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ABSTRACT

The sodium cations of 13X zeolite were replaced by Zn>", Co*", Ni*" and Cu*" cations
contained in the various concentration of nitrate salts solutions. XRD and SEM analysis
shows that the cationic exchange process is accompanied by a textural damage for the
cation-exchanged 13X zeolites, especially, in the case of Ni*" and Cu*"-exchanged 13X
zeolites. Investigation of SF¢ adsorption indicates that the SF¢ removal efficiency and
quantity adsorbed depend on the metal cations, the concentration of nitrate salts solution, the
SF¢ concentration as well as the rate of SF¢ flow. In which, the SF¢ removal efficiency is
only obtained 99% for the Co*", Zn*"-exchanged zeolites, and the highest SF¢ adsorbed
quantity is 1.34 mg/g for 0.03CoX exchanged zeolite and 0.827 mg/g for 0.05ZnX
exchanged zeolite, respectively.
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1. INTRODUCTION

Sulfur hexafluoride (SFy) is an inorganic, colorless, odorless, non-flammable and heavy
gas with characteristics such as relatively low toxicity, high thermal stability, extreme
inertness and high dielectrics. Therefore, it is widely used in the electrical industry,
semiconductor, aluminum smelting and magnesium industries, as well as medical
applications such as the ultrasonography and in ophthalmologic surgeries [1-3]. However,
the extremely stable natures of the SF¢ molecules with long lifetimes in the atmosphere of
3200 years and its high efficiency as infrared absorbers make it become to the very powerful
greenhouse gas. The high global warming potential SF¢ is 22800 times more potent than CO,
in terms of their capabilities to trap heat in the atmosphere over a hundred year period [4].

Hence, the efficient methods have been suggested as a necessary method for handling,
recovering and storing the SF4 gas, released from the industrial processes, such as the
pressure swing adsorption, membrane separation, thermal swing adsorption etc. In which the
selection of porous materials also affects significantly the efficiency of these adsorption-
based processes. Up to now, some studies have reported about the adsorption and the
separation of SF¢ with using carbon nanotube, graphene and titanium-graphene, metal-
organic frameworks and zeolites [5—12]. That pore diameter of the porous material was also
suggested approximately 11 A is optimal for SF¢/N, selectivity [13].

D.V. Cao and S. Sircar pointed that the heat of SF¢ adsorption increases with increasing
adsorbate loading on the NaX zeolites in the high coverage region, so the SF4 adsorption
efficiency on the NaX zeolites are decreased [12]. In order to overcome this problem, the
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modification of zeolites was also proposed to improve adsorption capacity of zeolites due to
the change of surface characteristic. It was known that the 13X zeolite is a high polar
crystalline adsorbent. The 13X zeolite structure is a faujasite framework with a cage
comprising SiO4 and AlO, tetrahedra bound by bridged oxygen atoms to make a 12-ring pore
openings, and 3-dimensional channel system and the diameter of the cavity in zeolite FAU is
13 Angstrom. The negative charges of the AlO, units are balanced by sodium cations that
can be easily exchanged by other metal ions such as Ni**, Cr’", Zn**, Cu**, Co*' [14-17].
Most of these reports indicated that the external surface area increase with increasing the
amount of Na' ions, replaced by other metal ions. Besides, the pore diameter of exchanged
13X zeolite was also smaller than the raw 13X zeolite. Thus, SF¢ adsorption capacity and
selectivity of the exchanged zeolites are better than the raw zeolites [13].

In this work, the sodium cations of 13X zeolite were replaced by Zn*", Co®", Ni*" and
Cu”" ions in the various concentrations of nitrate salt solutions. The atomic components and
characterization of the exchanged 13X zeolites were investigated by using XRD, SEM, EDS,
BET and BJH methods. In addition, the effect of the metal ions, the initial solution
concentration, the SF¢ concentration and rate of SF¢ flow on the SF¢ adsorption of exchanged
13X zeolites is also represented in this report.

2. MATERIALS AND EXPERIMENT

2.1. Materials

13X zeolites: is the spherical tablets with diameter, ~3.0 - 3.5 mm; 99% purity, Forever
Applied Equipment Co., Ltd.; Me(NO3),: white, solid powder; 99% purity, SHOWA
Chemical Co., Ltd. and Sulfur hexafluoride (SF¢): gas, 99% SF¢ and 1% N, Ming Yang
Special Gas Co., Ltd.

