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CHAPTER I

INTRODUCTION

1.1 Introduction

The trace amount of chlorine and chlorinated hydrocarbon compounds in
downstream chemical processes can be conyerted to hydrogen chloride (HCl) during
the flow. HCl is a toxic gas. It can corrode pipe=line and poison catalyst (Hue et al.,
1986). It has been reported by Twigg and Spencer (2001) that reactivity of
Cu/ZnO/ALL O3 on water_gas shiit reaction was reduced from 100 to 60% when
feedstock was contaminated by HClLonly 0.03% in input feed. Therefore, it has been a
strong force to remove HCligas by adsorption method. There are many types of
adsorbents used for HCl gemoval such Efs activated carbon and metal oxides (KO,
Ca0O, MgO) (Hue et aly 1986; Park.and T'I.I_iri, 2005). However, activated carbon and
metal oxides give low adsorption efﬁci-éﬁ;ci} due to having no active metal and
possessing low surface area, respe:ctively.-zégllgte NaY is an alternative material for
considering as an effective adsorbent. It 1? ;micropore crystalline aluminosilicate
which consists of SiO4 and A104 in the fauJasﬁe ‘family. It has high surface area and
contains with sodiupi/content (Yang, 2003; Wittayakun and Grisdanurak, 2004). In
our laboratory, commercial adsorbent has been studied on HCI adsorption against
synthesized zeolite NaY. It was reported that synthesized zeolite NaY showed the
potential of HCI adsorption equally to the commercial” one: The development of
zeolite NaY is inferested in this study.

Thisstudy focuses-onithesuse of ricerhusk as analternative, source of silica for
the synthesis. It is'not only having a main composition of silica motre than 90% but
also this is the way for increasing valuable of waste (Rahman et al.,, 2009). To
enhance the adsorption efficiency, the zeolite NaY must posse’s mesopore material
with positive charge in extra-framework. The Meso-NaY can be synthesized in
various ways such as a chemical treatment method by leaching zeolite NaY with
NaOH for creating mesopores (Abello et al., 2009). Another technique is using
template to generate mesopores, however, less positive charge was generated than the

chemical treatment method (Liu et al, 2008). Afterward, Meso-NaY should be
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modified by adding positive charge of metal on surface to increase for HCl-adsorbed
sites (McWilliams et al., 1988; Lee et al., 2003; Hue et al., 1986). The Ag and Ni
nanoparticles had been used as active metal for HCI removal (Kim et al., 2008, Park
and Jin, 2005). However, electroplating method and transition metals are high cost
and not be applicable to gaseous removal. The guard adsorbent which consists of
alkaline earth metal oxide such as calcium (Ca) and magnesium (Mg) on ZSMS5-
zeolite had been used for removing trace amount of organic chlorides form feed stock.
Nevertheless, the electronegativity value 6f Mg is of high (1.31) among other alkaline
earth elements. It is expected that the highsattraction force of an atom for shared
electrons and effective than ecalcium, (Chang—et al., 2007; Hua et al., 1976;
McWilliams et al., 1988)."Theiefore, the addition of magnesium oxide (MgO) is
performed in this studyfor increasing of active site in structure of zeolite NaY. The
form of adsorbent which used 10 HCI1 adé_or_ption should be considered since the shape
of adsorbent might be cifectthe adsorpti(i;; efficiency. The adsorbent in powder form
can cause high pressure drop during thé:,. use. The pellet form could be suggested.
There are several methods for. pelletizéi‘ipn_- such as pressing under pressurized,
mechanical coating, and extrusion:  All ﬁ-fithese pelletizations would be applied
(McWilliams et al., 1988; Rahrifan et al., 1994: ¥ oshida et al., 2009). In this study, all

adsorbents are investigated forremoving HCl_"iﬁ; a-continuous fixed-bed reactor.



1.1 Objectives

1. To synthesize mesoporous zeolite NaY with magnesium (Mg/Meso-NaY)
from rice husk silica.
2. To evaluate the synthesized material on the removal of hydrogen chloride

(HCI) contaminated in natural gas under a flow system.

1.2 Hypothesis

Mg/Meso-NaY is- "HCI comparing to general adsorbent.

1.3 Scopes of the / A

¢ obtained material (Mg/Meso-

3. All three meth letiz are used to prepare the granular
adsorbents.
4. Hydroge 0 tudy is 500 ppm.

F‘

]

AULINENTNEINS
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CHAPTER Il

BACKGROUND AND LITERATURE REVIEWS

2.1 Hydrogen chloride

Chlorinated hydrocarbons or chlorine contaminated in small amount in

hydrogen feed stock for industrial process ¢an be converted to HCL. HCl is a colorless,

nonflammable gas with an acid odor as shown.n Table 2.1 (Lewis and Whitman,

1924). Gaseous HCl is+poison chemical for downstream catalyst, generating

hazardous solid waste. When"it.aS mixed with moisture or water, hydrochloric acid

solution or mist could be formed known as hazardous substance.

Table 2.1 HCl properties (Lewis and"Whitman, 1924)

Properties Identification

[UPAC name T_J-_-s_Iindrogen chloride
Molecular formula HGJ

Molar mass T3646 g/mol
Appearance ' -Coqlorless gas
Density 1.477 g/L, gasr(25°C)
Melting point -114.2°C

Boiling point 85.1°C

Solubility in water 72 g/100 mL/(20°C)

Solubility equation in water

Hazards

IDLH (ppm)

HCI (ag) —> H'(aq) + CI(aq)

Poisen, corrgsive

In form of liquid and mist cause severe
burns to all body tissue and may be fetal
when swallowed or inhaled; lung
damage

50
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The high concentration of HCl can affect the health because of its
corrosiveness. It also corrodes pipeline of downstream processes and poisons catalyst
in downstream reactions such as water-gas-shift reaction with the slight increase in
the amount of chloride in feed gas, it highly affects its performance as shown in
Figure 2.1 (Hue et al., 1976; McWilliams et al., 1988; Sechrist et al., 1988; Twigg and
Spencer, 2001). Therefore, it has been of interest to remove HCI by adsorption.

100

Hvd oo chlovide
a gt e, I|r
1] 'I

Inerease in chloride
Content of catalvst

Activity/initial activity™o

w 200 dd 400 600

Figure 2.1 Deactivity of water=gas-shift cau_se(lfby raising amount of HCI in the feed
gas on Cw/ZnO/ALOs (Twigg and-Spencer, 2001).

Figure 2.1 is anexample to explain the declination of water-gas-shift catalyst
(Cu/ZnO/AL,03) activity affecting by different concentrations of HCI. Therefore, HCI
in hydrogen feed stocksis required to, be-reduced;insorder.to, damage or generate more
hazardous wastes. The“removal of chloride ‘contaminated in hydrogen feed stock
consists of two systems, including hydrotreatment-anit and chloride‘guard beds shown
in Figure 2.2. The flow of chlorine eompound passes| throughthe column which
contains catalyst. In the reactor, hydrogen gas is converted to HCL. Then, HCI is
flowed through Cu or ZnO acting as chloride guards that readily to adsorb on Cu or

ZnO as shown in equation 2-1 to 2-2.

