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ABSTRACT Pore structure in cellulose acetate ultrafiltration (UF) and reverse-osmosis (RO) membranes 
has been studied using small-angle neutron scattering. Scattering experiments were carried out on dry 
membranes as well as on membranes swollen with deuterated solvents (D20 and CD30D). In addition, the 
RO membranes were studied both before and after annealing (a process of heating a membrane in a water 
bath at -75 “C to improve its separation properties). The pore surface in UF membranes was found to be 
smooth and nonfractal, ai evidenced by the fourth power law behavior at high Q. Values of average pore 
sizes obtained for dry and solvent swollen membranes agree well with pore sizes obtained by other methods. 
For cellulose acetate RO membranes in their dry state, the unannealed membrane appears to consist of two 
discrete pore size distributions in the intermediate and high Q region while the annealed membrane contains 
a much wider distribution of pore sizes. These results give a good account of the changes occurring in the 
structure of RO membranes as a result of annealing, and agree well with the predictions of other authors. 

Introduction 
A large number of synthetic polymeric membranes, in 

current commercial use, can be classified as either reverse- 
osmosis (RO) or ultrafiltration (UF) membranes. While 
these two types of membranes differ in their separation 
properties or selectivity toward various solutes (RO 
membranes are much more selective than UF membranes), 
they have numerous intrinsic similarities. For instance, 
as was previously mentioned,’ RO and UF membranes in 
general have an asymmetric structure; i.e., they both consist 
of a thin and relatively dense skin layer overlaid on a thick 
and highly porous base layer. 

The morphology of RO and UF membranes has been 
delineated in some detail by Kesting2 recently (his 
description is based on the information provided by 
electron microscopy on such membranes). Kesting has 
essentially proposed the simultaneous existence of the 
following four levels of structure in a membrane: mac- 
romolecules (individual chain), nodules (aggregates of 
polymer chains), nodular aggregates, and supernodular 
aggregates. On the basis of this picture he suggested that 
the skin layer in RO membranes consists of mainly nodules 
with a few nodular aggregates present. The structure is 
rather compact and the functional pores are primarily the 
interstitial voids between closely packed nodules. In the 
case of UF membranes, Kesting suggests that the skin 
layer is primarily composed of nodular aggregates and the 
pores in this case are the spaces or voids between individual 
nodular aggregates. Thus there appears to be structural 
similarity between RO and UF membranes which in turn 
indicates similarities in the mechanism of their formation. 

In our preceding publication’ the structure of the “skin 
layer” (surface) in asymmetric RO membranes was dis- 
cussed, using the active layer membranes as the model 
system. Due to the proposed structural similarity between 
RO and UF membranes, it appeared logical to study the 
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skin layer in UF membranes using similar means. However, 
no published methods for the preparation of active layers 
of UF membranes (analogous to the active layers in RO 
membranes) could be found in the membrane literature. 
For this reason, this paper involves a study of only complete 
UF membranes (skin layer plus the porous base layer), 
prepared from cellulose acetate, in an attempt to under- 
stand the surface pore structure. For effective comparison, 
samples of complete (asymmetric) RO membranes were 
also studied. I t  must be realized that in both cases the 
contribution due to the base layer to the overall scattering 
is expected to make the analysis somewhat more difficult. 

As described previously,’ small-angle neutron scattering 
experiments were performed both on dry and swollen (with 
D2O and/or CD30D) membranes. 

Experimental Section 
General. Details of the polymer and solvents used in this 

work are given in the previous publication.’ 
Membrane Preparation. Cellulose acetate RO membranes 

were prepared by the procedure of Manjikian.3 A casting solution 
consisting of cellulose acetate, formamide, and acetone (in the 
weight ratio 21.4/14.2/64.4) was cast on a glass plate at -10 f 1 
“C. After an evaporation period of -10 min, at the same 
temperature, the plate was immersed in an ice bath for 1 h to 
cause gelation of the polymer film. The membrane so formed 
will be referred to as “unannealed membrane” in later discussions. 
Portions of this membrane were then “annealed” by immersing 
them in a water bath at 73 * 1 OC for 5 min (this process improves 
the separation properties of the membrane). This membrane 
will be subsequently referred to as “annealed membrane”. Both 
unannealed and annealed membranes were kept soaked in water 
because the pore structure collapses if the membrane is allowed 
to dry in air? 

