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This report summarizes laboratory experiments and in-pile loop tests designed to evalu-
ate, explain, and predict the performance of mixed-bed ion exchange columns in the
base form for the control of radicisotopes in reactor coolants. The results of these tests
- are evaluated with the aid of a simple theory of column performance for absorption of.
radioactivity decaying ions, based on an approximate model for an ion exchange column.
It is concluded that LiOH form resin will perform satisfactorily for both pH control and
activity removal and that jt is more effective than either KOH resin or NH,OH resin

for these purposes.

THE PERFORMANCE OF BASE-FORM ION EXCHANGERS FOR pH CONTROL AND
REMOVAL OF RADIOISOTOPES FROM A PRESSURIZED WATER REACTOR SYSTEM

G. P. Simon, D. S. Abrams, and W. T. Lindsay, Jr.

L. INTRODUCTION

Side-stream purification systems were incor-
porated into the first pressurized water reactors
as an aid in maintaining the coolant in as high a
state of purity as possible, Mixed beds of strong

acid cation-exchange resin in the hydrogen form

and strong base anion-exchanger in the hydroxyl.

form were used in such purification systems,

These beds have the ability to remove dissolved,
ionized material quite effectively by exchange with
hydrogen or hydroxyl ion, to remove colloidal ma-
terial from the water with moderate effectiveness
by absorption on.the large surface area provided
by the resin bed, and to remove particulate matter
with somewhat less effectiveness by ‘acting asabed
filter. Thus, it was expected that practically all
impurities in the coolant entering the purification
side-stream would be removed by the idn exchange

resin in the demineralizer.

The build-up of activity on pipe walls soon indi-
cated that side-stream purification, at rates of the

order of 10.4 system volumes per second, was not

able to exert effective control over the slowly mi-
grating inventory of particulate corrosion products
accumulated in reactor plants operated with pure
water as a coolant, It also became apparent that
continuing radiation induced synthesis of ammonia
from dissolved hydrogen, and nitrogen was able to
perturb the coolant composition sufficiently to'
maintain a slightly l\)asic cohdition if nitrogen was

not excluded from the makeup water,

In-pile loop operations revealed the beneficial
effects of a basic condition of the coolant in exert-
ing more effective control over the insoluble cor~
rosion products than was possible by simple
demineralization and filtration of éportion of the
coolant. Accordingly, resin beds in the purifica-
tion system took on a new function—control of
coolant pH to the desired level, now specified as
pH 9,5 to 10.5, This required the use of mixed bed
resins in the base form, i.e,, with the cation resin-

regenerated with the appfopriate alkali metal ca-

_tion and the anion resin in the hydroxyl form,

It was desirable, doncurrently, to retain the
other functions of the purification system to re-
move all iinpurities other than the desired base.

1



However, the relative inability to control the in-
soluble material in the coolant system became of
less concern because the concentration of par-
ticulate corrosion products in the coolant was
markedly reduced by the use of strong base,
Consequeéntly, this becomes a relatively unim-
portant -function of the purification system: m
coolant systems operating at high pH. The removal
of freshly released corrosion produc.ts, which are
still in the colloidal form, at a rate that would be
competitive with the natural or radiation prompted
transformation to insoluble material, remains a
desirable objective for a side-stredm purification
system, However, it does not appear that effective
competition can be achieved with practicable proc-
essing rates, This is especially true in high pH
environments where it appears that the conversion
to insoluble species proceeds at a somewhat
greater rate than in pureneutral water, Thus,there
remains one function for the purification system
in addition to pH control—the control of the con-
centration of ionized or colloidal radioisotopes in
the coolant to minimize radiation and radiological
difficulties.

At fhé présept state of the art, the ability of
base-form mixed bed resins to perform this last
function in the presence of a micro-concentration
of a base was somvewhat' doubtful,, and was the sub~
ject of thi's investigation., Ion exchange absorption
of impurities depends on a favorable mass-action
equilibrium. for the éxcha.nge of lons in the aquenus
phase with ions in the resin phase, The higher the
concentration in the water of those ions which also
nearly saturate the resin phase, the less favorable
are the conditions for absorption of some other ionic
specieslby the resin. Demineralizers, employing
mixed resins of hydrogen-form cation resin and
hydroxyl-form anion resins, work effectively fof
two reasons: hydrogen and hydroxyl ionsare among
the easiest to displace from the resin, and their
concentration in neutral water is held to an ex-
tremely low value by their combination ‘to form

waler,

Obviously, the situation is much less favorable
for removal of ionized impurities from a high pH
coolant by a base-form, mixed-bed resin, It is
possible, however, that tempbrary residence inthe
bed of short-lived and moderate-lived ionized
isotopes, due to an elution phenomenon, can be suf-
ficient for considerable decay of these species,
thus’ permitting effective control over their radio-

activity in the coolant,

This report describes the work done to evaluate,
explain, and predict the performance of base-form
ion exchange Leds In carrying oit the two major
functions of - such beds In 4 side-stream coolant
purification system—control of pH and control of

the concentration of radioisotopes,

IL CONTROL OF pH BY BASE-FORM MIXED
BEDS

A, Principles

A bed of base-form ion exchange resin in a
bypass ‘purification system provides a rescrvior
of base from which leakage losses fromthecoolant
can be replaced. In typical pressurized water re-
actors, with in-pile loops or out-of-pile loops, the
ratio of resin volume to system volume may range
(roin bulween 1to 30 and L Lo 200, At 0.7 moles of
bage per liter of bulk wet resin volume, there will

be from 233 to 35 times moretotal base in the resin

hed than in the entire coolant at a concentration of

Y !
10 " molar,

However, a well ”washed resin will not relcase
hase when a dilute basge golution or even pure waler
is passed through the bed, Some uthor fonized ma-
terial must be present in the influent to displace
the base from the resin bed, It is the balance be-
tween the supply of the displacing ions and the rate
of loss of the base from the coolant by leaka.gé or
sampling that allows control of pH by the presence
of a bed of base-form resin, The displacing ions
may originate from several sources, They may be

in the makeup water, they may be produced by



corrosion, or they may be generated in the coolant
by radiation-induced reactions, Makeup isnormally
demineralized, Hence, it is the last two processes
which usually control release bf base,

If ihe generation of displacing ions is pH-sensi-
tive, it is possible that the system will be self-
regulating, For example, if the concentration of
ferrous ions in the coolant is higher at low pH
values, because of inbreased release rates of cor-
rosion products or higner solubility, any deviation
toward low pH will be checked or reversed by the
resulting increased rate of base release from the
resin bed. Conversely, deviations toward pH values
higher than the stable value will result in reduced
base release rates, which,when coupled with higher
losses in discharged or leaked water,will bring the
base concentration back to thenormal level, thereby
increasing corrosion product release rate tonormal

also.

The equations describing the various processes

can be written:

1 1 171
at v "BC -—v - eC
dc,, _ k, . _!202 e
dt v 2 v atgr (2)
dc
B : C .
T B(C1 + C2) a B, 3)
where
V = volume of the coolant system,
C1 = normality of the ionized corrosion prod-
ucts,
02 = normality of the ionized radiation pro-
duced in the coolant products.
CB = normality of the base in the coolant.
k, = rate constant for the release of ionized

corrosion products.

’

A = area of the corroding surface.

k, = rate constant for the production of 16nized

radiation products (ammonia).

" g = rate constant for the absorption of ionized
corrosion or radiation-produced products

in the ion exchanger,

i = rate constant for the loss of ionized cor-
rosion products by processes other than

absorption in the ion exchange bed.

§, = rate constant for the loss of radiation-
produced products (ammonia) by proc-
esses other than absorption in the ion

exchanger,
“a = rate constant for water replacement,

Since 8 is usually much greater than «, the follow-
ing will hold for the steady state:

(kA + ky) - "101 - £,¢,

Cq = ()

B aV

Experiments in which release of corrosion prod-

ucts from cafbon steel have been measured at

-various pH values indicate that K, is dependent on

the baée cohcentration C B

values of Cp. Similarly, it would appear from

s and is lower at higher

various qualitative observations that 2 1° the rate
constant governing conversion of ionized corrosion
products to non-ionized products, also depends on
the pH and is higher at higher pH values. No evi-
dence exists one way or the other concerning the
pH dependence of k2 and ¢ 2,ra.te constants govern-
ing the formation and dissociation of ammonia by
radiation, If it-is assumed that there is no effect
of pH on fhese rates, it is then apparent that self-
regulation of pH can.occur only in systems where
ionized corrosion products control the rate of re-
is much

1
greater than C,,. This willbe the case only in plants

lease of base from the bed, i.e., where C

in which makeup water is degassed, so that the

concentration of dissolved nitrogen gasisverylow,



This is not to imply, however, that the pH may not
be easily controlled in other systems, for the
balance between input and loss of base is very slug-
gish and control of pH within' a range of one unit
allows the base concentration to vary by a factor
of 10,

As will be seen from later discussion in this re-
port, most cations will easily displace lithium
froin IR; 120 cation resin, Thus, if the resin is in
the LiOH form and ammonia production is con-

siderable, the bed may be almost completely con-

verted to the NH,OH form after an extended period '

of use, This situation was actually found at the con-
clusion of an extended power run with an operating
reactor. Analyses of cored sections of the resin at
the end of the run showed that 60% of the total
capacity was taken up by NHZ ions and 31% by Li*,
wiigh the ammonium ions more concentrated in the
uppérmost pafts of the bed. Small amoumnts of
potassium, sodium, and iron were also found on the

bed,

All of the preceding discussion applies to cases
other than ammonium hydroxide beds, In thiscase,
of course, dissociation and formation of ammonia
by rédiation play a direct role in establishing the
stead}.’- state level of .ammonia ‘concen'tration,‘while
supply of ammonium hydi'oxide from the reservoir
in the resin bed is regulated only by the supply of
ionized corrosion products or impurities in the

makeup water.,
B. Experience

Little is yet known about the parameters in
Eq (4) and their dependence on -pH. It does appear,
however, that £ 1/V_, the rate constant describing
conversion of ionized corrosion products to non-
ionized forms, is large relative to 8, the purifica-
tion rate constant, so that a large fraction of the
corrosion products initially released in ionized
form is not absorbed by the ion exchanger. Thus,
the net rate of formation of ionized corrosion

products that can be observed in connection with

8

ion exchanger operation is a small part of the total

rate of corrosion product formation.

A .survey was made of several in-pile and out-of-
pile loop tests to determine the perforfna.nce of
LiOH and KOH beds in these loops for pH control,
It was found that difficulty had been encountered
in control of pH only in cases where leakage was
excessive or where the loops were drained fre-
This is understandable, since it could
hardly be expected that the net releaseof corrosion

quently.

products would be high enough to displacebase from
the bhed at a rate sufficient to keep up with a very
high rate of loss of base from the coolant,

Some of the tests during which the loops operated
for reasonably long periods of time without re-
quiring direct addition of base are summarized in
Table L Although the data on pH and leak rate are
qualitative at best, it is nevertheless interesting to
calculate the apparent net rate of absorption of
ionized corrosion products by the ion exchangers
by using Eq (4). Ammonia formation is taken to be
negligible, and the ionized corrosion products are
assumed to be largely Fe'’. Although the results
given in the table are of abelievable order of mag-
nitude, it is possible that the pH may have been
falling steadily during the time without addition,
and the calculated values of net ionized corrosion
product release rate may be high. Nevertheless,
it appears that il Is possible for corrosion to re-
lease ionizod material at a suflicienl rate to coti-
trol pH, at least in a system without an excessive

water replacement rate.

The LiOH. resin hed used during the extended
power run mentioned previously picked up during
its 4700-hr life an amount of ferric iron corre-
sponding to a 0.13 mg Fe/dm2-mo net release
rate, According to Eq (4), this rate could huve
controlled the pH at about 10 in a system with a
water replacement rate of about 4 x 10_4/hr,
equivalent to an average leak rate of about 1.4 gph
in a 3500 gallon reactor coolant system, Theactual



TABLE I

PERIODS OF OPERATION OF IN-PILE LOOPS WITHOUT ADDITION OF BASE TO COOLANT -

. Co. Calculated Net Release
Time without _ Surface . Leak Rate of Ionized

I:::ip Addition : Area . Rate ‘Corrosion Products*

Test (hr)" gH Range  Base (ft2) Material (ce/hr) ‘ (mg Fe/dm2-mo)

X-1-d 700 A 9. 5—10. 5 KOH 112 Stainless steel 10 0.02

X-1-j 600 ¢€.5-10.5 KOH 112 Stainless steel 150 | 0.3

X-2-a 1000 €.5-10.5 KOH 112 Stainless steel 160~-240 0.4

X-2-f 1200 Q. 5;-10. 5 KOH 112 . Stainless steel 400 0.8

X-3 1000 1 10.0 KOﬁ 112 Stainless steel .125 ' | 0_25_

Average for stainless loops 0.. 35

CR-VI-A 1000 ‘ 9.5-10.5 KOH 112 Carbon steel 1700-4000 4 5.5

* Basec on average pH 10 and average leak rates.

<




leak rate was much higher than this value, but
despite this, the exchange of radiation-produced
ammonia on the resin bed released enough addi-
tional lithium hydroxide to hold the pH within the
desired range. Thé leak rate had to average about
36 gph to account for the loss of lithium hydroxide
observed when the resin bed samples were taken
for analysis before discharge,

As seen from Eq (4), the equilibrium base con-
centration i{s proportional to KlA/V. Comparison
between various systems must therefore take into
account the nature of the material (which deter-
mines Kl) and the ratio of surface area to volume
A/V. Although g, the purification flowrate constant,
is usually maintained at the same value inloops as
is employed in reactor plants, the values of A/V
vary from system to system.

C. Conclusions

Release rates observed for carbon steel (Refs
1 and 2) in high pH environments lead to the as-
sumption that in systems fabricated predominantly
from stainless steels, fhe net release rate of
ionized corrosion products is not greater than 0,1
mg Fe/dmz-mo at pH 10. A system without am-
monia tormation will be able to hold this pH, pro-
vided the ratio of corroding surface area to water
replacement rate is from 5900 to 8800 ftz/gph,
and depending on whether the iron is absorbed as
the ferric or ferrous ion, Ratios in this range re-
quire a reasonably tight system, Additional baseis
required if the leak rates are high, This may be
supplied by direct addition, either as a concentrate
or by adjustment of the pH of the makeup water,
or by establishing conditions such that ammonia
will form and displace the required base from the

resin bed,

Of course, direct addition will be necessary
initially and after draining and refilling of a large
fraction of the plant volume, since release of base
from the bed will be gradual under normal cir-

cumstances,

" termine the Xe

In PWR, it has been necessary to add LiOH only -
in connection with additions of large volumes of
water associated with plant cooldown and draining
and refilling of loops, During steady operation, pH
was maintained without additions between 9.7 and
9,9 for periods up to 2000 hours,

II. REMOVAL OF FISSION PRODUCTS BY BASE-
FORM MIXED BEDS

A. Preliminary Results

As discussed previously and in Appendix IV,
there is good reason to believe that the apparent
or effective performance of mixed-bed ion ex-
changers in the base form should be better for
short-lived isotopes than for long-lived ones.
One of the first indications of this effect came
from the X-1-h defec;ed UO2 fuel specimen test in
the X-1 loop at Chalk River (Ref 3). A study of the
performance of the ion exchanger in the loop puri-
fication system was undertaken during this tcst.

The ion exchanger was initially in the hydrogen-
hydroxyl form, It consisted of a bed of MB-1 resin
about 76 cm deep, with about 350 cc total bed
volume, Flow loading of this bed was normally
15 gpm/ftz_, equivalent to a contact time of 0.5
min, No base was deliberately added to the loop
coolant, Samples of the bed influent and effluent

were taken regularly and analyzed for 08136’

CSB7. Csms, 05139, and1131
of coolant were obtained for gas analyses to de-
138

. Inaddition, samples

content. The purpose of this
wark was to determine the reason for the relatively
low decontamination factors for gross activity that
had been regularly reported from this and similar
tests in which hydrogen-hydroxyl resin had been
used,

More pertinent to the subject of this paper,how-
ever, was an interesting occurrence, fortultously
observed during this study. This occurrence evi-
dences itself in Table II in which the decontami-

131 136 137 138
,Cs (cor-

nation factorsfor I'"",Cs™" ,Cs
139 are given, along with the results

rected), and Cs



of measurement of the conductivity of the loop

water during the 19-day bed test.

It is apparent from Table II that the cation-resin
part of the mixed bed, at least, became exhausted
by some impurity, probably by ions of an alkali
metal or ammonia. Although no ion exchanger ef-
fluent conductivity determinations were made,
unfortunately the loss of control of loop water con-
ductivity clearly shows that the bed was saturated
with some ionized material in the macro-concen-
" tration range. Decontamination factors for the two
long-lived -cesium isotopes, 37-y 05137 and 13-d
03136’ began to fall on the sixth day of the test,
indicating approaching exhaustion of the bed. The
decontamination factors for these isotopes(reached
unity at about the same time that-the bed lost all
control over loop water conductivity, The good
apparent removal of the shorter-lived isotopes,
32-m Csm8 and 9.5-m 05139

these changes. Since the time required for transit

of water through the bed was on the order of 1 min,

-it is clear that the large decontamination factors
for these isotopes must have been the result of
hold-up while the cesium ions were repeatedly ex-
changed between water and resin phases, Eight-
- ..131
day 'I

period of observation, (Compare these resultswith

was effectively exchanged throughout the

the later study of LiOH-form resin during the
Chalk River X-1-L test, as shown in Fig, 3.)

