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Abstract-Ill this study, pilot pervaporation experiments of ethanol dehydration from the vapor phase feed have been 
carried out. The dehydration time decreased with increasing of the feed tempem~re and did not vary with the feed 
flow rate. The temperaure dependence of pen-neation rate m vapor phase feed was larger than that in liquid phase feed. 
Conlx-ary to the pilot pervaporation of liquid phase feed, the higher the feed flow rate, the larger the temperature drop 
is. The variation of temperature drop with permeate flux in vapor phase feed is lager than that in liquid phase orang 
to the heat loss of the membrane module itself. 
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INTRODUCTION 

Pen~aporation is a membrane process used for the separation of 
liquid mixtures by means of l:artiaI vaporization across a pea:nse- 
Iective membrane. The penneate is then obtained as a liquid by con- 
densatiort The driving force for permeation is established by main- 
taining a difference in the partial pressure of the penneate across 
the membrane. This ks accomplished in vacuum pm:aporation by 
Ioweiing the total pressure on the downsh-ean side of the mem- 
brale [Yeom et aI., 1996; Chang et aI., 1998]. 

Pen:apomtion differs fi-om other membrane processes, becausse 
the process includes a phase charge or vaporization step of the per- 
meate. The vaporization enthalpy of the feed liquid must be sup- 
plied fi-om a sensible heat of the feed under adiabatic conditions. 
Hence, the temperature of the retentate will be dropped during this 
process. According to the solution-diffusion model [Wijman and 
Baker, 1995], soiption rate of permeate onto the membrane, diffu- 
sivities of the pen'neate ~side the membrane and the &ivmg force 
of pen~apomtion can be affected by temperature drop. Therefore, 
the overall selectivity and permeate flux will be charged consider- 
ably with the temperature drop, which may not be obsm~ed in other 
membrane processes withott phase transitiorL K correlations obtained 
fi-om other membrane processes without phase tralsition are applied 
to the pm~aporation process without any modification, incorrect 
results are estimated. 

The temperature drop is not easy to detect in small-scale per- 
vapomtion experirnerlts, becausse the pervaporation module is sub- 
merged in a consta~t-tempera~-e conclition and its area is too small. 
Thus, the enhancement of mass transfer rate by increasitg flow rate 
can be misinteitxeted as the boundary layer effect. Howevez; it be- 
canes generally known that the teanpemture drop affects mass tt~s- 
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fer rate in pilot pervaporation. Due to the large area and high flux 
of the membrane, the module tempera~e is difficult to mait~tam 
constant_ Rautenbach and Albrecht [1980, 1985] calculated the tem- 
perature drop at the membrane intea-face in a water/cellulose ace- 
tate systean. Depending on the flow conditions, a tempera~e drop 
between 5 K and 12 K was expected. They predicted the tempera- 
ture profile tt~-ough the sinmlation of the tralsport equations pro- 
posed by Greenlaw et al. [1977]. 

There have been many researches concerned with the pel~apo- 
ration Ixmess recently, but most of them have concentrated on the 
mass transfer and separation mechanism. However, only a few papers 
are related to the heat transfer aspect of pervaporation [Rantenbach 
and Albrecht, 1980, 1 985; Rautenbach et al., 1991; Ito et al., 1997; 
�9 and Tragardh, 1999]. 

In this study, the teanpera~-e drop during hydration of ethanol in 
pilot pervapomtion tait was meastrect The effects of inlet tempera- 
ture, feed flow rate and feed ethanol concentration on temperatuze 
drop were stuclied The feed phase in this study was vapor, and the 
results in liqtad feed have already been reported [ Song et al., 1996]. 

THEORY 

1. Heat Supply Ratio and Heat Transition Ratio 
In the pervaporation process, the evaporation of the permeate is 

an essential step. The heat flux for phase transition of the pen'neate 
is as follows [Rautenbach and Albrecht, 1985]: 

Q=P(AH,+C~T) (I) 

where P is the pen'neation flux and AT is the temperature drop 
tl~otgh the membrane or between iniet and outlet feed flow. C~ 
and AH~ are the heat capacity and the heat of evaporation, respec- 
tively. In this equation, it can be assumed that variation of enthalpy 
m the vapor phase is negligible. The heat flux is necessary for the 
phase d~ange at the membrane surface to the pen'neate compart- 
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Fig. 1. Heat balance for pervaporation. 

merit, and temperature gradients develop orthogonally to the mem- 
brane as well as in tile direction of flow. 

