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The petormance of sodium A (NaA) z2olit2 membranes with a surface area of 4.91 cm” synthes zed on a2
alumina support via miccowzving (MW and autocawving (AZ, or conventonal heating using the recycle
continuous pervapo-ation of a water ethanol mixture ( 10:90 vol.% ), was studied It was found that the
prcess could produce ethanol having a concentration close to 100% ' higher than 99.5%) after passing the

muxture through the membrane tor 120-110 h. The time dependence sepzraticn factor and the total water

Ky nvwords.

NaA zeohite membranes

Memtbrane stabnhy

Re_yche <ont nuous peivaporduon prowess
Water—etidnul sepdrauon

tlux were 335(-6050 and 04-10 kg m*/1, 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 ade was higher
than 98¢, The overall results showed good stab lity of th: membranes for the water ethanol separaticn.

< 2010 Elsevier BV. All nght: reserved.

1 Introduction

Sodium A (NaA) zeolite membranes ar> very well-known in the
ar2as of organic water sepantion ard catalvsis [1 4], The most
effective application of using the NaA zeolite membranes 1s water—
ethanol separation, which shows very lugh selectivey [1,2]. The main
paranicters affecting the phasz and pxirtormance of the zzolite awe
svnthesis nuxture, emperntur, and tme durng svnthesis (5] NaA
zeolite membranes con be synthesized i vanous forms, suh as
plates, tub2s, erc. A well-knowr. Naa zeslite membrane is synthesized
or a mbular alumma (ALO ) support, called “Tobular NeA 2nlire
m2xmbranes” [ 6]. The properties of the tubular NaA z2olie membranes
ar2 high thermal and organic chemacal stability, high mechanicdl
strength, and unitorm pore size distribution [1,7.€]. Gencerally,
m2thods that can be used tor producing the tubular NaA z20hte
m2mbranes are mucrowaving (9,10], electrophoresis, and actoclaving
v1 conventional heating technigues [

Kita et al. 1] synthesized NaA zeolte on the cylindncal alumina
support and showed a tetal water flux of 1.10-2.15kgm= 1 and
Separation factor ol higher tan 10,000 4t 323-348 K. Hu.in\g etal[12)

* Cor espundime autor, The Petroleant and Petrochenieal ileg:. Chulalo wkom
Umversty, Bangkok, Thaland. T« 66 2 2184733 lax: « GG 202154454,

Lermanl addrosz: dsuptradchubact 1S Wonzhasanit

VUL -4 DAY - sesTtonl mdtter © 20 0 Elevier BV. AR rits eserved.
do: 100016 desel 2010.10.044

weported the preparatinn nfNaA sealize membranensirg vaniom seeding
in the conventional heating technique and produced atotal waer flux cf
1.67 kg'm~"h and a separation fector higher than 10,000 r the water-
cthanol separaton. Lictal. [ 13] svnth2sized a NaA zeolite membrane ona
tubular alumira support wsing the mucrowave synthesis techniqu2
wihout sexdinz, ard studied the pervaporation cf weter-ethenol. They
obtained a total wates flux of around 2.51-0.64 kgm " /h and a sepaation
factor of hizher than 10,000 at 338-343 K. In our drevious work 14,15,
the tubular NaA zeolite membranes synthesized by the microwave (MW)
tedhnique showed modz2rate performanc in the separation of a water-
erhanal mixture with a cepaation fador of 6532 ar 347 K while for thos»
prepar2d by the autoclave (AC) techniquz, it showed a separation factar
higher than 10,000. The total water flux of each technique was in th2
range of 0.5 1.5kgm?h

Up to now, no reports have 2xamined the performance of the NaA
zeolite membrane synthesized on a tubular alumina support carried
out using the rzcyde-continuows pervaporaion method In this work
we presen: the successful development of NaA zeolize membran2s on
a tubular dumina support synthesized by the MW and AC te-hnijues.
The synthesized m2mbranes were wsted with the recycle<ontinuous
pevvapnranon nt awarer—etharol mixmmwe The mralwarer flux, rime-
dependence separation fador, percentage >f ethanol produced, and
tune to achieve 995% ethanol from this process were determined tor
the stability of the synthesized NaA zeolite membrenes
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Famed silicon dwoxade [S10-, 360 £ 40 m° 2 surface area, 1.007 um
wverage daradesize) and alammum hydroxide hycrate [AlLOF )4 -xH-0,
51 g swiace asea] were purchased frum Sigra-Aldich, Ine, and
were nsed as srarfing marenale Sodmm hydroxad> (NAOH ). fmm 1ah-
Scan Analytcal Saences, was used as a base catalyst. Ethyl alcohol
fethanol, UN 1170, 99.5%) was purchased from |.T Baker Solusoib. The
bular porous «-aluming sapput havingan (LmmQOD, 19 mmlLD..a
6 cm length {with eftective length, the distance of zecokte membrane in
the pervapcration reactor, 15 43 ¢m! and a 0.3 wm pore radius on
cverdge with 38% poresity coated with an a-alumina intermediate
(0.06 wm pore size) on the top lay2r, was used in this wark, anc was
vbtamec trom the Maticnal { Thailand | Metal and Matesials TeZhnology
Centxr (MTFC)

2.2 Equipment

The MWNOA zcohtémcmpuncs MWMs were svnthesized using
< microwav: {MSP 1000, CEM Corporation vith 220V, 50 Hz nput,
500 W, and 2450 MHz output), and the AC NaA zeclite mambranes
(ACMS) were syntlesized using a SANYO-Gallenkamwp vicuum oven.
An [DWARDS LSGIP vacuam purnp was used m the pirveporation
unt The separated water-ethanol praducts were aralvzed using an
Agilent Technologies 6G890N gas chromatogriphy equipped with an
HP-Tlot Q capillary coumn and a TCD dztector. Aboaut 0.5 W of the
sarmples was mpecied under the lollowing _ondidons: tiehelun used
<s the carrier gas was set at 55 kPa; the oven temperature was set at
473 K while the injectcr and detector temperatures were setat 473K
«nd 523K, 1espectively.

2.3, NaA zedite membrane synihess

Atubular porous alumina support was clednec by washing it wice
n deronizec water tor 15 min o remove dirt from the surface [10,12),
dised ina vecuem over at 363 K tor 24 h, and calzined ir a turnece at
400 K far 3 h to buin oft ary impuritics trom its surtace. The unsoiled
wbular alumima stpport was placed in a vicuum seeding system,
wnoinmg the NaA seed crystal solation, for 2 nmun at 10 mm kg
(1.333 KPa), tollowed by diving at 333 K for 24 h befare coaring with
NaA zeolite by MWV cnd AC. The NaA sced aystal solution was
prepared by dispersing about 7 g of NaA zeolite 0.5 wm poie size an
cverage! in 1000 ml of water. The NaA zeolite was syntlesized using
the 3Na;0:A1:04:510::410H-0 tormula |3 10,13].

