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ABSTRACT

Zeolite X was synthesized in the laboratory and was characterized using X-ray diffraction,
scanning electron microscopy, thermogravimetric analysis, energy dispersive X-ray spec-
trometer, and Fourier transformed infrared spectrometry. Desalination activity of zeolite X
was investigated by the ion-exchange process. The pH of the seawater prior to desalination
analysis was 7.87 + 0.03 through the period of the investigation. The conductivity of the sea-
water was found to be 16.2 + 0.01 mS/cm. Effect of time on ion removal was measured.
Removal efficiencies of ions showed a trend of Ca®* > K* > Mg”** > Na*. Equilibrium data
were fitted by Langmuir and Freundlich isotherms and parameters were evaluated using
these models. Adsorption capacities obtained followed the order Ca®* > K* > Mg** > Na*
with R? values K*>Na* > Ca®* > Mg?** for both Langmuir and Freundlich parameters.
Equilibrium kinetic data were analyzed using adsorption kinetic models: pseudo-first-order
and pseudo-second-order kinetic models. A linear regression method was used to estimate
the adsorption and kinetic parameters. The R> values obtained followed the order
K" >Mg”* > Ca®" > Na* for both pseudo-first- and pseudo-second-order kinetic models.
Zeolite X has attractive features as an adsorbent for desalination of seawater.

Keywords: Desalination; Synthesis; Zeolite X; Seawater; Kinetics; Removal efficiency

1. Introduction

Seawater is an abundant natural resource. About
71% of the Earth’s surface is covered by water which
is in the form of oceans, seas, and ice at the poles
[1,2]. However, only about 3% of the water is fresh
and suitable for drinking. The water of the oceans and
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seas is salty and therefore not directly usable. There is
at present permanently high growing need of fresh
clean water by the world at large. Furthermore, due to
population growth coupled with unpredicted
droughts in Sub-Saharan Africa, water scarcity is
gradually reaching alarming proportion. Hence, the
need to find improved, economical, alternative source
(s) of water has not only become desirable but also
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paramount [2,3]. In recent times, desalination
techniques have been used to desalinate seawater,
brackish water or wastewater resulting in significant
achievements [1,4]. Desalination refers to several pro-
cesses that remove excess salt and other minerals from
water and usually involves a phase change such as
freezing and distillation in thermal processes but also
membranes in reverse osmosis and electrodialysis
experiments [5-7]. To take advantage of natural
resources, attention has been focused on desalination
of seawater and brackish water, using effective how-
ever still expensive techniques [3,4,6,8]. However, high
capital and energy are required, making the use of
these techniques very expensive [4,7]. In recent years,
zeolites have been considered as the best alternative to
achieve high desalination rates with virtually no intro-
duction of harmful chemicals while effectively remov-
ing cations and anions in varying ways [8,9]. Zeolites
are crystalline hydrated aluminosilicates whose frame-
work structure consists of cavities or pores that are
occupied by cations and water molecules [10-17]. Both
the cation and the water molecule have considerable
freedom of movement permitting ion exchange and
reversible dehydration [11-17]. There are over 40
known natural zeolites and 160 synthetic zeolites have
been documented [10]. Synthetic zeolites have wider
applications than natural zeolites due to their purity
and also modification of the Si/Al ratio to suit a par-
ticular application [10,13]. Zeolite X is a synthetic
counterpart of the naturally occurring mineral Fauja-
site and has one of the largest cavities and cavity
entrances of any known zeolites [10,15,17]. In this
work, zeolite X was synthesized in the laboratory and
its desalination activity and efficiency on Ghanaian
seawater was investigated. Equilibrium data were fit-
ted by Langmuir and Freundlich isotherms and
parameters were evaluated using these models.
Equilibrium kinetic data were analyzed using adsorp-
tion kinetic models: pseudo-first-order and pseudo-
second-order kinetic models and linear regression
method were used to estimate the adsorption and
kinetic parameters.

