CHAPTER I
THEORY AND LITERATURE REVIEW

2.1 Introduction of pervaporation

Over ihe past five years, membrane pervaporation has gained acceptance by

the chemical industry as an effective process tool for separation and recovery of liquid

, isopropanol, and ethylene glycol.
Due to its favorable economies etiic gy, @ ity, it can be easily integrated
into distillation and rec; *""- cessjand siepei ding on the specific process, even

replace them. Presentlycon®idefible 4 .ay bi¢ on industrial-scale processes

The historical de: / ¢ 215 hnology can be trackeed by

4 9

the number of U.S. patents ale to pervaporation, as illustrated

—

in Figure 2.1. Prior to 1960 5,“_, 4 of patents had been issued on

pervaporation , but m’-_- g 8 8 A yJ issued to Binning, Lee
e > |

and others at -J,’:rfu‘ is covering the use of

pervaporation membrs for dehye Of a terna -I zeotrope of isopropanol-

ethanol-water mlxture the overheada.of a distillation column. Membrane

technology w %ﬁ% %ﬂ%on practical at that

time, and Ame Oil abandoned the program aﬁ% few years.

WYanes

the lack of market need. Traditional separation technologies including distillation,

extraction, and adsorption were deemed sufficient. Further, the membranes then being
utilized lacked the high selectivity and permeability necessary to make pervaporation
economically attractive. There was much greater interest in the other membrane

processes being developed, reverse osmosis and ultrafiltration, in particular.
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The energy crisis in the 1970s refocused interest in separation technologies
that possed a high potential for energy savings. Pervaporation was aggressively
pursued, primarily in Europe, because of its demonstrated ability to dewater aqueous
mixtures for fuel utilization. The low level of intérest was maintained in the process at
Monsanto, Exxon and Standard Oil, principally with the hope of separating organic
mixtures such as styrene/ethyl benzene. Further, better membrane materials were
'being developed in the analogous technologies of reverse osmosis and gas
permeation, therefore, the potential for economically attractive separations by
pervaporation was greatly enhanced.

In the 1980s, GFT_(Wes

pervaporation process for ds

commercialized an economical
and production a high purity of

ethanol that rivaled azeoiro ; llat¥n. SOHOWING ‘i}ot trials in Europe, the first

industrial plants were :-""F o zjl |ane 1 ines for processes utilizing

continuous fermentatic h eet sorghum containing 5 to
7% ethanol, primary df & vy e ining80 o '85% ethanol, with vacuum
pervaporation to 96% '

In the 1990s, t

developing membranes 3

ed considerable resources to
g aromatic/aliphatic refinery
mixtures. Membranes wi ) v epafiation factors of up to 10 were
obtained, and the process was takerso & scale.

it ent is occurring on a

O
L
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-

worldwide basis. "]' 31 % of the citations,

respectively, with 1< . Commercialization of

pervaporation membrane and technology hgs expanded as well Following the lead of

o, e 8 ﬁ ;n BAR - s
@mmﬁﬁﬁmﬁw@%
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2.3 Pervaporation definition

The term pervaporation is a combination of the two words, permeation and
evaporation. In pervaporation, the liquid mixture to be separated (feed) is placed in
contact with one side of a membrane and the permeated product (permeate) is
removed as a low pressure vapor froni the other side as shown in Figure 2.2. The
permeate vapor can be condensed and collected or released as desired. The chemical

potential gradient across the membrane is the driving force for the mass transport. The

driving force can be created by apply D Jor a vacuum pump or an inert purge

(normally air or steam) on the pe 1 tain the permeate vapor pressure

lower than the partial pressure of Hhes

Feed Retentate

Permeate

atio processes.
\s pervaporation

—= *‘ J

Vacuum pervapoldtion y reldrred to as the standard

pervaporation, is the mgﬁely utilized mode of operatlon while inert purge

pervaporation 1@@ Wﬁﬂnﬂ%1 scharged without

o ARSDIR AT

An example of costs for ethanol dehydration system is given in Table 2.2.
The poly(vinyl alcohol), PVA, membrane is used in this application to increase

ethanol concentration from 99.4 to 99.9 volume % [10].



