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The petormance of sodium A {NaA) z=20lit2 membranes with a surface area of 4.91 cm” synthes zed on a1
alumina support via microweving (MW) and autocaving (AZ, or convent onal heating ! using the rezvele
continuous pervapotation of a water ethanol mixture (10:90 vol. %), was studied It was found that the
process could produce ethanol having a concentration close to 100% "higher than 99.51) afzer passing the
mixture through the membrane for 120-110 h. The time dependence separation factor and :he total water
flux were 33506050 and 04-1D0 ke'm”/, respectively. The time dependence separation factor cf this
process was increased to higher than 10,000 when the percen:age ot ethancl at the retentate s de was higher
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than 98¢, The overall results showed good stab lity of th: membranes tor the water ethanol separation.
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1. Introdoction

Sodium A (NaA) zeolite membranes a2 very well-known in the
arzas of organic water sepamtion and catalvsis [1 4] The most
cfiective application of using the NaA zeolite membranes is water—
cthanol separation, which shows very high selectiviey [ 1,2] The main
parameters aftecting the phasz and paiformance of dhe zzolite aic
syinthesis nuxtuse, tempenturz, and time durng synthesis [5] Naa
zeolite membranes con be synthesized i various forms, suzh as
plates, tbzs, erc. A well-Known Naa zeslite membrane is synthesized
orea fubolar alumina (ALOL) suppost, called “Tubolar NCA 2eoline
membranes” [6]. The properties of the tubular NaA zzolite membyanes
ar2 high thermal and organic chemical stability, high mechanicd
stength, and uniform pore size distribution [1,7,€]. Generally,
mzthods that can be uwsed for producing the tubular NaA z2olite
m2mbranes are microwaving [9,10], electrophoresis, and actoclaving
or conventiona heating technigues (1.

Kita et al. 1] synthesized NaA zeolite on the cylindiical alumina
support and showed a ttal water flux of LI0-2.15ke'm*/1 and
SCPAYAtion 1actyy of highes than 10,000 4t 323-348 K. Huang et al. [12)

* Cor espunthing auton, The Petroleunt ad Petrochenieal ileg:. Chulalo wkom
Univers Ly, Banghok, Tharland. Td: 066 2 2184133; fax: GG 202153450,
Lerand address: dsuptras chulactr (5 Wonghasungit).

UL -0 03 % - stz Ttont nratten © 2000 Elevier BVCAI ity eserved,
do: 103016 des 20101004

wpnted the prepanition nfNaA zenlite membianensirg vacrnnm seeding
inthe conventional heating echnique and produced atotad wazer flux of
1.67 kg/m~h and aseparation foctor higher than 10,000 for the water-
cthanolseparation. Lictal [ 13] svnthzsized a MaA zeolite wembrancona
tubular adumira suppwt wsing the micowave synthesis technigu2
without sexding, ard studied the pervaparnation of weter-cthonol They
obtained a total wates flux of aiound 2.51-0.64 kg'm /b and a scpasation
factor of hizhes than 10,000 at 338-343 K. Inouy previous work [ 14,15,
the tubulay NaA zeolite membianes synthesized by the miciowave {MW)
tedinique showed modzrate performanae in the sepaation of a water-
erhanal mistoee with o copaation furor nf G732 ar347 K while for thoes
prepar2d by the autoclave (AC) technigue, it showed a separation factor
higher than 10000, The total water flux of cach technigue was in the
range of 05 1.5 kgam?/h.

Upto now, no repoits have 2xaminced the performance of the NaA
zeolite membrane synthesized on a tubular alumina support carried
out using the rzeyde-continuows pervaporaion method In this work,
we present the successful development of NaA zeolite membran2s on
a wbular alumina support synthesized by the MW and AC tehnigues,
The synthesized m2mbranes were wsted with the recycleontinuous
provapneatinn nf awarer—etharnbmixooe The mealwares flux, ime-
dependence sepantion fador, percentage 2f ethanol produced, and
e to achieve 995% cthanol fiom this process were determined fo
the stability of the synthesized NaA zeolite membiones
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Famed sdicon dioxide (S0, 300440 m7 2 suface aiea, 2.007 pm
cverage sntdesize)and alaninem hydroside hycrate [AROF -2 H-0,
Aoy sudace awal wore purchased from Sieoma-Aldoch, B, and
weer veed 6 snaring wanesiake Seeliomy Bahooxnd (NAOH), i Tabe
Scan Andyical Scienees, was used as a base catadyst. Bt aloeohal
cethanol UN 170, 99.5%) was pus chased from 1T Bakes Solusosh, Tre
wbuldr porous (- afuniing Sappn L aving 40 L oopn QG 19 mm Lo, a
G bengrh fwity etfectve fength, the distance of 2eobe membsanc in
the pervapuiation cacor, 15 43 onl and a 0.3 wn pue adivg on
cverage witt 387 posesity coated with it oc-akumina mte mediate
006 un pure size) on the top Layey was used in this wark, anc was
ubtainer froon the Maticaal { Thitlead 1 Mead and Matesiaks Techoodoey
Cent o {MTEC)

220 Equipment

The MW NaA zeoliteimembranes {MWAs fweire svathesized using
Coacrowavy (MSP D00, CEM Curporation with 220V, 50 Hz input,
S500W, ad 2450 MHz output), and the AC NaA zeclite monbianes
(ACMS ) were synthesized using a SANYO-Gallenkairp vicuum osven
A TDWARDS LSGID vacuam punp was wscd o the poaveposation
unit. The sepanated water-cthand produces wese aralvzed using an
Avtlent Technologies G3AON vas chromatouriphy equipped with an
HPE-FMouQ capiday column and 2 TCD dotector, About 050 of the
snpios wds i ooed uinder che following Lordbdons: dichebun usad
c8 the carvier 2as Was ot At 55 kPO the oven tompesatur ¢ was ot at
473K whade the injector and detedor tempaiatuies wese setat d73 K
cnd 323K, respoctively.

230 NaA zodite ovembrane synihicss

Atubudar porous alumiindg suppost was cleoned by washing it rwie
it dowomizecwater ton 15 min w sanove dist fom the surface [ 10,12),
diied ina vecun s over at 363 K for 24 I, aod cadzoed 10 a fwrncce at
A00 K foe 3 hovo b off ary supuities fom s o face. The unsoilud
wbuly dumin seppot was placed 1 a vacuum seoding systom,
wnuining che NaA sced crvstal solation, for 2 min at 10 o by
1333 Rra) tollowed by diving at 333 K for 24 D Dol ¢ coating with
NaA zeolite by MA ond AC The NMaA sced cystad solution was
srepaied by dispershte about 7w of NaA zeolite (0.5 um pose size an
cverrse ! in 1000 md of wates. The NaA zeolite was synthesized using
e INa:O:ALOCS D2 TOH-0 formada |3 100 3.

The coated tabmlas suopotwas plazod o Teblon vessed cuntainmg
th NaA 2ecdine <oth piom prepsaredd ssisie rhe SN0 AL OSSO0 L 1O
H-Ofommula and then this vesse! was putin the MW o AC machine,
e syrthesis conditions e sammarized i Table L) Th: cortee NaA
et e mombaanes were wasioed with detonized water and deicd at
343 Kios 211 LBefore peivaporativn testing,

24 Penvuporation

Mad zeolite nrembrane was vertically packed in the seocton and
ccaled both sides of die tube with rabber vings ond dosed with

Tahl §
Syntheses conditions for AWA ol AURIS

Prso et on 200 (00 Vdo8Y

Compdiann b synthies 2o AAN ALRI
Tompeniture K 1]
Pre fursyn hiesgd Hy)
fust tue .33 23]
Seoomd b 067 ]

stainless steel, as showa inFiw. 1 The mixtuie used i this wonrk was
prepaiec using TUEUL waterethanol with the twiadl anourt of
throughput of 570 ml The experanents weie curried cut ar 343 K
with 10 mun He at the permeate side with an optinwn mixtuce How
pate 2y aneasuintg e amouwntt of ethanol at the retentate side. The
quantitics of cthanod ane water ware dewnnined using 3 gas
chsomarog geh. Fur cach membaone, the soovcde-continaous pova-

proarin proeess was appticd fe oo e vcles foe the cetevmsaarinn af
the membrane stabidity

In ths wiik, o evaluar pembrare porformonce, thee ae fow
sigileant prameta s wnsidoed:

Lo Torad watzs Hux () 55 expressed as:
1w AT ¥

whers Wos the watzy pebneate (hel, A ks the membiane aea ime ),

and T Dme Jel i tns wosk, e otal wotes Hux 3o deteinuned

wihen the tme 16 vatied i the secycle continuous peyvaporation

testing, A hieh wtal wates flud nears that mose water roleoudcs

pass throueh the membrares o the peomeate sile, dicatng voud

pesformence uf the membiangs,

2. Tne-dege ndence sepacation focton {T-od) b5 dotined fur scoydde-
CUURUOUS PEIYIPOIATICD a8

i

- , . . .
F-w X oo Mo X, <

whers Xy asc X are the mohu actons of ethano and wates,
respectively, The subsaripts of "pom” and “reen” sepsosen
penreate and setentate sides, sospectively, A Righ T-o0 indicates
vood sepdsaion of walsy fiom the water -cthanul mistwe, mpiving
that a vay sall amount w nonc of the ethano! 2assed thouyh the
memilscane o e permeare sile

3. Porcontage of etbanoed at the setentate side {Cethanod) is obained

by gas chiomatography. The vadue shouwld be incieased wath time,
apd Clase to 99,50 etlanol

A Tine w achaove 0057 ethanel isdetesmined byncaswing tho time

ar which the 2ethanol is duomatogiaphically dose e 92.5% The
nme o oachiove 995% cthanod should be as jow as possible,
mzasing that the membranes can produce 3 high pugity of ethanol
within a short tinac,

- Kilogzam of 92.5% cthanad per squaie meter por heus 'Ky of 99,55
EOHay ) B cetonmined by calulcting the toral amount of
cthansd produced using msowave mombane (MPWAMN) and
dutuedpe (AT ),

A

i this wosk the opumwm feed flow rate for the porvasoration
process was ovalusted using an MAM fo 10h undor spucific
upenatine conditions: a Cmperatwe of 343K a peonete side
pressare of O munHe, ond an cthanol-to-wates retiood 900 1.

