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Solutions can be separated in the 
liquid phase by means of mem- 
branes with processes utilizing 
osmosis, ion exchange resins in- 
corporated in the membranes, elec- 
tric potentials across membranes, 
and ultrafiltration. The published 
literature in this field is extensive. 
A rather comprehensive treatise 
on the subject of ultrafiltration was 
presented by Erschler ( 5 ) ,  and some 
very interesting findings on solute 
retention were reported by McBain 
and Stuewer ( 1 2 ) .  The subject mat- 
ter of ion exchange has been ably 
summarized in a recent publica- 
tion by Juda, Marinsky, and Rosen- 
berg(9) with an extensive bibli- 
ography. Separation of ionic 
from nonionic components by 
means of ion exclusion has been 
reported by Wheaton and Bauman 
( 2 4 ) ,  who also published a treatise 
covering nonionic separation with 
ion exchange resins(25). A recent 
discussion an electrochemical prop- 
erties of synthetic ion exchange 
membranes was presented by Win- 
ger, Bodamer and Kunin(16). All 
the studies that  have been reported 
are concerned with aqueous solu- 
tions, and in a few instances i t  has 
been stated that polar solvents 
other than water should be suit- 
able. 

There appears to be no published 
literature on the separation of 
homogeneous liquid mixtures of 
organic compounds solely by means 
of permeation through microporous 
membranes ; therefore, i t  should 
be of considerable interest that  
experiments have been carried out 
which gave such separations by 
what might be called “fractional 
filtration” through a membrane 
having an average pore diameter 
of about 40 X 10-8 cm. In compari- 
son, ultrafiltration is generally con- 
sidered as taking place with pore 
sizes in the range of 

The separations were accom- 
plished with porous glass ( 7 , l Z )  , 
an intermediate glass state in the 
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manufacture of Vycor-Brand glass. 
This material has been investi- 
gated as a medium for  gas and 
vapor separations and was found 
to be an almost ideal molecular 
filter in such separations (1,6,8).  
It possesses a rather uniform pore 
diameter between 20 and 60 k., 
with an average di’ameter of about 
40 A. ( 4 , l Z )  and approximately 
1.34 Y 10l2 pores/sq.cm.(13). 

A publication by Nordberg (22) 
on properties of some Vycor-Brand 
glasses contains data on the flow 
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FIG. 1. SCHEMATIC DIAGRAM OF LIQUID- 
SEPARATION APPARATUS. 

A ,  1%- by 18-in.-long standard pipe; 
B, porous-glass membrane; C, %-in. 
stainless steel needle valve; I), brass 
pack’ing-gland assembly; E, 50-ml. 
collection flask; F, drying tube; G, 
1%- by 10-in.-long standard pipe, 
silica-gel-filled gas-drying unit; H ,  
34-mm. I.D. by 16-in.-long inner glass 

tube; I ,  No. 7 rubber stopper. 
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of liquid water and acetone (liquid 
permeabilities) through porous 
glass. In  combination with gas- 
and vapor-separation studies it was 
a logical extension of thought to 
conceive the possibility of separa- 
tion in the liquid phase. Further- 
more, work on the separation of 
azeotropic mixtures in the vapor 
phase (6) had shown that separa- 
tion increased as the temperature 
of operation approached the boiling 
point of the mixture. Some support 
of the idea was also derived from 
publications by Manegold and Hof- 
mann ( 1 0 )  where the contention is 
made that  a filter which is suitable 
for ultrafiltration should act not 
only as a barrier on a go or no-go 
basis for molecules of different 
sizes, but should also exhibit par- 
tial inhibition to the movement of 
the larger molecules. 

For the sake of convenience, the 
studies in liquid separation were 
then carried out with some of the 
same azectropic mixtures which 
had been used for the vapor-phase 
separation study ( 6 ) .  These mix- 
tures corresponded to constant 
boiling compositions a t  atmos- 
pheric pressure and the respective 
boiling points. They therefore did 
not represent azeotropic composi- 
tions a t  the temperature of liquid 
permeat ion. 

