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Abstract

Depletion of fossil fuel, growing in energy demand, and global climate change are
reason to search for a method of effective energy unitization. The thermochemical heat
storage can be applied for energy harvesting from waste heat and sustainable solar
energy. The environmentally-friendly working pair of adsorption between zeolite or
molecular sieve and water is selected. Low-Silica-X (LSX) zeolite and
silicoaluminophosphate number 11 (SAPO-11) were selected as adsorbent for this
research. The structure of LSX was modified by ion-exchange to different cations of Na,
Li, Ca, Mg (parent cations are K/Na). The result from differential scanning calorimetry
(DSC) shows Li-LSX gives the highest heat of water desorption. The structure of SAPO-
11 was modified by varying the molar ratios of (Al+P)/Si as infinite, 20, 4, 1.33 and 1.
SAPO-11 with (AlI+P)/Si = 20 gives the highest heat amount. Therefore, Li-LSX and
SAPO-11 (AI+P)/Si = 20 were selected to study the characteristic of water adsorption and

heat profile in the fixed bed unit. The effect of charging temperatures at 95, 120 and 140

°C were studied to the amount of adsorbed water and heat of adsorption. Li-LSX shows
that the amount of adsorbed water and heat of adsorption depends on charging
temperatures. With higher charging temperature, Li-LSX can adsorb more water and give
more heat of adsorption. In contrast, SAPO-11 ((Al+P)/Si = 20) can adsorb the same
amount of water and gives similar heat of adsorption at all studied charging temperatures.

Li-LSX can adsorb water at maximum of 0.174 gy20/Qadsorbent @Nd gives heat amount of

8.283 kJ/kg (at charging temperature of 140 c)C). SAPO-11 ((AI+P)/Si = 20) can adsorb

water at maximum of 0.194 gn>0/Qagsorbent @Nd gives heat amount of 5.795 kJ/kg (at

charging temperature of 95 OC). This information can provide the suitable working
operation for the required heat amount. Moreover, for each heat storage material, they

can be selected for proper waste heat sources.

Keyword: Zeolite : Low-Silica X, SAPO-11, Functional material, Energy storage
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Executive Summary

Increasing in energy demand, depletion of fossil fuel, and global climate change
are reasons to search for a method of effective energy utilization. The thermochemical
heat storage is one of methods for the efficient energy usage. It can be applied for
harvesting and storing energy from waste heat and sustainable solar energy. The
solar energy is renewable and has zero greenhouse gas emission. The waste thermal
energies are produced through mostly cooling and combustion processes, e.g., air
conditioners, refrigerators, personal computers, automobile exhaust gas, and
industrial waste heat that are left unused. Such a 15% of the electricity produced in
the world is employed for refrigeration and air-conditioning processes. Collecting and
reuse these types of energies will maximize its energy utilization and the energy can
be reserved for future use.

The method of thermochemical heat storage with “adsorption type” will be
investigated in this research. This is a way of almost loss-free energy storage with
high energy densities. The system utilizes the principle of adsorption/desorption heat
between the gases (adsorbate), mostly water vapor, and solids (adsorbent). The
charge mode is operated by desorption of the adsorbate molecules from the adsorbent
by activation from the heat source. Conceptually, the heat can be stored without limit
of time. The discharge mode is performed by adsorption of the adsorbate molecules
onto the adsorbent. This process will generate the heat. With this method, the heat
can be stored and released when it is required. At present, the techniques of charging
and discharging are still improved, e.g. ventilation system during charging mode,
design of heat exchanger and insulation in discharging mode. The absorber should
be more “compact” for effective utilization of heat supply and “flexible” to be used with
different heat sources.

In this research, the zeolite and water vapor are selected as working pair. The
amount of this sorption heat depends on the interaction between the sorption working
pair. Zeolite is promising adsorbent in the sorptive heat storage application because
it has high adsorption capacity, high surface area, high hydrophilic property, and high
thermal and hydrothermal stability. Water as adsorbate has high latent heat, low cost,
non-toxic, non-corrosive, good thermal and chemical stability; consequently, this

makes the system easy to operate.



Even though various kinds of adsorbent materials have been investigated for their
sorption properties with water for the heat transformation applications, most of the
available adsorbents like zeolites were not optimized for the use in these processes.
There is no detail characterization of the materials. This still needs an essential
breakthrough for a design of the new storage material even to the synthesis route in
order to commercialize this storage concept. Therefore, in this research, it will focus
on fine-tuning the properties of two selected storage materials: 1. aluminosilicate
based LSX zeolite and 2. silicoaluminophosphate based SAPO-11 materials in order
to develop the most efficient adsorbent for the thermochemical heat storage system.

Template-free LSX zeolite derived from rice husk is very environmentally-friendly
material. This FAU framework type possesses an open framework of 12-ring (0.74
nm free aperture) of four windows and a supercage (1.12 nm) in a unit cell. It is one
of the most promising adsorbent materials as it contains the highest possible
tetrahedral aluminium per crystal lattice. Therefore, it has high number of cationic
exchanged sites which might correspond to high hydrophilic properties. Its potential
applications have been reported as absorbent via ion exchange process in heavy
metal adsorption, selective adsorption in air separation, selective adsorbent to purify
inert fluids of Ar and He, and storage material for H, and CO,. For the second material,
silicoaluminophosphate SAPO-11 is crystalline microporous zeotype material. Its
structural composition is different from those of zeolite. It is based on neutral
framework linking between aluminium and phosphorus. Silicon element substitutes
atoms in the framework and this creates acid sites. This AEL framework type has one
dimension channels of elliptical 10-ring window (0.40 x 0.65 nm). SAPO-11 gains
advantages of unique structure, high thermal stability, and has variation of acid sites.
It is commercialized as dewaxing catalyst by Chevron. This material has not yet been
investigated in its properties for the heat transformation and heat storage applications.

The aim of this research is fine-tuning the composition of the LSX zeolite and
SAPO-11 material. The chemical composition of the porous materials could determine
the strength of water interaction with the adsorbent, which can affect the adsorption
heat. The through characterization of the materials could contribute to understand the
relation between the compositions of the adsorbents to the sorption properties with
water. The key property of desorption heat from desorption of water from the structure
of material was investigated by the Differential Scanning Calorimetry (DSC). This

leads to suggestion of the efficient adsorbent. The selected adsorbents will be tested

-jiv-



in the lab-scale thermal-energy storage with different heat source conditions at 95,
120, and 140 °C.

The result shows Li-LSX and SAPO-11 ((Al+P)/Si = 20) possess the highest
desorption heat in each group. Therefore, they were synthesized at high amount for
fixed-bed adsorption test. The adsorbed water and heat of adsorption were
investigated in different charging temperatures of 95, 120 and 140 °C. Li-LSX exhibits
higher amount of adsorbed water and heat of adsorption with higher charging
temperatures. This shows wide range of binding interaction energy between water
and the material. In contrast, SAPO-11 ((Al+P)/Si = 20) can adsorb the same amount
of water and gives similar heat of adsorption at all studied charging temperatures.
This shows the binding interaction energy of water and material possesses relative
homogeneity. Li-LSX can adsorb water of 0.174 gH,O/g zeolite and gives heat amount
of 8.283 kJ/kg (at charging temperature of 140 oC). SAPO-11 ((AI+P)/Si = 20) can
adsorb water of 0.194 gH,O/g material and gives heat amount of 5.795 kJ/kg (at
charging temperature of 95 OC). This can provide information for suitable working
operation for that required heat amount. Moreover, this can select the suitable heat

storage material for certain waste heat sources.
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@19@NE 40 KV NIZUR 30 MA T29N139@ 0.02 Va9 2 theta A5 lN1970 1 s LaIa
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mummﬂmnﬁmwmum%u:msaﬁﬁ mmﬂLfiammfw:mmm%mﬁﬁ;jiwuﬁSmw
Mylna 280 Fanaassamd ‘?Tagamaamw%ué’uﬁ'ﬂﬁm:qmmﬁﬁzwwL°iT1LLa:maaﬂmﬂ
Viaqady swﬁaqmﬁgﬁﬁi:mmmgmw e]‘mawia"lﬁgnﬁ'uﬁﬂ@hﬁumﬂ%aaﬁuﬁﬂ“ﬁa;&a

