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ION EXCHANGE MEMBRANE PROCESSES

Technliques were developed and promising preliminary tests
were completed in an exploratory study of the applicability
of lon exchange membrane processes te such chemical operations
as the separation of plutonium from uranium, the separation
of americium from curlum, the 1solatlon of individual rare
garths, the removal of strontium from process waste streams
and the continucus concentration of solutions of 1lons such as
Pu®t or putt.

.

Basls of Membrane Processes

The membrane processes are based on the phenomenon of
Donnan membrane equilibrium(?’, which, although described 1in
1924, has not been explolted to a degree commensurate with
its apparent technological potential. The Donnan membrane
equllibrium is, in general, any thermodynamic equilibrium
‘that is subject to the restraint that some of the specles
are excluded from portions of the system, In the processes
that are belng studled Iin the laboratory, the restraint is
imposed by ion exchange membranes, which permit the passage

. of elther cations only or anlong only.

If, for example, solutions of electrolytes are placed
on opposlte sides of a cation exchange membrane the total
concentration of electrolyte on each side of the membrane
must remailn constant because'transport of the anlons cannot -
oceur. The cations, however, will be redistributed until
the following condition of equilibrium is established; a
completely analogous expression describes the equilibrium ‘
between anions across anlon exchange membranes.

o2%* 1/z - ' h
iR : ‘
[cz+] - (1)
1L
where
z+ - th '
Ci denotes the activity of 1 cation of charge =

R and L refer to soclutions on opposlte sides of membrane

K 1s the equilibrium constant

If different concentrations of an acid and a salt of a
common noncemplexing anlon are placed on opposite sides of a
cation exchange membrane, Equation I shows that, at equilibrium,

5

‘1Donnan, F. G. Chem. Rev. 1, 73 (1924).
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The principal previous applications of the Donnan equl-
librium principle have been in conatructing membrane electrodes
and determining activity coefficlents of ions in solutilon.
Although the use of the phenomenon in preparative chemistry
has been suggested'®’, very little work appears to have been
done to date.

Conslderable interest has been shown in recent years in
the development of ion exchange membrane processes for such
differing appiications as desallnation of water and the
separation of lons of like charge(®s%) Most of these appli-.
cations; however, use electrodialysis, in which ions are
forced through membranes by eleciric flelds. In two recent
and definitive books on ion exchange and membrane technolo%y
only passing mention i1s made of the Donnan equilibrium(s:6 .

Potentlal Sclentific Applicatilcns

‘Measurement of Cﬁarges of Tonic 3pecles

Establishment ¢f the charge on an lon is frequently
necessary 1n order to elucildate the structure of the ion,

' The charge 1s now determined by one of &two methods, both of

which are based on measurement of the variation of the
distribution coefficlent of the ion beiween an agueous phase
and an 1lon exchange resin as a functilon of the concentratiocn
of acid In the aqueous phase. In addition, both methods are:
based on the assumption that the charge on the absorbed icn ‘
i1s identlcal to that on the unabsorbed ion, and that the

(2)go1iner, K., et al. "Electrochemical Studies with Model
Membranes", pp. 144-88, Ion Transport across Membranes,
H. T. Clarke, ed., New York: Academic Press (1954).

3
{ ,Mason, E. A., and W. Juda, "Application of Ion-Exchange
Membranes 1n Electrodialysis'", Paper presented at Baltimore
meeting of American Instlfute of Chemleal Engilneers,

Sept. 15-18, 1957. : '

Katz, W. E. Paper presented at Eighth Annual All-Day
.Meeting: Separations Processes in Practice, Philadelphia,
 March 29, 1960.

(+}

{

S)Helfferich, F.: Ion Exchange. McGraw-Hill, New York, 1462. - .

(édquwiner, §. B. Diffusion and Membrane Technology,
‘Reinhold Publishing Corp., New York, 1962.
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activity of the ion in the resin or agueous phase is pro-

.portional to its concentration. Both methods also require

that only a small fractlon of the absorption capaclty of the
resin phase be occupled by the lon, so that the assumptlons
involved in the calculation of charge may be approximately
valid. Because this reguilrement freguently necessltates that
measurements be made at high concentrations of aeld, the
assumptions concerning the constancy of activity coefflclents
may not be valid.

Charges on ilons can be measured by methods based on the
Donnan membrane equilibrium without the limltaticns of the
other methods. Equation 2 predicts that the distribution of
an lon of charge z between two solutlons of different hydrogen
lon activity will be equal to the z power of the ratlio of the
hydrogen lon activitles. Measurement of the concentratlons
of cations and acid on each slde of the membrane after
equilibrium is established will therefore permit the calcula-
tlon of z. Because the degree of occcupancy of the resin by
absorbed catlions 1s unimportant, measurements can be made In -
solutions that are sufficlently dilute that corrections for
variation in activity ccefficlents can be made by the extended
Debye-Hlickel theory. This method, furthermore, 18 free from
assumptions concerning the nature of the species absorbed by
the lon exchange membrane, and 1ls therefore expec%ed to
determine the charge on the lon as 1% exlsts 1n aqueous
solutions,

Study of Complex Formation In Solution

Tne formatlon of complexes in aqueous solutlons 1s
readily studled by potenticmetry, spectrophotometry, solvent
extraction, and icn exchange. Each of these methods, however,
alsc requlres that some property be found by which the changé
in concentratlon of the uncomplexed or complexed lon can be
measured as a functlon of the concentration of the ligand.
Thus, one must find a reversible electrode, a colored complex,
a solvent for the ion, or an lon exchange resin that will
provide an easlly measured dlstribution coefficient in
desired solutions. The membrane equillbrium method theoretl-
cally provides a means for studylng complex formation that 1s
appliczble to any lon that wlll pass through a membrane.

The activities in Equations 1 and 2 zre those of the

. free lon 1n solution. When an ion is complexed, 1ts activity-

is diminished. If different anlons, one of which complexes
a speclfic catlon whlle the other does not, are placed on
opposlte sldes of a cation membrane the cation will become
concentrated in the solution containing the complexing anion;
Measurement of the distribution of the cation between com-

II-20



plexing and noncomplexing media will therefore permit the
determination of the equilibrium constant for formation of
the complex.

Potential Technologleal Applications

4

i
Separation of Ions

The same properbty that permits the determinatlion of
charges on ions l1s expected also to permit the separation of
ions of different charge. Similarly, the property that
permits the study of complex formation is expected also to
permit the separation of lons based on their ablllty to be
complexed by specific anions.

The phenomenon ¢f the Donndn membrane eguilibrium permits
the design of solvent extraction precesses in which both
phases are agueous, and which therefore have the potentlally
great advantage that the specificity of the extractant can
be varled at will by a suitable choice of complexing agents.

The types of processes possible with this kind of system
are virtually limitless. The followlng are a few examples:

Separation of rare earths, based on differences in
complexing with EDTA

Removal of Sr from NaNQy, based on complexing wilth
EDTA or oxalate '

Separatlion of Am from Cm, based on differences in
complexing with a-hydroxyisobutyrate '

Separatlion of U022+fron1Pu4+, based on difference
in charge -

Concentration of Highly Charged Ions

A further potentlal appllcation of the membrane equil-
librium principle 1s to the continuous c¢encentratlion of
highly charged lons such as Pu®" or Pu*". If the concen-
trations of acid on opposite sldes of a membrane are 0.1 and
1¥, the distributlon ccefficlent in favor of the more
concentrated acid soluticn is 1,000 for Pu®’ and 10,000 for
Pu4+. The use of countercurrent equipment would therefore
permlt the fransfer of all of the plutonium to the more
concentrated acid solution, with a>very large factor of
concentration. The countercurrent egquipment would consist
simply of a’‘stack of membranes and spacers, and would have
no moving parts. :

II-21
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Laboratory Tests

Initial laboratory tests had the objectlves of developlng
techniques for studying membrane equilibrium phenomena with
commerclally avallable ion exchange membranes, and developing
methods for measuring the charges on lons.

Ma vyt~

J.euuuiﬁ ues

The preliminary laboratory apparatus contains two
3- x %- x 0.5-inch blocks of "Teflon"¥, each containing a
cylindrical cavity 2 inches in diameter and 0.4 inch deep,
wlth a threaded filling passage leading from the cavity to

‘an edge of the block. A 2.5-inch-dlameter circular cation

exchange membrane, "Iocnac MC3142"*¥*, with two neoprene
gaskets, 1s placed between the two cavitles and the blocks are

T nAd rmadla LatlSW=N AT vrm A s Aot by A s
WUl WG LUED Cier. LIS VUJ.WUC U.J. VIS LAV L Ly Vil Cdid

the memprane is approximately 20 ml.

4
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In operation, 15 ml of solution ls placed in the cavity
on each side of the membrane, the threaded filling passages
are sealed, and the assembly, with the membrane 1n a vertlcal
plane, 1s rotated about an axls through the center of the
membrane and normal to 1ts surface, at ~120 rpm. This
continuocus rotation of the membrane agltates the solutions
and keeps the surfaces of the membrane contlinually in direct
contact wlth the homogenecus aqueous phases.

The Initlal device for rotating the assemblles can hold
the six asssemblies that have been constructed to date, and
can be operated only at room temperature. A new device will
permlt the equilibrations to be made in a constant tempera-
ture bath.

In preliminary tests to determine the 1lntegrity of
membranes, soluticns contalining 1M HClO4 wers placed an cne
slde of the membrgne end pure water was placed on the cother
slde. No detectable change in the pH of the water was found
after the assemblilies had been rotated for 2 hours. This test
demcnstrated that the membranes 41d not leak, and also that
the rate of transfer of anlons through the membranes was
extremely (and adequately) slow.

*Du Pont's trademark for 1ts fluorocarbon plastic.
**Trzdemark of Ionac Chemical Co,

II-22
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Measurements

Measnwements were made of the distribution of Na¥, caZ¥,

Mga , and La® * vetween solutiocns of perchloric acld of varying
concentrations. Perchloric acld was used because 1t does not
form complexes with the tesit catlons. The results of these
measurements agreed closely with theory. As described in the

followlng paragraphs, values of the charge on each of the
ions were r‘,‘:1(‘11?9+‘r--r‘1 from the ratioc between the concentration

il VIID Ll Gwdyd Lo uWio ol 140 wlsiical va aa

of the 1lon and that of hydrogen lon con either slde of the
membrane; dlscrepancles between the calculated values and the
known values can be attributed to differences among the
actlivity coefficlents of ions of different charge in medla
of the same lonle strength.

The measurementis were made by placing a solution of

1M HC1Cs on one side of the membrane, and a 0.01M solution
of the perchlorate salt of the test cation in varying con-
centrations of HC104 on the other side, in each of the six
membrane cells. The concentration of acid on the side
initially contalning the salt was usually between 0.01 and
0.1M. The assemblles were rotated for 20 hours at room
temperature, and the solutions were sampled and analyzed for
hydrogen 1on and for the test cation. The preliminary tests
‘Indicated that the half time for transfer of sodiun lon and
calelum ion was about 5 and 30 minutes, respectively;
20 hours was therefore selegted as an ample time for reaching

Li's PEE L= A =R Lo allllill

equilibrium.

Some teats were also made 1n which the salts were added
to the high acld slde of the membrane sc that eguilibrium
was approached from the opposite directlon. Substantially
the same end points were obtalned from the two types of tests.
The agreement showed that equllibrium had been established.

The results of the measurements are shown in the

following table. The first column 1n the table contains the
ratio, at equilibrium, of the concentration of the cation on
the high acld side of the membrane to that on the low acid
side. The second column contalns the corresponding ratio of
hydrogen lon concentrations. The third and fourth columns,
contaln the apparent charge z' and the quantity 8 (defined
in the following Equation 4), which 1s a measure of the
deviation.of the system from "ideality".
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When Equation 2 ig written in terms of_coﬁcentrations
1t becomes

- i -Z - =Z
]
r|1”er| _ IZk| |7 ()
C T IH Y
Ll e 1] - Yur
where v is the activity coefflcient of the respecilve lon.

t
Equation 3 can be rearranged to

Y S i

e/ el L"uz) [er]

The expression on the right of Equatlon 4 involving the
actlvity coefficilents 1s defined as p. If all the activity
coefficients were unity, or if VHZ/VC were constant for all
concentrations, 8 would be unity.

Equation 3 can be rearranged as follows

log (Cp/Cy)

log (H_/ HR/—)_HL = '(5)

. —t02 8
log (Hp/Hp)

in which z! 1s deflned as the apparent charge on the ion
derived from the ratic of concentrations. If B 1s close to
unity, z' will be nearly egual to the actual charge z. The
accuracy in the determination of z' will be greater for large
ratios of Hp/Hp than for ratlos close to unlty, because the

left sicde of Equation 5 becomes indetermlnate when this ratio
is unity. :

The data in the following table show that the values of-
z' are nearly equal to the known charges of the ions 1in
question. The variatlons in 3 wlth the lonlc strength of the
solutions is In the. directlon, and of the same order of
magnitude, indicated by the equaticn of Davles, Jones, and
Mork (T ror predlcting the activity coefrficients of lons In

LA -l hL billy, Gl L l-Aoilbha

solution. The agreement 1s not complete, and further measure-

ments are being made to develop a beitter correlation bhetween

8 and ilonle strength, after which measurements will be made

of the distributlion of other lons between solutlons contalning
varilous concentrations of perchloric acid. These lons will
tnclude Tn¥t, z2*t, a1, v0.?t, ar®T, and xF..

(7 ) v w ow T ot A T Memls e
‘7 ‘Davies, C. W., H. W, Jones, and C. B. Monk. Trans.
Faraday Soc. 48, 921 (1952).
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Distribution of Na™

Distribution of Ions between Solutions Contalning
Various Concentrationsg of Perchloric Acid

Diztributlon of Mge+

NaR/NaL‘-HR/HL

z 1

o s~

.95
.60
.56
.80
.27
.07

Distribution of caZ’

T.23
3.38
2.40
1.62
1.29
1.06

1.05
1.07
1.07
1.22
0.94
0.80

8 MgR/MgL HR/HL z! B
1.10 13,92  3%.23 2.24 1.33
1.07 7.47 2.50 2.19 1.20
1.07 4,66 2.05 2.1 1.11
1.11 b.5% 2,02 2,15 1,11
0.98% 2.83 1.66 2.09 1.0%
1.00 1.36 1.17 1.96 0.993

Distribution of La®t

CaR/CaL HR/HL

Tt

4= -2

| il AN

-57
.50
<27
41
55
.03

. 2.65
2.12
1.73
1.51
1.21
1.02

2.08
2.00

2.2

2.13
2.29
1.48

& LaR/LaL, HR/HL z! B
1.08 20,43 2.49 3,31 1,33
1.00 . 10.91 1.99  3.47 1.38
1.13 7.81 1.82  3.43 1.3%0
1.06 5.42 1.61 3.54 1.30
1.06 bo77r  1.56  3.51 1.26
0.99 3,46 1.43 0 3,48 1.18

1.95 1.20 3.66 1.13
1.26  1.06 3.81 1.06
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ION EXCHANGE MEMBRANE STUDIES

The development of a method for measuring the charge on
lons In golutlon by Donnan equilibrium across ion exchange
membranes was completed. The apparent lonic charge 1s calcu-
lated from the equilibrlum concentraticns of the icn on the

. opposlte sldes of the membrane and an activity coefficient

correctlon 1s then used to derive a more precise value.

The method was verifled by measurements of the distribu-
tlon of eight catlons of known charge between soluticns of
perchloric acld of different concentrations. The usefulness
of the method was then demonstrated by simllar measurements
with Ru{IV) in which the charge per ion was shown to be b+

rather than 2+.

The basls for the method and the experimental -

data are summarized 1in the fecllewing paragraphs. The experi-

mental technliqgue was described in the May report.

II-25
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Ion exchange membranes permlt the passage of only cations
or anions. When sclutions of a noncomplexing acid, such as
perchloric acld, are situated on cpposite sides of a catlon
exchange membrane and a cation C with charge Z is introduced

into the system the condltions for equilibrium are

Z+ +\{ 2
2 ) KE;;)_]
Z+) - ( +)
Q3L tf%ﬂj
where the quantities (CZ7) and (HV) dencte the activities of

the catlon and hydrogen lon respectively and the subscripts
R and L denote the respective sides of the membrane.

P
[
—

When written in terms of concentrations and rearranged,
Equation {1) becomes

A Z | Z
- b VI ) O 2)
B BT N YC =B H )
L L Hy R L

where the symbols C and H denote the concentrations of the
catlon and hydrogen lon respectively, Y denotes the activity
coefficlents, and B is defined as the product of the activity

oo VAV D e A o L P

Uﬁl LLCLESNT Terms.

Equation (2) can be rearranged as follows

10%-(0%/CL)
iog (HR/HL) =2+

log B

—log b
log (HR/HL)

in which Z' is defined as the apparent charge on the ion
derived from the ratlc of concentrations. Thus, Z' 1is equal

to Z when B 1s unity. The measurements described in the May
report indicated that the difference between Z' and Z 1s small
for singly charged lcns but increases suffilciently for larger
values of Z to require that corrections be made in applying

the method to highly charged lons. Such. corrections require

an estimatlon of the value of 8.

=z (3)

Values of B were estimated on the basis of assumptilons
that the activity coefficients ¥ of all-ions in dilute solutions
with lonic strength K less than 0.2M are functlons only of W
and Z, and that the value of ¥ for an ion of charge (Z > 1) is
equal to the 22 power of the value of 7y for an ion of charge

{(Z2 =1): .
z anJza - 1": (%)
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These assumptlons represent an approximatlon to the following
extended Debye-Huckel formula for the calculation of actlvity
coefficlents

. _2Z8 Vi
mEOE Y = T A du

in which the constants A and S are respectively dependent and
not dependent on the nature of the solute. Although the
assumption in Equation (4) that the constant A has the same
value for all ions in the same medium is not strletly valid,
1t 13 the least restrictlve assumptilion that can be applled to
a2ll lons. On the basls of these assumpiions

Ty -Z{z-1)
=2 (5)

On the basis of the assumption that vy is a functlion only
of lonic strength the value of vy 1s equal to that ¢f the mean
activity coefficlent vy of solute-free perchlorlc aclid at an
ionic strength equal to the total lonlc strength of the salt-
containing solutlon., As an over-all result of the foregoing
assumptions Equation (3) is rearranged to

(6)

CZ=2' + 2(2-1)

Under certaln conditicns a more simplified calculaticn
can be used. The activity coefficlent of perchlorlic acld was
found empirically to be related to concentratlon in solutlons

. whose lonlc strength i1s between 0.02 and 0.2 by the eguaticn

log ¥ = K log({HCl

in which K and B are constants and X = -0.055., Consequently,
4f the distribution measurements are made 1n the specifiled
region of ionic strength, and i1f the concentratlion of solute
1s sufficlently small that it does not affect the lonile
strength, Equation (6) is simplified to

7 =2 - 0.055 Z2(Z-1) | (7)




Measurements of the dlstribution of U0, SrZ, and A1°%%
were made by the procedure described In the May report. The
proc: ire was then modifled for measuring the distribution of
Th*" _nd Ru{IV), because of the extremely slow rate of
transfer of these lons through the membranes. In the modified
procedure the membranes were f{lrst Saturated with T™h*" or
Ru(IV) ion and the distribution was then determined by placlng
the saturated membrane between different concentrations of

perchloric acild and agitating the solutions. Equilibrium in-

these systems was cbtalned after 70 hours.

The results of all of the distribution measurements to
date are summarized in the followlng table. Each of the
results In the table 1s the average of at least four inde-
pendent measurements. The values of Z in the third column
were calculated from Equation (6) with the aid of literature -
values of activity coefficlents for perchloric acild; Equation (

S Ll LOC ERR Gl l LT ds Shle

would have given nearly as good agreement wlth theory.

The usefulness of the Donnan equilibrium method 1s
illustrated by the result for Ru(IV). Previous measurements
of lon exchange distributlon by other workers had indilcated
a charge of 2+ for the Ru(IV) ion, on the basis of which the
lon had been formulated as Ru0® . The value of 4+ obtained
in the present measurements, together wlth a newly determined

value of 14+ for the charge ner astom of ruthenivum* 4ndicaztes

¥ & v willcha K% MW [ESEVY -y S PFER i 1Y e e e e W W

that the Ru(IV) 1on exists as a tetramer in aqueous solutions.
The tetramer can be formulated as follows:

H0 20 H .0 H,0 ot
1

HO ~« Ru - 0 - Tu -0 ~Ru - 0 - Ru - OH
i | | .
OH OH OH - OH

This formulation is consistent with values of 4+ for the charge
per lon, l+ Tfor the charge per atom, and 4+ for the oxldation
gtate of ruthenium 1n the 1lon, but 1s not unique 1n that other
structures can be postulated that conform to ‘these values,

The development of the method for determining charges on
lons has been completed. Membrane equilibrium methods are
now belng developed for studying the formation of complex lons
in sclution. ’

* The determination of this value of 14 for the charge per
atom, whilch also differs from the values obtained by other
investigators, wlll be described in the October report.

Ir-28
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Determinatlion of Tonle Charge by Membrane Equilibrium

A 7z
Na* - 1.07 1.07 #0.06
Mg 2+ 2.1%  1.99 £0.05
ca®t 2,14 2,01 *0.0k
uoz* 2.16 2.05 %0,02
set 2,16 2.0 20,02
1a®t 3,54 3.02 +0,09
a1t 3,57  3.15 20.07
" §.50  3.95 £0.09
C Ru(IV) 4.76  4.05 20.08
II-29
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MEMBRANE EQUILIBRIUM STUDIES

Formation Constant for U0,80.

The techniques of Dennan equilibrium across lon exchange
membranes, which were developed for measuring the charges on

lons &8s describved in the October report, were applied to
determine the equilibrium constant for formatlicn of the uranyl

" sulfate complex, U0a80,:

V02T + 3027 === 00280,

The equilibyrium constant was found to be 296 6 at ioniec

strength b = 0.1 and 25°C when expressed in terms of concen-
trations, and 2500 150 when expressed in terms of activities.

Day and Powers have reported z value ¢f 76 for the eguilibrium
cocnstant for concentrations at p = 2,0 and 25° c and Ahrland
has reported a value of 50 at u = 1.0 and 20°C l’eJ. The
differences among the values are probably due to changes 1n
activity of the uranyl and sulfate ions with lonic strength.

Membrane équilibrations were made with the apparatus and

hnd 12
hnigques desceribed In the May and October reports. Each

ot

cation exchange membrane was saturated with uranyl lon and
then placed in a cell between 0.1M perchlorie acid and a mix-
ture of sulfurie and perchloric acids. The mixed soluticns

on the "sulfuric acid side" provided varicus concentrations

of sulfate ion at nearly constant lonic strength of 0.10;

this sulfate side 1s referred to as the "right" slde 1in the
remainder of this ltem. The membrane cells were rotated at
room temperature (~25°9C) for 20 hours and the soclution on
gach side was then analyzed for total acid, sulfate, and
uranyl lon. No more than 1% of the sulfate was %fransferred
through the membrane. The eguilibrium concentrations are
shown: 1n the followlng table, and are also shown in Figure 2.2
as the right-to-left ratio of uranium concentrations (UR/UL)
versus total sulfate concentration (SR)

(3)R, A. DPay, Jr. and R. M. Powers, J. Am. Chem. Soc. 76,

3895 (1954).
{2)5, anrland, Acta. Chem. Scand. 5, 1151 (1951).
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Concentrations at Equillbrium, M

j. . , : Uranium Total Acid Sulfate
: ' Uoi" and vo_so, k' and HSO] SO, 50°7, and 0,30,
' ot. Left Right Left Right Right
) 1 0.00248 0.00389 0.0954% 0.1023 ;0.00984
! 2 .00211 . 00165 L0965 L1103 ' T .01937
i ‘. 3 .00160  .00578  .0975  .1274 . © L03917
‘ i .C0L44  .c0625  .0984%  .1354 L0879
5 L00117  .00701 L0982 L1540 .0698
6 .000898 .00813 .0088 .1791 . L0967

10

N i Al ——— -
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Rotio of Urenfym Concentralions (UR/ULi

o [slar] .04 .06 Q.08 [eXle]
Total Sulfata (S5}, M

FIG. 2.2 DISTRIBUTION OF URANYL IONS
‘ Caleulation of equilibrium constants for this system 48’
; _ ’ complicated by the partial dissociation of the bilsulfate ion
so that three equillibria must be satisfled simultaneocusly:
HSO4 -_——— H + 804

+ -
VO, + 805 === 10,50,

e m A e

(025 )y [ ()T
(vos™), | (&),

The third expression defines the conditlons for Donnan mem-
brane equilibrium in terms of activities; the subseripts R
and L refer to the right (sulfate) and left sides of the
membrane. In all calculatlons the uranyl ion was assumed not
to be complexed by perchlorate, and perchloric acid was
agsumed to be completely disscciated, so that Ur, and Hy, are
equal to the concentrations of free uranyl and hydrogen ilons
on the left side of the membrane, which contalned no sulfate.

Bl L Pk b iy iy s e e o e e At e

g
®
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The czleculation of the eguilibriwn constant involved

\ the simultaneous satisfactlon of the following eguations.
. ‘ All fonic arid molecular formulas in parentheses refer o

concentrations of constituents on the sulfate side (R) of the
membrane unless otherwlse specified by the subseript L.
Equations 1 through 3 relate the measured guantities Sp, Hr,

and Ur to the concentrations of species in solution.

Equa-

tion 4 is the membrane equilibrium expression relating the
concentrations of U0ZT and H' on the rlght to those on the

Equatlon 5 expresses the acid dlssociation constant

of the bisulfate ilon; KAC is this constant in terms of concen-

|

1

|

!

5 :

! ' . left.
i

trations and KAA is in terms of activities. Equation 6 1is

the expression for calculating icnic strength.

Eguation 7 is

the Davies expression for caleculation of actlivity coefficlents

in dilute solutions'3),

Equations 8 and 9 are the expressions
for the formation constants of the uranyl sulfate complex, in

terms of concentrations and activities, respectively.

Sg = (HS0Z) + (S077) + (UOLSO,)

Hg = (H') + (HS0})

ug = (V021 + (U0,50,)

. . 2 I ]
(voz*y ~ Uy, |'Hg TUOEL
(5¥)%

2 Y Y
HL Hy, UOER

- -\ ok
¥a,HSO0] s (s0X7)(H")

KAC.

Yut+¥s02- (s0,)

ug = 3504247 = (57) + 3(005) + (8027)

ilog ¥y = 0.5 ?iaEfﬁ@%Tf”‘o'el% |

{(U0,80,)
(V03T ) (s037)
Ky

c
730, 'v0.