The coated tubular support was plazed in a Tetlon vessel containing,
the NaA zenlire soli fion prepared nsing the SONGL0-ALO, SSI0- 100
H-O fonnula and then this vessel was put in the MW or AC machinz.
The syrthesis conditions are sumumanzed in Table 1) The coatec NaA
zeolte membranes were vasled with deionized water and dried at
343 K for 24 h betore pervaporation testing.

24. Pervaporation

NaA zeolite membrane was veartically packed in the recctor and
sealed both sides of the tube with rubber ninzs ond closed with

Tahle 1 4
Synthess condtions for MWMs cnd ACMs

nsamuton 200 (2001 78-81

Condien tor synthes zed MM ACM
Temperature | K 2] 333
tine fursynheseed th
Hrst tine 01.333 10
Sxond tnne 067 10

stainless steel, as shown inFig. 1. The mixture used in this work was
preparec using 1090 water:ethanol with the total amourt of
throughput of 270 ml The experments were carried cut at 343 K
with 10 mm Hg at the permeate side with an optimum mixture flow
rate oy measurng the amount of ethanol at the retentate side. The
quantities ¢f ethanol anc water w2re determined using a gas
cluomatogrcph. For each membrane, the recycle-continaous perva-
poration prowess was applied for 2 1o 2 cyeles tor the cerprminarion nf
the membrane stability

In ths work, to evaluat> membrare performence, there are fow
signifcant parameters wonsidered:

1. Tctal watzr flux {]) is expressed as:
R x| i1

wher2 Wis the watzr permeate (kg), A is the membrane area (m”,
and 11s nme (h). In this work, the total water flux 1s deternuned
when the time is varied n the recycle continuous pervaporation
testing. A high total water flux mears that more water molecules
pass through the membrares o the permeate side, indicating zood
performance of the membranes.

2. Time-dependenc: separition factor (T-w) is defined for recycle-
caniruous pelvapomtim %

T Xpae Xpompern - X0 Xuot.seren i2)
wherz Xy anc X, are the molar fractions of ethanol and water,
respectuvely. The subscripts of “perm” and “reten” represent
permeate and retentate sides, respectively. A high T-a indicates
good segarazon of wat2r trom the water-ethanol mixture, implying
that a vary small amount or nune of the ethanol passed through the
membrane r the permeare side
3. Percentage of ethanol at the retentate side ( Zethanol] is obtained

by gas chromatography. The value should be increased with time,

and close 1o 99.5% ethanol.

4. Time to achieve 99.5% ethanol isdetermuned by measuring the time
at which the Zethanol is chromatographically dose to 9¢.5%. The
ume o acheve 995% ethanol should be as low as possible,
m2aning that the membranes can produce 1 high purity of ethanal
within a short time.

5. Kilogram of 99.5% ethanol per syuare meter per hour ‘kg of 99.5%
EOHm?h) is cetermined by calzuleting the total amount of
ethanal produced using microwave membrane (MWM) and
dutuudpe (ACM ).

In this work the optimum teed tlow rate tor the pervaporation
process was evaluated using an MWM for 10 h under specifiz
operating conditions: a t2mperature of 343K a peimeate side
pressure of |0 mmHg, cnd an ethanol-to-water retio of 90: 1),

3. Results and discussion

In addition to the four significant parameters used for describing
the performances ¢f VWMs and ACMs, the feed flow rate is also
considered to be an important factor indirectly affecting the
separaticn cf water from the water ethanol mixture, and is thus
relevant to membrane perfarmance.

3.1. Htec: ot feea flow rate

Ry varvirg rhe teed flow rare tmm 300 10 1200 mbmin, i i ~lear
that it mdeed affezts the total water flux and tme-lependence
separaticn factor (Table 2). The total water flux and the time-
dependence separation factor increased with increasing feed flow rate
[G].Sato and ceworkers [17] showed a higher permeation flux of the
water-etharol system in the dehydrction process at a higher feed
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Fig L Schemauc of thereactor design composng of 1)stamless steel plug 20 NaA zeolte menbran: on alunmina tube, 3 rubser rngs, 4 sermeate outlet, 5) lengtl of zohite

membrane, G elecuve length of cechte mambiane, 7 teed el and 8 feed outlet

flow rate. Morecover, the Reynolds numbern, representing  tlow
conditions {a high feed flow rate provices a high Reynolds numbzr)
on the membrane sunface, 1s anhanced by an miaeose inche feed fhw
rate thus incieasing the permeation flux [1C,17]. Jirarctananon and
coworkers | 18] showed that the total water flux mcrecsed with the
teed flow rate. The conczntration of water or. the memorane surface
also incrzasec witl the feed flow 1ate. However, when the feed flow
rate was two high, it made the total water flux and the time-
dependence separction factor deaease, as ako foand i our case in
which water and ethanal concentations on the membrane surface
were maeased weh the teeding flow rate, enhancing the ethanol
sorption in the membrene and as a result, reducing the separation
factor. Farthamorz, tor the lower teed flow rate, the ethanol can
dccamulate on th: mambrane saface w form gel, causing 12ss
pemmeated water to pass through the membrane, resulting n
reducing the total water 1ux ol pervaporation system [19].

The optimum feeding flow rate in this present work was found at
90C ml run, giving the highest total weter Hux of 1.39kg m='h and
the ume-dependence separation foctor highe than 10,000.

3.2 Tota water flus

In the ewdde<onunuous pervdpoiduoil prowess ol the MWM,
the avercge of the wtal water flux was found :0 be around 0.5-1.0 kg,
m™ hanc it dezeased slowly with inaeasing time | 19). This 1s due to the
deacase of the amoun: of water in the retentate side while the
pervaponation process continues, resulting m a deaease of the total
water flux of the system 8,1 1,14]. When using the same membrane o1
the secord test, the sanw rendas the firststep of the iotal water flux was
tound [Fig. 2], indicating :hat the membiane is stable and can be reused

Table 2 %
ENect of the teed fow rate on the pervapordlion process.

Feed Aow rate
{mlun

Average lal walter
Nux kg 1™ h

Averege tun e-depndene
sepdidtion ldao

3
(HY]
o
L0y Uity

0,440
10,000
10000
10U

for the separation of water from the water ethanol mixtur2 in the
PenVapotion process.

