
A NEUTRON SPECTROSCOPIC STUDY OF THE
DIFFUSIVE KINETICS AND INTERACTIONS OF
WATER IN DENSE LAYER DESALINATION
MEMBRANES

G. J. Safford, et al

Union Carbide Corporation

Prepared for"

Office of Saline Water

July 1972

h

DISTRIBUTED BY:

National Technical Information Service
U. S. DEPARTMENT OF COMMERCE
5285 Port Royal Road, Springfield Va. 2i]51



United States Department of the Interior
i.

..

Office of Saline Water . Research and ,Development Progress Eeport No. 834
Int-OSW-RI~R-72-834

!,



SELECTED WATEP ""
RESOURCES ABSTRACTS

INPUT TRANSACTION FORM 832

< i..:. ~, . . .,.,:t, ,,, July 1972

A Neutron Spectroscopic Study of the Diffusive Kinetics and
Interactions of Water in Dense Layer Desalination Membranes , ,,. : o.-.: .

G. ft. Safford: P. S. Lsung ’’ .... OSW R&D
J. (.Ir;JI:i.:,~:mn Progress Report No. 834

Union Carbide Corporation 14-30-2891
Tuxedo, New York

’.,. :’ .~:.¢;~ .’~.-~:.~: .d,, Office of Saline Water

I: !. %..., ....... :.. ,..*.

53 Pages, 14 Figures, I Table

: .:":;.~ Neutron spectroscopic investigations were carried out to systematically
study and determine, at a molecular level, the factors and properties that control the
diffusion and bonding of water in "dense skin" cellulose-acetate desalination mem-
branes. Data were taken both to determine the functional, form of t}ie diffusive kinetics

that characterizes the transport of H20 molecules in membranes and then study the
influence on the bonding and kinetics of the individual water of: a) extent of mem-
brane hydration, b) number of hydrophili.c groups, c)variations in molecular weight,
d, ~ temperature, e) the presence of all included salt (NaC]). and f) heat treatment
and compaction and their relationship to the casting process,

To’complement the neutron scattering results, dlfferential scanning calorimetric meas-
urements were made to determine the transitions characteristic of thc "dense layer"
materials. The relationship between these transitions and the membrane morphology
as well as variations that result from different casting techniques and heat treat-
ment ’are discussed.

"’ 17,~. Dez~’rilqar¯*

Physicochemica’l proI~erties; Reverse osmosis, Membrane proc6sses, Membranes

C.

17b. l,h, ntifi,,r* 0

Neutron spectroscopy; Diffusion: Kinetics; Differential scanning~calorimetor

:r~- cotv.~,~ rh,:,t,~.(;r,,:,:, (IA,B); (IliA) ~’

, Send To:
, .~ C2

NTIS .~ ,~: i ¯ ̧,¸53 WATI~R RI:~OURC[S SCI£NTIFIC INFORMATION CI;NT£R
U t; O~pAfll ~I~NT OF THI; INTCRIOR
WA~;MINGION. O C. ~o~40

’ . .... Marv’.n S, Brooks Office of Saliue Water

; : IlL



RESEARCH AND DEVELOPMENT PROSRESS REPORT NO. 834
Int -0S~-RDPE- 7~-83~

1972

A NEUTRON SPECTROSCOPIC STUDY
OF ~[E DIFFUb~[VE EIN~£1CB AND
I~ACTIONS OF WATER IN D~SE
LAY~ DDBALINATION M~vd~A~

|

By G. J. Snf~ord, P. S. Leung,
Union Carbide Corporation,
Tuxedo, New York#for Office of
Saline Water, J. W. 0’Mear~
Director; W. ~lern~n Gillam,
Assistant Director, Research;
W. H. McCOy, Chief, Chemical
Physics Division; Marvin S.
Brooks, Research Chemical
Scientist

~: ~ i 30-~891

Contra~h No. h- ^
/

I,
j ¯

j - /

UNITED STATES D~ARTM~ OF ~{E INw~a~OR . Ro~ers C. B. Morton, Secretary .
James R. Smith, Assistant Secretary for W~ter and Power Resources

" I

¢

.’J ¯

/, ,)



As the Nation’s princ,pa/ conservation agenay, the Department

of the Interior has basic responsibilities for watert fish, wildlife,

mineral, land, park, and recreational resources. Ind;an Territorial

affairs are other major concerns of America’s "beportment of

Natural Resources".

The Department works to assure the wisest choice in managlng

all our resources so each will make its full eoatrlhutlon to" a heifer

United States-now and in the future.

FOREWORD

This ~s one of a continuing series of reports designed to present

accounts of progress in saline water conversion and the economics of

its appl;cafion. Such data are expected to contribute to the long-range

developn~ent of economical processes applicable ta low-cost demlnerallza-

tlon of sea and other saline wateT.

Except for minor editing, the data herein are as contained in a report
suhnsifled by the contractor. The data and conc[uslons given in the report

are essentially those of the contractor and are not necessarily endorsed by

the Depclrtment of the Interior.
,’C
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ABSTRACT

Neutron spectroscopic investigations were initiated ~o syste-
matica]]y study and determine, at a molecular level, the factors and
properties that control the diffu.~:ion and bonding of water in "dense
skirt" cellulose-acetate desalination membranes. Data have been taken
both to determine the ~|nctional form of the diffusive kinetics that
characterizes the transport of K~O molecules in membranes and then
study the influence on the bonding and kinetics of the individual water
of: a) extent of membrane hydration, b) number of hydroph~lic groups
(or the membrane aeetylation), e) variatioL!s in molecular weight,
d) temperature, e) the presence of an ~ncluded salt (NaC1), 
f) heat treatment and compaction and their relationship to the casting
process.

fhe functional form of the diffusive
kinetics, characteristic of HaO in desalination membranes, corresponds
to an "activated" or "jump diffusion" type process where HeO molecules
remain bonded at a site for a "residence time" ~o; thee ~break bonds
and "jump" a mean-square distance . to another bonding site. Ha O’s can
migrate uniformS,7 throughout the membrane matrix by such activated ~umps
between "hydrophilic sites" which im~ include combinations of. polymeric
groups, bqdrated ions of an included salt, or "water clusters." In
contrast to the water, hydrated ions are confined to diffuse through more
open and larger free volume regions of the membrane which are "water-
rich." Hence, they travel a longer and more "tortuous path" than HaO’s~
thus, a difference in the diffusion mechanisms for the ions and water
governs in large part the flux and salt-re~ection properties of such membranes.

The initial investigations have demonstrated that significant
observable variations can occur in the characteristic self-diffusion
coefficients, residsnce times, and Jump lengths due to the above factors
in a) through f). Thus, at low concentrations, little evidence was found
for secondary HaO-HaO coordinations or the presence of significant
clusters of water molecules. ’ The water was primarily distributed in a
nearly uniform manner over hydroxyl sites in the amorphous regions of
the polymer. The diffusive kinetics were in accord with an activated
jump mechanism whareoy HmO’s jump between different hydroxyl sites. While
the inelastic frequencies characteristic of.:the bonding of the water
molecules on such hydro~’l sites are in accord with a slightly weaker
coordination per }~0 than characteristic of no~’mal water, the residence
time (e.g. 3 the average time a water molecule remained bonded) was strongly
increased. It was hypothesized that the increase in the residence time
could result from a larger separation of consecutive "Jump sites" than
weald be characteristic of normal water. The deerease~ in the self-d~f-
fusion coefficient results in part from the increase in the residence time
and, in part, from the presence of less free volume for Water in the mem-
brane than would be encountered in the quasi-lattice structure of normal water.

However, as the density of hydrophilie sites and the amount of
included water were increased, an increase in the diffusive mobility of the

/
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included water was observed and the molecular frequencies ehan$md in
accord with the development of seacndemy water-water coordinations and
thee of larger clusters. In addition, it aFpaarcd that dispersion in
local orderings at 0--O distances of such clusters was larger than that
which would be characteristic of those in pure water. Indeed, it
appeared that such clusters might be considered "broken-down" or "disrupted"
relative to normal water at 25-C and could be more Cnaractsristlc of the
behavior found in normal water at higher temperatures. This behavior was
attributed to the interaction of such clusters and hydrophilic groups in
the immediite vicinity of the polymer, and also, in part~ to ~teric con-
straints the free volume in the polymer may impose u~on their size.

In correspondence~ as the concentration of!included water in-
creased3 a large decrease occurred in the residence time for the activated
~umps. The change in diffusive mobility and a strong
decrease lathe residence time cowld reflect the weak end disrupted coordi-
nations in such clusters as well as a decrease in the average distance
between sites of activated jumps relative to low water concentrations
where HeO molecules primarily jump along hydroxyl groups only.

Both neutron spectroscopy and D.S.C. showed no indication of the
formation of hexagonal ice down to -50"C. Indeed, neutron spectra showed
that the molecular coordinations of the Hen’s and their corresponding inter-
maleeular vibrations were preserved to -50~C. These results showed that
the coordination and dispersionof water molecules throughout the membrane
together with the limited free volume were sufficient to inhibit ice forma-
tion in these materials. These results emphasize that "membrane-water"
is significantly different from normal water. Further, the membrane matrix
to a first approximation must be considered as a "solute" with which the
included water interacts significantly strongly so as to allow the solution
to be supercooled and to inhibit ice formation.

A significant Change in the diffusive mobility resulted from
the NaCI in correspondende with an increase in the self-diffusion coeffi-
cient and a decrease in the residence time relative to the membrane con-
taining only water such that the equilibrium diffusion of water in the membrane
had been enhanced by sodium chlorlde. ~is increasein diffusive mobility
has been tentatively as~oceated with a decrease in the average distance
between jump ~ites due to the presence of the sodium. Thus, if only water
is present, a water molecule will dlffRsa 8.10rig a~Jacent OH groups in the
amorphous region; ~4hen sodium is present, a water molecule may migra~e, from:~
an OH to an ion and then to another OH group. Hence, the effective ~ump
distance is reduced and the diffusive mobility is increased. ~ The sodium .
ion may act in this manner as a center for an.aotlvated Jump even though"’
the average time that a water molecule would be coordinated to it would be
emallenmpared to its equivalent residence time on a hydroxyl group.

For cellulose-acetate membranes with a f~xed degree of aeetylatlon
a decrease in molecular~weight caused an increase in the diffusive mobility
of the "dense layer" material. The self-diffusion coefficient was observed
to increase with the decrease in molecular weight, but no significant change
occurred in the residence time3 To, associated with "the average period that
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an HRO remains bonded for undergoing an actlvated "~

To complement the neutron scattering results, differential
scanning calorimetric (D.S.C.) measurements were made to deteri~ine
the transitions characteristic of the "dense layer" materials.! A
degree of similarity existed in both the number and typ@s of timnsi,.
tions observed for the samples. In the vicinity of 217~0 - 240"C,
a first-order transition is observed characteristic of the melting
of crystallites. Below this transition in temperature, a secohd-
order glass transition is observed typically in the region bet~een
170°C and ~.O0°C. In general, the above two types of transitions
appear common to cellulose-aeet~te materials. Kowe~er, their charac-
teristic temperatures and intensities vary, depending upon the material,
the degree of aeetylatinn, and the casting procedure. In addition,
a second-order glass transition is observed at lower ten~eratures and
strongly depends upon the casting procedures and is associated with
regions of larger free volume. The relationship between these transi-
tions and the membrane morphology as well as variations that result
from different oautlng techniques and heat treatment are discussed.

[

!.

i

l



!. ~lTfl ODUCTIC~

During the 1971-1972 contract year, work has been initiated to
apply inelastic neutron spectroscopy (N.I.S,) to studies of the bonding
and diffusive kinetics of water included in "dense layer" cellulose ace-
tate membranes typical of those u~ed for desalination, l~eviously, ~.l.S.
has been applied ( i-I0 ) to study the i~tcrmeleaular frequemcics of HaO
molecules in hydration layers of ions or in solvent structure and, simul-
taneously, of the corresponding diffusion kinetics. The present program
represents an extension of such studies to water in cellulose-acetate
"dense layer" membranes.

The development of high-flux~ low-cost, long-life membranes,
the improvement of membrane separation, and the development of new im-
proved materials are fundamentally related to pc&veer-water, water-water,
and water-salt interactions, and to the polymer morphology. These con-
stitute important factors for such materials in determinin~ the flux and
salt rejection properties. A better understanding of such phenomena should
benefit in designing and optimizing the materials and components used in
desalination processes. Nevertheless, an unambiguous identification and
description of the transport processes fur water molecules in desaliration
membranes at a molecular level and the forces and ordering for water mole-
cules: that underlie and determine such trcnsport processes is lacking.
Further, even for a given type of membrane material, such as cellulose-
acetate, the history and preparation of the membrane including heat "t~reat-
cent cr annealing, swelling, and compaction may stror:gly affect their
resistance to transport and alter the permeability and/or salt rejection
of the active i%ver( ll-S:( , ). However, again the precise manner by
which such changes and alterations affect the molecular transport of
water molecules is still far ’~rom well understood such that influence
can be predicted in a reliable’manner.

Specifically, it was the purpose o’f this initial investi&~tion
to prey:de information on (a) the intermoleeular frequencies character-
istic oi’ FeO molecules in membranes and, simultaneously," the ~nctional
form and the related parameters that characterize the diffusion of water
molecules in such materials; (b) the variation of the above bonding and
diffusion prOperties of HaG molecules that result from variations in
mamhraua properties including molecular weight, degree of acetylation,
compaction, and heat treatments; and (c) direct information at 
molecular level that will aid in the determination of specific polymeric
properties of the membrane and their correlation with the bonding and
transport of water molecules in such materials that would relate to the
flux an~ the salt rejection properties of ,the m~terials.