KUA‘ =

(3)y, ¢, Davies, H. W. Jones, and C. B. Monk,
Faraday Soec, 48, 921 (1952).

ans.
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The censtants hUC and KU were calculated by lteration

as follows. The lonic strength of all solutions on the right
was first assumed to be = 0.1, and the activity coefficlients
were calculated from Equation 7. The acld dissociation con-
stants of bisulfate lon mﬁ.) were then evaluated from the

value of KAA = 0.0L03 reported by Davies, Jones, and Monk{aj
and from the calculated values of the activity ccefficiente.
Ecuations 1 through 5 were then c¢nhblined to provide a cuble
equation in (H'), and the value/ thus obtained for (H+) was then
used for calculating the concenirations of all other ilons.
The lonic concentrations sc obtained were then substituted in
Equation 6 to obtain a new value of the ionic strength, and
the entire procedure was repeated. Only one lteration was
neceszary to obtaln conslstent values of the concentrations.
The resulis of thegse caleulations then gave the quantities
required for calculating the formation constants KU and KUA
from Equations 8 and 9.

The results of the calculations are summarized in the
following table, which shows the ionlc strength of the solu-
tions, the concentrations and the activity coefficlents of
the pertinent lons, and the calculated values of KUC and KUA'

The activity coefficlent of the uncharged complex U050,
was assumed to be unity . .in all cases. The average .of the
values for KUC 18 296 t6, and that for KUA is 2500 $150.

The results of the {irst experiment were excluded from the
averages becduse the data were known to be less precise than
those of the other experiments,

Formation of Uranyl Sulfate

Eguilibrium Concentrations of Species Formatlon.

Calculated Values on Right Side of Membrane, M Constants

Expt. by 7303700, U053 x10°  U0230,x10%° 5027x10° f&ﬂl .jiﬁi
i 0.105  0.357 2.54 1.55 1.96 271 2130
‘2 .107 .355 2.18 2,47 3.87 293 . 2330
3 L113 348 1.73 L, 05 8.00 293 2420
4 L115 L339 1.58 Y 9.82 301 2530

5 .121 350 1.35 5.66 14%.%9 289 2490
& L130 333 1.16 6.97 19.99 . 303 2750

The values of Ky, vary only within 2%. Those of X vary
Uo ‘ Ua Yy

within &%, and generally increase wlth increasing lonic
strength. This increase may be due to limitation of the

IT-20
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accuracy of estimation of activity coefficlents by Eguation T,
or to lack of coisideration of the formation of higher sulfate
complexes of UOS™.

Further experiments are planned, in which the uranium
will ‘conalst of U®33 at tracer concentration. This technique
will simplify the calculations greatly because the presence
of uranyl lon in tracer concentration will not affect the
concentration of sulfate, and willi allow an estimation to be
made of the feormation constants of the higher sulfate com-
plexes. To permit the larger variation of sulfate concen-
tration that will be necessary to observe the effect of the
nigher sulfate complexes, the distribution of Uo§+ will be
measured between sodlum sulfate-bisulfate mixtures and
sodium perchlprate-perchloric acld mixtures.

BYTHLY PUARSTIYR A et Ay
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MEMBRANE EQUILIBRIUM STUDIES

In continuing study to determine the equilibrium constant
for formation of the uranyl sulfate complex (G0.80,.) by
measuring equilibria across lon exchange membranes, a technlque ;
was developed that permits the simultaneous determination of the’
concentration of free sulfate lons as well as the desired

equiliibriuvm constant.

The membrane equilibrium method for determining the
formatlion constant requires knowledge of the concentration

of free sulfate lons as well as of the distribution ratio of
uranyl ion between solutions of perchloric and sulfurle aclds.
In the method thet was used previously to obtaln these concen-.
trations, as described in the October report, the equililibrium
quotient (the equilibrium constant éxpressed in terms of

goncentrations and denoted as KAC in the October report) was

calculated from the accepted literature value of the equilibrium

‘constant for the dissociation of bisulfate fon, K = 0.010%2,
and from the Davies egquatlon for the estimation of actlvity

coefliclients

“log ¥ = Z% [%{%f%% - 0.2 u] -(15 : ;

12ig . N, Parkins and R. Ush ,‘“The Effect of Nitrate

er
[ I, B o ——t i~ AR ]
Solutions in Producing Stress~Corrogion Cracking In .

Mild Steel", First International Congress on Metallice
Corrosion, pp. 269-295, Butterworths (Londen) 1961.

II-16 .
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The arbitrary nature of Equation 1 suggested that the

equilibrium quotient at concentrations as high as 0.05 molar,

and hence the value K = 0,0102, might be seriously 1n error.

The new method eliminates the previocus uncertainties in the
concentrations of the sulfate ion, and simplifies substantially

‘the over-all calculation.

The newly developed method consists of measuring
gimultaneously the distribution at tracer concentrations,
both of uranyl 1lons (U%°®)} and sodium ions (Na®?), between
solutions of varlous concentrations of perchloric acid on
one side (L) of the membranes and sulfuric acid on the other
side (R). The conditions for equilibrium across a cation
exchange membrane requlre that

iy _ ‘(Na)R (H+)R -VHﬁ -VNaL (2)
N}, T 4 Y Yoin ¢
L (H )L i HL L NMR
(voz*), [(Na)RIEFVNaR'E[WUOEL] o)
=F :
- (vog )L LV | e L Y002, |

Knowledge of the distribution of sodium ions between the
solutlons on the two sides therefore permits the calculatlon
of the concentrations 0of free hydrogen lons (H+)R and uranyl
ions (UO2 Jr in the sulfuric acid solutions. Two assumptions
are involved (1) perchloric acid and uranyl perchlorate are

agsumed to be completely dissociated, and (2) the ratios of
actlvity coefficlents Iin Equatlons 2 and 3 are assumed to

(PRI R R e R e A Y S A d v AU (SRR HICERF S e

be unlty. DBoth assumptlons can be shown to be nearly valld
Tor scdlum and hydrogen lons abt lonic strength £0.1. The
{irst assumpbtlon 15 reasonable alsc for uranyl ion; the
condltlons under which the second assumption 1s valild for
uranyl lon are somewhat compllcated and will be dlscussed in
detail in a future report. '

The remainder of this ltem 18 concerned with the
determination of a more accurate value of the equllibrium
constant K for the dlssociation of blsulfate lon. : i

Sulfuric acld dissocciates in two steps :

HSO; == H + 803~ (5)
II-17




The first step is assumed to be complete, The concentration
of each constituent 1n an agueous solution of sulfuric acld
may be obtalned from the following equatlons:
) N o ‘
(H), = (%) + (HS0,) (6)

(8), = (HS0%) + (s037) A
L )y | ,
()5 = ey, IO N @

1

where (H)y = total acid concentration, determined by

titratlion to phenolphthalein end polnt
(S)e

il

total sulfate concentration, determined
analytically .

+)R = concentratlion of free hydrogen ion in
sulfuric acid

(K

perchloric acid on
membrane

(47); = concentration o
opposite slde o

by

Tre pesults of measurements of the equilibrium quotilent
@ for dissoclatlon of HSOZ in solutlons of HpS0, between 0.1
and 0.005M are shown in the following table. .The quantitles
in the first four columns are deflned in the preceding o
. {(EF)(s0Z )
Q 1s calculated from the equatlon Q = (150, )
and @ 1s the degree (or fraction) of HSO; dlssocilated,

paragraph.

Measurements of DiSsoclation of HSOL
by Membrass, Equilibrium
Y

8y,  (®), (), (e .
0.09%7 ©.1951  0.101% 1.24 0.047%  0.270
0.0489 ©.0965  0.04gk 1.311 0.0353% 0,352
C¢.04%99  ©.088¢  0.0710 0.930 0.0368  0.358
0.0512, ©.1029 0.0926 0.739 0.0333 0.327
0.0246  0.0471  0.0241 1.419 0.0312 0.477
0.0250 0.0486 0.0379 0.925 0.0292 0.455
0.0254%  0.04%3%  0.04%65 0.761 0.0288 0.449
0.00982 0.01949 0.01040 1.523 0.0268 0.630
0.00990 0.01669 0.01432 1.0%9 0.0227 0.595
0.01000 0.02043 0.01965 0.815 0.0203 0.559
0.00499 0.00992 0.0052%  1.638 0.0231 0.725
0.00503 0.01002 0.00760 1.133% 0.0221 0.721

0.00978 0.877 0.0189 0.&87

0.00513 0©.01018
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le (S0§7) divided by the molality M. In the reglon of
concentratlions used in the measurements, the molality is
virtually equal to the molarity.

Only a single membrane equilibrium was measured ab

T—T -
0.1M Hz50,; while three measurements wlsh different concen-

trations of perchloric acid were made at each other
concentration of HpS0,. The agreement arong each set of
three measurements shows that the method is internally

conslstent and thait the assumpti ns involved in Lts use are
valid. %\\hwj

The degree of dissoclation, ¢, determlned by the membrane

gullibrium method 1a compared in tne following takble wilth
val‘es obtalned by Kerker!! from conductivity measurements
and by Young{z) from Raman spectra. In this comparison the.
most reliable membrane value of a 1s used (ie the value for
which the (Na)r/(Na)y ratilo of sodium concentrations 1is
closest to unity)}. The agreement among the three methods 1is
quite good; the Raman spectra provide the least precise values
in the reglon of concentration covered. Although fhe results
obtalned by membrane measurements are slightly higher than
those obtalned by conductilvity measurements the agreement
provides ample validation of the membrane method. Discrepanciles
at the lowest concentratlions appear to be attributable to lack
of attainment of equilibrium. '

Comparison wilth Other. Methods

" Degree of Dissoclation, a, of HSOZ

32804, Membrane Raman
M ‘Eguilivrium Conductivity Spectra
0.10 - 0.270 0.266 0.32
0.050 0.358 0.336 0.34
0.025 0.455 o7

0.010  0.595 0.503(%)

0.005 = 0.721 0.667

(a) HaS0, = 0.0125M

{3)M. Kerker, J. Am. Chem. Soc. 79, 3664 (1957).

‘2lp F. Young, et al. "Raman Spectrel Investigations", The
Structure of FElectrolytic Sclutions, W. J. Hamer, Editor,
pP. 35, John Wiley and Sons, New York (1959).
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Calculation of the eguilibrium constant K for bisulfate
dissociation from the equilibrium gquotlents Q requires

-30]

kxnowledge of the actlvity coefficients ¥y of the ifonie specles.

The activity coefficients are usually obtalned by some
assumption such as Eguation 1 or by choosing some arblitrary
value for the distance parameter D 1n the more preclse
modified Debye-Huckel equation

-iog Yy = —_f'%———ﬁg: e
where i o= lonic strength
Yy o= activity coefficlent of ion
Zi = charge of 1lon

The speclfication of a numerical value for D was obvlated
however, by making use of literature values of actlvity data

¥ en et st 2 A
for sulfurle acid, as follows

Activity data for sulfuric acid were combined with

measured values of the degree of disscclation o of blsulfate

ion to calculate the true equillibrium constant. The
equilibrium constant In fterms of activities 1s

A A, 2~
7‘+ S .
K = —— 50s (10)
"Hs07

and the stoichlometric activity Az of sulfurle acld, measured-

potentliometrically, 1is

- o
Az = Ay Agp2- | (21)

Equations 10 and 11 can be combined to glve

K N 2
. T ALy Baan- - (12)
Ht “HSO,

Eguations 10 and 12 can each be wrltten In terms of the
stoichlometric molality M of sulfurlec acld, the degree of
dissoclation ¢ of the bisulfate 1lon, and the activity

. coefficlents Y4 of the several specles

Y+ Yapn®~ _
< = Mo (L+ca) H+ 303 (101)

1-o YHS0]

II-20
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AW
[

A 1
K = 2 12!
M2 (14a) (1-a) Yi+ Yhso™ ‘ ( )
4

Equations 10' and 12' can now be combined and wrliten in terms
of’ the stoichiometric mean activity coefficilent Y4, because by
definition

|

Ar = Mg

The foregoling operations yield the following equatiéns

3

4?1

2 P s
Yh+ Y5027 T G(14a) 2 - (12)

3
1 kM Yt

pre sto; =X (IT+a) (2-a) (1%)

Division of the cube root of Equaticn 13 by Equation 14,
followed by solution for K, produces the following working
ecuatlon

] e |31 1 Ys502”
K= J16 my2 <
+ - -
[l+a Lo | Ve Yasos

G

(15) :

A1l terms on the right of Equation 15, except for the final
guotlent of activity coefficlents, are experimental gquantlties.
IT the activity coefflecients obey Equatlon 9 with any single
{although unknown) value of the distance parameter D,

: 4 e

Y5027 = i+ = Yhso; (16)
and the final qguotient of Ys values 1n Egquation 15 becomes )
unity. This condltion 1s usually satisfied by most

electrolytes for concentrations 0.1M.

Equaticon 15 was applied to the membrane equilibrium data
in the table on page II-18, in conjunction with tabulated values
of v,!%}, The calculational results are shown in the following

table. (The value of « at 0.02M Ho80, was interpolated.)

{3}y, S. Harned and B. B. Owen, The Phvsical Chemistry of
Electrolytic Solutions, Third Ed. p. 576, Reinhold
.Publishing Co., New York (1958).
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Egullibrium Constant for Diésociation of HS0,

HzPS‘qu;:' 3 Y, -

0.005 0.721 0.639 0.0137
.01 .5565 .54 L0132
.02 L4188 453 L0139
.05 . 358 L340 L0144

.10 . 270 . 265 L0144

The average values of the bisulfate dissoclation constant
K obtained in this manner is 0.01329 £0.0005, which 1s
considerably higher than the value 0.0102 that 1s generally
accepted. The dlssocilatlion data obtained from Raman spectra
and conductivity experiments would also lead to values of K
considerably higher than 0.0102 if the data were treated
similarly. The results at present, therefore, indlcate
elther that the value 0.0102 is too low, probably bhecause
improper values of actlvity coefflelents were used to obtaln
it, or that the literature.values for 7; are not wvalld.

Membrane equilibrium measurements of the formation
constant of uranyl sulfate are now beilng made at several
temperatures, wlth use of the foregolng methods for
determining the concentration of sulfate and free uranyl
ions in the solutions.
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MEMERANE EQUILIERIUM STUDIES

i baipte s baenn eSS

In continuing study to determine the equilibrium constant
for formation of the uranyl sulfate complex

UOET + 805~ = V0280, | ) (1)

by measuring equilibrium conditions across lon éxchange mem-
branes, the technique described in the December report was used
at 25, 35, and 50°C, and at several values of lonic strength.
As expected, the equllibrium concentration quotient ¢ varles
considerably with iondc strength; but the equilibrium ratic K
of activities calculated with the Debye~-Huckel eguatlon is
falrly constant at a given temperature. Average values of K
were found to be 1710 at 25°C, 2330 at 35°C, and 3510 at 50°C.
From these data the enthalpy change, AH, for Reactlon 1 was
calculated to be +5.48 kcal/mol,

In the membrane equilibrium method, simultaneous measurec-
ments are made of the distribution at tracer concentrations
of y=ss uranyl ions and of Na®Z lons, between sclutions of
various concentrations of perchloric acid on one side (L) of
a membrane of c¢catlon exchange resin, and solutiocns of sulfuric

- 70 -
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aeid or of a mixture of sulfuric acid and sodium bisulfate on
the other side (R) of the membrane. The concentration of
uncomplexed sulfate ion 1s derived from analyses of the solu-
tions and the R/L ratio of Na®® activitles, as deseribed in
the December report. The concentration.of uncomplexed uranyl
ion in the sulfate solution (UO§+)R 15 given by the equation

(wozt), [(wa), |7 [Txa
(VoZ™), ~ [ (ma),

2rvy..
R UOEL

b Y )
NaL UOaR

I’ the same value of lonlec strength 1s maintalned on both
sldes of the membrane, the actlvity coefficients are equal

so that thelr retic 1s unity. If the values of ionle strength
are not identical, a correction for actlvity coefficlents can
be applied. Although such corrections will not exceed ~12%
for values of ionic strength between 0.1 and. 0.2, maintenance
of uniform ionic strength is preferred.

Two successive reactlons of uranyl lon with sulfate ion
can be represented zs follows. The third analogous reaction,
and pogsibly additional successive reactlons, may also occur.

U03Y + 5037 = U02804
UOESO.; + SOi- = [UOE(SO‘E)E]E‘—
[U02(S04)2]1%" + 805~ = [U02(50,)s}%"

The totai'uranyl'concentration on the sulfate side of the
membrane (UOE)R 1s the sum of the concentratlons of its
various apecles,

(U0z)g = (UOE¥)g + V0280, + [U02(804)21% + oo (3)

When Equation 3 1s written in terms of measurable guantitles
and equilibrium quotients Qi, Qz, ..., 1t becomes

(U0z)y = (UQ§+)R[1 + Qu(S0;) + Q:Qa(804)% + .01 (¥)

where (UO§+) 1s the concentration of uncomplexed uranyl ion
in the sulfate solution., Also, (U0z) = (UO§+)L because none
of the uranyl lon is complexed in the perchloric acld. If
Equation 4 1s combined with Equation 2 and the quantlty R 1is
defined as : .

(voz)g | [ (M), |2
ol (U02)1,{ | (Na)g (5)

- Tl -
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1t follows that

R-1
(804)

= Ql + Q_‘LQQ(SO‘L) + LI ) (6)

If only the first complex, U0=S0,, is formed, the quantity
on the left of Equation 6 will be constant (simply Qi) at
constant lonlc strength; varlation of this guantity with
changes 1n concentration of sulfate, however, will imply the
formation of higher complexes. In the measurements to date
Qi is the only equilibrium quotient that need be consldered
because the measurements have been made at low concentrations

FLENPT i P S
01 Bu.Li&Te.

The equilibrium actlvity constant K is related to Q by
the following equation; the actlvlity coefficlent for the
complex Ul2SO, 1s assumed to be unity:

Q

o= —
RETPRETH

(7)

Activity coefficlents for (UOz) and (S0.) can be estimated
from the Debye-~Huckel equation
ZiA Viz

-log ¥, = T (8)
i 1+ 8B J )

wnere A and B are known constants at glven temperature(l) and
& 1s the adjustable "distance” or "ion size" parameter.

The results of membrane equilibrium measurements between
mixtures of sodium bisulfate — sulfurlec acid and mixtures of
godlum perchlorate — perchloric acid are summarized in the
following table. In these measurements the ratios of acid to
salt were varied, but the total concentration of perchlorate
ion and that of sulfate (SO~ + HSO,) lons were each constant.

. The varlatlon in concentration of uncomplexed sulfate (S0%7)

is caused by the variation in.acidity.

Values of K were calculated from the values of Q with
Equations 7 and 8, with a value of & = 5 for the silze
parameter in Equation 8; this value for & yielded the best
agreement between the membrane equilibrium results a2t p = 0.1
to 0.2 and potentiometric results (2} rublished for p = 1.

The only membrane measurement that seems to be anomalous 1s

(*)Robinson, R. A. and R. H. Stokes. Electrolyte Solutions.
p. 491, Butterworths, London (1955).

‘2)pnriand, S. Acta, Chem. Scand. 6, 1151 (1951).
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that for the highest icnilc strength, w = 0.2, which was
omitted from the wverage value; formation of the second com-
plex mey be significant at this higher ionic strength.

Formation Constants for U080,
in Mixtures of H.S0, and NaHSO, at 25°C
Membrane Equilibrium

e et am ————— o
- ————
I_J

R-1
W (Na)g/(Na),  (U02)p/(U0a)p  (50.) Y (s0.) K
0.1%9 1.215 9. 064 0.0272 189 1730
0.1556 1.267 10.31 0.0307 i77 1680
0.166 1.318 12,67 0. 0554 178 1750
0.172 1.356 14,34 0.0395 172 1740
0.189 1,442 17.36 C.0L7T 154 1700
avg 1720
0.207 1.554 2 lg 0.0564 167 2000

Meagurements at wildely differing values of ionic strength
and temperatures are summarlized in the following table. The
measurements were made with HC10, (but without NaClO,) on one
gside of the membrane and with HzS80, (wlthout NaHS0,) on the
other side. The published potentiometric result for 4 = 1 1s
" inecluded. The measurements at 25°C were extended to very low
fonic strength; the results for the two most dilute systems ’
have quite limifed reliabllity because of experimental Giffl-
culties. Thne values for K were calculated from values for Q
in the manner described for the data in the preceding table.

Formation Constants for U0.S04
___ Membrane Equilibrium

43 Q K KAVE
25°C |
1.00(8)  s0l@)  17uo
0.149 189 1730
0.08L4 2gi 1850 1700
0.046 34D 1520
0.022 525 1490
] . 0,010 £50 1400
35°C
0.156 254 2500
- 0.086 331 2150 2330
50°C
0.152 350 3580
0.078% 525 3440} 3510

(a) Published data, Reference 2

_73_
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The logarlthms of the three experimental values for K are
plotted sgailnst 1/T in Flgure 25. The slope of (-1.20 %,01) x 10°
corresponds to an enthalpy of formation for the reactlion,

AH = +5,48 keal/mol.

36
Slope = -1.20 x 103
\0\(/ s BH
2.303R
3.5
F N
(w] .
o 4
L
3.3
32 300 3,20 3,30 3.40
1000 /T, °K

FIG. 25 TEMPERATURE DEPENDENCE OF K
V0,2*+50,27 = U050,

Experiments are in progress to lnerease the relliability
of measurements at low lonlc strength so that the value of the
glze parameter & can be defined more accurately for ilmproved
calculations of K. The measurements will be extended to higher
concentraticons of gulfate to determine the effects of formation
of the second sulfate complex [U02(S0,)21%".
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MEMBRANE EQULILIBRIUM STUDIES

Study of the equllibrium constant for formation of the
uranyl sulfate complex

03" + 8027 = V0230, (1)

by measuring equilibrium conditicons aciross lon exchange
membranes was continued. The methods described In the Febru-
ary report were extended to measurements wilith solutlons of
lower lonle strength. This was done to obtalin an ecatimate

of the 1lon size parameter, 5, in the Debyl-Huckel equation

80 that the equllibrium quotlents could be extrapolated more
reliably to infinite dilutlon.

The value a = 8,22 A providés the best fit of the Debye-
Huckel equation to the new data. With thils value for g,
average values of K were calculated to be 1510 at 25°C, 2080
at 35°C, and 2860 at 50°C. These valyes arg slightly lower
than.those that were calculated with a =5 A and summarlzed
in the February report. The value of the enthalpy change,

AH, for Reaction 1 was calculated to be +4.88 kecal/mol on
+=ha heoada AP $he maw vyaliios ffAar s +ho v

LS VRadde Vi LIS LI VAL UuTw LWL Uiy the vaiu

Tebruary was +5.48 kcal/mol.

The technlques used with the more dilute solutlons were
easentlally the same as theose described in the February report,
with two basic modifications to improve accuracy and sensi-
tivity:

233

1. The tTracer cconcentrations of U and Na®® were

orbed by the membrane before the egulilibrations were made.
ilibrium was attained in 5 to & hours rather than the

20 hours required previously, and the amounts of water and
sulfate transported during equilibration were reduced signif-
icantly. Thusg, the solutions on opposite sides of the membrane
were kept more easily at constant ionic strength, a conditicn
that 18 required for accurate calculation of the equilibvrium
constants. Reduction of the sulfate transport to a negligibie

amount removed the necessity for makling correctlons.

- L.
apbs
Equ

2. The tracer concentration of U 3% was increased by a
factor of 5. This increase permitted relizble values of Q,
the eqguilibrium guctient in terms of concentration, to be
obtalned at lonlc strength as low as 0.01. Attempts to
determine the quotlent at even lower concentrations were not
successful because of lnadequate uranlum in tThe agueous phases.

- 63 -
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The values of the equilibrium constants determined at
various values of ionlc sirengths at 25, 35, and 50°C are shown
in the followlng table. The succeasive columns show the lonic
strength, W: the equilibrium quotient in terms of concentra-
tiong, Q; ard the equlliibrium constants in terms of activity,
X, whleh are calculated from Q by means of the Debye—Huckel
equation with 2 = 8.22 A,

Formation Constants for U0280,
Membrane Equilibrium

W Q K kavg ‘
25°¢ S
0.0123 710 1580
. 0220 540 1450
L0224 535 1450 .
L0394 i 1500 1510
L0382 455 1510
. 0809 330 1450 '
. 1397 275 1570
2500 '
0.0113 956 2100
.0120 916 2060
. 0205 695 1860 _
. 0206 817 2190
o358 629 2080 2080
L0363 . 585 1940
L0732 499 2210
L1336 379 2160
50°¢

0.0107 1242 2630
L0181 1166 3080 .
L0311 935 3010 2860
. 0675 692 = 3080}
L1260 Lo 2510

- 64 -
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Calculations of @ from the distridution of U222 and Na??
were made in the manner described in the February repcrt.
The ion gize parameter was calculated by 1lteratlon on the
basls of the following relationships.

"log Q = log K + 1o ¥ 2
{ log Q g ‘ E Yyo,"s0, (2)
log v, Vo, = —omdi- ()
U02730s 1 4+ gBWa _
g = a, + 6 _ (%)

where _ ’
i~ =]
&, = arbltrary value assumed for a

8 = correction term, assumed to be small

if Equations 2, 3, and 4 are comblned, the following is
& first order approximation to the resulting equation:

02 Q + __ﬁELEC:~?=_= log X +.§l G(u“§£:£;;7=) (5)
L T dgb¥H OA VMo B.DONE/

A graph of Equation 5 ylelds a slope from which & can be ‘
calculated. A betier approximation to & can then be obtained
from Equation 4 and the process can be repeated until &

becomes: zero. With the present data and an initial cholce of.
8, = 5, only two iterations were regulred.

A new value for the enthalpy change, AH, of Reaction 1
was caleculated from the average values of K at 25, 35, and

50°C from a plot of log K vs %, The new value 1s +4,88
compared with +5.48 keal/mol reported in February. The
difference is due largely to the different value of a,

Experiments are in progress to measure the equilibrium
constants at higher lonic strength (~1M} so as to define the
limlts of applicability of the membrane technique and to find
evidence for the existence of uug\oué}g.‘ Flans have zlso
been made to study. the complexing between uranyl ion and
other ligands such as oxalate and EDTA.

- 65 -
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MEMBRANE EQUILIBRIUM STUDIES

Determinations of the equilllbrium quctients for forma-,
tion of uranyl sulfate complexes by measuring equilibrium
condlticns across lon exchange membranes wepe concluded.