Similar w e AZM, it shuwed the same perfonmdnee as ti: MWM,
but the total water flux of this membrane was found to be lower,
arcund 0.400-0.500 kg/m™/h (Fig. 3). The second test ako resulted in
the sam> trend as the first one, cso indicating the stability of this
membrane.

3.3 Separation factor: Time-dependence separation factor

The separction factor used in this work wes the “time-dependence
scparation factor”™. As described previously, for this type of pervapora-
tion process, the ame-dependence separation foctor was close to
5000, in agreemen: with Li and coworkers' siudy |20], and increased
to higher than 10,000 when the amount of the water in the retentate
side was very low, as shown in Fig. 4. As mentioned in the study by
Kita and coworkers [ 1), the separation factor was increased when the
% water in the retentate side decreased

The ACM showed the same performance as the MWM, givinz a
ume-dependence separation factor clos2 to 10,000 when the amount

| @ 1stihest
L | = 7ne tast (1 week later|
o e LA drddteat |3 maman later)

Toal water flus (hg'm /h)
.
~
X
!Sb
-3
x

1] 20 4 60 X0
Time (h)

140

Fig 2 Totab wate M the recydes ontmnns pervaporatan aecess nsng the MAM
versus bine.
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of water mn the retentate was very low or when taking arcund 80 o
120 I, as shown in Fig, 5. As a Zondusion, the nembrane synthsized
by ¢ither MW or AC could be used tor producing a ligh conzennation
ol ethanol.

34. Lcthaiol wr the rerentete side

The *ethanol in the retentate side for the recyde<ontinuous
P2rvaporcliorn process was detemined using gas Chiomatography, 1s
drseribed previonsly It was toand thar a high pereentige it pthanni
was achieved when using either MWM o1 ACM, close t 100% [99.92
and 99.8% ), as shown in Rgs. 5 and 7, respectively. However, £ took
lenger for the ACM to eacl 99.8% ethanol since the membrane
svithesized by AC was thicker than that synthesized by MW, 1s
shown in Figs. 8 and 9, respectvely. The thicker membran2 also
attectzd the total watzs Hax The same mombrane was used to the
second test; 12 alsy showed the same trend, as compaied o the fisst
test, implying tha: this membrane has high stcbility and con be used
to produce hizh purity eth.anol (higher then 99.5% ethanol).

35. Tume io achieve 99.5%ethanol

In this work, the time for obtamming 995% of cthanol in the
retentate side of the recyzle-continuous pervapoiation piocess wis
d>2termined to desaibe the pertormarce cf the membrane. Compar-
w g berween the MWM and th: ACQM, the time taken to achieve 99.5%

lets
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Fig. 4. Svparation fador ol the regyde-conunuous pervepord on process uang the
MWM versus Line.

Timeth)
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ethanol fa th: MWM was lower because the thickness of the MWM
was less, making it take a shorter time to achieve the 99.5%ethancl.
For bcth the MWM and the AQM, the time taken to achieve the 99.5%
ethana! was around 100 to 130 I, suggesting thet the high purity
(€9.5%] can b2 praduced usinz these membranes. However, for the
thud (un 2f VWM, time tv achieve 99 5Xetharol was slightly higher
than the firstand second runs, as can be seen in Fig. 6, due to a slight
dearease of the separation factor, as cenfirmed by the data shown in
Fig. 4.

Th> membrane surface area i another parameter affecring rhe
time taken to obtain the 99.5%2thenol, as cesciibec by VanVeen and
coworkers [3] who showed ar increase in the ethenol production as
the surtace arca was nacased. In this work, the menbrane suface
atea vas fixec at 4.91 an” (0.0004910m?) calculated from the inner
and the outer diameters cf the mzmbrane used of 0.800-).90) and
1.100-1220 cm, rzspectivzly, with 4.3 cm effective length. This was
used 10 produce 500 ml of 99.5%¢thanol in 115 h (0.0 Lday!. The
crror in mass balance of this system is cpproximately 6% due to Joss of
ethandl while sampling the soluton o deck the %ethanol in the
rerenrare

3.5. Kilogram ot 9¢ 5%etharol per squar2 meter per hour
(kg of 905 EtOH/mh)

For the membrane having surface crea of 0000491) m-, the MW
technique codd produce 500 ml of ethanol in 107.5 1 (average) or
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7.474 kg of 99.5%E0OH m- b whereas the AC technique produced
500 ml of ethanol in 125 h {average ) or 6.428 kg of 99.5%EtOH ' m~ h.

3.7 Structure of NaA zeolite membrane

Itis well-known that the performance of separation is also affected
by the zeolite membrane [9). From SEM images shown i Figs. 8 and 9,
10 1s clearly seen that smaller zeolite aystals tormed by the MW
techmque 1s well inter-grown (Fig. 8a) wlile the AC technique gave
big crystals and gaps (Fig. 9a ). This 1s a reason why MWM showed a
better perfonmance for the separation (9],

3.8 Stability of the NaA zeolite membrane

Companng between MWMs and AQMs, the total water tlux (kg 1)
of the MWMs was higher, and the tme needed tor obtaning high purity

Fig & SEM nucrographs ol MWM: (4] surlace and (b thickness

sefinanon 269 (2011 78-83

{a)

20uny

Fig 9. SEM nucographs of ACM: (4] surface and ib ) thekness.

cthanol was shorter although the separation factor was almost the same.
Thus, only MWMs were used for fuither study.

The stability of the NaA zeolite membrane synthesized by the MW
techmique was determined using the recycle-continuous pervapora-
tion process tor the third run after the first run had been carried out
for three months {after each run, the MWM was washed with distlled
water and kept in the reactor at room temperature and atmospheric
pressure). The resulting performance was still maintained, comparing
to the first two runs {see the total water flux in Fig. 2, the Zethanol
produced in the retentate side in Fig. 6, and the total ume taken to
produce higher than 995%ethanol concentration). According to these
results, we can conclude that the NaA zeolite membrane synthesized
by the MW technique appeared to have good stability [ 17] for use in
the pervaporation process of water-ethanol separation.

Similarly, the ACMs also showed the same performance of the
third run as the first and second runs. However, in this case, the third
run was performed four months later (after the first run and kept the
membranes in the reactor at room temperature and atmospheric
pressure), indicating that the ACMs also have a good stability for use
m the pervaporation process for the water-ethanol separation

Figs. 3, and 7).