EQUIPMENT AND P R W D U R E  
The membrane was a porous glass 

cell in the form of a test tube pro- 
vided with a capillary connection at 
the open end. One such specimen, 
having a wall thickness of about 1 
mm., was subjeated to a pressure 
drop of 600 Ib./sq.in. (high pressure 
on outside) without fracture. 

As the work was actually a pioneer- 
ing study to establish the possibility 
of liquid-phase separation, the ap- 
paratus (Figure 1) was built as 
simply a s  possible. Cells I and I1 dif- 
fer in that a floating glass liner is 
used in Cell 11, t o  accommodate cor- 
rosive liquids. The area of the mem- 
brane used for  the liquid-liquid sepa- 
ration experiments was 90.40 sq. cm. 
and the thickness was 1.0 & 0.05 mm. 
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TABLE ~.-~EPARATION OF ORGANIC LIQUID MIXTURES BY MEANS OF A 

Separation data and rates of permeation 
(1) Average, (2) standard deviation 

POROUS GLASS BARRIER 

Component enriched 
Aconcentration 

increase in 
permeated product 

A 1.01 
A 0.10 
A 1.72 
A 0.15 
A 2.11 
A 0.18 

B 5.84 
B 0.27 
B 6.76 
B 0.13 
B 6.6 
B 0.26 

Essentially A (-0.05) 
no change 

Number 
of 

runs 
10 

10 

10 

N? Rate perm. 
pressure, g./(sq. cm.) (min.) 

Ib./sq. in. gauge x 10’1 

Weight % A 
Perm. 

product Feed 

44.31 43.30 
0.32 . . . . .  

45.36 43.64 
0.10 0.20 

System 
A - B  

EtAc* -CCL 

EtAc*-CCL 

EtAc* -CCL 

60 (1) 5.16 

125 
0.10 

200 16.15 
0.47 

(2) pg; 
45.06 
0.06 

42.95 
0.06 

5 

5 

5 

60 

125 

200 

1.606 
0.05 
4.00 
0.21 
6.57 
0.19 

63.16 69.0 
0.30 . . . . .  

62.24 69.0 
0.14 

62.24 69.0 
0.14 

62.4 69.0 
0.25 ..... 

69.0 
..... 

62.4 
0.25 

EtOHtHzO 5 60 1.465 

0.003 

125 2.84 

0.003 

200 4.48 

0.19 

60 3.87 
0.24 

125 7.74 

93.49 93.54 

0.10 

93.41 93.54 

0.25 

93.25 93.54 

0.28 

59.25 60.40 
0.05 0.05 

57.95 60.56 
0.03 0.18 

56.28 60.11 
0.47 0.10 

0.25 . . . . .  
67.00 67.4 

Essentially A (-0.13) 
no change 

EtOHt HzO 5 

Essentially A (-0.29) 
no change 

EtOHt HsO 5 

CsH6 -MeOH* 

C& - MeOW 

C6Hs -MeOHt 

B 1.15 
B 0.06 
B 2.61 
B 0.15 
B 3.83 
B 0.16 

200 
0.20 

12.57 
0.22 

60 

125 

200 

3.15 
0.06 
6.97 
0.06 

11.29 
0.16 

B 0.4 
B 0.18 
B 0.4 
B 0.10 
B 0.8 
B 0.05 

67.0 67.4 

66.6 67.4 
0.32 . . . . .  
0.05 ..... 

*EtAc -ethyl acetate. 
+EtOH -ethyl alcohol. 
ZMeOH -methyl alcohol. 

Before the membrane was installed, 
it was “normalized” in an oven at 
510°C. for 12 hr. to remove adsorbed 
organic vapors and water vapor. This 
procedure was rigorously followed 
before each new mixture and each 
pure component was studied. All 
separation runs were made at room 
temperature (25” to 30°C.), which 
is considerably removed from the 
510°C. normalizing temperature. As 
porous glass is normally consolidated 
to  Vycor a t  much higher tempera- 
tures, the pores were assumed not to 
be altered during the normalizing 
operation. 

The upstream pressure on the 
liquid was produced by high-pressure 
nitrogen from a commercial cylinder. 
The nitrogen was oil-pumped and was 
quoted by the supplier as being 99% 
pure, but as an added precaution to 
exclude moisture, it was passed 
through the silica-gel-filled drying 
unit (G).  