The methods describved in the February and Aprll reports were
extended to solutlons of higher lonic strength and lower
acldity, in whlch the equilibrium quotlents for both the

first and second Lranyl sulfate complexes could be measursad:
UG2Y + 3037 = U0,30s , (1)
UOo504 + 805~ = [U0.(804)2]1°" (2)

The fellowing equilibrium guotlents in fterms of concentra-
tion for the fnvpaniﬂw reactlions were measured:

vt AR P = [ P v Qomd whas

Temp, °C Q, Qs
25.0 155 654
34,2 182 1280
47,8 2%7 2480

The corresponding calculated enthalples of reactlion are:
AH; = +%.58 kcal/mol
AH: = +11.0 keal/mol

‘The equilibrium quotilents were determined by measuring
the distribution of U®®® and Na®® between a solutlon of
0.3M NaCl0: cn cne side of the membrane and & nmlxed =clution
of NaCl0s and NaSCs on the other side. The composition of
the mixture was varled through several sulfate concentratilons
between 0.02 and C.1M with the ionlc strength malntained at
0.3 1n all cases. A small concentration of acid (~0.001M
] HC104) was alsc added to each cell to prevent the hydrolysis
of uranyl lon. The technlgues of the measurements were
descrlbed In the Pebruary and Aprll reports, excepﬁ that
"Amfion"* C-10% catlon membranes were used because they werpe
found teo Te more permeagble to cations and less permeahle to !
anlons than the membranes that were used in previous measure-
ments. -

The equllibriun quotlents were calculated by the method
described 1In the February report, in which the following
equation was shown to be valid at constant lonle strength 1
two complexes are formed

R~

{30

3 =.Q1 + Qa(S04) . , (3)

where R = (UR/UL)(NaL/N&R)E

I

and the subscripts R and L designzic, respectively, the side

* "amflon!' is a trademark .of American Machlne & Foundry Co.
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. Effect of Channel Thickness on Attainment of Steady State

Measurements of the rate of approach to steady state were
made with two channel thicknesses, The feed solution channels
are 63 mils thick in both cases; the stripping solution channel
1s 63 mils thick in one case, 15 mils in the other. Each channel
is 36 inches long and 0,5 inch wide. The apparatus contains five
pairs of channels in series. The membranes are "AMFion"* €103-C;
the total exposed area is 90 in2,

All measurements were made with feed containing 0,01M
U0, (NOz ), and with stripping solution contalning 2M HNOsz. The
feed flow was 6 ml/min; the strip flow, 0.090 ml/min, The feed
streams were agitated with thirty 5-ml pulses per minute.

The concentrations of uranium in the product streams as
functlons of time are shown in Figure 18. The concentration

drmmman s TS s e 2 AVer wvod kil 4l A TE_w»w1 7 mdrmdmrnd e A ArveAT Thanmia =1
Ll lTCaAaoTo HNWVI T J.Cl.k).l-.u..L.]f W Lild Wwlis L JTdlAL L Rk J-bILJJ--l-lE N LICQL ARl it MOw UL
of the reduced volume of the thin channel, After 22 hours the

steady-state concentration was 0,347M with the thin channel and

0,280M with the thick channel,

0.3 : : -

.
i T
Stripping Channel

Thickness,

o
o
|

3=

o

o
-+

Uranium in Product Solution, M
T

o . | ! ; } s L . .
o] llo]e) 200 300 400 500
Dialysis Time, minutes

FIG. 18 CONCENTRATION OF UOZ" BY DIALYSIS

* Trademark of the American Machine and Foundry Company.
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Thick Channel Separatcr with Pulsing
Feed 0.01M U0, (NCa)s

Flow {Gp), Uranium Content
m1/{min) (100 cm?) Raffinate (Pg), % of feed Product,
Feed Product o Observed Calculated M

me=————== Stripping solution 2M HNO, =—=————

0.689 0,02395 1.8 1.08 2,20 0.253
L0296 1.88 0,67 0.58 .229
.0302 2,00 0.54 0,46 .220
0.862 0,0258 1.5 2.72 4,05 0.317
,0295 1,6k 2.35 2.56 .283
.0353 2.0 1.25 1.32 .25%
L0455 3.0 0.75 0,74 .191
L0582 4.0 0.50 0.66 . 149
1.38 0.0358 1.50 11.9 11.8 0.34%8
NelPin} 2.0 8.47 6.75 .290
L0643 3.0 4.65 5.05 .205
1.72 ©0.0396 1.45 22.3 19.0 0,349
L0544 2,00 14,9 11.8 ,288
L0710 1.90 11.5 12.4 222
Stripping solution 3M HNOs
0,862 0,0142 1.50 b0l L_oos 0.372
L0283 1.80 1.70 1.79 281
.0308 2,00 1,28 1.32 282
L0360 2,75 0.75 0.80 211
.0h3i 3,00 0.56 0.74 .200
.0532 4.2 0.57 0.64 L1162
1,033 0.0255 1.50 7.0C 6.20 0.399
L0277 1.63 4,30 k.53 .323
.0350 2.00 2.22 2.68 276
.0k26 2.53 1.80 1.75 .233
ol¥] 3.00 1.45 1.72 .219
.OUB6 3.43 1,62 1.62 .210
L0517 4,00 1,45 1.55 200
1.38 0.0308 1,50 11.8 11.8 0.402
L0358 1,82 8.63 7.85 .32
.0391 2.00 7.33 6.73 .331
L0458 2.,8c 6.61 5.27 .283
LoL7Y 3.00 6.34 5.12 273
.05596 3.30 4,7k L.95 224
, 0662 4,00 L i3 4,75 .200
-1J-
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Effect of Other Operating Condltions on the
Concentration of Uranium

Tests were made of the effects, on uranium concentration and
yield, of (1) the concentration of acid in the stripping solution,
(2) the flow rate of the feed, and (3) the parameter

CoBo

aﬂ
2Upep
where Cg, gy = HNOz concentration and flow of stripping solution

Up, gp = U02(NOs)> concentration and flow of feed solution

The tests were made with 63-mll feed channels and 15-mil
strip channels; the total membrane area was 90 in®. The feed
flow was agitated with thirty 5-ml pulses per minute, The feed
contalned 0,01M UO,(NOs)az; the stripping solution, either 2 or 3M
HNOs. All tests were continued to steady state,

those obtained previously (June 1965 report, p 52). Both the
concentration of uranium in the product stream and the loss to
the raffinate lncrease with decreasing o and lncreasing feed
flow, (The product concentrations were higher and the raffinate
losses were lower than in the 1965 tests.) Also, for the same a
and feed flow the uranium precduct was more concentrated when 3M
HNO; was used in the stripping solution, but the loss to the
raffinate was virtually independent of the acid in the strip,

At constant feed flow, an lncrease in a decreased the loss
of uranium to the raffinate, to a constant value that depended
on the feed flow. The loss of uranium to the raffinate, Pr, 18
represented by the empirically derived equation
4,71 5.23

+ YN (1)

Gp G~ "a

where Gp = flow, ml/(min}(100 em® membrane)

lIn Pp = 4 92 -

The calculated values of Pgp in the preceding table were obtalned
with this equation. The feed flow in this equatlon and in the
table are normalized to unit area of membrane,

Concentration Without Pulsing

The indicatlon from previcus work that pulsing of the feed
flow is necessary implies that the rate-determining step in
membrane separators 1s lon diffusion to the membrane surface
rather than through the membrane, Agltation might therefore be
eliminated if the diffusion rate within the feed solution could

be increased.
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Diffusion within a channel is visualized best with an ideal-
ized model, with channel length L, width W, and thickness £. One
side of the channel is impervious tc solute and the other side --
the membrane -~ i1s so permeable that the concentration of solute
at the surface is zero. Feed solution enters the flow channel
with uniform concentration Co. As it moves along the membrane,

a concentration gradient develeops across the channel., If the
flow is independent of the distance from the walls and no diffu-
sion occurs in the direction of flow, then the distribution of
solute within the channel at any distance ¥y is the same as in a
static solution after the time t that is required for the flowing
solution to reach y. For the large values of the parameter Dt/4%

fo¥ Tembrane separators, the average concentration C in the channel
. 1)
is Ei Dt
- 8 T4 g2
C = CO por- S (2)
where D = diffusion coefficient, cm®/sec

The time requlred for the solution to traverse the length L of the
channel is

t = L/v (3)

and the linear velocity v (cm/min) is related to the volumetric
veloeity g (ml/min) by

g = LWv (&)

By combination of Equations 2, 3, and 4

= DA P
T8 _Tfé (5)
Cq a2 ¢
where A = total membrane area (IW)
C/C, = fractional loss to raffinate

The only unknown gqueantity is the diffusion coefficient, D,

Thre

- X ol
iree tests were made

sty w to determine the validity of

Equation 5. A solution of 0,.01M UO,(NOs). was fed into the
63-mil channel (1,6 mm) at various flows, and the 3M HNOs strip-
ping sclution was fed at flows sufficiently high to give large
values of a. These conditions approached those requilred by the
model -- to provide the largest possible exchange of UO§+ through

the membrane. The streams were not pulsed.

(1} 3. carslaw and J, C. Jaeger, Conduction of Heat in Solids,
2nd Ed., p 97.
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L

=7 -



!.!

DPST-65-301
-88-

T

The results of these tests are shown in the following table.
In Figure 19, the losses to the raffinate are compared with pulsed
tesis at large values of a,

30 T T T T
~8 '
~ —
- ~
\\\ﬂmHme.
‘.\s‘Nm Fulsed
=] ™ -
L (O -~ —
a - ~ R
5 [ paN ]
B -
&2 - ~ -~ N
- ~ 4
) e
A= — -
£
bed - 4
o
= 15-mil
- mi
= Channel, h
E Net Pulsed
2
c
Q
I— —
2 F eaemi :
I Channel, ]
B Pulsed i
0.5 4
_l 1 l L
Qs 10 L5 2.0 25 30
{Flow™, 1/6¢, mI™ min (100 cm?)

FIG. 19 EFFECTS OF PULSING AND CHANNEL THICKNESS

Diffusion coefficlents were calculated with Equation 5 from
the results of these tests and are given iIn the table. These
coefficients agree reasonably well with publisnhed values for most
salts 1n aqueous solutions, (1 to 2) x 10™° em®/sec at 259C.
Thus, the rate-determining step is indeed diffusion within the
feed channel, and Equation 5 adequately describes the diffusion,

Thick Channel Separator Without Pulsing
Feed 0,01M U0z {NC4)» Strip 3M HNOa

Uranium Content Diffusion
Raffinate, Product, Coeffilcilent,

Flow (Gp),
ml/{(min)} (160 cm®)

Feed  Product a_ & of feed M 10°° cm?®/sec
0.345 0,0281 3.75 4,65 0.123 1.07
0.68% 0,0383 3.59 13.5 0.160 1.35
1.633 0.0479 2,85 23.6 0,171 1.39

1f a membrane separator 1ls operated efficiently wlthout
agitation, the quantity E/CO in Equation 5 must approach that
obtalned with agltation, Thils result can be obtalned convenlently
by decreasing /. Increasing the A/g ratio would also reduce C/Cg,
but would have the same effect on the agltated separation as well,

_C]‘_
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Furthermore, an increase in A/g would increase the residence time
per unit area of membrane, which causes dilution of the product
by osmosis. Calculation (Equation 5} with the foregoing experi-
mental values for the diffusion coefficient shows that values of

E/CO for the pulsed and nonpulsed systems become similar when

2= 0% mm (~15 mils).

Inltial attempts to use very thin channels were unsatis-
factory because the membrane distorted and blocked the channels

Blockage was prevented by supporting the membrane on scroons.
One membrane and two channels were used. The channsls were
formed by cutting 1- by 36-inch slots in a 15-mil polyethylene
sheet, and contained 12-mil stainless steel screen,

The results of tests without pulsing, in which a and the
fiow of the uranium stream were varied, are given in the following

table and also (for those with large values of a) in Figure 19.

P S | T~
The losses to the raffinate in these tests were much lower than

those in the &3-mil channels without pulsing, when normalized to
the same flow per unit area of membrane. Losses were slightly
higher than those with the pulsed system because ~20% of the
membrane was masked by the screen. The losses to the raffinate
are represented quite well by Equation 1, if only 80% of the
membrane 1s accessible. The raffinate losses in the table were
50 calculated,

These tests demonstrate that uranium can be concentrated
adequately, with sufficiently low loss, to enable the design of
practical apparatus without pulsing. The pressure drop across
the apparatus under normal operating flows was only 25 to 30 cm
of Hx0, so that pumping requirements are expected to be nominal,

L

2

Thin Channel Separator Without Pulsing
Feed 0,01M UC,(NOs)5 Strip 3M HNCs

Flow (Gm), Uranium Content
ml/(min) (100 cn®) Raffinate, % of feed Product,
Feed Product o Observed Cale M
0.6%2 0.0473 4.6 0.60 0.44 0.145
0.9069 0,0448 3.3 2.46 2 .44 0,201
0.969 0.0457 3.05 3.20 3.22 0.212
0.672(2) 0.0357 2.6 0,7k 0.73 0.156
0.655(0) 0.0353 2.7 0.68 0.65 0.197
0.861 0,032 2.0 2.3k 3.60 0.247
0.991 0.0338 1.75 3.86 6.40 0.289

{(a) T-hour test
(p) 24-hour test
o

()
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Further tests of the thin-channel separators, with filve
times the present membrane area, are underway in the continuing
program to design and fabricate a practical separator.

Tubular Membrane Separators

Because a bundle of small tubes of ion exchange membrane in
& shell assembly is conceptually the most convenient way to pro-
vide countercurrent flows in contact with largs membrane surface
in a compact device, arrangements were made for development of
tubular cation exchange membrane by the Polymer Research Division

of the Illinols Institute of Technology Research Institute {IITRI).

In the first successful fabricatlon, IITRI extruded and
sulfonated a mixture of polyethylene and polystyrene to produce
tubing with ~50-mil diameter and %4-mil wall., Mass transport
tests were made in the laboratory with a 4-ft length of this
tubing at the axis of a 15-mm glass tube. The osmotic flux and
nitric acid flux were measured with nitric acid flowing through
the membrane tubing while water flowed countercurrently through
the shell. The flux of nitric acid is a measure of the anion
leakage of the catlon exchange membrane. The uranium eXchange
flux was then measured with 0,06M uranyl nitrate solution flowing
through the shell, The properties of the membrane tubing are
compared with those of "AMFion" C103-C in the following table;
the flux parameters are defined as follows:

1. K,, the osmotic flux parameter, 1s a measure of the
fiow of water thnrough a membrane from pure water
into a nitriec acid solution:

Ky =‘bw/lc“'E
where @ = flux of water, grams/minute
A = area of membrane, cm®
C = average concentration of nitric acid, M

KW was determined to be constant over the range of
acld concentrations studied (~2-3M),

2. Ka, the nitric acid flux parameter, 1s a measure
of the leakage of nitric acig through the membrane
into water (in the same test used for measuring Kw):

K, = ®,/AC

where &, = flux of nitric acid, millimoles/minute

- Q-
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3. Ky, the uranium flux parameter, 1s a measure of

the maximum exchange flux of uranyl and hydrogen
lons through the membrane:

Xy = (@ Y pax/ A

where (@), = flux of uranium, millimoles/minute,
across the membrane when one surface
1s essentilally saturated with uranyl
ion and the other with hydrogen lon

Comparison of Catlon Exchange Membranes

IITRI "aMEion™ C€103-C
Tubing Sheet

Osmotic flux, ‘
g cm min~* millimole™! 3.9 x 2107 3,0 x 10°*

HNOa flux, K,
em min™? 4.3 x 107 1.2 x 107¢

Uranium fliux, K,
millimole min~* cm™2 4.3 x 107% 2.5 x 107%

Capacity, meda/g 2.17 0.2 1.2 *0.2(a)
Water in HY form, % 60 15 #3(a)

(a) Specifications of Amerilcan Machine and Foundry

The five tabulated properties are related in concentrating
uranyl lon or other cations by Domnan dialysis, Hligh cation
exchange capacity Increases the transfer of cations and reducesg
that of anions, The waiter content 1ls a measure of swelling,
which affects the transport of both catlions and anlons. A
decrease in swelling decreases both the catlion and anion fluxes
-- the anion effect is much larger, The hlgh water content of
the tubular membrane 1s consistent with 1ts high osmotic flux.

The tubular membrane has excellent capacity and uranium
exchange flux, and its osmotic flux is acceptable, but the water
content and nitric acid flux (anion leakage) are higher than
desired.

To inecrease the usefulness of tubular membranes, a new batch
will Be made by IITRI in which the two polymers are crosslinked
by exposure to gamma radiation. Crosslinklng 1s expected to tie

the structure more tightly and thereby reduce the nltric acid
flux and water content, and improve the physical strength.

- D
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ION EXCHANGE MEMBRANE SEPARATIONS

In continued development of ion exchange membrane dialysis
for concentrating or separating ions in solution, the effects of
design parameters on the expected performance of flat-membrane
equipment were defined, Ion exchange dialysls has been demon-
strated at laboratery scale to be potentially useful, The most
immediate use foreseen in the plant is to concentrate uranyl ions
of 2337 or ®%3y in solvent extraction products to solutions suit-
able for conversion to uranium oxide or metal, Membrane dlalysis
has the principal potential advantages of contlinuous operaticn
and ease of replacement of the exchanger,

Adaption to plant use depends upon the development of compact
equipment that will operate reliably and in which the membranes
can be replaced easily. Twe types of such equipment are being
studied; one with flat commercial membraneg, the other with
tubular membranes not yet available commercially., This section
describeg the present development of flat-membrane eguipment,

In most of the earlier tests, uranium was concentrated in
flat-membrane assemblies containing relatively thick channels
(~63 mils) in which the flows were pulsed to provide agitation.
Resuits in the March report {p 54%) indicated that pulsing is not
needed 1f the channels are sufficiently thin (~15 mile). Because
of dimensional differences these preliminary tests were with
apparatus containing only one palr of 3-ft channels, and could
not be compared reliably with the tests in the thick-channel
apparatus. The present experience with apparatus containing five
3~-ft palrs of thin channels has shown that:

TLoss of uranium teo the raffinate is lower with the thin-
channel assembly without pulsing than with the thick-channel
apparatus with pulsing. The product concentrations were
abcut the same in both systems,

Toss is slightly
Uniform flow in the five channels is difficult to malntain
when five channels are in parallel and fed through manifolds;
loss of uranium to the raffinate 1s higher than in series
channels.

The thin-channel separator can concentrate uranium from
1 to 60 g/1 with adeguately low loss to raffinate.

The thin-channel separator is compatible with the recycle
process described in the October 1965 report (p 83).

- 07 .
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Concentration of Uranyl Ton in Thin-Channel Separator

A thin-channel separator was constructed in the test assembly
described in the September 1966 report (p 86). Fach channel is
a 1- by 36-1inch slot in a 15-mil polyethylene sheet, fitted with
a 12-mil stainless steel screen, The feed and stripping channels
are separated by "AMFion"* C103-C cation membranes and clamped in
the apparatus, which contains five such pairs of channels with all
feed and strip channels connected in series by external connections
to provide a single effective palr of 15-ft-long channels., When
shorter overall length is desired, the appropriate individual
channels are dlsconnected. When parallel flow 1s desired, the
external connections are changed to obtain independent pairs of
channels that operate simunltanecusly.

Five Channels in Series

The concentration of 0.01M uranyl nitrate with 3M nitric
acid satrip was tested with the five channels in series, without
pulsing. The feed flow and the parameter o were varied tc give
a direct comparison with pulsed-flow results (March report, p 56)
with the thick-channel apparatus. The parameter

a = Cogo/2 Upgy

where C,,g, = HNOa concentratlon and flow of stripping soluticn

Up,g¢ = U02{N0s}5 concentration and flow of feed solution

The results are compared In the following table, ILosses to
the raffinate were much lower with the thin channels, The
uranium concentrations of the product streams are very nearly the
same in both systems,

* Trademark of the American Machine and Foundry Co,
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f. Concentration of Uranium in Thin-Channel Membrane Separator
Feed 0.01M UQp(NOg)» Strip 3M HNOs

Flow, Uraniuvum Content
ml/(min) (100 em®) Raffinate, % of feed Product, M
Feed Product a (a) (B) (A) {B)
0.690 0.0283 1.56 0,023 0.225
0.862 0.0256 1,50 0.83 4. 05 0.335 0,372
0.0344 2.00 0.10 1.28 0.257 0.282
0.0480 3,00 0,07 0.56 0.182 0.200
1.03% 0.0276 1.50 2.19 7.00 0.381 0.399
0,0362 2.00 0,58 2,22 0.298 0,276
0,0k27 3,50 0.23 1.45 0.191 0,210
1,207 00,0284 1.50 4 .39 0. 415
0.0415 .00 0.99 0.301
1.379 0,0315 1.50 5.23 11.8 0.421 0,302
c.0k15 2.00 2,00 6.73 0.325 0.331
0.,0575% 3,00 1,04 5.12 0.241 0.273
1.552 0,0366 1.50 5.77 0.404
0.0LE3 2,00 2,83 0,324

(A) Thin channels ~ no pulsing
(B) Thick channels - with pulsing

Effect of Channel Length

The operation of a membrane separator has been asgumed to be
describable in terms of the feed flow per unit area, independent
of the length and width of the channels, Because of end effects,
this assumptlon 1s an overgimplification in real separators, In
addition, the pressure drop and linear flow may affect such systems.
The effect of channel length was determined in two series of tests
in which the length was varied and the feed flow per unit area of
membrane was the same, Two different values of a were used in
each series,

9 -~ 9l -
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The results of these tests are shown Iin the followlng table,
With channel lengths of 29 £t, the product concentrations and
losses to the rafflnate are not particularly sensitive to channel
length, A 6-ft channel, however, gave signifilcantly larger losses
to the rafflnate, partlcularly at low flow,

Effect of Channel length on Effliciency of & Membrane Concentrater
Channel width i inch Feed 0,0IM UG, {NOa)z Strip 3.0M HNOs

Uranium Content

Channel Length, Feed Flow, Raffinate, Product,
£t mi/{min} (300 cn®) _a % of feed M
15 1.55 1.5 5.77 0.404
12 1.55 1.5 7.17 0,439
9 1.55 1.5 6.98 0.394

6 1.55 1.5 9.03 0.410
15 1,55 2.0 2.83 0,324
12 1.55 2,0 3.0k 0.328

9 1.55 2.0 4,13 0.341

o) 1.55 2.0 5.80 0,329
15 1.03 1.5 2.19 0,381
12 1.03 1.5 1.37 0.347

9 1.03 1.5 1,60 0.336

& 1.03 1.5 4,75 0,390
15 1,03 2.0 Q.58 0.208
12 1.03 2.0 0.54% 0.282
9 1,03 2.0 0.70 0,268

6 1,03 2.0 2,06 0,298

Parallel Flow Effects

The most convenlent type of membrane separator would use
countercurrent flow of the feed and stripping streams through
parallel- rather than serleg-connected channels, The presgsure
drop 1n the parallel channels 1s much gmaller, each channel
except at the end plates 1s bounded by two membranes, and the
flow of the two streams is completely countercurrent,

Exact construction of such a parallel system in the present
test assembly was not possible; however the five pairs of channels
were connected in parallel and fed through manifolds. Initial
tests showed that the flow through the channels was not uniform,
especially in the strip channels where the pressure drop ls very
small (~1 cm of H,0); at times, a few of these channels carried
all of the flow,
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A device was constructed to divlide the pumped strip solution
into five streams of equal flow that were then fed by gravity
into the five separate strip channels. The feed stream was intro-

A1 A ela Ve d o) .
duced through a manifcld, as before. This device allowed the

parallel-channel system to be tested, The following table compares
losses to the raffinate from the parallel system with data from
gimilar tests (p T4) in which the same five palrs of channels were
connected in series, Although the losses are considerably higher
in the parallel gystem, this system should stlll operate adequately
in a recycle process, Whether the higher losses in the parallel
system are due to nonuniform flow through the feed channels, or

due to the short (3 £t} feed channels, is not yet certaln. The
latter seems more probable because the coperatlon of this system

ig in accord wlth the trend established in the foregoing section,

Although uniform flow through the strip channels was provided
by the feed device, the pressure drop across the several channels
varied considerably -~ 0.5 to 1.5 cm of HpC. This indicates that

extreme care 1s needed in designing these channels 1f a manifold
is used.

Effect of Parallel Flow on Efficiency of a Membrane Concentrator

Feed 0.01M U0z {N0a)a Strip 3.0M HNOg

Uraniuym Content

Feed Flow, Raffinate, % of fzed Product, M
ml/(min) (300 em®] o Parallel Series Parallel
0.862 1.5 3.57 0.83 0.283
1,034 5.35 2.19 0.316
1,207 5.86 4,39 0,310
1.397 8.71 5.23 0,332
1.552 10,2 5.77 0.342
0.862 2,0 1.87 0.10 0.237
1.034 3.04 0,58 0,244
1.207 3,94 0.99 G,24g
1.397 5.91 2.00 0,270
1,552 8.17 2.83 0,291
- 94 =
FAY
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Concentration of More Dilute Uranyl Nltrate Sclution

In plant processes the uranyl nitrate in the feed may be
i1ess than the 0,01M (~2,4 g/1) concentration used in previous
tests, In addltion, if recycle 1s used, virtually all of the
yranium in the raffinate from the first separator will have to
he concentrated to approximately the original feed concentration,
The following tests showed that the thin-channel separator will
satisfy these requliresments,.

The following table shows the results of two tests in whlch
0,005M uranyl nitrate (~1.2 g/1) solutions were concentrated to
~60 g/1 in the thin-channel apparatus (five pairs of channels in
series), Losses were acceptably low -- much smaller than with
more concentrated feed, This improved efficiency is attributed
to the lower anion concentration in the feed stream, which should
provide a greater driving force for uraniumn transport.

A1so shown in the table are the results of the extraction of
uranium from a simulated raffinate from the first concentrator in
a recycle system., The composition of the stream (0.001M) is
approximately that expected in the raffinate from a first-stage
concentrator in which the feed is 0.01M uranyl nitrate, and the
loss 10%., The thin-channel apparatus concentrated this raffinate
to more than five times the original feed concentration with a
loss to the final raffinate of only 0,1% based ¢n the concentra-
tion in the first raffinate, This is eguivalent to an overall
loss of only ~0,01%.

Concentration of More Dilute Uranyl Nitrate Solutlons

Uranium Content

Feed Fiow, Raffinate, Product,
Compoeition ml/(min) (100 cm®) a % of feed M
0.005M Uo§+£ 1.55 1.5 0,34 0.265
No HNOa 3.0 0.1% 0,160
0,001M yo3t 1.55 12 ~0.,1 0.0565
0,02M HNO5

These results prove the superlority of the thin-channel
separators both in ease of operation (no pulsing) and 1n effi-
clency. TFuture work will ineclude design and fabrication of
practlical separator units and a demcnstration of the thin-channel
separator with anion exchange membraneg for deacidlifying solutions
of uranyl nitrate,
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TON EXCHANGE MEMBRANE SEFPARATIONS

In continued development of lon exchange membrane dialysls
for concentrating or separating ions in solution, uranyl nitrate
solutlon was deacldifled in a thin-channel, anlon exchange membrane

+  -separator., JIon exchange dlalysis has been demonstrated at labora-

tory scale to be potentially useful: continuocus operation 1s
possible, and the exchanger can be replaced easlly.