2.2. Preparation of materials

Ionic exchange was carried out at room temperature by stirring 10 g of 13X zeolite
(which is the spherical tablets with diameter, ~30-35 mm) in 250 mL of aqueous solution
containing Me(NO;), with various concentrations for 12 h. The resultant solid was filtered
and washed with DI water until free of nitrate salt and dried at 120 °C for 12 h. Subsequently,
the exchanged 13X zeolite was calcined at 550 °C for 3 h. The obtained samples are labeled
as nCoX, nNiX, nZnX and nCuX (where n is the concentration of Me(NOs), solution used
during the exchange process).

2.3. Characterisation

The adsorption-desorption isotherms were collected in an ASAP 2020 instrument
(Micromeritics). The obtained data were analysed using the Brunauer-Emmett-Teller (BET;
specific surface area) and Barrett-Joynerr-Halenda (BJH; pore diameter, pore distribution
and micro- and mesopore volume) models.

The structure of the samples was investigated by X-ray diffraction (XRD) using a
PANalytical X’pert PRO system. The diffraction patterns were collected using Cu Kal (A = 1.54 A)
in a 20 range of 10-80° with a step of 0.02.

Scanning electron microscope (SEM) imaging was studied with a JOEL microscope
(model JSM 6330 TF) and using the energy dispersive spectroscope (EDS) analysis on SEM
to calculate the atomic components of the samples.

25



Tran Hoai Lam, Quach Nguyen Khanh Nguyen

2.4. Sulfur hexafluoride adsorption tests
2.4.1. Adsorptive apparatus and producers

Sulfur hexafluoride adsorption was carried out at room temperature using an adsorption
system that was shown in Figure 1. Prior to SF4 adsorption, the zeolite adsorbents were dried
at 100 °C for 30 min in an oven to remove moisture completely. 5 g zeolite was put into a U-shape
tube with a diameter of 0.7 cm, cross-sectional area of 0.38 cm’ and length of 38 cm. Then
N, flow was passed through the adsorption system to remove air. The first, SF4 flow was
passed through the (A) branch to control the SF¢ concentration by N, flow. As the SFg
concentration fitted and unchanged, the SF¢ flow is passed through adsorbent for the
adsorption process. Honeywell analytic detector was used to determine the SF¢ concentration
and adsorbed time during the adsorption process.
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Figure 1. Scheme of the SF¢ adsorption on the exchanged 13X zeolite adsorbents

2.4.2. Calculation

The efficiency of SF¢ removal is calculated from Eq. 1:

Cin B Cout
— (D

C.
in

Where C,, and C
concentration, respectively.
The volume, V (L) of adsorbed SFy gas is calculated:

V(L)=Cxrxtx10~° (2)

Where C (ppm) is the SF4 concentration, r (L min™) is the rate of SF flow and t (min)
is time in which SFy gas was adsorbed up to 99%.

77:

(ppm) are the initial SF¢ concentration before and external SFg

out

The SF, adsorption capacity of adsorbents, q (mg g™), is determined:
AN
g=—2%5 41000 3)
" adsorbents

With V (L) is the volume of adsorbed SF4 gas, M = 146.05 g/mol is molar mass of SFg
and m (g) is the mass of adsorbent, used during the adsorption.
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3. RESULTS AND DISCUSSION

3.1. Characterization of the exchanged-13X zeolite

The effect of metal ions on the crystal structure of 13X zeolite was examined using
XRD. Figure 2 shows that the Faujasite framework of 13X zeolite was retained during the
metal ions-exchange process. The X-ray diffraction analysis showed some different changes
on the intensity and position of reflection peaks of the MeX samples with respect to the
exchange of the various metal ions such as the peak at 20 = 23.2°. The loss of crystallinity
was slight for 0.10ZnX and 0.10CoX samples but more significant for 0.10NiX and 0.10CuX
samples due to strong interaction of Ni*" and Cu®" ions with lattice oxygens. The intensity
and position of the reflection peaks of 13X, 0.10CoX, 0.10ZnX zeolite samples before and
after SF¢ adsorption were similar (Figures 2 and 3). So that there is not a chemical
interaction between SF¢ and zeolites, therefore, the zeolite adsorbents can be used again after
the SF gas removal and storage.
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Figure 2. X-ray diffraction patterns of the zeolite Figure 3. X-ray diffraction patterns of the
samples: (a) 13X, (b) 0.1ZnX, (c) 0.INiX, (d) zeolite samples adsorbed SF¢ gas: (a) 13X,
0.1CoX, and (e) 0.1CuX (b) 0.1CoX, and (c) 0.1ZnX

(C) 0.10NiX, (D) 0.10CoX and (E) 0.10CuX.