Table 2.2 Comparison of the dehydration costs of ethanol by different techniques [10]

utilities pervaporation | entrainer distillation | molecular sieve adsorption

($ ton™) ($ ton™) ($ ton™)

vapor 12.80 120.00 80.00

electricity 17.60 8.00 5.20

cooling water 4.00 15.00 10.00

entrainer - 9.60 -

replacement of

membranes and

molecular sieves 50.00

total costs 145.20

2.5 Applications of pe

The applications g

@

@mmmm

removal of wafc

=
Removal -r-_: er

lid-organic mixtures now accounts

for the la  safagatod 1 ial pervaporation plants. PVA is

oi-the-materials-which-are_used- ol is application. In 1999,
: on of a isopropanol-water
composite membrane.

= by PVA composite

In 1998, Kaseno, et al. [13] used the polypropylene, PP,
membrane to increase the rate of ethanol removal in ethanol
fermentation and to reduce the amount of waste water discharged
during long term fermentation. The pervaporation module was coupled

to the conventional feed batch fermentation system. Moreover, PP



membrane was used for treating methyl rert-butyl ether (MTBE)
contaminated in water by Keller, A. A., et al. in 2001 [14].

(iii)  separation of organic mixtures
The separation of a methanol-toluene mixture by pervaporation

using cellulose acetate membrane was investigated by Bhat, A. A., et

al. in 2000 [15]. In 2001, Gonzalez, B. G., et al. [16] studied

pervaporation using PVA k6@ posite membrane for the separation of a
>, q\ :

methanol-methyl 4 vy 'BE) mixture. These membranes

were shown to

2.6 Economic analysis ot oration system

Industrial applicatig Ji.e. ethanol, recovery from
fermentation broths is ev“'{ (ot branes with acceptable
performance characteri Cs W, & osabiitS ouling must be developed.
Condensation of the perme#te | aca 7 ilckit # 1ay be relatively efficient on
a heat transfer basis, woul‘ ‘ on system for condenser cooling
water, creating' additional c.:o ) ‘-”E /A 2 cooling water. However, the
economics of such a' sfem ______EE__ 250 mplete processes; i.e.,

because of the highe entatlon/pervaporatmn

rer)
i

system would require mseh less fermentor volume (compased to a conventional batch
process), a sign tillation capital and
energy costs W@@wg %eﬂ %%ﬂdﬂ feed. The balance
of these savings against the cost of brane system and refrigera ystem would
largely @m % %very from

fermentation broths.

In Figures 2.3 and 2.4 show the batch fermentation and continuous
fermentation-pervaporation processes, respectively [17]. A module of a hydrophobic
membrane made of a poly(dimethylsiloxane), PDMS, layer on a polysulfone support
was used for the pervaporation process [18]. From the level of 7.1 wt % ethanol in the
fermentor, a concentrated ethanol product of 42 wt % was obtained. Pervaporation

flux and selectivity were found to be 0.15 kg m? h™" and 10.3, respectively.
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The cost comparison between the base case (batch fermentation case) and the

fermentation-pervaporation case is presented in Table 2.2. Capital costs are

annu_alized based upon a 9-year life.
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Table 2.3 Ethanol production costs: fermentation-pervaporation case and batch

fermentation case [17]

Fermentation Pervaporation Distillation and| Refrigeration Total annual $ Unit costs $/Gal
dehydration
bn
$4, 797,900 $19, 847, 600 $7. 410, 600 $8. 579, 900 $40, 636, 000 $0.813
$533, 000 $2, 205, 000 $823, 000 $953, 000 $4,515,000 $0.090

$0 $0 $1, 582,200 $505, 700 $2,087, 900 $0.042
'$159, 400 $0 $156.400 $140, 500 $456,300 | $0.009
$18, 600 $35,800 $18.200 $37, 600 $110, 200 $0.002

, 400 \ $898,400 | $0.018

$178, 000 i $3,553,000 | $0.071
$126, 000 $1,070,000 | $0.021
$119, 900 $1,016,000 | $0.020
$43, 000 $406,000 | $0.008
$1,004, 900 $10, 560, 000 $0.211

$19.175,314
$2, 131,000

$32, 740,993 $0.655
$3, 638, 000 $0.073

tilities

team 9 $2.323,000 $0.046
Cooling water $160,500 $459, 400 $0.009
Electric power $146, 000, 4 $205.600 | $0.004
Membrane replacement 4 i ¥ !
Annual utilities $307, 000 Q4 2 ) $2, 988, 000 $0.600
Plant labor $766. 000 48 e R $1, 307, 000 $0.026
Supplies $479, J 3 \ $819, 000 $0.016
General works ’ $192. 000 S0 £327, 000 $0.007
Total annual cost $3, 875, 700 $0 £9. 079, 000 S0.182

Analysis of the costs reve: ‘

nces between the two processes.
7
Fermentor capital c‘ =

“atise were only 25% that
for the base case be T >-of_th quired volume. In the

distillation and dehydsdtion area, total annual costs Were 61.5% lower for the
fermentation-pe \ﬂ i , apital costs (42.4%)
and utility co iwm m% the pervaporation
membrane modules and the refrigeration system net:common to t e case (0.182
o AR SRR A T, N e
slightly héa ‘ ' |

er. Therefore, the improvements in either flux or selectivity could make
the pervaporation case cost competitive.