Othor preliminary work, reported earlier (Ref
4), showed that activity breakthrough and con-
ductivity breakthrough occur simultaneously when
a dilute solution of KOH containing C5137 ispassed
through a mixed-bed resin column in the H-OH form
fpr a sufficient time to conve;'t the bed to KOH
resin, When the same experiment was carried out
with LiOH solutions, activity hreakthrough did not

occur, although the processing of solutionwascon-

tinued well beyond the point at which the pH and

conductivity of the column effluent became equiva-
lent .to that of the influent, These two results show
that the resin has preference for cst over Li",

while the preference for Cs' over K7 is much less

, was not affected by

if, indeed, the preference is not reversed in the
‘latter case, It follows, therefore, that K' is also
preferred in the resin phase over Li'. It also ap-
pears that Li* could not have been the exhausting
cation during the X-1-h test described above,

B. Laboratory Column Experiments

The information described above, although of a
preliminary nature, indicates that a base-form
resin bed may control some radioisotopes by act-
ing as a holdup volume for short-lived species, The
data, however, is not sufficient to determine
whether base-form resin beds can exert effective
control over the concentration of ionized radio-
isotopes in a reactor coolant system, Two require-
ments are necessary for an affirmative answer to

this question: First, the radioisotope in question’

"must have a half-life on the order of or greater

than the ‘‘purification half-life’’ (usually about 2
hours); and, second, the bed must have a decon-
tamination factor on the order of 2 or greater, As
shown in Abpendix 1V, it is predicted that isotopic
exchange of monovalent radioisotopes from a pH
10 solution will result in a continuing decontami-
nation factor.of e, or greater, for half-lives of 8
days or less if the bed is equivalent to 10 or more
equilibration stages. For this case, therefore, ef-
fective control wouldbe exerted over the concentra-
tion of such radioisotopes having half-lives be-
tween 2 to 3 hours, and 8 days, The laboratory
column experiments described in this sectionwere
undertaken to obtain additional data from whichthe
effectiveness of control of the purification system

could be predicted for the more important fission

products expected in the'coolant of pressurized

water reactors, Ideally, the results of experiments
with long-lived is‘otopes should be interpretable in
terms of the constants Kc and n of the theory of
Appendix IV, so that predictions can be made for
performance of resin beds in control of shorter-.
lived isotopes of the same elements. This objective
was not entirely achieved, as is explained later in

this section under the héading Discussion,



TABLE II
DECONTAMINATION FACTORS FOR SPECIFIC ISOTOPES AND LOOP WATER CONDUCTIVITY
DURING THE 19-DAY FILTEE. BED TEST PORTION OF THE X-1-h TEST

Day Time Decontamination Factors Loop Water -

of of - - T aas . Conductivity ,
Test Day 1t s el cs!38 cstd® (ymho/cm) Remarks
1 1327 7.8 x 103 7.7 x 103 6.3 x 103 21 >1.5.x 103 1.0 ,
2 0927 1.4 x 103 1.4 x 102 1.3 x 102 40 >1.5 x 103 1.0 Flow loading 15 gpm/ft2
9 1322 2.6 x 104 1.5x 102 - 1.5 x 102 >9 x 106 >8 x 102 1.0
3-5 8/22 - — — - - 1.0 Purification flow interrupted
6 1003 9.4 x 105 . 1.4 x;o% . 95 53 ND 0.97 :
6 1033 5.1 x 10% 1.2x'10 82 32 - ND 0.97 . 5.
6 1354 1.2 x 104 54 31 15 ND 0. 97 (F:i?tvai‘ia{f‘n’ii Zi)gu%p%fitn’
6 1453 3.5x 103 36 25 17 ND 0. 97
9 1249 2.9 x 103 6.8 5.2 53t . >2 x 108 0.80 ‘
11 0938 9 x 102 7.5 4.4 1, ND 0.7
; . 9 N
16 1356 8.7 x 10 3.9 2.4 4x10 ND 1.2 Cation resin approaching
17 — NI ND ND ND - ND 2.1 exhaustion; control of loo
18 - NI ND ND ND ND 6.8 water cond,uctivity lost.” °
19 1015 NL: 0.86 0.72 ND >1.6 x 103 10.6 , :
19 — ND ND ND ND ND 41.7

ND — Not determined

* Corrected for growth from Xelss. Two types of 'Xe:l 38 analyses wére performed. These are desigrated as 'bulb analyses'* and "bottle
analyses'. The reported results are based on "bottle analys=s" except where designated otherwise. Results are probably minimum
values. : : :

** Cs139 was never positively detected afier the ion exchanger. All decontamination factors are minimum values.

t Based on '"bulb analyses". No 'bottle analyses" available for this day.



Experimental Procedures .

Procedures followed those used in previous work
(Ref 4). The ion exchange columns consisted of a
mixture of two parts by volume of IRA-400 in the
hydroxyl form to one part by volume of IR-120 in
the appropriate cation form, giving a one-to-one
cation-to-anion equivalent ratio, Theyare referred
to in this report as base-form, mixed-bed .resin
columns, The bed dimensions were -1,05-cm
'diameter by about 76 cm (30 in.) deep, and each
contained about 66 ml of wet settled resin, Some
additional work was done with shorter columns of
the same diameter but 12.5 cm (5 in,) long, con-

taining about 11 ml of wet settled resin, Influent

solutions were prepared in about 25-liter batches .

and were adjusted to the desired pH with the ap-
propriate base after addition of the radioactive

isotopes.

The following radioisotopes were obtained from
QOak Ridge National Laboratory:

Sr90_Y90 — carrier-free, as SrCl2 in 1-N
HC1

Zr95—Nb95 — carrier-free, as oxalate com-
plex in 0.5% oxalic acid

Rulos-Rh106 - carrier-free, as RuCl3 in 6-N
HC1

03137-Ba137 — carrier-free, as CsCl in 1-N.
HC1

Ce144-Pr144 — carrier-free, as CeCl3 in 1-N

HC1

With thc cxooption of 799 Nb%°, the solutions were
used és-received, with dilution by factors on the
order of 106 in preparation of the process solu-
tions. The Zr °-Nb°°

nitrate after destruction of the oxalate complex

solution was converted to the

and then diluted in the samc way as the other -

radioisotopes.

All solutions were processed through individual
glass columns at a flowrate equivalent to an area
flow loading of 7.5 gpm/ftz. Flow was maintained
by gravi:ty head, supplemented by rubber-tubing
pumps, No attempt was made to obtain completely
continuous operation. Flow was often stopped

evenings, weekends, and over long holidays.
Samples were taken periodically from the column
influent and effluent streams. The relative concen-
trations of the radioisotopes in the samples were
determined by evapdrating to dryness and beta-
counting in methane-flow proportional counters
having efficiencies of about 15% for ‘Sr90. De-~
contamination factors are the ratios of influent to
effluent radiba.ctivity concentrations, the deter-
minations having been made on equ.ivileﬂt geo—A
metrical and efficiency bases. Radiation from var-
ious levels in the columns was regularly monitored

with an uncollimated, portable ionization chamber.

Experimental Results

Three tests were run with resin in the NH,OH

90’ Csl37—Ba137, and Ce 44

as the added radioactivities, The influent

form, using SRQO—Y
_Pr144
solution was adjusted to pH 9.5 with NH 44OH. The
operating histories of the columns are given in
Table III and its referenced Tables, The number
of column equivalents passed through each column
was calculated on the basis of the total ammonia
content of the solution, including non-dissociated
hase, As in all subsequent calculations of column
equivalents, the capacity of the resin was assumed
to be 0.7 eq/liter of wet settled resin.

- TABLE III
NH4OH—BED OPERATING HISTORIES

Approximate -
Bed Length
Activity "~ pH (cm) Table
sr20.y%0 9.5 .18 XXV
csBT-mal3" o5 76 XXVI
cel*prt o5 76 XXVII



TABLE IV
"KOH-BED OPERATING HISTORIES

TABLE V
LiOH-BED OPERATING HISTORIES

Approximate Approximate
Bed Length - Bed Length :
Activity pH (cm) Table Activity pH (cm) Table Figure
sr90-y90 10.3 76 xxvim  sr2%-y%0 9.5 76 XXXI 18
csBga®” 103 76. XXIX sr?%-v90 105 76 XKXI 19
ce*tpr* 103 76 XXX sr2-v%0 105 125 XXXII 20
csB¥TBal3" o5 76 Xxxm 21
_, csB®¥7-Ba" 105 - 76 XXXIT 22
The results of the tests with Srgo-Ygomust be " 137 137 : :
considered questionable, since no effort was made Cs™ -Ba 9.5 12_-5 XXXIv. .23
in the counting procedure to distinguish between
90 oo P ' csB¥pa3? 105 125 XXXIV 24
Sr”" and Y"", It is quite probable, as is discussed 5
later, that the apparent breakthrough of this ac- Ce144—Pr144 9.5 76 XXXV 25
tivity in the effluent of the NH,OH and KOH diffi- s 144
culties (Table IV) is not to be expected with the Ce™ -Pr""" 10.5 76 XXXV 26
C3137—Ba137 and Ce144- Pr144 activities, because 144 144
) Ce " "-Pr 9.5 12,5 XXXVI 27
sufficient time had elapsed between sampling and
counting to allow re-establishment of mother- Cel44— Prl44 10.5 ' 12,5 XXXVI 28
daughter equilibrium in the effluent samples, The 106 ‘ 106
breakthrough of cs*37 at about 0.1 column equiva- Ru™""-Rh 9.5 76 XXXvIL 29
lent in the KOH bed and the apparent impendin : )
_ 137 PORTmE  Rul%®-pnl%® 105 76 XXXVIL 30
breakthrough of Cs™ ' at about 0.3 column equiva-
lent in the NH~4OH bed show that K" and NHZ are RulOG_RhIOG 10.5 12.5 XXXVIIL 31
+ . . . .
preferred over Cs in the resin phase, as will be 95 95
discussed later, The results with Ce144 cannot be Zr "-Nb 9.5 76 XXXIX 32
similarly interpreted, as also will be discussed )5 ; o
y pretec, zrP%-m™ 105 76 XXXIX 33
later,
s
zr¥-x? 105 125 XL 34

The column tests with LiOH-form resin were
carried out in considerably more detail. Two
column sizes were employed for this work: ap-
proximately 76 cm long and 12,5 cm long. Two
concentrations of LiOH were used, corresponding
to pH 9.5 and pH 10.5. Five activities were used:
Sr90_Y90’ 05137—Ba137, Ce144—Pr144. RulOG_RhIOS’
and Zr95-Nb95. The operating histories of these
columns are given in the tables and figures
referenced in Table V, '
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As with the KOH and NH,OH resin tests with

4
90_,90

S Y"", the results of tests with thisactivityare

questionable because of probable separation of
90
T

Sr”". This possibility was checked some time after
termination of the runs (Table XXXI), with the
90__,90

76-cm column operating with Sr”"-Y"" in pH 10,5
LiOH solution, An additional batch of solution was

prepared and passed through this column, Samples



A2ad

were taken after at least five liters -had been
processed. Decay data were obtained on both the
influent and- effluent samples, The decay curves
were analyzed with the aid of a value of 1.8 estab-
lished by R. S. Gilbert of Bettis for the ratio of
counting efficiency of Y°° to that of Sr°° ina
methane-flow proportional counter of the type used

for this work, The results of this extension of the

prbcessing of the Srgo-Ys_)0 column are given in

- Table VL

It is apparent that neither the influent nor the
effluent solutions were at equilibrium when sam-
pled. Strontium was removed selectively from the
influent solution with good effectiveness, while Y90
was act'ually released.from activity previously de-
posited in the column, Consequently, the apparent
90_¢90 i1 the data of
Tables XXV, XXVIII, XXXI; and XXXII'and Figs,
18, -19, and 20 probably is due entirely o "0

leakage and not Srgo. Thebehavior of Y90 is similar

breakthrough shown for Sr

TABLE VI

.

ADDITIONAL OPERATION OF Sr°%-v%" COLUMN AT pH 10.5 WITH LiOH

Column Size - 1.05 cm ID x 76 cm deep

Flow Loading - 7.5 gpm/ft2

Effluent Effluent Effluent  Effluent

Sample . Influent No. 1 No, 2 . No, 3 No, 4 .
Gross activity at
A sampling time (cpm/ml) 14,500 92,000 . 110,000 98,000 10,000
Gross activity at
equilibrium (cpm/ml) 31,000 180 . 190 . 150 180
Srgoactivity at
sampling time (cpm/ml) 11,100 64,4 . 68 53.6 64.4
y90 aclivity al
4 3 3

sampling time (cpm/ml) 3400 9,1x 163 1.1x 10 9.7 x 10 9.9 x 10

Total number of column

equivalents processed =

Sr90 decontamination

factor . -
290 -

Y"" decontamination

factor . ' -

1,470 1,480 1,485 1,490

172 ‘163 206 172

0,36 0.31 0,35 - 0.34

Note: Activity concentrations were determined by analysis of decay curves, using

a value-of 1.8 for the ratio of Y

90

to Sr90 counting efficiencies.

11



to that of Cel*t-prl%t

However, since no previous effort was made to
90
count the Y

passage through the columns, the data in this case

»-as could be expected.
effluent samples at fixed times after

are purely qualitative indications of Y90 break-
through,

No such difficulty is to be expected for the Ru106

—]E(h106 activity because of the short half-life of

Rn106 95_yp95

. In the Zr ,equilibrium couldnothave
been re-established if any separation occurred;
however, it is probable that the two isotopes behave
similarly in this case, (The results of the tests with
the LiOH-form columns areconsidered later in this
section under the heading Discussion.) It is imme-~
diately apparent, however, that Cs137 continued to
be removed with reasonable effectiveness ub to
about 1,8 column equivalents, thus indicating pref-

+ A+ . - .
erence for Cs over Li in the resin phase,

Althbugh activity distribution onthecolumnswas
monitored regularly with an uncollimated ionization
chamber, all the data obtained in this way are not
reproduced here, The distribution of activity on
long columns of LiOH-form resin at the end of the

tests is shown in-the figures listed in Table VIL

Distributions -obtained by use of the Table VII un- -
collimated instrument are compared with the more
accurate data obtained with a collimated scanning
device, described in Appendix I, to show the quali-
tative agreement between the curve shapes obtained
in these two ways. This agreement supports the
qualitative conclusions, based on uncollimatedcol-
umn surveys, in previous work (Ref 4), However,
any quantitative interpretation of the distribution,
as attempted later in this section, requires the use
of the more accurate results obtained by the colli-

mated scanner,

The radiation profiles corréctly reflect the dis-
tribution of the parent radioisotopes on the column
in each case, hecause the measurements shown in
the figures were obtained after a sufficient timehad'
elapsed since absorption of the activity and stopping
of solution flow to allow mother-daughter equilib-
rium to be re-established.

A special test, conducted with 1132, was some-
what different from the previously describedwork.
Uncertainty as to the oxidation state preferred by
radioiodine. in high-temperature, high pH water
(Ref 2) led to the following experiment,

TABLE VII .

DISTRIBUTION OF ACTIVITY ON LiOH-FORM RESIN BEDS

Appraximate ,
Bed Length "Type of
Aotivity pH (cin) Instrument Figure

sr90.y90 9.5 and 10.6 7 Collimated . 35
ﬂr90 ‘.’90 9.5 and 10,5 76 Uncollimatecl 38
cs137-pa 137 " 9.5 and 10.5 76 Collimated 37
cs137.pa 137 9.5 and 10.5 76 Uncollimated 38’

‘L 144 144 .
Ce  “-Pr 9.5 and 10,5 76 Collimated 39
celtt.prltt 9.5 and 10,5 76 Uncollimated 40
Rul06-gn106 9.5 and 10.5 76 Collimated 41
Rul0.gn106 9.5 and 10,5 76 Uncollimated 42
. zr2Sm®® 9,5 and 10,5 76 Collimated 43
zrd%-Np95 9.5 and 10,5 76 Uncollimated 44

12



Two 3-liter autoclaves, previously exposed to a
pH 10 solution of LiOH at 540°F for 500 hr, were
used as sources of the radioactive solutions to be
processed. An amount of Tels»z—ll.32 activity was
added directly to pH 10 LiOH solutionheldat 540°F

in one of the autoclaves. The other autoclave, con-.

taining the same solution, was cooled down, the
Te132--1132 was added, and the autoclave was re-
heated, The two autoclaves were piped so that solu-
tion could be taken from either one,passed through

a cooler, and then passed through a small ion ex-

change column containing 41 ml of wet settled resin..

32 is rapidly

It had been found previously that Te1
and almost completely adsorbed on stainless steel
surfaces in contact with high-temperature water,
while 2.4-hr 1132 produced by decay of the adsorbed
67-hr Te132
titative yield. Thus, thel

influence of the high-temperature, high pH environ-

isreleasedto thewater innearly quan-

132 was exposed only to the

ment and not influenced in its choice of oxidation
state by the presence of prejudicial oxidants or

reductants.

The entire contents of the first autoclave, towhich
the activity had been added after cooling, were
passed through the column, and then the contents of
the secondautoclave were also processed, The flow-
rate was equivalent to an area flow loading on the

column of 7.5 gpm/ftz.