The first plant application 1s expected to be the concentration
-of 235y or 22y solutlons. Plant use depends on the development of
compatt equlpment that will operate reliably and in which the
membranes can be replaced easily. Two types of such equipment are

‘laq~be1ng studlied: one with flat commercial membranes, the other with

“tubular membranes not yet available commercially. This section
describes additlonal development tests wlth flat-membrane equipment,

A complete procesé for concentrating uranyl nitrate from plant
golutions by Donnan dialysis was described in the June 1965 report
{(p 52). The first step is deacidification: uranyl nitrate flows
along one side of an anlon exchange membrane and sodium hydroxide
along the other. NO5~ and OH exchange through the membrane, and
the OH neutralizes the acid. Transport of the cations 1s much
slower.

Deacldifylng dllute solutlons of uranyl nitrate in a con-
“tinuous anilon exchange membrane separator 1s feasible (October
1965 report, p 82). Recently, highly efficient thin-channel
- -— --membrane separators were developed and demonstrated for concen-
trating uranyl nitrate (September 1967 report, p 73). This section
summarizes the application of thin-channel separators to deacidi-
fication and reports the effect of various operating conditions.
The tests show that:

_Solutlons of uranyl nitrate can be deacidified in a thin-
channel membrane separator. The amount of acid removed
can be Increased by adjusting the sodium hydroxide con-
centration and flow and the feed flow.

The flux of NO; and OH lons across the membrane can be
represented aspproximately as a funetlon of the product of
the concentration and flow of the sodium hydroxide stream.

The sodium lon flux 1s much smaeller than the nitrate-
hydroxide flux and depends, to a first approximation, on

the concentration of the sodium hydroxlde stream.

Uranium losses through the membrane are very low.

Rt i i P
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Thin-Channel Anion Exchange Separator

) ' Deacidification was studied in a 15-foot thin-~channel
. - _separator (September report) containing 1160 cm® of "AMFion"*
AlO4-B anion exchange membrane., Feed contaeining 0.01M uranyl
nltrate and 0.3M nitric acid was fed into one channel of the
separator at varlous flows, while sodium hydroxide solutions
between 1.5M and 0.25M were pumped into the other channel. The
descldified uranyl nitrate solution was analyzed for nitric acid
end sodium ion; the spent sodium hydroxide, for uranium, e
Results are summarized in the following table. The nitrate-
- hydroxide flux through the membrane (dyo,” ) was calculated from
‘-~ .- ‘Z————the-following equation: : T

~

. Q..WASKI(HNoa)i - (HNo,)

NO- A
. a :

Rk T, aammtn el ot Ui
. P L - H

f] &g - T

where (HNOa)i initial concentration in feed solution, M

(HNOa)f = final concentration in feed solution, M
.&p = feed flow, ml/min ) B

& = membrane area, decimeter? -

-~ The-sodlum lon flux (&y;T) was determined from the equation:

( Na+)f gf

PNat =

“where '(Na+)f = concentration in deacidifier feed, moles/liter-“

Althaugh Qmoa- fluctuated slightly when the feed flow was
varied, the nitrate-hydroxide flux was affected primarily by the
concentration and flow of the sodium hydroxide, dyo. ~ 1s depena-

a
ent upon the product of the sodium hydroxide concentration (NaGH)

and 1ts flow Enaog for the three highest concentrations, as shown
in Figure 12; the correlation 1s less close with 0.25M NaOCH.

This correlation implies that the anion flux is determined only

by the molar flow of sodium hydroxide. The independence of anion
flux on the feed flow simplifies calculation of operating condi-
tions for removing all of the acid and aids in optimizing conditiens,

. A e T S g S e
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FIG. 12 ANION FLUX THROUGH MEMBRANES

The fractional neutrslization of sodium hydroxide is:
oNoy
{ NaOH) ENa0H

F

F varied from 0.1 to 0.25 as (NaOH) ENaOH Was decreased from 0.87
to 0.23. Membrane_deacidifiers appear to be somewhat inefficient
in utilizing sodium hydroxide when large anion fluxes are requlred.

The sodlum ion flux @N&+ appears to be dependent only on the
concentration of sodlum hydroxlde. Although oy,* varles for the
same sodlum hydroxlde concentration, no correlation with any other

parameter 1s apparent; furthermore, the decrease in ¢Na+ with

“decreasing concentration of sodium hydroxide 1s much greater than

the varlatlons at the same concentration -- as expected for ion
exchange membranes. --Thus, .dilute sodlum hydroxlide will -reduce the
amount of sodlum lon contaminating the uranium. Sodium ion con-
centrates to some extent with the uranium and may interfere with
uranium precipitation in a later process.

ﬁranium losses to the spent sodlum hydroxide were all less
than 0.1%.

Thin-channel separators are being designed at plant scale;
development of tubular membranes 1is also continuing, '

* Trademark of American Machine and Foundry
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. Deacldification of Uranyl Nitrate Solutions
Feed 0.01M UOz(NOs)>  0.3M HNO,
Urani b
Flow, ml/(min)(100 cm?) Deacldified Feed _ Spentuﬁllaog, Flux per {min}(100 em?)
NaOH  Feed (HNO, )ps M . (Wat)p, 107°M 10~ oM ONo, s TmOle Bya*, umole
1.5M NaOH — —
0.58 0.520 0.11%92 1.56 1.1 0.0953 0.811
0.426 0.0831 1.93 1.2 0.0935 0.822
. 0.325 0.0279 2,65 1.7 0.0893 0.861
0.35 0.522 0.1489 1.75 1.8 0.0802 0.914
0,433 0,1151 2.20 1.9 0,0791 0.875
0.259 0.0093 5.91 2.0 0.0759 1.53
0.22 0,345 © 0.1104 3.04 1.1 0.0663 1.05
0.258 0,0230 4,61 1.5 0.0721 1.19
0.15 . 0,345 . 0.1370 . 3.26 . 1.4 0.0571 1.12
1.0M NaQH
0.85 0.527 . 0.1234 0.93 2.4 0.0944 0,490
. 0.%33 0,0872 1.04 . 1.9 .0,0932 0.450
0,329 0.0099 2.50 2,2 0.0963 0.822
0,48 0.463 0.1353 1.25 - 0.07T74 0.579
0.355 Q.0877 1.53 1.4 0.0763 0.543
0.254 0.0103 2.06 1.7 0.0742 0.523
0.3+ . 0,346 ‘0,1008 - . 2.28 1.8 0.0697 0,789
. 0,232 0.0130 ) 3.30 1.8 0.0672 0.766
' - 0.5M NaOH -
1.69  0.516 0.1203 "0.435 1.4 0.0942 0.224
0.436 0.0880 0.426 0.9 0.0928 0.186
0.317 0.0122" - 0.648 1.0 0.0922 0.205
1.03  0.520 0.14k9 0.452 1.6 0.0820 0.235
0.423 = 0.1149 0,469 0.9 0.0794 0.198
0,326 0.0627 . 0.6396° 1.0 0,0782 0.227
0.68 0.343 0,104k 0.696 1.1 0.0682 0,232
.0.23% _0.0220 . 0.965 0.9 0.0658 0.226
0.25M NaOH
3.45 0.439 00,1131 0,363 <1 0.0825 0.159
0.286 0.0282 0,191 <1 0.0787 0.0552
0.297 " Q.0040 0.356 1 © 0.0899 0.106
1.72  0.425 0.1368 0.356 1.2 0.0707 0.151
0.339 0.0953 0.345 1.0 0.0704 0.117
0.224 0.0052 0.332 - 1.2 0.0668 0,074
1.38  0.340 0.1307 10,343 1.6 0.,0587 0.117
0.212 —o.ooutla) 0,435 1.4 10.0652 0,0922

{a) Acid deficlent

—
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TON EXCHANGE MEMBRANE SEPARATIONS

In the development of ion exchange membrane dialysis for
concentrating or separating ions in solution, improved designs
and operating techniques were demonstrated to be adequate for
constructing a thin-channel prototype plant separator containing
flat membranes. Thin-channel (15-mil) separatcrs are superior
to thick-channel (60-mil) separators for concentrating uranium
(September 1967 report, p 73). A plant-scale separator will
require suitable thin-channel spacers and a satisfactory system
for flow dlstrlbutlon

The prospectilve separatcer will coantain 100 to 200 membranes,
separated by spacers and held together by end plates. Thd feed -
flows uniformly through alternate channels in parallel, and
emerges as the raffinate, The extractant containing nitric acid
enters at the opposite end, flows counter to the feed through
the alternate channels adjacent to the feed channels, and emerges
as the product. The spacers must maintain uniform distribution
of flow., A fabricated two-membrane, three-channel assembly is
shown in Figure 17. '

enlnntdion .—w—.n+m1n-|r\g dijute |1'r=nn\r'| nitrate enters at one anri

1 o AR P
LONBSLIUCLIODI DL opalel'n

The principal design problem is encountered in introducing
the streams into the correct channel without crossflow between
the two streams, 1In principle, crossflow can be prevented by a
simple arrangement. A slot in each end of each spacer connects
the ion exchange channel with the appropriate inlet or exit
stream, In practice, the membranes must be bridged with a stiff
material such as stalnless steel to prevent them from bending into
the slots and permitting the inlet streams to flow intc adjacent
"wrong way'" channels,

A spacer tc provide the bridging was constructed as a
laminate of three layers of stainless steel shimstock, cemented
with polyvinyl chloride (Figure 17)}. An alternative spacer that .
appears to be meore resistgnt to nitric acid is made by thermal .
bonding of polyethylene to the ends of the stainless steel,
membrane-supporting, screen in the channels.




i

3k

: Plate

Gasket

Strip Channel
Spacer

Feed Channel
Spacer

Strip Channel
Spacer

Gasket
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Length 3 ft

Width 3 inches

Thickness 0.15 inch
between end plates
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Shimstock

LAMINATED SPACER

3-mil

3-mil S

Screen in each spacer
is 40-mesh stainiess
steel, 12 mils thick

FIG. 17 TWO-MEMBRANE THREE-CHANNEL CONCENTRATOR
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Tests of Thin-Channel Separator

. The two-membrane, three-channel separator was tested by
' feeding 0.01M uranyl nitrate into the center channel and 3M

nitric acid into the two outer.channels, After the flows were
started, the pressure in the outer channels was increased ~10 psi
above that in the feed channel, to force the two membranes against
the membrane-supporting screen in the feed channel and thereby
reduce the rate-limiting diffusion distance in the feed channel
to the minimum for this 12-mil-thick screen,

The effectiveness of this procedure was demonstrated in an
experiment in which the flow of feed was 25 ml/min and the flow
of nitric acid was 0.33 ml/min. When steady state was reached,
the excess pressure in the outside channels was removed and a
new steady state was reached, Removal of the pressure increased
the uranium in the raffinate from 4.5 to 23.5%, and decreased
the concentration of uranium in the product from C¢,319 to 0,2485M,

Tests at various flows are summarized in the following table,
The feed flow was 75 times the flow of strip solution in each test.

The uranium "loss" in the raffinate is independent of feed
flow at small flow, and increases gradually with larger flow.
The loss is higher at low flow than was experienced with the
. simple two-channel apparatus (September 1967 report), but was
lower at high flow. The relatively high loss at low flow and its
. independence of flow are attributed to a passage of a small
fraction of each channel flow along the edges between the top
end bottom shims without contact with the membrane, This can be
corrected by spacer design., The lower loss at high flow is
attributed to the pressurization, which makes the diffusion
distance very sgmall in the feed channel, The thickness of the
feed channel is thus decreased to 12 mils {the thickness of the
screen); the diffusion distance is ¢6 mils to the nearest membrane.

These tests Iindicate that the capacity of a similar plant
separator will exceed 3 mi/{min){(100 c¢m®) if a "recycle" process
n— 1s used {(June 1965 report, p 52). The largest flow in the simple
two-membrane device was 1,55 ml/(min) {100 cm®).

N e se e = e g diata——
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In a further test of the recycle ﬁrocess in the thin-channel
separator, a large batch of feed was processed at 3.63 ml/ (min)
(100 em®}. The raffinate was reprocessed through the same device

at the same flow, but at a sufficiently slow flow of nitric acid

to concentrate the residual uranium to the original feed concentra-
tion. The product stream contained O.34M uranium, only 0.04% of
the uranium was in the final raffinate, and recycled raffinate
contained 0.02M uranium, Because this test demonstrotes that the
separator can operate at twice the earlier flows, only half as

many membranss are needed as under the conditions described in

the September 1967 report.

Alternative spacer designs are being evaluated that may be
easler and less expensive to fabricate, A five-membrane separator
based on the best of these designs will be built for additional
tests 1n the laboratory, preparatory to a plant prototype.

icentration of Uranium in Thin-Channel Dialyzer

Feed  0.01M UO.(NOs)5 Strip  3M HNO,-
Feed/strip flow ratio 75

Feed Flow, Uranium Content
ml/(min} (100 ecm®) Raffinate, % of feed Product, M

0.97 1.38 0.218

1.21 1.63 0.236

1.45 1.60 0.2L46

1.69 1.98 0.247

2,43 3.10 0.262

- 3.03 L 50 0.319

3.63 6.41 0.344

5.6 0.376

4,84 1
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STABILITY CONSTANTS OF LANTHANIDE.AND ACTINIDE COMPLEXES

) Technigues were developed to determine stability constants
of lanthanide complexes by two new methods: Domman equilibrium
across ion exchange membranes (page 51) and proton magnetic
resonance {page 54) ,

Membrane Ion Exchange Equilibrium ' C)

The tebhhique developed for defermining stability constants
of uranyl sulfate complexes by Donnan equilibrium across ion

. exchange membraneu(') was extended to determine the stability of

>\chelates of trivalent lanthanides. Equilibriuwm concentrations
- are npoeasured for reactions of the form
a+t

Ing  + InpY # L g' + In,Y" ' (1)

il

different lanthanides

Y chelating anlon

A sufficient number of sets of such concentrations are measured
to permit the calculation of a series of relative Stdblllty
constants for the various lanthanides or anions, which are then
normalized to an accurately known constant in the series This

approach is SlTllaT to a publlshed analyais of equillbllum ion
exchange data.'’ A

In the membrane method, two solutions are placed in)a cell
on opposite sides of a cation permeable membrane that is pre-
saturated with one of the 1anthan1deu, Lnb . One solution contains
NalN0; (0.1 to 0.5M) and Inf" (0.001 to 0.003M); the other contains
the same constituents plus the complex In Y™ {~0.01M). Tracer
amounts of a radiocactive isoctepe of the other lanthanide, In3
are added to either solution and the cell is shaken at cons tant
temperature until equilibrium is-attained. o \\

At equillbrlum, the total concentration of the tracer (> Ina)
in either solution can be written

(= 1ng) = (th”) + (IngY") : (2)
{In_Y") can be expressed in terms of (Ln§+), (Ln%*), (In,Y"), and
+ 43 io .

fhp equilibriuvm constant X for Reae

Maan Tl ol L VLo

el

H

(LnbY")

(i.naY") = K(Lne’*“) mb?T— o | (3}

nea .

R Wallace, J. Phys.Chem. 71, 1271 (1967).
{2JR. H. Betts and 0. ¥, Dahlinger, Can. J. Chem. 37, 91 (1959).
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i .
i . * Combination of 2 and 3 yields -
(3 Iny) = (InZ¥)[1 + K(InyY )/ (In2*)] (%)

Lidg ) A i

At equilibrium, an Equation 4 is valid for the solution on
_each side, R and L, of the membrane; therefore, the ratio of total
concentrations of Ing (and hence the R/L radicactivity ratio) is
given by Py

(2 fnadr  (1")gl1 ¢ K(znbr)R/(an*)R]
T T Ing)y T (@ Npil  K(InpY )/ (Ind 1)

L . .
Donnan equilibrium between the two solutions requirés that |

(103" _ (103" B =
. C o TmI, T e, | :

; Combination of 5 and 6 yields . .

_ (") + K(InpY )y
(In2)p, + X(InpY )q

=
|
T~
—

r(Lng+)L - (Ln%+)R
C (InpY )y - r{IngY )y

e

"All quantities except K are measurable:

r is meaoured from the radioactivity of the two solutions.

(Lng+) in both solutions is detcrmlned by titration with A |
EDTA, which is possible because (In2") is present only in i
tracer concentrations, and (InbY") does not interfere with ‘ :
the titration because the lanthanide associated with it
"is already complexed,

(LnpY )ps the concentration of the complex in the solution
into which it was placed originally, is determined bv

titration with EDTA after ox1datlon of the complex1ng _ - . :
agent; correctlon is made for the free 1anthan1de origi-  ~.° )
nally. present. s ‘ hg

o . (LnbYF)L, the concentration of the complex on the side
opposite to the one in which 1t was origlnally placed, 1s
determined with a Beckman total orgaenic carbon analyzer,
: - This analysis was necessary because, during the time
required for equilibration of the cations (~18 to 72 hours
at 25°¢), about 1% of the complex_(InbY")-leaked from the
R side to the L side of the membrane; this concentratlon ;
; . : ~ 1s too small to determine by titration with EDTA, but too ;
large to ignore. B o ;

-
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Preliminary measurements were made of the equilibria oﬂ
cerous ion with lanthanum-EDTA and prascodymium-EDTA conplcxes
at 95 C. In both cases, cerous ion was‘at tracer concentration
and the other lanthanide was the macro component. Ionic strength
was varied from 0.1 to 0.5M, and some equilibrium concentrations
were measured with different lonic strength on opposite sides of
the membrane,

The results in the following tables show only small varia-

" tions in equilibrium constants with lonic strength, as expected
for reactions in which the reactants and products have the same

charge. Thus, Eguation 6 is valid over a wlde range of conditions.

“Although the eqguilibrium measurements do not reguire precisely

“equak.ionic strength on the opposite sides of the membrane,
‘approximate equality is desirable to minimize second-order effects

such as changes in -the ion size parameters.

Stability constants of additional lanthanide and actinide
complexes are being measured, for design of rapid ion exchange
systems for actinide purification (October report p 23).

Equilibrium Constant at 25°C
3t 4 1a(EDTA} — Cce(EDTA) + 1a®t

Ce

NaNOa, M La®*, 30°° M Ta EDTA, 1072 M

R L R L R L Cep/Cer, X ;
+ 0.1 0.1 2.63 1.82 9.77 0.170 13.16 2.83
0.3 0.3 3.05 2.53 9.85 0.173 10.29  2.85
0.5 0.5  3.66 3.09 9.94% 0.155 9.h0  2.99

0.1 0.2 1,35 3.36 9.85 0.075 8.67 3.02 /

0.2 0.3 2.13 3.19 9.58 0.148 8.86 3.15 ‘i
0.2 0.4 1.76 3.72 9.8 o 3.17

.133 7.96
' Avg . 3.00 *0. 14
N

Equilibrium Constants at 25°C

ce®t & PriEDTAY = Ce

P N T x

NaNOz, M Pr®%, 207 M pr(EDTA)", 1072 M

R L R L R L Cep/Cer,
0.1 0.1 3.03 2.17 9.13 0.204 2.89%2 0.382
0.3 0.3 3.39 2.85 9.01 0.235 2.325 0.382
0.5 0.5 3.85 3.40 9.1% 0.19: 2.162 0.h01
0.1 0.2 1.59 3.66 9.26 0.172 1.397 © 0.391
0.2 0.3 . 2.38 3.60 9.29 0.193 . 1.665 0,403
0.2 0.k 2,05 %.18 2.52 0.14y 1.397 oO.hot
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ION EXCHANGE MEMBRANE SEPARATIONS IC’?

In the program to develop a2 plant-scale ilon exchange membrane
dilalyzer to concentrate dilute uranyl nitrate solutions, a 19-
channel dialyzer with nine parallel feed channels was assembled
and tested successfully. This apparatus contains nine times the
previous total membrane area, and is the first to contain more
than one feed channel. The principal problem in scaleup is the
design of spacers for the flow channels which must provide uniform
parallel flow with no crossleakage,

In one test, uranyl nitrate was concentrated from 0.0l to

© 0.22M at a rate of 1 kg/day; in a second test, the residual

uranium in the raffinate was concentrated to ~0.017M with overall
dialysis of ©9.9%. Uniform parallel flow in the nine feed
channels was demonstrated by a pressure drop in each channel
equal to that in the single-channel, two-membrane laboratory
dialyzer at equivalent feed rate. Thus, the present dialyzer
could be used in the recycle process described in the June 1965
report p 59.

The 19-channel dialyzer has the same channel dimensions as
in the laboratory apparatus (July report p 56). 1In the laminated
spacers, a slotted 15-mil polyethylene sheet 1s fused to the
central stainless steel screen with a modified plastic-bag sealer,

A unitized spacer is being developed, and semiworks tests are
continuing, to optimize feed rates
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ION EXCHANGE MEMBRANE SEPARATIONS

In the program to develop a plani-scale lon exchange membrane
dialyzer (July 1968 report p 56), evaluation of alternative membranes
was begun with the laboratory dlalyzer and with a2 new small transport
cell for screening tests. An experimental perfiuorosulfonic acld
membrane was found to be superior to the best previous membrane.

In the small transport cell, a 3.0-em-diameter membrane
separates two compartments, each having a sampling port and a
stirring port. The cell is used to measure anion leakage, osmotlc
flux, and uranium transport. Membranes tested were Du Pont XR
experimental perfluorosulfonic acid resin, "AMFion"™ C-103, and
"Negosepta"** CH-2T and CL-25T. )

The rates of transport of uranyl and hydrogen ions were
measured with 3M nitric acid in one compartment and 0.1M uranyl
nitrate in the other. In other tests, one compartment was filled
with 3M nitric acid and the other with water; osmotic flux was
measured in the acld compartment; anion leakage as a function of
pH, 1in the water compartment.

Results, summarized in the following table, were calculated
as follows. Superior performance is indicated by smaller Ka/Ku
and Kw/Ku ratios in the last two columnsg; measured Ki, K, and Ky
for the XR resin are inversely proportional to membrane thickness,
as expected. ‘ ’ B

Ky, the osmctic flux parameter, 1s a measure of the flow
of water through a membrane from pure water into nitric
acid soluticn:

o

K = q;w/AE

where ¢ = flux of water, g/min

area of membrane, cm®

Q| = =
It

avg concentration of nitric acid, M

Ky, the nitriec acid flux parameter, is a measure of the
leakage of nitric acld through the membrane into water:

/AC

K, = ¢,/
a

a

* Trademark of American Machine and Foundry
*¥ Trademark of Tokuyama Scda, Tokyo
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where ¢a = flux of nitric acid, wmole/min
.,) K,, the uranium i‘lux rarameter, .1s a measure of the

maximum exchange flux of uranyl and hydrogen lons
through the membrane:

KU. = (¢u)max/A

where {¢ ) .. = flux of uranium, mmole/minute, through
. membrane when one surface is saturated
with uranyl lon, the other with hydrogen
ion, ’

. " Comparison of Cation Exchange Membranes

K, K , K,
Thickness, a W ' u K /K KW/K
mils 10~* em/min 2074 g om/(min) (mole) 107% mmole/(min){cm) a2’ u u
Du Pont XR 5.4 3.9 11.3 16.5 0.2 0.69
] 10 2.2 6.6 9.1 0.24  0.72
"Neosepta" CH-2T 7 1.3 4.7 5.0 0.26 0.94
"Neosepta" CL-25T7 - 1.3 3.9 - by 0.26 0.80
"AMFion" €-103 5.7 2.8 b1 6.2 0.45  0.66

In tests with the laboratory dlalyzer, uranyl nitrate was
! ' concentrated by Du Pont XR resin from 0.01 to 0.30M,  with 3% loss
- of feed to raffinate. Losses with "AMFion" €-103 were 6 to 8% at
0.25M product. “Neosepta" membranes have a fabric-like structure
that is not compatible wlth present spacer design, edge sealing

will be tried. . ) /

Other commercial membranes will be tested, and the effect
of gamma radiation on flux parameters will be measured in the new
! ' transport cell.

—— At
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IdN EXCHANGE MEMBRANE SEPARATIONS

In the program to develop a plant-scale ion exchange membrane
dialyzer, tests with two dialyzers in series showed that Du Pont
XR experimental perfluorosulfonic acid membrane (July 1968 report
p 55) is capable of prncessing the goal of 6 kg of 2°%U per day
in a 24-membrane laboratory dialyzer. A complete dialysis process
for concentrating uranium was described in the October 1965 report

Each experimental dialyzer has
ol
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ne feed channe
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The XR membrane was tested successfully with feed flow up to.
1.2 moles/ (hr)(m?) or 9.6 ml/(min) (100 cm?); the dialysate from
the first dialyzer contained 85% of the uranium from 0.02M feed,
This uranium flow is equivalent to the goal rate of 6 kg per day
with 24 membranes of this area, and is four times the limit of
uranium processing at 85% dialysis with the previous membrane,

- "AMFion"'* C103.

The XR.membrane was tested in two dialyzers in series, one
to concentrate 0.02M uranyl nitrate and one to strip residual
uranium; previously, each operation was demonstrated separately.
The following table summarizes tests with three flows in the
stripping dialyzer. Overall dialysis approached 99.9%.

The XR membrane is being tested for removal of activity from

dilute waste, such as condensate from evaporators for which zeolite’

columns are now used. Radiation tests of the membrane are in
progress.

““Concentration and Stripping of Uranium

Feed 0.02M UOz(NOg)z
4.6 ml/ (min) (100 cm?)
0.74 mole/ (hr) (m?)
Strip 3M HNOj
First dialysate 0.35M UO,(NO3z)»

Second Strip Flow, Second Dialysate Overall U

ml/ (min) (100 cm?) u, M Dialysis, %
0.16 0.037 99.87
0.23 0.025 89.88
0.29 0.021 99. 89

TR B —F oy RO o g A e B SR e S s T TR el e 5 A DR

* Trademark of American Machine and Foundry
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TON_EXCHANGE MEMBRANE SEPARATIONS
Tests shiow that Donnan dialysis is & promising alternative
to zeolite columns (October report p 97) for removing '%7Cs from

evaporator distillates. Removal factors were 2000; 100 is accegt—
able. In addition, '*"“Ce was removed by a factor of 25, '?3-108py
by a factor of 100, and *°zZr-°°nb by a factor of 50. These nuclides
are not removed by zeolite.

