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ABSTRACT

An effective means of concentrating the radioactivity
found on demineralizers in a water-cooled nuclesr reactor's
primary coolant system was sought., Elution expesriments
using sodium and ferric chloride/sulfate salts as eluting
agents were conducted., The most tightly bound ions from
valence groups -1 to -4 were used to represent their val-
ence groups! Operational parameters investigated included
flow rate, temperature, and eluant concentration.

Experiments. showed that for the heavy, polyvalent,
metal ions, the sulfate anion proved extremely effective
in aliding thc elution through complexing. Elevated tempera-
tures which increased the dif ruslonal rate, decreased the
couplexing., The result is that increased temberatures gre
of no advantage. Extremely low flow rates (~.0lgpn/ft<)
would have to be used to compensate for the polyvalent ion's
low diffusional rate in the resin. Concentrated ferric
sulfate solutions ( ~ 1N) were found to be effective in
concentratinv the radioactivity. .

For ions in valence groubs +1 and +2, dilute ferric
chloride solutions ( ~ 1/7) at ambient temperatures were
used to tzke advantage of the iron's higher valence (mass
action law) and to avoid precipitation of the alkaline
earths by the sculfate anion., Yerric salts could not be
used for elution of the anlonic resins due to a redox
reaction with iodide which deposited iodine in the resin.

.Sodivm sulfate was used with better results,

- The rddioacfjvity can be concentrated in the range
of 4 to 40 times depending on the p&rticular lons involved-
and their nixture, ,
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CHAPTER I

IRTRODUCTION

In water-cooled nuclear reactors, fission products,
activated corrosion products, and impurities in the
makeup water constitute the radioactive burden of the
primary coolant loop. It is desirable to reduce this
contamination to a low level in order to prevent fouling
of heat transfer surfaces, to facilitate malntenance,
and to'minimize the effect of any leakage,

Since the concentrations of the contaminants in the
coolént are lgm; substantial remo?altor concentrat;on is
difficult, In nuclear plants 1like Connecticut Yankee,
cobalt-58 (1) has been a particular problem., It is formed
in an (n, p) reaction onbnickel-58-bearingialloys and de-
posited as crud throughout the coolant system. When the
reactor was shutdown and depressurized fof refueiing in
April, 1969 (the purification system did not operate in
this condition), the crud resolubilized and the.activity
in the primary coolant rose to 0.4 Ci/ml.,.corresponding
to a concentration of '.L.Zé8'10"'5 g/ml, Once repressurized,
this contamination loaded the exchanger to a high level
of activity,

Synthetic ion exchange resins such as Dowex HCR-W,

a strong acid cation exchenger, and Dowex SBR.P, a strong
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base anion exchanger, are used in mixed form for p&rifican
tion of nuclear feactor water coolant streams. These mixed
ion exchangers are very rarely utilized to full capacity;
the determining factor belng the radiation level outside
the exchange column. In present day practice these resins
are not regenérated but are shipped off-site for disposal.
Connecticut Yankee is an exception to this rule., Their
resin has been stored on-site since 1t is too radiocactive
for their résin shipping casks,

The prohibitively high cost of regeneration, the re-~
duced capacity due to radiation damage, and the desire of
the electric utilltyAcompanies to minimize on-site chemical
processing of radioactive material tend to maintain this
practice, However the overall cost of disposal is high
and has essentially two components (2), First is the cost
of transporting the radioactive ion e%change resin plus
its shielding and second is the cost of the final disposition
of the radioactive waste,

Of the two costs, it is in the cost of transportation
that the utilities could most readlly effect cost réductlons.
As the major fraction of the cost is for shipping the
shielding, a means of reducing the shlelding weight could
realize a sa&ings.

One possible means of decreasing the shielding is to

elute the radioactive ions from the resin, Evaporation of
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the solvent and shipment of the dried, solid radioactive
residue could be effective in reducing costs 1f the volume
of residue requiring shielding during shipment was sub-
stantially below that of the ion exchange resin., The

" resin would be essentially decontaminated and would thus
require very little shielding during shipment for disposal.

Under the criterion thaﬁ the volumé of dry residue -
be substantially smaller than the volume of the exchanger,
the use as'eluting agents of strong acids/bases or neutral
salts was investigated, Strong acids/bases were found to
be ineffective for the elution while the patent of John H,.
Noble at Stone and Webster Engineering Co. (12) indicated
that neutral salts could effect a major reduction in residue
volume,

The strong acids/bases case was evaluated using the
data of Nelson, Maursse, and Kraus (17, 18, 19). Théir
work provided experimental data on the effect of acid con-
centration on elemental ion exchange distribution coefficients.
This information combined with the chromatographlic elution

Equation (4)

Vpax = X(0 + O) @

Viax is the volume of eluting solution necessary for
the appearance of the concentration maximum of
the band in the effluent after passage through

the column,



X is the volume of the column,

D 1s the volumetric distribution coefficlient,

8 is the void fraction of the column (usually

~.b),
indicated that stréng acids would not fulfill the require-
ment of small residue volume relative to that of the resin..
A sample calculation will fllustrate this.. Barium

will be used since 1t 1s representative of ions that are
tightly bound to the exchanger. Using HC1l as the elutriant,:
the concentration at which the barium distribution coeffi-

cient is & minimum was chosen (D = 9 at 6M HC1), Under

min
these conditions and a resin volume of 1000 cc (Dowex 50xi;
capacity: 5.12 equivalents per kg dr& hydrogen form rvesing
density: .29 kg/1 in water), the volume of elutriant re-
quired for the complete elution of barium ;s

9.41 (56,4 gm-moles of HC1), Neutralizatién of the HC1

with NaOH and. evaporation of the solveht leaves a salt

residue with a volume of 1520 cec.

(56;4)(H Wyact)
(Pyacy!

= Volume of Residue

(2)

(56,3?&28.5) = 1520 cc
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M 1s the salt's gm molecular welght,

¥Rac1
58,5 gm/gum mole

f>NaC1 is the salt's crystal density, 2,16 gm/ce

This volume i1s 1,5 times the volume of resin, and hence
would not reduce the shielding at all, Therefore 1if the
volume of dried eluting agent is to be less than that of
the 1oniéxchanger, HC1 and strong aclds in general are
excluded as possible eluting agents, For strong base
quarternary ammonium anion resins, the selectivity coeffl-
clents of the halogens relative to the hydroxyl ion are
‘greater than one (4); therefore halogen-halogen distribu-
tion coefficients () provide the necessary information
for the same type calculation (Dmin(bromide to chloride) =
9 at 6,5 M LiCl), Using Equation (1), the complete elution
of bromlde would require 9.4 1 (61,1 gm-moie LiCl) for
1000 cec of anion resin (Dowex-l1l)., Substituting the appro-
priate values for LiCl in Equation (2) (P g = 2.07 gm/ce;
MWp,oy = b2, ), yields a dry resldue volume of 1250 cc
agein a value greater than the resin volume.~ If the hydroxyl
fon had been used, this wvalue for the volume would have
been even larger, thus eliminating strong bases as eluting
agents.

.The use of neutral salts offered the possibillity of |
reducing the amount of elutriant needed, Since the treated

exchanger is not required to be in its original form but
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only to be free from radioactivity, e€luting lons with a
high affinity for the resin phase would be preferred as
eluting agents in order to keep the amcunt of elutriant
to & minimum, These neutral salts should be used in
acidic solutions to prevent the precipitation of metal
hydroxides,

In terms of conventionai elution processes, there
are many similarities between elution with hydrogen and
with another cation., In an elution process using a
nevtral salt, the sane procedural steps of backwashing,
resin separation, and the like occur as if the elutriant
were a strong acid or base, o

The present study is concerned with only the elution
step and how, once the neutral salt.has been chosen, the
operating conditions of salt concentration, flow rate,

and temperature affect the residual salt volume.
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CHAPTER II
THEORY OF CELECTIVITY

In the development of any commercial process, experi-
mental data provide a set of points which delimit an
operating range for that process. Extrapolation beyond
this range requires an understanding of the physical effects
related to phe process, For the case of lon-exchange,
knowledge concerning the factors influencing the equilib-
riun aﬁd, in turn, the selectivity is needed, If these are
understood, improvement in the effectiveness of the elution
by réducing the amount of elutriant fequired may be possible,

In the "équilibrium” case of elution, the 1on‘exchanger
1s in equilibriuvm with its contacting sclution. The elution
of é resin under "eguilibrium" conditions £epresents the
minimal amount of eluting agent reduired for the eluwant,
1ts concentration, and the temperature. However, operation
under equilibrium con&itions rejuires an almost infinite
amount of time by having flow rates only a smali increment
above zero in order to achieve & quasi-equiiibrium'state
at every point in the column, As this is infeasible,
operation under "non-equilibrium” conditions is used and
necessitates the use of a larger volume of elutriant.

However the selectivity is not a constant and depends
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upon the eluvant concentration and temperature, operating
under different eluant conditions could change the amount
of elutriant needed,

For cperation under different eluant conditions, a
~quantitative calculation of the change in the amount of
eluvant necessary for elution could be made in the equilib-
rium case relative to some eluant conditlon where the
amount of elutriant needed for elution is known, In the
non-equilibrium case, this may or may not be possible
and only the sign of the elutriant volume change may be
predicteﬁ.”» N

Thus 1t is important to establish a physical under~
standing of the effects influencing the exchange process
éince they will be useful in evaluaﬁing the experimental
results, The ensulng presentation prqvideg a physlcal
picture of selectlvity and describes the méjor effects
influencing it for ion exchangers such as‘Dowex HCR-W or
Dowex SBR-P in aqueous systems.

In setting up an expression for the exchange equilib-
rium between ions A and B of charge a and b respectively
and of the same polarity, the resin phase is considered

to be a concentrated electrolyte solution (3, 6, 27, 8).
Iale + [b]K "2 o B by o| a® (3)

The bar indicates the resin phase, If the same standard
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states are chosen for the ions in the resin and the aqueous

phases (unit activity coefficients in an infinitely dilute

solution), the equilibrium expression is

.

&) 1ela, ol [5] 12l [a] 1ot tal o1

/AT (o) TR, T E] 'a‘r]lbl e

(&)

= Kpyy I B/a

) represent activities

(
[ ‘JArepresent concentrations, moles/liter

1s the

QB/A is the

lon activity coefficient
selectivity coefficient

thermodynamic equllibrium constant

Rewriting Equation (4) in terms of equivalent frac-

tions of the exchanging ion, B , results in Equation, (5)

after & sultable rearrangement of ternms,

x, g fol- LA It

By lal

(i;RXB)‘bl =
RXB is the
Xy is thg
CR ~ 1is the
c is the

ol bl - |af /A [a] o] (5)
1-X C v
(1-Xg) ’y% 7“
equivalent fraction in the resin,
equivalent fraction in solution,
capacity of the resin, equivalent/liter resin,

normality of the solution.
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Equation (5) rep:esents the relationship between,tﬁe equiv-
alent fractions of the exchanging ions in each pﬂaée in
terms.of an "apparent" selectivity coefficient. This
"apparent" selectivity is composed of the activity coeffi-
cients, the equilibrium constant, and the-ratio of the
ionic concentrations of the two phases to the Ib] - tﬂ
power. If the activity coefficients are grouped with the
equilibriuQ constant, the effect of solution concentration
(mass action effect) can be shown (20). Since Cy is a
fixed value determined by the resin chosen, the selectivity
of the resin for the higher valence ion is shown to be
inversely propoftional to the total équivalent concentration
in the solvent to the [W - |a| power. That 1s, ir
is the higher wvalence ion, B would show an increasing
prefe%enoe for the resin'phase a8 the.soluéion became more
dilute, Conversely if the valence of B was the smaller,
the preference of B would increase with increasing concen-
trationvéf exchanging‘solution demonstrating the mass action
effect, |

In terms of the elution process, 1t is desiradble to
consider using a polyvalent ion as the eluting species in
order.to reduce the amount of neutral salt needed for the
elution, As seen from mass action law, it 1s desirable
to use a dilute solution when the ion to be eluted is of

lower wvalence than the eluting ion and a concentrated solu-
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tion of the eluted ion's valence is higher. In thé case
where the eluting ion's valence is the same as that of
the eln*+ed jon, the selectivity of the resin ;s not
conicentration dependent and the amount of eluant required
is also concentration independent.

