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In the present study, nano zeolite A (LTA) was synthesized by the alkaline fusion method without adding an
organic template. Effect of temperature and aging time were studied on the crystallinity and morphology
of the final product. The synthesized LTA was characterized by scanning electron microscopy (SEM),
energy dispersive X-ray spectroscopy (EDX), powder X-ray diffraction (XRD), Fourier transform infrared
spectroscopy (FTIR), thermal gravimetric analysis (TGA), differential scanning calorimetry (DSC) and N,
adsorption/desorption technique. The prepared nano LTA zeolite was applied to the water softening
process. The main effects and interaction of factors such as pH, the amount of LTA, initial total hardness,
temperature and contact time were investigated by response surface methodology (RSM). The obtained
optimum values of factors were applied to hard water to remove Ca?* and Mg?* ions. Pseudo-first and
second-order models were applied to kinetic and rate data. It was found that the adsorption rate follows

the pseudo-second-order kinetic model.
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INTRODUCTION

The hardness in water mostly represents the
contents of calcium and magnesium. It ascribed
the total concentration of calcium and magnesium
and declared in terms of the calcium carbonate
equivalent. In the standard scale, soft, moderate,
hard and very hard water contains about 0-60,
61-120, 121-180 and >180 mgL"' of Ca** or Mg*,
respectively [1]. More than three-quarters of the
water supplies are so hard water that would easily
be deposited in the form of scale on the surfaces of
equipment like pipes, cooling and heating systems,
steam generation, bathtubs, kitchen appliances,
and undesirable spots on sinks and clothes. The
formation of scale causes clogging of a piping system

* Corresponding Author Email: srnabavi@umz.ac.ir

and boilers thus lowering the water flow as well as
corrosion surfaces and shortened operational life of
the equipment [2, 3].

Nevertheless, both calcium and magnesium
are essential minerals and advantageous to human
health, but their excess causes health problems.
The health problems such as dermatitis, diarrheal-
disease, pancreatic cancer, cardiovascular disease,
cerebrovascular mortality, malformations of the
central nervous system, Alzheimers disease,
diabetes, childhood atopic dermatitis, kidney
stones, reproductive health, digestive health and
constipation, and bone mineral density can be
counted [4-6]. Water softening can be regarded
as a treatment process where the calcium and
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magnesium cations are removed from the water.

Several methods have been recommended in
literature to treat the problems induced hard water.
These methods can belisted as chemical precipitation
[7], adsorption and ion exchange [8], micro and
nanofiltration [9], electrodeionization [10], reverse
osmosis (RO) [11] and finally membrane-based
technologies [12]. Among the former methods, ion
exchange and adsorption processes by zeolites are
more practical due to their remarkable advantages
like low cost, simplicity and high selectivity [13-15].

Zeolites occur both naturally and synthetic
forms. In brief, these materials are porous crystalline
aluminosilicates with a three-dimensional network
of SiO,* and AlO,> tetrahedral units linked by
oxygen bridges. Their framework structures contain
channels and cavities occupied by the cations and
water molecules [16, 17].

Zeolite A, LTA (Linde Type A) or 4A has a cubic
structure with (Na Al Si O,) formula and an
aperture of 4x4 A°, a low silica zeolite with Si/Al =
1 [18]. LTA framework type can be constructed with
connecting sodalite cages (6-ring) via double 4-rings.
Accordingly, it creates an alpha cavity (8-ring) in the
unit cell center. The unit cell has 12 sodium cations
per alpha cavity so that eight cations are considered
in the eight 6-rings, and the four cations are located
in the three 8-ring windows. It should be noted that
one of the 8-membered rings is occupied using two
sodium cations. Therefore it is more favorable to
exchange with heavy metals. In the ion exchange
process, two Na* cations can be substituted by one
Ca?* cation [19]. LTA has a strong affinity for many
heavy metal cations [20], and its cation exchange
properties are commercially exploited in water
softening to trap Ca?* and Mg?* cations [14, 21-23].

There are several reports for the synthesis of LTA
with different starting materials like fly ash [24-
26], Kaolin [27, 28] and scoria [29] using alkaline
fusion procedure. Although the preparation of LTA
from inexpensive starting materials is preferred, the
synthesis of LTA from silica and alumina has the
benefit of producing products with high purity and
high surface area.

In the current study, nano LTA zeolite was
synthesized from pure silica and alumina by
the alkaline fusion followed by hydrothermal
crystallization and without adding an organic
template. Effects of temperature and aging time were
studied on the crystallinity and morphology of the
final product. The prepared nano LTA zeolite was
then applied in the water softening process.
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Since Ca** and Mg*" ions exist simultaneously
in nature and the total hardness consists of the
sum of these two ions, therefore, the reduction of
hardness requires reducing the concentration of
both ions together. Most of the previous studies have
been conducted to remove Ca** and Mg*" ions in
the single system [30, 31]. However, in the present
study, the ion exchange process investigated in the
binary system containing Ca** and Mg?** ions using
synthesized nano LTA zeolite. In order to find the
optimum conditions of the water softening process,
the main effects and interaction of factors such as
pH, the amount of adsorbent, initial total hardness,
temperature and contact time were evaluated
by response surface methodology (RSM). The
obtained optimum values of factors were applied
to hard water in order to remove Ca’* and Mg*
simultaneously. In addition to, separation factor of
adsorbent, competitive effects of ions and kinetics of
ion exchange were investigated.