Samples of the influent and effluent were obtained

and analyzed by two different procedures:

1) Carrier iodide was added to an aliquot of the
sample and precipitated with silvér nitrate,

‘The precipitate was dried and counted in a

beta-proportional counter. A second aliquot_ '

was taken 24 to 48 hr later and treuated in the
132 activity was determined
from the first aliquot, and the Tem2

same way. The I _
activity
was determined from the secondaliquot,cor-

recting for chemical yield in each case,

2) Carrier iodide was added to an aliquot of the
sample. This was oxidized to ivdate, then re-
duced to 12, extracted into CC1 4’ and re-

extracted into water as the iodide, Itwasthen
~precipitated with silver nitrate, dried, and
counted in the same wéy as in the first pro-
cedure, Similar methods were used with an-
other aliquot, after standing,toallow mother-
daughter equilibrium to. be established for

Te 132 determinations,

Similiar results were obtained from thetwoproce-

dures, indicating that 1°32

probably was presentas
the iodide in the samples at the time of f)recipitation

in the first procedure,

The results are given in Table VIIL Values for
I132and Te132
the time of sampling, The short half-life of I

makes thecorrection a rather large one in this case,

have been corrected for decay from
‘ 132

Thus, the decay curves were interpreted in such
a way as to give a maximum value for 1132 concen-
tration in the effluentconsistent with the decay data.
High decontamination factéors were observed for
1132 from the first autoclave; the activity had been .
added after cooling and the autoclave reheated, Mod-
erate decontamination factérs were observed for

1132 from the secondautoclave, towhich the activity

‘had been added by direct bomb addition while hot.

The reason for the difference in results is not
known, but it may be related to the period of time
elapsed between addition of the activity and proc-
essing of the contents of the autoclave through the
column, The results do not show that radioiodineis
effectively absorbedi by‘ resin from a pH 10 LiOH
solution, at .least during procéssing of the number

of column volumes used in this test, The results for
132
Te

1132

are rather meaningless,butthey do show that
was the major activity in the processed solu-

tion, as expected.

C. Equilibration Experiments

A series of experiments was carried out in an
attempt to determine the equilibrium constant for

the exchange reaction

M'+ LIR==M'R + Li",

13



RESULTS OF SPEC IAL TEST WITH I1

TABLE VIII

32_1¢1%2 N LiOH SOLUTION

Column Volume - 41 ml wet settled resin

Flow Loading - 7.5 gpm/ £t2
Solution pH - 10 '
Sample Sample Sample Sample Sample
1% 2% KL 4%* 5kx

Number of column 39 54 68 80 100
volumes processed ' ) ,
1132 activity con- 274 x10f s.2¢x10f 2.66x10° 343x10® 362x10 |
centration in the

influent (cpm/ml) "

132 . ' ' L '

I activity con- <9 <2 <37 <36 <45
centration in the o

cffluent (cpm/ml)

1132 gecontaminat- >3x10%  >1.6x 10% >172 >95 >85
ion factor

Te 32 activity con- 0 0 80 186 7
centration in the

influent (cpm/ml)

Te32 activity con- 0 0 65 52 56
centration in the

effluent (cpm/ml)

'1‘6132»decontaminat— —— -— 1.2 3.6 -
ion factor
‘*  pirst autoclave (cold addition). '

w#  Sweond autoclave (hot addition).

wherAe M' is a trace radioactive species,and R rep- ) Cw = the equilibrium concentration of the ma-

resents the resin. As defined in Appendix IV, the

jor species in the water (mols/ec), and

distribution coefficient R for the trace species is

given by KC = the (non-thermodynamic) equilibrium
’ . constant, related to the thermodynamic
|
R = Cw - C equilibrium constant as shown in Appendix.
X K
T 1v.
for a monovalent trace species, where
C\';v = the equilibrium concentration of the trace Since the composition of lithium-form cation resin
species in the water phase (mols/cc), after equilibration with a solutioncontaininga trace
radioactive species in LiOH solution is essentially
X;‘ = the equilibrium mole fractionof the trace uhchanged, the mole fraction X;, is equal to the mole

14

species in the resin phase,

ratio of trace species to lithium intheresin phase.



Thus,

() (=)
K ={——
c C;V Nr

for a monovalent species, where Nr and N; are the
number of moles of the major and trace species per
unit quantity of resin. Taking 1 g of vacuum-dried
resin as the basis, the ratio Nr/C' N (= 1/R) can

be expressed in units of (moles L1/cc) 1f N; is

" measured as .cpm/g resin, Nr is measuredas moles

Li/g resin, C}, is measured as cpm/cc water, and
the activity measurements are made on comparable
counting efficiency bases. Similar reasoning holds
for divalent and trivalent trace species, as shown

in Appendix IV.

The equilibration experiments were carried out
with the same five activities used for the column
experiments: Csl37-Ba137, SrgO-Ygo, Ce144
-11?3r1144, Ruloe—Rhlo6 5-Nb95.Radioiodine,

I , as the carrier-free iodide was usedina sixth

,and Zr9

_ test. The procedure wasas follows. One hundredand
ten milliliters of solution, containing the radioiso~
tope and adjusted to pH 10 or 10.5with LiOH, were
placed in a small polyethylene bottle. The bottle was
tightly capped and placed on a rotating tumbler in a
water bath. Samples were taken regularly to mon-
itor changes of pHand of the concentration of radio-
isotope in solution as the bottle surfaces equilib-
rated with the added solution. Six grams of vacuum
dried MB-1 resin in tho LiOH form were then added
to the bottle, and equilibration of the solution with
the resin was followed hy additional water activity
measurements. When it appeared that equilibrium
had been reached, the solution was remeved from
the bottle and fresh LiOH solution, free of activity,
was added and equilibrated with the non-active
resin. Thus, equilibrium was approachedfromboth

directions.

The concentration of activity on the resin ‘was
calculated from differences between the amounts of
activity added and the amounts found in the water
at various stages of the experiment. Several activity

balances were able to account for the total activity
added with from 10 to 20% error; thus, the results

are not h1gh1y accurate but are sat1sfactory for

rough comparison W1th s1milar values obtained from

" column experiments.

Several prehmmary experlments showed that it
was necessary to vacuum dry the resin to maintain

the pH in the desired range after resinaddition. Air-

' drying the resm resulted in a marked drop of solu-~

tion pH when the resm was added. The 11th1um con-
tent of the resin used for the exper1ments was de-~

termined and was found to be 2 .1 m1111moles of Li

_ per gram of vacuum dried resm.

" The" equilibriu.m coxicentratio‘n of activity and of

lithium in the resin and water phases are given in

' Table IX. Two repeat experiments were run with

each activity. Lithium concentrations in the water

were calculated from the measured va'lues of solu-

tion pH after equ111brat10n Six grams of dr1ed resin
and 110 ml of solutlon were used in each test The
90"

- Y
questionable, since no effort was made to distlngulsh
between Sr90 and Y

nor was the counting done ata fixed time a.fter sam~

results from the experiments with’ Sr
in the countmg procedures,

pling. Thus, these results are subject to the same
obJectlons as are the.column results for thls activity,
reported in the previous section. They are included
in Table X, nevertheless, to indicate the type of
result found. In this case, it.is quite probable that
all the activity observed in the water after equilib-

ration resulted from Y90

* Values of K . as defined previously, were calcu-

lated for the two monovalent ionized species, Cs137

and 1131

. These are given in Table X. Values of Kc
for Sr90

were not calculated because of the above- -

mentioned uncertainties.

Note that the values of the.constant for the second

equilibration of each test (Table X) are higher than

4those for the first equilibration. It would appear

either that complete equilibrium was not achieved

or that the exchange was not completely reversible.

15
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S TABLE X
- EQUILIBRIUM CONCENTRATIONS OF ACTIVITY AND LITHIUM IN WATER
AND EESIN PHASES OBSERVED IN RESIN EQUILIBRATION. EXPERIMENTS

Room Teiﬁperabure

Lithium Conceniration in Resin = 2.1 x 10_3 moles/dry g (constant)

First Equilibration* Second Equilibration**

Activity Concen- Activity Concen- Lithi;.lm Concen- Activity Concen-  Activity Concen-~ Lithium Concen-
) Test ' traticn in Water tration in Resin tration in Water tration in Water tration in Resin  tration in Water
Activity No. (cpm/mc1) (cpm/g) (moles/ml) (cpm/ml) (cpm/g) (moles/ml)
cs137_pald7 52 1.18 x 105 3.16 x 107" 100 1.18 x 108 7.94x 1077
cs’¥pal®” 54 1.32x 10° 3.16x107" 91 .3 x10° 7.94x 107"
sr0_y0 1 392 '1.18 x 108 7.94x 107" - 135 .18 x 108 8.9 x10° 7
90. .90 6 -7 6 -7
sr¥0y 2 588 1.05x% 10 7.94x 107 154 .05 x 10 8.9 x10
ce'¥prl¥t 358 1.18 x 10° 7.94x107" 220 .18 x 108 7.94x10°"
celttprl 390 1.19 x 10° 7.94%x 1077 210 .18 x 108 1.0 x10°8
Rul06ppl06 4 313 1.44x 105 1.0 x10°% 270 .43x 10° 7.9 x10°"
1 1 - .
Rul0® gpl% 462 1.41 x 108 1.0 x10°8 331 .40 x 10° 7.9 x 107"
Zr2_NpP® 1 333 1.13 x 208 1.58 x 1078 141 1.12 x 10° 7.94x 107"
95 __ 95 4 8 - -8 6 -7
zr®_Nb 2 186 1.08 x 10 1.58 x 10 96 .08 x 10 8.9 x 10
131 29 8.52 x 10° 1.99x10° 8+ + 8.52 x 10° 1.0 x10°8
131 2 50 8.97 x 10° 1.99x 10 8 ++ + 8.97 x 10° 1.0 x10°8

* All activity initially in water.

**  All activity initially on resin.

+ Probably erroneous resulis because of Sr90

e Hydroxyl ion concentration.

seperation on resin.



TABLE X

EQUILIBRIUM CONSTANTS FOR Cs* ANDI™ -
EXCHANGE WITH LiOH-FORM MB-1 RESIN

Test Kc . Ke
Reaction ~ No. First Equilibration Second Equilibration .
+ « gy -+ i
Cs + LIR_"Li + CsR 1 3.41 4.45
o 2 3.68 - 5.40
I+ ROH—RI+ OH" 1 27.8 135
. 2 17 107
*  Activity initially all in water.
**  Activity initially all on resin.
TABLE XI
DISTRIBUTION COEFFICIENTS FOR Ce *4-pr? 106 AnD

Zr95-Nb95 OBSERVED IN EQUILIBRATION EXPERIMENTS

Test R, First R, Second
Activity No. Equilibration* Equilibration**

Cel4_ppl¥4 1 6.4 % 1075 3.9 x 10:1
2 6.9 x 10 - 3.8x10

Rul06_rp106 1 4.6 x 10:2, 4.0 x 10"_2
' 2 6.9x 10 4.9x 10

7r2%-np%° 1 6.2x 107 2.6 x 1075
2 3.7 x 10 1.9 x 10

* Activity initially all in water.

**  Activity initially all on resin.

Note: Room Temperature,

Concentration of Lithium on Resin= 2.1 x 10"3 mols/dry gram.

Q

' .
" = W _cpm/ml water . . .
R g —LT_cpm zresin mols Li/g resin. R

Equilibrium constants have not been calculated

for the Cel44—Pr144, RulOB_Rh106 95_Nb95

activities, since these almast certainly donotexist

,andZr

in basic water as true ions. Consequently, the con-
stants for the reversible exchange with lithium ions
are rather meaningless in these cases. Neverthe-
less, the distribution coefficient R, defined pre-

viously, is a measure of the capacity of the resin

for adsorption of trace radiocolloids. This coeffi~

cient is more likely to be independent of base con-
centration in the water, over pHranges within which
the activities exist as colloids, than is the corre-
sponding coefficient for trace ions. Thus, the values
of R observed in the equilibration experiments are
tabulated in Table XI. These will be shown to be
useful in thellater section titled Discussion. Note
that the values of R are invariably less for the

second equilibration than for the first equilibration
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of each test. As for cesiumandiodine, this appears

to indicate some degree of irreversibility or lack of

complete equilibrium.

D. In-Pile Loop Test at Chalk River

In-pile pressurized water loop tests of delib--

erately defected uo, fuel specimens made it pos-
sible to monitor the performance of a LiOH-form
ion exchanger for removal of fissionproductsfrom
the loop coolant. The ion exchange columnsare usu-
ally replaced frequently during in-pile defect tests
to allow analyses to be made for the radioisotopes
accumulated on the resin. However, one ion exchange

column was kept in operation for 46 days during the

X-1-L test in the X-1 loop in the NRX Reactor at

Chalk River, Ontario, to monitor the performance

of this column over an extended period of time.

This column contained 223 ‘‘air dried’’ grams of

MB-1 resin in the LiOH form in acolumn, 1-in. ID

by 36 in. long, with a ' bed volume of 465 cc. The’

lithium content of the -resin was determined and
found to be 2.31 meq/g of air dried resin. The bed
operated at an average flowrate of 0.095 gpm, cor-
responding to a i‘atﬁei‘ high area flow loadingof 17.4
gpm/ ftz. The in-pile test section of the loop con-
tained five PWR-tyf)e U(')2 fuel rods, one of which
had been defected by drilling a 5-mil hole through
the Zircaloy-2 cladding.

The pH and electrical conductivity of the column
influent and effluent were feguiarly méasured
during the test period. The lithium content of the
influent and effluent was also measured by flame
photometry. Figure 1 gives a summary of the re-
sults of these measurements and also shows the
variation of reactor power-and ion exchange column

flowrate during the test. Unfortunately, the three

measurements of lithium hydroxide concentration in -

the influent were not completely .self-consistent.
This can be seen from Fig. 2where the total number

of column equivalents passed through the column,as
calculated . from electrical conductivity, pH, or

lithium content measurements, is plottedasa func-

tion of time. The results have been selected -arbi-

18-

the analyzed radioisotopes.

trarily from the pH measurements (which fall
between the results of the other two measurements)
as the basis for evaluating the performance of the

column.

Radiochemical analyses were carried out regu-

' iarly on both the column influent and effluent for the

136, 05137’ Sr89, Ba140,1131

. These analyses were specific for the listed

radioisotopes Cs ,and

I133

nuclides; no difficulties with mother-daughter equi~
librium, as mentioned previously for Srgo-Y90
laboratory column work, existed. The results of the
radio-chemical analyses are given in Tables XII,

X1II, XIV, XV, XVI, and XVII. Reactor power level,

‘the tolal’ number of column equivalents of LIOH

passed through the column (calculated from pH
data), the cnlumn operating time, and calculated
decontamination factors for the specific nuclides

are also given in these tables.

Figure 3 shows the logarithm of the decontamina~-
tion factoi', as a function of the number of column
equivalents passed through the column, for each of
Note that both Cs136

137 removal performance fell rapidly. The

and Cs
decontamination factor for these isotopes reached
a value of 2 (corresponding roughly to the maximum

slope of an S-shaped breakthrough curve) at 3 col-

" umn equivalents, .After passage of 5 column equi-

valents, the decontamination factor for both of the
cesium isotopes was approximately unity, except
for occasional short intervals when release of these

isotopes from the defected fuel rod increased

‘ rharkedly,

It is'a characteristic of defected UO2 fuel speci-
mens, in a test of this type,thatthe release rate of
soluble and gaseous fission products varies over a
wide range when reactor power does not remain
constant,. Peak release rates are commeonly ob-
served when reactor power is increased; the release
rate drops back to much lower values when reactor
power is- held constant. The ion exchange column
acted as a ‘‘flywheel” in tending to hold the radio-
c'esium concentration in the loopwater to a constant

value, absorbing extra cesium when the release rate
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- was high and releasing cesium when the releaserate
v;'as low, This is the type of behavior to be expected
according to the approximate theory developed in
Appendix IV, because a peak in the column influent
concentratioﬁ will not result in peaking of the ef-

fluent concentration until sufficient time has elapsed
for the elution wave to pass through the column. This
time, according to the approximate theory, should
be equal to GVXKC/QC wo» Where the symbols are

B

as defined in Appendix IV. For “th_is particular col-

umn, it should be the time required to process ap-

-proximately 3.column equivalents of lithium hydrox-

ide solution, since the initial cesium breakthrough
maximum occurred after procéssing about that

amount of .solution.

It was not possible to carry out the radiochemical

analyses at.as many closely spaced intervals as

10
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TABLE XII

BEHAVIOR OF X-1-L LooP ¢s'% acTIviTY
DURING LiOH RESIN OPERATION

Operating Column ‘ Influent Effluent

Time Equivalents Power Activity Activity ' Decontamination
(days) of LiOH* (Mw)  (d/min-ml) (d/min-ml) Factor
1 0.65 38 2.96x 10°  2.14 x 102 13.8
2 1.0 38 1.01x10° 2.54x 102 4.0
3 1.5 38 4.24x10° 617 x 10° 6.9
6 2.75 0 7.78x10°  2.30 x 10° 3.4
8 3.5 0 5.75x10° 3.29x 10° 1.8
10 4.3 0 3.75x10°  4.02x10° 0.93
13 5.6 35  e25x10®  6.87x10° 9.1
14 6.0 40 9.2 x10° 858x10° 1.07
15 6.3 40 Liix10%  113x10% 0.98
16 6.8 40  1.82x10°  1.47 x 10* 12.4
17 7.2 40  2.68x10%  2.90 x 10% 0.92
20 8.4 40  3.08x10® 2.98xi0? 1.03.
21 8.5 40  3.92x10%  4.02x10? 097
22 9.2 40  470x10* 376 x 10 1.25
23 9.6 40  436x10*  4.26x10% 1.02
24 100 . 40  4s52x10% 4.39x10% 1.03
27 122 0o  7.713x10%*  5.34x 10 1.45
28 12.7 40  e71x10%  6.00x 10 1.12
29 13.1 40  200x10% 3.33x10% 0.60
30 13.5 40  1.49x10° 4.24x 10 3.5
31 13.8 40 6.03x10% 4.98x10* 1.21
35 16.0 0  630x10%  4.40x10% 1.43
36 15.3 0  6.48x10* 5.90 x 10% 1.08
37 15.9 0 6.99x10%  6.06x 10 1.15
. 38 16.3 - 0 es52x10%  5.70 x 10* 1.14
a1 17.2 40 624x10%  5.95x 10 1.05
a2 17.6 0 773x10*  953x10* 0.81
43 17.9 40  668x10%° 5.93x10% 113
46 18.8 36  1.03x10% 6.22x10% . 0.165

* Column equivalents of LiOH based upon influent pH.