Tile heat balance for pervaporation is illush-ated in Fig. 1. When 
the heat of evaporation is supplied only from the permeate itself 
and there is no heat supplement fi-om tile envh-onment, Q is zero in 
Eq. (1). And in the case of heat supply from the permeate itself, 
tempera~-e gradie~ by phase transition of permeate develop across 
the membrane. Therefore, the follo~:&:g energy balance is applied 

PC~XT,.~PAtt. (2) 

where ATy is the temperature difference orthogonal to the mem- 
brane. 

Rautenbach and Albrecht [1985] obsen:ed 5-12 K temperature 
drop tt~o~=h the membrane ATy and the temperature drop was m- 
creased with decreasing of the feed flow rate. 

If the heat of evaporation is supplied only fiom the feed mix- 
0ire, a temperature gradient develops mainly in the direction of feed 
flow. When the pressure difference between the permeate and tile 
retentate is not Ialge, the expansion heat under isothermal condi- 
lions can be neglected Therefore, tile foliowing energy balance is 
established from Eq. (1): 

p* FC~AT,~PA~a. (3) 

where F ks the feed flow rote and Ap ks the surface area of the mem- 
brane. The temperature drop between inlet and otClet flow, ATe, is 
expressed by: 

AT, = -  PAeAH' (4) 

However, the vaporization enthalpy reqmred for permeate is actu- 
ally supplied from both the pezmeate and the rete:ltate. When tile 
expamion heat under isothezTnal condition is n~Ieeted, tile eneroTr 
balance m real pervaporation operation is written fmally as: 

/FC~pAT. +PO~AT, = -  PAH, (5) 

Tile cut ratio 0 proposed by Rautenbach and Albrecht [ 1980] can 
be expressed as follows: 

O = -GAT,' (6) 
AH~, 

meate. And heat supply ratio $ of vaparization enthal W taken fiom 
the retentate is defined as follows [Song et al., 1996]: 

~} = -  CFCVeAT' (7) 
PA/~H~. 

In Eqs. (6) and ( 7 ) , - A H J ~  and -PACN-I/prFC~p are the m~xi- 
mum permissible temperature drop of the peaneate and tile retch- 
hate, respectively 

The heat Iransition ratio means the relative amotat of ene W sup- 
plied from the the pem:eate itself for evapomt:on. When ATy has a 
maxmmm value, the heat transition ratio becomes 1, which means 
that the vaporization enthalpy is only supplied by the permeate itself. 
When the heat of evapamtion is supplied totally by the retentate, the 
heat supply ratio becomes 1 and AT~ has a maxim~an value. There- 
fore Eqs. (6) and (7) can be converted into the following equations: 

AT,. (6a) 
O = (ATy) .... 

0_  AT, (7a) 
(AT&o. 

Tile main operafmg variables in pervaporation are feed concen- 
tration, feed flow rate, feed temperature, and downstream pressure 
~i-Iong and Hong, 1999]. Eqs. (6) and (7) show that, among these 
vaiables, feed flow rate and tempera~-e are major operating vari- 
ables influencing heat supply ratio. Tile feed flow rate affects the 
resistance in the boundmy layer, and the feed tempera0Jre influ- 
ences the flux and tile selectivity for a given membrane. Tile heat 
supply ratio contains the operatLng conditions such as F and TI~z , 
which can be easily calculated from expel-hnental data; therefore, 
the heat supply ratio is more convem%nt to use than the heat Iransi- 
tion ratio. 
2. Phase Transition of Retentate 

In case of liquid feed, tile increase of feed flow rate reduces the 
temperature drop within the pen:aporation module. The mass Irans- 
fer rate decreases ruth increasing temperature ddrop. In case of vapor 
feed, since the heat of evaporation can be supplied by the phase Iran- 
sition of tile retentate, we can observe the different phenomenon of 
imignifica:t temperature drop. In this case the energy balance can 
be written as: 

r = p~F(qAI~- C~pAT.) (8) 