EXPERIMENTAL
Materials

Silica (SiO,) powder (particles size = 12 nm),
alumina (ALO,) powder and Sodium hydroxide
(NaOH) as pellets (99%) were purchased from
Sigma and Fluka respectively. calcium chloride and
magnesium chloride in the analytical grade were
bought from Merck, Germany. Ultra-pure deionized
water was supplied from Zolalan Sharif (Iran)
apparatus equipped with a double reverse osmosis
unit.

Characterization apparatuses

Surface morphology and the particles size of
nano LTA zeolite were determined by a scanning
electron microscope (SEM: KYKY-EM3200, 68
Hitachi Company, China) operating at 40 kx. X-ray
diffraction (XRD, Philips, PW1730, Eindhoven,
Netherland) technique was used to study the
crystallinity. The IR bands of the synthesized zeolite
were detected using the Fourier Transform Infrared
(FTIR, Vector 22 Bruker, Germany) using a KBr
wafer with the wave number ranging 400-4000 cm®
!. The specific surface area, pore volume, and pore
size distribution were measured by the nitrogen
adsorption-desorption method using the Brunauer-
Emmett-Teller (BET) model and t-plot. All data
were recorded and analyzed with BELsorp, Japan.
Thermal gravimetric analysis (TGA) and differential
scanning calorimetry (DSC) was performed with
SETARAM, France.
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Magnesium ion concentration was obtained from
atomic absorption spectrometry, PG-990, China.
However, atomic emission spectrometry (PFP7, UK)
was used to measure calcium ion concentration. The
pH values of the solutions were adjusted from 2.0-
10.0 adding either HCl and NaOH solution by pH-
meter (Knick Elektronische Messgerate, Germany).
In all ion exchange experiments, the temperatures
of the solutions were controlled using a circulating
bath (Julabo, Germany).

Synthesis of nano LTA zeolite

Sodium silicate (Na,SiO,) and sodium aluminate
(Na,ALO,) were prepared by the alkaline fusion
approach. In this procedure, 1.5 g of the SiO, powder
was mixed with sodium hydroxide (SiO,: NaOH =
1:1.2 in weight ratio) and then, to acquire the fused
mass, the resultant mixture was fused at 750 °C for 1
hour. A Similar method was performed to prepare
sodium aluminate. In brief, 2.5 g of Al O, was mixed
with NaOH (ALO,: NaOH = 1:1.2 in weight ratio)
and then was followed the resultant mixture fused at
450 °C for 45 minutes.

To prepare sodium silicate and sodium aluminate
solutions, first, the fused products were dissolved
in deionized water and then, the clear supernatant
achieved by filtering of the suspension to remove all
un-reacted substrates.

In the next step, sodium aluminate solution
was added into the sodium silicate solution drop
by drop under vigorous stirring for two hours
at room temperature. Accordingly, the non-
crystalline aluminosilicate gel was synthesized.
The crystallization process was performed using
hydrothermal treatment as the growth of the

crystals. The precursor gel was aged in an oven for
30, 48 and 72 hours at different temperature (i.e.,
70, 90, 98 °C) to achieve pure and single crystals
phase, with uniform particle size. After the desired
aging time and temperature, the obtained zeolite
was filtered-off and rinsed with deionized water
several times to remove excess alkali until the pH
of the filtrate reached around 8. At the end of the
process, the final synthesis product dried at 60 °C to
eliminate the water extra blocked in the zeolite pores
overnight and the obtained white powder was stored
for characterization and application studies.

The design of experiments

RSM is the most popular method used in
modeling and optimizing processes that the physical
relationships between process decision factors have
not been identified [32]. The central composite
design (CCD) is one of the classes of RMS that
extended from the full (or fractional) factorial design
that offers a suitable model for curvature surface and
considering the interaction of decision variables.
The goal of CCD is to reduce experimental runs and
investigate the main effect of each variable or their
interactions [33, 34].

In the present study, the CCD was designed based
on carrying out 16 factorial points (1/2 fraction of
full factorial) 10 axial points, and three replicates
at the center (total 29 experiments). In Table 1,
the coded and uncoded values of the factors are
shown. The Alpha value was calculated to equal to
2, according to @ =4/N, which makes design matrix
rotatable. In this equation, N_ defines the number of
experiments considered in the fractional factorial
design. Table 2 shows the details of the design

Table 1. Main parameters and their levels used in CCD.

Parameters Unit Levels
Coded values 2 -1 . +1 +2
x;:pH - 2 4 6 8 10
x>:adsorbent amount g 0.02 0.05 0.08 0.11 0.1
Xx3:concentration cations mgL’l 150 200 250 300 35(
X,:temperature 'C 11 17 23 29 35
Xs: contact time min 15 40 65 90 11!

Table 2. The pore structure properties of nano LTA that were calculated from BET model and t-plots.

Total specific surface area (Spgr, m? ')

352.5Z

BET Micropore volume (V,, cm® g'') 0.14
Total specific surface area (a;, m> g'!) 351.77
External specific surface area (a,, m> g'!) 0.81

t-plot Micropore area (a;- a, m*> g'!) 350.9¢
Micropore volume (V,, cm® g!) 0.14
Micropore width (2t) (nm) 0.82
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matrix and the response of each trial measured and
predicted by the model. The full quadratic model
was used to represent the influence of each factor
on the response as follows Eq. (1).

