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Abstract

Coal fly ash can be used as a main raw material for the synthesis of zeolites
like molecular sieve type which is widely employed in the ethanol purification unit. The
synthesis begins with the pretreatment of the raw materials to remove some major
impurities, e.g., Fe,03, TiO,, MgO, Ca0, K,O and SOj. This is achieved through the
use of 20% wt hydrochloric acid to wash the fly ash for 2 hours at 80°C (acid washing
step). Then the pretreated fly ash enters the fusion reactor which converts fly ash to
zeolite at the fusion temperature of 550°C with NaOH/CFA mass ratio of 2.25, Si/Al
molar ratio of 4/6. The Si/Al ratio is adjusted by adding Al,O; to the pretreated raw
material. The fusion product is further crystallized at 80°C for 4 h where Zeolite type A
is obtained with the yield in the range of 63-73%. This zeolite has a higher water
adsorption capacity than that of the commercial grade molecular sieve. Under ten
adsorption testing cycles at 85°C, high ethanol purity (99%) can still be achieved without
the deactivation observed. For the pilot scale production, Zeolite in the phase of sodium
aluminum silicate hydrate is synthesized in the reactor volume of 100L, each batch with
2 kg of CFA. This gives the yield in the range of 71-74%. Regarding the water
adsorption performance, the synthesized zeolite by this pilot apparatus provides lower
adsorption performance than the commercial grade molecular sieve. However, an
economic analysis demonstrates that the total expense per batch of zeolite synthesized
by pilot scale is relatively low when compared with commercial grade molecular sieve

cost.
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2.2 amumwmﬂfu‘[aﬁn'ﬁ@m%’uﬁmazm'\aﬁm

FLuﬁaaagﬁ'um:mumiﬁﬁ'@‘L’EﬁﬁmaﬂaLLi_iqaaﬂL‘ﬂu 2 3% da nsbivaanadn
QAL LLazmﬂfmaaLLﬁaLﬂuﬁ’J@Wffu (Absorption by liquid desiccants LLa2 Adsorption
by solid desiccants) ﬁﬁ%§umadL%aiﬁ1f@@%U18${ﬁ @un Calcium chloride, Lithium
chloride L8z Glycols d’mé”aga%’uﬁLﬂumaduﬁaﬁﬁwﬁuﬁmmﬁ@ LT Silica  gel,
Molecular sieve, Activated alumina L8 Activated carbon Lfiavl,sjmumf:ﬁmiﬁﬂﬁﬁ
LaﬁsmLﬁﬂﬂé”;@@%ﬂﬁlﬂumamﬁa 3 wil@ Ao Silica gel, Alumina LLa2 Molecular sieve [19]

I@ﬂﬁag@%’uﬁﬁwmﬁﬂmLL@iawﬁﬂﬁqmawﬂ'@mﬂmwé’aﬁ

P ~ a wa o o 2
19379N 2.5 ﬂ’]iLﬂi&lULﬂUUﬂMﬁ&lU@m’]Elﬂ’]W“Ilﬂd@l’)(g}WmJu’] [19]

Property Silica gel Alumina | Molecular sieves (4A to 5A)
Surface area (m2/g) 750-830 210 650-800
Pore volume (cm/g) 0.40-0.45 0.21 0.27
Pore diameter (A) 21-23 26 Cavities 11.4A in dia. With

circular openings 4.2A in dia.

Bulk density (kg/m’) 721 801-881 689-721
App. Specific gravity 1.2 1.6 1.1
Specific heat (kJ/kg "C) 0.92 0.2-4 0.2

N A = o A, Y o ° o ¥
auauiamabduditonilddeaduds 9 mansadanlslunsgadulei

A = A o 'Y , A ! . I o o Aa A A
WauSpuifisudigaduudazrianudr Aumina  iludgaduniinaigniigaudd

dnumwlunsgadudvilddasainimegaduniizwalnglunsgeduloindaidunis

'
o A

A ¥ o o 6 . < o a
LNNAUY U mmuiwl,agaﬁéﬁw (Molecular sieve) Lﬂummsﬁuwwmmmmmlumig@

U
eﬁ'uvlaﬁﬁvl,ﬁmﬂLL@iﬁﬁﬁmgammﬁuﬁu ?J'ﬂ‘ﬁ'oEJ'&@Taal"ﬁqmﬁgﬁﬁgﬂumiﬂmﬂamwLﬁm‘iﬂ
6 o Y 1 s g Aan v - & a a A
luanari@nnauanldlndedin ludiwvasdigaduiaadam (Siica gel) uniiszdninn
dl % :’ - P=} a 6a g: a £ nni c; d%’ o
m:g@mﬂamgﬂmmuL@mmimagmww mmhﬁqm%gmmlunwsﬂuwuamwm
NaUNN M i w98 a NIz sy
1 a a W@ dl s a Q/ Qo :/ g; = a
luaaumaaﬂﬁﬁmamumljaamﬂiuiammma@lmg]mumuu Tuil 1962 1US#N
Union Carbide 'ladinsaa&ndias (US.3024867) (589 Drying of natural gas by
adsorption T@ﬂﬁmﬂﬂ%ﬂuLﬁﬂuﬁag@ﬁj’uwmUﬂjﬁ@LLazwudﬂﬁa@Wﬁ'uﬁﬁﬂix?{'ﬂ%mw
gagalunisgaduletiife Zeolite type 4A dauluil 2007 “uUIHM Praxair Technology,

Y o Aa A v a . . . = a o 2/ v
Inc. vL@W]’]ﬂ’]T‘i]@ﬁﬂﬁiJ@]'ﬂ%ﬂ']iNa@l Silicon dioxide LL&ZI&ILQQG’]%“EW md@ﬁ@@‘ﬁﬂ%ﬂ‘l(ﬂﬁ
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PA

v
NI
U

Zeolites:Molecular sieve 3A
Zeolites:Molecular sieve 4A
Zeolites:Molecular sieve 5A

Zeolites:Molecular sieve 13X

UOP:Changxing Molecular Sieves Group

Molecular sieve:ZEOCHEM® Z10-01
Silica gel 720

ZEOCHEM

Grades of AC:GL-80
Grades of AC:VP-50

CARBOCHEM CORP.

Grade 13X Molecular sieve

Sphinx Adsorbents, Inc.

v

u3sEn UOP lugnialutapaidnnelng lauaaluapanidn aoldanis

2

LY ™ . = ) ia & o
M3¢31 MOLSIV "~ Molecular Sieves @afiannuaunsalunigaduasniizeieg 1d

LT 30 LInwan  balasiaudalle  e1suawleaanlad  svUsznauivasualuen

wawlaiily alaun@n wazilvan lag Molecular sieve type 4A vasu3ENIdudgadunly

E%m%'umig}Wﬁ'uvl,aﬁ’m’mmsvlaimﬂﬁuau MadaegaduVaILTEN UOP AILFAI L

5U7 2.1
U

31#i 2.1 MOLSIV™ Molecular Sieves 5891310 UOP
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uanaﬁﬂﬁfuluﬂagﬁuu%ﬁ'ﬂ Zeochem Vlvﬁ”wamé’agm%’uﬁﬁ%amamiﬁﬁw