2.7 Mass transport in membrane

According to the solution-diffusion model, pervaporation consist of three

consecutive steps as shown in Figure 2.5:
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(i)  sorption of the permeate from the feed liquid to the membrane
(i1) diffusion of the permeate in the membrane
(iii)  desorption of permeate to the vapor phase on the downstream side of

the membrane

(i) sorption (i) diffusion (iii) desorption
® 0

Feed solution

Figure 2.5 Schemati
solution-ditfs

transport mechanism:

Sorption and dif: 1\ Srtant steps in transport of

diffusing component. Thg#de i sico. ‘ Ballyieonsidered the controlling
resistance. y

Membrane permeab it st 4 ’..'” ' 1ty and diffusivity of the
permeates in the polymei phfise wa&er Haddsiving fo ce of a chemical potential

gradient. The driving force is the 1 sradient between the liquid feed and

the permeate vapor. The cher i atial 2d as the equation

2.1)

T
|V

actlv,ty::zfm“@ﬁﬁﬁﬂgﬁﬂamﬂ s a0
AHAMNATANNAI AR ..

mixture p.qleads to

a =pilp’ 2.2)

where @; is the activity of component i, p;° the saturated vapor pressure of
y po p por p

component 7, and p; the partial vapor pressure of component i.
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For multicomponent mixtures, the component activity is represented by
ai = Y _ (2.3)

where ¥; is the activity coefficient of component i, and X; the mole fraction of

component  in feed.

The uniquev feature of pervaporation is the swelling state of the membrane,
ranging from fully swollen at the feed si¢ ‘ ' }- ally dry at the permeate side. Under
} gtatration at the feed side of the

|

these conditions, solubility refé

x .3 T ,
membrane, and is approxii saseceguilibrium sorption. Permeate

concentration at the permeate =¥ ed by sorption from the

vapor phase, and is correspt 7 g the swelling gradient,

is concentration depende;
2.8 Membrane performa

The performance of Pe Cparation process, is assessed
in terms of flux and selectivify. Afsefeine >d upon the mass transfer of the
preferentially peimeating species, ik er the depleted retentate or the

enriched permeate is tgadre

1. Total flux ory rmon rate (J

e e T T—

g
achieve the separation. This term is defined as

AARINTHPLIN NS

Where W,p is the weight of component i in permeate (kg), A the

2.4)

membrane area (m?), and 7 the time (h).
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2. Selectivity

The degree of separation which can be obtained with any particular
separation process is indicated by the selection factor. Since the object of a separation
device is to produce products of differing compositions, it is logical to define the
selection factor in terms of product compositions. The selection factor between

component i and j, 0;, is defined as

2.5)

where x; and ypaicthe wejsht -~"‘_"—:_A_ of component i in feed and in
permeate, respectively. ‘ component j in feed and in
permeate, respectively.
An effecti. 5 the extent that the selection

factor is sighiﬁcantly 'ff l l . separation of components i
and j has been accompli gy o 39 ‘ \ nds to concentrate in product
more than component j doCs, e '_ s 1o Concentrate in feed more than
component i does. On the Gther --:-'---'" 1 coinponent j tends to concentrate
preferentially in prodct and. cors 77 54 0 ccntratc preferentially in feed.
By convention, co f as ¢ oane ; oare zuiiaily SUivu -' so that o, defined by
Equation (2.5), is grea - . 7-,

Usually fere is a trade-off between thes o factors: i.e. when one

= g
measure ion abili
SIS Anend

PSI = J(o-1) (2.6)
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2.9 Membrane modules

Industrial membrane plants often require hundreds to thousands of square
meters of membrane to perform the separation required on a useful scale. Before a
membrane separation can be used industrially, therefore, methods of economically
and efficiently packaging large areas of membrane are required. These packages are
called “membrane modules”. The following membrane modules are largely used for

industrial applications.

