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ABSTRACT

In the study, Fe,O,-5iO, nanocomposite (prepared using sol-gel method), was used as an adsorbent
for the removal of Na, K, Ca and Mg ions from synthetic brine solutions. The structural and surface
characteristics of the nanoadsorbent were investigated by N, adsorption-desorption, transmission
electron microscopy, scanning electron microscopy coupled with energy dispersive X-ray spec-
troscopy and powder X-ray diffraction spectroscopy. The batch adsorption technique was used for
removal of major cations from the synthetic samples. Experimental parameters (such as pH, initial
concentration, adsorbent mass and contact time) affecting the removal of Na, K, Ca and Mg were opti-
mized using response surface methodology. Equilibrium isotherms for the simultaneous adsorption
of Na, K, Ca and Mg onto Fe,0,-5iO, nanocomposite were analyzed by the Freundlich, Langmuir,
Dubinin—-Radushkevich (D-R) and Temkin isotherm models. Adsorption isotherm studies indicate
that the simultaneous adsorption of Na, K, Ca and Mg ions onto Fe,0,-5iO, nanocomposite followed
models in the order Langmuir > Temkin = Dubinin—-Radushkevich (D-R) > Freundlich model. The
kinetic study of adsorption shows that the batch adsorption system followed pseudo-second-order
kinetic model. The isotherm and kinetic studies confirmed that the adsorption of major cations was

based on physical adsorption mechanism.

Keywords: Major elements, Fe,O,-5iO, nanocomposite; Isotherms; Adsorption kinetic; Adsorption

desalination

1. Introduction

Concentrated brine is generated in desalination plant
in high level and they cause environmental problem [1,2].
The World Health Organization (WHO) guideline for per-
missible limit of salinity in drinking water is 500 mg L' and
in some special cases it goes up to 1,000 mg L. The brine
produced often has a total dissolved solids concentration of
between 20,000 and 35,000 mg L [3]. Several technologies
and potential technologies for desalination have been stud-
ied [4-7]. Distillation and membrane are the major desalina-
tion processes. While minor processes such as direct solar
desalination are suitable for remote areas with expected low
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income [8]. Distillation systems are more energy intensive (up
to four times more) than reverse osmosis systems, but require
less pretreatment of the water and are therefore generally
considered to be more robust. However, in countries such
as South Africa, thermal desalination processes might not be
considered for desalination of brackish or seawater, unless
sufficient waste heat or low cost fuels are available [9]. The
current methods that have been developed from traditional
methods include the desalination of water by surfactant [10],
capacitive deionization [11], microbial desalination [12] and
forward osmosis [13]. Most of these desalination methods
remove ions from the water in a non-selective because they
also include the removal of important nutrients. Ziolkowska
[14] reported that desalination costs are increasing for all
desalination technologies and difficult to project the future
developments of desalination due to market fluctuation [14].
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For this reason, adsorption desalination (AD) has been devel-
oped as one of the possible alternatives to the conventional
desalination systems [15].

Adsorption processes have been widely used for heating,
cooling, sea or brackish desalination and wastewater treat-
ment [16-18]. Operation of AD cycle is batch operated. The
performance of AD cycle depends on how the adsorbents
behave in equilibrium adsorption isotherms and kinetics. As
aresult, large adsorbents with surface area and large pore net-
work for molecule transport are needed. Desalination studies
have been done on materials such as graphene sheet [19] and
zeolite [20], among others. In order to improve removal effi-
ciencies and adsorption capacities, chemical modifications
of low-cost adsorbents have to be investigated. Magnetic
iron oxide nanoparticles have been identified as a suitable
material due to their chemical stability in aqueous environ-
ment and low cost [21]. For this reason, magnetic iron oxide
nanoparticles have been widely used in water treatments due
to their potential adsorbents for removal of metallic ions and
possible surface modification to improve their efficiency. In
addition, their magnetic properties allow the separation of
the adsorbent from solution by applying the external mag-
netic field [22]. However, the drawbacks of using pure iron
oxide nanoparticles include rapid oxidation and aggregation
in solution. As a result, these limitations reduce the adsorp-
tion capacity of the magnetic nanoparticle [23]. To overcome
these challenges silica nanoparticles have been incorporated
on the magnetic cores to enhance their chemical stability and
surface area [23].