Neutron spectroscopy constitutes a powerful technique with
which to study the diffusive kinetics, the various components that contri-
bute to the overel~ transport process and their relationship to the inter-
actions between the water mol~cule~ and membrane materials of interest for
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s~a water desalination, The r~ID.xation ~rocesses of ~:~tcr moleoul~ in
such membranes will Eive rise to broadening of the inoident energy distri-
bution (the quasl-elastlc component). By stu~,£-~ the shape, the angular~
and the temperature dependences of the broadening function, infenuation
can be obtained about the microscopic diffusional process of water i~ mem-
branes and be related to such important quantities as salt rejection and
flux.

Neutron scattering techniques have been devised to allow spectra
of the neutrons scattered by the water in membranes to be reprodunibly
and reliably extracted fr~measured spectra which include contributions
both from the water and the membrane. Such spectra provide direct infor-
mation on

(a)

(b)

(c)

the intermolecular frequencies (below 900 am"x) that charac-
terize the bonding and local ordering of Nan molecules in
the membrane

the functional form Of the diffusive kinetics (the related
~arameters including nell-diffusion coefficients and reel-
dence times)

the variations in the bonding and diffusive kinetics o~ the
included water both relative to normal water or to salt solu-
tions that OCCUr ae ~e result of the changes in the dif-
fusion kinetics at a |~oleeular level can be studied as a func-
tion of such ranters as compaction, heat treatment, degree of
aoatylation, molecular weight, and the type of membrane
material itself.

For these initial investigations, techniques were developed to
cast "dense layer" cellulose-acetate materials typical of the "dense" skins
of desalination membranes and also suitable samples for N.I.8. memusrements.
In addition, experimental techniques and computer programs were developed
to allows spectrum characteristic of the included water to be ’~nfolded"
in a reliable and reproducible manner f ram the measured speetrumwhich
contained contributions both from the water and from the membrane material
itself. ~;

The results of our initial mcastucemsnts have demonstrated that
reliable and reproducible neutron spectra, characteristic to water in mem-
branes, can be obtained and can ~rovide direct information at a molecular
level on the bonding and diffusive kinetics of the l~O molecules. Further,
both the kinetics and bonding of such waters are observed to differ sig-
nificantly from those of pure water as a result of polymer-water interac-
tions and the constraints of the~elymcr in free volume. In addition~
measurements to date show that significant variations in the bending and
diffusive kinetics can be ~obeerved due to
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a) temperature 

b) increased membrane hydy-~tlsn and the for~;~atlon of aecondar~ water-
water coordinations and of water clusters which compete with the
interactions bet.teen hydrophilic polymer groups and water;

e) variations in the hydroxyl content of the membranes with variu-
titus in acetylatlon of the cellulose-acetate membranes; ~

d) interactions between the water and a salt in the membrane; and

s) molecular weight variations.

Such measurements allow a direct determisation at a molecular
level on the variations that the above factors produce on the bondlngs, the
diffusive kinetics and associated parameters (including sofa’-diffusion
coefficients, residence times, and jump lengths) characteristic of the
included water.

In addition to neutron scatterlug, two other techniques have been
used to provide complementary information. Differential scanning calorimet~j
(D.S.C.) measurements on "as cast" membranes and membranes exposed to water
or an aqueous solution provide information on the transitions characteristic
of the amorphous or ez~sts111ne regions of these materials. Further~ such
measurements provide information on how such amorphous regions and c~Tstal-
line r~gimns vary due to casting procedures, due to.membrane composition,
or due to any morphological changes that may have occurred as the result
of included water. In addition, for membranes that have been soaked in
aqueous ionic solutions, emission spectroscopy has been used to determine
the amount of the salt that has entered the membrane and, hence~ to make
an estimate of the "effective concentration" of the solution included in
the membrane.

i

If. EXPERIM~AL

i) instrumenbal

The measurements were made using the berylllum-filtered incident
beam and a time-of-flight spectrometer described in detail previously(5,18).
The solutions were prepared from reagent grade materials and deionlzed:
water. The samples were contained in an aluminum sample holder, appro-
priately shielded so that the neutrons could only he scattered from the
membrane, A thin layer of an inert polymer film (2~t in thickness), plated
on the cell and the aluminum~,wifldows, afforded protection against corrosion
Without significantly contributing to background. Measurements have shown
that the sample thicknesses used yielded negligible spectral distortions
due to multiple scattering. For spectra measured below 0°, the samples
were cooled by flowing liquid nitrogen or li~uld nitrogen boil-off gas
through a channel in the sample holder and the temperature was controlled
to ~2 . Care was taken to prevent condensation on the scattering surface



of the sample. For spectra taken at +i °, the sample was cooled by cireu-
lat~’~ water from an ice bath and was shielded to avoid scattering of
neutrons by the coolant.

~) Development of Expert_mental Techniques and Sample Preparation

To obtain a spectrum of the included water it was necessary to
unfolds spectrum characteristic of the hydrogenous polymer from a spec-
trum chs/acterlstic of the wet membrane which would include contributions
of neutron scattering from both protonic groups of the membrane as well
as from the water. In most previous neutron inelastic scattering studies
of included species, the measurements have been confined to investigating
the vibrational modes and the diffusive kinetics of hydrogenous molecules
in no~drogenous substrates or in perdeuterated substrates. In such
eases, as the neutron scattering cross section for hydrogen is large rela-
tive to that fur most other atcms~ the spectra so obtained are primarily
characteristic of the hydrogenous species and a background subtraction
beoc~es unnecessary.

For membranes containing HaO3 a subtraction of the membrane spec-
tral contribution must be done with care to avoid spurious effects and
spectral distortion¯ Sample holders mud sample holder positioning devices
were designed and built to insure identical scattering geometries when
ruanlng the membranes with included water and without included water. E~e
spectrum of the "wet" and "dry" samples was then run under such identical
geometries, under constant flux conditions and for an identical number of
chopper cycles (e.~¯, neutron bursts)¯ Further care was exercised to in-
sure that during such runs and from run to run the wet sample had not /
changed its water content nor had the dry sample picked u~ moisture. Care
was also exercised to insure that both the wet and dry samplen~aterials~
wcre identical with regard to azem and thickness. Tne only difference WaS ~’
that one sample contained a Specified amount of light water and the other ~;
did not. Both the wet and dry s~mples were sufficiently thin so that thelOJ. i:

individual spectra would not contain significant contributions from I~
multiple scattering processes and~ in particular# the probability of
multiple scattering would not be enhaaeed for the wet sample relative to
the dry. Measurements were also made to in~ure that backgrounds were
identical for both sample maasare~ients.

¯ In additlon, the possibllity was .onsldared that the nresence //
of water in the sample could have changed the membrane morphol6"gy and ~

¯ effeeted the ext,,action of a reliable water spectrum from the measured I:
spectrum Thus~ spectra of the "as cast" dry membranes were e empared tc~

spectra of the same material containing heavy water. As the neutron scatter-
ing cross section is larger (by approximately an order of magnitude for li
scattering from hydrogen compared to deuterium or most other elements), any
spectral changes between the "dry" membrane and the membrane containing heavy
water or DaO solution would reflect corresponding changes in the low fre-
quency modes characteristic of the polymer that might oeeur~as a result 10f
swelling or morphological changes due to water. If such changes are observed,
the heavy water swollen membrane can-ibm used as a standard "background

5
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spectrum’: and subtracted from the spectrum of the membrane containing the
equivalent amount of light water to obtain the neutron npectra of the
included water.

The casting procedures have been carried out in cooperation
with Dr. L.M. Litz (Union Carbide Research Institute, Tarrytown, New
York) and members of his Membrane Process Group (currentl~ under contract
with the Membrane Division, ~gineering and Development, Office of Saline
Water, U.S. Department of the Interior) to ensure that the obtained
m~terials are reasonable representations ~f eoa~erci~l membranes used for
desalination. It is, however, to be emphasized that in certain eases
(c.g.~ the material east from E-3e0, as discussed below) such "dense
layer" materials have been chosen specifically to providcinformatlon
on changes in water transport in the materials as a 1~/nction of variation
of the membrane eomposit ion and morphology even thou~1 their flux and salt
rejection properties would be below commercially acceptable ratings. Neutron
scattering measurements were made on the included water and on a sodium
chloride solution in a CAe.s membrane east from E-398-i0 cellulose ace-
tate having a 59.8~aeetyl content. Spectra, as a funetion of scattering
angle, have been obtained for (a) a sample of this material containing
lO wt.% water, (b)’a sample of this material containing ~ wt.~ water, and
(c) a sample of this material that has been exposed to a 4.6 m (12 water
molecules per ion pair) NaC1 solution. Eastman cellulose-acetate E-398-IO
powder was initially dissolved in acetone to make a 20 wt.% solution.
The thick solution was poured on a flat glass plate and a scriber was used
to form a thin layer. This layer was then ~Jlowed to dry in air and further
vacuum dried at room temperature for 24 hours in a desiccator. ~le CAe.s
"dense layer" material so produced was soaked in deionized water for ~i
hours at room temperature. It was determined that the total water pick-
up was i0 wt.%.

Measurements show that the sample soaked in the sodium chloride
solution had gained approximately I0 wt.%. Emission spectroscopic measure-
ments have been used to estimate the amount of sodium ~loride picked up.
These combined results indicate that the "effective concentration" of the
sodium chloride solution in the membrane will be approximately 1.5 m
(approximately ~O }hO’s per ion pair). ~ms, a comparison of ~le spectra
of included water in this material relative to the sumplethat has picked
up lO wt.% pure water provides information on the influence on the bond-
ing and diffusive kinetics of l~O molecules caused by the presence in the
membrane of one NaCI per ~O l~O’s.

In order to determine ~le influence on the transport of waterj
molecules in "dense layer" cellulose-acetate materials associated with
diiTerent water concentrations, a "dense layer" CAj.7 membrane was cast
frdm Eastman-320 cellulose acetate (3e~ aeetyl content). It had approxl-
merely three times the number of Oil groups as the above CAm.5 membrane
cast from E-398-10. This membrane was preparedfroma IIMSO solution,
and the casting procedures were effectively identical to those described
above. Upon being soaked for 21~ hours, it picked up approximatel~ 2~ wt.$
(in accord with reported data that the water adsorbed al~proximate~y
linearly for the hydroxyl content of the material).

6
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A "dense layer" CAa.oe membrane was cast from Eastman A-h32-130B
in /2 wt.’~ methylea~ chloride solution following the procedures used to
cast the CAe.s membranes. ’l~le heat treatment on the E-3~o8-10 membranes
was done by di!~ping the membranes in hot water at a specific temperature
(as indicated in the data) for 5 minutes and then 4mmed[ately transfer-
ing the membrane to a room temperature water bath.

The sample used for compaction study, due to the size and
ge~.setry of the sample, cannot femsib~v reproduce the dynamic compaction
conditions. Rather, the present measurement is to study the effect on
the included water by applying hydraulic pressure on the membranes which
may affect the membrane structure before true equilibrium is attained.
The "compacted" sample was prepared by soaking the cast E-398-I0 membrane
in a tar~ of water and applying 1500 ib/in e pressure for two weeks.

3) _Analysis of Data

The spectra were corrected for background, for counter effi-
ciency, and for chopper transmission. The background corrections were
made by a ehannel-by-ehannel subtraction of the spectra obtained for
the empty sample holder t and were found to be predominantly a flat com-
ponen~ upon which was superimposed a weaker broad distribution, center-
ing at about channel 146. This latter component, whleh varied with
rotor speed, is ascribed to the 180° burst. Statistical uncertainties
were calculated from the total number of background counts and the num-
ber of observed counts per channel. Further, the reproducibility and
reliability of spectral features were checked by eomps/’isons of spectra
remoasured at different times with new solutions; comparisons of data
collected from four independent counter banks, electronics, and memory
banks from the time-of-flight analyzer; and a comparison with background
spectra for the empty cell to show that no spectral features or maxima
arose from the sample holder or the aluminum window. The solid curves
in Figures to were averaged through the data points with regard
to statistical uncertainties. The half-width at ha19-maximum~ p, for
the Lorentzian function associated with a diffusively broadened incident
energy distribution was determined in a manner described in detail
previously( 5 ). Specifically, P’s were selected by comparing the
observed quasl-elastic component with the measured ineident-anergy
distribution which had been further broadened by a s~ries of Lorentzinn
functions of varying ha19-widths at half-maxima.

7
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III. RESULTS AND DISCUSSION

Tho results of N.I.S. and D.S.C. measurements made durlng the
1971-1972 measurements will be discussed below and considered together
with results of other techniques and current theory. ~lus, prior to
eonsiderlng the results of this investlgatlon, a number of more recent
results and theories pertinent to the bonding and transport of l~O and
ions in dense layer materials will be reviewed.

i) Review of Baekground Information

A. The Diffusion Process for Water in ~ambranc..~

A quantitative understandln~ of the mechanism of water trans-
port in membranes, its specific relationship to the type of membrane.
to the nature of the membrane-water interaction, and to the preparation
and treatment of the material can provide important fundamental informa-
tion for the development of high-fl~x, low-cost, long-life membranes¯
Many materials, both polymeric and inorganic, have been investlgated for
their potential as reverse osmosis membranes for desalination purposes(ll, l~-26).