1. Plate-and-frame

Plate-and-frame mgoduies Wers o . ofthe e iest types of membrane system

as shown in Figure 2.6.4ME obf . ffed < aud product spacers are layered

i,

together between two ex | across the surface of the

membrane. A portion pasg efs the permeate channel, and

makes its way to a central B

Plate-and-frame ¢ 1t : #8ome small-scale applications;

but these units are expensfve ompfya: . 12 es, and leaks through the

gaskets required for each pl fe G eer leni. Plate-and-frame modules are

now only used in electrodialysis- s stems and in a limited number
e -

3 i

of reverse osmosis and B

_.. u]ing feeds.
7 )

Figure 2.6 Schematic of a plate-and-frame module. (Reproduced from {19].)
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2. Tubular modules

Tubular modules are now generally limited to ultrafiltration applications, for
which the benefit of resistance to membrane fouling due to good fluid hydrodynamics
outweighs the high Cost. Typically, the tubes consist on a porous paper or fiberglass
support with the membrane formed on the inside of the tubes, as shown in Figure 2.7.

In a typical tubular membrane system, a large number of tubes are manifolded

in series. The permeate is removed from each tube and sent to a permeate collection

header.
Flgure 2.7 Schethatideea /i {aemfule, (Reproduced from [19].)
3. Spiral-wou ti‘.aﬁ--’--‘-u---é _.,
"‘7 . ;"J'

Spiral-wound mé les were used in a number of rly artificial kidney, but

were fully devel verse osmosis. The
design shown 1 g aﬁﬁﬁw brane envelope of
the module

spacers and membrane wound around erforated cen llection tube;
is place & cs axXia v dowin thie fodule across
q |

the membtane envelope. A portlon of the feed permeates 1nto the membrane envelope,

where it spirals toward the center and exits through the collection tube.
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s

Figure 2.8 Schemanc o5 )& aodule. eproduced from [19].)

: f; —
4. Hollow-fi f}!’-

’ i

Hollow-fiber m gg modules are ed in two basic geometries. The first

is the shcll-sxdﬂA \%g %Maﬂ% fiber). This system
is prcssunzed fi

the shell side; eate passe; through the wall and exits
vﬁ\m e bore-side
feed typeq!l ustra of unit are

open at both ends, and the feed fluid is circulated through the bore of the fibers.
The greatest single advantage of hollow-fiber modules is the ability to pack a

very large membrane area into a single module.
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Figure 2.9 Schematic o t s of hollow gr modules (Reproduced from [19].)

@ﬂ ) 3'1 HNINEINT
" ainasasaluvainsosiy .. .

selectxvnty%hat are affected by the transport mechanism which are dependent upon the
operating conditions. The resistance to solute transport in pervaporation process may
consist of liquid boundary layer resistance due to concentration polarization (CP) on
the feed side.

CP is a common phenomenon in membrane processes since membrane

separation is based on the difference in the permeation rates of different permeating
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components. Since, retention of the slow permeating component on the membrane
surface, the concentration of the fast permeating component on the membrane surface
is lower than that in the bulk phase, while the opposite is true for the slow component.
As a resulting the flux and separation behaviors of the system correspond to a
substantially higher feed concentration than is measured in the bulk stream. This is
shown schematically in Figure 2.10. Where X; and Xy are the mole fractions of
component i in the feed and on the membrane surface, respectively. Y; is the mole
fraction of compohent i in the permeate. J; and J; are the ﬂuxes of component i and j,
respectively. 8 is the thickness of the core }

on boundary layer.

Figure f hematic d ram piffdyer effect :

...?
&Arom [5].)
i- 1

CP generally leads,( lower produc ity and a lesser extent of separation.

pervaporation m

low. However,

The boundary lﬁ el i 'ﬂ ﬂﬁﬁr most of the current
ranes because‘ the.permeation ﬂuxes are usuall

model was based on the film theory. The mgmﬁcance of CP was determined not only
by the membrane permeability and hydrodynamic conditions but also by the
membrane selectivity. CP in pervaporation should not always be overlooked even for
membranes with moderated permeability. There has been a suggestion that CP may be
more significant when the target component that preferential permeates through the

membrane is present in the feed at lower concentration.
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2.11 Selection of polymer membrane materials