ZEOCHEM"Z4-04 waz ZEOCHEM®Z10-01 Lﬁa@@%ﬂaﬁwmﬁwﬁﬁuma FIULITEN
Changxing Molecular Sieves 28915 AIU [GNAA molecular sieve 4A %ammml‘*ﬁ’lﬂu
é’agﬂsﬁ'ﬂaﬁﬂ@Uﬁqmawﬂ'@é’mamlumswﬁ 2.7 La*UTHN QIYUAN MARK  a7n
Uszinadn WWRan st molecular sieve 4A G’fﬁmmsnﬁw"lﬂl%’lumig}Wfi'uvl,aﬁwmnﬁw
YNNG e I@ﬂqmawﬂamaaé’u@@%’uﬁu’%ﬁ'ﬂﬁandnﬁﬁaLLa@ﬂumﬁaﬁ 2.8

Tutl 2002 NATCO GROUP la@Annunauluinsans Solid adsorbent System
L%Ia\‘i Achieve Maximum Dehydration, Liquids Recovery or Sweetening lasvinny

WisuiisuldeanTnwueIdQaduLlaadam wandnianezglvi (Activated alumina)

ana vy A

6 1 a A Aa ' & A < a ' o 1
LL&zINLaQa'}?ﬁW N Lﬁ]asﬁﬁﬂﬁuﬂ§$ﬁﬂ’ﬁﬂﬁw7]@ﬂ’]']LLi’]ﬂ(ﬂL']V]L@W]ﬂzﬁ&lu'] LL@I@]']ﬂ'J']I&ILﬂT;I

=

5T I@Uﬁﬁ;@mmmuagﬂ -100°F ahuiuLagaﬁ%Wmmm@Wﬁ'ﬂaﬁﬂ Taglwinani

aa v &
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d?/ 6 & v ¥ Ad 1 v o g & Aa [+ a
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v 1
o

@, a a a o | @ o Aa \ oA o A ! %
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q
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I L e Cll 1 L o A dl 1
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A19197 2.7 AFULA molecular sieve 4A 189138 Changxing Molecular Sieves

ltem unit bead pellet

Diameter mm ]2.0-3.0 |3.0-5.0 0.5-1.0 (1.6 |3.2

Water absorptivity >mg/g 1210 210 210 210 210

Methanol absorptivity [>% 16 16 16 16 16
Bulk density >g/ml 0.69 0.69 0.70 0.66 |0.66
Crushing strength >n/p |30 80 8 30 |45
Abrasion <% 0.2 0.2 0.2 0.2 |0.2

Package moisture <% 1.5 1.5 1.5 1.5 |1.5
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@13197 2.9 dazianvasluana i@ (Molecular sieve) Ninsdwihelwdawdizd

Nominal Bulk
Water Molecules
Basic pore density of Molecules
capacity, adsorbed Typical applications
type diameter, pellets, excluded
(%/wt) (typical)
Angstorns Ib/cu ft
Dehydration of
Ethane and
3A 3 47 20 H,O,NH; unsaturated
larger
hydrocarbons
Static desiccant in
H,S,CO,S refrigeration
Propane and
4A 4 45 22 0,,C,H,, applications, drying
larger
C,He C3He, saturated
hydrocarbons
Isocompoun
Separates n-paraffins
ds, 4 carbon
5A 5 43 21.5 nCgH,OH from branched and
rings and
cyclic hydrocarbons
larger
di-n-propyl | (C4F¢)sN and | Co-adsorption of
13X 10 38 28.5
amine larger water H,S and CO,

1) Bulk density for pellets

2) Lb of water/10 Ib of activated adsorbent at 17.5 mm Hg partial pressure and 25 oC, adsorbents in

pellet form

3) Each type adsorbs listed compounds plus those of all preceding types data from UOP (1990)
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unn 3

n1INAaay

31 ’ffaq (Materials)

3.1.1 'E'aquazmsmﬁ@ha ¢) (Chemicals and materials)

LENaauTIWAK (Coal fly ash)

lmasnlaasanlod (NaOH)

lauia (Glass wool)

n3alalasaaasn (HCI), n3agaa3n (H,S0,), NIaa3n (HNO,)

ihisaannleaan (Deionized water)

3.1.2 qﬂn*mﬁ (Apparatus)

\@39lRANNTa (Hot plate)
L@1au (Oven)
LAWY (Furnace)

a [
waslufiiaas (Thermometer)
nyza1wnIad (Filter paper)

Lﬂ%@dﬂiaumuq@mﬁmﬂ (Vacuum filtration apparatus)

3.2 1a5asiadaIzi

3.2.1 1@509 X-Ray Fluorescence (XRF, PW2400 PHILIPS Natherlands)

aTzRaInlTznaumILai aaLﬁ”maULLa:%IaVLaﬂsJLaQaﬁ%Waﬁﬁ RILATIZN L@ L9

NN 9

3.2.2 1A%89 X-Ray Diffraction (XRD, X’Pert MPD PHILIPS Netherlands)

a v a Af wa
’JLﬂi’]Z‘lﬂﬂidﬁi’N‘U awﬁn, ﬂ’J’]ﬁJ‘]JiE‘qT‘YI‘ﬁ LLa:qmmw ANINENINLAZNLA VDD

e 1A o ' ] =< . PN = \
Iavl,avﬂuLagmisﬁ%lﬂmLmﬁwwlﬁiluam’szmd 9 ‘ﬁxﬂ,uwaﬂLL@IQ?’H%@H&N"E%WW’UQG%%QEl

LTAR LN ez NaUa8 s INLANETIN b



17

3.2.3 L@389 BET Surface Analyzer (Quantachrome Instruments, model NOVA 2200e)
UATITANUNET (Surface area) WazIUWIALBIINTY (Pore size) vasdlalariluian

AMTTNNFILATIZA L6 lan1Iz6ns o

3.2.4Lﬂ%§)\‘] Karl Fischer (METTLER TOLEDO 870 KF Titrino plus)
aTzRUIN N (Moisture content) ﬁagﬂmamuaa lagmslasiamane
aIazang laladuluunuea Sawnaslasanlse (Sulfur Dioxide) waz Tws@n (Pyridine)

laglalofuazyindfAsonnusi avHnsentneseasd
2 H,0 + SO, + I, = H,SO, + 2 HI 2.1)
3.3 35n3aiuns

a 6 6 v
3.3.1 AAsziavalsznavutanaay
LAUANE Ei’]x‘iLfﬁE‘]E]El’%ﬁﬂiid\‘]’]uﬂq@]ﬁ’]ﬁﬂiill Lazrinn1T Lﬂi’?z‘ﬁ(ﬁ’] aaﬁﬂs:ﬂaw 29LIN

NOUAINANIAILLAIDI XRF

v

3.3.2 wdsanintnnaag

= (Y v A )

anvntzurnnswdssnwiansaslaglinszuiwmIiiTe  waznszuInnslalas
wnasuaanan1IznIinud 9 (@mnnll, anwaw wazziievasmnduudsnls) e
WIsuieuTafuastalFauaIudasnIZUIBNNT Imﬂ'u@aumnmiamwLﬁmammmé’agﬂ
P a & A £ wn ~ e 1A a o
7 3.1 waddanzianunigniuszmautananmoninusziadvasluapaidninaa le
@I8LATaY XRD War XRF L‘ﬁaLﬂ%ﬂuLﬁﬂ‘uﬁ'ﬂwLagaﬁ%wmﬁmzﬁuaq@mvsmiw Tay
AN 3.1 URAINAILATIZHENIULATEY XRD ua: XRF madeLagaﬁ%wmﬁm:é’u