The optimization of parameters affecting the removal of
major elements in a batch adsorption methodology has been
performed using univariate technique (means, monitoring one
factor at time [OFAT]). However, the disadvantage of the OFAT
is that the interaction effects among the parameter are not con-
sidered. In addition, the consumption of reagent and materials
increases and it is time consuming [24]. This can be solved by
applying multivariate tools such as response surface method-
ology (RSM). This is because RSM is able to provide optimal
conditions for desired responses and allows the evaluation of
interaction of factors that may influence treatment efficiency
[25]. Application of RSM for the optimization of on batch pro-
cesses has been reported on the literature [26-28].

The main aim of this study is to evaluate the possibility of
using nanomaterials as an adsorbent for the removal of Na,
Ca, K and Mg in synthetic brine solutions and real seawater.
Various parameters affecting sorption process such as pH,
adsorbent dose, initial concentration (IC) and contact time
(CT) were investigated using RSM. In addition, the kinetic
models, that is, pseudo-first-order, pseudo-second-order
and intraparticle diffusion were examined. Finally, various
isotherm models such as Freundlich, Langmuir, Dubinin—
Radushkevich and Temkin were used to identify the best-fit
isotherm equation.

2. Experimental
2.1. Material

Tetraethyl orthosilicate (TEOS), hydrochloric acid (HCI),
ammonium hydroxide (NH,OH; 25%, w/v) and ferric nitrate
(Fe(NO,),9H,0) were purchased from Sigma-Aldrich

3)3

(St Louis, USA). Sodium nitrite (NaNO,), magnesium sul-
fate (MgSO,) and potassium nitrate (KNO,) were obtained
from Associated Chemical Enterprises (Johannesburg, South
Africa). The calcium sulfate (CaSO,) obtained from LabChem,
Zelienople, Pennsylvania. The required concentration of Na’,
K, Ca* and Mg?* was prepared from a 2,000 mg L stock
solution by making appropriate dilutions using ultrapure
water. The pH of the solution was adjusted to desired value
using dilute solutions of HCI or NH,

2.2. Instrumentation

An oven (EcoTherm, LaboTec, Midrand, South Africa)
was used as drying source for the synthesized of the mate-
rial. The iCAP 6500 Duo inductively coupled plasma atomic
emission spectroscopy (ICP-OES; Thermo Scientific, UK)
was used for quantification of major elements. The ICP-OES
parameters during analysis were as follows: RF generator
power (W): 1,150, frequency of RF generator (MHz): 40, cool-
ant gas flow rate(L min™): 12, carrier gas flow rate (L min™):
0.7, auxiliary gas (L min™): 1, pump rate (rpm): 50, viewing
configuration/touch mode: radial at a replicate: 3 and flush
time (s): 30.

The phase formation and crystallographic state of all the
samples were studied by X-ray diffraction (XRD) analysis
using PANalytical X'Pert X-ray Diffractometer, and Cu Ka
radiation spectrometer and the scanning area covered the
range 20 at start position 4.00-80.00 and a scan step time
of 196.2 s. The morphology of the catalyst was studied by
scanning electron microscopy (SEM; Hitachi COM-5-4200).
The Si/Fe ratio was also determined by energy disper-
sive X-ray (EDX) spectroscopy which is connected to SEM.
Fourier-transform infrared (FTIR) spectra were recorded on
a PerkinElmer (BX 12) spectrophotometer using KBr pellets.
Nitrogen adsorption—-desorption isotherms were obtained
at 77 K using Brunauer—-Emmett-Teller (BET) micromeritics
ASAP 2020. The BET equation was used to obtain the specific
surface area and pore size distribution.

2.3. Synthesis of Fe,0,~SiO, by sol-gel method

The synthesis of Fe O,-5iO, was adopted from the litera-
ture with some modifications [29]. For the synthesis of Fe,O,—
SiO, nanocomposite, 60 mL of deionized water was mixed
with 76 mL of absolute ethanol and stirred for 15 min. The
4.7 g of TEOS (98%) was added to the resulting solution and
vigorously stirred for 30 min. Then, 0.92 g of Fe(NO,),-9H,0
(Si/Fe = 50, respectively) was added at once and stirred for
30 min during which color of the solution changes to light
yellow. For gel formation, 23 mL of 30% ammonium hydrox-
ide was added and the gel formed was stirred for another
30 min and aged for 24 h at room temperature. The material
was then dried for a day in an oven at 60°C for 24 h and cal-
cined at 550°C for 4 h in a furnace.