3. Resulis amid discussion

fcaddition tw the fow senficant parameters used for descrlzing
the pedormances ¢f VWMs and ACMs, the fead flow sate is also
consdoied 1o Be o at amposTant fa0tos ducctly anecung the
sepaiaticn of water from the watey cthanol smxowe, and is thus
selevant to b ane pertn mance.
34, Hiect of feeq How rute

By vawire the feed How vare S 300 0 120 sbmin, £ 38 "l
that 3t mdoed afferts tdwe wd water fux and tme-Jependence
separaticn factor (Table 23 The torad water fux and the e
dependence sepa ation ladtU inocased With inacasing feed fow rate
[ Gl.5ate and coworkers [17] showed a higlies peomeation Hlux of the
water-ctharo! system in the Jehvdiaiion process at o highes fead
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Fig 7. <Bthanol mothe retentate side of the recy
using the ACM versus tine.,

LORLIUOUS Peevapordiion process

474 kg of 99.5%EtOH/m”/h wheieas the AC rechnique produced
500 ml of ethanol in 125 h {average ) or 6.428 ke of 99.55EOHm~ h.

3.7 Structure of NaA zeolite memibiane

It:s well-known that the performance of sepaiation s also affected
by the zeolite membrane [9]. From SEM images shown in Figs. 8 and 9,
it s clearly seen that smaller zeolite aystals formed by the MW
technigue 1s well inter-grown sa) while the AC technique gave
big crystals and gaps (Fig. 9a). This is a reason why MWM showed a
better perfonmance for the separation [9].

jos}

3.8 Stability of the NaA zeolite membrane

Comparing between MWMs and AQMs, the total water flux (ke nr'/h )
of the MWMs was higher, and the time needed for obtaining high pus ity

Fig. 8 SEM nucrographs of MW (a) surlace and (b) tockness.

Desehnanon 269 (2001) 78-83

a)

Fig 9. SEM mncmgraphs ol ACM: (4 sutlface and (b thickiess,

cthanol was shorter althoug h the separation factor was almost the sane,
Thus, only MWMs were used for fuwither study.

The stability of the NaA zeolite membrane synthesized by the MW
technique was determined using the recycle-continuous peivaposa-
tion process for the thind run after the first run had been casried out
for three months (after cach run, the MWM was washed with distilled
water and Kept in the reactor at room temperature and atmospheric
pressuse). The resulting perfonmance was still maintained, comparing
to the first two runs {sce the total water flux in Fig. 2, the Zethanol
produced in the retentate side in Fig, 6, and the total tme taken to
produce lugher than 925 %ethanol concentration ), According to these
results, we can conclude that the NaA zeolite membrane synthesized
by the MW technigue appeared to have good stability [ 7] for use in
the pervaporaton process of water-ethanol separation.

Similarly, the ACMs also showed the same performance of the
third run as the fisstand sccond runs, However, in this case, the thind
run was perfosmed four monthis fater (after the first run and kept the
membranes in the reactor at wom temperatwre and atmospheric
pressuwie), indicating that the ACMs also have a good stability for use
m the pervapomation process for the water-cthanol scparation

(Figs. 3, and 7).

4. Conclusions

Sodium A (NaA) zeolite membranes were successtully synthesized
by miciowave (MW and autoclave (AC) technigues, and can be used
m the pavaporation process for the separation of water from an
water-cthanol mixture, A high purity of ethanol (995%) can easily be
obtamed using cither the MW o1 AC membrane under recycle-
continuous mode of water-cthanol separation. The total water flux
(ke/m=/h) of MW and AC membrances for the recycle<continuous
peivaporation process for water-cthanol separation was found to be
arpund 0.50 to 1.00 kg/m? M and deaeased with time due w a lowes
amoeunt of water o the retentate side. The tume-dependence
separation factor of the MW and AC membsranes for the recyce-
Conuiuous pervaporation process for water-cthanol separation was
around 5000 and macased to higher than 10,000 when the amount of
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the water in the rerentite side was vy low with increasing
sepanition tme. The MW and AC membranes showed gocd
prformanee for use in the prevapnearen poress of 0o wate-
cthano! separaticn, and appeared 3 bave good selectivity and
stability.
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Optimization of synthesis time for high performance of NaA zeolite membranes
synthesized via autoclave for water-ethanol separation
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Membrane separation process using NaA zeclite membrane is a good alternative process for ethanol
production in terms of both energy consumption and environmental friendliness. However, the highest cost
tor the membrane separation process is from the membrane production step. The reduction of the membrane
production cost by optimization of the synthesis time is, thus, necessary to the cost effective production of
ethanol production. The main tocus of this work is to obtain NaA zeolite membranes synthesized on a tubular
alumina support using a conventional heating or autoclave technique. Eftect of the synthesis time on the
pertormance of the membrane tor water ethanol separation via pervaporation at 3473 K is studied. It is found
that the eptimum synthesis time to produce a high purity of ethanol { -99.5% by volume ) isonly 13 hwitha
total water flux and separation factor of 2.82 kg/m*'h and - 10,000, respectively. The thickness of the
membrane obtained is around 7 9 um. The overall results and the reproducibility of the membranes are
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1. Inrodudion

Pervaporation is a method that is used to separate hguid mixtuse by
partial vapuization thiough cither non-porous o porous membrancs.
Non-porous membranes, such as organic polymer membianes, provide
several disadvantages, such as swelling, low separation factor, and a low
resistance t soivent and high temperature [ 1,2]. These dyawbacks can be
overcome by using cesamic membranes, such as NaA zeolite membi anes.
Sodiwm A zeohite {NaA ) is very well known in organic-water separation
and catalysis [1-4]. Espedally in the separation area, a tubula NaA
zeolite called "Tubular NaA zeolite membrane” is the most favorable
muaterial synthesized on the surface of tubuly aluming (ALO+ ) suppoit
[5]. The properties of the tbular NaA zeolite membranes include a high
thermal and chemical stability, high mechanical streneth, and uniform
puore size distribution [ 1,6-9]. NaA zeolite membrane can be synthesized
by various methods, such as hydrothenmai [ 10-15], miciowave | 16— 18],
o clectiophoretic technique [19.20]. Its pose size is around 0.4 nm,
which is switable for sepasating water from ethanol mixtuie because the
Kinetic diameters of water and ethanol aie wround 0.3 and 0.42 nm,

S Cortespomdimg author Tel: - G62 2184153; fax: + 66 202154454,
F-mau eddresss dsupirae chubaacth (5 Wong kasengit ).
U Cemer for Petroleuns, Petrodienngals, and Advanced Materals, Chulalonghom
Unuversity, Banghok, Thaland.

O0TT-9164°% = see front matter © 2017 Elseyvier BV. Al nghts reseived
dor 103016 desal 200107 003

respectively. Thus, water molecules can casily penctrate through the
pores of the membrane and be separated out of the mixtuie.

Navajas ¢t al [15] found a decease in the sepaation factor as
synthesis time was decreased. Negishi et al, |21 described the effect of
the synthesis ime by prolonging the synthesis timefrom 20 to 80 h and
found that the membrane thickness increased to around 20 . Similas
to the work done by Malekpous et al. [ 22], they investigated not only the
effect of synthesis time on the zeolite membrane thickness, but also the
citectof zeohte thickness on the perfonnance of zeohte membirane. They
found that the wates flux of a pervapoeration system deaeased with an
ncrease in the membrane thickness. Furthesmore, Kalyaniet et al. [23]
also showed the membrane performance inaeased with a deciease in
the membrane thickness. In temms of techno-cconomics for industiial
usage, a higher permeate flux of the membrane tor the ethanol
production s muore preferable for its shorter production time and
lower encrgy conswmption. In this study, a successtully developed and
reproducible NaA zeolite membiane - with a shorter synthesis time o
achicve Tugher than 99.5% by volume pwity and a higher production
tate of ethanol, consderably lowering a membiane production cost -
was Jlustiated using a recycle-continuous pervaporation system. A
better understanding of the effect of synthesis time on the perfonmance
of NaA zeolite membrane was also discussed. Morcover, two oycles of
the pervaporation test were conducted  determine not only the
stabifity of the membrane, but also the reproducibility of our home-
made NaA zeclite membiane.

Please cite this article as: D. Kunnakorn, et al., Optimization of synthesis time for high performance of NaA zeolite membranes synthesized
via autoclave for water-ethanol separation, Desalination (2011}, doi:10.1016/}.desal.2011.07.003
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2. Experimental
2.0 Muteiin's

Furtied siicon ciuxide (S0, 390 4+ 3007y suace dive, 0007
average paticle size, Siginta-Alcrsch, Tnc) and alwriniam hydroxade
hvdiate [AEOHLHA0, 51 me swfice w2a, Signa-Aldrich, el
woeie used o5 stwting materials Sodiumy hvdroxide {NaOH. Lab-Scan
Agalvtical Scipnces] was user as a Dese catadyit. Byl altebhud
Cathanol UNCHEZ0, 00550 was pwchased from VT Baker Selusosb.
The wbuly porous c-aluming suppert usad mois work hat an
Planm OO, a B LD, 0 bar doneth §wekh etlecive feneth, o the
distance of the zeolite membsane b the peavaponaton soacton, of
A3 am, anc a C3 wn puse sadiug on average with 387% porosity coated
wiriran e-aboming s owchare SO i pne size ) o fhe roap Laves
The supsort materal was abtimed om tie Nadoral (Thailond?
Metal and Materials Technongy Conta (MTEC).