AT.-<T,~- Tb (8a) 

where q is a fraction of phase h-artsition of the retentate to liquid 
Assuming T ~ T b ,  the amount of energy supply calculated by the 
temperature change of  the retentate is negligible. Thus, 

~)PA~AK= lYqFAP~ (9) 

where qF is the amount of the retentate of the phase h-alsition fi-om 
vapor to liquid, and it can be rewritten as the following: 

- F  _ r (10) qF=F%,,o, '~176 / A ~  

EXPERIMENTAL 

In this research the cut ratio @ is defined as heat transition ratio, 
which means the ratio of vaporization enthalpy supplied by the per- 

1. Apparatus 
The pilot pervaporator used in this study is a PEKVAP | separa- 
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Fig. 2. Schematic diagram of pilot pervaporation un iL  

tor (C~abone Lonaine Co.). Fig. 2 is a schematic diagram for the 
pervaporation exqoerhnental a p p a r ~  The module installed in the 
pervaporator is the plate md flame type and the effective area of 
the mennbrane is 1 m 2. The thickness of  the membiane is about 200 
pm, but the thickness of  the active layer is 0.1-2 pan according to 
the manufacturer. The number ofcham]els is 11 and the gap is 0.1 
e n ] .  

2 .Mater ia l  and Experiniental  Condition 
The concentration of the ethanol feed mixture is about 93 u t% 

and the total amount fed into the reservoir is about 15 L. The meas- 
ured feed temperatta'es are 67, 71, 76, 79, 81 and 83 ~ The feed 
flow rates are 20, 40, 60 and 80 L/In: The Reynolds number does 
not exceed 10. The state of  the feed at 79, 81 and 83 ~ is vapor 
The condenser and the collector are maintained at 0 ~ The coi]- 
centtaion of retentate and the amount of pem]eate are measured. 
The selectivity and the flux are calculated fi'om these results The 
temperaures at inlet and outlet are measured by a themfistor utaich 
can be read to 0.01 ~ 
3. Theoretical Calculation 

The permeation rate P was expressed as a function oftempem- 
tm'e [Ned, 1991; Karlsson and Tragardh, 1993] and used in order 
to calculate the tempelature profile. The temperature profile was 
calculated by the equations suggested by Song et al. [1996]. 

P :P0exp( -~T ) (11) 

where P0 and AE ~ae measured fliro~gh the experiments. The IMSL 
subroutine of  the Gm~-Kronrod equation is applied in this proce- 
dmx~ The calculation conditions are deiived Eom the operating coi]- 
difions of  the real pilot pervapo~ion. The heat supply INio is 0.3, 
0.5, 0.7 and 0.9, whose values me selected through the ex-perhnen- 
tal results. The tempera-ure drop caused by the heat loss is changed 
as the opea-ating condition, but we chose 7 ~ obtained at 76 ~ and 
20 LAIr in order to compare with the results calculated at the same 
condition. 

RESULTS AND DISCUSSION 

1. Dehydration of Ethanol in the  Case of Vapor Feed 
Fig. 3 iltustt~es the ethanol concentration ofretentate with oper- 
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Fig. 3. Ethanol concentratian of re/entate with operating 1 1 1 ] ~  

ating time when its tempenOre is above its boiling point Similar 
to the liquid feed, the dehydration time gets shorter with increasing 
o f  the feed ten]perattae. The dehydration time is independent o f  
feed flow rate. However, in the case of liquid feed, the dehy&ation 
time decreased with the feed flowrate [Song et al., 1996]. Irrespec- 
tive of  the phase of feed, the increasing of feed temperature short- 
ens the dehydration time. 