2.4. Isotherm studies

Langmuir, Freundlich, Dubinin-Radushkevich (D-R) and
Temkin model were used in this study to establish the rela-
tionship between the amount of adsorbed Na, K, Ca and Mg
onto Fe, 0,-Si0, and its equilibrium concentration. Langmuir
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isotherm is used to describe a homogeneous monolayer
chemical adsorption process [30]. Langmuir isotherm can be
arranged in its linear form as the following:

g — LCE +
q. Tmax

1
K G

)

where C, is the equilibrium concentration of the studied
metal (mg L) and g, is the amount of the metal adsorbed
per gram of adsorbent (mg g™'). The g and K, are Langmuir
constant relating the adsorption capacity (mg g™) and energy
of adsorption (L g™) [30]. These constants can be calculated
from the slopes of linear plots C/gq, vs. C, respectively.
The important characteristic of Langmuir isotherm can be
expressed in terms of dimensionless constant factor R,.
The equation of R, is written as follows:

1
R =
e @

where C (mgL™)is IC of adsorbate and b (L mg™) is Langmuir
constant. The four possibilities for adsorption are as follows:
(i) favorable adsorption if 0 < R, <1, (ii) unfavorable adsorp-
tion when R, >1, (iii) linear adsorption for R, =1 and also (iv)
irreversible adsorption for R, =0 [31,32].

The Freundlich isotherm can be used for non-ideal sorp-
tion that involves heterogeneous surface energy system and
multilayer sorption [33]. The linear equation for Freundlich
is as follows:

1
Ing, :anF+;1nCe (3)

where K. is the Freundlich constant which relates to adsorp-
tion capacity and n is the Freundlich exponent, determined
from the intercept and slope of linear plot of Ing, vs. InC,. In
order to determine the type of sorption whether chemical or
physical, equilibrium data were also applied to the Dubinin—
Radushkevich (D-R) model [34,35]. The linear form of D-R
isotherm is presented in the following equation:

Ing, =Ing,, - pe? “)

where g, is the amount of metal ions adsorbed onto per
unit dosage of Fe,0,-SiO, (mol g™'), g, is the theoretical
monolayer sorption capacity (mol g™), f is the constant of
the sorption energy (mol? J) and ¢ is the Polanyi potential

(5:”1"[“%]), where R is the gas constant (8.314 ] mol™ K™)
and T is the temperature (K).

The E value ranges from 1 to 8 k] mol™ for physical sorp-
tion and from 8 to 16 k] mol™ for chemical sorption [36]. The
mean free energy of adsorption (E, ] mol™) estimates the type
of sorption process and is calculated using Eq. (5):

E=—r 5)

Temkin isotherm considered the effects of some indirect
adsorbate/adsorbate interaction on adsorption isotherms it
also suggests that the heat of adsorption of all the molecules
in the layer would decrease linearly with coverage because of
the interactions [37].

Temkin isotherm can be linearized as follows:

q, = B1 II‘IKT + B1 11‘1C'2 (6)

where B = RT/b, b is the Temkin constant related to heat of
sorption (J mol™), A is the Temkin isotherm constant (L g™),
R is the gas constant (8.314 ] mol™ K™) and T is the absolute
temperature (K).

2.5. Adsorption studies

Equilibrium adsorption studies on removal of Na, K, Ca
and Mg metals on saline water were conducted on a batch
experiment from water samples of ICs of 25-1,000 mg L. In
these experiments, 20 mL of Na*, K*, Ca*" and Mg?* solution
contained in 100 mL plastic bottles were contacted with
0.1-1.0 g of Fe,0,-SiO,. The adsorption capacity (7, mg g™)
was calculated using Eq. (7):

C -C)V
%=7( - m“’) )

where C, (mg L) is the IC of cations in saline water solution
and C, (mg L) is equilibrium concentration of metal ions in
water after treatment. V' is the volume of the solution (L), m
is the mass of the adsorbent used (g) and g, (mg g™) is the
amount of Na*, K*, Ca* and Mg*" adsorbed at equilibrium.