Cu(s)+ 2HCIg) > CuCl+ %HQO(g) @-1)

Zn0O(s) + 2HCIl(g) — ZnCl, 1 H,O(g) (2-2)



Feed stock

Desulfurizers

| Chloride Guard Beds

D
D
2

Desulfunzed
Feedstock

L J

Figure 2.2 Chleride guard process (Twigg and Spencer, 2001).
2.2 Adsorption \

Adsorption ocetirs when the adsorTllSatJes in the form of gas or liquid accumulate
onto a surface of adsorbent. Generally,f_t_he adsorption is classified as exhibiting
physisorption or chemisorption. The ph§§i§6rption is the reaction of interacting
between dipole and dipole molecules resultlng 1n the weakly force of intermolecular
by Van der Waals and/or force of dlSpeI'SIOIl The chemisorption is the reaction
between adsorbate moleciile and the surface of adsorbent molecule in the strongly
force. The adsorptlve separation can perform efficiently fchat depends on quality of
adsorbent (Crittenden ahd Thomas, 1998; Keller and Sraudt, 2005; Grisdanurak et al.,
2004; Ruthven, 1984). ’

The most important factors affecting gas adsorption include

e, Surface areafadsorbent

. Particle size of adsorbent: particle in small siz€ reduces internal diffusion
and mass transfer limitation in term of the penetration of the adsorbate
inside the adsorbent

e Flow rate: low flow rate of adsorbate in gas phase passing through the
adsorbent increases adsorption contact time

e Moisture content or humidity: moisture more than 50% reduces the

efficiency of adsorption.
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The main factor of HCI removal is amount of cation metals appeared in the
absorbent structure, while the minor factor of HCI removal is the pore size and the
surface area. There are many types of adsorbents which have been used for HCI
removal such as activated carbon with nickel and metal oxides (KO, CaO, MgO) (Hua
et al., 1976; Park and Jin, 2005). However, activated carbon and metal oxides
performed low adsorption efficiency because they had no active metal and low
surface area, respectively. To overcome the problem of adsorption efficiency, the
adsorbent must be composed of the both active metal and high surface area (Yang,

2003). Zeolite is one of material which contains.both functions.
2.3 Zeolite NaY

Zeolite NaY has been used to. adsorb ozone, chlorofluorocarbons (CFC) and
carbon dioxide (CO;) (Chatterjee et al.,;é003; Walton et al., 2006). Zeolite NaY,
faujasite zeolite is micropotous crystalline “aluminosilicates which consists of SiO4
and AlO,. The negative charge might be B i Nher Si* is substituent by A",
Afterward, the positive chasge would be balanced to neutral composed of alkali or
alkaline cation in an extra-framework in m@f’?atio Nase[Als¢S11360384] - 250H,0 with
Si/Al ratio of 2.43 and possess-high surfac'é'-'éréa; It consists of linking of 6 sodalite
units on its hexagonal-faces-as-showiin-tigure 2.3 The sodalite units might be
formed from secondary and tertiary building blocks, which have SiO4 and AlO4 as
primary building block. The structure of zeolite NaY consists of cavity or channel in
diameter of 3-40 A jand; supercage iny diameter; of 8.A.. The-porous material is the
characteristic of zeolite*Na¥ providing of 1ts potential ‘'selectivity in both adsorption
and chemical reaction. Chemicals in smaller size‘than zeolite’s cavity will be reacted
over activesites.

Zeolite NaY can be synthesized by any source of silica. Rice husk has been
studied extensively on silica source which is one way to reduce waste from rice
milling (Chumee et at., 2009; Mohamed et al., 2008; Rahman et al., 1994; Rahman et
al.2009; Walton et al., 2006; Wittayakun et al., 2007; Yang, 2003).
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Figure 2.3 Zeolite NaX. structure a) sodalite cage, or beta cage or truncated
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/31te L I 1l and II"(Yang, 2003).
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2.4 Rice husk silica/r fFrl: 3 '
F s rdd iy 4
y

i A

Rice husk is agrlcult.ural waste n Thaﬁl?nd which can utilize as fuel source in

power plant. Moreover, it is w1de1§f use asr}sﬂma source due to constituents of SiO,

[ -
'H._-l_

more than 90% in amorphous phase (Rahman et al., 2(’)09) Silica is one of main

constituents in zeo.l;lft_gNaY. Silica is not toxic and 1ne__r_t J'substance. There are two
major types of silicass_ natural and synthesized silica;‘_Generally, natural silica is
divided into classes: _ _

1. Crystalline silica: Thisform ‘depends:on crystalline temperature. The
structure would be formed in high crystallinity when temperature is
increased, The main<erystalling ssilica dncludes™yquartz, | tridymite and
cristobalite. The crystalline silica is showed in Figure 2.4 (a).

2. Amorphous silica; It has higher reactivity and porosity such as silica gel
which prepared from sodium silicate. The amorphous silica structure is
incompletely arrangement due to fast crystallization during the ageing as

shown in Figure 2.4 (b).



Figure 2.4 Silicat a) crystalline silica; b) amorphous silica
(Grisdanurak and Wittayakun, 2004).

— it

2.5 Surface modification of Zeolité,_

4 4
abd vl
The modification of zeolite for haVng mesopores is one possible for

enhancing the adsorption of larger ki@fgize chemical. Not only the pore

i

enlargement, two todifications “will be studies. They are positive charge

impregnation and pelletization.
2.5.1 Pore enlargement

Two techniques aresdescribed have and be used to enlarge the

micropere to mesopore. They are chemical treatments and-adding-template.
2.5.1.1 NaOH leaching

The chemical treatment is a leaching technique. It can be done
by NaOH or hydrochloric acid. Figure 2.5 shows the slipping out of zeolite material

texture under base condition. The texture of original Si/Al material was slipped out
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higher than that of low Si/Al material (Abello et al.,, 2009; Realpe and Ramirez,
2010).

Figure2.5 'r.-

.. | different Si/Al ratios
-s, 010).

..,v*,;_

2.5.1.2 Formirg

-
I

plate

.-_y_;._——“ Of lorganic template such as
hexadecyltrimethylanﬁniu n bromide (CTAB) and polydiallydimethylammonium
chloride (PDADMAC). }l&template 18 adU during the synthesis of zeolite NaY to

create the meﬂow q F}&lnﬁ ﬂﬁ%%’h’}ﬁﬁe in form of micelle is

catches with silica and alumina around the micelle and form to particle. The mesopore

I RTRTTI ST YrTA
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BB g assembly
e o >
-

Crystallization

|

The guard a orljém.ls an4i
oxide ZSMS5-zeolite. Alkahng_,earﬂj elefmmh as calcium (Ca) and magnesium
(Mg) have high ele-.g;t vity mﬁly value of Mg is of high
(1.31) among alkal t

shared electrons and ﬁfectlve than 'ca cium (Chang eﬂal 2007; Hua et al., 1976;
McWilliams e ﬁ 1988Y. Therefore, the addition of magnesium oxide (MgO) will be

ol el st i s of et NaY. MgO i

form of magnesmm nitrate is selected. The 1mprgnat10n methodtyas modified from

Vi) B B TR b i

hexahydrate (Mg(NO3),-6H,0) in solution. After the calcination, it is decomposed

arth elements. I ion force of an atom for

interested. M

into MgO, oxygen, and nitrogen oxides as the following equation (2-3) and the

properties are shown in Table 2.2 (Gammon et al., 2007).

2Mg(NOs), — 2MgO + 4NO; + O, (2-3)
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Table 2.2 Mg(NOs),-6H,0 properties

IUPAC name Magnesium nitrate

Molecular formula Mg(NO;),-6H,O

Molar mass 256.41 g/mol
Appearance White crystalline solid
Density 2.3 g/em’ (anhydrous)
Melting point

| 188.9°C, hexahydrate
I
1 m

Powder form of material S f pressure drop during the use.

