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synopsis 
A new class of polyacrylic membranes has been tested under reverse osmosis condi- 

tions on dilute (170470) salt solutions. Fluxes up to 0.2 gal-mil/ft4lay at greater 
than 98% rejection have been achieved. The effect of membrane composition on 
product flux and salt rejection is discussed. Increased fluxes a t  even higher rejection 
should be possible by proper selection of the type and concentration of hydrophilic, 
hydrophobic, and c r o s s l i i g  monomers. It is concluded that improved membranes 
should have as high as possible a concentration of bydrophilic groups, distributed ran- 
domly through a lightly crosslinked, rubbery polymer matrix. 

INTRODUCTION 

In  the first part of this investigation,' the synthesis and characterization 
of a new class of polyacrylic desalination membranes have been described. 
These membranes are composed of hydrophilic, hydrophobic, and crosslink- 
ing monomers and are synthesked by polymerizing the monomer mixtures 
in film form. The details of synthesis and water and salt sorption data are 
presented in part I.' I n  this part, the reverse osmosis performance of these 
membranes is presented and the effect of membrane composition on the 
transport mechanisms for salt and water is discussed. 

MECHANISM OF DESALINATION 

In  uncharged membranes which are free of imperfections and pores, the 
solution-diffusion model has been found to describe adequately salt and 
water tran~port.~-* In this model, water and salt dissolve in the membrane 
at  the upstream solution-membrane interface and diffuse independently 
under their respective chemical potential gradients to the downstream 
solution-membrane interface, where they desorb into the downstream solu- 
tion. Assuming that salt and water are in equilibrium across each solu- 
tion-membrane interface, it can be shown5 that a t  steady state the water 
and salt fluxes are given by eqs. (1) and (2 ) ,  respectively, as follows: 

(1) 
DwCwVw AP - AT J ,  = ~ 

RT AX 
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AC‘, J ,  = D,K ~ AX 

The per cent salt rejection may then be written as 

= loo [I - L] (if J ,  << J,) 
C‘*,OJw 

RT AC’, 1 
= loo [I - (E) (0,) (E AP - An 

or 

100 (3) 
1 

O/,S.R. = 

[’ -k (g) e) ( AF’ - A T ) ]  

It can be seen in eq. (3) that for any one set of operating conditions (fixed 
C’,,,, and AP) the salt rejection is determined by the ratio of salt-to-water 
permeabilities in the membrane, (D,K)/(D,C,). This ratio may be split 
into the product of two terms, (D,/D,) X (K/C,) or (D,/D,) X (K*).  
The first term, the diffusivity ratio, may be interpreted as the “kinetic” 
factor and the second term, K*, as the “equilibrium” factor governing 
permselectivity . 

TABLE I 
Composition of Membrane Synthesis Solutions1.a 

Membrane EA, TPT, Heat 
no. mole-% mole-% treatment 

El 
E 2  
E 3  
E 4  
E-6 

ET-01 
ET-11 
ET-21(TE-12) 
ET-21X 
ET-31 

TE02 

TE-22 
TE32 

TE-12( ET-2 1 ) 

10.2 
18.7 
25.6 
31.4 
40.7 

0 
9.9 

18.0 
18.0 
24.8 

18.7 
18.0 
17.6 
16.9 

0 
0 
0 
0 
0 

4 .0  
3.6 
3.3 
3 .3  
3.0 

0 
3.3 
6 . 5  
9.4 

IR lamp 
IR lamp 
IR lamp 
IR lamp 
IR lamp 

oven 
oven 
oven 
none 
oven 

oven 
wen 
oven 
oven 

a All solutions contained H,O, AAc, and NMA in mole ratios of 19: 12: 5. See Nomen: 
clature for identification of all symbols. 
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PROCEDURE 

Membrane Compositions 

Table I summarizes the compositions of the membranes studied here. 

Dye Test for Imperfections 

The membranes selected for test under reverse osmosis were first screened 
to be sure that they were free of holes or other such imperfections. They 
were placed on the upstream side of a two-chamber filtration cell on top of 
three pieces of filter paper and over a sintered metal disc. Then a few cc’s 
of aqueous solution of acid red fuchsin dye were added to the upstream 
chamber and the downstream chamber was placed under vacuum. Any 
holes or defects in the membrane were seen as red spots on the filter papers 
and the membrane was not used if such spots appeared. In the absence of 
such spots, the membrane was washed and then soaked in fresh distilled 
water for two days before testing under reverse osmosis conditions. 

