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Zeolite And Its Copper lon Removal Efficiency
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Nowadays “green” processes such as room temperature processes are interested in new researches for produc-
tion of practical-important solid materials. Zeolitic LTA materials are commonly prepared by hydrothermal
transformation using sodium hydroxide (NaOH), sodium aluminate (NaAlO,), and sodium metasilicate
(NaySiO3) at high temperatures (95 — 100 °C). In this study, sub-micron zeolite LTA was prepared at ambient
temperature from metakaolin which is easily obtained from kaolin mineral. The prepared materials were
characterized using various methods, including XRD to identify their structure, SEM and EDX to analyze the
shape and proportional components of the elements, and the N2 adsorption—desorption method to determine
the surface area and pore volume. Regarding the Cu?" ion adsorption capability of the synthetic zeolite, the
experimental results revealed that the sub-micron zeolite LTA has potential applications in practice because its
adsorption rate exceeds that of the commercial zeolite and the rate constant of the second—order kinetics model
of the prepared zeolite was 1.7 times higher than that of the commercial zeolite.
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1. Introduction

Zeolites are porous three-dimensional aluminosilicates ma-
terials that are important for many industrial applications.
Zeolite LTA (zeolite 4A) is an aluminosilicate molecular
sieve. Its formula is {NaE(HZO)Zy}g[A1125i12048]8, which
corresponds to the most prevalent hydrated sodium form
(International Zeolite Association (IZA)). These zeolite LTA
materials had the highest aluminum content and ion — ex-
change potential. Na + ions can be substituted with other
cations, such as Li*, K*, or Ca?*, which can alter the pore
size [1]. The principal building units of zeolite LTA are
sodalite cages which are connected by four — membered
rings forming a three — dimensional (3D) network with
these cages consist of central cavities of 11.4 A in diameter

(supercage) interconnected by eight — ring openings with
a41A aperture, thus forming a remarkably open zeolite
framework with a high void volume fraction of (47 %) [2,
3]. Consequently, zeolite LTA has been extensively stud-
ied and used on a broad scale for a range of separation
and purification processes, typically in selective adsorption
processes.

In general, zeolite LTA cannot be produced naturally; in-
stead, it must be synthesized artificially using a hydrother-
mal method with sodium hydroxide (NaOH), sodium
aluminate (Na;O:Al,03:3H,0), and sodium metasilicate
(NaySiO3) at low pressure (autogenous) and high tempera-
tures (95 — 100 °C). Various studies have been conducted
on the synthesis of zeolite LTA from mine resources, such
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as kaolin, bentonite, and diatomite [4-7]. Some attempts
to use solid wastes, such as coal fly ash, rice husk ash, and
sludge, to produce zeolite LTA have also been reported [8,
9]. The first step in the synthesis of zeolites involves the dis-
solution of the crystalline and amorphous phases of the raw
materials in alkaline medium (NaOH or KOH) to make Si
and Al available for the formation of the zeolite framework
during crystallization. The mixture was then subjected to
hydrothermal treatment at high temperature. Most zeolite
synthesis studies have focused on synthesizing zeolite LTA
via a hydrothermal reaction at 90-100 °C. Currently, terms
such as “soft” or “green” processes are commonly used in
the preparation of solid materials. Mild conditions (low or
moderate temperatures), environmentally friendly prepara-
tion procedures, and one-pot synthesis are highly desired
[10-12]. Low-temperature production of zeolite can save
operational energy and equipment costs. Successful at-
tempts to obtain zeolite LTA materials from pure chemicals
at room temperature have been made [10, 11]. However,
there have been no reports on the ambient-temperature
synthesis of sub-micron zeolite LTA from metakaolin.

In this study, the preparation procedure for synthesis
of sub-micron zeolite LTA from metakaolin was mainly
conducted at ambient temperature which will be very con-
venient and energy-saving. Furthermore, because the re-
moval of metal ions from wastewater using low-cost mate-
rials is a challenge issue [13-16], the prepared zeolites have
been preliminarily tested for Cu?* adsorption in water to
reduce metal ions in water. The goal of this study is to
benefit from Vietnam’s abundant kaolin resources, to rely
on sustainable development, to limit operation at high tem-
peratures, and to simultaneously adsorb and undergo ion
exchange to reduce water contamination, which is typically
caused by cations released into heavy — industry effluent
and can be harmful to the water supply.