Cellulose acetate UF membranes were preparedb by casting a 
mixture of cellulose acetate, acetone, and formamide in the weight 
ratio 17/30/53, on a glass plate at room temperature. After a 
very short evaporation period ( -5  s) in air, the plate was immersed 
in an ice bath for 1 h for gelation to take place. These membranes 
were also stored wet to preserve their pore structure. 

A solvent exchange process originally described by Lui6 was 
used to prepare dry RO and UF membranes. In this procedure 
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Figure 1. Scattering curves for dry, DzO swollen, and CDsOD 
swollen UF membranes. 

the wet membranes were immersed in a 25 vol 76 solution of 
ethanol in water and allowed to stand overnight. The process 
was repeated using 50, 75,  and 100% ethanol-water mixtures 
successively. Following this, the membrane was immersed in 
hexane for -12 h. The membrane was then removed and air- 
dried to evaporate all the hexane. The resultant dry membranes 
were usually turbid in appearance. 

Small-Angle Neutron Scattering. Small-angle neutron 
scattering (SANS) experiments were performed either at Oak 
Ridge National Laboratory (ORNL) or at the National Institute 
of Standards and Technology (NIST) and the details of the 
instruments, the sample cell used, and the data collection process 
have been described earlier.' 

The equations used for analysis of the scattering data were 
also discussed in the previous paper. The basic expression 
involved is the DebyeBueche equation: for a random two-phase 
system, of the form: 

where p1 and pz are the scattering length densities of the two 
phases, $ is the volume fraction of one phase, a1 and 02 are the 
short-range correlation length and long-range correlation length, 
respectively, and f is the fractional contribution of one of the 
terms. Furthermore it was also determined in that study that 
for membranes composed of structures (where "structures" may 
refer either to pores or to the polymer aggregates forming the 
membrane) of a range of different sizes, the single exponential 
term in eq 1 must be replaced by a sum of exponentids (see eq 
6 in ref 1). Each of these exponential terms contains aparticular 
value of the long-range correlation length, reflecting the average 
size of a particular type of structure present in the membrane. 
The values of the long-range correlation lengths can be obtained 
by fitting the low Q region of the scattering curve to a 
multiexponential expression, using a FORTRAN program called 
DISCRETE.879 

Results and Discussion 
The scattering curves for a dry, a DzO swollen, and a 

CD30D swollen UF membrane are shown plotted on a 
log-log scale in Figure 1. The straight line in this figure 
has a slope of -4 and is drawn to check whether the 
experimental scattering curves follow the Porods fourth 
power law at high Q. All three curves in Figure 1 exhibit 
the Porod law dependence over a rather large Q range. 
Using the concepts developed by Balelo and Schmidt" for 
scattering from the porous system with fractal surfaces 
(as discussed in some detail in our previous paper), the 
Porod law behavior implies that the pores in UF mem- 
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Figure 2. (1(Q))4.6 vs Q2 plot for a dry UF membrane. 

2 O - 2  Q (A ) x 1 0 0  
Figure 3. In 1(Q) vs Q2 plot of the data at very low Q for a dry 
UF membrane. 

branes are smooth, well-defined, and essentially nonfractal 
(fractal dimension = 2.0) within the limits of resolution 
of the scattering experiment. 

Next, the data a t  lower Q values were analyzed using 
the DebyeBueche model. A plot of ( I ( Q ) ) - O s 5  vs Q2 for 
the dry UF membrane is shown in Figure 2. The plot has 
a large linear region although there is noticeable deviation 
from linearity a t  very low Q. A fit to the linear region in 
Figure 2 gave the following value for the short-range 
correlation length for the dry UF membrane: 

al,dry s 140 A 
The characteristic pore dimension as given by the short- 

range correlation length is comparable in magnitude to  
the dimensions of pores (roughly 150-300 A) observed on 
the surface of UF membranes by electron microscopy. 
Figure 3 shows the In I(Q) vs Q2 plot of the data at the 
lowest Q values obtained for the dry UF membrane (the 
first term in eq 1 makes a negligible contribution at  the 
lowest Q values; hence, it was not considered necessary to 
subtract this term from the low Q data). Although the 
number of data points in this region is insufficient for an 
exact analysis, the data approximately fits a linear 
relationship as shown in Figure 3, giving the following 
value for the long-range correlation length: 

aBd, = 388 A 

This value is of the same order as the sizes of the nodular 
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Figure 4. (Z(Q))4,6 vs Q2 plots for DzO and CDsOD swollen UF 
membranes. 

aggregates observed by electron microscopy, and hence it 
is likely that the long-range correlation length reflects on 
the type of aggregates present on the surface. However, 
it  is equally likely that this value corresponds to radii of 
larger pores present below the surface. In the absence of 
data from the surface (skin) layer alone, for the reason 
mentioned in the Introduction, it is impossible to deter- 
mine if either one or both these contributions are present. 

