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The effects of annealing temperature on the mechanical properties and the desalination 
performance of cellulose acetate membranes have been investigated. A critical temperature 
Te exists at which all membrane properties change abruptly. In addition, the effects of low 
concentrations (10-4 -10-l mol/l) of phenol in the solution on the mechanical properties and 
on the water content of the membranes have been established. At the same concentration at 
which the phenol uptake sharply increases, a significant decline of water content and mech- 
anical properties have been found. 

The resultsconfirm close relationships between the physical properties and the desalination 
performance. 

I NT R 0 D U CTI 0 N 

During the last ten years a great amount of work has been performed to charac- 
terize more adequately the cellulose acetate (CA) membranes used in hyper- 
filtration or in ultrafiltrationlJ and, if possible, to modify them. In particular, 
the asymmetric CA membranes first prepared by Loeb and Sourirajan,Z 
combining a large water permeability and a high salt rejection, generated 
considerable interest amoung scientists in these membranes. The asymmetric 
membranes are generally assumed to consist of a porous matrix (100-150 p 
thick) supporting a very thin dense layer (x0.2 p thick) on the air-dried surface 
formed during the casting procedure.2-5 

Considerable emphasis has been placed on improving the desalination 
characteristics of CA membranes by modifying the membrane formulations7-10 
and/or by treating the membranes thermally.*l 
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176 L. NICOLAIS et a/ .  

In  addition to studies with salt solutions, the separation of small organic 
molecules such as alcohols and ketones from water solutions has also been 
tested.12-13 Unusual behavior has been observed with phenol solutions. In 
fact, negative rejection for phenol and a decreasing water permeability have 
been fo~nd .11~14-~~  This decrease of water permeability is pronounced at 
concentrations above 10-1 molar. 

Relatively little work has been performed on the mechanical behavior of CA 
membranes in trying to  correlate these properties with the transport behavior 
in hyperfiltration. Findley, in 1941 ,18 studied the mechanical performance of 
compression-molded CA samples. Other authors1Q-26 investigated homo- 
geneously filled and unfilled films. Recently, Meinecke and Mehtaz7-29 
analyzed the influence of some processing variables on the properties of homo- 
geneous CA membranes, relating physical properties such as birefringence, 
ultimate elongation, degree of orientation, and thermal treatment (annealing) 
with the transport characteristics of these membranes. 

In the scientific literature, little work has been done in developing structural 
models which can correlate thermomechanical properties with desalination 
performances of polymeric asymmetric membranes. This can be due to the lack 
of a deeper knowledge of basic specific problems such as the Tg dependence 
from solvent uptake, thermomechanical history of the polymeric structural 
changes due to polymer-solvent interaction (plasticization), and the real struc- 
ture of the dense skin and porous sublayer in these asymmetric membranes. 

This paper reports the effect of annealing temperature and the influence of 
phenol on the tensile properties of asymmetric cellulose acetate membranes. 
An attempt is made to correlate these data with the desalination properties of 
the membranes. 

EXPERIMENTAL 

Experiments were performed with asymmetric CA membranes prepared from 
grade Cellit K700 cellulose acetate (39.1 % acetyl) produced by Bayer AG in 
Leverkusen, West Germany according to  the procedure reported in Ref. 30. 
These were annealed in water at different temperatures for about 10 minutes. 

From these membranes, 1 cm x 8 cm strips were cut and tested for their 
tensile properties using an Instron Universal testing machine. The specimen was 
always completely immersed in water or the corresponding phenol solution 
depending on the kind of investigation. The grips were adequately modified to 
avoid slippage of the membranes during the deformation. l n  particular the 
elastomeric jaws made by Instron (cat. no. 2713-001) have been modified by 
cutting the roller brackets in two parts. The membranes were first fixed between 
these two pairs of emicylinders and then rolled around the rollers as in the 
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usual procedure for testing thin films. This modification allowed a better 
control of an eventual slippage of the membranes. The strain rate, i, was 0.5 
min-l and the temperature was kept constant at 25°C. The data reported are 
averages of at  least 10 experiments. 

