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synopsis 
A new class of desalination membranes has been developed. The membranes were 

prepared by polymerizing mixtures of two hydrophilic monomers (N-methylolacrylamide 
and acrylic acid), a hydrophobic monomer (ethyl acrylate) and a hydrophobic crosslink- 
ing monomer (trimethylol propane trimethacrylate) followed by heat treatment. The 
membranes were homogeneous, averaging about 6 mils in thickness. They were charac- 
terized by measuring water contents and salt distribution coefficients using an immersion 
technique. The fractional water contents in the membranes varied between 0.16 and 
0.44 as the molal salt distribution coefficients increased from ca. 0.22 to 0.43. Increasing 
contents of the hydrophobic monomer and/or crosslinking monomer led to decreased 
water and salt contents, as expected. A model i s  postulated in which the water is as- 
sumed to be distributed within the polymer in two forms: (1) as primary water, hydro- 
gen-bonded with hydrophdic polymer groups, and (2) secondary water, imbibed with salt 
from the external solution into hydrophilic regions or defects within the polymer matrix. 
It was found that primary water content was approximately constant for all compositions 
and varied between ca. 2-3 moles of primary water/mole of hydrophilic monomer in the 
membrane. 

INTRODUCTION 
Within the last decade, it has been demonstrated that commercially 

available materials can be used in membrane form to desalinate water by 
reverse osmosis.1 Of the materials studied previously, the most promising 
is cellulose acetate,2 which rejects more than 98% salt from solutions as 
concentrated as sea water. For cellulose acetate and other uncharged 
membranes which are free of imperfections and pores, the solution-diffusion 
model has been found to describe adequately salt and water t r a n ~ p o r t . ~ - ~  
In this model, water and salt dissolve in the membrane at  the interface with 
the feed solution and diffuse independently through the membrane under 
their respective chemical potential gradients. Thus, one of the essential 
requirements for desalination membranes is that they should preferentially 
absorb water over salt. In order to achieve this, the membrane should con- 
tain hydrophilic groups to imbibe water, along with hydrophobic groups 
and/or crystalline regions and/or crosslinks to prevent excessive swelling 
which would lead to sorption of too much salt along with the water. 

2223 
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I n  the work described here, desalination membranes were prepared by 
copolymerizing mixtures of hydrophilic, hydrophobic, and crosslinking 
monomers. The objective was to have sufficient flexibility in membrane 
composition so that desalination properties could be optimized. The 
synthesis of these membranes and characterization with respect to water 
and salt sorption are described here. Water and salt transport properties 
under conditions of reverse osmosis will be described in the following paper. 

PROCEDURE 

Selection of Monomer Systems 

The first mixture polymerized consisted of acrylamide (AAm), N-methyl- 
olacrylamide (NMA), and acrylic acid (AAc). The AAm was chosen be- 
cause the amide forms very strong hydrogen bonds. NMA was chosen be- 
cause it is known to form crosslinks in the presence of heat and acid by the 
following condensation reaction:8s9 

f C H p C H j  f C H r C H j  

L o  
I 

L O  

NH 
I 

NH 

OH 
I I 
kH* 

I I 
NH NH 

I t  was reasoned that ultrathin skins on a highly permeable support could 
be formed by a postpolymerization heat treatment of the surface of a rel- 
atively thick membrane. AAc was included in the monomer mixture so 
that the acid required for catalyzing the NMA crosslinking would be 
readily available within the membrane. Of course, carboxylic acid groups 
of AAc could subsequently also contribute to the transport of water through 
the membrane. Polymer films made from these mixtures exhibited ex- 
cessive swelling in deionized water (>200 wt-% water based on dry gel 
weight) even after heat treatment of the entire membrane. 

In an effort to reduce the swelling, AAm was replaced by ethyl acrylate 
(EA), which is a hydrophobic monomer. The results for the NMA-AAc- 
EA system are reported here as series E membranes. To  reduce further the 
sorption of water by these membranes, a hexafunctional crosslinking mono- 
mer, trimethylol propane trimethacrylate (TPT), was incorporated in the 
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monomer mixture. 
reported here as series TE and ET membranes. 

The results for the NMA-AAc-EA-TPT systems are 

Materials 

All monomers were used directly as received from the manufacturer with- 
out further purification. Acrylic acid and ethyl acrylate were obtained as 
pure monomers from Rohm and Haas Co. ; trimethylolpropane trimeth- 
acrylate was obtained as a pure liquid from Sartomer Resins, Inc., and 
N-methylolacrylamide was obtained as a 60 wt-% aqueous solution from 
the American Cyanamid Company. Benzoyl peroxide (BP) and dimethyl 
aniline (DMA) were both reagent-grade chemicals. 