A6 LU I@ﬂmmingwavl,ﬁmn%ﬁfwaﬂauﬁu@ﬁ é’auamlugﬂﬁ 9

gﬂﬁ 8 q@ﬂ@aaumiﬁnLﬁuwé’w’mm*}u‘?auluﬁu@laumiazauwéﬁmu

(charging)



TUN 9 TANARBUNIIANLAUNFIINWANNTan I uTUwaann15Ua 0 aNAIINY

q

(discharging)

2

mﬁﬁﬂmiﬂﬂwﬁmwu%ué'uﬁ'"nﬁmzqmﬁgﬁmaﬁaqgwﬁ'ﬂmﬁaa@Tu TGRSR
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NAMTIATITRTRalaTananvasdlalad LSX samnaiia XRD lagldiianlunssaazi
danun 1-4 Talug dagun 11 lduaes pattern vasdloladniilassainisiio FAU Gl
FURWINANN 2 theta = 6.1, 10, 11.8, 23.4, 26.6, 30.9, 32 Uz 33.7 laInqlaTINANTIA

=) Ag ) g GIJ
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U 12 LRAIIRANRASNNIIANANVaIT o lad LSX NRILATIZALILTIIIE 1-4 Talad Loy
ﬁﬂoﬁaﬁummmﬁwqaqmaaLwia:@mmmi,aﬁﬂ%é'ﬂﬁ 2 theta = 6.1, 10, 26.6, Uaz 30.9 11
1 a l & ] %% [ 6 A = d' < v &
ngueI8Ld AAWIINITITIA INIFILATIZARIONIIONNENA 4 T2luy Tdanuln

=2 A & A ' = =< a o v A A
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—
>
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2 04
&
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0.2 1 —A— 2 theta=26.6
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0.0 T T
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%
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3.2 Mydaazidlatanaaissn SAPO-11

a

Sududuanziluianaai@n SAPO-11 NlasAdsznaunidasiulasluazes (A+P)/Si =

a

20 LLazﬁquﬂ&I 210 °C I@muhﬂ"]L’Jmlumsﬁoms’]:ﬁﬁ 5, 10 ez 24 %IQING NANI3

U

AR TnalasInaneuImnaia XRD VL@TLLﬁ@Nlugﬂﬁ 13 fa@gﬁé'omsw:ﬂﬁﬁ 5. 10 LA
24 12109 HEURUINARANVDILATIRIIY AEL N61LAL 2 theta = 8.10, 9.57, 15.80,

20.26. 21.23. 22.22 U8y 22.95 LATFANFILATILHIGT 5 uaz 10 T21nd FRaudantasy

q
[ 1A A

a & 4, ' . { o i < v &
LNAAUNGEUHAUS 2 theta = 7.9 LL@I’)ﬁ@ﬁﬁGLﬂi’]Zﬁﬁ 24 °]J")I§Jd VL&J&JWﬂLL‘iJﬂmJﬂE]&I muuﬁa
6

q
'
a A

Lﬂ%’?ﬁ@! SAPO-11 ﬁﬁm’maﬁqm Wansudraudulassndnainds XRD 1 SAPO-
11 N119N13 A1 (calcined-H-form, (Al+P)/Si = 13.5, Clariant) NU 31X @ 1L N8I A%

& & a @ @ &l a o o &
stwm:umaLaanlmam*;:lumimLmﬂmﬂqmmgu 210 °C uaztaa lwnIIRIL ATz

24 1139 Twn1IRILATIZH SAPO-11 NHaIAUIENaUUITRNaUNLANAIIN LA Dl
na bl

W o

M Lon

5h

Intensity / a.u.

10 20 30 40 50
Angle 2 theta / degree

51% 13 XRD patterns vasluianaa1idn SAPO-11 FuaTe gﬁqm‘ﬂgﬁ 210 °C luztuyy

2

>

AFILATZH L@

lumssaazinessdsenavdunlunisudsaaasiulasluavas (A+P)SI 1 L, 20, 4,
1.33 uaz 1 XRD patterns lujlunufidaaszd lduaznasannisuaa lodinafdaans
i laviaislduaaslugufn 14 uaz 15 arudrau luanznsduansiiiannisn
a v =) QG' U ) .
§a1a91eh SAPO-11 lilannuuignTuazlddgisasdlsznavlasluavas (A+PYSI
1 o & % [ 1 1 aAa A v =
Tugr9ne wananuugiguTaasaszh lalas liladainauasdlassaiisaziang

s

Hunane awnsniSoniagafiaiilddn AIPO-11 (aluminophosphate number 11) T8¢
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SAPO-11 figasdinlasluauag (A+PYSi = 1.33 uaz 1 d293u289 2 theta 71 15-30

0971 LEUWNIWUEAIA NI lATIFT190 M 1BLANTEDY (amorphous halo) tialassas1sh

/=)

laii3a9andundn (amorphous) fasanaradunaanmsladsunmssdananiiann
ALY ﬁa"lmimmmvlﬂ%‘uﬁ'uagﬁtﬁam%a%laawa%‘a"[eﬁﬂuimawﬁﬂﬁtom@ RAINIITUAD
"Lsmfl,ﬁ'aLmﬁnmi%ﬁﬂmoﬁwaaﬂmngw?u WUIENANUEUAGIURIIRARANT 2 theta
WU 20.26 8970 mamné’mwmuﬁma@ao Fonasanmavhuaalming arenuid

289 SAPO-11 Jenanad uadinilasigsraiiuiuy AEL agli

=] n=20
®
Pl
‘0
S n=4
=
n=1
T T T T T T T T T T T T T T T T T T
10 20 30 40 50

Angle 2theta / degree

]
=)

gﬂﬁ' 14 XRD patterns 2831uLanaa1$TW SAPO-11 §aiaTzwngmngil 210 °C LI 1

%

Tu lugduuuidsenedld ndadulasluazes n= (A+PY/SI fiuanedanu
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n = infinite

Intensity / a.u.

10 20 30 40 50

Angle 2theta / degree

U7 15 XRD patterns 284latanaa1$TW SAPO-11 #3Lamzingmnnil 210 °C 19 24

Tlas lugduuonasmuaalod Adadulasluaues n = (A+P)/SI Nuanedninu

%] 1 a v 4” %] a I d' ¥
3.3 msaﬂmﬂsmmm']ma%‘l%mmaqfﬂﬂmﬂms'lmn'mﬂa gunidasainnIan

YaId1d

KaanmTiaUianmanaieunannisgeadulaslfinaianisienzdniadfouulag
AuTaunvadIanT (Differential Scanning Calorimetry, DSC) lauaasfnausauaInmy
avduinaglulaseainsvesdlelad LSX uazluiananidw SAPO-11 dauaaslugud

' a

16 hay 17 i'mﬁia"l,a@i( LSX nidszadrsnulagn tulwdrdsunmainusonlunga

q

qm%gﬁﬁadﬁaﬂszmm 400 °C I(ﬂsﬁﬁﬁ;@Ua@maamﬂﬁmm%’auﬁﬂizmm 200 °C
wu:i’nﬁaldﬂszﬁ;maﬂamé’am"l,aﬁu,azé’am"[aﬁlﬁ?ﬁl,"ﬁﬁvlﬂluimaa%”w Az Wada AN
. v da X & . L Y4 oo e
watuANNTaunAalu neiiesunnniuszznivifigadunuulanzind1diden
LANANIN Lﬁav‘hmiﬁuﬁLﬂwwi’lm’]mﬁ‘”aulml,@ia:maqmvxgﬁwmw Li-LSX Twenwasann
ANUTAUFINGA 709893178 Na-LSX dniuszalansniidn +2 fia Mg uaz Ca lasmaly
v [ o o ' a e a a . o o o
lfdwasuanuiaudiniivesdlaladnidlansdszadoized Li uaz Na §1miniag
Imaqam%’fiw SAPO-11 NUSu T anawlulaTigedenulasiassaswlay luauas
lavsaaduginvasegiiiiouuazwoanadadodTunudinaunia (A+P)/SI WU
T,@ﬂﬁ‘avlﬂﬂ%mmﬂmu%aumﬁa:agjﬁﬂhaqmﬁn”ﬁadﬁa 200 °C I@mﬁﬁﬁ;ma@ﬁﬂizmm