2. Methodology

2.1. Experimental section

The kaolin used in this study was obtained from Lam Dong
Minerals and Building Materials Joint — Stock Company,
Vietnam. The chemicals composition by mass of the kaolin
are 510, 50.02%, Fe;O3 1.73%, TiO; 0.05 %, Al,O3 33.87 %,
Ca0 0.03%, MgO 0.2%, NayO 0.07 %, KO 1.21%. NaOH
(>96%) and HCI (36-38% aqueous solution) were purchased
from Xilong Scientific Co. First, metakaolin was obtained
by calcining the kaolin referred to [15, 16]. Kaolin was
placed in a furnace set to 150 °C for 15 min, with the sub-
sequent heating rate set to 10 °C/min. After reaching 300
°C, the temperature was maintained for 15 min. The tem-
perature was then increased to 650 °C at a heating rate of

10 °C/min. The furnace was maintained at 650 °C for 2
h and then cooled to room temperature. This procedure
promoted the development of the metakaolin — structure,
which was formed as a source of silica and alumina for the
synthesis of zeolite LTA.

Zeolite LTA was synthesized at ambient temperature
using the metakaolin. Metakaolin, NaOH, and distilled
H,O were prepared with a metakaolin: NaOH mass ra-
tio of 1:2 and NaOH: H;O mass ratio of 1:10. For each
experiment, 5.0 g of metakaolin was used. First, NaOH
was added to a polypropylene bottle containing H,O and
stirred for 10 min to obtain an aqueous NaOH solution.
After that the metakaolin was added to the mixture un-
der vigorous stirring for 10 min to obtain the sol mixture.
Based on the composition of raw kaolin, the molar ratio
of the chemical compounds in the sol was approximately
6Nay0:0.55A1,03:1.0510,:150H,0. The sol mixture then
stirred at 200 rpm at ambient temperature (30 3 °C) cor-
responding to the time of 24, 72, 120, 168, and 240 hours,
respectively. Next, the products were thoroughly filtered
and washed with distilled water to pH 7 — 9. Finally, the
samples were dried overnight at 80 A °C. The final prod-
ucts were denoted as LTA-24, LTA-72, LTA-120, LTA-168,
and LTA-240. For comparison, LTA-120H and LTA-240H
were prepared similarly to LTA-120 and LTA-240, with ad-
ditional hydrothermal treatment at 1000C for 2 h after the
stirring step. Commercial LTA zeolite provided by Chau-
Thinh-Phat Co., sampled LTA-TM, was also used in this
study.

The crystalline structure of the synthetic materials was
determined using X-ray Diffraction (XRD) on Bruker, D2
Phaser equipment with K, = 1.5406 A and a copper an-
ode operating at 40 kV and 30 mA. The XRD pattern was
recorded at 0.0194° /s and scanned between 26 values of 0°
and 80°. The Brunauer — Emmet — Teller (BET) method to
identify the surface area of the materials and the Barrett —
Joyner — Halenda (BJH) method to determine the pore size
distribution were investigated using Quantachrom NOVA
2200e equipment at 77 K. Emission electron microscopy
(SEM) and Energy Dispersive X — Ray (EDX) characteri-
zations were performed using JSM — IT 200 equipment to
determine the material shape and component composition,
respectively.

For Cu?t adsorption experiments, this study prelimi-
narily compares the adsorption capacities of the prepared
zeolite LTA and commercial zeolite LTA under adsorption
conditions. The adsorption process conditions were fixed
at an initial Cu?* concentration of 400 ppm, solid /liquid
ratio of 1 g/L, and stirring rate of 200 rpm. All experiments
were conducted at room temperature. For each of the four
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prepared materials (LTA-072, LTA-120, LTA-168 and LTA-
240) and the commercial sample (LTA-TM), 0.5 g of the
solid were added to 500 mL Cu?* solution and stirred at
room temperature. Throughout the process, liquid samples
were taken at various time intervals (1, 3, 5, 10, 15, 30, 60,
90, 120, and 150 min), centrifuged, and the Cu?t concen-
tration remaining in the liquid phase was analyzed using
NovAAA 800 F — Flame AAS equipment.