The development of hlgh-flux, low-cost, long-llfe membranes
and the improvement of membrane separation and the development of new
improved materials are fundamentall~ related to the polymer, water, or
membranelnteractlons which, forsueh materials, are important factors in
determining the transport processes of water moleowles. A better under-
standing of such phenomena could benefit designers optimizing the materials
and compan~its used in desllnatlon processes. However, an unambiguous
identification and description of the transport processes for water mo3e-
cules in desalination membranes at a molecular level and the forces and
orderln~ for water molecules that underlie on, determine such transport
processes is lacking, d~splte the large numberofpo~vmerlc and oopoly-
merle membranes as well us such materials as porous glasses and graphitio
oxides that have been investigated. In addition, even for a given type
of membrane material, such as cellulose acetate, the histo~, and prepara-
tion of the membrane including heat treatment or apmealing, swelling, and
compaction may strongly affect their resistance to transport and alter
the permeability and/or salt rejection of the active layer. However,
aguin the precise manner by which such changes and alteratlons affect
the moloch,/or transport of water molecules is not wellundorstood.

The manner in which the partial aeparatiou of the solution
components under reverse osmosis conditions is achieved has remained
the subject of controversy( ~7 ). It is clear that for "dense skin"
dellttlose-aeetate membranes the permeation coefficients, the salt rejection,
and the water fluxes intimately depend on the fundamental naturm of the
molecular mechanism or mechanisms which govern the diffusive transport
of salt and of water molecules. The relationship of such transport proper-
ties to the membrane morphology and composition are in turn governed by
the interactions between the individual components and the membranes.

If IIThis is particularly true for dense layered materials which are not
¯ ¯’? Jlstrongly swollen to an extent that appreciable hydrodMuamle or buli~,~-zlow

of water and/or salt solution can Occur. The situation becmmcs further ,j



complex when the possibility of mutual interactions between the three
components: the membrane, the included salt, and the included water arc
considered. Such mutual interactions may ~n turn influence the bonding
and ~e nature of the diffusive transporh of each included c~onent in
a significant but pocz’~understood~aner.

The nature of the salt redecting layer has been the subject of
numerous discussions by investigators vho have studied the Loeb t~-pe
membranes. In a general sense, there are two depictions or two classes
of models of what the surface is like~l~iE2f~8), in one case it has been
argued that the "dense lawyer" is microporous having pores t~ical~y of
6 to i0 ~ in size( 28 ), which is sensitiVe to differences in size and
shape of permeant molecules. Indeed30sterhoudt has argued that the
surface of desalination membranes based on ee22.ulose acetate are highly
selective as to the molecular size and shape of uncharged permnanaes
and that this selectivity is greater the more the salt rejection of the
membrane. Bean and DeSorbo(21 ) have recently argued (from studies 
salt rejection in the cellulose acetate as a function of pressure) that
a rough agreement between theory and experiment can be obtained upon
assuming the existence of pore sizes in the range of i0-20 ~. They
conclude that a model~ assuming the salt rejection by pores, cannot be
excluded in explaining the properties of cellulose acetate. However,
direct independent physical evidence for the existence of such pores
appears lacking. Indeed; in m~nyoases the larze n%bmber ofparumeters
~ssoctated with ~uch ~ore mc~lels is snfficie.~tl~ great so that there is
very little that they c~nnot "~lain"( 15 ). Further, the natume 
the pores thumse]xes has been the subject of discussions. Thusj it has
been ar~d that there may be two types of pores -- a larger unrestricted
type pore through whieh the pezmeates can diffuse, and a "restricted"
type pore which requires a degree of pressure activation to effeetiveJ,v
open it and Rllow the pen:eant to pass. ~.lso, as smaller pore sizes
are considered, ~he conceptual distinction between a "pore!’ and amorphous
region of the pcl,vmeric membrane becomes abstract and poorly defined.

An alternative picture of the active or "dense skin" surface
has been presented by a number of authors. Thus, it has been argued that
both the salt and the water flux through the membrane material result
from the fact that the permeants first dissolve in a polymeric material
and then diffuse through it. In such models~ the difference in the
mechanisms for diffusion of the two components together with the differences
in their respective concentrations in the membrane primarily are believe~
to account for both the salt rejection rate and the flux properties of
the mat~ri~l. Indeed, comb~natioua of these models have been~also ~ro-
posed in which, at low hydration, the water and salt fluxes are due pri- [
marily to diffusion processes and are to the first approximation uncoupled~,13,11bgg)i
In contrast, at higher hydrations, coupling between the two fluxes results
and "bulk flow" becomes important. " I

Many features of proposed theories can be tested by and compared I
wit~ results of N.I.S. ~eaaurements Thus, Reid(30 ): and Hoffman mt ui(29
have suggested that the hydr~x¥1 group in cellulose-acetate membranes
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are essential for the selective diffusion of water. %.~ater molecules
undergo an actiCated ¢r "jump" diffusion proce~ in amorphous regions of
the pol~aner which involves the breaking of bonds between }~0 and
hydroxyl groups. Thus, as noted by Yasuda, LaS~ze and ikenberry( 31 
that (at least at lower membrane hydrations) the "membrane-phase 
uniforml~ solv~ted by the water present." Then, as suggested by
Hoffman et el( 29 ) such primary l{20’s might be expected to diffuse 
j~mping ITem chain to chain when hydrophille groups are in close
proximity. In turn~ this implies that the density and strength of hydro-
philie sites play a crucial role in determining the flux characteristic
of such "dense layer" materials.

However, a number of considerations serve to make such a model
more complex. Thus, Rosenbaum et el( 16 ) have noted that, for C.A. mem-
branes with i~ hydrox~l content, the strong dependance of the self-
diffusion coefficient for water on the densit M of hydroxyl groups present
appears tc be’,Teduced. Thus; it appears possible that functional groups
in polymer chains, other than hydroxyl groups, m~y play a role as "acti-
vatlon sites." Further, while the free volume, on the average, may be
sufficiently large to sterlcally permit the passage of Hm0undarguing
Jw,p diffusion, it may still strongly llmit the size of any water clusters
present and impose geometric constraints that decrease the self-diffusion
eoefficlents. In addition, it appears that the equillbrlumwater content
of such m em.branes increases with increasing hydroxyl content. Hence, the
probabilitles both of forming secondary water and/or clusters as well as
swellinE the polymer and increasing the free volume are enhanced at
higher hydrations. In turn, this implies that the influence of clusters
and semondarywater-watar coordinations and variations in free volume
on the jump diffusion of individual Ha0’s must be considered. At such
higher hydration 3 a "capillary" or "bulk" flow of water may occur in addi-
tion to diffusion as argued by Yasuda et ai~3,14,3~. Thus, the type and
number of hydrophilic groups may strongly determine the flux behavior of
the membrane by both ~ffecting the activation energies and jump lengths
for individual H20’s but also determine the extent of secondary water
coordinations and clusters which can in turn affect the diffusion process.

Thus, Hoffman, Model and Fleming( 22 ) have proposed a model
for the dlffuslonal wa~er in hydrophillc membranes in terms of two trans-
port water mechanisms. Primary, H-bonded water can diffuse along hydro-
9hillc site~, and salt ions and secondary HmO’s can diffuse between
"clusters" in narrow, capillary-llke passages. Thus, as noted by Huang
and.Jarvls( 32 ), as amorphous regions in the hydrophillc po2~mer become~
swollen at hlghwater concentrations~ the polymer chain accents may
become more mobile, and thus a decrease may occur in energy of the dlf-
fusive transport through the membrane. These effects are reflected in
increasing salt perme~bion rates and decreasing separation as the water
content is increased. Thus, at highwater concentrations, the water may
have, in essence, a plasticizing effect on the polymer membrane. A
similar conclusion has been reached by Vieth, Douglas, and Bloch( 33 ) who
suggest the following type of correlation. Highly l%ydrophilic polymers;
in general, have high water contents, high water transport~ but low salt
rejection. This appears to be the result of an expansion of the membrane



by swelling with the solvent which creates more favorable diffusive
pathways for water and ions. Strongly hydrophnoic membranes would he
characterized by medium to high clusters and low diffusivities. The
authors associate large clusters of water with excess volume microna-
vities in the polymer structure. However, unlike the hydrophilic
polymers, this probability of diffusive pathways between such clusters
wo~uld be low. These authors argue that cellulose acetate, under certain
conditions, may correspond to an intermediate case with low cluster
sizes and intermediate diffasivltias. Thus, the degree of water cluster-
ing would be sufficiently low so that where large clusters would not
exist and the polymer would not be exeesslvely swollen, still the dlf-
fusivities and connecting paths would have acceptable values.

Recently, Peterlin and Yasuda (3~) have argued that the dif-

fusion coefficient for salt through a polymer membrane can be described <,
as a function of the membrane hydration, of the size of the solute, and
of the probability of finding pores equal to or larger than this size.
On the other hands they note that the dlffusivlty of water in a swollen
membrane is more complicated as the water may interact strongly with
hydrophilic polymers and that the permeability of water under pressure
can deviate progressively with inereaslng hydration from that expected
for a diffusive permeability. Thee, them suggest the water in a strongly
swollen membrane may pass through partially by a process involving bulk

~flow which in turn reduces the salt rejection and increases the flux of
both water and ions. They also argue that the interaction between water
and the polymer seems to be a predominant factor influencing the water
flux and the salt re’leetion characteristics. These authors also investi-
gated the N.M.R. spot,true for water in membranes. They found2 indeeds
as expected that the N.M.R. signal was broader for water in the membrane
phase than for free water due to restriction of the molecular motion.
However, they also noted that, while such a broad water signal was ob-
served for all the polymers investigated, at higher activities of water
a number of polymers showed a doublet which, while not a simple super
position of a pure water llne on a signal Of ~.ncluded water, might arise
from preferred orientation of the HaO’s i~t th~. ~olymer. Further~ they
noted that the temperature dependence of t]e~.~!.R, lines of the water
in the polymer was signlficantly~lifferent D.;~ that of ~ure water and
the N.M.E. signal did not change appreciably dowu to -90-C where an
abrupt broadening occurred. Thus, cooling did not affect the absorbed
water and its molecular motion until temperatures well below 0° were
reaohe~.

Recently, Yasuda and ooworkers(13,14), have analyzed the rela-
tionship in reverse osmosis membranes between salt rejection and water
flux on the basis of movement of water through the polymer. They note
that, under applied pressure, both molecular dlfD~sion and bulk flow can
occur in polymer membranes in a manner dependent both upon the water
content and the degree of swelling of the material. They also argue that
the interaction between the solute flux and the water flux can be’ appre-
ciable. Thus, as lon~ as the water moves by diffusion it is unlikely

ii



that the coupling of water and solute flux will occur; but, when water
moves by bulk fl~, the coupling may be signlfieanh and the salt reJec.
tion of the membrane m%v drop. In the lower hydration region, they found
that water permeates by diffusion even under an applied hydraulic
pressure; while, in the higher hydration regionl water moves part~al]y
by bulk flow under an applied pressure gradient but mows nn~y by dif-
fusion in the absence of pressure gradient. In a homogeneous membrane
they conceive of the water-f411ed space through which transport of per-
meates can occur as fluctuating pores or channels in the polymer matrix
which are not fixed either in size or location. As a consequence of the
plasticizing effect of water in swollen membranes, macromolecules in the
water-m~ollen polymer may exhibit a high degree of mobility so that the
size and shapes of the pores or channels may continuously change. There-
fore, at & certain point within the membrane at a fixed time the geometry
of the polymer segments may be such that the water movement is character-
ized by diffusion° Water may move more and more by flow when this portion
of the membrane structure changes to a more loose geometric arrangement
at some later recreant. Therefore, in order to have high salt rejection
rate and high water flux, the membrane must have a maximum amount of water
distributed evenly throughout the membrane without the formation of large
clusters and/or aggregates of water. Howe~er~ polymer systems are not
expected to be homogeneous at a microscopic level. Regions of widely
varying degrees of free volume including cryste~lites, spherulites and
amorphous fractions may co-exist and be distributed throughout a polymer
volume. Thus, Yasuda and Tam,ze(13) have estimated that even in cellu-
lose-acetate membranes interse~nental spaces of at least 30-40 ~ may be
able to exist. It is of interest to note that cavities of such a size,
if they did not modify the structure through surface interactions, would
be s~erically capable of holding clusters which might approach those
typical of normal water. As recent x-ray diffraction data have ehownl

all 0--0 correlation in normal water i’s lost only at radii larger
than ~-0 ~.