In the tests, plant evaporator distillate was fed to the
single feed channel of a laboratory dialyzer (November repori p 40),
The distillate contained about 0.01M NI NOj3, 0.00IM NaNOj, 6000
pCi/ml '27Cs and traces of other radionuclides. Area of the
experimental perfluorosulfonic acid membrane (DuPont XR) was
820 cm?; feed flows were 40, 45, and 50 ml/min; respective strip-
ping flows of 3M HNOj3; were 0.50, 0.40 and 0.32 ml/min.

b B

The tests show that activity from a feed flow of 10,000 gal/day
can be concentrated to V200 gallons in IM HNO;, with a cesium
removal factor of 1600; greater reduction in volume can be obtained
with smaller, but adequate, removal of cesium.

Similar tests are planned with the distillate from the sepa-
rations general purposc evaporator, in which the principal activity
“is 137Cs, and with water from the reactor vertical tube storage
basins, which contains a variety of activities.

o Ha— g
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In the program te develop 2 plant-scale ion exchange membrane
dialyzer to concentrate uranium, processing rate was quadrupled
by increasing temperature from 22.5 to 70°C. At the higher tem-

" perature, the goal of 6 kg of **% per day can be processed with

8 to 12 membranes instead of the 24 predicted from tests at room
temperature (November 1969 report p 40).

A Domnan dialyzer was assembled with a single 225-cm?, 10-mil
Du Pont XR perfluorosulfonic acid membrane, which is serviceable
up to 125°C. The alternative membrane material, sulfonated
polystyrene-poclyethylene ("AmFion"*-C103) is oxidized rapidly at
70°C. Uranyl nitrate was concentrated as follows:

Concentration of Uranyl Nitrate

Feed 0.02M
Temperature, °C 22.5 50 70
Feed flow, ml/(min) (100 cm?)} 4.6 14.2 20.3
Uranium concentrated, % of feed 85 81 83
Uranium in product, M 0.27 0.37 0.37

The effect of higher temperature will be measured on the
removal of '37Cs from the distillate from the plant waste
tank evaporator (December 1969 report p 50).

* Trademark of Awerican Machine and Foundry
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ENVIRONMENTAL STUDIES

Purification of Evaporator Distillate by Ion Exchange Dialysis

In a 35-day plant test, a cation exchange membrane dialyzer
decreased cesium activity from 10,000 dis/(min) (ml) to ~50 and
mercury from 1000 ppb to ~3 in distillate from the H Area evapo-
rator that concentrates aged supernate from high activity waste.
Feed flow through the dialyzer was 100 gal/day (1% of the total
flow of distillate)}. The volume of stripped-ion solution for
recycle is V3% of feed volume. The results agree with laboratory
tests (December 1969 report p 50). Continuing development of
larger dialyzers is directed particularly toward removing ionic
impurities from streams to seepage basins.

The dialyzer was developed in the laboratory on the basis of
Donnan membrane equilibrium (May 1963 report p T1-18).' In the
dialyzer, cations are exchanged between the feed and stripping
solutions that flow in opposite directions at controlled rates
on opposite sides of the membrane; anions are mutually excluded.
The 10-mil membrane is a fluorocarbon material extremely resist-
ant to chemical attack-- Du Pont XR 170 perfluorosulfonic acid
copolymer.

Less shielding is needed for a high capacity dialyzer than
for ion exchange columns of equal capability, because the strip
stream that contains dialyzed material is discharged continuously;
but, in columns, activity accumulates until eluted.

1. US Patent 3,454,490
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Dialyzer in Rack

FIG. 21
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Plant Test

100-GAL/DAY DIALYZER
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The 100-gal/day dialyzer is operated at 75°C in a thermo-
stated water bath; four times as much feed is dialyzed effectively
at 75° than at 25. A portable rack contains the dialyzer, water
bath, pumps, and related equipment (Figure2l). Each 20-mil-thick
polypropylene plastic frame that forms a flow channel (Figure 22)
contains a 12-mil-thick 40-mesh stainless steel screen to support
the 10-mil membrane. Membrane area for cation exchange is 5 by 35
inches, Thickness of the feed channel is maintained constant and
uniform by a small positive pressure in the strip channel that
presses the membrane against the 12-ml screen in the feed channel
(Figure23). With this feed channel thickness, ions diffuse to
the membrane in less time than they diffuse through the membrane.
Feed residence time in the dialyzer was only 10 seconds.

End Plate
Y, ' x8"x 38"

S FEED OUTLET

Feed Channel
20 mils x 6" x 38"

Membrane
/ 10 mils thick

Strip Chonnel
. 20 mils x 8" x 36"

/—STHIP INLET

End Plate
3" x 8" x 38"

STRIP
OUTLET

FI1G. 22 DIALYZER COMPONENTS

Feed Channe! / /

P v, 7, £, A VAW \Eo-mil
§ " Spocers

/ Strip Channel|”
28 mils
i

Transverse Section

FIG. 23 STRIP PRESSURE ASSURES UNIFORM DIFFUSION DISTANCE

10-mil
Membrane

A
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The feed contained 0.01M NH,OH and as much as 10° dis/ (min)(ml)

of **7Cs (v107°M) and 0.5 to 1.3 ppm of Hg. The feed was filtered
to remove 20-u particulate material, and was fed to the dialyzer
at 100 gal/day; cesium and other cations were stripped with

0.9 gal/day of 3M HNO;. *°‘Cs activity was stripped by a factor
of 850 from feed containing 10° dis/(min)(ml), and by a factor

of 20 from feed containing 200 dis/(min) (ml1) (Figure 24). The
wide range of feed activity enlarged the scope of the successful
test. About 2 gallons of water per day diffused into the strip
channel by osmosis. Thus, the volume of stripped-ion solutien
for recycle is 3% of the dialyzer feed.

Mercury was dialyzed simultaneously with a removal factor
of 500, to 1-3 ppb. The evaporator distillate contains filter-
able mercury metal and mercury ions (or species in rapid equilib-
rium with ions). The dialyzer removes only ionic species; filtra-
tion is summarized in the following sectioen.

Initial pressure drop through the feed channel at 100 gal/day
(270 m1/min) was 23 psig. During 3 weeks, the pressure increased
to 50 psig. Flow direction was then reversed in both channels;
feed pressure decreased to 26 psig and remained low throughout
the remaining 2 weeks. The pressure increase is attributed to
small particles caught in the 40-mesh screen. A 1-u feed filter
is being evaluated.

|07 T T T B T i B
]
/\S!rip Solution, 1
vof Qut =
3 gal /day 3
— 10°
€
<
£
~ |0¢ —
@ 10 E
o p!
- Feed, In ]
5 100 gal fday A
n
lo} -

w0’ Purified Feed,
Qut

98 gol fdoy

0 3 10 15 20 25 30 3B
Operation Time, doys

FIG., 24 THIRTY-FIVE DAY DIALYSIS OF !3%7Cs
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Operation of the 100-gal/day dialyzer will be continued with
evaporator distillate to determine the life of the initial mem-
brane, possibly at temperatures up to “100°C and at the propor-

P X T Ak ane £1 AL -
(=

t.iuuc:.t.c.l.y higher flows. Plant tests in oth
being planned for similar dialyzers.

- =3 e e

pa PP 1Catlions are

Dialyzer scaleup to 10,000 gal/day is planned. Membrane area
would be increased by stacking spacers and membranes between the
end plates, with internal manifolding to provide uniform parallel
flow (Figure 25). A 10,000-gal/day dialyzer containing 140 mem-
branes would be about 6 inches high, 8 inches wide, and 38 inches
long -- well within the range of fabrication of electrodialyzers,
which contain up to six hundred 36-inch-square membranes. Large
ion exchange dialyzers are expected to remove metal-ion contami-
nants (such as Pb, Hg, Cd) effectively from commercial waste
effluents of low total salt concentration.

Feed

Feed
Channel

Strip
Channel

End Plate

Length 3ft
Width & inches

Thickness C.ll inch
between end plates

FIG. 25 DIALYZER SCALE UP
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Decontamination of Evaporator Distillate by Filtration

The 20-p "Dynel"* yarn filter cartridge used to fllter feed
for the foregoing dialyzer operation retained particulate material
containing 8 *4 mCi of activity from 1400 gal of the evaporator
distillate. 40 g of metallic mercury.was also retained by the
filter. These data indicate that filtration may extend the 1ife
of the zeolite column currently used to remove *?’Cs from distil-
late and may be useful for cleanup of other plant effluent streams.

Radiation was 3 mR/hr 3 feet from the filter cartrldge, 50%
was '96Ru; 25%, 95Nb; 15%, ®%Zr; 10%, combined !* “Ce, 125sp, 1%3Ry
134, 155Eu, and %%Co. Some of these nuclides originated from waste
solutions from the regeneration facility for portable deionizers,
temporarily added directly to the evaporator feed tank during
1971. On the basis of these data, the 136,000 gallons of distil-
late produced during the period of filtration apparently contained
n0.6 Ci of filterable activity.

’

Potential applications of filtration are being considered
for decontaminating various plant effluents.
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ENVIRONMENTAL STUDY

Purification of Reactor Basin Water by
Ion Exchange Membrane Dialysis _ o

ey oy o

s

Cationic radionuclides in reactor disassembly basin water
were removed effectively by Donnan dialysis with ion exchange
membranes in laboratory tests. Catlons were eachanged between
the feed and stripping solutions that flow in opposite directions
at controlled rates on opposite sides of a cation exchange
membrane; anions are mutually excluded. Anions could be removed
by a dialyzer with a membrane that exchanges anions. Exchange
membrane dialysis was demonstrated previously to remove '*’Cs

and mercury from waste evaporator condensate (January 1972 report
P77},

The reactor disassembly fuel an lie
in water after discharge. Small amounts of tritium and nonvolatile
radionuclides transfer from the assemblies into the basin water.
Tritium is now removed by purging water from the system; radio-

nuclides, by columns of ion exchange resins.

"
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The tests used a 10-mil membrane of 'Nafion''* wnich is
extremely resistant to chemical attack. Reactor basin water was
fed to a single cationic membrane dialyzer at 75°C and 8.7
mi/ (min) (100 cm?). A 3M HNOs strip solution was used at 1% of
basin water flow in one series of tests; 1/2% in a second series.
Cations were exchanged into the strip strcam during dialysis.

Data are tabulated below.

13%cs and 137Cs were negligible in the treated basin water
(dialysate). The behavior of *>Zr-®°b, '*“Ce, and SiCr was
not defined clearly because the basin water used in these tests
contained lower than usual concentrations. Further tests will
include normal concentrations of all radionuclides and will also
test higher flows per unit membrane area and other feed/strip
ratios.

* bu Pont trademark for perfluorosulfonic acid copelymer
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Removal of Radionuclides from Reactor Basin Water
by Ion Exchange Membrane Dialyzer, dis/{(min)(ml)

Feed 8.7 ml/(min) (100 cm?)

Temp 75°C
Strip = 1% of Feed Strip = 1/2% of Feed
Effluent Effluent
Feed Strip Dialysate Strip Dialysate

Slcr 51 - 20 - 20
S%Mn 1.7 24 0.05 35 -
58¢4 13 180 0.5 260 0.4
§0¢co 3.1 44 - 67 - .
€57n 12 . 210 - 300 -
13%cs " 69 1500 - 2200 -
13705 115 2200 | - 3300 0.5
140p, 12 300 - 640 -
Letce 0.4 - - - -

. - denotes below sensitivity of analysis
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Cleanup of Waste Evaporator Distillate by Membrane Ion-Exchange

Study has continued of Donran dialysis for separating and
concentrating ionic species, with emphasis on improving the
process and equipment to increase the efficiency of a prototype
dialyzer for removing cesium from H Area woste evaporator
distillate (January 1972 report p 77). Improvements include:

Increasing the thickness of the dialyzer channel from 13
to 28 mils to decrease the pressure drop and membrane
N CoT

nluoeace with on

pluggage with only modera

-y A
m ate €ase in 1lon transport rate.

Using an electrical feed heater to improve control and
eliminate humidity problems associated with previous water-
bath heating of the dialyzer.

In addition, mathematical models were developed that provide
useful computer evaluation of alternative designs, particularly
for the uranyl nitrate-nitric acid. system.

Equipment Modifications

During a 35-day plant test (January 1972 report p 77) of
cation exchange dialysis feor removing cesium activity from H Area
waste evaporator distillate, pressure drop across the feed channel
became excessive due to buildup of solid material in the feed port
manifolds and spacer screen. This required occasional shutdown
for system backflush. Two modifications were tested to solve
this problem:

Existing 20-micron filters were replaced with a lI-micron
filter to increase predialysis filtration. This helped,
but not enough.

Pilot-scale tests with water indicated that increasing the
channel thickness reduces the pressure drop (first table
below).

membranes is increased to compensate for the increased channel
thickness; thus laboratory measurements (second table) indicate
that a 28-mil-channel dialyzer with 2 membranes performs about
as well as a 13-mil-channel dialyzer with 1 membrane.

Plant tests are expected to show less pluggage with thicker
channels. Other advantages of increased spacer thickness are
significant improvements in manifold port design allowed by the

L ST Lot L e o g e T R T
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‘*greater frame thlckness (35 mils); easier, lower-cost fabrication

_of spacersj-and enhanced safety because of the reduced operating

'pressure

Replacement of the hot water bath for heating the dlalyzer
by an electrical ar steam preheating system for the feed allowed
better control of dialyzer temperature and eliminated the high
humidity (detrimental to instruments in the dialyzer cabinet).
Electrical prehcaters are cu*rnnt1v favored for feed flows <2 gpm.

An endurance test is planned for a pilot-scale dialyzer w1th

DPST-65-301
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28-mil channels and 2 membranes; continuing ability to strip 137¢s,

mercury, and other ions from H Area waste evaporator distillate
will be tested, to evaluate the foregoing design changes. A
second pilot-scale dialyzer with 4 membranes (2 feed channels and
3 strip channels} is nearly ready for plant testing with other

 aqueous effluents.

Effect of Channel Thickness on Feed-Channel Pressure DOrop

Spacer: 20~gauge stainless steel, 6" x 36"
Screen: 20-mesh stainless steel, 5" x 32"
Strip Pressure: 5 psig > feed channel inlet pressure

Feed Flow, Channel Thickness, Pressure Drop,

ml/min mils psig
540 13 42
540 28 13
540 40 3
1080 13 >100
1080 28 31

1080 40 7

Effect of Channel Thickness, Number of Membranes,
and Temperature on Dialyzer Performance

" Feed:  0.02M UQ; (NO3)z, n5.0 m1/(m1n)(100 cm?)
Strip: 3.0M HNO4, 0.05 ml/{(min) (100 cm 23

Channel © . U0, (NO3): U0 (NO3) 2
Thickness, Number - - Temp,  Remaining Strip Outlet
mils of Membranes = °C in Feed, % Conc, M
13 1 22 15.1 . 0.282
28 2 22, 20.1 0.258
13 1 75 1.4 0.233
28 2 2.5 0.226

75

2 TR ey THR ST e e T it 2 4 Mr Ty T L s e andts TR Y g Rt

Lok b S, 2

b ot o —



b ali L FgT e

Y il o - Ry o in

b L

e

Sl i ae b S e L-u_'.n.‘zi =

i

DPST=-65-301

- [ . el25a0 .

Mathematical lodeling

Theoretical analysis of the continuous Donnan dialysis
separation process is being compared with experimental measurements
to develop a mathematical model that will allow optimizing the
design of a parallel-channel dialyzer by computer simulation. The
current model is based on steady-state differential mass balances

in flow channels coupled to the Donnan membrane equilibrium equation
and to meabrane flux pn.xar1nn‘; descril r-ln:r +the transpoert of the feed

counter-ion (uranyl or sodlum cation, for exanple), the solvent
{water), and the co-ion (such as nitrate).! The mass transfer
rate of the counter-ion is based on a membrane-phase driving

force, while the solvent and co-ion fluxes are related directly

‘to concentrations in the bulk fluid phases.

~ Values of mass-transfer coefficients for osmotic, co-ion, and
counter-ion fluxes were determined by fitting empirical equations

+ da A +h Tah * %
to operating data measured in the laboratory. Correlations for

the uranyl nitrate-nitric acid systems were of the form

k=a u? exp (-Y/T)
where k = mass transfer coefficient
ue = feed channel velocity
T = temperature

o
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Comparison of calculated dialyzer performance based on these mass
transfer coefficients with measured performance indicates that the
mathematical simulation is satisfactory for the uranyl nitrate -
nitric acid system to be used for evaluating alternative dialyzer
designs. Typical results are shown below.

Calculated vs Measured Dialyzer Performance
Feed: 0.019M UO; (NC3)2, 49 ml/min
Strip: 3.0M HNO;, 0,49 ml/min -

Dialyzer: 2%" x 32", 2 membranes, 25° c
Composition, M
Calculated Measured
Waste 0.00355%  0.00395°

Product = 0.267 0.264

. 19% of uranium in feed
b. 21% of uranium in feed
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Calculated design modifications shown in the last 2 llnes
of the next table indicate improved performance over the current
design, line 1.

Design Calculations - Constant Membrane Area

Feed: 0.019M UQ,; (NOj3),, 75°C, 20 liters/min
Strip: 3.0M HNO;, 0.5 liter/min

U0, (NO;)2 Remaining U0, (NO3); in

Size Membranes in Feed, % Strip, M
st x 3¢ 368 6.3 0,234
10m x 32 184 6.3 0.234
10" x 16" 268 22 0.178
s x 64" 184 <1 0.268
gn o x 32" 3684 5.0 0.165

a. iike first case except 1.5 liters/min of 1.0M HNO; strip

However, results obtained with the univalent sodium nitrate -
nitric acid system were poor. The counter-ion transport equation
based on the membrane-phase driving force appears inadequate.
Because the velocity dependence of the mass transfer coefficients
of the uranyl nitrate system indicates that the major resistance
to cation transport lies in the flow channels, the model is being
extended to include liquid film resistance. A multiple-resistance
model which takes into account both liquid film and membrane
resistances will be formulated. Initial modifications have
improved the correlation with sodium nitrate data; further improve-
ment is needed for design use.

1§ 5. Velsheimer, H. M. Kelley, L. F. Landon, and R. M. Wallace,

"A Theoretical a.ud Experimental Study of Donnan Dialysis, A .
Continuous Ion Exchange Membrane Process '" Paper presented at .-

the 74th National AIChE Meeting, New Orleans, La., March 12, 1973.

rry-m# Lt s e i "
- = v [N SRR e D

T T A AT RN e e PR M e ek e




OSR-24.A117 - ' i

, BCCs I, A, Hobbs, SROO
:s*r..:‘ltls‘rl';nol'a'oz ’ R . G . m‘dl@y
E. I. pu PoNT DE NEMOURS & COMPANY S. A, HeNeight, Yilm,
IucoRmoRATES ' C. H, Ioe~-L. H. Meyer, SRL
@;:\_ SavANNAH RIVER LABORATORY TIS R&GM CQDL
- AIKEN, SoUTH CAROLINA 29802

(Twx: BC3.524-00t8, TEL: 803-824-6331, WU: AUGUSTA, GA.)

Doocnbor 30, 1885

;m“q' Bo- Iu. Wa C’Mimﬂn ‘ .
Dopavtuont of Chenlcal Enginoering i
University of Ssuth Caroling !
Golunbia, South Corolinn |

Boay Dr. Ealort

DP3T-05-301, 3rd Supplemant

oo encloned roport, pages 70-79; doseribos R, W, tollacoe's
roepnl UoEl: on ion exchinpe monbrancS.

Thio mutorinld 2o £0 Do bouad vith that Sroancoitted by my lotter
of ay 25, 3955, and nunbosod DPST-65-301.

KW 7.
H, He Epllfy
Spparations Chomistry Divipion

HiEsag
Bnel. !




- - S — —_—

’_ SH-Zi-Ai 17 a .ﬂ /

B up ot O
ESTABLISHED 1802

E. 1. pu PonT DE NEMOURs & COMPANY

it

I'f INCORPORATED
/’ AIKEN, SouTH CAROLINA
/ l (TEL. & TEL. ADDRESS. AUGUSTA, GA.)
/ EXPLOSIVES DEPARTMENT

SAVANNAH RIVER LABORATORY

Dr. B. L.- Baker, Chairman
Department of Chemical Engineering
University of South Caroclina
Columbla, South Caro}ina

BCC:

DPST-65-301

.I., A, Hobbs, SROO

R. G. Erdley :

S, A, McNeight, Wilm,

C. H. Ice-L, H. Meyer, SRL
TIS Record Copy

August 9, 1965

g Dear Dr., Baker:

DPST-65-301, 1st Supplement

|
‘}. . ) . .
1 T'he enclosed report describes R, M, Wallace's recent work on

lon exchange membranes,

This material is to be bound with that transmitted by my letter

F
|
ﬁ HMK/fy

Encl,

of May 26, 1965, and numbered DPST-65-301.

Very truly yours,

H, M. Kelley
Separations Chemistry Division



DPST-65-301

“

(A . 4
iGN

|
-y

ION EXCHANGE MEMBRANE SEPARATIONS

Study was continued of the concentration of uranyl nitrate solu-
tions by "Donnan dlalysls processes", which are based on the approach
to Donnan membrane equilibrium, As described in the March report, this
technique is quite adaptable to continuous operation, which i1s a poten-
tial advantage over the current method of concentration by lon exchange
resin columms in typlical B-Idne operations,

Tests were made with a 23-membrane countercurrent concentrator
with "AMFion"* €103 membranes and with nitric or sulfuric acld as the
uranlum stripping soclutlon. For a glven stripping solutilon, the final
concentration of uranium in this solutlon and the loss of uranium in
the stripped feed solution were determlned by two operating conditions:
the absolute flow of the feed and the stolchlometrlic flow ratlo between
the stripping sclution and the feed. The tests also confirmed predic-
tiong that sulfuric acld is a more effectlve stripping agent than nitrile
acid, and that the loss of uranium in the stripped feed is 1nterdependent
wlth the concentration of uranium in the product.

A method was devised for circumventing the assoclation of high
losses in the stripped feed with high concentrations in the product.

The uranium is first concentrated to & high value with relatively high
"loss" in the stripped feed., The latter is then processed through a
second cation membrane separator, which strips essentially all of the
regidual uranium and concentrates it to the original feed value for
recycle to the first concentrator.

PR
As described in the March report, the maximum conceivable concen- l/
3

tration of uranium in the product from a countercurrent separator is
attained when EUFgF = Cogo

where UF = concentration of uranium in the feed I

gp = flow rate of the feed
Cy = molar concentration of nitric acid in stripping solution
g, = flow rate of stripping solution.

-

Under these conditions, the nitrate ion fed to the separator in the
strip solution is Just sufficlent to accommodate the uranium in the
feed solution. This condition implies that the ratioc a = Cogo/?UFgF s
is an important operating parameter for membrane separators, because ’

it is a measure of the stoichiometric saturation of the product solu- i /
tion with respect to yranium when all of the uranium is removed from ‘

the feed solutlon. Thus, the value of a 1s an index of the approach |

to conditions that will yield maximum concentration. The rate of feed

Ve

* Trademark of American Machine and Foundry Co.
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flow is also important, because it determines the residence time of
the feed within the separator and hence the time available for the
stripping process.

Concentrating System for Donnan Dialysis

Tests with Nitric Acid Stripping Solutions

The results of tests with the 23-membrane separator, 1in which
0.01M uranyl nitrate in the feed was stripped with 2M nitric acid, are
shown in the following itable. The feed rate was constant within sepa-
rate groups of the tests in which the value of o was varled., Each test
was operated for at least 7 hours.

Steady state was attained in all tests except the first two at
feed rates of 5 ml/min, in which o .was 1.0 and 0.8, The attainment of
steady state was demonstrated by determining the uranium concentration
in the stripped feed at various times. '

The loss of uranium in the stripped feed decreased with increasing
values of a at constant feed rate; the concentratlon of uranium in the
product remalned fairly constant up to ¢ = 1.5, then decreased with
further increase in a. The loss of uranium decreased with decreasing
feed rate at constant o, as expected. The concentration of free acid
(g*) in the product increased with increasing a and was close to the
concentration predicted from the excess acid added in the strip. The
free acid remaining 1n the stripped_feed from all tests was slightly
higher than that predicted for a simple exchange of hydrogen ion for
uranyl ion. This observation indicates that a small amount of nitric
acid diffuses through the membranes. The diffusion is also indlcated
by the small increase in free acid in the stripped feed as a is

increased and the feed fiow is decreased.

The values of K (the parameter related to the osmotic transport
of water as described in the March report) varied considerably with a.
This variation is attributed to a greater degree of saturation of the

membranes with uranyl ilon for the small values of a., In the tests for

which o was 0.8 and 1.0, nearly all of the membranes were saturated

with uranium. For large a¢, only the membranes in the filrst few stages

were saturated. The variatlions in K can be explained on the basis that .
the membranes saturated with uranyl ion transport water less readily

than the membranesg that are in the hydrogen form. The experimental /
values of X for the larger values of a agree fairly well with the value

of 0.012 that was reported in March from tests with the ll-membrane

separator.,
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. Concentration of Uranyl Nitrate in 23-Membrane Separator with Nitrie Acid
Feed U = §,01M UOg(NOs)oj (no HNOa)
Btripping Solution co = 2,0M HNOs

Flow, ml/min

© Ep By & : _ Product stripped Feed H, M

(Feed) {Strip} (Product) «(a) x{®) yoEt, M uwz*, ¢ Product Stripped Feed

5.0 0,040  0.0995 o0.80{¢) o.couu8 0,282 2.6 0.0126 0.0292

0,050 0.112 1.00(e) ©.00835 0.27% '37.8 0,0297 0,0231

, 0.060  0.142 1.20 0.00600 0.273 7.46 0.0466 0.02%4

=10.075 0.176 1.50 0.00730 0,268 - 3.34 0.109 0.0270

' 0,100 0,230 .. 2,00 ©0.00930 0.210 . 1.33 © 0,269 0.0292

0,200 0.33% ko0 - 0,00822 0.148 0.67 . 0.551 0.0315

k0 0.060 0.158 1,50 0,007TT4 0,220 1.4 0.,0951 0.0274

©.080 0.207 2.00 0.,00991 0,189 0.56 0.218 0.0293

0,160 0.314 5,00 0.00987 0.124 0.18 0.534 - 0,0342

3.0 0.036 ©.111 1.20 0.00665 0.189 1.76 0.0207 0.0266

0.045 0.141 1.50 0,00861 0.185 6.15 0.0726 0.0285-

0.060 0.181 2.00 0.0106 - 0,155 0.09 0,188 0.0308

0.160, 0.348 5,30 0.0126 0.0838 <0.05 0,596 0,0401

(a) a = C of /EUFgF
(b) Kk = [(Co/C )% 1]/10 /g 1 where C_ = HNOs in product, M. {March, Equation T}

K is a funetlon or the nature and area of the membrane, and of the type but not
the concentration of the acid in the stripping solution. |
{c) Not at steady state. :

Tests with Sulfuric Acid Stripping Solutions

The results of tests with the 23-membrane separator with sulfuric
acid as the stripping solution are sunmarized in the following table.
The increase from 1 to 2M in concentration of sulfuric acid in the third
group of tests was made after the determined values of K Indicated a
more concentrated stripping solution would produce a more concentrated

product stream for the reasons explained in the March report.