2. Materials and method
2.1. Materials and reagents

Seawater was obtained from Dansoman, a suburb
of Accra, Ghana. Whatman filters no. 1 were pur-
chased from Sigma-Aldrich, UK. Zeolite X was syn-
thesized in the Water Research laboratory, KNUST
and characterized in the School of Applied Sciences,
Wolverhampton University UK. Ion chromatography
(IC; ICS-1000, Dionex, USA) was available at the
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Chemistry Research laboratory, KNUST while induc-
tively coupled plasma atomic emission spectrometer
(ICP-AES; SPECTRO 2005, UK) was available at
University of Wolverhampton, UK. Sodium hydroxide,
sodium aluminate, and sodium metasilicate were pur-
chased from Sigma Aldrich, UK. Distilled water was
supplied by the Water Research group, KNUST.
Sodium hydroxide, potassium hydroxide, aluminum
oxide, and sodium silicate were purchased from
Sigma Aldrich, UK.

2.2. Synthesis of zeolite X

Zeolite X was synthesized in the laboratory accord-
ing to the method reported by Kwakye-Awuah et al.
[17] with some modifications. The batch composition
of the synthesis reaction was 0.18 NaOH: 0.1 ALOjs:
0.4 5iO,: 32.4 H,O. A mass of 7.2 g of sodium hydrox-
ide (Sigma-Aldrich, UK) was added to 166 ml of
deionized water in a plastic beaker while stirring until
a homogeneous solution was obtained. A total of
10.2 g of alumina powder (Sigma Aldrich, UK) was
then added and stirring was continued until a homo-
geneous slurry was obtained. The sodium aluminate
suspension was added to 36.0 g of sodium silicate
solution (Sigma-Aldrich, UK) to form a gel, while stir-
ring until the gel was homogenized. The gel was
poured into Teflon vessels. The bottles were put into
an electric oven at a temperature of 100°C for 6 h. The
reaction in the Teflon bottles was quenched by run-
ning cold water on the bottles after they were
removed from the oven until they were cooled to
room temperature. The synthesized samples were fil-
tered using a Buchner vacuum funnel and Whatman
no. 1 filter paper. The powder samples obtained were
washed copiously with 500 ml of distilled water.
Following overnight drying of the powdered zeolite at
40°C in an electrical oven, the zeolite was crushed into
uniform powder with pestle and mortar, sieved and
stored in a cupboard.

2.3. Characterization of zeolite X

To confirm the crystal structure and the composi-
tion of the synthesized zeolite, it was essential to char-
acterize the zeolite. The X-ray diffraction (XRD)
pattern of the zeolite X which gives a measure of
phase purity were recorded on Phillips PW 1710 X-ray
powder diffractometer over 26 range of 3-50° (PANa-
lytical, UK Ltd, Cambridge). The diffractometer was
equipped with a graphite monochromated Cu K,
radiation source (8,987 eV; A = 1.5418 A) Data process-
ing was carried out using Philips APD software with
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a search/match facility and an ICDD database on a
DEC Microvax minicomputer interfaced to the diffrac-
tometer. The surface morphology of the zeolite as well
as the elemental composition were examined by scan-
ning electron microscopy (SEM) using a Zeiss EVO 50
equipped with energy dispersive X-ray spectrometer
(EDX) (Zeiss, UK). Aluminum stubs were prepared
prior to the analysis with an adhesive coating. The
samples were sprinkled on the stubs. Where neces-
sary, the samples were gold-coated using an Emscope
SC500 Sputter coater to reduce static charging.
Electron micrographs were obtained at various
magnifications.

Particle size distribution per unit volume was
analyzed wusing a mastersizer long bed analyzer
(Malvern Instruments, UK). Samples of silver-ex-
changed zeolite X were taken for particle size analy-
sis. Before measurements were made the laser lenses
were aligned in a straight line. Settings were set to
obscuration value of 0.2. After steady conditions,
0.1 mg of each sample was loaded into an MSX 15
sample handling unit that uses the mechanical
action of stirring to ensure that the zeolite particles
did not flocculate. Sodium Amalgam was then
added to disperse adhering particles. Measurements
were then recorded on a computer connected to the
instrument.