SEM image analysis indicates that the morphology of the 13X zeolite and metal ion-
exchanged 13X zeolites slightly changes, all samples show nearly spherical shape crystallites
of 1-3 um in size because the metal ions exchange process only occurs in the sites
containing sodium cations and not causes the significant collapse of structural cages of the
13X zeolite (Figure 4). However, the particle surfaces of the 13X (A), 0.1ZnX (B) and
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0.1CoX (D) zeolites are smooth and clean, whereas the ones of the 0.1NiX (C) and 0.1CuX
(E) zeolites are rough and eroded, causing the loss of regular shapes for some particles due to
strong interaction of Ni*" and Cu’" ions with lattice oxygens. The atomic components of
particle surfaces of exchanged zeolites are also determined by using EDS analysis.

Table 1. The surface are, pore volume and pore diameter of the zeolite adsorbents

Zeolites Surface area, SBET/mZ/ g | Pore Volurne,V/cm3/g Pore diameter, D/nm
13X 555 0.105 19.2
0.07CoX 425 0.118 14.7
0.07ZnX 477 0.102 10.4
0.07NiX 317 0.168 8.6
0.07CuX 263 0.176 8.3

The surface area (Sggr), pore volume (Vgyy) and pore diameter (Dgjy) of the exchanged
zeolites are measured by using BET and BJH method and listed in Table 1 and Table 2.
These results will be discussed later (see sections 3.2.1 and 3.2.2).

Table 2. The SF, adsorption capacities and adsorbed time of the Co®" and Zn*'-
exchanged 13X zeolites

Zeoltes | Metal Quanity”s | ° 1 BE | PO | eumele|  timelmin
% Co

0.03CoX 1.66 447 10.4 1.340 16.0

0.05CoX --- 420 11.2 1.180 18.5

0.07CoX 3.51 425 10.4 1.100 13.0

0.10CoX 4.78 393 9.1 0.960 14.8
% Zn

0.03ZnX 1.86 504 15.1 --- ---

0.05ZnX 291 499 14.0 0.560 15.6

0.07ZnX 3.49 477 14.4 0.827 23.0

0.10ZnX 4.58 501 10.7 0.223 19.6

3.2. SF¢ adsorption on the zeolite adsorbents
3.2.1. Effect of metal cations on the SFs removal efficiency of exchanged 13X zeolites

The SFs removal efficiency of 13X zeolite was studied with the different SFg
concentration of 3000, 4500 and 6000 ppm. It is long time (about 27 min) to SF¢ gas is
obtained a saturated state into the 13X zeolite and the removal efficiency is 76% for 3000 ppm,
67% for both 4500 and 6000 ppm. This removal efficiency is so low, therefore, the
modification of the 13X zeolite by ion-change is a great need for improving the SF¢ removal
efficiency of zeolites.

Figure 5 represents the removal capacities of the metal ions-exchanged 13X zeolites with
the SF; initial concentration of 4500 ppm. It can see that the removal efficiency of SF¢ gas was
obtained up to 99% for 0.07CoX and 0.07ZnX exchanged zeolites, whereas the one of 0.07CuX
and 0.07NiX exchange zeolites was 62 and 71%, respectively. So the SF¢ removal capacity of the
metal ions-exchanged zeolites decreases as following CoX > ZnX > NiX > CuX zeolite due to
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decreasing of surface areas (Sger) and pore diameters (Dgyy), which were listed in Table 1.
This result can be attributed to interactive properties of metal ions into the framework of
zeolites that was discussed in the above characterisation. Although the surface area of
0.07ZnX zeolite is great than its 0.07CoX zeolite, the SF4 removal capacity of 0.07CoX
zeolite is higher than 0.07ZnX zeolite because pore volume and pore diameter of 0.07CoX
are higher than 0.07ZnX zeolite. On the other hand, the SF4removal efficiency of 0.07CoX
and 0.07ZnX exchanged zeolites is great than 13X zeolite because the pore diameter of 13X
zeolite is so large (~19.2 nm) to compare with kinetic diameter of SF4 (5.5 A), thus, SF¢ gas
is easily desorbed from the 13X zeolite framework leading to a decrease in the SF4 storage
capacities. Finally, the Co>" and Zn>" ions-exchange in the 13X zeolite leads to a significant
increase in the SF¢ adsorption capacities of zeolites, whereas it slightly changes for the Ni**
and Cu”" ions-exchange.
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Figure 5. The SF¢ removal efficiency of metal ions-exchanged 13X zeolites with initial
SF¢ concentration of 4500 ppm

