175 2.337 0.943 0.923
Radke-Prausnitz isotherm model G, (ME/8) K, (L/mg) Tp R?
35.539 2.247 1.062 0.923
Sips isotherm model q,... (Mg/g) K, (L/mg)”"" n, R?
55.781 0.796 2.287 0.924
Toth isotherm model q,.. (Mg/g) K, (L/mg) n, R?
57.133 19.052 2.791 0.924
Koble-Corrigan isotherm model A (L"mg'"/g) n B (L"/mg") R?
44234 0.434 0.791 0.924
Liu isotherm model 9, (ME/8) K, (L/mg) n, R?
5,114.271 0.629 0.469 0.924

those for the Radke-Prausnitz isotherm model. For both
ions, the determined values of B, which is the exponent
of Redlich—Peterson, agreed to the condition of this model
(should be <1), since they were 0.943 and 0.569 for Fe*" ions
and Ni* ions, respectively. Also, the determined values of
n_that is an exponent of the Sips isotherm model agreed to
the condition of this model which is that 1/n_should be <I.
The values of n_ were 2.287 (1/n_ = 0.437) for Fe* ions and
1.962 (1/n_ = 0.510) for Ni** ions. The values of 1, represent-
ing the exponent of the Toth isotherm were 2.791 for Fe*
ions and 1.980 for Ni** ions which are much higher than
1, thus the system is heterogeneous. The results presented
in Table 4 show that the Koble—Corrigan isotherm model is
only applicable for Ni*" ions because n was 3.923 which is

>1 but not applicable for Fe** ions even the high correlation
coefficient (R* = 0.924) of this model (see Table 3). This can
be attributed to the coverage of the ion-exchange hetero-
geneous surface with the trivalent Fe* ions being less than
by divalent Ni*" ions at the same conditions. Despite the
exaggerated vales of g determined using the Liu model,
the determined positive-values of , are in good agreement
with the condition of this model.

4. Conclusions

In conclusion, the hybrid porous NaA zeolite/carbon
composite showed a higher affinity toward Ni*" ions than
Fe® ions which can be attributed to the smaller ionic radius
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Table 4

Model parameters of three-parameter isotherms for Ni* ions removal

Isotherm model

Model parameters

Hill isotherm model q, (mg/g)
502,788.800

Khan isotherm model 9, (M8/8)
2.639

Redlich-Peterson isotherm model K, (L/g)
14,115.070

Radke-Prausnitz isotherm model q,... (mg/g)
7.991

Sips isotherm model q,.. (Mmg/g)
602.256

Toth isotherm model q,... (mg/g)
114.604

Koble-Corrigan isotherm model A (L"mg'™"/g)
91.258

Liu isotherm model 4. (Mg/g)

105,591.400

n K, (mg/L)* R?
0.417 30,148.49 0.938
K, (L/mg) n, R
43.934 0.552 0.942
a, (mg/L)fB’ B, R?
907.659 0.569 0.940
K., (L/mg) Hep R?
3.964 1.796 0.941
K, (L/mg)"™ " R?
0.022 1.962 0.938
K (L/mg) nr R
21.888 1.980 0.791
n B (Ln/mgrl) RZ
3.923 0.895 0.829
K, (L/mg) n, R?
0.000651 0.557 0.942

that Fe® jons have despite its higher charge. The opposite
was obtained when performing the ion-exchange at differ-
ent pH solutions however there was no chance to raise the
pH of the Fe* ions solution above 4 due to the Fe* ions pre-
cipitation. The results of nonlinear regression revealed that
the ion-exchange experimental data of Fe* and Ni*" ions
removed by the hybrid-porous composite fitted the studied
models differently. The correlation factor values were used
to determine the best fit of the ion-exchange experimental
data to the two- and three-parameter isotherm models. The
experimental data of Fe* ion-exchange were best described
by Temkin isotherm followed by the Langmuir isotherm and
the Freundlich isotherm. While the experimental data of Ni*
ion-exchange were best represented by the Langmuir iso-
therm followed by the Freundlich isotherm and the Temkin
isotherm. The three-parameter isotherm models fitted to
the ion-exchange experimental data of Fe* ions in a like
manner and correlation factor values ranged from 0.923 to
0.924. For some models, the values of the determined model
parameters were away from reality and the Koble—Corrigan
isotherm model was not applicable for Fe* jons. The exper-
imental data of Ni** ion-exchange are best described by the
three-parameter isotherm models except for the Koble—
Corrigan isotherm and Toth isotherm which have fewer R?
values. Some of the determined model parameters of Ni*
ion-exchange were significantly far from what they should
be in fact. Since the calculated value of the exponent of
the Toth isotherm was much higher than 1, the system is
heterogeneous.
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