2.6. Adsorption kinetics

The pseudo-first-order, pseudo-second-order and the
intraparticle diffusion models were applied to the experi-
mental data to examine adsorption process. The equation for
pseudo-first-order can be written as follows:

In(q, —q,)=Inq, -kt 8)

where g, is the amount of adsorbate, adsorbed (mg g™') at time
t, k, is the rate constant (min™). The first-order rate constant
can be calculated from the intercept and slope of the plot [38].
Pseudo-second-order equation is as follows:

t— 1 +lt
9 ka4’ 4, ©)

where the equilibrium sorption capacity (g) and the
second-order constant k, (g mg™' min™') (Table 4) can be deter-
mined experimentally from the slope and intercept of plot
of t/qt vs. t. In addition, the initial sorption rate (k) and the
half-adsorption times were calculated from Egs. (10) and (11):

h=kga; (10)



D. Ramutshatsha et al. / Desalination and Water Treatment 104 (2018) 206-216

(11)

In intraparticle diffusion model adsorbate species are
most probably transported from the bulk of the solution into
the solid phase through intraparticle diffusion, whereby is
evaluated by the relationship between the time-dependent
and adsorption capacity (g,) and #2. The intraparticle diffu-
sion equation is as follows:

g =kt e (12)

where k, is the intraparticle diffusion rate constant
(mg g min™?) and c is the intercept.

2.7. Analysis of real seawater samples

Natural seawater samples collected from Durban, South
Africa, were used to evaluate the applicability of the opti-
mized desalination method. Seawater samples were collected
in polyethylene bottles and pH and conductivity were mea-
sured. Detailed data analysis of the seawater using ICP-OES
revealed that the samples contained about 10,403-10,793,
384-401, 395-401 and 1,293-1,341 mg L™ of Na, K, Ca and
Mg, respectively; the pH and conductivity were found to be
8.3 and 4.77 x 10° uS. Batch adsorption experiments of raw
seawater samples without any previous treatments were
performed optimum conditions.

3. Results and discussion
3.1. Characterization

The morphologies of SiO,, Fe,O, and Fe,0,-5iO, compos-
ite were studied by SEM/EDX and the micrographs obtained
for these materials are shown in Figs. 1(a)—-(c). As observed by
SEM, Fig. 1(a) shows silica particles with irregular shapes that
looks like polygonal. Fig. 1(b) shows details of the prepared
iron oxide nanoparticles. The Fe,0,-SiO, composite (Fig. 1(c))
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Fig. 1. (a) SEM image of (a) SiO,, (b) Fe, O, and (c) Fe,0,-SiO,.
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showing porous morphological structure which suggests that
the nanocomposite could be a good adsorbent.

Fig. 2(a) shows SEM-EDS of prepared SiO,, Fe,O, and
Fe,0,-5i0, composite. The prepared SiO, material (Fig. 2(a))
shows the weight percentage of 78.5% Si and 21.5% O.
Fig. 2(b) shows that the Fe,O, material was composed of O,
Fe and C, respectively, with the weight percentage given
as 36.7%, 34.5% and 28.8%, respectively. The EDS peaks on
Fe,0,-5i0, composite demonstrate confirmed the presence
of Fe, Si, O and C, and the carbon peak that can be observed
from EDS spectrum (Figs. 2(a) and (b)) originated from the
carbon coating.

The XRD pattern of SiO, Fe,O, and synthesized
Fe,0,-5i0, nanocomposites are shown in Fig. 3. Fig. 3(a)
shows the amorphous state of SiO, with a broad peak at 20
angles 15.00° and 40.00°. Fig. 3(b) shows crystalline peaks
for Fe, O, appeared at 20 angles of 43.4°, 49.22°, 53.5°, 57.40°
and 74.6°. The composite material Fe,0,-SiO, at Fig. 3(c) had
crystalline structure at 26 values 35.3°, 44.73°, 56.1° and 63.8°
corresponding to Fe,O,. The broad peak at 20 15.0° and 30.0°
(Fig. 3(c)) indicates the presence of SiO,. This XRD spectrum
is in agreement with the one obtained by Panda et al. [29].

Fig.2. (a) SEM-EDS image of (a) SiO,, (b) Fe, O, and (c) Fe,0,-SiO,.
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Fig. 4 shows the transmission electron microscopy (TEM)  3.2. N, adsorption and desorption isotherm study
images of Fe,O, and synthesized Fe,O,-SiO, composite. The
iron oxide image (Fig. 4(a)) has been dominated by spherical
shapes with very few cubic and hexagonal shapes, whereas
Fe,0,-5iO, composites (Fig. 4(b)) only show the appearance
of structures like hexagonal in shape.