Figure 4 shows (1(Q))-0.6 vs Q2 plots for UF membranes 
swollen with D20 and CD30D. Unlike the dry membrane, 
the curves are linear virtually over the entire Q range (the 
CD3OD swollen membrane shows some nonlinearity a t  
extremely low Q,  but this region is much smaller than the 
one observed in the case of the dry membrane). A fit to 
the two curves gave the following (single) values of 
correlation lengths: 

aD,o = 180 A 

These values are somewhat larger than the short-range 
correlation length obtained for the dry membrane (140 
A), and this reflects an increase in pore size due to swelling, 
as expected. It is interesting to note that the CD30D 
swollen membrane shows a smaller change in pore size as 
compared to the D2O swollen membrane. A similar result 
was obtained in our study1 of D2O and CD30D swollen 
active layer membranes and, as discussed therein, is most 
likely related to the different abilities of DzO and CD30D 
to hydrogen bond with cellulose acetate. D20 forms 
stronger hydrogen bonds and hence is able to accommodate 
alarger thickness of the ”hydration sheath” (water present 
as ordered clusters in a pore) on swelling which can in turn 
be related to a larger pore radius. 

Figure 5 shows the log-log scattering plots for unan- 
nealed and annealed RO membranes in their dry state. 
The curve for the unannealed membrane can be seen to 
undergo a rather abrupt change in slope a t  log Q z -1.35 
(Q = 0.045 A-1), where a cross-over of the two curves also 
occurs. The curve for the unannealed membrane exhibits 
a fourth power law dependence over a limited range of Q 
values, i.e., in the region -1.35 < log Q < -1 (0.045 A-’ < 
Q < 0.1 A-’), as indicated by the arrows in Figure 5. The 
curve for the annealed membrane, on the other hand, has 
no power law region. In the high Q region, the annealed 
sample has higher scattering than the unannealed mem- 
brane while the situation is reversed in the low Q region. 

I t  is important to consider the implication of a power 
law behavior in the intermediate Q region, since such a 
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Figure 5. Scattering plots for unannealed and annealed RO 
membranes in their dry state. 

dependence is usually observed only at very high Q 
values.12 Scattering in the Porod’s law region originates 
from surfaces of the scattering objects, in contrast to the 
rest of the scattering curve which reflects volume or bulk 
scattering from the objects. Hence Porod‘s law is observed 
only when there is no contribution due to volume scattering 
from the objects. Vice versa, the fact that Porod’s law is 
observed in a certain Q (intermediate) region of a 
scattering curve indicates that there are no structures 
present in the system which would exhibit volume scat- 
tering in that region. Since a Q range can be related to 
a range of sizes “d” (Q r 2?r/d), the above argument in 
turn implies an absence of structures of a certain size range 
when Porod’s law is observed a t  intermediate Q values 
and only over a limited Q range. 

For theunannealed RO membranes, therefore, the power 
law observed in the intermediate Q region (0.045 A-1 < Q 
< 0.1 A-l) implies that pores in the size range -30-60 A, 
which would scatter in the above Q region, are absent. 
This in turn indicates that the pore size distribution in 
the unannealed membrane changes quite sharply from 
the base layer of the membrane to the skin layer. The 
annealed membrane, however, appears to contain pores 
of a broad range of sizes, as evidenced by the rather gradual 
decrease in scattered intensity. Also, comparing the 
relative magnitudes of scattered intensities a t  low and 
high Q, it can be seen that the unannealed membrane 
contains a higher proportion of large pores as compared 
to the annealed membrane. On the other hand, the 
annealed membrane seems to contain a larger proportion 
of very small pores relative to the unannealed membrane. 

A plot of (I(Q))-0.6 vs Q2 for the high Q region of the dry 
membranes is shown in Figure 6. The curves in Figure 6 
show a large linear portion, and a fit to this region of the 
plot gave the following values for the short-range cor- 
relation length (a’): 

a,(unannealed membrane) = 5 A 

a,(annealed membrane) = 3 A 
It  is known that the process of annealing improves the 
separation properties of the membrane by “shrinking” the 
pores on the surface, i.e., reducing the pore size. The values 
for the short-range correlation length appear to reflect 
this trend. 
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Figure 6. (Z(Q))-0.5 vs Q2 plots for the high Q region of dry RO 
membranes. 
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Figure 7. 1nZdQ) vs Q2 plots for the low Q region of unannealed 
and annealed RO membranes in their dry state. 