Q(ﬂﬁ’]%ﬂ‘ﬁ&l

3.3.3 nagauamaNA lunsaaturizaslalan
=4 o [ 2’ 6 A a o
anmdnsmwlunigaduineanainiemueazasluianaifniuga ldnani:
1 = ~ o 6 A s o [
199 uazilSpufisuiuluananianalsluszduaamnnsu lashmssfeszuunasey
WUULLATY (Packed Bed) Tanfivaanuuuszuuilamamuaauazszuuianzidsunaing
a [T ? A [l A v = .
panniua lagdienzitiinasihfagluamueaieananiuadisiaiad Karl Fischer

LLamé'agﬂﬁ 3.2
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3.3.3 STULABLULY
v‘hmiaanu,uuLLa:a%Ni:uuwﬁmé’agw%’uaﬁwmﬂiuLagmi‘%mﬂmﬁwaamﬁ"aslfﬁ
ﬂiﬂﬂmﬂmzﬁuq@m%mw I@mzuuﬂ%’uﬂ;@qmmwLﬁﬁaaUﬁaumsLLﬂmmwuamﬁdgﬂ
33 LLazgﬁJﬁ 3.4 LLazﬁ'\‘iﬂﬁmtﬂLLﬂiamwLﬁwaaU@Taﬂﬂ‘s:mumiﬂafuuaméﬁgﬂﬁ 3.5
mnfu‘%wﬁLﬁumsmaaumﬁmiwLagaﬁ%ﬂmm:uuﬁmmué’aﬂdn Fatuaaunsuly
ammﬁwaammmé’agﬂﬁ 3.1 lapanizdng g Altlumsudsanimidisesdioszuy
éTmmua;ﬂ"LeTé’ammqﬁ 3.2 LLa:ﬁﬂmqmauﬁ'@mamUmwLLazmﬁmauImaQaﬁ%WﬁNﬁ@
Ifee1a389 XRD Wwas XRF s'swﬁv’aﬁﬂmﬁ'ﬂslmwsl,umsgaﬁuﬁﬂaaﬂmmamuaaﬁ’ssl

@384 Karl Fischer oﬁ"m,mméfagﬂﬁ 3.2

A13191 3.1 HAILATIERAILATEI XRD Uaz XRF °l|QGIEJLﬂgﬂ?%%ﬂﬁlﬁ%izﬁﬂQ@]ﬁ’ﬁﬁﬂiiu

asalsznaunieiad Tmagm%%ﬂﬁ‘hﬂmzﬁuqma'mnssu
(“%laasinmiin)
Na,0 7.77
Si02 49.30
ALO, 27.69
Fe,O, 2.58
MgO 251
Ca0 5.04
K,0 5.12
%aﬂ'mmﬁ Sodium aluminum silicate hydrate
gaIN19LAl NaggAlgsSigsO3s4°216H,0
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AN9191 3.2 §1126n9 9 lumsudsrnniENaasa8IzULAWLUL (Pilot plant scale)

Reactor

High density polyethylene (HDPE) reactor 433163 100 8a13

Materials

ITaauTudAY 2 Alansw

CFA Pre-treatment

HCI 5-20% lagiinmein, 80°C, 2 2 las

Parameters 1. N2V IANIT : NaOH/CFA=2.25lasna, Si/Al = 4/6laslua,
550°C, 1 T2la9
2. nezvaumslalasinaiues : ganniivas, 12 B2 la4
3. NITUIUMIANKAN : 80°C, 4 Tl
Filtration ﬂsaoLwﬂﬁqm%gﬁﬁaﬂ@ﬂfmzmwﬂsm
Washing fedeihaunszmaddrnnudunsens 10-11

Waste water

1. ﬁwnwmnm:mumsﬂ%’uﬂgoqmmwLﬁwaaﬂmm‘mﬁﬂﬂé’uml"ﬁ

2. ﬁnL‘émmﬂm:mumsﬁ’mLﬁwaaﬂluifu@auqmﬁm 12-15 8AY
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Treatment Step CFA
20g
500ml 450ml
Reactor R-01
0 > >
HCI 20%wt 300 rpm, T=80°C, 2Hr HCI 20%wt
Slurry of sample 3.05L
v DI Water+HCI
3L . Reactor R-02
DI Water " Wash until pH=7
109, CFA Loss
A\ 4
Oven Dry at 105°C, Overnight
10g of dry sample
Mixing Step 22.5¢ | N W g
NaOH » Reactor R-03 » Samble Loss
CFA:NaOH=1:2.25. (32.5-W) g of sample
Fusion Ste . 200 L/min L
P AIR 200 L/min| Reactor R-04 AR
T=550°C. 1Hr X9
» Samnle Loss
Grinding Step v 32.50-Wg-Xg = 7g of sample
Reactor R-03 |__ Y9 o <
» Samnle Loss
Aging Step v(7-Y) g of sample
150ml Reactor R-05
DI Water 300 rom at Room Temnp. 12Hr
Crystallization Step ¥
Reactor R-05 | T=80°C. 4Hr
q 1 L \4 -
Washing Step ol Water Pt Reactor R.02 1.15 DI Water
Wash until pH=10 | Zg | Samole Loss
Drying Ste -
ying tep Oven Drv at 105°C. Overniaht
54
A 4
Zeolite
Note : W = Sample loss from mixing step (g) X = Sample loss from fusion step (g)
Y = Sample loss from grinding step (g) Z = Sample loss from washing step (g)

37 3.1 nszuaunsudsanwiiaay



n b n
KG?@H@@@ Fr\m\rﬂ\mwg@wrcﬁﬁg_ﬁ@éGﬂ@ﬁ@gwrcﬁHﬂﬁaw A K._._ww

wonnjos [ouwey) g I2SUAPUO))
1pnpoad ajdmexy

e

WOZ WONIEIY

HUuE) US0.LIN] Jojerodesry

Jao.nuod arnjetradoma

OO

J3)atn mof

aun] ajdnodonLiaf

1¢



22

wmasluaiiila
Tunan

\ £ O O

' Lﬂ%aamquqmﬂnu

U

qﬂmtﬂﬁmm%"au

LNWNTDY

:—Q’ ﬁ'\mﬁ@msmﬁ

'| } Jalad

311 3.3 Schematic diagram 2843 ULAULULNIELIBMN LTI 9NN RBEENTS

nawn1ILUI’AINW (Acid-washing pretreatment)
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5N 3.4 i:m.léTuLLuumzmumiﬂ%'uﬂ;oqmmwLﬁmaﬂﬁaummﬂmmw (Acid-

washing pretreatment)

dl v v ¥ al QI/
Ell‘ﬂ 3.5 STUUAULUUNTZUIWMILUIRATNIDNRUAIUNTELIWANTAITY
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uNn 4