Reverse Osmosis Tests 

Membranes approximately 2.5 in. in diameter were placed smooth side up 
in the desalination cell shown in Figure 1. The “smooth side” refers to the 
side of the membrane against the glass surface during polymerization (see 
part 1’). They were then tested as reverse osmosis membranes under pres- 
sures between 8W1500 psig with salt solutions of 1% or 4% NaC1. These 
tests were all a t  25°C and pH 4.0; the latter condition assured that the AAc 
groups were not ionized to any great extent. To minimize membrane foul- 
ing associated with solubilized corrosion products, the solutions were fed to 
the pump containing small amounts of dissolved ethylenediaminetetracetic 
acid (EDTA) (200 ppm in 1% solution and 250 ppm in 4% solution). 
Usually, it was necessary to run for many days (and sometimes for several 
weeks) before the product flow rate and salt concentration attained steady 
state. A typical example of this behavior is illustrated in Figure 2. Note 
that both water flux and salt rejection increase with time during the 
transient. Thus, the transient cannot be attributed to formation of a 
dynamic membrane (e.g., resulting from the addition of EDTA), nor is it 
likely to be the result of compaction. When the cell was opened after such 
a run, there was generally very little “scum” to be seen on the upstream 
membrane surface. 

The product stream was collected in a graduate closed over with alumi- 
num foil and sample volumes were removed for “average” analyses of salt 
concentration every few days. Product flux J, is converted from (cc/hr) 
to (gal-mil/ft2-day) by multiplying by 0.258 X (film thickness). In  some 
cases, J, is not normalized with respect to thickness and is reported di- 
rectly as g/cm2-sec. 
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FEED INLET 

TAILS OUTLET 
(CLOSED DURING 
BATCH RUNS) 

TOP COVER 

TAILS OUTLET 
DOWNPIPE 

CENTER 
SECTION 

MAGNETIC STIRRER 
AND HOLDER 
(SCREWS INTO BOTTOM 
OF CENTER SECTION) 

O-RING 

MEMBRANE 

SINTERED 
METAL DISC 

SUPPORT FOR MEMBRANE 
AND SNTERED D(Sc 

BOTTOM COVER 

FILTRATE OUTLET UP)-- 
Fig. 1. Desalination cell. 

The salt concentrations in these samples were obtained by measuring 
conductivity and converting to concentration by use of a calibration curve. 
Per cent salt rejection, %S.R., was calculated as 100 (AC',/C',,O). 

Calculated Values 
Apparent water and salt permeabilities, DwCw and D,K, respectively, 

were calculated from the measured quantities, using the solution-diffusion 
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Fig. 2. Water flux (0) and salt rejection (0) as a function of time on stream. Membrane 
ET-31 with 1.0 wt-% NaCl at 1500 psig. 

transport equations presented above. Values for C, were calculated from 
measured values of C,* by assuming that the specific volume of the wet 
membrane is the weighted sum of the specific volumes of water and the 
dry membrane. The latter was assumed to vary linearly with TPT con- 
tent, varying from 0.83 for no TPT to 0.74 for membranes containing 9.4 
mole-% TPT. The molar salt distribution coefficient, K ,  was calculated 
from the measured values of K* and the calculated values of C ,  by the ap- 
proximation K Diffusivities of water and salt were then calcu- 
lated from the apparent permeabilities, assuming that the values of C, and 
K ,  which were estimated from ambient pressure measurements of C,* and 
K*, would not be significantly affected by the higher pressures of 
reverse osmosis tests. 

C,K*. 

RESULTS 

Membrane Compaction and “Pore Flow” Under Reverse Osmosis 

A series of reverse osmosis tests was first run at  both varying AT and AP 
to determine the significance of compaction and pore flow in the membrane. 
A summary of these data is presented in Table 11. The normalized product 
of water flux divided by AP(C’,), is plotted against (AP - AT)/(AP(C’,)~)  
for the ET-21 and ET-21X membranes in Figure 3. The approximately 
linear relationship indicates the probable absence of significant pressure- 
induced compaction of the membranes. Since the extrapolated intercept in 
Figure 3 appears to be close to the origin, the contribution of “pore flow” to 
the overall water flux is not significant. The approximate linearity of the 
data and the intersection at the origin indicate that D,C, is independent of 
salt concentration and hydrostatic pressure. Since this result was found 
for several membranes, D,C, values were determined in later runs from 
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Fig. 3. Effect of A P  and AT on normalized product water flux: (0) ET-21; (0) ET-2lX. 
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one-point ratios of [J,(AX) ] / (AP - A T )  obtained at one A P  and one salt 
concentration. 