The cell was completely filled by 
introducing the liquid to be studied 
through the brass fitting a t  the top. 
After a liquid of known composition 
was introduced, all fittings were se- 
cured and nikrogen was admitted a t  

the desired pressure. When fresh 
liquid was placed in the unit, the 
downstream side of the membrane 
was flushed with about 25 cc. of prod- 
uct before the first run was made. 

To minimize vaporization losses 
from flask (E), the glass tube lead- 
ing from the flask to the drying tube 
( F )  was drawn to a fine capillary. 
Samples of known concentrakion were 
placed in flask (E) by use of another 
stopper with only the fine capillary 
tube opening available t o  the atmos- 
phere. Various test samples showed 
no detectable change in concentration 
after standing 2 or  3 days. When a 
sufficient quantity (5  t o  10 cc.) of 
liquid permeated the membrane, the 
collection flask (E) was removed and 
the sample analyzed. A sample was 
also withdrawn from the upstream 
side through the needle valve (C) . 

In experiments the feed was in in- 
timate contact with the walls of the 
galvanized-iron pipe. To check the 
possibility of any metal effect, several 
liquid mixtures were kept in the 
closed unit for a t  least a week. Re- 
fractive-index measurements revealed 
that there were no detectable effects 
of the pipe on feed liquids. 

MATERIALS 
The mixtures studied and a sum- 

mary of the enrichments obtained are 
shown in Table 1. 

All liquid mixtures were analyzed 
with a Zeiss Pulfrich refractometer. 
Refractive-index data, the method 
used for purifying the pure com- 
ponents, and the procedure for pre- 
paring the azeotropes studied have 
been repoFted in reference 6. 

RESULTS AND DISCUSSION 

It has been established that cer- 
tain liquids can be separated by 
diffusion through porous mem- 
branes. Five different liquid sys- 
tems have been studied a t  60, 125, 
and 200 Ib./sq.in. gauge upstream 
pressure and atmospheric down- 
stream pressure in this preliminary 
investigation. Separation data and 
rates of permeation in grams per 
square centimeter per minute fo r  
the five mixtures studied are pre- 
sented in Figures 2 through 6. 

The separation data for ethyl 
acetate-carbon tetrachloride show 
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that ethyl acetate permeated the 
porous glass membrane faster than 
did carbon tetrachloride and that 
greater separation was obtained 
the higher the upstream pressure. 
The difference in concentration be- 
tween the feed samples and per- 
meated samples varied from 1.01 
wt. % ethyl acetate a t  60 1b.lsq.in. 
gauge upstream pressure to 2.11 
wt. '% ethyl acetate at 200 lb./sq.in. 
gauge upstream pressure. The 
analyses were estimated to be ac- 
curate within 20.1 wt. %. 

Although an extended study was 
made of the rates of permeation of 
the ethyl acetate-carbon tetra- 
chloride system, i t  was not satis- 
factorily determined whether the  
mixture permeated the membrane 
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faster or more slowly than did ethyl 
acetate or whether the rates of 
permeation curves actually did 
cross as shown in Figure 2. If the 
mixture is faster than either pure 
component, then i t  is possible that 
there is decided variation in the 
viscosity of the mixture a t  various 
pressures, o r  there may be some 
other change in physical properties 
which is unaccounted for. Blocking 
of the  pores, difference in molecular 
size, association and adsorption 
characteristics are  other possibili- 
ties which should be considered. At  
this stage of the investigation, one 
can only speculate as to the reason 
for the decided difference between 
the observed rates of permeation 
for the mixtures compared with the 

A -  E T H Y L  ACETATE 
0 -  CARBON TETRACHLORIDE 
C -  EiH'mL ACETATE - C A R B O N  TETRACHLORIDE 
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FIG. 2. ETHYL ACETATE-CARBON TETRACHLORIDE 
RATES OF PERMEATION THROUGH POROUS GLASS 

AT VARIOUS PRESSURES. 

A -  GYCLOHEXANE 
0 -  E T H A N O L  
C- CYCLOHEXANE- E T H A N O L  (-690 WT % A 1  

FIG. 3. CYCLOHEXANE-ETHANOL RATES OF PERMEA- 
TION THROUGH POROUS GLASS AT VARIOUS PRESSURES. 

