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Preface 

The Water Research Program at the Oak Ridge 
National Laboratory, sponsored by the Office of Saline 
Water, U.S. Department of the Interior, was authorized 
in March 1962 under an interagency agreement (14-01-
0001-937) between the Department of the Interior and 
the Atomic Energy Commission. Results of the work 
carried out under this program have been reported on a 
regular basis to the Office of Saline Water, and 
completed portions of the work were published in the 
open literature. A biennial repoTt covering the activities 
"SrTder the program for the period March 15, 1962, to 
March 15, 1964, was issued in a singfe volume as Office 
of Saline Water Research and Development Progress 
Report No. 302 (ORNL-CF-67-8-55). For the second 
biennium, March 15, 1964, to March 15, 1966, work 
was divided into three categories, "Properties of Solu-
tions," "Reaction and" Transport Phenomena at Sur-
faces and Corrosion Studies," and "Separations 
Processes." The report for "Separations Processes" was 
is'suecf as Office of Saline Water Research and Develop-
ment Progress Report No. 508 (ORNL-CF-69-5-41). 
The .present reporton "Separations Processes" covers 
March 15, 1966, to March 15, 1968. Efforts during this 
period were concentrated heavily on hyperfiltration 
with dynamically formed membranes, though there was 
also substantial work on jDOundj^layer phenomena. 

In order to retain maximum coherence in subject 
matter, a sharp time distinction has not been drawn. 
That is, in some cases articles which appeared in the 
open literature after March 1968 but which cover work 
that was done mainly in the third biennium have been 
included in this volume, and, conversely, some work 
started during this period but developed mainly in the 
fourth biennium is only briefly mentioned in this report. 

In the interest of economy and completeness of 
presentation, work that was reported in the open 
literature is given as ajiirect reproduction of the 
corresponding journal articles. We are grateful to the 
various publishers (American Association for the Ad-
vancement of Science, American Chemical Society, 
American Institute of Chemical Engineers, Elsevier 
Publishing Company, and Marcel Dekker, Inc.) for 
permission to reprint the complete texts of these 
articles. A notation of the source appears at the head of 
each reprinted article. Part of the work reported here 
was cosponsored by the U.S. Atomic Energy Commis-
sion; such support is acknowledged in the individual 
articles. 

In addition to literature articles, two patents based en 
work in this program were issued during the period and 
are assigned to the U.S. Government. The inventor in 
both cases was David G. Thomas: 

U.S. Pat. 3,302,701. Turbulence Promoter for In-
creased Heat and Mass Transfer. 
February 7,1967. 

U.S. Pat. 3,358,750. Condenser Tubes. December 19, 
1967. 

The desalination program at the Oak Ridge National 
Laboratory has two branches: the Water Research 
Program directed by K. A. Kraus during the period of 
this report, and the Nuclear Desalination Program 
directed by R. P. Hammond. This report is concerned 
with the Water Research Program, Separations Proc-
esses, coordinated during the period by James S. 
Johnson, Jr. 

vii 



1. Transport through Membranes of Salt and Water 
under Pressure Gradients 

SUMMARY 

We have earlier discussed hyperfiltration in the 
framework of irreversible thermodynamics for homo-
geneous neutral membranes and for ion-exchange mem-
branes under conditions of good coion exclusion (high 
rejection).1 Since then, there have been some further 
developments of the equations, particularly with re-
spect to transport through ion-exchange membranes 
under conditions of only moderate ion-exclusion. These 
are outlined here, along with an application to flux-
rejection data taken with a hydrous Zr(IV) oxide 
membrane. 

Our interpretation of results assumes that the cou-
pling coefficient, j8, between water and salt flux is one. 
In a recent paper, Hoffer and Kedem2 presented 
equations for hyperfiltration through an ion-exchange 
membrane, which take into consideration the effect of 
streaming potential on salt flux. These equations suggest 
that for assumptions which appear plausible concerning 
ionic mobilities in the membrane, 0 would be greater 
than one. In a qualitative picture, the counterions are 
displaced from the fixed charges in the direction of 
water flux until the streaming potential caused by this 
displacement balances the force on the ions by the 
permeating water. The streaming potential accelerates 
the coions, which determine the salt flux, to a rate 
faster than that of the solvent. Hoffer and Kedem's 
equations are developed in terms of frictional coeffi-
cients. In terms of our parameters, the equation for a 
solution of a single 1,1 electrolyte in water would 
involve an effective coupling coefficient for the solute, 

0co <®cn + ^cn $ c o 

1. J. S. Johnson, Jr., L. Dresner, and K. A. Kraus, Chapt. 8 in 
Principles of Desalination, K. S. Spiegler, ed., Academic Press, 
New York (1966). 

2. E. Hoffer and O. Kedem, Desalination 2, 25 (1967). 

The above is a good approximation only for low feed 
concentrations, when coion invasion is small in compar-
ison with capacity, and only if the value of the 
diffusion coefficient of the coion, $ c o , is not very 
much larger than that of the counterion, $ c n . If the 
coupling coefficients of the individual ions, |3co and 
Pcn, are unity, and their diffusion coefficients are equal, 
Peff would be two. 

If figff does have values greater than one, and if 
distribution coefficients of salt between membrane and 
feed are not too low, one should observe negative 
rejection, i.e., effluent more concentrated than feed, 
even with two-component solutions (negative rejection 
is fairly common with common-ion solutions containing 
an acid and a salt; see, e.g., Section 2.3.1). Kedem and 
co-workers have found negative rejections of some acids 
by a polypeptide-collodion membrane.3 However, al-
though we have found negative rejection with porous 
Vycor,4 for which the explanation is presumably 
different, we have not observed negative rejection of 
acid or salts by hydrous Zr(IV) oxide anion-exchange 
membranes, even at high feed concentrations; examples 
are given in Sections 2.2.1 and 2.2.2. Our data in fact 
are rather well correlated on the assumption that <3=1 
for the electrolyte component (e.g., NaCl). Internal 
consistency is certainly not sufficient to prove unity is 
the correct value. However, in view of the scarcity of 
available information concerning what ionic mobilities 
of co- and counterions typically are in a hydrous oxide 
ion-exchange membrane, we believe that the simple 
assumption of unity for /Jeff is as defensible as any 
other at the moment, and shall make it in interpretation 
of the work discussed here and in Section 2.2.1. 

3. D. Vofsi and 0. Kedem, U.S. Office of Saline Water 
Research and Development Report 401 (March 1969). 

4. K. A. Kraus, A. E. Marcinkowsky, J. S. Johnson, Jr., and 
A. J. Shor, Science 151, 194 (1966). 

1 
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1.1 PHENOMENOLOGICAL EQUATIONS FOR HYPERFILTRATION WITH ION-EXCHANGE MEMBRANES 

A. J. Shor, Ellen Elliott,5 R. M. Rush, and J. S. Johnson, Jr. 

There are two substantial changes from the earlier 
development of equations for homogeneous neutral 
membranes.1 One, applicable to both neutral and 
ion-exchange membranes, is a rationalization of an 
approximation by a redefinition of the solute diffusion 
coefficient in the membrane. The other, specific for 
ion-exchange membranes, follows from the inclusion of 
the common counterion in the expression for the 
gradient of salt chemical potential. For the sake of 
context, we repeat the initial steps of the derivations. 

Salt (2) and water (1) fluxes through a homogeneous 
membrane separating two external solution phases are 
related to their chemical potential gradients by the 
following equations: 

jl = 
dMi 
dx — h i 2 

dju2 

dx ' (1) 

h = —L21 
dMi 
dx 

— L22 
dju2 

dx ' (2) 

L12 - L2: (3) 

where j! and j2 are fluxes in moles per cm2 per sec, 
d/ii/dx, and d/i2/dx are the chemical potential gradi-
ents of the water and salt, respectively. The L's are the 
phenomenological coefficients, and the cross coeffi-
cients Li 2 and L21 are equal according to the Onsager 
relation. These equations may be solved to eliminate 
the potential gradient of the solvent: 

. _ L i 2 . T 
J2 Jl ~ J-22 

M 1 
djU2 
dx (4) 

To solve Eq. (4), it is necessary to make assumptions 
concerning the form of the phenomenological coeffi-
cients. 

The following definitions have been suggested:1 

where (r) and J92 (r) may be taken to be proportion-
ality factors having dimensions of diffusion coefficients. 
The former can be esiimated from the solvent flow in 
the absence of salt; the latter is given by the flow of salt 
at zero chemical potential gradient of solvent, not, it 
should be noted, by the usual Fick's law experiment. 
Concentrations of solvent and solute in moles per cm3 

are represented by and c2(r-j, respectively, which 
it should be noted, differ from the definitions in 
Reference 1 by a factor of 1000; v is the number of 
moles of ions per mole of salt; R is the gas constant; 
and T is absolute temperature. 

The cross coefficients are defined as follows: 

LJ2 — L21 = 
J i 2 ( r ) c i ( r ) c 2 ( r ) 

RT (7) 

In order to visualize the significance of the cross 
terms, one may take the ratio of fluxes at zero chemical 
potential gradient of salt: 

r /• ^ _ L i 2 _ „ C 2 0 r > 
U 2 / J 1 ) d n 2 / d x = o ~ - P ' 

C i ( r ) 

0 = 
W ) C 1 ( T ) 

J9 i (r ) 

(8) 

(9) 

Since both and J912(r) and the water concentra-
tion ci( r) in Eq. (9) are probably constant to a good 
approximation, (3 should not vary greatly. Equation (8) 
brings out the physical significance of 0 as a coupling 
coefficient relating solvent flow and solute flow 
through the membrane, when there is no contribution 
of diffusion to solute flux. The values of /3 should be 
between zero and the order of unity. Substituting the 
above expressions for the phenomenological coeffi-
cients and the coupling coefficient into Eq. (4) gives: 

L l t = 

L22 ~ 

c i ( r ) ( r ) 

RT 

c 2 ( r ) J92(r ) 

vRT 

(5) 

(6) 

• o 2 ( r ) -J2 = 0 " Jl 
1 ( r ) 

y c 2 ( r ) ^ l ( r ) \ C 2 ( r ) d / U 2 

' l ( r ) ^ 2 ( r ) RT dx - (10) 

5. Oak Ridge Associated Universities summer student trainee 
from Centre College, Danville, Kentucky. 

Equation (10) was integrated under restrictions appli-
cable to uncharged membranes and to membranes 
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showing good exclusion of salt, i.e., those with very low 
coion concentrations.1 In a simplified treatment, 

V c 2 ( r ) A | ( r ) 

was assumed negligible in comparision with unity. It 
may well be that assuming constancy of the product of 
J9?(r) and the terms in the parenthesis (in effect, what 
was done in the simplified treatment) is more correct 
than assuming J32 (r) is constant. 

For an experiment where, in the membrane phase, 

ji Vj = —}2 V, 01) 

V, and V2 being the partial volumes of solvent and 
solute, Eq. (10) should hold as a special case. This 
experiment is essentially the type to which Fick's law 
refers, though this condition may not hold strictly in a 
membrane diffusion experiment (e.g., if membrane 
volume changed over the course of a diffusion experi-
ment). i92(r)f will be defined as though it did apply, as 
follows: 

)2 = 
<®2(r)fc2(r) d//2 

RTV dx" -J9 2(r) 
f
d c 2(r) 

dx 
(12) 

That part of Eq. (12) to the right of the approximately 
equal symbol does not apply to ion-exchange mem-
branes. It is introduced here to show the relation to the 
familiar Fick's expression for a two-component electro-
lyte-water solution, and follows from the assumption of 
constancy of activity coefficients in this situation, i.e. 

Since (3 is assumed small (of the order of unity), and 
since the volume of salt in a cm3 of membrane, 
C2(rjV2, is much less than the volume of water, 
Ci (r)Vi, 

c2 ( r )V2 
0 - < 1 , 

c»(r)Vi 
(14) 

and the left side of Eq. (13) is, to a good approxima-
tion, equal to j2 . The coefficient i92(r)* is thus by 
analogy with Eq. (12) 

19 2(r) '2(0 1 - f 
v c2(r) fli(r)' 
c l ( r ) &2(t ) , 

(15) 

It would appear as likely that the diffusion coefficient 
defined for a Fick-type experiment is constant, as that 
$2(r) is constant. Since there seems a priori little 
reason to choose, we shall adopt the more convenient 
alternative, that $2(jc}f is constant. There is probably 
little difference in the assumptions in practical cases of 
interest. Use of <©2(r)f also avoids difficulties at vanish-
ing salt concentration with the requirement that, for 
the Onsager coefficients, Li 2

 2 < Lj j L2 2 . 
Substituting Eq. (15) into (10) and converting the 

latter equation to molality units give (note that by 
continuity j2/Ji = ray, the effluent molality): 

J i 
£>J* nr 

t>RT 
(16) 

c2(r) dM2 

i>RT dx 
c 2 ( r ) din a 2 ( r ) 

v dx 

c 2 (r) d l n c2(r) _ d c 

dx dx 
2(r) 

For the experiment described by Eq. (11), since 

c2(r). V2
 c2(r) 

- P z h r T = P Jl CK r) V, 

Eq. (10) becomes 

'i(r) 

j , . -c»(r) Vi. 

$2(r) 

X 1 - f 
"c2(r) $ i ( r ) \ C2(r) ^ 
c K r ) i 9 2 ( t ) / RT dx ' 

(13) 

where the asterisk refers to the membrane phase; m*, to 
moles salt/kg water in the membrane; J1 } to flux of 
water in kilograms cm -2 sec -1; and 

w f*= 
1000 - 2 (r) 

where p ( r ) is the density of thfe membrane, and f w is 
the weight fraction of water in the membrane. 

We shall restrict this discussion to an electrolyte 
MA(„_i), where A is a monovalent counterion. In the 
membrane phase, the coion concentration is m*; the 
counterion concentration is {C* + (v — l)m*], where 
C* is the ion-exchange capacity in moles/kg of water in 
the membrane; and the chemical potential gradient for 
the salt in the membrane is 
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I dju2 d In m* 
RT dx dx 

, 0 - 1) d In [C* + (u— 1) m*j . d l n 7 ± * ,1Tk + -yp—-
dx dx 

where 7±* is the mean activity coefficient in the 
membrane phase. Substituting Eq. (17) into (16), 
assuming that 7+ * is constant, and rearranging give 

Ji dx = 
dm 

(v - l)2 m* dm* 
v(moj - 0m*) IC* + ( y - l)m*] • (18) 

If is assumed constant, Eq. (18) may be 
integrated between the feed interface (a) and the 
effluent interface (co): 

J,g 

V* 
= a = 1 

— + . 

( v - l ) 2m U) 
/ 0 i>0[mw(i>-1) + C*0] 

X In 
1 - 0 D * 

L ( l - « D a * / ( l - R ) J 
(v - 1)C* 

»>K>(»>-l) + C*jJl 

X In 
C* + ( P - 1 ) P W 

C* + (v - 1) Da* ma 
, (19) 

since rejection 

m 
R= 1 

cj 
m, a 

and the distribution coefficients, D*, are defined 

Da* = ma*/m0l and * = m^*/mw . 

The symbol o signifies a dimensionless membrane flow 
parameter J lC/fi2

f* where ft is membrane thickness, 
and should not be confused with the Staverman 
reflection coefficient, also represented by a. 

As Ji increases to very large values, the right-hand 
side of Eq. (19) must increase correspondingly, and this 
can happen only through the vanishing of the denomi-
nator of the fraction in the logarithm in the first term. 
Thus, as Ji 00 

0P t t* 
1 — R, 

0 (20) 

and R approaches the asymptote 

(21) 

The dependence of limiting rejection on the coupling 
coefficient and on the distribution coefficient at the 
membrane-feed interface is the same result as obtained 
for neutral membranes and for ion-exchange mem-
branes under conditions of good coion exclusion.1 

Equation (19) should allow computation of flux-
rejection curves by iterative procedures for assumed 
parameters, though the matching of experimental data 
involves complications. Before going into the fit to data 
obtained at lower pressures, we shall review briefly our 
interpretation6 of the data for hydrous Zr(IV) anion-
exchange membranes in the limiting rejection region. 

In all results discussed here, the effect of concentra-
tion polarization was. minimized by carrying out 
measurements of observed rejection, 

R obs = 1 
m u> 
nrif 

(22) 

(subscript f indicates feed) as a function of circulation 
velocity, and extrapolating to infinite circulation ve-
locity7 to obtain R. 

From the fact that rejections varied from a few 
percent to about 99% as feed concentration was varied, 
it appeared that complete coupling ( 0 = 1 ) was a good 
approximation j and this was assumed. Values of Da* 
were then directly obtained from rejection, and were 
shown to be consistent with ion-exclusion expected for 
an ion-exchange membrane, i.e., 

iy - y±
v 

= ma*[C• + ( „ _ \ y m j y - 1 y±*v (23) 

6. A.J. Shor, K. A. Kraus, W. T. Smith, Jr., and J. S. 
Johnson, Jr., J. Phys. Chem. 72, 2200 (1968). See Section 
2.2.1. 

7. A. J. Shor, K. A. Kraus, J. S. Johnson, Jr., and W. T. 
Smith, Jr., Ind. Eng. Chem. Fundam. 7 ,44 (1968). See Section 
4.1.1. 



Equation (23) implies the same standard state for both 
membrane and solution phases. Literature values were 
used for activity coefficients for the solution phase, and 
the membrane activity coefficients were taken to be the 
same as those of a solution having the same ionic 
strength, capacity and counterions being taken as a 1,1 
electrolyte. 

Since C* is not readily accessible by independent 
measurements with dynamically formed membranes, 
the test of Eq. (23) involved finding if a single value of 
C* would give a fit to the concentration dependence of 
rejection of both NaCl and MgCl2. A fit was obtained 
by least squares, with C* = 0.45 equivalents/kg H 2 0 in 
the membrane, for NaCl over a 1000-fold concentration 
range, and the same capacity gave reasonable agreement 
with MgCl2 over a 200-fold concentration range.6 

Data at pressures lower than adequate for attainment 
of R were obtained6 for 0.025 M and 0.1 M NaCl. In oo 
testing Eq. (19), the thickness of the membrane, 2, and 
the salt diffusion coefficient J 9 2

f * are not accessible, 
and the test is to find if one value of £/<©2

f* will 
represent all the data. 

Equation (19) was coupled with a nonlinear least-
squares program, and £/ jQ2

f* was varied to give the best 
fit with use of the value of C* = 0.45 equivalents/kg 
H 2 0 obtained earlier.6 There is an inconsistency, not 
believed to be serious, in the fact that d In 7+ */dx is 
assumed zero in deriving Eq. (19), while values of y±* 
at the a and co interface of the membrane were 
considered in computation of D*. 

In Fig. 1.1, curves calculated with the converged 
values of S/$2

f* are seen to be in reasonable agreement 
with experiment. One possible cause for concern is that 
the 0.1 M NaCl curve does not reach an asymptotic 
value at the highest flux for which measurements were 
made. With higher feed concentrations, for which D* is 
less, therefore, pressures and fluxes may not have been 

ORNl-DWG. 68-11783 

FLUX , cm/min 

Fig. 1.1. Dependence of Solute Rejection by Hydrous Zr(VI) 
Oxide Membrane on Flux. Capacity C* = 0.45 equiv/kg H 2 0 ; 
pressures 100 to .900 psig. Points are experimental and curves 
are calculated for e/i9£* = 2.92 X 10s cm2 «sec/kg. 

high enough to realize completely Rm and the earlier 
agreement with Eq. (23) may be partly fortuitous. 

However, overall consistency between observations 
and the equations appears gratifying. Although we 
cannot separate the value of .?/£> 2

 f * into its compo-
nents, it is of interest that for reasonable assumptions 
of fi, 10M; of P(r)> ~ I; f w , ~ 0.5, a plausible value 
of about 6 X 10~6 cm2/sec is obtained for J92(r)f. 



2. Dynamically Formed Membranes 

SUMMARY 

Since our first preparation in 1965 of a salt-rejecting 
layer on a porous body from a thorium salt added to 
the feed solution, our work in hyperfiltration has been 
heavily concentrated on the study of dynamically 
formed membranes. The high fluxes frequently char-
acteristic of the class impels a search for possible 
practical applications. Ease of dynamic formation of 
membranes from many substances from which it is 
difficult to cast films, the speed with which data on 
transport could be accumulated with them, and many 
curious aspects of their behavior have encouraged 
fundamental investigations. 

Progress up to early 1967 was reviewed at the 1967 
Athens symposium "Fresh Water from the Sea". The 
paper was published in the proceedings of the con-
ference, in Desalination, and is reproduced here 
(Section 2.1). At the time (and the situation continues), 
we had found that salt-rejecting membranes could be 
much more readily formed from inorganic or organic 
polyelectrolytes, which would be expected to form 
membranes of the ion-exchange type, than from neutral 
additives, which might be expected to form films 
analogous to cellulose acetate. Theory predicts that 
ion-exchange membranes, which filter salt by an ion-
exclusion, or Donnan, mechanism, should reject salt at 
high feed concentrations less completely than has been 
observed for cellulose acetate, and that rejection should 
increase with decreasing salt concentrations. On the 
other hand, the long range Coulombic forces, in 
comparison with van der Waals-type forces presumably 
operative with neutral membranes, implies ion-exchange 
membranes might reject interesting fractions of solutes1 

when looser than neutral films, and therefore might 
have a higher permeation rate for a given thickness. 
Dynamically formed ion-exchange membranes have 
followed the predicted pattern, in some cases quantita-
tively, and in almost all cases, at least qualitatively. This 
behavior suggests that practical desalination applica-
tions are more likely for low-salinity waters than for sea 
water. 

1. L. Dresner and K. A. Kraus, J. Phys. Chem. 67, 990 
(1963); L. Dresner, ibid. 69, 2230 (1965). 

Hydrous oxide membranes have received much atten-
tion, and results are summarized in Section 2.2. 
Membranes are easily formed either from hydrolyzable 
salts or from colloidal dispersions of hydrous oxides, 
and the acceptable pore sizes of supports are usually 
higher with this class than with those formed of other 
types of polyelectrolytes; frequently, membranes can 
be formed even when pore sizes are >1 ju. Fluxes are 
usually high, especially when the membranes are 
formed from feeds circulating rapidly past the porous 
body, or from feeds made turbulent in other ways. 

Since ion-exchange properties of hydrous oxides can 
be manipulated in many ways, particularly by pH 
control, they form an interesting class for fundamental 
studies of membrane behavior. One such study, of 
dependence of rejection on flux, has already been 
presented in Section 1.1. Another closely related study, 
of rejection measured at fluxes high enough for 
attainment of essentially maximum values, is described 
in a paper, reproduced in Section 2.2.1. The membrane 
was hydrous Zr(IV) oxide, and rejection as a function 
of solute charge type, solute concentration, and solute 
pH was shown to correlate satisfactorily with the 
known ion-exchange properties of this inorganic ma-
terial. Flux of solute and solvent also appears com-
pletely coupled to a good approximation, in contrast to 
cellulose acetate where the coupling coefficient is essen-
tially zero. The work in Section 1.1 and 2.2.1, along 
with confirmation of concentration polarization theory 
under turbulent flow conditions (Section 4.1.1), com-
prises the bulk of the doctoral research of A. J. Shor, 
and is reported in more detail in his Ph.D. thesis to the 
University of Tennessee. 

A few measurements of concentration dependence of 
NaC104 rejection, pertinent to membrane transport 
theory developed elsewhere, are summarized in Section 
2.2.2. We have discussed some implications of this 
section and of Section 2.2.1 in the Summary of Section 
1. 

Brief studies of the properties of hydrous Fe(III) 
oxide membranes and of other hydrous oxides, of 
which many are likely to be produced by corrosion of 
metals frequently used in construction of equipment, 
are summarized in Section 2.2.3. Highest rejections of 

6 
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those simple hydrous oxides which form membranes 
most readily seem to occur at acid pH values, where 
they are expected to be in the anion-exchange form. 
From a practical point of view, the acidities at which 
maximum rejection occurs are poorly matched with 
those of most natural feeds. Further, for reasons not 
completely understood, rejections by hydrous oxide 
anion-exchange membranes appear to be particularly 
sensitive to the presence of polyvalent counterions 
(anions) in the feed solutions. For equally unclear 
reasons, the cation exchange form does not appear as 
easily poisoned by polyvalent cations. However, those 
oxides which would be expected to have high cation-
exchange capacity at neutral pH values [e.g., W(VI), 
Mo(VI), and P(V)] do not form stable membranes. 

Dynamically formed membranes also reject neutral 
organic solutes. The mechanism cannot be ion-
exclusion, and rejection appears to depend primarily on 
the size of the solute molecules. Filtration of neutral 
organics implies possibilities for pollution control appli-
cations, as well as in processes such as food concen-
tration. Results of a preliminary study, mainly with 
hydrous Zr(IV) oxide membranes, are summarized in 
Section 2.2.4. 

Because of the practical difficulties with hydrous 
oxide membranes, we have concentrated in the latter 
part of the biennium on organic polyelectrolyte addi-
tives in that part of the work aimed at development of 
membranes practical for desalting. With many, particu-
larly those having strong acidic or basic functional 
groups, rejections are favorable over a wide range of 
acidities, which is likely to include the pH of natural 
waters. Further, there were possibilities, which ap-
peared interesting at the time, of mixed neutral and 
ionic polymers or copolymerized polymer segments. 
With weakly ionized polyelectrolytes, the same mem-
branes can be investigated from ion-exchange to neutral 
form by changing pH. 

Polycarboxylates and polyamines, particularly 
poly(vinylpyridines), received most attention during the 
period, and observations with these and other organic 
polyelectrolyte additives are summarized in Section 2.3. 
There are many aspects of membranes formed from this 
class of additives that we found puzzling at the time, 
and still do. Although rejections increase with de-
creasing feed-salt concentration, the increase is not as 

rapid as one would expect from simple ion-exclusion 
theory, which is apparently followed closely by 
hydrous Zr(IV) oxide membranes (Section 2.2.1). 

There are several possible explanations for the differ-
ences in behavior. It usually appears more difficult to 
form membranes from organic polyelectrolytes than 
from hydrous oxides, and supports of small pore size 
are usually required for organics. This suggests that 
there may be more imperfections in organic poly-
electrolyte films. There may be difference in water 
content of organic polyelectrolytes in contact with 
solutions of different feed concentrations, and there-
fore differences in effective capacities. Interactions with 
minor impurities may be of importance. We have not as 
yet established the relative importance of these and 
other factors for performance, nor the effect of such 
properties of polymers as linear charge density, molecu-
lar weight and its distribution, or degree of branching. 

Salts having polyvalent ions of charge sign opposite 
that of the fixed charge on ion-exchange membranes are 
frequently much more poorly rejected by such mem-
branes than simple ion-exclusion theory would predict. 
Perhaps more serious from a practical point of view is 
the fact that their presence in feeds deleteriously affects 
the rejection of other salts. When these experiments 
were carried out, we found it curious that frequently 
with mixed solutes a polyvalent counterion is filtered 
more effectively than a monovalent counterion, though 
the polyvalent ion decreases overall rejection by the 
membrane. Theoretical analyses here and elsewhere of 
hyperfiltration of mixed electrolytes by ion-exchange 
membranes, carried out since, have dispelled much of 
the mystery. 

The presence of polyvalent ions of both charge signs 
in most natural saline waters is perhaps the greatest 
impediment to practical use of dynamically formed 
membranes in desalination. To emphasize similarities 
between their effects with various types of additives, we 
have collected studies of these effects in Section 2.4. 
We also discuss in this section the related subject of 
separation of salts from one another. 

Efforts have been underway at Westinghouse to 
prepare membranes of graphitic oxide. In Section 2.5, 
we report some properties of membranes prepared from 
this material dynamically. 
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2.1 HYPERFILTRATION STUDIES X. 

HYPERFILTRATION WITH DYNAMICALLY-FORMED MEMBRANES* »* * 

K. A. Kraus, A. J. Shor,*** and J. S. Johnson, Jr. 

SUMMARY 

The usual configuration projected for the hyperfiltration (reverse osmosis) desalination process 
utilizes specially cast cellulose acetate membranes placed on suitable supports. We have found 
that salt-rejecting interfacial layers or membranes with frequently remarkably high permeation rates 
can be formed dynamically on porous bodies when certain additives are present in the pressurized 
feed solutions. Materials with nominal pore diameters near one micron may be used; rejecting layers 
have been formed dynamically on substrates with pore diameters as high as 5 microns. After initial 
formation of the membranes, very low concentrations of additives, of the order of 1 ppm are fre-
quently sufficient to maintain their properties. 

The additives which so far have given the most interesting results would be expected to form ion-
exchange membranes. Examples are: organic polyelectrolytes, colloidal dispersions of hydrous 
oxides, solutions of hydrolyzable ions, ground-up low-cross-linked ion-exchange beads, and certain 
natural products such as clays and humic acid. For these, dependence of rejection on feed concentra-
tion and on the charge type of the salt is generally consistent with an ion-exchange mechanism for 
rejection. Membranes have also been formed from neutral (uncharged) additives. 

The chemical nature of the porous body on which the membranes are dynamically deposited 
does not seem of primary importance. Membranes have been formed on porous silver and other 
porous metals, porcelain, porous carbons, sintered glass, and "Millipore" filters. 

The principal potential advantages of this class of membranes are their high production rates, 
frequently several hundred gallons f t - 2 d a y - 1 , the simplicity of their formation, and the possibility 
of making them "self-healing". In addition, some solutes which are to be removed from feeds are 
capable of forming dynamic membranes, which in a sense are then "self-rejecting". With the dynamic 
membranes so far developed, salt rejection is less than with cellulose acetate and, for most, rejection 
decreases with increasing salt concentration. Ir. addition, performance is often deleteriously effected 
by presence of polyvalent counter-ions in the feed solutions. At the present stage of development 
these dynamic membranes thus seem likely to be more applicable to the treatment of low concentra-
tion saline feeds, wastes and polluted waters, than to high concentration feeds. 

SYMBOLS 
b — charge of co-ion 
C*— ion-exchange capacity (moles per kg water) 
D* — distribution coefficient, moles solute per kg water in membrane/moles solute 

per kg water in aqueous phase 
* — a special salt diffusion coefficient in the membrane 

J , — water flux 

* Research sponsored by the Office of Saline Water, U.S. Department of the Interior, under 
Union Carbide Corporation's contract with the U.S. Atomic Energy Commission. 

** Paper presented at the Second European Symposium on Fresh Water from the Sea, May 9-12, 
1967, Athens, Greece. European Federation of Chemical Engineering. 

*** ORNL and Department of Chemistry, University of Tennessee 
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k — constant determined by geometrical factors, the Schmidt number, and con-
stants from the Chilton-Colburn analogy and the Blasius equation 

/ — membrane thickness 
m — salt concentration 
ma — concentration at entrance (a) interface of the membrane 
m^— salt concentration of product 
m f — feed concentration (concentration in the turbulent core) 
Q — ratio of counter-ion concentration in solution to ion-exchange capacity 
R — salt rejection = 1 — mjma 

u — circulation rate 
ii — linear flow velocity 
v — transmission rate of membrane 

— coupling coefficient in flux equations 
r — activity coefficient ratio 
a — flow parameter = J x l j ^ * 
4> — change in fluidity of water 

In hyperfiltration or reverse osmosis salts are removed from saline waters by forcing 
the solution under pressure through appropriate membranes. The membrane material 
of choice at present is cellulose acetate whose salt-rejecting properties were discovered 
by Reid and Breton (1). When cast according to a special recipe — i.e., that of Loeb 
and Sourirajan (2) — reasonably high water transmission rates can be achieved 
together with excellent salt rejection. Much of the optimism regarding the future 
of hyperfiltration as a desalination technique rests with this remarkable membrane. 

From current great emphasis on cellulose acetate one might get the mistaken 
impression that salt-filtering properties of materials are rare or unusual. Reid and 
others, many of them working under the sponsorship of the Office of Saline Water, 
have, however, found (3) that many synthetic organic membranes have salt-filtering 
properties; it now appears that many inorganic materials also reject salts. 

While we also made membranes by synthetic organic techniques (4). we have more 
recently concentrated on the dynamic method of forming them. This study began 
with observations, first made by A. E. Marcinkowsky of this laboratory, that high-flux, 
salt-rejecting membranes can be formed on porous silver frits by passing solutions 
containing Th(IV) over them. Formation of salt-rejecting layers on porous supports 
from feed solutions containing various "additives" has since been shown to be rather 
general (5,6). The method is simple and by-passes conventional, time-consuming, 
membrane casting procedures. It permits rapid testing of rejection characteristics 
of materials and thus helps to screen materials suitable for membranes which can 
supplement model solution studies (7,8). Probably of greatest interest, however, 
is the observation that by the dynamic method salt-rejecting membranes with very 
high transmission rates can frequently be prepared. The membranes can also be 
maintained dynamically by retaining in the solution a small concentration of the 
additive, which presumably covers areas in which weaknesses might develop. In this 
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sense the dynamic membranes can be considered "self-healing". While we have not 
been successful in demonstrating it to our satisfaction, the technique might also 
permit control of the thickness of membranes and hence their transmission characteris-
tics through control of the hydrodynamics of the system. 

Many materials seem capable of forming dynamic membranes with salt-rejecting 
properties; Table I lists typical examples. Some of these can be present in natural 

TABLE I 
TYPICAL ADDITIVES WHICH CAN FORM SALT-REJECTING MEMBRANES 

Hydrous oxides [Al(lll), Fe(IlI), Si(lV), Zr(lV), Th(IV), U(VD] 
Finely ground low cross-linked ion-exchange resins 
Clays (Bentonite) 
Humic acid 
Poly(Styrene sulfonic acid)" 
Poly(Vinyl benzyl trimethyl ammonium chloride)" 
Cellulose acetate hydrogen phthalatec 

Cellulose acetate N,N-Diethylamminoacetatec 

Poly(Methyl vinyl ether/Maleic anhydride) (Gantrez AN) 
Poly(4-Vinyl pyridine)6 

Poly(4-Vinyl pyridinium butyl chloride)* 
Poly(Vinylpyrrolidone) 

a We are indebted to Dr. R. E. Anderson, Dow Chemical Co., for these materials. 
b We are indebted to Dr. R. M. Fuoss, Yale University, for supplying us with this material. 
c We are indebted to Dr. W. H. Baldwin, ORNL Chemistry Division, for synthesis and/or puri-

fication of these materials. 

feed waters and one wonders how far deposition of these in thin layers on e.g., cellulose 
acetate membranes, affects the performance characteristics of these membranes. 
The number and variety of porous support structures on which dynamic membrane 
be can developed also is very large; a representative list is given in Table II. 

These lists are or/ly to indicate the breadth of the phenomenon, not its details. 
Not all support structures have been found equally satisfactory nor have the various 
additives shown equal or high desalting abilities. Much has yet to be learned about 
the mechanism of dynamic membrane formation. Indeed we are very puzzled as to 
why some of these membranes form. Formation of membrane-like layers on porous 
supports is perhaps expected for colloidal additives or particulates, but the pore 
diameters of the supports are very much larger than the molecular size of many of the 
additives. For examples, with Th(IV) we have observed formation of salt-rejecting 
membranes even with very slightly hydrolyzed solutions (5) where the polymers are 
small. One thus wonders if there may not be a distinction between "plugging" pores 
by unidentified trace colloidal constituents and presumed "activation" of this "filter 
cake" through adsorption of low molecular weight solutes. With the organic polymers 
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TABLE II 
TYPICAL POROUS SUPPORTS FOR DYNAMICALLY FORMED MEMBRANES 

Material Nominal pore 
diameter (microns) 

Trade name 
or supplier 

Silver 0 . 2 - 5 Selas Corp. 
Porcelain 0.5 — 

Sintered glass ultrafine — 

Carbon 0.2-0.5 Union Carbide Corp." 
Polyvinyl chloride 0.45 Metricel VM-6 (Gelman) 
Polyvinyl chloride (on nylon) 0.45 Vinyl Acropor VNM-450 

(Gelman) 
Vinylidene fluoride 0.45 Metricel VF-6 (Gelman) 
Cellulose acetate 5 Metricel GA-1 (Gelman) 

0.1-0.5 Millipore 
Porous fiberglass tubes — American Standard* 

— Havens Industries6 

Nuclepore 0.5 General Electricc 

a We are indebted to Dr. L. M. Litz of the Union Carbide Corporation for supplying us with 
a large variety of carbon tubes. 

b We are indebted to Dr. Alfred Shaines of American Standard and Dr. Glenn G. Havens of 
Havens Industries for samples of their glass-fiber tubes. 

c We are indebted to the General Electric Company for samples of Nuclepore membranes. 

and polyelectrolytes the process of forming the membrane might begin with a modest 
retardation of the polymeric additive at the interface which eventually leads to a 
thin relatively concentrated polymer film of high viscosity, or perhaps even to 
precipitation if the solubility at the interface should be exceeded. At present these 
are speculations and, as mentioned, much remains to be done to determine the 
mechanism of formation and nature of the film and to develop the desired control 
over thickness and water flux. 

GENERAL CONSIDERATIONS ON HYPERFILTRATION 

Before discussing some of the more quantitative aspects of salt rejection with dynamic 
membranes, a review of some requirements of membranes for salt rejection is desirable. 
Only a brief discussion is possible here; for details and derivation of the appropriate 
equations, see (8). 

According to a simple, though, we believe, reasonable theory, salt rejection R can 
be described in terms of an equilibrium distribution coefficient D*\ a coefficient 
j3 presumed to be between zero and one (19) describing coupling of salt and water 
fluxes; and a flow parameter, a — which is the dimensionless ratio of water 
flux Ji , membrane thickness / and a special salt diffusion coefficient ; in the 
membrane. 

If we define rejection R as 
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R = 1 - mjmx (1) 

where m^ is the salt concentration of the product and ma the concentration at the 
entrance (a) interface of the membrane, these quantities are related by the equation 

W - * ) = ( ! - e-P°) [(1 IfiD*) - 1] (2) 

By Eq. (2), good rejection is dependent on a kinetic term involving fie, which 
should be large, and an equilibrium term, J3D*, which should be small. As pressure 
increases, Jx and a increase, influence of the kinetic term diminishes, and rejection 
approaches a limiting value, 

= i - m (3) 

dependent on coupling and equilibrium distribution coefficient at the high pressure (a) 
interface. For a membrane with completely uncoupled flow, fi=0, rejection approach-
es unity at high pressures; uncoupled flow seems to be a good approximation for 
cellulose acetate (9,10). However, if Ra is less than one, as it is for the dynamically-
formed membranes so far studied by us, at least a degree of coupling is implied. We 
shall set fi — 1 in the present discussion, since (in absence of independent determi-
nation of fi, in principle possible but difficult with this class of membranes) this 
value seems more reasonable to us for most of these membranes than fi = 0. 
Eq. (3) then becomes 

*«, = ! - D* (3a) 

The correlation of high limiting rejection with small values of distribution coef-
ficients implies that with neutral membranes of the cellulose acetate type, activity 
coefficients of salt in the membrane phase should be greater than in the aqueous 
phase — i.e., the activity coefficient ratio, I \ should be larger than one. Ordinarily, 
this occurs with membrane materials of low dielectric constant, (8,11) and of low 
water content (7) (the salt-rejecting layer must also be essentially homogeneous). 
These requirements imply low water flux, except for membranes with very thin salt-
rejection layers, such as those (order of 0.1 micron) attained with cellulose acetate 
cast by the Loeb-Sourirajan (L. S.) recipe. 

Distribution coefficients less than unity can also be achieved by making the mem-
branes charged — i.e., from ion-exchange-active materials. Here the activity coefficient 
ratio T need not be particularly high because salt rejection occurs by salt exclusion 
through the "Donnan equilibrium". With ion-exchange membranes the concentration 
of the counter-ions (ions having charge sign opposite to that of the fixed charge of 
the membrane) in the membrane is large and hence the concentration of co-ions 
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(ions of same charge sign as membrane), which determines salt invasion and the 
distribution coefficient, is usually small. 

Thus for a salt MXb at concentration m in the contacting solution phase, and an 
anion exchanger, D* is given by (S) 

( n r U l r F 
si h m ta \ Q = c * • ( 4 a ) 

To make D* small, Q should also be small. Ion-exchange membranes may thus 
be effective for salt rejection even at high water contents and with pore diameters 
of many tens of angstroms provided Q<1 (12). However, they would not be 
expected to be effective at the pore diameters of 0.1 to 5// which we use in our 
support structures. 

CONCENTRATION POLARIZATION 

To demonstrate the salt rejection inherent in a membrane, salts which accumulate 
at the feed interface must be removed. If this is not done, salt build-up or concentration 
polarization at the interface will rapidly reach such high values that the product 
solution will have the same composition as the feed, as if the membrane had failed. 
A remedy is to pump feed solution past the membrane as rapidly as possible. For 
present purposes we shall assume that we pump the feed solution past the membrane 
under turbulent conditions. 

If we consider turbulent flow in a tube (13) and define observed rejection 

*obs = 1 - — (5) m f 

(where feed concentration m f is taken as the concentration in the turbulent care) 
the relationship between Robs and R is given by (14) 

log 1(1 - Roh>)I Rohs] = k v/u°-7S + log [(1 - R)/R) (6) 

To evaluate intrinsic rejection R of a membrane from fiobs, it is thus necessary 
to extrapolate data obtained as a function of circulation velocity to infinite velocity 
— e.g., by plotting log (1 — Robs) / Rohs against v/u°-75. Appropriate data may be 
obtained if the porous support is in the form of a tube — e.g., a carbon tube — and 
the equipment (see Fig. 1) contains both pressurizing and circulating pumps with 
appropriate valves to control the linear flow velocity w through the tube. 
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Hyperfiltration Equipment 
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Fig. 2. Effect of circulation velocity on observed rejection 
(Hydrous ZrO? membrane, 0.013 M NaCl, 800 psi, 0.33 cm/min, 25°C). 

Typical results, shown in Fig. 2, were obtained with a hydrous zirconium oxide 
membrane dynamically deposited on the inside of a porous carbon tube. Eq. (6) 
predicts a straight-line relationship between log (1 — Robs) / (Jfobs) and v /u° ' l 5 . 
Although this holds here well, the slope is not that expected from the equation 
because rejection by this membrane varies with concentration. However, if this is 
taken into consideration, satisfactory agreement between theoretical and observed 
slopes is obtained (14). 

According to Eq. (6), in order to maintain a given ratio of RobJR (i.e., a given 
extent of concentration polarization for different permeation rates) the velocity 
ratio v/u0'75 should be kept constant. With low flux membranes (small values of v) 
relatively small circulation rates are sufficient to keep concentration polarization 
within bounds. However, with high flux membranes, with which we shall be largely 
concerned here, correspondingly larger circulation velocities should be used. 

Very large values of u are required when v is of the order of 1 cm/min and con-
centration polarization is to be kept small. In such cases use of turbulence promoters 
may be desirable. We have tested a "detached promoter" (developed by D. G. Thomas) 
(15) in the form of a spiral with only point contacts with a carbon tube. The results 
were encouraging. Fig. 3 compares results obtained with a single tube which had the 
promoter on the downstream half of its length. Concentration polarization at a given 
value of vju was considerably less in presence of the promoter than in its absence. 
In addition the transmission rate v was substantially larger in the promoted section 
than in the unpromoted one; we have frequently seen v to be 20 to 50% larger in the 
promoted section. 

DYNAMIC HYDROUS ZIRCONIUM OXIDE MEMBRANES 

We shall discuss in some detail hydrous Zr(IV)-oxide membranes to demonstrate 
some of the properties of dynamic ion-exchange membranes. This is done not so 
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Fig. 3. Effect of detached turbulence promoter on rejection of 0.01 M MgCfe at 400 psi. 
V — (No turbulence promoter) = 0.43 cm/min = 150 gal/ft2 day. 

v — (Turbulence promoter) = 0.53 cm/min = 190 gal/ft2 day. 

much because this additive is particularly suitable or uniquely attractive for desali-
nation but rather because the properties of this material are relatively well understood, 
the membranes are readily formed, and the opportunity presented itself to check 
out some of the basic theoretical considerations. 

As we have mentioned, ion-exchange membranes might be of interest to desalination 
because they might permit relatively high water fluxes when many microns thick 
while for neutral membranes (uncharged) high fluxes would require much thinner 
films. We have attempted preparation of ion-exchange membranes for several years 
and demonstrated (4) that membranes of very high intrinsic permeability can be 
produced synthetically, but the actual membranes were of the order of 100 microns 
thick and showed permeabilities of only a few gpd/ft2. Very mucjh Higher fluxes have 
now been observed with dynamically deposited ion-exchange membranes. 

For example, hydrous zirconium oxide membranes (prepared from boiled zirconium 
oxychloride solution) may show water fluxes of the order of 1 cm/min (1 cm/min 
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Fig, 4. Hyperfiltration by a dynamically created hydrous Zr(IV) oxide membrane. 
(Base filter: silver, 0.8 micron nominal pore diameter. Pressure: 35 atm.) 

Curve calculated for ideal ion exclusion of ion-exchanger of capacity 0.09 equivalents/kg water 
in membrane phase (coupled flow). 

=355 gpd/ft2) while showing significant salt rejection. Some typical observed rejec-
tions (not extrapolated to v/u — 0) and flow rates are shown in Fig. 4 [see also (5)]. 

Intrinsic salt rejection R by ion-exchange membranes should have some special 
characteristics if it is largely determined by the equilibrium distribution coefficient 
D* [Eqs. (3a), (4)]. Salt rejection should increase as the concentration of electrolyte 
in the surrounding medium decreases. The effect should be more marked — i.e., 
the slope greater — with salts containing multivalent co-ions, and the relationship 
should be less steep for salts with multivalent counter-ions. One expects for most 
exchangers but not necessarily for all, that rejection is poorer when polyvalent counter-
ions are present. Values of Rm as a function of feed concentration and charge type 
of solute may be used to detect coupling and to identify rejection by an ion exchange 
mechanism. 

Fig. 5 gives extrapolated NaCl rejections as a function of M NaCl obtained with a 
hydrous Zr(lV) oxide membrane dynamically deposited on a carbon tube. Transmission 
rates at 400 psi were ca. 0.25 cm/min. (At this pressure the extrapolated values of R 
are only slightly less than /?«,.) The increase in rejection with decreasing NaCl con-
centration is approximately as expected from an ion-exclusion argument with vari-
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Fig. 5. Rejection of NaCl by a dynamically-formed Zr(lV) hydrous oxide membrane. 
Ion-exchange capacity assumed: 0.066 moles/kg H2O. Computed curve includes allowance for 

variation of activity coefficients of NaCl in aqueous phase. 

ations of activity coefficients in the aqueous phase taken into consideration (solid 
line, Fig. 5). 

As illustrated in Table III, in acidic solutions MgCl2, BaCl2 and LaCl3 are much 
better rejected than NaCl by hydrous zirconium oxide as expected; under these 
conditions the oxide is an anion exchanger and Mg + + , Ba + + , and La + + + are poly-
valent co-ions. Sodium sulfate (with a divalent counter-ion) is negligibly rejected. 
In basic solutions, the reverse is the case (Table III). Sodium sulfate is better rejected 
than barium chloride. 

TABLE III 
SALT REJECTION BY HYDROUS ZIRCONIUM OXIDE MEMBRANES 

(Porous carbon tubes, v = 0.05 to 0.4 cm/min, 400-600 psi, 25°C) 

Salt Cone. (M) pH R 

NaCl 0.05 3-4 70 
MgCl2 0.027 3-4 91 
BaCl2 0.025 3-4 95 
LaCl3 0.029 3-4 96 
NaCl 0.05 ~ 1 1 . 5 40 
Na 2 S0 4 0.025 ~ 1 1 . 5 60 
BaCl2 0.025 ""11.5 30 
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Comparison between salt rejection (0.05 M NaCl) by membrane and ion exchange properties 
of hydrous zirconium oxide. 

(/(/?) = C/m for ideal Donnan distribution.) 

In the intermediate pH range, salt rejection should follow the variation of capacity 
with pH. As shown in Fig. 6 this is at least qualitatively the case. In this figure the 
lines represent ion exchange capacities (moles/kg solid) obtained from titration curves 
of hydrous zirconium oxide (16). The points are capacities (moles/kg H 2 0) computed 
with Eq. (4) (for r = l , jD* = 1 — R) from values of R obtained by extrapolation 
to infinite circulation velocity. The ordinates were adjusted to bring capacity of the 
solid exchanger and the membrane (different units) to the same value at one pH. The 
remarkable parallel between ion-exchange properties of solid hydrous zirconium 
oxide and hyperfiltration properties of a membrane dynamically formed with 
colloidal dispersions of this material confirms that rejection is by an ion exchange 
mechanism and that Eq. (3a) applies. The capacity of the membrane is less than that 
of the solid exchanger. 

PROPERTIES OF OTHER DYNAMIC MEMBRANES 

We listed in Table I a few of the materials which when used as additives yield dynamic 
membranes with salt-rejecting properties. While detailed discussion of these materials 
is not possible here we shall give a few typical results: 

(a) Hydrous ferric oxide 
This material would be expected to be a general contaminant in hyperfiltration 

work carried out in steel-containing equipment. To avoid extensive contamination 



20 

most of the work reported in this paper was carried out in equipment where even 
stainless steel was avoided as much as possible. The pumps were either titanium or 
Hastelloy C and connecting tubings were of titanium or reinforced rubber tubing. 

While we established in preliminary experiments in titanium equipment that 
"colloidal" hydrous ferric oxide (prepared by boiling FeCI3 solutions) causes develop-
ment of a salt-rejecting membrane, further studies were carried out in stainless steel 
equipment with a carbon tube as substrate. We may summarize these experiments as 
follows (the experiments were performed by Dr. H. O. Phillips of the ORNL Chemistry 
Division; we wish to thank him for permission to quote them): 

Salt rejection by hydrous Fe203 is pH sensitive, as is rejection by hydrous Zr02 . 
The rejection minimum (isoelectric point ?) is located near pH 8 in 0.08 M NaCl solu-
tions [10 - 4 M Fe(III)]. In one series of experiments jRobs was 0.56 near pH 3 for 
0.08 M NaCl, was negligible near pH 8 and became 0.2 near pH 12. (Measure-
ments were at 600 psi; at a circulation velocity u = 15 ft/sec and transmission rate 
y w 0.1 cm/min.) Robs became essentially independent of pressure near 500 psi; 
it was significantly lower at the lowest pressure used (100 psi). With increasing 
temperature v increased approximately as expected-from the change in fluidity <f> 
of water (i.e., v(<f> was approximately constant) and Robs was hardly affected. 

(b) Organic polyelectrolytes 
We have been able to prepare dynamic hyperfiltration membranes from a large 

number of organic polyelectrolytes including materials with strongly acidic, weakly 
acidic, stongly basic and weakly basic functional groups. Some typical examples 
have been given in a previous publication (6). A typical set of results, taken from 
this paper, is shown in Fig. 7. 

<00 

QOOI 0.005 O.Ot 0.05 
FEED CONCENTRATION , moles onion / liter 

Fig. 7. Hyperfiltration by membrane dynamically formed on porous silver (0.2 micron nominal pore 
diameter) with polyvinylbenzyltrimethyl ammonium chloride. Pressure: 34 atm. Solid curves 
computed ideal rejection by ion-exchanger of capacity of 0.04 equivalents/kg water in membrane 

phase (coupled flow). 
• LaCb, 0.6 ppm additive 3 MgCk, 0.6 ppm additive O NaCl, 0.6 ppm additive 

© NaCl, 2.5 ppm additive ® NaCl, 25 ppm additive + HCI, 0.6 ppm additive 
x NaClC>4,0.6 ppm additive. 
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(c) Humic acid and bentonite 
Humic acid, as used by us, is a dark-colored extract obtained from decaying oak 

leaves (our stock was prepared by D. J. Nelson of the ORNL Health Physics Division). 
We have used it without further purification and found it to form dynamic membranes 
with interesting rejection properties. A typical set of results is given in Fig. 8. 
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Fig. 8. HyperfiHration properties of dynamically formed humic acid membrane. 
0.2 n Ag fitter, 1000 psi, ~ 25 ppm humic acid. 

The "humic acid" membrane was developed on a 0.2ji flat porous silver filter 
by circulating past it a solution of 250 mg/1 humic acid content for several hours. 
The results of Fig. 8 were obtained over a 2-week period; the feeds contained 25 ppm 
of humic acid. By comparing optical density of "bleed" and product solutions, from 
time to time, the additive was found to be better than 90% rejected. 

Salt rejection increases with decreasing feed concentration and is higher for the 
salt with the divalent co-ion, sulfate, than for NaCl at a given sodium concentration, 
qualitatively as expected of a cation-exchange membrane. The membrane rejects 
MgCla. (a salt with a divalent counter-ion) to an appreciable extent. The permeation 
rate seems less in the presence of MgCl2; this probably reflects a change in membrane 
properties with time (the order of experiments was NaCl, Na2S04, MgCl2). After 
the MgCl2 series, permeation of 0.017 M NaCl was 25 gpd/ft2 and rejection 71 %, 
values somewhat changed from those given in the figure. 
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Concentration of humic acid considerably lower than 25 mg/1 sufficed to maintain 
rejection, though just what minimum concentration is necessary is yet doubtful. 
In one test, with 7 mg/1, no loss of rejection was observed; at 2-5 mg/I, a decrease 
(from 65 % to 40%) was noted during about 10 hours operation. Rejection was readily 
restored by subsequent exposure to 25 mg/1. In a later test, after the MgCl2 series, 
there was no rejection loss in 17 hours operation at 1 mg/1. 

Bentonite, a montmorillonite-type clay, when used as an additive in low concentrat-
ion, has at times appeared to form dynamically salt-rejecting membranes, as one might 
expect from its cation-exchange characteristics. Unfortunately our results with this ad-
ditive have been relatively irreproducible, and have cast doubt on whether membranes 
formed from this clay alone reject salt. Combination of humic acid and clays, as 
mixed additives, however, have generally shown rejection properties which were 
superior to those shown by either additive alone. 

A typical set of results is given in Fig. 9. The membrane was prepared by circulating 
past a 0.8n silver frit a 0.02 M NaCl solution containing 45 mg/1 of finely divided 
bentonite. When flow rate had decreased to 170 gpd/ft2 at 500 psi, salt rejection was 
still negligible in this case. But on exposure to a 0.02 M NaCl solution containing 
250 mg/l of "humic acid" the layer acquired rejection properties (l?obs = 0.63); 
permeation rate had decreased to 10 gpd/ft2 at 500 psi. The results (points) of Fig. 9 
were obtained with this membrane at 2000 psi. The curves are the rejection data 
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Fig. 9. Hyperfiltration properties of dynamically formed bentonite-humic acid membrane 
(points). Curves are for humic acid membrane. 0.8 n Ag filter, 2000 psi, ~ 25 ppm humic acid. 
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copied from Fig. 8. While the results were more erratic with the combination mem-
brane than with humic acid alone, it is apparent that rejections are substantially 
higher for the combination membrane than for the "simple" one. Permeation rates 
(and permeabilities) were substantially lower. 

The observation that dynamic membranes may be formed from such "natural" 
additives raises the question whether some natural waters may not contain materials 
suitable for salt-filtration and other purifications. One expects that, at least under 
some circumstances, use of special additives may not be required to effect water 
purification. One also wonders how widely nature may be utilizing "dynamic mem-
branes" deposited or formed on porous formations for changing relative salinities 
of waters and for carrying out other water purifications or compositional changes. 

(d) Polyvinyl pyridine 

This material as an additive for dynamic membranes is of particular interest be-
cause it should represent a class of organic compounds whose charge density (ion 
exchange characteristics) should be controllable by the solution pH. One expects 
the material to form an anion exchange membrane in acidic solutions (where the 
pyridinium ion forms) and a "neutral" (uncharged) membrane in neutral and basic 
solutions. 

Several series of experiments with a polyvinylpyridine membrane (carried out on 
a membrane "aged" by several days prior operation) are summarized in Fig. 10. 
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The membrane was formed on a flat disk of Metricel VM6 with nominal pore size 
0.45/*. Initial concentration of the additive was 100 ppm; during the rejection ex-
periments the solutions contained 1 ppm of the additive. 

The membrane showed 70% rejection of 0.05 M NaCl near pH 3. This rose to 
85-90% above pH 4. Magnesium chloride (0.025 M) was 85% rejected at pH 3; 
rejection was somewhat better at higher pH. Sodium sulfate rejection (0.01 M) rose 
from 43% at pH 3 to better than 80% at high pH. If we consider the membrane in 
acidic solutions to be an anion exchanger the relative rejection /?MgCb > J?NaCI 

>UNa2so4 is as expected. However, sodium sulfate with its divalent counter-ion 
is remarkably well rejected. Also in the few experiments so far carried out, the con-
centration dependence of rejection of NaCl was much less than expected from the 
usual ion-exclusion arguments. Thus, the usefulness of describing the properties 
of this membrane in acidic solutions in terms of ion exchange is in doubt; it seems 
to behave "better" than anticipated. 