AAaNIINAaag

a ' 3 %
4.1 A3 zviosndIznauvasinany

ﬁu%%’ﬂﬁ%’uagmﬁ:ﬁlﬁmam’mu’%ﬁw fuaasuldinihilas $1na \udlszdmn
LAt AILG LAaWIWINAN 1) 2553 WD LAAUTUINAN I 2554 LNAANENDINAUDIAIN
LANAIIVDILONNDLFDNANITAL I I@zlLﬁmazm'auﬁ'mﬁmhamwmeé’dgﬂﬁ 4.1
LazHAIATIERadAlTznaundelvadtaasluusazfaneiuLaTay XRF LEAIAIAIIY
N 41 udnladiesddiznovraaiassdiwlnguwin S0, ALO; Uz Fe,0;
wanNBUSINIAlIznaudn g BnReantas 13w Cao, Mgo, K,0 uag TiO, tudn
A o = & o A An v A =< v =
iasnnuiaasiissdlsznaunanfessdsznaudamuazezgiivh eI 0l n
> a g: U Qs =) £ 1 £ = o et A 1 di
'mq@um@ulumimLmﬂ:Wﬁ‘[aVLaﬁ’"L@ LAAIIABITNIIINAaaNT ot waan lAawliNe
QI =) Q{ aAa Y = 1 v o U {
wammmqmmaqmiﬂi:ﬂaueﬁamLLa:azﬁumluLmaaﬂ 299RNNIDINLERB LN

a :fd“VL & Y o & eala a L4 X
ﬂ’J’]ﬂJUiqﬂﬁu ﬂLﬂua’]i@N@]uluﬂ']ia@ Lﬂi’]zWIiIE]vLaﬂYlSJﬂ’J’laJiJiqﬂﬁﬂgwu

4.2 nsuilsaniwianans
% d' 2 U a 5 = 6 n' A 1 % =S o
LNRDUN LAANNMTNY AN TN UAR LT 9ATena UV aIRIF o U waA o ua 901N 390237
msﬂ%’uﬂ‘gmmmmﬁmaﬂﬁaﬂmiﬁw?wL%aﬂuluLﬁwaaﬂaaﬂﬁaam@ﬁaw‘hmmﬂi
o A v a o e |Aa A £ & A
FNIWLENRDE Lwal%“lﬂNa@nmsﬂuLagmianWmemqwﬁgwu WBIINNIARINITD

Aaaa a

uisenulanzusrienduesddsznavifaluluidiaes 1w Fe, Mg, uaz Ca 1ilu
dw  nlwlainaavadlansnanuiInazansinle 61’3ym@!ﬁmiﬁﬂuﬁﬁaaﬂﬁaﬂﬂm%ﬁogn
NonwInduisnidssfansawlunsidedsletuwaanandnaas [20-21]
Nwdspitldinaesndssensaiindng § (H,SO,, HNO; uaz HCl) il
T 20%lassinntn 10wian 2 Tl Ngmnnil 80°C lasgaaIwpaIiINIAG oL
faufa 5-25 UaAAAIVAIUINIAGE 1 NINVAILENRAEY Lﬁaﬂ%'uﬂqaqmmwmauﬁ’maﬂﬁﬁ
a AE‘ J 1 dl o v < a 6 v Q 1 I
@mumqmmﬂmuﬂaum:mmmﬂmmwLmaamﬂwﬂa"[a‘n Tagaaslsuaranatin
NIAANIVAILTNAINAIINANITNRaLasnIalaslTin DI avaunTensatanuidnnia
1 ] 1 d' & =} g’ =3 o £ Qs 1 v ni a
maaglumamﬂunma Az 6-8 mﬂumamLmaaﬂmﬂmavl,ﬂammmqmﬂnuu
105°C  1fwnatnuAunIatszinns 12 Tlug  wadsnnnuIsintaauaIna Nl
annlagiiaessnuanaunulodeylaasenlad (NaOH) mosadIu 2.25 N3NV
Tmaoulaatanlodda 1 nsuvadtieay  wadtiad N LNaLlIgsN NI aaade
m:mumsﬂa%’uﬁqmwgﬁ 550°C 191281 1 T2lN9 3NNIUINLT 8 AL TRNIWLRAN
nszuaunslalasnasvaalasmsi@uiin DI adklUSunas 10 §a8807 wastiwniueae

ANULSY 300 iaueiauwﬁﬂqmwgﬁﬁauﬂunm 12 Tl IMNBWINNFITAZAILAINE
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mmﬂwﬁnﬁqmﬂgﬁ 80°C 1w 4 T2l UaTINENIRZALRINENININTBIURLEIINE
W DI aunsaddienudunsasnsdsanm 10-11  anuusaihdedelenuii
gunn® 105°C iwnantwduniotszanm 12 T2l uazshwaas s nganTed Ll
’3Lmﬁ:ﬁqmauﬁamamamwLLa:LﬂﬁmaQIwLagawﬁ?ﬁ%'Wﬁwam"l,ﬁoﬁ”umﬂ’%'aa XRD waz XRF

FIUNIANBNAN szwlumingfuﬁ’laaﬂmﬂLa‘muaa

4.2.1 wavasmslinsasfiadns 9 lumsaaiassiaunszuiwnmsudsanIw
NANTILATIZAN LANLATAY XRD WAz XRF UAAIAIIUANTINN 4.2 92LA% a1
& = Aa o & o 2 o o o e
asftizneuiiatuniiaglwdaesuugnaveenlulasnia  Gehldmannduanz#a

(4:{':! a c&f 4:3/ (3 :l'sv U a ] 3; d'
Iavl,aﬂmmmmqmgamﬂmu Tagitnaasnavaisnialalasaaasnnioun  tHauils
& =) 6 £ =1 a a( ni d! 1 £ d'tv % “ A a
snwidudlalariudiazlinnuuigniuniniige  Sannndudmesidsdisnsadailain
LRZNIA MAGSN AU WRZAINNAIINNITILATITAGILLATEI XRD URaIlALARINENT
@TaamaﬁmmﬁfmﬁaLLﬂsamwLLﬁaa:VL@TLfJu%IavLaﬁﬁagjﬂmﬂaﬂsm‘n Sodium aluminum
silicate hydrate (Nag[AISiO,Js*4H,0) N9uaA LlasdHa e (vield) vasdlalaringsanzi
I@leaivl,ﬁmum:mumiﬁwﬁaﬂmmzﬁmgoﬁo 72% wazdlalaiNEIwnIzUIwI1IRN9
MIUNIAUBWIZH AR LA 22-34% LﬁaammﬂadLﬁaﬂuﬁﬁagiuLﬁwaaﬂﬁugﬂﬁnaaﬂ"Lﬂﬁau
vnsudssnmwitnaas luamendla laringoaed lolas i wn s uiwn1IaeeanIe

& Aa A ]
uuﬁlzwadwaﬂuu'}ﬂﬂ’n

4.2.2 HAT2INMINUNINIAN TN INa 088N IZUIBNILUTFAIWAS LN LN

NANTILATIZAN LANLATaY XRD WAz XRF LAAIAIIUANTINN 4.3 92LA% eI
insanlrlunsanatnaasnawnaz il a0 g LU TRNINAIUNTZLIWNNT NI T4
susnvnaunnlEE lasluninasaui lavinnImaraumsliFdisiwin 4 a3 lagd
:’ £ A o v a A v val & A a €d' v
insagsaiananwlunisavisfatuaananiiaeslaaedy  uazdlalarinlaain
n’mmmmwLﬁﬁaaﬂﬁmumsé’wﬁ'sﬂﬂmm%&ﬁwﬁm:agluLWamm Sodium  aluminum
silicate hydrate (Nag[AISiO4Js*4H,0) N9nua lasdna lawaidlalaringaasnzs laaziian
18-31% uamyinsansunnlfluitazaasindsuls lausunasuazanuutulugan
Anuald hasandsunasvasinniaazwngliszanm 10% lulwaawniinsasuwanion