A -  E T H A N O L  
0 -  WATER 
C - ETHANOL WATER (-93.5 W T Z  A )  

-- = 
P P F S S U R E  - P S I . 0  ( N e l  

FIG. 4. ETHANOL-WATER RATES OF PERMEATION 
THROUGH POROUS GLASS AT VARIOUS PRESSURES. 

pure components because of the in- 
complete picture of the liquid state. 

The separation data for the 
cyclohexane-ethanol system show 
that ethanol permeates porous glass 
considerably faster than does cyclo- 
hexane. The effect of upstream 
pressure on separation is some- 
what inconclusive when the data 
for individual runs are  compared; 
however, in general i t  appears that  
better separation is obtained at the 
higher upstream pressures. About 
the same average degree of separa- 
tion was obtained at 125 and 200 
lb./sq.in. gauge upstream pressure. 
The analyses were estimated t o  be 
accurate within 20.2 wt. %. The 
rates of permeation for the cyclo- 
hexane-ethanol system and the pure 
components are presented in Fig- 
ure 3. It was interesting to  observe 
that the mixture passed through 
the membrane more slowly than did 
either of the pure components, but 
still the degree of separation was 
quite large. 

The separation results for the 
ethanol-water system presented 
were somewhat disappointing, for 
no separation was detected which 
was considered reliable. Of course, 
it may be significant that  the feed 
was so rich in ethanol that  some 
separation was obtained but 
escaped detection because of analy- 
sis limitations. Analysis of the 
ethanol-water system refracto- 
metrically was estimated to be 
within a0.5 wt. %. Although no 
separation was reported for this 
system, i t  is believed that a more 
refined method of analysis may re- 
veal separation even though it  is 
quite concentrated in ethanol. The 
rates of permeation for ethanol- 
water and the pure components are 
shown in Figure 4. Comparison of 
Figures 3, 4, and 5 revealed that 
ethanol-water, cyclohexane-ethanol, 
and the benzene-methanol systems 
were analogous in that  all the mix- 
tures permeated the membrane at 
slower rates than did the pure com- 
ponents. 

The separation results for the 
benzene-methanol system show that 
methanol permeates porous glass 
faster than does benzene. Further- 
more, the degree of separation was 
noted to more than triple when the 
upstream pressure increased from 
60 to 200 1bJsq.h. gauge. The ac- 
curacy of the analyses was estab- 
lished to  be within 20.2  wt. %. 
The rates of permeation for  the 
benzene-methanol system and the 
pure components are presented in 
Figure 5. Unlike those for the 
other systems studied, the rates of 
permeation of the pure components 
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FIG. 5. BENZENE-METHANOL RATES O F  PERMEATION _ _  
THROUGH POROUS GLASS AT VARIOUS 

were found to be very close to each 
other, and the curve for the mix- 
ture was relatively f a r  removed 
from that for the pure compoaents. 

The separation results for the 
benzene-ethanol system indicate 
that ethanol permeates the mem- 
brane faster than benzene. It can- 
not be stated with any degree of 
confidence that increased upstream 
pressure results in an increase in 
the degree of separation for this 
system; however, when the data 
for 200 1b.lsq.h. gauge upstream 
pressure are compared with the 
separation results at the lower up- 
stream pressure, one might specu- 
late that the degree of separation 
tends to be enhanced a t  higher up- 
stream pressures. The analyses 
were estimated to  be accurate with- 
in &0.2 wt. %. The rates of per- 
meation for the benezene-ethanol 
system were also unlike the other 
systems studied (except possibly 
the ethyl acetate-carbon tetra- 
chloride system) because the curve 
for  the rates of permeation of the 
mixture fell between the curves for 
the pure components. The decided 
contrast between the curves for the 
rates of permeation shown in Fig- 
ure 5 and 6 for the benzene-meth- 
anol and benzene-ethanol systems, 
respectively, is rather perplexing. 
Benzene is common to both sys- 
tems; however, the addition of a 
methylene group t o  the alcohol cer- 
tainly appears 

System 
CCL - EtAc 

to alter the permea- 

" 2 0  
0 

A - BENZENE 
B - ETHANOL 
C - B E N Z E N E  ETHANOL ( - 6 7 4 W T  % A >  f 16- 

14 - N . - 12- 
z 

2. 
60 80 100 120 140 160 180 ZOO 

PRESSURE - P S I  G ( N t l  

FIG. 6. BENZENE-ETHANOL RATES O F  PERMEATION 
P'RESSURES. THROUGH POROUS GLASS AT VARIOUS PRESSURES. 

tion characteristics of the two sys- 
tems. Then again, it should be 
recalled that  methanol is the bor- 
der compound between the alcohols 
and a seemingly unpredictable com- 
pound, water. 