Examination of the permeation properties of the membrane as a function of pH, 
also given in Fig. 10, supports the contention that there is a transition from an ion-
exchange membrane to an uncharged one as the pH is raised. Flow rate through 
this membrane decreases almost a factor of ten as the pH of the solution is raised. 
Presumably in acidic solutions the membrane is in the pyridinium form and resembles 
a swollen (hydrated) polyelectrolyte. At high pH, the pyridinium groups are neutra-
lized and a low water content membrane forms. If the amount of polymer per unit 
area were the same in the two pH ranges, this loss of water would be equivalent to a 
drastic decrease in the equivalent pore size and hence would account for the very 
large decrease in transmission rate. 

While flow rates in the high pH range were low (4-7 gpd/ft2 at 1500 psi), the ex-
periments are nevertheless of considerable interest since they represent the best 
results so far of our attempts to form dynamically neutral salt-rejecting membranes. 
As shown in the figure, salt rejection in neutral solutions can be high. Also in Fig. 10 
are results of tests with a solution approximating a natural water ("Coalinga-type" — 
0.0028 M NaHC03 , 0.0096 M Na2S04, 0.0018 M CaCl2, 0.002 M MgCl2). Total 
anion rejection was 93%; it was essentially the same after acidification to pH 5.8 but 
dropped to 63% at pH 2.9. We have found that this dynamic membrane is capable 
of significant rejection of salts from sea water (obtained at Pawleys Island, South 
Carolina). In one 18-hour test where chloride rejection was 90%, we observed 99% 
Mg and Ca rejection and 99% sulfate rejection. Flow rate was 3 gpd/ft2 at 
1500 psi. 

From earlier model solution studies (17) we had anticipated that pyridine mem-
branes and cellulose acetate membranes would resemble each other. Our results 
confirm this expectation. If one assumes that cellulose acetate membranes and dy-
namically prepared polyvinyl pyridine membranes have similar kinetic properties, 
one concludes that our dynamic membranes are only a few times thicker than the 
active layer of the L-S membranes. We hope that with further work they might be 
made with comparable thickness. 
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SEPARATION OF SALTS 
As implied in our discussion of co-ion and counter-ion rejection by ion-excltange 
membranes, separation of some ions from each other should be possible by hyper-
filtration. With hydrous oxide membranes this should be particularly effective when 
the ions to be separated are co-ions of dilferent charge. 

TABLE IV 
SEPARATION OF SALTS BY HYPERFILTRATION 

Dynamic Z r 0 2 . *H 2 ( ) membrane, 25°C, 1 0 ~ 3 M H a , 1 0 ~ 4 MZr(IV), 800 psi 

Water flux 
Solution * M C 1 (cm/mm) 

0.017 M LaClj -0.05 M NaCl 0.70 0.98 0.19 
0.017 A / L a C l j - 0 . 5 Af NaCl 0.35 0.88 0.15 
0.054 M MgClr-O.12 M NaCl 0.52 0.87 0.19 
0,052 M MgClz-0.52 M NaCl 021 0.65 0.19 
0.048 M Ca Q2-O.ll M NaCl 0.49 0.84 0.20 
0.052 M Ca CIz-0.51 M NaCl 0.24 0.57 0.20 
0.046 M Ca Ch-1.02 M NaCl 0,14 0.48 0.21 
0.045 M Ba Cfe-OAHM H O 0.03(HC1) 0.96 0.24 

The effect is illustrated in Table JV which compares sodium chloride rejection 
with CaCl2, MgCI2 and LaCl3 rejections for various CaCl2-NaCl, MgCl2-NaCl 
and LaCl3-NaCl mixtures, all containing 10~3 M HC1. A dynamic Zr02 .JcH20 
membrane deposited on a carbon tube was used. The results listed were obtained 
from observed rejections by extrapolation to V/M°-75= 0. Pressure was 800 pal, 
which in this case was sufficient to make R almost equal to 

The polyvalent salts are much better rejected than NaCl. The effect is particularly 
marked for the trivalent salt, LaCl3; R^ci} is almost 0.9 even in 0.5 M NaCl. 
Lower, but still interesting, rejection occurs with the alkaline earth chlorides. With 
CaCl2 rejection is still almost 50% in 1 M NaCl. The implication is thus strong 
that with dynamic membranes it should be possible to carry out significant water 
softening. Unfortunately the hydrous Zr02 membrane used here probably would 
not be satisfactory for this purpose because most natural waters which one might 
want to soften contain a high enough sulfate concentration to affect seriously rejection 
properties for all salts. 

With high flux (dynamic) membranes salt separations (or water softening) can be 
enhanced by operating at lower pressures. (With conventional membranes this might 
also be possible in principle, though actually less attractive because fluxes may become 
too low at low pressures.) 
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We pointed out with Eq. (2) that salt rejection is strongly dependent on the kinetic 
term e-e« (or e-<* for fi ~ 1). When a is of the order of unity at a given flux, rejection 
will decrease rapidly with decreasing flux (or pressure). The parameter a involves 
the inverse of the diffusion coefficient of the salts in the membrane; these would 
differ for different salts. Thus at a given flux and membrane thickness values of a for 
different solutes may differ substantially from each other. The opportunity thus 
presents itself to select a (low) pressure where for one salt, A, RA is still near 
while for the other one, B, RB is much less than RBJ.- This kinetic technique of se-
paration should be particularly useful if RA30 is also larger than RBJC — i.e., if salt 
A is intrinsically belter rejected than salt S. 

With a dynamic hydrous Zr02 membrane this situation seems to apply for LaCl3-
NaCI mixtures. Fig. 11 shows that RLaCb is insensitive to pressure, while KNaCl 

decreases, and the separation of LaCl3 from NaCl improves as the pressure decreases. 

PRESSURE (ps i ) 

Fig. 11. Separation of L a + + + and N a + by hyperfiltration. 

REJECTION OF ORGANIC MATERIALS 

While one expects rejection of salts by hydrous oxide membranes, it might be con-
sidered surprising that they reject organic materials as well. Ousr experiments on 
rejection of organic solutes have not been particularly extensive; but a few typical 
results with hydrous zirconium oxide are given in Table V (18). 
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TABLE V 
REJECTION OF SOME ORGANIC MATERIALS BY HYDROUS Zr(lV>-OXlDE MEMBRANES 

(25 C, 35 at., 0.2p-Silver Frits, ca. 1 0 - 4 M Zr'.IV)) 

Concentration Pressure 
Organic solute gramsjliter (at) spdlft2 

Phenol 50 105 230 0.10 
n-butanol 50 105 150 0.47 
Ethylene glycol 15 35 60 0.23 
Dicthylcne glycol 25 35 60 0.26 
PEG-30Qa 50 35 50 0.52 
PEG-1000 50 35 45 0.85 
PEG-4000 50 30 40 0.91 
PEG-6000 50 35 40 0.89 

a PEG refers to "polyethylene glycol", polymeric ethers of ethylene glycol. 

While low molecular weight organic solutes are at least partially rejected, these 
membranes seem more effective with high molecular weight materials. Thus in the 
ethylene glycol-polyethylene glycol (PEG) series, rejection increased from ca. 20% 
to 90% as the nominal molecular weight was increased to 6000. Since rejection 
seemed to level off at 90% with this particular membrane, one wonders whether the 
permeating solute is from the low molecular weight tail of the mixtures (i.e., if 
there was polymer fractionation), or if the residual organic content measures im-
perfections in the membrane. We believe that both effects occur. Turbidities of 
solutions prepared from the effluent of the PEG-4000-6000 solutions were a little 
more than half those made of the original feed, measured at the same organic con-
centration. But rejection of a PEG with average molecular weight greater than 
100,000 was also only 90%. Further, as discussed below, rejection of various sugars 
can be increased by exposure of the membrane to higher pressures (See also ref. 18). 

Some rejection results for the series glucose, sucrose, raffinose are given in Fig. 12. 
These results were obtained by G. H. Gizinski, L. L. Gasner, and C. K. Neulander 
of the Massachusetts Institute of Technology Practice School at ORNL (S. M. 
Fleming, Director) with a new, and presumably slightly different, Zr(lV)-oxide 
membrane, formed on a 0.2/i silver frit; the solutions contained 10~5 M Zr(IV). 
Before experiment (1), Fig. 12, the membrane had been exposed for ca. 2 hours at 
400 psi to 0.04 M NaCl and salt rejection was Robs = 0.5. In a series of experiments 
at 400 psi (experiments 1-4) Robi increased in the order glucose-sucrose-raffinose; 
Rob, was in the range 15 to 35 %. 

On increasing pressure to 1000 psi, sucrose rejection rose gradually to 48% and 
flux decreased to 60 gpd/ft2; permeation rate per atmosphere became much lower. 
After 3 hours, rejection of the sugars was in the range 35 to 60% depending on mole-
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Fig. 12. Rejection of glucosc, sucrosc and raffinose by hydrous Zr(lV) oxide membra s on 0.2 
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order of experiments. 

cular weight (experiments 6-8, Fig. 12). After exposure to 1000 psi, rejections at 400 
psi were essentially the same as at the higher pressures. Exposure to the higher pressure 
seemed to have improved rejection and decreased permeability; the changes are 
apparently only slowly reversed on returning to lower pressure. Rejection of NaCl 
did not closely reflect the changes in organic rejection: /?NaC| was in the range 44 
to 57% from before experiment 1 to after experiment 12. Since rejection of neutral 
organic solutes appears to depend primaiily on size, we presume that the effect of 
pressure on sugar rejection is the result of compaction of the colloidal hydrous oxide 
making up the membrane. Since RHaC, did not vary much, one may conclude that 
"pores" or "interstices" removed by compacting were originally small enough not to 
affect significantly the volume charge density of the membrane, which presumably 
determines salt rejection. 

We have done so far very little on testing other dynamic membranes for rejection 
of organics. However, we found that a bentonite-humic acid membrane previously 
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formed on a 0.8fi silver frit rejected 75 % of sucrose from a 50 g/1 solution. Permeation 
rate was 20 gpd/ft2 at 2000 psi. 

We believe that the main significance of these experiments is that they suggest that 
dynamic membranes may find use not only in salt removal but also in more general 
pollution control, where removal of organic contaminants may be the principal 
objective. 

SELF-REJECTING DYNAMIC MEMBRANES 

Perhaps one of the most fascinating aspects of dynamic membranes is the ability of 
certain colloidal materials to form dynamic membranes which then prevent further 
significant penetration of the same material from the feed stream. In this case we 
possibly are dealing more with ultrafiltration with dynamically-formed membranes 
rather than hyperfiltration or salt filtration, although both of course can occur 
simultaneously. We may illustrate this effect with the following examples. 

Over a period of time, NaCl rejection of a Th(IV) membrane formed from a 
0.02 M NaCl-0.002 M ThCl4 solution reached ca. 70%, but Th(IV) was eventually 
rejected better than 99% (5). 

A similar effect may be observed with solutions containing Fe(IU). Within a few 
minutes of passing a yellow Fe(III)-containing solution across a porous support, 
flow through it decreases substantially and iron rejection begins. Apparently an 
Fe(III) hydrous oxide membrane is formed which retards further passage of Fe(Ill). 
High values of Fe(III) rejections (more than 95%) have been observed. 

Another example was mentioned in our discussion of salt rejection by humic acid: 
judging from the optical densities of feeds and products, the humic acid was better 
than 95% removed. 

A perhaps more dramatic case of formation of a self-rejecting membrane is given 
by some experiments we have carried out on the removal of organic pollutants from 
pulp mill wastes. (We are indebted to Drs. A. J. Wiley and B. F. Lueck of the Pulp 
Manufacturers Research League for supplying us with samples of pulp mill wastes. 
The experiments were carried out by Dr. J. J. Perona, ORNL Chemical Technology 
Division and Mr. F. H. Butt, International Atomic Energy Agency Fellow at 
ORNL.) 

They examined a "spent sulfite liquor** which was obtained as a highly colored 
concentrate containing 50% solids. The dissolved solids are largely calcium ligno-
sulfonate although there is also a considerable fraction of low molecular weight 
carbohydrates, down to hexoses and pentoses. Our studies were with solutions 
prepared from this stock diluted to 0.5 to 5%. These solutions were passed 
through carbon tubes in the hope that calcium lignosulfonates or other materials 
of the feed would form a self-rejecting membrane. In addition, we have carried out 
experiments with added hydrous Zr(lV) oxide. The results have not been very rep-
roducible so far but we have obtained relatively favorable results in some 
cases. 
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Thus, with a pulp mill waste solution containing 1 % solids and no further additive, 
a membrane giving 80% color rejection was formed. Product flux was 87 gpd/ft2 

at 400 psi. At the high circulation rates used, rejection and flux remained relatively 
constant over a 7-hour period. Color rejection was obtained through optical density 
measurements at 281 mp. where an absorption maximum is located. In this case we 
almost surely are dealing with a self-rejecting membrane. Presumably the ligno-
sulfonates become concentrated at the interface and retard penetration by further 
lignosulfonates and other solutes of the feed. It is not clear why the upper limit of 
rejection in these experiments were in the vicinity of 80% though we suspect that 
more homogeneous supports than the carbon tubes used might yield more favorable 
results. We suspect that the lignosulfonate membrane has a relatively low yield 
strength with respect to pressure and that penetration of little-altered solution occurs 
through imperfections in the support. In support of this, we found in later experiments 
that the permeability (flux per unit pressure) increases rather abruptly near 400 psi 
pressure when similar carbon tube supports were used; simultaneously with this 
increase in permeability, there was rapid deterioration in the quality of the product. 

Color rejection could be improved through addition of small amounts of colloidal 
hydrous zirconium oxide. Thus, in the experiment described above enough colloidal 
Zr(IV) oxide was added to make the solution 10""3 M in Zr(lV); color rejection rose 
to 93% although flux dropped to slightly less than 50 gpd/ft2. In another experiment 
a Zr(lV) oxide membrane was first dynamically formed on a new carbon tube by 
circulating a 0.02 M NaCl~I0~3 M Zr(!V) solution through it. The chloride rejection 
became 60% and flux 34 gpd/ft2. When the solution was replaced by a 1% spent 
sulfite liquor, color rejection of 98.3% was obtained at a flux of 10 gpd/ft2 at 400 
psi pressure. 

CONCLUSION 
We have found that salt-rejecting membranes can be formed dynamically on porous 
supports from appropriate additives in the feed solutions. Since the choice of ad-
ditive and support seems almost unlimited, this technique may find use for the study 
of membrane materials and, hopefully, in all types of water treatment applications. 
In view of the fact that self-rejecting membranes may also be formed dynamically, 
there may also applications in many other types of problems, including food proces-
sing, where combination of hyperfiltration, ultrafiltration, and ordinary filtration 
of particulates is desirable. One, of course, wonders if membranes of this type are 
also formed in nature or if the technique can eventually be applied to natural for-
mations to control their general filtration and purification properties. 
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2.2 HYDROUS OXIDE MEMBRANES 

(Reprinted from the Journal of Physical Chemistry, 72, 2200 (1968).} 

Copyright 1968 by the American Chemical Society and reprinted by permission of the copyright owner. 

2.2.1 Hyperfiltration Studies. XI. Salt-Rejection 
Properties of Dynamically Formed Hydrous 

Zirconium(IV) Oxide Membranes1 '2 

A. J. Shor,2a-b K. A. Kraus,23 W. T. Smith, Jr.,2b 

and James S. Johnson, Jr.3a 

Rejections of salts in the hyperfiltration (reverse osmosis) promts by hydrous zirconium(lV) oxide membranes 
dynamically formed on porous tubes are reported as a function of concentration, acidity, and valence type of 
electrolyte. The results are in good accord with predictions based on the ion-exchange characteristics of the 
oxide. Water and solute flux through the membrane appear to be coupled. The rejecting layer of the oxide 
is estimated to be a few microns thick. The colloidal zirconium(lV) oxide additive is efficiently filtered. 

Recently, we reported3 that hydrous oxide mem-
branes could be formed dynamically on porous bodies; 
these membranes filter a substantial fraction of solute 
from solutions which flow past them under pressure. 
Some oxides which form hyperfiltration membranes are 
those of Th(IV), Fe(III), Zr(IV), Al(III), and Si(IV). 
These membranes frequently combine salt rejection, 
presumably by an ion-exclusion (Donnan) mech-
anism,4 with high permeation rates, sometimes for 
example as high as 1 cm/min (about 350 gal. f t - 2 day-1) 
at 500 psi. In this paper, we shall give a more detailed 
account than previously3 of the properties of hydrous 
zirconium(IV) oxide membranes. This material is 
particulary suitable for testing models for membrane be-
havior since there is a large body of information con-
cerning its ion-exchange properties,5"7 on which its 
rejection properties primarily depend. Effects on re-
jection of feed concentration, of feed acidity, and of 
charge types of ions in the feed will be presented. 

Experimental Section 
Experimental equipment and techniques have been 

described previously.8-9 Briefly, salt solutions under 
pressure were circulated at rates assuring turbulence 
through or outside porous tubes (Table I), on the sur-
face of which the membrane was previously formed. 
Observed rejections 

/?obsd = 1 — nit (1) 

were obtained by analysis of the feed (designated by 
subscript f) and effluent, or product, solutions (desig-
nated by subscript w), where m is concentration in 
mol/kg of H20. (Feed concentration is essentially the 
same as that in the turbulent core.) 

The membrane was initially formed by circulating a 
feed containing 10~3 M hydrous zirconium(IV) oxide, 
along with NaCl, typically at 0.02 to 0.05 M, so that 
progress of membrane formation could be followed by its 
salt rejection. The Zr(IV) additive was prepared by 

boiling a 0.25 M ZrOCI2 solution for several hours, until 
the onset of visible turbidity. During experiments, the 
feeds contained 10-4 M Zr(IV) to maintain the mem-
brane and frequently also contained added acid or base 
to adjust pH. 

Table I : Characteristics of Porous Tubes 

Tube type 

Carbon, 4A" 
Ceramic, 03k 

Median 
pore 

diameter. Porosity, 
M % 

Diameter, em . 
Inside Outsirla 

0 .36 
0.88 

27 
38 

o.r» 
1.2 

l . i 
1.6 

" We thank L. M. Litz of the Union Carbide Corp, for supply-
ing these tubes, which in this study were used with the pres-
surized solution inside the tube. 6 Manufactured by Selas 
Flofronics and used with the pressurized solution outside: 
J. J. Perona, F. II. Butt, 8. M. Fleming, S. T. Mayr, R. A. 
Spitz, M. K. Brown, II. I). Cochran, K. A. Kraus, and J. S. 
Johnson, Environ. Sci. Technol., 1, 991 (1967). 

(1) l?c.search sponsored by The Office of Saline Water, U. S. Depart-
ment of the Interior under the Union Carbide Corp. contract with 
the U. S. Atomic Energy Commission. Paper X: K. A. Kraus, 
A. J. Shor. and J. S. Johnson, Desalination, 2, 243 (1967). 
(2) This paper is based in part on a dissertation presented to 
the Department of Chemistry of the University of Tennessee in 
partial fulfillment of the requirements of the Ph.D. Degree: (a) 
Oak Ridge National Laboratory; (b) University of Tennessee. 
(3) A. E. Marcinkowsky, K. A. Kraus, H. O. Philtips, J. S. Johnson, 
and A. J. Shor, J. Amer. Chem. Soc„ 88, 5744 (1966). 
(4) J. G. McKelvey, K. S. Spiegler, »u»d M. It. J. Wyllie, Chem. Eng. 
I'rogr. Sym. Ser., 55. 195) (1959). 
(5) K. A. Kraus and H. O. Phillips, ./. Amer. Chem. Soe., 78, 249 
(1956). 
(6) K. A. Kraus, H. O. Phillips, T. A. Carlson, and J. S. Johnson, 
1'roc. 2nd Intern. Con/. Peaceful Uses At. Energy Geneva, 28, 3 
(1958). 
(7) O B. Amphlett, "Inorganic Ion Exchangers," Elsevier Publish-
ing Co.. New York, N. Y„ 1904. 
(8) A. J. Shor, K. A. Kraus, J. S. Johnson, and W. T. Smith, Jr., 
Ind. Eng. Chem. Fundam., 7, 44 (1968). 
(9) K. A. Kraus, A. J. Shor, and J. S. Johnson, Desalination, 2, 243 
(1967). 
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Values of i?0hSd usually are less than the rejections of 
which the membranes are capable, since there will be a 
buildup of salt concentration at the membrane-solution 
interface. In order to obtain rejections R — 1 — {m.J 
ma), where a indicates the membrane-feed interface, 
undistorted by concentration polarization, measure-
ments were carried out as a function of circulation 
velocity, u, and the values of R or specifically (1 — R)f 
R were obtained by extrapolating a plot of log [(1 — 
#obsd)/#o!.s<i] vs. v/u°-n, v being permeation rate, to 
infinite circulation velocity. This extrapolation was 
suggested by the Sherwood, Brian, Fisher, and Dresner10 

theory of concentration polarization for turbulent flow 
in tubes, and an extension of this theory to membranes 
of incomplete rejection.11 The membranes dealt with 
here do not completely meet the criteria for the extrapo-
lation, which require that rejection be independent of 
concentration; rejection by hydrous zirconium(IV) 
oxide membranes is concentration dependent. Em-
pirically we have shown8 that the procedure nevertheless 
gives good approximations to values of R, or that value 
which would be observed if the concentration at the 
membrane-solution interface were the same as the feed. 

Chloride analyses were made by titration with AgN03 
or by measurement with a Buchler-Cotlove chloridom-
eter.12 Magnesium, barium, and calcium analyses were 
by EDTA titration. Sulfate analysis was by an ace-
tone-dithizone method, following removal of metallic 
cations. Nitrate and perchlorate salts were analyzed 
by passage through a cation exchanger in the hydrogen 
form and titration of the liberated acid. Sodium and 
zirconium analyses were made radiometrically using 
24Na and 95Zr tracers and a scintillation (Nal) counter. 
Results and Discussion 

1. Rejection and Ion-Exchange Properties. When 
flux of solvent is high enough relative to diffusion of 
solute through the membrane,11 rejection of solute is 
related to the equilibrium distribution coefficient Da* 
between feed solution and membrane13 

concentration m being in terms of mol of solute/kg of 
H20 in both membrane (*) and solution phase. Basing 
concentrations in the exchanger phase on water content 
appears to lead to rather simple behavior of activity co-
efficients.11 As flux increases with increasing pressure 

R — > ft*, = 1 — ((3Da*) (3) 

where /? is the coefficient relating coupling between 
solvent flow, J\ (kg of H20/cm2 sec) and solute flow, 
ji (mol of solute/cm2 sec), through the membrane 

= ( i V 8 ™ - ° (4) 

d/*2/dx being the chemical potential gradient of solute 
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Figure 1. Salt rejection, It, as a function of flux through a 
hydrous zirconium (IV) oxide membrane on the inside of a 
porous carbon tube, (4A): pressure, 100-900 psig. 

with distance through the membrane. To obtain R, 
as we have already discussed, the effect of concentra-
tion polarization must be eliminated. One condition 
for validity of eq 3 is. that flux through the membrane 
must be sufficiently high for maximum rejection, Ra, 
of the membrane to be realized; measurements of re-
jection as a function of pressure are necessary to es-
tablish that this condition is met. Examples of such 
measurements with hydrous zirconium(IV) oxide 
membranes are given in Figure 1. (The permeabilities 
given in the figure are in terms of effective pressure, or 
the difference between applied and osmotic pressure 
on the two sides of the membrane.) 

The simplest relation between distribution coefficient 
and rejection occurs if /3 = 1, in which case 

R„ = 1 - D * (5) 
The value of 0 is difficult to establish conclusively with 
dynamically formed membranes, which are not amena-
ble to many nonhyperfiltration experiments feasible 
with conventional membranes. In fact, with conven-
tional cellulose acetate membranes, whose transport 
properties have probably been studied more thoroughly 
than those of any other material, 0 = 0 seems to be a 
good approximation.14-15 This neutral organic material 

(10) T. K. Sherwood, P. L. T. Brian, R. E. Fisher, and L. Dresner, 
Ind. Eng. Chem., Fundam., 4, 113 (1965). 
(11) J. S. Johnson, L. Dresner, and K. A. Kraus in "Principles of 
Destination," K. S. Spiegler, Ed., Academic Press Inc., New York, 
N. Y., 1966, Chapter 8. 
(12) Manufactured by Buchler Instruments, Inc., Fort Lee, N. J. 
(13) K. A. Kraus, H. 0 . Phillips, A. E. Marcinkowsky, J. S. John-
son, and A. J. Shor, Desalination, 1, 225 (1966). 
(14) H. K. Lonsdale, U. Merten, and R. L. Riley, J. Appl. Polym. 
Sci., 9, 1341 (1965). 
(15) R. J. Raridon, L. Dresner, and K. A. Kraus, Desalination, 1, 
210 (1966). 
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has a low water content, however, and probably is not 
a good model for membranes of the high water content 
that we believe, oil the basis of volume fractions of 
water even in dried samples,6 hydrous zirconium(IV) 
oxide may have here. If, with increasing flux, rejection 
approaches a value of R„ less than unity, j8 must be 
greater than zero; hydrous zirconium(IV) oxide mem-
branes appear to approach R„ = 0 at high feed con-
centrations. (See section 3.) We believe that /? = 1 
is a good approximation here, and we shall assume this 
to be the case. 

With selection of the same standard states for solution 
and membrane phases, the distribution of an electrolyte 
BA2, having a monovalent ion A of charge sign opposite 
that of the membrane fixed charge (counterion), is given 
by the equation 

WMmA'Ti-" = z ! m* + ' y± 2 + l = m»*/nA* ;7±* (*+ 1 ) (6) 

= jn*(C* + em*)' 7:fc*<'+» 
where C* is capacity in equiv/kg of H20 in the ex-
changer, m is salt concentration, and 7± is the mean 
ionic activity coefficient of the salt. 

Equation 5 can be rewritten, for the feed-membrane 
interface 

Da*(C*/ma + eDa*)Va'+l - 2-* = 0 (7) 

where T = y±*/y±. 
Equation 7 shows that with ion-exchange membranes 

good rejection is attainable for r ~ 1, if the ratio of 
capacity to feed concentration is high. Equation 7 
further implies that, with comparable values of r , re-
jection will increase (Da* will decrease) with decreasing 
concentration at the membrane-feed interface and with 
increasing capacity. Rejection of salts having mono-
valent counterions and polyvalent co-ions should be 
higher than rejection of 1:1 electrolytes. These 
characteristics can be used to identify salt filtration by 
an ion-exclusion mechanism. 

2. Rejection of Various Salts by Hydrous Zirconium-
(IV) Oxide Membranes. Rejections of a number of 
salts (Table II) measured at approximately the same 
normality are in at least qualitative accord with an ion-
exclusion mechanism for hydrous zirconium(IV) oxide. 
The membranes used in most of these experiments were 
freshly prepared; they had not been stabilized by an 
extended period of operation or by exposure to pressures 
higher than those of the tests, practices we followed in 
later work, including the measurements illustrated in 
Figure I. However, the effects of pressure on rejection 
indicate that the pressures used in the Table II experi-
ments were adequate to attain maximum rejection with 
the membranes in question, even though pressures were 
lower than necessary for the stabilized membranes of 
Figure 1. Also, the pH (3-4) was not as constant as in 
the later work, in which we usually added acid to bring 
the solution to pH 3, which was more easily maintained 
than the lower acidities of these experiments. 

Table II: Rejection of Vavious Solutes by a Hydrous 
Zirconium(IV) Oxide Membrane on a Porous Carbon Tube" 

Concen- Permea-
tration, Pressure, tion rate. 

Feed equiv/1. a tm cm/min ft. % 

pH 3-4 
NaCl 0.025 27 0.22 76 

41 0.34 77 

CsCI 0.025 27 0.23 72 
41 0.34 74 

NaBr 0.025 27 0.23 79 
41 0.35 79 

NaNO, 0.025 41 0.33 72 

NaCIO* 0.025 41 0.29 79 

MgCl, 0.025 14 0.19 95 
27 0.32 95 
41 0.39 91 

BaCla 0.025 14 0.14 95 
27 0.24 95 
41 0.35 95 

LaCIj 0 .03 14 0.13 97 
27 0.29 96 
41 0.34 96 

Na2S04 0.01 55 0.11 0 
0.02 55 0.12 0 

pH 9-12 
NaCl 0.05 27 0.08 39 
Na2S04 0.05 27 0.07 62 
BaCIj 0.05 27 0.08 31 

° Additive, 10 M Zr(IV); R obtained by extrapolation to 
infinite circulation velocity. 

The rejections of MgCl2 and of BaCI2 in acidic solu-
tions are substantially higher than those of 1:1 electro-
lytes, an effect in the direction predicted for an anion 
exchanger, as zirconium(IV) oxide should be under 
these conditions. Rejection of LaCla is also higher 
than that of MgCl2 and BaCU, in spite of the fact that 
these points were taken for 0.03 N LaCla, an equivalent 
concentration higher than used for the 2:1 salts. 

There appears to be no major difference between 
rejection of individual alkali metal chlorides, between 
salts of a given alkali metal with different monovalent 
anions, or between the two alkaline earth salts tested. 
There is a dramatic difference between Na2SC>4 and 
NaCl in acidic solutions. Previously3 flat supports 
were used and here tubular supports are used, and in 
both cases we observed no rejection of Na2S04 from 
acid solution. On an ion-exclusion basis, one expects 
lower rejection for a salt having, as Na2S04 does, a 
divalent counterion. However, negligible rejection 
was not expected. Apparently there is strong inter-
action between the fixed-charge sites and polyvalent 
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Figure 2. Effect of sulfate on chloride rejection by a 
hydrous zirconium (IV) oxide membrane: all solutions, 10 ~4 M 
Zr(IV) and 10"3./!/ HC1; 0.4-m carbon tube; Permeation rate 
= 0.13-0.3 cm/min; pressure, 800 psi. Values by 
extrapolation to infinite circulation velocity. 

counterions which severely decreases the effective 
"capacity" (charge density) of the membrane. 

Figure 2 shows the effect of the sulfate to chloride 
ratio on chloride rejection in 0.01 and 0.1 M Na+ solu-
tions. Also shown are results for MgCU-MgSC^ solu-
tions with 0.01 and 0.1 M Mg2+. Chloride rejection 
for both Mg2+ concentrations and for 0.01 M Na+ be-
gins to decrease at sulfate to chloride ratios of about 
0.01. With 0.1 M Na+, chloride rejection is seriously 
affected at even lower sulfate to chloride ratios. Very 
roughly, the effect of sulfate appears to depend pri-
marily on the sulfate:chloride ratio for magnesium and 
on the sulfate concentration for sodium. 

In the few cases tested, sulfate in the three-com-
ponent systems is better rejected than chloride. From 
the two-component results, one expects sulfate to 
decrease rejection of chloride, but it is not clear why 
sulfates should be better rejected than chlorides from 
these mixed feeds. The results, however, essentially 
agree with preliminary observations (at 400 psi) of 
H. W. Kohn (Oak Ridge National Laboratory). It is 
not definitely established that S00 psi, the pressure of 
the tests in Figure 2, was sufficient to attain /2„ for 
both components, but we doubt that the order of sul-
fate and chloride rejection would be reversed by higher 
pressures. 

In basic solutions, hydrous zirconium(IV) oxide 
should be a cation exchanger, and one would expect 
Na2S0.» to be better rejected than NaCl. Observations 
summarized in Table II confirm this. It is of interest 
that BaCl2, which has a divalent counterion in basic 
feeds, does not destroy the rejecting ability of the 
membrane. 

The correlations of hyperfiltration properties of 
hydrous zirconium(IV) oxide membranes with their 
.ion-exchange properties are qualitatively satisfactory. 
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Figure 3. Effect of feed concentrati m on the rejection of a 
hydrous zirconium (IV) oxide membrane: points, values 
extrapolated to infinite circulation velocity; curves, values 
calculated from ion-exclusion model; capacity, C* = 0.4o 
mol/kg of HjO; porous carbon tube (4A); 
pressure, 800psig. 

S. Concentration Dependence of Rejection. Figure 3 
summarizes measurements of the effect of concentration 
of NaCl and MgCl2 on rejection. These experiments 
were carried out at different circulation velocities, and 
the values given were obtained by extrapolation to 
infinite circulation velocity to eliminate concentration 
polarization.8 Pressure was 800 psig, which was found 
in separate tests to give fluxes through the membrane 
high enough for essential attainment of the maximum 
rejection, R„, of the membrane (Figure 1). The 
solutions contained 10 ~4 M colloidal hydrous zir-
conium(IV) oxide and 10-3 M HC1. Under these 
conditions, the membrane should be in the anion-
exchange form.6 

Rejections were measured by chloride analysis of 
feed and effluent, except at the low salt concentrations, 
where HC1 provided an appreciable fraction of the 
effluent chloride. In this region, NaCl rejection was 
measured radiometrically by tracer, and MgCl2 was 
measured by EDTA titration of Mg. The MgCl2 series 
was carried out first, and the initial concentration 
(0.1 m) was repeated to establish constancy of rejection 
properties. The NaCl rejections were then measured, 
and the initial concentration in this series (0.1 m) was 
repeated at the end. Finally, a MgCl2 concentration 
was repeated, and a slightly higher rejection was found 
(Figure 3). There was a gradual decrease in permea-
bility over the course of the study, but there was no 
substantial accompanying change in rejection. Pre-
sumably the membrane became somewhat thicker; 
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thickening should not affect rejection as long as the flux 
is sufficient for attainment of R„.u 

As preliminary results also indicated,3 the effect of 
concentration on rejection and the effect of valence type 
of the salt are qualitatively in the direction predicted 
by an ion-exclusion mechanism. A quantitative inter-
pretation with eq 5 and 7 requires assumptions concern-
ing activity coefficients. Since independent measure-
ments of capacity C* appear difficult for dynamically 
formed membranes, test of the applicability of theory 
involves finding if a single value of C* will fit all results. 

We earlier reported9 that a reasonable fit of some 
preliminary data for NaCl could be attained by using 
published activity coefficients for the solution phase, 
and assuming that 7±* = 1. The procedure was not 
successful in fitting the concentration dependence of 
MgCl2 rejection, however, and in addition, a different 
value of C* was necessary to obtain even a crude fit. 
It thus appears that variations of y±* must be con-
sidered. 

One plausible assumption is that the values of the 
activity coefficient in the membrane phase are the same 
as the values in the aqueous phase at the same ionic 
strength, I. Specifically the known vaiues in aqueous 
solution are expressed by an empirical equation involv-
ing a Debye-Huckel term and a power series in I 

In -y± = 
1 -I- a'y/l 

- + AI -f BI2 + CP (S) 

where S is the Debye-Huckel limiting slope and a' is the 
distance of the closest approach parameter. We used 
the coefficients for NaCl and MgCl2 given by Lietzke 
and Stoughton.16 The activity coefficients in the 
membrane phase are calculated from the same equation 
by insertion of ionic strength as 

I* = C* + Sm* (9) 

where S = I for NaCl and S = 3 for MgCl2. The fixed 
charge and chloride counterfoils are thus taken to be a 
1:1 electrolyte of concentration C*. 

With this procedure, an adequate fit of the NaCl 
rejections (points, Figure 3) could be attained with CM 

= 0.45 (curve, Figure 3). (In the computation, eq 6 
and 7 were modified to take into account the contribu-
tion of HCl to the concentration of chloride in the feed; 
e.g., the activity in the aqueous phase for NaCl is 
mNawci 7±2, rather than rri2 y±

2, a correction important 
only at low salt concentration; the slight flattening of 
the computed curves for low NaCl molality arises from 
this correction.) The model was further tested by 
computing MgCl2 rejection with the same ion-exchange 
capacity. The fit (Figure 3) is again satisfactory, 
particularly in view of the uncertainty of effluent anal-
ysis at the low concentrations, stemming from their 
extremely low Mg concentrations. 

The consistency of these results strengthens our 
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Figure 4. Comparison of effect of pH on ion-exchange 
properties of hydrous zirconium (IV) oxide and on rejection of 
dynamically formed zirconium (IV) oxide membrane: 400 
psi, O.Oo M NaCl; porous carbon tube (4A), 10~4 Al 
hydrous zirconium (IV) oxide in feed. 

confidence in our assumption that 0=1, i.e., that the 
distribution coefficient is given by 1 — R 

4• Effect of pH on the Rejection of Hydrous Zirconium-
(IV) Oxide Membranes. Since rejection varies with 
capacity, there should be a parallel between rejection 
as a function of feed pH and the known dependence of 
capacity of the hydrous oxide on acidity. Anion-
exchange capacity drops off with increasing pH, while 
cation-exchange capacity increases; at pH ~7, an 
"isoelectric" point is reached, where anion- and cation-
exchange capacities are equal and low. The curves in 
Figure 4 give measurements6 on dried hydrous zir-
conium (IV) oxide powder. 

We have no direct way of measuring the capacity of 
membranes dynamically formed from hydrous zirco-
nium(IV) oxide in terms of mol/kg of solid, the units of 
the measurements on the powder. However, with the 
assumption concerning activity coefficients used in 
interpretation of the concentration dependence of 
rejection (section 3), we can infer values of C* in mol/kg 
of water in the membrane from measurement of salt 
rejection; changes in C* with pH should parallel 
changes in the capacity of the powder. 

The experiments to check this parallel relationship 
were carried out with 0.05 M NaCl feed at 400 psig, a 
pressure which seemed sufficient to attain for this 
particular membrane, comparable to the freshly pre-
pared membranes discussed in section 2 (Table II). 
Values of C* were obtained from eq 5,7, and S. The C* 
scale was matched at pH 4 to the chloride-uptake scale 
of the curves, and the results are compared in Figure 4. 
The parallel between the capacities obtained by these 
two very different methods gives further confidence that 
rejection by these membranes is by an ion-exclusion 
mechanism. 
(1G) M. II. Lietske and 11. W. Stoughton. J. Phi/s. Chem.. 65, 508 
(1961). 
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6. A ddilive Rejection and the Nature of the Membrane. 
The high transmission rates through dynamically 
formed hydrous oxide membranes imply that the re-
jecting layers must be much thinner than the porous 
supports; the fact that salt rejection occurs almost 
certainly means that the layer must be near the feed-
porous body interface, since otherwise concentration 
polarization would make i?ob!>d zero. In earlier work,1 

counting of a radiation from the two sides of a 40 M 
thick silver frit on which a hydrous thorium(IV) oxide 
membrane had been formed has supported this picture. 

In an attempt to broaden our knowledge in this area 
and to obtain information on the important question of 
rejection of the additive, we have carried out studies 
with colloidal hydrous zirconium(IV) oxide labeled with 
95Zr tracer, prepared by adding 95Zr (in secular equilib-
rium with the 95Nb daughter, which accounts for 
roughly half of the counting rate) to the zirconium 
oxychloride before 20 hr of boiling. Rejection of addi-
tive by a preformed membrane was first tested. The 
membrane was on the outside of an 03 porcelain tube 
(Table I) and had been previously used for about 100 hr 
of operation. The feed was 0.05 M in NaCl, 1 0 - 1 M 
in HC1, and 10~4 M in Zr(IV) additive, with about 
5000 cpm/cm 3 . About 50 min after the start, chloride 
rejection (Rab*u) was 76% and additive rejection, as 
indicated by the tracer, was SJ%. After SO min, chlo-
ride rejection was about the same, while tracer rejection 
was greater than 99.9%, not significantly different from 
100%. Variation of circulation velocity did not affcct 
the Zr(IV) rejection; rejection of NaCl, extrapolated to 
infinite circulation rate, was S6%. Permeation was 
0.32 cm/min at S00 psig. With additive rejections as 
high as this, it was judged unnecessary to attempt to 
separate Zr(IV) and Nb(V) contributions to our obser-
vations. 

With the same feed, a new membrane was farmed on 
a fresh ceramic tube. After about 2.5 hr, permeatio2> 
was about 1 cm/min at S00 psig; chloride rejection, 
/?ot,„i, was 57%, and Zr(IV) rejection, indicated by the 
tracer, was 99.3%. Within 4.5 hr, additive rejection 
was essentially complete (99.9%) and remained so for 
the rc3t of the operation, which covcred about 15 hr in 
all. At the end, extrapolated chloride rejection, R, was 
77%, and permeation was 0.4 cm/min. At this time, 
a test was made with no circulation; there was, JUS one 
would expect, no chloride rejection, but the Zr(IV) 
rejection w«is still essentially complete. Apparently 
there were no pinholes iii the membrane comparable in 
size to the Zr(IV) particles. 

The tubes from these experiments were cross sec-
tioned, and portions were mounted for optical micros-
copy and electron-probe analysis. Figure 5 shows 
a partial cross section of the wall of the tube in the ex-
periment with the preformed membrane. Dark-cdgeu 
particles are visible on the external surface of the cyl-
inder, in contrast to the internal surface, which was not 

Figure .">. Photomicrograph of (13 ceramic tube on which 
hydrous aurcuuium (IV) oxide membrane had been dynamically 
formed: upper section, exterior (membrane) surface; lower 
section, interior (eflluent) surface. 

Figure 6. Photomicrograph of porous carbon tube on which 
hydrous zirconium (IV) oxide membrane bad been dynamically 
formed: lower section, interior (membrane) surface; upper 
section, exterior (eflluent) surface 

exposed to feed containing additive. I t the dark edging 
is taken to arise from dried tirconium(IV) oxide of the 
membrane, the thickncss of the membrmie ranged be-
tween 2 and 7 n- Results from clectron-probe analysis 
confirmed that this layer contains zirconium. 

Figure 0 is a photograph of a ivcll-aged membrane 
formed on a carbon tube. In mounting, the membrane 
w:is dried and cast in a potting resin; the light layer cor-
responds to the dried oxide, and the cracks presumably 
anise in the drying and mounting procedure. This 
membrane appears different from that on the ceramic 
tube, in that it seems to Have overlaid the surface 
rather than to have penetrated the pores. H i e dried 
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thickness is about 10 p. The photograph incidentally 
shows rather gross imperfections in the carbon tube. 

A measured length of tube was cut from the ceramic 
of the second test (membrane formed with radioactive 
additive), was crushed, and was successively leached 
with three 100-ml aliquots of 5% H F and finally 
was rinsed with concentrated HC1. Most of the traccr 
was removed by this treatment. From the specific 
activity of the additive, i t was estimated that about 
0.05 mg of Zr was present in a square centimeter of 
membrane. 

6. Discussion. Concentration and pH dependence 
of rejection and comparison of rejections of salts of 
different valence types all confirm that rejection by 
hydrous zirconium(IV) oxide membranes is by an ion-
exclusion mechanism typical of ion exchangers. Re-
jection properties are what might be expected of the 
material from its known ion-exchange properties. In-
ternal consistency argues that the assumption that (he 
Coupling coefficient j3 = 1 is also valid. The approach 
t«; zero rejection at high f m l concentration (Figure 3), 
wfesn D* is expected to approach unity, is especially 
convincing. 

Titese findings have implications with respcct to 
certain views prevalent at this time. The success of 
uncoui&d flow (t.*., - 0 in the phenomenological 
cquatkafO11 in interpreting hypcrfiltration with cellu-
lose acet^tc"-'1 has led some to assume that independent 
diffusion cC water and salt is general for hypcrfiltration 
membranes . If true, it uould follow that, unless there 
were pmho?e-ty|>c defects in membranes, complete 
salt rejection should be approached at high pressures. 
Some have, therefore, eonchul«l that, when < 1, 
membranes ni;-st have defects. SpiegJer and Kcdem" 
have shown that pressurc-rcjcction curvcs consistent 
with predictions of partially coupled flow can be ob-
tained if the product stream combines effluent from a 
completely rejecting membrane with effluent from 
tumrcjecting pores. However, to c>»>!: iu the coupling 
observed in our sttvly ir. this inann'.'.> 'Uld require the 
unlikely postulate "hat hydrous zircf-uium(IV) oxide 
membranes have pinholes which open and close revers-
ibly and reproducible with changes it. feed concentra-

tion and pH. I t seems clear that, even at high per-
meation rates, essentially homogeneous membranes can 
reject salt incompletely through coupling of salt and 
water flow and that coupling does not always imply 
passage of unaffected feed through pores. 

With respect to imperfections in these membranes, 
some rejections of neutral organic solutes are of interest. 
We have earlier reported19 that hydrous zirconium(IV) 
oxide membranes on 0.2-j* silver frits rejected about 
50% of sucrose from a 5 wt % solution ana 90-95% of a 
polymeric ether of ethylene glycol (PEG 6000) of 
weight average molecular weight about 3500. With an 
aged membrane on a carbon tube used in this study, we 
found sucrose rejections R of 57-63% and R > 99.5% 
for P E G 6000. Permeation rates in both cases were 
~ 0 . i cm/min at S00 psig. I t appears that there 
are at least no large pinholes in these membranes. 
Additive rejection (section a) confirms absence of large 
gaps. 

In a recent paper, Hoffer and Kedem50 have con-
cluded from frictional coefficient arguments that for 
charged membranes, 0 should be the reciprocal of the 
transport number of the countcrion in the aqueous 
solution of the salt in question. Since transport num-
bers are frequently about 0.5, this would imply /3 ~ 2. 
One might expect, at high feed concentrations when 
D* 3, to find substantial negative rejections, i.e., 
effluents more concentrated than feeds. Our results 
are not in accord with this prediction. 
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(IS) K. S. Spicglcr and O. Kctlcm, IMtalination. I, 311 (IWJ6). 
(10) J. ft. Kuppcrs. A. K. Mumnfcowaky. K. A. Krau*. and J. S. 
Johnson. Separation* Scu. 2. <5). 617 (1067). 
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2.2.2 Rejection of NaCl04 as a Function of 
Concentration by a Dynamically Formed 

Hydrous Zr(IV) Oxide Membrane 

A. J. Shor, C. G. Westmoreland, 
and J. S. Johnson 

In Section 2.2.1, we reported that the general aspects 
of rejection as a function of concentration of NaCl and 
MgCl2 by a hydrous Zr(IV) oxide membrane suggested 
that the value of the coefficient j3 describing coupling 
between solvent and solute flow was about one, i.e., 
that the flows were essentially coupled. The conclusion 
is based mainly on the approach to zero rejection at 
high feed concentration. The value 0 = 1 implied that 
Rco = 1 — Dq,*, and with this assignment and a 
reasonable assumption concerning the activity coeffi-
cients of salts in the membrane phase, we were able to 
represent by ion-exclusion theory the rejection of both 
NaCl (over a factor of ~1000 in concentration) and of 
MgCU (over a factor of ~500 in concentration) with a 
single adjustable parameter, the capacity, C*. 

Self-consistency thus supported the assignment (J = 1, 
and raised questions about the applicability to our 
membrane of a recent statement,2 to the effect that 
with an ion-exchange membrane, 0 should be approxi-
mated by the reciprocal of the transport number of the 
counterion in solution (see Summary, Section 1). If 
true, this should result in substantial negative rejection 
at high feed concentration, where Da* » 1 (for r* 1, 
where T* is the ratio of the activity coefficient of 
solute in the membrane phase to that in the solution 
phase). Since this concentration range, with NaCl and 
MgCla, is past the minimum of their activity coeffi-
cient-concentration curve, and membrane ionic strength 
is greater than that of the solution, T* should be > 1, 
and Da* will be less than predicted on an ideal basis. 
Invasion at high concentration would hence be less than 
expected, and there is therefore a slight possibility that 
the lower Da* would compensate for 0 > 1 to produce 
the gross characteristics of the high-concentration re-
jections of Fig. 3 of the previous section (Section 
2.2.1). 

To test this, we have carried out a few measurements 
of the rejection of NaCK>4 as a function of concen-
tration (Fig. 2.1). In contrast to NaCl and MgQi, the 
activity coefficients of NaC104 at high concentration 
decrease up to ~ 2 molal and increase only slowly at 
higher concentrations. As Fig. 2.1 indicates, the re-
jection of even 3 M NaC104 is positive (~10%). The 

2. E. Hotter and O. Kedem, Desalination 2 , 2 5 (1967). 

ORNL-DWG. 6 7 - 1 3 6 8 9 '-0|—i I I I ; 1 1 1—I—1 I I I 1 1 I I— 

Q a i i i I I I i I i I i i I i ' I I i 
O.l 0.5 <.0 5 . 0 

NaCI04 (moles/liter) 

Fig. 2.1. Salt Rejection by Hydrous Zr(IV) Oxide Membrane 
as Function of NaClC>4 Concentration. Conditions: 4A carbon 
tube, 800 psig, permeation rate ~40 gpd/ft2, feed solution 
contained 10"4 M Zr(IV) and 10"3 M acid. 

most obvious conclusion is that )3 is not substantially 
larger than unity. 

2.2.3 Membranes Dynamically Formed from Hydrous 
Oxides of Various Metals 

H. 0. Phillips and J. Csurny 

Properties of hydrous oxide membranes are of in-
terest not only in their own right, but because corrosion 
of many metals frequently used in construction of 
equipment may add hydrous oxides to feed solutions 
and cause interferences with investigations of hyper-
filtration properties with other membranes. We report 
here some brief studies of several hydrous oxide 
membranes, many of them oxides of construction 
metals. 

2.2.3.1 Dynamically formed hydrous Fe(III) oxide 
membrane. We have investigated the properties of 
hydrous Fe(III) oxide membranes. A carbon tube of 
median pore radius 0.2 n served as support. 

The membrane was originally formed with a 0.06 M 
NaCl-10~4 M Fe(III) solution, the iron having been 
taken from a 1 M FeCl3 solution, which had been 
aggregated by boiling. At circulation velocities of 3 to 
15 feet per second (fps) and permeation rates of 15 to 
40 gallons per day per square foot (gpd/ft2) at 500 psig 
of this study, boundary layer concentrations are ex-
pected to be appreciably higher than those in the 
turbulent core, and variation of observed rejection 
measured as a function of circulation velocity con-
firmed that there was concentration polarization. In 
one series, Robs varied from 42% at 3 fps to 56% at 16 
fps; the value obtained by extrapolation to infinite 
circulation velocity (Section 4.1.1) was 61%. The 
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rejections reported here are observed (Robs), rather 
than extrapolated, rejections, and therefore are not the 
maximum of which the membranes are capable, and 
have only relative significance. 

Salt rejections of a 0.08 M NaCl-10~4 M Fe(IIl), pH 
3.6 solution approached a limit of 50% above 500 psig, 
and dropped off at lower pressure, declining to 20% at 
100 psig; the permeation rate increased from 3.5 
gpd/ft2 at 100 psig to 70 gpd/ft2 at 1000 psig. 
Rejection did not vary greatly with temperature from 
18 to 80 C, and change in permeation rate paralleled 
rather closely the fluidity, the flux being about 90 
jpd/ft2 at 80° and 500 psig. 

The effect of pH on rejection, tested with a 0.06 M 
NaCl-10"4 M Fe(lII) solution at 600 psig, was in 
general similar to that of hydrous Zr(lV) oxide reported 
in Section 2.2.1. R o b s declined from about 55% at pH 
3 to essentially zero at pH 8.5, and then rose to about 
20% at pH 12, presumably from development of 
cation-exchange capacity. Permeation rates were about 
40 gpd/ft2. 

Fe(lU) membranes thus appear to have typical 
hydrous oxide behavior,3 with an isoelectric point 
between pH 8 and 9. From the reduction of color 
between feed and effluent, removal of the Fe(III) 
additive appeared to be very efficient. We tested the 
previously formed membrane with a 0.08 M NaCl-0.01 
M FeCl3 solution, in which the iron had not been 
aggregated by heating; approximately 95% of the iron 
was removed (spectrophotometric analysis), and 67% of 
the chloride. 

In some further tests, membranes formed of Fe(IlI) 
chloride that had been aggregated by boiling were 
compared with membranes formed from unboiled 
solutions. Differences between salt rejection were not 
significant. 

2.2.3.2 Other hydrous oxides. Hydrous oxides of 
Ni(ll) and Cu(ll) formed membranes giving iess than 
10% observed rejection of 0.025 M MgCl2 in the pH 
range from 3 to 11. However, a Cr(III) membrane 

3. K. A. Kraus, H. O. Phillips, T. A. Carlson, and J. S. 
Johnson, Proceedings of the 2nd United Nations International 
Conference on the Peaceful Uses of Atomic Energy, Geneva, 
Sept. 1-13, 1958; Vol. 2h, pp. 3-16 , United Nations, Geneva, 
Switzerland (1958). 

formed on a carbon tube of 0.2-pt median pore radius at 
pH > 6 with 0.01 M additive rejected as much as 83%, 
of salt from a 0.0:5 M MgCl2 solution at pH 3.7 (30 
gpd/i't2 at 400 psig). Rejection decreased with in-
creasing pH, most observations being 60—80% between 
pH 3 and 5 and about 10% at pH 10. A membrane 
formed of mixed Fe(III)-Cr(lll; hydrous oxides rejected 
appreciably lower fractions of both NaCl and Na2S04 
than a simple Cr(Ul) membrane. 

We have investigated the possibility that amine-
corrosion product complexes might affect hyper-
filtration observations. Combinations of the above three 
ions were tested with poly(vinylpyridine) and poly-
ethylenimine. Only with Cr(lll) and polyethylenimine 
was there a possible indication of such an effect. A 
solution containing 0.001 M Cr(IlI)-0.002 M poly-
ethylenimine additive formed a membrane which re-
jected 96% of solute from a 0.025 Af MgCl2 solution at 
pH 3, and 40% from 0.025 M Na2S04, pH 11 (carbon 
tube, 35 gpd/ft2 at 400 psig). 

Hydrous U(VI) oxide apparently has only a cation-
exchange branch. In experiments carried out with a cell, 
we formed a membrane dynamically with a 0.02 M 
NaCl-0.0003 M U(VI) solution, to which NaOH was 
added to bring the pH to the desired value. Results are 
summarized in Table 2.1. Here sulfate should be the 
coion, and Na2S04 rejection is 70% compared to 50% 
for NaCl at the same equivalent concentration; the 
difference is in the direction expected for a cation 
exchanger. The divalent counterion, Mg(ll), has a 
deleterious effect on the membrane properties. 

Table 2.1. Hyperfiltration Properties of a Dynamically 
Formed Hydrous U(VI) Oxide Membrane. 

(0.2-ii Ag frit, all feeds 0.0003 M 
in U(VI), pressure 500 psig) 

Feed PH Permeation (gpd/ft2) Rejection (%) 

0.02 M NaCl 5 330 30 
.02 M NaCl 10 95 50 
.01 M Na2S04 10 80 70 

(Another frit) 
0.02 M NaCl 10 55 58 

.OlMMgCk 10 45 12a 

.01 M MgCl2 10 110 5 b 

a. After 10 min. exposure to feed containing Mg(II). 
b. After 140 min. exposure to feed containing Mg(II). 
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(Reprinted from Separation Science, 2(5), 6 1 7 - 6 2 3 (Nov. 1967)] 

Copyright 1967 by Marcel Dekker, Inc., and reprinted by permission of the copyright owner. 

2 .2 .4 Filtration of Organic Solutes by Dynamically 
Formed Membranes* 

J. R. Kuppers,* A. E. Marcinkowsky, K. A. Kraus, 
and J. S. Johnson 

Summary 
Dynamically formed hydrous Zr(IV) oxide membranes partially filter neu-
tral organic solutes from aqueous solutions in a hyperfiltration, or reverse 
osmosis, experiment. The degree of fiitration depends primarily on the size 
of the solute and the history of the membrane. 

We have reported elsewhere (i,2) that salt-filtering membranes 
can be dynamically deposited on bodies having pores in the micron 
range. Rejecting layers, apparently very thin, are formed when 
feeds containing certain additives are circulated under pressure 
past the porous supports. The most interesting films so far obtained 
are prepared with additives, such as organic polyelectrolytes (2) 
or colloidal hydrous oxides (1), which would be expected to form 
ion-exchange membranes. The salt rejection has been attributed 
(1,2) to an ion exclusion mechanism typical of ion exchangers (3). 
We have recently found that these membranes also reject nonelec-

0 Research sponsored by The Office of Saline Water, U.S. Department of the In-
terior under Union Carbide Corporation's contract with the U.S. Atomic Energy 
Commission. This paper is VIII of a series, "Hyperfiltration Studies"; previous 
paper of series, Ref. (5). 

t Present address: University of North Carolina at Charlotte; Oak Ridge Asso-
ciated Universities Summer Participant, 1966. 



42 

trolyte organic solutes, and in this article we report some observa-
tions of filtration of neutral organic materials. 

Most of our studies have utilized membranes prepared from feeds 
containing ca. 10~3 M colloidal Zr(IV) hydrous oxide; the additive 
was from a 0.25 M ZrOCl2 solution, which had been aggregated by 
boiling for several hours. A low concentration of additive [10~5 to 
10~4 M Zr(IV)] was kept in the feeds to maintain the membrane. 
The porous substrates0 were mounted in a test cell previously 
described (4); a pump operating at pressure (i) circulated the feed 
many times faster than in the equipment described in Ref. (4). 
Analysis for organic concentration was by refractive index. 