Membrane Preparation 

The monomers to be polymerized were first mixed together in a beaker. 
Then 1 wt-yo BP was dissolved in this mixture. Two drops of pure DMA 
were then added to 5 cc of the monomer solution and thoroughly mixed by 
shaking. After a few seconds, the color of the solution had turned light 
green and the solution was poured onto a Teflon-coated metal surface and 
covered by a clean, smooth glass plate. After 15 min, the monomers had 
polymerized and the glass plate was lifted off the substrate. The membrane 
remained attached to the glass plate. Some membranes were then heat 
treated for a prescribed period of time. Heat treatment consisted of either 
a 30-min exposure to a 250-watt infrared lamp a t  a distance of 3.5 in. from 

TABLE I 
Composition of Membrane Synthesis Solutionsa 

H ydrophilic 
compounds 

Membrane EA, TPT, Heat in membrane,b 
no. mole-.% mole- '% treatment VOl-% 

E- 1 
E-2 
E-3 
E-4 
E-6 
ET-01 
ET-11 
ET-21 (TE-12) 
ET-2 1X 
ET-31 
TE-02 
TE-12 (ET-21) 
TE-22 
TE-32 

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 

I R  lanip 
( L  ,' 
'1 ' I  

<' t '  

' 1  < L  

oven 
" 

< (  

none 
oven 
oven 

6 

' 1  

77.0 
62.5 
52.7 
45.5 
35.7 
56.3 
45.7 
38.5 
52.7 
33.2 
45.7 
38.5 
33.2 
29.2 

a All solutions contained H20,  AAc, and NMA in mole ratios of 19: 12:5. 
b Includes AAc + NMA + H2O if not oven treated, and just AAc + HzO if oven 

treated. 
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the membrane or a 20-min heating at 80°C in an oven. The membrane was 
then released from the glass plate by immersion in distilled water. Mem- 
branes prepared by this technique were between 6 and 8 mils thick and ex- 
hibited good mechanical properties; in addition, the thickness was quite 
uniform across any one membrane. Membrane compositions and their 
respective heat treatments are listed in the first four columns of Table I. 

Water Contents and Salt Distribution Coefficients 

Circular membrane samples of 1 in. diameter were 
first washed in deionized water and then immersed in fresh deionized water 
for five days at  25°C. They were then removed, gently blotted twice with 
dry Kimwipe tissue, and weighed in tared weighing bottles. The samples 
were dried in a vacuum desiccator (0.02 mm Hg) a t  room temperature for 
three days and then weighed in air after closing the weighing bottles. 
The fractional water content of the membranes, C,*, is reported as (weight 
loss in drying)/(weight of wet membrane). The samples were next im- 
mersed in a 1 wt-% NaCl solution a t  25°C for four days. They were then 
removed, quickly dipped in deionized water, gently blotted twice with dry 
Kimwipe tissue, and immersed in 10 om3 of deionized water a t  25°C for 
three days. An aliquot of this solution was then injected into a calibrated 
conductivity cell and the concentration was determined. The membrane 
salt content was calculated from this concentration. The procedure was 
then repeated using a 4 wt-yo NaCl solution. Molal salt distribution co- 
efficients were calculated and are reported as 

Series Membranes. 

where subscripts s and w are salt and water, respectively, and subscripts m 
and e are membrane and external solution phases, respectively. All time 
periods involved in these procedures and those described below were 
determined to be more than sufficient to reach equilibrium in the respective 
steps. 

Series ET and TE Membranes. The procedure differed from that 
described above in that the water contents were determined in 1 and 4 
wt-% NaCl solutions rather than in deionized water. Thus the samples 
were equilibrated in 1 wt-% salt, the wet weights were measured, and then 
the salt contents were determined by the conductivity procedure. The 
procedure was repeated for 4 wt-yo NaCl solution. The dry membrane 
weights were then determined after drying for ten days in the vacuum 
desiccator. Water contents were calculated by difference between wet and 
dry weight,s; t,hc weight. of salt, in t,hc mcmhrnnc Was generally negligible 
cornpired Lo tht: weight, ol witer. l’he i r d a l  snll, dist,ribritjioii coefficinrit,s 
\vere  gain cnlculnkl from eq. ( I ) .  