4
y=ag+3ax +Zaz,,+2 ey )
i=1 i=l i%j, j=1

where, y is the predicted response; a , a, a, and a,
are the regression coefficients for the offset, linear,
quadratic and interaction coefficients, respectively;
x,and x, are the coded values of factors [35, 36]

The analysis of variance (ANOVA) was
performed to justify the significance and adequacy
of the developed model at 5% level of significance
(p = 0.05). The quality of the regression model
was evaluated by testing it for the lack of fit. The
goodness of fitting was assessed by calculating the
determination coefficient (R?).

Batch adsorption studies by CCD

CCD with five decision variables was applied to
optimize the ion exchange process. In the current
study, these factors and the corresponding lower
and upper limits were given in Table 1. The initial
total hardness had a concentration ratio of 1:1 for
Ca*" and Mg?*. Batch experiments were performed
accordingtotherunsof CCDin20mL of the solution
containing Ca** and Mg** ions in the binary ionic
system. The content was agitated with a magnetic
stirrer at 500 rpm. After the desired contact time,
a sample was drawn off and then centrifuged (5
min, 3000 rpm). The supernatant was analyzed to
measure Ca** and Mg?. The percentage of total
hardness removal was selected as the response. The
removal efficiency (R) is expressed as Eq. (2).

%R :[Coc‘ce}qoo @)
0

where C, and C, are the initial and final
concentration (mg L?) of ions, respectively.

Competitive adsorption of Ca** and Mg**

The equilibrium exchange used to evaluate
the competitive adsorption of Ca** and Mg*" ions
in the binary system. Amount of 0.08 g of nano
LTA zeolite was added to the beakers containing
20 mL solutions in equal initial concentrations
(150- 350 mgL?) of Ca** and Mg?** ions at pH of
6, the temperature of 25 °C and different contact
times (3min-5h). Other experimental details were
a similar procedure as described above in the batch
adsorption studies section. The adsorption capacity
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Q, (mol g") is calculated according to the Eq. (3).

C,~-C,)V
m

0. = (3)

where, C, and C, are the initial and final
concentration (mgL") of ions, respectively; V is the
solution volume (L), and m indicates the mass of
the nano LTA zeolite (g).

In the binary system, the adsorption precedence
of an adsorbent for one of the two metals is
introduced by the separation factor azl , which is
given by Eq. (4).

1 Qe,lce,z
a, =

Qe ZCG 1

where, Q_, and Q_, are the adsorption capacities

of metals 1 and 2 at equ1hbr1um and C_ and C_,
are the equilibrium concentrations of the metals

(4)

RESULTS AND DISCUSSION
SEM of synthesized nano LTA zeolite

To investigate the effect of temperature and
aging time on the morphology of LTA, zeolite was
synthesized in three temperatures (70, 90, 98 °C)
in different aging times (30, 48, 72, 96 h). Fig. 1
shows the SEM images of LTA synthesized at 70
°C in various aging times. As can be seen, there are
many agglomerate particles with nearly spherical
morphology, while any specific cubic morphology
[37] which shows the LTA was formed, cannot be
identified. Furthermore, increasing aging time at
this temperature did not solve the problem and
the final morphology is still spherical. Therefore,
this temperature (70 °C) is not sufficient enough
to synthesize the LTA zeolite. Fig. 2 illustrates the
SEM micrograph of samples prepared at 90 °C
aged at 30, 48, 72 and 96 h. According to Fig. 2a,
at 90 °C and after 30 h, the cubic morphology was
not formed yet. However, when the aging time
increased, the morphology of samples was changed
and the crystals of LTA appeared at 96 h (Fig. 2d)
with the average size of (>100 nm). It is noteworthy
that although in Fig. 2 (b-d) the LTA crystal is
observed these crystals have been still embedded
in amorphous aggregates (especially in Fig. 2 (b-
¢)) and need higher temperature or aging time to
complete crystallization process.

Fig. 3(a-d) compares the SEM images of the
samples treated at 98 °C and aged similar to other
samples. In Fig. 3(a-b), there are some crystals of
LTA covered by amorphous agglomerate particles.
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Fig. 2: SEM images of samples synthesized at 90 °C at different hydrothermal time. (a) 30 h,(b) 48 h, (c) 72 h, (d) 96 h.
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Fig. 3: SEM images of samples synthesized at 98 °C at different hydrothermal time. (a) 30 h, (b) 48 h, (¢) 72 h, (d) 96 h. (e) yarn ball
like morphology.

It shows that more aging time needs to bring
the material to the crystal phase [38]. However,
increasing the aging time from 72 to 96 h helped
crystallization, and the well-defined LTA cubic
crystals were formed. Although in 96 h the cube
shape is dominated, there are some spherulites
owning  “yarn-ball’-like  morphology that
corresponded to sodalite crystals. Therefore, it can
be concluded that increasing aging time to 96 h can
destruct LTA cubic morphology and converting
it into sodalite crystals [37]. Fig. 3e clarifies the
sodalite morphology which was selected from a
zone in Fig. 3d.