We report filtration of solute in terms of "observed" rejections 
(given as per cent, or Robs X 100): 

Robs = 1 — 
cf 

where c indicates concentration in moles per liter or in grams per 
liter; f the feed solution, and co the effluent, or product, solution. 
Observed rejections are less than those of which the membranes 
are capable if the circulation past the membrane is not fast enough 
to sweep away the filtered solute from the high-pressure inter-
face (5). In the apparatus (1,2) used for this study, we have encoun-
tered appreciable concentration polarization, at least at fast permea-
tion rates. In addition, even with procedures identical insofar as 
we can at present control them, the membranes we prepared have 
somewhat variable properties. In particular, properties of freshly 
prepared films tend to change with time, and rejection and permea-
bilities can be modified by exposure to high pressures. Figure 1 
summarizes filtrations of a mono-, di-, and trisaccharide by a 
hydrous Zr(IV) oxide membrane, which rejected about 50% of salt 
from a 0.04 Af NaCl solution. Rejections of the sugars were first 
measured at 400 psi (about 10-hr exposure); the rejections became 
higher, and permeabilities lower, on exposure to 1000 psi (5 hr). 
A repeat series at 400 psi (6£ hr) indicated that the effect of ex-
posure of the membrane to higher pressure was only slowly, if at 
all, reversed by return to lower pressure. In each series, however, 

• Sources of porous supports (pore sizei ijj^ jjutiijpal values listed by the manu-
facturer or supplier): silver, Selas Flotronjjiij f Jij.j ciirbon, Pure Carbon Co.; Vinyl 
Acropor VNW-450 [porous polyvinyl chloride) with nylpn substrate], Gelman. 
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FIG. 1. Rejection of glucose, sucrose, and raffinose by hydrous Zr(IV) oxide 
membrane on 0.2-fi Ag filter. Solutions contain about 50 g/liter of sugar 
and are 10~5 M in Zr(IV). Numbers indicate order of experiments. Reprinted 
by permission of S. M. Fleming, Director of the Oak Ridge Station of the 

M.I.T. Practice school. 

the filtration increased with increasing molecular weight of the 
organic solute. 

Observations clearly depend to some extent on the history of the 
membrane. With this qualification, we present in Fig. 2 results of 
tests with a number of organic solutes as a function of moles of 
carbon per mole of solute, which should correspond roughly to 
molecular weight and molecular size. The numbers listed by the 
polyethylene glycols (PEG: actually polymeric ethers of ethylene 
glycol) are a supplier's (Wyandotte Chemicals) index of molecular 
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weights. We used these numbers to obtain the abscissa values for 
these solutes, although by equilibrium ultracentrifugation of PEG 
6000, we found a molecular weight of only about half the nominal 
value. Carbowax M20 is also a polyethylene glycol, obtained from 
Union Carbide, Chemicals Division; rather crude turbidity mea-
surements indicated a molecular weight of several hundred 
thousand. 

The results in Fig. 2, in accordance with the trend in Fig. 1, 
indicate that the fraction of organic solute filtered is primarily a 
function of molecular size. There are considerable variations in 
rejection for a given solute; differences between rejections, mea-
sured at various times, occur both with membranes formed on the 
same support and on different supports. It thus appears that the 
scatter is not associated with differences between the support struc-
tures. With the poly(vinyl chloride) and carbon supports, sucrose 
rejections were remeasured from time to time over the course of 
the study and ranged between 40 and 47%. 

Rejections of phenol were for some reason particularly erratic; 
there is considerable drift in values obtained in a given series. 
Average values are plotted and a range given for each series. 

Rejection appears to be independent of concentration of the or-
ganic solute. In Table 1, results are given for a sequence of mea-
surements with sucrose; agreement between the first and last 
values indicates that membrane properties did not change over the 
series. Lack of dependence on feed concentration contrasts with 
the highly concentration-dependent rejection of salt, one of the 
properties which suggests an ion-exclusion rejection mechanism 
with electrolytes (I). 

TABLE 1 

Effect of Feed Concentration on Rejection of Sucrose" 

Permeation, 
Sucrose, centimeters/ Rejection, 

grams/liter minute % 

50 0.06 44 
100 0.05 43 
25 0.07 43 
50 0.07 43 

a Hydrous Zr(lV) oxide membrane on 0.3-ft carbon frit; 34 atm; 10~5 M Zr(IV) in 
feed. 
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At the high-molecular-weight end of the solutes studied, rejec-
tion leveled at less than 100% (Fig. 2). The unfiltered solute could 
have leaked through imperfections or could be a low-molecular-
weight fraction of the PEG distribution. In an attempt to dis-
tinguish, we centrifuged to equilibrium (22,000 rpm, short radial 
columns) samples of effluent and feed, both diluted to about 5 
g/liter of PEG, taken in a hyperfiltration experiment with PEG 6000 
(membrane on carbon support; not included in Fig. 2). The molecu-
lar weight obtained for the effluent when rejection was 95% was 
about 1500, or less than half the values, 3600 ± 200, obtained for 
several bleed samples and for a feed sample to which no Zr(lV) 
had been added. There is clearly some fractionation when rejec-
tion is high, and we have confirmed this in other cases by com-
paring the light scattered by feed and effluent. From the results in 
Fig. 2, however, solutes having the molecular weight of the effluent 
should be highly rejected, and light scattering indicated that even 
higher-molecular-weight species came through the membrane with 
Carbowax feeds than with the Wyandotte PEG series. These obser-
vations argue that there is also substantial leakage through mem-
brane imperfections, or that there is perhaps some lower limit on 
the permeability (relative to solvent) of organic solutes, not very 
sensitive to molecular weight. 

Salt rejections (0.04 M NaCl, 10"4 M Zr(IV), feed pH 3), mea-
sured from time to time during the study summarized in Fig. 1, 
varied from 44 to 57% and did not cons late in any obvious way with 
the rejection of the sugars; exposure of the membrane to NaCl solu-
tion did increase permeabilities by 20-30% and temporarily low-
ered the rejection of a sugar below that observed immediately be-
fore exposure. In some cases during the measurement with silver 
frits summarized in Fig. 2, water-organic solute-salt solutions were 
tested. Results were erratic, but there appeared to be no major 
effect of presence of organic material on salt rejection, although at 
times introduction of salt seemed to decrease rejection of organic. 

We have so far investigated filtration of organics by only a few 
other dynamically formed membranes. A membrane formed on a 
0.8-/* silver frit, by treatment with bentonite additive, followed by 
humic acid, rejected 77% of the sucrose from a 5 wt. % solution 
(permeation rate, 0.05 cm/min at 2000 psi). A membrane formed on 
0.2-ju, silver with the polyelectrolyte additive poly(vinylbenzyl-
trimethyl ammonium chloride) rejected 15% from a 5 wt. % sucrose 
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solution with a transmission rate of 0.07 cm/min at 500 psi. Mem-
branes that reject organic solutes have also been formed on other 
porous supports, for example, hydrous oxide membranes on porous 
carbon tubes. 

The permeation rates are rather fast for conventional hyperfiltra-
tion membranes [although not for dynamically formed ones (1,2)]; 
most of them (unless tested at a low pressure after exposure to a 
high pressure) are 25-50 gal/day fit2. It is too early, however, to say 
whether or not dynamically formed membranes will have practical 
applications, e.g., in separations or fractionations of organic solutes 
or in treatment of wastes. 
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2.3 ORGANIC POLYELECTROLYTE ADDITIVES 

2.3.1 Carboxylate Membranes 

S. B. Sachs,4 W. H. Baldwin, W. G. Sisson, 
C. G. Westmoreland, and J. S. Johnson 

We earlier studied detachable ion-exchange mem* 
branes with carboxylate functional groups, prepared by 
grafting poly(acrylic acid) [PAA] onto cellophane.s 

During the period covered by this report, we began 
investigation of membranes dynamically formed of 
polyelectrolytes having carboxylate groups. Preliminary 
results are reported here. 

2.3.1.1 Poiyacrylate membranes. Rejections of ~0.05 
M NaCl by two different polyacrylate membranes are 
summarized as a function of pH in Fig. 2.2. One of the 
membranes was formed dynamically on Millipore VF 
mounted in a ceil, and the other on a Selas 03 ceramic 
tube. Results were similar for the two supports. 
Observed rejections in the neutral pH region (~70%) 
were not very different from those obtained for the 
same feed concentration with poly aery late-grafted 
cellophane membranes,s but fluxes through the dy-
namic membranes were a factor of ten higher. Since 
concentration polarization should have been appre-
ciable with the dynamically formed membranes, it is 

probable that their intrinsic rejection was superior to 
the detachable films. Rejections were also higher, 
though fluxes were lower, than the 30 to 40% observed 
with membranes dynamically formed of poly(vinyl-
benzyltrimethylammonium chloride) or poly(styrene 
sulfonate)6 with 0.05 Af NaCl feed. 

Above pH - 6, rejections scatter around 70% and are 
not very sensitive to pH, behavior one would expect 
since the poly electrolyte should be essentially com-
pletely in the salt form. The decline in rejection betow 
pH = 6 is not surprising, since the ion-exchange capacity 
should be reduced by binding of protons by carboxyls. 
The rise in rejection below pH 4 was at the time 
attributed to properties of a neutral poly(acrylic acid) 
membrane; however, the rise in rejections as pH 
decreased below 4 was not reproduced in subsequent 
studies. 

4. Visiting Scientist trom Weizmann Institute of Scicnce, 
Rehovoth. Israel, 1967-68. 

5. W. H. Baldwin. D. L. Holcoir.b, and J. S. Johnson, J. 
Polymer Sci A3,833 (1965). 

6. K. A. Kraus. H. O. Phili ps, A. E. Marcinkowsky, J. S. 
Johnson, and A. J. Shor, Desalination 1,22S (1966). 
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There is an unusually high acid enrichment (effluent 
more concentrated than feed) from solutions 0.01 M in 
HC1 and 0.05 M in NaCl. It is of interest that in 
measurements with mixed Na2S04-H2S04 solutions, 
rejection of acid was lower than that of salt, and in 
some cases there was enrichment of acid, but only a few 
percent at most. 

In a run of several weeks duration, carried out with a 
high-pressure experimental cell, rejections kept in-
creasing for reasons not yet understood, while flux for a 
given feed decreased. Some selected values obtained 
over the course of the experiment are listed in Table 
2.2. Toward the end of the run, MgCi2 was highly 
rejected, a surprising observation, since this salt has a 
polyvalent counterion. 

increasing pressure substantially decreases perme-
ability and increases rejection. Results of a sequence of 
measurements with 0.05 M NaCl feed and a poly-
acrylate membrane on a 0.9-jz ceramic tube are sum-
marized below. 

Pressure Flux Permeability Rejection, 
(psig) (gpd/fl2) (cm/min*atm) Robs<%) 

1000 18 0.00073 73 
800 IS 0.00078 70 
500 12 0.0010 61 
250 9 0.0GI5 46 

1000 18 0.00076 71 

At the time, we suggested that the higher rejection by 
polyacrylate membranes than, for example, poly-
styrene sulfonate) membranes, arose from a higher 
linear charge density, that is, a higher number of 
ionizable groups per unit molecular weight of the 
polymer. Effective capacity is believed to be the 
equivalents of charge per kg of water in the membrane. 
Sincc increasing charge density will presumably increase 
water content, it is not clear a priori, that within limits, 
increasing charge density will increase effective capac-
ity. Experiments with poly(maletc acid) membranes, 
carried out subsequent to this report period, have cast 
doubt that higher rejections by polyacrylate membranes 
can be attributed to higher charge density. 

The high rejections and low fluxes of aged membranes 
(Table 2.2) are not yet understood. 

2.3.1.2 Polypeptide membranes. S. B. Sachs has 
extended tests7 with cast detachable poly(glutaniic 
acid) [PGA] membranes, begun with O. Kedem in his 
home laboratory, the Weizmann Institute. Specifically, 
he has used out high-pressure cell to check their 

7. D. Vofsi and O. Kedem, Annual Report of the Weizmann 
Institute (August 1966-August 1967) to the Office of Saline 
Water. 

Table 2.2. Hypetfilttation Properties of Dynamically Formed 
Polyacsylate Membranes. 

10 ppm PAA in feed; 0.025-p Milliporc support 
in high-pressuie cell; 25° C 

Feed PH Pressure 
(psig) 

Hux 
(gpd/ft2) Robs(*> 

0.05 Af NaCl 5.3 1500 140 72 
0.05 M NaCIa 5.3 1500 80 70 
0.05 Af NaCl 5.3 500 50 61 
0.05 M NaCl 7.0 1500 50 87 
0.025 Af Na2SQ4 6.8 500 40 83 
0.025 AfNa 2 S0 4 6.6 (500 60 88 
"CoaIinga"b 7.2 1500 20 77 
0.025 M MgCl2 7.0 1500 15 41 
0.05 Af NaCl 6.0 1500 15 93 
"Coalinga"b 6.8 1500 3 96 
0.025 AfMgCk 6.7 1500 2 92 
0.05 Af MgCl2 6.8 1500 4 7 S 
0.05 Af NaCl 56 
0.05 Af NaClc 6.7 1500 9 94 

a. 0.22-M Millipore support. 
b. Synthetic solution, 0.0028 M NaHC03. 0.0096 Af 

Na 2 S0 4 , 0.0018 Af CaCl2,0.002 Af MgClj. Rejections based on 
total anion analysis. 

c. 1 ppm PAA. 

Table 2.3. Hypctfiltration of Poly(Glutamic Acid) Membranes 

(NaCl solutions) 

Feed conc. 
(Af) 

Membrane 
type8 PH 

Pressure 
(atm) 

Permeability 
(cm/min *atm) 

Robs 
(%> 

0.025 Cast® 7 10 0.001 45 
0.025 Cast 7 10 0.002 56 
0.025 Castc 7 7 0.004 38 
0.025 Cast 10.5 7 0.002 60 
0.05 Cast 7 100 0.0003 70 
0.05 Dyn t 100 0.002 60 
0.01 Cast 7 100 0.0002 84 
O.Of Dyn 10 68 0.002 86* 

a. Dyn signifies dynamically formed. 
b. Value of R (extrapolated) for membrane on tubui&r 

support. 
e. Measured at Weizmann Institute. 

performance with faster circulation rates and under 
wider ranges of pressure. He has also compered the 
performance of cast PGA membranes with that of films 
dynamically formed from uncrosslinked PGA additives. 
Results are compared in Table 2.3. 
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For the cast (crosslinked) membranes, results at low 
pressure were roughly the same as those obtained at the 
Weizmann Institute. At 150 psig and with a 0.05 M 
NaCl, pH 7 feed solution, Rqos here was >6% and 
permeability 0.002 cm/min-atm; there, Robs w»s 45% 
and permeability 0.003 cm/min*atm. Measurements at 
100 psig were not strictly comparable, since the pH 
here was ~10.5 and there The value of Robs here 
was "-60% and ~0.002 cm/min* atm and there. 38% and 
0.004 cm/min-atm. 

Permeabilities of dynamically formed membranes 
measured at 1000 to 1500 psig were 5 to 10 times those 
of detachable membranes ;>t similar pressures. Per-
meabilities of detachable membranes were in turn much 
lower at high than at low pressure. At 1500 psig, with 
0.05 M NaCl feed, pH 7, the permeability of a cast 
membrane was 0.0003 cm/min*atm, compared with 
0.002 for a dynamic membrane. The rejection of the 
cast film was 70%, while that of the dynamic was 62%; 
the difference may have arisen from higher concen-
tration polarization associated with the higher trans-
mission rate. At 0.01 Af NaCl, rejection of the cast film 
was 84% (0.0002 cm/min*atm) to be compared with an 

extrapolated value of 86% obtained for a dynamic 
membrane on a tubular support (0.002 cm/min*atm at 
1000 psig). 

Figure 2.3 summarizes measurements of hyper-
filtration properties of a dynamically formed PGA 
membrane as a function of pH. As expected of a weakly 
ionized poly an ion, rejection is higher at high pH, and 
Na3S04 (divalent coion) is more highly rejected than 
NaCl at a given equivalent concentration. The most 
interesting aspect of this membrane, however, is the 
rejection at low pH, where the membrane may be 
neutral. 

2.3.13 Copolymer of maleic anhydride and methyl 
vinyl ether. Early in the investigation of dynamically 
formed membranes, we found that rejecting layers 
could be formed with a copolymer of methyl vinyl 
ether and maleic anhydride (MVE-MA). Since the 
anhydride almost certainly hydrolyzes rapidly, we were 
dealing with a polycaiboxylaic ion-cxchange additive. 
Charge on the polymer Is probably not great in acid 
solutions. This material therefore steemed worth further 
study as a possible example of a weak electrolyte ion 
exchanger. 

OfiNL-ttWG. 68-!263A 

2 4 6 8 ! 0 12 9 

PH 

PORE SIZE . SUPPORT 
O 0.025 u 0 .05 M NaCl 
© 0.22/* 0 . 0 5 M NaCl 
a 0.025 n 0 .025M Ma2S04 
a 0.22ft 0.025/tf Na2S04 

A 0 . 0 2 5 ^ 0.025M MqS04 
A 0.22jl 0 .025 M MgS04 

Fig. 2.3. Hyperfiltration with Dynamically Formed Poly-<Glutamic Add) Membrane. Conditions: high-pressure celt, Millipore 
supports, and 1500 psig except points marked by t (500 psig). 
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We have formed membranes with Gantrez AN-169, a 
commercial variety of MVE-MA, on 0-2-pt Ag, 0.3-p 
carbon, and 0.45-ju poly(vinyl chloride) [PVC, Metricel 
VM*6| supports, mounted in high-pressure test cells. 
The hyperforation properties did not indicate forma-
tion of an interesting neutral membrane, although the 
data so tar obtained do not completely rule out the 
possibility that one can be formed. Typically, observed 
rejections of 0.05 M NaCl from pH 4 to 10 were 40 to 
80%, with permeation rates from 20 10 i50 gpd/ft2. 
Rejection dropped to 17% at pH 3.5, but the sharp 
drop in permeability with increasing acidity, that might 
be expected with onset of neutral behavior, did not 
occur. 

The film had other aspects of considerable interest, 
however. We have long sought for expected dynamic 
characteristics of membranes - specifically, the thick-
ness of the dynamic membrane, and therefore its 
permeability, should at least to some extent be con-
trollable through additive concentration, hydrodynamic 
environment of the high-pressure interface, and pressure 
of operation. Instances of such control, which is 
important for practical reasons as well as for a basic 
understanding of hyperfiltration properties, have been 
scarce and frequently ambiguous when observed. With 
these membranes, however, on 0.45-/2 support, there 
were clear indications of control over performance. 

In one scries (0.05 Af NaCl, 10 mg// MVE-MA, pH 
2000 psig) observed rejection was 64% at 25% of 
maximum circulation rate, and permeation was 75 
gpd/ft2. The circulation rate was raised to 50% and in 
15 minutes, permeation had risen to 120 gpd/ft2, and 
rejection had fallen to zero. The circulation pump was 
cut off for about two hours, which should have 
increased the thickness of the membrane. After this, in 
a little over 0.5 hour of 25% circulation, rejection was 
again 64%, and permeation was 75 gpd/ft2. Circulation 
rate was again raised to 50%, and this time the 
permeation rate appeared to stabilize at 90 gpd/ft2, 
while conductivity indicated that rejection had fallen 
very slightly to ~60%, a decrease easily attributable to 
differences in concentration polarization at the two 
circulation rates. Raising circulation to 75% of maxi-
mum brought rejection essentially to zero in 10 
minutes. Thus, increasing rate of feed flow past the 
membrane appeared to decrease membrane thickness. 

Perhaps because of these dynamic aspects, observa-
tions with these membranes were not very reproducible. 
Higher additive concentrations resulted in membranes 
more stable at high circulation rates. Poly(vinyl-
benzyltrimethylammonium chloride), a strong electro-
lyte of opposite fixed-charge sign, appeared to have a 

similar effect when present at a concentration of 0.25 
mg// with 5 mg// of MVE-MA. Addition of enough 
MgCl2 to a 0.05 Af NaCl solution to bring the 
concentration of the divalent counterion io 0.01 M 
Mg(II), reduced chloride rejection from 48 to 22%, and 
permeation to 60 gpd/ft2 (500 psig. 500 mg// MVE-
MA, 0.45-/1 PVC support). 

This additive does not promise a great deal from a 
practical point of view, although the dynamic behavior 
is interesting. 

2.3.1.4 Copolymers of polyacrylate and poly-
acrylamide. We formed a membrane on 0A5-H poly-
(vinyi chloride) with a feed containing 100 mg// of a 
Dow copolymer described as % polyacrylamide and V3 
polyacrylate, and studied its properties with 0.05 M 
NaCl from pH 2.9 to 11. The best rejection was 34%, 
and the fastest permeation rate 85 gpd/ft2, both 
observed at pH 11 and 500 psig. 

2.3.1.5 Tannic acid as additive. In Section 2.1, we 
reported some results with humic acid membranes. In 
order to ascertain if the active agent in humic acid is 
related to tannic acid, we attempted to form films with 
this latter material on 0.2-ja silver frits. Only low 
rejections were observed (~10%) with 0.02 M NaCl and 
tannic acid, and with Fe(iil) added, rejection decreased. 

2.3.1.6 Membranes dynamically formed of modified 
cellulose acetate. In attempts to form dynamically 
membranes whose rejection properties are caused pri-
marily by factors other than ion-exchange capacity, we 
utilized a cellulose acetate (approximately 2.4 
acetyls/glucose) which was made water soluble for use 
as an additive by introducing a small ion-exchange 
capacity. In one case, about one phthlate per two 
glucose units was added by esterification. A membrane 
rejecting 38% of 0.05 M NaCl and 30% of 0.1 M NaCl at 
90 gpd/ft2 (500 psig) was obtained. Rejection of 0.025 
M Na2S04 was 50% (110 gpd/ft2 at 350 psig). 
However, rejection of 0.025 M MgCl2 was zero, the 
permeation rate being 130 gpd/ft2 at 500 psig. We 
conclude that the observed rejection arose primarily 
from the carboxylate ion-exchange capacity, rather 
than the presence of the cellulose acetate. 

Attempts to improve properties of such a membrane 
by exposing it to circulating feed at 60°C (analogous to 
the temperature annealing step in the Loeb procedure 
to tighten the membrane) gave no improvement. Use of 
a perchlorate solution when laying down the film was 
also unsuccessful. Results were no more promising with 
a maleate ester of cellulose acetate, nor with poly(vinyl-
acetatemonoacetoxyethyl maleic acid), nor with poly-
(styrene-co-sodium styrene sulfonate) [8 styrenes per 
sodium styrene sulfonate]. 
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2.3.2 Polymeric Amines 

K. A. Kraus, W. H. Baldwin, J. Csurny, W. G. Sisson, 
C. G. Westmoreland, D. G. Thomas. J. D. Sheppard, 

J. S. Johnson, S. M. Fleming,8 H. D. Cochran,8 

R. D. Talus,8 R. E. Rosenberger,8 

and J. T. Murphy8 

2.3.2.1 Poly(vinylpyridine). Activity coefficients of 
NaCl in pyridine-water solutions, measured in the 
Properties of Solutions section of the Water Research 
Program, suggested that membranes of polymerized 
pyridine should have interesting rejection properties, 
reminiscent of cellulose acetate; hyperfiltration studies 
with membranes formed by grafting polyvinyl-
pyridine) onto cellophane appeared to confirm pre-
dictions.9 

We have had "little success in dynamically forming 
membranes of good salt rejection from neutral addi-
tives. Soluble polymers, such as polyacrylamide, form 
membranes easily, but rejections are low, ~20%. With 
water insoluble polymers, it is difficult to get enough 
additive into solution to form rejecting layers. With a 
weakly basic polyelectrolyte like poly(vinylpyridine), 
one should be able to form a membrane from solutions 
of acid pH, in which the additives would be in the salt 
form and the membrane would be of the ion-exchange 

type. On raising pH, the weakly basic pyridine groups 
should become neutral, and the membrane should 
attain characteristics indicated by model solutions 
studies.9 By the device of using a weak polyelectrolyte, 
one might thus hope to form a membrane under 
conditions where the additive is soluble, and to control 
the extent to which the membrane is converted to the 
neutral form by the pH of the feed. 

We devoted considerable effort during the report 
period to investigation of dynamically formed poly-
(vinylpyridine) membranes. The additives used are 
listed in Table 2.4. Estimation of molecular weight was 
from determinations of intrinsic viscosity of solutions 
in absolute ethanol. The relationship for poly(4-
vinylpyridine) is as follows:10 

[r?] = 2.5 X 10"4 i tfv
0-6 8 

where [T?] is the intrinsic viscosity and My the 

8. Massachusetts Institute of Technology, School of Chemical 
Engineering Practice; S. M. Fleming, Director, and H. D. 
Cochran, Assistant Director, Oak Ridge Station. 

9. R. J. Raridon, W. H. Baldwin, and K. A. Kraus, J. Phys. 
Chem. 72, 925 (1968). 

10. J. B. Berkowitz, M. Yamin, and R. M. Fuoss, J. Polymer 
Sci. 28, 69 (1958). 

Table 2.4. Molecular Weight of Poly(vinyIpyridine) Samples 

Sample 
Intrinsic 
Viscosity 

h i 

Calculated 
Molecular 

Weight 
(Mv) 

Reported 
Molecular 

Weight 

Poly(4-vinylpyiidine) 
80 JB (our prepn.) 
Fuoss-1 
Fuoss-2 

Poly(2-vinylpyridine) 
Ionac PP-2000X, old 
Ionac PP-2000X, new 
Ionac 
Ionac 

Poly (2-me thy 1-5 -viny lpyridine) 
Ionac PP-2020X 
Ionac 
lonac 

Poly(2-vinylpyridine-co-2-methy!-5-vinylpyridine) 
Ionac PP-2040X 

3.19 
1.95 
3.10 

1.10 
1.02 
1.17 
0.96 

1.21 
1.75 
1.28 

1.04 

1,100,000 
530,000 

1,040,000 

230,000 
200,000 
250,000 
190,000 

260,000 
450,000 
290,000 

210,000 

40,000-50,000 
15,000-20,000 

70,000-100,000 
40,000-50,000 

We are indebted to R. M. Fuoss for samples of poly(4-vinylpyridine) and to C. Calmon and A. H. Greer of 
Ionac Chemical Co. for samples of their polymers. "Reported Molecular Weights" supplied by Ionac; these 
samples were not further identified by codes. 
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molecular weight. The intrinsic viscosity is obtained 
from measurements of the specific viscosity at several 
concentrations and extrapolating to zero polymer con-
centration. This same relationship was used to obtain 
molecular weights for other poly(vinylpyridines) since 
it appears to be valid for at least one other prepa-
ration.1 1 

The molecular weights given by this method should 
be considered relative values, since the relationship of 
My to average molecular weights obtained by other 
methods is not well defined. The molecular weight 
range supplied by the manufacturer is shown in Table 
2.4 for several of the samples. For these materials, our 
results are larger by a factor of 5 to 10. The method 
used by Ionac to determine the molecular weight is not 
known and may account for much of the difference. In 
addition, it is known10 that these materials degrade in 
solution on standing, a possible source of some of the 
difference. 

Reproducibility of properties of membranes formed 
with these additives has been poor, but some of our 
initial results appeared to confirm predictions. A run 
covering about four weeks of normal working hours was 

11. W. N. Maclay and R. M. Fuoss, J. Polymer Sci. 6, 511 
(1951). 

discussed in Section 2.1, and results obtained toward 
the end of the run were summarized in Fig. 10 of that 
section. The membrane was originally formed on a 
0.45-ju polyvinyl chloride) [Gelman Metricel VM-6J 
support, mounted in a cell, from an acidic feed 
containing 100 mg/1 of poly(4-vinylpyridine) [Fuoss-1, 
Table 2.4]. Additive concentration was subsequently 
dropped for about a week of operation to 10 mg/1 
nominal; at some of the pH values investigated, solu-
bility limited the amount actually in solution to much 
lower levels. Eventually, additive was set at about 1 
mg/1. Some results of a pH scan with 0.02 M NaCl, 
carried out earlier than the one with 0.05 M NaCl of 
Fig. 10, Section 2.1, are presented in Fig. 2.4; for 
continuity, the Na2S04-pH scan, carried out between 
the two NaCl series, is given in both graphs. Comparison 
of the two figures shows the increase in rejection, and 
the decline in flux, with time of operation; the rejection 
increased even though the earlier measurements were 
made with a feed of lower NaCl concentration. 

In both figures, the dependence of flux on pH was 
what might be expected of a weakly basic additive — 
higher at acid pH, when the membrane should be in the 
ion-exchange form and consequently should have a 
higher water content. Rejection behavior, particularly 
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for the aged membrane, is also not surprising — higher 
rejection for Na2S04 , with its divalent counterion, in 
the neutral than in the ion-exchange region. 

These results interested us a good deal. Fluxes were 
low in these experiments, but we might hope to 
improve them by several devices. Rejections were higher 
than those of most membranes dynamically formed 
from organic polyelectrolytes that we had studied at 
the time. Use of neutral membranes should obviate the 
difficulties ion-exchange membranes have with feeds 
containing polyvalent counterions. Consequently, we 
devoted major effort to study of poly(vinylpyridine) 
and related additives. 

Unfortunately, we have not been able to reproduce 
consistently the high rejections of Fig. 10, Section 2.1, 
although from, time to time, observations reminiscent of 
these tests were made. There is little point in presenting 
detailed descriptions of the results obtained in most of 
these tests, but we shall illustrate the range of variables 
tested and comment briefly on some of the observa-
tions. 

Other supports tested in cells included 0.3-pi carbon, 
0.025- and 0.45-jU Millipore, and 0.3-pi ceramic (Selas). 
Hyperfiltration behavior with these supports was within 
scatter of later experiments with 0.45-pi Metricel VM-6. 
Measurements with two high-pressure cells in series 
allowed us to compare behavior of different porcus 
supports under the same conditions. With 0.45-pi and 
0.025-pt Millipore filters, the permeation rates observed 
in the initial formation of the membranes was, as 
expected, faster for the larger pore size. However, when 
the membrane had formed, there was frequently little 
difference in rate or in salt rejection, and in some cases, 
the rate was faster and rejection higher for the smaller 
pore size material. Membrane formation was usually 
quicker with the 0.025-pi than with the 0.45-ju filter. 

In acidic solutions, rejection seemed usually to 
increase, with pressure from 500 to 1500 psig, and 
permeation rates per unit pressure (permeability) to 
decrease. A sequence of measurements with a mem-
brane formed on a 0.3-pi carbon frit with 0.05 M NaCl, 
pH ~3, illustrates this: 

Pressure (psig) 

1500 
500 

1500 

Permeation (gpd/ft ) 

85 
43 
98 

Robs (%) 

64 
56 
64 

Since concentration polarization should, if anything, be 
larger at 1500 than at 500 psig, rejection was clearly 
higher at the higher pressure. 

To test if impurities from corrosion had contributed 
to the high rejections observed initially, salts of Zr(IV), 
Fe(lII), and Sn(IV) sometimes aggregated by boiling, 
were added to the feeds. We also tried circulating the 
feeds through filings of stainless steel and Zircalloy-2. 
None of these had an effect on performance approach-
ing that sought, though phosphate addition did seem to 
have some, though not adequate, effect. 

Variations of molecular weight of additive (Table 2.4) 
had no clear effect on properties of membranes; the 
highest molecular weight tried v/as about a million. 
Within scatter, properties of poly(4-vinylpyridine) and 
poly(2-vinylpyridine), and of polymers with substitu-
ents on the pyridine ring were not notably different. 

A frequently observed pattern on increasing feed pH 
beyond the ion-exchange region, particularly with fresh 
membranes, was a sharp increase in flux, for example, 
by a factor of ten, accompanied by almost complete 
loss of rejection. This suggests that gross membrane 
defects are produced when the water content falls in 
the transition to the neutral mode. We attempted to 
make the transition more gently by adjusting pH with 
sodium bicarbonate and carbonate', with no improve-
ment in performance. 

Another possible way to alleviate this difficulty 
would be to include a plasticizer in the feed, at least 
during membrane formation. Plasticizers have been 
helpful in conventional casting of poly(vinylpyridine) 
membranes.9 Although we had from time to time tried 
including neutral substances such as polyvinyl alcohol), 
poly(ethylene glycol), and polyvinylpyrrolidone) in 
feeds without clearcut effects, we made a systematic 
study of membranes dynamically formed from feeds 
containing poly(vinylpyrrolidone)-poly(vinylpyridine) 
additives. 

The membranes were formed on stainless steel sup-
ports, pretreated with a perlite filter aid, Dicalite 416, 
at a concentration of 0.4 gm/liter. Three tubes were 
connected in series: a (nominal) 5-ju pore-size tube, 
which had been used in previous experiments [des-
ignated 5 pi (old)], a fresh 5-pt tube, and a 10-pt tube. 
The tubes were about 1.6 cm OD and 15 cm in length 
and were mounted with pressurized feed outside. After 
exposure of the support to filter aid, the solution was 
drained and permeability was determined with distilled 
water. Following this, MgCl2 (0.01 M) and acid (to pH 
~3) were introduced; chloride rejection, or rather lack 
of it, was checked. The additive was then introduced, 
about 200 mg/1 total of poly(2-vinylpyridine), added as 
Ionac PP-2000X (Table 2.4), plus poly-
vinylpyrrolidone) [General Aniline and Film K90, 
nominal molecular weight 360,000]. 
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A typical run, for equal concentrations of pyridine 
and pyrrolidone, is summarized in Figs. 2.5 and 2.6. 
Poly(vinylpyridine) rejections were determined spectro-
photometrically at 263 nm. In some cases, the effect of 
pH, circulation velocity, and pressure were investigated. 
After each series with a given ratio of active additive to 
plasticizer, the tubes were backwashed and the per-
meabilities checked with distilled water. Considerable 
variation in permeability indicated differences in effi-
ciency of backwashing (Fig. 2.7), but permeability 
differences of as much as a factor of ten had no clear 
effect on the membrane rejections finally attained in 
subsequent runs. Because of pressure drops in the 
circulating stream, pressures were somewhat different 
for the three tubes: the averages, except in pressure 
excursions, were about 10 atm for the 5 /i (old); 12.5 
atm for 5 /i (new); and 15 atm for 10 ju. Concentration 
polarization affected salt rejection, Robs, substantially; 
in a typical case for which a velocity excursion was 
made, for the 5-// (old) tube, Robs was 65% and R 
obtained by extrapolation to infinite circulation veloc-
ity, 82%; for the 5-jx (new) tube, R o b s was about 40%, 
and R ~60%; and for the 10 n, Robs ~35%, and R 
~45%. 

In Fig. 2.8, rejection of poly(vinylpyridine) [PVP] is 
plotted vs time for various ratios of the concentration 

ORNL-DWG. 68-1716 

TIME, hrs 
» 

Fig. 2.5. Rejection vs Time for Hyperfiltration with Mem-
branes Dynamically Formed from Feeds Containing Equal 
Concentrations of Poly(Vinylpyridine) [PVP] and Polyvinyl-
pyrrolidone) [PVP']. 

of pyridine polymer to pyrrolidone. The results are for 
the 10-// tube, but were qualitatively the same for all 
three tubes, as was true for other data to be presented 
later. If additive rejection is taken as a measure of 

TIME, hrs 

Fig. 2.6. Permeability vs Time for Hyperfiltration with 
Membranes Dynamically Formed from Feeds Containing Equal 
Concentrations of Poly(Vinylpyridine) and Polyvinylpyr-
rolidone). 

ORNL- DWG. 6 8 - I 7 1 7 A 

Fig. 2.7. Effect of Backwashing of Membranes Dynamically 
Formed on Filter-Aid-Coated Porous Tubes from Feeds Con-
taining Various Ratios of Poly(2-Vinylpyridine) [P(2-VP)] and 
Polyvinylpyrrolidone) [P.V. Pyrrol]. 
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Fig. 2.8. Rejection of Poly(Vinylpyridine) {PVP] vs Time for 
Membranes Dynamically Formed on 10-ju Tube from Feeds 
Containing Various Ratios of Poly(Vinyl-pyridine) [P.V. Pyrid] 
to Polyvinylpyrrolidone) [P.V. Pyrrol]. 

completeness of membrane formation, there is a clear 
trend to faster formation as the ratio of pyrrolidone to 
pyridine becomes higher (the occasional inversions in 
trends with additive ratio are probably not significant, 
since similar inversions were not observed with all 
tubes). There is little difference in the final additive 
rejection for the various ratios (Fig. 2.9), but salt 
rejection, as one would expect, increases as the PVPyri-
dine/PVPyrrolidone ratio increases. The differences in 
final permeabilities (Fig. 2.9) probably are not outside 
scatter. 

Indications of membrane integrity and stability are 
sometimes given by exposure to higher pressures. There 
was a more pronounced increase in permeability with 
pressure for a freshly prepared poly(vinylpyridine) 
membrane than for membranes formed from the mixed 
additives (Fig. 2.10). However, decreases in rejections 
for all three membranes at the high-pressure limit were 
comparable. After 18 hours (Fig. 2.11), rejections by 
the mixed membranes appeared more constant with 
pressure changes than those by the pure polyvinyl-
pyridine), and there was less hysteresis in their per-
meabilities through the pressure cycle. 

The main purpose of adding polyvinylpyrrolidone) 
was to improve membrane properties in presence of 
neutral feeds. Figure 2.12 shows that this objective was 

1.0 10.0 
P.V. PYRID / P.V. PYRROL RATIO 

Fig. 2.9. Rejection and Permeability of Membranes Dynam-
ically Formed from Feed Solutions Containing Various Ratios 
of Poly(Vinylpyridine) [P.V. Pyrid] to Poly-(Vinylpyrrolidone) 
[P.V. Pyrrol]. Supports: o I O J I ^ S M (old), and • 5 ju (new). 

not achieved. There was no indication of membrane 
collapse, in the form of a sharp increase in permeability, 
as pH increased, either with or without the neutral 
additives. Rather, in all cases, permeability decreased as 
we expect for the transition of pyridine from a charged 
to a neutral state. The maintenance of rejection of the 
pure po!y(vinylpyridine) membrane with pH change, 
surprising for so fresh a membrane, suggested that the 
rapid circulation possible with the equipment may have 
been beneficial; turbulence may have kept a reasonable 
concentration of the polymer in suspension, in spite of 
the fact that its solubility is low at high pH. We shall 
return to this possibility later. With high ratios of 
pyrrolidone to pyridine, there was a sharp drop in salt 
rejection as pH was raised. A possible explanation is 
that the membranes were covered with a film of the 
plasticizer, since the pyridine polymer is highly in-
soluble in basic solutions. If so, one might hope for 
better rejection in basic solution if the polyvinyl-
pyrrolidone) is removed from the feed before raising 
the pH. 

To test this, a membrane was formed with a 0.01 M 
MgCl2 feed containing 180 ppm polyvinylpyrrolidone) 
and 18 ppm poly(vinylpyridine). Before adding NaOH, 
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Fig. 2.10. Effect of Pressure on Rejection and Permeability of Membranes. Freshly formed (~2 hr) on 5-m tubes (old) from feed 
solutions containing various ratios of poly(vinylpyridine) to polyvinylpyrrolidone). Rejections: o chloride and • poly(vinylpyiidine). 
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Fig. 2.11. Effect of Pressure on Rejection and Permeability of Aged (18 hr) Membranes Dynamically Formed on S-n Tube (Old) 
from Feed Solutions Containing Various Ratios of PoIy(Vinylpyridine) [P.V. Pyrid] to Polyvinylpyrrolidone). 

another 0.01 M MgCl2 feed of pH ~4, containing only 
10 ppm of the pyridine polymer as additive, was 
substituted. The best values of rejection were with a 5-ja 
support, Robs being 44% and permeation 70 gpd/ft2 at 
250 psig. On addition of base, rejection dropped to 33% 
at pH 9 and 11% at pH 10, fluxes being approximately 
the same. On addition of acid, .rejections were essen-
tially zero around pH 7, with a 50% increase in flux, 

and rejections rose to 45% at pH 3 to 4, the flux again 
being about 70 gpd/ft2. 

It is perhaps of interest that after a velocity and 
temperature excursion, and replacement of feed with a 
fresh solution, rejection for all three tubes (the others 
being another 5-ju and a 10-/1 stainless steel) fell 
between 70 and 80% at pH 4.3, fluxes being 50 to 75 
gpd/ft2. In a pH cycle, a rise to 7.5 decreased all 
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Fig. 2.12, Effect of Acidity on Rejection and Permeability of Membranes Dynamically Formed on 5-ju Tube (New) from Feed 
Solutions Containing Various Ratios of PoJy(Vinylpyridine) to Polyvinylpyrrolidone). 

rejections to less than 10%, while the return to pH 3.7 
brought all rejections again above 70%. 

We also tested polyvinyl alcohol) as a plasticizer for 
poly(vinylpyridine) membranes; the membrane was 
formed with a feed containing 100 ppm of polyvinyl-
pyridine) and 100 ppm of polyvinyl alcohol), having a 
nominal molecular weight of a few hundred thousand. 
Before testing the effect of pH change, the concen-
tration of both additives was reduced to 5 ppm. The 
results of a pH cycle for the membrane giving the best 
rejection (on a 5-fi stainless steel support) are as follows 
(0 .01AfMgCl 2 ) : 

pH 

4.0 
6.7 
9.6 
4 

Flux 
(gpd/ft2) 

60 
65 
65 
55 

Robs(%) 
Pyridine 

92 
88 
60 
96 

Chloride 
76 
12 
4 

77 

A subsequent test of a membrane formed with 
polyvinyl alcohol) alone gave a maximum 39% chloride 
rejection. 

Quaternization should increase the strength of pyri-
dine as a base, and should therefore increase the charge 
density and ion-exchange capacity of membranes 
formed of the polymer, except perhaps in acid solu-
tions. We attempted to use small additions of a 
quaternized polymeric pyridine as a plasticizer. 

Figure 2.13 summarizes some results obtained with a 
mixture of 90% poly(4-vinylpyridine) and 10% of a 

partially quaternized derivative of this polymer. The 
membrane was originally formed on a 0.3-fx carbon frit 
with 50 mg/1 additive, and in the results presented in 
the figure, 10 mg/1 was present in the feed. Hopefully, 
the small ion-exchange capacity of the mixed mem-
brane might result in a membrane of higher permea-
bility and more stability when pH is increased without 
sacrificing unduly the attractive rejection properties of 
the neutral membrane. 

Permeation rates did appear somewhat higher than of 
simple poly(vinylpyridine) membranes, but not outside 
the scatter of other observations. Rejections were 
generally lower. Magnesium chloride was highly rejected 
at low pH (~3) and poorly rejected at pH ~10; Na2S04 
rejection behaved in the opposite fashion as a function 
of pH; NaCl fell between. In acid solution, changing 
pressure from 500 to 1500 and back to 500 psig 
affected rejection of NaCl substantially [from 43% (18 
gpd/ft2) to 62% (28 gpd/ft2) to 43% (15 gpd/ft2)]. The 
effect of pressure changes on MgCl2 solutions near this 
acidity, and on Na2S04 over the whole pH range, was 
small. 

The membrane appeared to b'e unstable in 0.025 M 
Na2S04 at pH 11; when additive concentration was 
decreased to 1 mg/1, rejection dropped to ~-10% and 
permeation increased. A temperature excursion from 25 
to 60°C with 0.025 M Na2S04 at pH 10 did not. 
decrease rejection (68%), but doubled permeation rate 
(to 50 gpd/ft2 at 500 psig). 

In summary, we have not found procedures by which 
use of plasticizers improves substantially the perform-
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Fig. 2.13. Rejection and Permeation of Membranes Dynam-
ically Formed on a 0.3-m Carbon Frit from a 10 mg/fi Mixture 
of 90% Poly(4-Vinylpyridine) and 10% Partially Quaternized 
Derivative. Conditions: 1500 psig except points marked with I 
(500 psig); o 0.05 M NaCl, • 0.025 M Na 2 S0 4 , • 0.25 M 
Na2 S 0 4 , and A 0.025 M MgCl2. 

ance of poly(vinylpyridine) membranes. The possible 
beneficial effect of using high circulation velocities, 
which was mentioned earlier, was investigated further, 
with a high-velocity apparatus designed for turbulence 
promotor studies. A poly(vinylpyridine) layer was 
formed on top of a hydrous Zr(IV) oxide membrane, 
previously laid on a ~0.4-/x carbon tube (Fig. 2.14). 

Just before introduction of the organic additive, the 
rejection of 0.02 M MgCl2 by the hydrous oxide mem-
brane was ~88% at over 300 gpd/ft2. On addition of 
poly(vinylpyridine) at pH 4.6, there was a gradual rise 
in rejection and a slow decrease in permeability. 

Bringing the pH to 6 resulted in a large decrease in 
permeability, to ~35 gpd/ft2, and an increase in 
rejection to 99%. Changing the feed to 0.2 M MgCl2 
dropped rejection to 92% with transmission rate re-
maining near 30 gpd/ft2. Raising the pH to 7 seemed to 
cause membrane deterioration; rejection decreased to 
80%, and permeation increased slightly. Equipment 
difficulties terminated the run shortly afterwards, and it 
is not certain that the final results in Fig. 2.14 were not 
affected by oil introduced into the system by pump 
failure. 

These observations were encouraging. However, later 
runs did not indicate that these procedures successfully 
extended good hyperfiltration performance into feed 
pH values above 7, and there were difficulties in 
reproducing results even at pH values below 7. Further, 
performance was deleteriously affected by presence of 
sulfate in feeds. It is not clear that true neutral 
membrane performance was attained. 

The practical rewards which should be attained by 
ability to manipulate membranes between ion-exchange 
and neutral behavior have kept us interested in this 
approach, but difficulties have caused us to limit 
subsequent efforts. 

2.3.2.2 Polyethylenimines. Amine additives similar to 
poly(vinylpyridine) should tend to form ion-exchange 
membranes in acid solution and neutral membranes in 
basic solution. We have investigated properties of a 
polyethylenimine; the example used was a commercial 
product of the Dow Chemical Co., Montrek 1000, 
which has nominal molecular weights in the range of 
50,000 to 100,000. The rejections were similar for 
membranes formed on several different supports. Some 
results obtained with 0.45-ix polyvinyl chloride) 
[Metricel VM-6] and 0.22-ju Millipore, mounted in a 
high-pressure cell, and of a ca. 0.4-// carbon tube are 
presented in Fig. 2.15. These are observed rejections, 
Robs, and therefore are somewhat, less than those of 
which the membranes are capable because of concentra-
tion polarization. Filtration of NaCl and MgCl2 are 
better at the acid end of the pH range, where 
anion-exchange properties should predominate. Sodium 
sulfate is poorly rejected at acidic pH, as one would 
expect for a salt of a divalent counterion, and it is 
filtered only slightly more efficiently in basic solution. 
This behavior, coupled with the low rejections of NaCl 
and MgCl2 at high pH, indicates that membranes 
formed of this additive do not have an interesting 
neutral region, at least at readily accessible pH values. 
The fact that permeabilities are not very dependent on 
pH tends to confirm this. 
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Fig. 2.14. Rejection of MgCl2 by Dynamically Formed Poly-(Vinylpyridine) Membrane. Pressure was 600 psig and circulation 
velocity was 37 fps. 

2.3.3 Organic Phosphate Esters 

We have briefly tested hyperfiltration properties of a 
membrane dynamically formed from GAFAC RS 610, 
described in manufacturer's (General Aniline) literature 
as a free acid of a complex organic phosphate ester. The 
properties were not promising. The highest rejection 
observed for 0.05 M NaCl was 52% (0.45-a* PVC 
support) at pH 10.5, with a permeation rate of 20 
gpd/ft2 at 1000 psig. Rejection decreased with decreas-
ing pH, R0b s being ~13% at pH 3. No rejections of over 
10% were observed with membranes of GAFAC RE 
610, a similar additive, to judge from the manufac-
turer's description. With GAFAC RM 710, also similar, 

the observed rejection was about 39% of salt in the pH 
range of 8.5 to 11; the permeation rate was about 160 
gpd/ft2 at 1500 psig (0.45-jtt PVC). In this last case, 
concentration polarization probably affected the results 
appreciably. 

2.3.4 Effect of Temperature on Hyperfiltration 
by Dynamically Formed Membranes 

We have tested in a few cases the effects of 
temperature. A layer of poly(styrene sulfonate) formed 
on a 0.2-ju Ag frit rejected about 56% of NaCl from a 
0.02 M solution (containing also ~1 ppm polyelec-
trolyte) at 35°C, with transmission rate of 210 gpd/ft2 
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Pig. 2.15. Hyperfiltration Behavior of Dynamically Formed Polyethylenimine Membrane (Montrek 1000, ~100 mg/fi). 

at 500 psig. Increasing the temperature to 67°C 
increased permeation rate to 420 gpd/ft2, the increase 
being approximately the inverse of the decrease in 
viscosity, and observed rejection dropped to 39%. In 
the apparatus used, both rejections, particularly the one 
at the higher temperature, should be lower than the 
rejecting ability of the membranes because of concen-
tration polarization. This was confirmed at the high 
permeation rate by measurement as a function of feed 

circulation rate; at rates % and V2 of the maximum, 
conductivities of the effluent solutions were ca. 25% 
and 15% higher than at the maximum circulation rate. 

A similar test of the effect of temperature was carried 
out with a hydrous Zr(IV) layer on a porous tube. In 
this case, extrapolation to infinite circulation velocity 
could be used to estimate the rejection of the mem-
brane free of interference by concentration polarization 
(R8Xt). The feed was 0.1 M in MgCl2 and 10~4 M in 
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Zr(IV) additive. At 25°C, the permeation rate was 50 
gpd/ft2 at 400 psig, the observed rejection at the 
maximum circulation rate was 72%, and the extrapo-
lated rejection, 77%. At 60°C, the corresponding values 

were 85 gpd/ft2, R o b s = 57%, and R e x t = 63%. The 
ratio of fluxes thus was somewhat less than the inverse 
of the viscosities, and there is a significant decrease in 
rejection under these conditions. 

2.4 EFFECT OF POLYVALENT COUNTERIONS ON HYPERFILTRATION BY DYNAMICALLY 
FORMED ION-EXCHANGE MEMBRANES. SEPARATION OF SALTS 

H. W. Kohn, A. J. Shor, C. G. Westmoreland, J. Csurny, W. G. Sisson, 
K. A. Kraus, and J. S. Johnson 

2.4.1 Polyvalent Counterions 

Ion-exclusion theory predicts that, at a given equiva-
lent concentration, salts having a polyvalent coion (the 
ion of the same charge sign as the charges fixed on the 
ion-exchange matrix) and a monovalent counterion will 
be rejected more completely than 1,1 salts, which in 
turn will be more rejected than salts having a mono-
valent coion and a polyvalent counterion. With hydrous 
Zr(IV) oxide in the anion-exchange form (Section 
2.2.1), behavior of salts having univalent counterions 
appear to follow predictions; with membranes of 
organic polyelectrolytes, there is qualitative conformity 
to theory, though quantitative agreement is not so 
close. 

However, with salts of polyvalent counterions, rejec-
tions are frequently much less than one would predict 
from rejection of a 1,1 salt. An extreme case is hydrous 
Zr(IV) oxide in anion-exchange form, for which rejec-
tion of Na2S04 is essentially zero. More commonly, 
salts with polyvalent counterions are filtered to some 
extent, but not to the degree predicted. Further, and 
perhaps more serious from a practical point of view, 
presence of polyvalent counterions in feeds containing 
several solutes affects deleteriously the rejection of all 
ionic solutes. We have collected in this section measure-
ments of the effects of adding divalent counterions to 
solutions of monovalent counterion salts. 

2.4.1.1 Hydrous oxides. With hydrous oxides, our 
most thorough study is summarized and discussed in 
connection with F:d. 2 of Section 2.2.1, which shows 
the effect of sulfate to chloride ratio on rejection of 
NaCl and ,MgCI2 at two concentrations. In these 
measurements, unlike those to be reported here, effect 
of concentration polarization was eliminated by ex-
trapolation to infinite circulation velocity. The sharp 
drop in rejection, beginning at sulfate/chloride ratios 
between 10~3 and 10~2, is typical, and the observation 
that Na2S04 and MgS04 are more highly rejected than 
NaCl and MgCl2 is also frequently encountered. 

ORNL-D1NG. 66-M930A 

Fig. 2.16. Effect of Sulfate on Chloride Rejection by 
Hydrous Zr(IV) Oxide Membrane Dynamically Formed on a 
0.2-// Carbon Tube. Solutions contained 10~4 M Zr(IV) and 
10~3 M HC1. Points indicated by arrows are for no added 
Na2S04 . Conditions: 400 psig; circulation velocity, 5.3 fps; 
permeation rate, 30 to 39 gpd/ft2. 

Some earlier measurements, also with hydrous Zr(IV) 
oxide anion-exchange membranes, gave similar results 
under conditions somewhat different from those of Fig. 
2, Section 2.2.1. Figure 2.16 shows the effect on R o b s 
of NaCl of adding concentrated,Na2S04 solution (400 
psig). The points indicated by an arrow are for no 
sulfate added. Rejection begins to decrease substantially 
at about 2 X 10 ~5 M sulfate. The points were taken a 
few minutes after sulfate additions, when rejection 
appeared to have leveled out. In some cases, the feed 
was replaced by a feed of a lower sulfate/chloride ratio, 
and the rejection was found to fall on the same curve; 
the effect of sulfate on the membrane thus is reversible, 
at least over short time periods. 

Figures 2.17 and 2.18 present results of similar 
experiments with two concentrations of MgCl2. In Fig. 
2.17, the points indicated by circles were obtained by 
adding MgS04 to a solution initially 0.1 M in MgCl2, 
and are essentially at constant chloride concentration. 
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moles sulfate / mole chloride 

Fig. 2.17. Effect of Sulfate on Rejection of CI" and Mg2+ by Hydrous Zr(IV) Oxide Membrane Dynamically Formed on 0.2-/u 
Carbon Tube. Solutions contained 10"4 M Zr(IV) and 10"3 M HC1. Points indicated by arrows are for no added sulfate. Conditions: 
400 psig; circulation velocity, 5.3 fps; permeation rate, 21 to 30 gpd/ft2; o 0.2 M chloride and o 0.1 M sulfate. 

Fig. 2.18. Effect of Sulfate on Rejection of CI" and Mg2* by Hydrous Zr(IV) Oxide Membrane Dynamically Formed on 0.2-m 
Carbon Tube. Solutions contained 1 0 - 4 M Zr(IV), 10~3 M HCl, and 0.02 M chloride. Point indicated by arrow is for no added 
sulfate. Conditions: 400 psig; circulation velocity, 5.3 fps; permeation rate, 21 to 30 gpd/ft2. 

Squares represent points obtained by adding MgCl2 to 
0.1 M MgS04 solutions and are at constant sulfate (at a 
value of the abscissa of one, Mg(II) is then 0.2 M). The 
rejections agree well in the overlap. Figure 2.18 presents 
results obtained by adding MgS04 to 0.01 M MgCl2 
solution (constant chloride). Rejection appears pri-
marily dependent on the sulfate-chloride mole ratio; the 
decrease in rejection occurs mainly between ratios of 
0.01 and 1. This behavior contrasts with sodium 
chloride solutions, in which the concentration of sulfate 
seemed a more important factor. Rejection of Mg(II) 
salts is less sensitive to presence of sulfate than those of 
sodium salts. Magnesium rejections indicate that sulfate 
is somewhat better rejected than chloride (Figs. 2.17 
and 2.18). 

Figure 2.19 shows the decrease in rejection of LaCl3 
on adding sulfate (as concentrated Na2S04 solution). 
Three concentrations of La(III) were tested, and to a 
first approximation, the effect depends on sulfate/ 
chloride ratio, similar to the effect with MgCl2. 

Some preliminary observations had suggested that the 
effect of sulfate on membrane properties was not as 
marked if Mg(II), and presumably if other polyvalent 
coions, were present. We have investigated this more 
carefully, with a feed solution maintained at 0.1 M 
NaCl, but containing MgCl2 and MgS04 with different 
ratios of magnesium to sulfate. It appears (Fig. 2.20) 
that the presence of magnesium does little if anything 
to mitigate the effect of sulfate — to a first approxima-
tion, chloride rejection decreases with increase in 
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Fig. 2.21. Summary of the Effect of Sulfate on Salt 
Rejection by Hydrous Zr(IV) Oxide Membranes Dynamically 
Formed on Porous Carbon Tube. Experimental procedures were 
not exactly comparable. 

sulfate concentration to the same degree for ratios of 
magnesium/sulfate from 1 to 5; further, behavior is not 
very different from that in Fig. 2.16. In cases where 
magnesium, sulfate, and chloride analyses were feasible, 
sodium rejection (by difference) appeared consistently 
less than that of magnesium, as it also was in absence of 
sulfate (Fig. 2.20). Sulfate rejection appeared to be 
higher than that of chloride. 