. In the first. group of tests, the feed flow was constant and a was
varied, The definition of a . in terms of concentration and flow rates
for a stripping solution of sulfuric acid (C ogo/UFgF) is twice that for
a nitric acid strip because only half as many moles of sulfate are
required to accommodate the uranium, In all other tests, ¢ was con-
stant at 1.2 and the feed flow was varled,
The general behavior of the membrane separator with sulfurlec acid /
.88 the stripping solutlon was much the same as that with nitric acld:
the concentration of uranium in the product and the loss in the stripped

feed both decreased, with either increasing a or decreasing flow.
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The quantitative behavior, however, differed greatly. The concen-
tration of uranium in the product was consistently higher and the loss
in the stripped feed was consistently lower with sulfuric acld than
with nitric acid, when both systems were operated at similar conditlons.
The greater effectiveness of sulfuric acld ag a concentrating agent 1s
due to two factors,

Sulfate ion 1s a complexing agent for uranyl ilon, and therefore
permits operation at conditlions closer to stoichiometric satura-
tion (smaller a) than can be used with nitric acid. At flow of

5 ml/min and ¢ = 1.2, the loss in the stripped feed was only 1.4%
when 1M suifuric acid was used as a stripping agent; in contrast,
a was necessarily increased to 2.0 to obtain similarly small loss
with 2M nitric acid as the stripping agent. Similarly, when nitric
acid was used as the stripping solution, the product concentration
remained constant for values of a below 1.5; but with sulfurie
acid the product concentration continued to Increase for values

of a down to 1.2,

A secend advantage with a sulfurlc acld strip 1s that osmotic
transport of water i1s less than that with & nitric acid stripping
solution for the same values of a. Although the osmotic factor K
for sulfuric acid is similar to that for nitric acid in the present
system, K enters into the osmotic equation only as a product with
Cys the concentration of the stripping solution, as shown in the
March report. Because only half as much sulfuric acid is required

to obtain the same value of @, the effective osmotic factor (KC,)
for sulfuric acid is half that for nitric acid,

The concentration of free acld (H+) in the product was again low,
and nearly equal to the values calculated from the excess acld in the
stripping solution and the concentration of uranium in the product.
The free acld in the stripped feed 1s very close to the value calcu-
lated for simple exchange between uranium and hydrogen ilons, which
membranes, The following conclusions were drawn from the foregoing
tests,

Uraniuwn can be concentrated from 0.01M (2.4 g/1) up to ~0.27M

(64 g/1) with nitric acid as the stripping solution, or up to
~0.45M (107 g/1) with sulfuric acid as the stripping solution,

The quality of the product solution c¢btained by the continuous —
membrane separation 1ls superior to that obtained by conventlonal
ion exchange methods, because the product contains only little
excess acld in contrast to the high concentratlions of nitric acid
or ammonium nitrate obtained in the elution of uranium from ion
exchange columns, e
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of the membrane in contact with the zulfate-perchlorate mix-
tures and the side in contact with pure perchlorate solutions.

The data from which the equilibrium quotients were
evaluated are summarized in the following table. The con-
centrations of free sulfate ion shown in the third column
have begn corrected for the small concentration of bilsulfate
ion. The quantities Q; and Qz were determined by least

squares it of Equaticn 3. No evidence was found of complexes
higher than the bisulfate.

The enthalpiles of the reactlons were determined by the
conventlonal plot of log Q vs

= %K. The value of +4.58 keal/

< with the value of +4.88 at infinite
).

3
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Measurements are now belng made of the equllibrium
quotlents for the reactions of uranyl lon wilth oxalate and

ethylenedlaminetetraacetate ions, and apparatus is being )

constructed for the continuous separation and concentrations
of lons.

Deta for C

c of Equiltl
for Uranyl Sulfat

e Complexes

' : R-1
Up/Up Nag/Nag (504) (504
259 3. 144 0.957 0.01587 144,2
. 5.16% .901 .0BY46G 154,5
747G 346 . 05338 177.0
9.090 LTT6 .0741B 190.0
9.477 . TE8 . 08356 182.0
9.856 .71 .0g9242 1947
Qy = 135.1 6.3
Qz = 654 +97
! . ‘.
© 34,29 3,816 0.959 0.01509 195.6
7.27 905 .0333) 236.5
10.38 .86y .05248 246.0
13.56 2795 .074%90 273.2
15.19 . 789 .0BRY42 283.7 )
15.77 L7200 L0g9215 299,77 -
Q, = 182.0 7.4
Qs = 1280 1120
347.8%% 4.93%3 0.96% 0.01622 266.%
. ) 10.08 .918 L03347 236.9
1%.87 871 . 05087 365.4
21,37 .8LL L0727 3598.7
24 .88 821 . 08329 4=1,1
25.97 .788 .09134 482.2
Qy = 237 18
Qe = 654 +270
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I0N EXCHANGE MEMBRANE SEPARATIONS

Dilute aqueous solutions of uranyl nitrate were concen-
trated continuously by use of the Donnan eguilibrium across
ion exchange membranes., Use of this technique to determine
the charges of ilons in solution and to measure the complexing
constants for uranyl sulfate have been described in £z
Monthly Reports for May, September, Octcber, and December ~
1963; and February, April, and June 1964, Lghe technique is

- now being adapted to specific separations processes such as

concentrations of the type that are used for solutions of
plutonium and 2°2y02* nitrates in the B Line,

The principal advantage_ of the membrane technigque over
the present use of ion exchange resin columns in the B Line
is the simplicity of 1ts adaption to'continuous operation.
The initial tests of the practicality of concenfration by the
Donnan membrane method are described in the following para-
graphs. The results of the tests are encouraging; decontami-
nation obtainable by this tecnnique will be evaluated in
later tests, '

The apparatus used in the initial concentration tests
with uranyl nitrate consisted of six compartments separated
by "AMFion"™ Cl03 cation exchange membranes. A feed solution
of dilute uranyl nitrate and a strip solution of concentrated
nitric eacid flowed through elternate compartments., The
efficiency of the apparatus was shown to depend on flow,
temperature, and the concentration of acid in the strip
solution. The highest concentrations of uranyl ien in the
product {effluent strip) solution were obtained with 3M HNO,
at 35°C, The uranyl ion was concentrated from 0.0l to 0.244M
(~2.4 to ~58 g/1) and the raffinate concentration was only
0.0013M (0.31 g/1). The total flaw was 1 ml/min and the
expesed membrane surface area was 11.5 inch®,

The apparatus is shown schematically in Figure 21. The

‘feed solution is pumped in parallel through the three compart-

ments labeled D; the raffinate stream, in which nearly all

of the initial UOZ" is replaced by HY, flows from the cpposite
ends of these compartments. Similarly, the strip solution

is pumped through the three C compartments in parallel and the
product stream flows from the opposite ends. The frame of

each compértment is drilled to provide internzl manifolds for |
routing the two solutions through the D or C compartments, and
1s equipped with conventional over-and-under baffles %that
conduct the Ilowing solutions through the compartments and )

#* Trademark of Américan Machine and Foundry Co.

’
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ensure thaet they do not bypass any of the membrane surf:ce.
Each frame also contains transverse baffles that agitate the
soluticns as they flow through the compartment., Approximately
2,3 inch® of each membrane is exposed to the solutilons.

The feed and strip streams are each driven by two pumps.
One pump advances the solutiocn at up to 3 ml/min and the

other pump agitates the sclution by Du151ng 1t back and forth
at ~40 ml/min.

Severael preliminary tests were made in which the feed
soclution contained 0.01M uranyl nitrate and the strip sclution
contained 1M nitric acid. The feed flow was varied from
0.5 to 3 mi/min while the strip flow was always 1/10 of the
feed flow, Tests were made at 25, 35, and 50°¢, ZTach test
was continued ~6 hours in order to reach steady state. The
results are shown in the following table,

Continuous Concentration of UO,{NO;), by Donnan Egquilibrium

Initial Concentrations
Feed Stream 0.01M U0, (NCz)»
Strip Stream 1.0M HNQg4

Tlnal Concentraticon COver-all

Flow, ml/min of Uranium, Mx103 Stage
Feed Strip Temp, °C Raffinate  Prcduct Separation
0.5 0.05 25 0.23 68 300
1.0 0.1 0.73 87 120
2.0 0.2 2.5 78 30
3.0 0.3 4,2 &7 16
0.5 0.05 35 0,14 69 500
1.0 c.1 0.42 80 150
2.0 0.2 4.2 55 13
3.0 0.3 4.7 54 n
0.5 0.05 50 0.5 104 200
1.0 0.1 . 1.9 o 50
2.0 0.2 3.6 69 19

These results demenstrate that uranyl ion ean be concen=
trated by the membrane technique and that the efficiency with

* which uranium is removed from the Teed stream depends upon

the flow rate and temperature. The best of the three temper-
atures appears to be 35°C on the basis of the over-all Stage
separation at 0.5 and 1.0 ml/min. The erratic results at the
higher flows (et 35°C) are believed to have been caused by air

,.Lcu.v..;ug the solution and blockin g some of the chetinels so
that the soluticns bypassed some of the compartments.
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FIG. 21 SINGLE-STAGE CONCENTRATOR

In a second series of tests the strip Tlow was reduced
further in an attempt to increase the concentration of uranyl
ien in the product, Two experiments, with 1 and 3M HNCs in
the strip scluticn, were continued at 359C for 2% hours. The
results, shown in the following table, demonstate that 3M
nitric acid is the more effective concentrating agent.

Continuous Concentration of U0, (N0, ). by Donnan Equilibrium

Initial concentration of feed stream 0.01M U0, (NOs),
Temperature 35°C

Final Concentration Over-all

Initial HNOg F¥low, ml/min _of Uranium, Mx10°3 .Stage
An Strip, M Fead Strip Raffinate Product Separation
1 1.9 0,017 5.5 220 40
3 1.0 0,031 1.2 244 200

juy

: da ave been made with the single siage

apparatus with only 11.5 inch® of exposed membrane. Three of

these assemblies in series would be expected to reduce the -,
uranium in the raffinate to about 0.2% of that in the feea '

end to yleld a product containing 0.244M (58 g/1) uranium.

. .
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Similerly, a device containing only 240 ft2 of exposed
membrane surfsace would be expected to process about 3.5 xg

of uranium per day. If only 50% of the membrane area is in
contact with the solution (part of the membrane area is masked
by the baffles) and each compartment is 1/16 inch thick, the
dimensions of such a device would be only 2 x 2 x 0.625 ft,

Tests are belrng made of the concentration of uranyl
nitrate from less concentrated solutions to simulate a concen-
trator for raffinate from the first stage, and with other
strip solutions such as ammonium bicxalate or a mlxture of
nitrie acid and ammdnium nitrate. A completely countercurrent
device, theoretically much more efficient than the present
- single stage unit, is being designed.

ey
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XCHANGE MEMBEANE SEPARATIONS

Study was continued of the concentration of dilute uranyl nitrate
solutions by Domnan membrane equilibrium, a3 described in the August
report. This technigue is being studied because of Lits apparent
simplicity of adaption to continucus operation, which is a potential
advantage over the current methed of conecentration with ion exchange
resin columns in the B Lines,

Tests with a nine-membrane countercurrent concentrator, using
"AMPion®¥ €103 membranes, showed that uranium can be concentrated from
0.01 to O.11M. Only 0.05% of the uranium remained in the raffinate.
"AMFion" C313 membrane was shown to be about five times as efficient
as "AMFion" C103 for concentrating uranyl ion in tests with a single-
membrane cell; both of these membranes were more efficient than the
cthers that were tested.

Further tests with the C313 membrane in the single-membrane
assembly demonstrated that uranyl nltrate can be concentrated from g
solution contalning 0.1IM nitric acid Into 3M nitric acid -~ conditions

that simulate those expected for the 2°°U concentration step in the
]

* Trademark of American Machine and Foundry Co,
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plant. Coneentration from the soluticn containing 0.1M nitric acid,
however, was less efficilent than concentration from solutions contalning
only uranyl nitrate. The feasibllity of concentrating uranyl ion by
complexing was alsc demonstrated by tests with the single-membrane
assenbly; uranyl ion was concentrated from 0.0IM uranyl nitrate into
0.2M ammonium oxalate sclutions.

Further exploratory tests to find new uses for the membrane
separations method showed that strontium can be removed from 0.1M
sodium nitrate solutions almost completely by a single batch equili-
bration with solutions of ethylenediaminetetraacetic acid {(EDTA) in
which the EDTA concentration is only 0.01M, This result suggests that
membrane techniques may be useful to remove ®°Sr from waste,

Concentration of Uranyl Ion

1

Countercurrent Apparatus —7 %’&L};

The countercurrent five-stage concentrator, &s sketched in
Figure 20, has ten Tlow compartments separated by nine "aMFion" C103
membranes. The frame arcund each flow compartment contains 20-mil-thick
polyethylene between twe 10-mil-thick layers of stainless steel, The
frames permlt ~2.5 in2 of each side of each -membrane to be exposed to

the flowing solutlons, Each frame is so cut to ensure that all of the
membrane is exposed to the flowing solutions,

The flow channels from stage to stage are go arranged that solution
entering at the bottom of one compartment leaves at the top, bypasses
the adjacent compartment, and enters at the tep of the seécond compart-
ment. Thus, different sclutions flow alternately cocurrent and counter-
current to each other in successive palrs of adjJacent compartments,

The countercurrent apparatus was tested for concentrating uranyl
ion by pumping a feed sclutlon (0.01M uranyl nitrate) in one direction
end a strip solution (3M nitric acid) in the opposite direction through
the apparatus, Both flowing soclutions were agltated by a pulse pump
on the feed stream; the pulsing action was transmitted to the strip
sclutions by the resultent flexing of the membranes.

Throughout these tests the flow rate of the strip sclution was .
~0,1 ml/min, and the flow rate of the feed was varied from 1 to 4 ml/min
Test results are shown Iin the following table, These results are
encouraging and demonstrate that ccuntercurrent multistage operation
can obtain satisfactory concentration with tolerable losses. Signifi-
cant improvement can be expected in subsequent tests at hlgher tempera-~
tures and wilth more efficient membranes, as indicated in the folléwing
sections.
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Concentraticn of Uranyl Ion in
Countercurrent Membrane Apparatus
Feed composition 0.01M uranyl nitrate
Strip compesition 3.0M nitric acid

Temperature 25°C; "aMFion" €103

Flow, Uranium
nl/min Product Raffinate Over-all
Feed Strip’ M M % Separation 2)
1 0.085 0,117 5 x 107¢ 0.05 23,000
2 0.12° 0,168 4 x 10°° 0.4 4,100
3 0.13 0.228 4,7 x 10°% B, 7 4,800
L 0.13 0.281 1.24 x 107® 12.% ~ 230

( ) Uranium concentration in product
Uranium concentration in raffinate

.

Fze : Strip
Dilule Concenirated -
U0, (NOg), HNOg
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~ Concenirated Very dilute UO, (NOg)n
UOZ(NO3)2 + HNO3 Dilute HNO3

FiG. 20 COUNTERCURRENT FIVE-STAGE CONCENTRATOR -
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Mewmbrane Efficiency

An apparatus was also constructed that 1s simllar in design to
the countercurrent device but contains only one membrane and two flow
‘compartments with transparent end plates. This apparatus was used to
determine the reletive elficiencies of verious types of membrane
material, to meke preliminery evaluations of process conditions, and

to observe the flow patterns within the compartments,

Four different commercisl membranes were tested in this device,
A Teed solution of 0.01M uranyl nitrate and a strip solution of 3
nitric acld were each fed to the apparatus at 0,25 ml/min at room
temperature, with pulsing agttation of the feed stream. The product
stream (the stream origirally containing 3M nitric acid) and the
raffinate (the stream originally containing uranyl nitrate) were both
analyzed for uranium after ~5-hour flow to reach steady state. An
efficiency factor (over-all stage separation) was defined as the
product-to-raffinate ratic of the uranium concentrations.

The results of these tests, shown in the fellowing table, demon-
strate that "AMFion" C313 is the most efficilent of those studied for
transferring uranyl ion, ‘and about five times as efficient as "AMFion"

€103, which was used for most of the tests with the five-stage concen-
trator.

Membrane Efficlency Tests
Initizl concentrations
Feed 0.01lM uranyl nitrate
Strilp 3M nitric acid
Flow 0.25 ml/min (each stream)
Temperature 25°C '

Uranium Concentration,

. M ‘ ' Over-zll .
Membrane Material Product Raffinate Stage Separation
"AMFion"* 313 1.05 x 1072 7.5 x 107°% ko
"AMFion"* €103 8.0 x 107® 3.0 x 107* 21
"Tonac"*¥ MC3142 9.4 x 107* 1,5 x 107°® 6.3
"Ienles"*** CRE10 7.9 x 107 3.2 x 10°% . 2.5

*  Trademark of Amerlcan Machine and Foundry Co.
*% Trademark of Ionac Chemical Co.
***Trademark of Icnics Incorporated.
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Effect of HNQ, in Feed
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"with an "AMFion" €313 membrane to examine the effect of nitric acid in

the feed on the concentrating effieciency for uranyl i1on. In this series
of tests a feed containing 0.01M uranyl nltrate and O0.1M nitric acid

was used because 1t is similar tc solutions that will be concentrated

in the 223U process; the sirip sclution was 3IM nitric acid. The flow

of sirip solution was 0.25 ml/min and the flow of the feed solutilon

was varied from 0.25 to 1 ml/min.

The results, shown in the following table, demonstrate that uranyl
ion can be concentrated from such a feed but that the effliciency of
uranyl transfer is only one tenth of the efficiency for feed contalining
no nitric acid, with the same mewbrane. The efflelency was about halfl
that obtained with an "aMPion" C103 membrane when no nitrle acld was
in the Teed,

Although the efficiency is impalred by the presence of acid in

~ the feed, %transfer rates of uranyl ion still appear to be large

encugh to make concentration feasible. Additlonal details are shown
in the followlng table,

Concentration of Uranyl Ion
from Scluticons Containing Nitric Acid
Feed C.01M uranyl nitrate
0.1M nitric acid
Strip 3M nitric acid

Flow, Uranium Concentratlon,
ml/min M Over-all
Feed Strip Product Raffinate Stage Separation
S 0.25 0.25 1.14% x.107% 7.9 x 107°% 154
0.5 0.25 2.02 x 1072 1.72 x 107° 11.8
0.75 - 0.25 2.65 x 1072 2,75 x 107° 9.7
1.0 0.25 3.0 x 107% 3,80 x 107° 7.9

Effect of Complexing Agent in Strip Stream

A further series of tests was made with {he one-membrane assembly
with an "aMFion"™ €313 membrane, in which ©.2M ammonium oxalate strip

[, AT Tvwramarl ot oa Paad

was used with 0.01M uradily 4 nitrate feed.
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The results shown in the following table demonstrate that uranyl
ion can be concentrated by complexing, but indicate that ammonium
oxelate 1s not an ideal agent to obtain high concentrations, Uranyl
oxalate was preclpitated when flows were controTled to concentrete
the uranyl ion tenfold or more.

Concentration of Uranyl Ton by Complexing with Oxalate
Feed 0.01M uranyl nitrate
Strir ©.2M ammonium oxalate

Flow, Uranium Concentration, - _
ml/min ' M Over-all
Feed Strip - Product Raffinate Stage Separation
0.25 0,25 9.7% x lO” 3.19 x 10-* 31
' 0.50 0.25% 1.8 x 1072 .16 x 107% | 20
0.75 0.25 2.2k x lo*” 2.08 x 107° 11
0.25 0.025 6.4 x 10-2(a) 3,586 x 10 -
0.50 0.025 5.54% x 10-2(&) 1,45 x 10~ Cam

(&) Precipitate formed in apparatus

Removal of Strontium

Bateh tests were made to determine the feaslbility of removing
strontium from sodium nitrate solution by complexing the strontium with
EDTA, Such a separation might be useful in removing strontium from
process wasies., The tests were made with the equilibration apparatus
for the study of membrane equilibrium described in the May 1963 revport,

A solution containing 0.1M sodium nitrate and 25Sr tracer was
placed on one egide of each "AMFion" C103 membrane in the apparatus
wnille a solutlon containing one of various concentrations of EDTA were
placed on the other slde of varicus membranes. Egullibrations were
mede by revolving the cells for 16 hours, at room temperature. In one
serles the pH of the EDTA sclution was adjusted to 7, and in snother
series to 10,
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The results shown in the following table demonstrate that strontlium
can be removed from sodium nltrate solution with the membrane separation
technique by complexing with EDTA., The removal is more effective at pH
10, as expected, because the concentration of free EDTA ilon is greater.

Such batch equilibrium results give no indication of the rate of
transfer of strontium across the membranes. Although 1t is thus not yet
possible to say whether @ practical process can be designed, the batch
measurements 4o identify which processes are possible and what condlitions
should be tested in continuous concentrators.

Removal of sSSr.from Sodium Nitrate with EDTA

Further Tests

‘Feed 0.1 socdium nitrate, 2°Sr iracer

EDTA, 55y in Final Solutions, %
M NaNQ, EDTA
EDTA at pH T

0.01 95 5

0.025 76 , 24

0.05 1 &9

0.10 0 100

EDTA at pH 1C

0.025 -0 100
0.01 0.2 59.8

Measurements will be made with the nine-membrane concentrator with
"AMFion"™ €313 membranes, which the tests to date have shown to be more
efficient, Tests will also be made to develop a method, based on
equilibrium across anion exchange membranes, for removing acld from

+h

e diiute uranium stream of the 2°°U process.
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© - ION EXCHANGE MEMBRANE SEPARATIONS

Study was continued of the concentration of uranyl nitrate solutiocns
by Donnan membrane equilibrium. As described in the August and November
reports, this technigue appears tc be quite adaptadble to continuous
operation, which is a potentlal advantage over the current method of:
concentration by ion exchange resin cclumns in typleal B-Line operauions.

i ‘

Equations describing osmotic effects within countercurrent membrane \\
concentrators were derived for use in predilcting the operatlng behavior
of the concentrators and defining their limitations and. optlmum operating

=.rconclitic:)ns.' The significance of osmotlc transport of water was demon=- &;‘ﬁ
strated in tests wilth an eleven-membrane countercurrent concentrator, :
These tests showed that "AMFPion"™ (313 cetion exchange membrane, contrary
to predictions, 1s less efficient than C1l03 membrane. The more rapid

_transport of uranyl ion through the C313 memdrane 1s ‘offset by greater
osmotic transport of water.

-

Description of Osmotic Behavior

Two solutions of different compositions flow in opposite directions
through the alternate compartments in the membrane concentrator. Bafrlles
in eech compartment route the solutions in such a way that the entire '
multistage concentrator 1s equivalent to one long membrane between two

_narrow compartments. The uranium-cstiripping solution, ~3M nitric acid,
enters at one end of one compartment; and the feed solutlon, dllute
lpranyl nitrate, enters at the opposite end of the othcl compartment.

v

'Ag the stripping solution progresses along the membrene, uranyl lon
is transferred into it by Donnan equllibrium, and water 1s transferred--

-

" into it by osmosis. ’Although the osmotic transport of water 1s smell,
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the flow of the atripplng solutiocn is alesc small; thus, consldereble
dilution can occur., This continuous increase in volume of the stripping
solution as 1t progresses throush the concentrator reduces the concen-
tration of the scld and Increases 1ts rate of flow. '

The stripping solutlon enters the concentrator with £, nitrete lon
content (weight fractlon) and with gg flow (gramz/minute). At any
distance x from the entry point, the osmosis-affected niltrate content
fx and flow gy of the étripping solution are functlone of x.

The feed solution of uranyl nitrate is so dllute (~0.01K) that its
osmotic behavior is essentlally that of pure water. The flow of the feed
.gsolution 1s so much faster (~50-100%) thar. that of the,stripping solution
that the progresslve decrease in feed stiream flow and Increase In feed
stream nitrate concentration caused by osmosis (no nitrate cen be trans-
ported through the cation exchange membrane) are negligible for the

present treatment.

As the stripping solution traverses an element of the long narrow
membrane, with width h and length dx, 1t is diluted osmotically by

& grams per minute of water from the feed soluticn, so that its nltreie -

content decreases from f  to fy1gyxs and 1is flow changes from g, to
Bx+dx+ Beceuse the same mass of nltrale nusi pass every polnt x -

(1)

iy =1 g
xgx felate!

Beceuse the total mass of strivping solutlon at x+dx is the sum of the

-+ mess et x and the mass & that enters by osmosils

Exiax = Bx + 0 . ' . . LCE)

or, if ¢ is the . osmotic flux per unit area of membrane element (hdx),

dg C

= = hd .

o ! (3)
M i d A D7 ....‘a...... ot iy R ok o ’ [ J‘ .......
fne oSmoTLic Iiux UJ. W LoL yc L1t Ares U.. .llU::L..UJ.u. 2 LD u.:sauu.t::u bU Ut:
proportional to the concentration of nitrate in the stripping solution,

¢, = BE, (&).

where B = proportionality constant., 7This sssumptlon 1s aqcuréte 1f the

~rate of osmosls 1s proporticnal to the diference 1n osmotic pressure,

and if csmotle pressure 1s proportional to the difference in concen-
tration. The first of these ceonditicns 13 normally fulfilled, The
second is correct within about +10% for the solutions of interest; this
devlation represents the change in osmotic cocefflclents of nitric ecid:
‘between 0.1 and 3M HNOg4,

# mprademark of Americar Machine and Poundry Co.
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" were reporied in November,

" axperimentally €0 be ~0.012 for
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Combination of Equatilons 1, 3, and 4 ylelds

dg =z
dx

5\
-
Ll

P
J.O{;

&

= - (5)

Integration from initial flow g, ol x = O ylelds

8o

;é:_._m\/

1

. nhf
L 2Bhfo (6)
Bq

Because the changes in density are relatively smell (€10%), the

‘nass flow units for g can be replaced by volume flow units so thet the
concentrations are expressed as molarity Cgy and C.

If every membrane in

an n-stage concentrator has the same expcsed area of membrane Xghs .

_ x
If gll constants are combined,
' o ~
no o
- gO Cn

il

!’D{S

1{‘"‘—"‘
\/1 + nK —=

I(‘)
O

(7)

0

O

The constant X 1s a function of the nature of the membrane, of the
exposed area of the membrane, and of the nature but not the concentration

of the acild solutipn.

Tests of Osmotie Behavior

The vallidlty of Equation 7 was tested with an eleven-membrane

concentrator with "AMFPion" €313 catfon membranes.