Membrane selectivity is determined by sorption selectivity and diffusion
selectivity. The suitable polymer materials for pervaporation process must exhibit
higher affinity to one of the mixtures. The component that exhibiis higher affinity
sorbed by the polymer chain. The extent of sorption (also called swelling) as well as
the sorption selectivity are therefore determined by the chemical nature of the
polymer and that of the mixtures. Diffusion kinetics play a more important role for

molecules with large differences in size mes smaller permeating molecules normally

exhibit larger diffusivity. RO ) ]
i ifave an attractive or repulsive

Membranes in an. "
response to water. The matesia miticms brane and its corresponding
surface chemistry determiy er. This phenomena is termed
hydrophilicity and o ﬂ expressed in terms of
contact angle (0) or a c1t f

Hydrophilicit * ‘ M. ting an affinity for water.
Hydrophilic literally mg ' rials readily adsorb water.
The surface chemistry al ed forming a water film or
coating on their surface. I posses a high surface tension

value and have the ability to forr A ” with water.
=

Also termed [Idrgphobicity. g (il characteristic have the
opposite response "f?*" X 4." hydrophilic materials.
Hydrophobic matenalgvater ating) SHEIETOT no ter idency to adsorb water and
water tends to “bead” on surfaces (1 €., discrete droplets) Hydrophobic materials

possess low s cwg;&}ﬂ%u surface chemistry
for formation of *hydrogen-bonds” w. water.

mm” gy -

i al sprea erials “whi igh surface

tension values. Such as water droplet (surface tension = 73 dyne cm’ " will spread on

PVA surface (surface tension = 37 dyne cm™) more than ethanol droplet (surface
tension = 24 dyne cm™).
Membrane selection is critical in the commercial application of pervaporation,

when used in the presence of organic compounds. For water permeation, hydrophilic
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membrane muterials are preferred. On the other hand, for organics permeation,
hydrophobic membrane materials are preferred. The separation of ethanol-water
mixtures by pervaporation through silicone rubber membrane and PVA membrane
was studied [22]. Results showed that the permeétion behavior depends on ethanol
composition, temperature, and type of membranes. The silicone rubber membrane
(ethanol-selective membrane) gave high selectivity and ethanol flux, while the
opposite trend was showed with using the PVA membrane (water-selective

membrane). The pervaporation performances of volatile organic compounds (VOCs)

from liquid mixtures were measured i o different types of polymers: PDMS, a

hydrophobic rubbery polymer, ell]9s g \ hydrophilic glassy polymer [23]. In

case of cellulose -.:_:_ rmea b (i ~primarily determined by the

diffusivities of permeates, i.e. Siaies mofeculss petmeate preferentially. On the other

hand, the solubility behavie Gl €7 4 116 permieabilitto a large extent in case of
/4,

PDMS membrane. Theig# wo-membrane column was

demonstrated for the f 2 ater-isopropanol azeotropic

mixtures [24]. A corBinglonf of - atie columns, a column of

silicone rubber for the coficaft 4 tion of high water content

and another for the dehygd¥ai, iént mixture using a cellulose

acetate membrane, will lead #0 m than a column made of just

one kind of membrane. The ;;g;- of 20 mol % ethanol was firstly

et Column, and then it was

concentrated to 12.9. ‘ 30

finally concentrated ﬂi
-

; y =
lSOprOpaHOl-Water mixtage, at reca Concer

concentrated to 11.5 mol#4sethanol by the gilicone rubber column, and then it was
finally concenﬂw%h% ngféﬁW@%ﬁ% column.

tion of aqueous-grganic mixtures where the, water molecules

C ; ) ane (water-

Hmmm rmeation of

water, while an organophilic membrane (hydrophobic:organic-selective membrane)

ﬂ} acetate column. For the

of 20 mgl % isoprapanol was firstly

must have a large solubility to the organic compound inorder to permeate the organic
compound preferentially because of the unfavorable diffusion selectivity. This may be
the reason that many polymers are selective to water permeation, while only a few are
selective to the permeation of organic compounds. It is well known that the water

molecule is easily incorporated into the hydrophilic polymer membrane due to the
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strong affinity between the water molecule and the hydrophilic polymer, especially
membranes made of polymers with very high hydrophilicity such as PVA and poly
(acrylic acid), PAA. This generally leads to the excess swelling of the polymer
making the polymer chain more flexible, and resulting in an increases permeability
and a decreses membrane selectivity in pervaporation. Therefore, the modified
hydrophilic membrane is developed to avoid this excessive swelling. Polymer
crosslinking and blending are applied to modify the hydrophilic material. Such as the
pervaporation of water-ethanol mixtures was performed with crosslinked PVA