3.2.2. Effect of the Co(NO;3), and Zn(NO;), solution concentration on the SFs removal
efficiency of exchanged 13X zeolites

The initial concentration effect of Co(NOj3), and Zn(NQO;), solutions on the SFg
adsorption properties of zeolites was investigated with initial SF¢ concentration of 4500 ppm.
The results were showed on Figure 6 and listed in Table 2.
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Figure 6. The SF removal efficiency of the Co*" and Zn**-exchanged 13X zeolites:
CoXn zeolites (A) and nZnX zeolites (B), where n is the Co(NO;), and Zn(NO3),
solution concentration of 0.03, 0.05, 0.07 and 0.1 M

29



Tran Hoai Lam, Quach Nguyen Khanh Nguyen

Figure 6A indicates that the 0.03CoX zeolite has the highest interval (~ 5 min) that the
SF¢ removal efficiency obtained 99%, subsequently, this interval is notated AT and the SFg
adsorption capacity is achieved 1.34 mg/g. The adsorption capacities and adsorbed time were
listed in Table 2. The SFy adsorption capacities of nCoX exchanged zeolite decrease with
increasing the initial concentration of Co(NOs), solution due to the increase of cobalt (II)
quantity in 13X zeolite framework (where n is the initial Co(NOs), solution concentration of
0.03, 0.05, 0.07, and 0.10 M). The representation of cobalt (II) improved the SF4 adsorption
capacity of 13X zeolites, however, as cobalt (II) quantity is so high leading to a decrease in
pore diameter of zeolite framework because the cobalt (II) diameter is great than sodium
diameter. Hence, the SF¢ gas was reduced the move and storage capacities into the cobalt
(IT)-exchanged 13X zeolite resulted in the saturation of SF¢ gas is quickly obtained in the
exchanged 13X zeolites. This result consists with decreasing the surface area of exchanged
zeolites.

Figure 6B shows that the SF¢ removal efficiency is 64% for 0.03ZnX exchanged zeolite and
99% for 0.05ZnX, 0.07ZnX and 0.10ZnX exchanged zeolites. The interval AT is about 2 min for
0.05ZnX, about 3 min for 0.07ZnX, and 42 s for 0.10ZnX exchanged zeolite. The SF;
adsorption capacities and adsorbed time were listed in Table 2. It can see that the adsorption
capacity is the highest for nexchanged zeolite (0.827 mg/g), and it significantly decreases for
0.10ZnX exchanged zeolite (0.223 mg/g) owning to the decrease in pore diameter caused by
increasing zinc (II) quantity in the nZnX exchanged zeolite framework.

In conclusion, the optimal concentration that was used during the ions-exchange
process is 0.03 M for Co(NOs3), solution and 0.07 M for Zn(NO;), solution with the SFg
adsorption capacity is 1.34 mg/g and 0.827 mg/g, respectively. The SF¢ adsorption capacity
of the Co’"-exchanged 13X zeolites is higher than Zn®"-exchanged 13X zeolites.
Furthermore, the interval AT is higher for Co’"-exchanged 13X zeolite. These can be
attributed the interaction between cobalt (II) and lattice oxygens that one is stronger than the
interaction of zinc (II). As a result the surface of Co**-exchanged 13X zeolite is more rough
and porous than ones Zn*"-exchanged 13X zeolite, thus, the pore volume of Co”"-exchanged
zeolite is great than the pore volume of Zn*"-exchanged zeolites.

3.2.3. Effect of the SFsconcentration and the rate of SFs flows on the SFs removal efficiency
of exchanged 13X zeolites
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Figure 7. The SF¢ removal efficiency of the exchanged 13X zeolites with the different initial
SFg concentrations: 0.05ZnX zeolite (A) and 0.03CoX zeolite (B).