The rates-of-permeation curve 
for water (Figure 4) was the only 
curve which deviated from a linear 
form. Actually, i t  is believed that  
the rates of permeation for water 
may be found t o  fall on a straight 
line. Water was the only pure liquid 
which was found difficult to collect 
because i t  would not drain from 
the Vycor capi!lary tube on the 
membrane. Consequently, the valid- 
ity of the water rates is somewhat 
questionable. 

It is interesting to compare the 
direction of the liquid-liquid sepa- 
ration data with the azeotropic 
vapor separation data reported in 
reference 6 and to speculate on a 
possible explanation of the separa- 
tion mechanism. Table 2 shows the 
direction of separation together 
with compilations of some physical 
properties which might be con- 
sidered as having a bearing on the 
process. 

The possibilities of interpreta- 
tion of the results are numerous, 
particularly so as the data are so 
few in number. The only two 
properties which line bp consistent- 
ly with the direction of enrichment 
a re  molecular weight and dipole 
moment. It happens, however, that  

all the binary systems which were 
investigated in a quantitative man- 
ner contained a more polar com- 
ponent which also had the lower 
molecular weight. Thus this agree- 
ment may be entirely coincidental; 
nevertheless, i t  is possible that a 
more highly polar compound might 
more easily permeate a siliceous 
membrane, which certainly posses- 
ses some polarity itself, than would 
a compound of lower polarity. Al- 
though the less polar compound 
probably would not be retarded, i t  
might not be able to pass the polar 
network of the membrane so easily 
as a highly polar compound. If the 
qualitative separation results for  
the system acetone-methyl alcohol 
are given some consideration, then 
the only property which corre- 
sponds to the direction of separa- 
tion is the dipole moment. As a 
matter of fact, the latter system 
is one where the higher molecular 
weight compound also possesses the 
greater dipole moment. 

It is well known that in liquid- 
solid interface systems there may 
be competition between the solvent 
and the solute molecules for the 
surface of the adsorbent, that  the 
relative extent of adsorption may 
depend on a number of variables 
including polarity and hydrogen- 
bonding ability, and that  solubility 
as well as many other physical 
properties of either the adsorbent 
or the adsorptive can have a mzjor 

TABLE 2.-sEPAItATION I N  LIQUID PHASE AND RELATED PROPERTIES 

Component enriched Component having 
Higher Smaller Greater Lower 

In liquid In vapor Lower dipole Lower collision surface critical 
phase phase mol. wt. moment viscosity diameter tension temp. 

EtAc EtAc EtAc EtAc EtAc CC14 CCla EtAc 
Ce,H;z - EtOH EtOH C6Hl2 EtOH EtOH C6H12 EtOH C6HIZ EtOH 
EtOH HzO HzO EtOIi HzO HzO Hz0 H20 HzO EtOH 
C6H6 - MeOH MeOH c6H6 MeOH MeOH MeOH MeOH CsHc MeOH 
CsH6 - EtOH EtOH CGHs EtOH EtOH CGH, EtOH C ~ H G  EtOH 

*MezCO -MeOH MezCO MezCO MeOH MezCO MezCO MeOH MeGO Me2C0 

*Qualitative separation results only. 
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effect (2) .  Considering the relative 
complexity of a permeation process, 
in which a liquid mixture passes 
over and in part  through an active 
capillary system, such as a barrier, 
and where the components of the 
mixture may differ radically in 
their properties, it  is not surpris- 
ing that an explanation of the 
mechanism of the process is not 
readily available. A promising at- 
tack of the problem, not involving 
an adsorption mechanism, has been 
suggested by Drickamer ( 3 ) .  This 
is by way of the thermodynamic 
pressure effect, a phenomenon 
which so f a r  has received little 
attention because a pressure gradi- 
ent normally is dissipated into 
turbulence. I n  the small pores of 
the porous glass barrier, however, 
this may not be the case, and the 
pressure effect, through the pres- 
sure gradient, may be the cause of 
the observed separations. 