In Fig. 4 the pem]eate flux in the vapor feed is coml:~red with that 
in liquid feed by using the Awhenius plot. The dalk legion in this 
f~gure means the abrupt change of the slope. The slope, "which meres 
the activation energy, is changed near the boiling point (0.00283- 
0.00286 K -z) and its value in the vapor feed is larger than that in 
liquid feed. 
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Table 1. The  values of  P0 and AE in Eq. (11) 

Weight fraction Po AE State of 
of ethanol [kg/m~hr] [kcal/mol] feed 

0.947 9.900x 105 10.809 Liquid 

0.966 3.749• ~ 13.926 Liquid 

0.977 4.920• ~~ 19.359 Liquid 
0.947 3.871• ~s 26.232 Vapor 

0.966 4.724x10 ~3 39.653 Vapor 

0.977 3.687x10 ~~ 51.269 Vapor 

1 4 0 0  

1 2 0 0  

1000 

i ' J 1 ' 

Tinle ~ F l o w  ra te  

�9 79~ 20 L/hr 
- @ 81 ~ 201Jhr 

[] 81 ~ 40 [Jhr 
- ~, 81 ~ 60 L/hr 

800 - '~' 81 ~ 80 L/hr 
--.~ . O 83 ~ 20 L/hr �9 

[ ]  83 ~ 40 L/hr 2 
800 I j  

, ~ 1 7 6  �9 

2O0 -% 
0 , [ , I ~ I , 
0.9: 0.94 0.96 0.98 

Weight fraction ol' ethanol in retentate 

Fig. 5. S e l e c t i v i t y  o f  w a t e r  in  p i l o t  pelwaporat ion. 

1.00 

Table 1 shows the values of P0 and AE ~ m Eq. (11). The mass 
Iransfer for large activation energy is more sensitive to the operat- 
ing temperature than that for small activation enezgy. Therefore, 
the pezTneation rate in vapor feed has large temperature dependence. 

The selectivities for water at various feed concenttations are shown 
in Fig. 5. It can be found that the selectivities for water incTease ruth 
the feed concen~atiort But, the variation of feed flow rate has no 
influence on the selectivities. 
2. Effect  of  the Feed Temperature  

Fig. 6 represents the inlet and outiet temperature of feed with op- 
erating time m the case of vapor feed. The temperature drop is small 
and ~-nost constalt with operating ~'ne. It ks because the energy 
required for the phase b-ansition of the pezTneate and the heat loss 
is supplied with the phase transition of  retentate. 

The relationship between inlet and outlet temperature at steady- 
state m the case of liquid and vapor feed is ilIustrated m Fig. 7. The 
dotted Ime means no temperature drop. The temperature drop is 
about 6 ~ for liquid feed, but it is at most about 3 ~ for vapor feed 
This is mamly due to the retentate phase ~ansition. 

The heat loss is proportional to the temperature difference be- 
tween inside and outside of the membrane mod~de. The tempera- 
ture drop of the retentate without pem~eation is only caused by heat 
loss. Thus, the heat loss can be expressed as follows: 
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Q~L=- aATHL = -  %(Toz %~) (12) 

where go is the overall heat transfer coet~cieiat and its value is 1.3 
kcal/l-a-K obtained by expei~nent Assuming independency of C~o 
on temperatLtre, the solid line in Fig. 7 is calcL~ted by Eq. (12). 
The agreement of this line and the expeitnental data is fairly good_ 
Line AB in this Fig means the temperature drop by the heat loss. If 
the heat loss could be ca l c~ ted  similarly by Eq. (12) m case of 
vapor feed, the residual energy as much as the temperat~-e differ- 
ence (B'C') fi-orn the retentate temperature to solid line would be 
supplied by the retentate phase transitiorL 
3. Effect  of  the Feed Flow Rate  

The value of temperature drop in the case of vapor feed is shown 
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Table 2. Temperatm'e drop at steady-state in vapor feed operation 

Temperature set (~ Flow rate (L/hr) %~,~ To.~.~ AT 

85 
90 

95 

20 79.3 78.01 1.29 
20 80.67 79.03 1.64 
40 80.13 78.62 1.51 
60 81.66 78.77 2.89 
80 81.81 78.95 2.86 
20 83.02 79.90 3.12 
40 83.76 79.94 3.08 
60 84.51 79.98 4.53 
80 84.79 80.04 4.75 

E 
o ~ 

== 

I 
F 

5 I 

0 
78 79 80 81 82 83 84 

i I I i I ' 