4. Conclusions

Sodium A (NaA) zeolite membranes were successfully synthesized
by microwave (MW) and autoclave (AC) techniques, and can be used
mn the pervaporation process for the separation of water from an
water-ethanol mixture. A high purity of ethanol (995%) can easily be
obtained using either the MW or AC membrane under recydle-
continuous mode of water—ethanol separation. The total water flux
(kg'm*'h) of MW and AC membranes for the recycle~ontinuous
pervaporation process for water-ethanol separation was found to be
around 0.50 to 1.00 kg m? /N and deareased with time due to a lowes
amount of water in the retentate side. The time-dependence
separation factor of the MW and AC membranes tor the recyde-
contnuous pervaporation process for water-ethanol separation was
around 5000 and increased to higher than 10,000 when the amount of
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the water in the retentte side was wry low with maeasing
separition tame. The MW and AC membranes showed gocd
performance for nse i the servapmiaren process of the warer-
ethanol separaticn, and appeared ty have good selectvity and
stability.
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Atr ke fstory Membrane separation process using NaA zeolite membrane is a good alternative process for ethanol
Rewived 12 May 2011 production in terms of both energy consumption and environmental fnendliness. However, the highest cost
R“*‘:‘f'"f’ 5 "“:":"‘J furnrd July 2011 tor the membrane separation process is from the membrane production step. The reduction of the membrane
:\\:;1::;? ““ﬂ':::t':;:\ production cost by optimization of the synthesis time 1s, thus, necessary to the cost effective production of
i ethanol production. The main tocus of this work 15 to obtain NaA zeolite membranes synthesized on a tubular
TR alumina support using a conventional heatng or autoclave techmique. Effect of the synthesis time on the

pertormance of the membrane for water ethanol separation via pervaporation at 343 K is studied. It is found
that the optimum synthesis time to produce a high purity of ethanol { -99.5% by volume ) isonly 13 hwitha
total water flux and separation factor of 282 kgm-'h and -10,000, respectively. The thickness of the
membrane obtained ts around 7 9 um. The overall results and the reproducibility of the membranes are

Sodiumn A seolte membrane
Water-cthanuol sepdration
Pervaporation

Thidkness etle

discussed.

< 201 | Elsevier B.V. All rights reserved.

1. Inrodudion

Pervaporation s a method that is used to separate iquid mixture by
partial vaporization through either non-porous or porous membranes.
Non-porous membranes, such as organic polymer membianes, provide
several disadvantages, such as swelling, lJow separation factor, and a low
resistance to solvent and high temperature | 1,2]. These drawbacks can be
overcome by using ceramic membranes, such as NaA zeolite me mbranes.
Sodium A zeolite { NaA | 1s very well known in organic-water separation
and catalysis |[1-4). Espedally in the separation ared, a tubular NaA
2eolite called “Tubular NaA zeolite membrane” is the most tavorable
matenal synthesized on the surtace of tubular alumina (ALO+ ] support
|5]. The properties of the tubular NaA zeolite membranes include a high
thermal and chemical stability, high mechanical strength, and uniform
pore size distnibution [ 1,6-9]. NaA zeohte membrane can be synthesized
by various methods, such as hydrothennal | 10-15), miciowave | 16- 18],
o electophoretic techmique [19.20]. Its pore size 1s around 0.4nm
which 1s suitable for separating water from ethanol nuxture because the
kinetc dumeters of water and ethanol are around 0.3 and 0.42nm

‘

* Correspondimy authuor. Tel GG 202154458
F-muu gddress dsupiae chulaacth 05 Wongkasempt .
Y Center tor Petroleam, Pettodienncals, and Advanced Matenals, Chalalongkom
Unaversity, Banghok, Thaland.

GG 2 2184133: lax

0011-9164 $ - see hont matter © 2011 Elsevier BV Al nghts reserved
dor 101016 jdesal 2011.07.0073

respectively. Thus, water molecules can easily penetrate through the
pores of the membrane and be separated out of the mixture.

Navajas et al. [15] found a decrease in the separation factor as
synthesis time was decreased. Negishi et al. [21] described the effect of
the synthesis time by prolonging the synthesis time from 20 to 80 h and
tound that the membrane thickness increased to around 20 pm. Similar
to the work done by Malekpour et al.[ 22], they investigated not only the
eftect of synthesis time on the zeolite membrane thickness, but also the
eftectof zeolite thickness on the performance of zeolite membrane. They
tound that the water flux of a pervaporation system deaeased with an
incease in the membrane thickness. Furthermore, Kalyaniet et al. [23]
also showed the membrane performance inaeased with a decrease in
the membrane thickness. In tenms of techno-economics for industrial
usage, a higher permeate flux of the membrane for the ethanol
production is more preferable for its shorter production time and
lower energy consumption. In this study, a successfully developed and
reproducble NaA zeolite membrane - with a shorter synthesis time to
achieve lugher than 995% by volume purity and a higher production
rate of ethanol, considerably lowering a membrane production cost -
was illustrated using a recycle-continuous pervaporation system. A
better understanding of the effect of synthesis time on the performance
of NaA zeolite membrane was also discussed. Moreover, two cycles of
the pervaporation test were conducted to determine not only the
stablity of the membrane, but also the reproducibility of our home-
made NaA zeolite membrane.

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/j.desal.2011.07.003
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2. Experunental
2.1. Materia's

Furiied silicon cioxide (Sids, 390+ 40 m” .y surlace dive, 0.007 wn
average paiticle size, Sigma-Alcrich, 1Inc.) and alunianiam hydroxide
hvdrate [AILOH),.xH.0, 51 m” g surface arza, Sigma-Aldrich, Inc)
were used s starting materials Sodium hydroxide (NaOH. Lab-Scan
Analvtical Saences) was usec as a bose catalyst. Ethyl alcohol
(ethanol, UN 1170, 99.5%] was purchased fron |.T. Baker Solusorb.
The rubular porous «-alumina support used m this wark hac an
ITmmO.D,a%mmiLD, atar length [ with eftecave length, or the
distance of the zeolite membrane n the pervaporation reactor, of
4.3 cm), anc a €3 um pore radius on averaze with 38% porosity coated
wirhan av-alnmim, mermwediare (006 pm pore 920 on the fop layer
The support matenal was sbtamed hrom the Naioral (Thailend)
Metal and Materials Technobgy Center (MTEC).

