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ABSTRACT

Mesoporous zeolite beta (Si/Al = 25) was synthesized in an aqueous 2-7 M NaOH solution and cet-
yltrimethylammonium bromide (CTAB) (0.18 M) solution to form mesopores via the extraction of
framework silicon and surfactant assembly. The physicochemical properties of the mesoporous
zeolites beta were then analyzed using X-ray diffraction, nitrogen full isotherms at 77 K, scanning
electron microscopy, transmission electron microscopy, #Si-nuclear magnetic resonance, and Fourier
transform infrared spectroscopy. The commercial zeolite beta, -5i-O-Al-, and —Si-O-5i- linkages
were broken due to the NaOH process. Micelles formed by CTAB then lead to the formation of mes-
oporosity with zeolite beta character. This material, which introduces mesoporosity into zeolite beta,
displayed a superior adsorption capacity than commercial materials when used as an adsorbent for

manganese removal.
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1. Introduction

Excessive amounts of heavy metals can be harmful to
human beings and can cause serious problems for plants and
animals. There has been a rapid increase in the discharge of
heavy metals such as cadmium, manganese, lead, mercury,
and iron due to wastewater emissions. Typical ways to treat
wastewater containing heavy metals are microfiltration
[1], ultrafiltration [2], nanofiltration [3], adsorption (using
activated carbon), and ion exchange [4]. Among these, the use
of activated carbon and zeolites has been investigated exten-
sively. Activated carbon is an adsorbent with varying pore
sizes, which enable various contaminants to be adsorbed, but
it is not selective. Zeolites, on the other hand, have uniform
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pore sizes and can selectively adsorb contaminants through
a molecular sieve effect and an ion exchange function. While
zeolites are less economical than activated carbon, the size and
shape of the adsorption particles facilitate the separation and
recovery of sorbents in heavy metal adsorption; therefore, it
is worthwhile to research zeolites for use as absorbents.
Zeolites are a well-known group of crystalline (alumino)
silicates that possess a unique combination of properties,
including high surface area, well-defined hydrothermally sta-
ble framework, stability, and ability to confine active metal
species in their pores at molecular dimensions of 0.3-1.5 nm.
The micropores of zeolites display shape selectivity in various
catalytic applications, but there are concerns regarding the
restricted transport in these micropores due to diffusional lim-
itations. Mesopores, created in microporous crystals (zeolites),
enhance the diffusion rate by improving access of substrates
to the micropores and shortening the diffusion path length [5].
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Various approaches have been designed for preparing
mesoporous zeolites, such as direct synthesis, postsynthesis,
zeolitization of mesoporous materials, and recrystallization
of zeolites [6]. Direct synthesis has been applied to produce
new mesoporous zeolites or hybrid materials that combine
the advantages of microporous and mesoporous materials.
Another process for the preparation of mesoporous zeolites
involves a template method using porous carbon, aerogels,
and other porous materials. Post-treatments leading to the
removal of Al (de-alumination) or Si (desilication) have been
applied to the synthesis of mesoporous zeolite [7-15]. Among
these methods, desilication was initially applied to ZSM-5
structures in an alkaline solution [9,14].

Recrystallization is another process for preparing meso-
porous zeolites. The most important feature of the recrystal-
lization method is that mesoporous zeolites can be obtained
through zeolite dissolution and reassembly, which find
broad application as hierarchical materials. In addition,
recrystallization mainly relies on the level of dissolution [6].
Among the various recrystallization methods, our strategy
for preparing a micro/mesoporous composite is based on
the assembly of surfactants and alkali-treated zeolite with
small zeolitic fragments in the walls. Yan et al. [16] reported
a beta/MCM-41 micro/mesoporous composite prepared
via the assembly of zeolite beta seeding (NaAlO, TEAOH)
with cetyltrimethylammonium bromide (CTAB). Another
group studied mesoporous mordenite (MOR) obtained by a
two-step procedure using NaOH and CTMABr [17,18].

Zeolite beta with mesoporosity was prepared by the
recrystallization method in an alkaline solution (0.7-3 M)
in the presence of CTAB [19]. Dou et al. [20] reported that
mesoporous zeolite beta (Si/Al = 12.5) was synthesized by pH
adjustment in NaOH (1 M) and CTAB at 373 K for 24 h.