In the determination of salt contents, all salt solutions were adjusted to 
pH 4.0 in order to suppress ionization of the carboxylic acid groups of 
acrylic acid. 
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RESULTS AND DISCUSSION 

Reproducibility of Data 

The average values and maximum deviations of the calculated water con- 
tents and salt distribution coefficients are reported in Table 11. The maxi- 
mum deviations for the series E membranes ranged from f 5 %  to f 10% 
for Cw* and f 2 %  to f 17% for K*, the largest deviations corresponding to 
the membrane with lowest water sorption. The reproducibility of values 
for the ET and TE membranes were significantly better; maximum devi- 
ations ranged from f 1% to =t7’% for Cw* and f 1% to f 12% (with most 
deviations around f 4%) for K * . 

The deviations probably resulted from the imprecision associated with the 
blotting procedure used to remove excess solution prior to weighing. 

Variation of Cw* and K* with External Salt Concentration 

For series E membranes, calculated K * values were significantly smaller 
for membranes equilibrated with 4 wt-% salt than for those with 1 wt-% 
salt. The shifts probably were the result of a decrease in water sorption 
with increasing external salt concentration. (Note that in calculating K * 
for series E membranes, the water contents were assumed equal to  those 
measured in deionized water.) A decrease in water activity in the external 
solution at higher salt contents should decrease water sorption within the 
membrane. I n  addition to this, increased salt concentration in the ex- 
ternal solution should lead to increased salt sorption in the membrane. 
Since the solubility of organics in water generally decreases with increasing 
salt concentration, it is reasonable to expect that increasing the salt con- 
centration in the membrane phase decreases the association of water with 
the organic hydrophilic groups, which in turn would also result in a de- 
crease in membrane swelling (i.e., water sorption). Thus, K* calculated a t  
higher salt concentrations is lower than the true value since the (go), quanti- 
ties used were higher than their true values. This discrepancy in K* will 
be less pronounced at 1 wt-% salt than a t  4 wt-% salt. Therefore, the 
comparisons of salt and water contents of series E membranes with series 
ET and TE described in later sections are based on the values for 1 wt-% 
salt solutions. 

For series ET and TE membranes, the water contents and salt distribu- 
tion coefficients did not vary significantly with external salt concentration. 
As discussed above, the salt distribution coefficients would not be expected 
to change because the water contents did not change. The insensitivity of 
the water contents of the ET : ~ n d  TI3 series membranes to external salt 
coriceritratiori is believed to l w  rtht.et1 t o  t.wo lact.ors: (1) tfhe swelling 
t.eiideiicy of t,hese ineiihranes is sigiiificaiit 1y less t.liaii that, in t,he E series 
due to more effective crosslinking (as discussed below), and (2) the interrial 
salt concentration is generally lower than that in the E series and, conse- 
quently, the effect of salt on the water-organic association is diminished. 
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Effectiveness of Crosslinking 

The water contents for membranes equilibrated with deionized water 
(series E) or 1 wt-yo salt solution (series ET and TE) are presented as a 
function of EA concentration in the monomer mixture in Figure 1. The 
relative effectiveness of NMA and TPT crosslinking can be seen by compar- 
ing the water contents of swelled membranes with approximately equal EA 
concentration. 

The effectiveness of NMA crosslinking in the absence of TPT can be 
evaluated by comparison of membranes E-2 and TE-02. The only differ- 
ence here is that the former was infrared heat treated and the latter was 
oven heat treated. The decrease in C,* resulting from oven treatment is 
evidence that NMA (in the absence of TPT) is an effective crosslinking 

o IR Lomp Treated \ E - 2  Oven Treated 
D Q No Treatment 
E 

€A Concentration ( w t - % )  V 

Fig. 1. Water contents of membranes as a function of ethyl acrylate (EA) content 
for varying trimethylol propane trimethacrylate (TPT) contents and heat treat- 
ments. 

agent under proper heat treatment. The infrared heat treatment was in- 
sufficient to produce effective crosslinking in the TE-02 membrane, based 
on reverse osmosis performance (see part 11, to follow this paper). It was 
for this reason that infrared heat treatment was discontinued after studying 
the series E membranes. 

For membranes containing TPT, oven heat treatment also resulted in 
NMA crosslinking, as can be seen by comparing ET-21 and ET-21X. 
However, it can be seen by comparing E-2, TE-02, and ET-21X that TPT 
resulted in much more effective crosslinking than NMA. Effective cross- 
linking of membranes containing ca. 11 mole-yo NMA in the absence of 
TPT decreased the fractional water content, Cm*, from 0.44 to 0.33 (E-2 
to TE-02), whereas a membrane containing 3.3 mole-yo TPT (with about 
the same NMA concentration but not heat treated) showed a decrease in 
the water content from 0.44 to 0.24 (E-2 to ET-21X). 
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Mole for mole, TPT would be expected to be a more effective crosslinking 
agent than NMA. TPT is incorporatecl during polymerization n-hercas 
NMA is crosslinked after completion of polymerization. In  the latter case, 
two NMA molecules on neighboring chains must he juxtaposed for a cross- 
link to be formed. Sincc NMA is prcsumably incorporatcd into the growing 
chains in a random manner, the rate of formation of an NMA crosslink 
should be roughly proportional to the second power of the NMA concentra- 
tion. This rate would seem to be low for infrared lamp treatment of the 
membrane compositions studied here; the oven treatment appears to have 
been much more effective in causing NMA crosslinking. 