To sum it up, in low temperatures e.g., 70 °C,
increasing aging time cannot be affected by the
crystallization process to produce LTA with a
characteristic cube shape. On the other hand, high
temperature and more aging time can deform the
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cubic morphology and change to sodalite phase
[39]. Therefore, there is an optimum condition
(temperature and aging time) to prepare LTA zeolite
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Fig. 4: Particles size distribution of nano LTA zeolite.

J. Water Environ. Nanotechnol., 4(2): 119-138 Spring 2019
[0 Ia—



E. Ghadamnan et al. / Nano LTA Zeolite in Water Softening Process

with cubic crystals. The crystal size distribution of
optimum sample (98 °C and 72 h) was measured
and given in Fig. 4. The sample has crystals with
sizes from 50 to 125 nm and an average size of 100
nm approximately. In light of these discussions,
the sample was synthesized at 98 °C and aged at
72 h was selected for further characterization and
application studies.

Fig. 5 demonstrated the EDS analysis of the
LTA zeolite in optimum condition (98 °C and 72
h). According to Fig. 5, Si, Al, O, and Na were
discovered as the significant elements in this
sample. The semi-quantitative values of the ratios
of Si/Al and Na/Si were calculated 0.86 and 0.89,
respectively. What is more, the EDS analysis
confirms the main existence of components of

nano LTA zeolite framework.

XRD analysis

Fig. 6 illustrates the XRD patterns of nano LTA
zeolite prepared at 98 °C and aged at 72 h. As can
be observed, the XRD pattern contains sharp and
intense peaks. The peaks found in 20 = 7.1°, 10°,
12.42°, 16.02°, 21.59°, 23.91°, 27.05°, 29.88° and
34.09° can correspond to LTA zeolite The average
size of nano-crystallites was calculated according to
the Debye- Scherrer equation (5) [40]:

KA
_,6’0050 )

where D is the average crystallite size in nm, K
is crystallite shape factor (0.893), A is the specific

Element A% Wi
5] 66.10 54.74
Na 1288 15.32
Al 1110 15.51
8i 9.92 14.42
keV
5 15

Fig. 5: The EDS analysis of the sample synthesized at 98 °C, 72 h.
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Fig. 6: XRD patterns of samples synthesized at 98 °C and 72 h.
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wavelength of X-ray beam (Aux, =0.154nm ), 6 is
one-half of the diffraction angle (Braggs angle,
degree) and P is the full-width half maxima
(FWHM) of maximum peak intensity. According
to this definition for full width at half maximum of
the most intense peak (20=7.19°) the average size of
nano LTA zeolite was calculated to be about 43.26
nm.

The relative crystallinity of the synthesized
sample was calculated using the total XRD peak
intensities ratio of the reference LTA zeolite to the
total peak intensities of synthesized zeolite by Eq.
(6) [29]:

B z Intensity of XRD peak of product

Crystalinity (%) = <100 (6
i v (%) z Intensity of XRD peak of standard ( )

The relative crystallinity of nano LTA zeolite
was obtained, 83.1%, that confirmed the sample
synthesized in single and high crystalline phases.
The crystallinity was compared with other studies
that had the same synthesis process (alkali fusion
followed hydrothermal method) with a different

C
g

]

£ 3494
s

E

£

w

=

£ b
=

source, temperature and crystallization time. The
published values for crystallinity of zeolite 4A in
literature was 61.8% (fly ash, 90 °C and 5 h) [29],
75.8% (fly ash, 90 Cand 4 h) [25],23% (oil shale ash,
100 °C and 72 h) [41] and 95% (fly ash, 80 °C and
24 h) [42]. The difference between the crystallinity
values could be due to their different temperature
and crystallization time. So that the optimal values
of the temperature and crystallization time can lead
to the synthesis of a more pure phase and cubic
particles with uniform size distribution [39].

FT-IR analysis

To support the SEM results, the effects of
temperature and aging times were also investigated
by FTIR. The original IR bands which are the
characteristic of LTA zeolite might be found in [43,
44]. They involving double ring vibrations (D4R),
500-650 cm’!, pore opening vibrations, 1050-1150
cm’, and internal tetrahedral vibrations 920-1250
cm’!. The fingerprint peak which confirmed the
crystallization of LTA zeolite, is 500 to 600 cm™,

678
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1035

1054

3438

¢) 98 °C
b) 90 °C

2) 70 °C
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Fig. 7. FT-IR spectra of samples synthesized at 70, 90, 98 °C and 72 h.
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that related to the presence of D4R [45].

Fig. 7 compares the FTIR spectra of the samples
synthesized at 70, 90 and 98 °C aged in 72 h. As
can be seen, the band situated at about 464 cm™
ascribed to the beginning of the crystallization of
a zeolite with b-cage and the peak in the region
from 500 to 600 cm™ has not been formed at
temperature 70 °C (7a) or the band was very weak
at temperature 90 °C (7b). Moreover, by increasing
hydrothermal temperature to 98 °C (7C) the peak
at about 547 cm ! appeared clearly and the intensity
of the absorption band was strong; this figure
indicated that a considerable amount of mass
transformation of amorphous precursor gel into

Transmittance (%)

d) 96 h
¢)72h
b) 48 h

a) 30h

crystalline LTA zeolite type and it was the majority
phase in the synthesized samples since [D4R]
only existed in LTA zeolite. Accordingly, it can be
concluded that the temperatures of 70 or 90 °C are
low to the synthesis of LTA zeolite with suitable
cubic morphology. These results support those
were obtained from SEM (Fig. 1 and Fig. 2).