The vibrational properties were investigated by
Fourier transformed infrared spectrometry (FTIR).
Measurements were done using 100 scans at 4 cm™ '
resolution, units of log(1/T) (absorbance), over the
mid-IR region of 1,200-400 cm™". An air background
spectrum was collected at the start of the sample anal-
ysis. A small sample of each zeolite was centered on
the ZnSe plate to ensure that it covered the entire
crystal surface, and a pressure clamp was used to
apply pressure on the sample. The zeolite samples
were analyzed three times for three different samples.
A background spectrum was measured before every
sample to compensate for atmospheric conditions
around the FT-IR instrument. Thermogravimetric
(TGA) analysis was performed using a Perkin Elmer
TGA 7 (Perkin Elmer, UK). The temperature range for
the analysis was 50-800°C.

2.4. Desalination based on ion removal
2.4.1. Adsorption isotherm studies

Raw seawater samples from Dansoman Beach in
Ghana were filtered using a fiber glass filter of 0.45-
pm pore diameter to remove particulate matter.
Adsorption capacity of ions in the seawater by zeolite
X was studied using the batch technique. In a series of

B. Kwakye-Awuah et al. | Desalination and Water Treatment 57 (2016) 21654-21663

250-ml Erlenmeyer flasks each containing 100 ml of
Ghanaian seawater, 0.5 g of zeolite X was added. The
flasks were capped and placed on a rotary shaker
(200 rpm) at room temperature. The initial pH value
of the seawater was 7.87. The investigated times were
15, 30, 60, 90, and 120 min. The zeolite was filtered
out of the seawater after each allocated time. The final
pH was measured. The concentrations of Na*, K7,
Mg**, and Ca”* ions were determined to ascertain the
amount of ions adsorbed by the zeolite. The whole
procedure was repeated twice to ascertain the
reproducibility of the results.

3. Results and discussion
3.1. Characterization of zeolite X

The SEM micrographs (Fig. 1) showed cubic mor-
phology of crystalline sample of zeolite X before and
after addition to seawater. The mid-FTIR spectra of the
as-synthesized zeolite X is given in Fig. 2 in the region
of lattice vibrations (1,200-400 cm™). A large broad
band was observed at 975 cm™'. Other bands were
observed at 790, 695, 585, and 450 cm '. This band can
be attributed to the overlap of the asymmetric vibra-
tions of Si-O (bridging) and Si-O~ (non-bridging)
bonds. Symmetric stretching of the external T-O link-
ages occurred at 790 cm ™', while the symmetric stretch-
ing due to the internal vibrations of the zeolite X
framework tetrahedra occurred at 695 cm ™. Vibrations
associated with the double six rings (D6R) that connect
the sodalite cages occurred at 585 cm™'. The band at
450 cm ™' is assigned to the internal vibrations due to
the bending of the T-O tetrahedra. [17,18]. The XRD
pattern of zeolite X (Fig. 3) matches that of the litera-
ture, with a flat base and distinct peaks indicating a
highly crystalline product with no impurities. All the
peaks obtained matches that of the ICDD database for
zeolite X. The purity of zeolite X was confirmed as there
was no other phases or lines present. Significant peaks
were noted at 20 = 6°, 11°, 22°, 25°, and 29° [17,19-23].
Smaller peaks were also observed. Crystallinity
observed could be attributed to the presence of Al in
the starting gel [17]. This was confirmed by the TGA
results (Fig. 4) which portrayed a highly stable zeolite.
It was clear from the thermogravimetric analysis plot
(Fig. 4) of zeolite X that the maximum weight loss of
5.8% was observed at 99°C and this could probably be
due to the removal of water on the surface. Further
weight loss of approximately 7% occurred between 100
and 300°C which can be attributed to the loss of water
within the framework. EDX analysis showed that the
composition of the synthesized zeolites were
aluminosilicate in addition to sodium ions (Table 1).
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Fig. 1. SEM images showing the size of zeolite X crystals at different resolution.
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Fig. 2. FTIR spectrum of zeolite X.
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Fig. 3. XRD pattern of zeolite X showing peaks for 20 = 0°-50°.
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Fig. 4. Thermogravimetric analysis plot for zeolite X for temperature 50-800°C.