Note: Average ion exchange flow loading = 17.4 gpm/ftz.
Average influent pH = 10,45,



TABLE XII

BEHAVIOR OF X-1-L LOOP Cs'®

6 AcTIVITY

DURING LiOH RESIN OPERATION

Operating Column Influent Effluent
Time Equivalents Power  Activity** Activity** Decontamination
(days) of LiOH* (Mw)  (d/min-ml) (d/min-ml) . Factor
0.7 38 2.6 0.45 5.8
2 1.0 38 0.71 0.41 1.7
3.5 6.7 2.7 2.5
10 4.3 3.3 4.2 0.8
13 5,6 35 62.3 6.6 11.1
15 6.3 40 10.9. 10.9 1.07
20 8.4 40 24.5 23.0 1.06
24 10.0 40 133.2 31.9 1.04
27 12.1 0 71.7 34,5 2.1
29 13.1 40 14.3 2.5 5.7
31 13.8 40  42.8 45.0 ' 0.95
* Column equivalents of LiOH based upon influent pH.

kX

All values expressed as corrected counts per minute per milliliter.
Determined on gamma-spectrometer using the 0.82 Mev photopeak.
Spectra run about one week after sampling, in general,

Note: Average ion exc'hange flow loading - = 17.4 gpm/ftz.

Average influent pH = 10.45.

would i)e required for positive identification of ef-
fluent activity peaks with the preceding influent
activity peaks. Nevertheless, an inspection of Table
XII does reveal several qualitative indications of
this type of behavior, despite the confusion caused
by frequent and randomly introduced influentactiv-

ity peaks.

U 9

The decontamination factors for Ba14 and Sr8

remained in a moderate range throughout the test.

The removal of these isotopes was always suffi-
ciently complete for effective control of their con-
centration in the loop water, As was the case for the
cesiums, fluctuations in the release rate played a
role in causing variable decontaminationfactors for

the barium and strontium isotopes. The removal

22

performance for the two iodine isotopés, 1131 a

nd

11_33, remained outstanding throughout the test, de-
‘contamination factors averaging on the order of 104.

~ Here again, the influence of variable influentactivity

on the decontamination factor is apparent.

Viewed as a qualitative demonstration of LiOH-
¢olumn porformance, the resulta of thiateatraveal

the following information:

1) Long-lived cesium radioisotopes will break
through an LiOH column after passage of about

3 column equivalents of solution.

2) With the average pH of about 10.5 and the
rather high area flow loading of this test, the



BEHAVIOR OF X-1-L LOOP I

TABLE XIV

131 pcrIvITY

DURING LiOH RESIN OPERATION

Operating Column Influent Effluent ]
Time Equivalents Power Activity Activity Decontamination
(days) of LiOH* (Mw) (d/min-ml) (d/min-ml) Factor

1 0.65 38 2.91x 10° 47 6.2 x 10°

2 1.0 38 4.24x 10° 24 1.77 x 10*

3 1.5 38  5.33%10° 22 2.42 x 10%

6 2.75 1.66 x 10° 41 4.05 x 10*

8 3.5 - 1.10 x 10° 30 3.67 x 10*
10 4.3 3.62 x 10% 7 5.17x10°
13 5.6 35  3.98x 105 48 8.29 x 10%
14 6.0 40  1.80 x 10° 39 4.62 x 10°
15 6.3 0  s14x10 36 1.15 x 103
16 6.8 35  9.21x 10° 114 8.08 x 10%
17 7.2 40  9.06 x 104 41 2.21 x 10°
20 8.4 40  1.01x10° 27 3.74 x 10°
24 10.0 40 . 9.87 x 10% 21 4.7 x10°
27 12.1 0  1.61x10° 77 2.09 x 10%
30 13.5 40  1.11x10° 48 2.31 x 10°
35 15.0 ' 3.83 x 10° 16 - 2.39x 10%
38 16.3 2,20 x 10° 20 1.10 x 104
41 17.2 40 262 x 10° 31 8.45 x 10°
46 18.8 35  2.3¢4x 10° 81 4

2.89 x 10

* Column equivalents of LiOH based upon influent pH.

Note: Average ion exchange flow loading = 17.4 gpm/ftz.
Avcrage influent pH = 10.45.

13-day half-life of Cs13®

was too longfor any 3)

appreciable decay of this isotope while being
eluted through the column. It is probable that
a normal flow loading of about 7.5 gpm/ft2 and
an average pH-of 10 would increase the time
required for passage of the approximately 3

column equivalents needed for elution suffi-

ciently to give some apparent removal per--

formance in the steady state for this 13-day
isotope. Shorter-lived cesiums should show

good apparent removal on the column.

Alkaline earths as long-lived as 54~day "Srss
will be removed effectively by an LiOH col-
umn. No breakthrough was apparentafter pas-
sage of 18. column equivalents in a period of
about 45 days. At lower flow loading and lower
average pH, the time required to pass 18 col- ‘
umn equivalents would be sufficiently great
relative to the 54-day half-life of Sr89to have
assurance that effective éoﬁtrol of this nuclide
and all shorter-lived alkaline earth nuclides

would continue indefinitely. :

-23



TABLE XV

BEHAVIOR OF X-1-L LOOP I

183 ) crviTY

DURING LiOH RESIN OPERATION

Column

Operating . Influent Effluent _
Time “Equivalents Power Activity Activity Decontamination
(days) of LiOH* (Mw)  (d/min-ml) (d/min-ml) . Factor

1 0.65 38  6.62x 10° ND -
2 1.0 38  8.55x 10° ND --
3 15 38 7.98x 10° ND - --
6 2.75 0  3.94x10° 30 1.31 x 10°
8 3.5 0  2.94x10° 30 9.8 x10%
10 4.3 v 1.59x10% ND -
13 5.6 35  4.07x 10° 93 4.38 x 10%
14 . 6.0 40  2.72x10° ' ND -
15 6.3 40 1imxat ND -
16 6.8 35 1.0 x10° 125 - 8.0 x10%
17 7.2 40 1.91x10° ND - -
20 8.4 40  3.92x10° 23 1.70 x 104
24 0.0 . 40  3.43x10° 21.4 1.63 x 104
27 12.1 o  2.12x10° 77 2.75 x 10%
30 - 13,5 40 . 3.50 x 10° ND --
35 © 15.0 6.99 x 10° ND -
38 16.3 3.90 x 10% ND --
4 172 40  8.66x 10° 62 1.40 x 10*
46 18.8 35  4.34x10° 100

4.34 x 104

* Column equivalents of LiOH based upon influent pH.

Note: Average ion exchange flow loading = 17.4 g‘pm/ftz.

Average influent pH = 10.45.

4) All halogen radioisotopes will be effectively
removed by an ion exchange column of LiOH-

1‘;1 is the longest-

form resin, since 8-day I
lived nuclide of any importance in this class,
. Effective removal of radioiodine continued to

be excellent throughout this 46-day test.
E. Discussion

Monovalent Cations

'The monovalent cations Lit , Kt , NHZ ,and Cs' be-
have in dilute solutionsatbothhighandlow temper-
ature almost according to expectations. Ionization

24

is ,essentially complete, radiocolloid formation does
not appear to occur, and difficulties with adsorption
on surfaces from solutions are not pronounced.
Thus, it is to this group that the multistage column
theory of Appendix IV is perhaps most applicable,
According to this theory, two parameters, anequi- -
librium constant (Kc) and the number of equilibra-
tion stages equivalent to the column (n), should be
sufficient to describe approximately the pcrform-
ance of a columnofa givenresin type at a particular
set of conditions of pH and flow loading for each
pair. of exchanging ions. They should also suffice

to predict the apparent performance of -a column



TABLE XVI

BEHAVIOR OF X-1-L LOOP Sr

89 scTIVITY

DURING LiOH RESIN OPERATION

Operating Column . Influent Effluent
Time Equivalents Power Activity Activity Decontamination
(days) of LiOH* (Mw)  (d/min-ml) (d/min-ml) Factor
1.0 38 295 6 49,2
2.75 0 803 7.5 107
13 5.6 35 298 5.2 57.3
20 8.4 40 - 534 6.1 87.5
35 5.0 .0 ' 955 3.1 308
41 17.2 40 266 6.4 41.6

* Column equivalents of LiOH based upon influent pH.

Note: Average ion exchange flow loading = 17.4 g'pm/ftz.

Average influent pH = 10.45.

operating at the selected set of conditions for re~
moval of shorter-lived isotopes of the same trace

elements.

. The case of trace C.é+ absorption of LiOH resin,
for which the most dataareavatlable, is considered

first. Information of varying reliability concerning

the value of Kc is available from four independent -

~ sources: equilibration experiments, operating his-
tories of laboratory columns, radioisotope distri-~
bution on laboratory columns, and the performance
of the loop ion exchange column during the Chalk
River experiment. Despite the limitations cited
earlier, the equilibration results are probably the
most reliable, since no assumptions are required
in this case about the valie of n. The average of the

values of K is 3.55, determined from the two dup~

licate experiments in which equilibrium was ap-~

proached from an initial condition with the activity
in the water. The two activity distribution curves,
shown on Fig. 35 oprpendix III for the long labora~
tory columns operated at pH 9.5 and 10.5, allow a
check of this value. The.ourv'e for the pH 10.5 cal~-

umn has a rather broad range for the maximum

slope; however, the center of this range seems to be
at about 35 cm. ﬁsing this value, the length of the
colgmn , and the number of column equivalents proc-
essed at the time the distribution curve was de-
termined, a value of 3.5 is calculated for Kc from
the equations given in Appendix IV. The maximum
for the slope of the curve for the pH-9.5 column
appears to fall at about 4.5 cm. This gives a value
of 2,25 for Kc. The lower result obtained in this
last case is not unexpected; the column certainly
does not contain a large number of equivalent

equilibration stages in the first 5 to 10 cm.

It is shown in Appendix IV that Kc for mono-
monovalent exchange is equal to the number of col-
umn equivalents processedat fhe time the maximum
occurs in the slope of the breakthrough curve, pro-
vided that n/(n-1) is approximately equal to one.
Although the data obtained from the Chalk River test
are somewhat variable because of large variations
in influent activity, it does appear that c/ Co’ the
ratio of effluent to influent activity, reacheda value
of 0.5 at about 3 column equivalents. If the break-.
through curves were symmetrical, the maximum
slope would be at C/ Co= 0.5. Thus, an approximate

25



TABLE XVII

BEHAVIOR OF X-1-L LOOP Ba

140 ) crviTy

DURING LiOH RESIN OPERATION

Operating Column Influent Effluent :
Time Equivalents . Power Activity . Activity Decontamination
(days) of LiOH* (Mw) (d/min-ml) (d/min-ml) Factor

1 0.65 38 150 7.5 20
2 1.0 38 177 4.1 43.2
3 1.5 38 163 4.2 38.8
6 2.75 0 248 3.6 68.9
8 3.5 185 3.9 47.5
10 4.3 90 6.7 13.4
13 5.6 35 93 1.8 51.6
4 6.0 10 120 1 120
15 6.3 40 149 3.7 40.3
16 6.8 40 222 3.8 58.5
17 7.2 40 183 5.2 35.2
20 8.4 40 184 3.1 .59.4
24 10.0 40 202 5.2 38.9
27 12.1 0 504 13 38.7
30 135 40 170 4.8 35.4
. 35 15.0 264 2.5 106
38 . 16.3 135 1.6 84.3
41 . 17.2 .40 108 8,5 12.7
46 18.8 35 92" - 5.9 15.6

* Column equivalents of LiOH based upon influent pH,

Note: Average ion exchange ﬂow loading = 17 _.4' gpm/ﬁz.

Average influent pH = 10.45.

value of 3 for Kc is obtained from this test. Further-
more, since n probably is not a large number in
this case because of the high area flow loading of the
column, the factor n/(n-1) will increase somewhat
the value of Kc consistent with this test, possibly

to as much as 4.

Figure 4 summarizes the results of the four lab-
137_1i0H ex-
change by plotting C/ Co versus the number of col-

oratory columns operating with Cs

umn equivalents processed. The shor.ter columns

26

begin to show leakage of Csl3'7 in the effluent at an
early time, as would be expected for columns with
a low number of equivalent cquilibration stages..:
The shortcolumnthatwas operatedatpH10.5 shows
the beginning of a rapid rise in C/ Co that is con~
sistent with a maximum in the slope of this curve
at about 3 column equivalents. Thisisinagreement
with the Chalk River column results. The larger
columns do not show any breakthrough up to 1.75
column equivalents. This fact is not inconsistent

with the other results, for itis possible that a sharp



breakthrough could have occurred after passage of
one or two additional column equivalents. The dis-
tribution curve for the pH=10.5 long column, shown
in Fig. 37, certainly indicates that breakthrough

was imminent at 1.75 column equivalents.

It apnears from the foregoing discussion that a
value betweenA 3 and ‘4 cani be assigned for Kc for
cst exchange on LiOH resin. The other parameter
n cannot be determined with the same degree of
.assurance. Only the two distribution curves shown
in Fig. 37 allow an estimate to be made of the value
of n. By assuming that the maximum activity level
found oh the column corresponds to resin equili-
brated with the influent solutions, values of approxi-
mately 7 and 5 were calculated for nfor the pH 9.5
and 10.5 column, respectively. This resultindicates
at once. that the-use of Stirling’s approximation in
the calculations is rather crude, and these values
of n, therefore, can be considered only as very

approximate numbers.

Only the column operatmg h1stor1es areavailable

as a basis for estimating the correspondmg param-

eters for Cs” exchange on NH OH and KOH resins,

From Table XV it appears that Csl37breakthrough
occurred after passage of about 0,1 column equiv-
alent of ‘KOH solution through the KOH columns.
-The NH 4OH column was not taken to complete break-
through with Cs137 However ‘Table XXVI shows
that activity was def1n1tely begmnmg to appear in
the effluent at the termination of the test at 0,224
column equlvalents It would be reasonable to as—
sume that breakthrough would be welI along atabout

0.3 column equlvalents.

Summamzmg the above discussion, the approxi-
mate values for equ111br1um constants for exchange
react1ons among Cs , Lit s NH » and. K* can be

tentatlvely assigned accordmg to Table XVIII.

To illustrate the significance of the constants in
Table XVIII, the value of Kc for the reaction Cs' +
LiRT™ T

that these four cations are ordered in the following

Li* + CsR is between 3 and4.It is apparent

way with respect to relative ease of displacement

from IR-120 cation resin:

Lit> ¢cs™ > NHZ> K'.

o4 T , B T T T
COLUMN LENGTH 30IN.  SIN.
INFLUENT pH 9.5 ° X A/ ‘
o ) pH 10.5 o -a C - - : yau
Ulg? 0.2 ]
L. X . _/ .
XX
5 X 4
[
0.0 1 —_—X —e Dookro— —e- & —mwety—— |
0.00! 0.0l o, 1.0 .
COLUMN EQUIVALENTS OF LIOH PASSED
Fig. 4 The Exchange of Cs'3’—Ba'%’ Activity on LiOH Resin
TABLE XVIII
APPROXIMATE EQUILIBRIUM CONSTANTS, Kc
" Initial Cation Resin Form
Displacing T —
Trace Cation CsR LiR NH 4R KR.
cst 1 3to4 ~0.3  ~0.1
Lit ~0.25 to 0.33 1 ~0.08 to 0.1 ~ 0.025 to 0.033
NH, " ~3.3 ~101t0 13 1 ~0.33
k" ~10 ~30 to 40 ~3 1
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Thus, lithium-form cation resin is the most suit-
‘able of the four for use in a purification system
ion exchanger because it will most readily absorb
impurity or radioactive ions and will also most

readiiy release lithium to maintain a highpHlevel.

'If it is assumed that a 30-in. deep bed operating
at 7.5 gpm/ft2 area flow 'lodding has about 6
equiva.lent equilibration stages for all of these
mono-monovalent exchange reactions, it is possible
to maké predictions of bed performance by using
the equations of Appendix IV. These predictioﬁs,
while necessarily rather appro_:;:imate, may be suf-
ficiently accurate for plant ’engineering purposes.
. They will certainly be beiter than any predictions
based on single stage “mi}dng-pot” theory or

similar verycrude approximations used heretofore.

Alkaline Earths

As mentioned previously, it is unfortunate that
most of the results obtained from column opera-
tion and equilibration experiments are invalidated
by failure to take into account deviation of the
sr90_Y90

brium. Thus, the plot of C/ Co for this activity,

system from mother-daughter equili-

shown in Fig. 5, probably represents breakthrough -

of Y90 but not of Sr90

this sectionunder Laboratory Column Experiments,

. As described earlier in

a short additional period of operation of the pH 10.5

column with Srg.o-Y90 activity in LiOH solution
showed that Sr90 was still being’ removed with a
respectable decontamination factor. The two dis-
tribution curves shown on Fig. 35, which are not
subject to uncertainty about mother-daughter

equilibi'ium, also indicate that Sr90

breakthrough
was not imminent at'the conclusion of operation of

either the pH 9.5 or the pH 10.5 column.