Figure 2.21 summarizes the results of Figs. 2.16— 
2.19. Repeats of NaCl experiments are also plotted; 
these give an idea of reproducibility, and strengthen the 
inference previously drawn that with Mg(II) and La(III) 
solutions, the effect of sulfate on chloride rejection 
depends primarily on the sulfate/chloride ratio, while 
with NaCl, the sulfate concentration is more important 
relative to the sulfate/chloride ratio. Results in Fig. 2, 
Section 2.2.1, are in general agreement with these 
conclusions. 

2.4.1.2 Membranes of organic polyelectrolytes. (a) 
Poly( vinylbenzyltrimethylammonium chloride). The 
effect of adding Na2S04 to 0.02 M NaCl solutions on 
chloride rejection by a membrane formed dynamically 
of poly(vinylbenzyltrimethylammonium chloride) is 
shown in Fig. 2.22. Membranes from this strong base 
organic polyelectrolyte are of the anion-exchange type. 
The substrates used (0.2-M Ag and ~0.3-pi Selas 06 
ceramic) were supported in high-pressure experimental 
cells connected in series; the observed rejections, R o b s , 
are somewhat less than values of which the membranes 
are capable because of concentration polarization. The 
membranes were originally formed with 250 ppm of 
additive in the feed, and were maintained with 1 ppm. 
Rejections for feeds containing no sulfate, measured at 
the beginning and end, indicated'little change in 
membrane properties during the series of experiments. 
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Fig. 2.22. Effect of Sulfate on Hyperfiltration Behavior of 
Dynamically Formed Poly(Vinylbenzyltrimethylammonium 
Chloride) Anion-Exchange Membrane. Solutions in high-
pressure experimental cells (500 psig) contained 0.02 M NaCl, 1 
mg/2 polyelectrolyte additive, and pH ~5. 

Sodium sulfate at 0.0002 M (0.0; moles sulfate/mole 
chloride) had a small effect on chloride rejection. At 
ten times this concentration, R o b s had fallen to 20 to 
25%, less than half the value in absence of sulfate. 

(b) Poly (styrene sulfonic acid). Results of a prelimi-
nary test of sensitivity of a cation-exchange membrane, 
formed from the strongly acidic polyelectrolyte poly-
styrene sulfonic acid), to the divalent counterion 
magnesium are presented in Fig. 2.23. The membrane 
was formed dynamically on the outside of a 06 Selas 
ceramic tube, of pore size (estimated from manufac-
turer's data) of ~0.3 ju. The NaCl concentration was 
~0.05 M, and the additions of MgCl2 made the total 
chloride concentration about 0.07 M at the highest 
magnesium concentration. Feed was adjusted to about 
pH 6 with NaOH. 

Rejection appears to be slightly affected by the 
presence of as little as 1 mole % Mg(II) [here about 5 X 
10~4 M Mg(II)]. At 10 mole % Mg(II), rejection is 
about halved from the value with no magnesium. 

(c) Bentonite-humic acid membranes. Rejection 
properties of humic acid membranes indicate that, at 
least in contact with neutral and basic feeds, they are 
cation exchangers. Figures 2.24 and 2.25 summarize 
tests of the effect of the divalent counterion, mag-
nesium, on rejection by a membrane dynamically 
formed of this natural additive on a 0.3-ju ceramic (Selas 
06) tube, which had been pretreated with bentonite. 
Before the series of tests summarized in the figures, the 
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Fig. 2.24. Effect of Mg2+ on Hyperfiltration Behavior of Bentonite—Humic Acid Membrane Dynamically Formed on 0.3-ju 
Ceramic Tube. Feed solution contained 0.05 M total chloride, 20 mg/2 humic acid, and had pH ~6. Conditions: 800 psig and 8.3 fps 
circulation velocity. 

membranes had been used for various other experi-
ments covering about a week of normal working hours. 

Feed contained 10 to 20 ppm of humic acid extracted 
from pine needles,12 which, from previous experience, 
forms membranes having properties similar to those of 
the oak-leaf product used in earlier work. Initial 
formation of humic acid membranes requires consider-

12. We are indebted to D. J. Nelson of the Oak Ridge 
National Laboratory Health Physics Division for supplying the 
humic acid. 

ably higher concentrations (typically a few hundred 
ppm) than used with other additives; there seems to be 
a strong tendency for this additive to adsorb on 
equipment, since there is a substantial drop in the 
optical density of the initial feeds on circulation. 

Among other studies carried out before those in Figs. 
2.24 and 2.25 was a velocity excursion. The rejection of 
0.05 M NaCl extrapolated to infinite circulation veloc-
ity was 66%, compared to 64% at the velocity of the 
experiments of Figs. 2.24 and 2.25 (~8 fps). Since the 



67 

O 5-9 
O in LJ m 

or 

20 

E 0.020 
E u 

I-< 
uj 

£ 0.015 
a. 

O 
+ 

0.5 M 
NaCl 

O 

+ 

• 'I' 

o 
+ 

o 
+ 

-1 1 I.I I I 11 1 .1 I.I 

o + 

ORNL-DWG. 68-11 
- r f 

6 ? 

O Na + 
+ Mg 2+ 

O + 

8 

A <=> a. 6 c*> 

i i I i i i-l-LlJ -Ai i i I. 
0.01 0.1 

MOLES Mg2+ / MOLES Na+ 
1.0 0.25 M 

MgCI2 
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Ceramic Tube. Feed solution contained 0.5 M total chloride, 10 mg/2 humic acid, and had pH ~5.5. Conditions: 800 psig and 8.3 fps 
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permeation rates in presence of the magnesium were 
less than that in the excursion (~10 gpd/ft2), the effect 
of concentration polarization on rejections by this 
low-flux membrane is probably not great. 

In Fig. 2.24 total chloride concentration was 0.05 M, 
and in Fig. 2.25, 0.5 M; the pH for both was 5.5 to 6. 
Three results with 0.05 M NaCl (no magnesium) in Fig. 
2.24 indicate the degree of constancy of membrane 
properties. Number 1 was taken before the series in Fig. 
2.24; number 2, between results recorded in Fig. 2.24 
and Fig. 2.25; and number 3, after the series in Fig. 
2.25. Rejection properties changed little, and there was 
only a slight decrease (~20%) in permeation rate. 

Presence of magnesium lowers rejection for 0.05 M 
total chloride at Mg/Na mole ratios greater than 0.01 
(Fig. 2.24). Rejection of MgCl2 is greater than NaCl 
rejection at low ratios, but less when concentrations are 
roughly equivalent or when magnesium is in excess. 
There appears to be a decrease in permeation rates with 
increasing Mg/Na ratios, in addition to the decrease in 
rate with time. 

At 0.5 M total chloride (Fig. 2.25), rejection is less, 
and is not so greatly affected by addition of MgCl2. 
Here MgCl2 is less rejected than NaCl over the whole 
range of ratios of cation concentrations. 

(d) Poly (glutamic acid) and poly (acrylic acid) mem-
branes. Figure 2.26 summarizes values of R o b s by a 

poly(glutamic acid) membrane as a function of concen-
tration of the polyvalent counterion, Mg2+. Total 
chloride was 0.05 M, and the series was started and 
finished (points marked 1 and 2) with a solution of 
0.05 M NaCl. The effect of Mg2+ is qualitatively similar 
to its effect on membranes of other organic polyanions, 
such as poly(acrylic acid) (see below) or poly(styrene 
sulfonate) (Fig. 2.23). In two cases, measurements as a 
function of circulation velocity were carried out, and 
extrapolation to infinite circulation velocity to obtain 
R indicated that concentration polarization substan-
tially affected the results. 

Figure 2.27 summarizes results of a similar study with 
a polyacrylate membrane. 

2.4.2 Pretreatment of Feeds 

One possible counteraction to the deleterious effects 
of polyvalent counterions on hyperfiltration with ion-
exchange membranes is their removal by pretreatment. 
If they are present at high concentration, such a course 
would be unattractive, but it may be feasible with 
minor amounts. With hydrous oxide ion exchangers in 
particular, ions causing the most trouble are likely to be 
those most strongly adsorbed. It thus would appear that 
pretreatment with the same exchanger of which the 
membrane is formed may be useful. 
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Although the example with which we shall illustrate 
this procedure is not considered practical, it does serve 
to demonstrate the principle. A "Coastal Texas 
Brackish" water13 is represented fairly well by the 
synthetic composition 0.0022 M CaCl2, 0.0022 M 
MgCl2, 0.0005 M Na2Si03, 0.0055 M NaHC03, and 
0.08 M NaCl. The pH (largely set by the bicarbonate) is 
near the minimum of capacity for Zr(IV) hydrous 
oxide, and the small amount of silicate present would 
be expected to cause difficulties. 

Table 2.5 summarizes a test of pretreatment. As one 
would expect from the pH, there is essentially no 
rejection of the untreated feed, but there is rejection on 
addition of enough HC1 to give hydrous Zr(IV) oxide a 
reasonable anion-exchange capacity. Passage of the feed 
through a hydrous Zr(IV) oxide column, brought into 
the chloride form by previous treatment with HC1 
solution, effectively acidifies the feed and saturates it 
with Zr(IV) so that no further addition of zirconium is 
necessary. Rejection is higher with the column-
pretreated feed, even though its pH is higher than that 
of the acid-pretreated, presumably because of removal 
of silicate. 

ORNL-OWG. S8-3143 

NaCl MOLES MAGNESIUM MgClz 

MOLES SODIUM 

Fig. 1.27. Hyperfiltration Behavior of Polyacrylate Mem-
brane Dynamically Formed on 0.9-ju Ceramic Tube in Mixed 
NaCl-MgCl2 Solutions. Feed solutions contained 0.055 M total 
chloride, 10 ppm polyacrylate, and had pH 6 . 5 - 7 . Conditions: 
800 psig, 25°C, and 4.5 fps circulation velocity. 

13. Mason-Rust (Webster, S. D.), U.S. Office of Saline Water 
Research and Development Report 134 (February 1965). 
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Table 2.5. Effect on Hyperfiltration Properties of a Hydrous 
Zr(IV) Oxide Membrane of Feed Pretreatment by Passage 
through a Hydrous Zr(IV) Oxide Column, Chloride Form 

(0.45-ju PVC; 500 psig; synthetic 
Coastal Texas Brackish Water) 

Pretreatment Zr(IV) 
CM) PH 

Flux 
(gpd/ft2) 

Robs ™ 
Chloride 

None 10"4 7.5 300 0 
HCl added 10 2.9 125 36 
Column 3.5 90 49 

2.4.3 Separation of Solutes by Hyperfiltration 

Information concerning the rejection of individual 
solutes when more than one is present is of particular 
interest because of possible separations of other com-
ponents from one another. Differences in rejection 
between salts are illustrated in Figs. 2.17, 2.20, 2.24-
2.27, and more dramatically, between HCl and NaCl in 
Fig. 2.2. A few other examples will be cited. 

A film previously formed with hydrous Zr(IV) oxide 
on a 0.8-ju Ag frit rejected 70% of 0.02 M NaCl (the 
permeation rates were about 250 gpd/ft2 at 500 psig in 
this series of experiments). Injection of enough acid to 
make the feed 0.002 M in HCl did not change the 
rejection of total chloride appreciably, but the rejection 
of HCl was 43%. In a subsequent test with 0.01 M 
NaCl—0.01 M HCl, rejection of HCl was 42% and of 
NaCl, 90%. 

In a series with another membrane, similar to the one 
just discussed but of lower transmission rate (120 
gpd/ft2 at 500 psig), with 0.025 M BaCl2-0.05 M HCl 
feed, total chloride rejection was about 30%, while HCl 
was about 10% more concentrated in the effluent than 
in the feed; rejection of BaCl2 by difference was thus 
about 80%. 

A similar test was made of a membrane formed on a 
0.2-11 Ag frit with poly(benzyltrimethylammonium 
chloride); the feed solutions contained 1 ppm of the 
polyelectrolyte to maintain the film. With 0.01 M 
NaCl—0.01 M HCl feed, 20% of the HCl was rejected, 
and 70% of the NaCl. With 0.005 M MgCl2 -0.01 M HCl, 
20% of the HCl and 83% of the MgCl2 were rejected. 
The permeation rates in both cases were about 90 
gpd/ft2 at 515 psig. 

Separation of solutes thus appears to be feasible by 
hyperfiltration with this class of membranes. 

Frequently pretreatment to lower the relative 
amounts of polyvalent to monovalent ions is of 
practical interest. Figure 2.28 presents some results 
with a hydrous Zr(IV) oxide anion-exchange membrane 
over a range of NaCl concentrations in solutions which 
are also 0.05 M in CaCl2 or in MgCl2; the results were 
extrapolated to infinite circulation velocity to eliminate 
concentration polarization. Salts of both divalent ions 
are rejected better than NaCl, to a degree which could 
perhaps be useful. However, presence of sulfate lowers 
the rejection of both salts drastically (Fig. 2.28), a fact 
that limits possible areas of application. 

With feeds which can be treated, however, separation 
between the solutes can sometimes be enhanced by 
operating at lower pressure, a device which may be 
attractive with high-flux membranes. From phenome-
nological analysis of transport through membranes,14 

with increasing solvent flux (from increasing applied 
pressure) rejection approaches a limiting value, R», 
which depends on distribution of components between 
feed and membrane phases and the coupling of water 
and solute flow. The solvent fluxes at which R^ is 
reached depend on the thickness of the membrane 
(which of course is the same for both solutes), and the 
reciprocal of the diffusion coefficients of the salts in 
the membrane (which may be quite different). When 
the salt having the higher value of R^ (lower distri-
bution coefficient) has also the lower diffusion coeffi-
cient, differences between the rejection of the two salts 
can be increased by operating at pressures at which the 
rejection of the better rejected salt is essentially still at 
its upper limit, while that of the other salt is less than 
its Ro,,. 

Figure 11 of Section 2.1 illustrates such an enhance-
ment of separation for mixtures of LaCl3 and NaCl 
(carbon tubes, results extrapolated to infinite circula-
tion velocity). A convenient measure is the ratio of the 
concentration of one salt in the effluent to its high-
pressure-interface concentration divided by the same 
ratio for the other salt. This separation factor is readily 
given by the ratio of (1 — R) for the two salts. The 
results in Fig. 11, Section 2.1, are plotted in this way in 
Fig. 2.29. Separation of La+3 and Na+ is seen to be 
enhanced by reducing the pressure, particularly in 0.05 
M NaCl. 

14. J. S. Johnson, Jr., L. Dresner, and K. A. Kraus, Chap. 8 in 
Principles of Desalination, edited by K. S. Spiegler, Academic 
Press, New York, (1966). 
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2.5 GRAPHITIC OXIDE 

W. G. Sisson and J. S. Johnson 

Rejecting membranes have been formed of graphitic 
oxide in a program at Westinghouse Electric Corp.15 

We have formed membranes dynamically with a sample 
of batch K15-96 kindly provided us by the Westing-
house group. Some results are given in Figs. 2.30 and 
2.31. The membranes were originally formed with 100 
mg/1 of the oxide in the feed, but 10 mg/1 was present 
in the solutions of Fig, 2.30 and only 1 mg/1 of Fig. 
2.31. Supports, mounted in a high-pressure cell, were a 
0.45-ju polyvinyl chloride) film (Gelman Metricel VM-6) 
and 0.2-// Millipore (Fig. 2.30) and 0.1- and 0.025-ju 
Millipore (Fig. 2.31). 

15. L. C. Flowers, D. E. Sestrich, and D. Berg, U.S. Office of 
Saline Water Research and Development Report 224 (December 
1966). 

Observed rejections of Na2S04 are greater than those 
of NaCl, and both increase with increasing pH of the 
feed. Under comparable conditions, rejection increases 
with decreasing feed salt concentrations. Observations 
are thus consistent with a mechanism involving at least 
a contribution by ion exclusion, in agreement with 
titrations carried out by the Westinghouse group indi-
cating an appreciable capacity of carboxyl groups. Our 
results do not conflict with their assertion that mem-
brane properties are independent of pH (Ref. 15, Table 
XIV), since their statement refers to the effect of 
acidity of the slurry during preparation of the mem-
brane, rather than of the acidity of the feed in 
hyperfiltration. 
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Rejections appeared to increase somewhat with time, 
and to be higher at higher pressures. Our rejections are 
comparable to many of those obtained by the Westing-
house group, but are considerably less than their best 
values, while our permeation rates tend to be greater 
than theirs. Differences do not appear to arise from 
pore size of supports, since they also used Millipore VF. 
In general, the properties of membranes formed on 
0.1 -ju and 0.025-m Millipore filters are similar to those 
on 0.45-/x polyvinyl chloride) films, though rejections 
were somewhat higher with 0.025-ju Millipore supports 

than with 0.1 -£t. Permeation rates with PVC were 
higher, however, even though the pressure was 500 psig 
rather than 1500 psig. 

The Westinghouse group has broadened its study to 
cover a wider range of conditions,16 and we have 
therefore discontinued work with their additive to 
avoid possible duplication. 

16. L. C. Flowers, P. K. Lee, E. S. Bober, M. H. Gjertsen and 
D. Berg, U.S. Office of Saline Water Research and Development 
Report 418 (1969). 



3. Porous Supports 
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R. A. Norelli,1 S. M. Fleming,1 H. D. Cochran,1 A.'J. Shor, K. A. Kraus, and J. S. Johnson 

SUMMARY 

For practical application, identification of cheap 
structures suitable for.support of dynamically formed 
membranes is of comparable importancfTtonderitiflca-
tion~ of useful additives and development of procedures 
for membrane formation. In addition, supports of 
well-defined pore size are needed to facilitate investiga-
tion. In this section, we report results of work aimed at 
both objectives. 

Since it is likely that different types of support 
structures will be best for different additives, we have 
tended to give less emphasis to practical supports, in 
spite of their importance, than to research and develop-
ment on additives. The bulk of our efforts can be 
classified in two categories: testing of materials now 
commercially available or under development for mar-
keting, and adaption of materials having large pores for 
use as supports for dynamic-membrane formation by 
treatment with fine particulates, such as filter aids. 

The filter aid approach has many attractive features. 
The optimum pore size for dynamic-membrane forma-
tion is different for different additives, but is usually 
<1 fx, and in many cases much finer pores are desirable. 
A support having very small pores and thick enough to 
support pressures necessary for hyperfiltration would 
likely have an undesirably large pressure drop in the 
product stream after passage through the membrane. A 
thin layer having fine pores on a coarse substrate is thus 
a desirable configuration. It is possible to fabricate such 
supports, and, in effect, we do so for experimental 
purposes by wrapping porous metal tubes with Milli-
pore or other porous sheets. In practical applications, 

I. Massachusetts Institute of Technology, School of Chemical 
Engineering Practice; S. M. Fleming, Director, and H. D. 
Cochran, Assistant Director, Oak Ridge Station. 

attaining this end by pretreating inexpensive tubes 
having large pores with enough filter aid to form a thin 
microporous layer would seem a particularly simple 
approach. 

The procedure has other advantages. The range of 
useful support materials is extended to those of pore 
sizes 5 n and larger, a class much more available 
commercially. Perhaps most important, with this con-
figuration membranes can be removed by backwashing 
and restored without disassembly, should flux fall to 
undesirably low values because of fouling or other 
causes. We have discussed some experiments involving 
membrane formation and backwashing in Section 
2.3.2.1. Some further tests are described in Section 3.1. 

In Section 3.2, results of tests of various supports are 
summarized. We do not separate experimental from 
practical supports, partly because it is difficult to be 
sure that some of the materials whose price is at present 
piohibitive for industrial use might not become cheap 
enough if a large market developed. A type of support 
not discussed in Section 3.2, but used in much of the 
work covered by this report, is the porous-carbon-tube 
class (See Fig.l, Section 2.1). These already are 
produced for a large market, as electrodes. They are 
cheap per unit area, perhaps about 50tf/sq. ft., if used 
with pressure outside. Pressures of several thousand psig 
can be supported with feed outside, and some varieties 
can be used to 1000 or even 1500 psig with pressure 
inside. Average pore sizes of a fraction of a micron are 
available. Their main disadvantages, which may not 
disqualify them in all cases, are a rather inhomogeneous 
pore-size distribution, including some rather large pores 
(Section 5.1), and brittleness, which makes mounting in 
practical arrays, difficult. 

In Section 3.3, we. report a minor effort to make 
porous bodies. We attempted to capitalize on a tech-
nique developed elsewhere at ORNL for preparation of 
porous thoria. 

73 
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3.1 MODIFICATION OF MATERIALS OF LARGE PORE SIZE BY PRETREATMENT WITH FILTER AIDS 

As the summary indicated, we have been investigating 
the adaption of large pore-size substrates (usually >5 fj.) 
for dynamic-membrane formation by pretreatment with 
filter aids. By this technique, one may hope to form a 
thin layer having fine pores (on which the membrane 
may be overlaid) on top of a supporting matrix which 
will withstand the pressure yet lead to only a small drop 
in pressure for moving the permeate downstream from 
tHe membrane. In addition, a much wider selection of 
porous supports becomes available, since many com-
mercial filters are available with large pore diameters. 
Certain other materials of small median-pore size, but 
grossly inhomogeneous distribution, might be useful. 
Finally, with this configuration backwashing might 
remove the membrane and restore permeability more 
completely than with simple lubes. 

3.1.1 Preliminary Tests 

In Figs. 3.1—3.3 we present three tests of the effect 
of filter aid. The permeability of the porous bodies was 
used as a rough index of the degree of coating, and the 
performance of coated substrates with membrane-
forming additives was checked. Data on porous sup-
ports and the filter aid used are given in Tables 3.1 and 
3.2. 

In the experiments summarized in Fig. 3.1, three 
tubes were connected in series, all with pressurized feed 
on the outside: an experimental uncoated compact of 
1.35 cm OD supplied by Purolator,2 a stainless steel 
tube of nominal 5-jU pore diameter, and a Selas XF 
ceramic tube. The filter aid used was diatornaceous 
earth Standard Super-eel. These experiments were car-
ried out with a stainless steel loop, equipped with a 20 
gpm circulation pump. 

With filter aid in the circulating feed, there was a 
rapid decrease in permeability. Permeation rates were 
higher just after startup than just before the shutdown, 
especially with the Purolator tube, but these high initial 
rates decayed quickly. There was no clear relation 
between the concentration of filter aid in the feed over 
the range 100 to 200 ppm and permeability. Permea-
tion rates were very high, and the permeability of the 
coated stainless steel tube was consistently lower than 
the others. A backwash appeared to restore most of the 
initial permeability of the Purolator, but broke the XF, 
which was replaced. 

2. Their code 111. We are grateful to V. Michael Tull of 
Purolator Products, Inc. for supplying us with these materials. 

There was no salt rejection (tested with 0.025 M 
MgCl2) with filter aid alone. Introduction of 10~3 M 
hydrous Zr(IV) oxide, however, resulted in one to two 
orders of magnitude decrease in permeability and the 
onset of rejection. The experiment was terminated 
before rejection had leveled out, but R o b s had reached 
more than 70% for the Purolator and ceramic tubes and 
about 55% for the stainless. Transmission was higher 
with all three, than we had usually seen for membranes 
on tubes at the time of these experiments, the values 
being from a little less than 100 gpd/ft2 for the stainless 
to 250 gpd/ft2 for the ceramic. At these rates, 
concentration polarization surely made observed rejec-
tions less than values of which the membranes were 
capable, although changing the circulation velocity did 
not seem to affect R o b s greatly (Fig. 3.1). 

Figure 3.2 summarizes results obtained with feed 
from the Oak Ridge East Sewage Plant after primary 
treatment. All tubes in this test were ceramics: XFF, 
015, and 03. The experiments were carried out in a 
converted corrosion loop, equipped with a 100 gpm 
feed circulation pump. The filter aid was the same as in 
the previously described experiment. Again, permea-
bility decreased sharply on circulation of filter aid, and, 
with the most porous tube (XFF), permeability rose 
sharply on startup after shutdown. Introduction of 
sewage effluent caused a drop in permeability, that of 
the most porous tube sometimes dropping below those 
of the others. The effect of circulation of demineralized 
water between sewage feeds was blurred by shutdown 
effects, but did not seem to be great. In the few 
measurements of chemical oxygen demand (COD) 
made, rejections by the less porous 015 and 03 tubes 
were around 90%, at transmissions of 50 to 100 
gpd/ft2; rejection by the XFF was less. 

In Fig. 3.3, tests with wash liquors from the sulfite 
pulping pro cess are summarized; a Purolator and a 
stainless-steel tube, both pretreated with Standard 
Super-cel, were used in the 20 gpm stainless-steel loop. 
Rejections of color of 80% or more were obtained most 
of the time with the metal tube. Results with the 
Purolator were more erratic. (Rejections were measured 
for the most part spectrophotometrically at 281 nm, 
but a few values obtained by visual comparison with 
diluted feeds agreed fairly well with those obtained by 
instrument.) In two tests made, backwashing appeared 
to restore most of the initial permeability. In agreement 
with other observations (see Section 5.1.2), higher feed 
concentrations gave lower permeation rates. 
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Table 3.1. Properties of Porous Tubes 

Size of Particle „ .. , , , , -j -
n . . , . Pore Diameter (ju) Void Fraction (%) 

Type (Manufacturer) Grade Retained8 Qn) — - —— 
~ : : 77 ~ ~ Nomin-ai3 Measured Nominal3 Measured0 
Nominal Absolute 

Ceramic (Selas) XF 12 25 50 62 (?) 27 16 
Ceramic (Selas) XFF 6 10 20 38 40 38 
Ceramic (Selas) 015 0.3 0.7 1.4 66 
Ceramic (Selas) 03 0.1 0.3 0.6 0.9 57 38 
Unknown (Purolator) PS 111 (Uncoated) >30 24 

Stainless Steel (Pall Trinity) H 2 12 5 10 39 
Stainless Steel E 12 35 35 62 (?) 35 
Stainless Steel F 7 25 20 28 41 

a. Manufacturer's data (average). Size presumably refers to diameters. 
b. Median pore diameter and porosity by mercury porosimetry (Physical Measurements Department, Oak Ridge Gaseous 

Diffusion Plant); values indicated by (?) were interpolated between widely spaced experimental points. 

Table 3.2. Filter Aid Materials 

Material Grade 
Mean Particle 
Size, Nominal 

00 

Manufacturer 
or 

Supplier 

Fibers 
Cellulose 
Asbestos 
Cellulose 

Particles 
Silica 

Perlite 
Perlite 
Perlite 
Perlite 
Diatomite 
Diatomite 

Carbon 

Cellu-Flo #0 
Cellu-Flo #10 
Solka-Floc 

BW-200 

Dicalite 4186 
Dicalite 4106 
Dicalite 436 
Dicalite 416 
Dicalite 215 
Standard Super-Cel 

Vulcan XC-72R 
Medium Regal SRF 
Spheron 9 
Neospectra Mark I 

coarse 
coarse^ 
Length - 50 
Thickness - 17 

16 
9.3 
6.5 
3.9 
2.7 
8 
5.4<b) 

0.029<c) 

0.056 ( c ) 

0.029(c> 
0.01 l ( c> 

Cellulo 
Cellulo 
Brown Co. 

Grefco 
Grefco 
Grefco 
Grefco 
Grefco 
Johns-Manville 

Cabot Corporation 
Cabot Corporation 
Cabot Corporation 
Columbian-Carbon Co. 

^Homogenized in Waring Blendor before use. 
* ^Determined by Physical Measurements Department, Oak Ridge Gaseous Diffusion PJant. 
'^Estimated from electron micrographs. We thank K. J. Notz for supplying these materials. 
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3.1.2 PoIy(vinylpyridine) Membranes 

Filter aid layers formed on various supports were 
tested with poly(2-vinylpyridine) additive, selected pri-
marily because difficulties were frequently encountered 
in forming membranes with this substance. It therefore 
provides a severe test of support quality. 

Supports used in these tests (Table 3.1) ranged from 
5- to 35-ju pore size. The filter aids tested are listed in 
Table 3.2. They fall in three general classes: fibrous, 
particulate siliceous, and particulate carbon. Fibrous 
materials were asbestos or cellulosic; the asbestos fibers 
were treated in a Waring Blender before use. Siliceous 
particulates were perlite, a crushed glassy volcanic rock, 
and diatomaceous earth. Photomicrographs indicated 
that the particle-size distribution of the perlites was 
much broader than that of the diatomaceous material, 
and that the perlite particles were more irregular. 

The usual test procedure, for which typical results are 
shown in Fig. 3.4, involved the following steps: 

too 
ORNL-DWG. 68-1729 

0 1 2 3 4 5 6 
TIME (hrs) 

Fig. 3.4. Effect on Various Porous Supports of Filter Aid 
(Solka-Floc BW-200) for Dynamic Formation at 200 psig of 
Poly(2-Vinylpyridine) (P(2VP)] Membranes. Feed solutions 
contained 100 ppm P(2VP), 0.02 M MgCl2, and had pH ~4. 
Porous stainless steel tubes: X 35 u\ ° 20 u\ * 5 n <new); o5>i 
(old). Rejections: filled points, P(2VP); open points, chloride. 

(1) The permeability of the bare tubes was deter-
mined with water as the feed. 

(2) Filter aid was added to the feed and allowed to 
deposit on the tubes (0.1 g/£ in early tests, 0.4 g/£ in 
later tests). Permeability was monitored. 

(3) Feed was switched to water to flush excess filter 
aid from the system. 

(4) Electrolyte was added to the feed (feed was then 
~0.02 M MgCl2 with pH adjusted to 4 by addition of 
HC1). Permeability and rejection were monitored. 

(5) Poly(vinylpyridine) was added to the feed to a 
concentration of 0.1 g/fi. Permeability and rejection of 
chloride were followed with time. 

(6) The tubes were backwashed with water in prepa-
ration for following experiments. 

With all supports, permeability decreased several fold 
on addition of filter aid. "Addition of MgCl2 (step 4) 
brought a further slowing of transmission rate, accom-
panied in a few cases by slight chloride rejection 
(<10%), perhaps arising from membrane formation by 
corrosion products. Subsequent addition of polymeric 
vinylpyridine (step 5) again sharply decreased permea-
tion. 

Only the coated 5-jtt tubes gave substantial rejection. 
(These two tubes were nominally identical but one had 
been used in earlier tests.) Although the permeability of 
the tubes with pores larger than 5 ju decreased in the 
same general way as the permeability of the 5-jU tubes, 
the large-pore tubes never rejected either polyvinyl-
pyridine) or MgCl2 very well, if at all. There were few 
observations of rejection of either solute >10% with 
these tubes. 

The results at the end of the tests are summarized in 
Table 3.3. Observed salt rejections of up to ~50% and 
pyridine rejections of up to ~90% were obtained with 
the 5-jU tubes pretreated with filter aids. Without filter 
aid, it has been difficult to form rejecting polyvinyl-
pyridine) membranes on bodies of >0.5-jtt pore size. 
Along with other tests of pyridine-pyrroiidone mem-
branes (Section 2.3.2.1), these experiments also showed 
that the tubes can be at least partially restored by 
backwashing. Although fibers appeared to be favorable 
for formation of membranes of somewhat higher 
rejection, we feel that the scatter in results of repeat 
experiments, and the apparent trend to higher rejection 
preclude a definite conclusion. The backwashing tech-
nique used here did not seem to restore the tubes as 
thoroughly as in other studies (Section 2.3.2.1). Particle 
size of the aids, at least >1 n t did not seem of primary 
importance. 

In every experiment except the first, in which both 
the new and old 5-jit stainless-steel tubes were present, 
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Table 3.3. Hyperfiltration Properties of Poty(2-vinylpyridine) Membranes Formed 
on Porous Stainless-Steel (5-M) Tubes with Various Filter Aids 

(200 to 300 psig, 0.020 to 0.025 M MgCl2, pH ~4) 

Filter Aid Permeability Rejection, R o b s (%) 

Material Designation (cm/min-atm) Additive Chloride 

Asbestos Cellu-Flo #10 0.005 25a 

Cellulosic Cellu-FIo #0 0.023 29 
Perlite Dicalite 4186 0.011 39 
Perlite Dicalite 436 0.014 82 36 
Diatomite Dicalite 215 0.018 70 31 
Perlite Dicalite 416 0.015 79 48 
Cellulosic Cellu-FIo #0 0.013 89 50 
Cellulosic Solka-Flo BW-200 0.013 93 53 
Perlite Dicalite 436 0.013 40 
Carbon Vulcan XC-72R 0.003 31a 

Carbon Medium Regal SR 0.0035 42a 

Carbon Spheron 9, 300 A 0.001 49a 

Carbon Neospectra Mark I, 100-150 A 0.0025 40a 

a. Old 5-n stainless-steel tube. Other values for new 5-M stainless-steel tube. 

the new tube gave higher rejections. In the earlier 
experiments of this series when only 75 psig was used in 
backwashing, the initial permeabilities of the new tube 
were as much as a factor of ten higher than those of the 
old. Apparently, substances left over from previous 
experiments, as well as the filter aid under study, may 
have favored the formation of poly(vinylpyridine) 
membranes. After increasing the backwashing pressures 
to several hundred psig, the initial permeabilities of the 
old tube were greater than those of the new one. Some 
of the differences between the results for the two tubes 
may have arisen from the fact that the annulus area was 
twice as large for the old as for the new, and 
consequently the circulation rate past the membrane 
was only half as large. 

The carbon filter aids gave membranes of substan-
tially lower flow rate with poorer (or at least no better) 
rejection. Whether this difference reflects the smaller 
particle size of the carbons, properties of the old 5-n 
tube (the new tube was not present in these tests), or 
other factors is not certain. 

Limitations of the equipment^ particularly with re-
spect to pressures attainable at high circulation velocity, 
added to the uncertainty. It was thus not possible to 
carry out a series of experiments at a pressure high 
enough to be of interest, yet over a range of circulation 
velocities adequate to estimate the effect of concentra-
tion polarization. Whenever pressure excursions were 
carried out, a rise in permeability and a drop in 
rejection was observed at higher pressures; on returning 

to lower pressures, however, at least with Dicalite416, 
rejections were somewhat higher than they had been 
before at that pressure. 

Inspection of the ceramic tubes after backflushing at 
75 psig indicated that removal of the deposited material 
was incomplete. A clear plastic pressure jacket around 
the support tubes allowed observations of the mem-
brane surface during operation. Visual observation of 
the new stainless-steel tube during backflushing indi-
cated that deposits were removed in thin sheets. 

3.1.3 Other Porous Supports 

3.1.3.1 Plastic. Porous polyethylene tubes are availa-
ble from J. and H. Berge, Inc., South Plainfield, New 
Jersey. We have tested one of 35-n nominal pore size, 
mounted so that pressurized feed was circulated on the 
outside. Two successive filter aid treatments were used: 
the first was with Dicalite 4106, a perlite of 9-|U 
nominal mean particle size, and the second was Dicalite 
215, an ~3-ju diatomite. A hydrous Zr(IV) oxide 
membrane on the filter-aid treated support rejected 
49% (Robs) chloride from a 0.02 M NaCl solution, with 
a permeation rate of 175 gpd/ft2 at ~250 psig; almost 
identical rejections were obtained with a 5-jn and a 10-jti 
stainless-steel tube connected in series. The feed was 
changed to one containing 100 mg/C polyvinyl-
pyridine) as additive, pH ~3, and a polymeric pyridine 
layer formed on top of the hydrous oxide. Values of 
R o b s and flux were 57% and 200 gpd/ft2 for the 10-/i 
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stainless; 54% and 130 for the 5-/z stainless; and 45% 
and 200 for the polyethylene. For all these tubes, 
rejection fell below 10% on raising the pH to 7.5. 

3.1.3.2 Purolator compacts. We described in Section 
3.1.1 an experiment with a Purolator Products, Inc. 
experimental porous tube. Subsequently, they provided 
us a tube of similar porosity, but apparently consider-
ably stronger, particularly when wet. We have tried 
these uncoated tubes with coarse pores (tens of 
microns), mounted with pressurized feed either inside 
or outside, and a coated tube with nominal pore sizes of 
a few microns, mounted with pressurized feed outside. 
At a typical pumping speed (5 gpm), the linear velocity 
of the feed through the inside of the tube was 60 fps, 
and past the membrane with feed outside, 10 fps. All 
these tubes were treated with Dicalite 215, and a 
poly(vinylpyridine) membrane formed. With 250 psig 
and 0.05 M NaCl feed, R o b s for the uncoated tube, 
pressure inside, was 27% (500 gpd/ft2); for the un-
coated tube, pressure outside, 25% (250 gpd/ft2); for 
the coated tube, 20% (60 gpd/ft2). The solution was 
then replaced with a feed containing colloidal hydrous 
Zr(IV) oxide, and with a membrane of this type, 
rejection was 34 to 38% for the three tubes, and 

permeation was from 35 to 350 gpd/ft2, the fluxes 
declining in the same order for the three tubes as above. 
A poly(vinylpyridine) membrane was then dynamically 
formed on top of the hydrous oxide: rejection ranged 
from 34 to 38%, and fluxes from 30-300 gpd/ft2, the 
tube with feed inside again having the highest flux. 
Concentration polarization certainly contributed to a 
decrease in rejection. 

Some subsequent attempts to form a polyacrylate 
membrane on fllter-aid-treated stainless steel and on 
uncoated Purolator tubes were not very successful, the 
highest rejections being <30%. However, when a fine 
carbon filter aid (Vulcan XC-72R, mean particle size 
~0.03 ju) was layered on top of a coarser filter-aid bed, 
rejection of 0.05 M NaCl at pH 7 was 64% with 
pressurized feed and membrane inside the tube (17 
gpd/ft2 at 300 psig) and 68% with pressurized feed and 
membrane outside the tube (7 gpd/ft2). Increasing the 
pumping speed from 4 to 7 gpm decreased rejection by 
the membrane (with feed inside) to 37%, and increased 
flux to 28 gpd/ft2, in spite of the fact that there was a 
drop in pressure of about 50 psig in changing to the 
faster circulation; apparently the membrane was not 
completely stable at the higher circulation rate. 

3.2 COMMERCIAL POROUS SUPPORTS 

We tested several porous plastic films mounted in 
cells, by attempting to form on them membranes of 
hydrous Zr(IV) oxide. In many cases, rejecting layers 
were formed, and examples are given in Table 3.4. Tests 
were short term, with no attempt to find optimum 
conditions. We have not so far found conditions 
suitable for membrane formation on Metricel VM-1; 
Versapor, Type 6429; and glass fiber filter, Type A. 

We have also tested several porous tubes as supports 
for membranes. With Havens' fiber glass tubes,3 a 

3. We are grateful to Glenn G. Havens of Havens Industries 
for supplying us with samples of his tubes. 

membrane formed with 10~3 M hydrous Zr(IV) oxide 
additive rejected 45% of the salt from a 0.02 M NaCl 
solution, but permeation was only about 4 gpd/ft2 at 
400 psig. With another tube, apparently also basically 
of fiber glass, given us for testing by American 
Standard, the best rejection attained with a similar feed 
was 30% with 7 gpd/ft2 permeation at 400 psig. 

Several ceramic tubes have been tried. A Coors No. 
764 filter cylinder broke at 60 psig. American Lava 
ALSIMAG 447, Norton Tube RA-4098, and Leeds and 
Northrup furnace tubes were impermeable or only 
slightly permeable in the range of pressures of interest. 
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Table 3.4. Formation of Membranes Dynamically on Various Porous Materials 
(0.02 M NaCl feed, with 1 0 - 3 M hydrous Zr(lV) oxide additive; 500 psig) 

Film Nominal Pore 
Size in) 

Permeation 
Rate (gpd/ft2) Rejection {%) 

Metricel VF-6 
Metricel VM-6 
Metricel GA-1 
Vinyl Acropor VNW-450 
GE Nuclepore 

0.45 
0.45 
5 
0.45 
0.5 

65 
200 
150 
350 

90 

43 
66 
59 
67 
45 

Films Tested 

(All supplied by Gelman Instrument Co., except General Electric Nuclepore.) 

Designation Suppliers' Data 

Metricel VF-6 
Metricel VM-6 
Metricel GA-1 
Vinyl Acropor VNW-450 
GE Nuclepore 

Metricel VM-1 
Versapor, Type 6429 
Glass fiber filter, Type A 

Vinylidene fluoride 
Poly(vinyl chloride) 
Cellulose triacetate 
Polyvinyl chloride-co-acrylonitrile) on woven nylon substrate 
Pores by fission fragments, followed by etching. Stated to be of 

uniform pore size 
Same as VM-6, except S-ti pore size 
Epoxy, 1.2 m 

3.3 THIN COATINGS OF THORIA OF CONTROLLED PORE SIZE 

K. J. Notz of the ORNL Chemical Technology 
Division has developed techniques for preparing porous 
thoria with a narrow distribution of pore sizes. A thoria 
gel, prepared from a colloidal solution containing 
carbon of type and amount selected for desired 
porosity, is dried and sintered in an inert atmosphere. 
The carbon is then burned out in an oxidizing atmos-
phere to leave pores. Void fractions of 50% with pores 
in the few hundred Angstrom range are attainable. 

A continuous thin layer of this type formed on a 
body containing large pore should be an excellent 
configuration on which to form membranes dynam-
ically, and we have investigated this possibility. 

Because of the temperature and oxidizing atmosphere 
involved in the procedure and the size of furnaces 
available, small ceramic frits were selected as supports 
for the thoria layer.4 Thoria sol with carbon inclusions 
was painted on the ceramic with a brush. Drying 
overnight at 110°C gelled or completed gelation of the 
sol. The frits were then heated in an argon atmosphere 

4. We thank K. J. Notz for advice and use of equipment in 
this study. 

in steps - 400°C/hr to 800°C, then 300°C/hr to 
1100°C, and finally 100°C/hr to 1300°C. The frits were 
allowed to cool overnight, and the carbon then burned 
out in air at 800°C. Uncoated frits as controls were 
heated by the same procedure. 

Selas 01 and 03 frits with thoria coats suitable for 
testing were produced. The manufacturer gives 0.6 n 
as the average pore diameter of the 03; the Physical 
Measurements Department of the Oak Ridge Gaseous 
Diffusion Plant found 0.9 n as the median diameter. 
Nominal average diameter of the 01 is 3 jU. 

The coatings of frits prepared by brushing sols onto 
dry frits were flaky and easily removed, particularly on 
the 01 ceramic. To avoid this, the frits used in the 
hyperfiltration tests were presoaked in 0.03 Af NH4OH 
before brushing on the sol. This procedure considerably 
improved the coatings on the 03 ceramic, penetration 
of the sol into the frit apparently being arrested near 
the interface. The coat had a smooth, even appearance 
under the microscope and the uncoated side appeared 
indistinguishable from an uncoated frit. With the 01 
frit, however, photomicrographs indicated that the sol 
penetrated completely through the frit. 
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With the exception of use of 1300°C instead of 
1400°C as the limiting temperature in firing, and the 
ammonia gelation, the procedure used in Notz's earlier 
studies has produced with this starting sol porositiss of 
about 50%, with pore sizes in the range of 100 to 300 
A. 

After preparation of the porous layer, the frits were 
sealed in stainless-steel rings with epoxy cement, and 
tested as supports for dynamic formation of membranes 
in high-pressure experimental cells. Permeability was 
determined with distilled water, and salt rejection was 
determined with a 0.025 M MgCl2, pH ~4 test solution. 
Finally, 100 ppm of the membrane additive, poly(2-
vinylpyridine), was introduced, and rejection of salt and 
additive followed for a period of time. 

Two 03 frits, coated by the prescribed procedure, 
gave rather similar results in the hyperfiltration tests; 
observations with one of these, which had slightly 
higher rejection than the other, are summarized in Fig. 
3.5. On addition of poly(vinylpyridine) there was a 
sharp drop in permeation rate, which leveled off at 
about 35 gpd/ft2. There was an accompanying onset of 
rejection of both chloride and additive; pyridine rejec-
tion appeared initially to be less than that of the salt. 
After 18 hours, rejection of pyridine was 98% and of 
chloride, 79%. 

The pH dependence of rejection and flux were run 
subsequently, with 0.05 M NaCl and 10 ppm additive as 

feed. Rejections of both chloride and additive were 
negligible at pH 11, and the permeation rates had 
approximately quadrupled from the values in acid 
solution, to 350 gpd/ft2 (600 psig). On reacidifying the 
basic feed, pyridine rejection was restored to 75 to 83% 
at pH 7, but salt rejection was only a few percent. At 
pH 3.1, salt rejection was ~60% and pyridine rejection 
was 98%; permeation was 55 gpd/ft2. Use of the porous 
thoria support did not prevent, in this case at least, the 
defects frequently produced in fresh poly(vinylpyridine) 
membranes on increasing the pH of the feed. 

When removed from the apparatus, the frits were 
found to contain several cracks. We are not certain at 
what point in the experimentation the cracks appeared 
and if, or to what extent, presence of these cracks 
compromises the later experimental observations. 

For comparison, rejection at a comparable time after 
addition of the pyridine additive by uncoated 03 frits, 
one fired and the other not fired, are also shown in Fig. 
3.5. The rejections appear lower than those of the 
coated frits, but part of the difference may arise from 
concentration polarization, since the transmission rates 
through the uncoated frits are much higher. 

Chloride rejections attained with two thoria-coated 
01 frits were about 10% and 25%, at permeabilities of 
about 0.15 and 0.08 cm/min-atm, respectively. Since 
the transmission rate corresponding to 25% rejection 
was 700 gpd/ft2, concentration polarization must have 

ORNL-DWG. 6 8 - 1 7 3 2 

Fig. 3.S. Hyperfiltration Behavior of Poly(Vinylpyridine) [PVP] Membrane Dynamically Formed on Thoria-Coated Ceramic 
(Selas 03) Frit. Feed solution contained 0.025 M MgCl2 and 100 ppm PVP. 
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been substantial, and the actual rejection much higher. 
A control sample, uncoated but fired, had rejection of 
about 9% and, surprisingly, a permeability of 0.03 
cm/min-atm, which is several times lower than those of 
the coated frits. 

The possible effect of concentration polarization 
blurs comparison between coated and uncoated frits 
and between 03 and 01 ceramics, and the discrepancies 
between additive and salt rejection raise questions 
about some of the figures. It is not completely certain, 
moreover, that polymeric pyridine membranes were in 

all cases effecting salt filtration; corrosion products or 
even the thoria may have contributed. 

Among other items which might be worth investigat-
ing more thoroughly are: other methods of coating the 
frits; frits of pore sizes between those of the 03 and 01; 
simultaneous tests of coated and control frits in series 
in the same loop; a closer look at the apparent 
differences between uncoated fired and unfired frits; 
and direct measurement of pore sizes in the thoria 
layer. 



4. Boundary Layer Effects 

SUMMARY 

Euildup of the concentration of rejected salt at 
brine-membrane interfaces has important effects in 
hyperfiltration. Even cellulose acetate membranes us-
ually pass a fraction of the feed salt, and a higher 
concentration of salt in the product than anticipated is 
a necessary consequence of concentration polarization. 
The deleterious effects are more serious for dynamically 
formed membranes, which generally have higher fluxes 
and consequently polarizations, than for cellulose ace-
tate. Further, since dynamically formed membranes are 
ordinarily ion exchangers, rejection decreases with 
increasing feed concentration, and the product will 
contain more salt than it would, were rejection in-
dependent of concentration. 

Boundary-layer phenomena have been of continuing 
interest to our program. Theoretical analyses of concen-
tration polarization, with both laminar and turbulent 
flow, were developed independently along parallel lines 
here and at MIT, and were jointly published in a basic 
paper of the field.1 Equations for the turbulent case 
were extended to membranes of incomplete rejection, 
again independently at MIT2 and here.3 

In this report, an experimental test of the equations 
for the turbulent case is given in Section 4.1.1. The high 
flux through the membrane used, a dynamically formed 
hydrous Zr(IV) oxide membrane, gave a more sensitive 
test of theory. On the other hand, the dependence of 
rejection on salt concentration introduced complexities 

1. T. K. Sherwood, P. L. T. Brian, R. E. Fisher, and L. 
Dresner, Ind. Eng. Chem. Fundamentals 4, 113 (1965). 

2. P. L. T. Brian, First International Symposium on Water 
Desalination, Paper SWD/79, Washington, D.C. 1965; Proceed-
ings, Vol. I, p. 349 (1967). U.S. Govt. Printing Office. 

3. J. S. Johnson, Jr., L. Dresner, and K. A. Kraus, Chapt. 8 in 
Principles of Desalination, K. S. Spiegler, ed., Academic Press, 
New York (1966). 

into the interpretation and made the demonstration less 
convincing than otherwise (Sections 4.1.2 and 4.1.3). 
The principal question raised in Section 4.1.2, and in 
recent work at ORNL by D. G. Thomas and his group, 
has been the numerical accuracy of the empirical 
Colburn parameter value of 25, and has not involved 
the basic validity of the theory. We do not consider the 
exact value of this parameter settled at this time. 

We should point out that the experiments in Section 
4.1.1, although similar to those in Section 2.2.1, are not 
the same. In Section 4.1.1, chloride rejections were 
measured, and an empirical fit of rejection as a power 
series in concentration was used, to avoid possibility of 
biasing the test with preconceived notions concerning 
membrane behavior. (A small approximation in the 
application of theory is introduced by the difference in 
diffusion coefficients between HCl and the salts in the 
solution phase.) In the experiments of Section 2.2.1, 
rejections of HCl and salts were measured independ-
ently. The difference between total chloride and salt 
rejection is important only for the lowest concentration 
points; these differences account for the upward curva-
ture of results in Fig. 5 of 4.1.1. 

Development of turbulence promoters has been an-
other continuing concern. Sections 4.2.1 and 4.2.2 are 
two studies of detached turbulence promoters, a con-
cept developed here. Section 4.2.1 describes measure-
ments of mass transfer by an electrochemical technique, 
and Section 4.2.2 describes the effect of promoters on 
hyperfiltration. At a given feed circulation velocity 
promoters increased not only the rejection, as expected, 
but also the flux through dynamically formed mem-
branes. 

Stirring can also be brought about by gravity, from 
density differences in fluids. Section 4.3 describes a 
study of these effects by following the dissolution of 
single KCl crystals in contact with water-ethanol mix-
tures in which the solubility of the salt.was-varied by 
varying the alcohol-water ratio. 
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4.1 CONCENTRATION POLARIZATION 

(Reprinted from Industrial and Engineering Chemistry, Fundamentals 7, 44 (1968).] 
Copyright 1968 by the American Chemical Society and reprinted by permission of the copyright owner. 

4.1.1 Hyperfiltration. Concentration Polarization 
in Tubular Systems with Dynamically 

Formed Membranes 

Arthur J. Shor, Kurt A. Kraus, J. S. Johnson, Jr., 
and W. T. Smith, Jr. 

The Sherwood, Brian, Fisher, and Dresner equations for concentration polarization with turbulent flow in 
tubes have been verified by data obtained with dynamically formed, salt-filtering membranes. Magnesium 
chloride and sodium chloride concentrations from 0.01M to 0.26M were tested with hydrous Zr(IV) oxide 
membranes. Allowance was made in computer analysis of results for variation of rejection with salt con-
centration. The converged value of a parameter related to the mass transfer coefficient agreed well with 
the generally accepted figure. Graphical extrapolation of a function of observed rejection gave values 
of rejection corrected for concentration polarization in good agreement with those obtained by least 
squares analysis. 

In the hyperfiltration (or reverse osmosis) desalination pro-
cess, pressurized feed solution is pumped past a salt-rejecting 

membrane; a fraction of the solution, having lower solute 
concentration, permeates the membrane. The rejected 
solute tends to build up a layer of higher than feed concentra-
tion at the interface. This buildup, referred to as concentra-
tion polarization, results in lower apparent rejections than 
those of which the membrane is capable, since practical mem-
branes reject only a portion of the salt, and rejection in many 
cases decreases with concentration. It also increases the os-
motic pressure of the solution at the pressurized interface, and 
may result in precipitation at the membrane of slightly soluble 
salts. Concentration polarization can be reduced at the 
expense of energy for pumping the circulating feed or by stirring 
it. In economic appraisals of hyperfiltration, it is important 
to have equations describing salt buildup; further, in basic 
studies, the efTect of concentration polarization must be 
eliminated to determine the properties of the membranes. 

Sherwood, Brian, Fisher, and Dresner (1965) have analyzed 
concentration polarization occurring with membranes com-
pletely rejecting salt, supported on the inside of cylindrical 
tubes under conditions of both laminar and turbulent flow; 
only the turbulent case is of interest here. This theory has 
since been extended to membranes with less than complete 
rejection (Brian, 1965, 1967; Johnson et al., 1966). These 
equations have been tested experimentally with cellulose ace-
tate membranes supported on a rotating cylinder (Sherwood 
et al., 1967), and Rosenfeld and Loeb (1967) found that per-
formance at the Coalinga plant was consistent with them. 

Recently, the authors have shown that rejecting "mem-
branes" can be formed dynamically by exposing bodies such as 
porous flat disks and porous round tubes to pressurized feeds 
containing certain additives (Marcinkowsky et al., 1966). 
Such films frequently have high permeation rates and thus 
afford a good further test for the theory. Their salt rejection, 
however, varies with the concentration at the interface. The 
concentration at the interface is higher than that of the feed 
because of concentration polarization. The dependence of 
rejection on concentration must be taken into account in 
analysis of results. Results of tests of these equations carried 
out with a hydrous Zr(IV) oxide membrane (Marcinkowsky 
et al., 1966) dynamically formed on a porous carbon tube are 

presented here. An extrapolation procedure for estimation 
of the rejection ability of membranes, undistorted by concen-
tration polarization, is tested. 
Experimental 

Apparatus. The hyperfiltration apparatus consists of a 
loop in which a porous body, in this case a carbon tube, serves 
as a substrate for the dynamic membrane (see Figure 1, Kraus 
et al., 1967). Solution is circulated and recycled through the 
tube using a titanium canned-rotor centrifugal pump (Weitz-
berg and Savage, 1957). Pressure in the system is controlled 
with a Research Controls, Inc., diaphragm motor valve 
operated by a Foxboro pressure controller which acts as a 
back-pressure valve, bleeding the solution to the feed reservoir 
at atmospheric pressure. A Milton-Roy high pressure, low 
flow Constametric pump draws liquid from the reservoir and 
pumps it at a controlled rate back into the system in amounts 
sufficient to make up for the loss of liquid as product and of 
liquid through the back-pressure valve. In these experiments, 
the desalted water is returned to the feed reservoir to maintain 
a steady-state concentration of the circulating salt solution. 
Circulation rate is measured with a Brooks high pressure 
rotameter. A cooling and heating jacket around a portion of 
the pipe in the loop controls the temperature. Except for a 
few tubing fittings made of stainless steel and other small 
components, the feed solutions come in contact only with 
Hastelloy C, titanium metal, and high pressure rubber tubing, 
minimizing the introduction of corrosion products. To 
diminish flow resistance, connections are made through large 
radius bends. The system may be operated at a maximum 
pressure of 2000 p.s.i. with hyperfiltration cells described 
earlier (Baldwin et al., 1965). With flow on the inside of the 
carbon tubes and with the epoxy seals used to mount the tubes, 
pressures are limited to about 1000 p.s.i. With pressurized 
feed on the outside of the tubes, higher pressures can be 
attained. 

With the 5.35-mm. i.d. tube used in these studies, linear 
velocities up to 7 meters per second corresponding to a 
Reynolds number, Nne, of about 40,000 can be attained at 
room temperature, and Ar

n« up to 105 at elevated tempera-
tures. 

Carbon Tubes. The porous tubes used are of a commercial 
type manufactured for use as electrodes. They measure 
11.0-mm. o.d. and have a median pore radius in the range 
0.18 to 0.34 micron and a void fraction of 0.22 to 0.28 as 
measured by mercury intrusion. A single tube of 0.18-micron 
median pore radius and 0.27 void fraction was used in this 
study (98% of the pore volume was associated with pores 
ranging in radius from 0.02 to 0.96 micron). 

Additives. The additive used is probably best described as 
colloidal hydrous Zr(IV) oxide (Marcinkowsky et al., 1966). 
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It is prepared by heating a 0.253/ solution of ZrOClj in a 
boiling water bath until the appearance of turbidity, which 
occurs in several hours. Enough of this solution is added to the 
salt solution feed to bring it to the desired additive concentration. 
Membranes were formed initially with about 0.0013/ Zr(IV). 
Their properties could be maintained with 0.0001 3/ Zr(IV) 
during the course of the run. 

Conditions. For each feed solution, measurements were 
made at five circulation rates from about 1 to 7 meters per second 
linear velocity, starting at the high end. Repeats were made 
at the highest velocity to check membrane stability. Feed 
concentrations varied from 0.015 to 0.26M for MgCl2 and 
from 0.0068 to 0.1 Af for NaCl. With both solutes, the first 
concentration measured was repeated at the end of the series 
to check membrane stability. Rejections were computed 
from chloride analyses of samples taken from the circulating 
solution and from the effluent. The membrane was formed 
with a feed containing 10~W Zr(IV) additive, and was main-
tained by inclusion of 10~43f Zr(IV) in all feeds. Enough 
HCl was added to make all solutions about 10 - lM in HCl. 
The membrane was in contact with a feed at pressures as high 
as or higher than that used here until its properties became 
fairly stable, before the reported experiments were carried out. 