2.2. Analysis of kinetic adsorption

Two popular kinetic models, the pseudo — 1% — order model
and the pseudo — 2™ — order model, were applied for anal-
ysis in this study in the form shown in Egs. (1) and (2)

[13].
dqt

it = k1(qe — q¢) 1)
d
% = ka(qe — q1)* @)

where g, (mg/g) is the adsorption capacity at equilibrium,
qt (mg/g) is the adsorption capacity at any time t (min),
k; (1/min) and ky (1/min(mg/g)) are the pseudo — first
— order and pseudo — second — order kinetics constants
respectively.

Based on the apparent kinetic equations, we can predict
the experimental value of q over time t, thereby determin-
ing the adsorption rate constants, kj and k. The values
of this constant represent the apparent rate of adsorption,
which is an important parameter for comparison between
adsorbents. MS Excel software was used for data analysis.
The coefficient of determination (R? value) of the linear re-
gression was used to fit the kinetic model and experimental
data.

3. Results and discussion

The presence of the LTA zeolite solid structure in the synthe-
sized samples was analyzed using XRD. The XRD patterns
of ambient-temperature prepared samples as well as the
metakaolin are shown in Fig. 1. Sample LTA-024, which
was prepared by stirring for 24 h, showed no XRD peak of
the LTA zeolite structure. After 72 h of stirring, the LTA-
072 sample began to form a zeolite crystal structure. The
XRD intensities of samples LTA-120, LTA-168, and LTA-240
were similar, which may indicate that the crystal structure
was completely formed after 120 h. Furthermore, this syn-
thetic procedure is simple; therefore, an undesired quartz
structure is inevitable in the prepared zeolite LTA sam-
ples at 26 of approximately 26.5°. Fig. 2 presents the XRD
patterns of the LTA-120H and LTA-240H samples, which
were prepared by additional hydrothermal treatment at 100
°C for 2 h. A comparison of the XRD pattern of LTA-120
with that of LTA-120H revealed no significant differences

in the intensities of the peaks corresponding to the LTA ze-
olite structure at 7.18°, 10.16°, 12.45°, 16.09°, 21.65°, 23.97°,
27.09°,29.92°, and 34.15°. A similar trend is observed for
LTA-240 and LTA-240H. Therefore, it can be concluded that
treatment of the synthesis solution at ambient temperature
was sufficient for LTA zeolite structure formation. It was
not necessary to have a 2 h hydrothermal treatment in the
process of converting metakaolin to zeolite LTA.
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Fig. 1. XRD patterns of zeolite LTA synthesized from
metakaolin at ambient temperature and various treatment
time.
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Fig. 2. Comparison of XRD patterns of samples prepared
at ambient temperature with or without hydrothermal
treating at 100 °C.

From the EDX analysis (Fig. 3), the elemental composi-
tions of Si and Al in the samples were 15.93 % and 14.74
%, respectively, which is consistent with the Si/ Al ratio of
approximately 1 for LTA zeolite. The result from EDX anal-
ysis, therefore, confirmed that the zeolite was synthesized
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successfully if it was of type LTA. Additionally, the use of
kaolin in this study had the benefit of making the synthetic
process simpler by eliminating need to add aluminum dur-
ing the materials preparation process.
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Fig. 3. A typical EDX Pattern of the synthesized samples
(sample LTA-120).