More investigation was done with FTIR recodes
of samples synthesized in 98 °C and aged in 30, 48,
72 and 96 h (Fig. 8 (a-d)). The weak band located
in 500-650 cm™ (assigned to D4R) in Fig. 7a can
represent the minority phase of LTA, supported
with SEM micrograph of Fig. 3a. When the aging
time increased (i.e. 48 and 72 h) the band at 500-

1078

4000 3500 3000 2500

2000 1500 1000 500

Wave number (cm™)

Fig. 8: FT-IR spectra of samples synthesized at 98 °C and crystallization times of 30, 48, 72 and 96 h.
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650 cm was intensified. However, when the
sample aged in more time (96 h), this characteristic
band (D4R) became weaker, which was suggesting
that LTA zeolite has converted to SOD zeolite
and transition from the cubic shape (LTA) to the
spherical shape (sodalite). These results can be
supported by the SEM image in Fig. 3 (e-d).

TGA and DSC discussions

Thermal analysis of the prepared nano LTA
zeolite is useful in finding the right temperature
range of its application because different zeolite
systems are decomposed at different temperatures.
Fig. 9 illustrates TGA-DSC diagram of nano LTA
zeolite. The zeolite sample was tested by placing
about 2.5 mg sample into a hermetic pan. The
curve was done at a heating rate of 10 °C min™! over
a temperature range of 30- 1200 °C. According to
the TGA behavior, there was a slight decline in the
mass sample by increasing temperature. The weight
decrease (approximately 21.74 wt %) at temperature
range 150- 400 °C is generally due to the removal of
residual water, while losses at higher temperatures
are related to the more tightly bounded molecules
in the structure of zeolite [46]. The peaks observed
in the DSC curve confirmed on the TGA curve. The
DSC curve shows two weak endothermic peaks at
about 150°C and above 400 °C, attributed to free
and physically adsorbed water and the dehydration
(destruction of hydroxyl bond) of water molecules

coordinated to sodium ions located in the a-cages
and P-cages of the LTA zeolite framework ,
respectively [25, 47, 48].

Nitrogen Adsorption/Desorption Analysis

The BET model acts based on measuring the
amount of N, adsorption/desorption using the
surface of the material at 77 K of the constant liquid
nitrogen. By using this model the specific surface
area and pore size distribution of nano LTA zeolite
were estimated.

The solid porous texture determines isotherm
shape. According to the IUPAC classification
of adsorption isotherms, Fig. 10a illustrates the
microporous materials isotherms (type I), with H4
hysteresis loop. Steep isotherms at low pressures
indicate that most micropores were filled at very
low pressures. In addition, a broad capillary
condensation taken placed between 0.03<P/
P <0.96. The t-plot represented in Fig. 10b is the
more reliable and most successful method to
estimate total micropore volume. There are two
slopes, a straight line with a slope correspondent to
the surface area external to micropores and another
is sharpness and passes from t = 0. The curvature of
plots suggests that there is distribution in pore size
[49, 50]. The useful data extracted from BET and
t-plot curves of nano LTA zeolite are listed in Table
2. The measured specific surface area from the BET

model (S,;,) and micropore volume (Vp) have a

10 10
P endo
01y
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10 A
-20 1 L -10
=
1 £
-
Z L 20 &
a 5
2 b
= 54 0 i
2 L 30 =
-60 A
70 1 40
-80 4 L
Mass variation: -85.95% l 50
—TGA
o0
—DSC
-100 T T T T T T -60
0 200 400 600 800 1000 1200 1400

Temperature (°C)

Fig. 9: TGA- DSC curves of the sample synthesized at 98 °C, 72 h.
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Table 3. Comparison between the specific surface areas of nano LTA zeolite with those reported in the literature.

Sources Synthesis method Condition SBET (mz/g) Reference
Kaolin hydrothermal 18 hat 30 °C 5.9 [64]
Sodium metasilicate and microwave 3-4hat 99 °C. 11.199 [43]
sodium aluminate
Brazilian Coal Ash hydrothermal 1-4 h at 80°C 42.58-32.38 [65]
Rice Husk hydrothermal 3 day at 25 °C 62.520 [66]
coal fly ash hydrothermal 1.5-2.5 h at 90-95 °C 122 [26]
Alkali fusion+ o
fly ash hydrothermal 4hat90°C 18.33 [25]
Alkali fusion+ o
fly ash hydrothermal 24 h at 80 °C 27 [42]
Silica and alumina Alkali fusion+ 72h at 98 °C 3526 Current work
hydrothermal
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Fig. 10: N, adsorption-desorption test for nano LTA zeolite. (a) Isotherm (b) t-plot.

good match with that value (a,) and VP obtained
from t-plot.

Table 3 compared the specific surface area
measured for nano LTA zeolite in this current
work with reported values in the literature.
The comparison was conducted based on time
and crystallization temperature and method of
synthesis of LTA zeolite. According to these values,
the calculated S, (352.52 m* g') for nano LTA
zeolite is by far than the others. In summary, the
higher temperature and time of crystallization, pure
starting materials and as well as the used method
including alkali fusion along with hydrothermal,
produced LTA zeolite with this high specific surface
area in comparison with the reported ones.