2.2 NuA zeclite sead solution syntlsis

The preparaion of DaA Zeobte seed was conduced using tie
wwlar compustion of G0N0 ALDL 5530, [00IH0 [24], The Naa
sced crystal sofution wes prepased by dispe:: 75 uof the sxed,
havice a padicie <ze b pprovionareiy 05 o i T000mT nfwares

X

2.3 Sumort preparition

A tubula porous alwning supp ot was twice washed in doomized
water for U5 min woremave dat fom e swebace [12,106], diied in 2
VOCUUIT DVCR &) 303 K fun 24 Iy, and Grlained g fuenae af 400 K T
3hoto chimmats any hnpusics on its swiacwe, The unsoiied tutaala
abmnsa support was plazed na vacuasm seedirg System containing
the MNaA sexd avstal solution for 2wmdn ot [0 nunHy 0333 K,
followed by devine at 333 Koy 24 0 toobrasn the sexd coated tubula
Al sugpont

2.4 NaA zeddite menibrans synthess

Tie scec-coated tubuiar slumind suppost was placed in g Tetfon
vessel conttaining Nad zeolie solution prepacd using the S0NaO:
ALO:S%0,: 1030H.0 fuanula [3,18,25,20] Lztore placng the vessd
in the auteclive (ACT apparatus. The synthesis amditicns are
semraized in Table L To imyrove the fesation of wbulu Naa
zeotite menbrues o e alwiing supporl, Gich Mmyane was
synthesized twice {double-stagr svathesis], The fiist synthesis time
WIS T Bonadie NEA Zeohiie anystals 00 e tubadan dlunuga sappost
wiile the sccond svathess grw was te mynoave the NaA zoslie
e lane on the suppoit and 10 codease any detecrs from the Hiss
wwanplere eynrbisic The onared Nad zealiss memboanes v
washed with deiomized water anc dued at 243 K {1 240 prioy to
the porvaporation testing,

2.5, Terviporation

T RCTVAPCration S0 mwas 2t ug, DHOW L Cul Brevious Woik
[ 205]. The snistw e csec in tis wor k was i spascd using a 10,90 wete,
cthanol mixtuwe with a totad anoant of Juoughper of 570 ml The
eypranyas were carsed e e 3K wirk PharmiHe o rhe

Fahle §

Byiresis b for synthicsss of antochasae nanbianes (ALK at 353K
Synifiests o 1) ALRN-T ALt AN AR
Firsd B Hi Hi Hi H
Serod tiee H i 3

LlEratnm dan (R saaenos

permeae side with an optimun mixtuie How ate by measwing the
amoant of etheno! onthe rewesate side, The Juantiaes of cthasoband
water weire deteimined using a gas duomatogsaph (GCYL Fos cach
membrane, the 2oy le-coriingous porvapesalion praccs was ap-
plice fur 20 2 oydles wodew e vhe smeabyane stasifiyg,

206, Fgupunent

Autaclave NaA zechite memiby anes JACMS) wercsyrthesized csing
a4 SANYD-Callenkump vacuam oven. An EDWARDS 18831 vacuum
faunp was used in the pevasoration unit, The sepasaicd weter-
erranol products w2 antivzer usme s Agdent ledhnenges by N
GO equippcd with an HP-Plor ) copiBary colaesin asd o TCD coteoro,
Abour 0.5 4L of the sonples was meced wuder the fcowing
concitins: Bedinar was vsel s the cassie sas wirh o candie o0
flow rarz uf 55 kP, and the aven wmpoctwe was sot a8 473 K, while
the jedtor and detector temperatuies were set ot 473 and 523 K,
sesprectively. The muwapholegy of the NaA zedite mombiancs wes
analyzed using a fiedd cmission scannng clection miaescope (FE-
SEM Hivaddt, 548000 The -west fusetius (TTEST) using Miciosoly
Pacd program, vession 2007, was used o detamine the statistical
datain tras of pesformance fur AT for water-ethanol separation
m the peyvapus atiosn sysiem.

3. Resulls and discussion

340 NaA zeolite ozl anes

Vasbeussynthesis times, viz 20015, 12, and b desoted ag ACMs-
FoACKE-20 APMGT anll ACMs-A, sespecrively. wroe sradier g
synthesizing NaA zeolte membranes by ACtechnigue, as sammuanzod
in Tabsle AN syathesized Nad zeolie menbiancs, except ACMs-4
synthesized for LD h, showed homogencous coating and good
ditnbuiaog on The SWwidce of the memaanes a5 siowi a ke o
ACMS-4 (F1. L) did noepravide guod-imergiowehs of Wad zeolite un
the suppon swdaoe ke the othars The muan season & possibly tha
the synthesis tme of T h was not sutficient to completely zoat the
Mad 2eulite aystal on the suppwt swlace. A can be seen bom
Fus 1o bdl and 18] densar of NaA zeobe membsanes weie
ozsaved when the warhicsis thre was maecse, cansstatl with
Naveiasat ol [ 15] who studicd the effect of synthess tme on the
separdtion factoy and fourd the scpantion factor 1 the waor-
crhanod system dzcrcased w fess than 10,030 whon synthosis tme
was deaeaser bom 24 w0 2h Yuan ot o [27] alew stucied the
murpholoey of NaA zeok offectine the perdoumance of zeolite
mensione for the water-thand sepaation and found that the
po formance of NaA zeobte membnane was very pooy when the gaoc-
micizrowth o NaA zeobite was not observed Similar woour case
fhres by for the 220040 syathicsized for O sflortest me penod, the
well-nwserowth of zeolite was hardly obsosved, causing this
memb one to lave asepamation faztor lower than 0,000,

The thickness of the svnthesized NoA zeolite memibiancs ircicasald
with the syndiesis thne fom ACM:-3 (13 h) e ACMs-1 (20 h),
consstent with ow previous work [19) and the woks studied by
Negishict ol 2 H and Nikolokis o 2L]28), incicaring that the mocase
o e SYnthests Gme s a s iizang eifect on e thickness of tie
menbz enes, However, i ow Cose, the taae aoquied f the syathesis
of unifum and honwgoncous NaA zeokte codting on the duming
suppont wes shintes wirth aemaekabie pedformmes o disenseard in
e drtail o the next section than those reposied chewhoe
[ 02128]

32, Pevbimainy of NeA eolite nembiane

The postoryrarce af the synthicsized NaA zeolite memonancs wes
detenminec in terms of toal water Hus (ke ) and separation

Plegse aite ths article as: D Kannakorn, et al, Optmization of synthesis dime for high perfformance of NaaA zeolite membyones synthesized
via autoclave for water-cthane] separaion Desalmaton (2011}, doi: 10,1016/, 1e5al.2011.07003
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4 L fur ek el o esaf Rt e xex (20 Xas-xax
fa-roe Theratalwoeer e (] ke m2h ] of the systemean berakolaned d 18
by using Eq { 1}): st
1,04 & nd st
1 W/AT o g
. HE &9 iO
where Wis the water posmeate (kg A Bs the menbrone moa (m° ), _ga -
and 1 is the penmeaton time (h) The wl water flux is used to L0 A\\eg\\
detennine the amnnrof warer molerales thar passed thiosgh rhe 2 Af,
membranes to the permeate side. A hizh weal water flux is genenally § 151 ¢ A\&}
indicatiwe of a good mewbrane. g ”.ae
Scparnation factor i, dimensionless) can be calcubited by using E 10 ‘0’;\\
Eq. (2): & S ) 2
ﬁqf_ﬁag
5 2; 0.0 T T > v
w 2 L} 5 [14] 13 24 25 30 1s
Time (k)
whese Xpoy ard Xjpg e the molar fraciiors of cthanol and water,
respectively. The subsarigts of pernsand retenvepresent the perm zate b o
and the retentate sides e a pentod of o, sespecavely, 1he [ I TITH I
sepdidtivn Tucwr is an indicaws that dewennines hew elfidene d P o: " s nden
membrane is in sepaniting water from ancthansl water mixture, ;S e, ¢
Al ACMs miembranes were studied for performance, stabilioy, and 5‘ vy A 8 e
repredudibility using 3 reeycle-continuous pervaporation systzm and T .
tvo oyeles of the pervaporation test, respectively. The toetalwater flux % as9
of the parvapoiation system (see Fiz 2] decreased with an increase = |35 b -
the separatisn time tor all of the ACMs. This is due tw a ceciease in the 8 B a%
AIOLNE 31 Water on e retentate side, as tie pervaporatian proZess 2 e b SaPS
centinuad [2G] Abn ot al. [10] also foand that the wazer fluy of the g "."n
pervipoation system decrelsed with an inciease i ethanol concen- = 5 ‘fe‘m
traticn in the feed mixture. This result strongly agrees with our case, “‘QN\.O
as cxaaly seer in Fe. 3 when compared to Figo 2 The 2thanol 5 I . . , 0‘
cencentiation inaeased with thz sepaation tme, mearing less water ’ 5 10 15 0 25 0 15
motezules presentin thefeed. When the cmcunt of warer in the feed Time (k)
MIXre was [ew, the vapor pressare of the water m tie foed was
decreased, Lzading to a redudion of the diiving ferce for weter to pass ¢ 10
thiovgh the membrane. As a result, the total water flux of the system 18 . * sttt
deceeased T to this print, if can be concladed thar nor nnly the SR 8 lnd e
membrane thickness, but ako the ethanol concentration (or water Le6{& 0 S

ceneentration) in the feed cftest the total water flax of the
perveporation system [27].