P22
The pellet form is considered. Three met! ) pelletization including pressing,
S

mechanical coating, and extrusion a ed in this study (McWilliams et al.,

{7
2.5.3.1Pi

ﬂ u aﬁﬂ iEJtﬂ ??TEJ dtﬂo?n method involving
uniaxial pressurg, applied to th 1

¢ powder placed in a die between two rigid punches as

TS M Anena Y


http://en.wikipedia.org/wiki/Water
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Die | £ | Die Die | E | e Die Die
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E

=

¥
z

a\ 5{ ce passing through a die after
oduct (rods, bars, long plates, pipes) of
regular cross-section, whic

Figure 2.8 (McWilliams e

eces of required length as shows in

is used as binder in this study

because it is inert ma -v:-'*-------------m-s-vs-'-iﬁﬁmf Bentonite has sodium in its
structure which is one of re aY (Hughes, 1994).

ALY I E TS
YRR

xtruded product
Figure 2.8 Extrusion process (McWilliams et al., 1988).

2.5.3.3 Mechanical coating
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Mechanical coating is the adsorbent impacted with mechanic

force from ball mill and coat on the ball as shows in Figure 2.9 (Yoshida et al., 2009).

Figure 2.9

Adventages and disadventages o all thy thod in pelletization are listed in
Table 2.3. 3
LA
Table 2.3 Distinguishing-of each-pelietization-method
Pelletization methocj-j A a Disadvantages
. — !

Does not use the binder that
“ #Does not reduceithe

e fUE SRR e e

particle size

o6 T vfﬂ:tfi“ii“‘”"“"“

‘ ‘ Reduces the adsorption
) Produces highly uniform ' o _
Extruding ) ) capacity with binder during
particle size .
the operation




CHAPTER Il

METHODOLOGY

The experiment of this study is divided into two parts. The first part includes
absorbent synthesis, pelletization and its characterization. In the second part, the
adsorption study is explained, which includes column preparation, and HCI

adsorption.
3.1 Material

3.1.1 Chemicais

The chemicals for extracti(’_):n rice husk silica (RHS) were hydrochloric
acid (37% HCI, Carlo-Erba), sodium alurﬁinate_ (NaAlO;, Sigma-Aldrich) and sodium
hydroxide (NaOH, Carlo=Erba). VRHS waét_bﬁtained and used as a silica source for
synthesis zeolite NaY. In the modiﬂcatior;'..-gf!,__adsorbent zeolite NaY, NaOH (Carlo-
Erba) and both templates, hexad¢cy]trimethy_l_él_fpmonium bromide (CTAB, Fluka) and
poly diallydimethylammonium Vchloride (20% !wt PDADMAC, Aldrich) were used.
The metal salt fof addition of positive charge ~was magnesium nitrate
((Mg(NOs3),:6H,0, Fluka). The support for pelletization was alumina balls ranging in
diameter of 1.2-2.0 mm.The HCI adsorption was studied under hydrogen gas 99.99%
(Ha, Praxair) with the flow rate of 50 mL/min contaminated with 500 ppm hydrogen
chloride gas (HCl, Thai Industrial Gas).

311.2 Instrument and apparatus

1) Basin with temperature controller for the reflux set

2) Furnace with temperature controller, with operating temperature
up to 800°C

3) Filter-paper, Whatman number 1

4) Teflon-line autoclave
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5) Polypropylene bottom

6) Filter-funnel

7) Reflux set; three-neck round bottom flask with condenser, heater
(220 V, 1000W)

8) Vacuum pump

9) Stirrer and magnetic stirrer

10) pH tester-paper

11) Detector tubes number 14L (0-20 ppm) and 14M (0-500 ppm)

/, 7
- ‘g‘-’ -
3.2 Experimental procedures
_— !
3.2.1 Silica %ﬂ 5
Rice hu/ fluxed-with 3 MAHCh for 3 h and washed with

deionized water until the ginsed water Iw;s neutral. It was then dried at 100°C
overnight and calcined in rnace at SS(PC for 6 h to remove organic impurities.
The RHS was obtained and u"se’d as p"ﬁ@ursor for sodium silicate (Na;SiOs3)
preparation. 27 g of RHS was dlssa%ved mﬂﬂ(fme of 3.5 M NaOH solution to obtain

a desired composmon of Na28f03 for furt'ﬁer zeohte N%Y synthesis. The schemetic

diagram of rice husk f}frca-rs-showwrrrﬁgure-ﬁ»—l———'J j

Washtdry  Reflux Whash+dry Galcine at 500°C g&h Rice husk silica

Ricchusk 100 g+ 3 M ‘
HCl 500 ml at 70°C, 3 h

Nazsio:g

Figure 3.1 Synthesis of rice husk silica.
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3.2.2 Preparation of zeolite NaY

The zeolite NaY was synthesized by a hydrothermal method, the seed
gel and the feedstock gel were prepared. The seed gel in molar composition of
4.30Na;0:A1,05:10S10,:180H,0O was prepared by dissolving 4.09 g of NaOH and
2.09 g of NaAlO;, with 20 mL of deionized water before addition of 27.72 g of
Na,Si0; solution and then aging at room temperature for 1 day. The feedstock gel in
molar composition of 10.67Na,O0:AL,O3:10S10,:180H,0 was prepared by dissolving
0.14 g of NaOH and 13.09 g of NaAlOs with 130 mL of deionized water before
addition of 142.43 g of Na,SiO; solution but without aging. After that, the both gels
were mixed and crystallized ae-90°C for 22 h, the solid product was washed several
times until pH < 10 and dfied af 100°C."1The synthesis zeolite NaY diagram is shown
in Figure 3.2. s &
A

Age for, | day Wash and dry
Seed gel Feedgloc lfm] e

Jede =

NaOH+NaAlO,+ | Ng0H NaAlO, ‘f
H_‘I O+ Nﬂ_\ﬁiﬂ} TFI‘:{}L N33Si{]3 _:
al room temp. = Cr}-'sf‘dllizaliun at
for 1 day. . 9L for 22 h

=

Zeolite NaY

Figure 3.2-Synthesis of zeolite NaY.

3.2.3 Preparation©of:Meso-NaY

The Meso-NaY was prepared by two methods including leaching and
adding templates. The obtained zeolite NaY was used as precursor. The leaching, 30
mL of 0.2 M NaOH was used in 1 g of zeolite NaY for 30 min (Abello et al., 2009).
For the addition templates, the templates were added during mixing both gels of NaY
synthesis with molar composition of 4Si0,:1CTAB and 2562Si0,:1PDADMAC (Liu
et al, 2008; Saporm, 2005). The obtained Meso-NaY by adding templates was
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characterized with Thermogravimetric analysis technique (TGA) to find suitable
temperature for calcination temperature. The Meso-NaY which has highest HCI
adsorption capacity was used as a support for Mg loading study. The synthesis of
Meso-NaY pattern is presented in Figure 3.3.

0.2 M NaOH 30 ml

Meso-NaY
(Leaching)

Wash, dry and caleine
at 550°C.6 h

b | 3

L) 1 7
ARIAIN T UVRTIRRNY i,

b) Meso-NaY(Templates)

Figure 3.3 Synthesis of Meso-NaY:
a) Meso-NaY (Leaching); b) Meso-NaY (Templates).
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3.2.4 Preparation of Mg/Meso-NaY

Mg/Meso-NaY was prepared by impregnation method (Abllo et al.,
2009), with Mg(NO3),-6H,0 solution (5%wt of Mg). The resulting wetted solid was
dried and calcined at 300°C for 3 h. The Mg-Meso-NaY was obtained and used as an
adsorbent for HCI adsorption. The synthesis of Mg/Meso-NaY diagram is presents in
Figure 3.4.

Mg(NO;),*6H,0 Seltilion

Dryand calcine at

@ 300°C, 3 h
Meso-NaY 3
o beat at 450?@ [ Mg/Meso-NaY

= intil dried =

’ o
- o ¥ o By 1l
-t o

-‘-__j.:?Figure 3.4 Synthesis of Mg/Meso_f_:_N;lY.