Rejection increases with pressure, but approaches a limiting 
value if pressure is high enough (Johnson et al., 1966). In 
preliminary tests, we determined that limiting rejection was 
essentially attained at 800 p.s.i., and this pressure was used for 
all experiments. Temperature was maintained at 25° ± 3° C. 

In sampling of effluent along the length of the tube, lower 
rejections were frequently found close to the ends. These 
probably are attributable to defects in the seals of metal to 
carbon, but may arise from differences in hydrodynamics in 
these areas. ConsequenUy the extremes of the tubes were 
isolated with tapes and product from these areas was not 
included in our study. With turbulent flow, samples of effluent 
taken along the rest of the tube length have had the same 
concentration. 

Concentration Polarization Equation* 

A concentration gradient is established between the bulk 
fluid and the membrane interface when water from a salt 
solution passes through a hyperfiltration membrane. In 
turbulent flow through tubes, this radial concentration gradient 
is mainly restricted to a layer adjacent to the tube wall. The 
buildup of salt at the phase boundary reaches a steady state 
when the back-diffusion of salt into the circulating fluid in the 
tube is balanced by the transport of salt in solution directed 
toward the wall (Sherwood et al., 1965) and permeation of 
salt through the wall (Johnson et al., 1966). The resistance to 
mass flow of the thin film of incompletely turbulent fluid 
adjacent to the wall may be expressed in terms of a mass trans-
fer coefficient which permits relating, through semiempirical 
correlations, the characteristic of the fluid and the flow pattern 
to the degree of concentration polarization. Using tubes as 
substrates for dynamically formed membranes renders such 
membranes particularly tractable to hydrodynamic analysis, 
an aspect utilized by Sherwood et al. (1965) in their analysis 
of concentration polarization. The authors use a summary 
and extension of their equations given in a recent review 
(Johnson et at., 1966) and show how, by appropriate modifica-
tions, these may be applied to the analysis of hyperfiltration 
experiments. 

Concentration polarization (turbulent feed circulation) is 
defined by the equation 

= -5 - 1 
ct 

(1) 

where ca is the solute concentration at the membrane-feed 
interface (moles per liter), and ct is the concentration in the 

turbulent core, which is taken here as equal to c/, the feed 
concentration. 

Combination with the definitions of the salt rejection of the 
membrane, 

R = 1 — — (2) 

subscript « indicating the effluent (product) solution, and the 
observed rejection, 

Robi — 1 — — 1 

leads to 

1 - Roba = (1 - R ) ( * , + 1) 

(3) 

(4) 

For a membrane which completely rejects salt (R = 1), 
Sherwood et al. (1965) obtained the equation 

M R = 1] = exp[*(»/«) N ^ N * * " } - 1 (5) 

where v is the transmission rate through the membrane, u is 
the average velocity of feed solution past the membrane, Nn, 
and Nbo are the Reynolds and Schmidt numbers, 

AT d™ N r . = — 

JVfc-

Vk 

n* 
3D 

(6) 

(7) 

d being, in our case, the inside diameter of the carbon tube, 
T)k the kinematic viscosity, and £) the diffusion coefficient. 
k refers to a semiempirical constant in the Chilton-Colburn 
analogy (Sherwood, 1959) and the Blasius equations used in 
deriving Equation 5. It is usually taken to be about 25. The 
authors refer to k as the Colburn parameter. 

For values of R less than unity-i.e., for a less than perfectly 
rejecting membrane—it was shown (Brian, 1965, 1967; John-
son et al., 1966) that: 

< 1] = = RiMR = 1] (8) 
1 + (1 - R ) - 1] 

Substituting Equation 8 into Equation 4, eliminating and 
rearranging give: 

— Rob« 
(9) 

Substituting Equation 5 into Equation 9, taking logarithms, and 
rearranging: 

(10) 

Ratullt 

Rejections, R0ba, as a function of circulation velocity, % 
have been measured for six concentrations of NaCl (the experi-
ment at about 0.053/ was repeated to determine constancy of 
membrane properties) and nine concentrations of MgCls, not 
including two repeats. According to Equation 10, a plot of 
log[(l — Rob.)/Rou] vs. »/««•« should give a straight line of 
predictable slope, insofar as the Colburn parameter is known; 
extrapolation to infinite circulation rate [(»/tt9,7s) = 0] should 
allow evaluation of R, the "intrinsic" rejection or that which 
would be observed in absence of concentration polarization. 
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In Equations 8 and 10, R is assumed not to vary with c, a 
criterion not in general met by ion-exchange membranes, of 
which the hydrous Zr(IV) oxide membrane used here is an 
example (Marcinkowsky et al., 1966). However, the results 
plotted in this way are in fact linear to a good approximation 
(Figures 1 and 2). The slopes are not those predicted theoreti-
cally, but they deviate in a direction consistent with the ex-
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Figure 2. Rejection of MgCIs at various flow rates 
j I _ product concentration 

0 * feed concentration 
v. Permeation flow through membrane, cm./»ec. 
u. Circulation through tube, cm./sec. 

pected decrease in rejection with increasing concentration. 
Figures 1 and 2 also show that there is substantial effect of con-
centration polarization—for example, with 0.1 M NaCl, the 
observed rejections vary from less than 40% to about 57%, 
and the extrapolated value is over 60%. 

Transmission rates through the membranes varied somewhat 
during a series of runs with any one salt and from one salt to 
another; these changes probably reflect slow aging of the 
membrane, rather than a specific response to the changes in 
feeds. Transmission rates^ ranged from 70 to 115 gallons 
(U.S.)"perUay per sq. foot (1 cm. per minute is equivalent to 
about 354 gallons per day per sq. foot). These rates are about 
a factor of 3 lower than those reported (Marcinkowsky et al., 
1966) previously for membranes formed on 0.8-micron silver 
frits. Part of the difference probably stemmed from pressure 
loss in the rather long path through the wall of the carbon tube 
after passage through the membrane; part may indicate that 
a more compact film was utilized in this study. The rejections 
here were in general somewhat higher than before, but lack 
of control of concentration polarization in the earlier experi-
ments (Marcinkowsky et al., 1966) makes comparison difficult. 

Discussion 

If R were independent of concentration, ca, at the feed 
interface, the values of Iog(l — RDb„)/RDb» for a given salt, 
if plotted against v}\s0,7i, should fall on a single straight line 
to a good approximation—i.e., if ijk and 3D are constant in 
Equation 10. The concentration polarization equations 
could then be tested by comparing the slopes for each salt with 
those predicted by theory. Since in Figures 1 and 2, points 
for different feed concentrations fall on different lines, R, as 
expected, must be dependent on ca. Test of the theory must 
therefore in effect involve finding if values of ca (for all points) 
predicted from the polarization equations from cf, v, and ti 
are consistent with a single expression for rejection as a function 
of concentration. The expression selected is a series in ca, 

1 - R = A + Bca + Ce* + Dca (11) 

with initial values of the parameters A, B, C, and D estimated 
from the extrapolated values of Figure 1 for NaCl and Figure 2 
for MgCls. 

For each experimental point, concentration at the high 
pressure interface (ca) and R, consistent with the experimental 
effluent concentration, are computed with Equations 2 and 
11 by iteration. With the computed R and the concentration 
polarization Equations 5 and 9, a value of (R0b»)c«ied is ob-
tained, consistent with o/u0-75 for the point in question. With a 
nonlinear least squares program (Busing and Levy, 1962), 
parameters A, B, C, and D of Equation 11 are adjusted to 
minimize differences between experimental R„b, -nd 
(R0b.)caicd for all points. With the program as written, 
several parameters of the concentration polarization Equation 
10 can also be varied, such as the exponent of circulation 
velocity, but in these computations, only the Colburn param-
eter, k, has been adjusted. Variations of the Schmidt number 
arising from differences in temperature and concentration are 
allowed for in the input. The computation is repeated 
through enough cycles for convergence. 

In Figures 3 and 4, deviations between observed values of 
rejection and the corresponding values computed from the 
best least squares fit are presented. For NaCl, most calculated 
points are within ± 1 % in rejection, all are within ±2%, and 
the Colburn parameter is 21.4. For MgCh, all points are 
within ±1%, and the Colburn parameter i3 23.2. Computed 
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Figure 3. Comparison of experi-
mentally observed NaCl rejections 
with values computed for concentra-
tion polarization in hyperfiltration in 
tubes with turbulent feed circulation 
Theory modified for rejections less than unity. 
Computed values from least squares fit to 
rejection as a function of concentration. 
1 - R = 0.053460 + 3.6527cci — 
5.7897cci2 - 11.276cci3 

Colburn parameter, converged value 21.4 
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Figure 5. Comparison of salt rejection determined by 
extrapolation to infinite circulation velocity with rejection 
obtained from values of R0b» with equations for concentra-
tion polarization (curves) 
800 p.s.1.; hydrous Zr(IV) oxide membrane 
Converged parameters from least squares fit: 
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1.3748ccis 

Colbum coefficient = 23.2 

rejections are well within experimental uncertainty. Fur-
ther, these values of the Colburn parameter closely approach 
the value 25, which follows from heat and mass transfer 
measurements. These results strongly confirm the essential 
validity of the Sherwood, Brian, Fisher, and Dresner analysis. 

Another question of interest is the usefulness of graphical 
extrapolation of a plot of log [(1 — R0b»)/R»b.] vs. v/uMt 

(Figures 1 and 2) to obtain the rejection, R, of a membrane, 
when R varies with concentration, as in the present cases. 
In Figure 5 values of R obtained in this way (points) are com-
pared with values computed from the converged least squares 
Equation 11 (curves). The agreement is good, essentially 
within experimental uncertainty. In spite of the fact that such 
an extrapolation is only approximately justified by theory, it 
appears to be an accurate, as well as convenient, way to obtain 
rejection undistorted by concentration polarization. 
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Nomenclature 

A, B,C,D = parameters defined in Equation 11 
ca = solute concentration at the membrane-feed 

interface, moles/liter 
Cci = concentration of chloride ion in feed, moles/liter 
Cf solute concentration in the feed, moles/liter 
ct = solute concentration in the turbulent core, 

moles/liter 
Coi — solute concentration in the effluent (product), 

moles/liter 
d = inside diameter of carbon tube, cm. 
3) = diffusion coefficient, sq. cm./sec. 
k = semiempirical constant derived from Chilton-

Colburn analogy and Blasius equation 
Nnt = Reynolds number, du/i)k 
Nb» — Schmidt number, ijt/D 
R = intrinsic salt rejection, defined by Equation 2 
Rob* = observed salt rejection, defined by Equation 3 
H = bulk fluid velocity parallel to membrane, cm./ 

sec. 
v = fluid transmission rate through membrane, 

cm./sec. 
v„ = fluid transmission rate, cm./min. 
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GREEK LETTERS 

774 = kinematic viscosity, sq. cm./sec. 
ih = concentration polarization (turbulent case), 

defined by Equation 1 

SUBSCRIPTS 

a = feed-membrane interface 
CI = chloride ion 
/ = feed 
t — turbulent core . 
u ~ product 
obs = observed 

Literature Cited 

Baldwin, W. H. , Holcomb, D. L., Johnson, J . S., J. Polymer Set. 
AS, 833 (1965). 

Brian, P. L. T. , First International Symposium on Water De-
salination, Paper SWD/79 , Washington, D. C., 1965; Proceed-
ings, U . S. Govt. Printing Office, Vol. I, p. 349,1967. 

Busing, W. R., Levy, H. , Oak Ridge National Laboratory, 
ORNL-TM-271 (June 1962). 

Johnson, J. S. , Dresner, L.., Kraus, K . A., in "Principles of De-
salination," K. S. Spieglcr, Ed., Chap. 8, Acadcmic Press, New 
York, 1966. 

Kraus, K. A., Shor, A. J., Johnson, J. S., Desalination 2 , 2 4 3 (1967). 
Marcinkowsky, A. £ . , Kraus, K. A., Phillips, H . O. . Johnson, 

J. S., Shor, A. J., J. Am. Chem. Soc. 38 ,5744 (1966). 
Rosenfeld, J., Loeb, S., Ind. Eng. Chtm. Process Design Develop. 

6 , 1 2 2 ( 1 9 6 7 ) . 
Sherwood, T . K. , Chem. Eng. Progr. Symp. Ser. 55, (25), 71 

(1959). 
Sherwood, T . K., Brian, P. L. T. , Fisher, R . E., IND. ENG. CIIEM. 

FUNDAMENTALS 6 , 2 (1967). 
Sherwood, T . K., Brian, P. L. T. , Fisher, R . E., Dresner, L., IND. 

ENG. CHEM. FUNDAMENTALS 4,113 (1965). 
Weitzbcrg, A., Savage, H. C., Oak Ridge National Laboratory, 

ORNL-CF-57-10-24 (October 1957). 

RECEIVED for renew March 9, 1967 
ACCEPTED September 15, 1967 

Research sponsored by the Oflicc of Saline Water, U . S. Depart-
ment of the Interior, under Union Carbide Corp.'s contract with 
the U . S. Atomic Energy Commission. Paper VII in a series. 
Previous paper: K . A. Kraus, H. O. Phillips, A. E. Marcinkowsky, 
J. S . Johnson, and A. J. Shor, Desalination 1, 225 (1966). 



91 

[Reprinted from I A EC Fundamentals 7 , 527 (August 1968).] 

Copyright 1968 by the American Chctnical Socicty and reprinted by permission of the copyright owner. 

4.1.2 Hyperfiltration. Correspondence 

SIR: We take exception to the conclusion presented in 
the articlc "Hypcrfiltration" [IND. ENG. CHUM. FUNDAMENTALS 
7,44 (1968)1. 

The test of the theory embodied in Equation 10 is that a 
plot of In (1 — Robhi/RoUd) as a function of »/u0-75 should 
yield a straight line for each value of feed concentration, 
cs, and give a slope of 

>wmm 
The first part of die test shows good agreement of the theory 

with the data. With regard to the second test, visual in-
spection of Figures 1 and 2 indicates a reasonably constant 
slope and probable random variations of slope with cr. 

Bcclouding the issue of the second test with a demonstration 
of the ability to adjust a four-constant equation so as to arrive 
at a concentration polarization expression which maintains 
a Colburn parameter value of 25 docs a disservice to the 
data. 

The important conclusion upon vhich the model converges 
and which the data support is that the ratio cjca is a constant 
for each value of c/ and that this ratio docs not depend on 
«. The parameter R is, after all, defined in terms of cu and 
"a-

J. L. Cooney 
A. E. Robe 

E. I. du Pont de Nemours & Co., Inc. 
Wilmington, Del. 

[Reprinted fromI&ECFundamentals 7 , 5 2 8 (August 1968).] 

Copyright 1968 by the American Chemical Society and reprinted by permission of the copyright owner. 

4.1.3 P.yperfiltration. Reply to Correspondence 

SIR: We disagree with the comments of Cooncy and F.abe 
on our paper. 

The theory "embodied in Equation 10," which summarizes 
the extended Sherwood, Brian, Fisher, and Dresner treat-
ment, predicts the ratio of ca/ct, or essentially cjcf, for given 
values of intrinsic rejection R and v/iP-n. If R is independent 
of concentration, ea, at the membrane-feed interface the equa-
tion predicts (if second-order effects of concentration on 
diffusion coefficients and viscosity arc ignored) that, for all 
values of C/, a plot of In {(1 - R0b»)/Rob.l vs. will fall on a 
single straight line of predictable slope; not, as Cooney and 
Rabc imply, on a series of straight lines. The fact that we 
observe a series of lines in Figures 1 and 2 indicates clearly 
that with the membrane in question, R varies with ca, as 
one would expcct for hydrous Zr(IV) oxide. Since ca varies 
with concentration polarization, which varies with circulation 
velocity, the values of R for a given cf vary with «, and the 
slope in Figures 1 and 2 will not be predictable by concentra-
tion polarization alone, even if the plots are empirically linear. 
Any real test of concentration polarization theory has to take 
account of the variation of R with c. 

Two factors thus influence concentration at the interface: 
the concentration in the turbulent core, and concentration 
polarization, the equation for which wc were engaged in 
testing. Only qualitative predictions of the dependence of 
rejection on concentration for this membrane could be made 
at the time, and the test we selected was to see if an empirical 
equation for R as a function of concentration would be con-
sistent both with the measured values of Rob. (for all feed 
concentrations and circulation rates) and with the increase 
in concentration at the interface over that of the feed pre-
dicted by Equation 8 for concentration polarization. We 

selected a power series in c for describing R, which involves 
no spccial assumption concerning the concentration depen-
dence of R. The number of parameters in this series is un-
importanr, so long as they are sufficient to represent R as a 
function of c; fewer terms might have been sufficient, and 
more would not have given better agreement between ob-
served and calculated values of Rob„ had the concentration 
polarization equation not been essentially correct. 

The agreement between measured and calculated values 
of Rob. shown in Figures 3 and 4 and the fact that the values 
of the Colburn parameter are in the range expected are in 
our opinion strong evidence for the validity of the theory 
under test, a conclusion which could not have been drawn 
from the linearity and slope of plots in Figures 1 and 2. 

Cooney and Rabe state that "the important conclusion" is 
that "cu/ca is a constant for each value of c" and does "not 
depend on a." As we explained above (and in the paper), 
this statement applies only to membranes for which rejection 
is independent of concentration, but it does not apply to the 
membrane studied here. 

Arthur J. Shor 
Kurt A. Kraus 

J. S. Johnson, Jr. 

Oak Ridge National Laboratory 
Oak Ridge, Tenn. 37830 

W. T. Smith, Jr. 

University of Tennessee 
Knoxvillt, Tenn. 37916 
Research sponsored by the Office of Saline Water, U. S. Depart-
ment of the Interior, under Union Carbide Corp.'s contract with 
the U. S. Atomic Energy Commission. 



P2 

4.2 TURBULENCE PROMOTERS 
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4.2.1 Forced Convection Mass Transfer: Part IV. 
Increased Mass Transfer in an Aqueous Medium 

Caused by Detached Cylindrical Turbulence 
Promoters in a Rectangular Channel 

J. S. Watson and David G. Thomas 

Enhanced rotes of mass transfer in aqueous systems were studied with an electrochemical 
technique. Detached turbulence promoters (cylinders supported away from the surface) were 
shown to cause increases in mass transfer in aqueous systems in a manner similar to that 
observed in gaseous system. As in air studies, peaks in the local rate of mass transfer were 
observed directly beneath the cylinders and o wake effect was observed downstream from 
the cylinders. 

We have shown that detached turbulence promoters 
(cylinders supported away from the surface) promote in-
creased mass transfer in aqueous systems in a manner 
similar to that observed in gaseous systems (I, 2) . In 
the previous studies, local values of the mass transfer 
rate were increased as much as 240%, and the average 
rate over an extended portion of the plate (183 pro-
moter diameters downstream) was enhanced as much as 
170%. The observed increases in mass transfer rates were 
complicated functions of promoter diameter, spacing from 
the plate, and spacing apart. Generally it appeared ad-
vantageous to pair the promoters ratner than to space 
them evenly. Apparently vortex streets from one cylinder 
affect those from cylinders downstream, and a tuning 
effect is observed which causes larger mass transfer rates 
in the wake region. Consequently optimization is possible 
for particular combinations of cylinder spacing and 
velocity. These studies were performed with a sharp-
edged plate in an air channel in which the depth was large 
compared with the thickness of the laminar boundary 
layer. Mass transfer rates were determined by measuring 
tKe rate of naphthalene sublimation from the surface. 

Although the techniques described above were conven-
ient for studying the basic bebnvior of detached cvlindrical 
turbulence promoters, it was desirable to evaluate the 
promoter's potential performance in water desalination 
processes such as reverse osmosis or electrodialysis. Liquid 
systems generally have a Schmidt number greater ttian 
500 compared with 2.4 for the air-naphthalene system. 
The significance of large Schmidt numbers is that the 
fictive concentration boundary layer is relatively much 
thinner than when the Schmidt number is near 1. There 
is also the question of what effect a second wall or other 
channel boundaries will have on the disturbances gen-
erated by detached promoters. 

To evaluate the potential of detached turbulence pro-
moters in aqueous systems, a series of mass transfer mea-
surements was made in a rectangular channel. The ex-
perimental technique used was an electrochemical reac-
tion (the ferro-ferricyanide redox system) under condi-
tions where the rate of reaction was diffusion (that is 
mass transfer) controlled (3 to 7). Ferricyanide ions were 
reduced on a polarized test surface from a solution 0.01 
M in potassium ferricyanide and potassium ferrocyanide. 
The solution was also 1 M in sodium hydroxide, which 
acted as a supporting electrolyte and reduced transference 
effects. The rectangular channel was a 2.5-in. by 0.49-in. 
cross section and had a 2-in. by 2.5-in. active nickel elec-
trode test surface preceded by a sharp-edged plastic en-
trance section 4 in. long. The first cylindrical turbulence 

promoter was always located 2% in. downstream from the 
front edge of the electrode to permit internal calibration 
during some runs. Appropriate corrections were made to 
all average mass transfer promotion data to account for 
the reduced length of 'electrode (9% in.) over which mass 
transfer promotion occurred. 

The test surface was maintained at the desired potential 
(relative to the polarizing electrode) with a d.c. power 
supply, and the average or total mass transfer rate over 
the plate was determined by measuring the current drawn 
from the power supply. To obtain locaTmass transfer rates 
at various locations on the surface, 0.010-in. diam. wires 
were embedded in the electrode and then ground flush 
with the surface. The wires were electrically insulated 
from the test surface, but were maintained at the same 
potential as the test surface with operational amplifiers 
from an analog computer. In addition, the analog com-
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Fig. 1. Relative promotion caused by 3/32-in. diam. cylinder* lo-
cated one cylinder diameter from the surface at a channel Reynolds 

number of 1,630 (Schmidt number — 1,850). 
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puter circuit produced a voltage proportional to the cur-
rent drawn by the wires, thus permitting evaluation of 
the local mass transfer rates. 

Initial results from the aqueous studies demonstrate that 
comparable, and perhaps even greater, mass transfer pro-
motion can be obtained with detached promoters than 
was obtained in gaseous studies. As in tne studies with 
air as the fluid, pronounced peaks in the local rate of mass 
transfer were observed directly beneath the wires and 

freatly enhanced rates were observed in the wake region 
ownstream from the wires. Typical results are shown 

in Figure 1. Peak values for relative promotion beneath 
the wires were 2.5 and 6 for single ana the second of two 
cylinders, that is, about a factor of two larger than the 
values reported (I, 2) for laminar boundary layers in 
gaseous systems. 

Figure 2 shows relative promotion, k/kQ (average mass 
transfer rate over effective length of electrode with pro-
moters divided by the average, mass transfer rate over 
the effective length of electrode without promoters), plot-
ted as a function of Reynolds number based upon the 
channel thickness for three different combinations of 
cylindrical promoters. The promoters were 1/16-in. diam. 
cylinders with a gap of 1/32 in. between the bottom of 
the cylinder and the electrode. The three sets of data 
shown in Figure 2 were obtained with a single cylinder 
located 2% in. from the beginning of the active electrode 
surface, with two cylinders located 2% and 7% in. from 
the beginning of tne active electrode surface and with 
three cylinders located 2%, 5%, and 8% in. from the 
beginning of the active electrode surface. With three pro-
moters the mass transfer rate is more than doubled over 
the Reynolds number range of 1,000 to 3,500 with the 
maximum promotion of 135% (a factor of 2.35) observed 
at a Reynolds number of 1,800 to 1,900. No significant 
promotion was observed for Reynolds numbers less than 
600. The Reynolds number for the beginning of promotion 
corresponds to a promoter Reynolds number (based on 
the promoter diameter and the velocity at the promoter 
centerline assuming a parabolic velocity profile) of about 
50, which is the critical Reynolds number for shedding 
vortex streets from cylinders (8) . 

A series of tests to determine the optimum spacing 
between two wires in a pair for maximum mass transfer 
promotion was made with wire diameters of 1/16, 3/32, 
and %. The gap between the wire and the plate was 
varied from 1/32 to Va in. For all the combinations 
studied, the optimum center-lo-center spacing of the wires 
was between eight to ten wire diameters. Since this is 
the same optimum spacing determined for pairs of cylin-
ders in the air-naphthalene system, it appears that the 
scaling law for optimum distance between cylinders in a 
pair does not involve the physical properties of the sys-
tem, that is, 8 < (jc/D)0Pt < 10 (where x is the distance 
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between cylinder centers and D is the cylinder diameter), 
with the most probable value for (x/D)opt between 8.5 
to 9. It is of interest to note that this spacing between 
cylinders is substantially the same as the one for which 
the pronounced beat phenomena were observed in flow 
visualization studies (9) . 

The effect of the number and diameter of cylinders on 
the maximum increase in average mass transfer promotion 
over a 9% in. length of electrode in channel flow (at NRe 
of 1,800 to 1,900) is shown in Figure 3. This figure shows 
the fractional increase in mass transfer rate due to the 
cylinders, (k — k0) /k0, plotted against the number of 
cylinders; the cylinders were positioned to divide the 
electrode surface into equal intervals. Figure 3 shows 
that there was a substantial increase in relative promotion 
in going from one to two cylinders with relatively smaller 
increases as the number of cylinders was increased from 
two to eight. There was little increase in the relative pro-
motion as the number of cylinders was increased from 
eight to sixteen. 

Although additional data are required to determine the 
optimum spacing of cylinders and range of flow conditions 
for maximum increase in mass transfer promotion, it is 
clear from the present data that there are marked 
similarities in the results with aqueous and gaseous sys-
tems. 
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4.2.2 Hyperfiltration. Reduction of Concentration 
Polarization of Dynamically Formed Hyperfiltration 

Membranes by Detached Turbulence Promoters 

David G. Thomas and J. S. Watson 

Spiral turbulence promoters positioned away from the membrane surface by small wire runners markedly 
increase the rejection of 0.01 M MgCU by dynamically formed membranes. Salt rejection was increased 
most at the lowest Reynolds numbers, as expected from other turbulence promoter studies. An unexpected 
feature of the studies was the observation that the transmission rate through the membrane v/as increased 
10 to 5 0 % in the turbulence promoter region compared to the values test with a portion 
of the tube containing no turbulence promoters. 

Two of the most proml^gg types of membranes considered 
for hyperfiltration (reverse osmosis) are uncharged poly-

mer films [such as cellulose acetate (Johnson et al., 1966)] 
and dynamically deposited membranes [formed from additives 
which may range from hydrous metal oxides (Marcinkowski 
et al., 1966) to organic polyelectrolytes (Kraus et al., 1966)]. 
Cellulose acetate membranes typically reject more than 98% 
of salt with fluxes of 5 to 20 gal./sq. ft./day (Johnson et al., 
1966). At the present state of the art, (Kraus et al., 1967), the 
most attractive features of dynamically formed membranes are 
their high production rates (several hundred gallons per square 
foot per day) and their self-healing characteristics. For most 
of the dynamic membranes, salt rejection decreases with in-
crease in salt concentration, consistent with the hypothesis 
of an ion-exclusion mechanism for rejection (Kraus et al., 1966, 
1967; Marcinkowski, et al., 1966). 

The high transmission rates observed with dynamic mem-
branes implies severe concentration polarization which can be 
minimized only by pumping at very high velocities past the 
membrane surface or by development of suitable turbulence 
promoters. 

Detached turbulence promoters (Evans and Churchill, 
1963; Koch, 1958; Thomas. 1966, 1967; Watson and 

Thomas, 1967)—^^^E^^moters located away from the 
transfer surface-J||!:Jpa|ticii/arly attractive for use in hyper-
filtration modi4p|P{3§rseveral reasons. Some membranes are 
fragile and the detached promoters may be designed so there 
are few if any contacts between the support structure and the 
membrane. Detached promoters may be designed to mini-
mize stagnant regions. The avoidance of stagnant regions 
is essential in the hyperfiltration process because the salt con-
centration may build up in stagnant regions, resulting in 
"breakthrough" and consequent marked deterioration of mem-
brane separation performance (Johnson et al., 1966). The 
same turbulence promoter should give greater improvement 
in the observed rejection of an ion-exchange membrane than 
with an uncharged membrane, because of the decrease in re-
jection characteristics of an ion-exchange membrane as the 
salt concentration increases—that is, any increase in stirring at 
the membrane-solution interface both decreases the concentra-
tion polarization and increases the intrinsic rejection character-
istics of the membrane. 

The object of these studies was to develop a detached tur-
bulence promoter design suitable for use inside small diameter 
(~0 .6 cm. i.d.) hyperfiltration tubes to determine the magni-
tude of the improvement in rejection that might be expected 
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from the use of turbulence promoters. A secondary object was 
to compare the effect of detached promoters on ion-exchange 
membrane hyperfiltration performance with their effect on a 
nonconcentration-dependent mass-transfer system. 

Detached Turbulence Promoters 

Promotion of the rate of heat or mass transfer by detached 
turbulence promoters has been studied using a variety of differ-
ent geometri^_:AiiiC!n5--vhe different combinations of pro-
moter* anSnow configurations for which data exist are rings 
(Koch, 1958), disks (Evans and Churchill, 1963; Koch, 1958), 
and streamlined inserts (Evans and Churchill, 1963) inside 
cylindrical tubes, rings in the annular region between con-
centric tubes (Thomas, 1967), cylindrical rods located at the 
edge of laminar boundary layers (Thomas, 1966), and cylindri-
cal rods in confined rectangular channel flow (Watson and 
Thomas, 1967). Detached turbulence promoters are rela-
tively easy to install in existing equipment and neither block 
the transfer surface nor provide regions where solids can ac-
cumulate. Some general conclusions about the performance 
of regularly spaced detached turbulence promoters, whether 
they block a major portion (Evans and Churchill, 1963; 
Koch, 1958) or only a small fraction of the channel cross sec-
tion (Thomas, 1966, 1967; Watson and Thomas, 1967), are: 

The maximum increase in the rate of forced convection is 
observed in a Reynolds number range around 104. 

The optimum spacing between promoters in the direction 
of flow is between 8 and 12 times the dimension of the promoter 
normal to the flow. 

The optimum dimension of the promoter in the direction 
normal to the flow and the optimum distance from the transfer 
surface depends on the particular flow configuration. 

At a Reynolds number of 104, the maximum increase in rate 
of forced convection reported in the literature for detached tur-
bulence promoters which block a major portion of the channel 
cross section (Evans and Churchill, 1963) is 155% (ihp/h = 
2.55) with an increase in friction factor of 7100% ( / , / / = 72). 
For detached promoters blocking only a small portion of the 
flow, the maximum increase (Thomas, 1967) in rate of forced 
convection w^s 88% (hv/h =» 1.88) with an increase in fric-
tion factor of 1340% (/„// = 13.4). 

Few data are available on the performance of detached tur-
bulence promoters below a Reynolds number of 6000 except 
for rectangular channel flow (Watson and Thomas, 1967), for 
which data are available down to Reynolds numbers of 500. 

Hyperflltrotion Background 

Before describing the results of the detached promoter tests, 
it will be useful to review briefly the framework within which 
the data will be presented. From a mass balance the mass-
transfer coefficient in hyperfiltration is given (Johnson et al.t 
1966) by the flux through the membrane, v, divided by the 
polarization, 

k = u/*, (1) 

The observed salt rejection, Ro, is related to the intrinsic salt 
rejection of the membrane, R, by 

1 - Ro - (1 - * ) ( ¥ , + 1) (2) 

The ratio of mass-transfer coefficient with turbulence promot-
ers to mass-transfer coefficient without promoters, kp/k, may 
be obtained by combining Equations 1 and 2 and assuming that 
the turbulence promoter has little or no effect on the intrinsic 
salt rejection of the membrane, R, that for the short tubes used 

in these studies cf cu and that R is independent of concen-
tration: 

_ f j . (R ~~ Rq) /,« 
k v {R- JO, } 

The assumption that the turbulence promoter has no effect 
on R is consistent with the current hypothesis on mcchanism of 
salt rejection by dynamic membranes (Kraus et al., 1967). 
However, it is known that R is not independent of concentra-
tion for ion-exchange membranes, decreasing as the concentra-
tion increases. Since one effect of the turbulence promoter is 
to decrease the salt concentration at the solution-membrane 
interface, this means that a turbulence promoter will appear to 
be more effective in a hyperfiltration system with ion-exchange 
membrane characteristics than in a nonmembrane mass-
transfer system where the .ate of mass transfer is independent of 
concentration. For turbulent flow in a tube, the relation be-
tween Ro and R is (Shor et at., 1968) 

In 1(1 - RoVRo 1 - 25[(P/^(ATR.)>'«0V8e)WJ + 
In [(1 - R)/R] (4) 

Hence, by plotting In[(l - Ro)/Ro\ vs. [ ( e / i / )AV 4 ] and 
extrapolating to infinite circulation velocity, U, the value of the 
intrinsic rejection may be obtained (Shor et al., 1968). The 
values of R obtained from this approximate graphical pro-
cedure agreed very well with more accurate values obtained 
by a numerical technique (Shor et al., 1968). 

Experimental 

The experiments were conducted in an existing loop (Shor 
et al., 1968). The salt solution was pressurized with a positive 
displacement pump and circulated with a titanium canned 
rotor pump. The porous tubes used to support the membrane 
were l.l-cm.-o.d., 0.54-cm.-i.d., 54-cm. long carbon tubes 
manufactured for use as electrodes. The tuba had a median 
pore radius in the range of 0.18 to 0.3*1 micron and a void 
fraction of 0.27 to 0.28 as measured by mercury intrusion. 
The membranes were formed by circulating 0.001 A/ colloidal-
hydrous Zr(IV) oxide through the loop until the transmission 
rate decreased to a constant value (about 2 hours in these 
experiments), then switching to 0.0001M Zr(IV) during the 
run to maintain the membrane. Feed solution was 0.01 M 
MgClj. Rejections were computed from chloride analyses 
of samples taken from the feed solution and the effluent from 
the carbon tube. Additional details on the experimental 
hyperfiltration equipment and procedure may be found else-
where (Shor et al., 1968). 

Friction factors for the carbon tubes with and without 
detached spiral turbulence promoters were evaluated from 
pressure-drop data taken in an atmospheric pressure loop. 
Flow rates were determined by weighing the discharge; pres-
sure- drop was measured with a differential mercury ma-
nometer. In the detached turbulence promoter measurements, 
the upstream pressure tap was 110 L/D from the spiral. A 
correction was made for the pressure drop in that portion of 
the tube containing no turbulencc promoter. 

Turbulence Promoters. Two types of turbulence pro-
moters we. * tested: a wire spiral separated from the tube 
surface by longitudinal wire runners, and a sheet-metal spiral 
extending from one tube wall to the other (twisted tape 
turbulence promoter (Gambill et al., 1961)]. In all eases the 
turbulence promoter was positioned in the downstream half 
of the tube. Such an arrangement permitted the efflux to be 
divided into two streams, so that the promoted and unpromoted 
performance of the membrane could be evaluated under as 
near identical experimental conditions as possible. 

The detached turbulence promoters were 0.075-cm. wire 
formed into a spiral with a pitch of 0.50 cm. and outside 
diameter of 0.47 cm. Three longitudinal wire runners of 
0.025-cm. diameter were spotwelded to the spirals to hold 
them away from the tube. These dimensions are near the 
optimum values found in previous studies (Thomas, 1967; 
Watson and Thomas, 1967). 
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Figure 2. Effect of detoched*sp>ral turbulence promoter 
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The twisted-tape turbulence promoter was fabricated from a 
strip of metal 0.053 cm. thick and 0.50 cm. wide with a spiral 
pitch of 1.35 cm. This ratio of pttch-to-tubc diameter corre-
sponds to the optimum reported for forccd convcction non-
boiling heat transfer (Gambill etai., 1961). 

Result* 
Figure 1 is a plot of log (I - R.)/R* vs. (v/COWw)1" for a 

test run at 400 p.5.i.g. with a dctachcd spiral lurbulcncc pro-
moter loeated in the downstream half of the tube. For con-
venience a sc:.lc giving observed rcjccuon is shown on the right. 
The data for the highest rejections were obtained at a linear 
velocity (based on empty tube dimensions) of 257 cm. per 
second, which corresponds to a Reynolds number of 15,200. 
The data for the lowest rejection were obtained at a linear 
velocity of 36 cm. per sccond, which corresponds to a Reynolds 
number of 2100. The greatest cfTect of the turbulencc pro-
moter was observed at the lowest velocities, where the observed 
rejection was increased from 25 to 72%. At the highest 
velocities the improvement was much less, from 90 to 93%. 
The decrease in effectiveness of the turbulcncc promoter with 
increase in velocity is consistent with the behavior of most tur-
bulence promoters. 

When the system pressure was increased to 600 p.s.j.g., the 
data shown in Figure 2 were obtained. These data show the 
same marked effcct of turbulcncc promoter as thosr of Figure 1. 
At the lowest velocity the dctached promoter increased the ob-
served rejection from 15 to 45%, while at the highest velocity 
the increase was from 64 to 82%. Data similar to those shown 
in Figures 1 and 2 were obtained in duplicate runs with de-
tachcd spiral turbulence promoters. 

The performance of the twisted tape was evaluated at 400 
p.s.i. over the velocity range 36 to 185 cm. per second (Figure 
3). At the lowest velocity the rejection was increased from 
54 to 69%; at the highest velocity, from 81 to 82%. 

An unexpected result observed in the dctachcd turbulence 
promoter studies was the increased transmission rate which 
occurred in that portion of the tube containing the detached-
spiral turbulence promoter (Table I). The increase in trans-
mission rate was essentially independent of velocity once a 
membrane was formed at a given pressure. The increase in 
transmission rate varied from 10 to 50% in the different series 
of tests with the lower value observed after the membrane was 
formed at 400 p-s.i.g. and the pressure was raised to 600 
p-5.i.g. One possible explanation of the increased transmission 
rate is that the increased shear stress in the turbulcncc promoter 
region effectively thinned the membrane layer on the surface of 
the tube, thus permitting the higher transmission rate. 

Ratios of mass-transfer coefficients for hypcrfihration tests 
with and without turbulcncc promoters, calculated using 
Equation 3, are shown in Figure 4 as a function of Reynolds 
number. Also shown is the curve for the maximum increase in 
mass-transfer coefficient obtained in an extensive investigation 
(YVatson, 1967; Watson and Thomas, 1967) of detached tur-
bulence promoters wing an electrochemical technique (the 
fcrro-fcrricyanide redox reaction). Even though the dctached 
spiral turbulence promoters were not iseccssarily optimized, all 
the data from the hyperfiltration tests are substantially greater 
than the maximum values obtained in the electrochemical 
study. This is consistent with the expected behavior of tur-
bulence promoters in systems in which the performance is a 
function of concentration. 

Both smooth tube and turbulencc promoter friction factor 
data were fitted by the expression: 

/ - bn^- (5) 

Empty carbon tube data were fitted satisfactorily by the 
commonly accepted (Bennett and Myers, 1962) Blasius co-
efficients, B - 0.079 and b - 0.25. The friction factors for 



97 

Table I . Effect of Turbulence Promoters on Transmission Rates through Dynamically Formed HyperfUfrafion Membranes" 
Turbulence Promoter Linear 

' Pitch, Velocity, Pressure, Transmission Rate, Cm./Minfi 
Shape diam., cm. cm. Cm./Sec. Atm. Promoted Unpromoted vp/a 

Spiral 0 . 0 2 5 0 . 7 0 240 2 7 . 2 0 . 4 0 0 . 2 6 1 . 5 4 
75 0 . 3 8 0 . 2 5 1 . 5 2 

257 2 7 . 2 ' 0 . 5 4 0 . 4 3 1 . 2 7 
36 0 . 5 4 0 . 4 3 1 . 2 7 

257 40.8" 0 . 6 4 0 . 5 8 1 . 1 0 
36 0 . 6 4 0 . 5 8 1 . 1 0 

Twisted tape None 1 .35 185 2 7 . 2 0 . 2 6 0 . 2 9 0 . 9 0 
36 0 . 2 3 0 . 2 4 0 . 9 6 

• Salt solution 0.01 M MgClr. h 1 — cm./min. = 354gal./day sq.ft. e Data at 27.2 and 40.8 atm. obtained with same tube and membrane; lower 
pressure not was first. 

Although the conditions under which use of turbulence pro-
moters is advantageous can be determined only from a de-
tailed economic analysis, previous studies (Thomas, 1967; 
Watson, 1967) have shown that a simple comparison of mass-
transfer coefficients based on pumping power can be made us-
ing the expression 

—contt (/,//)" (6) 
When n is greater than 0.28, less pumping power is required to 
achieve the high mass-transfer coefficients using turbulence 
promoters than to get the same high mass-transfer coefficient 
by pumping faster (Watson,- 1967). The upper curve for 
hyperfiltration shown in Figure 4 has n values greater them 
0.28 over the complete range studied—that is, n = 0.52 at 
= 5000 and n - 0.29 at Nn, = 15,000—and hence, in this 
range less pumping power should be required to obtain a 
given mass-transfer coefficient by using detached turbulence 
promoters than by pumping at a higher velocity. 

Conclusions 

Detached spiral turbulence promoters cause a marked in-
crease in the salt rejection of dynamically formed hyper-
filtration membranes, the greatest effect occurring at the low-
est Reynolds numbers. These turbulence promoters can 
cause a 10 to 50% increase in transmission rate over that ob-
served in unpromoted regions of the same tube. Because of 
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Figure 4 . Effect of detached turbulence promoters on mass-transfer 
promotion in an electrochemical mass-transfer and a hyperfiltration 
system 

detached spirals in the same carbon tube were fitted by 
B <s 0.57 and b =» 0.17 in the Reynolds number range 1500 to 
15,000. At a Reynolds number of 2000 the ratio of friction 
factors with and without promoters was 13, and at Nr, ~ 15,-
000 the ratio was 15.7. 
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the ion-cxchange characteristics of the dynamic membranes 
tested, the de»achea-spiral turbulence promoters appeared to 
perform better than expected from extensive studies of a non-
conccntration-dcpendent system. In the Reynolds number 
range 5000 to 15,000, it required less pumping pov>er to in-
crease the mass-transfer coefficient by using a detached-spiral 
turbulence than would bo required to achieve the same in-
crease in mass-transfer coefficient by pumping faster. 
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Nomenclature 

it — coefficient in Equat ion 5, dimersionlcss 
b — exponent in Equat ion 5, dimcnsionlcss 
c = concentration, moles / l i ter 
D *s diameter, cm. 
/ Fanning friction factor, dimcnsionlcss 
k «= mass-transfer cocflicicnt, cm. / sec . 
L «=» length, cm. 
In natural logarithm 
A'n. » Reynolds numl>cr, dimcnsionlcss 
A'nc Schmidt number, dimcnsionlcss 
it = exponent in Equation 6, dimcnsionlcss 
R intrinsic membrane rejection, 1 — (cZA<-), dimcnsion-

lcss 
R, « observed rejection, 1 — (cu/cf), dimcnsionless 
p =» transmission rate 
U =• linear vdoc i ty 
v kincmatic viscosity, sq. c m . / s c c . 
ifr, = polarization, (c„/c,) — 1, dimcnsionlcss 

SUBSCRIPTS 

p — promoter 
a = membrane-feed interface 
a = effluent 
/ = feed 
t = turbulent core 
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4.3 CONCENTRATION-GRADIENT-DRIVEN CONVECTION: EXPERIMENTS 

Abstract. Concentr^ilon-gradient-driven convection was studied by measure-
ment of the rate of dissolution of the lower face of a KCl single crystal in con-
tact with various solvents. The rate of mass transfer due to convective stirring 
appeared to follow the Rayleigh number to the one-third power law. A regular 
pattern >f etch pits due to the convective stirring action was observed in the 
crystal face after exposure to water for 5 minutes. Schlieren photographs of the 
early stages of dissolution showed a regular pattern of spikes having approximately 
the same dimensions as the tich pits in the crystals. 

Differences between salt rejection Io 
unstirred hyperfiltration systems ( / ) , 
when membranes are placed above feed 
solutions and when membranes are 
placed below feed solutions, indicated 
marked differences in concentration 
polarization with orientation. The dif-
ference was attributed to stirring that 
arose from the density gradients formed 
near the interface where salt is 
rejected. 

Natural-convection stirring of hori-
zontal fluid layers is common (2, 3 ) 
when an adverse density gradient is 
produced by heating of a fluid from 
below, l i t e enhancement of the rate of 
heat transfer between two horizontal 
solid surfaces by natural-convection 
stirring has been studied experimentally 
(2, 4, 5 ) and theoretically (6). These 
studies show that the Nusselt number 
for heat transfer (the dimensionless 
heat-transfer rate) NSa is a function of 
the Rayleigh number Nn%: 

Nv./iN*.). = C (1) 

where (N S a ) Q is the Nusselt number In 
the absence of natural-convcciion stir-
ring. For Raylcigh numbers greater 
than 20 times the critical, the value of 
n is 'A and C is about 0.089. It is of 
interest to note that shear flow appar-
ently has little effect on either the 
critical Rayleigh number ( I ) or the 
increase in Nussclt number due to nat-
ural-convection stirring. 

A related stability problem occurs 
when two different fluids, having a com-
mon plane boundary, experience an 
acceleration in a direction perpendicu-
lar to their interface ( 5 ) . When the 
acceleration is directed from the less-
dense to the denser medium, the Inter-
face becomes unstable; as the instability 

develops, the denser fluid jets out in 
long spikes. 

Little is known about the effect 
of concentration-gradient-driven natural 
convection on the rate of mass transfer 
at a liquid-solid interface. Since such 
stirring was believed ( / ) to be respon-
sible for the effect of orientation on the 
differences in rejection in the hyperfil-
tration experiments, we chose to study 
concentration-gradient-driven convec-
tion by measuring the rate of dissolution 
of the lower surface of a single crystal 
of KCl in contact with solvent. Such a 
technique has the advantage of elimi-
nating high-pressure systems and per-
mitting visualization of flow, but has 

Fig. 1. The effect of soiubility of KCl on 
rate of dissolution in ethanol-water solu-
tions. 



100 

Fig. 2. Hydrodynamic etch pits observed 
in 100 plane of a single crystal of KCl ex-
posed to water for 5 minutes. 

the disadvantage of having no analog 
to the flow toward the membrane. 

The experimental procedure was to 
cement single crystals of KCl (3.8 by 
3.8 by 0.8 cm) to a stainless steel 
holder. The 100 clcavage plane of the 
crystal was polished by rubbing the 
crystal against moist cheesecloth backed 
by a glass plate. The crystal was pol-
ished before every experiment and was 
dried and stored in a desiccator before 
weighing. After weighing, the crystal 
and mount were lowered until the lower 
surface of the KCl contacted the sol-
vent; after exposure to the solvent for 
a given time, the crystal was dried and 
rewcighed. The solvent container was 
rectangular, 13 by 20 by 14 cm deep. 
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Fig. 3. Schlieren photographs of "spikes" 
observed during early stages of dissolu-
tion of a KCl crystal in water. 

The solvents were mixtures of cthanol 
and water; solubilities, obtained from 
a smooth curve through reported data 
(9 ) , varied from 358 to 1.45 g /1000 g. 
The density difference between satu-
rated solutions and solvent [the driving 
force for concentration-gradicnt-driven 
convection (70)1 is directly proportional 
to the solubility. 

At each solvent concentration, the 
weight loss per square centimeter of 
exposed crystal area was directly pro-
portional to duration of exposure to 
solvent for durations from 5 to 10* 
seconds. The longer exposures were re-
quired in the low-solubility tests to give 
a measurable weight loss. Figure 1 
shows the weight loss per square centi-
meter per second as a function of solu-
bility of KCl. If there were no natural-
convection stirring, the rate of weight 
loss (and the Nusselt number for mass 
transfer) would be directly proportional 
to the solubility of the salt. However, 
if Eq. 1 applies equally to mass trans-
fer and heat transfer, the rate of weight 
loss should be proportional to the 4 / 3 
power of the solubility. Our data are 
not inconsistent with the 4/3-power re-
lation. 

An interesting aspect of these studies 
was the opportunity to observe the dis-
solution of KCl from above the trans-
parent salt crystal. Within less than 1 
second of contact with water, a regular 
"pebbled" appcarance was observed at 
the crystal-water interface. The size of 
each "pebbled" area was approximately 
1 mm. The thickness of salt dissolved 
from the crystal in 1 second is esti-
mated to be less than 20 p. Inspection 
of the crystal face after I- to 5-sccond 
contact with water showed that the 
surface was still smooth and transpar-
ent. As dissolution continued, the dis-
solved-salt solution layer thickened and 
obscured the "pebbled" structure. 

After 300-second exposure to the 
solvent, the surface of the crystal was 
pitted in a regular pattern (Fig. 2 ) . 
Identification of the "pebbled" pattern 
as pits rather than bumps was con-
firmed by clcivage of a crystal in a 
plane perpendicular to the exposed face. 
The pits appeared to have somewhat 
larger diameter toward the crystal edge 
than in the center; the diameters of the 
pits in the two regions followed a log-
arithmic normal distribution, with the 
same standard deviation <?= 1.27. The 
mean diameter of the pits in the central 
region was 0.91 mm; in the outer re-
gion, 1.14 mm. It is virtually certain 
that the pits observed by us were due 
to fluid motion rather than preferential 

etching along crystal dislocations, be-
cause normally about 10° dislocations 
per square ccntimeter are observed with 
potassium chloride crystals (11). Thus 
the average size of a dislocation is 10~-
mm—about 1 percent of the size ob-
served by us. 

The difference in refractive index 
between saturated solution of KCl and 
water was sufficiently great to permit 
visualization of flow with a simple 
schleircn system that used a 100-watt 
mercury-vapor lamp as a light source. 
Typical photographs taken at the instant 
of contact of the salt crystal with water 
and after 0.5-, 1-, and 2-second expo-
sure to water, in different experiments, 
arc shown in Fig. 3. The water-crystal 
interface is the dark line at the top of 
the photograph. The saturated salt so-
lution formed at the crystal-water in-
terface appears to be falling through 
the solvent as "spikes" about 1 mm 
wide, substantially the same size as the 
hydrodynamic etch pits observed in the 
crystal face. 

The question of whether the mecha-
nism responsible for this particular ex-
ample of conccntration-gradient-driven 
convection is Rayleigh instability or 
Rayleigh-Taylor instability remains to 
be determined; its resolution is of some 
significance because in one case a criti-
cal difference in density is required for 
initiation of convective stirring, while 
in the other ease no threshold is re-
quired. 

DAVID G . THOMAS 
ROBERT A . ARMISTEAD 

Oak Ridge National Laboratory, 
Oak Ridge, Tennessee 37830 

References and Notes 
1. W. H. Baldwin, D. L. Holcomb. J. S. John-

son, J. Polymer Sci. A3. 839 (196S). 
2. S. Cbandrasekhar, Hydrodynamic and Hy 

dromagneiic Stability (Oxford Univ. Press, 
1961). p. 9. 

3. J. C. Berg. A. Acrivos, M. Boudari, Evap-
orative Convection In Advanced Chemical 
Engineering. T . B. Drew e< at.. Eds. (Aca-
demic Press. New York, 1966). vol. 6, pp. 
61-123. 

4. P. L. Silvcston, Forsch. Geblete tngenieurw. 
24. 29, 59 (1958). 

5. A. P. Ingersoll J. Fluid Mech. 25, 209 
(1966). 

6. W. V. R. Malleus and G. Vcronis. ibid. 4, 225 
(1958); R. H. Kraichnan. Phys. Fluids 5. 
1374 (1962). 

7„ I. Cation, Phys. Fluids 9. 2521 (1966). 
8. G. I. Taylor, Proc. Roy. Soc. London Ser. A 

261, 192 (1950). 
9. A. Seidell. Solubilities of Inorganic anil 

Metal Organic Compounds (Van Nostrand. 
Princeton, N.J.. cd. 3. 1953), vol. 1. 

10. G. Vcrnols. As trophys. J. 137, 641 (1963). 
11. H. Kanzaki. K. Kido, T. Ninomiya, J. Appl. 

Phys. 33, 483 (1962). 
12. Performed under Union Carbide Corpora* 

lion's contract with the AEC; the work was 
sponsored by the Office of Saline Water. 
U.S. Department of the Interior. The KCl 
crystals were supplied by C. T. Butler and 
J . R. Russell of the Solid Stale Division, 
Oak Ridge National Laboratories. We thank 
K. A. Kraus for support and suggestions. 

3 November 1967; revised S February 1968 



5. Possible Applications of Dynamically Formed Membranes 

Not Primarily Involving Desalination 

SUMMARY 

In Section 2.2.4, dynamically formed membranes 
were shown to reject neutral organic compounds. Since 
many pollution control problems require removal of 
organics and only modest (if any) removal of dissolved 
electrolytes, dynamically formed membranes might be 
more readily applicable in pollution abatement than in 
desalination. We have briefly surveyed the performance 
of dynamically formed membranes in treatment of 
waste streams, as well as in other possible applications, 
supported to a nominal extent by the Office of Saline 
Water. 

Section 5.1.1 describes hyperfiltration of wastes 
generated in paper manufacture, in most cases with 
membranes formed of feed constituents. This study was 
to a large extent performed by a team from the Oak 
Ridge Station of the M.I.T. School of Chemical 
Engineering Practice. Section 5,1.2 summarizes results 
of a test carried out after those described above. 
(Another example involving pulp-mill wastes is given in 
Fig. 3.3 in connection with tests of fllteraid pretreat-
ment.) 

In Section 5.2, tests with water from a polluted lake 
and with effluents from primary treatment of sewage 
are reported. Most of the chemical oxygen demand 

could be removed by hyperfiltration with membranes 
formed from the feeds. A related experiment is sum-
marized in Fig. 3.2. 

In the sol-gel preparation of high-density fissionable 
and fertileTmaterials for use in nuclear reactors, water 
removal from sols before the gelation step is sometimes 
necessary. In preparation of sols from nitrate or 
chloride salts of metals, it is necessary to decrease the 
anion/metal ratio by removing acid. Hyperfiltration or 
ultrafiltration with membranes dynamically formed 
from the sol in question would seem to be a possible 
way to do either. Results reported in Section 5.3 
indicate that it may be possible to do both; however, to 
reach a favorable pH range addition of base may be 
necessary. 

Another possible application of dynamically formed 
membranes, examined in Section 5.4, is the processing 
of reactor cooling water. Since concentrations of 
radioactive impurities are" normally very low, ion-
exchange membranes should be altogether adequate. 
Our study was not extensive enough to evaluate the 
practicality of the approach, though initial results were 
not encouraging. Some surprising negative rejections of 
radioactivity (higher activity in effluents than in feeds) 
were observed; the causes are still not understood. 
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5.1 PULP MILL WASTES 

(Reprinted from Environmental Science and Technology 1, 991 (1967).] 
Copyright 1967 by the American Chemical Society and reprinted by permission of the copyright owner. 

5.1.1 Hyperfiltration. Processing of Pulp Mill Sulfite 
Wastes with a Membrane Dynamically Formed 

from Feed Constituents 

J. J. Perona, F. H. Butt, S. M. Fleming, S. T. Mayr, 
R. A. Spitz, M. K. Brown, H. D. Cochran, 

K. A. Kraus, and J. S. Johnson, Jr. 

• Liquors, generated in the sulfite process of the pulp and 
paper industry, form "membranes" dynamically on porous 
bodies when the liquors are circulated under pressure past the 
bodies. In hyperfiltration (or reverse osmosis), these mem-
branes, in favorable cases, reject 90% or more of the colored 
matter in the feeds and substantial (though somewhat lower) 
fractions of the chemical oxygen demand and total dissolved 
solids. By proper selection of conditions, processing rates of 
30 gallons/day sq. foot of membrane at 500 p.s.i.g. apparently 
can be maintained for at least 2 weeks, and much higher 
rates may be possible. The economic usefulness of this 
technique has not yet been established. Judgment regarding 
its practicability must await more detailed and longer testing, 
engineering development, and an economic analysis. 

One of the principal chemical methods used in manufac-
ture of wood pulp is the sulfite process, in which wood 

is cooked in sulfurous acid and a salt of this acid, often the 
calcium salt. The spent calcium-base liquor cannot be reused, 
and disposal of this liquor and the dilute wash liquor from 
pulp washing operations poses a serious problem. 

Economical processes for concentrating wash liquors to 
10% solids (where methods in limited current use for treat-
ment of digester strength spent liquor, such as evaporation 
followed by burning, could be used) or alternative processes 
for concentrating spent liquors to greater than 35% solids 
(where the residue can be burned) would be attractive im-
provements in current practice, since a source of stream pollu-
tion would be eliminated, and the water recovered could be 
reused. 

Hyperfiltration, or reverse osmosis, has undergone inten-
sive development during the past 10 years, primarily as a 
method for desalting water. Separation is achieved by forcing 
the solution under pressure through a membrane which passes 
solvent more readily than solute. Most of the work on de-
salination has been done with cellulose acetate membranes, 
which are cast as films and then installed in pressure vessels 
with suitable support structures. 