Table 1

Elemental composition of synthesized zeolite X

Element wt. %
Na 5.3
Al 15.2
Si 22.6
O 56.9

3.2. Desalination activity and adsorption isotherms

3.2.1. Seawater composition, changes in pH and
conductivity

The chemical composition of the pretreated water
was evaluated by inductively coupled plasma atomic
emission spectrometry (ICP; SPECTRO 2005, Siemens,
UK) and ion chromatography (IC; ICS-1000, Dionex,
USA). The seawater was diluted (10x) and the detec-
tion limit for all the measured ions was 0.1 ppm. In
the chromatography analysis, the seawater was also
diluted (10x) with detection limit for all measured
ions as 0.05 ppm. Table 2 shows the salt concentra-
tions of the filtrated seawater. The composition of the
seawater is a typical one: ClI”>>Br >>Mg** ~S>
K* > Ca®" > F . Additionally, there were small detec-
tions of NO; and PO}~ ions.

Changes in pH and electrical conductivity (EC) in
mS/cm with time were also recorded. For this investi-
gation, the ratio of zeolite mass (in grams) to volume
of seawater (in ml) was 0.5:100. Temperature and
other conditions were constant. A considerable
increase in the pH of seawater was observed. The pH
increased from 7.61 to 8.41 when zeolite X was added

Table 2

Chemical composition of seawater after filtration process
Concentration
(ppm)

Element Chemical state in seawater =~ ICP-OES IC

Na Na* 4,872

K K* 1,075

Mg Mg** 1,141

Ca Ca* 758

S SO~ 1002 3,540

N NO; 2.90

P PO;~ 4.26

F F 0.97

Cl cr 3,059

Br Br~ 63.88

for 15 min. This effect is attributed to the pH of the
synthesized zeolite (9.91) when introduced into the
seawater causing a surge in the sample’s overall pH.
The pH after 30 min saw a further increase though
not very high (0.03), and an additional increase of 0.01
after 60 min. Tests for portable drinking water include
measuring pH, total hardness of raw and treated
water, and chloride concentration. To improve the
quality of seawater so as to bring the quality to drink-
ing water standard, the concentrations of anions such
as Cl7, SO3~, and NO; were determined by titration.
Following the results obtained (not shown) CI” con-
centration was higher than WHO recommended limit,
whereas NO; was far lower than the allowed limit set
by WHO. Hence, Cl” in the seawater was precipitated
by adding 0.1 mM AgNO; to the seawater and
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parameters such as pH, EC, and total dissolved solids
(TDS) were again measured. The amount of chloride
present was found to be 18.7 ppt.

The precipitation reaction equation for Na* and K*
is presented by:

AgNO + XCI(aq) — AgCl(s) + XNOg,(aq) 1)

3(aq)
For Mg®" and Ca®" the reaction equation is:

AgNO; o + XClagy — AgCly + XNOs() &)

3(aq)

Silver nitrate reacted with the chloride ions forming a
white precipitate (silver chloride). The pH was
monitored at regular intervals as with initial tests. By
introducing silver nitrate into the sample, the pH and
EC were considerably reduced. The pH was reduced by
0.97 + 0.05. The EC was also reduced by 3.22 + 0.4 mS/
cm. Initial concentration of cations in seawater was:
Na® =4,782.40 + 0.1 mg/1, K" =1,789.05 + 0.1 mg/],
Mg®" =82813+0.1 mg/l, Ca*" =751.75+0.1 mg/L.
The addition of zeolite X to the seawater saw an incre-
ment of 0.89 units to the pH within the first 15 min,
while EC reduced further from 6.53 to 6.20. A reduction
in concentration was observed in all four elements
between 15 and 120 min except for Na* which leached
at 120 min. Removal efficiencies showed a trend of for
Ca** > K* > Mg?* > Na*.