Permeability experiments were carried out at  40 atm using a hyperfiltration 
cell. All parts of the cell were built of 316 stainless steel, and the membranes 
were supported by finely porous sintered stainless steel plates located in the 
lower half ~e11.3~93~ The effective membrane area was 12 cm2 and the experi- 
ments were carried out at  25°C. 

60 
n 

RESULTS AND DISCUSSION 

- 

In Figure 1 a typical stress-strain curve of an asymmetric cellulose acetate 
membrane tested in water is reproduced. It appears that after an initial linear 
region there is a well-defined yield point and a large deformation before frac- 
ture. From the slope of the initial part of the curve, the Young’s modulus, E,  
is obtained. The knee in the curve is the yield point and the corresponding 
values of u and 6 are the yield stress and yield strain, respectively. The corre- 
sponding values at the break point are the ultimate tensile strength, at,, and the 
elongation at break, E ~ .  

The E values obtained by these experiments are smaller than the ones 
reported in the 1 i te ra t~ t -e .~~ Moreover, the elongation at  break is larger and the 
ultimate strength is smaller. All these data indicate that the membranes tested 
in this work are more plasticized than the ones used in previous research. 
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178 L. NICOLAIS et al. 

It should be pointed out, however, that our experiments were performed 
with the membranes completely immersed in the solution, while the experi- 
ments carried out by others33 were performed by clamping the membranes 
between wet filter papers to avoid drying of the specimen. To verify that this 
discrepancy is due to different experimental techniques, a few runs were made 
using the procedure described in the literature. With this experimental set-up 
the previously reported results33 could be reproduced, indicating that clamping 
the membranes between wet filter papers modifies the experimental findings. 

The two experimental techniques are not comparable. While membranes 
between wet filter paper may clamp, strain-enhanced sorption as well as bulk 
flow of liquid in deformation-defect zones within immersed membranes might 
influence the experimental results. For our purposes the immersion-technique 
is more reliable, and is the only one suitable for experiments with phenol 
solutions. 

In Figure 2 the ultimate elongation (QJ, the strength (uu), the elastic modulus 
( E ) ,  and yield stress (uy) are graphically reproduced as functions of the anneal- 
ing temperature, Ta. All these parameters vary abruptly at a temperature, T,, 
of about 75-80°C. At annealing temperatures either higher or lower than this 
critical value, all mechanical properties are practically constant. In particular, 
the modulus, the yield stress, and the strength are larger at an annealing 
temperature beyond Tcr while the elongation at break becomes smaller. 

These phenomena are in agreement with permeability and selectivity data 
as shown in Figure 3, respectively. In fact, the steady-state water flux measured 

FIGURE 2 Tensile parameters of asymmetric CA membranes annealed at different 
temperatures Ta. 
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using asymmetric cellulose acetate membranes in hyperfiltration experiments 
also decreases sharply while the solute or salt rejection increases at annealing 
temperatures around Tc. 

From these results it appears that a correlation exists between mechanical 
properties and membrane performance, particularly for permeability and 
selectivity. In fact, the increase in the elastic modulus of membranes annealed 
at T> Tc can be interpreted as being due to the reduction of the porosity of the 
material. A similar explanation applies to the reduction of flow rate and the 
increase in the rejection coefficient of the membrane. The variation in rejection 
and water permeability is usually attributed to changes in the dense skin of the 
asymmetric membranes which represents only a very small part of the entire 
membrane (less than 0.2%). On the other hand, the mechanical properties, 

0' I I 1 I 1 1 , 

R 
!/a] 

100 

80 

60 

40 

20 

0 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
5
6
 
2
3
 
J
a
n
u
a
r
y
 
2
0
1
1



180 L. NICOLAIS et al. 

which are also strongly influenced by varying the annealing temperature, are 
always related to the overall thickness of the membrane sample. 