4 A A o o A o o A o I

sapaanaInInIaNaNazsintaauNnIad e inTansiNalsusmwa N wnsa
dalvtdunansdalyl
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| éhadel fagnef
asalsznaumatad Aoy 1 fagnef 2 3 fagnef 4

(%owt) (Yowt) (Y%owt) (%owt) (Y%owt)
Na,O 3.82 11.62 12.46 14.19 21.913
Sio, 37.76 31.48 27.04 20.02 41.372
AI203 17.58 16.26 15 15.12 23.853
Fe O, 13.2 17.56 37.24 39.09 4.849
TiO, 2.83 1.85 4.18 6.47 4.694

MgO 3.1 2.69 - - -
CaO 15.24 18.23 2.81 1.86 1.472
K,O 3.93 3.93 0.33 0.71 0.242

SO, 2.06 2.06 - - -
NiO - 0.3 0.67 0.7 0.169

SrO 0.47 0.02 - - -
zZro, 3.82 11.62 0.26 0.46 0.252

NIANIZIBN1TaN9LaN - HNO3
Aoy - HoSO4 HCl

AA LA (%) - 72.05 32.997 34.363 22.755
Fuiaa (mg) 58.3 226.11 139 261.44
Fanoad SAS. SAS. SAS. SAS.
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asdlsznaumeafl | eaadefl fagnefi
5 g1 6 7 Gag9fl 8
(%wt) (%wt) (%wt) (%wt)
Na,O 19.93 18.84 17.55 18.75
SiO, 39.17 38.06 37.94 39.11
Al,O4 21.92 23.69 21.92 22.45
Fe,0, 8.29 7.87 9.45 8.34
TiO, 5.69 4.43 6.78 6.04
CaO 4.67 4.38 5.6 4.87
K,0O - 0.39 0.46 -
SrO 0.15 0.14 0.2 -
ZrO, 0.19 0.14 0.32 0.23
nsannauanlEs 1 2 3 4
(@%9)
AMa e (%) 31.605 32.9 18.42 31.215
Fonoadl SAS. SAS. SAS. SAS.

4.2.3 Wa1aIUSNNiNNIaN M N1 TaN9L N e afawn I TLUIRAW
NAMTILATIZAN LAANNLATAY XRD LAz XRF LRAIAILUAITNN 4.4 22LAnLaIN
pidilznauidaduniiedlwiasstuazgnisaanllasnislinsandasdiude 9 (5-25
a aa q; ] > [ A o U % [ = {d‘d
faRansvasinIade 1 nINUeNENaeY)  SIvldannsasseTzidle lanniaang
a c&r J (% g; dy a €¢:l' (% d' =3 @1 XK v n:l a
LIgNTNNIREI Nafaneadianeinlanniates XRF aziuldinfoudaziaganm
insanlaaainaasain 5 Ja8aaT lUands 25 HaaaT dan1tadiinassUIunns 1
o = a ¥ A A & & N @ & A Ao o
nin Aoy dnahnsadsannduse dldiliasddszneutedundludaengn
o a &£ ' o o & & 9 A
9 lNNuInTn  laad1ua leuadIn1IgaaIzidla larianninaa NI wAIZUIRNNT

fmenIalugasua1d 9 Bia1 18-31% waanmsisle lanngaanzd laaziiuglalan
A

foglwnavas Sodium aluminum silicate hydrate T9Wwa  udaziigavaiidniiuda

aU
A o & ea o s Y Ao o o A aa ' a
NAAA D Lo LA N FILATIZRINNLENREEN AT ENITAlUFAEIN 520 NaRans dadSunm
N8y 1 N3N Ao NayAl,SiO, +6.2H,0 luuteinaanmmale havingaasnzhaniiaas

NamunIalugasiu 25 FaaanT dedSunaniiaas 1 N3N Aa Nag[AISiO,ls4H,0
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agdlsznaun | Ghedefi | ehegefi | aaedieil | Ghedwefl | Ghadned
LA 9 10 11 12 13
(%wt) (%wt) (%wt) (%wt) (%wt)
Na,O 21.26 24.5 221 22.57 18.99
Sio, 41.32 40.85 41.94 40.29 38.41
Al,O4 22.01 211 20.53 21.96 23.95
Fe,0, 5.33 5.78 6.48 6.43 7.94
TiO, 6.08 4.3 2.82 4.64 5.8
CaO 3.24 2.73 2.69 3 3.9
K50 0.53 0.5 0.91 0.85 0.43
SrO - - - - 0.25
710, ; . ; ; 0.34
PSanmsinnsa 5 10 15 20 25
(ml) AaLd1aas 1
n3x
A ler (%) 31.605 32.9 18.42 31.215 29.45
%a‘ma 1ad SAS. SAS. SAS. SAS. SAS.

4.2.4 {RUINMILUIFNWLEN AT L0 lbldazifan
6 = % ' A & ' IV @ A
asadsznaunstaivadiinaasluidazidawiinazuaned1anullangadluarsnen
41 a0 uN L LRl Ao uNIINNNTAa8NIa lalaTaaaInLaz Ll IFAINEN
o A o A o v o o o A e o o
ﬂi:mumsmuamlugﬂﬂ 3.1 AN IENAMNLEIT196 % Lazsingla laringILaTIzs laann
iaasluudazifanliiemeialrsiaIad XRD ey XRF NaIlATTALRAIGINTINN 4.5
= = o R v o A & ad o A A & A P
TIZLAB LA DI TNR 08N a9an19lszna N SLARNE9NY KIadadRlvznauldatui
LANGIIN LL@iLﬁaﬁﬁLﬁmaﬂmﬁNﬁazmi@LLa:mum:mumiLLﬂmmwmm‘*ﬁ'maué’agﬂ
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Abstract

In the present work, zeolite was prepared from industrial-waste coal fired ash (CFA)
by fusion technique with and without acid-washing pretreatment under various conditions.
The synthesized materials were then tested for water adsorption from bioethanol solution
with an aim to produce high purity ethanol (>99.5%) for later utilization in gasohol
production manufacturing. From our studies, it was found that the impurities (i.e., Fe;Os,
TiO,, MgO, CaO, K,0 and SO3) in CFA could be efficiently removed by acid-washing
pretreatment. Among three different acids studied (i.e. HCIl, HNOs, and H,SO,), HCI
exhibited the highest pretreatment performance, while the most suitable pretreatment
conditions to enhance high purity raw material (upto 85% purity) were by using 20%HCI
with the acid to CFA ratio of 25 mlyci/gcea at 80°C for 1 h. After fusion at 550°C with
NaOH/CFA ratio of 2.25 and further crystallization at 90°C for 4 h, the pretreated CFA was
converted to zeolite; from which the main phases were sodium aluminum silicate hydrate
(Nag[AlSiO4]6#4H,0) and faujasite-Na (Na,Al,Si, 40556.7H,0). Regarding water adsorption
testing, the synthesized zeolite provided comparable adsorption performance with the
commercial grade molecular sieve. Under three adsorption cycles testing at 85°C, high

ethanol purity (99.8%) could be achieved without deactivation observed.