3.2.2. Desalination and adsorption isotherms

The element removal efficiency, R % of ions was
calculated using the formula:

G —Cy
G
where C; is the concentration of elements in seawater
before addition of zeolite X, and C; is the concentra-

tion of elements after ion exchange with zeolite X.

R% = x 100% (3)
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In Fig. 5, it was observed that there was steady
removal of Na* after 15 min of zeolite X to the seawa-
ter up to 60 min. Thereafter, there was a slight reduc-
tion in the removal efficiency at 90 min but later
showed maximum efficiency at 120 min (32%). Simi-
larly, the rate of removal of K* increased in the first
30 min but decreased at 60 min after which it showed
steady removal with the highest removal of 58% at
120 min. Mg** was steadily removed up to 90 min but
removal was reduced slightly at 120 min. A similar
trend was observed for Ca®* with highest removal of
81.5% at 90 min. This can be attributed to the fact
that the synthesized zeolite X had no Ca®' in its
framework.

Zeolites selectivity related to cations and anions is
an important property in water treatment procedures.
Selectivity is a property of the exchanger to show dif-
ferent preferences for particular ions and it depends
on the field strength in the zeolite pore. The higher
removal of one ion over the other depends on the
equilibrium state of the activity. The ion-exchange
tests that were run showed an increase in the slou-
tions pH (hydrolysis of zeolites) (Table 3). This occur-
rence is due to the removal of calcium and
magnesium and its replacement by sodium ions pre-
sent in the zeolite framework [24-28]. It was not possi-
ble to achieve complete ion exchange of cations,
especially K* with Na®. This was because of Na
cations in the zeolite framework. However, as stated
by Barrer [10], K" is still preferred in the Faujasite
framework over Na'. Therefore, the selectivity for K*
over Na" is smaller in the higher charged zeolite than
in the lower charged ones. The study showed that
selectivity of ions by low silica zeolite X was found to
be higher for divalent cations than for monovalent
cations. Sherman [28] in his work stated a selectivity
of K*>Na" and Ca?" > Mg2+. In this work, however,
the order of selectivity for cations observed was
Ca®* >Mg®* >K*">Na®. This order of selectivity
could be attributed to the fact that zeolites prefer ions

Table 3
pH and conductivity of seawater obtained for each sampling time

pH Conductivity (mS/cm) TDS

Seawater + Seawater + Seawater + Seawater + Seawater + Seawater +
Time (min) Z-X Z-X + AgNO; Z-X Z-X + AgNO; Z-X Z-X + AgNO;
0 7.61 +0.02 7.38 + 0.02 16.70 + 0.02 6.53 + 0.01 4,876 + 0.01 4,875 + 0.02
15 8.41 + 0.03 7.30 + 0.03 15.55 + 0.02 6.2 +0.01 4,679 = 0.01 3,100 + 0.03
30 8.44 + 0.04 7.38 + 0.03 15.00 + 0.03 6.08 + 0.02 4,435 + 0.02 3,040 + 0.02
60 8.45 + 0.03 7.72 +0.02 13.51 = 0.02 6.02 +0.01 4,304 + 0.01 3,010 + 0.03
90 8.43 + 0.03 7.70 + 0.03 11.00 + 0.03 5.91 = 0.02 4,210 + 0.02 2,955 + 0.02
120 8.48 + 0.02 7.58 + 0.01 10.69 + 0.03 6.09 +0.02 4,152 + 0.02 3,045 + 0.02
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Fig. 5. Graph showing the average removal efficiencies
with standard deviations of the various cations. The exper-
iment was repeated three times and results averaged.