It should also be noted in Table I1 that in several cases membranes were 
prepared in separate polymerizations from freshly prepared monomer mix- 
tures, and the reverse osmosis data for these membranes appear to be inter- 
nally consistent and reproducible. This demonstrates the reproducibility 
of membrane preparation as well as of the reverse-osmosis testing proce- 
dures. 

It may also be noted that the values for salt flux, J,, in the runs at  1.0% 
salt concentration are essentially independent of A P  between 800 and 1500 
psig. This would be expected if there were no compaction of the mem- 
branes under pressure. However, when salt concentration was increased in 
two cases from 1.0% to 4.0%, a plot of normalized salt flux J,(AX) versus 
AT is not linear (Fig. 4). This indicates that salt dsusivity, D,, is in- 
creasing as the external solution concentration increases. Since the water 
and salt contents inside these membranes do not appear to change signifi- 
cantly between 1.0% and 4.0% salt in the external solution,1 it is not clear 
why D, inside the membrane should be increasing over this range. For this 
reason, the calculated values of D,K or D, obtained by one-point ratios of 
[JS(AX)]/(AC’J may be less than the true value; these runs are so 
indicated in Table 11. (It is possible that in the long-time reverse- 
osmosis tests there is a slight increase in upstream brine pH with time, due 
to corrosion; this could lead to a slightly greater ionization of the -C02H 
groups at 470 upstream salt concentration than at 1%, leading to somewhat 
greater swelling and higher D, values.) 

Reverse Omosis-General Summary of Data 
Table I11 presents the results of all additional reverse osmosis tests. 

One-point calculations of D,C, or D X  were generally made, as described 
above. Figure 5 depicts the data for the E, ET, and TE series of mem- 
branes at  800 psig, 1% salt, 1500 psig, 4% salt, and at 1500 psig, 1% salt 
solutions, respectively. The general region of cellulose acetate (dense skin) 
performance is also shown.6 

It should be noted that some very high salt rejections were achieved with 
these membranes. It can be seen in Figure 5 that increased EA content in 
the E series membranes leads to an increase and eventual leveling-out of 
salt rejection, accompanied in all cases by a decrease in J,(AX).  In  the 
ET series, with one part of TPT (3.04.0 mole-’%) in the membrane reac- 
tion mixture, much less of a drop was noted in J,AX, as the EA content 
increased in comparison to the E series membranes where no TPT was 
present. This behavior is very desirable, but unexpected. The addition 
of TPT in the TE series resulted in significant losses in the J,AX flux-thick- 
uess product along with smaller increases in the salt rejection characteris- 
tics of the membranes. 

Figure 6 is a logarithmic plot of U,C, versus D,K for all of the rcvcrse 
osmosis runs made (data from Tables I1 and 111). The data for the ET 
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series fall on one curve and the data for the TE and E series fall on a second 
curve. Representative data6 for dense cellulose acetate (39.8% acetylated) 
are shown in Figure 6 for comparison. It is interesting to note that the ET 
series membranes of higher EA contents appear to have slightly more 
favorable performance than the best cellulose acetate membranes. 

All of these data show the expected companion decreases in DwCw and 
D,K; however, the flatter shape of the ET series curve is certainly more to 
be desired, since a much larger drop in D& is achieved for any particular 
decrease in DwCw. 

, 

l 0 ’ O 1  

1.0 c 

i 
NORMALIZED 
PRODUCT 
FLUX, J,AX 

0.1 

0.011 1 I I I I 
50 60 70 80 90 100 

SALT REJECTION ,S.R. (%) 

Fig. 5. Normalized product water flux as a function of salt rejection for three series of 
membranes. 

Values of D, and D, may be calculated from the permeability data, and 
the results for the same data shown in Figure 4 are presented in Table IV 
and in Figure 7. The ratio D,/Dw, the “kinetic” factor controlling salt 
rejection, is shown in the fourth column of the table. 