In ths study, it is obvious that the tote] water fHlux increased fom
1.36 w 2.82 kglll-l,’ll whien e ianbisne tickinesy dxaeased fium
1613 ta 7-9 pon, as summanized in Table 20 Kalvanict et al. [23]studicd
rhe ettt of zedine thickness an the warer thx ot the pervaparation
syvstem and found that the water flux decreased from 0.1 kg to
0.216 kg'm¥h with ar increcse in the zeolite thickness om 23 un to
120 Lm. Moreover, Malckpouwr et al. [22 ] also found thet the wates Hux of
the perveporation systanvfor water-ethancldeareased withan intrease
in menrane thizkness, It can be conziuded that the increased
membrane thickness inceases the distance between the pormzate
ard the retentate sdes, dowing the diffusion of the water molecules
from therctentite side to the peameate side. and that is why the wead
water flux decreased with an incieass in the membrane thickness,
Negishi ctal [21] ake showed thet the totalwater flux decreased rapidly
from 2 t lower than 0.5 kgan®h with an naz2ase in the reaction tme
(U the membrane Unckness, from 20 1o 300, Howeven m thewr case,
the sepanatiun factor s obteinod from those menbianes werelower thas
10,000, whereds cur mombranzs stll provided higher than (0000
sepaatiern farrer

The highest twtal wates flux, 282 ke/m*/h, was urdoubtediv
obtained front the lowest membrane thickness of AQMs-3 synthesized
for 13 h, with the separation factor still remaming highey than 10000
throug hout the separasior, asshown inFigs. 2 anc 4 2629, Compaed
tothuse prosenwed elsewlivie[2 126.27] vw zeuliwe st dies ACNWS-
1, ACMs-2, and ACMs-3, provided a very high kevel of separation facos,

Total water flux (‘-‘.g’mz:'h)

ey
W2 \\\A
.0 v v v v g
Q 3 [14) s 0 25 30 35

Time {h)

Tig. 2 Totsh water fuxthgm b viosus tine (b ol thu ACMs synthoseead o s 13, b
Hoandd 200

ughzr than UG houghout the separation testing ume, and a
consideiably high forad water flux, Novztheless, anlike vus study using
a 10:90 waterethanol mixture, Kittur ot al [29] explained that che
separatim fartar caudd beincreased to higher than 10000 ifrhe amnionr
of water in the feed mixture was lower than 2%,

As expelted, among ACMs synthesized, the shostest time, 28 h, 0
produce 99.5% ethano! (or higher) was aclioved by using ACMs-3
whil AZMs-1 and AZMs-2 took 33 and 31 h, respectively,  reach
9955 cdranul, as shuwn in Fig. 3, vwing to Lz efled ol dicman b ane
thickness. Morcover, the resultng petormance {the tutal water flux,

Plesse cite this article as: D. Kunnakorn, et al., Optimzation of synthesis time for high performance of NaA zeolite membrznes synthesized
via autoclave for water-ethanol separation Desalination (2011}, doi:10.1016/j.4esal.2011.07.003




LRnmmwkan el L

a  tov oa
°0500°°°° Yy -
&
g
‘0 [ -
B n
k] 26 5:
=] e
2 a®
(¥l all
Eom .
& [}
5 92] of
=t
=3 o
5 *
= 90y LI AT
A Mips b
8 i
¢ 5 10 15 0 25 K 35
Time (h)
LI : Ly
2 o ponind wres a0
o 9% S
3 ) 2%
# aly®
& ]
3 9% an”
¢ [
3 o
2 904 L
= ) jod
= )
o
E:l'j’ 42 1 \?
g
2R b
L R
LI it t2
18
fl 5 10 i5 0 25 K1} 3%
Time {(h)
¢ 100
Q\d‘“'}‘.‘f [T
o8 )
] oo
2 o
g 96 Lo
i Py
5 ¢
5 044 -t
- ¢
= LY
= el &°
£ G
RN
T ooda
-3
55 9 .
4 LI Y
48 & s |
{ 5 10 15 0 28 30 3%
Time (h)
Fig. 3 «Dbuanul o the ydentate sde veraos ome U o he AGs synthewased for s B,

L 15 amd o) 200

fuble 2
Huchoess, totab water fhes, g sepsacaton lcto of Nad scobits pambanes,

[HENST IR T

{andir ey Rleredane 1l choeas Tratal e atey fhis S HTEI TR R T

FUIN ik i
ALMS-T P18 ERERIIY
ALMa-g 114 « L)
ALMS-T - < HELHS)
AL a4 ~Ajt) - ~ R

& 18+
{a+f~
g
s d - L] T -
L ] [ X' A K*n
< * 5 PN 0. 03,1 20 S-St 1L
£ a4 52‘“5‘“3?“ N AR
S
A
laeds
4
§ ® sy
P 2 e
| S ————
tat+2 v v
0 g 10 hi 20 i ] 5
Time ¢h)
b s
fnriq an Gl catatus
% P )
2 J*aa“"d""aO'L“'ilo""wﬁﬁﬁzm
@ nale®¥® '
3 aaslye®
= st
.2 la+d
g
é.
7
terd
e aag
A est
1842 ¢ , v v e
0 & [ 1% 20 5 30 15
Time (h}
£ MedB
13
lo+Ey =
i
2 -
5 a
& “ ® ..‘ LA .-p_’\,.p.:‘._.?!‘mhaa
o U " &
& 1esdd 4:&“2‘ .\f,; a saat i3 ¢
o
furad ¥
£
“ | & 1l
& e
te+d T v T ==
Q H 1a 15 2 i5 30 15

Lime (h}

Fago A Seovantron Lader covss e Ul b e ACRL et biovnd b a ) TR 15, awd o
21 h.

the sepasation facw:, and the ume w produce 9057 ethana), see
Frus 224 weperrivelynd e ACME T was sl rainrdned for the g
and the szoond suns, indicaring that those menbranes Fave wood
perfsimance and waod stability for water—cthand sepaaton inthe
pravapaaion systemn As aoresudt, e optimasn syathesis tine to
provide the highest perfonnancs (the hoghest total water Hux andthe
high separation lactor of the synthesized NaA zeelite embranes te
s2pardate water irom the watzr-cthanol ruxiu 2 i the pesvapm azion
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t FERpA o o of - Bl estnafear o (ST sy
Sy
Table 3 lett
£-1est shata for the ot water Sux ot ACRIS- 1, ALRMS- 2 aind ALK 3,
o rlevel of sigraficant; pevalue gpolubidity
AGMA- 1 ALA D 04 K25 . fe=3
AR ALRE-2 (L0315 5
AL D ALK HEIN] s a
] v o
&l M *
=
system was 13 housing ACMs-2, which was thus ciosen fur futho i
5 N 2
study 3 i
feed
2.3 Stutistived anulvsis :
S ACKE QY
WAL M BT
Intius work, -test was used o deteinune te statstical didforence beid , .
Between the pesvaporation system using ditferent membiancs, as 150 2410 2,50 J0u
sunngrized dr Tabdes 3 and 4, From Table 3, all data fiom the -test Tetal water fux (agin )
. R clad waltr DuX {apiim ™
provided a p-vadue iehe chan wine 005, indicating that all of ows ¥
Nad zeobite munbianes (ACMs- 1 ACM -2 and ACMs-3] showed a Fig. 5. Reprlualnlly of AN fn 13,15, andd 20 b genthiesss L,

statstically significant difference in terms of toral water fux
{ Ry z!l"‘~h_i Between thuse menibanes for water -cthanol sepaation
m e povaporation systent Ino othes words, using ditferent ACM
membsanes provided different values of woal water Hlux for wate -
ethanul separdation in The pervaporalion sysion.

Thue t-test data in Tubie 4, companing ACMs-3 and ACMs-2 to
ACM -1, gave p-vatues of ACMs-3ACMe- 1 amd ACVs-2:ACMs-1 low s
that o (i G051 That mcans that a decrease of the syarhesis tme
Tom 20h o (38 and howr 20 b to 13 h has a stanstically sivmficant
ditfcrence o the tme w achiceve D950E0H T o OH that can
be produced]. However, in the case ot the decrease of the synthesis
tane fram 15 hto 13 0 the p-value was highos than 005, mwanmg an
wsigndicant difference in the thne to achiove 995 EtOH, Hene, Liom
both Tabdes 3 and 4, the decieasirge synthosis Gme has g semficant
cfied on the total water Hux (ke m™h) and tie tme 1o achieve
GRAECOH fur the water-cthanod separation 1 the pervapuiation
Svsbenn

34 Produceivity of NuA zealite otembraste for produciog 99,57 of ethanol

I this wuirk ACMs-3 could produce approiimately 510 mb of
G0.5% of cthanol i 28 h fom the 10:90 wates cethano! feed with a
twtal Ououshpur of 570mL GOIG L0 (1012 ke of 9955 etha-
nobm Ry and approximately 479 of mass loss. As wmipaied o
those reputed clsewhese [20,22206.27) tns woik showed a produc-
tion 1410 of cthanol that was approximately 3457 viwhes due o the
mdd tunne membrane syvathesized i ow group, rosulting ina
mudch hisher wial water Hux, and drus much fess e fur pusiving
crthanol t 90457

2.5 Repeodadbility of NaA zeolite memibiwoes (ACYS )

Reproduciality of the syanthesized Naa zeobite membane s
maindy a cotwnion for industial and coonumic views, In this work,
afl NaA zeelite mwmbrancs were syatheszoed using the saue
cunditions, excepting only the ditference in the synthess tes (13,
15, and 20 b Forocach svathesis ume, two NaA zeolite membnanes

were svathiesized o mvesteate thel sepooducitnbty (sce Fia 50

Tably 4
E-Tesn bt g the e toacdieve UG EGH of ALV 1 ACRD-2 and ALK uang tHhie
[HEERTHT EIFIVIRASN IS TN

18 [EXELIN
AR -1 AURES o LIRS RE:E
ALRTS-1 0 ALRI 2 1845
A2 ALK 024

hose zeolite membianes Jdeady showed a good reproducibilioy fos

the wates-cthanol sepaation in the pavapoation systemwith ahieh
total water flux and @ sopasation factor anuntasing a level highes
than 10,000 thyoughout the reacrion tine, b facy, the hivher ol
water Hux achieved from these membranes was better than previous
works [ 1020,26,300 A high rotal water flux with a good sepaation
factos higher than 10,000 mamtained duoughoul the seadion is
definitedy a good chwactenistic of the mendsane for ighly pure
cthanul production, smakmg 1t cconomically feasible fos mdusties.

