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The proposed design method  makes  it possible to de te rmine  the ne-  

cessary f i lm area and e s t i m a t e  the  su i tab i l i ty  of a par t icular  separ-  

at ion process on the basis of data  that  can read i ly  be ob ta ined  exper-  

i m e n t a l l y .  

In recent y e a r s ,  the separation of liquid mixtures 
on polymer films has become increasingly popular. 
Such processes as the desalination of sea water, the 
separation of saturated and unsaturated hydrocarbons, 

the separation of gasoline fractions, the removal of 
water from organic alcohols, ketones, and aldehydes, 
etc., have begun to develop rapidly [i]. 

The separation of azeotropie mixtures and mix- 
tures whose components have similar boiling points 

is of special interest [2-7]. It has been shown [2-5] 
that, in a series of cases, separation on polymer 
films can successfully compete with azeotropie and 
extractive distillation. Foreign scientists have al- 
ready built semi-industrial installations with a film 
area of several tens of square meters for separating 
such azeotropic mixtures as isopropanol-water, pyri- 
dine-water, and isopropanol-ethanol-water. 

In the Soviet Union, a new method of separation is 

also about to be introduced industrially. Thus, joint 
research in the Department of Processes and Appara- 
tus of the Moscow Mendeleev Chemical Engineering 
Institute and the Laboratory of Processes and Appara- 
tus of the All-Union Glass-Fiber Scientific-Research 

Institute has shown that polymer films can be used 
to separate caprolaetam from the wash water of poly- 

amide fiber plants. The test results have been used as 
a ba s i s  for developing v a r i a n t s  of the appara tus  and 
des igning  a pilot plant  on which cap ro lac t am r e g e n -  
e ra t ion  expe r imen t s  have been  c a r r i e d  out [9]. 

We a re  inves t iga t ing  the use  of po lymer  f i lms  for 
r emov ing  water  f rom a n u m b e r  of o rganic  l iquids and 
for other  purposes .  

However,  the appl ica t ion of this  s epa ra t ion  method 
encounte rs  a number  of d i f f icul t ies .  In pa r t i cu l a r ,  
mos t  publ ica t ions  a r e  devoted exclus ively  to a study 
of the pe rmeab i l i t y  m e c h a n i s m  and give no indica t ion  
concern ing  the choice of the opt imum fo rm of a p p a r a -  
tus or the ca lcula t ion  of the n e c e s s a r y  f i lm a rea .  
Thus,  the effect of the hydrodynamic  condit ions on 
the p roces s  is d i scussed  only in [8, 9, 11]. The few 
a t tempts  to develop a method of ca lcu la t ing  the n e c e s -  
s a ry  f i lm a r e a  [2, 10] have been only pa r t i a l ly  effec-  
t ive and do not make  it  poss ib le  to compare  d i f ferent  
techniques .  

In this  paper ,  we propose  a method of ca lcu la t ing  
ba tch- type  and cont inuous-f low appara tus  for s e p a r -  
a t ing homogeneous l iquid m i x t u r e s  b y  means  of po ly-  
m e r  f i lms .  

Theoretical. The process of separation of homo- 
geneous binary liquid mixtures using polymer films 

is based on the different rates of diffusion of the corn 
ponents through the film and consists of three stages 

/! 

/2 

to vacuum pump 

Fig. i. Batch-type appara tus  
with liquid-phase mixing: 
I) separating chamber; 2) 

polymer film. 

I) absorption of the mixture components into the film 
from the liquid phase; 2) diffusion of the molecules 
through the polymer structure; 3) evaporation of the 
molecules from the opposite side of the film. 

The separa t ion  p roces s  can be c a r r i e d  out in ap -  
para tus  of var ious  types- -both  i n t e r m i t t e n t  and con-  
t inuous.  We will cons ider  some special  cases .  