3.25 Chara;terization

The physical and chemical properties of the studied adsorbent were
examined ‘by Xtray Diffraction (XRD)," nittogen adsorption-desorption isotherms,
Fourier Transform Infrared (FTIR), Scanning Electron Microscopy (SEM), and X-ray
Fluorescence (XRF) as follows;

The XRD patterns and the crystallinity structures of adsorbent were
obtained by XRD spectrometer (BRUKER AXS: D8 ADVANCE A25) with CuKa
40kV, 40 mA. The scanning was performed at 20 radiation in regular range from 5° to
60° for all of absorbent. The mean crystallite sizes of samples were evaluated by the

Scherer equation (3-1):



Where A is 1.54 corresponding to irradiation wavelength, k is 0.9, B is
the full width at half maximum of strongest line and 6 is the Bragg angle of the most
intense peak at a specific phase.

The functional groups of adsorbent were studied by BRUKER
TENSOR27. 1 mg of sample is mixed with 100 mg of KBr and ground. Then, the
sample was pressed to make the pellets at 10 bar. The wave number was scanned in
the region of 4000 to 400 ¢

The nitrogen adsotption-desorption isetherms at -196°C in relative
pressure (P/Py) range of0.0120.99 of'the adsorbent were measured with a Autosorb-1
chrantachrome, BL model.s The surfalc_e__areas were calculated by applying the
Brunauer-Emmet-Telletd BET) gquation. _

The surface morphology 6;f samples was examined by SEM, using a
Jeol scanning microscope model J S,M-541b___.operated at 15 kV. Powder samples were
sprinkled uniformly over an adhesive tape and sputter coated with gold by sputter
coater, prior to admission into the microscoﬁ_é.t!‘--’

The composition-of spent"-'_;-'a:dsorbent was measured by X-ray

Fluorescence (Philips PW 2400).
3.2.6 Pelletization of adsorbent

The " adsorption” study 'used” the "adsorbent” in” form of beads. The
pelletization_of adsorbent in_this Study was_in“three methods“including pressing,

mechanical coating; ‘and extrugion.
3.2.6.1 Pressing

The adsorbent was pressed by pressurized pellelizator under
condition 3 bar for 2 min. The adsorbent in pellet form was obtained in cylinder shape
with depth of 1 cm. The obtained adsorbent was crashed to smaller size and sieved

with 2 mm molecular sieves. The final pelleted adsorbent was shown in Figure 3.5.
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=

FigUre 3.5 Pellet rm\&@@gmethod,

ey

orbent and inactive with the
3*4S10,-2H,O was applied as

s sticky after adsorbed water. In

this study, the varying ratio of adsorbent and bentonite clay was 7:3, 8:2 and 9:1 for
i "1:-,_ !‘_ o -
finding the suitable and less amount of bind#er‘éﬁ ite clay was mixed with

Figure 3.6 Bentonite clay in pellet form.
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fferent ratios.

1-adsorbent and - 1 ball of 1.2-2.0 mm size
r@ for 24 h. After that, it was
own in Figure 3.8.

. The obtained adsorbent is sh

Figure 3.8 Adsorbent with mechanical coating.
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3.2.7 HCI adsorption

Adsorption performances of studied adsorbents were carried out in a
continuous packed-bed column. The column of 1 cm diameter was constructed with
glass. Approximately 1 g of studied adsorbent was packed in 3 layers alternated with
quartz wool. Each layer was packed in 2 cm high. Feed gas with major component of
H, contaminated with 500 ppm HCI. was flowed into the column with feed rate of 50
mL/min. as shows in Figure 1. Effluent from the adsorption column was measured
using special gas detector tube No. 14L-14VM_ for HCI. Detection limits for each gas
detector tube are 0.05 ppm. The all adserbents were used for HCI removal compared
with commercial. The bed capacity of HCI adsorption was calculate by equation (3-2

to 3-4). The chloride quantity 1nSpent adlsorbent was also confirmed by XRF.

Fa x#Area aboye the b:;eakthrough curve graph

Wt = g SURLE BN T 20000 ... (3-2)
Mass of.adserbent per unit cross section area of bed
W Fa x Area above the breakthr’éagh curve graph at breakpoint (3:3)
b= j"'—l.'. R
Mass of adsorbent per uni_t_E:foss section area of bed
T —— Wy -
Bed capacity = S * (3-4)

sat

where W, 1s jadsorption potentiab (gue)/adsaiedt)s Weyissadsorption potential when
C/Cy is the congentration in fluid relative to that i feed (Breakpoint: C/Cy = 0.05%)
and Fa_is the feed rate of solution (g-(cm2 /M))The ‘HC] adsorption is'studied at the end
of each' synthesisi ‘adsorbent! that ineludes Meso-NaY.' and “Mg-Meso-NaY, the
adsorbent were placed in the column. The experiment scheme is shown in Figure

3.10.
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TOP

MIDDLE

BOTTOM

'

Glassbead 0.5 cm.

* Breakpoint: C/Co = 0.05 is relative con -g;._,; breakpoint which usually of 0.05. The

flow should stop or.divert to fresh adsorbent

AULINENTNEINS
RINNIUUNIININY
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CHAPTER IV

RESULTS AND DISCUSSION

4.1 Characterization

4.1.1 Rice husk silica

' V//y

The XRD \t ic h@ shown in Figure 4.1. Only a
broad peak at 22° was od it
amorphous. This phase

hase of rice husk silica was
sodium silicate for synthesis of
zeolite NaY because \n odium hydroxide solution.
\ sh required the calcination
\\ peri iod of ageing time possible due

to the low which was i dotos et al., 2008).

i’ ‘-r ‘ -_'j.l;‘

]

2
ﬂUEJ’J’VIEJV]’iWEJ”Iﬂ‘i

QWWﬁNﬂ‘iﬂJ UA1AINYAY

Figure 4.1 XRD pattern of rice husk silica.
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4.1.2 As-synthesized Meso-NaY

Silica obtained from rice husk was utilized from sodium silicate. It was
readily as a precursor of Meso-NaY zeolite preparation. Since two chemicals (CTAB
and PDADMAC) were used as a template in the Meso-form synthesis part, it was
required to find out the suitable calcination temperature. TGA and DTA profiles of as-
synthesized Meso-NaY are characterized, as shown in Figure 4.2.

Both of CTAB and PDADMAC templates showed the similar results.
The initial weight loss which was observed at témperature less than 200°C caused by
the desorption of physically adsorbed water. The main weight loss could be observed
in the temperature range of 200<500°C. It was assigned to the organic template
decomposition. The weight™ loss abox’ie 500°C" was related to water loss from
condensation of adjacent Si-OF. groups. to siloxane bond (Si-O-Si). Therefore, the
calcination temperaturg‘for organic; iémlzlzllte removal in this work was 550°C. The
weight losses beyond 500°C in Hoth TGAI;prJ(;ﬁles seemed to be constant. In this range
of temperature, the DTA peaks weré obsel;_veet. To ensure the suitable temperature to
remove organic templates, it is bé—t:ter t&:;aé'}g‘gend for higher temperature of further
study. Therefore, 550°C was séilzeéfed for Ciiéf‘tﬁ%ation temperature, which was similar

de o

to Liu et al.’s work (2008, =" U=
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Figure 4.2 TGA and DTA profiles of the as-synthesized adsorbents using
a) Meso-NaY (CTAB) and b) Meso-NaY (PDADMAC).