In addition to the above results, Yasuda and his coworkers(L3,14)
have described the microscopic diffusional water in the membrane in terms
of thermally activated Jumps of individual water molecules for which the
self-diffusion coefficient t D, is given by

h -- c [-v.IvfO1 r- Ik--I Eq.(1)
9her~

am (~lh); Eq. (23

d is the Jump distance; V~ is a characteristic volume parameter describing
diffusion of the permeant molecules in the membrane (in essence proportional
to the sweeping volume); and Ve° is the total free volume in unit volume
of the membrane; E is the actiVation energy for the diffusion process.
The authors note that the exponential term involving the activation
energy cad be considered as characteristic of the water molecules des-
cribing a thermal translational Jump, while the exponential term involving

t-



the free volume is characteristic of the membrane. Further, the expo-
nentlal term involving the free volume of the membrane we.’ included by
the authors in accord wlth concepts developed by Cohen and Turnbull(35).
Physically, it represents the probability of a molecule finding a hole
to which it can jump from a given location and is therefore strongly
dependent on the morphology of the polymer and of the regions of in-
cluded water in the polymer. Further, the authors assume that Vf°, the
total free volume of the membrane~ is composed of additive contributions
both from free volume characteristic of the polymer morphology and a free
volume characteristic of water clusters in the membrane, V~ o The rela-
tive amounts of each type of free volume are related to th~ivolwne frac-
tion (H) of the water in the membrane or of the polymer. The authors
further assume that at high ~later concentrations the activation energy
for water in a membrane may be closely similar to that for pure water in
which case Equation (i) can be rewritten in terms of the self-diffuslon
coefficient for pure water, Do, as the following:

It is of interest to note that to the extent that this approximation is
valid, the D for water in membranes would be suppressed relative to the
Do for normal water by the geometric free volume factor. Further, it
should be noted that this equation is of interest in comparing the fume-
tionalform of parameters of the diffusive kinetics obtained by neutron
inelastic scattering for those obtained previously for water and ionic
solutions. One might expect in this approximation that the residence
time, To, which depends primarily upon the activation energy weuld remain
similar to that for water, while the observed self=dlffuslon coefficient
would be strongly suppressed by the free volume exponential factor in
Equation (5). B~ a comparison of the functional dependence of Equation (3)
for a series of membranes for which the ratio ofthe volume percent for
water and polymer arc known3 the authors conclude that self-diffuslon
coefficient in the range ef hydration from H = 1 to O.1 can be, indeed,
described by Equation (5) whlch was derived both on the basis of free
volume concept of diffusion in membranes and on the assumption of addi-
tlvlty of free volume of the polymer membrane and hMdratlon water. As
will be discussed in detail’below, ~he initial neutron scattering results
on a cellulose-2.9 acetate membrane containing approximately one HaO per
OH group (assuming the uniform distribution of waters) show features
(detailed below) that are partiall F in accord with the above authors’
findings. However, they cast doubt on the assumption that, at lower
hydrations of the membrane, the average activation energy involved in
individual HaO molecules is similar to that for pure water. Thus, at
such lower lkvdrations , OH---HaObonds would be expected to predominate
relative to direct HaO-HaO coordinations characteristic of "clusters" in
swollen areas of the membranes, and the former might involve a significantly
different hyd~ogen bonding strength than that characteristic of parewater.
Such differences would then show up in a pronounced manner both in the in-
elastic frequencies and the values of To, the residence time, which
depends upon the antivation~anergy. In addition, the self-diffusiof~
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coefficient would be strongly suppressed relative to normal water by Just
the geometrical free volume factor, discussed by the authors above.

It has been argued by Rcsenbaum and Skeins( 15 ), by Reid and
eoworkers(30), by Yasuda and ecworkers(!5,1h,5~and by H~ffman and 
workers( 29 ) that the amount of salt in a membrane is closely connected
to the membrane hydration on the dissolved salt in the polymeric matrix
which is solvated and is ionized to a similar degree to that in solution.
However, this should not be taken to indicate that the concentration of
salt in membrane water and the degree of hydration of the ions would be
equivalent to a solution. Thus, while ions in a membrane may be solvated
tc an extent tc shield them from direct interactions with the cellulose-
acetate polymer, as argued by Yasuda ct el( 31 ), water-polymer interac-
tions cad the extent of local free voltmls available fcr hydrated ions
may alter the salt hydration relative to a pure salt solution. It has
been suggested that ions in membranes will primarily be confined to and
diffuse between more open water-rlch regions in a membrane in which there
is enough HaO so that multiple ion-water contacts can occur. Thus, as
suggested by Hell%nan( 22 ), "hydrated ions would travel a longer and more
tortuous path" than HaO molecules in traversing the membrane and, hence,
effectively diffuse more slowly. Further, as noted by Yasuda et el(13,14)
at high hydrations where appreciable swelling and increase in free volume
can occur, the salt flux can "couple to the water flux and a bulk or
macroscopic transport of salt may occur." Highly hydrophilie polymers
in general are thought to have higher water contents and high water
transport but, as noted above, a relatively low salt rejcctlcn. The latter
property results apparently from the result of an expansion of the m~mbrane
by swelling with the solvent which, in turn, creates more favorable dif-
fusive pathways through the film for water and ions.

Thus, it has been argued by Miehaels et el( 12 ), by Yasuda and
Sehwindler( 36 ), by Rosenbaum et al(15~16), and by Hoffman ctal( 
that essentially the desalination efficiency of reverse osmosis membranes
is due to such differences in the diffusion mechanics for water and for
hydrated ions that occur as a result of the different polymer-water and
ion-water interactions. However, at lower hydrations, any degree of
coupling between the salt flux and the water flux has gemare~ly been
neglected. Our initial N.I.S. investigation of the effect of NaCI on
the bonding and diffusive kinetics of the water in "dense layer" membranes (as
detailed below) cas~ some doubt on this assumption. At lower membrane
hydrations (e.g.~ especi~l~y < i0 wt.~), measurements showed that substan-
tial changes oecurr,~d as the ~esalt of included NaCI in the diffusive
mobility of the included HaO molecules.

B. Effects of Temperature

Only a limited number of measurements at a molecular l~vel for
the effects of temperature on HaO in desalination membranes ~is~ ~vailable.
Thus, Peterlin and Yasuda(34 ) have made N.M.R. measurements on the
temperature dependences of the included water. These authors have noted
a broader N.M.R. signal for water in polymers typical of those used for
desalination membranes. Indeed, not cRlM was the signal of-water in such



polymers broadened relative to normal water, hut certain pol~mers showed
a doublet which the above authors argued m~ght occur due to £hc fact that
certain of the water molecules or certain motions of such water molecules
had preferred orientation. Further s these authors nots that the N.M.R.
signal of such water in cellulose acetate did not show any abrupt or
appreciable changes down from -90°C where an abrupt broadening then
occurred. This, they interfered as indicating that water exists in
such a manner in such membranes that freezing does not occur and the
molesiLlar motion of the absorbed water is not abruptly influenced until
the temperature dropped far below O"C. Such behavior is reminiscent of
that observed and previously studied(3,1~ ) in concentrated ionic solutions
which, upon supercooling, lead to the formation of viscous, supercooled
liquids andI at lower temperatures~ glasses having a "frozen-in" order
similar to that of the solution structure.

C. Variations in ~,Iolecu~ar Weight

F.S. ~.ledel et el( 37 ) have investigated the influence 
molecular weight en reverse osmosis desalination membranes. These authors
determined the changes in water flIhx for a ~0~ salt rejection that
occurred due to variations in molecular weight. ~lile the scattering of
data points was large~ they did appear to find a trend that indicated
that the water fl~x increased nearly linearly with decreasing molecular
range, typically in the range of ~O,000 and 70~0~. This trend is in keep-
ing with the above preliminary neutron scattering measurements on the
effects of molecular weight. Farther 3 the above authors suggested that
there is an optimum value of molecular wei~at which wo~hld he in the
vicinity of ~03000 for se71ulose-acetate desalination membranes.

2) Neutron Spectra of Water in"Dense layer Membrane

In Figures i an~ 2, the inslastle spectra obtained by the above
subtraction techniques for the included water in a cellulose-2.5 acetate

"dense layer" are compared with tlle corresponding spectra for normal water
at 25°C. In the Inelastic spectrum of normal water in the vicinity of
400 cm-x the brC-ad intense ms.ximum borrespends to the librational modes
of HaO molecules characteristic of the short-range ordering andbondlng
of the liquid¯ Recent neutron inelastic scattering measurements by
Safford et el( 1 ) have shown that this broad maximum consists of three
partially resolved maxima at approxlmateiy h60, 605 and 870 cm"z . Indeed,
these values are in agreement with the Ramen spectra of Nalrafen who
deduced the existence of peaks at ~50, 550, and 722 cm"I. The existence
of these maxima has been more recently further confirmed by the work of
Day and Sinclair(38 ) using neutron’ down-scattering experiments with their
correspondin~ peaks at approximately ~80, 6~5, and 870 cm-z . These three
maxim~ are associated with the librational rocking, twisting and wagging
modes of bonded HaO molecules in the water structu~&~and have been asso-
ciated in the work of the Re/nan results of %Ialrafe~ y~nd,~ -9 of Terhune~ Savage

and Maker( 40 ) with a four-coordinated species having COy symmetry which"
is progressively broken down with ~f~creasing temperature A number of
weaker modes appearsat lower frei{*e~.cs (typically, below 300 cm"~)

(e.g., between channels 60 and l~O in the region expected ~n which hydrogen-
bond stretching and bending ~ibratich~z "~{Ould be expected) Again, the



accord bctwccn the neutron results and the ~mnn results arc good; al-
though in the absence of selection rules, neutron measurements show
addi’~ional maxima.

In comparison with the above characteristics of the water
spectrum at 25°, the following ob~erved features of the neutron Spectra
(Figures i and 2) for the water in the membrane should be noted.

(a) A broad maximum again appears in the vicinity of 450 um-l
(e.g., channel 49) where librational modes characterishic of normalwatar
typically occur. However, this maximum appears to be the superpositicn
of a larger number of sharper and better resolved components. This multi-
plicity of components suggests the existence of more than one type of
coordination of water molecules lathe cellulose acetate, Further, the
narrow widths and, hence3 better resolution of these vibrational maxima
suggest that these coordinations are more unique with regard %0 distor-
tion and variations in 0--0 distances than are the four-coordinated
species characteristic of normal water.

In addition, as shown in Figure 2, as the concentration of
water in the membrane is reduced by about 50%, certain of the maxima in
the torsional region appear to become sharper and better defined. This
suggests that a broader spectral contribution present at the higher con-
centration has reduced, thus, leaving the remainin~ modes unshifted but
better resolved and defined. This connentration behavior is again in
keeping with the presence of more than one type of coordination for the
water in the membrane material. At the lower concentration where the
spectral features are sharpest, it could be ex"pectedthat the majority
of HaO’s would be coordinated directly to OH groups in the amorphous
regions of the membrane. Such coordinations could have less dispersion
in 0--O distances and bond strengths then in pure water and, hence,
give rise to sharper and more unique spectral features. As the concen-
tration of water in the membrane is incresused, the probability of forming
secondary H20-H~O coordinations and/or "clusters" would be enhanced which,
in analngyto normal water, would involve a broader distribution of 0---O
distances and bo~d strengths and, hence; would give rise to broader ¯
spectral components. It is, of course, also possible that the broadening
with increasing concentration occurs as the result of the perturbation
of the more~ unique CH-}~O coordinations and their frequencies by the
formation of secondary H20---H~O coordinations.

(b) The area of the quasl-elastic maximum (e.g., the rise in inten-
sity at channel 165 - 170, followed by a gradual decrease at higher
channels) is smaller relative to the inelastic intensity than that charac-
teristic of normal water. If the area of such a maximum is associated
with a Debye-Waller exponential, its decrease in intensity or area would
be associated wi~h a larger averasa vibrational umplitude than for water
molecules in normal water.

(o) In Figure 3, the lorentzian baT~-widthat half-maximum, p, oft 
diffUsively brcadenedquasi-elastic component is shown as a ~nction of the
momentum transfer25oCsqumred (K2). The corresponding curves for normal water
at I~C and at are also shown. It is seen that the curve for the
included water lies well below that for normal water. Its slope at the
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origin would be in proportion to ~DKa and, thus, the lower slope implies
a reduction in the self-diffuslon coefficient relative to normal water.
As noted above, such a reduction Is the self-diffoslcn cnefflelcnt could
be h, accord with the argument of Yasuda et al, and could reflect ~n part
the free volmBe constraints on diffusion as given in Equation (1). More
qualitatively, in contrast to normal water, the self-diffuelon of indivi-
dual H~0’s in the membrane would be reducedby the stronger restraints
resultln~ from free volume restrictions of the pol~mer. Not only must
the probability that an Ha0 breahs a bond and undergoes an activated jump
be considered but the probability that a "hole" exists into which such a
water molecule can pass must also be considered.

At higher Ka valses, the curve of V for the included water ~s
observed to closely approach a nearly constant value as expected for a
delayed or Jump diffusioa behavior. In contrast, for pure water at 25°C
while the curve shows a similar shape3its temperature bellavior has been
shown not to be( i ) in accord with a simple delayed diffusion be-
havior, and at ~his temperature, free particle motions may strongly
contribute to the observed diffusive behavior. It should be emphasized
that recent neutron scattering studies of water and ionic solutions sup-
port the recent contentions of Rahman et al( 41 ) that water at o

cannot be characterized by a simple ~ump diffusioa process as was sug-
gested by earlier neutron scattering measurements. HOwever, studies of
the dependence of F vs. Ke for pure water, as a function of temperature( 1 ),
show that~in an interval of temperature between l°C and approximately
15°C; a jump diffusion a~proximatlon is capable of counting both the ob-
served shape of F vs. K=, its observed temperature dependence, and of
yielding values of D and To in agreement with those obtained by other
teehninues for water.

The p vs. Km curves for the included water, as noted shove, lie
well below the eorrespondlng curve for water at 25° and also below a

¯ o
similar curve for water at 1 C~ at which temperature a jump diffusion
model is valid. The fact that this curve also lies low at high Ke

values implies an average To strongly increased relative to that charac-
teristic of normal water even at 1 C. As the amount of water is further
reduced (Figure 2), an additional narrowing of the quasi-elastic maximum
cccurs~ in keeping with an addlticnalreduction in D and an increase in
~o. A more quantitative estimate of the changes in these parameters must
await complete measurements as a function of angle at the lower water con-
centration. As discussed below, these changes in To and D can be eorre-

: fated with the progression in decreasing concentration toward a wider
separation of the sites between which the H20’s can jump. Thus, at lower
concentrations, where HaO’S would be coordinated primarily to OH groups
of the polymer, the average inter-site distance could be larger than at
51gher enneentrations where the presence of secondary HmO-HaO coordina-
tions and/or aggregates of HaO’s could yield shorter distances between
Jumps.
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As ncen in the spectra of Fi@ircs i and 2, real and significant
differences relative to water occur both in the inelastic frequencies and
in the di££u~ive broadening of the quasi-elastic maxima for the included
water in a "dense" membrane material. Any interpretation of the above
data must simultaneously account for (i) the multiplicity of maxima 
the torsional region and their enhanced resolution and definition rela-
tive to water; (2) the fact that with decreasing water content of the
sample, those .me.xima appear to shaspen and become better defined;
(3) a smaller area for the quasi-elastic maximum than is found in the
spectrum for normal water, implying a larger ~veragm vibrationalampli-
tude; (IL) a large decrease in D, the self-dlffusion coefficient, and 
increase in To as the concentration for the included water is reduced;
(5) the existence of large amorphous regions have high segmental mobility
even at ~SQC; and (6) D.S.C. observations which show that for the iO~
water content ice formation does not occur down to -60°C.