Next, the contribution due to the high Q term was 
subtracted from the Debye-Bueche expression (eq 1) to 
obtain I&&), which contains only the exponential term 
as discussed previously.' Figure 7 shows a plot of In 
Zdift(Q) vs Q2 for the unannealed and the annealed 
membranes. I t  is clear that the relationship is multiex- 
ponential in both cases and therefore DISCRETE was 
used to fit both sets of data. This gave the following values 
for the long-range correlation length: 

unannealed: 

annealed: 

In the case of the active layer membranes studied earlier,' 
the values of the long-range correlation length could be 
unambiguously assigned to spacing between pores (which 
reflects the sizes of aggregates present) since there were 
clearly no large (>20 A) pores present. For the RO 
membranes, however, the values of the long-range cor- 
relation lengths may correspond either to different pore 
size distributions or to thedifferent spacing between pores 
or both. This is because an RO membrane is known to 
contain a wide range of pore sizes in the base layer (though 
not in the skin layer) which would also contribute to the 
scattering pattern. In fact, it  can be assumed that 
scattering from such pores forms the major component of 
the long-range correlation lengths since many such pores 
are present in the base layer. Furthermore, the values of 
the long-range correlation length obtained above are in 
the range 20-130 A, which is too small to correspond to 
the sizes of structures (nodules or nodular aggregates) 
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u2 = 130,60, and 20 8, 
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Figure 8. Scattering curves for DzO swollen unannealed and 
annealed RO membranes. 

present in the membrane. The range of values obtained 
for the annealed membrane indicate that there may be a 
more continuous distribution of values of a2 than the 
discrete intervals given above. This also confirms the 
prediction that, as compared to the unannealed membrane, 
the annealed membrane contains a much wider range of 
pore sizes. I t  should be noted that a similar approach was 
used by Statton13 many years ago to determine the range 
of void sizes in cellulose fibers, and his method involved 
resolving a log-log scattering curve into successive tangents 
each of which provided a value for the void size. 

The log-log scattering curves for DzO swollen unan- 
nealed and annealed membranes are shown in Figure 8. 
It  is clear from these plots that the distinct differences 
which were observed between the dry unannealed and 
annealed membranes are almost completely washed out 
upon introduction of D2O in the samples. Both curves 
show similar slopes over the entire range of Q values. I t  
is particularly interesting to note that the DzO swollen 
unannealed membrane shows no abrupt change in slope 
or a fourth power law behavior in the intermediate Q region 
(as observed in the case of the dry membrane). Hence the 
D2O swollen membrane appears to contain a wide range 
of pore sizes and, unlike the dry membrane, there are no 
"excluded" pore sizes. The difference most likely arises 
because of an increase in size of the small pores (<30 A 
in radius) due to swelling, which consequently exhibit 
volume scattering a t  somewhat lower Q values and hence 
in the region where onlysurface scattering (Le. the Porod's 
law) was observed prior to swelling. 

The modified Debye-Bueche equation used to analyze 
the dry membranes was also employed for the D20 swollen 
membranes to obtain values of short-range and long-range 
correlation lengths. Due to the almost identical shape of 
the curves, very similar values were obtained for both the 
unannealed and annealed membranes. Hence only one 
set of correlation lengths has been quoted below: 

short-range correlation length: 

long-range correlation lengths: 

a, zz 5 A 

a2 zz 25,50, and 150 A 

Once again, these values for a2 should not be taken as 
exact but only as representative ranges of pore sizes, and 
these may form a more continuous distribution. 
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Table 1. Effect of Annealing on Pore Radii for a Typical 
Cellulose Acetate RO Membrane (from Chad') 
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radius of 
unshrunk membrane, 

radius of shrunk membranes, 
(Rb), X lolo, m 

( R d u  X 1010, m 67 O c a  77 "C" 
70.9 
69.9 
68.9 
67.9 
66.9 
65.9 
64.9 
63.9 
62.9 
61.9 
60.9 
59.9 
58.9 
57.9 
50.9 
40.9 
30.9 
20.9 
10.9 
9.9 

" Shrinkage temperature. 