4. Comclusions

NaA zeolite membsanes werc successfully synthesized by conven-
tional hedating o autuclave tedhnique. The opthnum syathesis tane,
providing the best performance for water-cthanol sepaation i the
peivaenation systenr, was enly 12300 The best pesfurmance of the
membrane found was 2,82 ke b tetad wates fux and higher than
10000 soparatas tactos, The wink obtaned a good seproducibilioy
anmd a good stability which would Be suitable for industizal use in
producing a high punty of cthanol
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Abstract

Conventional azeotropic distillation, consuming very high energy, is mostly
used to produce high purity ethanol for renewable energy usage. In this study, the
techno-economic comparison between azeotropic distillation (distillation followed by
practical azeotropic distillation) and hybrid system (distillation followed by
pervaporation system) for producing high purity of ethanol is demonstrated using the
Pro Il by Provision version 8.0. In the hybrid system, NaA zeolite membrane is used to

separate the water from ethanol-water mixture. It is found that the hybrid system is the
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most effective technique for producing more than 99.4 %wt of ethanol with an energy

consumption of 52.4% less than the azeotropic distillation.

Keywords: Techno-economic analysis; azeotropic distillation; NaA zeolite membrane;

pervaporation

Introduction

Although the most widely used technique to produce cthanol is the distillation
process, it can 'obnly produce ethanol with a purity close to 95 %wt owing to the
formation of thé azeotropic. phase between water and ethanol [1-2]. The azeotropic
Vdistillation, involving the additional component called “entrainer” to separate water
from ethanol by distillation [3], was thus introduced to solve this problem. However,
azeotropic disti‘llation is not only an energy-consuming process, but 1is also
environmentally unfriendly, due to the toxicity of the entrainer used [4-5].
Pervaporation féchnique is the technique used to solve these problems because it
consumes less energy and is more environmentally friendly [5-6]. The separation of this
technique depends on the diffusion coefficient and relative affinity of each component
in a membrane [2, 7]. By applying vacuum at the permeate side, it creates a driving
force across the membrane to separate one component from the mixture. This technique
can overcome the azeotropic composition problem found in the distillation process.

Membranes used in the pervaporation system are polymeric, inorganic or
ceramic, and mixed-matrix membranes, depending on particular applications [8-11].
Sodium A zeolite membrane is a good candidate for water-ethanol separation using the

pervaporation system [10, 12] since water can more easily pass through the membrane



and go to the permeate side due to the hydrophilicity of the membrane, resulting in
higher purity of ethanol in the retentate side.

Although a hybrid system — the distillation process followed by the
pervaporation technique — has proven to be a better way to produce high purity ethanol
(higher than 99.5%wt), the techno-cconomic analysis of this system has not yet been
studied. In this article, the techno-economic analysis of the azeotropic distillation using
benzene or cyclohexane as an entrainer was explored, comparing it to the hybrid system
using the software called PRO II by Provision version 8.0 as a simulation program. Lab-
scale pervaporation system of water—efhénol separation using our home-made NaA

zeolite membrane was introduced to collect data and simulate the hybrid system.

Experimental
Materials

Fumed silicon dioxide (SiO,, ~390:t40m2/g surface area, 0.007 pm average
particle size) and aluminum hydroxide-.hydrate [AI(OH):.xH,0, 51 m%/g surface area]
were purchased from Sigma-Aldrich, Inc., and were used as starting materials. Sodium
hydroxide (NaOH), from Lab-Scan Analytical Sciences, was used as a base catalyst.
Ethyl alcohol (ethanol, UN 1170, 99.5%) was purchased from J.T. Baker Solusorb. The
tubular porous a-alumina support obtained from the National (Thailand) Metal and
Materials Technology Center (MTEC), having an 11 mm O.D., a 9 mm L.D., a 6 cm
length, and a 0.3 pm pore radius on average with 38% porosity, and coated with an a-
alumina intermediate (0.06 um pore size) on the top layer, was used in this work.
NaA zeolite membrane synthesis

The synthesis followed those reported elsewhere [12-14]. A tubular porous

alumina support was cleaned by washing twice in deionized water for 15 min to remove
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dirt from the surface, dried in a vacuum oven at 363 K for 24 h, and calcined in a
furnace at 400 K for 3 h to burn off any impurities from its surface. The unsoiled
tubular alumina support was placed in a vacuum seeding system, containing the NaA
seed crystal solution, for 2 min at 10 mmHg (1.333 kPa), followed by drying at 60 K for
24 h before coating with NaA zeolite autoclave technique. The NaA seed crystal
solution was prepared by dispersing about 7 g of NaA zeolite (0.5 pm pore size an
average) in 1000 mL of water. The NaA zeolite seed was synthesi‘zed using the formula
| :. composition as follows: 3Na,O: Al,Os: Si0,: 410H,0 [7,13,15].
The coated tubular support was placed in a teflon vessel Acontaining the NaA

zeolite solution prepared using the SONa‘zo: AlLOj3: 5S510;: 1000H,0O formula. The
. vessel was then equipped in the autoclave m'acﬁine and placed in the vacuum oven at

© 333k for 20 h to obtain the NaA zeolite membrane. The membranes were washed with

" deionized water and dried at 343 K for 24 h before pervaporation testing.

- Pervaporation experiment

The pervap.Q‘iration system was kept constant at 343 K A circulation pump
(Masterflex) was used to pump the water-ethanol ratio of 10:90 with the 510 mL total
amount of throughput from the heat tank to the pervaporation unit. The permeate was
collected in the vessel, cooled by using the liquid nitrogen, to calculate the total water
flux (kg/m*/h) and the separation factor (dimensionless). An EDWARDS LS63P
vacuum pump equipped with the pervaporation unit was used at the permeate side and
kept pressure constant at 10 mmHg.
The total water flux and the separation factor were used to determine the

performance of the synthesized NaA zeolite membrane in pervaporation units,
calculated by using eq. I and II;

Total water flux (J) = W/[A*t] (D



where W is the water permeate (kg), A is the membrane area (m”), and t is time (h). In
this work, the total water flux was determined when the time was varied in the recycle-

continuous pervaporation testing.

[XEtOH , ]
Xn,0

perm

EtOH
Separation factor (o) = [X /XHEO}rEtEn (1

where Xgon and XH,0 are the molar fractions of ethanol and water, respectively. The
subscripts of perm and‘.r‘:eten represent the permeate and the retentate sides, respectively.
Sample Analysis

The separated water-ethanol products were analyzed ilsixlg an Agilent
Technologies 6890N gés chromatograph equipped with an HP-Plot/Q capillary column
and a TCD detector. About 0.5 pL of the samples was injected under the following
conditions: the helium used as the carrier gas was set at 55 kPa, the oven temperature
was set at 473K, Whiié, the injector and detector temperatures were set at 473K and
523K, respectively.
Simulation programs

To compare the processes between the azeotropic distillation system and the
hybrid system, we assumed that 1000 kg/h of water-ethanol mixture (50%wt of ethanol
and 50%wt of water) was used as a feedstock to produce 99.5% ethanol. The
temperature and the pressure of the initial feedstock were set at 298 K, 1 atm for the
azeotropic distillation system and 343K, 1 atm for the pervaporation unit in the hybnd
system. For the practical azeotropic distillation system, distillation column followed by
azeotropic distillation was used to produce 99.5% ethanol. For the hybrid system, the
distillation column followed by the pervaporation system, using NaA zeolite membrane,

was used to produce 99.5% ethanol. The first distillation column for both systems was
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distillation systems was studied for comparison in term of techno—ecoﬁo]mcﬂs‘[‘f

99.5%wt of ethanol production.

For simulating both systems, Pro II with PROVISION version 8.0 was used to
obtain the total amount of energy required for purification of ethanol to reach 99.5%wt
of ethanol, total ethanol production rate, total stage of each distillation co}umn, and total
amount of membrane surface area for the pgrvaporation system. Moreover, in the
azeotropic distillation system, since benzene aﬁci_ cyclohexane were used as an entrainer
to purify ethanol from 94 to 99.5 %wt, a combe{rison between benzene and cyclohexane

was also studied in term of energy and production points of view.

Results and discussion
Pervaporation testing results

As can be seen in Fig. 1 and Table 1, té reach 99.5%wt of ethanol, the lab-scale
pervaporation system for water-ethanol separation using our home-ﬁ;ade NaA zeolite
membrane showed an impressive performance with the total water flux as high as 2.12
kg/m”/h and the separation factor higher than 10,000 for all membranes tested and all
water-ethanol mixtures in the ranges from 90-95% (below the azeotropic point) and 95—
99.5% (above the azeotropic point).
Simulation program

For simulating the azeotropic distillation (distillation column followed by
practical azeotropic distillation column) and the hybrid (distillation column followed by
pervaporation unit) systems using the PRO II program, the feed flow rate was assumed
as 1,000 kg/h with 50:50 ethanol:water at atmospheric pressure. 298 K was employed as

the initial feed temperature before moving to the distillation column of both systems to




reduce the energy consumption of the distillation process. The temperature of the
practical azeotropic distillation column of the azeotropic distillation system was set at
351 K, while that of the pervaporation unit of the hybrid system was set at 343 K, which
is the same as the one set in the lab scale pervaporation testing.

1. Distillation column

Ethanol-water mixture with the %wt ratio of 50:50 was first purified in the
distillation column to obtain a higher purity of ethanol. Total distillationl column stages
of 20 at the stage number 18 and the reflux ratio (R) of 20 was acduired from the
simulation program, as shown in Fig. 2. The feed rate of the ethanol m‘ixlture produced
from this process was 531.84 kg/h with 94 %wt with 6 %wt of water Which is close to
the azeotropic composition of water and ethanol (around 95:5 %wt of elﬁénol:water) [3,
16]. That means that other techniques are needed to combine with the distillation
column to increase the purity of ethanol.