Batch appara tus  ~rith l iqu id -phase  mix ing ,  This 
appara tus  is shown schemat ica l ly  in  Fig.  1. The m i x -  
tu re  to be separa ted  is poured into the working c h a m -  
be r  1, where  it is v igorous ly  mixed, so that the c o m -  
posi t ion  of the mixture is constant at all points of the 
chamber. Vapor which penetrates film 2 is drawn off 
by a vacuum pump. 

When this process takes place under constant spe- 
cific conditions, it can be described by means of the 
following system of equations: 

G + L = Lo, (~) 

Gx ~ + L x  L = Lox~, (2) 

d ( 6 x  a ) 
d ~  - -  ~' (3) 

, L = g ~x ), (4) 
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d0_ = / (x~). (5) 
Fd-c 

Here,  (1) and (2) a re  the mater ia l  balance equations 
for  the mix ture  as  a whole and the m o r e  readi ly  dif-  
fusing component,  r espec t ive ly ;  Eq. (3) gives the r e -  
lation between the instantaneous select ivi ty  } and the 
quantity xG; Eqs.  (4) and (5) give the instantaneous 
select ivi ty  and throughput as functions of the concen-  
t ra t ion  of the liquid in the apparatus .  

to vacuum pump 
t -- 

t fs t I L ~ T  t t/- �9 f~ 
LOtX 0 s / ~ ~  L~ gc,dfc i �9 

�9 L 
L, x ,L 

�9 t & 
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Fig. 2. Diagram of a cont inuous-f low apparatus .  

Hence, 

where  

we find that 

L 

L0 
--exp~(xC), (6) 

= 1-- exp X (xL), (7) 
Lo 

x L 
- ~ expL(xL) dx L, (8) 

f r  [xL--g r  
4 

F ~  

L0 

xL 
dx L r ~ (x L) 

J g ( x  L) - - x  r 
4 

Assigning x L, we can use the f i r s t  two equations to 
calculate  L / L  0 and G/L  0. Using (8), we can calculate  
the f i lm a rea  n e c e s s a r y  to separa te  a cer ta in  amount  
of mix ture  in a g 'ven  t ime.  The functions g(x L) and 
f ( x L ) ]  r equ i red  for  the calculat ion can easi ly be ob-  
tained exper imental ly .  

Continuous-flow appara tus .  This appara tus  is 
shown schemat ica l ly  in Fig. 2 for  the mos t  general  
case .  The solution to be separa ted  passes  through a 
chamber  bounded on two sides by po lymer  f i lms.  Pa r t  
of the output solution, enr iched in the less  readi ly  
diffusing component,  is recyc led .  The re la t ive  amount 
of ree i rcu la t ing  solution is given by the r ecyc le  ra t io  
r .  

We make  the following assumpt ions :  1) the motion 
of the liquid in the chamber  is such as to exclude 
mixing in the d i rec t ion of flow while ensur ing p e r -  
fect  mixing in the t r a n s v e r s e  di rect ion;  2) the p roce s s  
takes place under  specif ic  s ta t ionary  conditions. In 
this case ,  the p roces s  can be desc r ibed  by the fol low- 
ing sys t em of equations:  

d (O'x '~ 
dO' = ~' (11) 

= g (X'L), (12) 

dO' _ f(x,L), (13) 
dF 

L]n = ( 1 Jr r) L'0, (14) 

x' o ,L x; 
= X c - -  l + r  ' (15) 

Lout = L'~ + rL~. (16) 

F rom this sys tem,  af ter  s imple  t r ans fo rmat ions ,  
we find equations analogous to (6) and (7): 

L' ( ) - x (  i.)], L'o = ( l + r ) e x p  [k x 'L x 'L 

6 '  
L--~ = (1 + r) {1-- exp [~, (x 'L) - -  ~, (xl L )]}, 

x'L 

~'L dx'L where  X(x 'L) = , and we a lso  have 
, g ( X ' L ) - - X ' L  

Xo 

F 
--7- = ( 1  + r ) exp  [--;~ (x'Ln)] X 
L0 

,L 
x c 

x fg exp ~ (X 'L) .dx,L. 
, f (x 'L) ix 'L_ g (x'L)l 

xir 1 

(17) 

Using this equation, we can obtain the fi lm a r e a r e -  
quired for  separa t ion at any r ecyc l e  ra t io .  

to vacuum pump 

5 

3 

Fig. 3. Diagram of a l abora to ry  
appara tus  for  separa t ing  liquid 
mix tures  by means of po lymer  
f i lms : 1) separa t ing  chamber ;  
2) paddle mixer ;  3) heating j a c k -  

et; 4) PolYmer f i lm; 5) t raps .  