The Chalk River experiment showed that moder-
ately high decontamination factors were obtained
for 54-day Sr89 and 12.8-day Ba140

appearance of impending breakthrough, up to a

, without any

processed volume of 18 column equivalents. Since -
it took only about 45 days to process this much
solution, it is at once obvious that the magnitude
of gbserved decontamination factors for 54-day
Sr8

isotope on passage through this column. Only one

could not have resulted from decay of this

conclusion is possible—the magnimde. of Kc for
srt ™ exchange in LiOH resin must Le such that
more than 18 éoluinn equivalents of LiOH solution
are required.to elute srtt (and probably also BaH)

through a 36-in. column.

The exact magnitude of Kc for this case cannot
be ascertained from any of .the experimental re-
sults reported in this document hecause the two

distribution curves of Fig. 35donotyield consistent

0.6 T T T

® pH 95

(w1 IVE]
04 N —

o|<_§"'
0.2 —
o - ald®
CT¢ o %
.2 i COLN _
0.01 [oX] 10 -

" COLUMN EQUIVALENTS OF LiOH PASSED

Fig. 5 Sr*0—_Y? Exchange on LiOH Resin
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results. However, since Srsg‘is the longest-~lived
alkaline earth radioisotope (other than Srgo) likely
to be encountéred in pressurized water reactors,

it éan be concluded that LiOH resin will effectively
* control the concentration of alkaline earth activi-
ties in a system operating with LiOH in the coolant.
Strontium~-90 will eventually break through an
" LiOH column of course, but this will require the
passage of a minimum of 18 column equivalents
of solution. A resin bed would have a considerable
period of useful life for Sr90 removal even if it
were replaced after passage of this minimum
number of column equivalents at an average pH
of 10 and at 7.5 gpm/£t2.

Halogens
Eight-day 12!

nuclide of concern in pressurized water reactors.

is the longest~lived halogen

This isotope and other radioiodines are of con-
siderable importance, since their concentrations
must be effectively controlled to prevent exces-
sively hazardous levels of airborne contamination
from developing should leakage occur in confined
locations. No laboratory columns were operated

with 1131. However, the equilibration experimenté

show that Kc for the exchange reaction

I + ROH =—= RI+ OH has arather large value.
An average of 22.4 for Kc is obtained from the two
equilibration experiments in which the activity was
initially all in the water. According to the equations
of Appendix IV, therefore, about 22 columnvequiva-
lents must be processed before breakthrough can

occur.

The Chalk River column test showed that quite
high decontamination factors, on the order of 104,
were obtained for up to 18 column equivalents of

processed solution with nn discernible downward -

trend. Since it required only a little over five I131

half-lives to process this much solution, it is evi-
dent that the high observed decontamination fac-

tors' could not have been the result of 1131 decay
on the column. Therefore, it can be concluded that

iodine breakthrough would ot have occurred even

for stablé iodiﬁe isdtopés dur{ng };assage of up to
18 column equivalents. If a value of 22 is adopted
for K, (probably a ‘minimum \;/alue), it can be
easily shown that very adequate apparent decon-
tamination factors will be Obtainéd for 3-day Il31
and all shorter-lived halogen'radioisotopes, even
in the steady state after passage of many more
than 22 column equivalents of solution, provided
the base concentration in solution and the column
flow loading are in the ranges normally used in

pressurized water reactors.
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The special experiment with I1 is helpful

A primarily in showing that radioiodine isotopes will

exist in a chemical state in- high-pH solution,
which permits effective absorption by ion exchange

columns. The results of this experimentalso quali-

"tatively demonstrate effective hold-up of radio-

iodine on the column, despite the presence of base

in the solution being processed.

Isotopes Forming Radiocolloids

The operating histories of the lé.boratory columns °
144 _ pr 144 .
’

used to process LiOH solution with Ce
Rul®-Rn1%6, and zr%°-Nb%° activities are sum-
marized in Figs. 6, 7, Ia.nd:s as plots of C/Co vs
the number of column equivalents of soluticdh proc-
essed. It is at once apparent that'the pH 9.5 and

pH 10.5 solution results do not correlate with the

.number of column equivalents passed through the

column., When it is recalled that the number of

cqlumn equivalents per column volume in pH 10.5
solution is ten times that for pH 9.5 solution, it

can be seen that breakthrough occurred at about

"the same number of column volumes of processed

active solution for each pair of columns used with

. the same activity.

This behavior is to be expected for activities
which exist as radiocolloids rather than as true
ions in solution, since there is no reason to expect

the base concentration of the solution to affect the

results, except indirectly by altérin'g- theé nature of

the radiocolloid or the .inadsorptien capacity (as
distinguished from. the ion absorption capacity) of
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the resin, If it is assumed that neither of these two
factors varies appreciably in' the pH range 9.5 to
10,5 for the cerium, ruthenium, or zirconium ac-
tivities, the approximate number of column vol-
umes of active solution thatwill exhaust the adsorp-
tive capacity of the columns can be calculated hy
using the distribution coefficients determined by the

30

Rh!1% Exchange oir LIOH Resin

equilibration experiments with these activities.
Thus, it is predicted that about 1000 to 1500 column
volumes of active solution would be required for
144 144 106 106
-Pr "7, Ru" -Rh

activities, with breakthrough occurring

breakthrough of Ce
Zr95-Nb95

in the order cerium, ruthenium, zirconium, This

, and

is in fair qualitative agreement with the results
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for the 30-in, columns, ascanbe seenfrom inspec-
tion of Figs., 6, 7, and 8 and the tables and figures
of Appendix II, The shorter columns show break-
through at a very low number of column volumes of
'solution, however, indicating that equilibrium con-
ditions for adsorption are not rapidly reached, This
is hardly surprising for radiocolloidal species,

which would be expected to diffuse -slowly,

Further evidence fo'r slow attainment of adsérp—
tion equilibrium for colloids is also presented by
the fact that these species are typically found dis-
tributed in depth on ion exchange columns, even
before breakthrough, instead of being concentrated
in a relatively well-defined band moving down the
column. The distribution curves of Appendix III
do not show this too clearly since they were ob-
tained after breakthrough had occurred. However,
earlier observations do show a trend toward dis-
tribution in depth which can be interpreted as
-evidence for low capacity and slow attainment of
equilibrium in columns treating solutions con-

taining radiocolloids.

The fact that from 1000 to 2000 column volumes
of active solution were required to exhaust the
capacity of the laboratory columns cannot be used
for quantitative prediction of plant ion exchanger
performance for similar radiocolloid-forming iso-
topes, since the results obtained in the laboratory

may be specific for the particular condition of the

144

Ce ’ Ru106

9. radioisotopes purchased

,and Zr
for use in these experiments, It is quite possible
that similar nuclidgs in reactor coolant would ex-
haust the adsorptive capacity of aplant purification
ion exchang.er somewhat differently. Nevertheless,
it is to be expected that the radiocolloid-forming
fission prod}xcts will not be effectively removed or
retained on base-form ion exchénger beds. This
poor removal performance is not particularly dis;

turbing, however, because such radioisotopes as

" those of the rare earths, ruthenium, zirconium,

niobium, and tellurium are rarely found in basic
reactor coolant in any significant concentration, the
rate constant for adsorption of these isotopes on the
surfaces of the prima.ry‘ systém being much greatéf

than the purification rate constant.

IV, SUMMARY AND CONC LUSIONS

The pH of circulating coolant systems can be ef-
fectively and conveniently controlled in the range
pH 9.5 to 10.5 by the use of mixed-bed, ion ex-
change resins in the LiOH or KOH form if leakage
and water makeup rates are not too 'high. Lithium
is more easﬂy displaced from LiOH resin than is
potassium from KOH resin. This is especially true
with respect to displacementby any ammonium ions
that may be produced in the coolant by radiation
reactions, Thus, the pH may be more easily con-
trolled by LiOH resin than by KOH resin when water
makeup rates are high.
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Monovalent cations will not be retained on base-
form resin beds brpcessing solutions of LiOH,KOH,
or NH4OH. However, the rate of elution of these
species will depend on the value of the equilibrium
constant for the exchange reaction in question, and
on the rate at which column equivalents of base
solution are processed, In many cases, temporary
hold-up on the column can result in sufficient decay
of the radioisotopes so that the resin bed will have
a good apbarent decontamination factor, and will

exert effective control over the concentration of

such radioisotopes in a coolant system. Predic-
tions of bed performance for specific cases maybe'

made from equations developed in Appendix IV by
using approximate parameters tentativelyassigned
in the section titled Discussion, These predictions
will not be exact, but.they may suffice for plant

engineering purposes.

A bed of LiOH resin, with such diniensions and
area flow loading as are typical of beds used in

pressurized water reactors, will not continue to

37

remove Cs1 from a basic influent of constant

Csl37

column equivalents of solution, However, the bed

concentration after passage of from 3 to 4

will act as a “‘flywheel,’”’ tending to maintain a

relatively constant level of this isotope inthecool-

137 when release

137

ant system by absorbing extra Cs
rates in the core are high, and discharging Cs
when release rates in the core are low, The ratio
of total Cs137 on the bed to totalelsr],in the cool-
ant, when the bed and coolant are equilibrated,will
be from 3 to 4 times the corresponding ratio for
LiOH, or as high as from 200 to 300 m some re-
actor systems, Thus, LiOH resin will hold the con-
centration of even this long-lived isotope to much
lower concentrations in the coolant than would be

present if no purification system were employed,

Potassium hydroxide resin is from 30to 40 times
less effective in this respect, while NH4OH resin
is also less effective for this purpose than LiOH
resin, Shorter-lived monovalent cations, from about

13-day half-life on down, will decay sufficiently
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during hold-up of a LiOH resin béd to be removed
from the purification stream with fair to excellent
decontamination factors, depending on the half-life,
Beds of KOH and NH4OH resin are less effective

for this purpose,

All halogen radioisotopes will be effectively re-
moved by an ion exchange bed of LiOH resin, The
performa.née of KOH and NH4OH resins in halogen
removal has not been specifically determined but
should be equally as good as LiOH resin,

Divalent cations, such as Sr++

and Ba®", with
half-lives of up to at least 50 days, will be re-
moved effectively by LiOH resin, Beds ¢f KOH
and NH4OH resin should also perform well for

alkaline earth radioisotope removal,’

Radioisotopes existing in the colloidal state in
basic coolant will not be effectively. removed by
LiOH, KOH, or NH40H resin, -Radiocolloidal
daughters of ionized isotopes already absorbed on
beds of LiOH, KOH, or NH40H resins may be re-
leased by the bed after they are produced in the
bed by decay of the parent nuclide, Zirconium,

_ niobium, yttrium, ruthenium, rhodium, and rare

earth radinisotopes all-exhibit evidenco of colloidal

behavior in basic s‘uluLlun.

A mixed bed of lithium-form IR-120 cation resin
and hydroxyl-form IRA-400 anion resin, in a one-
to-one anion-cation equivalentratio, is pfpbably the
most effective base-form ion exchanger forfulfill-
ing thelf:lual' functions of pH control and activity
removal in pressurized water reactor coolant
systems. -

APPENDIX I: DESIGN AND TEST OF THE COL-

LIMATED AUTOMATIC COLUMN SCANNER*:: -

Previous measurements of radioisotope distribu-

tion on the resin columns were carried out using

*G. P. Simon



an uncollimated (‘‘Cutie Pie’’) survey instrument,
This technique, although rapid, is not accurate be-
cause of the unknown and variable Background cor-
rection, In ad&ition,ﬁne structure of the dependence
of activity upon the distance down the column is
missed because of the large rad10act1ve area
Asampled at each measurement. position, The
column scanning device described in detail below
was designed to overcome these difficulties. The
G.M. tube is of small sizeandis shielded to reduce
the background to a low fixed value. The shielding

is arranged so that good collimation of the incident

radioactivity is obtained. In addition, the travel
and timing circuits are arranged so that the ob-
served number of counts can be totalled for each

2 cm of travel or less,

The méchanical portion of the instrument is shown
in Fig. 9. It consists of a carrierwhich moves in a

veptica'l‘jpla.ne on smooth, 1/2-in, diam steel rods,

CHAIN DRIVE

'SPROCKETS
R /FRAME\

'COLLIMATOR
1 o
) .

.GUIDES
‘COUNTER-
WEIGHT
MOTOR
//‘ . \\
REDUCER N

A // NN \
E[L—-] DRIVE A §
SPROCKET [
L ] :
e o § O] (O]

FRONT - SIDE

Fig. 9 Collimated Scanning Device

Friction between ‘the carrier and rods is reduced
by linear ball bushings permanently mounted in the
carrier. The carrier isusedto mount the radiation-
sensitive head together with.its appropriateshield-
ing and collimation. The carrier is driven by a
1/4-horsepower motor which acts through a gea.r
reducer on a chain drive, The linear speed of the

carrier is fixed in this case at 0 56 cm/mm

The ;&iring diagram for the motof and the ap-
propi’iate microsw'itehes and felayé are éhown in
Fig. 10. The circuit is arrenged so thét the carrier
will move to a limit sw1tch and then reverse its
direction of travel so that, if left unattended, the
system will monitor the ion excha.nge column or
contaminated pipe section repeatedly until manually
shut off. Using a_l—miﬁ counting time, the instru-
ment produces 110 separate readings for each
length of about 76 cm. An additional timer setting

of 3-min allows readings to be taken for each 2.3

"cm of travel,

Figure 11 is a block diagram of the electronic
instrumentation associated with the scaling and
recording functions of this system, The radiation-
sensitive head consists of a G.M, tube (with a 2

mg/cm2 window) and an appropriate shield.

The shielded G. M. tube is shown in’ Fig. 12.
The equivalent lead shielding was calculated as a
function of the angle the incident radiation makes
with the axis of the G. M. tube. The results are
given in Table XIX and shown in Fig. 13.

Upoxi‘completion. and assembly of the device, a

program was undertaken to evaluate its perform-

ance for the location of known sources. This was
carried out by mounting known weights of radio-
active crud at fixed positions. The results of these
studies are reported in' the following tables and

figures: .



Location of a Single Source, Table XX and Fig. 14
Location of Multiple Sources, Tables XXI and
XXII and Figs. 15 and 16

Resolution of Adjacent Sources, Table XXIII and
Fig. 17 ‘

Since .these dafa indicate a fair degree of resolu-
tion, a run was carried out in vvij;ich the sources
.wer.e located only ai)out 5 cm apart. This is as
close together as the containers would allow. The
observed data are given in Table XXIII and shown
'm Flg 17 It is poss1b1e to separate the compound
curve observed into three distinct sources, as
shown by the superlmposed broken line in Fig. 17.
The source pos1t10ns observed are compared with

those measured, as shown in Table XXIV.

The results of these tests show that the G.M.
tube and scanning system is capable of accurately
showing différences in the distribution of radio-

activity down ar ion exchange column.

TABLE XIX

EQUIVALENT LEAD SHIELDING AS A FUNCTION
'OF INCIDENT ANGLE OF RADIATION

Angle of Incident Radiation  Shielding Equivalent

(degrees) (inches of lead)
0 0
5 1.12

10 , 142
15 1.26
20 . 1.48
25 1.59
30 1.76
35 1.87
40 : 2.05
45 2.28
50 ' 2.16
55 2.00
60 1.91

LEGEND

€, MAIN POWER SWITCH

S, BOTTOM EMERGENCY STOP (MICROSWITCH)

S3 TOP EMERGENCY STOP (MICROSWITCH) '

© S4 BOTTOM REVERSING SWITCH (MICROSWITCH)

Ss PUSHBUTTON UP START
S¢ TOP REVERSING SWITCH (MICROSWITCH)

85 PUSHBUTTON DOWN START

Ry 110 v S.G.RELAY
Ry & Rz 110 v TIME DELAY RELAY

M 174 HORSEPOWER MOTOR

Fig. 'Id Wiring Diagram for Automatic Scanning System
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. TABRLE XX

LOCATION OF SINGLE SOURCES -
(All Readings Are Net Counts in Distance Traveled)

Source 53;5 mg Crud Source 51.9‘mg»Crudv Source-181.9 mg Crud

Travel :

(cm) A* B* Avée = A* B* Ave A* B* Ave
9.9-10.6 8 71 76 . 57 80 68 167 200 183.
10.6 - 11.3 . 107 103 105 . . 92 95 ' 93 213 261 237
11.3 - 12.0 149 167 108 108 146 127 292 315 303
12,0 - 12.7 198 200 199 148 217 183 375 480 427
12.7 - 13.4 296 282 289 236 288 262 521 785 653
13.4 - 14.1 332 324 328 398 327 362 726 1060 893
14.1 - 14.8 " 448 404 426 535 554 545 1007 1124 1061
14.8 - 15.5 650 765 707 500 593 546 1153 1692 1422
15,5 - 16.2 363 361 362 357 306 331 . 1747 1755 1751
16.2 - 16,9 252 322 284 307 307 307 1640 1112° 1376
16,9 - 17.6 209 226 217 202 192 197 1109 1027 * 1068
17.6 - 18.3 " 152 161 156 . 129 140 135 ° 951 678 8l4
18,3 - 19.0 103 114 108 ‘112 102 107 . 670 492 581"
19.0 - 19.7° 86 53 69 67 49 58 500 315 407
19.7 - 204  -=  -= == " 57 59 58 329 279 304
20,4 - 21,1  -- - -- — - -- 220 260 240
21.1-21.8 ° -- -- -- — - - 157 203 180

* A scanned'down; B scanned up.