Herein, we present a process to synthesize micro/
mesoporous zeolite beta via the self-assembly of zeolite beta
particles or their hydrolysis products based on the NaOH
treatment (2-7 M) of commercial beta zeolite (Si/Al = 25)
and CTAB under stirring with pH adjustment (pH 10). The
ability of micro/mesoporous zeolite beta to adsorb Mn*" was
studied. To date, there is hardly any report on the synthe-
sis and optimization of commercial zeolite beta, prepared
in a NaOH alkaline solution with CTAB assembly, for the
removal of heavy metal.

In this work, alkaline NaOH treatment of commercial
zeolite beta using a surfactant assembly is proposed as a
promising alternative to increase the porosity of zeolites
while preserving zeolite characteristics such as crystallinity
and microporosity. Focus was placed on the optimization of
the mesoporous beta structure by varying the NaOH con-
centration and the application of this zeolite for adsorbing
metal in water.

2. Experimental procedure
2.1. Chemicals

A commercial synthetic zeolite beta (Si/Al = 25) in pow-
der form was purchased from Alfa Aesar, USA. NaOH and
CTAB were purchased from SAMCHUN, Korea and used
without purification. Ammonium chloride and acetic acid
(ACS reagent grade, 299.7%) were purchased from Sigma-
Aldrich, USA and used without purification.

2.2. Synthesis

e Preparation of zeolite beta precursors: NaOH solutions
(2-7 M) were prepared and mixed with 16.87 g of com-
mercial zeolite beta (ZB, Si/Al = 25). The solutions were
then stirred at 35°C for 1 h to obtain a viscous solution,
referred to as “beta-precursors.”

e pH adjustments and crystallization: 570 mL of CTAB solu-
tion (0.18 M) was added to the prepared beta-precursors
and stirred for 2 h at 40°C. Next, the pH of the solutions
was adjusted to 10.0 using a 50 wt% acetic acid solution
and the solutions were aged at 102°C for 18 h. The pH
adjustment and aging steps were repeated three times.

e The powder resulting from Step (2) was suction-filtered
and thoroughly washed with ethanol and water. The pow-
der was calcined at 450°C for 4 h to remove the template.

¢ Jon exchange: NH,* foam of mesoporous zeolite beta was
obtained by repeated ion exchange with 1 M NH,Cl for
2 h at 60°C. The protonated form was then obtained by
calcining the NH,* foam at 500°C for 4 h.

2.3. Characterization

X-ray diffraction (XRD) patterns of the mesoporous
zeolite betas were obtained using PANalytical’s X-ray dif-
fractometers (anode material = Cu; K radiation = 20 mA;
45 kV). Low-angle XRD patterns were collected in the range
of 20 = 0.51°-9.99° at a scanning step time of 5 s. High-angle
XRD patterns were collected in the range of 20 = 5°-90° at
a scanning step time of 29.84 s. The morphologies and pore
structures of mesoporous zeolite betas were verified using
scanning electron microscopy (630-F microscope, JEOL,
Japan) and transmission electron microscopy (TEM; JEM-
2100F, JEOL, Japan). The adsorption—desorption isotherms of
nitrogen were measured using an ASAP-2020 (Micromeritics,
USA). The specific surface area was calculated using the
Brunauer—-Emmett-Teller (BET) method and the microp-
ore volumes were calculated using the t-plot and Horvath
Kawazoe methods. The pore size distribution was calculated
based on the density functional theory (DFT). Desilication
was measured using solid nuclear magnetic resonance
(NMR) spectroscopy (Bruker Avance II 500 MHZ, USA) and
FTIR spectroscopy (PerkinElmer Frontier Fourier transform
infrared (FTIR) 100, USA).

2.4. Adsorption experiments

Adsorption experiments were carried out using 0.1-1 g of
adsorbent in a 30 mL manganese solution (20 and 100 mg/L)
at 25°C. The concentration of manganese was determined by
UV/vis spectroscopy (Hach, DR 5000, USA) using standard
recommended methods (Mn: Periodate Oxidation Method)
for examining water.

The adsorption at equilibrium (g) at time ¢ and the
removal ratio were calculated using the expressions below:

_(¢,-c)v O
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where C, is the initial liquid concentration (mg/L), C, is the
equilibrium concentration (mg/L), C, is the liquid concentra-
tion at time f (mg/L), V is the volume of the metal solution (L),
and W is the weight of the adsorbent (g).