U
£ o { ' \ Aad o ' &< A A
100 °C sml,ﬂumwmauﬁagﬂumaqm%guﬁmmwaasﬂa%ﬁ LSX Nd%Liasann
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v { [ = o Y Qs :‘ 1 v ] Q ‘é
TATRINAANMULANANI N LAWY 099610 LATIRIINANULTILTILANG1INY IR
| v Aaa a & v { | U =
fa LSX LﬂuImaaﬂwawanammzaguLﬁwmauqﬂmmﬂaﬁLﬂuaumﬂamaa
anladrIodaan lailidis Wuszhanmenlansainafiesainanuiian s SAPO-11
Lﬁ:;lulmaa%ﬁa"uaaagﬁLﬁﬂwLLazwaawa%’a%aﬁimoa%ﬁoﬁtﬂunma aunIndanawd 1y
Tulavegdenidunans a:vlmg@lﬂs@aumaﬁg‘wmazmﬂmuwuﬁzmﬂvl,@ walulasigse
1aaa A . . . . Y v n:ll v 1 [} a dl
lafiganauiaunsa (A+P)/Si = infinite a:l%mmwmauwuaslm'flunﬂmaqmvﬁgmua
WounulaTIrs1e SAPO-11 AUN1TlE Si naadinUIuimdanaudanusndulunissdng
wusznuiuazddlidinnuTensenula Usunadananilalalulasiasns AIPO, 2z
v A= Aa o = aA Y o ' = ~ o AN o
%mmﬂuﬁ;@miﬂsmaummLm:LLazLﬂuﬁ;@wmg}mu agnd lafeNUSImaNuTaud e
[l ‘;/‘3’ o a e A 1 a dl a an t-ﬂl nl J .
Vl,u"l,@muﬂuﬂimmg@gmumaﬂauamamm nMSnaudanaunguiniuain (A+P)/Si =
1 @hmmﬁ”am:ﬁ@ha@@haaﬂ’jﬁ'a@]'ﬁﬁmﬂd%aﬂauﬁw LTz R bwUSUN RN aw bl 1
ﬂa%’aﬁéﬁﬁmﬂumsgwﬁuﬁwLLa:Iﬁﬂaﬁu%’aua;jwaL€'1m NatllatANUSImsanaw au
& 2 = = v Y o v = & o A \
Wulasanandasg '«Jam'aaLﬂumm@ﬂ%mmﬁmaumm weiatn9 bsnaw Agadianganin

1 e 1

186 SAPO-11 laddnsledanewas lagwuin SAPO-11 Adddadulaslua (A+P)SI

A

=20 Wﬂ%mmmw%’aumﬂmimwﬁ'uﬁwgaﬁq@lunﬂmaqmﬁm

U

U7 16 uaz 17 LLammiLﬂ%uuLﬁuuwé’amumw%aumaai’aq%IaVLa@TLLa: SAPO-11 Nlw

m‘wé’qmumw%’auﬁgaq@qu@immju A8 Li-LSX ez SAPO-11 (20) WL31 SAPO-11

]
1A

(20) Wﬁmé’amumwuﬁ?auﬁgaﬂdﬁﬁ"ﬁwqmwgﬁ@‘hmm 95-160 °C udazlAdnanuiou

a

Uszuarinnwny Li-LSX ﬁqmﬁnuﬂi:mm 180 °C é’ma@ﬂugﬂﬁ 18

U
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600

400 -
_ 200 -
o))
= 1
= -200 -
—
2
-400 -
2 K/Na-LSX
+ Na-LSX
8 ~600 1 Li-LSX
o Mg-LSX
-800 - Ca-LSX
-1000
-1200 —+———7+—+"+——7r————7r 7

100 200 300 400 500 600
Temperature / °C

UN 16 ‘[ﬂsvl,wa‘maaqm'ﬂgﬁLLa:@hmw%aummﬂ%aﬁm DSC maai’aq%‘[ﬂaﬁ LSX Nl

ﬂi:'«g@hwﬁ@ﬁu
500 A
‘o
z %1
£
S~
2 -500 -
o
ey
"au'; «  Infinite
I—1000— 4210
- 133
1
-1500 -

100 200 300 400 500 600
Temperature / °C

gﬂﬁ 17Iﬂsvl,wﬁmaaqm'ﬁ{}ﬁLLaz@hﬂ’J’m%auMﬂLﬂ%aﬁ@ DSC maﬁa@ﬂmaqam?%w

SAPO-11 NiUSunadanaudsnunelsasiulasluaues (A+P)/Si d19nu
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AN319N 1 A1ANNTaUINNMIANLTUENNLAIAIIA DSC Basdlalad LSX

ANWRIIBAMNTDW (J/g)

150 95°C | 120°C | 140°C |160°C |180°C | 200°C
K/Na-LSX 133.6 [2049 |2651 |329.5 |394.5 463.3
Na-LSX 160.6 |249.9 |3299 |417.7 |509.5 606.9
Li-LSX 163.5 |257.9 |340.9 |[438.1 |540.4 656.3
Mg-LSX 119.1 [ 1915 | 2546 [332.8 |420.8 508.9
Ca-LSX 1255 |200.6 |277.8 |370.4 |467.6 576.7

AN 2 A1ANNTEBINNNNIALTUEIINLATEIIA DSC TQGINLHQSWI%&EW SAPO-11

ANAINUANNTDY (J/g)

>

89 95°C | 120°C | 140°c | 160°C | 180°C | 200°C
SAPO-11 (infinite) 59.8 | 1262 |262.9 2951 | 2795 249.1
SAPO-11 (20) 2151 | 372.3 | 438.1 488.9 | 535 578.7
SAPO-11 (4) 164.6 | 325.8 | 413.1 4635 |499.5 531
SAPO-11 (1.33) 153.4 | 272.3 | 330.3 3735 | 408.7 440.3
SAPO-11 (1) 1234 [ 1975 |234.9 259.9 | 277.8 291.8
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Heat flow / mW/g

L
' I
-1000 A \‘ I Li-LSX
200 | \,’ ——— SAPO-11 (20)
1 i
] b
-1400 :

100 200 300 400 500 600

Temperature / °C

uN 18‘"Lﬂivl,wa('*umqmﬁgﬁLLazmmmﬁ”aummﬂ%aﬁ@ DSC maai’aq%lavlaﬁ Li-LSX

uazluianaai@n SAPO-11 (20)

a ¢ aa o
3.4 N9 Lﬂi’lz%@lmﬂ&m@la%

3.4.1 myaneiasddszneulaglinannisiadanadifandwgeaisaaud (X-Ray

Fluorescence Spectroscopy, XRF)

AN 3 aaﬁﬂi:nawaﬁa@yﬁavlaﬁ LSX ﬁﬁmmamﬂﬁwﬂizﬁ; Wuttasidudlag

siwiin
YU Ua1T (Wt.%)
189 Si |Al |[Na [K Li | Mg Ca 0
KINa-LSX | 109 |955 |55 |48 |0 |0 0 23.81
Na-LSX 11.3 | 968 | 591 (0907 (0 |0 0 26.18
Li-LSX 124 |11 |3.08 (176 [3.09* |0 0 28.91
Mg-LSX 108 937 (237 [117 |0 [235 |0 28.41
Ca-LSX 121 [109 |0 |0312 [0 |0 122 |23.25