membranes [25]. The glutaraldehyde ha

aen chosen as a crosslinking agent. In order

to enhance the permselectivity & ' the crosslinked membrane, the
p o

surface of the crosslinked PV "":;; hilically modified by reacting

with monochloroacetic acid. THe Water through the crosslinked and

hydrophilically surface-mag 80 hanced by a factor of nearly

two compared to that throggh ¢ e, while the total flux for

d almost unchanged or even
b
dte modification technique

the crosslinked and surfacg
slightly increased. Th*, i “
appears to be very use : oy ainhers e poration characteristics in
dehydrating aqueous etha \ odified technology not only
reduce the excessive swelling of A7 nbra; é, but also reduced the water

permeation rate due to the dec ) e of membrane. Moreover, it is

difficult to choose an appid @
A

: - e [, 2 :
To avoid an b ! ophobic membrane is

—

considered as as easy Wiy for pervay SCparation ¢/ aqueous-organic mixtures.

Silicone rubber based g? mainly used this application [26, 27].
212 Hydratlor@\d swelling effect hydrophob ¢ membrane
@m'e@onﬂ ﬂjosﬁn Hlﬁﬁfo n m%wn with a

hydrophilic solute, is affected by the hydration of water to the solute. Generally, water
molecules are always moving. The motion of water molecules in an aqueous solution
containing a solute is affected by the water and solute interaction, and differ from
water molecules in. pure water. The water molecules adjacent to the solute become
less mobile than in the pure water due to hydration. Hydrogen-bond formation of

water molecules in an aqueous solution is thought to form clusters with an ice-like
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structure that is stabilized by the presence of a hydrophobic group of the membrane
[28]. In the other word, in the presence of the hydrophobic polymer, it will shift the
unassociated water molecules to larger clusters around the hydrophobic polymer due
to repulsion by the exposure of hydrophobic —chains to water. Therefore, as the
polymer hydrophobicity increases, solute molecules can not disturb the structure of
water cluster to decrease the polymer swelling in the aqueous solution [29]. The
swelling behavior of crosslinked poly(dimethylsiloxane)-poly(methyl hydrogen
siloxane) (PDMS-PMHS) in ethanol-water mixtures was studied [30]. The results

showed that the swelling increased

¥l pwith the amount of ethanol in feed. The

..
!l
\ -
vl
.

swelling of pure water was relativ s fanfirmed the low affinity for water of

PDMS-PMHS membrane. . =
2.13 Effect of opera Tl e omperformance [S,8]
? oration process are not only

The factors affec

membrane material bdt al

1. Feed concent

iy PARG

Note that feed nﬁ;{;;} oy, o the concentration of the more

permeable componesi4ii solu -diffusion model, both
'

sorption and diffus Hecharacterize the membrane

properties. A change 4 feed concentration directly affedid the sorption phenomena at

the liquid/membrane in . The activity@f the components of a mixture may vary
mixture. But normally, feed concentration increases, sorption or goncentration of the
AR AR

\ ‘
comporqgl is concentration dependence, the permeation rat

concentration. In addition, changes in concentration of the components in membrane

sion of the
increases with feed
affect coupling and membrane swelling which all play an important role in

pervaporation process.
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2. Downstream pressw.re

The downstream pressure is an important operating parameter, since the
high vacuum is costly. In vacuum pervaporation, the downstream pressure is the total
pressure of the vaporized permeate in contact with the membrane, ideally devoid of
non-condensable gases. The downstream pressure is also directly related to the
activity of components at the downstream side of the membrane. An increase in the
vapor pressure in the downstream side leads to a decrease of a driving force for

transport. The selectivity can in

decrease with increasing downstream

pressure, depending on the relatiy ermeating components.

—

3. Feed temperz v,,

Temperature ige emperature of feed entering
the process, or some reprogé liate between feed (inlet) and
retentate (outlet). Sincc ¥eed mixture component in
the polymeric membra € o 1%the operating temperature,
pervaporation characteristi .ndent on the temperature as

follow (Arrhenius-type law) ‘
(2.7)

Where .‘l[ he onst J parameter and E, the
apparent activation ene@ aiﬁeéon %

temperature depg dence of mainly _governed by the
ienice Hm:x increases
. The selecti epe perature, in

most case a small decrease of selectivity is found at increasing temperatures even it is

known that the effect of temperature on membrane properties is a major phenomenon

that governs the selectivity.
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4. Feed flow rate

A change of feed flow rate affects concentration polarization in liquid
boundary layer which is particular important if hfgh fluxes through the membrane are
combined with laminar regime. The mass transfer coefficient of component in liquid
boundary layer. increases with increasing feed flow rate and subsequently reduces

concentration polarization.