2.5. Theoretical backgrounds of Langmuir and
Freundlich equations

The Langmuir theory describes the monolayer coverage
of a solute on an adsorbent surface. The Langmuir isotherm
is based on the assumption that adsorption occurs at sites
within the adsorbent. The nonlinear form of the Langmuir
equation is written as

(4., %K,C,)
RS Y

where K, is the Langmuir constant, and g, , is the adsorption
corresponding to the monolayer coverage. In the SigmaPlot
12 equation “Hyperbola equation, Modified Hyperbola I,”
the form is

Y= ax
C(1+bx

( ) ()

The corresponding parametersare y=q,a4=Kgq, ,b=K,

andx=C,

The Freundlich equation describes the adsorption equi-
librium between a solute in the solution and the surface of
the adsorbent using a multisite and multilayer concept for a
heterogeneous surface [21]. The nonlinear Freundlich form is
expressed as

qe = KFCel/nF (5)

where g, is the adsorption at equilibrium, C, is the liquid
concentration at equilibrium, K, is the Freundlich constant
((mg/g) (mg/L)) relevant to the adsorption capacity, and
1/n, is the constant related to the adsorption intensity. The
corresponding form of the SigmaPlot 12 equation “Power, 2
Parameter” is expressed as

y=ax" (6)

The corresponding parameters are y =q, a=K, b=1/n,

and x = C, [22] (Table 1).

3. Results and discussion
3.1. Characterization of mesoporous zeolite beta

The development of mesoporosity without severe destruc-
tion of essential zeolite properties has been achieved with
commercial zeolites via treatment in an alkaline medium
and subsequent CTAB assembly. The mesopores of zeo-
lite beta were formed by extracting Si from the framework
(desilication) of the commercial material (ZB). The assembly
of CTAB, having small beta particles, enables the formation
of hierarchical mesopores without the concurrent destruc-
tion of the intrinsic zeolite properties. The CTAB assembly
and alkaline treatment also open new ways to solve diffu-
sion problems for other applications. The synthesis yields
obtained in all experiments ranged from 60% to 70%, consid-
ering the total amount of commercial zeolite beta. The result-
ing materials were designated as MZB-X, where X denotes

Table 1
Nonlinear and SigmaPlot-fitted forms of the Langmuir and
Freundlich equations

Item Langmuir equation Freundlich equation
(qm,L X KLC@) Q. =Kl
© (1+K.C)
SigmaPlot-fitted | _ 4% Y =ax’

(1+0bx)

curve

the concentration of the NaOH solution used and ZB denoted
the commercial zeolite beta.

Fig. 1 presents the XRD patterns of mesoporous zeolite
beta (MZB-2, MZB-5, and MZB-7) and compares them with
those of a commercial sample (ZB). All mesoporous zeolite
beta samples showed a very intense peak at a 20 = 2°-3° and
weak peaks at 20 = 3°-5°. The three peaks could be indexed to
the (100), (110), and (200) planes, indicating a mesostructured
hexagonal space group symmetry (p6mm). The intensity of
the (100) peak for MZB-7 was much higher than that of the
other synthesized mesoporous zeolite samples, possibly due
to the higher NaOH concentration, which made the resulting
material more homogeneous and subsequently increased its
mesoporous ordering. However, in the 20 region 5°—45°, the
peaks due to the beta zeolitic structure of MZB-7 disappeared,
especially at 7.6° and 22.4°, indicating severe destruction of
the zeolite beta particles after treatment in a 5-7 M NaOH
solution. The beta zeolitic structure peaks of MZB-2 were
well defined, confirming that MZB-2 consists of beta zeolite
having high crystallinity. In the case of MZB-2, the zeolite
particles were hydrolyzed into small particles and secondary
building units then served as precursors for the synthesis of
mesoporous zeolite beta having intrinsic zeolite properties.

The TEM images of MZB-2 are shown in Fig. 2. MZB-2
has random mesopores, in agreement with the results of N,
sorption isotherms (Fig. 2).

The nitrogen adsorption—desorption isotherms and the
related DFT pore size distributions of ZB, MZB-2, MZB-5,
and MZB-7 are shown in Fig. 3. The corresponding textural
properties obtained from the nitrogen adsorption-desorption
isotherms are shown in Table 2.