Competitive exchange of Ca** and Mg**
The separation factor (a;) was calculated to
evaluate the performance of nano LTA zeolite for

J. Water Environ. Nanotechnol., 4(2): 119-138 Spring 2019
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exchange that shows ion selectivity in the binary
systems. Overall, 5! > 1 implies that adsorbent
has preferred to metal 1 and a; < 1 infers that
adsorbent has preferred to metal 2. In this study
number 1 is related to Ca** and 2 for Mg**.[51].
Fig. 11 illustrates changes in the amount of the
separation factor for Ca** and Mg* ions in different
concentrations (75-425 mgL") in the binary system.

As can be seen, there was a sharp rose in
separation factor (more than 1) which means
nano LTA zeolite has more affinity to Ca* than
Mg?**. Firstly, this could be due to the ion exchange
selectivity of zeolite frequently depends on the
hydrated ionic radius. By increasing the ionic radii,
the selectivity of zeolites decreases. On the other
hand, the pores size of the nano LTA zeolite is
different. The free diameter of the cavity of LTA is:
(i) 2.3 A° for the four - rings (D-4), (ii) 6.6 A° for
p-cage and (iii) 11.4 °A for the super cavity (a-cage)
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Fig. 11. Separation factor (0!; ) as a function of total initial concentration with the initial concentration ratio of 1:1 Ca®>" and Mg?*.
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Fig. 12. The Ca?" and Mg*" competitive exchange data with different initial concentration.

[19]. Mg**ions may be located in a-cages while Ca**
ions more prefer the 3-cage and D-4 sites where
they can be hydrated with the maximum number
of water molecules. Based on these results it can be
concluded that the affinity sequence of nano LTA
zeolite was determined as Ca?*> Mg?** [52, 53]

The effect of competitive ions adsorption in the
nano LTA zeolite was investigated using Ca®* and
Mg?* ions in the binary system. Fig. 12 shows the
influence of adsorption time on the adsorption
capacity for different concentration. As can be
seen, that adsorption capacity ions increased with
the increasing initial concentration of Ca* and
Mg?** jons. According to Fig. 12, the maximum ion
adsorption capacity at initial concentration 150,
250 and 350 mgL" for Ca*" is achieved roughly at
18, 30 and 41 min, respectively and for Mg** ion is
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obtained about at 19, 31 and 600 min, respectively.
It is evident that the adsorption rates of Ca*" are
faster than Mg*" ions to exchange at 15 min and
rapidly reached the equilibrium point.
Furthermore, the exchangeability of Ca* is
higher than Mg?* on nano LTA zeolite. As explained
in the separation factor section, this is because Mg**
exists in the form of hydrate in the solution, which
makes it hard to exchange with Na* in zeolite [30].

The kinetics of removal of Ca** and Mg**

The kinetics of ion exchange can provide
information for the efficiency of sorption, the
selection of the adsorbent and the exchange
condition in a certain application. The controlling
mechanism of sorption of Ca** and Mg** ions on
the nano LTA zeolite in the binary system were
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investigated by the pseudo-first-order and the
pseudo-second-order kinetic models. In general,
the pseudo-first-order model indicates the rapid
period of the adsorption and the pseudo-second-
order implies chemical adsorption nature. These
models were given by Eq. (7) and (8) respectively:

k
lo —q. )=logqg, - L)t
8(q. ~4,) =logq, ~(3) (7)
t 1 N t
L L 8
qt kzqez qe ( )

Where q, [mg g'] and q, refer to the amounts of
adsorption at the equilibrium and any time t [min]
respectively. k [min"'] and k, [g mg" min"] are the
adsorption rate constants in the pseudo-first-order
adsorption and pseudo-second-order adsorption,
respectively.

The kinetic parameters were obtained from
fitting of the pseudo-first-order and pseudo-
second-order models on ion-exchange data of Ca**
and Mg*" ions and were presented in Table 4.

The high correlation coefficient values (all 0.99)
showed that the pseudo-second-order model fitted
extremely well with experimental values rather
than the pseudo-first-order model. On the other
hand, the quantities of q, , of the pseudo-second-
order model are only a little lower than q, . It
can be concluded that the ion exchange process
controlled via the chemical sorption being the rate-
controlling step [54, 55].

Results of CCD
Table 5. gives 29 random experiments to
evaluate the optimum five variables at five levels for

Table 4. Kinetic parameters and correlation coefficients for fitting of pseudo first and second order model.

Parameters Values of Parameters

Model Co(mg L) 150 250 350
Qeexp (Mg g 37.49 62.13 87.33

Qecar(mg g 7.30 1893 025

Pseudo-first-order k; (min™") 0.05 0.005 0.03
R? 0.64 0.74 0.97
Qescar (Mg &) 37.59 62.11 68.95

Pseudo-second-order k; (min™") 0.005 0.001 0.001
R? 0.99 0.99 0.99

Table 5. Matrix of experimental design, experimental response and model predicted values.