*A0ANN LAANNNITIA AAS deAsuanifsuiazg 118991038 XRF i'aﬁwlﬁ"l,&i"lﬁ
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AN 4 aaﬁﬂszﬂamaoi’a@yﬁav[aﬁ LsX Adnsuaniasuilses Wuilasidudlaslua

U113 (Mol%)
189 Si Al Na K Li Mg Ca o)
K/Na-LSX 14.97 | 1365 (925 | 476 |0 0 0 57.40
Na-LSX 15.80 | 14.09 | 10.09 | 091 |0 0 0 58.67
Li-LSX 13.46 | 12.43 | 4.08 | 137 |1357 |0 0 55.08
Mg-LSX 15.92 | 14.38 | 427 |124 |0 4004 |0 60.18
Ca-LSX 14.75 | 13.82 | 0 0273 |0 0 10.41 | 60.76

139N 5 aaﬁﬂi:ﬂaumaﬁagﬁa%ﬁ LSX ﬁﬁmﬂmmﬂﬁwﬂiz@ WWuagasinlaslua

Ysunmasiuaadulaslus
’Slﬁ@! Si/Al | Na/Si K/Si Li/Si | Mg/Si CalSi
K/Na-LSX 1.097 | 0.618 0.318 |0 0 0
Na-LSX 1.121 | 0.639 0.058 |0 0 0
Li-LSX 1.083 | 0.303 0.102 [(1.008 | O 0
Mg-LSX 1.107 | 0.268 0.078 |0 0.252 0
Ca-LSX 1.067 | O 0.0185 | 0 0 0.706
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131970 6 aoﬁﬂsznamaﬁanmaqamﬁW SAPO-11 ﬁﬁmmamﬂﬁwﬂ‘s:g v

Wasidud lagiinnnn

YN a7 (Wt.%)

%

7a9) Si Al P o)

SAPO-11 (infinite) 0.624 157 |17.7 37.53
SAPO-11 (20) 115 | 204 |135 36.89
SAPO-11 (4) 6.68 |[11.7 |11.9 33.38
SAPO-11 (1.33) 137 [9.32 |9.38 36.01
SAPO-11 (1) 16.9 | 837 |877 38.02

AN319N 7 am‘ﬂs:ﬂaumaoi’aqimaqaaﬁ%w SAPO-11 ﬁﬁmmamﬂﬁwﬂiz@ BN

Wasigud laslya

U301 HR17 (Mol %)

>

779 Si Al P 0
SAPO-11 (infinite) 0.631 | 1652 | 1623 | 66.62
SAPO-11 (20) 1157 |21.37 | 1232 | 65.16
SAPO-11 (4) 7569 | 138 | 1223 | 66.40
SAPO-11 (1.33) 14.40 | 10.20 |8.94 66.46
SAPO-11 (1) 16.847 | 8.69 | 7.93 66.54
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@139 8 aaﬁﬂszﬂamaﬁaqimaqamﬁw SAPO-11 ﬁﬁmmamﬂﬁwﬂ‘s:ﬁ; v

Faaulaslua

Punmaslugasinlaslua
’3’&@]' (AI+P)/Si (AI+P)/Siin | Si/Al Si/lP

in gel zeolite
SAPO-11 (infinite) infinite 51.91 0.038 0.0389
SAPO-11 (20) 20 29.11 0.054 0.0939
SAPO-11 (4) 4 3.44 0.548 | 0.619
SAPO-11 (1.33) 1.33 1.33 1.412 1.611
SAPO-11 (1) 1 0.99 1.940 2.125

3.4.2 mﬁmﬁzﬁmmmm:gﬂin wﬁnmaﬁaqﬁa U%%ﬂ']‘ﬂ”ﬁﬂﬁﬂd?ﬂﬂiiﬂﬁamﬂ@]iﬂ%LL‘U‘U

&§84n31@ (Scanning Electron Microscopy, SEM)

WA 19 WAND89 Li-LSX tlunann3snaw (spherulite shape) filwunananlszanm 3-4
luTasiuas NIWe 20 ndnvas SAPO-11 (20) fanwazydiandndunsananuuud
(concave spherical) lasfiidusinuguinasszanm 5-7 lulanuas Usznavanwdnlulu
A5aea (monocrystal) uNuPABARAIWAUTZINM 0.6 x 0.1 x 0.05 lulasiuas

-22-



STREC S KL AE.BEE 1Z2mm

gﬂﬁ 20 31/ SEM maﬂmaqaaﬁfﬁw SAPO-11 (20)
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a & o & Ada a o aa ) o
3.4.3 NMIILATIEAINBIUSNUTIND LLazﬂsN']@lngEu‘ll 241 a@ﬂ@ El’Jﬁﬂ’]S(g}@ﬁlj‘ijluI@SL’«i]uﬂ

amungi6N (low-temperature N-adsorption)

(2 1
= =

@197 9 W‘Wnﬁ’lﬁi’]LW”lzLLﬂzﬂ%&l’]@iEW?%‘llﬂd%Iavlﬂ@T LSX LLQZI&ILQQQQ’]%‘?IW SAPO-11

WA UNE (M) U3uasgwin (cm’/g)

Tulaswas | wlawas | novuae | wlaswas | wlawas | nenae

Li-LSX 794 4.4 798 0.28 0.01 0.29

SAPO-11 (20) 184 32 216 0.073 0.045 0.118

3.5 mﬁLﬂi'l:ﬁﬂ'ﬁ@lﬂ%'uﬁmaznﬁﬂéaﬂwé’ao'mmw%'amnnviagm%’uﬁﬁmﬂnsg

tua

]
a

A &
3.5.1 dngmsainifiatn

Tl 72 ¢T3 T4 @T5 @oHl eH2

w
(o]
Relative humidity / %

Temperature f°C

0 50 100 150 200 250

Adsorptiontime / min

P d‘ly o @ 6 a e ?,’ ' a a A 6
Eﬂ‘ﬂ 21 ﬂTW\Iﬂ’J']&l“IiuﬁﬂJW‘Y]ﬁLLﬂzqm%ﬂwluﬂ’]?ﬂ@]ﬁﬂ'ﬂﬂ’]ig}@]‘ﬁﬂ%’ﬂ%‘ﬂa@@sﬁﬂ"ﬁ%@]‘lﬁlﬂ‘ﬁ