of higher charge [25,29]. In the same light, Kuronen
et al. [24] stated that highly aluminous zeolites are
known to be selective to divalent cations. It was
reported in their study that a higher selectivity for
Sr** than K* in ion exchange with Na* in MAX (maxi-
mum aluminum zeolite X) was observed. The pre-
ferred counter ion was taken up by the exchanger at a
higher relative rate. The presence of Ca®* and Mg?** in
the seawater influence the uptake of K™ and Na* [25].
The process of cation uptake by zeolites is determined
by the kinetics of adsorption. The amount of Na®
released into the seawater by zeolites indicates ion-ex-
change activity. Since there was sodium in both sea-
water and zeolite, the effective removal of all cations
was hindered. Very often, a zeolite favors the least
hydrated ion, while the solution phase favors the most
hydrated ion [25,27]. The effect of competitive cations
and anions on ion exchange of heavy metals in clinop-
tilolite was examined by Inglezakis et al. [27]. The
presence of cations in the solution of the heavy metals
is reducing the presence of the latter due to simultane-
ous exchange of cations which occupy available
exchange sites in the zeolite structure. Furthermore,
the results indicate that zeolite X has a high capacity
for removing Ca** and Mg”* ions as time progressed.
Thus, the initial 15 min favored the adsorption of
Ca**, Mg**, and K*, whereas Na* was either excluded
due to its size/or charge. In reality, more than one
model is required to correlate adsorption equilibrium
since there is no universal equilibrium model that pro-
vides an accurate fit for all adsorption isotherms
[26,30]. Thus, three typical adsorption models were
applied in this study to fit the adsorption isotherms
for the four ions (sodium, potassium, magnesium, and
calcium) in an attempt to obtain the optimum model
by the comparison of accuracy of the models. Adsorp-
tion equilibrium data were analyzed using the Lang-
muir, Freundlich, and Langmuir-Freundlich isotherm
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models. The Langmuir isotherm theory assumes
monolayer coverage of adsorbate over a homogeneous
adsorbent surface. This implies that all adsorbing sites
are equivalent and adsorption on an active site is
independent of whether or not an adjacent site is
occupied. Mathematically, the model is given by the
equation [30]:

Mk, ) @

e = (l T k.Ce

where C. (mg/L) is the equilibrium concentration, g,
(mg/g) is the amount of salt ion adsorbed at
equilibrium, M (mg/g) and ki (L/mg) are the maxi-
mum adsorption capacity and Langmuir constants,
respectively.

The linearized form can be express as:

Ce 1 Ce
o Mh + o (5)
The values of M and k;, were calculated from the slope
and intercept of the plot of C./q. as ordinate and C,
as abscissa. Results obtained for Langmuir adsorption
parameters are shown in Table 4. The Freundlich iso-
therm assumes a multilayer adsorption with interac-
tions between ions and is expressed as [30]:

ge = ke C: ©)

where g. (mg/g) is the amount of ammonium ion
adsorbed at equilibrium, kr (measure of adsorption
capacity) and 1/n (measure of adsorption intensity)
are Freundlich constants. Taking natural log on both
sides of Eq. (6), we obtain:

1
Inge=1Inkp + Eln Ce (7)

Values of C. and kg are calculated from a plot of In g,
as ordinate and In C. as abscissa and are given in
Table 4. It can be seen that the value of R*>0.90 for
all cases indicate that both Langmuir and Freundlich
equations well fitted the adsorption isotherm. Further-
more, the inverse of the Freundlich coefficient # is less
than one, confirming that adsorption is favorable. In
addition, the Langmuir and Freundlich constants
obtained were well within experimental adsorption
data. Thus, both Langmuir and Freundlich models
predicted correctly the equilibrium adsorption
isotherms for all the ions by zeolite X. The coefficient
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Table 4
Adsorption Isotherm equation coefficients extracted from the plot of linearized curves (not shown)

Model used
Ion

Langmuir parameter Freundlich parameter

M (mg/g) k. (1/mg) ke (mg/g) N R?
Na 0.06 0.633 0.901 1.203 2.102 0.911
K 0.2 3.867 0.986 2.371 2.527 0.971
Mg 0.1 20.613 0.956 1.103 2.8609 0.932
Ca 0.1 38.195 0.942 1.078 4.548 0.913
Table 5

Adsorption Isotherm equation coefficients extracted from the linearized

Model used

Pseudo-first-order nonlinear

Pseudo-second-order nonlinear

Ion kq (I/min) Jeexp (ME/ ) Jecale (Mg/g) R? k> (I/min) Jeexp (ME/ Q) e cale (Mg/g) R?