2.14 Literature review

Firstly, previous WoreGE % et ing hydrophilic membranes for

methanol removal fro m. disscussed.

Wesslein, M. wporation of binary mixtures

containing water usingd ane.The flux and selectivity were

measured at a temperat aporation was not suitable

for separation of the flc PVA membrane, since the

separation curve was fc i 4o be s :.5-'-? : Aight line, indicating that there was
almost no separation effec#{o ,;'z’:.‘?"_ﬁ'-" it Was found that pervaporation was a
suitable method for extractionGfwvaics & anic solvents above weight fractions

of 0.8 of the organ < 4olvents. L)
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Rhim, J. W, ;:= __‘ | prepared cro ef« A membranes with the low

molecular w s the crossli nt for ervaporatlon separation of
methanol-w v nked membrane were
90/10, 85/15 and 80/20 by weigh e operatm%mperatures set at 50, 60, and

ethanol. In all

700 ‘5, ..,!1'-, ;.

cases, q%e PVA/PAA ratio of O membrane s owe est results. Using the
PVA/PAA of 80/20 membrane, the separation factors (ctwav) of 465 and 2650, and the
permeation rates of 0.109 and 0.033 kg m? h™' were obtained for feed concentrations
of 90 and 95 wt % methanol, respectively, at 70 °C. Therefore, sulfur-succinic acid,
SSA ,was used as the crosslinking agent for separation of alcohol-water mixtures. The

separation performance of the methanol-water mixture was poor due to the existence
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of sulfonic acid, a hydrophilic group, in the crosslinking agent. However, “this

membrane was suitable for the separation of ethanol- and isopropanol-water mixtures.

Wang, X. P., et al. [34] prepared fhe three-layer structure composite
membrane for alcohol dehydration such as methanol, ethanol and isopropanol. The
top layer was a thin film of chitosan crosslinked with glutaraldehyde, and the support
layer was made of microporous poly(acrylonitrile), PAN. The results indicated that
the separation factor and the permeation rate of this composite membrane increased

with an increase in the operating fe:
Wl

ature. The water selectivity for the higher

molecular weight alcohol-wa o h higher than that for the methanol-

water system, with nearlyg rtheless, the permeation rate was

—
e ¥ e

the lowest for the ethanols o 1ng ethanol aqueous solution at
60 °C, the flux of 0.34 jgga" Vid & Gviry ora ‘Weie obtained.

Doguparthy, S ipC ration of methanol-water and

ethanol-water mixtliresy composite membrane. This
membrane gave a good s y 4550 hot methanol-water and ethanol-water
mixtures. This suggestéfl Wliat godd F&satio “pfinethanol-water mixtures were

concentration in feed increased

m 0.244 to 0.056 kg m™ h indicated

possible with this compo e
from 10 to 90 wt %, the total

that the permeatio; \
Yeom, C. K& tal (36] the pervapo f;_. of homologous series of

alcohol aque mix through membrane with glutaraldehyde. The
experiments u 50 waa}ﬂﬁm % alcohol and at

temperatures of 30 to 50 °C. In a h;h alcohol content above 90 wt,%, the permeation

1 and water in

feed. wever at a low alcoho contﬂ below 90 wt %, the tendency of the
permeation rate was found to be the opposite, indicating that the interaction between
permeant contituents plays an important role on the permeation and separation of the
mixtures. The observations were discussed in term of changes in the interaction
between the permeant/permeant or the permeant/membrane in varies feed

compositions and feed temperatures.



Secondaly, the work on pervaporation using hydrophobic membranes for

methanol removal from methanol aqueous solutions was summarized.

Hennepe, H. J. C., et al. [37] reported the pervaporation results of aqueous
solutions of dilute alcohols such as methanol, ethanol and propanol, using silicalite-
filled silicone rubber membranes. The experiments were performed at a feed
composition of 5.5 wt % alcohol and a constent feed temperature of 22.5 °C. Both
permeation fluxes and selectivities of those alcohols were found to be higher than

those of silicone rubber membranes. The flux for the filled membranes increased with

an increase in the silicalite conte: ¢ ¥« Esilicalite-filled membrane, the best

resuit was obtained. The s¢ olecular weight alcohol-water
mixture mixtures was fourlt {6 8E 5t the methanol-water system, but
the flux gave the opposi ' er mixture, the flux of 70.41
g m” h and selectmt esults indicated that the flux
increased with an increag U fei (ONhe | igh vapor pressure of the
components of the fe . i 4 _ force and leading to low
selectivity of the memb