MZB-2, MBZ-5, and MBZ-7 exhibit IV type isotherms
with a sharp nitrogen condensation step at P/P, = 0.2-0.4.
In particular, MBZ-2 has micropores at 0.7 nm as well as a
narrow pore size distribution of about 3.6 nm. As seen in
Table 2, the synthesis conditions where the concentration of
the NaOH solution is increased also slightly influence the
BET surface area. All mesoporous zeolite beta samples have
higher surface areas than does the ZB sample. A large surface
area typically indicates large adsorption capacity.

ZB shows a microporous volume of 0.2 cm®/g. The larger
mesopores exist owing to process performed by the sup-
plier. These large mesopores do not influence the t-plot curve
since these pores are larger than 30 nm. The external surface
area and mesopore volume are the highest for MZB-7 and
decrease at lower NaOH concentrations. Therefore, there is
a greater degree of destruction of micropores and generation
of mesopores when the zeolite beta is treated with NaOH
solutions of higher concentrations.
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Fig. 1. X-ray diffraction patterns: (a) low angle, (b) high angle of ZB, MZB-2, MZB-5, and MZB-7.

Mesopore formation upon alkaline treatment and CTAB
assembly is directly related to the preferential framework
from silicon extraction (desilication), leading to decreased
Si-O-Si bonding and the destruction of zeolite rings. The
breakage and destruction of bonds were confirmed by

Fig. 2. TEM image of MZB-2.

FTIR spectroscopy (Fig. 4). The results revealed a progres-
sive decrease in the Si-O-Si bending peak at 440-470 and
~1,100 cm™ with increasing concentrations of NaOH. In addi-
tion, the bands at 550 and 600 cm™, which are indicative of
zeolite structures in micro/mesoporous zeolite beta, had a
lower intensity compared with that of ZB due to the destruc-
tion of the zeolite structures when treated with NaOH solu-
tions of higher concentrations.

The #Si NMR spectra of ZB, MZB-2, MZB-5, and MZB-7
shows a strong signal, which is subsequently assigned to Q,
(*5i, °Al), and a less intense signal assigned to Q, (°*Si, *Al)
(Fig. 5). The desilication results with 2-7 M NaOH reveal a
decrease in the intensity of Q, due to a decrease in the Si/Al
ratio of zeolite beta by desilication, whereas the Q, signal
changes minimally. The difference in the change between the
Q, and Q, unit signals is because the Q, unit is the first to be
extracted during the alkaline treatment [23].

3.2. Adsorption of manganese by natural and modified zeolites

The adsorption capacities of ZB and the mesoporous zeo-
lite betas, MZB-2 and MZB-7, are shown in Fig. 6.

The adsorption of Mn* was performed over 40 min for ZB,
MZB-2, and MZB-7 in a 100 ppm Mn solution. All the meso-
porous zeolite beta exhibited higher adsorption capacity than
ZB. Overall, MZB-2 displayed the highest adsorption capac-
ity among the adsorbents despite having a lower surface area
than that of MZB-5 and MZB-7. The zeolite characteristics
of MZB-2 facilitated the adsorption and diffusion of Mn*
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Fig. 3. (a) Nitrogen adsorption-desorption isotherms and
(b) DFT pore size distribution of ZB, MZB-2, MZB-5, and MZB-7.

via ion exchange. A high NaOH concentration (> 5 M) led to
structural deformation and serious destruction of the zeolite
characteristics, as seen in Fig. 3 and Table 2. The adsorption
of Mn?" was performed over 40 min for MZB-2, and MZB-7 in
a 20 ppm Mn solution. Removal ratio and Q, value for Mn*
depending on different dosages of MBZ-2 and MBZ-7 are
shown in Fig. 7.

Table 2
Textural parameters of ZB, MZB-2, MZB-5, and MZB-7

NaOH SBET ext micro total
concentration (m?%*g) (m?%g) (cm’/g) (cm’/g)
(M)
ZB - 601 231 0.2 0.88
MZB-2 2 657 479 0.08 0.82
MZB-5 5 656 635 0.02 0.85
MZB-7 7 660 639 001 0.81

Based on the results in Fig. 7, the Langmuir and
Freundlich models were fitted to the adsorption isotherms.
The adsorption constants obtained from these isotherms
are given in Table 3. The Freundlich model is, therefore,
deemed suitable for Mn removal using MBZ-2 as opposed
to MBZ-7.

