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ABSTRACT 

A montmorillonite membrane with a thickness of 0.5 mm was prepared, and 
reverse osmosis experiments were conducted for various inorganic and organic 
solutes of different sizes under an operating pressure of 3 MPa. The mean pore 
size and pore size distribution were determined by a log-normal probability plot 
between the solute separation and the Einstein-Stokes radius of the solute mole- 
cules for which reverse osmosis and ultrafiltration performance was investigated. 
The relationships between the pore size and the pore size distribution and the 
structure of montmorillonite are discussed. A comparison is also made between 
the pore size and the thickness of the electrical double layer. 

INTRODUCTION 

As the scope of membrane separation technology broadens, resistance 
against heat, chemicals, and corrosion becomes an increasingly desired 
feature of the membrane material (1). Unfortunately, polymeric materials 
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546 ISHIGURO, MATSUURA, AND DETELLIER 

from which most commercial membranes are currently produced do not 
necessarily meet these requirements. For this reason, various inorganic 
materials have been investigated for the manufacture separation mem- 
branes. 

It has long been known that montmorillonite, a clay material of the 
smectite family, exhibits salt rejection when a layer of it is used as a 
membrane in reverse osmosis experiments (2-1 1). However, its applica- 
bility to membrane separation technology has not yet been fully de- 
veloped. 

The building elements of the semectites are two-dimensional arrays of 
silicon-oxygen tetrahedra and aluminum or magnesium oxygen-hydroxyl 
octahedra. The interlayer distance between the repeat layers is determined 
by do01 spacing as measured by x-ray powder diffraction. Due to substitu- 
tion of the A1 atoms in the octahedra and the Si atoms in the tetrahedra 
by lower valence atoms, a negative charge results in the layer. This nega- 
tive charge is compensated for by adsorbed or intercalated exchangeable 
cations such as sodium and calcium. 

Recognizing montmorillonite’s unique structure, performance testing 
was carried out for the separation of gaseous mixtures either by gas chro- 
matography (12,13) or by membranes in which montmorillonite was incor- 
porated in a silicone rubber film (14). Montmorillonite was also incorpo- 
rated in alumina membranes prepared by the sol-gel method for the 
separation of hydrocarbon mixtures (15). 

In earlier investigations we tested the separation of nonionized organic 
solutes and amino acids and found that the montmorillonite membrane 
can fractionate the mixtures of a nonionized organic solute and an electro- 
lyte solute much more effectively than synthetic polymeric membranes 
with charges (16). 

The objective of this work is to test the montmorillonite membrane for 
the separation of macromolecules from water by ultrafiltration. Another 
objective is to establish the average pore size and the pore size distribution 
from a plot of solute separation versus the Einstein-Stokes radius. An 
attempt is also made to compare the pore size distribution so obtained 
with the structural characteristics of the montmorillonite material. 

EXPERIMENTAL 

Materials 

The crude montmorillonite (SWy- 1, Wyoming bentonite) was obtained 
from the Clay Source Repository, University of Missouri. It was purified 
by sedimentation, and the homoionic sodium form was obtained according 
to a method described elsewhere (17). The cation-exchange capacity and 
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MONTMORILLONITE MEMBRANE 547 

the surface area of the purified montmorillonite were 0.83 meq-g- ' and 
646 m2.g-', respectively (17). The density of clay determined by using a 
Multivolume Pycnometer 1305 (Micrometrics) was 2.72 g.cmP3. It was 
checked by particle size analysis that more than 90% of the sample was 
<0.2 bm equivalent spherical diameter (e.s.d.). All other chemicals were 
of reagent grade and used without further purification. 

Separation Experiments 

The permeation cell and the equipment used for the separation experi- 
ments are shown schematically in Fig. 1. The procedure of clay membrane 
preparation is described thoroughly in our previous work (16). Briefly, 
the purified clay in sodium form was sandwiched between two millipore 
filters (pore diameter = 0.1 Fm) and placed in the permeation cell. The 
thickness of the clay membrane was 0.5 mm with a water content of 59 
vol% . 