Another interesting feature of CA membranes is the anomalous behavior in 
the presence of phenol solutions. These membranes, in fact, exhibit negative 
rejection for this solute. This behavior, moreover, seems to be time dependent. 
For a better understanding of this effect, phenol uptake in asymmetric CA 
membranes has been measured at different molar concentrations at 25°C .11 
From the data reported in Figure 4, it appears that at a phenol concentration 
of about 5 x lO-3M the amount of phenol adsorbed increases sharply for both 
homogeneous and asymmetric CA membranes. In Figure 5 the amount of 
absorbed water in a homogeneous CA membrane is reported as a function of 

u [ rng PhendllOO mg dry membrane] 

FIGURE 4 Phenol uptake, u, of homogeneous (0) and asymmetric (A) CA membranes 
as a function of phenol concentrations, cs.ll 

v [rng H20/100mg dry membrone] -r 

FIGURE 5 Water content, v, of a homogeneous CA membrane as a function of phenol 
concentration, ca.*l 
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the phenol concentration. It is interesting that at the same concentration at 
which the phenol uptake sharply increased, a significant decline of water 
content was found. Phenol interaction with the polymeric matrix appears to 
remove water from the matrix changing the physical properties of the mem- 
brane. Similar conclusions can be drawn from mechanical measurements. 

In Figures 6 and 7 the mechanical parameters of CA membranes are reported 
which were obtained by immersing the membranes in solutions of different 

lo-' lo-* c(mo\i/ 1 )  lo-' 

FIGURE 6 Young's modulus, E, and ultimate elongation, E ~ ,  of asymmetric CA mem- 
branes immersed in solutions of different phenol concentrations, cs, as a function of phenol 
concentration. Open symbols are taken after 1500 min, full symbols after 1 min. 
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FIGURE 7 Yield stress (0) and ultimate stress ( A )  of asymmetric CA membranes im- 
mersed in solutions of different phenol concentrations, cs. Open symbols are taken after 1500 
min, full symbols after 1 min. 
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phenol concentrations. Most of the data reported were taken after 1500 
minutes’ immersion in a given phenol solution. For a phenol concentration of 
0.025M, the data reported refer to an immersion period of about 1 minute, 
because at longer times the membranes were difficult to handle. 

In Figure 6 the Young’s modulus and the ultimate elongation are plotted 
versus molar concentration for a CA membrane annealed at 90°C. At about 
5 x lO-3M, a significant change of these parameters appears. The modulus 
decreases and efL increases, showing the plasticizing effect of phenol. The water 
content and the phenol uptake begin to  change at the same concentration, as 
reported in Figures 4 and 5. 

Reported in Figure 7 are the yield stress and the strength of CA tested in 
phenol solutions. As discussed for the other mechanical properties, both uy and 
ufL are dependent on the phenol content for concentrations larger than 5 x 10-3 
mol/l. The filled symbols represent data obtained after a residence time in 
solution of I minute while the open symbols were obtained after I500 minutes. 
It should be noted that during this time no significant change in properties was 
observed and the data reported are an average of those obtained at different 
immersion times. 

A narrow annealing temperature range thus exists in which the permeability, 
selectivity, and mechanical properties of asymmetric CA membranes change 
sharply. The desalination performance of these membranes has usually been 
attributed to the properties of the dense skin of the membrane. However, 
mechanical properties of these films are measured on the overall cross section, 
of the film. The possibility that a change in the physical properties of this skin 
would change the mechanical property of the entire film does not seem 
realistic. The model of a membrane formed by two parallel layers of materials 
with different properties would not explain our experimental data. A change 
of the mechanical properties of the skin layer would not yield the increase in 
the modulus shown in Figure 2 and also would not explain the increase in 
strength. However, a model which assumes a variation of physical properties 
of the entire membrane34 is consistent with both the desalination performance 
and the mechanical data. It is also in agreement with recent studies on the 
structure of CA membranes which manifest a change of pore size distribution 
and transport parameters across the membrane.35 A model correlating thermo- 
mechanical properties and desalination performances cannot be developed 
with our present knowledge. Thus, further thermomechanical experiments 
should be performed. A more detailed study on phenol- and water-sorption of 
CA membranes will be presented in a further paper. 
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