Fig. 4 illustrates the N, adsorption — desorption
isotherms and surface area comparison, and Table 1 sum-
marizes the surface and volume properties of the zeolite
samples. There was no difference between the adsorption
and desorption curves, which corresponds to the microp-
orus structure of the formed zeolite. The surface areas of
samples LTA-024 and LTA-072 were 9.7 m?/g and 202.7
m? /g, respectively. Because the LTA zeolite material has a
high specific surface area, the low specific surface areas of
LTA-024 and LTA-072 indicate that there was low zeolite
LTA content in these samples. This is in agreement with
the XRD patterns in Fig. 1, which show that the LTA zeolite
started to form only after 72 h of treatment. On the other
hand, samples obtained by stirring for 120, 168, and 240
h had much higher specific surface areas, as can be seen
in Fig. 4 and Table 1. The surface areas of the LTA-120,
LTA-168, and LTA-240 were 359.6 m?/g, 357.0 m? /g and
327.6 m? /g, respectively. These results are consistent with
the conclusion from the XRD analysis that the 120 hour
treament possibly completely converted metakaolin to the
LTA zeolite structure. Therefore, the specific surface ar-
eas of LTA-120, LTA-168, and LTA-240 are not significantly
different. Moreover, as shown in Fig. 4 (right), the sur-
face areas of the metakaolin-derived LTA zeolites are lower
than those of the commercial LTA zeolite (LTA-TM sample).
This may be due to the presence of the quartz phase, which
was not a porous structure in the obtained sample. The
presence of micropores, which is a typical characteristic
of zeolitic materials, was also confirmed because the sur-

face area and volume of micropores contributed mainly
to the surface area and pore volume of LTA-120, LTA-168,
LTA-240, LTA-120H, and LTA-240H (Table 1).

SEM images of LTA-120, LTA-168, LTA-240, and com-
mercial zeolite (LTA-TM) are shown in Fig. 5. In general,
for the three samples prepared from metakaolin at ambient
temperature, the zeolite particles crystallized quite uni-
formly, with a characteristic cubic shape and small crystal
particles (less than 1pm or sub-micron). In comparison
to the particle size of the commercial zeolite LTA-TM, the
particles of the LTA-120, LTA-168, and LTA-240 samples
were significantly smaller. On the one hand, the size of the
cubic zeolite particles was in the sub-micron range, approx-
imately 0.3-0.5 ym. The small size of the zeolite particles
can reduce the diffusion path into the pores during the
ion-exchange process, which promises more advantages
for adsorption applications. On the other hand, crystallite
sizes which were calculated by Debye-Scherrer equation
as follow:

kA
~ Bcosf

where D is the crystallite size (nm), k is a constant whose

®)

value depends on particle shape (0.94 for spherical parti-
cles), A is the wavelength of the x-ray radiation in nm
(Cu-Ka = 0.1541 nm), B is the full width at half maximum,
6 is the Bragg’s or diffraction angle.

The crystallite size was determined by Scherrer’s for-
mula using OriginPro 8.5 software. As a result, the average
crystallite sizes of the LTA-120, LTA-168, and LTA-240 sam-
ples were approximately 36-38 nm. The computed crys-
tallite size of these samples was significantly smaller than
the estimated size particles from SEM images because the
grain is either a single crystalline or polycrystalline mate-
rial and is present either in bulk or thin film form; therefore,
particles that are formed from one or several grains within
are under no circumstances smaller than crystallite size.

The four synthezised zeolite materials as well as the
commercial LTA zeolite were tested for Cu?>* adsorption
efficiency at an adsorption condition for comparison. Fig. 6
reports the adsorption capability for Cu>* removal after
150 minutes. All values in Fig. 6 are the mean of the two
experiments. Actually, at timelines for taking samples from
30 to 150 min, it was observed that the adsorption equilib-
rium state was just about 30 minutes for the sub-micron
LTA zeolites and about 120 minutes for the commercial LTA
zeolite as can seen in Fig. 7 below. In comparison with some
previous studies [11, 12, 17-21] about the Cu2t adsorption,
due to the low silica to alumina ratio the LTA zeolites in
this study showed better adsorption efficiency than that
of the other zeolite types while there was not significant
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Fig. 4. N, adsorption-desorption curves (left) and specific surface area comparison (right) of zeolite samples which

synthesized from metakaolin at ambient temperature.

Table 1. Surface and volume properties of the zeolite samples.

Sample Smicro (m2/ g) Sexternal (m?%/ g) SBET (m?%/ g) Total pore vol. (cc/g) Micro-pore vol. (cc/g)
LTA -024 6.5 3.2 9.7 0.036 0.002
LTA -072 165.1 37.6 202.7 0.153 0.067
LTA -120 321.3 38.3 359.6 0.208 0.130
LTA -168 322.8 34.2 357.0 0.213 0.132
LTA -240 306.4 21.3 327.6 0.185 0.123
LTA-120H 326.6 441 370.6 0.216 0.132
LTA-240H 305.5 34.3 339.7 0.201 0.124

difference comparing to the other LTA zeolite samples. In
addition, regarding the cost of the initial raw materials,
chemicals and production energy, the sub-micron zeolite
synthesized in this study is promising for industrial - scale
use.