The folloWing model appears capable of explaining the spectral
features and results to date. However, in view of the preliminary nature
of the data, this model as yet must be considered ms tentative. At the
lower concentration it would be assumed, as noted above, that the majority
of the HaO molecules present are bonded directly to OH groups randomly
distributed in the large amorphous regions of the polymer and few, if any,
secondary HaO-HaO coordinations are present. If it is further assumed
that the interaction between a given OH group and a water molecule is
prims.rily determined by the local so,neural ordering of the polymer and
only secondarily perturbed by the long-range intramolee,l,r chain ordering,
then the OH...O distances and bond strengths may be nearly equivalen~ and
the sharpness amddefimitlon of the corresponding ~craional modes of the
OH...O molecules can be understood relative to those observed in the
spectrum of pure water where a wider variety of distances and bond strengths
may be present at 25°C. In order to both explain that these torsional
components appear shifted doWn in frequency systematically by a~prmxi-
mately~0-~0 em I relative to these in water and, simultaneously, the
lower area of the quasi-elastic peak and, hence, larger vibrational ampli-
tude, it appears necessary to assume a sllghtlyweaker coordination for
such l~O’s thaucharactcrizethc HeO-H20 coordinations in pure water. At
first, such an ts~,,~ption would appear inconsistent with the much lower
value of the self-~diffusion coefficient and increased value of ~o for the
included water in the membrane relative to normal water. However, two
factors must be considered in this regard -- first, the much lower value
of the self-diffusion coefficient, D, relatvc to the eharacteri=tle
value for normal water at aS°C, could result from the influence of free
volume on the self-diffusion coefficient (see Equation (1)), as suggested
by Y~suda et al(13,1~). Thus, ~hilethe local coordination of (~groups
to polymer segments strongly determines the frequencies and bondings of
water molecules coordinated to such polymer OH groups, longer range
polymer morphology and the associated free volume would strongly control
the self-diffusion coefficient. It wouldat firstappear that the larger
value of ~o relative to water would imply a higher activation energy and3
hence, stronger bonding for the HeO’s coordinated to the OH groups which
would conflict with the ~oove assumptions necessary to explain the in-
elastic, frequencies an~ quasi-elastic areas of a weaker bonding than in
normal water. However, such need not be the case if it is assumed that
the average distance between bonded sites for water molecules coordinated
to hydroxyl groups of the polymer is substanSially larger than the dis-
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tance between sites in normal water. Ssmoilov( 42 ) has presented detailed
arguments to show that, when considering activated jumps between two poten-
tial minima separated by a barrier, both the depth of the potentials as
well as their spacing are important in determining the "effective activation
energy" for the jump. For example~ if two such wells were infinitely
separated# the re~noval of an HaO molecule from a well would correspond
to an "evaporation process" and require a larger energy than that required
to penetrate the barrier between two potentials which are much more
closely spaced. To a first approximation, as the distance between two
potential minima is decreased (assuming constant potential depths), the
height of the barrier separating them is reduced. Thus, as Samoilov points
out, the ehange in the residenee time for a water molecule in an ionle
solution relative to pure water does not depend alone on the total value
of the interaction energy between an ion and a water molecule or between
two water molecules but also upon the distances separating the potential
minima and the relative shapes of the minima. In essence, it requires
more energy to "evaporate" the Ha0 molecule from water completely than
to simply break a bond and aetivate a jump within the water structure.

In terms of the present data, if it is assumed that the poten-
tial wells corresponding to two successive bonding sites of H20 molecules
on hydroxyl groups are separated on the average more widely than would be
the corresponding sites in pure water, a significant decrease in the jump
frequency and, hence, increa.~e in the residence time, To, could be repro-
duced, in keeping with the above observations. As the concentration of
the included water is increased, secondary water coordinations and/or
clusters may form. As noted above~ such "clusters" could perturb and
broaden the sharper frequencies characteristic of the lower concentration
and3 henceI account for the concentration behavior observed in the in-
elastic regi[~n. Further, they could decrease the average distance between
bonded sites and, hence/deerease the value of To and increase the value
of the self-diffusion coefficient. In principle, if it were possible to
increase the hydration of the ’membrane beyond 10~ by weight, one might
expect the values of D and ~o to approach those characteristic of normal
water in accord with the arguments of Yasuda et ai(13,14). It would
appear that the higher concentration cooling point is reached so that
secondary Ha0’e may find it energetleal/,v favorable to form lee crystal-
lites rather than:tb remain coordinated to the polymer. However, this
would oeeur at a l~’~er temperature rather than at that for norma! water.~J
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35 Effects of Temperature on the Bonding of HeO Molecules in "Dense
La~er" Materials

In Figure ~, the neutron spectra characteristic of the i0 wt.~
water included in a CAa.s "dense layer" membrane at BS°C, -20°C, and -50°C
are compared with spectra for water at 25°C and for hexagonal ice. In the
interpretation of these data, the following features should be noted and
compared:

a) D.S.C. traces showed no reczysta~lization maxima or melting
maxima (near ooc) that would indicate the presence of crys-
taline ice in the water-saturated CAB.s membrane warmed
from -60°C.

b) The neutron spectra at -IO°C and-500C for the "included"
water, are significantly different from those characteristic
of the spectra of hexagonal ice (see Figure ~): Thus, the
sharp, well-deflned torsional maXima at 560 cm i( ~ ) and
the broad acoustical maximum at ~9 cm"~ associated with
hexagonal ice are both absent. In contrast, reference to
the spectra for the included water at -10°C shows tor-
sional maXima at 522, 415, and 351 which are nearly identi-
cal to those observed in the spectra at 25~C (for a CA~.5
membrane containing 10 and 5 wt.~ water) and they are dlf-
fereat to the torsional maxima observed for ice.

c) With decreasing temperature, these torsional ms~ximamain-
rain their frequencies and sharpen (compared to the spectra
for lO wt.~ water in a membrane at -10°C and at ÷25°C in
Figure ~). This sharpening is similar and in the same
direction to that seen to occur as the water content in
the CAa.s membrane is decreased from lO to 5 wt.~. Such a
behavior has haen associated above to a ma~orlty
of the HmO molecules being coordinated is a similar and
unique manner to ~olymer hydroxyl groups at the lower eon-
eentratlon, and the number of secondary HaO-HaO coordina-
tions and/or clusters is reduee~ with decreasing water
concentration.

d)

e)

Witi~ decreasing temperature, the higher frequency maXima
reduce in relative intensity in accord with a Boltzmann
thermal population factor.

As the temperature is reduced, there is a strong increase
in intensity efthequasi-elastlc component relative tot he
inelastic portion of the spectra in correspondence to a
rapid reduction in the average vibrationalamplitu~s of the
water molecules.

2O



f) ~Wnile neither the -IO°C or -~O°C spectra show evidence for
ice, variations in the torsional peaks are observed between
these two spectra. Thus, maxim~ at 551 are observed in
both these spectra and in the room temperature spectra, as
shown in Figure 1. The maxima at 522 and 415 (observed
in room temperature spectra) initially sharpen and improve
their definition as the temperature is reduced. However~
at -50°C they appear to coalesce to a single maximum.
Such behavior indicates either changes in the local order-
ing associated with the torsional maxima or the onset of
spectral contributions from secondary water coordinations
and/or "clusters" which, while different from ice 3 are
also different than pure water and the Hoe molecules
coordinated to polymer hydroxyl groups.

The observations (a) - (f), above, strongly indicate that 
dispersion of water through the "dense laver" membrane and the strength
of polymer-water interactions at lower hydrations inhibit the formation
of hexagonal ice even when the hydrated polymer is cooled to -50°C.
Such behavior is reminiscent of that observed and previously studied(5,4)
in concentrated ionic solutions which, upon supercooling, lead t(.~the
formation of viscousj supercooled l_quids and3 at lower temperatures,
glasses having a "frozen-in" order similar to that of the solution struo-

. @ture. Indeed, the spectral similarities of the IO C included water
O

spectra to that at +25 C suggest that upon cooling nexther hexagonal
ice nor any strong, new water structures are formed. Rather, water mole-
cules remain ordered within the membrane with bondings and local order-
ings s~m~lar to that at room temperature but with decreasing temperature,
a gradual reduction in the average vibrational amplitudes occurs. Such
a gradual reduction in average Debye or similar amplitudes would thus
account for the sharpening of the three torsional components in going
from +25°C to -IO°C in a similar manner as observed previously, as the
amount of water was reduced from 10 to ~ wt.% in the CA2.s membrane during
which the population of the primary Nee molecules coordinated with polymer
OH groups was relatively favored. InitJaL1y, such torsional Imqxima, asso-
ciated with primary polymer-water coordinations, sharpen and intensity
with decreaeing temperature ~hile any secondary HaO-~O coordinations
and/or water-like clusters still give rise to a broad background upon
which such maxima are superimposed. However, in passing from -IO~C to
-50°C, the 351 em"l component fUrther sharpens and relative intensities
of the higher two frequencies decrease in accord with a Boltzmann popula-
tion effect as the temperature decreases. However, at -50°C a peak at
510 cm"I (between the center of the torsional peak of ice and water),
appears and may correspond to a low temperature coordination of the
secondary waters or clusters. It should be recalled that in the inter-
pretation given to the 25°0 spectra it was noted that the three torsional
components at 522, 415, and 351 appeared shifted down in frequency fray.
those characteristic of pure water which occur respeetively at 860 em l,
5901 and M54 cm"I. Nllere this reduction in frequency could reflect



polymer HaO coordinations weaker than those in normal water, it was simul-
taneoosly meted that the residence time (average bonding period) for such
water molecules was much larger than that characteristic of normal water.
In part, this larger residence time was associated with a larger averuge
jump length for water molecules in {he membrane which would undergo acti-
vated jumps between successive polymeric C~ ~roup sites than in water.
However, the above observations do not rule out the possibility that the
water-0H bonding may be stronger than waker-water bonding in pure water,
such that water molecules may be bonded through their oxygens to polymer
hydroxyl groups more strongly than similar coordinations in pure water.
However, if the water protons were free to execute large vibrations as
a result of a lower degree of coordination or on a time average being
less bonded ~i~n h-coordinated species characteristic of pure water,
then the frequencies corresponding to the torsional oscillations of
their protons about the center of mass could occur at a lower frequency
than those observed in normal water (as shown in Figure 4). Thus, while
such libratlnns.l frequencies would appear lower, the stronger eoordina-
tior~ of such water molecules through their oxygens to the primary polymer
hydroxyl groups could give rise to a larger residence time as a higher
activation ener~ would he needed in order to break such polymer-water
bond prior to an activated jump.

The above observations on the temperature dependences of the
included wate’~’ are in accord with N.M.R. measurements made by Peterlin
and Yasud~( 19 ). These authors have noted a broader N.M.R. signal
for water in poS~mers typical of those used for desalination membranes.
Indeed, not only was the signal of water in such polymers broadened rela-
tive to normal water, hut certain polymers showed a doublet which the
above authors argued might occur due to the fact that certain of the
water molecules or certain motions of such water molecules had preferred
orientation. Further, these authors note that the N.M.R. signal of such
water in cellulose acetate did not show any abrupt or appreciable
changes down from -90°C where an abrupt broadening then occurred. This~
they interpreted as indicating that water exists in such a manner in
such membranes that freezing does not occur and the molecular motion of
the absorbed water is not abruptly influenced until the temperature
dropped far below O°C. \\

In summary, the above neutron scattering results strongly
emphasize that at lower hydrations the Water in "dense layer" desalina-
tion membranes must bee in terms of coordination and dif~sive kinetics,
considered significantly different from normal water. The majority of

HeO molecules are coo~/inated directly to polymeric OH groups and their
diffusion takes place uniformly throughout t~e membrane matrix by activated
jumps between such hydrophilie sites. The bonding and coordination of Hoe
molecules to polymeric hydroxyl groups appear more unique in its local
ordering than the bonding characteristic of pure water which may imply
that this bon~ing is primarily determined by the local polymeric sea-
mental structure and is only sccocdari~v, at best, influenced by longer-
range orde~./ins, aa previously noted. It is clear that the HmO molecules
migrate throughout the polymeric matrix in a manner functionally described
in terms of a Jump diffusion model. Values of the self-diffusion coeffici4nt
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associated with such motions are much lower than tho~e associated ~ith
normal water. Tnis~ in turn~ reflects a coablnation of factors includ-
ing a longer residence time, a s~8]ler degree of free volume~ and an
increased Jump length relative to normal water. In addition, at lower
membrane hydrations where swelling is not pronounced~ the free volume
may be also sufficiently limited to inhibit formation of clusters and/or
secondery water coordln~tions to .an extent that they could readily
form ice crystal!Ires upon freezing.