In comparing data in Tables I11 and IV and data for K* and Cw* in 
Hoffman et al.,l it appears that in the E series the increase in salt rejection 
with increasing EA content is mainly due to a decrease in the molal salt dis- 
tribution ratio K* and thus to rapidly increasing exclusion of salt, since the 
ratio D,/Dw is approximately constant. The decrease in water flux with 
increasing EA content is mainly due to a decrease in water content Cw*, 
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TABLE IV 
Ditfusivities and Dausivitv Ratios 

Membrane ( W D W )  ( D w J D w i )  
no. D,, cm2/sec D,, cm2/sec x 102 x 102 

E-2 
E-4 
ET-01 
ET-11 
ET-21 (a4) 
ET-21 (bl)  
ET-21X (d) 
TE-02 (b2) 
ET-21 (a3) 

or 
TE12  (a3) 
TE22  
TE32 
T E l 2 X  ( c )  

4.4 x 10-7 
3.6 x 10-7 

1.2 x 10-5 
1.0 x 10-5 

1.1 x 10-7 
5.5 x 10-8 
2 .5  X 1.7 X 
2.3 X 10" 1.6 x 
2.7 X lo-* 1 .5  X 
1.5 x 10-7 5.6 x 

2.1 x 10-6 
1 .7  x 10-6 

1.1 x 10-8 1.7 X 10-6 

3.0 x 10-9 
2.7 x 10-9 

4 .8  x 10-7 
4.0 x 10-7 

1.2 x 10-8 1.6 X 10- 

~~ 

3.7 
3.6 
5.2 
3.2 
1.5 
1.4 
1.8 
2.7 

0.65 

0.63 
0.68 
0.75 

3.3 
3.2 
5.6 
3.3 
1.6 
1.5 
1.9 
2.8 

0.68 

0.65 
0.72 
0.76 

a The reverse osmosis conditions in this table were restricted to the following values: 
E series, 1% salt, 1500 psi; ET series, 4% salt, 1500 psi; TE series, 1% salt, 1500 psi. 

since D, is approximately constant and in fact close to the value for the 
self-diffusion coefficient of pure water, 2 X 

On the other hand, in the ET series the increase in salt rejection with 
increasing EA content is caused both by exclusion of salt (K* decreases 
slowly as EA content increases) and by a decrease in D,/D,. This de- 

V 
al 
I 

5 
lod 

lo-' 

1 l i e  

____----- 

Range of Values Repor ted  for  
Cellulose Aceta te (gM39 .8  01. Acet.) 

10 

Salt Permeabi l i ty ,  DsK (cm*/sec) 

Fig. 6. Correlation of log water permeability (DwC,) and log salt permeability (D.K) for 
all membranes studied: (0) TE series; (0) E T  series; (A) E series. 
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Fig. 7. Total water diffusivity vs. salt diffusivity: ( B) TE-IZX membrane: (0) ET-SIX 

membrane. 

crease in DJD, is due mainly to a decrease in D, as can be seen in Figure 7. 
The small decrease in water flux as EA content increases is due primarily to 
a decrease ir L water content C,* and secondarily to a decrease in D,. 

In the TE series, the sharp increase in rejection between TE-02 and T E  
12 is caused mainly by the sharp drop in D,/D,, and this is due to more 
than an order of magnitude drop in D, (see Fig. 7). The sharp decrease in 
water flux between TE02 and TE12 is a result both of a decrease in D, 
(by a factor of 3.3) and a decrease in water content C,* (by a factor of 1.5). 
It is interesting to note in Figure 7 that two separate curves may be drawn, 
one for E-2, E-4, and TE02, none of which contain TPT, and another for 
TE-12, TE-22, and TE32, all of which contain TPT. Between TE-12 and 
TE-32 the salt rejection is approximately constant, but the flux continues to 
drop slowly; this is caused by gradual decreases in both water content Cw* 
and in D,. 

The effect of oven treatment on D, or D, is seen to be small, as the data 
(shown in Table IV and as squares in Fig. 7) for two of the nonheat- 
treated membranes are very close to those for the oven-treated membranes. 

At this point it should be recalled (see Hoffman et a1.l) that the addition 
of TPT in the TE series converts a rubbery membrane (all E series mem- 
branes are rubbery) first into a stiff, leathery material and then eventually 
into a brittle material. On the other hand, addition of EA to the mem- 
brane compositions containing TPT in the ET series converts a brittle 
material into an increasingly softer, more rubbery material. 