Wwaraddlalad Li-LSX USunms 30 n3u ﬁqmﬂgﬁlu{fuamuwﬁdmuﬁ 95°C

ad, ,

HANTIAAIANUTUFNANTLAT g N TN NI JTITaNAREUNTILATIZANNIQA

%’uﬁmazmiﬂdaﬂwé’omumm%ﬂm’mﬁagwﬁ'u"ﬁﬁmﬂﬂfﬁm 1 ﬂl‘*ﬁi’ﬁ@;g}@ﬁﬁ'ﬂ Li-LSX

Twil/Sunmw 30 ﬂ%'uLLa:‘l‘ﬁama:ﬁua:auwﬁwmﬁqm'ﬁ{]ﬁ 95 °C @4 Ltamlugﬂﬁ 21

ea a &’ a v dw a @ 61 v ] @ A
ﬂﬁ’]ﬂgﬂ’]im‘ﬂm@“ﬂ%ﬁ’]&ﬂiﬂE’J'D".IJ'R]V[.@T)’] ﬂ')’]N“H%ﬁ&lW‘Y]ﬁﬂﬂuLﬂJ’]ﬂ@@ﬂ‘ﬁUﬂ\lﬂ’]ﬂizﬂJ’]m
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¢ = & A o Aa A o & v o 1y ' ) &
82 1Ua3LTue L&Iau’m’m’]ﬂﬂ&lﬂ’n&l"ﬁumuw}L%Wﬂﬂ@@‘ﬁﬂﬁ]’mﬂ’mm\‘i WUINAINNDT Y
« o &4 o~ = & A & . o o o
ﬁwquﬁ“n?naﬂﬂa@la\‘]ﬂuﬂﬁ]uﬂﬁﬂuﬁ Lta@]ﬂquﬁiavl,a@l Li-LSX ﬂqﬂqiﬂﬂsﬁuuqqﬂ@]%&l@ua$
A o o a4 o A & A A A a & A
AANUTURUNNDTUAINLNNVLUBLIRTY 170 YN LLa:Nﬂ’]LWNfﬁ\‘]T%L‘SaU ﬂ@]WNLQa'ﬂ,uﬂqs
o Aad o , AL = & A & . & A
?]@]s]ﬁ_l qm%{}&lﬂ@nuﬁuﬂﬂidaqﬂmadLU@‘?J@GGTIIE]VL@@ (T2) Nﬂ']fﬂ\?“ﬂuaﬂ']\ﬁi"J@LifJ EVA2 M|
a A O A a v o] 2 = A a v @] P
Qm%ﬁufﬁdq@ﬂ 38 °C (ﬁ]']ﬂqm%{]lllﬁ&l@]u 32.3 °C ﬂﬁaLﬂUUﬂqm%QNﬁad 301 "C)n
o A a oA A ¥ o o a & o a
L’Ja’m’li(g]@sm_m 32 UIN Luadﬁ]qﬂLNaquﬂ(ﬂ@sﬁﬂluIﬂjﬂai']ﬂ"llaﬂsﬁiavlsa@]LLa’JNﬂ']'iﬂ’]ﬂ

v a { o 1 ¢ 1 ¢:§/ Q {
ANNIB qm%guﬁm’nmmﬂ%aumaam@ (T3) ﬁmgwulunmn@u%ﬁanm‘lumsg@

'
A A

Fuf 221 w1l lasldgmunndl 38.2 °C (namnnliTudu 31.6 °C nIafivud

u

2

amwnniives 31 °C) lasuaasfisnisgadulduifniivusasiuavasdlaladuazld
Uaaddasanuiounasannigaduihlulasiaii dmgunpiinnneanvasiuasadig

q

a

Qe (T4) Aengsdintaniae laglhanusauis 34 °C (MNMANTIINAW 31.2 °C 138

A v

Lﬁuuﬁqmﬁgwaa 31 °C) Lfianmiumsgwﬁ'uﬁLﬁuﬁuauﬁaﬁ 221 Wl lagaziinin
mmﬁ”auﬁiﬁ%é’nlmﬁgnamuagﬁlu’s'aom@sﬁ'u LLazmmmﬁﬂww;ﬁaLLq@zi”auvL@TIﬂgnwsWW
maommﬂ%aaﬂﬁmw%’aulm:ﬁuQmﬁgﬁﬁ'ﬁayﬂd'} Lﬁanaﬂumi@@éﬁ'umuﬁu
qm%gﬁﬁ@‘mmuméamwaomm:a@m ﬂauan'j’ﬁ'a@m@%'uﬁ’]LLé”’JLLazﬂa'aawé’aa’m

ANNITOUIUANALR? qmv&gﬁmaq T2 290089

Weanasaungaduihleslflsunmizgeedy 30 niu edndudasinanudusuing
{ WJ 1 v d o v o =3 g’ d ot v
NunaanlRUnINaRD LU %aazwﬂ%mmmmmmmﬂimmmﬁgﬂ@mﬂ@mn
3zuu?\lﬂ6§m@LLazmﬂanLmﬂﬂgmaaﬁﬂ (breakthrough curve) LL@imﬂﬁ'a@ﬂuﬂ%mmﬁ
o @ o A A =X o @ A A o
mlﬁ’Lmamiumsgmmuwmumn smmq@mﬂmaaLmawaua:mmiumﬂm@mi

NARDI é’oﬁfu;ﬁﬁ'ﬂ%aa@ﬂ%mmmaﬁa@m@%mmﬁa 15 N3N
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45 90
43 80

70

60 ®
L 3
B 2
w 50 'g
3 S
E £
£ o
E B
2 30 &

20

10

*T1 T2 @73 T4 eT5 eHl eH2

0 50 100 150 200 250 300 350 400 450 500

Adsorptiontime / min

U 22 fmwmm%ué’uﬁwﬂm:qm‘mgﬁlumsmaaumsga%’uﬁﬂuﬁag}@%'wﬁ@ﬂﬂéf

Wwauaddlalad Li-LSX U3ums 15 N3 ﬁqm%gﬁluﬁuamuwé’amuﬁ 95°C

UnngmiInivasmyiamigaduiniiialiizgeadu 15 niu asuaadlugli 22 gunnd
Pa91Uav95 0 lad ez uRAINELRS T2 aEiN9Lae wazgmnni T3 zuFAIgnu0d
2NNV AILLA ANUTUFUANTVAIaNIANNIBIN T AUz 80 tasidud Lia
A o Y ' A = & & \ & A o o &

FurinIgady goannil T2 wu_lmjaam‘[a%mumgwuamosmLs’amammig}mum

a J a A v
WAIIMNLINM 70 W gunnlgetnii 39.8 °C (1MNgmnnliTudn 34 °C wialfisy

Namnnivad 34.2 °C) uazaaadatvdaiites anufeunasanniailunisgadun 70

aa

wifilidaaad Dawiinszuaunsgaduiindiiadaiitad ugasiniazingyifoany

%”auaamj’&m,n@ﬁau Lwaﬂm:ﬁfuqmﬁgﬁﬁaﬁmmﬂm

1 a 1 &/ =3 v d a QI U
saugunniinilaiuavasdlalad (T3) Adrgemanion? 35.8 °C (MMmamngiiTudu

U

a v

33.3 °C wIafivuniuamnniwasi 34 °C) usasihoamaldwianuieuusdineand
ABUWLLATDIT 8 ladany

v v
3.5.2 m‘smm‘s@lﬂ%um‘fﬂﬂm‘su,ﬂ‘smqmwgw‘lumum‘sazauwaamumw%’au

msm@hﬂ’%mmmsgwﬁuﬁﬂu’a’aggwﬁ’uﬁmwéhé’ryLﬁaamnﬂ%mmmadﬁ’lﬁgﬂgwﬁh
ﬁlzLLﬂsﬁuﬁ’uﬁhwé’dommmé”auﬁvlﬁmﬂﬂi:mumi@@sﬁuﬁﬂu{a@; mﬁ@ﬂ%mmﬁ’lﬁgﬂ
gaduluragadusiiafindiuaazldizianmniusang wazdwmUSInainanAnAld
NIMHTBIFNMITLLTANG ﬂﬁﬁ/\lmsﬂ'ﬂgﬁamﬁ@ﬂfnsJLﬁuﬁumaamsﬁmﬁma:maamlaa