The degree of exchange or the selectivity in Equation
(4) depends upon the activity coefficlents of the ex-
changing ions., In dilute solutions, the agueous phase
activity-coefficient ratio tends to unity and the degree
'of exchange depends on the resin phase activity éoeffi-
cients, . :

Selectivity could be qualitatively predicted if the
activity coefficients of the resiﬁ monomer species. for
A and B in the aqueous phase were kﬂown. However the
differences befween an aqueous electrolyte solution and
the resin phase would have to be taken int6'00nsideration.
The major differences are that one type of ion is fixed
on the resin matrix, thatvthe hydrocarboh matrix itself
disturbs the water structure inside the resin, and that
the elastic properties of the hydrocarbon matrix affect
the exchange process., .qurections for these differences
are needed if the selectivity is to be predicted.

Various models, as described in Helfferich (5),
have attempted to account for the major resin phase

intersctions, Diamond and Whitney (6, 7, 8) have
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developed a qualitative description of the on exchange
selectivity process, They consider the different types
of pnssible interactions and estimate which effect pre~
dominates and hew their comparative importance shifts

- under varying conditions, The important effects are
wvater-water, ion-water, ion-ion, and ion-resin matrix
Interactions,

Water.Water

At room temperature, water molecules form
a highly-hydrogen-bonded network with strong
intermolecular forces, This tendency of water
‘molecules to bbnd to each otherﬁhaé two important‘
consequences, First, the water structure tends
to reject any other species uniess the other has
hydrophilic groups or is charged, If- the water
structure is disrupted, it can more réadily accépt
a foreign specieé. This happens inside the resin
since the internal phase water is constricted by
the resin matrix and is uwnable to surround itself
with other water molecules,

At room temperature, a vater molecule is
hydrogen bonded, on the average, to three other
vater mbleéules in & pseuldbetrahedral structure
(7, 8)., In the resin phase, however, the resirns

fons, both fixed and mobile, orient the water
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molecules about themselves and the matrix confines
the internal water to capillaries, or pools, where
at least one dlumension is on the order of tens of
Angstroms. Therefore the resin phase is weaker in
its relection of large ions and molecules than the
external water phase,

Second, the structure of vater has a tendoney
to force large weakly hydrated ions together to
share one cavity in the water structure., Thus the
watgr_structure forces an ion pairing between a
large ion»and the resin, thereby yielding a selec-
tivity which increases with increasing ion slze,
Ion~-Water

All ions have a tendency to attract and orient
dipolar water moleculeé about themselyes. This
hydration process spreads the charge on én ion over
a 1arger.volume and lowers the free energy of the
system. Highly hydrated ions tend to be small and
highly charged., These ions will be preferred in
the aqueous phase since their energy of hydration
is lost when they are transferred to the resin
phase, lLarger, less hydrated ions such as cesium
or potaésium possess smaller amounts of hydration
encrgy which are also lost on enterling the resin

vhase, Therefore small highly charged ions such
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a8 scandium or thorium tend to push the less hy-
drated ions into the resin phase in order to achieve
meximum hydration in the aqueous phase (7, 8).
fon-Ion

An ion can lower its electrostatic free energy
by attracting ions of‘the opposite sign, This
cation-anion complexing can stabilize these lons
in elther phase. This effect becomes increasingly
~1mportént in concentrated solutions such as the
resin phase.wnere the effective dielectric constant
is lower than in a dilute aqueous phase, ‘

Jon-Resin Matrix -

These 1ntéfactions are thg result of dispersion
fofces acting between large ions and the hydrocarbon
matrix.' These forces are usuvally small in comparison
to the other interactions discuséed. ‘

From these interactions, a qualitative description
of selectivity can be made, Selectivity is looked upon
as the competitive solvating (by the agueous coion, the
resin fixed ion, and the water molecules in each phase)
of exchanging ions where the ion with the smaller solvation
requirements is pushed into the phase with weaker solvating
properties,

The resin's preferential uptake of higher valence 1qﬁs

in dilute agqueous solutions (Th+4> Sc+3>'Ba+2)‘Cs+1) can
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be explained either by the Donnan potential (9) or by
solvation needs (6, 7, 8). |

The Donnan potential is an importart factor in the
exchange process, It occurs because one of the ions is
"fixed in the resin phase and is unable to diffuse into
the aqueous solution, Since the resin-phase is usually
more concentrated (for example: Dowex HCR-W, a cation
resin has a capacity of 2,0 equivalents per liter in the
sodium form and Dowex SBR-P, an anion resin, 1.3 equiva-
lents pe?_}iterupf resin in the chloride form) than the
wvater pnase, the resin's counterions (counterions are
mobile ions with charges of the opposite sign of the
fixed charges in the resin matrix., Colions are mobile
fons of the same charge) tend to diffuse out to minimize
the concentration differences in both phases, Also, for
this reason the aqueous coions tend to move toward the
resin phase, AHowever this condition disturbs the electro-~
'neutrality of the two phases, A potential difference is
formed at the water-resin interface which tends to repel
coions and exclude them from the resin phase while &t the
same time attracting counterions. The magnitude of the
water-resin interfacial potential depends upon the con-
centration difference between the two phases, The greater
the dilution, the greater the potential. Additionally, ”

since the force of attraction is also proportional to the
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valence, higher valence lons are preferred by the resin
phase,

If the sdlvatiﬁg properties for each phase are
looked at, it 1s seen that the higher valence ions can
lower their free energy move by being in a concentrated
solution where the effective dielectric constant is
lower, Thus for a system with a dilute aqueous phase,
the higher valence ilons prefer the resin phase,

In order to simplify the description of the lon-
exchange selectivity process, in general only the be-
havior of tracer ions is considered. In dilute solution,
resin invasion by macroelectrolyte is small and anion-
cation interactions can usually be neglected., However
the effects of the ion-water and thé water-vater inter-
actions arec important.

The distribution coefficient
D, = Ex] /(4] (6)

is a useful quantity in tracer anslysis. It is a measure
of how strongly an ion- is held by the resin, When com=

bined with selectivity coefficient, KA/B’ the expression
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Eﬂ ta /ol . [1/b|

Dy = '“H [a/o0 “A/B
_ ’ﬁﬂ la A Y b2 ‘ QA/Bll/bl (7)

= F}] la/ml ,7A.>,Bla/b|

1s obtained. In dilute aqueous solﬁtions, the aqueous
phase activity-coefficient ratio is essentially constant,
resin invasion is negligible, and the concentration in
the resin is effectively equal to the number of resin
sites per unit volure, Under these conditions the ratio
of the resin-phase sctivity coefficients is also a con-

stant and DA is proportional to [?] -la/bl

D, < t—z] ~la /o] :_; (8)

The distribution coefficient displays the properties
of the mass action effect in showing the relationship
between the concentration of the eluting ion, B, and
the valences of the two ions., In addition, comparison
of the distribution coefficients of two ions ﬁould
indicate the relative affinity for the resin these ions
would display and, in turn, the relative ease with which
elution would occur,

Table 1 contains values of distribution coefficlents

for selected elements at different HC1l concentrations (4),



Table 1

Distribution Coefficients of Metal Ions on Dowex 50 x 8 Cation
Exchange Resin in HC1l Solution of Different Concentrations

Metal Ion . HC1 Normality'
\ 0.1 0.5 1.0 - 2.0
Tt | >10° ~10° 2049 239
ra*3 >10° . 2480 265 48
8a*? >10* 590 127 36
a*3 8200 . 318 60.8 12.5
N 9000 225 34,45 5.2
cr'? 1130 73 26,69 7.9
cot? 1650 72 21.29 6.7
csTt 182 sy 1o 10,4
sr*? 400 217 60.2 17.8
wyt2 1600 70 21.85 7.2
cu?t 1510 65 17.5 4.3

KL 106 29 13.87 7.4

..Z‘Z..
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If anion selectivity is considered first, it ié noted
that the most coﬁmon anions, excluding OH™ and F",‘do not
possess a primary hydration shell and hence do not have
strong ion-water interactions. As these interactions do
occur, however, to some extent, the anlons are able to
interact moreAin the aqueous phase than in the resin phase
leading to a sibuation where both exchanging anions prefer
the agqueous vhase, The gmaller or more highly charged
anion will %e able to push the larger anion into the
resin phase, Further,/once there, the larger anions are
pushed into a water-structure enforced ion pairing with
the resin's quaternary groups, B

For monatomic ions, the hydration requirementé are
inversely correlated to ionic size so that fluoride,
whose ionic size 1s 1.3A%, has stronger interactions
with water than iodide, whose ionic size is 2.24°%, and
will be preferred in the aqueous phase;

Considering dilute solution cation selectivity next,
there 1s a shift in the relative emphasis for the various
interactions, The monatomic cations of a specified charge
are a great deal smaller than the corresponding anions
thus hydration plays a much larger role in the competition
for the lons between the phases. Although the fixed resiq
ione 1is bétter able to interact as a solvating agent than

the quaternary ammonium group of anlion-exchange resins,
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the hydration shell of the cation is not removed a% it
enters the resin, Hence the ion pairing, which océurs
in anion exchange, is prevented.

In concentrated solutions, the selectivity is deter-
mined by the same interactions as in dilute solutions.
The predominate effect, however, is no longer the hydration
of the ions, but the complexing of the ion, by either the
coion or the resin ion, and the partial destrucCtion of the
vater structure (6, 7, 8). Other effects such as electro-
lytic invasion of the resin due to the falling Dbnnan
potential also occur buf are; in general, secondary.

These are the factors which determine the selectivity.
It is important to'uhderstand how experimental conditions
can affect the selectivity and hencé the amount of eluant

required for elution,
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CHAFPTER III

EXPERIMENTAL PROCEDURE

3.1 Exverimental Avparatus

The description of the experimental apparatus is
divided into several sections, A flow diagranm, Filgure 1,
is provideﬁ to 2id in visualizing the experimental con-
figuration,

3.1.1 Pure Water Section

Tap water was distilled, collected, and stored in
commercial 5 pgallon plastic water containers, Vhen
needed, thieg water was punped by a finger, or positive
action, pump through two Barnstead mixed resin ion ex-
change cartridges to a 5 gallon polyethylene bottle
located about 10 feet above the laboratory floor.

The deionized water leaving the cartridges had an
electrical resistance greéter than 2 megohms~cm as
measured‘by 2 Solu Conductivity Bridge. Thie delonized
vater was used either as & wash liquid for the resin or
for analytical purposes., Gravity provided tﬁe driving

force for flow,

3.1.2 Elvtriant Mixing and Storage
The solution used for elutipn vas prepared in a

© gallon pyrex tank and pumped to another 5 gallon
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polyethylene bottle’élso 10 feet above the laboratory
floor., Excess fluid was returncd by a tube to the
mixing tank to assure a constant head was malintained.

3.1.3 Column

Initisally, a pyrex column was used during the sodium
chloride elution experiments. However, to reduce the
hazard of breakage, a plastic column of the same dimen-
sions was used for all subseguent runs, The resin column
length was }0.0 inches, the diameter wvas 7/8 inches, and
the volumes were 298 cc and 304 cc for the pyrex and
plastic columns respectively.