Variation of C,* with Membrane Composition 

Increased crosslinking (TPT) and/or increased hydrophobic monomer 
content (EA) resulted in decreased water contents, as discussed above. 
Under equilibrium swelling conditions, the water content is dependent upon 
a balance of two factors which affect water activity: (1) association of 
water with hydrophilic groups of the membrane, which tends to decrease 
water activity, and (2) the internal hydrostatic pressure created by the 
retractive force of the swollen crosslinked polymer network on the sorbed 
water, which tends to increase water activity. Thus, the equilibrium 
water content should depend upon the hydrophilic character of the mem- 
brane network and the effectiveness of crosslinking. 

C,* may be correlated with the hydrophilic content of the membrane. 
The hydrophilic content is defined in the following manner: the components 
in the synthesis mixture which would be expected to contribute to hydro- 
philic content are AAc, NMA, and HzO. (It would seem reasonable to 
expect C,* to depend on the concentration of water present in the initial 

Hydrophilic Content (Val-% hydrophilic compounds in membrane) 

Fig. 2. Water contents of membranes as a function of hydrophilic content (see text, for 
definition ) . 
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monomer mixture since the water is not expelled during the polymeriza- 
tion.) When the membrane is theii oveii treated a t  80°C for 20 iniri, i t  
may he assumed that the acid-catalyzed condelisation of N--CI&OII 

groups goes cssciitially to coniplctioii, rcnioviiig NMA as a significant con- 
tributor to the hydrophilic content of the membrane. It is likely that this 
condensation reaction did not occur to such a great extent throughout the 
membrane in the case of the infrared heating, and certainly it cannot be 
expected to proceed significantly in the absence of any postheat treatment. 
Based on these assumptions, the hydrophilic content of any membrane is 
defined as the sum of the volume fractions in the reaction mixture of AAc, 
HzO, and NRIA (no oven treatment) or just AAc and HzO when the mem- 
brane was postoven treated. 

The C,* values are plotted against hydrophilic content in Figure 2. 
Two general correlations are evident. For all membranes containing TPT, 
there is one curve showing a slow rise in water content with increase in hy- 
drophilic content. For the four membranes not containing TPT, regardless 
of their heat treatment, the curve rises approximately linearly. These ob- 
servations suggest that, in the absence of TPT, additional AAc, NMA, or 
HzO simply leads to imbibition of proportionate amounts of water, but that 
when TPT is added these groups or hydrophilic regions are no longer com- 
pletely mcessible to the water molecules and less than proportionate in- 
creases in swelling result. 

> 

These values are listed in Table I. 

Effect of Composition on Salt Content- 
Model of Swollen Membrane Structure 

I n  a single-phase, three-component system of water, salt, and water- 
miscible organic (i.e., containing hydrophilic functional groups), the salt 
ions and hydrophilic groups are both solvated by the water. The competi- 
tion for available water results in a mutual salting-out effect. In  addition, 
i t  is known that the addition of water-compatible organics increases the 
activity of salt ions in water.%lO I n  such solutions, the salt activity co- 
efficient is mainly dependent on the water concentration.lO, 11, n 

These general observations for solutions may be applied qualitatively in 
interpreting the salt sorption data for the membranes studied here. For 
example, consider a polymer network swollen with salt solution. At 
equilibrium, the activities of salt and water are uniform throughout the 
matrix. The salt activity coefficient should be greatest in the vicinity of 
polymer chain to which hydrophilic groups are attached and should decrease 
continuously to a minimum value in the region farthest removed from the 
chains. Thus, the salt concentration should have a maximum value 
farthest from the chains. If the polymer is sufficiently swollen (i.e., if the 
distance between chains is large), the concentration of salt in the central 
region could approach that in the external solution (neglecting the small 
effect of hydrostatic pressure on salt activity). (Actually, in addition to 
the salting-out mechanism, one may postulate the existence of hydrophilic 
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PRIMARY WATER REGION n 

CLUSTER CONTAINING 
SALT IONS PLUS 
SECONDARY WATER 

 POLYMER CHAINS 

" M I c RO c A P I L L ARY " c OP h~ E c T I N G 
CLUSTERS 

Fig. 3. Proposed model of hydrophilic clusters within the membrane microstructure. 

clusters due to formation of microvoids or defects in the membrane struc- 
ture based on the following other possible causes: (1) preassociation of 
hydrophilic monomers and/or water in the solution before polymerization; 
(2) presence of water and unreacted monomer molecules in the membrane 
after polymerization; (3) variations in monomer reactivity ratios leading to 
blocks of hydrophilic monomers along the polymerizing chains; and (4) 
microvoid formation due to polymerization shrinkage stresses.) 