The effects of changes

in flow of 0.01M uranyl nitrate Feed, and in flow and concentration of

. the stripping solution were measured.
following table.

The results are shown in the ‘

The agreement among the values of K indicates the degree of rell-

eblllty of Equation T.

The values of K are constant within sbout 13%,

wnich Indlcates ‘that Equation 7 is useful in predlicting the osmotlce
behevior of countercurrent membrane concentrateors.

The concentrations of uranium In the product and raffinate streams
illustrate the effectlveness of the "AMFion" (313 membrene assembly.

The results, over-gll, are not as

water-are faster with C€313. This
T W Aleludd B bt S

membranes.

@ b

Both the

s}
S
=
=)
e

od as those with "AMFion® C103 that
transfer of uranium and that of
t was confirmed by determining X .,

i
Fn ' asy n
ystem with eleven “AMFion" €103
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Tests with 11l-Stamge Concencrator

"AMFion" €312 membrane
Uranyl nitrate fezd 0.01H

Strioping and Product Solution Raffinate
' Entrance Flow Exit Flow, Exit Anlon Cenc Exit U Cone . Uranium,
o, ml/min - gy, mi/min Cpo ¥ Uns M K 0.0002%

" Cq = 3M NOg; feed rate gp 4 ml/min

0.0843" 0,312 0.916 0.1%0 - 0.032% 5.8

0.05%2 0.233 0.6856 : 0.157 = 0.0287 g.5

0,0394 0,182 0.652 0.202 0.0252 8.1
Co = 1M NO5; feed rate gp 2 ml/min

C.0954 " 0.206 0.46% 0.096%  0.0313 0.7

0.0615 0.150 0.422 - 0,132 0.0276 1.0

0,044 ©70.110 0.376 0.174 0.0230 3.9
Co = C0.5M NOg; feed rate- gp 2 ml/min

0.100 0.185 . 0.316 0.125  0.0273 1.5

0.595 0.103 0,288 0.143 0.0218 26.0

Avg 0.0275 20,0038

Attainable Conecentration cf Uranium

Limlits can he placed on the attalnable concentrations of uranium,‘
without detailed formulatlon of the rates of uranium transfer. Solution
of the relatlonships of Equations 7 for C, In terms of g, and C, ylelds

C .
c, = g%: (V(ano)2l+ hg2 - nKC, ) : t71)
-Equation 7' 1s plotted in Figure 32, which shows that C, approaches Cq
asymptotically. 3Because Cp, 1s the total concentration of nitrate ion
~ in the product stream, the concentration of uranium, Uy, cannot exceed
1/2 Cn. As another limiting condition for Uy, Af all of the uranium
were extracted by the stripping stream In n stages

n
il gn

where Up, gp = Initial values in the feed solution, This equation is
also plotted in Figure 2 as a function of gp.. '

Becouse both curves of Fipgure 32 define upper limits, the concene'
tration o uranium U, in the product stream is restricted to the shaded

region of the figure. The point of intersection of the two curves
% . '
b
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Urgntum in Exit Steipping Solution

Exit Volume Flow of Siripping Soiution, ¢n

FIG. 32 THEORETICAL CONCENTRATIONS OF UO,

defines the maximum conceivabile concentration of uranium.

Cngn = 2Upzp ‘ (8)

Therefore, by virtue of the identity expressed by Equation 7, the

conditions for obtalning the maxirum concentration of uranlum are con—

trolled. by the dndependent variables Co and gy

CoBs = 2Upgp _ o (9)

From Equations 7 and 9, the maximum concentraziion of urasnium is

| ' i 1/2 o
Upoy = |E2E /(1 . VR8s - - (10)
max 2nK nKCS .
A4S Cp spproaches infinityg‘Umax approaches Uiltimate
Up:
- DF
= = {11Y).
RS E l 2nK N

The following cowclusions corcawn;ng the operation of a membrane
urenium concentrator are drawn from the :o“eg01ng apalysis.

1. The meximum concentration of uranium is obiained when the nmole
input of stripping nitrate ¢ 08g 1s nearly double that of feed uranium-
Up&yp- Smaller value° of Cogo yiela Llower concentrations and higher

.

The condltion

Cy



the second term would be only 0.015 and Upa

_JPSI“SS-SOL'

losses; larger values yleld lcwer ceoncentrations and lower losses. The
desired operation is with valucs of Cygg &5 close to 2Upgp &s is con~
sistent with tolerable loss.

2. Higher values of Inltial nitrate concentration C, in the
stripping sclution lead to higher concentratlons of uranium in the
product, but the edvantage is marginal beyond a certaln point. When
the second term iIn the denominator of Equation 10 is considerably smaller
than unity, & further increase in C, does not increase Upgyx epproclably.
For example, if '

the Teed concentraticn Up is 0.01Y,
the feed rate gp is 2 ml/min,

the sirlp concentration is 3M NOZ,
and nK 1s 0.30,

» Would be 99.4% of U,q¢-

3. The ultimate concentration of uranium in the stripping solutlon,
and the loss of uranium to the raffinate solution are interrelated
closely. Both emplirical observations and prelimlnary thecretical treat-
menits, not included in this report, show thet losses to the raffinate
decrease with decreasing values of feed flow g, but Equation 11 shows
that the maximum concentration in the product also decreases with
decreasing Ep-

L, An increase in the nurmber of stages n beyond a polint may not
decrease losses very much. When the number of,stages n 1ls increased,
in order to maintain the same concentration of uranium in the product
the feed flow g must also De Increased to compensate for the increased
osmosis as shown by Eguation 11. In the dilute region of the concen=-
trator, however, preliminary calculations of uranium transfer show that
the raffinate concentration depends on gF/h for large n. Thus, an
increase of n beyond some minimal value will permit Increased throughput
for a gilven raffinate loss, but may not decresse the raffinate loss

‘significantly rfor a given concentration of uranium in the product.

5. An acid of a divalent anlon such as sulfuric acid would probably

be a betiter concentrating agent than nitric acid. The complexing
tendency of the gulfate ion for uranyl lons, together with the fact thet

" only one sulfate ion is required per uranyl ilon, would permlt smaller

concentrations of sulfuric acid to effect the desired concentration of
uranlum. The less concentrated acid would elso result in reduced
osmosls, PreliminaTy tests with strioning colutions of sulfuric acia
neve~verified this conclusion.
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6. "AMFiQnﬂ,ClOQ membranes are expected to yield maximum concen-
. I
trations of uranium about 1.5 times as nigh 2s those obtained with €313
membranes at the same rate of flow. This corclusion follows £r- —
Equation 11 and the meassured value:c of K of 0.0.2 end 0.0275 for uvhe

ClG3 end C31i3 membranes, respectively.

A new 23-membrene concentrator has been assembled with €103 membrancs
nd 1s being used to test some of the foregoing conclusions, Theorsitical
vregtment 1s belng developed for the transfer of uranium in the counter-
current assemblles; to provide the has -

of the characteristics of the concentrators.
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The optimum velue for a 1is about 1,5 when nltric acid 1s used as
a stripping agent and provision ls made to restrip the uranium
in & second concentrator. Smaller values of a lead to increased
lossee without any significant increase in product concentration;
larger values of o lead to smaller concentrations in the product

solutions. The optimum value for a when sulfurlc acld is used as
s stripping solution is (1l.2. '

The concentrations of uranium in the product and stripped feed
solutions are interdependent. High product concentration is
associated with high loss and vice versa, Genulnely optimum

conditions of operation do not exist; the proper conditions are

CAIIQ L LLWIID &

obtalned by balancing the desired product concentrations with
acceptable residual uranium in the stripped solution.

Suilfuric acid is far superior to nitric acid as & stripping solu-
tion; both higher product concentrations and lower losses are
possible wlth these solutions, Sulfurlic acid, however, ls not as
compatible with certain possible subsequent processling steps.

Concentration of Uranyl Nitrate in 23-Membrane Separator with Sulfuric Acld
Feed Uy = 0.01M UO,(NOs)g; (no HNOa )

Flow, ml/min

C g, 5 Product Stripped Feed g, M
(Feed) (strip) (Proguct) ala)  x(d)  vozt, vozt, £ Product Stripped Feed
Stripping solution C, = 1M HzS50, )
~ 5.0 0.060 0.144 1.20 0.012% 0,341 1.41 0.101 0.021% )

B 0.075 0.173 1.50. 0.01%1 0,289 0.7h 0.235 0.0221

5.0 0.200 0.316 4,00 0,0130 ~0.159 0.62 0.7T4 0.0233

6.0 0.072 0.169 1.20 0.0145 0.341 3.32 0.166 0.0215 - |
4,0 0.048 0,133 1.20 0.0139 0.276 . 0.52 0.101 0.0220 ‘
3.0 0.036 0.112 - 1.20 0.0136 0.237. 0.11 .0.086 0.0224

2.0 0.024 0.0923 1,20 0.01%4 0,195 €0.05 0.088 0.0232

Stripping solution C, = 2M H50,
o

10 0.060 0.191 1.20 90.0119 0.451 9.83 0.266 0.0215

9 0.054  0.177 1.26 ©.0115 0,463 T.45 0.226 0.0215

8 0.048 0.166 1.20 0.0114 ©,448 7.62 T0.194 0.0218

T 0,042 0.155 1,20 0.0115 0.420 3,94 0.152 0,0218

6 0.036 0,13% 1,20 ©0.0100 0.405 3.56 0.081 0.0205 *
(a) a = CGgA/U?gw ‘ : . . /
{(b) K defined as in preceding table . . -
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Recyele System for Donnan Dlalysis

Although higher concentrations of uranlum in the product stream
are assoclated with larger concentrations of residual uranium in the
stripped feed stream when a single concentrator is used, high concen-
tration in the product and nearly complete stripplng can be obtained
with two concentrators in series, The first concentrator is operated
(with g close to unity) to obtailn high concentration of uranium in
the product. The stripped feed, which contains considersble residual
uranium, flows into a second concentrator, which is operated (with o
at a very high value) to strip the uranium nearly completely. The
product stream from the second concentrator contsins uranlium at
approximately the same concentration as that of the initlal process
feed stream; thies product is blended with the feed stream to the first
concentrator,

A series of tests was completed with two 23-membrane concentrators
in series. The first concentrator was fitted with "AMFion" €103 mem-
branes and the second with "AMFion" €313 membranes. The €313 membrane
material was used in .the second concentrator because tests described
in the March report demonstrated that €313 transports uranium more
rapidly than C103. Although C313 also transports water more rapidly,
this 1s relatively unimportant in the second concentrator becausgse high
concentrations of uranium are not necessary in the second product
(recycle) stream,

The feed to the $#Arst concentrator was 0,01M uranyl nitrate as in
the previous tests; the stripping solution for the first concentrator
was 2M sulfuric acid and that for the second concentrator was 2M nitric

- 13 Anl X
acid., Feed flows of 10, 7.5, and 5.0 ml/min were used in three tests;

"the flow of stripping solution to the first concentrator was adjusted

to maintain constant a = 1.2. The flow of strippling solution to the
second concentrator was 0,12, 0,10, and 0.06 ml/min, respectively, for
the initlal feed rates of 10, 7.5, and 5.0 ml/min,

The results of these experiments are summarized in the following
table. The data show that uranium can be stripped almost completely
and at the same time concentrated to ~0.45M (107 g/liter). The uranium
in the raffinate 1n the two tests with the low flow is well below 0.1%,
which 1s usually an acceptable loss. The loss is expected to be reduced
further, without .reducing the product concentration, by lncreasing the .
size of the second separator, The product concentration for the tests
at feed rates of 10 and 7.5 ml/min are quite consistent wlth data /
reported previously., The product concentration for the test at feed .
rate = 5 ml/min was less than expected, probably due to a malfunction
of the pump for the stripping solution -- the flow of the product stream
was higher than expected. -
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. Although the foregolng tests were made with sulfuric acid in the
first stripping solution, the same procedure can be used with nitric !
acid as the initial stripping solution. On the basis of the results
summarized in the preceding section, concentration of 0,01M uranium
solutions to ~0.27M (64 g/l1) appears to be practicable, with recycle
of ~3% of the uranium, l

‘Concentration of ﬂo§+ in Recycle Donnan Dialysis System
Feed 0,01M U0p{NOsz)2

Stripping soluticns ‘ v
First concentrator 2M HpB80,
Second concentrator 2M HNOg

Feed Flow, 4§9§+, M U0z, % of initial feed
ml/min Product Recyclel®) Product Recycle(s) Raffinate(b) ) .
10 0.472 0.024 89 10,4 0.35
7.5 0.436  0,0092 95 5.0 0.0k )
5.0 0.338 0.0032 98 1.7 0.014 "

(a) Product from second concentrator
(b) Stripped feed from second concentrator

De-acidification Donnan Dialysis with Anion Exchange Membranes

' The tests that have been summarized in the preceding sections and
in previous reports have involved the concentration of dilute solutions
of pure uranyl nitrate. However, the recycle stream and the initial :
feed in many. actual processes will contain falrly high concentrations .
of nitric acid., Tests and theoretical considerations indicate that :
nitric acid in significant concentrations decreases the efflciency of -

the membrane concentrator (as with other cation exchange processes),

end simple neutralization of the excess acld with an alkaline solution

is not a suitable remedy because the added cation also interferes. |
I
’

Preliminary tests have shown, however, that the acid can be neu- ;
tralized by anion exchange membrane dialysis without the addition of )
extraneous cations. De-acldification separators are otherwise ldentical :
in design to the concentrators used in the foregoing tests. The feed |
solution contelning excess nitric acid is fed into compartments on one / ‘

}

P - ey Lo om  wwm smww Lal=%a] )
gide of the membrancs and a solution of sodium hydroxide 1s fed Into

the compartments on the opposite side of the membranes. The nitrate
and hydroxide ions are exchanged; the sodium and uranyl lons are not,
The exchanged hydroxide ions neutralize the hydrogen lons in the feed
solution, :
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Complete Concentration System

The complete system for concentration of uranium will contain
three membrane separators, cne for de-acidification, one for concen-
tration, and one for recycle as shown in Figure 12, The compositlons
of the solutlons shown in the figure represent one of several systems

that can he used,

Tests are beilng made to develop the de-acldification step and the
complete dialysls system more completely, Tests are also in progress
to demonstrate the concentration of other ions, such as sr2t from
NaNO, solutions and La® 3+ from dilute solutions. A center-feed separator

is being constructed for tests of the separation of twe ions such as
cu®t and Ag', preliminary to tests with curium and americium,

Feed Raffinaie
0.01M U0, (NG3)p ~OM UD2{NOx)s
0.3M HNO3 ~0.03M HNO3
l DE-ACIDIFIER 0.0IM  CONCENTRATOR CG.00IM STRIPPER T
U02{NDa)» U0z (NOz)a
Ly » , _

‘Anion, EXGhaage | ~0 HNO3 | Cdtigh” EX¢RDAGE | 0.03M HNOs | Cation_Exthonge

NoNO3 : ‘ oM N
NaOH NoOH 1 HNO3 1 HNO3
Product Recycle —
0.26M UO2{NO3)2 0.01M U02(ND3)2
0.1M HNO3 0.2M HNO3

To Feed-+—-

FIG. 12 COMPLETE DONNAN- DIALYSIS CONCENTRATION SYSTEM FOR UQ,2*
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10N EXCHANGE MEMBRANE SEPARATIONS

Further tests confirmed that solutions of uranyl nitrate are
concentrated in excellent yield by the three stages of ion exchange
dialysis described in the June report. The dialysis technique --
based on approach to Donnan equilibrium across ion exchange membranes
~-- is readily adaptable to continuous operation and therefore offers a
distinct advantage over the present plant processes for batchwlse con-
centratlon with columns of Jion exchange resin.

Other tests confirmed the expectations that the membrane techniques
for concentrating divalent UO‘;"+ are equally effective for concentrating
trivalent ions such as Pu®", and that they should be useful for removing
strontium from waste streams.

Concentration of UO§+

Figure 24 shows the over-all ion exchange process for concentrating
uranyl nitrate. Three steps of dialysis are used:

The anion exchange deacidifier in step removes

f'a.-F‘s
‘excess HY from the feed, high acidity would 1limit the
concentration of UO that can be obtained in the second
step.

The cation exchange concentrator Iin the second step provides
the desired increase in concentration of UOE+.

The cation exchange concentrator in the third step strips
the residual UQZ  from the raffinate, at suitable concen-

trations for blending with the feed stream.

Each stage 1s a series of compartments separated by the lon exchange -.
membrane. The two influent solutions flow .in opposite directions
through alternate compartments (Figure 25), and baffles in each com-
partment direct the flow in such a way that the over-all aseembly is
equivalent to & very long membrane between twe vVery narrow compartments,
Tests of the two cation exchange concentrators were summarized in the
June report, but only preliminary results were described ror the anion
exchange deadidifier, -
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Feed . Raffinate
0.0iM U0, {NOa)z ~0OM UOz({NCa)p|
0.3M HNO3 ~ 0.03M HNO3
DE-ACIDIFIER 0.0IM CONCENTRATOR  0.00IM STRIPPER
U02(NCO3) U0, (NOa)» N
Anion Exchonge | ~O HNO3 | Cation” Exchange | 0.03M HNO3 | Cation Exchénge
i—‘ 4y o % r~— "1[
NaNO3 2Mm 2M
NoOH NaOH : HNO3 HNO3
Product Recvcze )
0.0IM U0z (NO3)2
0.26M UO2(NO
0.1M r«lzmoaa)2 0.2M HNO3
To Feed<—

FIG. 24 COMPLETE DONNAN DIALYSIS CONCENTRATION SYSTEM FOR UO3*

Feed Strip
Dilute Concentrated
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Product Raffinote
Concentrated Very dilute UO,{NO3 )2
UO, (NO3)p + HNO3 Dilute HNO3

FIG. 25 MEMBRANE DIALYSIS CONCENTRATOR
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Subsequent tests with the deacidifier have demonstrated that the
concentration of HNOs in typical feed (0.01M UOZ*, 0.3M HNO) can be
reduced to any deslred value, with only ~0.1% loss of uranium to the
NaOH solution. About 3 liters of synthetic feed was deacidified to
pH 3.8 (approximately the pH of unacidified 0.01M uranyl nitrate), and
then processed through the two concentrators to demonstrate the complete
system. The product contained 0.27M UO2+ Only 0.1% of the U02+
remained in the raffinste, The UOg+ in the raffinate could be reduced
8t111 further by minor changes in process conditions. The only apparent
defect 1n the system is a relatively high content of Na' in the product,
due to slight permeation of Na through the anion exchanger 1n the
deacidifier and subsequent concentration by catlon exchange along with
the UCOS™.

Anion Exchange Deacidification

The dialysis deacidifler has the same construction as the catlon
concentrators. The feed solution contalning excess nitric acid flows
through the compartments on one side of the snion exchange membrane
and a solution of sodium hydroxide flows through the compartmente on
the opposite side, both of the flowing solutions are agitated by pulsing.
The NOg and OH are exchanged but the Na' and U02+ are not., The
exchanged OH neutralizes the H+ In the feed solution.

A feed solution containing 0.01M U0, (NOz), and 0.3M HNOs; was used
in a series of tests with an 18-compartment deacidifier with "AMFion"*
AlO4% membrane. The concentration of the NaOH solution was varled
between 1 and 1.5M, and the acidity of the product stream was controlled
by adjusting the flows of the feed and NaOH.

Although no attempt was made to optimize operating conditione for
the deacidifier, sufficient work was done to demonstrate that:

The effluent UOZ® solution can be controlled at any pH -
between 1 and 5.5 by adjust in the flowe of the two streams,

Uranium oxlde 1s precipitated when the pH of the feed solu-
tion reaches 5.5, but is dissolved rapidly when the acidity
is increased by slight increase in flow of the feed.

Permeation of U02+ through the anion exchange membrane to the
spent NeQH was very small; the maximum observed U02+ in this stream was
about 5 x 10"°M, However, appreciable Nat permeated the membrane into
the ”02+ stream; "1"'}‘“""'\". the maximum observed uuu\..cuua.a.ud.uu of 0. 0054
is small compared with that of the inltial 9,3M H s 1t 1s half the con-
centration-of the U02*. The data are summarized in the following table.

* Trademark of American Maching and Foundry Co.
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Deacidificatiop/of Uranyl Nitrate Solution

7
Dialyzer 2U4-compartment anion exchanger
Feed 0,01M UOa(NQs)z - 0.30M HNO4

Nitrate strip 1.5M N&OH

Flow, ml/min Deacidified Feed UOZ' in Spent NeOH,

Feed NaOH pH Na', 10°°M 10~ 8
2.75 3 1.12 5.91 3.0
2.75 4 1.43 5.67 5.1
2.75 6.5 3.83 '5.56 . 3.0
2.75 T.5 4.18 5.73 i 4.1

Test of Complete System for Concentrating Uoéi

The complete system for concentrating UO§+ was tested with a
3-1iter batch of synthetic feed contalining 0.3M HNQ, and 0,01M U0, (NOs)s.
The test demonstrated that the deacldifier effluent 1s sultable feed for
the concentrators.

The feed was firet processed through the 18-compartment anion
exchange deacidifier alone, and was then processed through the two
cation exchange concentrators in series. The flow of feed to. the
deacidifier was 2.7 ml/min and the flow of 1.5M NaOH was & mi/min.
Both streams were agitated by pulse pumps, The effluent contained

0.010M U02¥ and 0.0056M Na' at pH 3.82.

The batch of effluent solution from the deacldifier was fed to
the two concentrators (24 compartments each) at 5.13 ml/min; 2.0M HNO,
strippling solution was fed to the first concentrator at 0,075 ml/min
and to the second concentrator at 0.060 ml/min. The results are summa-
rized in the following table,

Concentration of Uranlum from Deaclidified Feed

Flow, UOZY, Ht, Nat,
ml/min 10”°M M 10" °M
Product - 0.189 270 0.131 86.5.
Recycle  0.230  26.3 . 0.208 15.3
Raffinate 5.13 0.01 0.040 1.6
- 85 -
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The concentration of UOZ' in the product, >60 g/1, was almost
identical to that obtained in previous tests with unacidified solutions
of uran¥1 nitrate. The UOZT in the final stream for recycle (~10%) and
the UOZ' in the final raffinate (0.1%) were slightly higher than in

previous tests. These values can be reduced with small adjustments in
process contirol.

The only potentially serious problem is the relatively high con-
centration of Na' in the product (nearly 0.1M). The Na*/uo2t concen-
tration ratio in the product is ~1/3 -- although this is less than the
ratio of 1/2 in the feed to the cation concentrators (because of poorer
efficlency 1n concentrating the monovalent Na+) 1t 1s sufficlently
large to be of concern. The Nat might be coprecipltated when the
uranium is preciplitated as ammonium diuranate, If such 18 the case,
ammonium hydroxide or perhaps a quaternary alkyl ammonium hydroxide
may be preferred as neutralizing solutions in the deacidifier. This
problem willl be investigated in future tests.

Larger dialysls equlipment is being developed for further tests of
the over-all UOZT concentration process.

Concentration of Tripositive Ions

Tests with La3" demonstrated the effectiveness of membrane:
dialyzers in concentrating trivalent ilons. La®t was concentrated from
a dilute solution of lLa(NOz)s with HNOs stripping solution, almost as
efficiently sas UO§+. Thus, Pu®t can probably be concentrated by
dialysls from dilute plant streams by nearly the same conditions as
_ those developed for UO§+. Thermodynamlcally, the trivalent catlons
should be concentrated more efflclently than divalent cations, but this
effect is opposed by slower rate of transport of the trivalent ilons
through the membrane. Further tests demonstrated that lanthanum can

also be concentrated by complexing with ethylenediaminetetraacetic . _

acld (EDTA).

The teste with HNOa stripping solutions were made with one 24-
compartment concentrator. The data are summarlzed in the following
table, Each test was made with a 50% stoichiometric excess of influent
gtrip NO3 relative to influent feed La®t., The concentration of
lanthanum in’ the products was very nearly the same as that obtalned
for uranium under the same conditions., Residual La®! in the raffinates
was s8lightly higher than for UO‘E_+ under the same conditlons; these data
indlcate that the rate of transfer of the trigositive ions is somewhat
slower than that of dipositive ions. The La®" in the raffinate from
the single concentrator is sufficlently low, however, that lanthanum
(and therefore probably plutonium) could be concentrated adequately and
recovered completely if the over-all system of Figure 24 were used.

- 86 -
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Concentration of La®' with Nitric Acid

Feed 0.0103M La(NOs)a
Strip 2.,02M HNOs

Flow, ml/min ' La®t, 107%m HY, 10 %M
Feed Strip Product Product Raffinate Product Raffinate
5 0.112 0.185 262 1.18 198 39.2
3 0.067 0.113 257 0.89 4g 43.5

In+another series of tests with one 24-compartment concentrator,
the Ia®”" was concentrated with a stripping solution of 0.1M EDTA
buffered to pH 7, These experiments demonstrated that trivalent ions
can be concentrated with a falrly dllute solution of a powerful com-
plexing agent. As shown in the following table, the 122t was trans-
ferred nearly quantitatively lnto the EDTA solution when the flow of
the feed was sufficlently slow. The residual La®' in the raffinate,
however, increased rapidly when the flow exceeded 2 ml/min. No attempt
was made to obtaln product soclutions of wvery high concentrations because
of the limited solubility of EDTA.

Study of the concentration of trivalent cations will be continued
after a pllot-scale demonstration of the concentration of UO§+ is
completed.

Concentration of La®’ with EDTA

Feed 0,0103M La(NOg)ga
Strip 0.1M EDTA (pH T}

Flow, ml/min 1a3t, 1073m
Feed .Strip Product!®) Raffinate
2.00 0.500 . 40 0.018
3,00 1.0 30 0.165
4,0 1,0 30 1.05

(a) Calculated by mass balance

Removal of Strontium from Solutions of Sodium Nitrate

Tests with batch apparatus for membrane dilalysis that were summa-
rized in the November 1964 report demonstrated that Sr2" is removed
completely from a 0,1M NaNOg solution by complexing with EDTA buffered
to pH 10, This separation has now been demonstrated with continuous

dinlyeis.
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A solution containing 0.10M WaNOs; and 0,00119M Sr{NO,), was fed
at 2 ml/min through two 24-compartment concentrators in the series
arrangement of Figure 24, A stripping solution of 0.04M EDTA buffered
to pH 10 was fed through each of the concentrators at 0.10 m1/min --
the concentration of 0,04M EDTA 1is approximately iso-osmotlc with
0.1M NaNOs. The two stripping sclutions were kept separate only for
analytical accuracy in evaluating performance. The sr2t in the effluent
from the first separator was near the limit of detectlon; hence the
second separator was required to concentrate the residual strontlum

{by ~20) to enable a reliable estimate of the decontaminatlon factor
across the first dialyzer.