The adsorption and desorption isotherms of nitrogen on
SiO, and Fe,0,-SiO, composite at 77 K. Adsorption isotherms
of the composite present features which can be described as
type-IV according to IUPAC classification [39], which are
typical characteristics of mesoporous materials. The surface
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Fig. 3. (a) XRD patterns of (a) SiO,, (b) Fe,O, and (c) Fe,0,-SiO,.

Fig. 4. (a) TEM image of (a) Fe,O, and (b) Fe,0,-SiO,.
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area of 5i0,, Fe,O, and Fe,O,-5iO, was found to be 265, 6.79
and 253 m? g7, respectively. The reduced surface area of the
composite material from 295 to 253 m? g™! might be due to the
introduction of iron oxide.

3.3. Optimization using response surface methodology on removal
of Na, K, Ca and Mg ions onto Fe,0,~SiO, nanocomposite

The experimental parameters (sample pH, CT, IC and
adsorbent mass [MA]) affecting the simultaneous removal
of metal ions was optimized using multivariate statistical
technique. The central composite design (CCD) matrix and
analytical results for each run that were performed as per
the experimental design are tabulated in Table 1. To assess
the significance of the main effects and their interactions, the
experimental results were statistically analyzed by means of
analysis of variance that is presented in a form of Pareto chart
(Fig. 5).

The IC and the interaction between MA and IC (2 L by
3 L) were found to be significant at 95% confidence level.
These results implied that interaction of IC and MA together
with IC were responsible in quantitative removal of metals
Na*, K*, Ca* and Mg? in synthetic brine solution. For this
reason, the response surface model was used to calculate the
optimum conditions of pH, MA, CT and IC.

In order to investigate the interactive effect of two inde-
pendent factors and their interactions on the amount of the

Table 1
Central composite design matrix and analytical response

Runs pH MA 1IC CT  Adsorption equilibrium (Q )

e

Ca K Mg Na

1 9 1 1,000 50 178 333 104 165
2 9 1 25 50 042 076 025 0.36
3 9 0.1 1,000 30.0 183 319 104 155

4 2 1 25 300 042 064 023 028
5 9 0.1 25 300 423 9.05 248 3.63
6 2 0.1 1,000 50 193 339 116 161

7 2 1 1,000 30.0 194 342 11.7 163
8 2 0.1 25 50 419 615 226 323
9 2 0.55 512 175 180 270 100 129
10 9 0.55 512 175 188 333 106 157
11 55 0.1 512 175 101 151 521 725
12 55 1 512 175 101 154 524 727
13 55 055 25 175 058 086 049 0.54
14 55 055 1,000 175 359 641 206 297
15 55 055 512 50 185 2754 957 132
16 55 055 512 30.0 185 2711 951 129
17 55 0.55 512 175 186 2756 9.61 13.1
18 55 055 512 175 185 2719 956 129

MA = adsorbent mass, IC = initial concentration, and CT = contact
time.

major cations adsorbed at equilibrium, the response surface
plots were constructed using the quadratic models of the
RSM. Fig. 6 shows the 3D plot for the combined effect of MA
with pH of the solution, IC and CT on adsorption equilib-
rium. The combined effect of IC with MA (Fig. 6(b)) shows
that maximum adsorption capacity was achieved at MA of
0.5-1 g and IC of 800-1,000 mg L. Effect of CT with MA on
adsorption capacity can be seen in Fig. 6(c). The graph shows
that when MA was 0.1 g and CT of 16-25 min high adsorp-
tion capacity of 120 mg g™ and above was obtained. The
results obtained in Fig. 6 are in agreement with the results
shown in Fig. 5 by Pareto chart.

The optimum values obtained from the following fac-
tors that are sample pH, extraction time, IC and mass of
adsorbent were obtained by checking the maxima formed
by the X and Y coordinates [23,30]. The optimum conditions
for removal of Na, K, Ca and Mg were found to be pH 7.5,
15 min, 1,000 mg L™ and 1.0 g for sample pH, extraction time,
IC and mass of adsorbent, respectively.

3.4. Confirmation experiments

The confirmatory experiments were performed in order
to validate the analytical data given by RSM model under
optimized conditioned. The results obtained from the RSM
predicted that response for sorption of metal ion Ca, K, Mg
and Na ranged from 90% to 93%. The percentage removal
efficiency was used to assess the performance of adsorbent on
each metal ion. The experiments were conducted under the
parameters suggested by the model (pH 7.5, adsorbent dose
0.1 g, IC 1,000 mg L and extraction time 16 min). Results
show that the synthesized Fe,0,~SiO, composite to remove
Ca, K, Mg and Na metal ions from saline water in the range of
93%-95% which is a close range predicted by the RSM model.