4) The Dependences of the Bonding and Diffusive Kinetics on the Degr(.
_Of Anet~lation of "Dense L~er" Cellulose-Acetate M~mbranes an~ on
the Concentration of Included Water

In order to determine the effects of varying degrees of acety-
lation on the bonding and diffusive kinetics of water in ’Sense layer"
CA membranes~ N.I.S. measurements were made and compared for the follow-
ing three samples’

i) CAn.so "dense l~yer" material (cast from A-432~I30B) and
contalning 8 wt.~ w~tcr (e.g., 3.8 HaO’s per OH group).

2) CAa.s "dense lamer" material (cast from E-398-10) contain-
ing i0 wt.% water (e.g., 2.9 He0’s per OH group)¯

3) CA~.v "dense layer" material (cast from E-320) containing
24 wt.~ water (e.g.~ 2.3 HeO’s per OH).

The inelastic spectra are shown in Figure 5 and the corresponding curves
of P vs. Ks are shown in Figure 6 . The fo11.owing trends and features
should be noted and eo:npared with the results for the CAe.o material dis-
cussed above and shown in ?lEarns i and 2.

(a) In going from the CAd.on to the CAR.S to the 1.7, th e density
of OH groups increases and the equilibrium water content also increases.
Heuca~ the degree of swelling of the membrane due to the included water
also increases and an increase in free volume occurs. However, it
should be simultaneously noted that with increased deacetylation or OH
group density, the crystnllinity of "dense l%yer" materlsls strongly
decreases and, hence, the amount of free volume (available for water
adsorption) associated with amorphous regions would increase. Unfortu-
nately, precise quantitative estimates of such increases in free volume
that occurs on goin~ from the CAe.~a to CAx.v are difficult to determine
and are not available. However, in the limit of zero OH group content3
HaO molecules in amorphous regions would not involve direct OH-H20
coordination and would he primarily combined by free volume and by weaker
polymer water interactions. In contrast 3 at higher OH content (e.g., the
CAI.T material) the free volume in the immediate vicinity of an OH" group
in the umorphpus region may he sufficiently larger to permit primary-
secondary water coordinations and/or clusters to form.



(h) As shown in Figures i and 2 and discussed above, for 5’~ water
in a CAm.s "dense layer" membrane in the vicinity of I~00 am i (e.g.,
channel 55), there appears to be a saparposltion of a larger number of
sharper and better resolved torsional components than observed for
normal water. The narrow widths and better resolutions of these maxima
suggested that such coordinations were more unique with regard to dis-
tortion and variation of 0--O distances than are the corresponding,
more coordinated species characteristic of normal water. As the concen-
tration of water was increased to l0 wt.~ (Figure 2), while the above
ms.xima persist, they became broader and more poorly defined. This con-
centration behavior was again in keeping with the presence of more than
one type of coordination for water in the membrane material. Thus, at
5 wt.~ loadings, where there are approximately 1.5 waters per OH group
on the average, the majority of waters would he coordinated directly to
OH groups . However, as the concentration is increased to i0 wt.~
(e.g., three waters per OH group) the probability of forming secondary
HeO-HaO coordinations and/or clusters would be enhanced. Bush clusters,
it was postulated, in analogy to normal water could involve a broader
distribution of 0--O distances and bond strains and, hence~ would give
rise to broader spectral components.

(e) Relative to the OHa.s materlal w~th 1O% water as the OH content
is slightly reduced in going to the CAm.ca materia~ only slight, if a~v,
variations are observed in the inelastic frequencies. Thus~ again the
HmO appear primarily headed to polymer OK grouRs and a degree of secondary
water coordinations and/or clusters occur as well. However, the curve
of F vs. Ks appears shifted below that for i0 wt.~ water in the CAa.s
m~terial in keeping wlth a decrease in the self-dlff~slon coefficient, D,
for the included water and an increase in the resldenee time, ~o. In
accord with the argument of Yasuda et al(13,14), as discussed above, the
decrease in D could in part reflect a decrease in the membrane free
volume available for the diffusion of haO’s. Simultaneously, the increase
in To would reflect an increase in the activation energy for del~ed dif-
fusion associated with a slight increase in the separation and in the
potential barrier between the potentials corresponding to the hondlng
sites between which the activated jumps occur.

(d) The spectra for 2~ water included in a CAI.7 membrane corres-
ponds to a case where larger nttmbers of secondary coordinations end/or
clusters could be expected. According to the arguments of Yasuda
et al( 14 ), at this higher hydration, one would be closely approaching
the "boundary line" between "lower hydration regions" (where the trans-
port would involve the diffusion of water molecules along the polymer
structure) and "higher h~dration regions" (where bulk flow through 
swollen membrane could contribute to the transport process). Indeed,
at this concentration the multiplicity of sharper maxima, character-
istic of the inelastic spectra for the lower loa~ings of water (e.g.,
5 wt.,~ in .the CAa.s cellulose-acetate membrane), is lost and re~laced
by a broad librational maximum peaked in the vicinity of bOO am i or
channel 53. Further, a comparison of this broad torsional maximum to the
corresponding spectral region? for water shows that the three torsional
components at approximately 870, 605 and 460 cm"I with four coordinated



species in pure water are not observed. Indeed, the broadness of the
inelastic frequencies for the included water in the CAi.rl membrane In
the spectrum compared to normal water is similar to the situation ob-
served when normal water is heated to higher temperatures and the four
coordinated species become progressively disrupted and broken down.

(e) In Figare 6, the curves of p VS. s are c ompared for i 05
water in the CAe.s membrane for 24% water in the CAI.v membrane and
for pure water. It is observed that with increasing water content (in
going from the CAe.e to the CA~.v membranes) the corresponding curve of

vs. Ks lies increasingly higher. This in turn corresponds to an in-
crease in the self-diffuslon ooeffie£eut 3 D, and e strong decrease in
the residence time3 To. Such behavior is in keeping both with the trends
in the inelastic spectra, discussed above, and with the previous tenta-
tive model to describe the transport of water in the CAQ.e membranes.

The above recults emphasize the twofold influence of the mem-
brane under conditions of medium hydration where it has not been strongly
swollen. To a first approxlmation~ the extent and size of its amorphous
regions must determine the average size of such secondary coordination
groups or clusters and the average number of H~O molecules in them. How-
ever, the interactions of such clusters with OH groups and the internal
surfaces of such amorphous regions give rise to a distortion and/0r dis-
ruption of the local ordering of such clusters relative to that ~hinh
would be characteristic in normal water.

Thus, at the hydration corresponding to the 24 wt.~ water in
the CA1.v membrane, the majority of Hen’s present are in secondary
coordinations or clusters. Hence, the sharp maxima characteristic of
lower coordinations where most of the waters were directl M connected to
OH groups,~hile 9reseat, would be obscured by the spectral contribution
of such clusters; which in addition would have local coordinations which
would be less ordered and effectively broken down relative to those found
in normal water at lower temperatures due to interactions with neighboring
hydroxyl groups of the membranes. In essence, a "breaking effect" or
disordering of the local HaO-HeO coordinations characteristic of pure
water would have resulted as a result of a competition or a mismatch
between the structure of water and interaotlona of the amorphous morpholo~
of the membrane.

It should be recalled that relative to the CAe.5 membrane at
IO wt.% water concentration, the CAI.v membrane has about 2~ water

concentration. At the higher hydration in the CA~.v "dense layer"
matarial, thsr~ is a good probability that water clusters should exist.
Such water clusters, due to their interaction with the surrounding poly-
meric material, however3 would have local orderings broken down relative
to pure water. Despite such weakened coordinations, " ~r the free
volume constraints on the self-diffusion coefficient would still strongly
suppress their self-diffusion coefficients relative to normal water as
the constraints of the surrounding ~olymer would limit the number of
vacant spaces into which a water molecule~ once it has broken a bond or
bonds from the cluster, could ~ump to. However, in view of the ~roximity
of water-water coordinations, the average distance between adjacent bond-
ing sites for a water molecule migrating t~’ough the membrane could be

25

l



strongly reduced; in addition, the average distance between polymeric
(~-OH groups in the membrane material of higher hydration is decreased.
~ms, a large decrease in the resilencn time would occur as a resul~ of
a decrease in the average activation ener~r. These factors ~owld then
contribute to a strong increase in the diffusive mobility of the trans-
port of water molecules through the membrane material even though, in
the case of the present CAI.7 material, appreciable swelling to the
extent that bulk water flow could exist would be excluded.

5) Differential Scanning Calorimetric Measurements (D.S.C. of th,.
Transitions Characteristic of the "Dense Layer" Mater~-!.~

Both D.S.C. and neutron scattering measurements were made in
order tc characterize the "dense layer" material used in the present in-
vestigations. It is clear from the above discussion that alterations of
polymer morphology, of free volume, o~: of the degree of acetylatiou can
strongly influence both the bonding and the diffusive transport of H~0
molecules in such materials. Further 3 it is also known that a particular
casting process and the solvent used may strongly influence both the
degree of crystalliuity in such materials and the free volume connected
with amorphous regions and, hence, strongly influenme the water transport
in such materials.

In this regard, ~uer and Morro~(25) have made extensive
studies of the stE~cture and morphology of membranes and their varia-
tions related to different methods of manufacture using cellulose and
cellulose triacetate and using differential scanning calorimetry,
x-ray diffraction, an~dynamieal-mechanieml techniques. Typically,
they find that for cellulose acetate the melting endotherm occurs near
230"C, while a glass transition occurs near 19O°C. The melting endo-
therm near 250"C could be intensified by annealing at temperatures in
the range 150-200°C.

A melting endutherm was also observed in samples that were
annealed in water at temperatures of 70-1CO°C; aed, hence, even under
these conditions the material contains ordered regions or crystallites
which are too small in size to be detectable by x-rays. The presence
of water in the membrane tends to have a plasticizing effect and decreases
the glass traneltion temperature~ thereby increasing free volume.

In the present investigation, the D,S,C, measurements were
made on the "dense layer" CA materials using a DuPont 900 Thermai Analyzer.
The results of the D.S.C. measurements on "as cast" unheat-treated
CA2.o8 and CA2.s "dense layer" materials shown in Figures 7-8. Upon
heating (Figures 8 and 9), a broad second-ordur glassy transition 
observed at about ~O°C for the CA2.5 material. Further, when the mem-
brane has been exposed to either a humid atmosphere or to water, this
transition is nearly obscured by a broad endotherm with a minimum at
about 60 to 80° corresponding to th@~esorption of HaO. In addition,
at higher te,~eratures, an additlonal second-order transition is ob-
served in the vicinity of 180°, followed by a flrst-order transition
at 220°.



As shown by the second curve in Fi~ure 8 , if the ssaple is
heated through the molting transition at 220-~ allowed to coo1 and then
reheatedt the glass transition, near ~0°C, is lost, and the higher
temperature transitions appear intensified.

As shown by the third curve, the sample eau be heated up
through the 40° transition, and so long as the higher transition tern-

4°peratures are not exceeded~ the 0 transition is not lost. Further,
a wet sample can be heate~ through ~0° transition and, provided the
higher 180° temperature is not exceeded, it can be reversibly hydrated
and dehy~ated.

The neutron scattar~ng results complement the above D.S.C.
measurements. Previous measuraments on more crystalline cellulosic
materials show well defined inelastic frequencies corresponding to
intramolecular and skeletal chain vibrations characteristic of well
ordered chains packed in erystallitee. In contrast, the neutron spectra
of the cellulose-anoints "dense layer" materials are oharaotcrlzc~ by
the near-absence of any such well defined vibrational frequencies and a
broad distribution, peaking nearly at kT (e.g., channel 70) which
approeches a shape eharaeteristlc of nearly free segmental motion. Those

G-- Q
.the large amorphous regions associated with the 180 C at the h0 transi

tlons are also associated with free segmental motions and rotations than
in more crystallinemateri~is.

Corresponding D.S.C. curves for an "as cast" (from E-320) CA~.7
"dense layer" material are sh~n in Figure 9 ¯ A degree of similarity
existed in both the number and types of transitions observed for the two
samples. In the vicinity of 217 - 2~O C, a flrst-order transition is
observed characteristic of the melting of crystallltas. Below this
traneltioa in temperature, a broad second-order transition is observed
typlc~ly in the region between 170° and 200°C. In general, existence
of these two types of transitions appears common to cast prepared cellulose-acetate
~’denselayar" materials. Howevars~both their characteristic temperatures
and intensities may vary, depending both upon the material, the degree of
acetylation, and the castin~proeedure.

In addition to the above transitions, a third (second order)
transition iS observed at lower temperatures and appears to strongly
correlate with and depend upon the casting procedures. Thus, for the
CAa~s membrane cast from the ~astm~n-398-10 in an acetone solution,
this transition occurs in the vicinity of ~O~ - 60°0. A similar transi-
tion Was observed for the membrane east from Eastman-520 in D.M.S.O.
solutions in the vicinity of 145° - 135°C. It is to be emphasized (as
shown schematically in Figt~e 8 ) that if care is not taken to make the
D.S.C. measurements under vacuum conditions, ~the loss of adsorbed water
upon heating the membrane materials during a D.S.C. run can readily
obscure such transitions. An important observed characteristic of these
lower temperature’second-order transitions is that they are preserved
provldel the sample is not heate~above the tempera~are corresponding
to the melting of the cr~etallites. However, if the east membrane is
heated above the crystalline melting point and then cooled~ the lower
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temperature second-order transitions are lost and only the transitions
characteristic of the h~gher temperature secorld-ordcr anR melting of
orystallites are then preserved.