Keywords: Waste utilization; Fusion; Water adsorption; Bioethanol
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1. Introduction

To date, energy crisis due to the shortage and price rising of gasoline in transportation
section is one of the world most concerns. Bioethanol is known as a promising alternative
fuel that can partially replace gasoline as called gasohol. Generally, ethanol can be efficiently
produced from the digestion and/or fermentation of starch and sugar. These processes
typically produce ethanol with approximately 30% concentration (by volume). Importantly,
this ethanol solution must be concentrated by distillation and dehydration to high purity
ethanol (99.5%) prior to mixing with gasoline. The current commercial technology to purify
ethanol consists of two main processes; the first process is by passing ethanol solution
through the distillation system to increase the concentration of ethanol to 95%; then the
second process is to dehydrate the remaining water in ethanol solution by adsorption to
enhance the ethanol concentration to 99.5%. Regarding the adsorption process, molecular
sieve zeolite is practically applied economically [1].

Coal fly ash (CFA) is an important by-product from combustion of coal in the power
generation; it was reported that Thailand regularly generates more than 5.1 million tons per
year of CFA with a tendency to increase every year [2]. The management of CFA therefore
becomes both economic and environmental issues. In the present work, we aimed to use
industrial-waste CFA as raw material to zeolite synthesis since the typical components of
CFA are amorphous aluminosilicate glasses, which is the main raw material for zeolite
manufacturing [3]. Theoretically, zeolites are crystalline aluminum-silicates, with group | or
Il elements as counterions. Their structure is made up of a framework of [SiO4]* and [AIO,]*
tetrahedra linked to each other at the corners by sharing their oxygens. The tetrahedra make
up a three-dimensional network with lots of voids and open spaces; these voids result in
several special properties of zeolites i.e., high thermal stability, ion exchange capability,

liquid and gas adsorption capability and selective catalytic behavior. Zeolite can be classified
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into two groups i.e., natural and synthesized zeolites. Usually, synthesized zeolite are
preferable than the natural zeolite due to the flexibility of pore size adjustment through
different synthesizing techniques. It has been reported that about 24 types of zeolite can be
synthesized; among them, zeolite A and faujasite are known as the most valuable forms.
Particularly, faujasite-type zeolite is widely applied in several petrochemical industries since
the dealuminated form of faujasite enables catalytic activities for various reactions due to
their high acid properties, while the cationic form of faujasite can be efficiently applied for
gas recuperation and/or separation owing to their selective adsorption properties. Importantly,
it is known that cationic form of zeolite presents a strong water adsorption capacity when
exchanging with some cations (i.e. Na*, Li*, K, Mg* or Ca®") [4, 5, 6]; nevertheless, the
report relevant to water adsorption properties of faujasite remains limited.

According to the zeolite synthesis process, there are currently two potential methods
including hydrothermal and fusion methods [5, 7]. The fusion method gains advantages in
terms of the short time requirement [5]and the achievement of high purity product [8, 9],
whereas the hydrothermal method enhances benefits in terms of the consistent pattern of
zeolite product. Generally, it is known that the fusion method is preferable for the solid-phase
reaction, while the hydrothermal method is more appropriate for the reaction in liquid phase.
Hence, the fusion method is considered as the appropriate technique for solid CFA
conversion. Molina and Poole [10] compared the fusion and hydrothermal methods for
producing zeolites from UK fly ash; they indicated that relatively higher zeolite X is
synthesized from the fusion method; furthermore, the use of hydrothermal method results in
the presences of crystalline phases (i.e., quartz and mullite) in the product. Importantly, for
the fusion method, several researchers [8, 10, 11-13] have agreed that the preparing
conditions i.e. NaOH/fly ash ratio, reaction time and temperature showed significant impact

on the type and the degree of zeolitization achieved; hence, they must be carefully controlled.
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In the present work, zeolite was synthesized from CFA by fusion method using NaOH
as the activation reagent. Various preparing conditions, i.e. NaOH/CFA ratio and reaction
temperature, were carried out in order to determine the suitable fusion conditions.
Importantly, due to the presence of high impurities in raw CFA, the acid-washing
pretreatment was also performed prior to the fusion process since it has been reported that
this pretreatment method could efficiently remove several mineral compounds from CFA
[14]. It is noted that the acid-washing pretreatment was carried out under various acid types
(i.e., HCI, H,SO4 and HNO3), acid concentrations, acid/CFA ratios, pretreatment
temperatures and times with an aim to optimize the suitable pretreatment conditions for
removing impurities from CFA. After preparation, the synthesized zeolites were then tested
as sorbent for water adsorption from ethanol solution. Its adsorption capacity was also

compared to the commercial grade molecular sieve.

2. Experimental

2.1 Raw material

CFA was obtained from coal fired thermal power system of local pulp manufacturing
in Thailand. It consists of 26.8% SiO,, 14.77% Al,O3, 25.12% Fe,03, 3.16% K0, 2.22%
TiO,, 2.05% CaO, 1.51% MgO, 7.3% SOs, 0.25% NiO, 0.05% Rb,0O, 0.18% SrO, 0.21%
Y,03 and 0.33% ZrO, (by weight), according to the analysis by X-ray fluorescence (XRF)

(Philips, model PW2400 the Netherlands).

2.2 Acid-washing pretreatment procedure
The acid-washing pretreatment of CFA was carried out under various pretreatment

conditions (i.e. different acid type, acid concentration, acid/CFA ratio, pretreatment
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temperature and time). In detail, 10 g of CFA was initially added to HCI, H,SO4 and HNO3
solutions (with 10, 20 and 30% acid concentrations) under the acid/CFA ratios of 25, 30 and
40 mlyer gerat. The mixture was stirred constantly with the rate of 300 rpm on hot plate
under three different temperatures (70, 80 and 90°C) for 1, 2, and 3 h. After that, the solid
sample was filtered off from the solution and washed repeatedly with distilled water until the

solution reached pH 7 before dried overnight at 105°C in the oven.

2.3 Zeolite synthesis by fusion method

In the present work, zeolite was prepared by the fusion method following the
procedures reported by Molina and Poole [10]. Firstly, 2 g of CFA (both pretreated and non-
pretreated samples) was mixed with NaOH to obtain the NaOH/CFA ratios of 1.2 and 2.25.
The mixture was then fused under air flow (100 ml min™) at three different temperatures
(450, 550 and 600°C) for 1 h in the tubular furnace. After cooling down, the product was
crushed, dissolved with 20 or 40 ml of distilled water, and mixed in the shaker at room
temperature for 12 h. Crystallization was then sequentially performed under static condition
of 90°C for 4 h where the crystal was collected through the filtration. The crystal was washed
several times with distilled water (until the pH of the solution reached 7.0) and dried
overnight at 105°C.