3.5. Equilibrium adsorption isotherm studies

Theequilibriumadsorption datawerefitted to theisotherm
models such as Langmuir, Freundlich, Temkin and Dubinin—
Radushkevich. Under optimum conditions, the isotherm
experiments were carried out at 298 with 25-1,000 mg L™
concentrations. The regression correlation coefficient (R?) val-
ues were used as a measure of the goodness of fit of experi-
mental data on the models and the isotherm parameters are

@)c(L) N 5792607
2Lby3L 488473

(2MA(L) |-2.68p09
MA(Q) |2.40807

1Lby3L -.184008
3Lby4L 137736
1Lby4L 114527
2Lby4L .1013105
Ic@Q) -.06803
1Lby2L .0596887
pH(Q) -.05418
cT(@) -.049631
(1)pH(L) 0217505
(4)CT(L) -.001529

p=.05
Standardized Effect Estimate (Absolute Value)

Fig. 5. Pareto chart of standardized estimated effects caused by
the factors investigated.
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Fig. 6. Response surface plot showing the combined effect of adsorbent mass with pH and initial concentration on adsorption capacity:

other factors were fixed at central point.

summarized in Tables 2 and 3. It should be noted that the
R? values are >0.99, indicated a very good mathematical fit.
It can be seen from Tables 3 and 4 that the order of fitting
of the studied isotherms was Langmuir > Temkin = Dubinin-
Radushkevich (D-R) > Freundlich model for all the major cat-
ions. The Langmuir isotherm model suggests that the uptake
occurs on a homogenous surface by monolayer sorption and
all the sorption sites are energetically identical [30]. The max-
imum adsorption capacity of the nanoadsorbent according to
the Langmuir isotherm (g, ) was calculated to be 152, 164,
161 and 181 mg g™ for Ca, K, Mg and Na, respectively.

The analysis of Langmuir model and affinity between
the major cations and the adsorbent were further predicted
using the Langmuir parameter b from the dimensionless
constant separation factor R, which is defined in section 2.4.

The calculated R, values for adsorption of Ca, K, Mg and
Na onto the surface of the adsorbent were found to be 0.04,
0.06, 0.08 and 0.08, respectively. These results suggested that
the Fe,0,-5i0O, adsorbent is highly favorable for adsorption
of Na*, K*, Ca** and Mg?* ions from synthetic brine solution
under the optimum conditions used in this study.

The D-R isotherm model was used to determine the
nature of physical or chemical adsorption processes [34,35]
the nature of adsorption mechanism was estimated using the
mean free energy of adsorption (E, k] mol™) and the results
are presented in Table 3. It can be seen that the adsorption
mean free energy for the removal of Ca, K, Na and Mg was
less than 8 kJ mol™ (Table 3). These results indicated that
the mechanisms of adsorption of the major cations onto the
nanoadsorbents were physical sorption.
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In this study, the Temkin adsorption isotherm model
was used to evaluate the adsorption potentials of Fe,0,-SiO,
adsorbent/metal ion interactions and the parameters are pre-
sented in Table 4. These results suggested that in adsorption
processes using the nanoadsorbent, sorbent/metal ion inter-
actions were effective for all major cations.

3.6. Adsorption kinetics

In this study, the kinetics models were used to assess the
mechanism of adsorption and its potential rate-determining
steps, which include mass transport and chemical reaction
processes [32]. Moreover, the information obtained on the
kinetics of major cation uptake will be used to select the
conditions that can be used for a full-scale AD processes.
Lagergren pseudo-first-order and pseudo-second-order
kinetic models as well as intraparticle diffusion were

Table 2
Adsorption isotherms constant values for Freundlich and
Langmuir
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used to assess mechanism of adsorption and its potential
rate-determining steps.

Theresultsofthepseudo-first-order, pseudo-second-order
and intraparticle diffusion calculated using their respective
model equations are summarized in Table 4. The suitability
of each kinetic model was judged using the correlation coef-
ficient (R?) and the agreement between experimental and cal-
culated g, values [32]. Based on correlation coefficients (R?),
the pseudo-second-order model (R? > 0.99) gives the best
fitting for sorption of Na, K, Ca and Mg onto Fe,O.-SiO,,
compared with the pseudo-first-order model (R* < 0.7). In
addition, the calculated g, values were in good agreement
with the experimental values. The agreement between the
experimental and calculated values of pseudo-second-order
model maximum sorption capacities (q,) for Fe,O,-SiO,
validates the applicability of Na, K, Ca and Mg sorption.