2. Azeotropic distitlation

A result of the azeotropic distillation from the PRO-II simulation
program, requiring 25 stages of practical azeotropic distillation column with the reflux
ratio of 20, is shown in Fig. 3. The 531.84 kg/h of the product feed rate with a
composition close to azeotropic point of ethanol obtained from the distillation column
was moved to the practical azeotropic distillation column, using benzene (or
cyclohexane) as an entrainer fed from the top of the column. The azeotropic mixture
stream was fed from the bottom at stage 23. The entrainer can break the azeotropic
mixture (water-ethanol azeotrope), resulting in a very high purity of ethanol (as high as
99 %wt of ethanol with the feed flow rate of 504.97 kg/h). However, the final
specification of the required ethanol for industry is at least 99.5%wt of ethanol; thus, the

addition of the second practical azeotropic distillation column, using the same
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conditions as the first one, was introduced in the system, as can be seen in lable 2. The
purity of the ethanol produced was increased, but still contained less than 99.5%wt of
ethanol. The addition of the third practical azeotropic distillation column was thus
conducted, causing higher investment, operation, and energy costs, as stated in Hoof et
al. [2] who also found that total cost increased with a rise in the capacity and the
amount of azeotropic distillation column.

In addition, changing the type of the entrainer from benzene to cyclohexane, as
shown in Fig. 4, indicated that 3 kg/h of cyclohexane, higher than benzene, was
required to produce 99 %wt of ethanol, as shown in the figure, implying that benzene
was more effective than cyclohexane for purifying the ethanol in this simulation
program.

3. Hybrid system (distillation followed by pervaporation system)

The hybrid system studied in this work is shown in Fig. 5. The first
distillation column was the same as that used in the azeotropic distillation process,
meaning that the starting feed stream for the pervaporation system was 531.84 kg/h,
having the composition of 94 %wt of ethanol and 6 %wt of water. From the simulation
program, it was found that 15 m’® surface area of the NaA zeolite membrane was
required to produce 99.5%wt of ethanol with the ethanol amount of 502.44 kg/h.
Techno economic calculations

In this work, we consider the total energy required to produce 99.5 %wt
of ethanol, examining not only both the azeotropic distillation and the hybrid systems,
but also the type of entrainer, benzene and cyclohexane. To compare the cost of the
operation for both systems, the energy required for the practical azeotropic distillation
was compared to that required for the pervaporation system, as summarized in Table 3.

The pervaporation system consumed less energy to produce 99.5%wt of ethanol; hence
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the whole mixture was not needed to distill, as compared to the azeotropic distillation
system, which requires the addition of the second and the third azeotropic columns. In
the pervaporation system, only the permeating component, which is pure water,
required a heat of evaporation, as mentioned by Hoof et al. |2}, who also found that the
energy required for water evaporation in the pervaporation system was lower than that
in the azeotropic distillation system. Furthermore, even though the energy required (Qg)
for producing ethanol by using cyclohexane was slightly lower than benzene, the
amount of cyclohexane required for purifying ethanol to 99 %wt was higher, as can be
seen in Table 4. From this point, we may infer that benzene was a more effective
entrainer than cyclohexane for using as an entrainer in the practical azeotropic
distillation.

Commercially, the energy required to produce 99.5%wt ethanol was expressed
in terms of condenser energy required (Qc¢) and reboiler energy required (Qgr) in the
distillation and the practical azeotropic distillation columns. Thus, considering the cost
of each system in the purification of ethanol, it was assumed that both of Q¢ and Qg
were come from electric energy needed and used to calculate the total cost of the
operation of each system. However, the important value in the process was the supplied
heat (Qgr) to produce ethanol. Rejecting the heat to environment is not expensive, as
long as it can reject at ambient temperature. Thus, the total energy required and
calculated comes from the energy required (Qg) for producing ethanol and the total
energy (Qr+Qc) for producing ethanol.

The electricity cost used in the calculation using the techno-economics analysis
was 35€/MW .k, as used in the study of Hoof et al. [2]; thus, the cost of the total energy
required and the cost of the total energy of each system were determined, as shown in

Tables 5 and 6. The azeotropic distillation system (distillation followed by practical
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azeotropic distillation) consumed 54% more energy than the pervaporation system,
resulting in a very high energy cost, consistent with the results found by Hoof et al. |2].
Furthermore, although the azeotropic distillation system, consisting of the second and
the third practical azeotropic distillation columns, could produce high purity of the
ethanol, the operating cost was remarkably high. In other words, the addition of the
practical azeotropic distillation column in the distillation system was not good in terms
of a techno-economics view.

As a result, the hybrid system of distillation column followed by a pervaporation
system using our }161ﬁe—lnade NaA zeolite membrane was the best system for producing

ethanol at very high purity (higher than 99.5%wt) at much lower cost.

Conclusions

Using a techno-economics analysis, the hybrid process system using NaA zeolite
‘membrane was more economically attractive than the azeotropic distillation process
syétem. It not only. saved significant energy required for producing 99.5 %wt of ethanol,
but was also an environmentally friendly process. For the azeotropic distillation system,
benzene was a better entrainer than cyclohexane in term of investment cost. Moreover,
using the data obtained from the laboratory scale for the pervaporation system carried
out using NaA zeolite membrane, the results from a simulation provided a good
performance for the water-cthanol separation. We may conclude that the combination of
this system and a distillation was suitable and efficient in term of techno-economic

analysis for the ethanol production.
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Total water flux (kg/m’/h) and separation factor of the pervaporation system
using NaA zeolite membrane.
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Table 1

pervaporation system for water-ethanol separation.

Performances of synthesized NaA zeolite membrane in lab scale

% Ethanol Final Average total water | Average separation Time (h)
feedstock | % ethanol flux (kg/mz/h) factor
90 95 2.12 > 10,000 8.75
95 99.5 0.76 > 10,000 20

Table 2 Data obtained from simulation program of distillation column followed by
azeotropic distillation column to produce 99.5 %wt ethanol.

Inlet feed | Inlet feed composition I:::élau:‘t Product composition
Column flow rate %EtOH: % H,0: i (% EtOH: %H,0:
flow rate
(kg/h) Y% Entrainer) (kg/h) ' % Entrainer)
Distillation 1,000 50:50 531.84 94:6
st : H ;
I Azeotropic | ¢4y ¢ 94:6 504.97 99:0.803:0.197(Bz)
distillation
nd A .
27 Azeotropic | g o7 99:0.803:0.197 (Bz) 503.60 99.26:0.39:0.35(Bz)
distillation
rd -
37 Azeotropic | 3 o 99.26:0.39:0.35 (Bz) 502.89 | 99.33:0.156:0.514(Bz)
distillation




Table 3 Total energy required for each process to produce high purity of ethanol.

Energy required: (MJ/kg ethanol)

. Distillaiton 1¥ Practical | 2" Practical 3" Practical %ZEthanol
Technique column azeotropic azeotropic azeotropic Pervaporation ﬂ%m:wﬁ
* &k S wﬂ C$~H
Qc Qr Q¢ Qr Qc Qr Qc Qr ystem
Distillation | 7.96 | 8.18 | - ; - ; ; ; 94
mwmﬁ_v_mwm% 796 | 818 | 10.14 | 10.02 | - ] ] ; ; 99
wwmmmwmm 1796 | 8.18 | 10.14| 10.02 | 1031 | 9.79 | - . - 99.26
wmmﬂmmm 7.96 | 8.18 | 10.14 ] 10.02 | 1031 | 9.79 | 1025 | 9.74 - 99.33
Hybrid 796 | 8.18 | - E : | ; 1.134 99.50
system

* . * . .
Qc = Condenser energy required, = Qg = Reboiler energy required

¢ distillation column followed one practical azeotropic distillation, ° distillation column followed two practical azeotropic distillation, © distillation column followed three practical azeotropic

distillation.
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Table 4 Practical azeotropic distillation using different types of entrainer.

. Total Energy required

ql?)t:;t Final %wt amount of
Entrainer o ethanol ethanol (MJ/kg)

required produced produced

Benzene (Ben) 1 99.00 504.98 10.14 10.02

Cyclohexane
(CH) 3 98.90 504.97 10.076 | 9.958




= 7

w?w iﬂoﬁ of operating energy required (Qg) for mmow system.

Total energy required : Qr (MJ/kg ethanol) Total Total cost of
. nd rd energy operation

Technique st At r 2 3 , : .

UMm:m:oz Practical Practical Practical wmwwmwmw”:os required system

umn azeotropic | azeotropic | azeotropic y (MJ/kg) (€/kg)

Distillation 8.18 - - - - 8.18 0.0794

wwmmmﬁwmw 8.18 10.02 ) i i 18.20 0.1771

wmmmmmw% 8.18 10.02 9.79 : ] 27.99 0.2723

Mwmm%mw 8.18 10.02 9.79 9.74 ! 37.73 0.3675

Mmﬂm 8.18 i . ; 1.134 9.314 0.0906
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Table 6 Cost of total operating energy (Qr + Qc) for each system.

Total energy for Producing Ethanol : Qc+Qr (MJ/kg ethanol) Total Total cost of
. d rd energy operation
Technique Lo 1" 2" 3 . )
C_mﬁwzm:os Practical | Practical Practical wmwa\mmmmw_:o required system
cofumn azeotropic | azeotropic | azeotropic 5y (MJ/kg) (€/kg)
Distillation 16.14 - - - - 16.14 0.1568
Azeotropic |01y 20.16 36,30 0.350
distillation® 2 : ) i ] : :
%Mmmmmw% 16.14 20.16 20.10 C e 56.40 0.5495
wmmmmmmw 16.14 20.16 20.10 19.99 n 76.39 0.742
Hybrid 16.14 i : - 1.134 17.274 0.168

system
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Abstract

Pervaporation process is used to separate ethanol-water mixture by
partial vaporization through a non-porous selectively permeable polybenzoxazine
membrane synthesized by using bisphenol-A, formaldehyde, and two different types of
diamine, 1,6-hexanediamine (hda) and ethylenediamine (eda), denoted as poly(BA-hda)
and poly(BA-eda), respectively. It is found that both membranes with a thickness of 200
pm are suitable for the ethanol-water separation via pervaporation process at a feed
temperature of 70 °C. However, poly(BA-eda) membrane provides higher permeation

flux and separation factor with increasing ethanol concentration.