2.2. NaA zeclite seed soéuu’un synthesis

Lhe prepardion of NaA zeohte seed was conduced using the
molar compostion of 50Na0 .AlLD4.55105. 100DH0 [24]. The NaA
sced crystal solution wes prepared by disperang 7 5 of the sxed,
havirg a particle size of cpproximarely 0 5 pey i 1000 ml nfwares

2.3 Suprort preparation

A tubular porous aluming support was twice washed in daonized
water tor 15 mun o remove dit from the surface [12,16], dried in a
Vecuum oven az 363 K for 24 h, anc calcined in a furnace o 400 K tor
3 h to ckmmatz any impuriics on its suwitace. “he unsoiled tubular
alamina support was plazed in a vacuam seedirg system containing
the NaA sezd crvstal solution for 2 mun at 10mmHe 1.333 kPa ).
followed bydrying at 332 K for 24 h to obtainthe sexd coated tubular
alamina suppoit

2.4 NaA zeclite membranz synthesis

The seec-coated tubular aluming support was placzd in a Teflon
vessel containing NaA zeolite solution prepared using the 50Na-0:
AlLO,:550.:10J0H.0 formula [3,13,25,26] b2tore placng the vessa
in the autoclave (AC) apparatus. The svnthesis conditicns are
sumnarized mn Table 1. To imdrove the formation of tubular NaA
zcolite menbranes on the alumina suppor:, ¢ach memodrane was
synthesized twice (double-stag> svnthesis). The fisst synthesis time
Was 10 ganerate NaA zeolite crystals on the tubular alumima support,
while the second syathesis tine was to umpiave the NaA zeulite
membrane on the support and to cecicase any detects from the firs:
meomplere synrhacic The coared NaA zealits membranes were
washed with deionized water anc died at 343 K for 24 h prior to
the perviporation testing,

2.5 Fervaporation

Lhe pervapcration systemwas s2t up, DIHowIng cur previous work
[26]. The mixtuie wsec inthis wor k was pi zpased using a 10.9C witer.
cthano!l mpture with a total amount of throughpet of 570 mL. The
eyperimenta were carned oo a0 343K wairh 1) wmHe on rhe
Tahle |
Sytthests tme for sy nthesis of autodave meembranes (ACMs ) at 333K

Synthess ume (h ACMs-1 ACMs -2 ACMs-3 ACMs-4
Fieat -t s m mn mn 8
Secand tune 10 5 3 3
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permeate side with an optimum mixture flow rate by measuring the
amount of ethenol on the retentate side. The quantines of ethanol and
water were determined using a gas chromatograph (GC). For cach
membrene, the r2cycle-cortinuols pervaporation pracess was ap-
plicc fur 2 0 2 oydles o dewine the membiane stdoility.

26. Equupment

Autoclave NaA zeclite membranes [ACMs) were syrthesized Lsing
a SANYD-Callenkamp vacuum oven. An EDWARDS LS63P vacuum
pump was used in the pervaporaticn unit. The separaied wcter-
elhanol products wer2 analyzec using an Agilent lechnologieso8JU N
GC equipped with an HP-Plot/Q capillary column and a TCD cetector.
About 0.5 .4L of the scmples was injected under the fcllowing
concitins: helinm was nsed s the camier gas wirh a camer go<
flow ratz of 55 kPa, and the ven tempercture was set at 473 K, while
the mjector and detectcr temperatures were set at 473 and 523 K,
respectively. The merpholegy of the NaA zedite m2mbranes ws
analyzed using a field emission scanning electron micrescepe (FE-
SEM Hitadhi/S-4800). The (-test function (TTEST) using Miciosult
Ixcd program, version 2007, was used to determine the statistical
data in terms of performance for ACMs for water-ethanol separation
i the p2rvaporation sysiemn.

3. Results and discussion
31. NaA zeolite m2mbranes

Varioussynthesis times, viz 20,15,13,and 11 h,denoted as ACMs-
1ACM:R-D. ATMe-3 ard ACMs-d, espedtively, were studiec for
synthesizing NaA zeolite membranes by ACtechnique, as summarized
m Table 1. All synthesized NaA zeolize membranes, except ACMs-4
synthesized for 11h, showed homogencous coating and good
distnbulion on the surfice of the memoranes as shown in hg 1.
ACMs-4 (Fig. 12) did not provide good-inergrowts ofNaA zeolite on
the suppon surtace like the others. The main reason 5 possibly that
the synthesis time of 11 h was not sufficient to completely zoat the
NaA zeolite avstal on the suppert surface. As can be seen from
Figs. 1b). 1d), and 1f), dens2r of NaA zeolite membranes were
osarved when the synthesis time was increcsec, consistent with
Navcjasat al [15] who studied the eftect ¢f synthess time on the
separation factor and fourd the separition factor Jf the water-
cthanol system dacreased o less than 10,030 whzn synthesis time
was deaessec from 24 to 2 h Yuan et al [27] also stucied the
morphology of NaA zeolitz affecting the performance of zeolite
membrcne for the water-2thand separation and found that the
performance of NaA zeolite membrane was very poor when the groc-
mterigrowth of NaA zeolite was not observed Similar to our case
(f1g. 1g tor the z2oige synthesized for the shortest ume penod, the
well-intergrowth of zeolite was hardly observed, causing this
membrine to have aseparation faztor lower than 10,000.

The thickness of the synthesized NcA zeolite membianes ircreased
with the synthess tim2 from ACMs-3 (13 h) to ACMs-1 (20 h),
consistent with our previous work [19] and the works studied by
Negishiet al.[21] and Nikolckis et 1.[28], incicating that the inciease
of the synthesis tme has a sigmifizant effect or th2 thickness of the
membicnes. However, in ow cese, the time rzquired for the synthesis
ot uniform and homogencous NaA zcolte cocting on the alumina
suppont wes shorter with iemarkable perfaormanes, o< discussed in
more d2tail i the next section than those reported elsewhere
[79.21.28].

32. Perpynrance of NaA zeolite membranes

The performarce ot the synthesized NaA zeolite memoranes wes
determinec in terms of total water flux (kg/m</h) and separation

Please dte this artide as: D. Kunnakorn, et al., Optimization of synthesis time fcr high performance of NaA zeolite membrenes synthesized
via autoclave for water-ethanol separation Desalination (2011), doi:10.1016/j.desal.2011.07.003
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tasror Therwalw. e thoe ) ko,m= D atrhe systiemaean becakulared
by using Eq ( 1):

| = Wy A'Y i1

where W is the water peimeate (kg l, A is the menbiane area (m?” IS
ard t 15 the permeaton ure (h). The otal wata tlux is used to
deremine the amonmrof warer mnlecules thar passed thrangh rthe
membranes to the permeate side. A hizh rotal water tlux is generallv
indicative of a good menbrane.