\ o v A A o A = a
‘na@ﬂmu I%SZUUWﬂ?@I ﬂ@&lﬂﬁi@@]‘ﬁﬂ]:(ﬂﬂ&lﬂ'ﬁvlﬂﬂﬂlE’Nﬁ'ﬁ I@]Uﬂqiﬂﬂiﬂ"]ﬂqitﬂﬂﬂuuﬂﬂ\‘]
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AMRN T LT WRERUNRIIIWA 95, 120 Uaz 140 °C Imm’mlLmﬂﬂgmaamigwﬁ'uﬁﬂu

q U
[ L

’Jﬁ@lﬂ@‘ﬁ‘u Li-LSX Ltﬁﬂdluzﬂﬁ 23-26

c/co

0 200 400 600 800 1000
Time / min

a a

gﬂﬁ 23 rmwLmﬂ'ﬂgmaamsgm%’uﬁﬂui’aqgw%’u Li-LSX ﬂqmﬁgﬂuﬁumauwéﬁmuﬁ

95°C

0.9

c/co

0 200 400 600 800 1000
Time / min

a a

gﬂﬁ 24 ﬂﬁWLmﬂ'ﬂgmaamsg@sﬁ‘uﬁﬂui'a@m@sﬁ‘u Li-LSX ﬂqmﬁguluﬂ'ua:auwéﬁmuﬁ

120°C

-27-



C/Co

0 200 400 600 800 1000
Time / min

a a

gﬂﬁ 25 rmwLmﬂﬂgmaamsgw%uﬁﬂui’a@m@%u Li-LSX ﬂqmﬁgﬂuﬁuazauwéﬁmuﬁ

140°C

0.9
0.8
0.7
0.6
0.5

c/co

0.4
0.3

0.2

©95°C @120°C e140°C
0.1

Time / min

a a

gﬂﬁ 26 ﬂﬁWLmﬂ'ﬂg"uaamsgm%uﬁﬂui’aqgwﬁ‘u Li-LSX ﬂqmﬁgﬂu{l’uazauwﬁdmuﬁ

LANAIN
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ANV UTUINTNVBIANNTURI DU LI NIARINITO AW T LA DN

= P2 100
Pa 1)

RH
T RH = aNUTURFNANT (relative humidity)
pa = ANNAWLaVIN (vapor pressure of water)

v
Aa v

Py = mmé’uvl,aﬁué"maamﬁqmmgwuu (saturation vapor pressure of water at

the gas temperature)

¢ % a % g‘ @ . . d , & o Aa
Faanuawladuaivesinni ldanaun1Ieadain (Antoine equation) nilenIunugunnil
Ao o & ' ) s A = ' 'Y
N34 muummmmmm’mmﬂamaam“nLﬂawuﬂmvl,ﬂvl,é’lunﬂmaL’ammaamig]mu

11 WAIN laaIANNA W lau 891 394NN TNURUNITANNTWA 2 ez 3

m
H=—22 x100
L — ()
M
H= a—pa x 100
My(P—po) 3)

T3 H=a1u0% (humidity)
Mio = ¥IRVBIUN (mass of water)

My = ¥IRVIBINE (mass of air)

M, = LmJINLaqa"IJa\‘lﬁ"l (molecular weight of water)
M, = LaquLaqama\‘lmmﬂ (molecular weight of air)

P = anuauIm (total pressure)

Py = AN a8 Iin (vapor pressure of water)

ﬂ%mmmiﬁgﬂ@@%ﬂu"a’a@m@sﬁbﬁ@hLﬂuﬁmﬁauﬁuﬁuﬁizmwmwwLmﬂﬂguauﬁuﬁ

LEAY C/Cy = 1 AIFNNNT

“,C
e [(=E)ae
0 CLAH @)
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& t, = nmLﬁm_lwhﬁ'uﬂ'%mmﬂﬁg@éﬁ'uﬁﬁﬁzwm
t= nmﬁiﬂumsgm%u
C = anududupastinAunaanvesindiue
Co = anuduTwasihfiandvesfindiue

a

lun3di Li-LSX Lﬁaﬁ’mﬁamwwéﬁmuﬁqmﬁnu 95 °C waryinMIBUNLNIAAININNNTN

u

4 @@ 228 w1 é’oﬁfuﬁaﬁ'lmuﬂ‘%mmmﬂmawé‘amaaﬁﬂui’mgwﬁ'ﬂﬁ 97

] q

an17zn1sazaNnadini 95

. cm® 5 g
air flow rate = ( 4.69— | (60—) (0.001166 )

s min
— 0.328 T2
min g .
Total water adsorbed = (U.UEE ﬁ) (U.SEB ﬂ) (228 min)
Yair min
1.87 gya20

Saturation capacity =
15 gadsarhenr

=0.125 SHZD;gadsarbent

HNANTE I B RN L UNAULTIN mmig}ﬂﬁuﬁwﬁmmlumﬂﬁﬁﬁmi"m%}ﬁ 120 LAz

140 °C Vl,ﬁmﬁoﬁuazu,amﬂ'ﬁﬁgﬂh@ﬁﬂdﬁ 10

an1Izn1sasannadsinil 120 °c

Total water adsorbed = (0.022 gHZO) (0.328 gair) (321 min)

Yair min

Saturation capacity = ——
15 Yadsorbent

= 0.154 gHZO/gadsorbent

AN1IznN1IacANNAIIINA 140 °C

Total water adsorbed = <0.022 gHZO) (0.328 gair) (361 min)

Yair min
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Saturation capacity =

= 2.61 gyzo
2.61 gyoo0

15 Yadsorbent

=0.174 gHZO/gadsorbent

@A139N 10 miﬁﬁmmmﬂ‘%mmﬁ,’]ﬁgﬂg@éﬁ'ﬂ‘lui'a@m@%’uﬂavlaﬁ Li-LSX

ganniilunszan | aNAsuhALYTIIMNY ﬂ‘%mmmsg@fﬁm{ﬁﬁ@ aBNEA
WA g@%’uﬁﬁﬁy’wm (9h20/Gadgsorbent)
°c) (W)
95 228 0.125
120 321 0.154
140 361 0.174

A A

fmwLmﬂwgmaommw%’uﬁﬂui’a@mwﬁ'ﬂuLaqam%%w SAPO-11 ﬂqmﬁ{]ulumiamu

WRIUEN 9Tt 95, 120 uaz 140 °C LLa@alugﬂﬁ 27-30

c/Co
Q
(¥,]
[sw]

00 800 1000

Time / min

P a

3U7 27 nmiwsangvainsgaduihluiagaadu SAPO-11 (20) Namnpiiluduazaw

WRIIUN 95°C
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1.00
0.90
0.80
0.70
0.60
0.50
0.40
0.30

c/co

0.20
0.10
0.00

0 200 400 600 800 1000

Time / min

a a

U7 28 nmiwsangvainsgaduihluisgaadu SAPO-11 (20) Namnpiiluduazaw

Was9mf 120°C

1.00
0.90
0.80
0.70
0.60

S 0.50
0.40
0.30
0.20
0.10
0.00

0 200 400 600 800 1000
Time / min

a a

U7 29 nmiwsangvainsgaduihluizagadyu SAPO-11 (20) Namnpiiluduazan

Wa39uf 140°C
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1.00
0.90
0.80
0.70
0.60
0.50
0.40
0.30
0.20
0.10
0.00

c/co

©95°C ©120°C @ 140°C

0 200 400 600 800 1000

Time / min

]
=}

U7 30 nmiwsangvainsgaduihluizggadu SAPO-11 (20) Namnpiiluduazaw
WAWIWNUANG1INT

nsdwmmlTinaifgngaduluizgaaduluanaaisin SAPO-11 (20) Nivins
srauna U lans 9 lasdwnmnanfisuihiudinnmmigeduimnue

an1Izn1sasannadiIni 95 C

Total water adsorbed = ([} 022 gﬂm) ([} 328 'gw) (404 min)
gl'.?[ii" min
2.915 gia0

Saturation capacity =
15 Yadsorbent

= 0.194 HHZG;gads&rbenE

an1rznIasaNnadi1wi 120 °c

.ga;:-)

Total water adsorbed = (0 023 g””) (0 328247 (360 min)

awr

= 2.716 Gus0
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2.716 G

15 Gadsorbent
=0.181 gHZOxgadsorbsnt

Saturation capacity =

AN1IeN1IacANNAIIINT 140 °C

gaz’r

) (0328
air min
= 2.701 guso

Ir20

Total water adsorbed = (O.B 23 ) (358 min)

2.701 G120

15 Jadsorbent
=0.180 gHEOfgadsorbsnt

Saturation capacity =

a9 11 MadwamnUTnahngnaaduluizggaduluianaaii@n SAPO-11 (20)

qm%gﬁluﬁua:auwaﬁ"smu naRsuYnNUYITINmT ﬂ'%mmmigwﬁ'm{wﬁq@‘éuﬁa
°c) @@%’uﬁﬁﬁv’mm (gH20/gadsorbent)
(W)
95 404 0.194
120 360 0.181
140 358 0.180