0 20 L/hr 
[] 40 L/hr 
A 60 L/hr 
~7 80 L,,hr 

, L , I ! , I , ~ 

Average Temperature ~'C] 

Fig. 8. Teml)erature drop with average temperatm'e of retentate. 

in Table 2. Increasing of the feed temperature induces the heat loss 
and then the temperature drop is large: In the previous con~bu- 
tion [Song et al., 1996], the temperature drop decreases with the 
feed flow rate in liquid feed. However, in vapor feed, the temFem- 
bare drop ks l~-oportional to the feed flow :-ate. Fig. 8 represents the 
tempem~tre drop with the average temperature in membrane mod- 
ule. The z-directional average temperature in the membrane mod- 
ule can be calculated as follows: 

J~rdz i FC~ [roo, T_d T 
L ~AAH/r'o P 

I FCp 1 ,roe, gAE'~ 
= -  ~baAH~Jr~ ~ T e x p ~ ) d T  (I3) 

As seen m this equation, the temperature drop increases with the 
average temperature in modrfle. The increasing of the tempemtu:e 
drop with feed flow :-ate can be presumed by the variation of the 
ratio of phase transition. In other words, as the feed flow rate m- 
creases, the liquid phase resulting from phase transition influences 
the vapor phase of the feed and the:: the temperature &op increases. 

Fig. 9 shows the comparison of temperature drop in liquid phase 
and vapor phase feed In liquid phase feed, the temperature &-op of 

:~ : 1 ' I ' i ' [ ~ I ' 1 ' 

/ 
0 Liquid 

10t / -  t l  Vi:p:r 

: i /  N 

0 50 100 150 200 250 300 350 

Flux [g/m2hr] 

Fig. 9. Effect of total flux on temperature drop. 

retentate is proportional to the flux and is not zero at zero flux. It is 
mainly due to the heat loss m membrane module itself However, 
there is little change of the tempera~re drop with feed flow rate 
and low heat loss m vapor feed phase. 

C O N C L U S I O N  

In the pilot pervaporafion exFenment, the dehydration time in 
vapor phase feed was shorter than that in liquid phase feed owing 
to the part swplementmg of evaporation ene W of Fermeate by phase 
transition of the retentate. Therefore, the tempera~re drop in this 
case will be less than in case of liquid phase feed. The variation of 
temperature drop with permeate flux in vapor phase feed is larger 
that: that in liquid phase due to the heat loss of the membrane mod- 
ule itself. By the conlrol of tempera~re drop in the pervaporation 
process the oplxnum operaton temFerature would be obtained from 
this study. 
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N O M E N C L A T U R E  

A : surface area [m 2] 
C : concentration [kg/m 3] 
Cp : heat capacity [kcal/kgK] 
D : diffusivity [m2/hr] 
AE : activation energy [kcal/mol] 
F : feed flow rate, EF, [L/N-] 
AH~ : heat of evaporation [kcal/kg] 
h : height of channel [m] 
J : flux [kg/m2hr] 
L : length Ira] 
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Q : heat flux [kcaI/l~-] 
Q~z : heat Ioss [kcal/hr] 
q : fraction of  phase trar~sition to liquid 
P " penueation rate [kg/m~t~ -] 
R : gas constant, 1.987 [kcaI/molK] 
S : separation factor 
T : temperature [K] 
u : flow velocity [m/l~-] 
z : axial distance from the inlet [m] 

Gl~ek 

0 

P 

Letters 

: heat transfer coefficient [kcal/N-K] 
: heat transition ratio defined by Eq. (6) 
" density [kg/m 3] 
: heat supply ratio defined by Eq. (7) 

Superscripts 
b : bnlk phase 
d : downstream side of the membrane 
f :feed 
p : penueate 
v : vapor phase 

Subscripts 
b 
e 
ex 
HL 
in 

inlet 
m 
max 
o 
out 
outlet 
P orp  
V 

: boiling point 
:ethanol 
:experimental 
: heat loss 
: ir~side of module 
:inlet 
: within membrane 
: ITI aXilTIUlTI 
: overall 
: outside of pervaporator 
: outlet 
: permeate 
:vaporization 

y : vertical direction fi-om membrane surface to downstream 
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