Table 3
Adsorptionisotherms constant values for Dubinin-Radushkevich
and Temkin model

Dubinin-Radushkevich (D-R)

Langmuir parameters Cations g, B x 107 E R?
Cations Qe I (mgg’) K (Lmg?) R (mol g™) (mol* ]2 (kJ mol™)
Ca 151 152 0.67 0.9999 Ca 142 -2.3 147 0.8788
K 163 164 0.45 0.9997 K 114 -1.5 1.83 0.8959
Mg 160 161 0.47 0.9999 Mg 120 -2.0 1.58 0.8942
Na 178 182 0.37 0.9995 Na 137 -3.0 1.29 0.8504
Freundlich parameters Temkin parameters
K. n R? K, (Lgh B R
Ca 14 5 0.6887 Ca 21.8 19.0 0.8360
K 13 3 0.7725 K 11.0 23.4 0.8977
Mg 1.3 3 0.7054 Mg 12.0 227 0.8871
Na 14 3 0.7523 Na 8.74 29.8 0.8908
Table 4
Pseudo-first-order, pseudo-second-order and intraparticle diffusion for sorption of Na, K, Mg and Ca
Ca K Mg Na

Pseudo-first-order q, exp 151 163 160 178

k, (min™) 0.0838 0.0683 0.0497 0.0538

q,(mgg") 24.6 40.0 20.6 45.5

R? 0.7610 0.5962 0.4962 0.5953
Pseudo-second-order k, (g mg™ min™) 0.003 0.009 0.002 0.001

g, (mg g™ 153 163 162 181

R? 0.9969 0.9989 0.9913 0.9893

h (mg g min™) 75.2 25.5 57.5 35.3

t,, (min) 2.04 6.43 2.81 5.15
Intraparticle diffusion k., (g mg™ min™) 65.9 88.9 81.5 94.2

C, (mggh 46.9 154 108 144

R? 0.9959 0.9650 0.9872 0.9808

k,, (g mg' min™) 0.294 0.0921 0.0873 0.566

C, (mg g™ 149 161 161 174

R} 0.386 0.493 0.53 0.54
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Therefore, the adsorption mechanism was classified as the
second-order nature of the adsorption process. Similar to
Langmuir isotherm model, pseudo-second-order kinetics
assumes that the rate-limiting step may be chemisorption
involving valence forces through sharing and exchange of
electrons [32,40-42].

Pseudo-second-order kinetic rate constant (k,) and
adsorption capacity (g,) were further used to calculate the ini-
tial sorption rate (1), and the half-adsorption time (t,,) and
the results are presented in Table 4. Half-adsorption time
refers to the time required to remove half of the amount of
the analyte of interest at equilibrium [32] and is considered
as a measure of the adsorption rate [32]. The results obtained
revealed that there was relatively high affinity between the
adsorbent and metal ions. This is because half-adsorption
times for all metal ions were short (ranging 2—-6 min). In addi-
tion, the initial sorption rate for all the studied major cations
was in the order Ca > Mg >Na > K.

The sorption kinetic data were further analyzed to
understand the role of intraparticle diffusion on the entire
adsorption process. In addition, intraparticle diffusion was
used to further identify the steps of adsorption process. The
kinetic data were fitted on multilinear plots of intraparticle
diffusion process for the sorption of major cations onto the
surface of nanoadsorbent demonstrated that two steps took
place. According to the literature, the two steps correspond
to film diffusion which is the diffusion of analyte molecules
from solution to the external surface of the adsorbent, and
intraparticle diffusion, that is, the diffusion of analyte mol-
ecules through pores of the nanoadsorbent [41]. In addition,
the multilinear plots did not pass through the origin, sug-
gesting the intraparticle diffusion is not the rate-limiting step
[41]. This suggested that some other mechanisms also play an
important role in the adsorption of major elements.