POWER SUPPLY
———— | .
L
 SHIELDED - e { g : . TIMER .
. 6-M TUBE

PRINTOUT

- Fig. 11 Block Diagram of Electronic Instrumentation



TABLE XXI

LOCATION OF MULTIPLE SOURCES—FIRST RUN

Actual Position of Sources

~ Sources Crud (mg) {cm) -
A 51.9 . 15.9 - 16.2 )
.B 181.9 ' 20.2 - 20.8
c 53.5 26.1 - 26.4 ‘
Activity Activity
Travel (Net Counts in Travel (Net Counts in
(cm) Distance Traveled) (cm) Distance Traveled)
10,4 - 11,0 . 270 22,2 - 23,0 1140
11.0 - 11.6 289 23.0 - 23.6 : 950
11.6 - 12.3 289 23.6 - 24.2 646
12.3 - 12.9 322 24.2 - 24,9 550
12,9 - 13.6 - %4 24.9 - 25.5 - 516
13.6 - 143 . 465 . 25.5 - 26,2 536
14.3 - 14.9 477’ 26.2 - 26.9 637
14.9 - 15.6 654 . 26.9-27.4 . 923
15.6 - 16.2 1140 27.4-- 28,2 628
16.2 - 16.9 722 28.2 - 28.9 496
16.9 - 17.6 659 28.9 - 29.4 453 :
17.6 - 18.2 734 " 29.5 - 30.2 393
18.2 - 18.9 847 30,2 - 30.8 334
18.9 - 19.6 . 1140 | 30.8 - 31.5 317
19.6 - 20.2 1230 31.5 - 32.2 - 287
20.2 - 20.9 1620 . 32.2 - 32.8 . 261
20.9 - 21.6 2460 32.8 - 33.5 263
21.6 - 22.2 - 1370
as \\\ | (TBRASS CONTANER . . (~LEAD FILLED SHIELD
41 \
SO\ \\ N 1\ |
0. N 2\ \ \ ==

NN | \

_ 7 L —
COLLIMATOR SPRING/ ADAPTERA SPLIT \ \
STAINLESS STEEL _ GM. TUBE RETAINING NUT SHIELDED

Fig. 12 Cross-Sectional View of Colllmated G. M. Tube and Shieid




TABLE XXII. .

+ LOCATION OF MULTIPLE SOURCE.S—'SECOND RUN

Actual Position of Sources R

Sources Crud (mg) (cm)
A 51.9 19.6 - 19.9
B 53.5 31.1 - 31.4
C 181.9 42,1 - 42.7
Activity Activity
Travel (Net Counts in - Travel (Net Counts in
(cm) Distance Traveled) (cm) Distance Traveled)
9.7 - 12.0 750 32.7 - 35.0 - 1620 °
12.0 - 14.3 850 35.0 - 37.3 1000
14.3 - 16.6 1030 37.3 - 39.6 1520
16.6 - 18.9 1780 39.6 - 41.9 4230
18.9 - 21.2 3080 41.9 - 44.2 7660
21.2 - 23.5 1620 44.2 - 46.5 2710
23.5 - 25.8 1200 146.5 - 48.8 1180
25.8 - 28.1 1240 48.8 - 50.1 -920
28.1 - 30.4 2090 50.1 - 52.4 650
30.4 - 32.7 3320 52.4 - 54,7 /500
TABLE XXIII
RESOLUTION OF ADJACENT SOURCES
Actual Position of So,urceé
Sources Crud (mg) (cm)
A 51.9 20.1 - 20.3
B 181.3 25.2 - 25.8
c " 53,5 . 31.3 - 31.6
o Activity s - Activity
Travel (Net Counts in Travel (Net Counts in
(cm) Distance Traveled) {cm) ’ Distance Traveled)
9.5 - 11.8 1100 26.9 - 29.2. 2440
11,8 - 13,1 1170 29.2 - 31.5 2580
13.1 - 15.4 1200 /31,5 - 33.8 1610
15.4 - 17.7 1400 33.8 - 36.1 1510
17.7 - 20.0 2410 36.1 - 38.4 1090
20,0 - 22.3 2640 38.4 - 40.7 1040
22.3 - 24.6 4980 . 40.7 - 43.0 1000
24,6 - 26.9 5720 43.0 - 45.3 1080
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SHIELDING EQUIVALENT INCHES OF LEAD

g

TABLE XXIV

COMPARISON OF ACTUAL AND OBSERVED
SOURCE POSITIONS

’ . Mean Mean
Source - Actual Observed
10 Crud Position Position Difference
(mg) (cm) {cm) . (cm)
- 61,9 20.2 20 0.2
181.3 25,5 25 0.5
od—1 | AN NN R NS B o i
0 20 40 60 53.5 31.4 29.5 0.9
ANGIE OF INCIDENT RADIATION ' .
Fig. 13 Equivalent Lead Shielding and Collimation for G. M.
Probe
800 — - — 600" T r — ,
535 ma CRUD 5.9 mg CRUN IAL9 mg CRLIN
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500 - - 2000 -
@
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Location of Single Sources by Collimated Scanner
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APPENDIX II: OPERATING HISTORIES OF LAB-
ORATORY ION EXCHANGE COLUMNS

The information contained in the tables and figures
of this appendix is discussed in the text under Re-
moval of Fission Products by Base-form Mixed
Beds. ' ' ‘

A. NH4OH - Form Columns

TABLE XXV
OPERATING HISTORY OF NH,OH RESIN WITH Sr°°-¥°0 ACTIVITY
. Column Influent Effluent
Column Equivalents Activity* Aotivity* Dccontamination
Volumes of NH,OH _(c/min-ml) (¢/min-mly Factor*
300 0.037 ' 5128 147 34.9
375 0.047 3327 28 .. 119
450 - 0.056 : . 3327 139 23.9
525 0.065 3327 178 : 18.7
600 0.075 3327 193 . 17.2
675 0,084 AR10 243 28,0
825 0.103 6810 . 546 12.5
900 0.112 6810 654 10.4
1050 0.131 5829 552 : 10.6
11236 0.140 5820 808 : 6.5
1260 0.157 5829 960 6.1
1600 0.199 20,406 © s 115
1830 0.236 10,640 - 820 13
1980 0.246 10,6410 : 970 . 11

*Counting procedures did not distinguish between Sr90 and Y90. Results are

90

questionable because of probé.ble separation of Sr™ ., fSee discussion under Lab-

oratory Column Experiments,

Note: Column Size - 1.05-om ID x 76 om deep

Influent pH - 9.5 (NH 4OH)
Flow loading - 7.5 g'pm/ft?.
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TABLE XXVI

OPERATING HISTORY OF NH, OH RESIN WITH Cs'%"-Ba'¥" AcTIVITY
Column Influent Effluent .
Column Equivalents Activity © - Activity “Decontamination - -
Volumes of NH ,OH (c/min-ml) (¢/min-ml) = Factor
300 0.037 . . 6950 1 6950
600 ' 0.075 - 6600 1 6600
900 0.112 8842 1 8842
1200 0.149 8379 3 2793
1350 0.168 7275 1 7275
11500 0.187 7275 105 69.3
1650 0.205 8644 _ "9 960
1800 0.224 8644 13 - 665
Note: Column Size - 1.05-cm ID x 76 cm deep
Inflient pH - 9.5 (NH,OH)
Flow Loading - 7.5 gpm/ft2 '
TABLE XXVII
OPERATING HISTORY OF NH,OH RESIN WITH Ce'*4-pr'** AcTIVITY
Column Influent Effluent
Column Equivalents Activity . Activity Decontamination
Volumes _ of NH OH (c/min-ml) (c/min-ml) Factor
280 0.035 3212 40 80.3
360 0.045 6225 " 128 48.6
420 0,052 6225 © 220 28.3
480 0.060 6225 . ' 264 23.6
560 0.070 6225 311 20,0
600 0.075 6225 . 361 . 17.2
670 0.083 6924 . - 361 19.2
730 0.091 6924 485 "14.3
880 0.109 6924 486 _ 14.2
Y50 0.118 6924 623 11.1
1200 0.149 . 5679 885 6.4
1400 0.174- 733 242 3.0
Note: Column Size - 1.05-cm ID x 76 cm deep
Influcnt pH - 8,6(NH 4OH)

Flow Loading - 7.5 g'pm/ft2



B. KOH - Form Columns

TABLE XXV

* OPERATING HISTORY OF KOH RESIN COLUMN WITH sr°°-v?® AcTIvITY

: Column Influent : Effluent :
Column Equivalents Activity* . Activity* . . Decontamination
Volumes of KOH (c/min-ml) (c/min-ml) Factor
100 0.029 15,914 : 541 29.4
220 0.063 ° 15,914 701 22.5
330 0.094 15,567 : 2,915 " 5.3
450 0.128 - 15,507 5,426  -° 2.9
550 0.157 - - 15,567 7,694 2.0
660 0.188 30,310 0,067 3.0
770 0.219 30,920 . 118,752 16
890 0.254 30,920 - 15,907 _ 1.9
1000 0.285 45,462 15,576 ST 2.9

1110 0.316 45,720. . . 15,530 2.9

* Counting procedures did not distinguish between sr% and ¥¥°

90

. Results are
questionable because of probable separation of Sr”". See discussion under

Laboratory Column Ex;ieriments.'

Note: InfluentpH - 10.3 (KOH)
Flow Loading - 7.5 .gpm/ftz
Column Size - 1.05 cm ID x 76 cm deep
TABLE XXIX

OPERATING HISTORY OF KOH RESIN COLUMN

wrth cst37-Bald? acTIviTY
Column Influent Effluent _

. Column Equivalents Activity Activity Decontamination
Volumes of KOH (¢/min-ml) *  (c/min-ml) Factor -

100 0.020 14,671 513 ' 28.6

220 0,063 14, 671 3 4890

330 : 0.094 14,960 204 " 73.3

450 0.128 14,960 10,9170 14

550 0.157 14, 960 14, 602 1.0
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TABLE XXIX

‘OPERATING HISTORY OF KOH RESIN COLUMN

wiTH cs137-Ba’3" ACTIVITY (Continued)
Column Influent Effluent
Column . Equivalents Activity Activity i Decontamination
Volumes - of KOH . - (c/min-m]l) (¢/min-ml) . - Factor
660 ~ 0.188 - 23,970 . 19,526 1.2
770 . 0.219 . 24,450 13,657 1.8
890 ' 0.254 24,450 19,556 1.2
1000 0.285 44,756 55,970 0.8
1100 . 0.316 © 46,051 43,644 1:.1
Note: InfluentpH - .10.3 (KOH) . : ‘
Flow Loading . 7.5 g-pm/ft2
Column Size - 1.05 cm ID x 76 cm deep

TABLE XXX

OPERATING HISTORY OF KOH RESIN COLUMN
144_, 144 '

WITH Ce ACTIVITY
Influent pH -  10.3 (KOH)
Flow Loading - 7.5 gpm/it>
Column Size - -1,05 cm ID x 76 cm deep
Column Influent Effluent
Column " Equivalents Activity Activity Decontamination
Volumes of KOH (c/min-ml) (c/min-ml) . Factor
100 0.029 13,968 313 44.6
200 0.063 13,968 617 v 22,6
330 0.094 14,256 12,380 1.2
450 0.128 14,256 o 12,648 : 1.1
550 0.157 14,256 18,562 0.8
660 0.188 25,205 19,525 - 1.4
770 ‘ 0.219 36,968 31, 537 S 12
890 0.254 35,099 35, 029 10
1000 0.285 46,202 43,272 1.1
1100 0.316 51,153 44, 557 ' 1.1
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C. LiOH - Form Columns

TABLE XXXI
OPERATING HISTORY OF LiOH RESIN COLUMN WITH Sr°°-Y”° ACTIVITY
Flow Loading - 7.5 gpm/ft2 :
Column Size - 1.05-cm ID x 76 cm deep
. ~ Column Influent Effluent* -
Column Equivalents Activity CActivity * Decuitamiinalivn
Volumes of LiOH (c/min-ml) . (c/min-ml) Factor
Influent adjusted to pH 9.5 ‘with.' LiOH
. 65 0.003 1,000 . 46 21.7
885 0.040 16,970 . 434 39.1
1060 0.048 12,375 1,110 11.2
1215 - 0.055 12,375 776 15.9
1435 0.065 12,56V 398 31.6
1700 ©0.077 12,560 761 16.5
1920 0.087 10,302 365 . 28.2
2190 0.099 - 7,894 -~ 59 13.2
2385 0108 7,894 » 521 14.9
2520 © 0.114 6,550 '584 ' 11.2
2920° 0.132 8,658 831 - 10,4 .
Influent adjusted to pH 10.5 with LiOH
90 0.04 ‘ 9,500 778 ‘ 12.2
1130 . 0.51 . 20,108 690 29.1
1370 ©0.62 ' 9,894 1,811 7.8
1635 ' 0.73 9,R04 2,306 - 4.3
11900 0.86 8,652 . 2,949 2.9
2100 0.95 9,928 3,526 2.8
2230 1.01 Co9,928 - 3,827 3.0
2585 1.17 10,844 . 1,785 ‘ 6.1
2785 1.26 6,867 1,958 3.5
3095 1.40 7,313 2,824 2.6

* Counting procedures did not distinguish between Srgo and Y90. Results are
questionable because of probable separation of Srgo. See discussion under
Laboratory Column Experiments,



TABLE XXXII

OPERATING HISTORY OF LiOH RESIN COLUMN WITH Sr°°-Y”° ACTIVITY
Flow Loading - 7;5‘gpm/ft2
Column Size A .~ = 1.05-cm ID x 12.5 cm deep
‘Column Influent - Effluent
Column Equivalents Activity* Activity* Decontamination

Volumes ‘of LiOH - (¢/min-ml) (¢/min-ml) . .. . Factor*

Influent adjusted to pH 10.5 with LIOH

175 0.08 5000 . 856 5.8

795 0.36 5000 2087 2.4
1855 . 0.84 5000 © 2143 : 2.3
3800 L.72 8708 4205 o 2.1
4245 1.92 8708 2255 : 3.9

5130 2.32 8708 . 2345 3.7

* Counting procedures did not distinguish between 'Sr90 and Y90. Results are

90

questionable because of probable separation of Sr” . See discussion under

Laboratory Column Experiments.

TABLE XXXIII

OPERATING HISTORY OF LiOH RESIN COLUMN WITH Cs*37-Ba237 acTIVITY

Flow Loading ‘ < 7.5 gpm/ £t2
Column Size .~ .= 1.05-cm ID x 76 cm deep
] Column Influent Effluent
Column Equivalents Activity Activity Decontamination

Volumes of LiOH’ (¢/min-ml) = (¢/min-ml) ‘  Factor

Influent adjusted to pH 9.5 with LiOH:

65 0.003 - - . 3500. . . . . 4 875 .

- 375 ~0.017 3500 . 19 . 184

1040 0.047 350 172 204
1305 0.059 2567 110 - 23.3 .
680 0.076 3132 89 . . 35.2
1835 0.083 5340 105 ‘ 50.8
2080 0.094 5359 55 | 97.4
2390 0.108 5359 21 . 283
2086 0.135 6532 .

3315 0.150 . 6182 . . . 8 767,
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OPERATING HISTORY OF

Flow Loading '

Column Size

~ Column
Column Equivalents
Volumes of LiOH

TABLE XXXTII

LiOH RESIN COLUMN WITH Cs!

~ (Continued)

- 7.5 gpm/ft2
- 1.05-cm ID x 76 cm deep

Influent
Activity
(¢/min-ml)

Effluent

37_al%7 acTIvITY

Influent adjusted to pH 10.5 with LiOH

45 0.03
1105 0.50
1435 0.6
1550 0.70
1770 0.80
2320 1.05
2540 115
2020  1.32
3270 1.48

3870 1.75

3500
3712
1786
1756
2872
4783

6223

6223
6194
7271

Activity Decontamination

-~ (¢/min-ml) Factor
6 583

37 '100

Ih 117.