Galindo, M. O., et \ ophobic composite membranes

with a crosslinked PDMS- PM

5 for separation of volatile organic
(g b7/} 2

compounds (VOCs ,an' Al ’;e VOCs used in their
-U d ethyl acetate. The

110 o volume % VOCs, the feed

experiment are

experiments were peri:

1 h! and the downstream pressure of 7

temperature of 40 °C, t d flow rate of

mmHg. A ﬂ ,§ l %m% erent PDMS-PMHS
membranes s d showe th (sﬂwone coated of 0.0 cm™) had a very
ed of 0.0048

1cnea v ne PV-2 was

gecm
thicker than that of membrane PV-1. For the methanol-water mixture, the total flux of

0.08 1 m? h!' and selectivity of 2.8 were obtained, using membrane PV-2.

Orme, C. J., et al. [39] studied the pervaporation of water-dye, alcohol-dye
and water-alcohol mixtures, where the alcohols were methanol and isopropanol, using

a polyphosphazene membrane. For the alcohol-water separations, the alcohol was the
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favored permeate in all cases with high fluxes observed for high concentrations of
alcohol in feed, however, selection factors declined. In case of methanol-water
mixtures, the fluxes were in excess of 2 kg m™ h™" with poor selection factor, at feed
concentrations of higher than 70 wt % methanol. At lower concentrations of
methanol, the fluxes dropped off in a near linear fashion. Correspondingly, the

selection factor also increased in a near linear fashion.

Finally, the work on PTFE membrane used for separation of organic-water

mixtures was disscused.

Calibo, R. L., et

|I -H ',-‘
te .{/’//* iporation for removal of 8 wt %

mbwiar] FEgnodmes +he-overall ma ie
ethanol in water, using 2 ; 9 —_ rall ss transfer coefficient
(Kg) was more affecte Dy / iy (ped flowiaie, than by the sweeping gas flow
rate. At an average so u QftC gD ange o \,‘ 2 °C, no significant change in

the Kg was dete at the increment of the

vaporization rate was# ’ yapor pressure, which was
incorporated in the Hegl mbrane properties remained

unaffected in the given tcg e swelling could not occurr.

Atichatpongkul, C AT " effects of the temperature and
concentration of feed on the ;;— stien Lerformance of ethanol-water mixture
using the PTFE merahra meate , was-kept constant at 5 mmHg

B o ————————

The temperature ol /% ";J 'C, and the concentrations

in the range of 6 to' t temperature, the ethanol

- concentration in permeay d the flux increased with an mcrease in the concentration
e Oyt nstant concentration,
chira néﬂ eﬁ% %th an increase in the

%ﬁ °C, the flux

| n selectivity

q
decreased from 3.88 to 2.71 at a constant feed concentration of 6 wt % ethanol in

water.

Bandini, S., et al. [42] presented the removal of different volatile organic
compounds (VOCs) from aqueous streams through the PTFE membrane. The dilute
binary aqueous mixtures used contained acetone, ethanol, isopropanol, ethyl acetate,

methyl acetate and methyl rert butyl ether. The following conditions were used: the
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concentratinns of 2 to 10 wt % VOCs, the temperatures of 25 to 35 °C, the flow rates
of 0.05 to 3 1 min’, and the downstream pressures of 10 to 70 mbar. The results
showed that high VOCs compositions in the permeate and high fluxes were obtained
at high compositions in the liquid feed. The effect of temperature appeared very
interesting, at high temperatures, high fluxes and low VOCs compositions in the
permeate were obtained. When the downstream pressures increased, the fluxes
decreased and the VOCs compositions in the permeate increased. Both the organic

and water fluxes significantly increased with an increase in the feed flow rate,

especizally in the range of low flow ra .
Wi/,

PTFE is chosen as- fane mater: 5 study because of its exceptional

e —

- characteristics suitable 158

iation. It has low surface energy

(surface tension = 18 dya 1014 & Waler iepeliency (surface tension of water =
73 dyne cm™), possibl o Aol erning preferential permeation
of methanol (surface te 1) when separating water and
methanol. Moreover F et 10IE 2 (emperature and resistant toward
chemicals and solven 1 of PTFE is shown in Figure

211

Figure 2 11 FUIFE or Teflon.
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