The resin was'supported on a glass wool plug. During
resin loading, the column was shaken and deionized water
flowed down through the column until the settled resin
height was 30,0 irl/& inches,

During the 75°C elevated temperature runs, heating
tapes were wrapped'around the resgin section and the liquid
section ébove the resin. The heated section above the
resin was used to prehsat the incoming liquid to the
desired opezrating temperature while the resiﬁ section
was heated to maintain a constant temperature (+ 3°C)
along the length of the column. The temperature measure-
ments were made with thermometers located at both ends

of the resin section.
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3.1.4 Flow Measurement

The flow was measured by the length of time nceded
to collect a known effluent volume. A 25 ml burette at
the column exit and & timer faclilitated the flow rate neas-
urement,. The burette also served as a holding tank
vhile volumetric flasks, used to collect the effluent,
were changed. The flow stability was + 10% in the range
1/4 -l2 gpm/ftz.
3.2 Procedure
As only monobed (one resin type) experiments were

performed to aveid the necessity of any elution of metal

the sodium or chloride form was placed in the column,

The column was vibrated during resiﬁ loading and washing
to promote settling of the resin phase until a constant
helght of 30 inches was achieved., Using dilute solu%ions
of the test ions (O.ZEN), the resin was "trace loaded"
(approximately 1 %) and then washed with deionized water.
The wash effluent was collected and analyzed for any test
ion leakage, Following this, the elutuant was fed into
the column at a predetermined flow rate, When the inter-
face between the &%nending elutriant and the wash water
came in contact with the exchange resin, collection of
the effluent was initiated, These effluent samnples were :
later analyzed for the counterion plus the test ion(s)

using the procedures ontlined in Appendix B.
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3.3 Variables

Tablé 2 is a summary of the experimental parameters
and the range over whlch they were varied, Initially
i was also investigated but, since many higher valence
metal ions such ag thorium, ferric iron, bismuth, aluminum,
and zirconium form insoluble hydroxides in slightly acidic
(pH D 4) solutions, it was decided to use a pd that
was sufficiently low to prevent hydrolysis of most ions
(pi = 1.5).

3.4 Selection of Test Ions

3.4,1 Test Ions ; .
‘A specific lon in each valence grouping was selected "

as a test ilon. Thishwas done primapily on the basis of

the equilidbrium data of Nelson, Maurase, and Kraus

(18, 19) for ion exchange of elemental ions in HC1 and

HClou sblutions. The test ions choseﬁ were ceéium (+1),

barium (+2), scandium (+3), thorium (+4), and iodide (-1).

3.4.2 Selection Criteria

To represent each valence group, the ion selected
was the most tightly held by an exchanger. .Because these
ions were the most tightly held?‘they prov;ded "boundary"
conditions for each valence group.

Ir 1ons; other than the test ions, were present on
an exchanger to be processed, the amount of eluvant re-

quired would then be less,
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Table 2

Experimental Conditions Studied

VARIABLE ' RANGE

Test Ions Valences: ~1 to +4; ions: iodide,
cesiwm, barium, scandium, and
thorium

Elution Agents Ferric chloride, ferric sulfate,
sodlum chloride, and sodiun

' sulfate

Elutriant Concentration 0,13 - 1,978

Flow Rates /4 - 2 gpm/f‘t2

Temperature . Room temperature and 75°C

p ' 1.5
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The elution of the test ion defines the maxim%l
amount of.elutriant needed for complete elution oflits
valence group. This also explains why these ions were
chosen over ions, such as cobalt-58, which are of interest
to designers of radioactive waste disposal systems.,

3.4,.3 importagoe of Thorium Selection

In the tetravalence group, thorium was chosen as the
test ion and was of particular interest for two reasons,
Firsﬁ, thofium 1s the most tightly held cation, regardless
of valence group, on strong-acid type catlon exchange
resins, Since thorium is more tightly held than other
elements like uranium [DTh > 102 and Dy > 10% at 0,5 HC1
(;&)], which will be found on the reactor's exchange resin,
the elution of thorium provides an indication of the maxi-
mum amount of elutriant needed for complete elution of
the resin, ‘ | |

Secondly, thorium has an extremely low diffusion coeffi-

cient in the resin phase [ 2,15 10~10 cmz. sec™t

at
25°C for Dowex 50x8 (2;)] . Hence diffusion kinetics play
an extremely important role in the elution of thorium, Other
nmonatomic cations have diffusiéﬁ coefficignts which are, in
general, larzer than that of thorium (21, 23, 5).

Due to/these two factors, the elution of thorium

presents more difficulties than that of other ions, For

a specific set of operating conditions, thorium will pro-
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vide elther kinetic and/or equilibrium limitations on
the elution more severe than on other ions. Thus, the
elution of thorium could be called +the "worst possible
case" since 1t would require the maximal amount of
eluant for a specific set of operating conditions,

3.5 HNeutral Salts As Eluting Agents

3.5.1 Selection of Elutriants

The initial criteria for selection of the eluting salt -
to be studi;d were availability, ease of handling, econbmy,
and high density. Sodium chloride was the first investi-
gated.,

The ineffectiveness of sodium chloride as an eluting
agent (see Discussion of Results, Thorium) caused additional
criteria to be added to the initial criteria, These were
that the eluting cation possess a high &ffihity for the
resin, which can be measured by its distridbution coé?fioient
for hydrogen, the éluting anion possibly complexes catlions
thus aiding the cation resin elution, and that the eluting
anion have a strong affinity for the anion resin (to elim-
inate a possible multisalt process). |

Under these criteria, ferr;; salts were selected for
further investigation. The ferric ion had an additional
advantage, It possesses & low distribution coefficient

({ 1) for the cation resin in 3 = 4 I HC1 solutions due

to anlonic complexing., Thus the ferric ion could easily
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be removed if the cation resin were to be reused.

Both ferric chloride and ferric sulfate were investl-
gated, The advantages of using ferric sulfate over ferric
chloride in a commercial process were several: the salt
would‘be easier to process than the chloride (ferric sul-
fate would have a lower vaypor pressure and would be less
corrogive than ferric chloride) and the sulfate ion would
complex the higher valence cations more effectively (12,
27). However several metals, primarily the alkaline
earths form a precipitate with sulfate, The literature
(l}) indicated that the elution difficuities engendoered
by this precipitation could be alleviated by careful cholce
of the elutriant concentration and the flow rate., Experi-
mentally, the precipitation problem did occur for bariuvm
and ferric chloride was used with better results.

Ferric salts were unsuitable for use in the anionic
resin elution. The ferric ion oxidizes the iodide which

deposits in the resin as iodine.

2

2 Fe'l + 21~ == 2Fe’c + I, ) (9)

3*:_
Alkali metal salts were investigated for the iodlde elution.
Of the common anions, sulfate has the highest preference
for the strong base anion resin phase, Sodium sulfate

vas uéed as the anionic eluting agent.
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3,5.2 Physical Properties of Eluting Agents

Teble 3 1ists the physical properties (24, 23, 26)
that will be useful in the evaluation cf the eluting agent
effectiveness, These selected properties are the salt
- form after the solvent has been evaporated and the crystal
density at amblient conditlons.

3.6 Resin |

3.6.1 Resin Properties

The resins used in the experiment were Dowex HCR-W
and Dowex SBR-P, The physical properties (14, 15) of
each are listed in Table 4,

.3.6.2 Resin Form ;

It was decided to study the elution characterlistics
of the exchange resins (either the cation exchange
Dowex HCR-W or the anion exchanger Dowex SBR-P), when
they were initially in the sodium or chloride‘form réspec-
tively. |

3.6.3 Resin Form Justification

Ag part of the‘water purificétion system in water-
cooled nuclear reactors, ion exchangers are used in _
either the hydrogen or alkalil m&tal form for the cation
exchanger and 1n the hydroxyl form for the anion resin.
The resins afe not exhausted prior to removal from the
coolant system, they are still primarily in these forms. i

Use of resins in these forms or in forms where the main



Salt

NaCl

Nazsou
FeCl

FeZ(SOu)3

Table 3

Density and Hydration Number of Elution Agents

Hydration Number
at 100°C

Crystal Density at
25°C of 100°C Form

2.16

2.7
2.9

2.7

e =



Table 4

Physical Properties of the Resin

Property/Resin
Type
Crosslinking (%)
Specific Gravity
Cavacity

(meq./ml, wet resin)
Void Volume

cal/fto

Maximum Cperating
Temperature (OF)

Effective pi r;;ge
Sphericity (%) Minimum
Standard Mesh Size (wet)
Pressure Drop

(psi/ft of resin depth
W=20gpm/ft2, T=750F)

Dowex HCR-W
strong acid cation
8
1.28 (Na form)

2,0 (Na form)

300
0-14

95 !
20 -~ 40

Dowex.SBR-P
strong base anion
"not defined
1.07 (C1 form)

1.3 (C1 form)

3

140 (OH form)
300 (C1 form)

0-14
g0
16 - 4o

1.4
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component's distribution coefficient is not too different
from the reactor form utilized allows a "practical process"
problem to be modelled, Asvexchangers in the sodium or
chloride form fulfill this requirement, 1t was decided to
use the resins in these forms, as supplied by the manu-
facturer,

3,6.4 Resin Loadine

In every elution run, six milliequivalents of a test
ion were 1o;ded on the column. This corresponded to a'
loading of 1% for the cation resin and 1.5% for the anion
resin, each column having a volume of about 300 c¢c. Trace
loading was used for two reasons, First, it modelled the
true situation in reactor resins and second the diffusion
of the trace ion 1s reported to be the rate~-controlling
step (10, 11). This latter effect can be seen, if it
1s realized that in a trace component system the individual
diffusion coefficients, the activity coefficlents, the
degree of swelling, ete, remsin practically constant and
the coupled diffusion constant, D,., is effectively that
of the trace component (22).

The elution of thorium and§lod1ne was run separately
while the cesium, barium and scandium runs were done

sinmultaneously.

3.6.5 Loading Distribution

The test jons were loaded in a bahd at the top of

the resin column.
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CHAPTER IV
DISCUSSION OF BESULTS

A summary of elution conditions plus typical elution
'data can be found in Appendix A, Several of the graphs
have "equivalents of iron" as an abscissa, if "bed equi-
valents'df iron" is desired instead, the abscissa value
should be d}vided by 0.6 since each cation resin bed had
a capacity of 0.6 equivalents of exchange capacity. |

It should be noted. that the differential elution
curves wvere plotted starting with the first effluent sample
which contained either eluting agentlbr test ion.
4.1 Thorium

The elution of thorium was studied as a function of
the flow rate and the coﬁcentration of thetéluting agent.
Figure 2 is an example of thorium elution as a function
of effluent volume'and exhibits behaviour characteristic
of the tﬂorium-ferric sulfate system which is the appear-
ance of thorium prior to the breakthrough of 1r6n. Also
exhibited is an exponential decggase of the effluent's
thorium content as a function of“solution volume (or
amount of iron) after the iron concentration in the effluent
equals that of the inlet,

Figures 3, 4, and 5 plot the amount of thorium
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eluted from a constant loading of 1% as a function of the
amount of iron in the effluent, Figures 6, 7, and 8 plot
the same data but in the form of the fraction of thorium
remaining on the column instead of thorium eluted, The
parameters varied are flow rate, concentration, and
temperature, .