The Pulp Manufacturers' Research League has investigated 
hyperfiltration with cellulose acetate membranes for process-
ing of spent sulfite liquor (Wiley, Ammerlaan, et al., 1967). 
They found excellent separation of solutes and water, with 
rejection of 97.5 to 99% of total dissolved solids. However, 
product fluxes were rather low, usually less than 10 gallons 
per day per sq. foot of membrane surface. Even at these 
production rates, they felt that the technique merited serious 
consideration for practical application. 

Dynamically formed "membranes," under study at Oak 
Ridge National Laboratory (Kraus, Shor, el al., 1967), have 
the potential advantage of high production rates and reject 
neutral organic solutes (Kuppers, Marcinkowsky, et al., 1967) 
as well as salts. Usually, these membranes are formed by 
circulating, under pressure, feeds containing additives of a 
colloidal nature past bodies having pores in the micron range. 
The additive tends to concentrate at the interface, and a puri-
fied solution permeates through the porous bo^y. In cases 
where rejection of additive has been measured, additive has 
been more highly rejected than the salts in the feed. Examples 
of such self-rejecting systems are Th(IV), Fe(!II), and humic 
acid in aqueous solutions (Marcinkowsky, Kraus, et al., 
1^66; Kraus, Shor, et al., 1967). 

Calcium-base sulfite liquors form self-rejecting membranes 
of possible practical interest, and some observations of their 
hyperfiltration properties are reported here. 

Experimental 

Solutions. The sulfite liquors were prepared by dilution of a 
concentrate containing S0% total dissolved solids. Calcium 
lignosulfonate constitutes about 60% of the total dissolved 
solids. A considerable fraction is carbohydrate material as 
5- and 6-carbon sugars and hemicelluloses; the solution also 
contains resins and other minor constituents. The concen-
trate had been prepared by evaporation and did not contain 
some of the volatile components present in the original 
liquor. These components presumably tend to be of lower 
molecular weight than the solute in the concentrate, and 
therefore probably would be less efficiently rejected in the 
hyperfiltration process. 

Also, a few tests with two other solutions were carried out, 
used as supplied: a first-stage (chlorination) bleach waste 
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solution, which contained about 0.15% total dissolved solids 
and 350 p.p.m. chloride; and a second-stage (alkaline ex-
traction) bleach waste, containing 0.5% total dissolved solids 
and 175 p.p.m. chloride. 

Analytical Procedures. In most cases, observed rejections 

Rob, = 1 — (cjc/) 

(where c is concentration, co indicates the effluent or product 
solution, and / the feed) were calculated from the optical 
densities of the solutions at 281 mjt, measured with a spectro-
photometer. Absorption at this wavelength is considered 
representative of the lignin concentration. In some cases, re-
jection was checked by evaporating anu weighing the residue, 
or by analyzing for chemical oxygen demand by the dichro-
mate-sulfuric acid method (Standard Methods, 1965); typi-
cally, values pf /?„L, were 10 to 20% less than by light absorp-
tion. 

Apparatus. Most experiments were done in pressurized 
hyperfiltration loops of the type described by Shor, Kraus, 
et al. (1968). With these, porous tubes supported the dynamic 
membranes. Two circulation loops were used, both con-
structed of stainless steel tubing and components; one also 
contained some high-pressure rubber hose and the other some 
reinforced Teflon hose. In each loop, a makeup pump brought 
the feed up to the experimental pressure, and a second pump 
circulated it. There were also heat exchangers, appropriate 
valves, and instrumentation to permit temperature, pressure, 
and flow rate control. 

The porous tubes were carbon of two different types (manu-
factured for use as electrodes) and three grades of ceramic 
(porcelain) tubes, sold commercially as polishing filters, 
Porosimetry measurements by mercury intrusion revealed 
that the carbon tubes had a much broader pore-size distribu-
tion than the ceramic tubes (Figure 1). The pertinent physical 
characteristics of the tubes are given in Table I. 

The tubes were usually mounted so that the outer surface 
was the membrane-forming surface. The pressurized solutions 
flowed through an annular space between the outer surface 
of the porous tube and the inner surface of a stainless steel 
tube (Figure 2). This arrangement was always used with the 
ceramic tubes because of their low strength when pressurized 
on the inside. The carbon tubes were strong enough to allow 
membrane formation on either surface. For pressurization 

Table I. Characteristics of Porous Tubes 
Median Pore Porosity, Diameter, Cm. 

Tube Type Diameter, fi % Inside Outside 
Carbon, 4A 0.38 27 0.5 1.1 
Carbon, 6C 0.41 33 0.6 1.0 
Ceramic, 03" 0.90 38 1.2 1.6 
Ceramic, 02° 1.40 45 1.0 1.6 
Ceramic, 01° 3.0 65 1.0 1.6 
" Selas Flotronics. 
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on the inside they were mounted by attaching tubing fittings 
to the ends with epoxy cement. The solutions were circulated 
inside the tubes, and the product was collected from the outer 
surface in trays. (See Figure 1, Shor, Kraus, et al., 1968.) 

In addition to the tubular porous supports, some work was 
done with flat cellulose acetate (M illipore) and polyvinyl chlor-
ide) (Gelman) membranes (nominal pore size, 0.45 micron) 
supported by porous titanium disks of 5-micron nominal 
pore diameter. A sketch of the cell which held these disks is 
given by Baldwin, Holcomb, et al. (1965). The circulation 
loop for this cell was constructed eniirely of titanium com-
ponents, except for a rotameter, which had stainless steel 
parts. 

Results and Discussion 

Initial Formation of Membrane. The rejecting membranes 
are formed on the porous supports by passing the feed solu-
tions over them at appropriate pressures and circulation 
velocities. T o illustrate the behavior of the system, several 
typical experiments are described, one with a Type 4A carbon 
tube (flow inside) and the others with flat Millipore and poly-
v i n y l chloride) membranes. 

With the carbon tube installed in the loop, permeability 
measurements were carried out with circulating demineralized 
water. Over a period of about 1 hour, the pressure was 
varied from 60 to 400 p.s.i.g., giving flow rates through the 
tube wall of 13.7 to 99.0 cc. per minute. Dividing these flow 
rates by the surface area of the tube and the pressure difference, 
0.083 to 0.090 cm./minute atm. are obtained for the permea-
bilities (P of the porous carbon. These permeabilities are equiva-
lent to 800 to 870 gallons/day sq. foot at 400 p.s.i.g. (Per-
meability is defined as the superficial velocity through the 
membrane divided by the pressure drop across the membrane, 
taken here as the feed pressure.) 

The system was drained and refilled with 1% spent sulfite 
liquor. The pumps were started, and the system was brought 
to 400 p.s.i.g. The circulation flow rate was 5 gallons per min-
ute, which corresponds to an average linear crossflow velocity 
of 46 feet per second and a Reynolds number of 75,000; 
the flow was thus well in the turbulent regime. The per-
meation rate decreased almost immediately, and color re-
jection became apparent. After half an hour, the observed 
rejection was 75% as determined spectrophotometrically, 
and the product flux had decreased to 103 gallons/day sq. 
foot; after about 2 hours, the observed rejection and prod-
uct flux had leveled off at 80% and 87.5 gallons/day sq. foot . 
They remained constant until the experiment was altered 
after 7 hours by adding hydrous zirconium oxide to the 
sulfite liquor, making it 10~-W Zr(IV). The observed re-
jection then rose to 93%, and the flux decreased to 47.5 
gallons/day sq. foot. Hydrous Zr(IV) oxide membranes are 
known to give good rejection of sodium chloride in water 
solutions (Marcinkowsky, Kraus, et al., 1966) and reasonable 
organic rejection (Kuppers, Marcinkowsky, et al., 1967). 

Different porous supports give different fluxes and rejec-
tions, and sometimes supports which are supposed to be the 
same give difl'erent results under similar conditions, for reasons 
not yet clear. Examples of very different early transient be-
havior obtained with the high-pressure ccll are illustrated in 
Figure 3. In one, with a Millipore membrane, distilled water 
which had been passed through a demineralizing column was 
initially circulated in the titanium loop. Permeation rates were 
very high at first, but fell rapidly during the first 40 minutes. 
Enough concentrate was then injected to bring the sulfite 
liquor concentration to 0.1% by weight. Introduction of this 
material caused a discontinuity in the log permeation rate-
time curve, with a faster decrease in the rate. Later, injection 
of concentrate to bring the feed to 1 % caused a similar dis-
continuity, the rate reaching about 37 gallons/day sq. foot 
after 6 hours. Rejections were about 78% for 0.1% liquor 
and 70% for 1% liquor. 

In the two other examples of Figure 3, the films were ex-
posed from the beginning to 0.1% sulfite feed, and the differ-
ences in behavior indicate the extent of irreproducibility of 
the observations. Raising the liquor concentration caused 
breaks in the permeability curves similar to those found with 
the water-exposed film. In both these cases, the permeabilities 
leveled out more quickly than those of the membrane which 
had first been exposed to water; the rates for 1% liquor 
(though different for the two samples) and the rejections were 
both higher than for the water-exposed. This effect of water 
circulation appears to conflict with the carbon-tube experi-
ment just cited, and, although similar behavior has been 
observed in several other cases with plastic film supports, the 
authors are not completely confident that these differences do 
not arise from as yet unidentified experimental variables, 
whose existence is implied by the scatter. 

Long Term Experiment. In one test, the Type 03 ceramic-
tube and Type 6C carbon tube both pressurized on the out-
side were operated in series continuously with 1 % liquor for 
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340 hours. Permeabilities decreased and rejections increased 
significantly during this period (Figure 4). There was a notice-
able decrease in permeability accompanying a pressure surge 
to 900 p.s.i.g. For the ceramic tube, the permeability and 
rejection after 4 hours were 6.5 X 10 -3 cm./minute atm. 
and 85% and after 300 hours appeared to level off at 1.80 X 
10~3 and 96%. For the carbon tube these values at the same 
times were 2.8 X 10~3 cm./minute atm. and 77% and leveled 
off at 1.25 X 10~s and 90%. The experimental conditions 
under which the points of Figure 4 were taken were 400 p.s.i.g., 
33° C., and a circulation rate of 3.2 gallons per minute, 
corresponding to a Reynolds number of 6900 for the ceramic 
tube and 11,200 for the carbon. Data at these conditions were 
taken from time to time, interspersed with measurements 
made under many other conditions during the run; pressure, 
temperature, and velocity excursions were carried out, and 
some of the results are described below. 

Comparison of the behavior of these two tubes indicates 
that a low permeability is not a necessary condition for high 
rejection, and that other support structures giving better 
performance than either of these can probably be found or 
made. 

Dynamic Aspects of the Membrane. The membrane is 
formed by the radial flow of the solution through the porous 
wall, with the water passing through preferentially, leaving a 
region of concentrated solutes near the porous surface. Any 
change in operating conditions which affects the boundary 
layer near the tube wall—e.g., pressure, axial velocity, or 
turbulence intensity—probably would affect the permeability 
and rejection of the membrane. 

Pressure Effects. Three different kinds of effects of pressure 
on permeability were observed. With the Type 03 ceramic 
tube and 1% sulfite liquor at 63° C., the permeability de-
creased by a factor of 2.3 as the pressure increased from 100 to 
700 p.s.i.g. (Figure 5). This behavior seems reasonable, be-
cause the product flux increased by a factor of 3.1, and the 
increased radial flow probably caused a thickening of the 
membrane, resulting in decreased permeability. This behavior 
could be produced starling at any place in the pressure range, 
and the permeability changed as quickly as the controls could 
be adjusted—namely, about 2 minutes per pressure point. 
At lower temperatures, the permeation rates did not reach 
such high values, and the decrease of permeability with 
pressure was less pronounced, if it occurred at all. The ob-
served rejection was nearly constant at 93 to 96% (Figure 6). 
These observations were made after the membrane had been 
used for more than 150 hours of operation. When the mem-
brane was fresh, operation at 63° sometimes caused a sharp 
increase in permeation rate and decrease in rejection, be-
havior similar to the third type described below. The mem-
brane properties were rapidly restored on decreasing the 
temperature. These instabilities disappeared after long-term 
operation. 

Type 6C carbon tubes exhibited a second type of behavior. 
Permeability was unaffected by pressure when the sulfite 
liquor was passed over the outer surface. This behavior might 



106 

0 2 4 6 8 10 12 14 16 
CIRCULATION V E L O C I T Y , f r / s e c 

Figure 7. Variation of hyper-
filtration properties observed with 
Type 02 ceramic tube 
i0% sulfite liquor, 33° C., 400 
p.s.i.g. 

i . 0 0 4 

=J .002 

n i r 
o • 4 0 0 psi 4 
o • 5 0 0 ps!$ 
4 4 600 psiq - 4 

CERAMIC . TYPE 0 2 

RECIPROCAL VISCOSITY 
_ . . " ' O F WATER 

T / ^ A R B O N . TYPE 6C 
* OUTER SURFACE z% 

4 0 5 0 6 0 
TEMPERATURE. *C 

Figure 8. Effect of temperature on hyperfiltration properties of 
pulp mill wastes 

occur if the pores of the carbon were irreversibly plugged— 
e.g., by corrosion products—and the principal flow resistance 
were across this layer; the dynamic membrane would then 
not be rate controlling. The observed rejection was nearly 
constant at 85 to 88% (Figure 6). 

The third type of behavior is also illustrated in Figure 5 by 
the Type 02 ceramic tube, with a median pore diameter of 1.4 
microns and 10% liquor at 25° C. A dynamic membrane was 
probably the controlling resistance in the pressure range of 
100 to 300 p.s.i.g., but at higher pressures permeability in-
creased. Apparently, the membrane was pushed in part 
through the larger pores, and feed leaked through these "pin-
holes." The rejection fell from 86% at 300 p.s.i.g. to 30% at 
500 p.s.i.g. (Figure 6). 

Stable membranes could not be formed with Type 01 
ceramic tubes, which have a median pore diameter of 3.0 
microns. Experiments with 10% liquor and Type 01 tubes at 
25° C. resulted in rejections of only 24%, but even then the 

rejection decreased with no apparent change in operating 
conditions. Apparently, near 1.4 microns is a critical pore 
diameter, and with higher pore diameters, sulfite liquor 
membranes are unstable without additives. 

A leakage effect was also observed with Type 6C carbon 
tubes and 1% liquor at 25° C. when the feed was passed 
through the inside of the tube. The permeability increased 
from 0.0017 to 0.0031 cm./minute atm., and the rejection 
fell from 49% to 27% as the pressure was increased from 350 
to 450 p.s.i.g. This behavior is different from that shown in 
Figure 5 for membrane formation on the outer surface. 

Circulation Velocity, Temperature, and Concentration 
Effects. Qualitatively, a dynamic model of membrane for-
mation suggests that increasing the circulation velocity should 
decrease the boundary layer thickness and cause an increase 
in permeability. However, at velocities high enough to give 
Reynolds numbers above ~ 2 0 0 0 (near the transition point 
from laminar to unstable flow), permeabilities and rejections 
were independent of velocity for all systems except the Type 02 
ceramic tube~10% liquor system. Here, velocities greater than 
4.5 feet per second (Reynolds number 1920) caused increasing 
permeability and decreasing rejection (Figure 7). At 15.4 feet 
per second, no rejection was obtained. This effect could be 
demonstrated starting from either end of the velocity range. 
The independence of rejection and circulation velocity with 
smaller pore sizes indicates that the results reported here are 
not seriously distorted by concentration polarization. 

Over the temperature range of 17.5° to 62.5° C., the per-
meability increased approximately in inverse proportion to 
the viscosity of water for the two systems studied, the Type 03 
ceramic and Type 6C carbon (flow outside) with 1% liquor 
(Figure 8). This would be expected from the Carman-Kozeny 
equation for laminar flow through porous media provided 
the properties and thickness of the membrane do not change. 
The increase is slightly greater for the ceramic tube than can 
be explained by viscosity decrease, perhaps indicating a thin-
ning of the membrane for this system. Permeabilities at 60° C. 
in Figure 8 correspond to 29 gallons/day sq. foot for the cer-
amic tube and 19 gallons/day sq. foot for the carbon tube at 
400 p.s.i.g. These rates were obtained after 300 hours of opera-
tion. 

The rejection decreased only slightly as the temperature 
increased, from 97 to 95% for the ceramic tube and from 90 
to 85% for the carbon tube. The higher permeabilities found 
at high temperatures are of practical interest, particularly 
since the waste liquor might be received from the pulp mill 
at an elevated temperature. 

Rejections were about the same with 1% liquor and 10% 
liquor for three tubes studied, Type 02 and 03 ceramic and 
Type 6C carbon (flow outside). Permeabilities at 10% con-
centration were decreased 30 to 40% from their values at 
1% concentration. This is the magnitude of the difference in 
viscosity of 1% and 10% solutions (0.93 and 1.44 cp., re-
spectively). If the boundary layer were affected little by radial 
flow, the thickness of the laminar sublayer would be pro-
portional to viscosity and therefore would increase about the 
right amount to account for the decreased permeability. 
In addition, the membrane probably was thicker because the 
radial flow, though reduced in velocity, was carrying six or 
seven times as much solute toward the wall. That the per-
meability with 10% liquor is as high as observed is surprising. 
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Independence of Rejection and Permeability. Figure 4 
demonstrated for tubular supports that improvement in 
rejection is not necessarily paid for by lower permeability. 
Data in Figure 9, obtained with high-pressure cells, support 
this conclusion. Rejections are given as a function of per-
meability for many different experiments with porous 
plastic film supports. These points were obtained under var-
ious conditions and by various procedures, some of them 
indicated in the figure; most were taken on the first or second 
day of operation with the membrane in question. As with 
Figure 3, the authors are not sure that differences in the ob-
servations arise from known, as distinguished from as yet 
unidentified, variables. However, scatter does not obscure 
lack of any consistent correlation of low permeability with 
high rejection. For the point of highest permeability, for 
example, rejection of 0.1% waste [0.45-micron polyvinyl 
chloride) support] was 94% at 230 gallons/day sq. foot (500 
p.s.i.g.). 

Results with First- and Second-Stage Bleach Wastes. A 
few scouting runs with other pulp mill waste solutions also 
gavd encouraging rejections. A membrane was formed with 
1 % spent liquor on Type 02 and 03 ceramic tubes in series. 
After 15 hours of operation, typical rejections were obtained, 
l ut permeation rates were rather low, at 7.5 and 9 gallons/day 
sq. foot for ihe 02 and 03 tubes, respectively, at 500 p.s.i.g. 
The loop was drained and filled with the chlorination bleach 
waste- At 400 p.s.i.g. and 30° C.,theType03 tube immediately 
gave 90% rejection, based on optical density, and 22% by 
chloride analysis (7 gallons/day sq. foot). Rejection for the 02 
tube rose over 4.5 hours to 67% by color and 18% of chloride 
(9 gallons/day sq. foot). 

The loop was drained, rinsed with demineralfcced water, 
and filled with alkaline extraction bleach waste. Rejection 
based on optical density for the 03 tube was 90% (8 gallons/ 
day sq. foot), and for the 02, 51 % (14 gallons/day sq. foot). 
Chloride rejections were 32% and 16%, respectively. 

In experiments with the high-pressure cell, membranes were 
formed directly with the chlorination bleach waste on 0.1-
micron Millipore supports. After about 5 hours of opera-
tion, rejection based on absorbance was 95% and of chloride, 
34%; the permeation rate was 10 gallons/day sq. foot at 
500 p.s.i.g. In a similar test, second-stage alkaline bleach 
waste formed a membrane rejecting 94% of color and 43% 
of chloride at 15 gallons/day sq. foot. 

Conclusions 

Although ^reproducibility shows that all variables affecting 
the performance of these membranes are not yet under control, 
these results indicate that a production facility operating at 
60° C. could attain product rates of about 30 gallons/day 
sq. foot and rejections greater than 90% at pressures less than 
500 p.s.i.g. If factors which have given optimum observed 
behavior could be identified and controlled in practical opera-
tion, production rates three times as high, with comparable 
rejection, might be reached. 
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5.1.2 Hyperfiltration of Pulp Mill Wastes 
with 0.S-M Supports 

In Section 5.1.1 we discussed filtration of wash 
solutions generated in the sulfite pulp process by 
membranes dynamically formed on porous bodies from 
feed constituents. There were tentative indications that 
optimum properties were obtained with pores of ~0.5 
M, and with membranes formed from 0.1% by weight 
dissolved solids. Subsequent to the work reported in 
Section 5.1.1, we carried out a brief test under these 
conditions with a porous polyvinyl chloride-co-
acrylonitrile) film of ~0.45-*t pore size (Acropor AN 
450), wrapped around a 5-u stainless-steel tube, the film 

being sealed at the overlap with hexone. A Selas 06 
ceramic tube (pore size -0 .3 ti from the manufacturer's 
retention data) was connected in series. The 0.1% 
solution was prepared by dilution of the 50% concen-
trate and stood before use for several days, another 
factor which had sometimes appeared to have a 
beneficial effect. 

A few hours after startup, rejections (Fig. 5.1) with 
the Acropor support were 85 to 90% (based on optical 
absorption at 281 nm) with permeation rates of about 
200 gpd/ft2 (300 psig). Flux with the plastic was 
several times higher than with the ceramic, and rejec-
tion was also much better, differences that remained 
over the course of the experiment. There was a steady 
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decrease in production rate, however, to about 100 
gpd/ft2 in ten hours. The rate continued to decrease on 
increasing to 1% and 10% waste solutions, and there 
was also some decrease in rejections at higher feed 
concentrations, a trend not previously noted. Return to 
0.1% feed restored the rate and rejection (estimated 
visually) to approximately the last previous values 
obtained at this concentration. Rejections estimated 

from chemical oxygen demand (COD) were consistently 
substantially lower than by optical absorption (the 
COD of the 0.1% feed was about 1500 ppm). 

The beneficial effects of using "optimum" pore sizes 
appear to be confirmed in the initial stages of the test 
but are not completely maintained with time of 
operation. 

5.2 TREATMENT OF SEWAGE AND POLLUTED WATER1 

H. C. Savage, J. W. Myers, N. E. Bolton, H. O. Phillips, K. A. Kraus, and J. S. Johnson 

5.2.1 Lake Waters 

Figure 5.2 presents results of hyperfiltration tests with 
water taken from Fort Loudoun Lake near the dam; 
the hyperfiltration membrane was formed from constit-

1. Cosponsored by the U.S. Atomic Energy Commission. 

uents present in the lake water. The chemical oxygen 
demand of the feed was about 30 ppm. These experi-
ments were carried out in a test unit adapted from a 
corrosion loop equipped with a 100-gpm circulation 
pump; the porous supports were ceramic Selas 03 tubes 
(0.9-fx median pore diameter), one new and one used 
previously in other experiments. Pressures were ~220 
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psig initially and were raised to 400 psig in the latter 
stages. 

At the lower pressure, most rejections were 80 to 
90%, although these values are not considered very 
accurate because of difficulty in analyzing for COD at 
the low level in the permeate. Permeation rates were 
somewhat higher for the new tube (slightly greater than 
50 gpd/ft2 at 25°C, the value at a higher temperature 
being corrected by the proper viscosity ratio) than for 
the aged tube. Both rejection and permeability fell off 
at 400 psig; rejection fell to about 70%, and the 
permeation rate for the new tube decayed to approxi-
mately the same value as the old tube at ~22U psig by 
the end of the experiment. Product solutions were clear 
to the eye, in contrast to marked turbidity in the feed. 
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25-30°C. Shutdowns indicated by l . 

The bacteriological count (£. coli) of the original feed 
was 8400 colonies/100 ml, but over the course of the 
experiment, samples taken from the circulating feed 
stream (h'.eed samples) gave from about 100,000 to 
over halt a million colonies per 100 ml. Permeate 
samples ranged from 0 to 500 colonies/100 ml. In a few 
cases, conductivities were measured; those of the 
permeate were about 30 to 35% lower than those of the 
feed. 

5.2.2 Sewage Effluents 

Figure 5.3 presents results of similar hyperfiltration 
tests, using as feed sewage effluent after primary 
treatment taken from the disposal pond of the Knox-
ville Third Creek Sewage Treatment Plant. This feed 
initially contained ~250 ppm COD, which decreased 
over the course of the experiment. (Reported rejections 
refer to bleed and permeate samples taken at the same 
time.) The filter element was again a ceramic 03 tube. 
Initially, permeability decreased sharply when pressur-
ized demineralized water was circulated. There was a 
further sharp decrease on introduction of the feed of 
interest, followed by a slowing down; a somewhat 
higher permeability was observed at lower pressure. A 
prolonged exposure to the higher pressure (~600 psig) 
or perhaps the weekend shutdown resulted in almost an 
order-of-magnitude decrease in rate. Circulation of 
demineralized water in the loop restored the permea-
bility. Rejections of COD ranged around 90%, and the 
product was clear to the eye. 

In another run, this same feed was concentrated to 
about a seventh of its original volume (Fig. 5.4; "vol 
redn fr" on the ordinate refers to the ratio of loop 
volume to total quantity of feed introduced into the 
loop). This experiment was carried out with a Selas 03 
ceramic tube. The feed was again effluent from primary 
sewage treatment. Transmission rates were near 50 
gpd/ft2 and seemed to level out at the high circulation 
velocities used here (pump speed was controlled by the 
frequency of the power supply). In most cases, rejec-
tions of COD were >80%. The sharp rise in permea-
bility at the end of the experiment indicates a tube 
failure. 

The promising results obtained in these preliminary 
experiments led to an FWPCA-supported program on 
sewage hyperfiltration. 
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5.3 HYPERFILTRATION AND THE SOL-GEL PROCESS2 

J. J. Perona, J. Csurny, and W. G. Sisson 

5.3.1 Concentration of Th02 Sols by Hyperfiltration 

The production of high density Th02 , U02 , Pu02, 
and Zr02 by the sol-gel process for use in nuclear 
reactor fuels sometimes requires water. removal from 
the sol before the gelation step, depending on the 
process by which the sol is made. A few experiments 
were done with thoria sols in which membranes formed 
from the sol itself gave thorium rejections greater than 
99.9%. Thoria sol was chosen for the experiments 
because it is readily available and is stable in contact 
with air. 

Thoria sol was obtained from the ORNL Chemical 
Technology Division at a concentration of 2.48 M 
Th(IV) with a nitrate to thorium ratio of 0.1 i. The 
crystallite size, obtained by x-ray diffraction measure-
ments, was ~40 A. This sol was diluted with water to a 
concentration of about 0.25 M Th(IV) for the experi-
ments. 

A type 6B carbon tube (median pore diameter ~0.3 
AX) was first tried with 0.25 M thoria sol, at 400 psig and 
25°C. The maximum circulation rate was used, giving 
an average cross-flow velocity of 21 fps. Rejections of 
thorium above 99% were reached within three hours, 
but permeation velocity was only ~3.2 gpd/ft2. 

The carbon tube was removed, and a porous-ceramic 
tube (mean pore diameter 0.9 /i) and an experimental 
coated tube supplied by Purolator (11 l-142B,.mean 
pore size of coat 1.6 m) were then placed in series in the 
circulation loop. After 1.5 hours of operation at 350 
psig and 25°C, rejections of thorium with both tubes 
were 99.7%. A high permeation velocity at this rejec-
tion was obtained with the ceramic tube, 130 gpd/ft2, 
but with the Purolator tube the flux was only ~9 
gpd/ft2. The temperature was increased to 60°C and 
permeation velocities increased to ~400 and ~20 
gpd/ft2 for the ceramic and Purolator tubes, respec-
tively, while rejections dropped to 98.9% and 98.6%. 
When the temperature was decreased to 25°C, the 
original rejections and permeation velocities returned. 
The circulation rale Was iield constant at the maxffnum 
value in this experiment, resulting in average cfoss - t o 
velocities of 10 fps for the ceramic tube and 7.6 fps ior 
the Purolator tube. 

Two experiments were done with the same two 
in which the sol was concentrated by factors of four |c> 

five, the degree of concentration being limited by the 
ratio of initial feed solution volume to circulation loop 
volume. In both experiments the pressure was 300 psig, 
temperature 25°C. and the circulation rate was maxi-
mum; ten liters of sol [0.25 M Th(lV)] was decreased 
to about two liters in less than five hours. The total area 
of the two tubes was ~120 cm2, but, since the 
permeation rates for the two tubes were about the same 
as in the previous experiment and the areas of the two 
tubes not very different, most of the liquid was 
removed through the ceramic tube. In the first experi-
ment, the total amount of acid which permeated 
through the membrane was found to be less than 2% of 
the acid in the feed solution. In the second experiment, 
0.08 moles of HN03 was added to the solution at the 
start of the run, and the acid loss from the feed solution 
amounted to 0.077 moles. The final nitrate to thorium 
ratio was 0.12. Therefore the nitrate-to-thorium ratio 
appears to be self-regulating. 

5.3.2 Preparation of Sols by Hyperfiltration 

In the sol-gel process, the objective is to produce a 
sol, which is a stable suspension of metal-oxide crystal-
lites, with a nitrate- or chloride-to-metal ratio of about 
0.1. The starting solution of a metal nitrate or metal 
chloride must have most of the anion removed. A few 
experiments were carried out on nitrate and chloride 
separation from thorium over the thorium concentra-
tion range of 10~3 to 1 M. Membranes formed from the 
thorium solute gave high thorium rejection and low 
nitrate and chloride rejection at pH above 6, as 
indicated with a standard glass-calomel electrode sys-
tem. (Relation of pH values to solution free acidities is 
Uncertain, particularly at the high Th(IV) concentra-
tions.) 

A solution of 0.05 M NaCl, 10~3 MThCl4, and 10~3 

M foci jtaviiig an initial pH of 3.1 was studied up to pH 
6.5, tjje pH being varied by addition of NaOH. Chloride 
rejection ppggfj t|HQM|lU a maximum of 60% at pH 4.5 
(Fig. g.s). flip p t i W n n rate passed through a 
rfiiiuiiii wr i i m A ii 
re 

S 
w 

^fctiiilt 

2. Cosponsored by the U.S. Atomic Energy Commission. 

this point. Thorium 
p g l i l ' p H values larger 
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complete Th(IV) rejection (Fig. 5.6). With thorium 
nitrate concentrations of 0.1 and 1M, the apparent pH 
was varied by the addition of nitric acid or sodium 
hydroxide. The rejection was negligible below pH 2.5, 
but broke sharply upward, reaching essentially com-
plete rejection at a pH somewhere between 4 and 8.9. 
These results were also obtained at 500 psig and 30°C 
on a 0.22-jtx Millipore filter. 

Prior to these experiments with a high-pressure 
experimental cell, similar membranes were also ob-
tained on two porous-ceramic tubes (mean pore diam-
eters 0.9 n and 0.3 n) with the thorium nitrate system. 
With thorium concentrations of 1.2 M, 0.6 M, 0.3 M, 
0.15 M, and 0.07 M, no rejection was observed. Two 
moles of NH4OH per mole of Th(IV) was added to the 
0.07 M Th(NC>3)4 solution, and thorium rejection rose 

Fig. 5.6. Hyperfiltration at 30°C of Thorium Nitrate Solu-
tions by Membrane Dynamically Formed on 0.22-jx Millipore 
Filter at 500 psig; Effect of pH. Concentrations of Th(N03)4: 
a 1.0 M;+ 0.1 M; o 0.01 M; a 0.001 M. 

to 85% and nitrate rejection to about 30% on the tube 
with the larger pores. Rejections of both thorium and 
nitrate were about 35% on the tube with the smaller 
pores. 
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5.4 PROCESSING OF REACTOR COOLING WATER. HYPERFILTRATION OF SALT AT LOW 
CONCENTRATIONS BY NEUTRAL HYDROUS Zr(IV) OXIDE MEMBRANES3 

D. C. Michelson, H. C. Savage, J. W. Myers, P. J. Dickerson,4 M. Gnecco,4 

H. D. Cochran,4 S. M. Fleming,4 K. A. Kraus, and J. S. Johnson 

Cooling water for reactors frequently accumulates 
radioactivity, which must be periodically removed. 
Since the solutes are at very low stoichiometric concen-
tration, hyperfiltration with high-flux, dynamically 
formed, ion-exchange membranes would appear to offer 
considerable promise for processing. Different reactors 
would of course present different problems, since the 
pH maintained, the contaminants present, and other 
aspects will differ. During^ the report period, as a 
convenient test case, we'have made a preliminary study 
with the High Flux Isotope Reactor (HFIR) cooljng 
water. This water is maintained at a pH of 5 and a 
Temperature of approximately 60°C. With present 
ion-exchange treatment, it contains typically the order 
of a ppm dissolved solids. A feed stream is available at 
500 psig. 

This study involved tests at the reactor and in our 
hyperfiltration loops. High-pressure experimentai cells, 
which expose a small area (~1.5 cm2) of membranes to 
a circulating pressurized feed stream, were used both at 
the reactor and in our laboratory. 

Two approaches were tried. The first utilized mem-
branes preformed in one of our loops. In the first of 
two attempts, a hydrous Zr(IV) oxide film preformed 
on a 0.2-M silver frit, was apparently dispersed in a few 
minutes by exposure to the water at the reactor. We 
attempted to reproduce this behavior in the laboratory 
by circulating demineralized water at 60°C past a 
similar membrane, and were able to destroy a freshly 
prepared membrane. However, we shall later cite results 
indicating that an aged film of this type on another 
support did not give way under these conditions. In the 
second attempt, the preformed membrane was exposed 
to a phosphate-containing solution before use at the 
reactor in hope that the polyvalent anion would serve as 
a binder. Again extremely high fluxes indicated an early 
membrane failure in contact with water at the reactor, 
but subsequent examination indicated a defect in the 
support frit, so the test was not definitive. Although the 
results were negative, much more extensive work will be 
necessary to establish whether or not dynamically 
preformed membranes would be useful for processing 
reactor water. 

In the other approach, on which most effort was 
concentrated, we attempted to form membranes di-
rectly from corrosion products or other impurities in 
the reactor water. From a practical standpoint, evalua-
tion of this method also requires more work, but the 
results raise interesting questions. 

On passage of reactor water past Millipore filters, 
permeations initially were very high, even when only a 
fraction of the full 500 psig pressure drop was used. 
The composition of the solution was unchanged by 
passage through the Millipore, an expected observation 
since any difference in composition between feed and 
effluent would have been surprising at the permeation 
rates involved, because of concentration polarization. 
With time, permeation through a 0.025-// Millipore VF 
(though not through larger pore sizes) slowed consid-
erably, and counting rates of feed and permeate became 
significantly different. At product flux <350 gpd/ft2 

(300 psig), an activity identified as 15-hour 24Na was 
three to four times as concentrated in the permeate as 
in the feed in some cases (Fig. 5.7). Another activity, 
probably a magnesium isotope, was neither clearly 
rejected nor enriched. 

In an attempt to reproduce this result in the 
laboratory with reactor water in one of our loops, 
enrichments with a 0.025-ju support were at most 20%. 
These experiments were carried out at 40°C, but it 
would be surprising if a 20° difference in temperature 
would make such a profound change in results. Permea-
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Fig. 5.7. Hyperfiltration of HFIR Cooling Water by Mem-
brane Dynamically Formed from Feed Constituents on 0.025-ju 
Millipore VF; Enrichment of 2 4 Na in Permeate. Conversion: 1 
cm/min = 354 gpd /ft2 . 
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tion rates (70 to 110 gpd/ft2) were much slower than in 
the experiment at the reactor, in spite of a higher loop 
pressure (600 psig), and it appears likely that contami-
nants introduced by the loop make comparison un-
certain. 

One plausible explanation for the enrichment would 
be a distribution coefficient, 

D* = m*/m (1) 

(m being concentration in moles/kg water in both 
membrane (*) and solution phases) of greater than one, 
and highly coupled flow between solvent and solute, so 
that the effluent molality would be close to that in the 
membrane at the feed interface.5 The pore size of 
0.025-ju Millipore is small enough for overall compo-
sition of the pore solution to be affected by surface 
charge. Measurements of the uptake of Na+ and Br" 
from NaBr solutions of various concentrations indicated 
a small cation-exchange capacity (10 ~4 to 10 -3 milli-
moles per gram of dry Millipore) and a much lower, if 
any, anion-exchange capacity. Had the capacity for 
anions been about as high as for cations, a value of D* 
greater than unity might have been expected with 
contacting solutions as dilute as the reactor water. 
However with the uptake of the two charge types so 
unbalanced, one would predict anion-exclusion and salt 
rejection, rather than enrichment. It does not seem 
likely that the explanation for the enrichment depends 
on the Millipore, although the possibility cannot be 
completely excluded. 

Amphoteric hydrous-oxide ion exchangers near their 
isoelectric point frequently have simultaneously sub-
stantial cation and anion-exchange capacities.6 If a film 
of hydrous oxide having an isoelectric point around pH 
5 collected on the filter (e.g., from corrosion products) 
one might, expect a D* > 1, and therefore enrichment. 
Enrichment was not observed with an Al(III) oxide (a 
likely corrosion product) membrane in our loop at pH 
5. However, the possibility that enrichment might occur 
under such conditions led us to try a hydrous Zr(IV) 
oxide membrane, since we are relatively familiar with 
its ion-exchange properties. In powder form, its 

5, J. S. Johnson, Jr., L. Dresner, and K. A. Kraus, Chapt. 8 in 
Principles of Desalination, K. S. Spiegler, ed. Academic Press, 
New York (1966). 

6. K. A. Kraus, H. O. Phillips, T. A. Carlson, and J. S. 
Johnson, Proceedings of the 2nd United Nations International 
Conference on the Peaceful Uses of Atomic Energy, Geneva, 
Sept. 1 -13 , 1958; vol. 28, pp. 3-16 , United Nations, Geneva, 
Switzerland (1958). 

"capacity" for both anions and cations at the isoelectric 
point (pH ~7) is of the order of a tenth of its 
anion-exchange capacity at pH = 3. From the capacity 
derived from rejection at pH 3 (Section 2.2.1), we can 
make a rough estimate of 0.05 equivalents per kg water 
"capacity" for total salt at the isoelectric point. 

Membranes were formed on 0.025-// and 0.45-// 
Millipore filters, mounted in cells connected in series in 
a loop; the pressurized, circulating feed contained 0.05 
M NaCl, 10 ~3 M hydrous Zr(IV) oxide (colloidal), and 
10 "3 M HCl. When rejection (Ro b s) was about 70% and 
permeation ~90 gpd/ft2 for the 0.025-// and ~250 
gpd/ft2 (1000 psig) for the 0.45-//, the solution was 
replaced with 0.001 M NaCl, with the bleed through the 
pressure-control exit of the loop not returned to the 
reservoir. In 8 hours operation, bleed pH rose to 5.7 
(reservoir pH 6.0); the 0.025-// supported membrane 
still rejected 69% of the salt (permeation, ~90 gpd/ft2) 
and the 0.45-//, 55% (350 gpd/ft2). There was no 
appreciable change in several hours operation, nor with 
change to 0.001 M NaBr feed solution. Most effluent 
pH values fell between 4 and 5 and were usually several 
tenths lower than the bleed values. 

The possibility that 0.001 M salt was too high for 
observation of enrichment was checked by switching to 
radioactive tracer analysis and 10~4 M NaBr feed. 
Rejections were 75% with the 0.025-//, and became 
somewhat erratic with the 0.45-//, but were still 
strongly positive, 43 to 65%. The possibility that the 
feed pH was too low was checked by additions of small 
amounts of NaOH. At bleed pH 6.5 to 7.2, positive 
rejections were still observed, 56 to 68% for the 0.025-// 
and 29 to 39% for the 0.45-//. 

The system was then rinsed with demineralized water. 
To check the possibility that a carbonate form of the 
membrane was responsible for the persistence of posi-
tive rejection, argon, previously passed through a NaOH 
solution, was bubbled through the reservoir. With fresh 
10"4 M NaBr feed, a bleed pH of 7.5 to 7.8 was 
attained. Rejection by the 0.025-// was 67 to 70% and 
by the 0.45-//, 52 to 61%, effluent pH falling between 
6.5 and 7.2. 

The system was rinsed again, and a solution contain-
ing a Na tracer without macro salt introduced. At this 
undefined, but presumably low, concentration, rejec-
tion of both cells ranged between 70 and 83% (bleed 
pH 6.5). 

On return to 0.01 M NaCl-10"3 M HCl, the 0.025-// 
chloride rejection was 80%, and the 0.45-//, 70%. 

If there was no error in our procedures (and none is 
obvious to us), the rejection for low concentrations of 
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salt by a hydrous Zr(IV) oxide membrane near its 
isoelectric point is positive, rather than negative as one 
might expect from its ion-exchange properties. We do 
not understand why this is so. 

Possibly salt and water flows are not strongly 
coupled, although they are when the oxide is predomi-
nantly in the anion- or cation-exchange form (Section 
2.2.1). It is worth noting that membranes prepared 
from equivalent quantities of polycations and poly-
anions, which are somewhat analogous to hydrous 
oxide near the isoelectric point, have a distribution 
coefficient greater than one, but nevertheless reject, 
rather than enrich salt.7 

In any case, the results cast doubt on the proposition 
that an isoelectric hydrous oxide membrane is the cause 
of enrichment of sodium observed in hyperfiltration of 
reactor solutions. Negative rejections have been fre-
quently observed for one solute with three-component 

7. S. M. Fleming, private communication. 

solutions of macro concentration (see, for example, 
Section 2.4). Intuitively, we hud felt that these en-
richments would not occur with very dilute solutions, 
but we have not worked out the theory for multi-
component systems. It appears that there is a need to 
examine transport through ion-exchange membranes for 
solutions containing more than one electrolyte solute. 

A few other tests were carried out to see if well-aged 
hydrous Zr(IV) oxide membranes would be destroyed 
by simulated reactor conditions. After the check at pH 
3, the system was flushed with distilled water, and the 
temperature raised to 55°C. The increase in permeation 
rate was only that expected from viscosity decrease. 
Fifteen ppm of H 2 0 2 , which is present in reactor 
water, was introduced and appeared to have no addi-
tional effect on permeability. Sodium chloride was 
introduced to 0.01 M, H2Oa still being present; salt 
rejection was 54% for the 0.025-M and 38% for the 
0.45-ju (bleed pH, 5.8). Aged, preformed membranes 
thus may be more stable in contact with reactor water 
than the rather young film used in the tests described 
earlier. 



6. Economic Analysis 

SUMMARY 

Accurate estimates of cost of water desalted by 
dynamically formed membranes are not yet possible, 
since at the present state of their development, costs of 
equipment cannot be projected with any certainty. This 
was even more the case during the period of this report. 
However, with reasonable guesses concerning capital 
and operating costs per unit area of membrane, one can 
with some confidence find whether or not there are 
cost advantages in employment of membranes having 
high flux and only moderate rejection, characteristics of 
the dynamic class. Further, guides for the most advanta-
geous directions of research and development can be 
obtained. 

The potential of dynamic membranes is not as 
obvious as it may seem, even for low-salinity waters. 
High fluxes imply high concentration polarization and 
the necessity of fast circulation velocities, or use of 
other techniques, to combat boundary layer buildup of 
rejected salt. Decrease of rejection with concentration 
at the membrane-feed interface complicates estimates 
and virtually dictates the necessity of detailed analysis, 
involving computers, to get sound information on 
feasibility, as well as to find optimum pressures and 
other operating and design parameters. The limits to 
feed concentrations which can be treated by mem-
branes of given characteristics, and possible upper limits 
to permeability which is useful to obtain, need to be 

explored. Other examples of questions of interest are 
whether operation can be improved by use of booster 
pumps to maintain pressure through the plant, or by 
tapering the stream to maintain constant velocity of 
feed past the membrane. 

Section 6.1 describes a study aimed at these and 
similar questions for membranes of characteristics 
assumed to approximate the dynamic class (the effect 
of presence of polyvalent counterions in feeds on 
membrane properties has been neglected). The results 
indicate that high-flux membranes do offer the prospect 
of making cheaper product from low-salinity feeds, 
although for a given concentration, costs rise if per-
meability increases beyond a certain point. 

With higji-flux membranes, one might hope to extend 
the range of concentration suitable for economic 
treatment by putting the product through a second 
membrane stage, if salinity of the first-stage product 
was too high. A computer program which allows 
analysis of a two-stage system has been written, and 
work is underway to extend it to multistage systems. It 
appears that use of another stage will extend the range 
of feed concentrations which it is practical to treat by 
high-flux membranes of moderate rejection (Section 
6.2). 

Additives contribute to cost of product water, but it 
does not appear that this will usually be a major factor 
(Section 6.3). 
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6.1 HYPERFILTRATION STUDIES XIII. 
PARAMETRIC STUDY OF HYPERFILTRATION IN TUBULAR SYSTEMS 

WITH HIGH PERMEABILITY MEMBRANES*(/) 

W. L. Griffith, R. M. Keller, and K. A. Kraus 

SUMMARY 

A parametric study of hyperfiltration was carricd out which emphasizes high-flux membranes. 
Relative costs have been computed at optimum flow conditions by use of a Fortran computer 
program ("HYPFIL") which deals uith a single-stage hypcrfUtration system with tubular membranes 
under turbulent flow conditions. The parametric study dealt largely with the following variables: 
membrane permeability and rejection, feed concentration (restricted to relatively dilute brackish 
waters), plant geometry, temperature, and economic parameters. High permeability membranes can 
lead to low cost water, even if salt rejection of the membrane is relatively modest, provided the 
intrinsic rejection of the membrane is well above the minimum theoretically requited. High-tem-
pcrature operation may lead to substantially lower hypcrliltration treatment costs. Use of operating 
pressures below optimum pressures (often required by membrane characteristics) causcs a cost 
penalty; one advantage of high-fiux membranes is that they could permit matching of membrane 
characteristics to optimum pressure operation. 

SYMBOLS 

A — area (f t2) 
B — bulk flow in tube (lb day" *) 
C* — ion-exchange capacity (moles/kg water) 
C x — unit cost of area (cents day"1 ft**2) 
CE — unit cost of energy (ccnts kWh~ *) 
Cp — product water £»>st — incremental portion (cents kgal"1) 
C.R. — concentration ratio (see text, Eq. 19) 
d — inside tube diameter (ft) 
D* — distribution coefficient (moles per kg water in membrane phase/moles per 

kg water in aqueous phase) 
Q>\ — special salt diffusion coefficient (4) 

* Research jointly sponsored by the U. S. Atomic Energy Commission and The Office of Saline 
Water, U. S. Department of the Interior, under contract with the Union Carbide Corporation. 
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Et — turbine efficiency (overall) 
— mixing efficiency (see Eq. 12) 

/ — Fanning friction factor 
— fractional water recovery 

Sc — gravitational constant (32.2 lbm • ft/lb/ • sec2) 
J i — water mass flux (kg cm"2 sec) 
/ — total volume flux (gal day"*1 ft"2) 
f »<*> — volume water flux (gal day"1 ft"2) 
K — salt rejection versus flux parameters (see Eq. 13a) 
1 — thickness of membrane 
m * salt concentration at high pressure (entrance) membrane interface 

(moles/kg solvent) 
ma — salt concentration at product interface (moles/kg solvent) 
NRC — Reynolds number 
Nsc — Schmidt number 
P — pressure (atm) 

— effective pressure (atm) p. — pressure at entrance membrane interface (atm) 
p. — pressure at product membrane interface (atm) 
P*> — power (kWh/day) 
& — permeability (gal day"1 f t " 2 atm""1) 
R — salt rejection 
^obs — mean salt rejection relative to feed concentration 
^00 — asymptotic salt rejection at large values of the parameter o 
Rae — cost ratio CA[CE 
U — axial velocity (ft see - 1) 
Uf — axial velocity at feed end of tube (ft sec"1) 
"ro — axial velocity at terminal end of tube in untapered plant (ft sec ' 1 ) 
"r — axial velocity at terminal end of tube in tapered plant (ft sec"1) 

— radial velocity at membrane surface (ft sec" ') 
— product rate (kgal day"1) 

* / — feed salt concentration (wt. fraction) 
•Yrej — waste (reject) salt concentration (wt. fraction) 

— salt concentration at entrance membrane interface (wt. fraction) 
— salt concentration at product interface (wt. fraction) 
— salt concentration in turbulent core (wt. fraction) 

A* — cup mixing salt concentration (wt. fraction) 
y — distance down tube (ft) 
fi — coupling coefficient 
r* — activity-coefficient quotient 
na — osmotic pressure at entrance interface (atm) 
n„ — osmotic pressure at product intcrfacc (atm) 



120 

p, — density of water (lb gal ~1) 
pt — density of turbulent stream (lb gal"1) 
P a — density at product mierface (lb gal~1) 
cr — membrane flow parameter (J,li</*.d\munsion\c$s) 
\Jf, — concentration polarization in turbulent flow 

INTRODUCTION 

Recent progress toward developing high permeability, moderately rejecting mem-
branes for hyperfiltration raises a natural question: Under what conditions are they 
economically useful? Although it is premature to predict water costs to comparc 
hyperfiltration with other processes or finalize the role of htgh-flux membranes until 
the technology and costs of these systems arc better developed, considerable insight 
into the relationships can be gained by a parametric study. While several parametric 
studies recently appeared. (2) the study by Johnson et al. (2a) is closest to our 
approach. However, (hey considered average fluxes much lower than those of principal 
interest to us. Also. Johnson et al. used constant inlet pressure (1500 psi) and para-
metrically varied inlet and terminal velocities: in this study, inlet pressure and velocity, 
as .veil as water recovery, arc optimized to obtain minimum water costs. 

A computer program was developed (3) to solve the system of equations that 
simulate the hydrodynamic flow conditions in cylindrical tubes and to calculate 
relative water costs. The mathematical model includes the effect of concentration 
polarization and th- dependence of membrane salt rejection on flux and salt con-
centration. The latter is of particular importance when one is dealing with ion-
exchange membranes where rejection may be a rapidly varying function of con-
centration at the entrance interface of the membrane (4). 

FLOW ARRANGEMENT 

A single-stage process with turbulent flow inside cylindrical tubes, and the membrane 
located at the inside wall boundary, was considered. This arrangement is shown in 
Fig. 1. Also considered was a "tapered" single-stage arrangement with the flows as 
shown in Fig. I except that the number of parallel tubes at any point through the 
stage was varied (continuously) to increase velocity and decrease concentration 
polarization. Except for this "taper", all flow systems considered in this paper are 
straight-through, and no recirculation pumps are employed. 

The variable called taper was defined as the fraction of the flow velocity lost by 
transfer of fluid through the membrane that is preserved by stepping the plant "width" 
in a continuous manner. For example, Taper = 1 is a constant velocity system, 
and Taper = 0 is a system in which the velocity decreases in a natural way through 
a system of parallel tubes (i.e., no steps). Taper is incrementally computed as 

Taper = " l ^ H s , 
Uf - "to 

(1) 
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Fig . 1. Hyperfiltration—flow arrangement. 

where uf is the inlet velocity and iir and ur0 arc the terminal (reject stream) velocities 
in corresponding tapered and untapered systems, respectively. As defined here, 
taper may be any positive or negative value, but in the calculations only positive 
values were allowed. 

MATHEMATICAL MODEL 

Membrane theory (5) and hydrodynamics. A good approximation to the volume 
flux of water ,/"1(y) through the membrane is given by 

f u v ) - (2) 

where & is the permeability of the membrane and the effective pressure Peff is defined 
by j 

P.« = (Pa - PJ - (n* - UJ. (3) 

Subscripts a an d co designate the entrance and exit interfaces of the membrane and 
IX is the osmoticpressure of the solution. 

The volume flux # is givenlby 

(4) 

where pt is the density of water, pa the density of the product, and xa the weight 
fraction of solute in the product. 

Assuming the effective pressure to be the same at any point on the circumference 
at any point y along a tube with diameter d(ft),the change in axial velocity «(ft/sec) 
of the bulk stream through a tube is given by 
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di i _ = - 6.2 x 10~ V/r f - (5) dy 

Similarly the change in bulk flowrate B (lbs/day) in a tube may be expressed as 

d B 
d y = - (6) 

when d is in feet, p^ is lbs/gal, and f in gpd ft 2. The pressure drop in a tube is 
related to friction losses and momentum changes by the relation 

d P pt 

dy 283 
2 u 2 / udul 
g j g cdyj 

where P is atm, p is lbs/gal, u ft/sec, d is ft, gc is lbm • ft/lby • sec2. 
The steady-state salt rejection of the membrane is expressed in terms of solution 

concentrations by 

R = (ma - mjma = 1 - (mjmj « 1 - ( x j x j . (8) 

Consideration of salt and mass balances gives 

dx n d f p j j c ~ xm) 
d y B (9) 

Here x is the average ("cup mixing") weight fraction of salt at point y; x for most 
purposes has been assumed equal to x the weight fraction of salt in the turbulent core. 
The difference is small except perhaps for very small tube diameters. 

For turbulent flow conditions, concentration polarization for perfectly rejecting 
membranes (U = 1) as expressed by Sherwood et al. (6) is 

[ « = ! ] = exp[25(u/u )(NRe) 1/4(JVSc)2/3] - 1, (10) 

if the Blasius equation is used to calculate the Fanning friction factor. Eq. (10) has 
been extended (4) to the case R < 1 where concentration polarization is given by 

J - 1 + ^ [ H » 1](1 _ H) • ( " ) 

The validity of this relation for turbulent systems has been experimentally verified by 
Shor et al. (7) for tubular, dynamically formed, high-flux hydrous zirconium oxide 
membranes. By substituting concentrations for R [Eq. (8)], the relationship between 
the concentration at the entrance membrane surface and the turbulent core may be 
conveniently expressed as a "mixing efficiency" EM by 

Em ^ = exp - [25(u/u) N l/*N f^3 J, (12) "la 

The dependence of salt rejection on salt concentration and flux may be approximated 
by (4) 
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and 

( j - l ) = D*/<r; P = 0 

where /?is a coupling coefficient for salt and water fluxes and 

P* = P J t l l 9 Z * t K S i W . (13a) 

Here D* is the distribution coefficient of the salt, S>* is a special diffusion coefficient, 
and I is the thickness of the membrane. At high flux (pa l> 1) a limiting value of 
rejection (R„) is reached and Eq. (13) reduces to 

1 - Rr = 0D*. (14) 
For further details see (4). 

Although the distribution coefficient D* can be expressed as a function of salt 
concentration in any way desired in the computer program, two cases have been 
considered in this paper: (1) a constant distribution coefficient and (2) a standard 
Donnan equilibrium concentration dependence with a membrane capacity C* of 
0.35 moles/kg HzO, a value which though low appears readly attainable. In the latter 
case, we have for solutes with the formula MXb (8) 

D*= ( r + V ) W " (15) 

where 

Q = bmJC*. (15a) 

At the sodium chloride concentrations considered in this study, unit activity coefficient 
ratios T* are assumed. 

Economics. Since the ultimate factor in determining the process parameters in any 
separations process is usually product cost subject to certain technological restraints, 
water cost was chosen as the variable to be minimized in determining the optimum 
flow conditions. Although quite detailed and sophisticated cost relationships are used 
to estimate costs in the more highly developed desalination prpcesses such as distil-
lation, a simplified cost equation was used here because much of the equipment for 
hyperfiltration is in the early stage of development. Only two cost parameters: 
1) a daily charge CA per square foot of membrane area A and 2) a unit cost for pumping 
energy CE are used. Expressed in this form the unit cost Cp of product water is: 

CaA + CEPE . 
C P - w • ( 1 6 ) 

where Wp is product volume (kgal) per day and PE is energy (kWh) consumed per day. 
Eq, (16) can be rewritten as 
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(17) 

if we define: 

Rae = CJCE. (18) 

Product water costs Cp thus may be expressed in terms of the energy costs CE and 
the ratio RAE. Since in this form CE is a proportionality factor, the minimum values 
of Cp occur at the same optimum flow conditions for RAE equal to a constant. Costs 
at a fixed value of RAE, but different values of CE, are proportional to CE. 

A simplified equation of the type of Eq. (16) is most meaningful if the cost para-
meters are interpreted as incremental costs. The area cost CA would then be the 
additional capital charge and operating expense (expressed as cents/ft2 day) associated 
with increasing the size of the plant; this includes, for example, capital charges 
arising from additional membranes, backing materials, collection systems, space 
requirements, as well as additional operating expense to maintain the increased area. 
The capital charges arising from the cost of pumps might be included in CA, though 
it seems more appropriate to include pump costs in C£, the cost of energy (per kWh) 
since additional pump costs are, as a first approximation, proportional to the energy 
consumption. 

In summary, the costs discussed in this paper are relative and incremental; to 
obtain total water costs, terms not proportional to area or energy consumption 
would have to be included. For rough estimates of total water costs for a given set 
of conditions (or designs), however, it is probably sufficient to evaluate CA from the 
total daily plant cost and the area; CE may then be the unit energy cost (with or 
without pumps). 