The effect of the initial SF¢ concentration on the SF4 removal efficiency of exchanged
zeolites is studied and showed on Figure 7. For SF¢ concentration of 3000 ppm, it is 24.5 min
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that the adsorbed SF4 gas on 0.05ZnX zeolite is obtained saturated state, in which AT = 1.4 min
is the interval that the SF¢ removal efficiency achieved 99% (Figure 7A). At higher
concentration (4500, 6000 ppm), there is a slight decrease in the interval AT and the
saturation of adsorbed SF¢ gas is quickly obtained (Figure 7A). Figure 7B shows that the
0.03CoX exchanged zeolite has the interval AT is 5 min for initial SF¢ concentration of 3000
and 4500 ppm and simultaneously to obtain about 1.3 mg/g in the SF4adsorption capacities.
As the SF¢ concentration is raised to 6000 ppm, the SF¢ removal efficiency is only achieved
69% owning to the difficult diffusion of SF¢ molecules into the exchanged zeolites at high
SF¢ concentration. The 0.05ZnX exchanged zeolite is achieved the removal efficiency of
99% at the SF6 concentration of 6000 ppm because its pore diameter is larger than the
0.03CoX exchanged zeolite (Table 2).
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Figure 8. The SF4 removal efficiency of the 0.10CoX zeolte
with the different rate of SF¢ flows.

Figure 8 represents the SF¢ removal efficiency of the 0.10CoX zeolite with the different
rate of SF¢ flows. It can see that the SF¢ removal efficiency at the SF¢ flow rates of 50, 100,
and 150 mL/min is about 99%, 39%, and 29%, respectively. So, the removal efficiency
decreases with increasing the rate of SF¢ flow because the storing time of SF¢ gas in
adsorbed tube decreases.

4. CONCLUSION

The cationic exchange process is accompanied by a textural damage for the cation-
exchanged 13X zeolites, especially, in the case of Ni*" and Cu”"-exchanged 13Xzeolites.
The SF¢ removal capacity of the metal ions-exchanged zeolites decreases as following
CoX > ZnX > NiX > CuX zeolites, in which the only Co*"and Zn**-exchanged 13X zeolite
are achieved 99% SF¢ removal efficiency. The SF¢ adsorption capacity is 1.34 mg/g for
0.03CoX exchanged zeolite and 0.827 mg/g for 0.03ZnX exchanged zeolite, respectively.
The ZnX0.03 exchanged 13X zeolite can be obtained 99% SF¢ removal efficiency at all of
SFg concentration of 3000, 4500 and 6000 ppm but the 0.03CoX exchanged zeolite can be
only obtained 99% SF¢ removal efficiency at 3000 ppm SF¢ concentration. The SFqremoval
efficiency decreases with increasing the flow rate and it is the SF¢ flow rate of 50 mL/min
that the 0.10CoX and 0.10ZnX exchanged zeolites can be achieved 99% SF¢ removal
efficiency.
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TOM TAT

SU HAP PHU SULFUR HEXAFLOURIDE CUA ZEOLITE 13X DA PUQC BIEN TiINH
BANG PHUONG PHAP TRAO BOI CATION KIM LOALI

Tran Hoai Lam'", Quach Nguyén Khanh Nguyén®
"Trieong Pai hoc Cong nghiép Thiee pham TP.HCM
ZTru’o‘ng Pai hoc Sai Gon

*Email: thlam01@cntp.edu.vn

Céc ion Na' trong zeolite 13X duogc thay thé bang cac cation Zn*", Co*", Ni*" va Cu*"
sau khi tién hanh bién tinh v6i dung dich mudi nitrate & cac ndng do khac nhau. Két qua
phan tich XRD va SEM cho thiy qué trinh trao ddi cation gan lién voi qua trinh pha v& cau
tric ciia 13X zeolite, dic biét 1a truong hop cua cac ion Ni** va Cu*". Kha ning loai bo va
ham luong hép phu SF¢ phu thudc vao loai ion kim loai, néng d6 dung dich mudi, néng do
SF, cling nhu toc d6 dong khi SF,. Theo d6, higu suat loai bé SF, dat dugc 99% dbi véi mau
bién tinh bang Co**, Zn>" va ham luong SF, cao nhat 13 1,34 mg/g véi mau 0.03CoX zeolite
va 0,827 mg/g véi mau 0.05ZnX zeolite.

Tir khéa: Sulfur hexafluoride, 13X zeolite, trao d6i ion, hip phu, bién tinh.
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