Several physical characterizations (i.e., XRD and BET) were performed over solid
products from the above preparation in order to determine the phase formation, degree of
crystalline, the material specific surface area and the pore size distribution. In detail, the X-
ray diffraction (XRD) patterns of powder were performed by X-ray diffractometer, while
measurements of BET surface area, cumulative pore volume and average pore diameter were
performed by N, physisorption technique using Micromeritics ASAP 2020 surface area and

porosity analyzer.
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2.4 Water adsorption testing

To undergo the water adsorption testing, an experimental reactor system was
constructed. Ethanol solution (92-95% concentration) in vapor phase was fed through the
system with the rate of 36 ml h™ by a syringe pump passing through an evaporator, while the
carrier gas (nitrogen) was controlled and introduced to the system by the mass flow
controller. These inlet gaseous mixtures were introduced to the adsorption section, in which
10-mm diameter stainless steel reactor was mounted vertically inside tubular furnace. The
solid sample (1 g) was loaded in the stainless steel reactor, which was packed with quartz
wool to prevent the sample moving from the adsorption zone. In the system, a Type-K
thermocouple was placed into the annular space between the reactor and furnace. This
thermocouple was mounted in close contact with the sample bed to minimize the temperature
difference. It is noted that the adsorption temperatures studied in this work were varied from
85-100°C.

After the adsorption, the exit gas mixture was transferred to the cooling bath system
(controlling the temperature at 10°C) for condensing ethanol solution in the product line. The
liquid product was collected from the cooling bath every 3 min and was analyzed by Karl
Fischer in order to measure the water concentration. It is noted that the reusability of solid
sample was also tested by treating the spent sample under nitrogen flow at 280°C for 3 h

before re-packing in the reactor for a repeating water adsorption test.

3. Results and discussion

3.1 Pretreatment of CFA by acid-washing
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Table 1 presents the composition of CFA after acid-washing treatment with HCI,
H,SO,4, and HNO; (at the acid concentrations of 10, 20 and 30%). It can be seen that the
treatment with these acids enables the removal of important impurities content (i.e., Fe;Os,
TiO,, MgO, Ca0, K,0 and SO3) in CFA resulting in the presence of higher SiO, and Al,O3
percentages in the product. Among these three acids, the treatment with HCI provides the
highest purity raw material (78-85% of SiO, and Al,O3; depending on the acid concentration),
whereas the treatment with HNOj3 achieves the lowest purity (60-70%). It can also be noticed
that the treatments with H,SO,4 and HNOj3 greatly remove CaO from CFA but are ineffective
for Fe,O3 removal. On the other hand, the treatment with HCI efficiently removes both CaO
and Fe,O3 from CFA. According to the effect of acid concentration, it can be seen from Table
1 that the product purity strongly increases with increasing acid concentration from 10% to
20%; nevertheless, this positive effect becomes less pronounce when the acid concentration
increases to 30%. Hence, it is revealed from this study that HCI with 20% concentration is the
most suitable for CFA pretreatment.

As the next step, the effects of acid/CFA ratio, treatment temperature, and treatment
time on the product purity from the acid-washing pretreatment with HCI are further
examined. The acid/CFA ratio shows insignificant impact on the product purity, whereas the
increasing treatment temperature from 60 to 70 and 80°C shows slight positive effect on the
product purity but this positive impact oppositely turns to the inhibitory impact at 90°C (Fig.
1). From the XRF analysis, the Fe,O5; content in CFA reduces from 17.3% to 16.4% and
13.2% when the treatment temperature increases from 60°C to 70°C and 80°C, which could
be due to the increase of reaction rate between HCI and Fe,O3 with increasing temperature;
nevertheless, at 90°C Fe,O3; content oppositely increase to 19.1% indicating the lower of
reaction rate between both compounds at this high temperature. This result is in good

agreement with the finding of Wang et al. [14] who also reported the optimum temperature
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for acid-washing pretreatment of fly ash at 80°C. Lastly, the effect of pretreatment time on
the product purity was carried out by varying the pretreatment time from 1 to 2 and 3 h. As
also shown in Fig. 1, the product purity apparently increases with increasing pretreatment
time from 1 to 2 h and continues to increase slightly at 3 h. According to the XRF analysis,
the changing in product purity with pretreatment time mainly relates to the presence of Fe,O3
at different pretreatment times (the content of this impurity compound decreases from 17.6 to
13.8 and 12.8% at the pretreatment time of 1, 2 and 3 h, respectively). Based on all results,
the optimum conditions for acid-washing pretreatment are to use 20%HCI with HCI/CFA

ratio of 25 at 80°C for 3 h.

3.2 Zeolite synthesis from treated and untreated CFA

The fusion method was carried out on pretreated and non-pretreated CFA samples
using the fusion temperature of 450°C with NaOH/CFA ratio of 2.25 for 12 h following with
crystallization at 90°C for 4 h. XRD results suggest that the main phase formation of non-
pretreated CFA is sodium aluminum silicate hydrate (1.08Na,O¢Al,03¢1.68Si0,¢1.8H,0),
whereas the phase formation of pretreated CFA contains both sodium aluminum silicate
hydrate and Na-Faujasite (NayAl,Si;40g5°6.7H,0) as shown in Fig. 2. Furthermore, BET
results as demonstrated in Table 2 shows that the pretreated sample has higher specific
surface area and total pore volume with smaller pore size diameter.

To investigate the effect of fusion temperature, experiments with various NaOH/CFA
ratios (from 2.25 to 1.2) and crystallization condition (with 20 and 40 ml of adding water
prior to crystallization) were carried out at various fusion temperatures from 450 to 550 and
600°C. Previously, several researchers have reported different suitable fusion temperature, i.e.
Rayalu et al. [9] and Sommerset et al. [15] suggested the optimum fusion temperature of

600°C, whereas Molina and Poole [10], Ojha et al. [16] and Shigemoto et al. [17] reported the
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optimum fusion temperature of 550°C. In the present work, it was observed that the fusion
temperature provides insignificant impact on the material phase formation (Fig. 3 (a)-(b)) but
strongly affects the material specific surface area and pore diameter, particularly for the
pretreated samples. As also presented in Table 2, the specific surface area of pretreated CFA
increases from 151.7 to 227 m* g™ as the fusion temperature increases from 450 to 550°C;
nevertheless, at the fusion temperature of 600°C, the specific surface area remains constant
(or slightly decreases) at 223 m* g™.

Up to the present time, there have been only a few studies related to the effect of
NaOH/CFA ratio during the fusion process on the product formation. For instance, Rayalu et
al. [9], Carlos et al. [18] and Molina and Poole [10] reported that the use of NaOH/CFA ratio
of 1.2 (under the fusion temperature of 600°C, and crystallization temperature of 105°C for
24 h) provided almost 100% purity faujasite product; whereas Molina and Poole [10]
suggested the suitable NaOH/CFA ratio of 2.25. In this work, we found insignificant effect of
NaOH/CFA ratio on the phase formation and specific surface area of material (the specific
surface area changes from 227 m? g at NaOH/CFA ratio of 2.25 to 232 m® g™* at NaOH/CFA
ratio of 1.2. Lastly, for the effect of crystallization condition, it was observed that the amount
of water used during the crystallization period strongly affects the phase formation of the
product. By increasing the amount of water from 20 to 40 ml, the phase of product turns to be
only sodium aluminum silicate hydrate, as shown in Fig. 4. This could be due to the fact that

water is one major component in zeolite structure having the empirical formula of M,, O .
ALQO, . ySiO,, wH,O; hence, the use of different water amounts during the crystallization

period lead to the change in zeolite structure. By using 40 ml of water, the concentration of
reactive species in the liquid phase is diluted, resulting in a decrease of the crystal growth

rate, according to the relation: Kg o« f(C); where Kg is the crystal growth and C is the
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concentration of sodium hydroxide. Under this crystallization condition, it forms mainly

sodium aluminum silicate hydrate.