Separation facwr «, dimensionless) can be calcubited by using
Eq. [2]:

Xiron- Xy o0
R S 131 2

Xirons: Xy O wen
where Xjop ard Xjpo ae the molar fraciors o ethanol and water,
respectively. The subscripts cf permand retenrepresent the perm 2ate
and the retentate sfdes 1m a pentod of ume, 1especuvely. he
sepdidtion laews s an indeawr tiae dewennines how elfident
membrane (s in separatic g water from an ethanal water mixture,

All ACMs membranes were studied for performance, stability, and
repreducability using 4 recvdde-continuous pervaporation systzm and
tvo cycles cf the pervaporation test, respectively. The total water tlux
of the pervaporation system [see Fiz. 2) deareased with an increase in
the separation tme for all ot the ACMs. This is due tu a cecrease in the
ArioLne of warter cn the retentate side, as the pervaporation droess
centinued [2G]. Aln et al. [10] also toand that the wazer fluy of the
perviponaton system decrecsed with an inciease i ethanol concen-
tnucn in the feed micture. This result stiongly agrees with oar casc.
as dxay seer. w Fg. 3 when compated to Fig. 2 The >thanol
cencentiation increased with th2 separation tme, mearing less wate
moleZules present in the teed. When the cmicunt of wazer i the teed
nEXture was Icw, the vapor pressare of the water n the feed was
deaieased, lzading to « redudion of the diiving tosce for weter to pass
throvgh the membrane. As a reqult, the total water flux of the system
decreased 1 ro shas ponr i car be concluded thar nar only the
membrane thickness, but ako the ethanol concentration {or watel
cencentration) in the feed odftezt the total water flux of the
perveporation system [27].

In ths study, it 1s obvious that the ot water tlux increased trom
1.36 .0 282 kg I when tie manbiane thickness deueased fiom
16-13 10 7-9 . a5 summanzed in Table 2. Kalyanietet al. [23]studicd
rhe eftect of zedire rhckness an the warer thix of the pevaporarion
svstem and found that the water flux decreased from 0.1 kg'm=/h to
0.216 kgm*/h with ar. increcse m the 2eolite thickness rom 22 wn to
120 tm. Moreover, Malekpour et al. [22]also found thet the water flux of
the pervaporation systzmtor water-ethancldecreased with an increase
in memorane thikknzss. 1t can be concluded that the inzressed
membrane thickness mareases the distance between the permezate
ard the retentate sides, dowing the diftusion of the water molecules
from the retentate side to the penmeate side. and thet is why the ot
water flux decreased with an mncieas? in the membrine thickr ess.
Negishi etal (21] abo showed thet the totalwater flux decreased rapidiv
from 2 to lower than 0.5 kg m=/h with an mcrzase in the reaction ime
[ the membrane thickness from 20 (o U h. However, i then case,
the sepaiativn factor sobtaned from thuse menbianes werelower than
10,000, whereds cur membranzs sull provided highe than 10,000
sepanatien facees

The highest total water flux, 282 ke'm*'h, was urdoubtedlv
obtained from the lowest membrane thickness of AQMs-3 synthesized
for 13 h, with the separagon tactor still remaming higher than 10000
throug hout the separazior, as shown in Figs. 2 anc 4 [2629). Compared
tuthose presened elsewhere[21.26,27] vw zeoliw smeimdrdines ACWs-
1, ACMs-2, and ACMs -3, provided a verv hizh kvel of separation factor,
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high2ar than 1J,000 throughout the separation testng ume, and a
considesably high totcl water flux. Nevartheless, unlike our study using
a 10:90 weteriettanol mixture, Kittur et al [29] explained that the
separarin factor cld beincreased ro higher than 10000 ifrhe ammine
of water in the feed mixtare was lower than 2%.

As expezted, among ACMs synthesized, the shortest time, 28 h, o
produce 9€.5% ethanol or higher) was achieved by using ACMs-3
whilz ACMs-1 and AZMs-2 took 33 and 31 h, respectively, to reach
99.5% edianol, as shown in Fg. 3, owing o the effec of the menbrane
thickness. Morcover, the resulting performance ( the total water flux,
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the separation factor, and the time to preduce 995% ethanol, see
Fps 2-4_wspeatively) of the ACMe-3 was snll maintained for the fire
and the s2cand runs. indiccting that those membranes have good
perfhrmance and gyod stability for water-ethand separation in the
pervapaaiion system. As a result, the optimam synthesis time to
provide the highest performancs (the highest total water flux ¢nd the
higl separation factor of the synthesized NaA zeolite membranes to
s2parate water from the watzr—-ethanol mixtur2 in the pervaporanion
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Table 3
CTest datd fon the total water flux ot ACMs-1, ACMS-2 and ACMs-3

o tevel of sigficant p-value protability

AQMs-11 ALMS-3 U4 n25
AQMS-10 ACMA-2 U019
AMs-2 0 ACMN-S noin

system was 13 h usig ACMs-3, which was thus chosen tor tuithes
study.

3.3 Statistical analysis

In this work, t-test was used to deternune the statstical ditterence
between the pervaporation system using ditfeient membianes, as
summarized in Tables 3 and 4. From Table 3, all data trom the £-test
provided a p-value higher than « i 0.05 ), ndicating that all ot ouw
NaA zeolite membranes (ACMs-1, ACMs-2 and ACMs-3| showed a
stanstically sigmficant ditference in terms ot total water flux
(ke m~ hj between Bose membranes for water-cthanol separation
i the pervaporation system. In other woids, using ditferent ACM
membranes provided different values of total water flux tor watcer -
cthanol separation i the pervaporation systen.

The t-test data i Table 4, companing ACMs-3 and ACMs-2 to
ACMs-1, gave p-values of ACMs-3:ACMs- 1 and ACMs-2:ACMs-1 lowal
than w («  0.05% That means that a deciease of the synthesis time
from 20 h to 15 h and trom 20 h to 13 h has a staustocally significant
difference on the ame w achieve 3955E0H (o 99.5%EtOH that can
be produced ). However, in the case of the dearease ot the synthesis
tme from 15 hto 13 h, the p-value was hugher than 0.05, meaning an
msigficant ditference in the tme to achieve 99.5%EtOH. Henee, trom
both Tables 3 and 4, the decrcasing synthess tme has a sigmificant
effect on the total water tlux ‘Kg m- h and the nme to acueve
99.55EtOH tor the watci-cthanul separauon i the pervapolation
systen.

3.4 Productivity ot NaA zeolite membeane tor producing 99.57 of ethanol

In this work, ACMs-3 could produce appioximately 510 mL ot
99.5% ot cthanol m 28 h trom the 10:90 water:ethano! teed with a
total throughput of 570mlL, 0.019L h (10.13 kg ot 99.5% etha-
nolm- hi, and approximately 4% of mass luss. As compared to
thuse repuited elsewhere [21,.2226,27], this work showed a produc-
tion 1ate of ethanol that was approximately 35.54% higher duce to the
much thinner membiane synthesized i owr group, resulting m a
much higher weal water flux, and thus much less ame for punifving
ethanol to 995%.