In Fig. 7, the points were fitted using the SigmaPlot 12
“Hyperbola equation, Modified Hyperbola 1” fitting. Based
on calculations from the Langmuir model (Fig. 8), the man-
ganese adsorption capacities were 10.3 and 9.9 mg/g for
MZB-2 and MZB-7, respectively, and the K, values were 0.61
and 0.12. The high K, value indicates a high binding affin-
ity for MZB-2 and Mn?*. The points from Fig. 7 were also
fitted using SigmaPlot 12 “Power, 2 Parameter” fitting. The
k. value was found using the Freundlich isotherms, which
represents the adsorption capacity estimated from the equa-
tion. A larger k, value indicates a better adsorption capacity.
Here, the 1/n,_ values indicate the adsorption strength; if the
value is between 0 and 1, the adsorption is good. In Fig. 7,
the 1/n, values for MZB-2 and MZB-7 are both in the range
of 0-1, showing a strong adsorption capacity, as reported in
Ref. [24].

The adsorption capacity and affinity of MZB-2 for Mn*"
are higher than those of NZ [25] obtained from Manisa-
Demirci (51% clinoptilolite, 12% dolomite, 4% quartz, 17%
feldspar, and 9% biotite), whereas the corresponding val-
ues for MZB-7 are slightly lower. These differences may be
related to the mesoporosity as well as the presence of zeolite
characteristics and the porosity of the adsorbents.

100 -
96
90

Transmittance (%,au)

80

75 T T T T T T T T T 1
500 600 700 800 900 1000 1100 1200 1300 1400 1500

cm™

Fig. 4. FTIR study of ZB, MZB-2, MZB-5, and MZB-7.
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Fig. 5. Si NMR spectra of ZB, MZB-2, MZB-5, and MZB-7.
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Fig. 6. The Q, value depending on different adsorbents
(concentration: 100 ppm; contact time: 40 min; ZB, MZB-2,
MZB-5, and MZB-7).

4. Conclusion

In this study, mesoporous zeolite beta was prepared by
desilication with NaOH and reassembly with CTAB, and
the adsorption capacity for manganese was investigated.
The following were confirmed: (1) The pore size and crys-
tallinity of mesoporous zeolite beta were investigated by
XRD patterns. It was found that the mesoporous zeolite
beta synthesized by treatment with 2 M NaOH had clear
zeolite crystallinity and mesoporosity; (2) In the 100 ppm
Mn solution, the g, values of ZB, MZB-2, MZB-5 and MZB-7
were 26.5, 42, 37.5, and 35.6 mg/g, respectively; (3) The
adsorption characteristics of MZB-2 were especially well
explained by the Freundlich isothermal adsorption model;
(4) It was confirmed that the Mn adsorption performance
was improved with the use of mesoporous zeolite beta; (5)
Finally, an adsorbent having excellent performance can be
produced by NaOH treatment during the synthesis of mes-
oporous zeolite beta.

1 BT

Qe (margy

Ce(mgl)

Fig. 7. Removal ratio * and plot of Q, versus C, for Mn** depending on different dosages of MBZ-2 and MBZ-7 (concentration: 20 ppm;

contact time: 40 min).
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Table 3
Parameters calculated from Langmuir and Freundlich isotherm models
Langmuir equation MBZ-2 MBZ-7 NZ [25] Freundlich equation MBZ-2 MBZ-7 Nz
K, (L/mg) 0.61 0.12 0.08 1/n, 0.73 1.01 0.9
q,,, (Mg/g) 10.32 9.92 7.1 K, 0.69 0.15 0.02
R 0.99 0.85 R 0.99 0.85 -
5.0 4 5.0 5 s MBZ-2
1 = MBZ-2 ;
4.5 _: Langmuir eq. 4.5 Freundlich eq.
4.0 4.0
3.5 i 3.5 e
3.0 3.0
& 251 & 291 E
4 L
20 2.0+
il i 1.5 o
1.0+
1.0+ . - .
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Fig. 8. Langmuir isotherm plot and Freundlich plot of MBZ-2 and MBZ-7 obtained by changing adsorbent dosage.
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