The separation experiments were carried out at an operating pressure 
of 3 MPa gauge and a temperature of 22°C. The feed concentrations of 

FIG. 1 Schematic diagram of the permeation cell and the experimental apparatus. 
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548 ISHIGURO, MATSUURA, AND DETELLIER 

sodium chloride and amino acid solutes were I mmol/L. The feed concen- 
trations of the other organic solutes were 100 carbon ppm. The solutes 
used in this work and their pertinent physical properties are listed in Table 
1. For each solute separation experiment, the permeation rate, g/h, and 
the solute separation, f ,  defined as 

(feed solute concentration) - (permeate solute concentration) 
f =  (feed solute concentration) (1) 

TABLE 1 
Solutes and Their Pertinent Physicochemical Data 

Solute 

Molecular 
weight Einstein-Stokes 
(dalton) radius x 1O'O (m) Days' 

Acetone 
Methyl ethyl ketone 
n-Hexanol 
Phenol 
Glycerol 
n-Butanol 
Glucose 
Sucrose 
Raffinose 
P-Cyclodextrin 
Dextran 9,400 

66,300 
480,000 

Polyethylene glycol 200 
300 
400 
600 

1,000 
1,500 
2,000 
4,000 
9 ,m 

20,000 
35,000 

Na + 

CI - 
L-Glutamic acid 
L-Methionine 
L-Lysine 

58.1 
72.1 

102.2 
94.1 
92.1 
74.1 

180.2 
342.3 
504.4 

1,135 
9,400 

66,300 
480,000 

200 
300 
400 
600 

1,000 
1,500 
2,000 
4,000 
9,000 

20,000 
35,000 

22.99 
35.45 

147.1 
149.2 
146.2 

1.91 
1.92 
1.97 
2.1 
2.3 
2.33 
3.66 
4.67 
5.56 
8.57 

22.8 
56.3 

141 
3.86 
4.56 
5.16 
6.27 
7.89 
9.85 

11.43 
15.34 
28.9 
31.0 
33.1 

1.83 
1.20 
3.47 
3.65 
3.73 

13 
16 
34 
31 
28 
19 
36 
41 

133 
136 
140 
149 
153 
38 
79 
45 
49 
52 
57 
60 
62 
65 
69 
72 
4 
4 

128 
164 
86 

a Days from the start of the series of experiments. 
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MONTMORILLONITE MEMBRANE 549 

were determined. The sodium chloride concentration was determined con- 
ductometrically , whereas the organic solutes concentrations were deter- 
mined by using a high-temperature Total Organic Carbon analyzer, 
Rosemont Analytical Inc., DC-190. 

THEORETICAL 

Sieving Curves Approach 

According to the sieving curves approach to characterize the pore size 
distribution of ultrafiltration membranes, the sieving coefficient (8 = 1 
- f )  is given as a function of the Einstein-Stokes radius (ESR) as 

8 = 1 - erf(.r) (2) 

T = log(a/a)/log ua (3) 

where 

a is the Einstein-Stokes radius, a is the ESR of the “mean” macromole- 
cule, and ua is the geometric standard deviation about the mean ESR. A 
linear relationship between 8 and a is expected on log-normal probability 
plot according to Eqs. (2) and (3). a is obtained on the latter plot as an 
ESR corresponding to 8 = 0.5. ua can be determined from the ratio of a 
at 8 = 0.159 and a at 8 = 0.5 (18). 

1. The Stokes-Einstein radius can represent the size of a solute mol- 
ecule. 

2. The size and the shape of a solute molecule do not depend on whether 
the solute is in the bulk solution or in the membrane pore. 

3. The transport of a solute molecule is not affected by the interaction 
force working between the solute and the membrane. 