Thus one may postulate that the trends of the reverse osmosis and per- 
meability data for the ET series (e.g., Figs. 5 and 6) differ so much from the 
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Fig. 8. Log of primary and secondary water dausivities, D,, and D,,, as a function of 
(o), (El), (A) Dwl; (O), (m), (A) Dw2; ( X )  ET-PIX membrane hydrophilic content: 

membranes. 

expected behavior as exhibited by the E and TE series because two im- 
portant effects are combined: (1) increasing flexibility of the polymer 
chain segments paralleling a decrease in the membrane hydrophilic charac- 
ter, along with (2) the presence of a small amount of TPT crosslinker. The 
effect of the physical state of the membrane, i.e., whether it is glassy or 
rubbery, on desalination performance has recently been discussed.s 

Extrapolating these observations further, it may be possible to obtain 
higher water permeabilities without significant loss in rejection efficiency by 
making membranes with TPT contents between 0 and 3 4  mole-% with 
increasing EA contents (for the same AAc and NMA contents in the mono- 
mer mixture). The predicted range of values of permeabilities for such a 
membrane series is presented by the dotted line in Figure 6. 

INTERPRETATION 

The trends in the data discussed above may be interpreted in molecular 
terms and related to the composition of the membrane by use of the pri- 
mary-secondary bound water model.'t4 In this model, we will assume that 
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the water is absorbed into and transported through the membrane by two 
independent mechanisms. Primary water is absorbed via hydrogen 
bonding at polymer hydrophilic sites and diffuses by an activated process 
from one site to another. Secondary water and the salt ions associated with 
it are imbibed into “clusters” or more open hydrophilic regions within the 
polymer matrix and diffuse together from one cluster to another across the 
membrane. If the salt-to-water ratio in the clusters is assumed to vary 
linearly across the membrane, decreasing from that in the upstream solution 
to that in the downstream solution at the respective interfaces, then one 
may calculate the average primary and secondary water contents in the 
membrane, CW,* and CW,*, respectively.’ It is then assumed that the 
diffusivities of the salt and its secondary water within the polymer matrix 
are in the same ratio as in the upstream or downstream dilute salt solutions, 
i.e., (Ds/Dw,), = (D8/Dw)e (1.5 X 10-5)/(2.0 X = 0.75.’ This 
equation defines Dwz. 

Finally, if the diffusion of primary water is assumed to be independent of 
that of the secondary water (and salt ions) then one may add the two 
permeabilities to obtain the overall water permeability, e.g., DwCw = 

Dw,Cw, + DwzCwy Note that the salt and 
secondary water are assumed to be coupled although no coupling is implied 
between the primary water and secondary water plus salt. The solution- 
diffusion model without the distinction between primary and secondary 
water implies a lack of coupling between salt ions and water. However, 
in most of the membranes studied here, the salt flux is much smaller than 
the total water flux; therefore it is concluded that the approximations 

This equation defines Dwl. 

TABLE V 
Calculated Primary and Secondary Water Diffusivities 

Membrane no. D,,, cms/sec D,,, cmz/sec 

E 2  
E 4  
ET-01 
ET-11 
ET-21 (al)  
ET-21 (a2) 

ET-21 (a4) 
ET-21 (a) 
ET-21 (b) 
ET-3 1 
TE02 (a) 
TE02 (bl)  
TE02 (b2) 
TE22 
TE32 
ET-21X (a) 
ET-21X (b) 
ET-21X (c) 
ET-PIX (d) 

1.8 x 10” 
1.5 X 
2.7 x 10-6 
2.2 x 10-6 
2.3 X 10-@ 
2.1 x 10-6 
2.2 x 10-6 
2.1 x 10-6 
2.1 x 10” 
1.8 X lo-’ 
7.9 x 10-6 
8.3 x 10-6 
7.2 X 10-6 
6.2 x 10-7 
5.0  x 10-7 
2.4 X 10-6 
2.1 x 10-8 
2.1 x 10-6 
1.9 x 10-6 

5.9 x 10-7 
4.8 x 10-7 
1.5 x 10-7 
7.3 x 10-8 
1.2 x 10” 
1.6 X 10” 
1.5 X 10” 
3.3 x 10-8 
3.1 X 10’ 
7.7 x 10-9 
2.7 x 10-7 
2.0 x 10-7 
2.0 x 10-7 
4.0 x 10-9 
3.6 x 10-9 
2.0 x 10” 
2.0 x 10” 
1.6 X 10” 
3.6 x 10” 
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involved in the primary-secondary water model will not preclude the 
application of the solution-diffusion mechanism. 

The calculated values of D,, and D,, for all membranes are presented in 
Table V and are plotted as a function of the membrane hydrophilic content 
in Figure 8. Values of DwJDw, are listed in the last column of Table IV, 
alongside of values of D,/D,, and can be seen to parallel the trends in this 
latter ratio. 