Run Factors Responses
X X2 X3 X4 X5 Predicated R % Observed R %

1 4 0.11 300 17 90 76.44 75.66
2 4 0.05 200 17 90 44.24 43.05
3 6 0.08 250 35 65 80.62 82.9
4 6 0.08 350 23 65 89.56 86.56
5 6 0.08 250 23 15 54.78 47.11
6 6 0.08 250 23 65 63.5 65.58
7 6 0.08 250 23 115 72.22 74.23
8 6 0.08 250 23 65 63.5 63.87
9 8 0.11 200 17 90 85.36 82.94
10 8 0.05 200 29 90 75.72 72.11
11 4 0.05 200 29 40 48.64 49.78
12 10 0.08 250 23 65 67.74 68.46
13 4 0.11 200 17 40 58.28 57.41
14 8 0.05 300 17 90 55.8 60.2
15 6 0.14 250 23 65 87.98 95.75
16 4 0.05 300 17 40 56.69 56
17 6 0.08 250 23 65 63.5 61.62
18 8 0.05 200 17 40 46.24 50.1
19 6 0.08 150 23 65 86.72 89.96
20 4 0.11 200 29 90 95.56 94.52
21 6 002 250 23 65 39.02 39.63
22 4 0.05 300 29 90 71.36 71.06
23 2 0.08 250 23 65 59.26 57.11
24 6 0.08 250 11 65 46.38 43.06
25 8 0.11 300 17 40 65.48 66.46
26 4 0.11 300 29 40 88.84 93.2
27 8 0.11 200 29 40 97.56 94.89
28 8 0.05 300 29 40 60.4 63.73
29 8 0.11 300 29 90 87.68 80.38
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predicting the performance removal hardness. To
get the main effect of factors and their interactions,
analysis of variance (ANOVA) was performed. The
confidence level of 95% was chosen. Therefore, the
p-value less than 0.05 in the ANOVA table revealed
that the factor is significant in the adsorption
process. All significant terms in the quadratic model
were identified using F-test. The F-value of the
model should be greater than the tabulated one for
a certain degree of freedom and p-value [35]. Table
6. presents the ANOVA results of this study. As can
be observed, the model F-value was achieved as
36.90, which can be considered a significant value.
Furthermore, P-value corresponding to the F-value
of the model is very low (0.0001<0.05) and is also
significant. However, the corresponding p-value
for “Lack of Fit” is insignificant which confirms
that the model fitted well on the data.

Moreover, the values of 0.96, 0.86 and 0.93
corresponding to the determination coefficient
R? predicated R? and the adjusted R? respectively,

displays the suitability of the model for predicting
the true behavior of adsorption process. The
acceptable standard deviation, low coefficient of
variation and good value of the mean, reveal the
goodness and applicability of the model.

The p-value of all terms involved in the model is
given in Table 6. In this case, the pH (x,), adsorbent
dosage (x,), temperature (x,) and contact time
(x,) are key parameters. Interaction terms such
as XX,, x,x, and one quadratic term x32 are also
significant. In contrast, initial total hardness
(x,) and other interaction terms (xx, XX, X,X,
have less importance and are insignificant to the
response.

The residual analysis used to prove the
precision and assumptions for the ANOVA. Fig.
13a illustrates the normal probability plot versus
residual values. The data nearly straight line and
the least deviation showed a good relationship
between selected factors and response. Also,
described suitability of the model for experimental

Table 6. ANOVA for the fit of the experimental data to the response surface model.

L F-value P-value
variations freedom squares square
Model 7798.7 11 703.52 36.9 < 0.0001
X 107.65 1 107.65 5.65 0.0295
X2 9593.42 1 3593.42 188.46 < 0.0001
X3 12.17 1 12.17 0.64 0.4354
X4 1760.10 1 1760.10 92.31 < 0.0001
Xs 455.79 1 455.79 23.90 0.0001
X1X3 424.67 1 424.67 22.27 0.0002
XoX3 144.06 1 144.06 7.56 0.0137
XoX4q 60.8 1 60.8 3.19 0.0920
X3X4 55.32 1 55.32 2.90 0.1067
X3Xs 58.26 1 58.26 3.06 0.0985
X3’ 1066.46 1 1066.46 55.93 < 0.0001
Residual Error 324.15 17 19.07 - -
Lack-of-fit 316.26 15 21.08 5.34 0.1687
Pure error 7.89 2 3.94 - -
Total 8062.06 28 - - -
a [
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Fig. 13. Residual analysis (a) Normal Plot of Residuals, (b) Predicted Plot vs. Actual, (c) Residuals Plot vs. Predicted.
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data. The predicted versus the experimental values
were plotted in Fig. 13b. The correlation coeflicient
that presented in Table 6 for this figure indicates
the good fitting capability of the obtained model.
Fig. 13c demonstrates the residual values versus
the predicted values. Random scatter of points
and their distribution between -3 and +3 showed
reasonably distribution and good fitting for the
model [56, 57].

Based on these results, the quadratic model that
presents the functionality of total removal hardness
to the selected factors derived as:

y=63.5+2.12x, +12.24x, + 0.7 1x; +8.56x, + 4.3

=5.15x%. —3x,x, +1.95x,x, —1.86x,x, —1.91x,x, + 6.16x;

It should be noted that the model was given a
base on the coded values of factors. The magnitude
of coeflicients reveals that a variable impact on the
response.