10 176

110 26.1

23 208

15 415

13 479

27 229

16 454

TABLE XXXIV

OPERATING HISTORY OF LiOH RESIN COLUMN WiTH Cs'37-Ba’37 AcTIVITY

Flow Loading

Column Size -

Column
Column Equivalents
Volumes of LiOH

Influent
Activity

(¢/min-ml)

Influcnt adjusted to pH 9.5 with LiOIl

135 0.006
440 0.020
1525 0.069
1725 0.078
2035 0.092
4945 0.194
6495 0.294
7335 0.332
9105 0.412

7636
7636
7636
9650
9650
12,148
13,939
13,939
13,939

- 175 gpm/ft2
= 1.068-cm ID x 12.5 cm deep

Effluent
Activity

(c/min-ml)

266
564
1226
765
817

. 1433
1458
1428
983

Decontamination
Factor

28.7
13.5
6.2
12.6
11.8°
- 8.5
8.3
9.8
14.2



TABLE XXXIV

'OPERATING HISTORY OF LiOH RESIN COLUMN wiTH-cs37-Bal?7 acTIvITY
" (Contiriued)
Flow Loading =~ = - 175 g'pm/ft2 Pl
- Column-Size - - 1,05-cm ID % 12!5 cni deep
4 _ 'Columri- " Influent - Effluent \ _
“Column = Equivalents = Activity = - Activity - - - Decontamination
-Volumes. . . of LIOH. ' (¢/min-ml) .| ' (¢/min-ml) ' Factor. -
- Influent adjusted to. pH.10.5 with LiOH
265 0.12 . 7362 235 31.3
775 0.35 : 7362 404 : 18,2
1635 0.74 : 7362 . 453 - X 16.3
2920 1.32 L 7100 1462 : . 4.9:
3710 1.68 o 7271 36 2.2
4930 2.23 - 16,000 - 4133 3.9
5635 . 2.55 16,000 © 4283 C 3.7 -
TABLE XXXV ‘
OPERATING HISTORY OF LiOH RESIN COLUMN WITH Ce'**-pr'** acTIVITY
Flow Loading " - 7.5 gpm/ £t
Column Size - 1.05fcm ID x 76 cm deep Co
Column Influent Effluent =~ | .
Column Equivalents Activity Activity " 'Décontamination
‘Volumes of LiOH (c/min-ml) (c/min~-ml). -..Factor
_ Influent adjusted to pH 9.5-wit_h LiOH, »
65 ©0.003 10,000 . 787 127
1660 0.075 - 2560 T 13357 7.6
1945 0.088 7410 744 10.0
2080 0.094 ’ 7410 - 1928 - 3.8
2210 - 0.100 7410 - . . - 1337 5.5
2385 0.108_, - 4295 - . 1218 - 3.5
2540 0.115 : 5192 . 842 . 6.2
2830 0.128 5192 . 810 6.4
3205 0.145 5651 . 2205 . 2.}6
3645 0.165 2698 © 2180 : 1.2
3870 0.175 6046 : 3880 1.6
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~ TABLE XXXV

., OPERATING HISTORY.OF. LiOH RESIN COLUMN WITH Ce **-pr!** acTiviTY
. " (Continued) ' T
Flow Loading. . - 7.5 gpm/ftz.
.....Column.Size .- .. . - 1L05-cm IDx 76 cm deep
Column . --.- Influent .. . Effluent
. ..Column. . :Equivalents . Activity - Activity Decontamination
Volumes of LIOH. . -  (¢/min-ml) . | (c/min-ml) . Factor

' Influent adjusted to pH 10.5 with LiOH

55 0.025. ":. 18,000 ’ 281 - 64.1

730" 0.33 ’ 2340 616 3.8
1280.. 058 .. 5312 . - 1862 ‘ 2.9
1500 0.68 SR 8013 3836 . 2.1.
1725 0.78 8013 3990 : 2.0
1945 0.88 - 4650 : 2328 ' 2.0
2075 0.94 .+ 5566 © 3223 ‘ 1.7
2210 1.00 5566 3225 1.7
2610 - 1.18 6323 3413 1.8
3050 1.38 . 7148 - 3289 2.2

3315 1.50 5719 2849 2.0

TABLE XXXVI

OPERATING HISTORY OF LiOH RESIN COLUMN WITH Ce %*-pri%4

ACTIVITY
Flow Loading - 7.5 gpm/it?
.-Column Size - . - 1,05-cm ID x 12,5 ¢cm deep
Column  * 'Influent’  ° -Effluent’
Column Equivalents . Activity . Activity Decontamination
. Volumes'.  of LiOH ' (¢/min-ml) (c/min-ml) Factor
 Influent adjusted to pH 9,5 with LiOH
165 . 0.0075 . - 10,853 5200 - 2.1
995 0.045 . , 10,853 - 6867 1.6
1545 0.070 .+ 10,853 . 7800 , 14
3935 0.178 .. 4221 _ . 4361 : 1.0
5480 . . 0.248 2838 2662 1.1
5810 0.263 - 2838 : 2741 1.0
6740 0.305 2200 1793 1.2
7735. 0.350 . - 2200 1330 1.7
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TABLE XXXVI

'OPERATING HISTORY OF LiOH RESIN COLUMN WITH cel44-pr!#* acTIviTY
(Continued)
' R : 2
Flow Loading . - = 7.5 gpm/ft
Column Size . °~ - =~ 1,05-cm ID x 12.5 cm deep
Column - ... Influent . Effluent

Column Equivalents ° Activity © .'Activity- - ... Decontamination
Volumes. of LiOH (c/min-ml) {¢/min-ml). .. - Factor

Influent adjusted to pH:10.5 with LiOH

220 0.10 4400 . 3887 1.1
600 0.27 4400 S 4913 . 0.9
995 0.45 - . 4400 4481 . . 1.0 ..
1660 0.75 4400 5046 R 1.0-
1770 0.80 | 4400 2415 A 1.8
3870 1.75 4715 979 s 4.8
4975 2.25 2612 2251 : L2
5900 2.69 2612 . 2363 ' 1.1
7735 3.50 . 3187 .. 2017 1.6 -

TABLE XXXVII

OPERATING HISTORY OF LiOH RESIN COLUMN WITH Ru*%6-rn1% acTIVITY
Flow Loading =15 gpm/ ft _ y
Column Size - 1.05-cm ID X 76 cm deep
Column Influent Effldent o
Column Equivalents Activity Activity =~ Decontamination
Volumes of LiOH (c/min-ml) (c/min-l) Factor
Influent adjusted to pH 9.5 with LiOH'-'
90 0.004 3100 L gg e i grig -
930 0:042 8300 - 1800 4.6
1340 0.056 3700 .. 275 S 13.5
1480 0.067 - 4550 ©890 nl.y 6.6¢:
1635 T 0.074 4550 <150 i 6.17 -,
1790 0.081 4200 . 1600 S 2060
2035 0.092 4200 - .~ 1880 2.2 &
2165 0.098 4700 :1700 o 2.8 -
2430 . 0.110 4700 . -2700 CLTr
2740. 0.124 "3660 . 2850 - 1.3+
3095 0.140 7300 . 8500 .. L1,
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TABLE XXXVII

OPERATING HISTORY OF LiOH RESIN COLUMN WITH Ru'%®-rn1%® acTmviTy
(Continued)
Flow Loading . - 1.5 g’pm/ft2 '
Column Size . = -+ - . = 1.05-cm ID x 76 cm deep -
Column .. . Influent . 'Effluent
‘Column - .- Equivalents ‘Activity : Activity .. Decontamination
Volumes of LIOH ~ (¢/min-ml]) (c/min-ml) - " . Factor .

Influent adjusted to pH 10.5 with LiOH

65 0.03 © 4871 72 S 88T
730 - 0.33 T 9525 - 1069 : 8.9
1170 0.53 . 4900 - 2300 : 2.1 -~
1390 0.63 3418 : ¥y R 3.0
1460. 0.66 3418 . 2198 1.6
1660 0.75 3418 2289 1.5
1880 0.85 .- 4295 T . 3630 1.2
1990 0.90 _t . 3690 © 3052 1.2
2210 . 1.00 - 3690 . 3172 1.2
2385 1.08 3690 2885 1.3
2610 - 1.18 4605 3549 1.3
3050 .1.38 - 3817 3423 1.1

1.3

3425 1.55 6693 5195

TABLE XXXVIII
OPERATING HISTORY OF LiOH RESIN COLUMN WITH Rulos'—Rl‘llo6 ACTIVITY
. . a
Flow Loading - 7.5 gpm/ft” .

Column Size ~ 1.05-cm ID x 12.5 cm deep

Coluinn 7 7 Influent Effluent

Column Equivalents . . Activity . “Activity Decontamination

Volumco of LiOll (¢ win=ml) (/S mlu=l) Fuvlor

Influent adjusted to pH 10.5 with LiOH-

220 0.10 - . 4445 3108 - 1.4
795u.& 0.36 4445 _ 3383 ’ 1.3
1855% - 0.84 4445 - 3542 : 1.2
3535 " 1.60 3920 " 3668 o 1.1
3980 1.80 3920 - .2358 ; 1.7
. 4970 2.25 4790 3190 1.5
5635 2.55 4790 v 3421 , C 1.4
7070 3.20 4464 3748 1.2

7735 3.50 4464 2983 1.5



. TABLE XXXIX

OPERATING HISTORY OF LiOH RESIN COLUMN WITH Zr®?-Nb> ACTIVITY
Flow Loading - 7.5 gpm/ £
Column Size " = 1.05~-cm ID x 76 cm deep
Column Influent Effluent .
Column Equivalents Activity Activity Decontamination
Volumes ~ of LiOH (¢/min~-ml) (¢/min-ml).. Factor
Influent adjusted to pH 9.5 with LiOH
65 0.003 . 2945 56 52.6
175 0.008 2945 125 23.6
400 0.018 3356 203 16.5
665 0.030 5876 420 14.0
770 0.033 5876 299 19.7
885 0.040 5876 558 10.5
1215 0.055 " 5318 380 14.0
1280 0.058 5318 762 7.0
1545 0.070 3559 1542 2.3
1770 0.080 5717 2227 ° 2.6 -
Influent adjusted to pH 10.5 with LiOH

45 0.02 3795 85 44.6
265 0.12 3795 83 45.7
400 0.18 3457 110 314

660 0.29 5666 310 "18.3 .

1105 0.49 © 4204 432 9.7 -
1660 0.75 4982 530 9.4
1945 0.88 4961 562 8.8

TABLE XL

OPERATING HISTORY OF LiOH RESIN COLUMN WITH ngf’-Nb95 ACTIVITY

Flow Loading

Column Size

- 175 gpm/ft2

- 1,05-cm ID x 12.5 cm deep

Column Influent ' Effluent .
Column Equivalents  Activity Activity . Decontamination
Volumes of LiOH (c/min-m1l) (¢/min-ml) Factor
Influent adjusted to pH 10.5 with LiOH
175 0.08 1924 853 2.3
775 0.35 1924 1245 1.6
1700 0.77 1924 1343 14
3980 1.80 2015 475 4.2
48R0 T 2,20 647 328 2.0
5965 £ 2.70 647 368 1.8
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APPENDIX III: DISTRIBUTION OF RADIO-
ISOTOPES ON LABORATORY. COLUMNS

This appendix contains the results of collimated
and uncollimated radiation surveyé of the 76~cm,
LiOH-form columns used with the following fission
products: SrgO—Ygo, C_sl37—Ba137, Ce144—'Pr144,

’ RulOG—RhIOG, 95-Nb95. The surveys were

made several months after processing had been

and Zr

“stopped. The information is providedby distribution
. curves _and is discussed in the text under Removal

of Fission Products by Base-form Mixed Beds,
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- APPENDIX IV: MULTISTAGE COLUMN THEORY
INCLUDING RADIOACTIVE DECAY OF MICRO-
CONSTITUENT*

It is instructive to derive the equations applicable

_to a simple model for anion exchange column and to
examine the effect of decay of radioisotopes on the
apparent performance of the column. The model se-
lected for this purpose consists of a series of stages
through which the solution passes in succession,
coming into equilibrium with the resin phase con-
tained in each stage.** The solution is assumed to
contain a macroconstituent, say LiOH or KOH at

4 > : .
about 10-

may be considered a mixed bed of strongly acid ca-

M. For this discussion the resin phase

tion resin and strongly basic anion resin in a ohe-~
to-one equivalent ratio, fully converted to the ap-

propriate base form, Anionized, radioactive

*W. T. Lindsay, Jr. .

*¥A more comprehensive theory has been devoloped
by A. S. Kesten of Bettis Labaratory to include
radioactive decay in the case where either liquid
_ film or solid-phase diffusion can be rate controlling.
The equations resulting from that work are rather
complicated, however, and cannot be applied to
experimental results of the type reported here.
Consequently, a simpler thcory is given to.aid in
interpretation of results and in prediction of ex-
" pected column performance under selected, sim-
plified conditions.

microconstituent, not previously present in solution
or resin, is assumed to appear inthe influent solu-
tion at time t = 0 and remainin the influent at con-
stant concentration. The problem is now to calculate
the distribut}on of -the microcdnstituent in the s<l).1u-
tion and resin phasesasa functidn of time and posi~-

tion along the column.

The following nomenclature has been used:
G

,toyal capacity of resin (eq/cc wet resin)
concentration of (monovalent) major species

"on resin (mol/cc wet resin).

n = number of "equilibration stages in the
column. '

Q = solution flowrate (cc/sec).

Vx = bulk volume of the wet resin bed (cc resin).

t = time (sec).

delay constant of microconstituent (sec—l).

C, o concentration of microconstituent in enter-
ing solution (mol/co). .

C'w = concentration of microconstituent in solu-

1 tion in equilibrium with it stage (mol/cc).

Cx'v = concentration of microconstituent in equi-

librium with final (nth) stage. concentra-

tion of microconstituent in effluent (mol/cc).
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Cwo = Cw; = Cw, = concentration of macroconstit-

uent in solution (constant with
time and throughout the column)

(mol}/cc).

. .
Xr; = mole fraction of microconstitu~

ent in resin phase of ith stage.

XI'.n = mole fraction of microconstitu~

ent in resin phase of final (nth)
stage.

= mole fraction of macroconstitu~-

ent in resin phase (constant with

time and throughout the column)

~1.

R ='C{Ni/ X'rj, = distribution coefficientbetween

solution and resin phase for mi-
croconstituent (assumed con-

stant throtighout the c¢olumn).

Note first that the gross composition of resinand
solution phases will be eésentiallyunchanged by the
presence of the trace radioactive speéies. Under
these conditions it is reasonable to assume thatthe
distribution coefficient R will be independent of the
concentration of this trace species. It is also as-
sumed- that the diffusion coefficient of the trace
species in the solution is independent of ‘its own
concentration. This is reasonable in view of the

constancy of ionic strength of the solution (Ref 5).

For a monovalent traée ion, the fherrhodynamic
equilibrium constant K, for the exchange reaction in
the ith stage, M"™ + MR=M'R + M, where M' is a
radioactive trace cation, Misa cationat macrocon-
centration, and R represents the resin, can be

wrilten

K = i i i), (5)
W, \

where 7 wi and Yw;vi rei)resent the activity coeffici~
ents of the major and minor species inthe solution

" phase and the activities of the two species in the
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v dXi.i AGV X ~
. | - — = 1_ '
n dt « wo n Qerl’
' .
GV er.- hGVxXr
R 2 = QRXl . 2_ QRX’
AN 1T1 ) Ty
| |-
|
av,) (e o YK ﬁS)
.\ n at )= QRX - n - QRX
< | “i-1 i
I )
. } : l '
va dxrn | YGVXXrn 1
—/\3—) = @BX - - QRX
) n-1 n)

resin phase have been replaced by the correspond-

ing mole fractions (Ref 6). Then,

1
ywi Cw1 ,
K =|——|K =|l=—1]X (6)
c Ywi a C{vi Ty

when the number of moles of the microcomponentin
the resin phase canbe neglected relative to the num-

ber of moles of the major species in that phase,

Therefore,
c' C
i Yo tant (
R = = = constant 7)
XX,

if CWi remains constant, since the activity coeffici-
ents of the fons in solutivn remalnunchanged at the
constant ionic strength. Similarly, for a divalent’

trace ion,

R ==K = constant, (7a)

R =————— = constant, - (7b)

A set of differentialiequations can be written for
the mass balance of the trace ion in each of the n

equilibration stages as follows:




Two additional assumptions have been made in
writing these equations: first, that the number of
moles of the trace ion in the solution phase of each
stage is negligible compared with the number of
moles in the resin phase and, second, that the vol-
ume of resin ineach stage is independent of position
in the column and equal to Vx/n. The first of these
assumptions is easily justified for the case of solu-
tions with the macrocomponentat concentrationson
the order of 104 M. The second assumption implies,
in addition to the constancy of the diffusion coeffici~
ent for the trace ion, that liquid film resistance is
rate controlling in the ion exchange process. Boyd,
Adamson, and Myers (Ref 7) found from studies of
the kinetics of exchange of a trace ion in the pres-
ence of a macroconstituent that liquid film resist-
ance was rate controlling at macro-ion concentra-
tions of 10~3 M or below at the conditions of their
experiments, while resin~phase diffusion did not
become the controlling step unless macro-ioncon-
centrations were 0.1 Mor greater. Thus, the second
assumption is probably not too inaccurate for the

conditions.

The solution to Egs (8) is found to be

RX C n
r, ) w ~ nQR _e'at
C C! aGv
w X
o o
n-1
(cl + Gyt + .C_t ) (9)
where & = A + I(]}%R )
X
and C,, C,., ...C_are constants.
1 2 n

The constants are identified by the condition that

L}
Xrn '
VX/ n approaches zero and n approaches infinity,

= 0 when t = 0 and by the requirement that, as

1 1 . . . .
Cwn/ Cy, remains zero until sor'ne tlfne at which
sharp breakthrough occurs and Cwn/ Cw,, becomes
unity, Substitution of the constants in Eq (9) and re~

arranging gives, as the result,

o) RX!' - n s
wn _ rn nQR 1 - e—ozt
C' c, aGV_ 2
W0 [o]
n—‘l
" }?
1 +at+... +
[ (n-1) 3 S Loy*

This equation predicts the familiar S-shapedcurve
for breakthrough 6f the trace species, with the time
of breakthrough and the sharpness of breakthrough
governed by the parameters n, Q, R, G, Vi, and A.
Of these, Q and V4 are independently variable, A is
determined by the radioisotope in question, G is a
property of the type of resin used, and n and R are
parameters appropriate tothe particular conditions
of operation. The numner of equilibration stages (n)
will depend on thelinear velocity of solution through
the interstices of the bed, the resin particle size,
the nature of the trace ion, and the nature and con-
centration of the macro-ion in solution. The distri-
bution coefficient R will depend on the nature and
concentration of the macro-ion in solution, the na-
ture of the trace ion, and the type of resin, For a
given type of resin, bed depth, area flow loading, and
concentration range for the macroconstituent in so-
lution, it should be possible to determine the para~
meters n and R for a variety of macroconstituents
such as LiOH, KOH and NH4OH and microconstitu-
ents such as Cs, Ba, Sr, I, etc.,and then to predict
the apparent performance of columns operatingun-
der these conditions for removal of isotopes of trace

species of various half-lives.