'In’Figures 6 through 8, after the iron concentration
- of the effluent equals that of the inlet, the thorium
data lies oh straight lines, with slopes(Q,, as 1f the
elution were occurring in a well-stirred flow system
instead of belng eluted in a band as it wes loaded.,

‘Initially the slope of these curves changes very
rapidly; this transient is probably due to the high free
sulfate concentration which is present from the resin’'s
absorption of the ferric lon., At the column inlet, the
free sulfate is only about 1/3 of the total sulfate in

solution, with the remainder complexing the iron (12).

-2

Fe*3 + 50,72 —> Feso,* Kyzoq = 104 (10)

As the solution procedes down the column, the‘iron is
exchanged for the sodium and thziium on the resin, The
free sulfate concentration increases (sodium does not form
éomplexes with sulfate) and drives the thorium complexing

(12)
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+4 -2 _ 4n5.6
Th' " + 250,7" mr= Th(SOu)z Kys0c = 10 (11)

further to the right [:formation of anionic complexes

can also océur (22)] . If the amount of thorium complex-
- 1ing increases, the uncomplexed thorium concentration in
solution drops. It is this uncomplexed concentration
which enters into the equilibrium expression, Equation (%),
and into the rate expression

L3

ONY _ '
n, is the non-equilibrium concentration of exchangeable

ion, i, in solutiong mequivalehts per unit column

length
Ny 1s the corresponding non~equiiibr1um concentration
1n.the resin, unit as n, .
t is tinme }
[Z is the'effective rate constant for sorption of the
exchanging ions, and
is the equilibrium concentration of the ion in
solution
for the diffusion of thorium from the resin, Decreasing
the uncomplexed concentration causes the driving forces
for mass transfer (and consequently its rate) to increase,
This increased rate of mass transfer combined with the :

varying free sulfate concentration present in the initial

stages of the elution causes the rapidly changing slope
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in the beginning of each elution with ferric sulfate.

The low diffusion coefficient of thorium in the resin
phacse tends tc support this kinetics-limited view since .
long contact timoes would be required for equilibrium to
be closely approached. However it is the varlation in
the effective use of the iron, fgi'a congtant iron con-
centration, as a function of flow rate, see Figure 4 or
6, which shows conclusively that the elution of thoriun
is kinetic and not eguilibrium controlled.

Figure 6 is a plot of the fraction of thorium left
on the cglﬁmn Qgrsusbiron in the effluent for a constant
iron concentration. It shows the dramatlc decrease in
the amount of iron needed for elution when slow flow
rates are used. Slow flow rates pefmit a longer contact
time between the two phases and hence allow a closer
approach to equilibrium, However there is.a flow rate
below which the effective use of the iron will only
marginally improve the elution due to the close approach
to equilibrium. This limiting flow rate was not deter-
mined and it might be the objective of some future research
or obtained from engineering pé%formance data.‘

The effect of temperature on the elution was studied,
Figures 5 aﬂd 8, It was expected that an elevated tempera-
ture would increase the diffusional rate and offer bettef'

utilization of iron through a closer approach to equilibrium,
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The equilibrium constant for ion exchange is known;not
to have a strong temperature dependence (28), Thus 1t
was expected that the thorium elution curve for elevated
temperatures would be above that at ambient temperatures,
all other parameters being the same., However this did
not occur, see Figure 5, Instead the initial portion of
thé elevated temperature runs were below those at ambient
temperatures indicating thorium was more rapldly eluted
at ambient'temperatures than at 75°C, As the elution
curves. continued, however, the ?5°C runs elther bross
or are about to cross the cofresponding room temperature
elution curves. )

It 1s felt that the probable explanation to this
"erossover" behaviour, although it Qas not proven, was
a strong temperature dependence of the complexing equilibria,
Equation (11). If the equilibrium cohstan£ for complex
formation is significantly decreased, the initilal elution
efficiency or iron utilization will be greatly decreased.
Ags the effluent iron approaches that of the inlet, the
diffusional rate increase will begin to predominate., This
increased rate of mass transfer will eventually cause the
crossover of the higher temperature run err that at
ambient temﬁeratures. Increasing the elutriant concentra-
tion would be expected to cause a reduction in the magnié'

tude of the temperature effect. This would be due to the



-55-

larger value for the free sulfate concentration which
would tend to increase complexing., This is demonsérated
in the two sets of runs in Figure 5 where the difference
between the elevated and the room temperature runs at
high inlet concentrations is smaller than those made at
lower concentrations.

Figure 9 plots the slopes, ¢« , for the linear por-
tion of the elution curves in Figures 6 and 7 as a
function of' flow rate and concentration, o is a
measure of the mass transfer coefficient, g , and the
distribution coefficient, DTh; It 1s a measure of the
rate at which thorium is transferred from the resiﬁ prhase
to that of the solution, Equation (12), Inspection of
the values of o shown in Figure 9,.for a constant}
iron concentration (0.94N), shows a 9 fold variation in
o for an 8 fold variation in flow rate (i/4 -2 gpm/ftz).
If thorium is eluted at a rate proportional to the amount
present on the resin, the variation in o would be 8 fold
in going from 2 to 1/4 gpm/ft2 since the iron in the
effluent per unit time 1is proportional to the flow rate,
The experimental value for the ¥ variation is in good
agreement with this idea, |

The variation of o for different iron concentrations
and constant flow rate can be explained this way also, '
since the amount of iron through the column per unit time
is proportional to concentration, A 2.1 variation in

corresponds to a 4,5 variation in concentration. This
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apparent discrepancy is explained by considering the mass
action effect for the uncomplexed iron in addition to the
amount of iron in the effluent per unit time., Varying
the concentration will affect the mass transfer coefficient,
[} ' slightly; however the equilibrium concentration of
thorium in solution, nTh' will be affected due to the mass
action effect. All other conditions remaining constant,
a h.5 variation in eluant concentration (this corresponds

to a 1.7 variation in the uncomplexed iron concentration

Equation (10),

[Fe Soﬂ I 9

pe*?] [s03?] ~ E-uR T 104 (108)

where
'y = molar concentration of the 1ron.comp1éx, m;/l/

d the total iron molar concentration m,/l.

H

e

total sulfate molar concentration, m. /1,

For an.eluant concentration of 0,43 N and 1,97 N, the
uncomplexed iron concentrations are 0.012M and C.OZM
respectively.) will cause & 2,0 variation in néh and
the mass transfer rate, .Div1d1ng the 4,5 variation in
concentration (dr jron through the column per unit time)
by the 2.0 variation in the mass transfer rate leads to
an expected variation in « of 2.25 which again 1s in

good agreement with experiment,
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The linear deperdence of o« on concentration and flow
rate indicates that there is not a close approach to
equilibrium for the conditions studied. This is indicated
slnce it appears that the driving force in the mass transfer
‘relation, Equation (12), is primarily the equilibrium con-
centration of thorium in solution, néh. It is assumed
that particle diffusion is rate-controlling in this elution,
the half-time of the exchange reaction can be approximated

in an infinite solution from a knowledge of the resin bead's

radius ‘and the internal diffusion coefficient in the resin

(22).
rg ’ ”~
tl/z = 0,030 —5— (13)

Thus the rate of exchange is proportional to the diffusion
coefficient, 5, in the eichanger and 1nversély proportional
to the squaré of the bead radius. For thorium this corres-
rondg to a half—life of about 100 hours. If the flow rate
were adjusted such that the residence time of the elutriant
in a 3 ft resin section was equal to this, a fléw rate of
about 0,001 gpm/ftz would be required, However, since axial
diffusion at this low flow rate plays a major role and since .
most metal ions have diffusion coefficients larger than

~ thorium, a flow rate of 0,01 gpm/ft2 1s recommended for a

commercial elution step,
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Experimentally the best operating condition for the
elution of thorium using ferric sulfate as eluate was at

Co = , 94N, W = 1/4 gpm/ftz, and T = T, For a 90%

OOM*
removal of thorium; see Figure 6, from the column, 54 grams

of iron would be in the effluent. This corresponds to a

Fez(SOLL)3 - 24,0 residual salt volume of 78 cc or 25.6%
of the cation resin volume. Since 600 mequivalents of
iron were e;changed for sodium in the first part of the
elution, the total amount of iron used in the elution was
65.1 grams, This corresponds to an inlet solution volume
of 12.4 cubic feet of solution per cubic foot of cation
exchanger. )

Improvement on this elution performance can be made
using an extremely low flow rate (such as ,01 gpm/ftz),
amblent temperature, and an eluant conoentfétlon greatexr
than 1IN, (Increasing the concentration above 1N would
involve the possibllity of even further reductlons ih
flow raté) .

Figure 10 is a check on the reproducibility of the
date under identical operating conditions (C=0.9hN, W=1/L
gpm/ftz). As can be seen, the agreement between the data
of the two runs is good,

The elution of thorium by sodium chloride was extreme-
ly inefficient, Figure‘11 is the case where the entire

resin bed was saturated with thoriunm (for,analyticalz'
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reasons ) prior to elution., For 300 cc of dry s%dium
chloride,'whlch equals one column volume of resin,‘only
28% of the thorium was eluted. Since the distribution
coefficient of a component decreases with increasing
loading of that component (29, 30), a greater fraction
of the thorium was eluted for the saturated loading: than
ifr the thorium had been a trace component.

L,2 Scandium

With ferric sulfate as the eluting agent, scandium
follows the same general elution behaviour, Figufe 12, as
thorium, Figure 2, In this gfaph thé fractions of scandium
eluted per unit volume and iron concentration in the effluent
are plotted versus'the volume of effluent leaving the column,
As with thorium, 6 mequivalents of scandium was loaded onto
the resin, ' |

Figures 13 and 14 contain the scandium elﬁtion data,
Figure 13 relates the total amount of scandium eluted while
Figure 14 the fraction scandium remaining on the resin as a
function of iron in the effluent for different flow rates,
c§ncentrations, and eluting agents.

In these two figures, one curve (eluting agent:
F?Z(SOQ)B’ Co = .36N; W= lgpm/ftz) shows a‘sharp discon-
tinuity. Experimentally, the break was initiated by a
partial flow blockage which was discovered and eliminated

after one sample volume. However, for unknown reasons
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the curve continued to déviate after correction of thls
difficulty. Prior to this break, the elution was similar-
to one made at about half the salt concentration (0,154N)
and twice the flow rate (2 gpm/ftz) emphasizing again the
“importance of contact time (about the same for these two
cases per unit iron),

Comparison of the sulfate and chloride system curves
show the effectiveness of using a complexing agent as
sulfate to aid in the elution of heavy metal ions., In
the ferr}q chloride system scandium is eluted in a band,
Figure 15, whiie in the ferric sulfate system, a well.stirred
flow system curve, Figure 12, similar to that of the thorium
elution is followed. _

From the “"mass action law", Equation (5), the effective
use of iron as an eluting agent for ions of the same valence
should not depend oﬁ the elutriant concentration provided
equilibrium is achieved, However, the concentration of
the complexing anion should be as high as possible,

The same low flow rate, ambient temperature, and high
ferric sulfate concentration is recommended for the scan-
dium system's elution as that for the thorium's,

From the experimental data, the best operating con-
dition was Cb = ,9UN, W = 1/4 gpm/ftz, T = Trooy+ and the
eluting agent-ferric sulfate, Under these conditions, |

99% of the scandium was eluted with 32 grams of iron in
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the effluent, This corresponds to a volume of Aé.} cec of
doubly hydrated ferric sulfate or 15.3% of the catfon resin
volume,

As in the thorium calculation, addition of the amount
}of iron exchanged for the sodium to the amount of iron in
the effluent requlres an inlet volume of eluant of 8.2
cublic feet of solution per cublec foot of resin.