3.5 Reproducibility of NaA zeolite membianes (ACMS .

Repoduaibility of the synthesized NaA zeuolite membrane 1s
mainly a aitenon tor industiial and ccononuc views. In this work,
all NaA zeohte membranes were synthesized using the same
conditions, exceptmg only the ditterence m the synthesis tmes (13,
15, and 20 hl. For cach synthesss ume, two NaA zeohte membianes
were synthesized w investigate then reproducbihty (see Fig 51

Table 4
-Test data tor the e tuacne
prrvdporation system:,

D59-EI0H ol AUMS-1 ACMS-2 and ACMs-3 using the

[Ty Py ahue
AMs-1: ALMA-3 s TR
AMs-1: ALMS-2 unus
AMA-2 0 ALMS-3 n24q
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Fig. 5. Keproduabibty of ACMs tor 13, 15, and 20 b synthesss tune.

Those zeolite membranes clearly showed a good reproducibility for
the water-ethanol separation in the pervaporation systemwith ahigh
total water flux and a separation tactor maintaning a level higher
than 10,000 throughout the reaction time. In fact, the higher total
water flux achieved from these membranes was better than previous
works [ 1920,26.30). A lugh total water flux with a good separation
factor higher than 10,000 mamtained throughout the reaction is
detinitely a good charactenistic of the membrane for highly pure
ethanol production, making it econonucally feasible for ndustnes.

4. Conclusions

NaA zeolite membranes were successtully synthesized by conven-
tonal heating o1 autoclave technique. The optimum synthesis ame,
providing the best performance tor water-ethanol separation in the
pervaporation system, was only 13 h. The best performance of the
membrane found was 2.82 kg m= h total water flux and higher than
10000 separation factor. The work obtained a good reproducibility
and a gouod stabihity which would be suitable tor industiial use in
producing a high punty of ethanol
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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 II 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 ethanol is the distillation
process, it can Aornly produce ethanol with a purity close to 95 %wt owing to the
formation of the azeotropic. phase between water and ethanol [1-2]. The azeotropic
.distillation, involving the additional component called “entrainer” to separate water
from ethanol by distillation [3], was thus introduced to solve this problem. However,
azeotropic disti‘]lation is not only an energy-consuming process, but is also
environmentally unfriendly, due to the toxicity of the entrainer used [4-5].
rPervaporation ‘t';cchnique 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 mémbranes, 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



36

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-economic 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-ethanol 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+40m%g surface area, 0.007 pm average
particle size) and aluminum hydroxide'-}..lydrate [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 LD., a 6 cm
length, and a 0.3 pm pore radius on average with 38% porosity, and coated with an o-
alumina intermediate (0.06 pm p;)re 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
fumace 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 synthesized using the formula
| :_ composition as follows: 3Na,O: Al,O5: Si0,: 410H,0 [7,13,15].
The coated tubular support was placed in a teflon Vesse.i icontaining the NaA

zeolite solution prepared using the 50Na,O: Al O;: 5Si0;: 1000}120 formula. The
' vessel was then equipped in the autoclave machine 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 pervaﬁ_dration 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
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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.

[XEtO H /XH 0]

Separation factor (o) = [XHOH/ XHzol

perm

e (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 ilsing 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, whi'lﬂeA 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 hybrid
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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99.5%wt of ethanol production.

For simulating both systems, Pro 1I 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 aﬁd cyclohexane were used as an entrainer
to purify ethanol from 94 to 99.5 %wt, a comp.)a: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-_.n.'jade 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
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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 distillation_ column stages
of 20 at the stage number 18 and the reflux ratio (R) of 20 was acciuired from the
simulation program, as shown in Fig. 2. The feed rate of the ethanol m.iX_ture produced
from this process was 531.84 kg/h with 94 %wt with 6 %wt of water wh_ich is close to
the azeotropic composition of water and ethanol (around 95:5 %wt of et}:leinol:water) [3,
16]. That means that other techniques are needed to combine with the distillation
column to increase the purity of ethanol.

2. Azeotropic distillation

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 azeotro;;e), 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 Table 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 (Qgr)
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 Téble 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 (Qr) 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 (Qr) 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._h, 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 S and 6. The azeotropic distillation system (distillation followed by practical
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azeotropic distillation) consumed 54% more energy than the pervaporation system,
resulf[ing 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 héfne—made 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 on]y- 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-ethanol 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 productibn.
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Figure 2 Ethanol purification in the distillation column using PRO II simulation

program.
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Figure 4 Azeotropic distillation system (distillation column followed by practical
«  azeotropic distillation column) using cyclohexane (CH) as an entrainer.
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Table 1

pervaporation system for water-ethanol separation.
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Performances of synthesized NaA zeolite membrane in lab scale

% Ethanol Final Average total water | Average separation Time (h)
feedstock | % ethanol flux (kg/mzlh) 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 l;::;iau:‘t Product composition
Column flow rate (% EtOH:%H,0: o riite (%EtOH: %H,O0:
(kg/h). % Entrainer) (kg/h) % Entrainer)
Distillation 1,000 50:50 531.84 94:6
St 5 = - g i
I" Azeotropic | 54, ¢4 94:6 504.97 99:0.803:0.197(Bz)
distillation
nd .
3 VEROUOPIS | g5 o 99:0.803:0.197 (Bz) 503.60 99.26:0.39:0.35(Bz)
distillation
rd -
37 Azeotropic | 503 60 | 9926:0.39:035 (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 %Ethanol
Technique column azeotropic azeotropic azeotropic Pervaporation ﬂwwazwﬂ
* For S H ciﬂ
Qc Qr Qc Qr Qc Qr Qc Qr ystem
Distillation | 7.96 | 8.18 | - 5 1 ) - ; 94
wwmn_v_wmww 796 | 8.18 | 10.14 | 10.02 | - ] | ) - 99
wwmw%m% 796 | 818 | 10.14 | 10.02 | 1031 | 9.79 | - . - 99.26
wmmw_mmwo 796 | 8.18 | 10.14 | 10.02 | 1031 | 9.79 | 10.25 | 9.74 . 99.33
Hybrid | ;96 | 818 | - i : J i 1.134 99.50
system

* . * . .
Q¢ = 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
a:;(:)t:ll] ¢ Final %wt amount of
Entrainer . ethanol ethanol (MJ/kg)
ggquired produced produced
k .
Benzene (Ben) 1 99.00 504.98 10.14 10.02
Cyclohexane
(CH) 3 98.90 504.97 10.076 | 9.958




Vvare :

ﬁomﬁ of operating energy required (Qg) for nwor system.