NUMERICAL SOLUTION 

A computer program called HYPFIL, written in FORTRAN, was developed (3) to 
solve this system of equations and to optimize a given set of flow parameters to 
obtain the minimum water cost. The independent variables which may be specified 
include: 

a. Feed concentration and concentration ratio (C.JR.) defined by 

C.R. = ^ (19) 
xf 

Fractional water recovery Fp is related to concentration ratio by 

Fp = (C.JR. - 1)/[C.R. - (1 - Robs)]. (20) 

b. Inlet Flow Conditions 
i) Inlet pressure 
ii) Inlet velocity 
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c. Flow Geometry 
i) Tube diameter 
ii) Plant taper 

d. Physical Properties of Solution (supplied as built-in functions of concentration 
and temperature) 

i) Osmotic pressure 
ii) Viscosity 
iii) Density 
iv) Diffusivity of solute (or Schmidt number directly) 

e. Temperature 

f. Membrane Properties 
i) Permeability 
ii) Salt rejection as a function of concentration 
iii) Salt rejection as a function of pressure 

g. Economic Parameters 
i) Daily plant cost per square foot of area (exclusive of energy costs) 
ii) Unit cost of power 
iii) Pressurizing pump efficiency 
iv) Recovery turbine efficiency (zero if no energy recovery) 

h. Optimization Parameters 
i) Variables to be optimized (usually inlet pressure, inlet velocity, and 

concentration ratio) 
ii) Maximum permissible average salt concentration in combined product 
iii) Inequality restraints on variables to be optimized 

The numerical procedure developed to approximate the differential process is based 
on subdividing the tube into a number of subsections such that the concentration 
change in each section is equal and arbitrarily small. For given feed concentration, 
concentration ratio, tube diameter, inlet flow conditions, and membrane properties, 
the concentration polarization, effective pressure, and salt concentration in the product 
are calculated at the inlet to the first subsection. An iterative procedure is used to 
calculate concentration polarization, effective pressure, and salt concentration in the 
product at the end of the first subsection, as well as the length of the subsection, 
the incremental water recovery, and the associated pressure and velocity drop over 
the subsection. This procedure is continued recursively down the tube and the per-
tinent variables are summed to obtain the overall water recovery, tube length, and 
pressure drop. From these results, the area and pumping requirements are calculated. 
Then a cost can be calculated for given economic parameters. 

A general non-linear optimization procedure, based on gradient search (9)y 

developed by Copper and Kephart (10) is provided to estimate, flow conditions 
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where optimum performance can be expected. Inequality constraints such as maximum 
velocity and pressure or minimum water recovery are imposed to restrict the para-
meters being optimized to specified domains. Additional constraints using Lagrange 
multipliers are employed as described by Cross (11), to keep the flow conditions in 
the turbulent range, and to limit the product salt concentration. It is also possible 
to obtain results at non-optimum conditions, e.g., with fixed piessure rather than 
optimum pressure with the computer program developed. Copies of the program 
and report describing its use will be made available upon request. 

CHOICE OF PARAMETERS 

To calculate minimum costs, it is clear that the inlet flow conditions "and water 
recovery should be optimized for any set of parametric conditions subject only to 
the necessary restraints imposed for technological reasons and product salinity. 
The program is written in sufficient generality to impose any inequality restraint 
desired on these variables. Since the technology is in the early stages of development, 
the only restraints imposed are the restrictions on Reynolds number and maximum 
salt concentration in the product (500 ppm was used throughout the study). However, 
comparative results with the inlet pressure restricted to 40 atm will also be discussed 
because this is near current design pressures with cellulose acetate membranes. 
The flow geometry can also be optimized in this manner; however, since the effect 
of tube diameter and plant taper are usually of secondary importance except at low 
water recoveries and since interpretation of the results is rendered more difficult, 
these variables have been optimized only for a few special cases to be discussed 
below. 

In order to concentrate on the central problem of our study, i.e., establishing 
possible legions of useability of moderately rejecting high-flux membranes, most 
calculations were carried out with an idealized ion-exchange membrane which 
seemed similar to some of the dynamic hydrous oxide membranes studied in this 
Laboratory(7, 8). We assumed the membrane to have an ion-exchange capacity C* 
of 0.35 moles per kg of imbibed water; this together with an assumed value of /? = 1 
corresponds to a value R^ = 0.86 for mNaC1 = 0.05. The kinetic parameter K 
[Eq. (13a)] was taken to be 0.0415/^. An inverse relation! between .Kand permeab-
ility 0> would hold when permeability is varied by changing membrane thickness, but 
keeping constant [see Eq. (13a)]. The constant 0.0415 was chosen so that R k, 0.95 
Rm at an applied piessure of 30 atm. 

Some calculations were also carried out for a membrane with chaiacteristics 
similar to cellulose acetate. For it, RM = 0.95 was assumed at all concentrations. 
While this rejection is reletively low for cellulose acetate it seems typical for mem-
bianes with fluxes suitable for brackish water treatment. A permeability of 0.5 gpd 
f t - 2 a tm - 1 was assumed for this membrane (20 gpd f t - 2 at 40 atm pressure) and K 
was set at 0.165, a value consistent with a "brackish water" membrane studied by 
us earlier (12). 
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Only low salinity feed solutions were considered with this single-stage code (range 
100U to 2500 ppm); the ion-exchange membrane assumed would be unsuitable at 
much higher feed concentrations. The solute was assumed to be sodium chloride 
but the code can be used, with appropriate changes in the functions describing the 
physical properties, for any other solute. 

For most cost calculations, the unit cost of power CE was held constant at 0.5 cents/ 
kWh and the parameter CA, the daily cost computed as a charge per unit area, was vari-
ed parametrically over the range considered of practical importance. As mentioned 
earlier the optimum conditions calculated should hold at other values of CE (costs 
would be proportional to CE) provided comparisons are made at the same ratio 
RAE=CJCE. The calculations center around a C A = l cents day_ 1ft~2 (and i?XE=2). 
This value of CA is approximately twice the area cost (see Table I) obtained from the 

TABLE I 

PROJECTED COSTS FOF A 50,000 gpd HYPERFILTRATION PLANT BASED ON COALINGA PILOT PLANT 
EXPERIENCE (13) (2,000 f t * EFFECTIVE AREA) 

Item Cost 
Daily cost (CA)* 
(cent day-ift-2) 

PLANT INVESTMENT 
Membrane Support Equipment 

Support tubes $7,965 
Tube support rack and valves 2,207** 
l/-bends 3,540 
Engineering, contingencies, and interest on the above 3,210 

Sub-total area $16,922 0.19 
Other cost (including pumps) 11,050 0.12 

TOTAL PLANT INVESTMENT $ 2 7 , 9 7 2 0 . 3 1 

OPERATING COSTS 
Tube replacement and swabbing 
Other 

0.19 
0.18 

TOTAL OPERATING COSTS (excluding electricity)*** 

GRAND TOTAL (excluding electricity) 

0.37 

0.68 

* Capital costs amortized over 20-year period at 4 percent annual interest and 330 on4tream 
days per year (0.0224% of investment). 

* * Assuming labor to fabricate pump base equal to material cost. 
*** Electrical Energy Cost: 9.1cents/kgal @ 0.7cents/kWh. 

estimates of Stevens and Loeb (13) for £ proposed 50,000 gpd plant with 2-in.-diam. 
tubes if only the apparently incremental portions are included; however, CA—l cent 
day - 1f t~2 exceeds the daily charge for all capital and operating costs given for this 
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plant (excluding of course electrical power). Although these estimates may be op-
timistic for plants of this size operating with high-flux membranes, they probably 
are achievable at larger sizes making CA = 1 a reasonable initial choice for the 
computations. We hope that sufficient computations have also been carried out at 
other values of CA and over a sufficiently wide range of RAE so that the comparative 
computations given can be utilized for estimating actual water costs to a good first 
approximation when more reliable costs of plants can be inserted. The parameters 
chosen and variables optimized are summarized in Table II. Most of the calculations 
carried out in this study were made without considering energy recovery from the 
reject stream. 

TABLE II 

SUMMARY OF PARAMETERS AND OPTIMIZED VARIABLES 

Variable Remarks 

a. Feed concentration 
b. Water recovery and inlet conditions 
c. Flow geometry: 

i) Taper 
ii) Tube diameter 

d. Solution properties 
e. Temperature 
f. Membrane properties: 

i) Permeability 
ii) Ion-exchange membrane 

1) Capacity 
2) Kinetic parameter (Eq. 13a) 

iii) Uncharged membrane 
1) Salt rejection 
2) Kinetic parameter 

g. Economic Parameters: 
i) Unit cost of area 

ii) Unit cost of power 
iii) Cost ratio 
iv) Pump efficiency 
v) Recovery turbine efficiency 

h. Optimization parameters: 
i) Max. salinity of product 

ii) Min. Reynolds No. 

Varied parametrically 1000-2500 ppm 
Optimized 

None, except where noted 
One inch, except as noted 
Sodium chloride 
70°F, except as noted 

Varied parametrically 0.1 to 10 gpd f t - 2 atm~i 

C* = 0.35 moles/kg H 2 0 
K = 0 .0415/^ 

/?oo = 0.95 
K = 0.165 

Varied parametrically 0.5 to 2.5 cents day~ift~2 
CE = 0.5 cents kWh~i 
/ ? A E = 1 t o 5 
70% 
None, except when noted 

500 ppm 
2100 

RESULTS 

Typical computation. To illustrate the output obtained with the computer program, 
detailed lesults for the hypothetical, moderately rejecting ion-exchange membrane 
and for the parameters given in Table III are presented in Fig. 2 at optimum inlet 
pressure, velocity, and water recovery. 

Pressure, velocity, concentration, water flux through the membrane, and water 
recovery are shown in Fig. 2 as they vary along the length of the tube. Also shown 
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Fig. 2. Profile of optimum flow conditions for high-flux, moderately rejecting membranes 
(conditions presented in Table in ) . 
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TABLE III 
PARAMETRIC VALUES USED IN BASE CASE 

Tube diameter 1 in. 
Pump efficiency* 70% 
Membrane capacity, C* 0.35 moles/kg H 2 0 
Membrane permeability, & 10 gpd ft~2 atm- i 
Feed concentration xf 1500 ppm 
Max. product concentration 500 ppm 
Min. Reynolds Number 2100 
Unit charge for area, C\ 1 cent ft~2day~i 
Unit charge for power, CE 0.5 cent kWh- i 
No. of tube increments 50 

* No power recovery on reject stream 

are the end points of the 50 tube increments used to obtain the numerical solution. 
As would be expected, the product flux and pressure decrease with length. Since the 
pressure decreases faster than the velocity with increasing distance down the tube, 
the mixing efficiency increases from 0.50 to 0.73. Hence, salt concentration .va at the 
entrance interface actually decreases while the concentration in the turbulent core 
xt increases. Rejection of the membrane decreases with increasing distance down 
the tube, salt concentration in the product gradually increases; an overall water 
recovery of 25 percent is attained. Water fluxes at all points down the tube are 
> 100 gpd/ft2. The area and pumping requirements for each thousand gallons per 
day of productive capacity and unit costs are given in Table IV for the values of 
economic parameters and other conditions assumed in Table III. 

TABLE IV 

REQUIREMENTS FOR 1 0 0 0 g p d OF CAPACITY AND COSTS FOR 
CA = 1 cent day-ift~2 and CE = 0.5 cent kWh~i (RAE = 2) 

Tube length 432 ft 
Area 5.623 ft 2 
No. of tubes 0.0497 
Feed flow 0.294 gpm 
Reject flow 0.225 gpm 
Pump power 0.770 kW 
Average flux 178 gpd/ft2 
Allocated power cost 9.2 cents/kgal 
Allocated area cost 5.6 cents/kgal 
Total water cost 14.8 cents/kgal 
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TABLE III 
RESULTS AT OPTIMUM INLET VELOCITY, INLET PRESSURE, AND WATER RECOVERY FOR SELECTED 
FEED CONCENTRATIONS, AND MEMBRANE PERMEABILITIES IN UNTAPERED PLANT WITH 1-INCH 

TUBES AT 70CF AT SELECTED COST RATIOS FOR C r = 0.5 C e n t / kWh 

Cost Perme- Feed Water Met Inlet Average Length Pumping Total 
ratio ability conr. recovery velocity pressure flux 

Length 
cost cost 

(Rae) (gpdft (ppm) (percent) (ftjsec) (atm) (gpd /f~2) ( f t ) (cent! (cent/ 
kgal) OfA'-l) kgal) 

(cent/ 
kgal) 

10 1,000 43 14 23 170 660 3.0 6.0 
1,500 22 22 24 150 430 8.5 11.8 
2,000 4 63 43 260 120 92 94 

5 1,000 68 t 12 33 130 850 3.7 7.4 
1,500 40 16 31 110 770 5.9 10.4 
2,000 13 30 42 130 400 25.1 28.9 

2.5 1,000 75f 11 47 100 1,070 4.8 9.7 
1,500 53 13 43 86 1,090 6.2 12.0 
2,000 25 18 44 78 - 820 13.0 19.4 

i 1,000 8 1 t 9.1 75 69 1,460 7.0 14.2 
1,500 64 11 68 60 1,570 8.1 16.5 
2,000 42 13 61 50 1,430 11.2 21.2 
2,500 15 21 67 49 880 32.8 43,0 

0.1 1,000 891 6.4 240 24 3,280 20.7 41.9 
1,500 7 6 t 7.6 220 21 3,640 22.4 45.7 
2,000 59 8.5 200 18 3,630 25.5 52.7 

10 1,000 58 19 31 230 630 4.1 8.5 
1,500 25 24 28 180 430 9.2 14.9 
2,000 4 63 43 260 120 92 95 

5 1,000 6 9 1 16 45 180 800 5.1 10.6 
1,500 42 20 41 150 750 7.4 14.3 
2,000 13 31 44 140 390 25.5 32.7 

2.5 1,000 7 4 1 14 64 140 1,010 6.6 13.? 
1,500 54 17 58 116 1,050 8.3 16.9 
2,000 28 21 53 96 820 14.5 25.1 

1 1,000 8 0 t 12 104 95 1,380 9.9 20.3 
1,500 64 14 94 82 1,490 11.3 23.5 
2,000 43 16 81 66 1,390 14.6 29.7 
2,500 16 22 73 54 900 34.2 52.8 

0.1 1,000 891 8.6 340 33 3,110 29.3 59.4 
1,500 7 6 t 10 310 30 3,450 31.7 65.1 
2,000 57 11 270 25 3,450 36.5 75.7 

10 1,000 57 26 27 340 590 6.3 13.7 
1,500 25 29 38 240 420 11.6 22.0 
2,000 4 63 43 260 120 92 101 

5 1,000 6 5 1 23 68 270 750 8.0 17.1 
1,500 42. 26 59 210 710 10.8 22.7 
2,000 14 34 50 160 400 27.1 42.5 

2.5 1,000 721 21 98 210 950 10.5 22.2 
1,500 52 24 87 170 980 12.6 27.3 
2,000 29 26 72 130 790 19.1 38.5 

1 1,000 7 8 t 18 160 150 1,300 15.6 32.7 
1,500 61 21 140 120 1,400 17.7 38.2 
2,000 41 23 120 96 1,300 22.0 48.1 
2,500 17 26 92 68 890 40.5 77.4 

0.1 1,000 871 13 530 52 2,930 46.5 95 
1,500 7 4 t 15 490 46 3,220 50.5 104 
2,000 55 17 420 39 3,200 58.0 122 

t Salt concentration in product collected near the downstream end of the tube exceeds the feed 
concentration. 
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Membrane permeability. Summarized in Table V are results obtained for the 
ion-exchange membrane at five permeabilities (0.1,1,2.5, 5 and 10 gpd f t - 2 atm - 1), 
at feed concentrations 1000, 1500, and 2000 ppm, and allocated area costs of 0.5, 
1.0, 2.5 cents day - 1 f t - 2 . These are for CE = 0.5 cents/kWh and thus cover a range of 
Rae of 1 to 5. The results are at optimum inlet velocity, inlet pressure, and water 
recovery for an untapered plant with 1-in. tubes operating at 70°F. The results for 
CA = 1 and Rae = 2 are also presented in Fig. 3 as plots of optimum flow conditions 
versus feed concentration. 

At a permeability of 0.1 gpd ft~2atm~1, which is equivalent to only 4 gpd f t - 2 at 
600 psi, optimum flux decreases from 33 to 25 gpd f t - 2 when the feed concentration 
is increased from 1,000 ppm to 2,000 ppm. The optimum pressures, about 300 atm, 
are much above the practical operating range of the membranes in use today. At a ten 
times higher permeability of I gpd f t _ 2 atm _ 1 (see Fig. 3, uppsr right), optimum 
pressures are lower but still high (73 to 104 atm); optimum fluxes have increased to 
54 to 95 gpd f t - 2 . At a permeability of 10 gpd f t - 2 a t m - 1 optimum fluxes of around 
200 gpd f t - 2 are obtained with an inlet pressure of only 30 atm for the more dilute 
feed solutions. Concentration polarization becomes critical above 1500 ppm feed 
concentration and at 2000 ppm very high inlet velocities are necessary and water 
recoveries are very low to produce 500 ppm product. 

The relative water costs obtained by varying permeability at constant RAE and 
selected feed concentrations are also presented in Fig. 3. The cost decreases approxi-
mately with the square root of the permeability until concentration polarization causes 
the pumping requirements to become excessive. A minimum cost is observed if 
sufficiently high permeabilities are considered. Such minima are observed at 2000 
and 1500 ppm at permeabilities of about 2 and 5 gpd ft~2atm - 1 , respectively, for 
the membrane considered. Optimum fluxes are about 100 and 145 gpd f t" 2 and 
optimum pressures are about 58 and 41 atm iespectively. Similar minima would be 
observed for the lower feed concentrations if larger permeabilities were considered. 
Beyond the minima such single-stage plants would offer no important advan-
tages. 

Blending product with feed. As noted in Table V, in a few cases salt concentrations 
in the product collected near the downstream end of the tube exceed the feed con-
centration. This occurred becaust the flow arrangement did not include provisions 
of blending the product with the feed to achieve the desired end product. When the 
downstream product concentration is larger than the feed concentration blending 
would yield an economic advantage; blending also could reduce costs somewhat in 
other cases. Of course, blending can only be of practical importance in single-stage 
systems when the feed concentration is at most several times larger than the maximum 
product salt concentration. 

In order to assess advantages of blending quantitatively the extent of blending 
was optimized for selected permeabilities {0> = 0.1, 1, and 10 gpd ft~2atm~1) at low 



133 

FEED CONCENTRATION (ppm) 

FEED CONCENTRATION (ppm) 

Fig. 3. Results at optimum water recovery, and inlet pressure and velocity for selected feed con-
centrations and permeabilities in untapered plant with one-inch tubes. Cost ratio RAE =2 ; .C £ = 0.5 

cents/kWh. Detailed assumptions given in Table III and text. 



TABLE VI 

RESULTS WITH BLENDING ALTERNATIVE AT OPTIMUM WATER RECOVERY, INLET PRESSURE, AND VELOCITY AT SELECTED FEED CONCENTRATIONS AND 
MEMBRANE PERMEABILITIES IN UNTAPERED PLANT WITH 1-INCH TUBES AT 70°F AND A COST RATIO RAE = 2 AND CE = 0.5 CCnt/kWh 

Perme-
ability 
(gpdft ~2 

atm-1) 

Feed 
cone, 

(ppm) 

Raw feed 
in product 
(percent) 

Overall 
water 

recovery* 
(percent) 

Velocity 

ft/sec 

Pressure 

(atm) 

Average 
flux 

igpdft-2) 

Length 

(/') 

Pumping 
cost 

{centjkgal) 

Total 
cost 

(centjkgat) 

Cost ratio 
CpBienJCpopt 

10 1,000 18 51 20 30 210 600 4.0 8.0 0.94 

1,500 0 25 24 28 180 430 9.2 14.9 LOO 

1 1,000 35 70 15 91 80 1,500 7.5 15.7 0.77 

1,500 4 59 15 89 77 1,480 U . l 23.2 0.99 

2,000 0 43 16 81 66 1,390 14.6 29.7 1.00 

0.1 1,000 38 77 11 300 28 3,500 20.6 42.7 0.72 

1,500 2 74 10 310 30 3,400 31.7 64.4 0.99 

2,000 0 57 11 270 25 3,450 36.5 75.7 1.00 

* Blended Basis 
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feed concentration, at a cost ratio RAE = 2 and feed concentrations 1000, 1500, and 
2000 ppm. These results are summarized in Table VI. In general, only a relatively 
small cost advantage is obtained except at the lowest feed concentration. Optimum 
conditions were reached at somewhat lower inlet pressures and fluxes than in the 
calculations not using blending. 

Plant geometry. Within the limitation of this study to single-stage systems, two 
parameters (1) tube diameter and (2) plant "taper" have been considered; RAE = 2.0 
and CE = 0.5 were held constant. This investigation was carried out stepwise. 
First, results were calculated at optimum "taper" for selected feed concentra-
tions and permeabilities for 1-in. tubes. Second, results were obtained for 
a non-tapered plant with 0.25-in. tubes. Third, plant taper was optimized at 
0.25-in. tube diameter. Fourth, results were obtained at optimum "taper" and optimum 
tube diameter subject only to the restraint on the maximum product salt 
concentration and minimum Reynolds number permitted. Both of these restraints 
usually apply when diameter is optimized. These results are presented in Table 
VII. 

Tapering plants with 1 in. tubes (and the other conditions of Table VII) was not 
found to be beneficial for ^ = 10 gpd f r 2 a t m - 1 ; at & = 1 and ^ = 0.1 optimum 
taper was near 1/2, but cost improvement was small. For a tube diameter of 0.25 
inch, costs are generally lower than for 1-inch tubes; the effect is larger for the higher 
fluxes. For example, at ^ = 10 gpd ft~~2atm-1 and xf = 1500 ppm, the relative 
water cost decreased from 14.9 to 12.0cents/kgal or a reduction of about 20 percent. 
The optimum water recovery increased from 25 to 33 percent. Optimum taper for a 
tube diameter of 0,25-in. is near 1/2 and cost improvement is not much greater than 
for a 1-inch plant. As would be expected, optimization of bc-th tube diameter and 
plant taper further reduced the relative cost of water; however, calculated optimum 
diameters were very small ( < 0.1 in.) and cost benefits were relatively small. Since 
Reynolds numbers were restricted to the turbulent range and no consideration was 
given to differences between cup mixing concentrations and turbulent core con-
centrations, these results are considered less reliable and are not included in Table 
VII. 

Elevated temperature. Operation at elevated temperature will decrease the viscosity 
of the process stream and increase the diffusivity of the solute. The decrease in 
viscosity increases the membrane permeability and varies the exponential term in the 
expression for concentration polarization (Eq. 10). If we assume that diffusion 
coefficients vary inversely with viscosity, the exponential term varies with the 13/12 
power of the viscosity. For salt solutions as studied here, a net advantage results 
in two ways: 1) membrane permeability is increased and 2) concentration polarization 
is decreased. The results obtained at 185 °F for optimum water recovery, inlet pressure 
and velocity for selected membrane permeabilities in 1-inch tubes are presented 
in Table VIII. Since the permeabilities listed in Table VIII are those which apply at 
the elevated temperature, the list thus refers to intrinsically less permeable membranes 



TABLE VII (REVISED)* 

RESULTS FOR SELECTED PLANT GEOMETRIES 
GEOMETRY OPTIMIZED WHERE NOTED; TEMPERATURE = 70-F, COST RATIO RA E = 2, C E = 0.5 tf/kwh 

Perme- Fend Diameter Water Inlet Exit Inlet Average Length Pumping Total 
ability Cone. Taper recovery velocity velocity pressure flux , costs Cost 

(gpd • 

fr2atm-'1) (ppm) (in) (percent) ( f t / s e c ) ( ft /sec) (atm) (gpd f r 2 ) ( f t ) ( f / k g a l ) ((f/kgal) 

10 1,500 1.0 None 25 24 18 28 180 430 9.2 14.9 
1.0 0.69* 23 22 20 28 180 430 9.2 14.8 
0.25 None 33 20 13 30 200 107 7.0 12.0 
0.25 1.22* 32 16 17 29 200 110 6.9 11.8 

2,000 1.0 None*# 3.7 62 60 42 260 120 91 95 
0.25 None*# 7.5 43 39 43 260 40 44.2 48.0 

1 1,500 1.0 None 64 14 5.2 94 82 1,500 11.3 23.5 
1.0 1.72* 68 7.4 16 95 87 2,100 10.7 22.2 
0.25 None 67 12 3.9 96 86 310 10.9 22.6 
0.25 1.82* 71 5.4 14 100 91 450 10.4 21.4 

2,000 1.0 None 43 16 9.3 81 66 1,400 14.6 29.7 
1.0 1.82* 43 11 17 80 68 1,600 14.2 28.8 
0.25 None 46 13 7.2 84 71 290 13.8 27.9 
0.25 1.91* 48 8.2 14 83 73 340 13.3 27.1 

0.1 1,500 1.0 None 76 10 2.5 310 30 3,450 31.7 65.1 
1.0 2.11* 79 3.3 17 310 32 5,900 30.4 62.1 
0.25 None 77t 8.4 1.9 320 31 710 30.1 64.2 
0.25 2.26* 80 2.2 15 320 32 1,200 30.2 61.3 

2,000 1.0 None 57 11 4.9 270 25 3,400 36.5 75.7 
1.0 2.19* 59 5.5 15 280 26 4,600 35.4 73.3 
0.25 None 59 9.3 3.8 280 26 710 35.8 73.9 
0.25 2.27* 61 4.3 13 280 27 970 34.9 71.9 

* Indicates optimized value. Water and inlet pressure and velocity were optimized in every case, 
i*Salt concentration in product collected near the downstream end of the tube exceeds the feed.concentration. 
$ Two programming errors caused earlier results for tapered geometries to be calculated incorrectly. Since the errors were 

partially compensating, the relative costs were nor significantly changed, but the optimum tapers were larger. The corrected 
results are presented here. 

#Negative taper was not considered in this paper. Recent investigations show it to be slightly benefitial here. 



TABLE VIII 

RESULTS AT ELEVATED TEMPERATURE (185°F); OPTIMUM WATER RECOVERY, INLET PRESSURE, AND VELOCITY FOR SELECTED FEED CONCENTRATIONS 
AND MEMBRANE PERMEABILITIES IN UNTAPERED PLANT WITH 1-INCH TUBES; C j j — 0 .5 Cent/KWH 

Perme-
ability 

(gpd 
ft ~~2atm -1) 

Cone. 

(ppm) 

Area cost Recovery 

(cents day t~2) (percent) 

Velocity 

(ft/sec) 

Pressure 

(atm) 

Average 
flux 

(gpdft~2) 

Length 

( f t ) 

Pumping 
cost 

(centsjkgal) 

Total 
cost 

(cents/kgal) 

Cost ratio 
Cpi85° F 
Cpl0oF 

10 1,500 0.5 52 14 25 200 500 3.6 6.1 0.52 

1 .0 55 17 32 270 480 4.5 8.2 0.55 

2.5 57 24 48 400 450 6.5 12.7 0.58 

2,000 0.5 27 26 34 250 370 9.7 11.6 0.12 

1.0 29 27 57 2 8 0 370 10.0 13.6 0.14 

2.5 32 31 46 350 370 11.2 18.3 0.18 

1 1,500 0.5 74f " 8.3 73 68 1,200 7.5 14.8 0 .90 

1.0 74f 11 100 95 1,150 10.4 20.9 0.89 

2.5 73 f . 16 150 150 1,030 16.3 33.3 0.88 

2,000 0.5 55 9.7 66 61 1,180 9.2 17.5 0.83 

1.0 55 13 90 83 1,130 12.3 24.4 0.82 

2.5 55 18 140 125 1,060 18.9 38.8 0.81 

0.1 1,500 0.5 80 t 5.9 230 22 2,800 22.1 44.3 0.97 

1.0 7?t 7.9 320 32 2,650 31.2 62.8 0.97 

2,000 0,5 63 6.6 200 20 2,800 24.8 50.0 0.95 

1.0 62 8.8 290 28 2,650 35.0 70.9 0.94 

t Salt concentration in product collected near the downstream end of the tube exceeds the feed concentration. 
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Fig. 4. Comparison of water cost at 185"F vs. 70"F for ion-exchange membrane at 1,500 ppm feed 
concentration and cost ratio RAE=2, C£=0.5cents/kWh. Dotted line shows comparison for mem-
brane with 1 gal day f t - 2 a tm - 1 permeability at 70°F assuming membrane permeability increases 

directly with product fluidity. 

than the equivalent permeabilities at 70"F in Table V. Inspection of the last two 
columns of Table VII shows that at low permeabilities costs at the higher tempera-
tures are only slightly less than at the lower temperatures. In the high permeability 
range, however, the effect is extrenrrly large and the costs at th^ higher tempera-
ture are much less than those at the lower temperature. 

If the comparison is made for a fixed membrane at the two temperatures, advan-
tages gained from increasing the temperature are, in general, substantially greater 
because the comparison should probably be carried out with the ratio of the permeabi-
lities equal to the fluidity ratios. Such a comparison for a membi; vhich has a 
permeability of 1 gpd ft~2atm""1 at 70°F and a projected permeability ... about 3 gpd 
f t~ 2atm - 1 at 185 °F based on the changes in viscosity of the salt solutim is presented 
in Fig. 4. In this case the cost difference is about 10 cents per kgal or a decrease of over 
40 percent. Additional comparisons are presented in Table VIII. Since these cost 
comparisons were carried out at the same assumed incremental cost for area which 
may not remain constant over a large reduction in area, the comparisons probably 
overestimate the improvement gained by raising the temperature; presumably this 
overestimation would be more serious in small plants than in large plants where the 
incremental costs would be expected to be more nearly constant. 

Pressure. Based on the current experience with cellulose acetate membranes, 
there appears to be a practical limit to the operating pressure which can be used, 
because permeability decreases severely at higher pressures. Although this problem 
may be partially overcome as membrane technology is developed, a comparison was 

Desalination, 4 (1968) 283 308 



T A B L E I X 

RESULTS AT 40atm PRESSURE; OPTIMUM WATER RECOVERY AND VELOCITY FOR SELECTED MEMBRANE 
PERMEABILITIES IN UNTAPERED PLANT WITH 1-INCH TUBES AT 70CF, 1500ppm FEED SOLUTION; 

COST RATIO Rae = 2 AND Ce = 0.5 cent/kWh 

Permeability 
(gpdft ~2atm 

Membrane type 
Water 

recovery 
(percent) 

Velocity 
Cftfsec) 

Pressure 
(atm) 

Average flux 
(gpdft 

Length 
( f t ) 

Pumping 
cost 

(cents/kgal) 

Total 
cost 

(cents/kgal) 

Cost ratio 
c 

P^Oalm 
CPopt 

5.0 Ion exchange 42 19 40 145 750 7.3 14.3 1.0 

2.5 Ion exchange 50 11 40 84 900 6.1 18.0 1.1 

1.0 Ion exchange 56 4.7 40 37 970 5.4 32.4 1.4 

0.5 , Ion exchange 61 2.5 40 19 1110 5.0 58.1 1.9 

0.5 Ion exchange 68t 13 134* 61 1,900 15.1 31.5 — 

0.5 Cellulose acetate 65 1.2 40 19 590 4.6 58.7 2.2 

0.5 Cellulose acetate 93 f 10 160* 75 1,650 13.4 26.8 — 

•Optimum pressure neglecting effect of pressure on permeability. 
tSalt concentration in product collected near the downstream end of the tube exceeds the feed concentration. 
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PERMEABILITY (gal d a y ' V ^ T M " 1 ) 

Fig. 5. Comparison of results at optimum pressure with results at 40 atm pressure. Results with a 
membrane resembling cellulose acetate included for comparison. — ^ — , — • — cellulose acetate; 
— • — , —A— ion exchange membrane. Feed concentration 1,500 ppm and cost ratio RAE = 2 

and CE = 0.5 cents/kWh. 

made between the water costs obtained for the ion-exchange membrane at optimum 
pressure and those obtained if the inlet pressure is restricted to 40 atm. The results 
obtained for selected permeabilities are presented in Table IX. Also presented for 
comparison are results obtained with a membrane = 0.5 gpd ft~2atm - 1) with 
characteristics of a cellulose acetate membrane at 40 atm and 160 atm (optimum 
pressure if the effect of pressure on permeability is neglected). As may fce seen there 
is little difference in water cost between that expected for the ion-exchange membrane 
at a permeability of 0.5 gpd f t~2atm_ l and the cost obtained for the cellulose acetate 
membrane. Comparative cost results are plotted in Fig. 5 for CA ~ 1 cent day - 1f t~2 

and RAE = 2. At the same unit area charge, there is a substantial cost differential 
at the lower permeabilities, and one of the principal advantages of high-flux mem-
branes may be the ability to operate them at the economically optimum pressure. 

Energy recovery. Use of energy recovery devices probably is not advantageous for 
small plants but may become so for large plants. We have briefly investigated the 
effect of energy recovery devices on optimum flow conditions assuming that the effect 
of the recovery device is to reduce the energy requirement of the plant. It was further 
assumed that the device operates at 70% efficiency, i.e., the same efficiency assumed 
for the pumps and motors. Calculations (see Table X) were carried out for 1500 and 
2000 ppm feed solutions at membrane permeabilities, of 0.1, 1.0 and 10 gpd 
ft~2atm~1 for untapered plants operating at 70CF with 1-inch tubes; CA was taken 
to be 1 cent d a y " ' f t - 2 and RAE — 2. The effect of the energy recovery on water 
costs under these conditions was relatively small except at low water recoveries. 



TABLE X 

RESULTS WITH ENERGY RECOVERY ( 7 0 % EFFICIENCY) AT OPTIMUM WATER RECOVERY, INLET PRESSURE AND VELOCITY 
AT SELECTED MEMBRANE PERMEABILITIES IN 1-INCH TUBES AT 70°F, COST RATIO R A E = 2 AND CJJ = 0 . 5 Cen t s /kWh 

Permeability 
(gpd 

ft-2atm~i) 

Feed 
conc. 

(ppm) 

Water 
recovery 

(percent) 

Velocity 

(ftjsec) 

Pressure 

(atm) 

Average 
flux 

(gpdft"2) 

Length 

( f t ) 

Pumping 
cost 

(cents/kgal) 

Total 
cost 

(cents/kgal) 

Cost ratio 
CpEt=. 7 
crEt=o 

1 0 1 , 5 0 0 21 23 2 7 190 3 4 0 7 . 8 13.1 0 . 8 8 

2 , 0 0 0 3 .3 6 0 4 0 2 6 0 1 0 0 76 .1 7 9 . 8 0 . 8 4 

5 1 , 5 0 0 37 18 4 0 160 5 6 0 6 . 4 1 2 . 8 0 . 8 9 

2 , 0 0 0 12 2 9 41 140 3 2 0 2 0 . 6 2 7 . 6 0 . 8 4 

1 1 ,500 6 0 13 9 7 8 9 1 ,140 10 .3 2 1 . 6 0 . 9 2 

2 , 0 0 0 3 8 15 83 73 1 , 0 3 0 12.5 2 6 . 2 0 . 8 8 

0 . 1 1 , 5 0 0 74T 9 3 3 0 32 2 , 7 3 0 3 0 . 0 6 1 . 2 0 . 9 4 

2 , 0 0 0 55 10 3 0 0 2 8 2 , 6 2 0 3 2 . 8 67 .9 0 . 9 0 

t Salt concentration in product collected near the downstream end of the tube exceeds the feed concentration. 



142 

CONCLUSIONS 

It should again be emphasized that the optimum relative water costs presented in this 
paper are not necessarily the cost of water. The total water cost can only be deter-
mined after engineering designs are completed and other costs not considered here 
are added. However, it appears that high permeability membranes can lead to low 
water cost for low salinity water even if salt rejection by the membranes is relatively 
modest. Matching of membrane characteristics to optimum operating pressures 
appears to be of considerable importance. 

Applications in water treatment where water temperatures are high are more 
attractive than when the water temperatures are low. Although it may not be economic 
to heat the process stream for most applications, in some of the processes where 
hyperfiltration seems applicable such as the treatment of pulp mill wastes (14) the 
process stream is available at an elevated temperature. For these applications the 
use of elevated temperatures seems attractive provided suitable membranes for use 
at elevated temperature are developed. 

Although tube diameter appears to be of secondary importance except where 
concentration polarization seriously limits ihe water recovery, it is an important 
variable from a design standpoint. First, small diameter tubes imply short total 
tube length and probably a simple layout. On the other hand, small tubes may be 
more expensive to install or maintain depending on the solutions processed and the 
membranes as they are developed. 
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6.2 TWO-STAGE HYPERFILTRATION PLANTS 

J. J. Perona and T. W. Pickel 

Most effort on hyperfiltration is focused on cellulose 
acetate membranes having a relatively low permeability 
but sufficiently high rejection for the production of 
potable water from high salinity feeds, including 
perhaps sea water, in a single stage. Highly permeable, 
moderately rejecting membranes, such as the dynami-
cally formed membranes, might be used in multistage 
plants when the feed water salinity is too high to give 
an acceptable product in a single stage. A complete 
survey should include these highly permeable mem-
branes, operated with sufficient stages to reach the 
desired product salinity. Although estimates of costs 
will of necessity be uncertain at the present state of 
development, costs relative to one another should be 
informative with respect to possible benefits from 
staging. 

6.2.1 Program 

We have written a computer program for a two-stage 
plant which permits each stage to be divided into any 
specified number of sections. The program allows for 
pumps for repressurizing the salt solution between 
sections and for recirculating part of the solution in 
each section (Fig. 6.1). Each section is composed of a 
number of membrane-lined tubes in parallel. The 
number of tubes in each section can be changed as the 
feed solution travels through the stage, to allow control 
of concentration polarization without excessively high 

pressure drops down the flow channel. The product 
from each section of the first stage is fed to that section 
of the second stage where its composition is most 
closely matched. 

The reject stream of the second stage is taken to a 
concentration equal to that of the feed to the first 
stage, and recycled to that point. The original feed rate 
to the plant is reduced by the amount of the reject 
stream from the second stage in order to avoid iteration 
of the material balance which would be necessary if the 
original feed rate were changed. For cascades of more 
than two stages, such iterations will be necessary 
because the reject stream from each stage should be 
returned to the feed of the previous stage. 

The variables which can be read into the program are: 
(1) the number of sections in each stage; (2) recycle 
ratio around each section; (3) feed concentration, feed 
rate, ratio of first-stage reject concentration to feed 
concentration, and maximum product concentration; 
(4) inlet pressure and velocity to each section; (5) 
membrane permeability; (6) concentration and flux 
dependence of rejection; (7) tube diameter, (8) physi-
cal properties of the solution; and (9) economic 
parameters. The dependence of rejection on flux and 
concentration is expressed by the following equation 
(see Section 6.1): 

I j = ( \ / flP* N 

R — 1/ \1 — j3D*/ 

ORNL-DWG. 6 7 - 1 2 2 6 0 B 

(1) 

Fig. 6.1. Flowsheet for Two-Stage Cascade. 
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For the model high-permeability membrane here, 0ff = 
16.5 v is assumed; v is the superficial velocity through 
the membrane, in cm/min; the product j3D* is taken as 
related to the concentration at the membrane surface 
by the empirical equation (Section 4.1.1) 

1 - R „ = j3D* = A + B c a + Cc2 + ; (2) 

and a is a dimensionless flow parameter (flux of water 
times thickness of membrane divided by the diffusion 
coefficient of salt in the membrane). 

Plant capital costs were calculated in two parts, one 
part using a cost per unit of membrane area and the 
other being the cost of pumps. The separation of the 
pump costs should allow a fair evaluation of the use of 
repressurization between sections and recycle around 
sections. Pump prices were obtained from vendors and 
correlated as functions of operating pressure and 
volumetric flow rate by 

pump cost ($) = 70 [pressure (psig)] 0 3 1 5 

X [flow rate (gpm)] ° - 5 2 5 . (3) 

The pump costs on which Eq. (3) is based were quoted 
for multistage centrifugal pumps made of stainless steel 
with motor included. Surprisingly, the costs are not 
appreciably affected by differential head requirements. 

The program has provision for optional energy recov-
ery from the reject stream. Costs of turbogenerators 
were obtained from vendors and expressed as a function 
of power output as follows: 

turbogenerator cost ($) = 34.4 [500 (horsepower)0-382 

+ (horsepower)0-87] . (4) 

This equation was obtained from costs of turbines in 
the size range of 100 to 200,000 hp and generators in 
the size range of 1000 to 1,000,000 kVA. 

An optimization program, written by W. L. Kephart 
and K. E. Cross of the Computer Sciences Center, Oak 
Ridge Gaseous Diffusion Plant, was adapted to the 
hyperfiltration program to direct the progressions of 
parameter values to minimum cost areas. Variables that 
are controlled by the optimization procedure are the 
inlet pressure and velocity to each section of each stage 
and the recycle ratio for each stage. 

The first membrane that we have studied has charac-
teristics similar to the one used for a single-stage plant 
(Section 6.1). Those characteristics are not exactly the 

same because Griffith, et al., assumed a standard 
Donnan equilibrium concentration dependence (with a 
capacity of 0.35 moles/kg H20) while we used Eq. (2) 
with A = 0.05, B = 1.60, and C and coefficients of 
higher powers of ca taken as zero. Values of D* (j3 = 1) 
by the two methods compare as follows: 

c a (moles/liter) D*, by Eq. (2) D* (Donnan equil.) 

0.01 0.066 0.028 
0.05 0.13 0.14 
0.10 0.21 0.26 

6.2.2 Plant Size 

A few preliminary runs were made to explore the 
effects of plant size, using the parameter values in Table 
6.1 and a concentration ratio (ratio of first-stage reject 
concentration to feed concentration) of 2.0. 

As feed rate increased from 1 to 10 megagallons per 
day (megagal/day), the rate of decrease of costs slowed 
sharply (Fig. 6.2). A feed rate of 10 megagal/day was 
chosen as a standard feed rate for subsequent runs. At a 
concentration ratio of 2.0, the product rate is only 
about five megagal/day, which represents a fairly small 
plant size even though it is large enough to make water 
costs only a weak function of plant size. 

Table 6.1. 

Number of Sections per Stage 3 
Feed Concentration 2000 ppm 
Maximum Product Concentration 500 ppm 
Membrane Permeability 10 gpd/ft2 • atm 
Tube Diameter 0.25 inch 
Capital Cost per Unit Membrane Area 1 Hit2 - day 
Energy Cost 0.5 tf/kwh 
Pump Efficiency 70% 
Recovery Turbine Efficiency 0% 
Amortization Rate 10%/year 

6.2.3 Tube Diameter 

The effect of tube diameter on costs was explored 
using the parameter values in Table 6.1 and a feed rate 
of 10 megagal/day. Water costs are a strong function of 
tube diameter, decreasing from 22 ^/kgal for a 1-inch 
diameter tube to 14 $f/kgal for a 0.0625-inch tube (Fig. 
6.3). The total plant membrane area decreased with 
diameter from 45,000 sq. ft. to 30,000 sq. ft. The 
decrease arose from lower pressure drops down the 
smaller diameter tubes, which gave higher average 
operating pressures and therefore higher permeation 



146 

ORNL-DWG. 6 7 - 11245 

Fig. 6.2. Effect of Plant Size on Water Costs. Parameter 
values in Table 6.1. 

O R N L - D W G . 6 7 - 1 1 2 4 6 

TUBE DIAMETER ( inches) 

Fig. 6.3. Effect of Tube Diameter on Water Costs. Parameter 
values in Table 6.1. Feed rate; 10 million gpd. 

velocities. The pressure drop along a tube is given by 

where f = friction factor, p = fluid density, u = average 
velocity, L = tube length, D = tube diameter, and gc = 
conversion factor in Newton's law of motion. The 
computer program calculated tube length to diameter 
ratios approximately proportional to area since S = 
TTD L N = (4F/u) • (L /D) (S = membrane area and F = 
volumetric feed rate) and optimum velocities were 
roughly independent of diameter. However, entrance 
and exit pressure losses were added amounting to one 
velocity head (pu2/2gc) for every ten feet of tube, 
which was taken to be the maximum length likely to be 
available. Therefore, with tube lengths per section 

decreasing from about 400 ft for 1-inch tubes to 20 ft 
for 0.0625-inch tubes, pressure drops per section were 
higher for larger tubes; higher capital and energy costs 
for plants with larger tubes resulted. 

If entrance and exit losses were ignored, and if capital 
costs per unit area can be assumed to be independent of 
diameter, the choice of tube diameter would not appear 
to affect water costs strongly. The choices of ten-foot 
tube lengths and one velocity head are a bit arbitrary 
and these variables should be explored further. Here, a 
tube diameter of 0.25 inches will be used while 
studying other variables. 

6.2.4 Feed Concentration and Permeability 

At a feed concentration of 1000 ppm only one stage 
was required for permeabilities up to 20 gpd/ft2 • atm, 
but at >3000 ppm two stages were required, even for a 
permeability of 0.3 gpd/ft2 • atm, the lowest value 
tested (Figs. 6.4 and 6.5). The calculations were made 
for a 10 megagal/day feed rate and the parameter values 
in Table 6.1, except that a concentration ratio of 1.6 
was used. Water recoveries, which are not optimized by 
our program, ranged from 40 to 50%. The effect of 
water recovery on cost will be discussed later. 

In Fig. 6.4, costs for feed concentrations up to 5000 
ppm are shown at constant values of permeability. 
Water costs of ~50 ^/kgal or less were obtained for 
permeabilities greater than 1 gpd/ft2 • atm and feed 
concentrations up to 3000 ppm. In Fig. 6.5, water costs 
are plotted against permeability at constant values of 
feed concentration. Optimum permeabilities decrease as 
feed concentration increases, but even for 5000 ppm 
feed the optimum permeability is 6 gpd/ft2 • atm. 
Average pressures in all sections of both cascades were 
about 35 atm for this case, giving optimum fluxes 
averaging greater than 200 gpd/ft2. 

Optimum inlet velocities ranged from 15 to 25 fps for 
permeabilities of 3 gpd/ft2 • atm and higher, but for 
low permeabilities and feed concentrations, were as low 
as 4 fps. Optimum inlet pressures ranged from 500 to 
600 psig at permeabilities of 10 gpd/ft2 • atm or 
greater, but were as high as 1500 psig at low permeabil-
ities. The optimum recycle ratio, was zero for nearly all 
cases. 

6.2.5 Comparison of One and Two Stages 

The potential usefulness of two-stage plants is illus-
trated by Fig. 6.6, where results for 2000 ppm feed are 
compared with the results of Griffith, Keller and Kraus 
(Section 6.1) for one-stage plants using high-permeabil-
ity membranes. Two-stage plants can use more highly 
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Fig. 6.4. Effect of Feed Concentration on Water Costs, with Parameters of Membrane Permeability. Other parameter values in 
Table 6.1. Concentration ratio: 1.6. 
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Fig. 6.5. Effect of Membrane Permeability on Water Costs, with Parameters of Feed Concentration. Other parameter values in 
Table 6.1. Concentration ratio: 1.6. 

permeable membranes to achieve lower costs than is 
possible with one-stage plants. 

6.2.6 Water Recovery 

The computer program requires that the ratio of the 
concentration of the reject stream from the first stage 
to the feed concentration be given as an input variable. 

The specification of this ratio largely determines the 
degree of water recovery by the plant (ratio of product 
rate to feed rate), but does not uniquely fix it because 
the reject stream from the second stage is taken to the 
concentration of the feed to the first stage and then 
recycled. The original feed rate to the plant is reduced 
by the amount of the reject stream from the second 
stage in order to avoid iteration of the material balance. 
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Fig. 6.6. Increase in Optimum Permeability with Addition of 
Second Stage. Feed concentration: 2000 ppm. 

Thus the true feed rate to the plant varies a little as 
permeability and feed concentration are changed, caus-
ing small changes in the water recovery with fixed 
concentration ratio. 

The effect of water recovery on costs was studied by 
calculating water costs at optimum inlet velocities, inlet 
pressures, and section recycle ratios for concentration 
ratios of 1.5, 2.0 and 2.4. With 1000 ppm feed, ratios 
up to 4.0 were used. Data on cost vs water recovery 
were taken from water cost vs permeability for dif-
ferent concentration ratios. In Fig. 6.7, we show results 
for different feed concentrations and a concentration 
ratio (C.R.) of 2.0; the shapes of the curves are similar 
to those presented in Fig. 6.5 for C.R. = 1.6. Costs were 
lower with a two-stage plant than with a one-stage plant 
for feed concentrations of >2000 ppm, except for a 
2000 ppm feed at a permeability of 3 gpd/ft2 • atm. 
Parameters which were held constant are tube diameter 
(0.25 inch), number of sections per stage (3), maximum 
product concentration (500 ppm), capital and operating 
costs per unit membrane area (1 tf/ft2 • day), energy 
cost (5 mill/kwh), pump efficiency (70%) and pump 
capital charge (10% of cost/year). 

From a series of graphs similar to those of Fig. 6.7, 
we obtain dependence of product cost on water 
recovery, presented in Figs. 6.8, 6.9, and 6.10. With 
these curves, and some recent extensions of the 
calculations, we can determine how far from optimum 
water recoveries the costs are (for example, in Fig. 
6.7). 

Optimum water recoveries for 1000 ppm feed concen-
tration were 73% for a permeability of 15 gpd/ft2 • atm 
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Fig. 6.8. Effect of Water Recovery on Water Costs for 
1000-ppm Feed Concentration. 

and 80 to 85% for permeabilities of i0 and lower. The 
costs in Fig. 6.7 for 1000 ppm feed occur at the 
optimum water recovery only for the point at a 
permeability of 15 gpd/ft2 • atm. The costs for the 
other permeabilities are higher than at optimum water 
recovery, causing the curve for 1000 ppm feed to be 
concave downward. 

For 2000 ppm feed, optimum water recoveries were 
in the range of 50 to 55% for permeabilities from 0.3 to 
10 gpd/ft2 • atm. The costs in Fig. 6.7 for this 
concentration are fairly close to optimum except at the 
permeability of 0.3 gpd/ft2 • atm, where the cost at 
optimum recovery is about 4 ^/kgal less than that 
plotted. 
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WATER RECOVERY ( % ) 

Fig. 6.9. Effect of Water Recovery in Two-Stage Hyperfiltra-
tion on Water Costs for 2000-ppm Feed Concentration. 

For 3000 ppm feed the optimum water recoveries 
ranged from 45 to 55%, and the costs in Fig. 6.7 for 
this concentration are near optimum. For 4000 ppm 
feed optimum recoveries were about 40% for permeabil-
ities below 3 gpd/ft2 • atm and less for higher 
permeabilities. For 5000 ppm feed, optimum recoveries 
were much less than 40% and the costs in Fig. 6.7 are 
high. 

A few cases of non-zero optimum recycle ratios (i.e., 
part of the feed leaving a section was advantageously 
returned to the inlet of the section) were observed, all 
at a permeability of 1 gpd/ft2 • atm and most at the 
iowest feed concentration of 1000 ppm. Under these 
conditions the energy cost of recycling would be 
extremely small. At low permeabilities pump costs were 
negligible because of the large membrane area require-
ments. For a given inlet velocity to a section and 
membrane area, recycle results in shorter tubes with 
lower pressure drop along the section, and in higher 
average pressures. The recycle ratio ranged from 0.75 to 
0.88 for the 1000 ppm feed and from 0.21 to 0.29 for 
the other cases. 

No account was taken here of the effect of reject 
disposal costs on optimum recovery and product cost. 
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Fig. 6.10. Effect of Water Recovery in Two-Stage Hyper-
filtration on Water Costs for Feed Concentrations of 3000, 
4000, and 5000 ppm. 

6.2.7 Parametric Cost 

In computing the costs for a plant, the cost of the 
pumps was estimated by the correlation of vendors' 
prices given in Eq. (3) and added to a parametric cost 
based on the membrane area of the plant. This 
parametric cost, which includes all capital costs except 
pumps and all operating costs except energy, was varied 
from 0.5 to 2.0 tf/ft2 • day (for feed concentrations of 
2000 and 4000 ppm). Increasing the parametric cost by 
a factor of four increases water costs by roughly a 
factor of two with optimum water recovery. For the 
feed rate studied (107 gpd), pump capital costs were 
always a small part of the total cost. Optimum inlet 
pressures increased when the parametric cost increased, 
and the plant membrane areas decreased. Slightly higher 
velocities were usually required to offset the stronger 
concentration polarization effect at the higher product 
fluxes. Thus both capital and energy costs increased, 
but roughly in proportion to the square root of the 
parametric cost. 

Optimum water recovery was perhaps less affected by 
the parametric cost than one might expect; for 2000 
ppm feed it decreased from 56% to 48%, and for 4000 
ppm from 53% to 40%, as the parametric cost increased 
from 0.5 to 2.0 tf/ft2 • day. As a typical example, 
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Table 6.2. Effect of Number of Sections in the First Stage on Water Costs 

Water Costs (l/kgal) 
No of 2 1 

Sections Permeability = 1 0 gpd/ft • atm Permeability = 3 gpd/ft • atm 
2000 ppm Feed 4000 ppm Feed 2000 ppm Feed 4000 ppm Feed 

1 19.0 53.0 28.9 49.2 
2 19.2 52.8 ,20.4 42.9 
3 15.9 44.3 20.3 42.3 
4 16.1 45.9 21.1 44.1 
5 20.6 * 21.8 * 
6 21.0 * 22.3 * 

*Specified concentration ratio not reached. 

consider the case of 2000 ppm feed, a concentration 
ratio of 2.0 and a permeability of 1 gpd/ft2 • atm. As 
the parametric cost increased from 0.5 to 2.0 Hh 2 • 
day, the capital and operating cost increased from 10 
to 25 ŝ /kgal and the total energy cost from 9 to 14 
<£/kgal. The capital cost for pumps remained roughly 
constant at 0.7 <£/kgal. The membrane area of the plant 
decreased from 107,000 sq. ft. to 69,700 sq. ft. as the 
average optimum inlet pressure increased from 900 psig 
to 1300 psig and the average inlet velocity increased 
from 11 to 15 fps. 

6.2.8 Number of Sections 

Each stage was divided into a number of sections, 
with pumps between sections for repressurization. 
These calculations do not yet consider division into 
sections without repressurization pumps. The number 
of membrane-lined tubes can be changed from section 
to section. Therefore, the inlet pressure and velocity for 
each section can be varied independently. The effect of 
the number of sections in the first cascade on water 
costs was investigated for feed concentration of 2000 
and 4000 ppm and permeabilities of 3 and 10 
gpd/ft2 • atm at a concentration ratio of 2.0. In all 
cases the optimum number of sections was three (Table 
6.2). The number of sections in the second cascade is 
computed by the program to give about the same 
concentration difference per section as the first stage. 
In these runs, where the number of sections in the first 
stage was varied up to six, the number in the second 
stage never exceeded two. 

In a separate set of runs for feed concentrations of 
3000 and 4000 ppm and permeabilities of 1, 3 and 10 
gpd/ft2 • atm, the number of sections in the second 
stage was varied between two and three with the 
number in the first stage held constant at three. Costs 
differed by less than 1% with the number of sections in 
the second stage except for the highest permeability 

and concentration, where two sections gave a cost 
about 15% lower than three sections. 

6.2.9 Combination of Membrane Types 

Because cellulose acetate membranes and the high-
permeability membranes used in the other parts of this 
study have advantages over one another in different 
areas, plants using a combination of the two types of 
membranes might, in some cases, possess advantages 
over plants using a single type. The combination 
reported here employed both types in the first stage of 
a plant with a fairly high concentration ratio, 3.0. The 
second stage employed high-permeability membranes. 
The properties assumed for the cellulose acetate mem-
brane were: permeability = 0.5 gpd/ft2 • atm, Pa = 3.1 
v and jSD* = 0.01. The permeability of the lower-reject-
ing membrane was 3 gpd/ft2 • atm. 

The first stage was divided into three sections and 
several combinations of the two membranes were tried. 
For a feed concentration of 2000 ppm, the minimum 
cost of 21.3^/kgal occurred with cellulose acetate 
membrane only in the last section (Table 6.3). The 

Table 6.3. Water Costs with a Combination 
of Membrane Types in the First Stage C.R. = 3.0 

Arrangement of First Stage 
Feed 

Concentration 
(ppm) 

Sec. 1 Sec. 2 Sec. 3 
Water 
Cost 

tf/kgal) 

2000 C.A.* C.A. C.A. 33.2 
2000 DY.** C.A. C.A. 22.0 
2000 DY. DY. C.A. 21.3 
3000 C.A. C.A. C.A. 34.2 
3000 DY. C.A. C.A. 28.7 
3000 DY. DY. C.A. 34.7 

•Cellulose acetate. 
**High-permeability (dynamic) membrane, permeability 3 

gpd/ft2 • atm. 
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water recovery was 73%. With high-permeability mem-
branes in all three sections a concentration ratio of 3.0 
could not be attained, and the optimum water recovery 
is shown in Fig. 6.9 at about 52%, with a water cost of 
20.1^/kgal. 