Obtained NaY and Meso-NaY were analyzed through XRD compared

to standard pattern of zeolite NaY, as presented in Figure 4.3. As seen, all prepared
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XRD patterns had similar pattern to the standard zeolite NaY pattern. After
modification, the characteristic peaks of Meso-NaY indicated that the structure of
Meso-NaY was not changed.

From the XRD patterns, crystallite size of each material is calculated
from Scherrer equation. The results of crystallite size are tabulated in Table 4.1.
Meso-NaY showed larger crystallite size compared to original NaY, after structure

destroying by leaching and templates.

WM INENINGNDT
QRIAINTUNNINIAE
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Table 4.1 Crystallite sizes of standard zeolite NaY, zeolite NaY, and Meso-NaY

Adsorbent Crystallite size (nm)
Standard zeolite NaY 1.1547
Zeolite NaY 0.7720
Meso-NaY (Leaching) 0.8685
Meso-NaY (CTAB) 1.1540

Meso-NaY (PDADMAC) 1.5440

The morpholog of sy ite NaY and Meso-NaY by SEM
technique is shown in Figure 4.4 Fi . size distribution of all studies

-NaY (Templates) look like
4-1.7 ym and 1.1-1.4 pm,

zeolite NaY. The parti
octahedral and twinne
respectively. Most of parti leso-Na sachi as twinned in the range of

2.11-2.40 um. Meso-NaVY (Le: i s la n Meso-NaY (Template).

AuEINENINYINg
RIAINTUNRINIAY
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‘a c) Meso-Ng (CTAB)

R

d) Meso-NaY (PDADMAC)

Figure 4.4 SEM images of Na and Meso-NaY at 10k (left) and 20k (right).
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= :.. Meso-NaY (Leaching)

The Ny adsorpﬁcﬁ-desorptlo“ﬁ herms m}zeohte NaY and Meso-NaY
are plotted compai'eﬁﬁwrth—zee}ﬁe—Naﬁl—as—sheWﬁﬂflgure 4.6. All isotherms
presented type | typlca'l for microporous material similar with Liu’s work (Liu et al.,
2008). However, theﬁ’ﬁysteresm loop was presented al relative pressure (P/Py) for
Meso-NaY. This indicated-that thexmesopore iwere generated=in the Meso-form. This
results confirmed ~ that™ Meso-NaY ‘possesed " both ‘micropores and mesopores.
Therefore, the surface area and the pore. volume of Meso-NaY. were increased 1.2
times and! 1.1 times; Irespectively t'as shownt in [Table (4.2, The Meso-NaY
(PDADMAC) and Meso-NaY (Leaching) was selected to characterize by Scanning
Electron Microscope-Energy Dispersive X-ray spectroscopy technique because its
surface area is high. Since the properties of Meso-NaY (CTAB) are expensive and use

in large amount.
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Meso-NaY (Leaching)

Meso-NaY (PDADMAC)

Meso-NaY (CTAB)

Zeolite NaY

Figure 4.6 Adsorption-desorﬁti()'n isotherms of synthesis adsorbents.

Table 4.2 Surface areas and pore yolumes of zeolite NaY and Meso-NaY

Sample Surface aréé (rlnz/ g) Total pore volume (cm’/g)
Commercial : 1 80 4 -
Zeolite NaY | 533 0.3302
Meso-NaY (CTAB) 514 0.3021
Meso-NaY{(PDADMAC) 605 0.3144
Meso-NaY (Leaching) 653 0.5889

The SEM-EDS results of NaY-zeolite and Meso-NaY (Leaching) and
Meso-NaY (PDADMAC) show the dispersion of metals in samples of main
components (Na, Al and Si) (Figure 4.7). It was found that each metal was well
dispersed on the adsorbents and it caused higher efficiency in the gas adsorption.
Additional the Na content of Meso-NaY (Leaching) compared with that of zeolite
NaY was quite higher. Therefore, Meso-NaY (Leaching) was selected to characterize

by FTIR technique.



34

a) NaY (Na) b) NaY (Al) c) NaY (Si)

a) Meso-NaY (PDADMAC) (Na) b) Meso-NaY (PDADMAC) (Al) ¢) Meso-NaY (PDADMAC) (Si)

Figure 4.7/ Dispersion of eletment compasition On zeolite NaY and Meso-NaY.

FTIR.spectrum of Meso-NaY.(Leaching) presents.péaks at 3450 cm™,
1025 cm'', 578 om™ land 456 ém’! (Figure. 4.8)! According'to the peaks that appeared
at 3435 cm’™ is assigned to the O-H stretching vibration mode of hydroxyl functional
groups. The appearance peaks at 1025 cm” and 456 cm™ are assigned to tetrahedral
vibration. The band around 578 cm™ is referred to the double ring external linkage

peak associated with FAU structure (Rahman et al., 2009; Sang et al., 20006).
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Meso-NaY (Leaching)

Transmittance % (a.u.)

3500 7/ AR\ 7- 1500 1000 500
Aven R

The HCI1 adsk%)tion 18 stu(ﬁ" actor under H, feed rate of

4.2.1 Meso- Naanerformanc

AUBINENINEINT

The adsorbent beads é)vere packed in the column and tested in a fixed-

o 1 M 13 W T A
0.2355 gncr/gadsorbent) than zeohte ZHCY adsorbent), Meso-NaY

(PDADMAC gucl/g Zadsorbent) (Wb = gHCV/adsorbent) and commercial (W, = 0.0819
grct/adsorbent) @ shown in Table 4.3. Consequently, Meso-NaY (Leaching) has high
surface area and large amount of Na according to the result of BET surface area and
SEM-EDS that has mentioned. However, The surface of commercial is low but its

adsorption potential is almost equal to synthesized zeolite NaY that indicated the Na
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content was main factor that affected to adsorption potential. Therefore, Meso-NaY

(Leaching) was further used to apply in addition of positive charge.

Figure 4.9 HCI breakt cial and synthesis adsorbents.

Table 4.3 Adsorption ity on zeolite NaY, ,,J,i eso-NaY

“

zﬁmﬁlﬁq NENTNBN A Toses
yiRsnatfim T

“g is weight of adsorbents



37

4.2.2 Mg/Meso-NaY performance

The XRD patterns of Meso-NaY (Leaching) and Mg/Meso-NaY
(Leaching) are shown in Figure 4.10. In the modified material, the peaks representing
Meso-NaY remained the same. It indicated its structure was not changed after
addition of positive charge into Meso-NaY (Leaching). However, the surface area of

Mg/Meso-NaY (Leaching) (175 m*/g) was decreased dramatically (more than half of
its surface area) when compared Weso—NaY (Leaching) (589 m?/g). The
surface area of the adsorbent should % into discussion. The surface area
Y @ was blocked by Mg. This

ark and Jin’s work (2003).

particular the pores, o

observation was agree
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Figure 4.10 XRD patterns of Meso-NaY (Leaching) and Mg/Meso-NaY (Leaching).
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Table 4.4 Surface areas of Meso-NaY (Leaching) and Mg/Meso-NaY (Leaching)

Samples Surface area (m’/g)
Meso-NaY (Leaching) 653
Mg/Meso-NaY (Leaching) 175

The HCI adsorption potential of modified Meso-NaY by addition of

positive charge on structure of Meso-Nz ching) is lower than that of Meso-NaY

from NaOH-leaching method 4.11. The adsorption calculations

should have high surf:

Meso-NaY (Leachin dy \ ation for investigation the

effect of shape.