In all runs, scandium was loaded unto the resin to-
gethet with barium and in all but one (W = 1/4 gpm/ftzg
Co = .93N; T = Ty ferric sulfate) with cesium, so that
the elution of these three ions was studied simultaneously.
4,3 Barium . -

In the range of flow rates (1/4 - 2 gpm/ftz) and con-
centrations of ferric sulfate (.15 - .94N) tried, precipi-
tation of barium sulfate occurred, This precipitate was
located in a narrow band at the top of the resin., However
the formation of this precipitate: - did not seem to hinder
the elution of cesium and scandium which were also located
at the top of the column.

The elution of barium using ferric thOride, Figure 16,
as an eluting agent was successful. As with the elution
of scandium with ferric chloride, the barium was eluted in
a band, Appiication of the "mass action law" to thecase of
elution by a higher valence ion indicated that the amount

of iron needed for the elution at equilibrium would decrease
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with decreasing ferric iron concentration,

For the experiment using ferric chloride as the eluting
agent (Co = 13N; W = 2 gpm/ftzs and T = TROOM)’ 96% of the
barium is eluted for 43,7 grams of iron in the effluent,
This corresponds to 45,5 cc of dried ferric chloride or
14,4% of the cation resin volume, In terms of the required
input solution volume, there are 76.1 cubic feet of solution
per cubic foot of resin,

The re;ommendationsfor a more effective use of the
iron in the elution of barium involve using ferric chloride
as the eluting agent at a concentration of about 0,13N and
slow flow rates to insure a close approach to equilibrium,
An exact flow rate can not be specified since the only value
available is 2 gpm/ft%, but, if Equation (13) is used with
ﬁéa = 3.3'10'80m2/seo (21), a flow rate offébout 1/8.
gpm/ft2 for a 3 ft column would be a good starting place
for the elution.

b Cesium

The association of cesium with sulfate is émall, thus
cesium was eluted in a peak in both the ferric chloride
and ferric sulfate systems, Figure 17. The utilization
of iron imprgved with decreasing concentration of the elﬁ-
triant, Figure 18, Elution of the alkali metals would bén

extremely efficient using dilute ferric salt solutions

(€ 0.15N), The flow rate did not seem to be as critical



CESIUM
(fraction eluted/liter)

Co= .I5N

W = 2gpm/ft*

Fe =15
.6— w
}._
<T
- 10 5
2=
-
4 7/ Q g
7 o
- /) g—J
N7 // |05
2=
// ) // y
4
4Avis
0 /, VAN ZT777 00
O 4 8
VOLUME OF EFFLUENT
(liters)
Figure 17 Plots of cesium and ferric

effluent volume

Co = 13N
— |5
cg ~
7
6-{;/ "
7/ ‘/ /
1 e /,,
E 4 - 10
< v
8 v /’
-3 4_JG',/
Zo -/
P ;o
ws /
ShTIE 7
o o
I 0%
.2—//,-”’ /// //
- //
//
O ,/ £ YAy .OO
0 2 4

VOLUME OF EFFLUENT
(titer s)

sulfate/chloride concentrations wersus

FERRIC CHLORIDE

(normolny)

-IA-



ELUTED

FRACTION OF CESIUM

EQUIVALENTS OF  IRON
0 , ! i
10— —boe
o X e/e [- X4
1/ < 7 -~
/ / > )
0.8 / / / /
i /
/ !
0.6 | / /
Al
’ / / W Co  'ANION
0.4- | i °  2gpm/ft? IS5N. SO
1. ° l 36 S0,
g / / N ‘ ° /4 94 SO,
. /9 / a 2 13 cr
—a! e / Tow
.é,e’ °
g‘ o -/
0-0(1) T J T ] T T T L
10 20 30 40

IRON IN EFFLUENT

(grams)

Figure |8 Elution of cesium for varying flow rates, ferric concentrations, and

anions at constent tempercture




-73-

a parameter for cesium elution as for higher valence ions,

The precipitation of barium did not seem to interfer
with the elution of cesium. There was one experimental
‘run without barium or scandium in the column {Co = ,9UN,
W= 1/ gpm/ftzg T = Tpooys 2nd ferric sulfate),

Experimentally the best operating conditions for the
cesium elution occurred using ferric chloride as the
eluting agent and operating conditions of Co = ,13N,
We=2 gpm/f%z, and T = Tpooy. With 7.7 grams of iron
in the~effluent, e2ll of the cesium was eluted for a
residual ferric chloride volume of 8,0 cc or 2.6% of
the cation resin volume, The volume -of ferric chloride
§olution required for this elution was 25.9 cubic feet
of solution per cubic foot of resin,

Although flow rate does not seem to bg an inmportant
parameter for the univalent exchange group, the sanme
conditions ofioperation for cesium as for barium are
recommended,

L,5 Iodide

Ferric salts are unusable for this system due to
the redox reaction, Equation (9), of the ilodide and the
ferric ions. This reaction occurred inside the resin
bead where the deposited iodine was difficult to remove.

Sédium sulfate was used, Flgure 19, and the elution ”

exhiblts chromatographic, or band, behaviour,
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In the elution experiment using sodium sulfaté
(Co = 184, W = Z'gpm/ftz, and T = TROOM)’ 91.3 graﬁs of
sulfate in the effluent were used for the complete re- a
‘moval of ilodide from the anion resin, This corresponds
residual volume of 16.4% of the anion resin volume. In
terms of inlet solution volume, this corresponds to 113
cubic feet ofFSOIution per cubic foot of resin,

A more effective eluting agent is needed to reduce
the folume 'of solution to be evaporated. Sodium nitrate
might be an acceptable substitute. It could be ﬁsed in
& concentrated solution since there is no concentration
effect on the efficlency of the exchange between ions
of the sanme valence.- ‘

If sulfate is to be used, however, golng to lower
flow rates [éuch as 1/2 gpm/ft2 using 51 = 1.33'10’7
(21) and Equation (13)] would obtain slightly better
elution of the iodide. Dilution of the elutriant would
reduce the residual volume of salt, However the large
resulting effluent volume may make this option undesiradble

due to the resulting high cost of evaporation,
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CHAPTER V

APPLICABILITY OF RESULTS

5.1 Introduction

Normalization of the data presented in this study,
to the condit;ons of an operational reaotér resin, requires
an evaluation of the importance of parameters not specific-
ally 1nvest1gatéd experimentally. The parameters involved
aredﬁuaresip loading, the initial ion distribution in the
column, and the column dimensions.

Contaminated reactor resins are characterized by
the following conditions:

1) trace loading of radioactive ions,

2) genefélly uniform distribution of the radio~
active iong, and

" 3) column height or diameter can be é%bitrarily
fixed,

These parameters will be discussed separately under
equilibrium elution cdnditions, sihce this provides the
simplest limiting case, and then under non—equiiibrium
elution conditions,

5.2 Loading

Trace lecading occurs when the equilibrium concentra-

tion of the microcomponent in the ligquid 1s a linear

function of its concentration in the resin. Carroll
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(29, 30) has investigated the range of resin loading both
theosretically and experimentally, and has shown that, at
least for uni-nultivalent exchange, the distribution
coefficient varys slightly with resin loading until a
 substantial fraction of the resin is loaded { > 50% loading

5) - divalent [:Th(N03)62“1

in the case of univalent (No3

-t

exchangé'}.

For the range of resin loadings where the linear

i

relationship or the case-exchange isotherm 1s of the form

Nll/zl (n{)l/zl -
~—-—-—7—~N 3 Zz = k1,2 ‘Z-‘*,‘-——T—— 177 4 (1%)
- Np ny) ™72 :
kl 2 is a constant for the exchange
1

'n{(1=1,2) is the respective equilibrium concentration
in the solﬁtion phase in megﬁivalents'
per unit column length
Zi(ifl.Z) charée on ion i
theoretical calculations (16, 31, 32, 33, 3%, 35) have
been made showing the independenc:> of the volumé of
regénerating solution on the resin loading.
If, under equilibrium conditions, there are no factors
blurring the front ("ideal" situation), a terminal or sharp
regeneratlion~ion front moves along the column., The elu-

triant volume is independent of the exchange constant

and depends only on the relative concentration of the
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two phases (35).

The sharp front model is generally unrealistic and
calculations are made assuming that the sorption kinetics
are achieved under equilibrium conditiocns (34) with a
slight initial blurring of the boundary. Underithese
conditions, the volume of the eluting solution needed for
a complete regeneration is dépendent upon the equilibrium
constant and the ratio of the concentrations in both phases,
1s still independent of the loading. |

If the exchange occurs between ions of different
valences, there is an eluting solution concentration (for
‘reasons such as solﬁbility, this may»no£ be attainable)
at which the isotherm switches from a concave (or unravor-
able equilibrium) to a convex (or favorable one) form. -
The equation describing the elutlion tends poward the
"ideal"” case (34). The 11m1t1ﬁg equations fof the differ-

ent equilibrium cases are:

”ideai"
Lih _
"equal" valence

k

-VR'= Vo (1 + —%*3) | (16)
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"unequal" valence
Z

Ky o !
Vp = V(1 # -72722) (17)
h

kl 2 constant for the exchange
’

VR - volume of regenerating solution needed for
complete elution

VO void volume of the resin column

h " the ratio of the equivalent concentration
in the solution and in the resin}phase in
mequivalents per unit column length
Zi(i=1,2) valence of the eluted (1i=1) and eluting
(1=2) ion, ’
Experiments (16, 31, 33) conducted to test equations
developed, in general, fit the data. There are small
differences between the calculated and experimental
elution %olumes and these differences appear to be due
to diffusional effects, ’
In summary loading is not a significant barameter in
the range studied, Under these conditions, the amount
of eluant requlred 1s independent of the degree of trace
loadings.,

5.3 Ion Distribution in the Column

When the test ions are loaded onto the column resin
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in a narrow band rather than uniformly distributed{ the
concentraﬁlon distribution of the microcomponent during
elution as a function of time and distance can be calcu-
lated. The elution dynamics used in considering the band
elution case were those of partition chromatography. The
elution curve is extremely dependent on the diffusional
properties of the system, At equilibrium the "limiting"
equations (Equation (15), (16), and (17)) are followed.
Thus}the volume of elutriant necessary for the elution of
the peak in a band distribution equals that necessary
for the elution of an uniformly distributed case (31, 34,
38). However, for fractional elution of a component,
the band’distributioﬁ located at the top Bf the resin
provides an overestimation of the amount of elutriant
required,

5.4 Column Dimensions

Theoretical studies made for the elution process under
equilibrium conditions and linear isotherms consider only
the total volume of the resin and. not column dimensions.
Experiments (34) were run to determine the importance of
column dimensions, Under equilibrium conditions, it was
found that elution is relatively insensitive to column
dimensions. /A three-~fold variation in column 1ength pPro~
duced slight (maximum 15%) differences between the cal-,-

culated and experimental elution volumes, It was felt
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by the experimenters (34) that these differences were
caused by diffusional effects,

5.5 Non-Equilibrium Elution

The regeneration of ion exchanye columns under non-
- equilibrium conditions is a more complicated situation
and a theory explaining the kinetics has not been ade-
quately,developed. However, corrections at 1eas£ to a
first-order approximation, can be made from the results
of front formatlon theory (16 ). These corrections indi-
cate how much additional elutant is needed for the
non-equilibrium elution,

Rachinski and Rustamov (36) divided the regeneration
process into two stages., First, in an infinitely thin
layer at the column inlet, a non~eqﬁilibrium ion exchange
occurs until the resin is primarily in the. eluted form,
Second, the entire column is regenerated by the equilibrium
process of spreading ﬁhis thin layer along the column,
The volume of elutriant required can be expressed as the

sum of two wvolumes

Vg =V, +V, - (18)

where

Vl = volume of elutriant used in stage 1

V2 = volume of elutriant used in stage 2 and is

caleulated by Equation (15), (16), or (17).