This model can be simplified somewhat by introducing an imaginary 
boundary in a manner analogous to the introduction of a Gibbs surface a t  
an interface. In  this case, the boundary separates the water-rich region 
into two regions: (1) secondary-bound water which is assumed to  be rela- 
tively uninfluenced by the hydrophilic organic groups and therefore to con- 
tain the same concentration of salt as in the external solution, and (2) 
primary-bound water, which is closely associated with hydrophilic groups 
and is assumed to be free of salt. Figure 3 suggests the appearance of this 
model. (One is neglecting here the possible structuring of the water mole- 
cules into "icebergs," e.g.,13 by the hydrophobic bonding along the poly- 
mer chains. This could have a significant effect on the distribution of salt 
and water within a swollen membrane, but it is difficult to estimate such an 
effect at this time.) These hydrophilic clusters are assumed to be inter- 
connected by narrow hydrophilic passages (microcapillaries) . 

The concentrations of primary- and secondary-bound water can be cal- 
culated from the following equations: 

where Cw* = CWl* + Cw2* and C w ~ *  and Cw2* are, respectively, the weight 
fractions of primary- and secondary-bound water in the wet membrane 
(i.e., g water/g wet membrane), and xse is the weight fraction of salt in the 
external solution in equilibrium with the wet membrane. Values of these 
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TABLE I11 
Primary and Secondary Water Contents 

Moles 
primary water 

per mole 

no. wt fraction wt fraction monomer 
Membrane C W l * ,  CVZ *, hydrophilic 

E-2 
E-4 
E 6  
ET-01 
ET-11 
ET-21 (TE-12) 
ET-3 1 
ET-21X 
TE-02 
TE12 (ET-21) 
TE-22 
TE-32 

0.251 
0.165 
0.132 
0.192 
0.181 
0.171 
0.156 
0.185 
0.245 
0.171 
0.146 
0.131 

0.189 
0.115 
0.078 
0.066 
0.058 
0.051 
0.042 
0.059 
0.082 
0.051 
0.044 
0.037 

3 .3  
2 .2  
2 .1  
2 . 3  
2 . 4  
2 .5  
2 . 8  

2 . 8  
2 . 5  
2 .7  
2 .9  

parameters were calculated for membranes equilibrated in 1 wt-% salt 
and are presented in Table 111. The moles of primary water per mole of 
hydrophilic monomer (NMA + AAc if no oven treatment; AAc only, if 
oven treated) are also presented in this table. It is interesting to note that 
these values vary roughly between 2 and 3 and, when TPT is present, the 
range narrows to between 2.3 and 2.9. It is easy to imagine two or three 
water molecules H-bonded to a -C02H group, with no hydrated salt ions 
in the vicinity. 

I n  the absence of TPT, increasing EA concentration (E-2 to E-6) results 
in a 50% decrease in CW1* and a 60% decrease in Cw,*. As EA concentra- 
tion is increased, the membrane network becomes both more rubbery and 
more hydrophobic and salt is excluded as the region of secondary water 
shrinks. At the same time, the decreasing concentration of hydrophilic 
groups also results in a decrease of primary water. 

Similar results are evident upon increasing EA concentration in the 
presence of TPT (ET series) although membranes ET-01 to ET-31 vary 
from brittle to rubbery behavior in this case. The changes in CW1* and 
Cw2* are also less pronounced due to the presence of TPT. 

In the TE series, increasing amounts of TPT cause a sharp reduction in 
both primary and secondary water, especially in the former. Furthermore, 
the levels of and decrease in primary water contents with increasing TPT in 
this series parallel those in the E series, while the secondary water contents 
in the TE series are about half those in the E series. The TE membranes 
go from rubbery to brittle behavior between TE-02 and TE-32. 

It is concluded that when membrane composition is varied by selecting 
different types and amounts of hydrophilic, hydrophobic, and crosslinking 
monomers, one may control water and salt sorption in the membranes over 
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wide ranges. 
Lrol over flux and permselectivity in such membranes. 

Such control of sorption characteristics should lend to con- 
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