4. Sieving is the only mechanism for solute separation. 

None of the above conditions can, in reality, be satisfied. Nevertheless, 
this approach will be used in the following because of its simplicity. 

This approach is based on the following assumptions. 

Einstein-Stokes Radius of Solutes 

The Einstein-Stokes radius (ESR), a (m), is defined by the 
Stokes-Einstein equation 

a = k T / 6 ~ q D  (4) 
where k is the Boltzmann constant (J/K), T is the absolute temperature 
(T), q is the solvent viscosity (Pa-s), and D is the diffusivity (m2/s). 
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550 ISHIGURO, MATSUURA, AND DETELLIER 

The ESR values for the solutes used in this work are listed in Table 1 
and were obtained in the following way. Starting from the smallest ESR, 
acetone to sucrose are from Sourirajan and Matsuura (19). Those of poly- 
ethylene glycol (PEG) from 600 to 4000 are also from Sourirajan and Mat- 
suura (19). ESR values for cyclodextrin and dextrans were calculated by 
using the following relationship between ESR and the molecular weight 
(20, 21). 

a = 0.33M0.643 (5 )  
The diffusivity data for raffinose, Na+ ,  and C1- were found in the 

literature (22) and used in Eq. (4). The diffusivity data for amino acids 
were from Matsuura and Sourirajan (23) and also used in Eq. (4). In order 
to obtain ESR values for PEG solutes other than those for which ESR 
values were already known, diffusivity data were first calculated by the 
following equation (24-26) 

(6) 
where D is the diffusivity (m2/s), k is the Boltzmann constant (JIK), q is 
the viscosity of water (Paes), M is the molecular weight (kg/mol), and -qI 
is the intrinsic viscosity of an aqueous solution of PEG solute (m3/kg). 
Then, Eq. (4) was used to calculate ESR. qr is given in Ref. 25. 

D = 1.2 x 107 w { ~ ( M  q1)1/3} 

RESULTS AND DISCUSSION 

The log-normal probability relationship between solute separation and 
ESR is shown in Fig. 2 for various solutes studied in this work. Since 
separations of acetone, methyl ethyl ketone, and PEG 200 were 0, these 
solutes could not be plotted on the figure. 

Open circles are for the nonionized organic solutes other than PEG. 
These data were subjected to linear regression analysis, and the solid line 
is the result. The correlation coefficient was 0.953, indicating a very good 
fit of the line to the data. The analysis also produced a geometric mean 
of 33.6 x lo-'' m, ESR corresponding to 50% solute separation, and a 
geometric standard deviation of 7.35. Applying the same technique, Mi- 
chaels reported geometric means ranging from 17 x lo-'' to 34 x 10- '' 
m for membranes including synthetic ultrafiltration membranes and mam- 
malian glomerular membranes. The range for the geometric standard de- 
viations was from 1.2 to 1.7. 

It should be noted that the standard deviation of the montmorillonite 
membrane is four to six times larger than those of membranes studied by 
Michaels, indicating, according to this approach, a significantly broader 
pore size distribution of the montmorillonite membrane. The narrower 
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99 I I 

10 

1 

Einstein-Stokes Radius X1Oi0 (m) 

FIG. 2 Log-normal probability plot of solute separation versus Einstein-Stokes radius. 
(- - - 0) Polyethylene glycol, (- 0) nonionized organic solutes other than polyethylene 
glycol, (A) amino acids, (V) Na+ and C1-, (--) Rhone-Poulenc AN 69 dialysis membrane 

from Ref. 18. 

pore size distribution of a synthetic polymeric membrane is visualized in 
Fig. 2 by a steep broken line that corresponds to a Rhone-Poulenc AN 
69 dialysis membrane (18) based on the experimental data of Green et al. 
(27). This line produced a geometric mean of 27.7 x l O - ' O  m and a stan- 
dard deviation of 1.49. 