Keywords: Pervaporation, Polybenzoxazine, Permeation flux, Separation factor

1. Introduction

Pervaporation process using membranes has become of great interest in the past
decade since it not only saves both energy and cost in separation of azeotropic mixtures
or similar boiling-point mixtures but can also be used in many applications, such as the
removal of polluting compounds and volatile organic compounds from the feed
solution, dehydration of organic solvents [1], recovery of ethanol from fermentation
broths [2, 3], etc. In the pervaporation process, permeate is passed through a non-porous
or porous membrane via partial vaporization. When a liquid mixture is in contact with a
membrane, one of the components is preferentially eliminated from the mixture because
of its higher attraction to, and/or faster diffusivity in, the membrane. Many polymeric
membranes, such as poly(dimethylsioxane) (PDMS) [4], polyimide [5] and
polyurethane [6], have been widely used for separation of the water and ethanol mixture
via pervaporation because the selectivity and permeability of the membranes can be
tailored to effectively separate all kinds of chemicals [7].

Recently, we have developed polybenzoxazine (PBZ) membrane for ethanol-
water separation using pervaporation technique [8]. PBZ is a phenolic resin type that
offers a number of outstanding properties, including a high glass-transition temperature
(Tg), high thermal stability, good mechanical properties, low shrinkage upon
polymerization, and excellent molecular design flexibility [9].

In this study, the new PBZ membrane, called poly(BA-eda) membrane, was
successfully synthesized and studied with regard to its efficiency in separating water

from ethanol when compared with a poly(BA-hda) membrane. The effects of aliphatic
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chain length, feed temperature, feed concentration, and membrane thickness on the

pervaporation performance were also investigated.

2. Experimental
2.1 Materials

1.4-Dioxane (analytical grade, Labscan, Ireland), bisphenol-A (BPA, 97%
purity, Aldrich, Germany), hda (98% purity, Aldrich, Germany), ethanol (99.9% purity,
J.T. Baker; White Group, Malaysia), formaldehyde (analytical grade, 37%wt. in water,
Mer'cAk, Germany), and eda (99% purity, Fluka, Switzerland) were all used as received.
2.2 Methodology

2.2.1 Synthesis of Polybenzoxazine Precursors

Polybenzoxazine precursors were prepared using BPA, formaldehyde, and eda
or hda with a mole ratio of 1:1:4, respectively [8, 10-11]. BPA (6.84 g, 30 mmol) was
first dissolved in 15 mL of 1,4-dioxane in a 50 mL glass bottle and stirred until clear
solﬁtion was obtained, followed by adding formaldehyde solution (9.73 g, 324 mmol).
The temperature was kept at 10 °C, using an ice bath. Diamine (eda or hda) was then
added dropwise into the mixture while continuously stirring for approximately 1 h until
transparent viscous liquid was obtained. A heat treatment at 100 °C was required to
accelerate the reaction to obtain the PBZ precursors, abbreviated as poly(BA-eda) and
poly(BA-hda), for PBZ membrane preparation. The PBZ precursors were purified by
washing with 200 mL of 0.1 M NaHCO; solution before solvent removal by
evaporation and drying under vacuum. The characterization was analysized by proton
nuclear magnetic resonance spectroscopy ('"H-NMR, Varian Mercury 300) using
deuterated chloroform (CDCl5) as a solvent.

2.2.2 Preparation of Polybenzoxazine Membranes
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PBYZ. precursors were cast on a glass plate at room temperature using Elcometer
3580 casting knife film applicator (from eclcometer/inspection equipment). The
membranes were dried at room temperature in air for one day and further dried at 80 °C
in an air-circulating oven for one day to remove excess solvent, yielding the yellow
transparent membranes. The PBZ membranes were prepared with thicknesses of 100,
200, and 300 pm to study the effect of the thickness. An attenuated total reflectance
infrared spectrometer (AT R-IR, Thermo Nicolet Nexus 670) was used to analyze the
chemical structure of PBZ membranes, using ZnSe 45° (flat plate) with a scanning
resolution of 4 cm™. The nlémbrane morphology was also investigated on a scanning
electroﬁ microscope (SEM, hitachi/s-4800).
2.3 Pervapofation Study

A pervaporation experiment schematic drawing is shown in Fig. 1. The
membranes with various thicknesses (100, 200, and 300 um), were placed in a stainless
steel reactor. A flow rate of 900 mL/min was used to circulate the ethanol-water mixture
in which th.e concentratioﬁ-‘was varied (5, 10, 15, and 20% ethanol) from the feed
reservolr to a permeation unit. The temperature of the feeding mixture was also varied
at 40°, 50°, 60°, and 70 °C. The performances of the membranes were determined by
measuring % ethanol and water in the permeate side to calculate the permeate flux
(kg/m2 h) and the separation factor. The quantities of the ethanol and the water were
determined using gas chromatography (GC, Agilent GC-6890). Samples of 0.5 pl. were
injected under the following conditions: helium as carrier gas, thermal conductivity
detector (TCD) with pressure setting at 55 kPa, oven temperature set at 200 °C, injector
and detector temperatures set at 200 ° and 250 °C, respectively. The separation factor

and the permeate flux (kg/mzh) were determined by using the following equations:
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Permeation flux (J, kg/m’h) = f;fl; (D)
t
where M = permeate weight (kg),
A = effective membrane surface area (m?), and
t = pervaporation time (h).
Separation Factor (twaterfeinanot) = e )
/Y“'(”(,‘I'/X(’fh(lll(ll
where Ywaer = mole fraction of water in the permeate,

Yemanot = mole fraction of ethanol in the permeate,
Xuwaer = mole fraction of water in the the feed, and

Xomanot = mole fraction of ethanol in the feed.

3. Results and discussion
3.1 Characterization of PBZ Precursors and membranes

Unlike the traditional solvent ‘,method, n whiph more solvent, more heat, and
longer réaction time are required 121 both poly(BA~eda) and- poly(BA-hda) were
synthesized via quasi-solventless within one hour at low temperature. The resulting
Poly(BA-eda) and poly(BA-hda) were confirmed by 'H-NMR measurement. 'H-NMR
spectra (Fig. 2) show that the characteristic peaks assigned to the methylene protons of
O-CH;—N were found around 4.80 to 4.82 ppm. The methylene protons of Ar—CH,—N
of the ring-closed benzoxazine were observed around 3.90 to 3.94 ppm. The peaks at
approximately 2.85 to 2.92 represent the methylene protons of the ring-opened
benzoxazine. Moreover, the characteristic peaks of the methyl protons of BPA were
observed around 1.55 to 1.57 ppm. These results agree with those reported by Takeichi

et al. [12]} and Ning et al. [13].
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using ATR-IR (not shown). The out-of-plane bending vibration of C~H\ was observea/a’t
932 cm™. The band assigned to asymmetric stretching of C—O-C and C-N—-C were
found at 1233 and 1128 c¢m™, respectively. Furthermore, the CH, wagging of oxazine
ring was observed at 1378 cm™. In addition, the band at 1502 cm™ represents the
stretching of trisubstituted benzene ring. These results are in agreement with the study
of Ning and Ishida [13].

T hé SEM micrographs (Fig. 3) show that the resulting PBZ membrang:s are
dense merﬁbranes. From Fig. 3¢, the cross-section of poly(BA-eda) shows a fe\& marks
due to sample preparation process, but no flaw was observed in this case.

3.2 Pervaporation Analysis

3.2.1 Effect of feed temperature

In thls study, the effect of the feed temperature, from 40° to70 °C at 10 °C
intervals, was studied using 200 um of thickness of poly(BA-eda) and poly(BA-hda)
membranes and 10:90 ethanol:wétér. The results show that at low temperaturé‘s of 40°
and 50 °C of feed mixtures, poly(BA-eda) had high permeation flux but rather low
separation factor, as presented in Fig. 4 and Table 1, respectively.

Huang and Yeom [14] also investigated the effect of pervaporation temperature
and suggested that the apparent activation energy was a function of permeate
concentrations, due to the plasticizing effect of permeates and the interaction between
permeates and the polymer. The Arrhenius-type equation was used to explain the
relationship between temperature and permeation flux similar to the explanation of

Qunhui et al. [15]

- F,
J= Joexp( RY{))
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where Jy is permeation rate constant, R is gas constant, T is temperature in terms of
Kelvin, and Ep is the activation energy for permeation, which can be obtained from the
slope of the curve plotted between In J and 1/T. The activation energy shows the
amount of energy in excess of the average energy level required to permeate through the
membrane.

From the principle of pervaporation, the permeate component undergoes a
liquid-vapour phase change when it.passes through a dense polymeric membrane, and
finally only the vapour phase pésées through the permeate side. Therefore, the
separation performance and the ac‘ti"vation energy are generally determined from the
vapour phase of the permeated side. I.n the case of poly(BA-hda) membrane, we found
that the average activation energy jc";l]culated from all testing temperatures was 3.'74.
kJ/mol. However, in the case of poly(BA—eda) membrane, the vapour phase appeared at
only high testing temperatures (60° éind 70 °C) while at low temperatures (40° and 50
°C) there was some liquid in the ﬁermeate side that cannot be used to calculate the |
activation energy. Therefore, the energy activation of both_‘ f)Qly(BA—hda) and poly(BA- |
eda) membranes could be compared at only high testing temperature. The activation
energy of poly(BA-hda) was 3.18 kJ/mol, while that of poly(BA-eda) membrane was
9.40 kJ/mol, meaning that at high temperature poly(BA-eda) membrane needed higher
energy for water molecules to permeate through membrane more than poly(BA-hda)
membrane. Thus, poly (BA-eda) membrane showed higher permeation flux than poly
(BA-hda) membrane. Moreover, at high temperature, both membranes showed high
permeation fluxes and high separation factors, consistent with the explanation of Quihui
et al. [15] that at high temperature the interactions of the permeates, such as those
between water—water, water—ethanol and ethanol-ethanol, became weaker, but the

interaction between permeates and membrane was restored, resulting in more water
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passing through the membrane. In addition, the solubility parameter, which is the ratio
of molar attraction and molar volume constants, can also be used to support the affinity
of membranes toward ethanol. The solubility of water, ethanol, poly(BA-hda), and
poly(BA-eda) membranes is presented in Table 2. It can be seen that the solubility of
both poly(BA-hda) and poly(BA-eda) membranes has better affinity toward ethanol
than water, allowing more water to pass through.