The tests are summarized in the following table. Virtually all
of the strontium, concentrated 20-fold, was recovered in Product 1;
much larger concentration factors can be obtalned with higher concen-
trations of EDTA in the strip (or with more dilute strontium feed
solutions). In the present test the effluent EDTA was approximately
half-saturated with strontium. The decontamination factor was 34300
for removal of sirontium from sodium nitrate in the first separator,
The strontium in the final raffinate was too low to be detected, but
the data for the first separator indicate that the over-all decontami-
nation factor for the two dlalyzers is probably ~107.

This test indlcates that Donnan dialysis should be effective for
recovering strontlum or for decontaminating certaln waste streams,
Study of the removal of strontium will be resumed when specific appli-
cations are needed.

Removal of Strontium from Sodium Nitrate with EDTA

Feed 1.19 x 107%M Sr(NOs)z, 0.10M NaNOg
Strips 1 and 2 0.04M EDTA (pH 10)

Flow, ——
ml/min sr2t, n

Feed 2.0 1.19 x 10°2

Strip 1 0.10 -

Strip 2 0.10 -

Product 1 0,10 2,28 x 1072

* Product 2 0.10 5.6 x 10~° )
Raffinate 1 2.0 2.8 x 10-7(8
Raffinate 2 2.0 Not detectable

(a) Estimated from the concentration of §r2* in
Product 2 and the flow rates,
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ION EXCHANGE MEMBRANE SEPARATIQNS

Separation of Sllver and Copper

Continucus processing by lon exchange dlalysis was extended in

the laboratory to demonstrate the separation of silver from copper,
p-r-a'l-im-l nary to n“lannpri genarations of two "Inns guch as curium from

A ey el ddnd, R AR A il S upSicuiblian - lis DAL &0 LAl L

americilum, The continuous dialysis, which is baled on, approach to
Donnan equilibrium across lon exchange membranes, was shown previously
to be useful for concentrating ionic species such as UO and La® +

and for removing cationic nuclides such as radiostrontium from simu-
lated radioactive waste solutions (October report, page 82).

Product The tests with Agt and Cu®t
[ R_ . were made with a center-fed
+'1f\

i .

l] . u_l.t‘:l-J..yb.].D D.yuucul. \..umy.:.;.r:a.ug, WU
|

.J

1

Strip
L

24 -compartment separators con-
taining "AMFion"* C103 mem-
branes (Figure 23). As in the
o - separators described in the
Feed :g - o October and June reports, the

two influent solutions flow in
opposite dlrections through
alternate compartments in each
| . separator, and baffles 1in each
’ compartment direct the flow in
such a way that the over-all
separator is equlvalent to a
very long continucus membrane
between two very narrow

compartments,

-

Profuct' - l t StFI;ip

FIG. 23 CENTER-FED * Trademark of American Machine
CATION EXCHANGE DIALYSIS and Foundrv Co.
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The feed solution containing the ions to be separated was blended
with one or the other of the flowing solutions, at a point between
the two separators. All streams were fed with metering pumps, and the
two stripping solutlons were pulsed to provide agiteation., A mixed
solution of silver and copper ions was chosen for the initial tests
of cationlc separation because these ions are amenable to separations
based on either the difference in their charges or differences in

ty among & varlety cof their complexes,

Four different processes were studied; all were successful to
some extent: '

.1. Separation based on the difference in charge of the Ag+ and
cu2t ions, in which nitric acid of different concentrations
was used as the separating medium, was the least successful;
in the best case, equimolar silver and copper in the feed

were separated into two fractions -- one contained 68% silver

and 32% copper, the other contained 90% copper and 10% sllver.

2. Separation based on preferential complexing of copper by
ethylenedieminetetraacetic acid (EDTA) or by diethylene-
triaminepentaacetic a¢id (DTPA) -- in which a solution of
sodium nitrate was.used as the silver stripping solution and
the feed was added to this solution between the separators --

gave consistently a copper product containing no detectable
r

t with 0.3 to 9 mole % copper.

3. Separation similar to'2,_but in which the feed was introduced
into the DTPA copper stripping solution, demonstrated much
larger capacity than Method 2 and consistently ylelded
products containing <2 mole % of the other component.

4. The best over-all results were obtained by separation similaer
to 3 but with sodium thiosulfate as a complexing agent in the
siiver stripping solution. This method had the same capacity
as Method 3, ylelded a sllver product that was more concen~
trated than that of any other method, and none of the products
contalned >0.15 mole % of the other component, :

Separation Based on Difference in Charge (Method 1)

Separation of cations of different charges depends on preferential-

concentration of the cations of higher charge into the more concentrated
of two solutions separated by the cation-permeable membrane. If the

two solutions contain nitric acid at different concentrations, for
example, and small amounts of Ag+ and Cu®t are introduced, both ions
wlll be concentrated in the more' concentrated solution of acid, but
cu®t will be concentrated to a greater extent than Ag . The two ions

are separated in the center-fed membrane system by adjusting the flows -

.‘_ 71 -
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of the streams so that relatively more silver is transported in the
dilute acld stream at high flow and more copper is transported in the
opposite direction by the concentrated acid stream at low flow. The
conditions for such operation of such a system are derived as follows.

A cation of'charge,z+ is distributed as follows between two acid
solutions of different concentrations, separated by a catlon-permeable
membrane : - . '

Z+

N

where Cz+, H = respective attlivities (approximately the concentrations)
of the cation and hydrogen ion

R,L—O

In & slngle stage at equilibrium in which Solutions R and I flow
in opposite directions at rates &g and gr, ml/min,_respectively, the

number of moles of cation transported from the stage per unit time is

cf{"gR plug cf’*’gL. An extraction factor EII‘, may then be defined:

A o+
&R _ R &R . (2)
L.~ .2+
‘L ®L
or from Equation 1
' z
ED (iﬂ) °r ' (3)
L~ g ;
L/ g,

If two ions of different charge z, and zp are to be separated,
the greatest resolution will be obtained when

(EE)A = 1/(Ei)]'3 | ‘ : ()

Combination of Equation 3; with values of z for each ion, with
Equation 4 yilelds the flow rates that satisfy Equation 4: .

(z, + 2.}
A B

ﬁ;-(_‘*a); ; o (5)
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In the tests wilth silver and copper, 1M HNO, was the concentrated
solution (Strip R) and 0,25M HNOz was the dilute solution (strip L).
~Use of these values for H and the charges z, = 1 and zg = 2 in
Equation 5 ylelds a value of 8 for the flow ratio, that is, the more
dilute stream must flow elght times as fast as the concentrated stream,
The respectlve extraction factors ER for silver and copper are found
from Equation 3 to be 2 and 0.5. In practice the same flow ratio

cannot be used in both separators because the feed stream contributes

to the flow in the second separstor only. This effect was minimized)
by introducing the feed at slow flow into the rapidly moving dilute
(Strip L) stream, The flow ratios were varied from 7.6 to 8.2.

The results of the two ftests llsted in the following table show
that cations can be separated from each other on the basis of
differences in charge. Equimolar amcunts of copper and sllver 1n the
feed were separated into two fractions, one enriched in copper and the
other enriched in silver. The failure of the system to effect more
complete separation was due to the relatively small driving force of
the process and the slow rate of ilon exchange through the membranes.
The efficiency of this separation might be improved, but much more
efficient separations are possible by the use of complexing agents,
ag described in the following sectlons.

Separation of Silver from Copper Based on Ionic Charge

Feed L  0,1M Cu{(NOg)n, O.1M AgNOa
Strip R 1.0M HNOgj
Strip L 0.25M HNOg

_ Ag Product L Cu Product R
Flow, ml/min Molerity Mole % Molarity Mole %
Feed 8trip R Strip L Ag 4+ Cu Ag Cu Ag + Cu Ag Cu
0.15 0.2 1.5 0.0218 68 132 0.0262 10 90
0.3 0.4 3.0 0.0181 64 36 0.0435 13 87

Separations Based on Complexing (Methods 2,3,%)

Separations based on complexing depend on preferential concen-
tration of an ion in one of two solutions separated by an lon-selective
memprane when the concentrating solution contalng a compound that
reacts with the ion to form a complex. The condlitlons under which
separau;uu 18 obtained are formulated as follows for the enuili‘brium
distribution of a single cationic specles C between two solutions R
and I. separated by a catlon- -permeable membrene, In the most general i
case, each of the two solutions will contain a complexing agent --

Yr in solution R, and Yy in solution I, -- the two agents may or may
not be the same. The solutions alsc contain acids or salts with

.. =73
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univalent cations. These univalent cations may be assoclated either

with the complex-forming anions Y or other noncomplexing anions; their
concentrations are Mp and Mj.

cation %% reacts with complexing agent Y in one of these
solutlons:

ey = oy
The equillbrium constant for the reaction is

K = oy) (6)

(c*)x "

The total concentration (C) of the specles is the sum of the complexed
(CY) and uncomplexed (C%T) portions

(€) = (¢®") + (cx) 7

The combination of Equations 6 and 7 ylelds

An Equation 8 can be written for each solution R and L., The ratio of
the two equatlons is '

(cx)  (egh) (1 + K¥p) o)
©) ™ o) TR

where CR’ CL = total complexed and noncomplexed element in solutions

Rand L
zZ+ z+ '
CR R CL = concentrations of uncomplexed lona
YR, YL = concentrations of complexlng sgents

equilibrium constants for the complexing reaction

5

Because Donnan membrane equilibrium exists, Equation 1 must also
be satisfled. Combination of Equations 1 and Q ylelds

gl [MrY (+ K¥p)

(c) "\M, /- @ * K Yp) (0]
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Eguation 10 defines the dlstribution coeffilcient DE of the catlon
between the two solutions., If the two solutions are flowing through
the system with fiows gy and g, and the distribution of the cation
1s always at equilibyium, the system can be treated mathematically
a8 a single extraction stage. The extraction factor EE 1s obtalned

by multiplying Equation 10 by the flow ratio gR/gL:

R &y MV (1« K“Y“) o
E, \ML T+ Ky KXY, ) (11)

Equatlon 11 applies to each lon, although different extraction factors
wlll be obtalned because of differences in Ky and Kj,.

To separate two lons, one extractlion factor must be greater than
unity and the other less than unity. If a specific complexing agent
can be found for each ion, then Kg W wlll be large and K7, small for one
ion, and the reverse for the other. The separation can then be
obtained by sultable adjustment of the concentrations of Y and Yy.
Although such convenient complexing agents are not normally avallable,
separation can stlli be obtained if one ion is complexed and the other
18 not. The third factor on the right side of Equation 11 will then
be Jarge for one of the ions, but unity for the other. The extraction
factor of the second ion can be decreased by reduclng the product of
the first and second terms -- by increasing the salt or acid in the
solution without the complexing agent, and by increasing the flow of
the noncomplexing stream above that of the complexing siream.

Most of the common complexing agents are not extremely specific,
For effective separation, the product KY 1n one solution must be large
for one ion and smail for the other., This condition can be obtained
by adJusting the effective concentration of the complexling agent Y.
Because most complexing agents are salts of weak aclds, thls adjustment
1s most effectively obtained by adJjusting the pH of solutions that

contalin =8 -F‘e:4 -r-‘l\r 'ln-r\n-a. rr-m-\cvn nr\nnnn+1~n+4nn ~nf +ha ncﬂ:n'\‘f' - and hanns o
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iarge separation capacity. 1In some instances, where the two ions to

be separated both have very large stabllity constants with the complexing
agent, adjustment of the pH of the solutlons may be Impractical because
the high concentration of acid required for proper adjustment of ¥
wlll cause precipitation of the acid forms of the complexing agents.

In these cases the adjustment may concelvably be obtalned by intro-
ducing a third cation whose stability constant is between those of

the two ions to be separated. . !

The following summary of.the. separation of silver and copper
1l1lustrates some of the foregoihg aspects., The stabllity constant of
Cu+EDTA is approximately 10*® while that for Ag-EDTA is only 107, The !
pH of a solution of 0.01M NaaHaEDTA is ~5, from which the concentration
of free EDTA anion can be calculated to be about 5 x 10°® based on
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published dlssociation constants of the acid. The value of KRrY¥y for
copper 1s therefore 5 x 10% and that for silver is 5 x 10~2, When
the EDTA is in Solution R, the respective values of (1 + Kg¥g) for
copper and sllver are therefore ~5 x 10° and ~1. At pH 5, the EDTA
solutlon contains primarily Nat ionse and H EDTA= lons; hence the
concentration of Nat ions in a 0,01M solution of the EDTA is ~0Q.02M.
If Solution L contains 0.1M NaNOs, the Mg/Mp ratio (in this case
Nagr/Najy,) in Equation 11 is 0.2, Because nelther copper nor sllver is
complexed by nitrate ion, Kj, = O for both ions. If the flow ratio
gr/gr, 18 unity, the respective factors E7, for silver and copper are

0.2 and 2 x 10%; silver will be concentrated in the L stream and copper

will be concentrated in the R stream, so that a sultably large center-
fed dialysis separator can separate the ions almost completely.

In practice, the extraction factor for silver ie probably <<0.2
in the part of the system that is most concentrated in copper, because
the exchange of copper for sodium ions across the membrane is followed
by a reaction of the copper with the H,EDTA™ ions to form CuEDTA= and
2HY, The hydrogen ions, however, are removed by reaction with excegs

H,EDTA™ to form HzEDTA™, thus reducing the total cation concentration
in the sclution. S

Introduction of Feed in Noncomplexing Stream (Method 2)

The foregoing separation was tested in a center-fed dialysis
system. A feed solution contailning 0.1M AgNO, and 0.1M Cu(NOa)2 was
fed into noncomplexing Strip L between the two separators. The non-
complexing Strip I, which contained 0,1M NalNOa, was fed into one end
of the system; and a complexing strip stream of 0.01M Ne o H,EDTA
(Strip R) was fed into the other end at a rate degigned to malntain an
excess of 20% EDTA over that necessary to complex the copper. The
results of these tests are shown in the following table. The copper
product streams (R) contained no detectable silver; the silver streams
{L) contained small but significant amounts of copper, which increasged
with Increasing flow -- all of the copper must pass through the
membrane to concentrate in the EDTA stream, but the bulk of the silver
simply remains 1n the noncomplexing stream, The copper content of the

silver stream should be decreased by reducing the flow of the feed and:

noncomplexing streams, .

One difficulty with EDTA in dialysis separations is the very low
solubllity of the acid H,EDTA, which limits the conditions of use. In
some preiiminary tests, the reaction of copper with EDTA liberated so

much hydrogen ion that H,EDTA was precipitated in the membrane separator

(=

Tests therefore were made also with the more soluble DTPA as the com-
plexing agent, Although data on the stability constant of the silver
complex are not available, estimates based on the behavior of silver

with other complexing agents suggested that at pH 4, no silver complex
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best separation was obtained when the flow of the complexing stream
was adjusted to give a 50% excess of DTPA over the copper; the copper
stream was free of detectable silver and the silver stream contailned
only 0.3 mole % of copper.

would form, while the copper ion would be complexed extensively, ' The i]'

The tests with both complexing agents demonstrated quite clearly
that relatlvely clean separation of ions are obtained by Donnan

dialysls. Significant improvements in the process can probably be
made with further development.

Separation of Silver and Copper by Complexing

Feed added to noncomplexing solution
5 Feed (L) 0,1M Cu(NOs),, O.1M AgNO,
2 Noncomplexing Strip L 0,1M NaNO,

}

. Ag Product L 1% Cu Product R !
Flow, ml/min . Molarity Cu, Molarity Ag,
Feed Noncomplexing It‘f Complexing R _Ag + Cu mole £ _Ag + Cu mole %
A
Complexing Stream 0.01M EDTA (pH 5)
0.1 1.0 - 1,2 7.66 x 1072 2.7 8.0 x 107®* <0.025
0.2 2,0 2.4 1,12 x 1072 9,1 4,0 x 107® <0.05
Complexing Stream O,01M DTPA (pH 4) "
0.1 2.0 1.2 k,92 x 1072 2.5 9.4 x 107® <0.025 \\K
0.1 1.0 1.2 9,3 x 10°® 3.2 9.0 x 107% <0.025
c.1 1.0 1.5. 8.9 x 107% 0.3 5.9 x 107° <0.03 ””#)

Introduction of Feed in Complexing Stream {Method 3)

Introducing the feed into the complexing stream, rather than into
the noncomplexing stream as described in the preceding section, has
advantages in some cases., In separating silver and copper, feeding

to the complexing stream forces exchange transport of the more mobile

Agt cation (rather than the Cu®t cation) and simultaneously causes the
Agt to be transported from a dilute into a concentrated stream, which
is advantageous kinetically, Introduction of the feed into the stream
contalning the copper complexing-agent also permlts the use of a
different complexing agent for silver in the opposite stream.

In the first tests of this type, the feed of 0.1M AgNO; and 0,1M

Cu(NOz ), was introduced at the genter of the system into a solution

(Strip R) that contained 0,05M DTPA adjusted to pH 7. The opposing
\ Py o J P PP g

Strip L contained 0,3M NaNOs. . Strip R was adjusted to pH 7, because

the addition of copper to 0.05M DTPA liberated enough acid to precipitate
the complexing agents 1if the pH were much lower, DTPA neutralized to

pH 7 contains nearly 3 Nat per molecule; the concentration of Nat in
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Strip R is therefore about O0.15M. The ratio Mp/My, (in this_case also
Nag/Nap) 1s thus ~0.5, as is the distribution coefficient DE of silver
(Equation 10}. The flow ratio of the R and L sirlp streams was adjusted
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ratio between the feed and the Strip R was adjusted to maintain 20%
.excess of complexing agent over copper.

The results 1n the following table demonstrate separations wilth
four times the capacity obtained when the feed was introduced in the
noncomplexing Strip L. The silver in the copper stresm was small
(but higher than in the preceding tests) and increased both when the

feed rate was Iincreased, and when the flow of Strip L was decreased
while other flows were constant. This behavior is expected when silver

1s the lon transported across the membrane,

The concentration of copper in the silver stream (L) was generally
lower than 1n previous tests, but much higher than expected; the Cu.DTPA
complex 1s 80 etable no copper is expected to be transported into the
silver product stream. The,most reasonable explanation of the observed
behavior is that the gilver product was slightly contaminated with
copper from previous tests in the same apparatus,

Two Complexing Agents (Method 4)

Although the preceding methods separated copper from silver quite
well, sti1ll better results should be obtained 1f the sodium nitrate in
Strip L were replaced by a specific complexing agent for silver.
Unfortunately, complexing agents for silver normally complex copper
even more strongly. This problem can be clrcumvented, however, by
introducing the feed into the strip stream that contalns an extremely
powerful complexing agent -for copper, such as DTPA. The copper reacts
immediately to form the anionic complex CuDTPA=, which cantiot be
exchanged through the membranes. The silver lon, however, is uncomplexed
and free to traverse the membrane, If another complexing agent for both
sllver and copper is used 1n the opposing strip solutlon, the silver
will be concentrated preferentlally in the opposing stream.

This concept was tested in a flnal experiment in which ©.1M
NazS50, was used as the opposing strip stream; otherwise the process
was ldentical to those discussed above.

This process gave the best over-all results obtained thus far.
Both the silver and copper product streams contained very little of
the other element. The silver product was more concentrated than in,
the previous tests because the presence of a complexing agent in Strip
L increased the distribution coefficlent of silver toward that stream .
and thus permitted a large reduction in flow.
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No additional tests are planned on the separation of silver and
. copper, but information from this study will be used in future work on

the separation of the actinide elements from some of the rare earths.

R
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Separation of Silver and Copper by Complexing

Feed introduced into the DTPA stream
A Feed (R) 0.1M Cu(NOgz)z, 0.1M AgNO4
£ Strip R 0.05M DTPA, pH 7

5 ; Ag Product LA Cu Product R'ﬁ
Flow, ml/min # Molarity Cu, Molarity Ag,
Feed  Strip L, Strip R Ag +Cu mole % Ag + Cu mole %

3M NaNO, (Method 3)

Strip L O.

0.1 1.0 0.22 ° 0.0306 1.3 - 0.058 0.12 -
0.2 2.0 0. 44 0.0159 1.4 . 0.037 0.06

0.4 4.0 0.88- 0,00856 . 0.22 0.0309 1.1 ‘///J
0.4 3.0 0.88  0,0108  0.18 0.0310 1.8
Strip L 0.1M NapS-.0s (Method 4) . \

0.4 1.0 0.88 0.038 ' 0.15 0.0305 0.09 v -
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ION EXCHANGE MEMBRANE SEPARATIONS

The importance of flow-pulsing was confirmed for increasing
he effectiveness of ion exchange dlalysis as a means of concen-
trating solutions of uranyl nitrate. The dialysis technique ~-
based on Donnari equilibrium across ion eXchange membranes -- 1is
readily adaptable to continucus operation, a distinct advantage
over the present batchwise concentration with ion exchange
cclumns., Previous tests were swnmarized most recently in the
November report (p 70).

ct

A new dlalysis assembly was constructed to demonstrate the
effects of pulsing and several other design and operating
conditicns,

Apparatus

In the new assembly, the flow of the stripping (and product)
solution along one face of the ion exchange membrane is always
countercurrent to that of the feed (and raffinate) solution along
the "opposite face, rather than alternately cocurrent and counter-
current as in the earlier apparatus. The thickness and width of
the flow channels can be varied easily; bypassing of reglons of
the membrane and leakage between the streams have been eliminated.
The assembly is designed for study of process variables under
nearly ideal conditions to provide data for design of a prototype
plant-scale separator.

As shown in Figure 37, each of the five sections of ion
exchange membrane, 37 inches long by 2 inches wide, i1s positioned
by twe polyethylene spacers that form the flow compartments
between 1/2-inch-thick plates of stainless steel, Fach plate has
an inlet and an outlet drilled through the appropriate face and
side, near each end, to provide for the countercurrent flows of
the two sclutions,

The polyethylene spacers can have any thickness and the
contained 36-inch-long flow channel can have any width up to
~1.5 inches. In the present apparatus the spacers are 1/16 inch
thick and the channels are 1/2 inch wide. The membranes are
"AMFion"" C103C. The total length of exposed membrane is 15 £t
and the area is 90 inZ®,

Effect of Pulsing

The flow of the feed stream was pulsed in tests with feed
containing 0,01M U0, (NOs)> and a stripping stream containing
2M HENOz, The pulsing provides direct agltation of the flowing

¥ Trademark of American Machine and- Foundry Co.
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FIG. 37 ION EXCHANGE

MEMBRANE ASSEMBLY

feed solution, and Indirect agitation of the flowing stripping
solution by flexing the membrane.

Steady-state concentraticns in the effluent raffinate and
product were obtained in ~24 hours., AL steady state, the results
wlth the present apparatus were very simllar to those obtained
with the previous device (June 1965 report, p 52 and October
report, p 82), when normalized to equal area of membrane.

In a series of tests to determine the effect of the degree
of pulsing on the concentration of uranyl ion, the feed flow was
maintained at 6 ml/min and the stripping flow at 0.090 ml/min,
The combination of concentrations and flows gave a value of

a = Cogo/2UFgF = 1,5

where Up concentration of uranium in feed
gp flow of feed
C0 concentration of nitriec acid in stripping solution
8o flow of stripping solution

]
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The parameter O determines the effilclency of operation and 1s
optimum at ~1.5, as explained in the June 1965 report {p 52).

Tamlh +amd+ oo A ad fAar 2l hr\'n‘h +A AMOy
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conditions.

The results summarized in the following table show that
pulsing increases the efficiency of the equipment for concen~
trating uranium, The primary effect of increased pulsing 1s to
reduce the residual uranium in the raffinate; this is reflected
also as a higher concentration in the product,

_r|'|!__ -L\J\-I'._-l_..___ 2 - - _'!.l___-.l. _.J..I .‘ P =} d.'|_._ ——— [ 7 e
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and 1s not affected significantly vy the rate of pulsling at con-

stant pulse flow., As shown in the table, virtually the same
uranium was left in the raffinate at 30 and 90 pulses per minute
when the amplitude was adjusted to maintaln the same grosg pulse
Tflow.

Effect of Pulsing on Ton Exchange Dialysis
Feed 0.01M U0z{NOg)p; 6.0 ml/min
Strip 2.0M HNOz; 0,090 ml/min

Pulsing Conditions ggﬁf in End Streams
Frequency, Amplltude, Flow, Produect, Raffinate,
min—* ml ml/min M % of feed

0 0 0 0.180 23,0

30 1.0 60 0.275 7.0

30 2.25 135 0.281 3.6

30 4.5 270 0.280 1.9

30 1.5 270 0.313 1.5

90 3.0 540 0.315 1.2

The uranium iIn the raffinate decreased rapidly ag the gross
pulse flow was 1Increased from low values but approached a constant
value at high flow; gross flow higher than ~300 ml/min in the
present apparatus has little benefit, This effect ‘lndicates that
at low pulse flow the transfer of uranium is limited by slow
diffusion through the solution to the membrane, but at high pulse

flow the transfer is limited by diffusion through the membrane.

The rate of attainment of steady state is being studied in
more detail, and the effect of variations in thickness of the
stripping solution channel on the rate of this attainment 1is
being determined.




|
z

DPsST-65-301
m— -83-

TON EXCHANGE MEMBRANE SEPARATIONS

This section summarizes the progress since September to

develop Donnan dlalysis equipment for ionic concentration and
separation processes in the plant. A complete process was demon-
strated earller in the laboratory for concentrating uranyl ions
in the solvent extraction products to solutions of 235U or 233y
suitable for conversion to uranium oxide or metal (October 1965
report, p 82); and several dialysis processes were demonstrated
for separating Cu®™ and Ag" ions (November 1965 report, p 70).
The latter techniques appear to ba applicabls for separating such
nuclldes as curium from americium or possibly such groups as
lanthanides from actinides.

Membrane dialysis has the principal potential advantages of
contlnuous ion exchange operation and ease of replacement of the
ion exchanger. Adaption to plant use depends upon development of
small compact equipment that will operate rellably, and in which
the membranes can be easily and remotely replaced. Two programs
are underway to develop such equipment: one with flat commercial
membranes (page 5“), the other with tubular membranes not yet
avallable commercially {page 61).

Flat-Membrane Separators

Flat-membrane apparatus for study of various design and
operating conditions in continuous concentration of uranyl nitrate
by dialysis was described in the September 1966 report (p 86).

The importance of pulsing flow for increasing the effectiveness
of the process was demonstrated, Further experiments with this

PR T - SV, PR,

atus have shown that:
The rate of attalnment of steady state 1s 1ncreased by

decreasling the thickness of the flow channel for the
stripping solution,

In the absence of pulsing, loss of uranium to the
raffinate is controlled by slow diffusion within the
feed channels (if the channels are thick).

Pulsing flow is unnecessary if the feed channels are
sufficiently thin (~15 mils),