AULINENTNEINS
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Figure 4.11 HCI breakthrough curves on Meso-NaY (Leaching)
and Mg/Meso-NaY (Leaching).
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Table 4.5 Adsorption capacity of HC1 of Meso-NaY (Leaching) and
Mg/Meso-NaY (Leaching)

Adsorbent Waat (gHcr/E) W (grcr/g) Bed Capacity
Meso-NaY
. 0.2359 0.2355 0.9477
(Leaching)

Mg/Meso-NaY
(Leaching)

0.0463 0.0463 0.9995

"g is weight of adsorbents
4.3 Pelletization study

The BET surfage area of Meso-i’@aY (Leaching), Meso-NaY (Leaching) in
pellet form supporter and binder are preseﬁtéa in Table 4.6. The surface area of Meso-
NaY (Leaching) in pellet form by pressiﬁg and extrusion were slightly decreased.
Meanwhile, the surface aréa Meso-NaY " (Leachmg) by Mechanical coating was
decreased almost 30%. Pressing method —ﬂae pore of Meso-NaY (Leaching) was
pressed due to pressurized. The composmoﬁ of Meso-NaY (Leaching) of both
extrusion and mechaical-coatmgwere not only veso-NaY (Leaching) but also
bentonite clay as the binder and alumina ball as the meédia, respectively. This would
be a reason why surface area of obtained Meso-NaY (Leaching) in pellet form was

decreased.

Table 4.6 BET . surface.areas of Meso-NaY (Leaching).in.pellet form

Adsorbents Pelletization methods Surface area (m”/ g)
Meso-NaY (Leaching) Pressing 643
Extrusion (Mixing with binder) 593
Mechanical coating 188
Supporter Alumina ball 307

Binder Bentonite clay 95
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The HCI adsorption potential of Meso-NaY (Leaching) from pressing method
was higher than that of Meso-NaY from other methods as shown in Figure 4.12 and
Table 4.7. According to the result of BET surface area, its surface area is highest.
Therefore, Meso-NaY (Leaching) in pellet form by pressing was selected for
repetitions in HCI adsorption to confirm its HCI adsorption capacity.

Figure 4.1Fiuﬁ<ﬁoﬂ gﬂcﬁﬂ{ﬁ)mﬁTg) in pellet forms.
ARIANTAUNNIING A Y
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Table 4.7 Adsorption capacity of Meso-NaY (Leaching) in pellet forms

Adsorbents Waat (Hcr/g) Ws (guc/g’)  Bed Capacity

Meso-NaY (Leaching)

-Pressing 0.2359 0.2355 0.9984

-Extrusion 0.1212 0.1132 0.9309

-Mechanical 0.1855 0.1587 0.9133

Alumina ball 8 0.0450 0.7046

Na-bentonite clay 0.0071 0.6551
-

"g is weight of adsorbent7 \‘

4.4 HCI adsorptio Y ( \

ing) (3 replications)
i ’

- Tl

The results o eaching) in three replications

are consistent, as sho igure 4:13. The adsorption capacities were still high as
d \ XRD and XRF to confirm each

AULINENTNEINS
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Figure 4.13 HCI breakthrough curves of Meso-NaY (Leaching) in 3 replications.
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Table 4.8 Adsorption capacity of HC1 of Meso-NaY (Leaching) in 3 replications

Adsorbent W (gue/g) W (gua/g)  Bed Capacity
Meso-NaY (Leaching) #1 0.2395 0.2355 0.9984
Meso-NaY (Leaching) #2 0.1849 0.1796 0.9714
Meso-NaY (Leaching) #3 0.1886 0.1805 0.9573
Meso-NaY (Leaching) Average 0.2043 0.1985 0.9757

"g is weight of adsorbents

The XRD patterns of Meso-NaY from each bed (top, middle and bottom) are
presented compared withaNaCland Meso-NaY itself, tespectively, as shown in Figure
4.14. A sharp and strong'peak at 32° and small peak at 46° were observed indicating
that NaCl was formed on each adsorpti:oﬁ' bed. Consequently, the forming of NaCl
was occurred by chemisogption reaction xl?et-ween HCI and Na content in Meso-NaY

structure. It might be concluded that Na cént_en_t was high impacted to HCI adsorption.

Figure 4.14 XRD patterns of Meso-NaY (Leaching) after HC1 adsorption; a) Meso-
NaY (Leaching), b) Meso-NaY (Leaching) adsorbed HCI-top, ¢) Meso-NaY
(Leaching) adsorbed HCl-middle, d) Meso-NaY (Leaching) adsorbed
HCl-bottom and e) NaClL
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The amount of elements of fresh and spent zeolite NaY and Meso-NaY
(Leaching) was investigated the chloride composition as shown in Table 4.9. The
chloride content appeared in spent Meso-NaY (Leaching) of 24.34%, 10.38%, and
22.41% in top, middle and bottom, respectively. Elemental balance on CI should be
the key factor to confirm whether the adsorption has been tested correctly. The Na/Cl
molar ratio may not balance in each other. This result showed CI may adsorb not only

on Na content but also pore structure.

by weight)

KO CaO TiO,
0.05 0.36 <0.01
0.02 <0.01 0.05

Samples

NaY-zeolite
Meso-NaY(Lea

- Top 0.04 0.54 0.05
- Middle 0.06 5.28 0.04
- Bottom 0.06 0.44 0.04

——

]
AuEINENINYINg
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4.5 Economic of HCI adsorption study of Meso-NaY (Leaching)

Using of the recipe to synthesize Meso-NaY, the synthesis cost was
determined. The calculation was computed under 1 kg of Meso-NaY basic. The
purchase cost of the major equipments and chemicals for synthesis of Meso-NaY
(Leaching) are summarized in Table 4.10. The synthesis cost with material cost was

7,802.50 Baht/kg in the laboratory scale. Meanwhile, the operating cost was 3,483

yield.

ﬂUEJ’J’VIEJV]‘iWEJ’]ﬂ‘i
QW’]ﬁNﬂiﬂJ UA1AINYAY



Table 4.10 Material cost and wage for the synthesis Meso-NaY (Leaching)
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Synthesis cost Wage Cost Tatal
Product Material Am;)funt Price | Duration Wage” | (Baht)
material (Baht) (h)
Rice husk silica 3138g 05
Na;SiOz | NaOH 1623 g 1.25
165.15 ¢ Sum 1.75 16 432 433.75
NaOH 421¢g 125
NaAlO2 15.18 ¢ =505
Oven 24 kW/h 19.50
Zeolite NaY | Motor Sution” 7 kWih 21
30¢g Filter paper J/ papér i 14
pH testewpaper 2 pape'{:' 5.4
Sum % 884 19 513 601.4
NaOH 123 T_J-.*__, 13
Motor Suctin 4= 8 kW/h 424
Meso-NaY | Heater D5 1<W/h._?_.,}_;1,50
(Leaching) | Filter paper 6 paper 12
20g pH testér paper 2 paper 54
Oven 12kW/h 10
Sum 65.9 8 216 281.9
Total for 20 g product 156:1 1,161 1,317
Totalifor 1 kg product 7803 3,483 | 11,286

*Wage = (Duration for synthesis) x (Minimum wage)

where minimum wage is 27 baht/h (Department of Labor Protection and welfare,

2011).

"3,483come from 50 batches (approximately 3 cycles)

1 cycle can synthesize Meso- NaY (Leaching) of 400 g (in 20 batches).




CHAPTER V

CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

The Meso-NaY without magnesium from rice husk silica can be synthesized
and evaluated the adsorption capacity of synthesized material for removal of
hydrogen chloride. Accordingly to the results; the conclusions could be addressed as
follows; .

1) Zeolite NaY and Mese-NaY were synthesized from rice husk silica.

2) The structure offMeso-NaY (Leaching) and Meso-NaY (Template) were
still remained after” mesoporous modification and crystallite size were
bigger, compared with oyiginaltIZeq_lite NaY.