When r ~ 0, we obtain 

, L  
x c 

F exp 1-- X (XoL)I fL exp_.__~ (x'L) i 
L~ = , f (x 'L) [x'~--g (x'L)I ax'L" 

;r o 

(18) 

Trans fo rming  (17) fo r  the case  in which r ~ ~o, we 
a r r i v e  at the equation 

G' +L' = L'i., (9) 
�9 ,L  G'x 'a -}- L 'x  'L = Li. Xin , (10) 

e x; L-x'o L 
L ' o -  x "L x 'L x 'L " f( ~)f r - e (  c )1 

(19) 
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Equation (17) and the der ived  equation {18) were  
obtained on the a s sumpt ion  that there  is no mixing  in 
the d i r ec t ion  of flow but per fec t  mix ing  in the t r a n s -  
v e r s e  d i rec t ion .  A m o r e  accu ra t e  solut ion can be ob-  
ta ined by taking into account  both t r a n s v e r s e  and lon-  
~ tud ina [  diffusion in  the flow. 

Expe r imen ta l .  To compare  the theore t ica l  ca lcu-  
la t ions  with exper imenta l  observa t ions ,  we conducted 
expe r imen t s  on the sepa ra t ion  of a g lyce ro l -wa te r  
mix tu re  on cel lophane in a ba tch- type  appara tus  with 
mix ing  of the l iquid phase.  This mix tu re  was se lec ted  
on account  of the low volat i l i ty  of the components  and 
the s impl i c i ty  of ana lys i s  (on a r e f r ac tome te r ) ,  which 
reduced  the exper imenta l  e r r o r s .  The appara tus  is 
shown schemat i ca l ly  in Fig. 3. The s t a r t ing  solut ion 
was poured  into sepa ra t ion  ehamber  1, where  it was 
v igorous ly  mixed by paddle m ixe r  2. The t e m p e r a -  
t u r e  was regu la ted  c o r r e c t  to :~0.2 ~ C by pas s ing  hot 
water  through jacke t  3. Vapor pass ing  through f i lm 4 
was drawn off by a vacuum pump and condensed in 
t r aps  5, where  a t e m p e r a t u r e  of -70  ~ C was m a i n -  
ta ined.  The p r e s s u r e  on the vapor  phase side was , 
kept in the range  3200-3400 N/m 2, and on the l iquid 
phase  side, at atmospheric p r e s s u r e .  The thickr~ess 
of the f i lm in the unswol len  s ta te  was 45 U, and the 
working a r ea  was 0.0023 m 2. 

We f i r s t  r ecorded  the funct ions g(x L) and f(xL).  
For  this  purpose ,  we int roduced solut ions of d i f fe r -  
ent eoncen t ra t ions  into the separa t ing  chamber  in 
r e l a t i ve ly  l a rge  amounts .  The dura t ion  of the e x p e r -  
iments  was kept shor t  enough for the concen t ra t ion  of 
the s t a r t i ng  solut ion to r e m a i n  e s sen t i a l ly  unchanged.  
In this  ease ,  we m e a s u r e d  the amount  of l iquid p a s s -  
ing through the f i lm and i ts  composi t ion,  which was 
taken as the ins tan taneous  se lec t iv i ty  for  the t i m e -  
ave rage  concen t ra t ion  of s t a r t i ng  solut ion dur ing  the 
exper iment .  The data obtained at a l iquid t e m p e r a t u r e  
of 50 ~ C a re  p r e sen t ed  in the table .  