-82_

V1 is calculated for an exhausted bed by

v, =28 Jf@ _QQT“V

or for a partially exhaugsted bed by

(o)

Vl =

is the

is the

°,

uQ ae___

1

average linear velocity in the column

ratio of the solution and resin

normality per unit column length

"4s the

solution normality in meguivalents per

unit column length

18 the

column
is the
resin,
is the
in the
is the
of the
is the
n/n0

1s the

resin capacity in meguivalents per unit
length i

relative concentration of an ion in the
N/N0

cross sectional area for solution transport
column

effective rate constant for the absorption

exchanging lons

relative concentration in the solution phase

@ dependence of the dimensionless sorption

isothernm

(1.9)

(20)
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The sorption isotherm, Equation (14) can be dimension—

lessly represented by

1 -0 1 - g
L1 =0 _ pzl-0 (21)
° (¢")? ~

¢' is the relative equilibrium concentration of the

solution in contact with a resin of composition 0O

Z 1-A

Buw=k. . %h (22)

1,2

X 15 the ratio of the valences of the eluted ion,
Zl' to the eluting ion, Z,.

In order‘té find the functions f(@) and 0 for
Equation (19) or (20) from Equation (21), a parameﬁer

"S" is introduced for mathematical convenience

s =0/ ' | (23)
from which
, L
r(e) = ¢ = 12— | (24)
s(1-Bs” ~1)
A .
1-BS |
0. 1BS | (25)
1-Bst -1 oz

Using the relationship for £(6) end 6 in Equation (20)

yields
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. .-

uQ 52 BLO-1)(1-BsMs*t - aa-s*1ysMias
(1-BS77) (S-1) (26)

Sy

Integration of this equation for the irm-thorium case,

= L4/3, gives
V, =  uQB { s/B - s*3, + 3(1-sY/3)2/ (2"
1/3 .2
+ 3 1n (1-BsY/3y /B3 - 3/2 1n(§——~lll
(5273451341

- 6(1-s1/3y/g" ]
-3 /3 tan “i[(-25¥3+ 1)/ /3] } , 2

5

(27)

Inspection of the terms in Equation (27) provides infor-

' mation concerning the parameters of loading, and column
dimenions. For the iron-thorium system B >>1 (thorium
is preferred by the resin phase i.e., the isotherm for
iron equilibrium is concave) and for thorium trace loaded,
S can be approximated by Cpe . This can be shown by

considering the fact that if thorium is preferred by the
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resin then the eguivalent fraction of iron in the solution
phase must be larger than that in the resin phase at equili-
brium., Thus if Op  is close to 1 (thorium trace loaded)
then ¢; must be even closer (B D>>1) and Spe is approxi-
mately Op, (see Equation (%}%) Inside the { |} the most

significant term is ln( ). By insertion of

sd/3 1
different values of iron loading, it was readily apparent
that, for Qifferent trace loadings of thorium, V1 would
be approximately constant if the fraction of thorium ré~
moved femalned the same, This occurs over a range of
initlal throium (or iron) loadings, Table 5 illustrates
this fact for several thorium 1oad1nés, .5 - 5.%, and a
90% elution of thorium where S, (Cp, = 1-6p )  1is the
initial fraction of iron on the iron-thorium lozded resin
and 82 ig the fraction of iron after removﬁl of 90% of
the thorium (gFeg)' Inspection of the term outside the { }
1ndicates that 1f u is a constant, it would be preferable
to have a small dilameter column (swall Q). This would
increase the length of the column and hence the)contact
time allowing a closer approach to equilibrium. . Although,

from Equation (27), it appears that the excess volume

is linear in flow rate, [3 1s velocity dependent.

gF t gFE + - - (28)



O‘I‘h=1"gFe

.05
.0l
.03
.02
.01

.005

Table 5
Variation of 1n«311/3;iM§21/3—i))For Different Loadings

of Thorium and 90% Elution

- 811/3"1
S, ( ~ 0, .) S, (=~ 6, ) In(—=)
1 Fe1 2 Fe2 821/3—1
.95 . .995 2.318
096 . '996 20315 H
. 6]
‘ ON
.97 ’ 0997 - 2'312 ¢
.98 | .998 2,309
« 99 . ' « 999 2'3'\-5
995 L9995 2,304
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|
Zg*_ is the rate constant for the diffusion fromithe
resin to the solution ’ |
[3** 1s the rate constant for diffusion inside the
exchanger, and
D*¥ is the effective constant for longitudinal
diffusional‘transfers (16) |
Inspectioﬁ of the function dependency of the terms
in Bquation (28) indicates that it is only at very low
flow rates kor velocities) that [3 is strongly velocity
dependént, Hence until very low flow rates are encountered,
the excess solution can be considered linear in flow rate,
The importsnce of trace ion distribution (either band
or uniform distribution) in the column is harder to define
for the non-equilibrium case, iere both distributions
have the same dependence on flow velocity bgt‘the excess
solution for the band distribution is larger for thé same
fractional elution of a given loading, Equation (27).
Thus, aslin the equilibrium case, the band distribution
yields én overestimation of the amount of elutriant needed

for the elution.
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CHAPTER VI

'PROCESS AND CALCULATIONAL EXAMPLE

The elution step studied is only vart of a process
to be used in decontaminating radloactive ilon exchange
resins, An ekample of how this process works 1is given
below. Calcuiations of selected ions present on a resin
after one year of reactor service were obtained from Stone
and Webster (39). TFrom this listing, the radioactive lons
which had hélf-lives longer than 1 month were selected for
use in ‘this example.

The 1lons selected, their primary valence; and thelr
activity are listed in Table 6 (39). -

Iodine 1s vresent in much greater quantitles fhan
listed in Table 6 when the resin is removed from the re=-
actor coolant system; however, the lsotopes lnvolved have
very short half-lives (from seconds to a few days) and
times spent in storage would bring the activity down to a
low level without any processing.

Although niobium and technetium have higher valences,
they will be classed in the cesium rather than the thorium
group since both ilons have distribution coefficients much
less than 1(D<< 1) in less than .2M HCL (18). Hence these
ions will be‘eluted extremely rapidly (prior to cesium).

For calculational ease, all the radioactivity will



Table 6

Radioactive Ions Used In Elution Example

Ion . Valence : Activity (Curies)
1-129 \ -1 _ 4,1:1072
Cs-134 | +1 2.3.10+4
Cs-137 +1 6.1°10°
Co-58 | +2 3.0+10°
Co-60 | 42 1,4+ 10%
Fe=-59 +2 v 1.9.10"%
Sr-89 +2 | 5,5.101
Sr-90 +2 1.0
Mn-54 ‘ . +2 \ 1.8
Cr-51 +3 3.6'101
1-91 - 43 | 1.0-10°
Nb-95 . | ‘ +5 | | 6.3.101
Te-99 ‘ A 9,6+10°

Total 635.5°10°

-68“
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be assumed to be in 2 ft:? of resin (1 ft.”2 cation and

Y

1 ft.3 anion resin;.

Using experimental data presented in this report, the
elution step 1s described. Operating conditions whlch would
improve the effectiveness of the elution by decreasing the
amount of salt required are written parenthetically after
the values used in the exaample. Experimental data regarding
the effectiveness of the elutlion undef the recommended
operating conditions was not obtained. Hence the recon-
mended operating conditions could not be used in the calcu-~
lational example.

In the decontamination pfocess, the resins are removed
from the reactor and placed in storage to allow the short
term activity to decéy. This storage time can vary but should
7. . probably be in the vicinity of i week to 1 month, Longer
times éould be used to allow for more decayihowever.

The resin is then separated into its anion and cation
components, This is a standard procedurevénd is accomplish-
ed by rapldly flowing water up through the resin and allow-
ing the resins to separate due to denslty differences.

This also provides a washing of the resin to remove any

crud or particulate mattqr accunulated during reactor oper-
ation. This water is evaporated and the rédioactive resldue -
collected for desposal.

In the loading chosen to illustrate the process,

most of the activity on the anlon resin 1s short-term
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and will rapidly decay away. The remalning activity is

present in such small quantities (millicuries in thF ex-
eample) that 1t is probably preferable to ship the ahion
resian as is rather than process it. Iodine-131l has an eight
day half-life (all the higher isotopes have half-lives less
than one day) and the storage time to allow for decay will
be controlled. by the activity of this isotope L.f processing
is decided againsf. For the example, the processing step
for the anion cesiyy 1is omitted. If there is a desire to
process the,anlon resin, the same techniques as used in

the cation elution would apply.

After the resins are separated, the catlon resin is
placed in a long column (a length to diameter ratio.of at
least 6). This is to 1lncrease the'c;ntact time beﬁveen the
elutriant and the resin, A dilute ferric chioride”solution,
«13N, at ambient temperature 1s run through the column at
a flow rate of 2 gpm/ft2 (% gom/£t2) . . ;

When 25.9 £t3 solution/ft’ resin (see Section 4.4) is
passed through the column, approximately éll of the cesium
group (Cs-134, Cs-137, Nb-95, and Tc-99) will have been
eluted from the resin., From Figure 16, at least 257 of
the barium group (Co-58, Go-60, Sr-89, ST=90, M54, and
Fe-59) has been eluted. ‘Erom Figure 13 at least 10% of
the scandium group has been eluted (Y-91 and Cr-51)., These
ions have smaller distribution coefficients than their

respective test ion (cesium, barium, scandium) and hence



-92-
are eluted to a greater extent than their represenéative
ions. However the degiree of increase is not knowné; If
the elutlion were to be discontinued at this point,}better
thon 99% of the radioactivity would have been removed.
This value of 99% removal is for the specified conditions,
situations can occur like the Connecticut Yankee cobalt-58
problem where the major contaminant is cobalt-58, a barium
group ion. In this case only a minimum of 25% of the
radloactivity would have been eluted. !

The effluent from the column 1s placed continuocusly
into an evaporator and residue collected. Thé ion residual
volume would be 2,6% of the catioh resin volume at the point
of process. )

Continuing the elution with ferric chlorlide tq elute
the barium group, an additional 46,2 f£t2 solution/ft3 cation
resin elutes at least 96% of the barium group and at least
76% of the scandium group (Section 4.3 and:figure 13 respec-
tively). The total ion residue volume is 14,4% of the cation
resin volume,

At this point the ferric chloride solution_is not as
effective an eluting agent as a concentrated ferric sulfate
solution, 0.94N{(1.X), and the elutriant shoﬁld be switched.
The new eluant has a floﬁ rate of 1/4 gpm/ftz(.OI gpn/f12) .
From Figure 13, the difference in ironfor 24% scandium

remaining on the column and 1% 1s 21.6 grams. Converting

this into solution volume yields 4.2 £t2 solution/ft> resin
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nass of {ron required, gms
22:2 ecivaient nass of fron, gms/equivalent

3
3 - column.volume, 1
9 normality of solution, equivalent/1

&
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After 4,2 £t7 solution per cubic foot resin, better
than 99% of the scandium group and all of the barium group
except for the alkaline earth fraction which formed a sul-
fate precipitate (at most 4% of initial barium group activity)
1s eluted. If the elution 1s to be terminated at this point,
water shéuid follow the ferric sulfate solution after 4.2
cublc feet of elutrlant per cuble foqt of resin has entered
the column., This 1s done to avoid excess residual salt
%olume from any elutriant in the regin's vold volume after
the required amount of elutriant has passedéthrough the
resin, |

Evaporation of the solution increases the total ion
residue by 10.5% to a total of 24.9% of the cation resin

volune.