By setting the second derivative of Eq (10) equal
to zero, the time tmis obtained for the maximum in

the slope of the breakthrough curve:

m~ T a (11)

nQR

. ) <
Note that if A << va ,

* Equation (10) has been confirmed by independent
derivation by A. S. Kesten by the method of Laplace
transforms.
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GV
n-1 X

tm = \"n Jqr - 2 (12)
GV_ -
t ~ ——_X

m QR (13)

when n is large. This result, as expected, prdvides
R and K from the results of columntests on long-
lived radioisotopes. For the case of a monovalent
trace ion, K, is equal to QCwo%/GVx, the total
number of column equivalents passed into the col-
umn at the time t,,. If K; is on the order of unity
(as for isotopic exchange or for exchange of alkali
metal ions), it is predicted that breakthrough will
6ccur after passage of aboutone column equivalent.
As ) increases relative to nQR/GVy, the time of the
maximum slope of the breakthrough curve becomes
earlier, being equal to the time when 1/2 column
equivalent has passed through the column in the iso-
topic exchange case for monovalent ions when ) =
nQR/ va' It is informative to note that, for this
case, the quantity nQR/ GV, is the reciprocal of the
time required to pass one equilibration s‘tage equiv-

alent (i.e., 1/n column equivalents) into the column.

The magnitude of the slope of the breakthrough
curve at t,, is obtained by substituting Eq (11) into
the first derivative of Eq (10): '

d (c' /c )
wn wO
at

< tm

n
(%fs) R BN
X

o L(n-1y 1 (14)

If n is 10 or greater, Stirling’s approximation can

be used without great error to give
n
R
d (c' /c > @ <EQ_ )
W W, OlGVX
dt \ t V2r(n-1)
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Again, when A <« %%B, a simple result is obtained:
X :

o)
a J,
m
Sy Virmn | av, Var OO

Substituting Eq (12) in Eq (16),

d (C'W'/C!W )
dt t t Vor
m m

from which n can be obtained from column experi-
ments with long~-lived radioisotopes. As A increases
relative to nQR/GVy, the slope of the breakthrough
curve at t,,, becomes smaller, equaling 1/ 2(n-1)
times the value of the slope for A = 0 when A be-
comes equal to nQR/GV,.

Returning to Eq (10), it can be seen that

C’ RX'
W r
n _ n
oN oL
Yo Yo

is equal to the ratio of the number of moles of the
trace species in (he nth stage (o the total number of
maled of this spacies that would he comtainedin the
final stage, if it were equilibrated with the incoming
solution. Therefore, the distribution of the trace
species on the column, normalized to the total pos=
sible vontont of vuch stago whon oqullibratod with
the influent, will be given by RXi,i/ Cv:/o. Atany given
time t before breakthrough, it can be shown from
Eq (10) that the maximum in the derivative of the
distribution curve with respect to x, the fraction of
the total bed length, will be at xp, = QRt/GV, when
A «KnQR/GVyk. The magnitude of the derivative at
this point, assuming im (which is equal to X is

large enough so thatStirling’s approximation canbe



used, will be-vn/(x,;y2n) for this case. Thus,n and

R can also be determined from the distribution of
activity on a column at times before breakthrough

when long-lived radioisotopes are used.

The steady-state ratxo for effluent to influent con-
centration of the trace species, whichis equalto the
reciprocal of the decontamination factor is obtamed
by settmg t=o0 in Eq (10) Thus,

Cl

W . g . .
n C_ 1 . — - nQR . (18)
C’ ] D.F.}. ) ozGVx .
Yo/ ss sS o
When )\ 0, the steady-state decontammatlon factor

is unity, but when A has some finite value the

steady-state decontamination factor willbe greater
than one, owmg to decay of thetrace spe01es on the
column durmg the average time requ1red for an ion,
alternately residing inthe solutionand resinphases,

to pass through the column.
Equation (18) can be rewritten:

‘n .
AGV
_ x (19)
(D. F.)gg T -

It canbe seen that if the reciprocal of the decay con-
stant is of the order of the time required bo'pass l/n
column equlvalents the steady-state decontamma-
tion factor will be very large. For mstance if A =
GV,/nQR and n =10, (D.F.)gg = 210 =103, 1t is of
interest to determine the steady~-state decontamina-
tion factor for isotopes with longer half-lives such
that )\GVx/nQR £0.1. For this case,
AGV

1n(D.F)gg =nln [V + ) (20)

- nkR

AGV
X

1nD. F.)gg = QR

(D.F.)gg * MGV, /QR

This is as expected, since GVx/QR is the average
time required for anatom of the radioactive species
to pass through the column. For the special case of
isotopic exchange of monovalent ions ina 29-in. col-
umn of MB-1 resin, treating a 10~4 M solution at a
flow loading of 7.5 gom/ft%, GV /QR = 10° sec.
Thus, if A/n £1077 sec™1, In(D.F.)gg = 108 A; and,
if n is 10 or any number greater, an isotope with a
half~life of 8 days will have a steady-state decon-
tamination factor equal to e. The factor will be
greater for shorter half-lives. In a reactor coolant
system witha recirculating bypass purification sys-
tem, a decontamination factor .of the order of e or
greater is one of the requirements for the purifica-
tion system to exert effective control over the con-

centration of a radioactive:species .in the coolant.

APPENDIX V: SURVEY OF HIGH pH OPERATION
OF IN-PILE AND OUT-OF-PILE LOOPS

The information contained in this survey is dis~
cussed in the textunder Experience with Base Form
Resins. Additional information has been obtained
with high pH operationinboth test loops and reactor
plants since the original information presented in

this report was gathered.

LOO? M-3 — BETTIS 'LABORATORY

Stainless Steel

Total Volume: 15 liters

pH Range: 9.2 to 10.5

LiOH Resin

This work consisted primarily of corrosion tests.
No pertinent data were available on fhe operations
éxcept for the fact fhat noadditions of LiOHA reagent
were necessary to maintain the pHafter the original

adjustment.

LOOP HB-5—MATERIALS TESTING REACTOR
Test—WAPD=29-1

Stainless Steel Piping

Dates: December 1, 1956 to January 14, 1957

Hours of Operation: approximately 900

Leakage Rate: low until January 7; 3 gal/day after
this date '

T,



Volume of Loop: 1.11 £t3 or 8.30 gal

Volume of Purification System: 0.061 £t3 or 0.45

gal

Total Volume: 12 gal

Surface Area: 60.6 ft2

Volume of Resin: 426 ml

Flow through Ion Exchange Bed: 0.1 gpm

- pH Range: 9.3 to 10.5

LiOH Resin '

The first cycle was started on December 1, 1956,
and completed on December 21. No addition of LiOH
reagent was necessary to maintain the pH during this
period Which was equivalent to 500 hours. The sec~
ond cycle was completed on January 14, 1957. Two
additions of LiOH reagent were necessary during the
second cycle. The leakage was low during the first
éycle and was high (3 gal/day = 0.25 system volumes
/day) for the second cycle. The leakage rate for the
second cycle necessitated the tv;/o additions of LiQH

solution.

The LiOH resin was changed at the end of each -

cycle. This_ change was requested by Bettis Labor-
atory for radiochemical analyses; the change was

not the result of resin exhaustion.

LOOP HT-1-MATERIALS TESTING REACTOR
Test—WAPD-26 1

Stainless Steel Piping

Dates: January 22, 1956 to April 4, 1956

Hours of Operation: approximately 1700

Leakage Rate: unknown

Volume of Loop: 9.4 £t3 or 70.3 gal

Volume of Purification System: 0.196 ft3 or 1.46

gal

Total volume: 71.5 gal

Surface Area: 216 ft2

Volume of Resin: 426 cm3

Flow through Ion Exchange Bed: 0.1 gpm

Sysfem Volumes per Second: 2.3 x 10~

pH Range: 7.8 to 9.4

KOH Resin

The KOH resin was used one day every two weeks
to increase the pH. The test was at low power and
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low activity was presentinthe water. This test is of
little interest in determining the effectiveness of a

KOH bed in maintaining pH.

Test—WAPD-30-1
All parameters are the same as the WAPD-26-~1

test except for the follqwing:

. Dates: October 24, 1956 to January 24, 1957
Hours of Operation: approximately 2000
Leakage Rate: high, but unknown.
pH Range: 9.5 to 10.5
The leakage was high and the loop was dramed a

number of times and KOH solution added at 12 dif-
ferent time intervals. The evidence isnot sufficient
for any conclusion becausc of the large volume of

water lost or drained from the loop.

KAPL LOOPS—MATERIALS TESTING REACTOR
TF-33 |

Carbon Steel .

Dates: November 6, 1956 to January 24, 1957

Hours of Operation: >2000

Leakage Rate: unknown

Volume of Loop: >70 gal

Surface Area: 93 ft2

Volume of Resin: 1026 ¢cm®

Flow through Ion Exchange Bed: 0.23 ghm
System Volumes per Second: 5.0 x 1072

'pH Range: 9.2 to 9.7

'LiOH Resin

‘There were no difficulties in méiﬁfaining the pH

withotit additions of LiOH solition.
TF-37
Stainless Steel

Dates: January 11, 1957 to January 24, 1957
Hours of Operation: 300

Volume of System: >20 gal

Surface Area: 102 ft2

Volume of Resin: 1287 cm3

Flow through Ion Exchange Bed: 0.5 gpm
System Volumes per Second: 4.0 x 10~%
pH: 10.1

LiOH Resin



There were no additions of LiOH solution to main-
tain pH during this test.

BETTIS TEST FACILITY
Stainless Steel
Dates: December, 1953 to Juhe, 1954

Hours of Operation: 1022 hours above 440°F, 548

hours below 400°F

Leakage Rate: unknown

‘Syster'n Volume: 515 ft3 or 3852 gal

Volume of Resin: 5 ft3 or 37.4 gal '

Flow through Ion Exchange Bed: approximately

10 gpm ‘

System Volumes per Second: 5.5 x 107°

pH Range: 9.2 to 9.7

LiOH Resin

During this test program there was no difficulty
in maintaining the pH. The reagent, LiO_H, was added
four times, approximately once a month. The addi-
tions were necessary due to a high leakage rate

during facility startup.

S X~1 LOOP—CHALK RIVER
Test—X-1-d

Stainless Steel
May- 9,

1955 to November. 7, 1955

" Dates:

) .
Leakage Rate: fluctuated from 10 to 400 ml/hr;

for the last 700 hours with KOH resin, 10 ml/hr
System Volume: 18 gal
Surface Area: 112 ft2
Volume of Resin: 360 cm3
Flow through Ion Exchange Bed: 0.1 gpm
- System Volumes per Second: 9.3 x 10"5
pH Range: neutral and 9.5 to 10.5
KOH resin '

After the loop had operated for a period of time,
-a high pressure drop resulted in the system, A KOH
resin bed was introduced into the system and the pH

rose from 7 to 11 within 8 days. At this time, a HOH

resin bed .was valved in and, after. 7 hours, KOH
resin was vaived in again. For 300 hours the pH was
steady' and on July 26, 1955, the resinwas removed
and shipped to Bettis Laboratory. HOH and KOH

resins were valved in and out (withno pertinent in-
formation available) until October 9. At this time,
the KOH fesinwasuseduntil the end of the test. The
pH was easily maintained for 600 to 700 hours at pH
9.5 to 10.5 without any additions of KOH solution.
T;,St--X-l-] ;

Same parameters as the X-1~d test exceptfor the |
following:

Dates: December 10, 1956 to January 11, 1957

Hours of Operation: >600

Loop Volume: 25 gal .

System Volumes per Second: 6.7 x 10~ 5

Leakage Rate: 150 ml/hr

pH Range: 9.5 to 10.5

The pH was maintained easily without the addition
of LiOH solution.

X-2 LOOP—CHALK RIVER

Test—X-2-a

Stainless Steel

Dates: November 22, 1954 to April 14, 1955

Surface Area: 112 ft2

Loop Volume: 18 gal-

Leakage Rate: approximately 100 ml/hr Novem-

ber to January;-160 to 240 ml/hr February toApril

Flow through Ion Exchange Bed: 0.1 gpm

System Volumes per Second: 9.3 x 10-5

KOH Resin

The loop water was neutral until Decembér 18,
1954. On December 21, a KO# resinbedwas valved
in and the pH was 9.2 to 9.7; 3 g of KOH in solution
were added. The pH was 9.5 to 10.5for 1000 hours;
at this time, 3 g of KOH solution were added. For
500 hours the pH was constant. Five additions of
KOH solution were necessary within a week-March
18, 20, 21, 23, and 24. It was discovered that valve
LW-14 was open. Thermal syphon (upflow) through
the surge tank had been concentrating KOH solution
in the tank. Closing the valve eliminated any further
need for KOH solution for the remainder of the test.
The excessive additions of KOH solution were nec-
essary because of mechanical malfunction, and

were not the result of a resin deficiency.
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Test—X-2-c -

Same parameters as the X-2-a test except for the
following:

Dates: June 27, 1955 to February 15, 1956

Hours of Operation: approximately 4500 hours

Leakage Rate: 80 ml/hr

pH Range: 9.5 to 10.5

Volume of Resin: 1500 ml

Flow through Ion Exchange Bed: 0.15 gpm

KOH Resin

The pH was maintained between 9.5 to 10.5 without
any addition of KOH solution or replacement of the
resin bed. ' ‘

Test—X-2-f .
Same parameters as the X-2-a test exceptfor

the following:

Dates: August 14, 1956 to October 9, 1956

Hours of Operation: 1200

Leakage Rate: 400 ml/hr .-

Flow through Ion Exchange Bed: 0.17 gpm

System Volumes per Second: 1.6 x 1074

KOH Resin

pH Range: 9.5 to 10.5

The pH was maintained without any additions of
KOH salution.

X-3 LOOP—-CHALK RIVER

This loop has the same dimensions_as the X-2
loop.

Dates: December 10 1956 to January 23, 1957

‘Hours of Operation: 1000

- Leakage Nate: 1956 m!/hr

“pH: 10.0

KOH Resin

No additions of KOH soh_1tion were necessary.

- LOOP CR-VI—-CHALK RIVER
This loop has the same parameters as the X-2

loop.

Test~CR~VI-A
Carbon Steel ' ,
Dates: February 14, 1956 to September 10, 1956
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Loop Volume: 18 gal”

Flow through Ion Exchange Bed: 0.05 gpm

System Volumes per Second: 4.6 x 1075

KOH Resin o

Leakage Rates: 1700 ml/hr, February 29; 4000

ml/hr, March 2; 1750 ml/hr, April 14; 2000 ml/

hr, May 23 N '

On February 15, 1956, KOH solutionwas added to
the loop to raise the pH KOH solut1on was added
again on February 18. There wasno resin flow dur-~
ing this perlod After the column was valvedin, the
pH was steady for 300 hours. Until March 5, there
were high leakage rates and KO was added again.
For 2000 hours the pl—l wo.e mdintainodafﬂ.ﬁ to 10;5‘
with KOH addition. The resinbed was replaced, For
800 hours no KOH solution was necessa.r.ly with the
large ion exchange column valved in; for 1000 hours
with the same columnvalved in, no KOH solution was
added. ' ' '
Test—CR~VI-B

Same parameters as the CR-VI-A testexceptfor
the following:-

Dates: November 3, 1956 to December 27, 1956

Leakage Rate: 620 ml/hr

The pH was initially raised to 10 with KOH resin.
On November 8, a demineralizer containing a Nal~-
cite (SO4) hot reein bed was put on; on November
1A, a KOH hed was valved in. There was poor flow
through the Nalcite column (malfunctioning Neva-
Clog filter). On November 26, the Nalcite column
was valved in. On November 30, it was discovered
that both repin columns had no O-rings, and thoso
were repaired on December 6. Prior to this date
there was practically no flow through the deminer-
alizer. Because of the difficulties encountered dur~

ing the test, no conclusions cain be drawu.

LOOP CR-V—CHALK RIVER
Test—CR-V-B '

Little information was supplied for this test.
From the available date, it appears thatthe pH was
maintained at 9.5 to 10.5, and without KOH addition
for 1000 hours using ‘a KOH resin,




GENERAL COMMENTS ON CHALK RIVER TESTS

In the nine in-pile tests run at pH 9.5 to 10.5, no
difficulty was experienced in maintaining the pH
using KOH o.r LiOH resin beds in the loop purifica~-
tion system. The two exceptions were: the case of
the X-2-a test during the period accidental upflow
through the surge tank concentrated the KOH solu-
tion in the tank, and the case of the CR-VI-A test
when the leakage rate exceeded 2000 ml/hr (equiv-
alent to 0.7 system volumes per day). The problem
was readily solved on CR-VI-A by replacing the HOH
resin in the makeup system for the loop with KOH
resin, so that all make-up water was added at the

proper pH.

LOOP R-1P—BETTIS LABORATORY

Test on Hydrogen Instrument Analysis Using LiOH
Resin |
Stainless Steel
Dates: December 4, 1956 to December 21, 1956
Hours of Operation: approximately 350
Loop Volume: 1 gal A
Flow through Ion Exchange Bed: 0.05 gpm
System Volumes per Second: 8 x 10~4
pH Range: 9.1 to 10.2
LiOH Resin
LiOH reagent was added at the startup. No further

additions were necessary.

LOOP R-2—BETTIS LABORATORY

Stainless Steel

Dates: May 14, 1956 to May 21, 1956

Hours of Operation: 161

Volume of Loop: 11 liters

Flow through Ion Exchange Bed: 0.05 gpm

System Volumes per Second: 2.8 x 10~%

LiOH Resin

The LiOH resin column was not constantly on. The
pH variedfrom 9.1 to0 10,8. One addition of LiOH was
used, but did not seem to be necessary since the pH
at that time was 9.3.

In a test from November 14, 1956, to November
a1, 1866 (168hours),the LiOH resinwas only put on-

stream for approximately 40 hours, but no addition

of LiOH solution was necessary. This wasalso true

for tests adding up to 488 hours.
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