3) The surface area and pdre VolL{'iné of Meso-NaY (Leaching) powder were
higher (653 mz/g, 08 5889 cm /g) cormpared with original zeolite NaY (533

mP/g, 03302 cmiff) A N

4) After addition of posmve charg;-olf Mg on Meso-NaY (Leaching), the
structure of Mg/Meso-NaY (Leachmg) was. stilh remained and the surface
area was deCTéased_dTmﬁUaﬁyT 175 m'/g).

5) The surface area of pelleted Meso-NaY (Leachmg) from pressing method
was higher than that from extrusion and mechanical coating methods.

6) The/spetit adsorbent possessed NaCl in its structure;-after the HCl removal

7) The addition of positive charge of Mg could not improve the removal
petformance;

8) The pelleted Meso-NaY (Leaching) from pressing method-showed better in
HCI adsorption (Wb = 0.1985 guci/g) than commercial one (Wb = 0.0819

gue/g).
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5.2 Recommendations

1) Since the contaminants in natural gas are not only HCI, the synthesized
Meso-NaY should be tested on those contaminants such as vinyl chloride
monomer (VCM). Moreover, the mixture of both contaminants (HCI and
VCM) should be tested simultaneously.

2) Even though the laboratory scale was successful, up-scale removal test in

3) Hydrodynamic 'k 1 be r the empirical for the up-scale

operation.

AULINENINYINS
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APPENDIX A

The calculation of HCI adsorption capacity

The HCI adsorption n_‘;'-_:_'f"—: by eqUaliohwas calculated by equation A-1 to
A-3: —

Wt = I//f , 1\\\\\ peph (A-1)

Mass offadserbent pe ea of bed
W Fa x Area 3 / e'b fi’ ’\\\ raph at breakpoint
o=

Mass of adserben L pe T t1 area of bed

ﬂUEJ’JVIEmTWEJ’Iﬂi
amaﬂn‘imumqwmaa
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1. Commercial

es on-commercial.
-
.‘J

Fa = Solute feed rate (g i m’h)

e ﬂ‘lJEJ’JVIEWI‘iWEJ’]ﬂ'E

uo = Velocity oﬂ!olute (cm/s) ¢

- cammmfuum'mmaﬂ

M = Molecular weight (g/mol)

Cl’l’l3 -6
_ 50 - 500x 10 273 760 mol g
Fao= ( min ) ( ) 365
7'[(1)2 5 X X 5 .
4

cm 22,400 301 760 cm mol



g
Fo= 4.7x107° 2.82x10°
cm’ min cm’ h

163.5 c
Area above the graph = [ (1- o dt)
0 0

=15991h

Mass of asorbent per unit cros 6x09184 _gz_

g
cm’

& adsorbent

Break point condition: 0

Area above the graph = [

d

2.82x 107 :! g \ ,,'.
=0.0793 ——

ﬂﬂﬁﬁﬁ%ﬂ§W8ﬁﬁﬁ
o AR RARZAIIYNINA Y

0.0813 —SHCL

Zadsorbent

W, =
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2. Zeolite NaY

1 2colite NaY #1.

Fs = Solute fo ?u(m)ﬂ El 1 5 W eN7

F A~ U.oCoM

- vammmmum'mmaﬂ

Concentratlon (mol/cm?)

M = Molecular weight (g/mol)

Cl’l’l3 -6
B 50 . 500 x 10 273 760 mol g
Fao= min
(Y ) ( X X ) 36.5
cm’ 22,400 301 760 cm’ mol

4



g
Fo= 4.7x107° 2.82x10°
cm’ min cm

137.83
Area above the graph = [ (1- — dt)
0 0

=133.18 h

Mass of asorbent per unit cros = 6x0.5940 _gz_

Waat =
5640 l! - dsorbent
ﬂlua ? ‘

Break point condition; C/Co

Area above the graph = [

2.82x 107 :! g ',:.
=0.1046 ———

ﬂﬁﬁﬁﬁ%wswsﬁﬁﬁ
oo AR RARZRI YN INGN A

0.1047 —8HCL__

Zadsorbent

W, =

57
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3. Meso-NaY (PDADMAC)

Figure A-31CI breakthrough curves on Meso®N&Y, (PDADAMAC).
7

Fa = Solute feed rate (g/ém*h

N ﬂ'lJEJ’JVIEW]ﬁWEJ’lﬂi
v @mﬁwﬁmumqwmaa

Concentratlon (mol/cm?)

M = Molecular weight (g/mol)

3

_ . 500x10° 273 760 mol g
Fa= = ) ( X X ) 36.5
2 .
€)M 22,400 301 760 om’ mol



g
Fo= 4.7x107° 2.82x10°
cm’ min cm’ h

137
Area above the graph = [ (1- z— dt)
0 0

=130.5h

Mass of asorbent per unit cros ynal areh of be 6 x 0.5700 ?gnz_

2.82x10°

Waat =

Break point condition: 0

J f
ﬂl-a
ﬁﬂ-

13

Area above the graph = | fﬁl_,:', A .4

d

2.82x 107 :! g \ ,,'.
=0.1027 —

ﬂﬁﬁ?ﬁaﬂswsﬁﬁﬁ
o AR BRARZAIINNINYA Y

0.1076 —SHSL

Zadsorbent

W, =
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4. Meso-NaY (Leaching) (pressing) #1

) \
72 2\

i e “‘.-i.lr
3 78
Figure A-4 HC 'mﬁi aching) (pressing) #1.

..I

Fa = Solute fe u(ﬁrﬁ)w qunjw EJ’] ﬂ i

uf i%iimmmmummmaa

M = Molecular weight (g/mol)

cm3 -6
50 . 500 x 10 273 760 mol g
Fao= min
(Y ) ( X X ) 36.5
cm’ 22,400 301 760 cm’ mol

4




Fo= 4.7x107° 2.82x10°
cm’ min cm’ h

200.503

C
(1- C—O dt)

Area above the graph =
0
=188.46 h

e d — g
d 6x0.3732 Ez—

Mass of asorbent per unit cros : -
S 23% £

2.82x 107
Wt = S | hiﬂ: O
_a X . \\ \: dsorbent
Break point condition; 0 Oﬁ:
F 2z 3
188 ——
Area above the graph= | 5’»’3{5’?

1 ;:_—,E;

],,'. HCl

282x10° 5
=0.2355 ———

. ﬂﬁﬁﬁﬁ%ﬂswsﬁﬁﬁ
w AU TRIEERL N INE A

02359 —SHCL

Zadsorbent
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5. Meso-NaY (Leaching) (pressing) #2

‘ﬁ% 2\

i e “‘.-i.lr
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Figure A-5 HC] *F?m—-——--: ' hohing) (pressing) #2.

..I

F = Solute fo iu(grﬁ)w qunjw EJ’] ﬂ i

uf i%mmmmummmaa

M = Molecular weight (g/mol)
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Fa= 4.7x10° 2.82x 107
cm’ min cm’ h
156.85 c
Area above the graph = [ (1- o dt)
0 0
=147.72 h

Mass of asorbent per unit cros ynal ared of bed = 6 x 0.3732 ?gnz_
é g
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ﬂl-a
Break point condition: 0
' .f?:-

149

Area above the graph = [

2.82x 107 :! g \ ,,'.
=0.1796 —

ﬂﬁﬁﬁﬁ%ﬂswsﬁﬁﬁ
o AR ARZAIININYA Y

0.1849 —8HCL

Zadsorbent
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6. Meso-NaY (Leaching) (pressing) #3

Figure A-6 l_,__- h - res Meso-Na¥ (Leaching) (pressing) #3.
S a—— )

Fa = Solute feed rate (g/ém*h

N ﬂ'lJEJ’JVIEW]ﬁWEJ’lﬂi
v @mﬁwﬁmumqwmaa

Concentratlon (mol/cm?)