The above results emphasize that in such east "dense layer"
materials there are effectively "two t~0es" of amorphous regions:
those regions corresponding to larger free volumes and associated with
lower secona-order glass transitions and regions associated with a smaller
free volume and, hence, with the second-order glae~: transition in the
vicinity of 180,c. The larger free volume regions associated with the
lower temperature transition a~pear to be formed during and peculiar to
the casting process. Both of these regions must play a role in deter-
mining the free volume avail~ble for the diffusion of H20 molecules and/or
ions. However, more precise D.B.C. measurements are required to deter-
mine quantitatively the relative magnitudes of thes~ transitions to
allow the relative percentage of the membrane material associated with
eaoh tNpe of amorphous region %o be estim~te~, However, the preliminary
results to date tentatively suggest that the majority of polymer seEments
in the membrane may be associated with the higher second-order transition
and hence crystallites and the l~r~r amorphous regions constitute the
more minor components.

Curve II of Figure 9~ shows a B.S.C. curve of the original
"as east" memtrane (whose D.S.C. trace is given in Ctt~ve I) after 
has been so~ked in water. The fcll~ling changes in the transitions
shown in Curve ~ should be noted. The melting of the orystallltes now
occurs at a higher temperature (e.g,, 2~0°C vs, 218°0). The lower 
the two second-order transitions has become broader, less intense~ and
slightly shifted to lower temperature. In contrast, the higher second-
order.transition which originally occurred at 170°C now appears to be
much sharper end shifted up in temperature by 30° to approximately 200° .
Thus, the most pronounced effect of the included water has been to de-
crease both the average size and dispersion of free volume assosiated
with the higher of the two second-order glass transitions and to slightly
enhance the crystallinity of the sample. This appears to have happened
in part at the expense of larger free-volume regions that were originallM
associated with the lower second-order transition.

The lar~ermagnltude (Curve II, Figure 9) of the second-order
transition at 200 in the annealed sample strong.ly suggests that t~e
amorphous regions associated with it could well constitute the dominant
morphological feature of the membrane and, hence, be the prime feature
controlling an~:influencing the diffusive mobility of HaO molecules
end/or ions in the material. Further, a preliminary comparison of the
D.S.C. curves in Figure 9 forths membrane cast from E-320 with corres-
ponding curves reported in Figure 7 for the membrane cast from E-398-I0
suggests that the increased degree of aeetylation of the latter "dense layer"
material relative to the former has resulted in a higher degree of crystal-
linity(~3) and a corresponding lower amount of amOrphOUS regionsthat would
be associated with the 180~ second-order glass transition. Then,
indeed, if the diffusion process is associated

~h
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with such amorphous regions(43) and their stabilization is associated
with the crystallites present, th~ h~gher salt rejection rate of the
latter "dense layer" material as well as its ability to swelling can
be Accounted.for in part.

In essencs~ the "as castj dense layer" materials may be
viewed to a first approximation as being composed of the following
three regions.

i) The larger amorphous regions associated with the higher of
the two glass transitions and with smaller free volume. These regions
may be the most influenti~l in detarmining the salt rejection and flux
characteristics of the "dense lamer" material. Thus~ the free volume
associated with such regions may be sufficiently large to sterically
allow the activated diffusion of HmO’s along the hydrophilic groups in
these regions, but may be sufficiently small to restrict and confine

the diffasion of hydrated ions in the "dense layer" materials to the
more open areas of this region and, heane3 to a more tortuous dif~asion
path.

2) The smaller amorphous regions associated with the low tempelm-
ture glass transitions and larger free volume. These regions appear to
be strongly dependent upon the casting procedures, the type of solvent
used, and upon heat treatment. Thus, if the materials are heated to
near their crystalline melting polnts,these regions appear to "collapse"3
reduce in free volume~ and contribute to the Tg near 190°C. They are
also reduced in a similar manner but more gradually by a heat-treatment
in water at lower temperatures. The relative amount of such "larger
free volume amorphous regions" can depend strongly on the rate at which
t he eastlng solvent is removed an~ on subsequent heat treatment in water.
Thus, if the solvent is rapidly ramoved at low temperature by washing in
water, the contributions of such l~ger free volume regions could be con-
siderable. I n contrast 3 if the solvent is gradually evaporated such
regions would in turn gradually collapse and reduce in free volume. In
like manner, heat treatment at temperaturesat or below 90°C in water
would reduce the free volumes of such regions but not allow s~fficient
rapid growth of crystalline regions so that the net amorphous fractions
through which permeates diffuse, is reduced. Indeed, it is the reduc-
tion of free volume associated with such regions that may l~rgelyaccount
for the increase in salt rejection and a decrease in flux upon heat
treatment. Thus3 im such regions, the larger, free volume may permit
the rapid diffusion of ions and a nearly "bulk flow" of water. However,
when this free volume is redueed byheat treatment steric constraints now
reduce the salt permitivity and confine the diffusion of HaO’s to the
activated diffusion process described above.

3) The sm~ll crystallites that~give rise to the first order transi-
tion at 220°C may serve to stabilize the free volume regions described
in (1) and (2) above such that when they are melted~the amorphous regions
associated with the lower Tg and, to a lesser extent, the amorphous
regions associated with the higher Tg irreversibly reduce in free volume.
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For optlm~n membrane performancej the membranes are beat treated in water
(which ants as a l)lasticizing agent) at temperatures sufficiently high 
reduce free volume as described aboves but yet suffieient~v low so that a
lar~ez increase in crystalllni~y and redaction in amorphous regions does
not result.

6. The Influence of NaCI on the Bonding and Diffusive Kinetics of tb~
Included Water in a CAn.5 Membrane

As shown in Figure i0 , it is seen that very little difference
in inelastic frequencies results for the spectrum of 10% included water
in the cellulose CAn .e "dense layer" material and the same "~ense layer"
material containing i0 wt.~ NaCl solution of 1.5 m equivalent NaCI concen-
tration. In view of this similarity in frequencies it should be recalled
that in previous studies of ionic solutions (as a function of concentration)
significant departures in the inelastic frequencies from those charac-
teristic of pure water typieally occur at concentrations above 1.O m for
sodium chloride and a number of other ionic salts. In addition, for the
i05 sodium chloride solution in the CAm.s membrane it should be noted
that per Nat1 there are approximately 30 HaO’s and i0 OH groups baloegisg
to the polymer. Thus~ most of the Ham’s present may be distributed away
from the sodium and coordinated to polymeric OH groups as for the CAa.s
membrane containing only pure ~atar. The degree of hydration of the
sodium may be limited both by steric considerations determined by local
free volume Lathe pal~mar and the ability of such free volume to support
a fully hydrated cation as well as the distortion and resultant breaking
down of sodium-water hydration layers due to possible interactions between
hydrated sodium and the hydrophilic groups of the polymer.

Thus, the similarity of the inelastic frequencies emphasizes
that while emission spectroscopy had shown the presence of the Nat1 in
the polymer, nevertheless only a small fraction of the HaO’s are bonded
to a sodium at any instant. Indeed, the majority of water molecules are
coordinated to polymer hydroxyl groups in a fashion similar to that
observed in the absence of sodium.

In contrast to the similarity observed in inelastic frequencies,
a significant variation is seen as a result of the included sodium rela-
tive to CAe.s memhrane materialaontaininglO~pure water in the~ diffusive
kinetics. As previously noted and as shown in Flgure 3, the curve of P vs.
Ka fo~ i0~ water in a CAa.~ membrane lies well below the corresponding
curves for pure water. In terms of a jump dlffusionmeehnnlsmthis be-
havior in part reflects a strong decrease in the self-diffusion coefficient
au~ a lar~ increase in the residence %hem. As dlsnussed previously, in
accord with the arguments of Yasuda etal~3,14,ig~he strong dearease in
the self-diffusion coefficient relative to pure water would result fzom
the influence of free volume on the self~.difzhsion coefficient. Thus,
in contrast to pure water, the staric constraints in a polymer membrane
may limit diffUsion by limiting the free volume into which a water mole-
cule can dump once it has broken from a group to which it has been coordi-
nated. The larger value of To reflects a larger distance between nonseen-
tire bonding sites between which & water molecule could jump in a polymeric
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!membrane than would be present in pure water. Thus, in accordance wlth
the arguments of Samoilov( )12 ), when eo~sAd=rA~ g actlv~ted jwJlps bsLwcen
two potential minima separated by a barrier, both the depth of a poten°
ti~-I as we11 as thei~ spacings are i~moortant in determinin~ the effective
actiVmtio|: energY. If two wells were infinlte3,y separated, the removal
of a water molecule from such a we11 would require a larger enere~" than
that required to penetrate the much lower harrier between potentials
whloh sre more closely soaeed.

The addition of NaCl to the 10% water contained in the CA2.e
membrane appears to increase the D and decrease the ’t o relative to the
case of pure water aloae In a real and significant manner. In essence~
this could be termed a "structure-breaklng" behavior or an increase in
the diffusive mobility of the included water as a result of the addition
of the sodium chloride. Indeed, this trend is just in the opposite direc-
tion to that observed upon the addition of cerium chlorlda to pure water
in ionic solutions where it produces a "structure-making" effect, result-
ing in a decreased D and an increased To. This result at first seems sur-
prising( ~h ). floweret t it is readily accounted for in terms of the above
model for the jump diffusion or }{20 molecules in this cellulose-acetate
membrane. The included ions, although not strongly )kVdmated at any
i~tant, could provide symJaetrieal sites intermediate to adjacent pod-
marie 0}[ groups to which an HaO could jtur~, stay in residence for only
a short flea, and then quiok3~ detach ~ud pass on to the next site. Th~s,
in essene% such. ion would provide intermediate bonding sites or poten-
tials between the more widely sp~ced potentials corraspondlng to succes-
sive hydroxyl groups. In turn, this would effentlvaly decrease the
barrier between adjacent hydroxyl ~roups and decrease the activation
energ~(42,43).Whila this explanation must as yet ba considered as tenta-
tive, i~ suggests that the presence of a salt in a membrane may change
the diffusion of water molecules (in the absence of an osmotic pressure
or applied pressuxe gradient) by effectively reducing the distance between
bonding sites relative to the polymeric materlsl alone. Further mensure-
men~s arc needed to confirm this tentative interpretation and to further
study this interesting effect.

It has been reported that under au applied gradient the water
flux in general decreases with increasing concentration of NaCI as the
result of the increased ~oncentratlon gradient and osmotic pressure. In
contrast 3 howeverj careful tracer measurements(h~) made under equilibrium
conditions (equlvala~t to the conditions of the present measurements) indi-
cate an increase in the water permeation with increasing NaCI concentra-
tion in accord with the present results.
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7.~The Dependence of the Bonding and Diffusive Kinetics on the Molecular
WeiGht of "Dense L~vcr" ~eilulose-Aceta~e Memuranes

In Figure i~, the spectra of neutrcna inelastlcally ecattered from
the ~0 wt% water in CAa.5 membranes cast from E-398-I0 and from E-398-3
cellulose acetate are compared. The Eastman-398-10 has an average MW equal
to 44,800. The Eastman-398-3 has an ~ equal to 35,100. In Figure 13,
the curves of F, the Lorantzian h~If-width at ~m!f-m~ximum of the dif-
fueivcl~ broadened incident e~er~y dlstrlbation~ are shown as a function
of the momentum transfer (Ka) for the included water in the two "dense
l~er" materials of different molecular weight. To complement the above
neutron scattering measurements, D.S.C. warm-up curves arc shown for the
two "dense layer" membrane materials in Figure 4. In considering the data
of Figures I~ to 14, the following features should be noted.

(a) The intermolec,1~r frequencies characteristic of primary
polymer hyd.roxyl-HmO coordinations at 5~2, 4153 and 315 cm"~

~l~car broader and less intense for the water in the lower
moleeul~r weight CAm.m membrane than those previously ob-
served for the water in a CA2.5 higher molecular weight mem-
brane. Thus3 it appemrs with decreasing molec,~r weight
that the frequencies characteristic of the prlma~y hydroxyl-
water coordinatlcne have dcintensified relative to the broad
component which was associated previously with secondary
water-water coordinations and/or clusters. Such behavior
suggests that in the lower molecular weight membrane, due to
an ineroase~ free volume, a slightly larger percentage of H~O
molecules may be involved in secondary coordinat~oas rather
than prAmarF polymer hFdroxyl-water coordinations~ A similar
trend and broadening were observed previously with increasing
membrane-water content as the number of hydrophilic sites we9
increased due to the formation of larger’secondary water
coordinations andclusters at h~gher membrane hydrations.

(b) Figure 13 shows that the curve of P vs. Ke for the water in the
lower molecular weight membrane lies above that for the water
in the higher molecular weight material so as to correspond
to an increase in the self-dlffasion coefficient. No sig-
nificant change in the residence tame associated with the ~ump
diffusion of water molecules in these membranes is indicated.
This behavior could well" be associated with an inureasc in
the average free volume which in turn would primarily contri-
bute to ~n increase in the self-diffusion coefficient but would
not significantly alter the average period pr residence time
that a water remained bonded. !

(c) The D.$.C. curves, shown in Figure 14, for these materials,
indicate a broader and more enhanced second-order glass
transition and s~,~er melting transition for the lower
molecular weight material than those for the higher molecular
weight material, in keeping with a slight, incrcaee of free
volume for the former. As previously dieeussed~ the membrane
may be considered to a first apprczimation as having large areas
of free volume formed during the casting procedure which" is
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stabilized by the presence of small orystallites and through
which eater molecules can difA’use. Indeed, it is not s,lr.
prising that the lo~er molecular weight is associated with a
slight increase in free volume as it is known that in high
polymeric ~mteriala an increase in the number of chain
ends man give rise to an increase in the amorphous regions
of the polymer and inhibit eryst~.]~ine packing(h6 ).