We then p e r f o r m e d  an expe r imen t  r e p r e s e n t i n g  the 
batch p roces s  p roper .  An aqueous glycerol  solut ion 
in the amount  of 0.2 kg at a concen t ra t ion  x0 L = 0.90 
was in t roduced into the sepa ra t ing  chamber .  Tke 
separa t ion  expe r imen t  was continued for 6 hr .  The 
t e m p e r a t u r e  and p r e s s u r e  were  kept the s ame  as in 
r e co rd ing  the funct ions g(x L) and f(xL).  The concen-  
t r a t ion  of the l iquid at the end of the expe r imen t  was 
xo L = 0.71. We then made a theore t ica l  ca lcu la t ion  of 

the t ime  r equ i r ed  to separa te  0.2 kg of mix tu re  f r o m  
L x 0 = 0 . 9 0 t o  x = 0.71 in an appara tus  w i t h a f i l m  

a rea  F = 0.0023 m z us ing  the re l a t ions  f (x  L) and g(xL). 
The ca lcula t ion  was made graphica l ly  and ana ly t ica l ly .  
We obtained r = 6.0 hr .  

Thus, the ca lcula ted  value of the t ime  r equ i r ed  for  
separa t ion  and the experimenta~ value coincided.  

To es t imate  the eff iciency of appara tus  of d i f ferent  
types,  it is n e c e s s a r y  to ca leula te  the f i lm a rea  r e -  
qu i red  for sepa ra t ion  on the ba s i s  of f (x  L) and g(x L) 
us ing  Eqs. (8), (18), and (19). Employing these  equa-  
t ions,  we worked out a numer i ca l  example  (see [2]) on 
the s epa ra t ion  of an i sop ropano t -wa te r  mix ture .  It 
was found that,  in this  case,  c a r r y i n g  out the p roces s  
in  an appara tus  r ep r e sen t ed  by Eq. (18) r e q u i r e s  a 

film area smaller by a factor of approximately 1.5 in 

comparison with that for a perfect-mixing apparatus 

(Eq. (19)). 

Values of the Func t ionf (xL)  at 
Dif ferent  Concent ra t ions  of the 

Star t ing Solution, g(x L) = 1 

x L ~ ( x  L ) ,3 .6 .10  s 

.00 ~3,5 
0,90 11 .] 
0.85 9.9 
0,80 8.8 
0,75 7.7 
0.71 6,9 
0.70 6.7 

NOTATION 

G is the amount  of mix tu re  pass ing  through f i lm 
in t ime  7, kg; x G is the weight f rac t ion  of more  r e a d -  
i ly diffusing component  (component A) in the total  
amount  of mix tu re  pass ing  through the f i lm in t ime  7; 
L is  the amount of mixture remaining in the apparatus 
after time T, kg; x L is the weight fraction of compo- 

nent in this mixture; L 0 is the starting amount of 
mixture introduced into the apparatus, kg; x L is the 

weight fraction of component A in this mixture; ~ is 
the weight fraction of component A in the mixture 
passing through the film in the time interval from ~- 
to T + dr (instantaneous selectivity); F is the film 
area, m2; L~ is the amount of the mixture supplied to 
the system per unit time, kg/sec; x~ L is the weight 

fraction of component A in this mixture; L'in is the 
amount of the mixture supplied to the separating 

,L chamber per unit time, kg/sec; Xin is the weight 
fraction of component A in this mixture; L' is the 
amount of the mixture pa s sing per unit tim e through a 

cross section at distance /from the chamber inlet, 
kg/sec ; x' L is the weight fraction of component A in 

the flow in this section; Lou t is the amount of the 
mixture flowing out of the chamber per unit time, 

! 
kg/see; L e is the amount of the mixture withdrawn 
from the system per unit time, kg/see; x~ L is the 

weight fraction of component A in this mixture; G' is 
the amount of the mixture passing through the film 
along the flow path from the separating chamber in- 
let to a cross sect ion at d i s tance  1 f rom the inlet ,  
kg / sec ;  x 'G is the weight f rac t ion  of component  A in 
this mix tu re .  
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