21.6. 4.%5.10% 1
(TI(Z 7300 )V:S)’ .105 (29)

111 ~formula weight of fron in Feg(304)3
435  -formula weight of Fey(S04)s .2Hp0

2.7.107-denstty Fep(S04)3 .2Hp0, 9M/1

o3 -volume of experimental column, ce
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At thlis point the radioactivity should have been sub-

stantlally removed from the resin. The effluent ié evaporated
and residue prepared for dlsposal. The resin is afso made
ready for disposal,

Table 7 is a summary of the elution data given in the
process example.

The elution 1s not limited to the set of conditions
outlined in the example. If the composition of lons on
the resin were different from those of the example and a
heavy preponderance of the activity were With highef valence '
ions, ?he eluting solution should be changed from the ferric
“chloride to the ferric sulfate solution earlier in the
process, Thls 1s to take advantage of the complexiﬁg pro-
perties of the sulfate, which aild in the elution of heavy
metal lons, Thus, at least é qualitétive knowledgé of
what ions are on the resin should be obtained in order to

more effectively apply the elution techniques developed

in this report.



Table 7
Example Process Data

Salt Co W Vol. Solution fract, of % of Group
N gyn/Tt" Vol, Resin resin vol. activity/
in salt group
residue - renoved
(total)
FeCl3 0.13 2(1/8) 25.9 - ,026 100 Cesiunm
- ‘ 25 Bariun
10 Scandiun
FeCl, 0.13 2(1/8) 46,2 . 144 100 Cesium
96 Barium
76 Scandium
Fe,(50,)5 0.94 1/4(,01) k.2 . 249 ' 100 Cesium
96 Barium

g9 Scandium

...gé..
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CHAPTER VII
CONCLUSIONS AND RECOMMENDATIONS

Elution by neutral salts is a technlcally feasible
process for the substantial conceﬁtration of the radioactivity
"initially on the exchangers when removed from the reactor.

Table 8 provides a summary of the best operational
conditions based upon evaluation of the experimental data
(from Section 4).

A prefiminary economic analysis was not made for the
provoseéd elutlon process due primarily to insufficient eco-
nomic information in both the present and proposed disposal
process, ' -

The amount of salt needed for the elution could be
reduced from the level determined experimentally. Thls
would be accomplished by using better operating conditions
~ than those experimentally investigated., The major recom-
mendation in this area would be to use slow flow rates:

1/8 gpm/Tt2 for elution with the dilute ferric chloride
solution and '1/2 gpm/ft2 with the sodium sulfate solution
(anion exchange) and .Ol gpm/ft2 for the concentrated
ferric solution. It 1s also recommended that amblent
rather than elevated temperatures be used for the elution
step.

Due to the importance of flow rate in determining



Ion Salt Co : W T fraction fraction Vol. Soi'n

(N) gpm/f‘t2 fon of resin Vol. Resin
eluted vol., in
dried
residual
} salt
csTt FeCl, .13 2 ambient 1,00 .026 25,9
Bat? FeCly - .13 2 ambient .96 L1k 76.1
st | Fe,(80,),. 94 1/ ambient .99 .153 8.2
ot Fe,(50,), .ok 1/4 ambient .90 .256 12,k
-1 Na,S0, .18 2 ambient  1.00 . 164 113
Table 8

Best Experimental Elution Data

-Lée-




of the excess volume of elutriant required, the first area

for any further research would be to determine better the
effect of very low flow rates. Part of this information
covld be obtained from field experience with the process.
Another important area would be the testing ofmore effective
eluting agents, specifically for the anion resin,

Effects of column length and regenerant concentration
are areas for further investigation. However, this infor-
mation could in most part be obtained from operatlional

experience 4nd evaluation of engineering data.



Run

O 0 N Oy Wy

i
N = O

Eluting
Agent

NaC1l
NaCl
NaC1
NaCl
NaCl
Fez(SOu)3

F92(504)3

3

3
Fez(SOLL) 3

FeZ(SOu)
Fez(SOu)

Fez(SOL")3 |
-‘Fez(SOu)3

APPENDIX A
ELUTION CONDITIONS AND TYPICAL RUNS

Table 9

Summary of Elution Conditlons
Concentration Flow Rate Temﬁ.
(N) (gpm/ft2)
THORIUN

0.88 1/2 ambient
0.88 : 1/2 ambient
0,88 1/2 . ambient
1.84 1/2 amblent
1.84 1/2 ambient
o.ok - N ambient
0.94} 2 ambient
0,94 - 1/2 ambient
0.431 1/2 ambient
1.97 : i/z - ambient
0,94 1/4 ambient
0,94 1/4 amblent

jols!

6.0
7.0
3.0
3.0
3.1

105'

1.5
1.5
1.5
1.5
1.5
1.5

Loading

1.0
1.0
1.0
1.0

100.0

1.0
1.0
1.0
1.0
1.0
1.0

1.0

Fig. No,

11
2,4,6,9

4,6,9
3,4,6,7,9

3,79

305:7,9

L"’59619l10
10

...66-



Run

#

13
14

15
17
18

19

16
17
18

19

."Fez(sou)

Eluting
Agent

Fez(SOu)3

F32(804)3

Fez(SOb)3

3
Fez(SOh‘)3
FeCl

Fez(SOM)

3
Fez(SOu)3

3

FeCl3

Concentration
(M)

0.94
1-97

0.93
0,36
0.154
0.13
0.9%

0.36

0,154

Flow Ra
(gpm/ft

1/4
1/2
CESIUNM
1/4
1l
2
2
BARIUM
/A

» barium precipitated

1

~barium precipitated

bvarium precipltated

Table-9 (Cont.)

e Temp.
2

75%

759 .

5
|
¢

ambient
amblient
ambient

ambient

ol

1.5
1.5

1.5
1.5
1.5
1.5

ambient 1.5

ambient 1.5

ambient 1.5

ambient 1.5

Loading
%

1.0
1.0

1.0

1.0
1.0
1.0

.1.0

1.0

1.0

1.0

Fig., No.

5,8
5,8

18
18
17,18
17.18



20

Eluting
Agent

FeZ(SOLI‘)3
Fe2(804)3
Fez(SOu)'3

FeCl

Nazsou

Concentration

(N)

0.94
0.36
0.154
0.13

0.18

Table 9 (Cont.)

Flow Rate
(gpm/ft=)

SCANDIUM
1/h4
1
2
5.

IODIDE

2

Temp.

amblent
ambient
ambilent

amblent

‘amblent

Pl

1.5
1.5
1.5
1.5

1.5

Loading
%

1.0
1.0
1.0
1.0

1.5

Fig, No,

12,13, 14
13,14
13,14
13,14, 15

19

=10t~




 Table 10

Thorium Elution Using Fez(SOu)B as the Eluting Agent at

Co = 0,94N, W o= 1/4 gpm/ftz, Ambient Temperature, pi = 1.5, Bun 11

Sample Sample Vol. Thorium’i%horlumtotai Thorium Norma11§§rri° I¥89a1 Iron
ml. Sample -7 in effluent of sample in Effluent
\ - (mg.) (mg.) (N) (gms)
1 250 9.68 9.68 0.0006 0.003
2 250 79.24 88.9 0.107 0.5
3 250 43,75 132.7 0.251 1.67
L 250 27.37 160.0 0.417 3.6
5 250 24,61 184.7 0.555 6.2
é 250 21,74 206.4 0.738 9.6 '
7 250 17.97 224 .4 0,811 13.4 5
8 500 27.20 - 251.6 0.831 21.3 N
9 250 10.43 262.0 0.895 25.5 '
10 ' 250 9.71 271.7 0.925 29.8
11 250 9.28 ‘ 281,0 0.936 34,2
12 250 8.87 . 289.9 0.945 38.6
13 - 250 7.36 - . 297.2 0.94 b42,9
Volume of dried salt 0.205

Volume of Cation resin

Fraction of Thorium Eluted = 0,854



Table 11
Cesium Elution Using FeCl3 as the Eluting Agent at
Co=0,13N, W=2 gpm/ftz,_Ambient Temperature, pd = 1,5, Run 19

Cesium . Ferric Iron
Sample Sample Vol, Fraction of Total Fraction Normality of Total Iron
nl. Cesium Load. of Cesiun Sample in effluent
' per Sample Eluted o (N) (gms.)
1 2000 0 0 0 0
2 2000 0 0 0 0
3 1000 0.638 . 0.638 0.037 0.69:
L 1000 ' 0.309 0,947 0.119 2.9
5 1000 0.050 0.997 0.127 5.3 Y
6 1000 0.003 1.000 0.129 7.7 S
7 1000 0 o 0.129 10.1
8 1000 0 0 ' 0.128 12,4
Volume of dried salt = 0.026

Volume of cation resin

Fraction of Cesium Eluted = 1,00




Tabhle 12

Iodide Elution Using Nazsou as the Eluting Agent at
Co = 0.18N, W = ngm/ftz, Abient Temperature, pd = 1.5, Run 20

Todide . Sulfate
Sample Sample Vol, Iodide in Total Iodide Normality Total .
‘ ml. Sample in Effluent of Sample Sulfate
mg mg - (W) in Effluent
1 2000 ] 0! 0 0
2 1000 0 0 0 0
3 1000 0 0 0.155 7.4
L 1000 0 0 0.162 15.2
5 1000 0 0 0.174 23.5
6 1000 0 0 0.175 32.0 L
7 1000 0 0 0.177 Lo, L o
8 1000 0 0 0.177 48,9 Gl
9 1000 0 0 0.177 57.4
10 1000 Ly 41 ’ 0.177 65,9
11 1000 Ls7 498 0.177 74 .4
12 1000 242 : - 740 0.177 g2.8
13 1000 20 ' . 760 0.177 91.3
14 1000 0 760 0.177 99.8
Volume of dried salt = 0.164

Volume of anion resin

Fraction of Iocdide Eluted = 1.00
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APPENDIX B

ANALYTICAL TECHNIQUES

B.l Colorimetric Analysis

Calorimetric techniques were used in the analysis of
thorlum and {ron, A Beckman spectroph otometer, model DEK-1lA,
was used for the analysis.

B.l1.1 Statistical Methods

,Calibr?tion charts were made for thorium and iron,
Colorimetric reagents were used in which the other comvpon-
ents of the system did not interfer., A calibration was
performed for each system; the standard curve was obtained
by regression analysis and the variance for different
' concentratlons was obtained.

The equations required for the derlivation of the stan-~
dard curve were found 1n'Ga1def (40) and pfesented below.
For this derivation n is the total number of observatlons
made for ¢ different concentrations where y is the predicted
absorbahée for concentration x and 2z 1s the average observed
absorbance at that concentration.

The standard curve passes through the point (%,Y)

with 1ts slope given by

’ - Eny - 2x2z/n
C T T G0/m (30) .
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and the regression equation is

¥y - z = n(x-X) - (31)

The variance,S:% of a value of x determined from the observed

reading z 1s given by

s = [su/(e-2) | /u?{ L+ 1/er(2502/ knzax;;)"‘]}
(32)

2
= B 2y . (Zy)%/p - 1| (Exz - =x2z/c)c |,
Sy C(ZZ y n c [2):2- (ZX)e/C

(33)

From these formulae, limits of error may be predicted,

B.1.2 Iron Analysis

Griffing and Mellon (41) studied the effects of
reagent concentration, pH, order of addition of reagents,
times of reaction, iron concentration; and di#erse ions
on the determination of iron using nitroso-R-salt. Sodium,
sulfate, and chloride do not interfer; thorium in quantities
less than 100 ppm did not interfer.