It is not known whether the 
barrier adsorbed any components 
selectively, although this possibility 
does, of course, exist. However, 
about 25 cc. of permeated liquid 
was always collected before any 
runs were made. In  addition, as 
much as  160 cc. was collected dur- 
ing a series of runs (CC1,-EtAc) 
without any definite trend in con- 
centration changes being shown for 
ten runs. In  view of these facts i t  
is believed tha t  selective adsorp- 
tion, if a t  all present, did not have 
any pronounced effect on the proc- 
ess. 

Any strict evaluation of the ex- 
perimental data must first of all 
take into account that  the work 
was of a pioneering nature. The 
data are  valid, but they should at 
this time be considered semiquanti- 
tative rather than strictly quantita- 
tive. The fact has been established 
that separation in the liquid phase 
by means of a microporous mem- 
brane is possible. I n  addition, the 
results give a very good indication 
of the magnitude of the attainable 
separation and of the approximate 
rates for the particular membrane 
and the range of pressures which 
were employed. 

LJMITATIONS A N D  EXTENSIONS 
OF FINDINGS 

It is readily apparent that  the 
study was concerned mainly with 
the question of whether liquid mix- 
tures could be separated by per- 
meation through a microporous 
membrane. Consequently, the ex- 
perimental apparatus and the pro- 
cedure were as simple as possible, 
the installation of a continuous flow 
system not being warranted. Al- 

though the actual system was real- 
ly a batch type, involving concen- 
tration changes in the residual 
liquid, the proportion of permeated 
product liquid to the bulk of the 
residual liquid was so small that  
the separation data are still valid. 
As a matter of fact, depletion in 
the residual liquid takes place in 
the faster permeating compo- 
nent therefore, the concentration 
changes are based on a higher 
concentration of the faster com- 
ponent than should actually have 
been present in the unpermeated 
liquid, and the reported results are 
for this reason on the conservative 
side. 

Probably the most serious limita- 
tion of the present study was the 
fact that  only one type of mem- 
brane was investigated. Undoubted- 
ly other types of membranes will 
work. Of particular interest will 
be porous metal membranes, which 
should have a much less adsorptive 
character than a siliceous mem- 
brane. Likewise, combination-type 
membranes, which might contain 
hydrophilic or hydrophobic com- 
ponents, will be of great interest. 
Furthermore, the question of 
whether more bulky molecules can 
be separated by membranes having 
correspondingly larger pore sizes is 
of paramount importance. 

All these problems are  now be- 
ing investigated. I n  addition, the 
use of higher pressures and ele- 
vated temperatures is contem- 
plated. Some specific applications 
which are  under consideration are 
the  study of desalting of saline 
waters, waste-water purification, 
and separation of salt melts and 
of liquefied compound mixtures. 

Only a very limited amount of 
work was done with separation of 
ionic compounds in aqueous solu- 
tion, but it can be stated that suffi- 
cient evidence was obtained to per- 
mit the conclusion that the  process 
may work with ionic mixtures. 

CONCLUSIONS 

It has been established that  sepa- 
rations in the liquid phase can be 
accomplished by straightforward 
pressure permeation through mi- 
croporous membranes. The reported 
results indicate what may be ex- 
pected of such a process. 

Industrial applications will 
largely depend on the rates of 
permeation which can ultimately 
be obtained. While the process suf- 
fers from the basic disadvantage 
of all membrane processes, that  
is, inherently low rates, it is en- 
tirely possible that the use of high 
pressures combined with mem- 

brane-development studies will re- 
sult in favorable economic possi- 
bilities. A definite advantage is in 
the saving of thermal costs over 
processes which require vaporiza- 
tion. Future  work has to some ex- 
tent already been indicated. The 
most pressing need will be for  
studies of operating factors, in- 
vestigation of available mem- 
branes, and improvement of prom- 
ising membranes. 
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