AN 19N 12 ﬂ%wﬂmﬁwﬁgﬂ@@%’uiui’&@m@%’uﬁa%ﬁ Li-LSX LL@:I&JL&@EH‘?%W SAPO-11

(20) Ngawnn RN IRzAUNEITUEAI 9L

ﬂ%mmm{’lﬁgﬂgmﬁu (9h20/adsorbent)
95 °C 120 °C 140 °C
Li-LSX 0.125 0.154 0.174
SAPO-11 (20) 0.194 0.181 0.180

-34-



a o

a a 2’ [ . ' a :/ { o £ o
ﬁnﬂNam‘smﬂsmmmmﬂ@@sﬁulma@fﬂa"l,aﬁ Li-LSX W]J’J’]ﬂ‘ill’]m%’]ﬁgﬂ@@‘ﬁﬂ“ﬂ%ﬂﬂ

uU U

qm%gﬁiufua:awwé’oowuI@ﬂﬁqnmn“ﬁiuﬂ'ua:auwé’amuﬁ@‘hrmﬁa 95 °C 2153

uU 9

>

ﬁn‘?‘igﬂ@@%’ﬂ@iﬁ‘ﬁ'a@u,a:ﬂ‘%mmﬁﬁﬁgﬂg@%’uﬁﬂ%mmﬁw%uLfiaLﬁ'wqmwgﬁlum‘sa:au
W omugo%muﬁo 140 °C I(ﬂUﬁﬂ‘%mmﬁﬁﬁgﬂgﬂﬁugoﬁq@ﬁa 0.174 Gi20/Gadsorbent
Tunsasanuthaizgluianaa1i@n SAPO-11 (20) ﬁ@hﬂﬁg@%’ﬂﬁﬁﬁgaﬁq@ﬁqmﬁgﬁlu
MIRTRUNSIUA 95 °OC u,@iﬁqnngjﬁiuﬁuazauwﬁaamﬁgﬁuﬁa 120 Waz 140 °C Fen

\ \ ) AA A S A ) A A
lauandrsnuann lapnfsunaihignaadugsngadia 0.194 guoo/Jagsorwen

3.5.3 msi’mshw5001%mw%’aumnms@lﬂﬁnﬁﬂfﬂalmmﬂwhqmﬂgmuﬁuamu

NRITHAIINTDW

o =) v dl v 5 g’ = % o 6
msmmmﬂsmmmﬁmauwvl,@mﬂmi@@éﬁumlma@mmsﬁﬂ@ﬂﬂﬁuamaﬁﬂiwsVLWa
punnINAsLmBgMRnIRas (T2-T1) uazununanlumigady duaaslugli 32 lay
g: U =) 1 v o a J o v o 1
asfosuudgiwianuioulunsgaduaniianiuauiisgaven v liaansndiuimd
anuaui ldnniiaiaguindunldnamsznivanutuniasudassadunnuuaziig
1umig}wﬁ'u INFNNT

dQ dT
TR PT:

dl dq‘ dl v v 1 I a U 1 A g o dl o
I@mwuwi@lnsﬂmgiﬂ%mmﬂuﬂsmmmwmaugamaﬂimmmemwuﬁlﬂumig]mu

Gauaedlua i 13 uaz 14 usasdgunpiingangaluiue (T2) uazdianmanuiaud
ldannigaduesiag Li-LSX uaz SAPO-11 (20)
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42 -

Temperature f°C

28 - T1 T2 3 T4 15
26 'i' T -T —— e — per %3 -~ £ e - 12 e - ™ ™ ™ T ™ ™ ™ ™ T | s | yaa | ™ 1
0 100 200 300 400 500
Time / min
gﬂﬁ 31 Twﬂ%ls?qmﬁgﬁmaomsgwfvﬁwaﬁa@; Li-LSX ﬁqmwgﬂuiuamwwé’amuﬁ
95 °C
7 .
6 -
5
4]
~ {
F 3.
']
2
1=
0 100 200 300 400 500
Time / min
A [ 3 Aad A &/ . A a & v A
U7 32 Tnslvdgoungiiniinauluiuevas Li-LSX (T2-T1) figaunniluduazaunadanud
95 °C
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42 -

Temperature f°C

28

JU— —T2 —_—T3 — a5
0 100 200 300 400 500 600
Time / min
gﬂﬁ 33 Twﬂ%ls?qmﬁgﬁmaomsgwfvﬁwaﬁa@; Li-LSX ﬁqmﬁgﬁluﬁumawwéﬁmuﬁ
120 °C

T2-TL /°C

0 100 200 300 400 500 600
Time / min

a a

i ad a & . £ o :
U7 34 nslvdgungliniinauluiuevas Li-LSX (T2-T1) figaunnilusuazaunadanud

120 °C
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42 -

il

Temperature f°C
w
NS

30 -
28 T 72 3 T4 15
Ol poratty reosieuy sorens seeees sk Lo suss e weos ey
0 100 200 300 400 500 600 700 800
Time / min

v '
Aa o o a a

Ellﬁ 35 TwﬂWﬁqm%nwaamig}mummaﬁaq Li-LSX ﬂqmﬁguluﬁumawwﬁamuﬁ

U

140 °C

T2-T1 /°C
w s

0 100 200 300 400 500 600 700 800
Time / min

a a

i ad a & . & o :
U7 36 Inslndgmungiinidnauluiueavas Li-LSX (T2-T1) igaunnilusuazaunaanud

140 °C
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Temperature /°C

0 200 400 600 800 1000
Time / min
U 37 Twsvl,wfc?qmmﬁmaamsg@éﬁ'uﬁwaa SAPO-11 (20) Namanp AUl UREFUNAIINY
195 °C
7
6
54
&
2
o4
F 3
2
1
0 200 400 600 800 1000
Time / min

P a

A & ad A £ &
U7 38 Inslndgmungiiniinduluiuauas SAPO-11 (20) (T2-T1) Ngawnillutuazaa

WRIIUN 95 °C
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Temperature /°C
b

28 -

26 T T T T T T T T T T T T T T T T T T T T ™
0 200 400 600 800 1000
Time / min

317 39 TwﬂW&ammwaamsg}mummao SAPO-11 (20) ﬁqmmﬁluﬁuamwwéﬁmu

9 U

2

7120 °C

0 200 400 600 800 1000
Time / min

1
a

A & Aad g A A &
U7 40 Tnslndgungiiniinduluiuavas SAPO-11 (20) (T2-T1) Ngawnilluduazaa

Wa39mA 120 °C
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w
(=2}

Temperature /°C
w
=9

32 1
30 -
28 |
' e T1 e T2 — T3 —— T4 —T5
0 200 400 600 800 1000
Time / min

[
a o o

319 41 TwﬂWﬁammwaamsg}mummao SAPO-11 (20) ﬁqmmﬁluﬁuamwwéﬁmu

9 U

2

71 140 °C

S

T2-T1 /°C
w

0 200 400 600 800 1000
Time / min

1
a

A & Aad g A A &
U7 42 Tnslndgungiiniinduluiuavas SAPO-11 (20) (T2-T1) Ngawnillutuazaa

Wa39uA 140 °C
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A1319N 13 ﬂ’%mmmm{auﬁ"lﬁmnmsgm%’umaﬁa@; Li-LSX

T T
ad A
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qm%gﬁlwﬁgu qmuqﬁﬁtﬁu nanan pann ALY nmﬁﬁ;@d
RERUWAIU go%u‘lum@ ORIV HERE gﬁuﬁmﬁam@ aqmmgﬁgaqaﬁl
(°C) (T2-T1) Twue (T2-T1) | (T3-T1) Wilalua (T3-T1)
°c) (W) °c) (W)
95 6.0 67 1.9 102
120 6.3 73 2.5 200
140 7.0 83 24 283
qmmgﬁlw’ﬁy’u C, anusounwlu | anwusaurinlu
FERUNRIW | (J/g K) Lf:ai'aqgﬂsﬁ'u Lf':ai'a@m@sﬁ'u
°c) V) (kJ/kg)
95 1.263 109.90 7.327
120 1.279 115.09 7.673
140 1.274 124.25 8.283