3.3 Performance of synthesized zeolite as water sorbent

The water adsorption performance of synthesized zeolites was investigated. To
simplify further reading, the samples prepared with acid washing pretreatment and fusion
under different fusion temperatures are denoted as Z-HCI-F450, Z-HCI-F550, and Z-HCI-
F600 (which means zeolite prepared by HCI pretreatment and fusion at 450, 550 and 600°C
respectively). Furthermore, the samples prepared with different NaOH/CFA and different
amounts of water during the crystallization are denoted as Z-HCI-F550-Nal.2-C20 and Z-
HCI-F550-Na2.25-C20, which means zeolite prepared by fusion at 550°C with NaOH/CFA
ratio of 1.2 and 2.25, respectively, prior to the crystallization with 20 ml of water).

Fig. 5 shows the breakthrough curve for water adsorption from ethanol solution at
90°C of all samples and also compares with the commercial grade molecular-sieve
(ZEOCHEM Z3-03 supplied from ZEOCHEM). It can be seen that the acid-washing
pretreatment and fusion conditions (i.e. fusion temperature, NaOH/CFA ratio and the amount
of water used during crystallization) strongly affect the water adsorption capacity of material.
The samples with acid-washing pretreatment prior the fusion process demonstrate a greater
adsorption capacity than the samples without acid-washing pretreatment. Among all
synthesized samples, Z-HCI-F550-Na2.25-C20 shows the highest water adsorption capacity;
its adsorption performance is comparable to the commercial grade molecular-sieve, from
which more than 99% ethanol concentration can be achieved from the adsorption process.
This result clearly indicates the importance of material purity, phase formation and specific
surface area on the water adsorption performance, in which the material with high purity,

with the presence of Na-faujasite phase and with high specific surface area can gain high
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water adsorption performance. Currently, only a few studies have reported the water
adsorption capability of Na-faujasite. Generally, faujasite is known as cationic zeolite, which
also presents a strong adsorption affinity for water. There is a good agreement that, for most
zeolites with strong adsorption affinity of water, the adsorption is the result of specific
interactions between water molecules and exchangeable cations, which are the hydrophilic
sites. Moise et al. [4] explained that the water adsorption on faujasite occurred in three main
steps, from which the first step corresponded to the adsorption on the hydrophilic sites with
high absolute values of adsorption heats (~80 kJ mol™ for NaX for sample) and the
adsorption decreased sharply with an increase in water in the pore. The second step was
attributed to the formation of monolayer on the walls of the supercages by hydrogen bonds
between water molecule and oxygen atoms of zeolitic framework. For the third step, the
saturation of cavities was reached and the adsorption heat decreased down to the vaporization
heat of water. Hence, the water adsorption properties were strongly dependent on the nature
and the density of exchangeable cations.

In addition to the phase formation, this study also indicated the strong effect of
material specific surface area, pore volume and pore size on the water adsorption
performance. The samples (with acid-washing pretreatment) having high specific surface area
and pore volume can gain significantly better adsorption capacity than the samples without
acid-washing pretreatment. Furthermore, the strong relation between the average pore
diameter of material and the adsorption performance was also observed. The pretreated
samples contain considerably lower average pore diameter compared to the untreated samples
and present greater adsorption capacity; this could be due to the good compatibility between
the pretreated material pore size and the diameter of water molecule (2.8 A). These benefits
on the phase formation, material specific surface area, the pore volume and the pore size

clearly reveal the importance of pretreatment process on the sorbent synthesis. Lastly, it was
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observed that NaOH/CFA ratio also affects the water adsorption performance. Z-HCI-F550-
Na2.25-C20 contains higher amount of Na,O than Z-HCI-F550-Nal.2-C20 (21.1% compared
to 18.8%, according to the XRF analysis) and enhances greater adsorption performance.

It should be noted that the effects of adsorption temperature and adsorption cycle on
the water adsorption capacity were also investigated in the present work, from which Z-HCI-
F550-Na2.25-C20 was chosen for these studies. The effect of adsorption temperature was
performed by varying the adsorption temperature from 85 to 90 and 100°C. It was found that
the adsorption at 85°C enhances the highest water adsorption capability, from which the
effluent ethanol concentration can increase to 99.8% compared 99% and 98.5% observed at
90°C and 100°C, respectively, as shown in Fig. 6. Due to the exothermic characteristic of
adsorption reaction, it prefers the low operation temperature; nevertheless, the operating
temperature cannot be lower than 85°C since the vapor phase of ethanol solution could
possibly be condensed. Regarding the effect of adsorption cycle, the sample was regenerated
after the first cycle test (for 20 min) by purging hot nitrogen through the bed which rose the
temperature to 280°C in order to remove all adsorbed water from the sample. Then, the
system was cooled down to the adsorption temperature (90°C) and the adsorption test was
repeated for the second and third times without removing the sample from the bed. Fig. 7
demonstrates that no deactivation occurs from the second and third cycle tests. In fact, the
adsorption capacities of the second and third cycles seem to be slightly higher than that of the
first cycle. This could be due to the regeneration under nitrogen flow at 280°C prior to the
second and third time tests, from which all water in the material pore are efficiently removed

(compared to the fresh sample with only drying treatment prior to the testing was performed).
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4. Conclusions

The acid-washing pretreatment with 20%HCI using HCI/CFA ratio of 25.0 mlyci/gcra
at 80°C for 3 h can efficiently remove the impurities (i.e. Fe,O3, CaO and MgO) from CFA
and up to 85% purity of the product (SiO, and Al,O3) can be achieved. By further fusion at
550°C with NaOH/CFA ratio of 2.25 for 12 h following with crystallization at 90°C for 4 h,
zeolite with the main phases of sodium aluminum silicate hydrate and faujasite-Na can be
achieved. It was found that this synthesized material enhances good water adsorption
performance comparable to commercial grade molecular sieve used to remove water from
ethanol solution. At the adsorption temperature of 85°C, 99.8% ethanol purity can be
achieved from the adsorption using this synthesized zeolite; furthermore, no significant

deactivation was observed within 3 adsorption cycles.
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Table 2 BET measurement of product after fusion at various temperatures

Acid-washing Fusion Surface area  Pore diameter Pore volume
pretreatment  temperature (°C) (m?/g) (nm) (cm*/g)
without 450 58.3 19.5 0.28
with 450 151.7 13.7 0.52
with 550 227.0 9.94 0.56

with 650 223.1 11.6 0.54
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Fig. 1 Effects of acid/CFA ratio, treatment temperature, and treatment time on

product purity from the acid-washing pretreatment with HCI (20% concentration)
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Fig. 2 Phase formations of pretreated and non-pretreated CFA samples after fusion

process (fusion temperature of 450°C with NaOH/CFA ratio of 2.25 for 12 h

following with crystallization at 90°C for 4 h)
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Fig. 3 Phase formations of samples after fusion at different temperatures (using

NaOH/CFA ratio of 2.25 for 12 h following with crystallization at 90°C for 4 h)
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Fig. 4 Effect of water adding during crystallization on the phase formation of

sample after fusion process (fusion temperature of 450°C with NaOH/CFA ratio of

2.25 for 12 h following with crystallization at 90°C for 4 h)
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Fig. 5 Breakthrough curves of water adsorption using various sorbents (at

adsorption temperature of 90°C)
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