Fig. 7 shows the adsorption capability of the commercial
zeolite LTA and zeolite LTA-120 at various adsorption times.
At equilibrium, the commercial zeolite LTA-TM removed
81% of the Cu?t ions in the aqueous solution, while LTA-
120 removed 72%. This could be explained by the fact that
the synthesized LTA samples contained a part of the quartz
phase, and the surface area of LTA-TM was higher than that
of LTA-120. However, from 1 to 10 min, the performance
of the prepared zeolite was much better. As shown in
Fig. 7, after 1 min of adsorption, Cu?" in the solution was
removed by 60% by sample LTA-120, while it was only 45%
in the case of LTA-TM. After 5 min, 71% of Cu?t in the
solution was removed by sample LTA-120, whereas it was
only 61% in the case of LTA-TM. The removal of metal ions
is mainly due to the ion-exchange ability of the zeolite. The
ion must penetrate the micropores of the material, which
is only 4 A in the Na-type LTA zeolite. Therefore, because

the particle size of the synthesized materials was smaller
than that of the commercial zeolite, the mass transfer rate
in the pores was significantly enhanced in the case of the
sub-micron zeolite. In addition, the high adsorption rate
leads to a fast equilibrium state. It was approximately 10
min for LTA-120 but approximately 120 min for LTA-TM
to reach the equilibrium state. A short equilibrium time
is important for practical use, especially under dynamic
adsorption conditions. Thus, in many cases, sub-micron
zeolite is a better choice than micron zeolite products.

For the adsorption kinetic analysis, as shown in Fig. 8
and Table 2, with regard to the R — square values, the
pseudo — 1% — order was less appropriate than the pseudo —
21 _ order model. Moreover, as shown in Table 2, the rate
constant k; of the sub-micron zeolite LTA-120 was 1.7 times
higher than that of the commercial zeolite LTA-TM; there-
fore, the adsorption rate was considerably higher. Because
the rate of ion removal by a zeolite is controlled by the lim-
iting pore dimension, the faster ion removal by sub-micron
zeolite LTA can be explained by considering that this syn-
thesized zeolite has a smaller particle size than commercial
LTA zeolite. As the zeolite particle size decreases, the diffu-
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Fig. 6. The adsorption capability of the sub-micron LTA
zeolites and the commercial zeolite.

sion paths are shortened; hence, the incoming cation can
diffuse faster to the exchange site.

4. Conclusions

In this study, we successfully synthesized zeolite LTA-
containing materials from metakaolin at ambient tempera-
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Fig. 7. Comparison of the Cu?* adsorption capability of
zeolite LTA-120 and commercial zeolite (LTA-TM).

ture without high-temperature hydrothermal treatment.
The conversion of metakaolin to the LTA zeolite struc-
ture began when the synthesis sol was treated at ambient
temperature for approximately 72 h. Based on the XRD,
N, adsorption/desorption, and EDX data of the zeolite
samples, the suggested appropriate time for the complete
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Table 2. Rate constants of the adsorption of Cu?* on commercial LTA zeolite and sub-micron metakaolin-derived LTA

zeolite.

Sample’s nam Pseudo 1° order Pseudo 2™ order
plesname e ) RZ kp (gs Lmmoll) R
LTA-120 0.0152  0.1679 0.0038 0.9989
LTA-TM 0.0293 0.9352 0.0021 0.9997
generation of the LTA structure was 120 h without any References

high-temperature hydrothermal step. Additionally, the
SEM images showed that the crystalline particles had a
characteristic cubic shape, sub-micron size, and were rela-
tively uniform. In the Cu?* ion adsorption application, the
pseudo — 2™ — order kinetic model can be applied to the
adsorption process on the prepared zeolite. Because of the
size effect, the adsorption rate constant of the metakaolin-
derived sub-micron zeolite was much higher than that of a

commercial sample.
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