It can be seen that the general trends in D,, and D,, for the three series of 
films are similar to those already noted for D, and D,, respectively. It is 
significant that for the ET and TE series, values of D,, appear to fall on one 
smooth curve for all membranes containing TPT, while separate curves are 
needed to distinguish the D,, values. Thus, the D, or D,, in these mem- 
branes depends mainly on the hydrophilic content of the membrane and is 
only sensitive to the degree of crosslinking at the higher hydrophilic con- 
tents, while D ,  (essentially 0,) is affected by both the hydrophilic content 
and (especially) by the degree of crosslinking. The data for the nonheat- 
treated films (ET-21X or TE-12X) do not fit the correlations very well, and 
this suggests that the hydrophilic content in these membranes has been 
overestimated. (Perhaps not all of the NMA groups are available for 
hydrogen bonding with water.) 

On the basis of these observations, one may postulate the following 
molecular interpretation of the flux mechanisms in these membranes: If 
the secondary water (+ salt) resides in pockets or clusters within the poly- 
mer matrix, then for diffusion of secondary water (+ salt) to occur these 
species must pass from one cluster to the next, possibly through narrow, 
tortuous channels or capillaries of secondary water (+ salt) which connect 
the pockets. These capillaries are surrounded by salted-out hydrophilic 
groups or hydrophobic groups along the polymer chains. The rate of 
secondary water (+ salt) diffusion would be limited by the rate of passage 
through the connecting capillaries, and this is presumably the reason that 
D, (or D,,) is always one to two orders of magnitude lower than D,  (or 
D,,). As the hydrophilic content of a membrane decreases, one would 
expect the number and size of clusters to decrease, and along with this the 
connecting capillaries should be decreased in cross section and eventually 
closed off. This explains the sharp decrease in D, (or in DwJ as either TPT 
or EA content is increased. One would not expect the flexibility of the 
polymer chain segments to have a major effect on such a flux mechanism. 

Primary water might be expected to diffuse by successive “jumps” along 
the hydrophilic groups of any one chain and by jumping from chain to chain 
when hydrophilic groups on neighboring chains are in close proximity. 
Thus, both the hydrophilic group content and the chain segmental flexibility 
should have major effects on the flux of primary bound water across the 
membrane. 

Thus one concludes that the following general characteristics and 
approach are essential to obtain a high-flux, high saltrrejecting desalination 
membrane of the type studied here: 
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(1) The polymer composition must be designed so that it has a glass 
transition temperature below the use temperature, i.e., it is rubbery under 
desalination conditions. 

(2) The membrane must contain as many random hydrophilic groups as is 
possible. The limit is reached when the hydrophilic content increases to a 
level where the hydrophilic groups will begin to cluster significantly. 

(3) The membrane should be “molecularly engineered” to permit the 
maximum concentration of the most effective type of hydrophilic group 
while the hydrophobic and crosslinking monomers are varied in composition 
and ratio. 
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Nomenclature 
J = flux, g/cm%ec or gal/ftZ-day 
D = diffnsivity in the membrane phase, cme/sec 
C, = concentration of water in the membrane phase, g/cm3 wet mem- 

C,* = concentration of water in the membrane phase, g/g wet mem- 

C’,.o = concentration of salt in the upstream solution, g/cm8 
AC’, = salt concentration difference between upstream and downstream 

brane 

brane 

solution phases, g/cm3 
Vw = partial molal volume of water, cm*/g-mole 
R = gas constant, psi-cma/mole OK 
T = temperature, O K  

AP = hydrostatic pressure difference across membrane, psi 
AT = osmotic pressure difference for salt between upstream and down- 

AX = membrane thickness, cm 
K* = molal salt distribution coefficient, [(g salt/g water),]/[(g salt/g 

stream solutions, psi 

water).] 
K = molar salt distribution coefficient, [(g salt/cc),] /[(g sa l t /~c )~ ]  

(Cw)’o = concentration of water in upstream solution, (g. water/g. soln.) 

Subscripts 
m = membrane phase 
e = external solution phase 
8 = S d t  

w = water 
0 = upstream solution phase 
1 = primary bound water 
2 = secondary bound water 

Membrane Identification 
EA = ethyl acrylate 

TPT = trimethylol propane trimethacrylate 
AAc = acrylic acid 

NMA = N-methylol acrylamide 
ET-21(a3), e.g. = ET series, 2 parts EA/1 part TPT, membrane “a,” reverse osmosis 

test 3 

Superscript 
prime (’) = refers to external solution phases 
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