A stock iron solution .1000M was prepared by dis-
solving oven-baked reagent ferric oxlde, F¢203, in hydro-
chloric acid, A solution containing .0100M was obtained
by dilution with deionized water. The reagent solution
contained 0.5% nitroso-R-salt and 30% reagent acetone. A

10% solution of hydroxylamine hydrochloride was used as &
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reducing agent since the colored complex formed was with

the ferrous ion. Adjusting the pH was acconprished using
a 4M sodium acetate solution and a 1.5M ammonie solution.
Experimental®y the foliowing conditions were observed.
To a 50 ml, volunctric flask, a sample containing 1-90 ug
of iron was added; then 3 ml of the reducing agent and
3ml of the reagent were added in thils orders: the py was
adjusted to 4.,6%0.1 (allowable range 4.6tb.5); dilution to
50 ml; and finally a development time of 3 hours was allowed.
The transmission was measured at 6565 mu against a water
blank.
Froﬁ the calibration curve, Figure 20, the equation

relating ug Fe to the absorbance are

Range 1-30 ug

Fe(ug) = 66.388 (absorbance) - 2,3723 (34)
Range 30-90 ug : ,
Fe(ug) = 68.913 (absorbance) - 2,7990 (35)

Although.one straight line could have been drawn through
the data, a better fit was obtalned 1f 2 were used.

The error of prediction was less than 2%.

In determining the iron content of an unknown, thrée
separate determinations were made, Multiple determinations
were made primarily as a check against inadequate mixing
or sample preparation. Three samples were prepared to avoid

a long delay due to development time 1f two samples did not
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Figure 20 lron calibration curve using Nitroso-R as colorimetric agent

=80T~
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closely match, Thls reasoning carried over to the thorium

analysis although sample preparation was easler ani less

!
|

time was required.

B.1.3 Thorlum Analysis

Two colorimetric techniques were used in the determin-
ation of thorium. Carminlc acid was usedrfor analysis of
thorium in the presence.of sodium and arsenazo III for
thorium in iroﬁ.

A thor}um standard was made by dissolving reagent an-
hydrous thofium chloride In delonlized water, solutions of
different concentrations were made by dilution of the stan-
dard.

‘Procedure I i |

Snell, Snell and Snell (42) described a colorimetric
technique for the determination of thorium using carminic
acid. The complex formed is stable w;th résPect to time
although close control of the pH is necessary as the thorium
complex is also an indicator. Sodium does not interfer
with the’stability of the thorium complex, however, iron
forms an - identical complex and so interfers serilously.

The reagent solution is a .02% solution of carminic
acld heavily buffered to 'a pH of 4.2 by the acetic acid-
sodium acetate system,

The experimental procedure is stralghtforward, mix 1 ml

of sample containing 25-200 ug of thorium with 9 ml of
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reagent, dllute to 10 ml, and read at 575 mu against a

water standard.

The calibration curve is found in Figure 21, The

equatior for this line is
Th(ug) = #45.57 (absorbance) + 2.01 (36)

The error is ~2%.

Although sodlum did not interfer in the determination
of thorium by forming complexes with the carminic acild,
the concentration of thorium in the samples was so low
that partial evaporation of a larger sample was éometimes
necessary in order to obtaih é measureable quantity of thorium,
The large amount of sodium chloride present affected the
physlical properties of the solution and hence its absorpance
per unit path length. This 1ntroduéed an error of unknown
quantity but of which tended to increase absorbance and
hence inflate the value of thorium présent;

Procedure II

Savvin (ﬁé)vreported on the use of arsenazo III for
the determination of thorium. Iron is masked by ascorbic
acid and the choice of pH.

In the determination of thorium, a sample containing
1 to 30 ug of thorium was placed in a 25 mi volumetric
flask, 1 ml of 10% éscorbic acid solution was addéd, 1 ml
of .05% arsenazo III solution, 10 ml of water, add 6 ml )

of hydrochloric acid (sp gr 1.19); dilute to volume, and



ABSORBANCE

In (lo/1)

-111-~

3.0
- 6
2.0~
-
0.0 T I I
0 50 100 150

THORIUM
(ug.)

Figure 2!

as colorimetric agent

Thorium calibration .curve using Carminic Acid
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read the absorbence at 665 mu against a reagent blank.

1t was important to add water prior to the acid otherwise
a partlal decompositlon of the reagent took place.
A calibration curve, Figure 22, was prepared. The

equation for the regression line is

Th (ug) = 32.583 (absorbance) + 0.10428 (37)
Error ~l1%.
In practice of 1ron 1s present the color tends to
fade after ?ne hour, measurements were made within 10 minutes
of mixing. ‘If iron is not present, the color complex is
stable for times up to 2 days depending on conditions of
preparation,

‘In procedure I each determination was made twice,

while in procedure II, 3 times. +

B.2 Raé&oactive Tracer Analysis

H

Cesium, barium, and scandium were anafyzed by a method
of radiochemlcal analysis in which thg amount of an element
in a given sample is directly proportional to its gamma~ray
absorption pesak,

Covell (44) describes a statistical method which
peiforms a2 numerlcal analysis of the values makling up the
absorption peak curve and allows a direct reduction bf the

data, This technique is especially applicable where
the radiations from several nuclldes are involved; it

primarily consists of takling the channel in an absorptidn
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Figure 22 Thorium cdlibration curve using Arsenazo lll as colorimetric agent
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peak with the greatest numbexr of counts, agand n channels

on either side of a,and reducing this data to a foﬁm which
Yields the desired information., These channels aré
designated &, or by (1:1-n) depending on whether they are
on the low amplitude side of a,or on the high side.

The total number of counts in these 2n+l channels
1s taken and represented graphically as an area., This
area can be divided by a line connectling the ordinate values
of a; and bn wilth the area above therline represented by

L} iy}

n
Nz g, + Z 8y -+ ibi - (n+1/2)(an+bn) (38)

This area, N, should bear a constant relationship to the

total area contained in the peak or more preclsely to the
activity producing that photopeak.b If a Poisson 41stribution
is assumed for each of the 2n+l teré%, the estimated

variance 1is 4 o 4

L2

T(N) =\l + (3-1/2)(n#1/2) (aF bp) C(39)

The ‘variatlion invoived in taking sample volumes
was 1less than 1 percent, the same being true for the
comparison standard.

Experimentally, the procedure for this method of
analysis was straightforward. Two millill ters of each
collected eféluent volume were poured into a polyethylene

vial., This vial was placed in a Nal well detector and
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the number of counts from a specific radiolsotope in a

given time interval was determined. Comparison of%the

reduced datz thus obtained, with that of a standard similiarly
prepared which contalned (1.00 # .01) .107 of the tracer

input to the column, gave a measure of the total amount

of test ion that was eluted per unit effluent volume,

The isotopes used were barium-l}}, cesium-137, and
scandium-46,

Cesium involved a slightly altered data reduction pro-
cedure., Although unintentional, the activity of cesium-137
for the 1% column 1oadihg was lower than that of either
barium or scandium. The ceSium photopeak also overlapped
the beglnning oﬁ the Compton edge for scandium-46,‘presenting
an additional,diffieﬁlty in determining the presence of
small quantities of cesium. This ogérlap necessitated that

/

the scandium”photopeak be "stripped out" oyt the spectrum

prior to analysis.,

B.3 Ty trimetric Analysis

This is the technique used in the analysis of sulfate
and jodide. In this technique, the volume of a known reagent

needed to bring a reaction to completion is determined.

B.3.1 ZIodide
The determination of iodide by siodimetry is one of the

basic methods used in quantitative analytical chemistry (45).
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The iodide present in a sample is oxidized to iodine which
I

is reacted with sodium thiosulfate. The volume of the
sodlum thiosulfate solution used is a measure of how much
iodide was present in the sample initially.

The procedure for this anélytical method 1s as follows:
100 milliliters of sample was added to a 500 ml glass-
stoppered flask, 1 gram of urea, 2 ml of 2M sodium nitrite
solution, and 10 ml of 4N phosphoric acid were also added.
The flask was stoppered and allowed to stand with frequent
shaking for' 10 minutes.

In acid solution, the following reaction takes place

quantitatively. |

4HT + 2NO5 + 217 —2K0 + I, + 2H0  (40)
The excess nitrite and nitryc oxlde are removed by the urea.

2N0; -+ CO(NH,), # 2H'=2N, «~ CO0, + 2H,0 )
6NO -+ OO(NHp),=» SNy+ 2002 T 2Ho0

Since these reactlons are slower than that:of the nitrite
and the lodide, 1t is possible to add the urea at the start.
Urea was again added after 10 mlnutes to insure the complete
removal of nitrite and nitric oxide. Chloride and sulfate
do not interfer. Interference from the ferric lon which

reacts with the iodide

+2

2Fe™d o+ 217 & 2Fe’C+ Ip
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i1s prevented by the addition of phosphoric acid.

After a sultable amount of time, 2 gms of potassium
lodide to dissolve the iodine as KI3 plus 20 ml at carbon
tetrachloride were added to the solution. This solution
was then titrated with .114N sodium thiosulfate (standard-

‘i1zed against copper).

2Ng, 8y 03 + I, = 2MI+la, Sy Op (42)

An lodide standard (20 mg/ml) was prepared and a
calibration’ curve, Pigure 23, was made for the purpose of

determining the error (<1%) in the analysis.,

I (ng) = 14.2207 (ml) + .1672 (43)

B.3.2 Sulfate

Erlochrome Black T was used as the metallochrome in-
dicator in the well-known titration of sulfate with barium
chloride. The technique used (46) was intended to min-
imize the interterence of iron present in the system.
When iron was absent, the transition of thelindicator from
a blue coloration to a red-purple was more clearly defined,

The procedure is straightforward. A sample containing
2-20 mg of sulfate was poured into a beaker, the solution
was made slightly acidie (pH 2-3) using ascetic acid; 5 ml
of .2M DCyTA/(l,Z diaminocyclohexanetetraacetic acid) was

added to mask any iron present and the solution boiled.



SODIUM THIOSULFATE

fml.)

5
(=)
4— A
3—1
o
]
(]
ot
(0 0]
k
o )
[<]
fmr
o T T T T T |
0 10 20 30 40 50 60
IODIDE
{mg)
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After cooling, enough indicator was added to }ust barely

color the solution., Ammonia was then added until the in-
dicator turned bdlue, 3 ml of pH 10 ammonia-ammonium chlorlde
buffer solution and 10 ml ethanol were then added to -the
beaker. Excess DCyTA was titrated with ,1M magnesium
" chloride till the endpoint, .02M EDTA Eéthylenedinitrite)
tetraacetic acid] was added dropwise until the blue color-
ation was again achieved, thanol was again added until
about 40% of the solution was alcohol, approximately .02M
BaCL, solution was added dropwise until a stable purple
endpoint was reached.

A calibration curve, Figure~24, was made using a stan-~

dard sulfate solution (4 mg/ml). -

Sulfate (mg) <= 1.869(ml)#+ 0.032 (44)
The predicted error is 1%.

L i
In both analytical techniques, analyses were performed

twice for each effluent volume,

B.4 Selective Ion Electrodes

Direct potentiometric measurements of sodium lon
activity over 4 decades of concentration were made with
glass electrodes (Beckman SelectIon.. Flectrodes) that are
highly specific to the sodium lon.

Measuréﬁents ﬁere made on the millivolt scale at the
Beckman Zeromatlic pH meter. The scale was expanded as

outlined by Keegan and Matsuyame (47) using a decade
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!

2

resistor box so that concentrations in the range 10, - 1M
. |

_h‘- 1M could be made, The asymetry control positioned

and 10,
the reading for 1M Na¥ on scale reading 1.

Calibration curves, Figures 25 and 26, were made using
M and .iMAsodium chloride solutions, Other concentrations
were made by dilution.

The pH of the sample solutions was adjusted hetween
8 and 9, |

Error in the analysis was about 2.5%.
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