M = Molecular weight (g/mol)

3

_ e 500x10° 273 760 mol g
Fa= = ) ( X X ) 36.5
2 .
B (O M 22.400 301 760 om’ mol
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g g
Fa= 4.7x10° 2.82x 107
cm’ min cm’ h
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Area above the graph = [ (1- o dt)
0 0
=150.69 h
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& adsorbent

Break point condition: 0=0.05
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fﬁ‘_,gl A
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Area above the graph = [
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7. Mg/Meso-NaY (PDADMAC)

Figure A- THC 7 leso;NaY (PDADMAC).

..i
W

Fa = Solute feed rate (g/emch) ’
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8. Mg/Meso-NaY (Leaching)

leso-NaY (Leaching).

Figure A-8%
| .?'d

Fa = Solute feed rate cm ’h)
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9. Alumina ball

Figure A-9 HCl ~ '3;- curves on Allumina ball.
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10.Bentonite clay

Bentonite clay.

Fa = Solute feed rate cm h)
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Co= Corqentratlon (mol/cm’)

M = Molecular weight (g/mol)

cm’

Fa= min

(

500 x 10 273 760  mol g
(17 ) ( X X ) 36.5 ——
—, — o’ 22,400 301 760 cm’ mol




g g
Fo= 4.7x10° 2.82x 103
cm” min cm’ h

19
Area above the graph= |

= 14.09

Mass of asorbent per unit- 6 x 0.9285 ?gnz—

g
= 5.571 Ez—

2.82x 10° <5, 4,091 N e

Waat =

5.5 e ! & adsorbent

R e ————

Area above the grap =

e B L1 -35.57'?&%9 %:W(ﬂ’qgﬂi
QRIAINTUNNINIAE

0.0071 —=HCL__
Zadsorbent

=0.6551
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11.Meso-NaY (Leaching) (Meachanical coating)

Eas :
Figure A-11 HCI breakt -:: rves on Meso-NaY (Leaching)

Fa = Solute feed rate t i .":

Velocﬁyﬂuggﬂ;;wamwmm
- RARAFTOI U INY IR Y

M= Molecular weight (g/mol)

FA = uocoM
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Yy ) ( X X ) 36.5
—, — o’ 22,400 301 760 cm’ mol

Fa= 4.7x10° g 2.82x10° g




cm’ min cn’ h
66.55 c
Area above the graph = [ (1- o dt)
0 0
=64.11h

Mass of asorbent per unit cross secti W ofbed= 6x0.4035 ?gnz—
' _ g

2.421 e
\

282x107 = \
Waat = 3 VAN W S

g HCl

£ adsorbent

2.82x 107 \f
Wb: “

J
C m h adsorbent

ﬂUEJ’J‘VIEWl‘iWEJ’lﬂi

.0635 &

"aﬁi"%mﬁgﬁmmq Ny Y

Ladsorbent
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Table A-1 HCI Adsorption efficiency of Meso-NaY (Leaching) (Mechanical coating)

HC1 AdSOI’ptiOl’l efﬁciency g ney, g adsorbent £ ner/ *gadsorbent

Wat 0.0742 0.1855
Wy, 0.0635 0.1587
*g agsorbent = Ratio of Meso-NaY (Leaching)/Alumina ball = 4/6
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12.Meso-NaY (Leaching) (Extrusion)

e~
Figure A-12 HCI breakthroug on Meso-NaY (Leaching)

1
Fa = Solute feed rate (g/gnzg

Fa- e ﬂUEJ’JVIEmTWEJ’lﬂi

v Vﬁm‘ﬁ‘m’fﬁfﬂmﬂq’mmaﬂ

Co= Con%entratlon (mol/cm?)

M = Molecular weight (g/mol)

Cl’l’l3 -6
B 50 . 500 x 10 273 760 mol g
Fao= min
(—7 ) ( X X ) 36.5
) cm’ 22,400 301 760 cm’ mol

4



g g
Fa= 4.7x10° 2.82x 107
A cm” min cm” h
131.92 c
Area above the graph = [ (1- o dt)
0 0
=130.85h
Mass of asorbent per unit cro 6 x 0.6288 ?gnz—
g
cm
2.82x 107 _
Wt = —
Break point condition; C _!i 5 aﬂ,- ¢
| ala)a
Area above the graph = [ £ A=
= 121.92457 0500
2.82x é’:‘;‘_‘ 1 f'j al
Wy = — 6 r
3E 28 dsorbent
_ 0906
N an NYIRY
9 0.0970
Zadsorbent

Table A-2 HCI Adsorption efficiency of Meso-NaY (Leaching) (Extrusion)

HCI Adsorption efficiency g nci/g adsorbent & HCl/ * Badsorbent
Waat 0.0970 0.1212

Wy 0.0906 0.1132
*g adsorbent = Ratio of Meso-NaY (Leaching)/Bentonite clay = 8/2
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Table A-3 Adsorption capacity of all synthesized adsorbents

Wsat Wb
Adsorbent Bed capacity
(g HCI/ g absorbent) (g HCl/ g absorbent)
Commercial 0.0813 0.0793 0.9754
Zeolte NaY 0.1047 0.1046 0.9986

Meso-NaY (PDADMAC) 0.1027 0.9545

Meso-NaY (Leaching) 0.2355 0.9984

(Pressing) #1 ,

Meso-NaY (Leachingy 0.1796 0.9714
(Pressing) #2

Meso-NaY (Leachin 0.1886 0.9571
(Pressing) #3

Mg/Meso-NaY (PDADMA 0.0043 0.2439

Mg/Meso-NaY (Leachin 0.0463 0.9995

Alumina ball 0.0405 0.7406

Bentonite clay 0.0046 0.6551

Meso-NaY (Leaching) =2
( 7 Tol1s587 0.9133
(Mechanical coating)

Meso-NaY (Leachmg)

(Extrusion) ﬂ 1

0.1242 0.1132 0.9309

QW’]ﬁNﬂiﬂJ UA1AINYAY
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APPENDIX B

The calculation of crystallite size

Where A is 1.54 corr rradiation'wavelength, k is 0.9, B is the full width at

half maximum of stro .\: ¢ of the most intense peak at a

specific phase.

1. Zeolite NaY !
B=6.26-6.08=0.18 B

: _3ﬁuEJ’JVIEJVI§WEJ’lﬂ‘§
Wﬁﬂm UA1AINYAY

2. Standard zeolite NaY
B=6.24-6.12=0.12

_ 616 _
6= 5" =308



(0.90) (0.15418)

D= 12c0s3 8

=1.1547

3. Meso-NaY (CTAB)
B =6.25-6.16=0.09

_ 622 _
6=—5% =311

(0.90) (0.15418)
0.09co0s3.11

D=

4. Meso-NaY (PD

B=6.18-6.06=0.12

_ 614 _
6= =307
- _(0.90) (0.15418

0.1 2083, J N —
g‘. A

5. Meso-NaY (Lea hlng)

b-624 6°8ﬁ1UEJ’JVIEJ°/I§WEJ’lﬂ§
Wﬂmnimumaﬂmaa

(0. 90) (0.15418)

D= =0 16c0s3.08

=0.8685



Table B-1 Crystallite size of standard zeolite NaY, zeolite NaY, and Meso-NaY

Adsorbent Crystallite size (nm)
Standard zeolite NaY 1.1547
Zeolite NaY 0.7720

Meso-NaY (Leaching 0.8685

Meso-NaY ‘; : //. ~ L1540
Meso-Na¥*(PDADN A ﬂ - |
7\

\
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