58.3 
56.9 
49.9 
47.7 
44.9 
42.9 
40.2 
36.0 
25.4 
9.2 
9.2 
9.2 
9.2 
9.2 
9.2 
9.2 
9.2 
9.2 
9.2 
9.2 

55.5 
50.5 
46.5 
43.5 
40.3 
34.9 
24.3 
8.4 
8.4 
8.4 
8.4 
8.4 
8.4 
8.4 
8.4 
8.4 
8.4 
8.4 
8.4 
8.4 

Finally, it  is worthwhile to compare the results obtained 
in this study to those described by Chan.14 His work 
involved the calculation of pore sizes for cellulose acetate 
RO membranes in an attempt to explain the changes 
occurring during the process of annealing a membrane. 
These calculations were based on experimental measure- 
ments of the rejection of certain test solutes by the 
membranes, using the "surface pressure-pore flow" model 
developed by Sourirajan.16 

Chan determined the existence of two different distri- 
butions of pore sizes, one with average radius of 7-10 A 
and the other with the average radius of 35-60 A (pores 
> 100 A in size are also present, but these are predomi- 
nantly in the base layer of the membrane) in a typical RO 
membrane. He also described the effect of annealing an 
as-cast membrane on pore sizes and the pore size distri- 
bution. He concluded that there is only a moderate 
reduction in pore size during annealing for large (>60 A 
pore radius) as well as for very small (<lo A pore radius) 
pores. However, for pores in the intermediate region (10- 
60 A pore radii) there is a drastic reduction in pore radius 
during annealing which shifts the radii of these "inter- 
mediate" pores toward the smaller of the two pore size 
distributions mentioned above (Le., 7-10A). Table 1 shows 
the results of Chan for a typical RO membrane subjected 
to shrinkage (annealing). I t  can be seen that for a pore 
with relatively large radius, say 69 A the reduction in pore 
radius is relatively small after annealing (final radius -50 
A). However for a pore of radius - 60 A, the decrease in 
pore size after annealing is dramatic (final pore radius - 

The SANS results obtained in this work for dry RO 
membranes agree rather well with the calculations of Chan. 
As discussed earlier, the scattering data shows the presence 
of a t  least two different pore size distributions below 100 
A. In the present work the unannealed membrane contains 
no pores in the intermediate region (30-60 A). The 
broadening of the pore size distribution after annealing, 
as evidenced by the shape of the scattering curve, is in 
good agreement with the changes in pore radii predicted 
in Table 1. It  was mentioned earlier that the annealed 
membrane appears to contain a larger proportion of very 
small pores, and this observation is also in good accord 

10 A). 

with Chan's results, which indicate that the number of 
the very small pores increases with annealing (due to the 
shrinkage of the intermediate sized pores). 

It must be noted that in the above discussion the data 
for the dry membrane were considered whereas Chan's 
calculations were performed for wet membranes. As 
discussed earlier, the differences between the unannealed 
and annealed membranes could not be observed in the 
DzO swollen state presumably as a result of swelling effects. 
Thus it is highly likely that the differences between the 
two membranes are present in the swollen state but are 
not detected by the scattering technique. 

Conclusions 
Based on SANS experiments performed on cellulose 

acetate RO and UF membranes, the following conclusions 
can be drawn. 

(1) The pore surface in UF membranes is smooth and 
nonfractal in nature. 

(2) The estimates of pore sizes obtained for dry, DzO 
swollen and CDBOD swollen UF membranes agree well 
with pore sizes determined by electron microscopy. The 
difference in pore sizes between DzO and CD30D swollen 
membranes can be related to the swelling abilities of the 
two solvents. A similar effect was observed in the case of 
cellulose acetate active layer membranes. 

(3) Scattering from a dry unannealed RO membrane 
showed the presence of a fourth power law region a t  
intermediate Q, implying an absence of pores in a certain 
size range in the membrane, and hence the existence of 
a rather sharply defined pore size distribution. The 
annealed membrane contained a much broader distribu- 
tion of pore sizes. The observed differences between the 
unannealed and annealed membranes are in good agree- 
ment with the calculations of Chan. 

(4) The intrinsic differences between the unannealed 
and annealed membranes are not evident in the case of 
the DzO swollen membranes. This is most likely a result 
of swelling of the pores by the DzO, which results in an 
overall broadening of the pore size distribution as per- 
ceived by small-angle scattering. 
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