Na 0.3560 38.89000 40.46753 0.93830 9,166.7 16,508.0 1,666.7 0.991
K 0.3580 20.78000 21.03526 0.95990 322.2 323.2 333.3 0.999
Mg 0.1280 33.26000 33.64283 0.92020 177.5 764.4 769.2 0.989
Ca 0.570 19.34000 19.58375 0.79450 21.6 238.9 232.6 0.994

of determination R® below 0.93 indicated that the
modeling performance of Freundlich equation for Na*
and Ca®" were slightly inferior to that of Langmuir
model (R? > 0.94).

3.3. Kinetic studies

To understand the adsorption mechanism of salt
ion uptake onto zeolite X at time f, the pseudo-first-
and second-order kinetic models were used. Pseudo-
first-order kinetic model is given by the equation [30]:

d
% = ki(ge —q1) ®

Integrating (5) from t=0 to t=t and from ¢,=0 to
q: = q;, we obtain:

In(ge — q¢) = In ge + Kyt )

where g. (mg/g) and g; (mg/g) are the amount of salt
ion adsorbed at equilibrium and at time ¢ and Ik
(1/min) is the pseudo-first-order rate constant. The
values of g, and k; were calculated from the slope and
intercept of a plot of In(ge —g;) as ordinate and t as
abscissa. Table 5 shows that the experimental value

obtained for g, is far greater than that obtained from
calculation. Furthermore, the R? value obtained sug-
gests that the experimental data did not fit the
pseudo-first-order kinetic model. The pseudo-second-
order kinetic model is given by the expression [30]:

dqt

5 = kiae—a)? (10)

Integrating from ¢t = 0 to t = t and from g, =0 to q; = q,,
we obtain:

(11)

where again, 4. (mg/g) and g; (mg/g) are the amount
of salt ion adsorbed at equilibrium and at time f and
k; (1/min) is the pseudo-first-order rate constant. The
values of g. and k; were calculated from the slope and
intercept of a plot of t/g; as ordinate and ¢ as abscissa.
Results obtained are shown in Table 5. As can be seen
from Table 5, the R* values obtained showed high cor-
relation. Furthermore, the experimental and theoretical
values of g. and g; are in good agreement. It therefore
follows that pseudo-second-order kinetics predomi-
nates compared with pseudo-first-order kinetics. Thus,
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the rate-limiting step is likely to be chemical sorption,
involving forces through the sharing of or exchange of
electrons between the adsorbent and the adsorbate.

4. Conclusion

According to the results, cation-exchange behavior
of zeolite X showed a good selectivity for calcium and
poor selectivity for sodium. Different zeolite ratios
reported similar trends. Selectivity is higher for diva-
lent cations than for monovalent cations in zeolite X.
The selectivity sequence was determined as
Ca > Mg > K> Na. Poor selectivity for Na could be
explained as due to the presence of Na in the frame-
work through synthesis. The quality of water pro-
duced was high in Na" making it unsuitable for
drinking. However, it is worth mentioning that retrie-
val of the zeolite and addition of fresh zeolite was
likely to have reduced the Na™ to drinking water qual-
ity. The levels of Ca** and Mg** were well below the
allowed limit for drinking water as recommended by
WHO [31]. Langmuir and Freundlich isotherms both
demonstrated to provide good fit for the sorption of
salt ions onto zeolite X. The adsorption capacity of
zeolite X was found to be 72.99 and 72.46 mg/g for
first addition and retrieval and 71.94 for second and
third retrieval process. Kinetics studies suggest that
salt ion adsorption on zeolite X could be described
more favorably by the pseudo-second-order model
with the parameters better estimated by the linear
method. Finally, it can also be concluded that zeolite
X has the attractive features of being a good adsorbent
for desalination of seawater.
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