Because of its broad pore size distribution, solute separation of the 
montmorillonite membrane increased from 25% to only 78% when the 
molecular wieght of the solute increased almost 1000-fold from 504 (raffi- 
nose) to 480,000 (dextran 480,000). 

If the molecular weight cutoff (MWC) of a ultrafiltration membrane is 
defined as the solute molecular weight at which 90% separation is 
achieved, the MWC of the montmorillonite membrane is well over 
500,000. It is surprising that the same montmorillonite membrane showed 
90% of sodium chloride separation, as indicated in Fig. 2 by two reverse 
triangular points corresponding to ionic sizes of Na+ and C1- ions. 

Montmorillonite is a member of the smectite family, the building ele- 
ments of which are two-dimensional arrays of silicon-oxygen tetrahedra 
and aluminum or magnesium oxygen-hydroxyl octahedra. Because of this 
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two-dimensional nature, a building element of SWy- 1 montmorillonite is 
a flat sheet having a thickness of 7 x lo-" m and a side length of 80 x 
10-lo to 250 x m. 

Furthermore, due to substitution of the A1 atoms in the octahedra and 
the Si atoms in the tetrahedra by lower valence atoms, a negative charge 
results in the layer. The negative charge is compensated for by adsorbed 
or intercalated exchangeable cations such as sodium and calcium. 

A simple model of the montmorillonite structure is a uniformly lami- 
nated sheet structure (28) in which a layer is formed by packing many flat 
building elements two-dimensionally without leaving space between the 
building elements. These layers are then laminated one after another, re- 
taining water in the interlayer space. The interlayer distance is controlled 
by the swelling pressure of water, resulting in a uniform thickness of 
water. 

Assuming the volume of montmorillonite represents that of one flat 
layer, whereas the volume of water represents that of water in the inter- 
layer space, the distance between two sheet can be calculated by 

h = 7 x lo-'' x ( ~ / 1  - E) 

where E is the volume fraction of water in wet montmorillonite. Since E 

is known to be 0.59 in the membrane, h is equal to 10 x 
It is interesting to note that the pore size distribution of the montmoril- 

lonite membrane expressed by the log-normal probability relationship cov- 
ers the range from 4 X lo-'' to over 282 X lo-'' m in diameter, which 
overlaps the dimension of the montmorillonite building element; i.e., the 
interlayer water thickness of 10 x l O - ' O  m as a lower limit and the side 
length of 80 x lo-'' to 250 X lo-'' m as an upper limit. This suggests 
that only a part of the building elements are arrayed according to the 
uniformly laminated sheet structure, and most of them are randomly 
placed. 

The separation of ionic solutes can be explained on the basis of the 
double layer theory (29). The thickness of the electric double layer can 
give the approximate size of the pore into which an ionic solute cannot 
enter because of the overlap of the double layer. Furthermore, the recipro- 
cal of the Debye length K is considered as a measure of the double-layer 
thickness (30). K can be calculated by 

K- = ( ( E Z ? T ) / ( ~ Z ~ F ~ C ) } " ~  

where 5 is the dielectric constant (695.4 x Flm for water), R is 
the gas constant (8.314 J/mol.K), z is the valence, F is the Faraday con- 
stant (9.648 x lo4 C/mol), and c is the concentration (mol/m3). 

m. 
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Using the above numerical values, K - '  for an ion of valence 1 is calcu- 
lated to be 100 x m at a concentration of 1 mol/m3 (31). If the 
thickness of two double layers is the diameter of pores from which the 
ions are excluded, then a pore diameter of 200 x m allows the 
rejection of an ion of valence 1 .  Therefore, it was possible to separate 
90% of sodium chloride by the montmorillonite membrane whose pore 
size ranges from 4 to over 282 x lo-'' m. Only the largest pores allowed 
the passage of the electrolyte solute. 