In this case, adsorbent dosage (x,) and
temperature (x,) have the highest positive effect
in comparison with pH (x,) and contact time (x,).
According to the results of the analysis of ANOVA,
the highest interactions effect were found for x x,

J. Water Environ. Nanotechnol., 4(2): 119-138 Spring 2019

and xx,. While the other three terms variable
interactions have not a consequential effect on the
total hardness removal.

To more investigations, the interactive effect of
two factors used in the 3D response surfaces and
the corresponding contour plots (Fig. 14).

As can be seen from Fig. 14 (a,b), the response
enhanced by increasing x, (pH) and decreasing x,
(initial total hardness). The highest response can be
obtained when the x, and x, variables were at their
maximum and minimum values within the studied
range, respectively.

Typically by increasing pH, the adsorption of
Ca’ and Mg* ions increases. As shown in Fig.
14 (a,b ), total hardness removal from solution
achieves to a maximum amount when shifting pH
(x,) to alkali region (from 2 to about 10). However,
the removal of total hardness decreases at the acidic
media. It may be attributed by this fact that an
abundance of proton concentration a considerable
repulsive force and competition between Ca** and
Mg? ions and H*. Nevertheless, the increase in
solution pH may cause the shift from ion exchange
to chelation binding mechanism for calcium and
magnesium ions. [58, 59].

X2 (g)

Fig. 14. Response surfaces and contour plots of central composite design: (a, b) x -x,, (¢, d) X,-X,.
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What is more, the total percent removal of
hardness decreases with rising concentration
(x,). This fact may be related to the high available
number of Ca** and Mg*" ions per unit mass of
adsorbent and finally saturation of available surface
area by calcium and magnesium ions as well [60].

According to Fig. 14 (c-d), a high adsorbent
dosage (x,) and a low concentration of Ca** and
Mg** (x,) give a high value of the response.

It is evident (Fig. 13c) that raising of adsorbent
dosage causes an increase in surface area and

accessibility of more active sites and finally result
in the increase of the Ca?* and Mg* removal
percentage [61].

The Pareto chart (Fig. 15), demonstrates the
significance of each parameter on the response
(the removal of total hardness). This chart depicted
in sequential order in the form of percentage
influence of main parameters, squared factors,
and the interaction factors. It is clear that the most
important factor is the main effect of adsorbent
dosage (x,) on the other hand, other parameters

d 23.012

X3 | 0.159
X5*X4 | 0.248
X1*X2 fi 0.485
X3*X5 [ 0.723
X3*X4 i 0.762
X2*X5 fi 0.795

X1 @ 1.407
X2*X3 [ 1.883
X1*X3 4 5552

X4 d 5.959
X3*X3 3 12.033

X5

X2

46.981

Fig. 15. Standardized Pareto chart of total hardness removal.
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Fig. 16. Desirability ramp for optimization of five parameters.
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Fig. 17. FTIR of nano LTA zeolite before and after ion exchange process

include contact time (x,), temperature (x,) and
interaction two factors (i.e., x,x, and x x,) have less
significant than (x,) [62].

Optimization of the adsorption process

The optimization of the process has been
considered according to the environmental
situation. Chosen environmental situations were
corresponding to consist of pH of 6.42, the adsorbent
dosage of 0.13 gL, the initial concentration of 292
mgL™, the temperature of 27.5°C and contact time
of 108 min (Fig. 16). To confirm efficient optimum
reaction conditions obtained the desirability
function. Optimum conditions were experimentally
evaluated, and it was obtained observed that the
total hardness removal percentage in the experiment
(94.5%) was close to one observed from the model
(96.6%). The desirability of the optimum solutions
(Desirability = 1) illustrates the exactness between
recommended solutions and experimental results.
Additionally, this result verified that CCD design
could be effectively used to optimize the adsorption
parameters for the removal of total hardness [63].

CHARACTERIZATION OF NANO LTA AFTER
THE ION EXCHANGE PROCESS

In order to more investigate the ion exchange
process in the nano LTA zeolite, FTIR was recorded
before and after ion exchange. It is obvious from
Fig. 17 that the characteristic bands in FTIR
spectra have some shift to the lower wave numbers.
However, the intensity of this band decreased after
the ion exchange process. Therefore, it can be

J. Water Environ. Nanotechnol., 4(2): 119-138 Spring 2019
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concluded that all of the active sites are involved in
the ion exchange process.

CONCLUSION

In the current study, the nano LTA zeolite with
good crystallinity and cubic morphology was
synthesized at 98 °C for 72 h aging time, by alkaline
fusion method without adding an organic template.
Simultaneous removal Ca** and Mg*" from water
were studied. According to the competitive
exchange data, nano LTA zeolite possesses a large
amount of Ca** ions, and also Ca?* competes with
Mg?* in the adsorption process.

Optimization of the variables for maximum
removal efficiency by nano LTA zeolite was performed
using the quadratic model. The result showed that the
operating pH, adsorbent amount, temperature and
contact time had a significant impact on the removal
efficiency (%). However, initial total hardness had not
a significant influence on the response. The maximum
removal of hardness (> 95%) was obtained at pH 6,
the initial total hardness of 250 mg L, absorbent
amount of 0.14 g, a solution temperature of 23 °C and
contact time of 65 min.
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