Total energy required : Qgr (MJ/kg ethanol) Total Total cost of
) d rd energy operation
Technique sctillats 1 2" 3 : ;
_u_omhw”””“_os Practical Practical Practical wnﬂmwﬂﬂnzo: required system
azeotropic | azeotropic | azeotropic y (MJ/kg) (€/kg)
Distillation 8.18 - - - - 8.18 0.0794
£ZOIpIC 8.18 10.02 i ] i 18.20 0.1771
distillation
wwmmwmm% 8.18 10.02 9.79 1 ] 27.99 0.2723
Mwmm%mm 8.18 10.02 9.79 9.74 " 37.73 0.3675
b $.18 i i i 1.134 9.314 0.0906
system
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Table 6 Cost of total operating energy (Qr + Qc) for each system.

Total energy for Producing Ethanol : Qc+Qgr (MJ/kg ethanol) Total Total cost of
" d rd energy operation
Technique s ctillats 1" 2" 3 : .
U_ﬁw__”.::os Practical | Practical Practical ?MM»MMMN:@ required system
conms azeotropic | azeotropic | azeotropic y (MJ/kg) (€/kg)
Distillation 16.14 - 4 - - 16.14 0.1568
wwmmmmwm 16.14 20.16 : - . 36.30 0.350
Mwmmmmmw% 16.14 20.16 20.10 - : 56.40 0.5495
wwmmmmm% 16.14 20.16 20.10 19.99 - 76.39 0.742
Hynd 16.14 : i i 1134 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
um 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.
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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], ¢tc. 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
(Ty), 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%
purify, Aldrich, Germany), hda (98% purity, Aldrich, Germany), ethanol (99.9% purity,
J.T. Baker; White Group, Malaysia), formaldehyde (analytical grade, 37%wt. in water,
Merck Gérmany), 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
sofﬁtion 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 v:acuum. The characterization was analysized by proton
nuclear magnetic resonance spectroscopy (‘H-NMR, Varian Mercury 300) using
deuterated chloroform (CDCls) as a solvent.

2.2.2 Preparation of Polybenzoxazine Membranes




59

PBZ precursors were cast on a glass plate at room temperature using Elcometer
3580 casting knife film applicator (from elcometer/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 (ATR-'IR, Thermo Nicolet Nexus 670) was used to analyze the
chemical structure of PBZ membranes, using ZnSe 45° (flat plate) with a scanning
resolutién of 4 cm™. The méfnbrane morphology was also investigated on a scanning
electroh microscope (SEM, hi'tachi/s—4800).
23 Pervapération Study

‘A pervaporation experiment schematic drawing is shown in Fig. 1. The
membranes with various thicknesses (100, 200, and 300 pum), 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'eA concentration"-was varied (5, 10, 15, and 20% ethanol) from the feed
reservoir 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/m*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/m’h) were determined by using the following equations:
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Permeation flux (J, kg/mzh) = %1— €))
t

where M = permeate weight (kg),

effective membrane surface area (mz), and

t = pervaporation time (h).
. Ywaler/ ethanol
Separation Factor (Qwater/ethanol) = (2)
X water / X ethanol
where Ywaer = mole fraction of water in the permeate,

Yetmanot = mole fraction of ethanol in the permeate,
¥

Xwater = mole fraction of water in the the feed, and

Xemanot = mole fraction of ethanol in the feed.

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

Uplike the traditional solvent _.method, in which more solvent, more heat, and
longer réa‘ction time are required 21 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].



The chemical structure of poly(BA-eda) and poly(BA-hda) w 'y
ECAN ”

using ATR-IR (not shown). The out-of-plane bending vibration of C—H‘m'f;
932 cm™. The band assigned to asymmetric stretching of C—O-C and C-N-C were
found at 1233 and 1128 cm’', 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].

The; SEM micrographs (Fig. 3) show that the resulting PBZ membrangs are
dense me‘rﬁbranes. From Fig. 3c, 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 Pervapqr}ation Analysis

3.2.1 Effect of feed temperature

In tl:lis study, the effect of the feed temperature, from 40° to70 °C at 10 °C
intervals, v;/a's studied using 200 pm of thickness of poly(BA-eda) and poly(BA-hda)
membranes and 10:90 ethanol:wé_t;:r. The results show that at low temperaturés 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]

J= Joexp(_R—l;{y—) (3)
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where J 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
separatibn performance and the aétiyation energy are generally determined from the
vapour phase of the permeated side. I.n the case of poly(BA-hda) membrane, we f;)und
that the average activation energy jcé]culated from all testing temperatures was 3Q74.
kJ/mol. However, in the case of poly(BA—eda) membrane, the vapour phase appeared at
only high testing temperatures (60° and 70 °C) while at low temperatures (40° and 50
°C) there was some liquid in the pérmeate side that cannot be used to calculate the .
activation energy. Therefore, the energy activation of both_' f)oly(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 se;;aration 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 mplar 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-é(ia) membrane showed a
high permeation flux and low separation factor because poiy{mer molecules contain a
shorter aliphatic chain length [(CH,)—], leading to less g‘.:thanol 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 molecule% became stronger and the
interaction between permeates and membrane became weakér,- making both water and
ethanol pass through the membrane. However, poly (BA-hda) membrane, in whf_c_h
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 pm 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
ethanol concentration. This is probably due to an increase in membrane-free volume

when ethanol concentration increased, resulting in an increase in side-chain mobility.



As a result, small-size water cluster can easily pass through the membrane-free volume.

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

pervaporation of dilute alcoholic mixtures using PDMS membrane. Huang et 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 membranes_.
showed high permeation flux when ethanol concentration was increased, especially ir.1 :_
the case*of poly(BA-hda) membrane containing a longer aliphatic chain length [; ‘_

(CHz)6—], the permeation flux increased with an increase in ethanol concentration due to :
higher ethanol absorption, resulting in a greater swelling ability that allowed more watelf
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_: .
a lower ethanol absorption capacity. However, the separation factor of both membraneé :
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 pm) 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 et al. [17] Qunhui et 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 um), 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 pm) could not be
obtainell 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 ethanol-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 pum, respectively.

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

Figuré 1 .  Experimental set up for the pervaporation appétatus.

Figure 2 'H-NMR spectra of i)olybenzoxazine 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 df the feed température.

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 2055  >10,000  >10,000
poly(BA-hda) >10,000  >10,000  >10,000  >10,000

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

.Materials A Solubility (cal)lo's/(cm)r'5
- water -_ : 18.63’ 
ethanol 8.33
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 um 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

function of the feed temperature.
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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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