The solute separation data of PEG did not fall on the line drawn by the 
linear regression fit to the separation data of nonionized organic solutes. 
A steep increase of solute separation from PEG 200 (0%) to PEG 400 
(58.7%) was observed. Then, PEG separations increased only moderately 
as their ESR increased. The linear regression fit to the PEG separation 
data was attempted without including PEG 200 data. The correlation coef- 
ficient was only 0.684, since the data for PEG 300 differed greatly from 
that of the rest of PEG solutes. Despite the low correlation coefficient, 
the result of the linear regression fit is shown as a broken line on Fig. 2, 
which resulted in a geometric mean of 7.14 X lo-'' m and a standard 
deviation of 6.71. Since the slopes of the solid and the broken lines are 
close to each other, similar values were obtained for the standard deviation 
from both lines, confirming the broad pore size distribution of the montmo- 
rillonite membrane. However, because the position of the broken line is 
far above that of the solid line, the geometrical mean obtained from PEG 
solutes is far smaller than that obtained by other nonionized organic 
solutes. 

The behavior of PEG solutes, which is noticeably different from that 
of other nonionized organic solutes, can probably be ascribed to the shape 
of the PEG molecules. Among solute molecules whose molecular weights 
are more than 500 dalton, only PEGS are straight-chain molecules. Others 
contain either cyclic components (raffinose and P-cyclodextrin) or are 
branched (dextrans). The unique separation features of straight-chain 
macromolecules were reported for synthetic polymeric membranes (32). 
Interestingly, straight-chain macromolecules permeate through pores of 
synthetic polymeric membranes more readily than do bulky macromole- 
cules, and this is interpreted as the stretching of chain-like macromole- 
cules in the membrane pore. As a result, MWC obtained by PEC mole- 
cules is larger than that obtained by more bulky macromolecules. The 
separation data obtained for the montmorillonite membrane is opposite 
to this effect. PEG molecules whose molecular weights are equal to or 
less than 300 dalton are not considered as straight chain macromolecules 
and behave more like other nonionized organic molecules. 
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FIG. 3 Permeation rate versus time. (0) Polyethylene glycol, (0) nonionized organic sol- 
utes, (0) pure water permeation. 

Although the size of three amino acids are similar, separation of L- 
methionine, which has no net charge, falls on the solute separation and 
ESR correlation line for the nonionized organic solutes, whereas those of 
L-glutamic acid and L-lysine, which have net electric charges, are far 
above the correlation line. This aspect was discussed in our earlier paper 
more in detail (16). 

The permeation rate data corresponding to nonionized organic solutes 
are shown in Fig. 3. This series of experiments was continued for 164 
days without interruption. Starting from acetone solute, whose reverse 
osmosis experiment was carried out on the 13th day, the day of the experi- 
ment is recorded in the last column of Table 1. The pure water permeation 
data are also given in Fig. 3 as filled circles. The figure shows that the 
permeation rate decreased gradually from 450 g-h- '.m-* to about 100 
g.h-'.m-* from the start of the experiment to the 72nd day when the 
PEG experiments were completed. This is considered to be due to com- 
paction of the membrane. Amino acids separations were carried out be- 
tween the 72nd and the 133rd day under pH values higher or lower than 
neutral. This treatment brought the permeation rate back to 200 
g-h' l-rn-*, after which the permeation rate started to decrease again when 
raffhose, P-cyclodextrin and dextrans were treated. 
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CONCLUSIONS 

The following conclusions can be drawn from the above experimental 
results. 

1. The mean pore radius of the montmorillonite membrane is in the same 
range as that of synthetic polymeric ultrafiltration membranes. 

2 .  The monmorillonite membrane has a significantly broader pore size 
distribution than synthetic polymeric membranes. 

3. Small nonionized organic molecules flow through the pores belonging 
to the upper end of the pore size distribution. 

4. Although the pore sizes are those of ultrafiltration membranes, elec- 
trolyte solutes can be rejected from the membrane pores because of 
the thick electrical double layers formed in the pore. 
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