The constant values for intraparticle diffusion (k) and C
were calculated from the intercept and slope and the param-
eters and R? are presented in Table 4. It can be seen that k
is larger than k ,. This observation suggested that the film
diffusion process was rapid compared with the intraparti-
cle diffusion which was a gradual process [43]. In addition,
the correlation coefficients indicated a good applicability of
intraparticle diffusion model in assessing the steps that take
place during the adsorption of major elements onto the sur-
face of 5iO,-Fe, O, nanoadsorbent [43].

3.7. Reusability and regeneration studies

Regeneration/reusability property of an adsorbent is
one the important aspect in adsorption-based studies for a

Table 6

cost-effective metal ion removal process. Under optimum
conditions, the adsorption-desorption cycles repeated
10 times were carried out using synthetic seawater sam-
ples (containing 1,000 mg L™ for each analyte). To remove
the adsorbed cations, the spent adsorbent was treated with
2.0 mol L™ HNO,, sonicated for 1 h, and filtered. After filtra-
tion, the filtrate was analyzed using ICP-OES. The removal
efficiency of the adsorbent remained constant for seven
cycles (Table 5). This suggested the prepared nanocomposite
was relatively stable and can be reusable.

3.8. Application to real samples

The applicability of Fe,0,-5i0, nanocomposite to remove
Ca, K, Mg and Na from real seawater was investigated. The
analytical results before adsorption and percentage removal
are presented in Table 6. The results obtained indicated that
Fe,0,-Si0, is suitable for the removal of major elements (per-
centage removal efficiency ranged from 83% to 98%) from
seawater. In addition, considering the high ICs especially Na
and Mg, Fe,0,-5i0O, nanocomposite exhibited high potential
as adsorbent that can be used in desalination real seawater
or brines. For this reason, future studies will investigate the
adsorptive removal of Na, K, Mg and Ca in real seawater
using continuous column system.

The comparison of Fe,0,-5i0, nanocomposite with other
carbon-based materials reported previously in the literature
for removal of major cation is shown in Table 7. It can be seen
from this table that the performance of the current material is
comparable or even better than some carbon-based materials
[44-47].

4. Conclusion

The Fe,0,-5i0, nanocomposite as an adsorbent was
prepared using sol-gel method and characterized by XRD,

Table 5
Adsorption-desorption studies

Cycles Cation % removal efficiency

Ca K Mg Na
1 981+21 993+11 992+23 99.6+2.1
3 982+23 991+18 993+08 99.1+0.9
5 980+19 99.6+20 988+1.0 982%1.0
7 96.8+25 967+13 979+16  96.7+12
10 883+31 854+28 829+19 889+38

Application of Fe,0,~5i0, nanocomposite for removal of major elements in real samples

Analytes Initial concentration (mg L) Removal efficiency (%) Initial concentration (mg L) Removal efficiency (%)
Sample 1 Sample 2

Na 10,403 + 42 83.7+12 10,793 + 70 81.2+1.7

K 384+10 982+14 401+9 98.6 2.3

Ca 401+6 98.0+1.5 395+9 979+1.3

Mg 1,293 +15 90.2+2.3 1,341 +15 89.5+2.3
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Table 7
Comparison with carbon-based adsorbents

Analytes Adsorbent Removal Reference
efficiency (%)

Na, Mg Activated 80, 72 [44]
carbon

Ca, Mg, Na Fe,O,-MWNTs 73, 67,70 [45]

Na, Mg, Ca, K Functionalized 68, 71, 60, 56 [46]
graphene sheets

Mg, Na £-MWNTs 88, 72 [47]

Ca, K, Mg Na Fe,0,-SiO, 98,98.7,90, 84 This work

FTIR, SEM, TEM, BET and EDX techniques. The parameters
affecting the experimental parameters for removal of Ca, K,
Mg and Na in synthetic saline samples were optimized using
RSM based on CCD. Under optimized condition, the adsorp-
tion followed Langmuir model better than Freundlich iso-
therm. The maximum adsorption capacity was 152, 164, 161
and 181 mg g™ for Ca, K, Mg and Na, respectively. The value
of R, from Langmuir isotherm indicates that the sorption of
Na*, K, Ca?* and Mg* ions was favorable. While the mean free
energy of adsorption was <8 k] mol™ suggesting the mecha-
nisms of adsorption of the major cations onto the nanoad-
sorbents were physisorption. In addition, the adsorption of
the major elements followed second-order kinetics as well as
film and intraparticle diffusion mechanisms. Moreover, the
results obtained indicated that Fe,0,-5iO, nanocomposite
could be a potential adsorbent for the AD process.
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