@139 14 ﬂ’%mmmm{auﬁ"lﬁmnmsgm%’umaﬁa@; SAPO-11 (20)

43-

qm%gﬁlwﬁgu qmuqﬁﬁtﬁu nanan qmﬁgﬁﬁlﬂlu nmﬁﬁ;@d
RERUWAIU go%ulmm ORIV HERE ga%w?imﬁam@ qmmgﬁg&q@ﬁ
(°C) (T2-T1) Twua (T2-T1) | (T3-T1) Wilalua (T3-T1)
°c) (W) °c) (W)

95 5.7 50 2.6 133

120 6.0 35 2.7 216

140 6.6 50 3.2 250
gampiludu | C, anusounwlu | anwusauriulu
FERUNRIB | (J/g K) Lf:ai'aqgﬂsﬁ'u Lf':ai'a@m@sﬁ'u
°c) V) (kJ/kg)

95 1.093 86.92 5.795

120 1.090 86.65 5777

140 1.079 85.77 5.718




4. @5duan1snaany

MIFIATNLAT Lo lad Low-Silica-X (LSX) laslfunas8anmannunaudinasnIsaianzi
Taqlutanaaidnwdalnagdlunasmina SAPO-11 mwsndiaTedldluanzinanzas
fadlalad LSX HasdUsznauvadlaanddasnyyt 1 Sio, : 0.45 AlLO, : 0.75 K,0 : 2.5

Na,O : 55.45 H,0 ¥inn131xN 70 °C 3 T2lusuazanuani 93 °C 1iutaan 4 12lud
fWILIRG SAPO-11 RIATILA LA 098 Usenau e NFILATIZR 0.1 SIO, : 1 ALO; : 1
P,Os : 1 DPA : 40 H,0 lasfiaaaiulasluavas (A+P)/Si = 20 iNn3a9taTzdN 210

°c 1 24 Tlad I@mz"lﬁi’mﬁﬁmmLﬂuimowﬁﬂga

q

Wardlalad Lsx sndauaslassairala ﬂn’m,l,amﬂ‘é"auﬂszﬁﬂuiﬂnai”wﬁy'u@wﬁa
Na/K AU Na, Li, Ca uaz Mg uazinlinagaunisanasusinlasdinisiasnz¥inig
WasuLYaIAu3Ta w9813 WU Li-LSX lﬁ@hwé’aamﬂ’nu%augaﬁqwlumﬁwaa%
Iﬂaﬁ%ﬁwfﬁmﬂamﬁﬁﬂs:fg 1+ U89 Na Wag Li lﬁmwé’amumm%’auﬁgan’jﬁé%'lavlaﬁﬁ
lalanzizy 2+ 284 Ca uaz Mg I@yﬁ"avl,ﬂ%'lavl,a@Tﬁﬁ@ﬁlﬁmm'}ﬁauﬁmaqmﬂgmu
msmﬂﬁﬁ'ﬂﬁﬂ’?ﬁﬂumoqmﬁgﬁﬁaaﬁa 400 °C #m3uTag SAPO-11 ldvinsaaudlas
Tassadmedtmadaoundsunm si lulassadslasmnuagasiulasluaues (A+PYS
= infinite, 20, 4, 1.33 uaz 1 S9azfinalasAugiudersunmgaiashsfiansalulassat
NMIIeEAMI s nula9aanuSaueIs1s WU SAPO-11 fden (Al+P)/Si = 20
1ﬁmw§'\mumm4§au§aﬁq@ Tasfinundslsumdanewlulassairobodaunn wassn
anufoudiladumliuanas LLa:ﬁm%'ui'a@ﬁvl,ajvlﬁ'Ld%ﬁﬂamaﬂ wW3oR (A+P)/Si = infinite

ﬁiﬁﬁmmu%@ugmm%uﬁ'u I@Uﬁ'ﬂﬂi’a@g SAPO-11 Iﬁmmwﬁauﬁ"ﬁmqmwgﬁlumi

] ]
1 A

o A ' ) ad o P Y A ' Ay &
‘ﬂ’]ﬂsﬁ‘UﬂLLﬂ‘ULLazagluﬁ?ﬂqm%ﬁwﬂ@qﬂquuaLﬂUUﬂU LSX ﬂaluﬁ’lﬂqm%ﬁwﬂaqﬂﬂ 200

o

C

ﬂ’lsmaaumigmﬁuﬁﬂuﬁagm%’wﬁ@ﬂﬂbﬁmmm Li-LSX uaz SAPO-11 ((Al+P)/Si =

20) lagvhnsAnwdsiadugunnlusunisazaunasanui 95, 120 uaz 140 °C 1ilwa
@iaﬂ‘%mmmmwﬁ'vmaaﬁnLLaz@hwé’amumm%auﬁiﬁmni’aqashavl,i INMNNNINAFOY
) . o o & ' o o A & A A a
WU Li-LSX 1%@’mw<g]mumLLazﬂaaUwaao’mmmmmwumﬂmumaquqm%{}ulu

& s ' AadR ] [ a o s [
mummzauwaamuiumaqmﬁguwﬂﬂm LmlumoﬂMﬂummma@; SAPO-11
((AI+P)/Si = 20) mmsn@@%’uﬁmazﬂdaﬂwé'ad’mmm%auvlﬁal,ﬁwLﬁwﬁulunﬂqmﬁgﬁ
& [ . AaaR A v, o o o
°11awummzauwmmﬂumdqmvxgmﬂﬂm Taof Li-LSX ‘L%mms@@ﬁmm’tﬂmaai’m
0.174 gH,0/g zeolite AuTaugIgaf lada 8.28 kikg (NURATTUNIRZAUNAIIUT

140 °C) uaz SAPO-11 dnmigaduiinga 0.194 gH,0/g molecular sieve wazlianuian

[
o

5980 5.80 kJ/kg (Mgmnnfizuszaunasauil 95 °C) vlkinnmutinisldnuesiag
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ANNTAUNRUIZRNNULRRIRERUNAINUANNT U

5. ValAnalWsEIRI LI anIAG

e lwouwiseldonulaase msﬁmuﬁ%’miamawimmm%mmm%aﬁa LT g@lﬁwé’f\mu
anusaula ﬂ%m‘%aoLLaﬂLﬂ‘é‘iﬂum']wi”auﬁwmmi"aumﬂi'a@m@sﬁ'uaaﬂmlﬁ}" ﬂg(ﬂlﬁaﬁau
wazgalianuin Foldnanmsldanudnainnissane lagaraindanuinisely
F13FNTTNLASaINS wonINTLRam 1T lda3 msﬁmiﬁﬂmmiﬁ%mezﬁi'a@g
aadulwlaludSanman Lﬁaﬁ]z"l@ﬂaj@TaaﬁnLﬁﬁiﬁ@mwﬁ'umn@mﬂs:mﬂ
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Output 31nlassn13eilasunuwan ana.
1. WanUARNHluNIN AT IMIWINT& (:2yTerud Tal3as TaIens I

3 A A v A A o
LU LAUN LATHAW) VﬁE]Nﬂd’]u@l’]&l“ﬂ@ﬂ@]vl,’ﬂ%ﬂmufy'ﬂﬂidﬂ'ﬁ

HANUARNIW WINPT M IRINTIAN @ Fludu i lasans masdiiunn
\8% manuscript WNBARNALAzZATALARNITUTINIIENT WananuldTunIney

@

)Y

2. mawanwiIse lulsdse lamd

- @AM @AM InewnM IS aunMIsawa NI lna)
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