The ubove results which sre in accord with the findings "of
F.S. Model et al( 37 ) indicate that a etion in molecular weight 
a fixed degree of aeetylation results il :creased diffusional freedom
of the water molecules and an increase in the average free volume
associated with the amorphous regions of the membrane this both allows
the relative number of secondary water coordinations to increase, and
9rovldes and increases the aelf-diff%,,sion of such waters by the
corresponding increase in free volume. Speeifiee]ly 3 is the molecular
weight decreases for ~ fixed degree of acetylation, the average free
volume available for diffusion of water molecules also increases. This3
in turn 3 as noted above, increases the diffcsicn of the water to the
membrane matrix and, heneej increases the flux. Hoeevcr~ secon~ry
water coordinations end clusters are also favored. These, together
with the increase in free volume~ could also favor an increase in the
ss.lt flux through the membrane. Thus, it has bee,l argued that hydrated
salt ions are confined and diffuse through more open and larger fr~e
volume regions of the membrane which are water-rleh. As a result~ they
travel a longer an~ more tortuous path than individual HaO~s. As dis-
cussed above, it has been argued that this difference in the diffusion
mechanism for the ions and the water may~ in large pert~ be the
governing factor in determining the flux and salt re~ectJon properties
of such membraneJ. Thus, however, an increase in free volume due to
either swelling or a change in molecular weigjat, as described abcve~
may aid the diffusive mobility of the water, but such a change in free
volume m~y also enable the s~lt ions to t,.’averse ~ shorter path in the
membrane and, hence, decrease the salt re,jeetion properties. Additional
measurements are needed to confirm this possibility.

8~ ~itlal Investigations of the Effects of Heat Treatment
on "Dense La~er" Cellulose-Acetate Desalination Membrane

It is the annealing or he t t eatment of "as
cast" asymmetric cellulose-acetate memSranes constitutes one of the most
important fabrication variables. In ~cneral, it has been determined
that such annealing both reduces the water and salt fluxes but the latter
more strongly so that the net rejection increases with annealing tempera-
ture. Further~ ithas been shown that both the temperature of the anneal-
ing and the time of annealing constitute significant variables. The
annealing mechanism ag~ears to be composed of two steps -- an initial
steep change during which most of the changes in the water and the osmotic
properties of the materials occur3 followed by a sl~er change in which
again the flux and salt permeations ftlrther decline. ~le higher the anneal-
ing temperature (typically in the range between 55 and 85°0) the more
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rapid is the initial variatio~iT’47’48Simultaneously,( such annealing
enhances the stress at yield for such membrane materials(h8 ). Typi-
cally, such annealing of a porous membrane is done in a heated water
bath (water being a nonsolvent capable of functioning to an extent as
a pl~stieizer) and results in diminution of the free volume Of the mem-
brane material and, hence, in its permeability and permselectivity. ~t
has been argued(47) that this occurs at a mclee,~r level as the t~crm.~
ener~ causes transl~tionsl motions of the polymer chains with the
restult that the polar groups on neighboring molecules approach each other
and lutemant by dipole-dipole interactions. Such interactions decrease
chain mobility and in a nonsolvant medium are irreversible because of the
inability of the nonsolvant to solvate and intervene between the polar
groups so interacted. Simultannoasly, crystallites can increase in size
and move closer together decreasing the mean diameter of the free volume
through which permeation takes place. In general, during annealing
water is gradua~ly lost from the primary gel both because of the compaction
described above and because the decrease in free volume sterically l~mits
the size of clusters or aggregates that water can form in the membrane.
A more discontinuous effect is the dramatic increase in salt retention
which is observed when cellulose-acetate is teated above the lower glass
transition (see Section III(5).

Both the extent of the changes observed upon annealing and
the temperatures at which they occur for a given polymer (such as cellu-
lose-acetate) in turn depend strongly on the history of the casting process.
Thus, for examplc~ many current methods producing asymmetric membranes in-
volve the gelling of a casting solution consisting of the polymer and a
solvent (such as acetone or DMSO) on the substrats surface. As the ace-
tone evaporates a concentration gradient of the solvent exists with the
greatest concentration away from the air surface of the film and towards
the substrate surface. Thea~ when such a film is removed it may still
contain a large amount of acetone. If the film is then rapidly dipped
in cool water (a nonsolvent) to rapidly exchange the remaining acetone
and~ hence~ regions of large free volumes will be left corresponding
to where the acetone was left in the pclpmer. Thus, the side formerly
in contact with the substrata having the greatest concentration of the
acetone will yield a porous surface. The side least rich in acetone
will form the "dense" skin.

In contrast~ the process used to form the "dense" skin materials
in the present experiment allows the acetone to slowly evaporate either
in air or in vacuum. In such a case, as the acetone is slowly and mere
completely leaving the gel, the pol~mers may compact and reduce their
free volume gradually. Thus~ a more "dense layer" material is formed
and is also without the porous backing which may in fact have an average
smaller free volume than the "dense skin" that would be formed on a
porous asymmetric membrane. Indeed, when such gels from which the ace-
tone had been removed by a slow evaporation process were s~bJected to heat-

4 °leg for minutes in water, at 80 C, very little change was seen in the
equilibrium water content, in direct contrast to the behavior observed
for "as hast" asymmetric cellulose triaeetate films. This suggested that
the slow removal of acetone indeed had allowed a reduction in free volume
similar to that achieved by annealing for the asymmetric films. Prior to



studying the effects of annealing in detail, neutron scattering measure-
ments were made to determine the extent to ~hich the bonding and dlf~sive
kinetics of water had altered Before and after heat treatment in such
materials made by the full evaporation from the gel of the acetone. The
results indeed showed no significant change in the inelastic frequencies
characteristic of primary water-OH coordinations or in the curve of
P vs. Km and, hence, in the self-diffusion coefficients and residence
times for the water that resulted from the annealing. Simultaneously,
no significant change was observed before and after heat treatment on
the D.S.C. curves for this material. These results emphasize that (a) 
is important to realize that the effects produced by the annearling pro-
cess in water flux and salt rejection while large and important are also
strongly dependent on the nature of the prior casting process; and
(b) the nature in which the solvent (e.g., acetone, etc.) is removed 
turn can determine the free volume frozen into the resultant "dense skin"
and the ability of the chains to relax and red,~sc this free volume. Thus,
if the acetone is removed rapid/~, as in commercial processes as by dipping
in cold water to dissolve it oUt, regions of large free volume remain.
These regions are undoubtedly associated with the lower glass transitions
typically seen in the vicinity of 40 to IO0°C, as discussed in Section
III(5), which were observed to depend both in their magnitude and in their
temperature, strongly on the solvents used to form %he gel. In contrast,
if the film is removed from the water and the acetone or solvent is
allotted to gradually evaporate, the chain mobility is sufficient to
reduce the free volume and produce an equivalent effect to that achieved
by the annealing processes normally used.

Further experiments must be carried out to confirm these
results and to study the magnitudes of the decreases in salf-dlffusion
coefficients that would result when the solvent is first washed Out and
heat treatment is then used to reduce the free volume. Such variations,
in accord with the theory of Yasuda et al(13,14), discussed above,
should primarily affect the self-diffusion coefficient through the free
volume factor and only secondarily, if at all, affect the residence times
which are primarily dependent on the number, the separation, and the
strength of bonding of the primary hydroxyl groups.
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FIGURE2

The time-of-flight spectra of neutrons

scattered from included water in a cellu.

lose-2.~ acetate membrane are shown as a

function of concentration of the included

water.
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FIGURE 3

The dependence of the half-’~idth at half-m~imum#

r3 of the diffusively broadened incident ener~

distribution for neutrons scattered from the

included water is shown as a function of Km and

compared ~ith the corres~ondlug curves for water

at 25°0 and water at I°C.
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FIGURE 4

f,

The time=of.flight spectra for neutron8 soattere~

Inelastlcally from i0 ~t~ water included in CA2.5

membranes are compared at +25°C, -IO°C, and -50°0.

In addition, sl~otra are zhown for normal water an~

for hexagonal ime° It should be noted, as discussed

in the text, that the spectra for the i0 wt~ water

ah -IO~C add -50°C are more similar to the spectrum

for the i0 wt~ water at +25°C than they are to the

spectrum of either normal water or hexagonal ice

(frequency In am’~).
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FIGURE 5

The time-of-fli~ht spectra for neutrons scattered

inelastically from water; from 8 ~r~ in CA~.~8 membrane;

from 5 ~t~ in a CA2.5 mambrane; from i0~ water in a CA~.e

membrane; and from 24 wt$ water in a CA~ .v membrane are com-

pared. As discussed in the text t at low water ~oneentra-

tions, a mul~iplicity of sharper~ well defined torsional

components are observed in the vicinity of channel 50

corresponding to H20’e direct~ coordinated to G~ ~oups,

With increasing water concentrations s secnn~ary water-

water coordinations and/or clusters are formed having

poorer local ordering t~an that characteristic of normal

water. As a result, the sharper inelastic maxima eharze-

teristie :" the i~ water concentratinns are "lost" ~nd

replaced bM a broad distribution.
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FIGURE 6

Curves of the Lorentzian half-wldth at half-maxima (7)

of the diffusively broadened incident energy distribu-

tions as a function of the momentum transfer (K2) are

compared for:

(a) 8% water in a CAm.e8 "dense layer" material

. (b) i0~ water i~ a CA2.~ "dense layer" materi~l

(e) 24~o water in a CA~ .v "dense ]myer" material

(d) normal water at room temperature

The observed changes are discussed in the text.
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FIGURE 7

The dlfferenti~ scanning calor~etz~ traces are

c~pared for "~ense layer" materisls oast from

~-398-io (c~.s) ~nd A-432-1~OB (C~.BB). 
higher melting point and increase of crystallinity

is observed’for the C~e.e8 relative to the C~.~

material.
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Differential scanning calorimetry traces for the "dense"

membrane materials are shown schematically. The top

curve shows the transitions observed upon heating the

material through 220"C. The superimposed dashed curve

in the vicinity of 60° to 80"C corresponds to the desorp-

tion of water when the membrane is wet, and the dashed

curve in the vicinity of 180°C represents the loss of

remnant acetone. The center curve corresponds to the

D.S.C. trace obtained when the sample previously had been

heated to 220°% n11owed to eool~ and then reheated. It

is observed that the transition in the vicinity of 40°C

Is]Est. The third curve corresponds to a fresh sample

that had been heated through the transition at 40°C but

not through the transitions at 180 and 220QC. Under such

nonditions, the 40° transition is not lost.
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FIGURE 9

The differential scanning calorimetry traces

are shown for a CAt .v "dense layer s material

cast from E-320 cellulose acetate. The top

curve is for the "as cast" material from IIMSO

solution~ and the lower curve is for the same

material which further had been soaked for am

extended period in water and then dried under

vacut~m at room temperature. Both solid curves

represent measurements made under vacuum condi-

tions in order to avoid water desorption (as

shown schematically by the dotted line) which

would obscure some of the lower temperature

transitions in the D.S.C. traces. The indivi-

dual transitions ard their variations between

the "as cast" and "soaked" sample ~re discussed

in the text.





FIGWRE i0

The time-of-flight spectra for neutrons

inelastiea31y scattered from i0~ water in a

CA2.s membrane and from water molecules in

a sodium chloride solution of I. 5 m equiva-

lent concentration inelud~a in a CA2.s membrane

are cempared.
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FIGURE

Curves of r vs. E2 (corresponding to the solutions of

Figure i0 ) are co~ared for

(a) water at room temperature

(b) a 4.6 m NaCl solution

(e) an NaCI solution of an effective concentration of 1.5 

(d) i0 wt~ in a CAs.5 "dense layer" m~terial

As discussed in the text, it should be noted that relative

to p~Ire water3 a curve for ~.6 m NaCI solution lies l~ler,

corresponding to a "structurn-making" effect and3 hence, a

decrease in the self-diffusion coeITicientj D, and an inorease

in the residence time, me. In contrast; the curve correspond-

ing to a sodium chloride solution in a CA~.5 membrane lies

above the corresponding curves for the identical "dense lamer"

which contains only water which is a"structure-breaking" effect

corresponding to an increase in D and decrease in ~o due to

the inclusion of the ~aCl in the membrane material. Hence, as

detailed in the text, it appears that the sodium chloride has

enhanced the e~uilibrium diffusion of H~O molecules in the

"dense layer" material.
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FIGURE 12

The time-of-flight spectra for neutron~ scattered

inelastically from 5 wt~ and i0 wt~ water in CAe.s

membranes having an average molecular weight of

~4,800 (cast from Eastman-398-10 cellulose acetate)

and an average molecular weight of 35,100 (east from

F~stman 398-3) are compared.
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FIGURE 15

Curves of the Loreatzian. half-width at half-maximum, p, of

the diffusively broadened incident ener~ distributions as

a function of the momentttm transfer (Ke) are ~ompar~d for

lO wt~ water in the CA~.s membranes having molecular weights

of I~4,800 (Eastman-398-10) and }5,100 (Eastman-398-5), respee-

tlvely. It should be noted that the slope at the origin of

these curves is proportional to hD and that at high values

of Km the values of ~ approach ~/Vo° Hence, the curve corres-

ponding to the water in the lower molecular weight membrane

a99eared associated with a larger self-diffusion coefficient

than that for the higher molecular weizht materiel but nearly

the same value of the residence time, To. As detailed in

the text, this results frum an increase in free volume with

decreasing molecnl.r weight that increases the self-diffusion

coefficient but doe." not significantly alter the residence

tlme# To.
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FIGURE i~

The differential scanning c~lorimetz~j traces are shown

for CAa.5 "dense layer" materials having average

molecular weights of 44,800 and 35~i00, respectively;
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