As discussed earlier, the temperature strongly ‘ affects the separating
performance. At low temperature, however, the poly (BA—-ed'_a) membrane showed a
high permeation flux and low separation factor because poiy_mer molecules contain a
shorter aliphatic chain length [-(CH,),—], leading to less _e-tthanol absorption, thus
causing both ethanol and water to pass through and finally co.n.'.dense into a liquid phase
‘which is a mixture of ethanol and water. Moreover, Quihui et al. [15] suggested that at
low temperature the interactions between permeate moleculeé became stronger and the
interaction between permeates and membrane became Weakc;r,- making both water and
ethanol pass through the membrane. However, poly (BA-hda) membrane, in Which
polymer molecules have a longer aliphatic chain length [((CH3)¢—], could absorb more
ethanol and allow only water molecules to pass through, resulting in low permeation
flux with high separation factor.

3.2.2 Effect of feed concentration

The feed concentration studied was varied from 5 to 20% ethanol using
poly(BA-eda) and poly(BA-hda) membranes with a thickness of 200 pum via
pervaporation at 70 °C feed temperature, as shown in Fig. 5. The mixture concentration
slightly affected the permeation flux. The permeation flux increased with an increase in
cthanol concentration. This is probably due to an increase in membrane-free volume

when ethanol concentration increased, resulting in an increase in side-chain mobility.
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As a result, small-size water cluster can easily pass through the membrane-free volume.

The results are in agreement with the work of Mohammadi [4], who studied

pervaporation of dilute alcoholic mixtures using PDMS membrane. Huang ef al. [16]

also studied the effect of ethanol concentration on the separation of polyphosphazene

with three different pendant groups and concluded that an increase of ethanol content

enhanced ethanol sorption into the membrane, and, as a result, the membrane swelled

more. These results were similar to those from our study in which both membranesﬁ
showed high permeation flux when ethanol concentration was increased, especially in
the case of poly(BA-hda) membrane containing a longer aliphatic chain length [.— :

(CHa)¢—], the permeation flux increased with an increase in ethanol concentration due to -
higher ethanol absorption, resulting in a greater swelling ability that allowed more watel_:
molecules to pass through. However, poly(BA-eda) membrane containing a shorter '
aliphatic chain length [-(CH,),—] showed a slight increase in the permeation flux due to._v B
a lower ethanol absorption capacity. However, the separation factor of both membranes -
with all feed concentrations showed more than 10000. Thus, changing the feed-
concentration did not have a significant effect on the separation performance.

3.2.3 Effect of membrane thickness

Using the appropriate temperature of 70 °C, which provided the highest
permeation flux and high separation factor, and 10:90 ethanol:water, the effect of
membrane thickness (100, 200, and 300 um) was investigated. When compared at the
same thickness, the permeation flux was higher when poly(BA-eda) membrane was
used, as shown in Fig. 6 and Table 3. As discussed earlier, poly(BA-eda) membrane,
containing a shorter aliphatic chain length [-(CH;),—|, provided less ethanol sorption,
allowing more water to pass through the membrane to the permeate side. Undoubtedly,

the tendency of the permeation fluxes of both membranes decreased with an increase in
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the thickness of the membranes, consistent with Villaluenga ef al. [17] Qunhui ef al.
[15] also studied the effect of various thicknesses of multi-layered membrane on the
permeation flux and found that the swelling profile in the membrane was a function of
the thickness. In our study, at the lowest thickness (100 pm), poly (BA-hda) membrane
presented a very large amount of the total permeation flux due to a high degree of
membrane swelling. Meanwhile, some ethanol molecules were also adsorbed in the
membrane, resulting in some ethanol molecules present in the permeate. Nevertheless,
the permeation flux of the thinnest poly(BA-eda) membrane (100 pwm) could not be
obtained since this membrane was more rigid, causing the membrane to be brittle and

more easily damaged after swelling.

4. Conclusions

Polybenzoxazine membranes, including poly(BA-eda) and poly(BA-
hda), were successfully prepared using quasi-solventless technique and employed to
separate cthanol-water mixture in pervaporation process. The membrane thickness, the
feed temperature and the feed concentration affected the separation performance. The
permeation flux increased with an increase in the feed temperature and with a decrease
in the membrane thickness. The suitable temperature of the feed solution and the
thickness of the poly(BA-eda) and poly(BA-hda) membranes for 10:90 ethanol:water
separation via the pervaporation process were 70 °C and 200 pm, respectively.

Additionally, poly(BA-eda) membrane can be used for 20:80 ethanol:water separation.

Acknowledgements
This research work 1is financially supported by The Petroleum and

Petrochemical College; the National Centre of Excellence for Petroleum,



66

Petrochemicals, and Advanced Materials; the Ratchadapisake Sompote Endowment
Fund, Chulalongkorn University; the Thailand Research Fund (TRF); the National
Research Council of Thailand; and, the Development and Promotion of Science and
Technology Talents project (DPST). In addition, the authors would like to thank Mr.

John M. Jackson for English proof-reading.

References

[1] P.D. Chapman, T. Oliveira, A.G. Livingston, and K. Li, J Membr. Sci., 318, 5
(2008).

[2] T. Ikegami, H. Yanagishita, D. Kitamoto, H. Negishi, K. Haraya, and T. Sano,
Desalination, 149, 49 (2002).

[3] A. Aroujalian, K. Belkacemi, S. J. Davids, G. Turcotte, and Y. Pouliot,
Desa‘lination, 193, 103 (2006).

[4] T. Mohammadi, A. Aroujalian, and A. Bakhshi, Chem. Eng. Sci., 60, 1875 (2005).

[5] L. Y Jianga, Y. Wang, T. S. Chung, X. Y. Qiao, and J. Y. Lai, Prog. Polym. Sci.,
34, 1135 (2009).

[6] K.R.Lee, M. Y. Teng, T.N. Hsu, and J. Y. Lai, J. Membr. Sci.. 162, 173 (1999).

[7] P. Shao, and R.Y.M. Huang, .J. Membr. Sci., 287, 162 (2007).

[8] K. Pakkethati, A. Boonmalert, T. Chaisuwan, and S. Wongkasemjit, Desalination,
267,73 (2011).

[9] B. Kiskan, and Y. Yagci, Prog. Polym. Sci., 32, 1344 (2007).

[10]1P. Lorjai, T. Chaisuwan, and S. Wongkasemjit, J. Sol-Gel Sci. Tecnol., 52, 56
(2009).

[11]P. Lorjai, T. Chaisuwan, and S. Wongkasemjit, Mater. Sci. Eng., A, 527,77 (2009).

[12]T. Takeichi, T. Kano, and T. Agag, Polymer, 46, 12172 (2005).



|13]X. Ning, and H. Ishida, J. Polym. Sci., 32, 1121 (1994).

[14]R.Y .M. Huang, and C.K. Yeom, J. Membr. Sci., 51, 273 (1990).

[15]G. Qunhui, H. Ohya, and Y. Negishi, J. Membr. Sci., 98, 223 (1995).

[16]Y., Fu J. Huang, T. Pan, X. Huang, and X. Tang, Sep. Purif. Technol., 66, 504
(2009).

[17]1).P.G. Villaluenga, M. Khayet, P. Godino, B. Seoane, and J.I. Mengual, Sep. Purif.

Technol., 47, 80 (2005).



68

CAPTIONS OF TABLES AND FIGURES

Table 1 Separation factor of ethanol-water using poly(BA-eda) and
poly(BA-hda) membranes as a function of the feed temperature

Table 2 Solubility of water, ethanol, poly(BA-hda), and poly(BA-eda)

Table 3 Separation factor of poly(BA-eda) and poly(BA-hda) membranes as a

function of membrane thickness

Figure 1 Experimental set up for the pervaporation apparatus.

Figure 2 'H-NMR spectra of bolybenzoxazine precursors: poly(BA-eda) (A)
and poly(BA-hda) (B).

Figure 3 SEM micrographs of surface and cross-section of poly(BA-eda) (a)(c)
and poly(BA-hda) (b)(d), respectively.

Figure 4 | Total permeation fluxes of poly(BA-eda) and poly(BA-hda)
membranes as a function of the feed tempAé'rature.

Figure 5 Total permeation fluxes of poly(BA-eda) and poly(BA-hda)
membranes as a function of the feed concentration.

Figure 6 Total permeation fluxes of poly(BA-eda) and poly(BA-hda)

membranes as a function of the membrane thickness.
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Table 1 Separation factor of ethanol-water using poly(BA-eda) and poly(BA-hda)

membranes as a function of the feed temperature

Separation factor (o)
Polybenzoxazine membrane

40 °C 50 °C 60 °C 70 °C
poly(BA-eda) 1.25 20.55 >10,000  >10,000
>10,000

poly(BA-hda) >10,000  >10,000  >10,000

Table 2 Solubility'of water, ethanol, poly(BA-hda), and poly(BA-eda)

" Materials Soubilty ) e
e Ty :
ethanol 233

poly(BA-hda) 11.11

poly(BA-eda) 12.65
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Table 3 Separation factor of poly(BA-eda) and poly(BA-hda) membranes as a function

of membrane thickness

Separation factor (o)
Polybenzoxazine membrane

100 pm 200 pm 300 pm

poly(BA-eda) - >10,000 >10,000

poly(BA-hda) . 76.59 >10,000 >10,000
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Figure 1 Experimental set up for the pervaporation apparatus.
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Figure 2 "H-NMR spectra of polybenzoxazine precursors: poly(BA-eda) (A) and

poly(BA-hda) (B).
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Figure 3 SEM micrographs of surface and cross-section of poly(BA-eda) (a)(c) and

poly(BA-hda) (b)(d), respectively.
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Figure 4 Total permeation fluxes of poly(BA-eda) and poly(BA-hda) membranes as a
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Figure 5 Total permeation fluxes of poly(BA-eda) and poly(BA-hda) membranes as a

function of the feed concentration.
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