For a feed concentration of 3000 ppm, the minimum 
cost of 28.7^/kgal occurred with cellulose acetate in the 

last two sections. The water recovery was 70%. With 
dynamically formed membranes in all three sections, 
the optimum water recovery is 57%, with a water cost 
of 33.5 ^/kgal. In obtaining these costs the operating 
pressure en cellulose acetate was allowed to go to 
optimum pressure (~1500 psig), which probably could 
not be done in practice. 

6.3 COST OF ADDITIVES FOR DYNAMICALLY FORMED MEMBRANES 

With many membranes, a small concentration of 
additive is kept in feed solutions to maintain membrane 
properties. It is of interest to inquire how much this 
will add to the cost of product water. 

In Table 6.4, we list some costs for a range of additive 
prices, feed concentrations, and water recoveries. It is 
assumed that there is no recovery of additive. In Table 
6.5, we list costs of some typical additives. 

Comparison of these tables indicates that cost of 
additives in some cases would add appreciably to the 
cost of product. Above $l/lb, for example, penalties 
become severe if more than 1 ppm of additive is 
required. 

One should remember that the cost of many other 
additives (e.g., humic acid) is probably trivial. Further, 
particularly with the hydrous oxides, we are far from 

sure that the concentrations we have customarily used 
are not substantially higher than necessary; relatively 
little work has been done on identifying the lower 
limits. The prices of many organic additives are high 
because there are at present no large-scale uses of them. 
The monomer 2-vinylpyridine, for example, costs about 
$l/lb, and the gap between this and $3/lb of polymer 
will presumably narrow, if the market grows. It is also 
possible that in some cases, recovery of additives from 
spent feeds may be practical. 

In summary, cost of additives must be considered in 
estimates of the cost of treating water by dynamic-
membrane hyperfiltration, and may be prohibitive in 
some cases. We do not believe that it will usually be an 
overriding consideration, however. 

Table 6.4. Effect of Additive Costs on Cost of Product Water* 

Additive Cost 
($/lb) 

Additive Cone, 
(ppm) 

Cost (tf/kgal) product for 
gal product/gal feed = Additive Cost 

($/lb) 
Additive Cone, 

(ppm) 
0.25 0.5 0.75 0.9 

0.10 1 0.33 0.17 0.11 0.09 
10 3.3 1.7 1.1 0.93 

100 33.4 17 11 9.3 

0.50 1 1.67 0.85 0.55 0.46 
10 16.7 8.5 5.5 4.6 

100 167 85 55 46 

1 I 3.3 1.7 1.1 0.93 
10 33 17 11 9.3 

5 1 1C.7 8.5 5.5 4.6 
10 167 85 55 46 

10 1 33 17 11 9 
10 330 170 111 93 

•Assume no recovery of additive. 
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Table 6.5. Costs of Some Additives 

Additive Source Typical Conc. 
(ppm) 

Approx. Cost 
(S/lb) 

A1C13 a 15 0.14 
Zr0Cl2-8H20 a 30 0.50 
FeCl3 a 20 0.09 
Poly(2-vinylpyridine) b 1 3.00 
Sodium PoIy(styrene sulfonate) c 1 2.60 
Poly(vinylbenzyltrimethylammonium c 1 1.60 

chloride) 
Poly(acrylic acid) d 1 to 10 1.76 

(a)Oil, Drug, and Paint Reporter. 
Quoted by Ionac Chemical Company. 

(c>Quoted by Dow (10 ton lots).' 
(dWrysoI A-5, MW 300,000, quoted by Rohm & Haas for small lots. 



7. Surfaces for Enhancement of Rates in Distillation 

SUMMARY 

It is obvious from the content of this report that the 
principal thrust in this category of the Water Research 
Program during the biennium covered has been on 
hyperfiltration, although some of the work, particularly 
in Section 4, has had implications for other processes. A 
fraction, however, which evolved from interest in 
phenomena occurring in boundary layers, is pertinent 
only to distillation. We believe the results obtained have 
significance disproportionate to the relatively small 
effort involved. 

Briefly, it was found that stretching wires or attaching 
fins along the surface of tubes on which condensation 
was occurring markedly increased the film condensation 
heat transfer coefficient. Some of the results are 
described in two papers, reproduced as Sections 7.1 and 
7.2. Although most experimental work in this area was 
completed in the 1966—68 biennium, other results were 
reviewed and accounts of them finished later. These will 
be covered in subsequent reports. 

[Reprinted from Industrial and Engineering Chemistry, Fundamentals, 6,97 (1967).] 
Copyright 1967 by the American Chemical Society and reprinted by permission of the copyright owner. 

7.1 ENHANCEMENT OF FILM CONDENSATION HEAT TRANSFER RATES ON VERTICAL 
TUBES BY VERTICAL WIRES 

David G. Thomas 

WHEN considering ways for increasing film condensing heat 
transfer coefficients, one thinks primarily of promoting 

dropwise condensation. This subject has been studied ex-
tensively and values for the dropwise condensing coefficient are 
in the range 3000 to 70,000 B.t.u./(hr.)(sq. ft.)(°F.) (70) 
compared with values of 500 to 2000 B.t.u./hr.(sq. ft.)(°F.) 
commonly observed in film condensation (12). Some success 

has recently been reported (4) on developing long-lived drop-
wise condensation promoters, and increases in over-all heat 
transfer coefficients of up to 82% were reported by coating 
copper-nickel tubes with a noble metal (4). 

Since Nusselt (15) derived theoretical relations for the rate of 
film condensation in 1916, the subject has been studied ex-
tensively (17) and it is clcar that the primary problem In pre-

153 
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Vertical wires, 0 .030 and 0.062 inch in diameter, loosely attached to o Yrinch o.d. vertical tube 42 Va inches 
long markedly increase the film condensation heat transfer coefficient. At a heat flux of 2 X 10* B.t.u./ 
(hr.)(sq. ft.), four wires obstructing 7 . 6 % of the surface increased the condensing coefficient by a factor of 
3.14 (a 2 1 4 % increase), while 12 wires obstructing 2 3 % of the surface increased the condensing coefficient 
by a factor of 4 .53 (a 3 5 3 % increase). A qualitative model based on the film and rivulet hydrodynamics 
predicted the observed increase in condensing coefficient with decreasing rate of condensation and in-
creasing fractional surface coverage by wires. In addition the model and the data showed a broad maxi-
mum for a fractional surface coverage of about 18%. 

dieting rates of condensation involves the hydrodynamics of 
flow in thin films (5). Little effort has been devoted to de-
veloping ways of enhancing film condensation coefficients. A 
notable exception is the recent studies on fluted tubes which 
report (2, 6) condensing coefficients 41/ 2 to 7 times greater than 
that obtained for a comparable smooth tube at a given heat 
flux. Recent data (2) were obtained with a tube 33/a inches 
in o.d. and 12 inches high having 80 uniformly spaced flutes 
around the periphery. The results were influenced by the 
heat flux, temperature level, vapor velocity, tube orientation, 
tube length or diameter, turbulence in the film, and presence 
of noncondensables, although no data were reported (2). In 
other studies an increase in heat transfer was achieved by 
wrapping V8-inch diameter wire around the outside of a 1-inch 
diameter tube in a helical spiral (5). Although no estimate 
was made of the magnitude of the increase in the condensing 
coefficient, it was postulated (5) that the wire wrapped around 
the tube decreased the effective drainage height by channeling 
the bulk of the condensate in a helical path along the wire 
down the tube, thus decreasing the condensate film thickness 
over the remainder of the tube. Mathewson and Smith (13) 
showed that pulsation in the sonic range of frequencies in-
creased the condensing coefficient by 10 to 60%. The in-
crease depended upon the vapor flow rate, a critical pulse 
amplitude, and was almost independent of pulse frequency. 
Surface roughness effects on film condensation at zero inter-
facial shear have been calculated (14) using a fluid film 
velocity profile based on the turbulent profile for the fully 
developed rough region proposed by Rota (19). The analysis 
predicted (14) an upper limit above which, at a given Prandtl 
number, no increase in heat transfer can be obtained. Tests 
with roughness elements up to 0.020 inch high on a vertical 
tube 2 inches in diameter and. 6 feet long were between the 
curve for the predicted upper limit for fully rough surface and 
the curve for smooth tubes (14). 

During the course of detached turbulence promoter studies 
we discovered that small diameter wires loosely attached to a 
vertical tube with the wires parallel to the tube axis caused a 
marked increase in the condensing heat transfer coefficient. 
This paper describes a systematic study of the effect of such 
wires on the rate of condensation. 

= = h f s d T * S2 dz A/ 

and the mean coefficient for the entire tube is defined as 

ht0T 
At 

(1) 

(2) 

A momentum balance on a small element of fluid assuming 
laminar film flow relates the local rate of condensation per unit 
tube perimeter, Tti to the condensate film thickness: 

r - P?Si> # (3) 

Combining Equations 1 through 3 and integrating from 0 to L 
and from 0 to r gives 

_ 4 / 3 (i^MY 
\ 3m/ r / (4) 

Stretching wirss along the surface in the direction of flow 
changes the flow from substantially two-dimensional to three-
dimensional flow with a large component of velocity normal to 
the wires—that is, when wires appreciably latter in diameter 
than the condensate film thickness are wetted by the con-
densate, liquid is drawn into the cavity between the wire and 
the tube surface by capillary forces as illustrated in Figure la 

a. FILM GEOMETRY 

Qualitative Model 

In deriving theoretical relations for the rate of condensation 
of a saturated vapor on a vertical tube, Nusselt (15) assumed 
laminar flow in the condensate film and neglected interfacial 
shear between the vapor and the liquid. Details of Nusselt's 
analysis are readily available (7, 15); a brief outline is given 
below. The local condensation heat transfer coefficient at a 
distance \ jelow the top of the tube, assuming heat is trans-
ferred solely by conduction through a film of thickness is 
defined as 

b. SIMPUREO MODEL 

REGION B - FILM FLOW 

»D/N 
—jRÎULETj-"— 

1 

V / . ^ t " I " iTTsssssssJfrsssssssssysssssssTi 

Figure 1. Condensate film geometry in presence of wires 
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(the curvature and thickness of the film between the wires are 
shown on a greatly exaggerated scale). The magnitude of the 
capillary force due to the curvature of the fluid interface is 
given by Laplace's formula (9): 

pi -p2= /Ri + V^z) (5) 

with positive surface, pressure in the medium whose surface is 
convcx. The radius of curvature of the condensate in the 
rivulet next to the wire is much less than the radius of curvature 
in any other part of the condensate film. Thus, from Equa-
tion 5, there is a strong pressure gradient, due to the decreased 
surface pressure within the rivulet, which draws condensate 
toward the wire. The flow in the bulk of the rivulet is sub-
stantially parallel to the wire and continuously carries the 
condensate down the wire under the action of gravity. The 
combined action of the pressure gradient and the carryoff of 
the condensate by the rivulet near the wire means that the 
condensate ^lm Is potentially thinnest just beside the rivulet; 
however, thinning of the condensate layer causes a convex 
surface in the film of fluid adjacent to the rivulet which feeds 
fluid to within the range of influence of the strong pressure 
gradient within the rivulet. In the ensuing discussion It is 
assumed that the range of influence in the condensate film of 
the radius of curvature of the rivulet is proportional to the 
condensate film thickness, S. This assumption implies that 
the relative increase in condensing coefficient caused by a wire 
is independent of the distance between wires. 

The general features of the effect of the wires on the con-
densation heat transfer coefficient were determined using a 
greatly simplified model. The geometry of the model is 
shown in Figure 1,6. The radius of curvature of the con-
denser tube is assumed to be infinite compared to the thickness 
of the condensate film, and the condensate film between the 
wires is assumed to have a uniform thickness, 5, in the direction 
normal to the wire. Since the wires are only resting against 
the surface., substantially no heat will be transferred through 
the tube surface beneath the wire and the thickened fillet of 
condensate adhering to the wire. Then, from Equation 1, 
the ratio of the condensing heat transfer coefficient with wires 
to the coefficient in the absence of wires, h/K, is the ratio of the 
mean film thickness in the absence of wires, $0, to the film 
thickness with wires, S, corrected for the amount of surface 
blockcd by the wires and fillet of water. 

The flow down the length of the tube may be divided into 
two regions, fluid drawn to the vicinity of the wires by capillary 
forces flowing with mean velocity VA through a fillet of cross-
sectional area Ai, and a thin film of fluid flowing down the 
tube with velocity VB. From the continuity relation the sum 
of these flows must equal the flow in the absence of the wires 
at the same heat flux: 

2N VAAxpf + NVbBp, = VcCpf (6) 

When Equation 6 is divided by rD, the term on the right is the 
mass flux per unit width, r (Equation 3). From a force bal-
ance, the mean velocity in a film of fluid in laminar flow down 
a vertical tube is given by (75) 

V = 
3v (7) 

Area B is related to the film thickness and the distance between 
wires by 

B « lirD/N - d - 2R) (8) 

Combining Equations 3, 6, 7, and 8 and rearranging gives the 

ratio of film thickness in the absence of wires to the film thick-
ness with wires, S0/S: 

Allowing for the amount of surface blocked by wires and fillets 
of water and assuming that the value of R/d is z/i, the ratio of 
condensing heat transfer coefficients given by Equations 1 and 
9 is 

Before Equation 10 can be compared with experimental data, 
it is necessary to relate the terms VA, Ai, and & to system 
variables. 

When the value of k/h0 is much larger than 1, the bulk of the 
condensate must flow down the tube in the vicinity of the 
wires. Since condensation is taking place over the entire tube 
surface not covered by wires and the adjacent fillet of water, 
there is a large component of velocity in the film (region B, 
Figure 1) normal to the wires. The thickness of the con-
densate film, 5, in the vicinity of the rivulet may be determined 
from a force balance on a small element of fluid in the region 
where the rivulet joins the condensate film. This gives 

H du 
gedy 

_R 
dz 

(8 - y)o (11) 

Now if, as outlined above, we assume that the range of influ-
ence of the radius of curvature in the rivulet is proportional to 
6. Equation 11 can be integrated to give the average velocity: 

7 7 _ a i ic c/a v — — —• —— (12) 3 M R 

and when the bulk of the condensate flows along the wires: 

2 NBLU„ = 
P 

Combining Equations 12 and 13 and assuming that R = a^d, 

(13) 

S 
\2ai) Vi KSCVNL) 

For laminar flow down along the wires assume that 

t w c<3 «3 

(14) 

/ = 
PfVj? P,iVA 0.430 P?VA 

2gc v dv 

(15) 

From a force balance, 

rw = 0.107 f* p £ 
gc d 

Combining Equations 15 and 16 and solving for VA gives 

v 0.mafcczgL<P v i = 

(16) 

(17) 

Neglecting the film thickness, 5, the area, Ah is given by 

Ai = 0.215R2 = 0.215as9eP (18) 

Combining Equations 10, 14, 17, and 18 gives an expression 
for h/ht with one constant, CI, which must be determined 
empirically: 
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h/K = 

f / 2.5 Nd\ (Nd\* (gcaL\** / 2.5 W V l 1 ' 3 

[A1
 ~ - t d )

 + a U J U ) V " - r i ) J 
(19) 

The first term in parentheses on the right of Equation 19 is 
always less than or equal to 1 and makes litde contribution to 
the variability of h/h0. Differentiating Equation 19 and 
setting the derivative equal to zero to find the value of Nd/irD 
for maximum h/hB gives Nd/irD = 0.18, substantially inde-
pendent of the value of (gcaL/Yv) and Ct for the range of in-
terest in this study. For fraction of surface covered by wires 
much less than 0.18, Equation 19 predicts that h/h0 increases 
almost in direct proportion to Nd/irD. For any given value of 
Nd/irD, Equation 19 also predicts that k/h0 increases as the 
mass flux per unit of tube perimeter, F, decreases. 

Equipment and Procedure 

The effect of longitudinal wires parallel to the axis of a 
vertical tube on the rate of condensing heat transfer was deter-
mined by measuring the over-all rate of forced convection 
from condensing steam to water and the average condensing 
and forced convection heat transfer coefficients were calculated 
assuming the resistances to be additive (76). Forced convec-
tion heat transfer coefficients in the absence of turbulence 
promoters were within ± 1 2 % of the Sieder-Tate relation (20). 

Tcsi Section. The test section consisted of two vertical 
concentric tubes, a glass pipe 1 inch in i.d. by 43 inches long 
with removable insulation to permit visual inspection of the 
mode of condensation and an aluminum condenser tube 
Vs inch in o.d. by 4 feet long, with a 0.028-inch thick wall. 
Although the majority of the tests were made with steam con-
densing on the outer surface of the aluminum tube, in a few 
tests the system was modified to permit condensation on the 
inside of the tube. The over-all cooled length of the con-
denser tube was 42'/2 inches. The upper end of the con-
denser tube was connected to a steam chest maintained at a 
pressure of 4 to 5 p.s.i.g. 

Wire Promoters. The wires used to enhance the rate of 
condensation were either stainless steel or aluminum, 0.031-
and 0.062-inch diameter. In the majority of the tests the 
wires were stretched along the tube parallel to the axis and 
spot-welded at their upper and lower ends; a single loop of 
0.005-inch wire was tied around the bundle at about 1-foot 
intervals. In one series of tests, four wires were wrapped in a 
spiral around the tube with each wire having a 4-inch pitch. 
In another scries of tests, four wires were supported away from 
the surface with nominal gaps beneath the wires of 0.030 and 
0.0625 inch; the supports for the wires were small stubs spaced 
about 8 inches apart. 

Experimental Results 

The over-all heat transfer coefficient as a function of velocity 
was measured for four different ranges of mean temperature 
differences, A/, between the condensing steam and the water 
coolant; typical values of A/ were 7° to 8°, 11° to 13°, 47° to 
60°, and 104° to 112°F.; the heat fiux range was 2 X 10' to 
10* B.t.u./(hr.)(sq. ft.). Wilson plots—i.e., plots of the 
reciprocal of the heat transfer coefficient vs. the reciprocal of the 
velocity to the 0.8 power—were prepared for constant heat 
fluxes from plots of heat transfer coefficient vs. heat flux. 
Assuming that the heat transfer resistances arc additive, the 
intercept on the Wilson plot is the resistance of the metal wall 
plus the condensate film (16). Sincc the resistance of the 
metal wall is known, the condensing heat transfer coefficient 
can be easily calculated. 

Condensing heat transfer coefficients for the aluminum tube 
in the abscnce of wires were in excellent agreement with 

Rohsenow, Webber, and Ling's (18) and Dukler's (3) correla-
tion for film condensation on a vertical surface with appreciable 
vapor shear. The interfacial shear was calculated directly 
from measured pressure drop data and was in good agreement 
with Bergelin's (7) correlation for the friction factor for gas 
flowing in a tube with a liquid layer on the wall, using 
Lehtinen's (77) recommendation for calculating the average 
mass velocity of the vapor. Visual inspection of the tube 
surface indicated that dropwise condensation did not occur 
during the tests when steam was condensed on the outside of 
the tube. From the good agreement of the data for steam 
condensing on the inside of the tube with those for steam con-
densing on the outside, it was assumed that dropwise con-
densation did not occur to an appreciable extent on the inside 
of the tube. 

Values of the ratio h/h0 are shown in Figure 2 as a function 
of heat flux for Vi-inch diameter tubes with three, four, eight, 
and 12 0.030-inch diameter wires loosely stretched along the 
tubes. The condensing coefficient with wires increases 
markedly with decreasing heat flux—i.e., with three wires from 
h/k0 = 1.36 to 2.94 as the heat flux decreased from 105 to 
2 X 104 B.t.u./(hr.)(sq. ft.). The condensing coefficient 
increased to a somewhat smaller extent as the number of wires 
was increased—i.e., at heat fluxes of 2 X 104, h/ha was 2.94 
with three wires and 4.55 with 12 wires. At higher heat 
fluxes the data for eight wires were somewhat above data for 
12 wires. 

The effect of the number of wires is shown in Figure 3, in 
which h/h0 is plotted against (Nd/irD), the fraction of the 
surface covered by wires. Data are shown for three, four, 
eight, 10, and 12 0.030-inch diameter wires and four 0.062-
inch diameter wires stretched along a Vi-inch diameter tube 
with the heat flux as a parameter. For any given heat flux, 

\ 1 \ 
\ A 
4 

SPIR/ 
WRE £ \ MUMBER( 

\ WIRES 
>F 

0 2 4 6 8 10 12 t4 

(Q/M x I0-4 , HEAT FLUX IBI-j/hr ft2) 

Figure 2. Effect of heat flux on enhancement of con-
densing heat transfer coefficient by vertical wires 
loosely attached to vertical tube 

Tub* length 42 '/» inches 
——Calculated from simplified model 
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the value of h/h0 increases as the number of wires is increased 
until a maximum is apparently reached at a value of (Nd/irD) 
~ 0.18. The data for four 0.062-inch diameter wires are in 
substantial agreement with the data for eight 0.030-inch 
diameter wires, both combinations of wires having almost the 
same fractional surface coverage—that is, Nd/vD 0.16. 

The data for eight and 10 wires differed in one respect from 
those for three, four, and 12 wires. With three, four, and 12 
wires the plots of U vs. q/A were reproducible straight lines for 
all velocities on a log-log plot. The data for eight and 10 
wires were also reproducible for heat fluxes greater than 3 X 
104 B.t.u./(hr.) (sq. ft.) and gave the data shown in Figure 3. 
However, for velocities greater than 10 feet per second and heat 
fluxes less than 2.5 X 104 B.t.u./(hr.)(sq. ft.), the heat transfer 
coefficient, U, was multivalued at a given heat flux. The 
largest values of U gave values of h/h0 in good agreement 
with the upper curve of Figure 3, but since the reason for the 
multivalued results was not "clearly established, these points 
were not included on the figure. One explanation for the 
multivalued heat transfer coefficients is that some of the 
loosely attached wires bowed away from the tube in some 
tests, so that some wires were less effective at the lowest heat 
fluxes. 

The effect of displacing four wires a known distance from the 
surface is shown in Figure 4. At the largest heat flux [q/A = 
105 B.t.u./(hr.)(sq. ft.)] positioning the wires with a gap of one 
wire diameter between the wire and the surface caused an 
increase in h/h„ from 1.56 to 1.93; increasing the gap resulted 
in a decrease in the value of h/h0 until there was no effect of the 
wires for a gap of four wire diameters. At the lowest heat 
fluxes used in this study [q/A = 2 >< 104 B.t.u./(hr.)(sq. ft.)] a 
gap of one wire diameter caused a reduction in the value of 
h/k0 from 3.08 to 2.62 and the effect of the wires was no 
longer discernible for a gap of four wire diameters. These data 
are consistent with the explanation of the effect of bowing of 
the wires advanced above. 

In another series of tests, four wires were wrapped around the 
tube in a spiral with a pitch of 3s/s inches—i.e., the vertical 
distance between individual wires was ~0 .9 inch. Such a 
spiral arrangement increased the length of wires by 10% over 
the value for straight vertical wires. The ratio h/ha was 2.0, 
2.2, and 2.3 for heat fluxes of 10, 5, and 2 X 104 B.t.u./(hr.) 
(sq. ft.), respectively (see Figure 2). At the highest heat flux 
the value of h/ha was greater than the value for four vertical 
wires determined from Figure 3 even after correcting the 
fraction of surface covered for the extra length of wire on the 
tube. At the intermediate heat flux the value of h/h0 for four 
vertical wires determined from Figure 3 and experimental 
values for the spiral agreed and at the lowest heat fluxes the 
value of h/h0 for the spiral was substantially lower than the 
value for four vertical wires determined from Figure 3 (h/h0 = 
3.47 vs. 2.3 actual). 

All of the results described above were obtained with con-
densation and wires on the owtside of the tube. A few tests 
were made with steam condensing on the inside of a V2-inch 
tube having an inside diameter of 0.444 inch. Data at 
q/A = 5 X 104 for a single 0.035-inch diameter wire wound in 
a spiral with a 'A-inch pitch and for four straight 0.035-inch 
diameter wires on the inside of a tube were in excellent agree-
ment with the curve shown in Figure 3 (h/h0 — 1.70 and 2.46 
for Nd/irD — 0.04 and 0.10, respectively). However, the 
data for four Vie-inch diameter vertical wires were below the 
curve for q/A = 5 X 10' shown in Figure 3 (k/h0 = 2.24 for 
Nd/rD = 0.18). 

01 0.2 0.3 
FRACTION OF SURFACE COVERED BY WIRES (Nd/ffD) 

Figure 3. Effect of number and diameter of wires loosely 
attached to vertical tube on condensing heat transfer 
coefficient 

Calculated from simplified model 

0 2 4 6 

DISTANCE FROM SURFACE (gap/wire diameter) 

Figure 4. Effect of distance of wires from surface on 
condensing heat transfer coefficient 

Wires. 0.030.|nch diameter 
Tube. 0.50-inch diameter, 42 Vi inches long 

All the data for vertical wires loosely attached to the surface 
are fitted for ( N d / v D ) < 0.15 by the empirical expressions 

h/h0 « [1 -fr 6.8 X 1 0 W T / ) ) ( 4 / ? ) ] (20) 
or 

h/h0 « [1 + 6.8 X W(Nd/*D)(L/T)\ (21) 

when the numerical constant in Equation 20 has the dimen-
sions B.t.u./(hr.)(sq. ft.), and in Equation 21 the dimensions 
(lb.)o/(hr.)(sq.ft.). The direct proportionality between 
(h/ho) — 1 and Nd/rD supports the assumption that the range 
of influence of the radius of curvature of the rivulet is inde-
pendent of the distance between wires. 
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Comparison of Model with Data 

The constant CL of Equation 19 was calculated from the data 
for three, four, eight, and 12 wires; the average value was 
a = 1.7 (±0.3) X 10~6. This value of (2 was then used with 
Equation 19 to calculate the curves shown as solid lines in 
Figures 2 and 3. The model predicts the dependence of the 
present experimental data for h/h0 on heat flux, number of 
wires, and wire diameter surprisingly well except for the two 
points for (IW/ttZ)1 > 0.15 and q/A = 105 B.t.u./(hr.)(sq. ft.) 
shown fitted with a broken line in Figure 3. 

Despite the excellent agreement of the model with the data 
for two different wire diameters tested, it seems clear that one 
very large wire could not be as effective as many small wires; 
in addition, the shape of the vvice enters only through the 
hydraulic radius term in Equation 15 and in the calculation of 
the area, A, Equation 18. A more detailed model is required 
to determine more accurately the effect of wire dimensions 
and wire shape as well as the three-dimensionality of the flow. 

Conclusions 

Vertical wires loosely attached to the surface of a vertical 
tube cause an appreciable increase in the condensing heat 
transfer coefficient. This may offer certain practical ad-
vantages in comparison with the fluted tube geometry as it is 
now conceived—that is, either a thick wall or a fluted inner 
surface. With wires stretched along the tube the highest heat 
transfer coefficient occurs over that portion of the tube where 
the metal wall is thinnest; in addition, the inner surface is 
cylindrical, permitting the insertion of twisted tapes or de-
tached turbulence promoters. 

For the present data, when the wires covered less than 15% 
of the surface the fractional increase in condensing coefficient 
(A — h„)/h0 was directly proportional to the fraction of surface 
covered and inversely proportional to the heat flux. A maxi-
mum in the value of h/h0 occurred for fraction of surface 
covered by wires, Nd/vD, of about 0.18. A qualitative model 
indicated that the decrease in h/h0 for Nd/irD > 0 . 1 8 was due 
to the reduction in tube surface available for heat transfer by 
the wires and the associated rivulet of water flowing along the 
wire. The condensing heat transfer coefficient was more than 
tripled by loosely attaching four 0.030-inch diameter wires 
to the surface of a 'A-inch diameter tube when the heat flux 
was 2 X 10' B.t.u./(hr.)(sq. ft.); increasing the number of 
wires to 12 increased the value of h/h0 to 4.5 at the same heat 
flux. At high heat fluxes [>5 X 10' B.t.u./(hr.)(sq. ft.)] it 
was beneficial for the wires to be supported away from the 
surface; at smaller heat fluxes it was necessary for the wires 
to be in contact with the surface. 
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Nomenclature 

A = total surface area of tube, sq. ft. 
A i = rivulet cross section area, sq. ft. 
a = constant in Equation 19 = 1.72 X 10~®, dimensionless 
B = cross-sectional area of film between wires, sq. ft. 
C = cross-sectional area of film without wires, sq. ft. 
d = wire diameter, ft. 

D = tube diameter, ft. 
Dh = hydraulic diameter, ft. 
/ = Fanning friction factor, Equation 15, dimensionless 
ge = conversion factor, (lb.ro/lb.f) (ft./hr.s) 
gL = gravitational acceleration, ft./hr.2 

h = heat transfer coefficient with wires, B.t.u./(hr.)(sa. ft.) 
(°F.) ^ 

h0 = heat transfer coefficient without wires, B.t.u./(hr.)(sq. 
ft.) (°F.) ^ 

hfg = latent heat of vaporization, B.t.u./lb.m 
k = thermal conductivity, B.t.u./(hr.) (sq. ft.) (°F./ft.) 
L = tube length, ft. 
N — number of wires, dimensionless 
pi = pressure in medium l,.lb.f/sq. ft. 
pi = pressure in medium 2, lb.f/'sq. ft. 
q/A = heat flux, B.t.u./(hr.)(sq. ft.) 
R = radius of curvature, ft. 
At = temperature gradient, °F. 
Q/A = heat flux, B.t.u./(hr.) (sq.ft.) 
U = heat transfer coefficient 
a = local velocity, ft./sec. 
V — velocity, ft./sec. 
dy = differential distance normal to tube, ft. 
dz = differential distance in direction of flow, ft. 

GREEK LETTERS 

oti = constant in Equation 11, dimensionless 
<*2 = constant, R/d, dimensionless 
<X3 — constant in Equation 15, dimensionless 
T = mass flow per unit perimeter, lb.m/(hr.) (ft.) 
S = film thickness with wires, ft. 
Sa = film thickness without wires, ft. 
M = viscosity, lb.m/(ft.) (sec.) 
v = kinematic viscosity, sq. ft./hr. 
tr = 3.1415 
p = density, lb.m/cu. ft. 
<r = surface tension, lb.f/ft. 
rtr = wall shear stress, lb.f/sq. ft. 

SUBSCRIPTS 

A = area A 
B = area B 
C = area <7 
/ = fluid 
m = mean 
z = value at height z 
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7.2 ENHANCEMENT OF FILM CONDENSATION RATE ON VERTICAL TUBES 
BY LONGITUDINAL FINS 

David G. Thomas 

Longitudinal rectangular fins loosely clomped to vertical tubes markedly increoie the film 
condensation heat transfer coefficient. At a heat flux of 2 X 10' 8.t.u./hr.sq.ft., twelve 1/8 
X 0.013 fins clamped to a 16 in. O.D. vertical tube 42V4 in. long (thus doubling the surface 
area of the tube) gave a condensation coefficient of 15,000 ± 15% B.t.u./hr.sq.ft. "F. cam-
pared with 1,620 B.t.u./hr.sq.ft. *F. for the same tube without fins, a ratio of h/h0 of 9.2. 
The enhancement of the film condensation coefficient decreases as the heat flux increases 
and as the number of fins decreases. 

A model based on the effect of fin shope on film and rivulet hydrodynamics explains the 
observed behavior. 

Film condensation characteristics of vertical tubes with 
grooved surfaces [that is, fluted tubes (2 to 4), Figure 1] 
are markedly better than those of smooth tubes. The in-
crease in the heat transfer coefficient is due to the ex-
tremely thin liquid film remaining on the crest of the 
flutes as the bulk of the condensate is drawn to the 
troughs»\vhere it flows rapidly down the tube. The flow of 
condensate from the crest to the grooves is induced by 
surface tension forces which are developed whenever the 
liquid-vapor interface is not plane. The magnitude of the 
surface pressure difference across the interface between 
vapor and liquid is given by Laplace's formula (5) 

p i - p 2 = <r (1/Ri + 1/Rt) (1) 
with greater pressure in the medium whose surface is con-
vex. The shape of the fluted tube surface was believed 
(I, 2) to be a critical factor in developing the surface ten-
sion force which draws the condensate from the crest to 
the troughs of the flutes. Therefore, considerable care was 
necessary in the design and fabrication of the fluted sur-
face. The procedure ( i , 4) for calculating the surface 
profile was to combine Nusselt's equation for flow in a 
thin film with (6) with continuity equation and the con-
densate growth equation for a small circumferential ele-
ment oi surface profile. Then by assuming the pressure 
gradient from crest to trough was given by Equation (1) 
and that the condensate film thickness was a constant over 
the profile of the fluted surface and initial values for the 
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Fig. 1. Profile of surfaces For enhancing film condensation (not to 

scale). 

crest radius of curvature and the film thickness, the re-
mainder of the surface profile was calculated by numerical 
integration. With these assumptions, the positive pressure 
at the crest of the flute was calculated (I) to be substan-
tially larger than the negative pressure in the trough. 

The discovexy (7) that small longitudinal wires loosely 
attached to vertical condenser tubes causes a pronounced 
increase in the rate of film condensation made it clear that 
a fluted contour of the solid surface was not necessarily 
a critical factor in inducing three dimensional motion of 
the condensate by surface tension effects. The object of 
this study was to extend the previous studies with round 
wires to shapes of rectangular cross section (that is, longi-
tudinal fins) in order to develop a surface which was 
easier to manufacture and at the same time to maximize 
enhancement of the rate of heat transfer and minimize 
flooding effects. 

SIMPLIFIED MODEL 

Enhancement of film condensation by modification of 
the surface profile of the tube requires'that all surfaces 
exposed to vapor be wetted by condensate. Then, when 
the initial steam condenses on the finned tube surface, a 
thin film covers both the tube and the fin. At the junction 
of the fin and the tube, the surface of the water film is 
curved. Because of surface tension, there is a difference in 
surface pressure [given by Equation ( 1 ) ] between the 
fluid in the corner and the fluid on the tube surface which 
causes fluid to flow from the tube surface to the corner. 
The bulk of the condensate is rapidly carried down the 
tube as a small rivulet flowing along the fin, leaving only 
a very thin film on the remainder of the surface of the 
tube where very large condensation coefficients can occur. 

In a previous paper, (7) a model was developed which 
described the dependence of film condensation enhance-
ment by longitudinal wires on a number of wires and heat 
flux. The principal assumptions on which the model was 
based are: 

1. Flow can be divided into a rivulet flowing along the 
wire and a thin film over the bulk of the tube. 

2. Because the wires were not in good thermal contact 
with the tube, there was negligible neat transfer beneath 
the wires and the rivulets. 

3. The pressure gradient which draws the fluid from 
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the surface to the rivulet in the fin corner is proportional 
to the right side of Equation (1). Then hy combining a 
mass balance, dimensional analyses and knowledge of flow 
in thin films and rivulets, (6,8) it was possible to develop 
an expression for the ratio of condensate film thickness 
without wires to film thickness with wires (and hence the 
enhancement of film condensation coefficient as a function 
of heat flux and number of wires) which contained only 
one empirical constant: 

h r / 2.5iVrf \ (Nd Y'2 

s r U 1 - — 
11/3 (̂ rr(̂ ) (2) 

with « = 1.7 (±0.3) « 10"®. The terms in the square 
bracket on the right give the ratio of condensate film 
thickness without fins to the condensate film thickness 
with fins and the teim in die round bracket on the far 
right is a correction for the amount of tube over which 
lieat transfer was negligible due to the wires and rivulet. 
Equation (2) fitted the data extremely well except at the 
highest heat flux where flooding might be important. 

The numerical coefficient 2.5 in the terms on the right 
of Equation (2) was obtained assuming the radius of 
curvature of the water rivulet is a constant fraction of the 
wire diameter, independent of die heat flux. The empirical 
constant a contains average numerical coefficients from 
expressions for hydraulic diameter, laminar friction factor, 
and radius of curvature of the water rivulet as well as the 
unknown factor relating the surface tension to the pres-
sure difference which draws the condensate from the tube 
surface to the wire. Because the wires were all cylindrical, 
(7) all these terms could be lumped into the one coeffi-
cient, a. (Note that, although the three dimensional flow 
equations can in principle be solved for free surface flows 
in which surface tension and temperature gradients are 
included, such solutions have not been obtained. The main 
obstacle is that the surface tension must be applied as a 
boundary condition to the free surface (5) and the shape 
of the free surface is the major unknown determined by 
the surface tension.) 

In the following section:; the model developed in the 
previous paper (7) will be extended to account for the 
effect of fin shape (rectangular or cylindrical) and con-
densation rate on rivulet dimension. Such an extension 
will permit estimates of flooding conditions as well as 
predicting heat transfer enhancement. A test of whether 
fin and rivulet geometry factors have been satisfactorily 
accounted for will be whether the coefficient relating sur-
face tension and pressure drop is the same for both cylin-
drical and rectangular fins. 

The additional assumption required to extend the model 
are that the shape of the surface of the rivulet cylindri-
cal, that substantially all of the condensate flow is in the 
rivulet and that the thickness of the film is small compared 
to the radius of curvature of die rivulet. Then by defining 
I as the distance between fins over which large heat trans-
fer coefficients may be expected, we obtain 

1 = 
nD 

•d-2R N 
Equation (2) becomes 

h0 *-wD ^ a2 / >> R»/2 / V IV / 

(3) 

3 /2 

terns-) «> 

using the same terminology as the previous paper (7). 
An approximate expression for the radius of curvature 

of the rivulet at the end of the tube may be obtained by 
equating the condensate carried off per fin to the volu-
metric flow rate in the rivulet, noting that there are two 
rivulets per fin 

r*o 

For laminar flow in the rivulet, the friction factor is given 
by 

f - T» - a s 

DhVA 
(6) 

P / V A * 

2gc v 

In the absence of drag at the free surface, the wall shear 
stress must support the total body force on the rivulet; 
that is 

gc 4 

Combining Equations (6) and (7 ) gives 

(8) 
as v 

By definition 
. DhP (9) 

From the geometry assumed for the rivulet along rec-
tangular fins, Du — 0.43R and P = 2R; a value of a2 » 12 
was estimated from studies of Fulford (8), and Gunn 
and Darling (9). Then after accounting for the growth 
of the rivulet along the fin and assuming that the thick-
ness of condensate on the fin projection was 10% of the 
radius of curvature, the value for the average radius of 
curvature from Equations (5) , (8) , and (9) is 

T vTD , 

•"La* J = 1 4 vTD "I"* 
g«»N J (10) 

Parameters for rectangular and cyindrical fin cross sec-
tions are summarized in Table 1; die cylindrical fin param-
eters were estimated with the same assumptions as those 
given above for rectangular fins. The final equations for 
heat transfer enhancement are obtained by combining 
Equations (3), (4) , and (10) and the values in Table 1. 

T A B U 1. PARAMETERS FOR CYLINDRICAL AND RECTAXCULAR 
FIN CROSS SECTION 

Rectangular Cylindrical 
fins fins 

D„ 0.430 0.214 R 
P 2 FI 1.53 R 

12 7 
«4 1.6 2.4 

8.2 X 1 0 - * 8.2 x 1 0 - * 

• Estimated from References 8 and 8. 
f Empirical value. 

Rectangular fins 

1/3 
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Cylindrical fins 

h T f N d \ ( , i a ( *TD V" "J 

All unknown coefficients have been lumped into the one 
constant fi, in Equations (11) and (12) which must be 
determined empirically. 

The sum of the first two terms in the brackets on the 
right of Equations (11) and (12) is always less than or 
equal to one and makes little contribution to the variation 
of h/ha for large values of h/hc. By differentiating Equa-
tions (11) and (12) and setting the derivative equal to 
zero to find the value of Hd/vD for maximum h/h0 gives 

Rectangular Fins (»*) 
\ IRD /O P L 1 3 

Cylindrical Fins 

V WD / OP, 13 

/ VTD V'4 

1 + 2.7 { ) 
. - gu>Nd*s 

1 + 4 
vTD y« 

gipNd*) 

(13) 

(14) 

substantially independent of the value of the empirical 
constant, fi. 

EXPERIMENTAL EQUIPMENT AND PROCEDURE 

The test section consisted of two vertical concentric tubes, 
a 1 in. l.D. x 43 in. long glass pipe with removable insula-
tion to permit visual inspection of tne mc4e of condensation, 
and a % in. O.D. x 4 ft. long aluminum condenser tube 
with a 0.028 in. thick wall. The overall cooled length of the 
condenser tube was 42V& in. The upper end of the condenser 
tube was connected to a steam chest maintained at a pres-
sure of 4 to S Ib./sq. In. guage. The steam pressure was 
used to determine the steam temperature. Inlet and outlet 
fluid temperatures were measured with iron-constantan ther-
mocouples inserted in baffled mixing chambers at the entrance 
and exit of the test section. Liquid flow rates were determined 
with a calibrated rotameter and condensation rates were 
measured by collecting condensate. The pressure gradient 
along the annulus was measured between the steam chest and 
the sight glass at the exit of the condenser tube. 

Finned Tubes 
The rectangular finned tubes were manufactured by clamp-

ing the fins to the tubes at intervals. Because the fins had 
little rigidity, it was assumed that there was poor thermal 
contact between the fin and the tube wall over the bulk of 
the fin length. The clamps were U-shaped and were pinched 
against the fins every 4 in. along the fin. A ring was spot 
welded to the clamps around the outside of the fins to main-
tain their relative positions. The clamps fitted over the outside 
edge of the fins in order not to interrupt the flow of the thin 
film down the tubes. The primary reason that the fins were 
clamped to the tube (rather than being an integral part of 
the tube) was to permit study of the hydrodynamic effects of 
rivulet formation as free as possible from any conduction 
effects through the fins. The fins were made from aluminum; 
dimensions were 1/16 X 1/18 in., 1/8 X 0.013 In., 1/16 
X 0.008 in.; the length was 40 in. 

Procedure and Calibration 
While the system was heating up, steam was vented to the 

atmosphere to remove noncondensables. When the system 
reached operation temperature, the vent was dosed. Steady 
state was assumed to exist after the inlet and exit water 
temperatures and the condensate level in the sight glass had 
remained steady for at least one-half hour. Visual inspection 
of the tube surface indicated that dropwise condensation did 
not occur during any of the tests. 

EXPERIMENTAL RESULTS 

Measurements of die overall heat transfer coefficient as 
a function of cooling water velocity were made for four 
different ranges of mean temperature differences, At, be-
tween the condensing steam and the water coolant both 
with and without fins; typical values of At were 7 to 8°F., 
11 to 13°F., 47 to 60 s F., and 104 to 112°F.; the heat 
flux range was 2 x 10* to 105 B.t.u./hr. sq. ft. Wilson 
plots (that is, plots of the reciprocal of the neat transfer 
coefficient vs. tne reciprocal of the cooling water velocity 
to the eight-tenths power) were prepared for constant 
heat fluxes from plots of heat transfer coefficient vs. heat 
flux. Assuming that the heat transfer resistances are addi-
tive, the intercept on the Wilson plot is the resistance of 
the metal wall plus the condensate film (10). Since the 
resistance of the metal wall is known, the condensing heat 
transfer coefficient can be easily calculated. In all cases 
the heat transfer coefficient was based on the area of the 
tube alone (that is, the area of the fin was not included 
in the tube area for the heat transfer coefficient calcula-
tion). 

Heat balances, expressed as the ratio of total rate of 
heat transfer from condensate, gCcnd. to total rate of heat 
transfer from axial temperature rise, r» were within 
± 5 % for over 98% of tne tests; the ratio qcom/q&r was 
1.00 with a standard deviation of 0.028. Forced convec-
tion h« >t transfer coefficients in the absence of turbulence 
promoters were within ±12% o5 the Sieder-Tate relation 
( i i ) 

- i = 0.027 N R t - ° * N P r - ™ ( M / ^ ) 0 " (15) 

evaluated by the Wilson plot technique (20). Condens-
ing heat transfer coefficients for the aluminum tube in the 
absence of wires (Figure 2) were in excellent agreement 
with Rohsenow, Webber, and Ling's (12) and with Duk-
ler's (13) correlation for film condensation on a vertical 
surface with appreciable vapor shear. The interfacial shear 
was calculated directly from measured pressure drop data 
by using Lehtinen's (25) recommendation for calculating 

10* 2 5 10s 

RTYWXOS NO IN* • 

Fig. 2. Comparison of finned and plain tube condensing coefficients 
with Rohsenow's theory for film condensation on a vertical tub*. 
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Fig. 3. Effect of rectangular fins on the enhancement of the film 
condensation boot transfer coefficient [solid lines calculated from 
model, E«. 01) ; dashed line is calculated optimum from Eq. (13)]. 

the average mass velocity of the vapor, and was in good 
agreement with Bergelins (14) correlation for the friction 
factor for gas flowing in a tube with a liquid layer on the 
wall. 

Rectangular Fins 
The maximum increase in film condensing coefficient 

was observed with twelve fins. The results are shown in 
Figure 2 which also contains the smooth tube calibration 
data. The marked increase caused by die firs is evident. 

The relative enhancement of film condensation coeffi-
cients caused by small rectangular fins is illustrated in 
Figure 3, in which h/h0 (the ratio of experimentally 
determined heat transfer coefficients with and without 
11ns) is plotted as a function of the fraction of the surface 
covered by fins, Nd/vD, with the heat flux as a param-
eter. The solid curves shown on Figure 3 were calculated 
from Equation (11) using a value for fi of 8.20 X 10"*. 
The dashed curve gives the value (Nd/vD )opt calculated 
from Equation (13). 

Figure 3 shows that the enhancement increases rapidly 
with number of rectangular fins until about 10% of the 
surface is covered by fins. The simplified model agrees 
well with the data up to this fraction of surface coverage 
and then predicts a rather broad maximum over which 
addition of more fins causes little additional increase in 
condensing coefficient. Figure 3 also shows that the effect 
of the fins is greater when the heat flax is smaller. The 
maximum film condensation heat transfer coefficient ob-
served with rectangular fins was 15,000 B.t.u./hr. sq. ft. 
°F. at a heat flux of 2 X 10* B.t.u./hr. sq. ft. using twelve 
% X 0.013 in. fins. For these same conditions the con-
densing heat transfer coefficient of the tube without fins 
was 1,620 B.t.u./hr. sq. ft. °F. (The fins had substantially 
the same surface area as the tube, thus the total surface 
of the finned tube was about twice that of die plain tube.) 
The maximum uncertainty occurred at the greatest en-
hancement and was ±15%. 

Flooding 
Flooding will occur when the amount of condensate is 

sufficiently great so that the capacity of the fin to carry 
off the condensate as a rivulet i? exceeded; that is, flooding 
will occur when the radius of curvature of the rivulet is 
neater than the rectangular fin height (or greater than 
the radius of cylindrical fins). The radius of curvature of 
the rivulet may be calculated from Equation (10) . How-
ever, calculations indicated that rectangular fin heights less 
than 1/32 in. would be required to observe flooding for 
tube dimensions and heat fluxes used in the present study. 
Because of fabrication difficulties with rectangular fins, 
additional tests were made with cylindrical fins similar to 
those used in the previous study (7) . Figure 4 summarizes 
all of the data for rectangular and cylindrical fins plotted 
at [ ( W * c » i c ) - I ] vs. R/H or RJ(d/2). The data 
scatter around [(/i«p/^«ic) — 1] = 0 for values of 
R/H or R/{d/2) < 1 but are consistently below zero for 
all values of R/(d/2) > 1. Thus Figure 4 demonstrates 
the internal consistency of the model and suggests that 
flooding will occur where 

Rectangular Fins 

Cylindrical Fins 

vTD Y" 
gipNH* J > X 

H 4 7 7 ( *r 

(d/2) ' \ gu>Nd* ) 
vYD Y / 4 

> 1 

(I«) 

( 1 7 ) 

Fin Shape Comparison 
The effect of fin size and shape on the enhancement of 

the film condensation coefficient by four fins is illustrated 
in Table 2 for a variety of fins at three different heat 

TABLE 2. EFFECT o r FIN SIZE AND SHAVE ON IKE ENHANCEMENT OP THE FILM CONDENSATION COEFFICIENT BY FOUR FINS 

h/hc 
Dimensions heat Flux, 10+«B.t 

Series Shape cross-section length A,/A 10 5 

1* Cf 0.032 diam. 40 1.24 1.57 2.03 
2 C 0.062 diam. 40 1.50 1.92 2.68 
3 Rt 1/16 X 0.008 40 1.32 2.83 4.00 
4 R 1/8 X 0.013 40 1.64 2.45 3.12 
5 R 1/16 X 1/16 201 1.16 1.49 1.92 
6 R 1/16 X 1/16 201 1.16 1.67 2.56 
7 R# 1/16 X 1/16 40 1.32 3.53 4.20 

3.14 
3.28 
4.50 
AS/! 
1.96 
3.50 
4.90 

•Datefrom (7). 
iC m cylindrical. 
| A m rectangular. 
I Top half of tube. 
1 Bottom half of tube. 

# Fins brazed to tube. 
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Pig. 4. Effect of fin height on reduction of film condensation co-

efficient due to flooding of tube surface. 

flures. All of the full length rectangular fins gave 
freater enhancement than the full length cylindrical 

ns (7) when compared at the same heat flux (series 1 
and 2 vs. series 3, 4, and 7). The enhancement caused 
by 1/16 in. high rectangular fins was substantially the 
same as that caused by % in. high rectangular fins de-
spite the fact that the ratio (tube plus fin area)/(tube 
area) was 0.32 and 0.64, respectively (series 3 vs. series 
4). As would be expected, four half-length fins on the 
bottom half of the tube gave greater enhancement than 
four half-length fins on the top naif of the tube (series 5 
vs. series 6) . Finally it is not clear whether the greatest 
enhancement was observed with the series 7 rectangular 
fins because of their good thermal contact with title tube 
or whether the good mechanical contact with the tube 
caused less hindrance to rivulet formation. 

Fluted Tube* 
Data for the enhancement of film condensation by fluted 

tubes (1 to 4,16) and cylindrical fins (7) are compared 
in Figure 5 with the maximum enhancement values for 
rectangular fins found in the present study. Data for 

Rectangular Fins 3.54 0.50 
Cylindrical Fins* 3.54 0.50 
Cregorig (1954) 1.72 0.75 
Lustenader (1959) 2 3 
Christ (1962) 13.1 » 
CamavtM (1965) 1 3% 

* Thome* (1967). 
• Not available. 

(Values in parentheses arr estimated from drawings or photographs). 

various tube geometries are given in Table 3 and the 
shapes are illustrated in Figure 1. The heat transfer co-
efficient data from the present study and from the study of 
Lustenader (2), and Carnavos (3) are based on the 
nominal tube diameter; insufficient data were given in the 
other papers (1,16) to determine the basis for their heat 
transfer coefficient calculations. 

Figure 5 shows that at any given heat flux the present 
data for rectangular fins compare favorably with th'i 
fluted tube data despite the fact that the tubes used in 
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Fig. 5. Comparison of the effect of fluted and finned tubes on the 

film condensation heat transfer coefficient. 

the present study were twice as long as the fluted tubes 
having the greatest effect on the condensing coefficient. 
It is of interest to note that the number of fins or flutes 
per inch of tube circumference (last column of Table 3) 
for the high performance surfaces are the same order of 
magnitude. Furthermore, by using the values of fraction of 
fluted tube surface over which the heat flow is concen-
trated as quoted in the fluted tube papers, (1, 16) the 
numerical constant, fi, for fluted tubes calculated from a 
simplified model analogous to Equation (4) of the present 
paper, was substantially the same as that found for the 
rectangular and cylindrical fin geometries. 

No. of fins or 
flutes per In. 

of circumference 
N 1 

aD'in. 

0.125 12 7.6 
0.030 12 7.6 
0.023 29 12.2 
0.034 ( 1 6 2 ) 17.2 
» (22) » 

(0 .049) 80 7.5 

CONCLUSIONS 

Vertical rectangular fins loosely attached to a vertical 
tube were found to increase the film condensation heat 
transfer coefficient by greater than a factor of nine at a 
heat flux of 2 X 101 B.t.u./hr. sq. ft. Fins with rectangu-
lar cross section gave markedly greater increases in per-
formance than fins with circular cross section (7). Two 
factors which are believed to be important in causing this 
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HEAT FLUX F I N HEIGHT, in. 
Btu/hr ft2 ROUND RECTANGULAR 
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to T 7 e> 
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UJ O tj 

• O RECTANGULAR FINS 
CYLINDRICAL PINS I'MOMAS-

-V GREGOR'G 0954] 
V LUSTENAOER, f of (1959) 

"A CHRIST H962) 
A CARNSVOS0965) 

FLUTED 
TU9ES 

TABLE 3. COMPARISON OP OPTIMUM FINNED AND FLUTED TUBE GEOMETIMES 

Tube Total no. of fins 
length, ft. O.D.,!n. Crest to trough, in. or flutes, N 
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difference are the smaller resistance to rivulet flow in the 
corner of the rectangular fin to tube junction (as com-
pared with resistance to rivulet flow at the cylindrical fin 
to tube junction), and the smaller fraction of tube surface 
blocked by the rectangular fins as compared with cylindri-
cal fins, thus making more tube surface available for the 
high transfer, thin film mode of condensation. The fact 
that the curvature radius of the rivulet of waters free 
surface is determined by the requirement that the sum of 
the internal and surface free energy be a minimum (5) , 
and the fact that the constant value for the empirical co-
efficient fi in Equations (11) and (12) (see Table 1) 
for two different fin shapes, support the belief that the 
shape of the fin is not an important factor in developing 
the surface tension force responsible for drawing the bulk 
of the condensate to the vicinity of the fin where it flows 
rapidly down the tube. 

Loosely attached (clamped) fins were chosen for this 
study to permit evaluation of the effect of rivulet forma-
tion with as little interference as possible from conduction 
through the fins. However, the data for brazed fins in 
Table 2 indicate that integral fins may produce a greater 
increase of the heat transfer coefficient than loosely at-
tached fins. Additional studies arc required to determine 
the magnitude of the conduction effect. 

Rectangular fins increased the average film condensa-
tion coefficients to values comparable to those observed 
with fluted tubes. Rectangular fins possess two distinct 
advantages over fluted tubes which are formed by fluting 
the surface of a thick walled tube or by fluting both the 
interior and exterior surface: 

1. The thin film, high heat transfer mode of condensa-
tion occurs on the finned tube surface in the region be-
tween the rectangular fins. Thus, the thickness of the 
metal tube (and nence the resistance to heat transfer) 
can be minimized consistent with the requirements of tube 
strength and corrosion allowance. In contrast, the thin 
film, nigh heat transfer mode occurs on the crest of the 
flute beneath which the thickness of metal is often a 
maximum. 

2. Finned tubes can be manufactured with a smooth 
inner surface of any other desired shape to take advantage 
of the optimum turbulencc promoter configuration on 
that side of the tube for any given application. 
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NOTATION 

A = surface area of tube, sq. ft. 
A/ ~ surface area of tube plus fins. sq. ft. 
Ai — rivulet cross section area, so. ft. 
B — cross-sectional area of film between wires, sq. ft. 
cp = specific heat, B.t.u./lb.m 
d — wire diameter or fin width, ft. 
P = tube diameter, ft. 
On «• hydraulic diameter for rivulet, ft. 
j = Fanning friction factor, Equation (6) , dimension-

less 
C = mass flow rate, lb.m/.<iq. ft. hr. 
gc — conversion factor, (lb.m /Ib.f) ( f t / sq . hr.) 
g l — gravitational acceleration, ft./sq. hr. 
H = height of fin, ft. 

h — heat transfer coefficient with fins, B.t.u./(hr.) 
(sq. ft.) (°F.) 

h„ = heat transfer coefficient without fins, B.t.u./(hr.) 
(sq. f t ) (°F.) 

L = tube length, ft. 
/ = width of thin film between wires, ft. 
A" = number of wires or fins, dimensionless 
S R r = Reynolds number, dimensionless 
Npr — Prandtl number, dimensionless 
p = pressure, lb.f/sq. ft. 
P = wetted perimeter for rivulet, ft. 
q/A = heat flux. B.t.u./(hr.) (sq. ft.) 
A = radius of curvature, ft. 
V = velocity, ft./sec. 
Greek Letters 
a = constant in Equation (2) = 1.72 X 10~5, di-

mensionless 
at = constant in Equation (4) . dhnensionlcss 
03 = constant in Equation (6) , dimensionless 
a^ = constant in Equation (10), dimensionless 
£ = constant in Equations (11) and (12) = 8.2 X 

I0~a , dimensionless 
r = mass flow per v-nit perimeter, lb.„/ (hr.) (ft.) 
H = viscosity, lb.m /(ft.) (sec.) 
v = kinematic viscosity, sq. ft./hr. 
•a = 3.1415 . . . 
p — density, lb.m cu. ft. 
tr = surface tension, lb. (/ft. 
TW = wall shear stress, lb.f/sq. ft. 
Subscripts 
A = area Ai 
B = area B 
calc. = calculated from Equation (11) or (12) 
exp — experimental value 
/ = fluid 
opt = optimum 
w = wall 
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