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INTRODUCTION

The increased usage of auclear pover and the testing of atomic
weapons have brought the problem of damaging effects of radiation to
public attention. In recent months much publicity has been given
the passage of strontium from the atmosphere into food and its accu-
malation in bone.

Due to 1ts long half-life and its blological similarity to cal-
cium, strontium is generally regarded to be one of the principal
fission products which are of concern to the health of mmans., The
strontium level in milk has been steadily rising since 1954, the year
adequate routine measures were first made. Siace milk is the princi-
sal 3source of caleium of mcst Western Countrias (people ia the Jaited
States receive 35 ner cant A® thatw Aakawer antadim Bmen 2t ek
(17) it bas received attention as a source of strontium.

If the strontium content of milk could be reduced the overall
strontium in the diet would be reduced.

The object of this investigation was to determine the feasi~

bility of the use of ion exchange resins to remove strontium from
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REVIEW OF THE LITERATURE

Ion Exe

Although the trestment of water by solid adsorbents such as sand
is probebly as ancient as civilization itself, the phenomenon of ion
exchange was £irst recognized as such in soil experiments. In 185C,
tvo Agricultural Chemists, Thompson (28) and Way (29) reported on
exchange properties of certain soils. Their experiments showed that
upon treating certein types of soils with either smmontum sulfate or
ammonium carbonate most of the ammonia ves adsorbed end lime was re-
leased. After further study they decided that such action was due to
the complex silicates present in tbe soils, and concluded that ion
exchange was taking place.

The first industrial use of ion exchange wes attempted by Harms
(13) 1n 1896. His effort to purify sugsr Juice by use of base exchange
silicates was only partly successful. Gens (9), in 1306 also
attempted to utilize ion exchange for industrial purposes. This experi-
menter employed both natural and synthetic aluminum silicates for the
purpose of softening waters and for treating sugar solutions. A sig-
nificent step in ion exchange history was the observation by Adsms and
Holmes (1) in 1935, that certain synthetic resins were capable of
exchanging ions.

The explanation for the phencmenocn of ion exchange may be grouped
{nto three theories; the crystal-lattice exchange theory, the double-
layer theory, and the Donnan membrane theozy.



The crystal-lattice theory explains ion exchange by assuming
that in an ionic s0lid the constituents of the erystal lattice are
present as lons instead of molecules. Complete dissociation of the
ionic solid is assumed. Each ion in the crystal is surrounded by =
fixed number of ions of opposite charge, and since the coulomd attrace
tive force between these ions is dependent upon the charge on the ions
and the distance between them, the ions on the surface are bound less
closely than those beneath the crystal surface. When pleaced in a
medium such as water, these surface lons may be easily replaced by
ions in solution.

The ease with vwhich the surface ions may be replaced by another
lon depends on {2) %he nature 52 she forces Biading the 1oa o the
crystal, (b) the concentration of the exchanging ion, {c¢) the charge
of the exchanging ion, (d) size of the two ions, (e) the accessibility
of lattice ions, and (f) solubility effects (16).

The double-lsyer theory, as an explanation of the electrokinetic
properties of colloids, hes been considered by many to explein ion exe
change. The exchange material is believed to be a fixed inner layer ot
charges surrounded by a diffuse and mobile outer layer of charges which
extend into the external liquid media. There is no sharp boundary be-
tween the ions in the diffuse outer layer and those in the equilibrium
external medium. It may be conslidered that the concentration of the
ions constituting the diffuse layer as verying contimuously and depend-
ing upon the concentration and pH of the external solution. Therefore,

any change in the concentration of the ions in the external solution



upsets the equilibrium and a nev equilidrium is obtained. Some of the
ions held in the diffuse outer layer will be replaced by some of the
nev ions.

The Donnan mesbrane theory pertains to the unequal distridution
of ions on two sides of a membrane, vhen one side contains ions too
large to diffuse through the mesbrane. An unequal distridution will
oceur because of the undiffusible ions and the necessity of maintain-
ing electroneutrality.

In applying the latter theory to ion exchange, the exchbange
material is assumed to be the ion too large to diffuse, and although
in ion exchange no membrene is used, the interface betwveen the solid
and liquid phases is assumed to represent a mewbrane (16).

Otting (25) discusses the problems involved in the changing of
equirment used for water treatment to e design vhich would be satis-
factory from the sanitary viewpoint for ilon exchange work in milk.

The gravel in the bottom of the vater softening device was replaced
by a wire screen and a perforated plate to reduce the milkstone. Be-
fore a commercially fessible process resulted many chenges in design
of equipment and revival methods were necessary.

Milk can be modified by treatment with various types of orgsaic
ion exchange materials to produce certain desired characteristics.
Haller and Morin (12) found that the type and extent of modification
can be controlled at will by using the proper exchangers or combination
of exchangers and by the proper regeneration of these exchangers. In
one treatment these workers produced a soft curd milk of normal pH,
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In another, approximately 20 per cent of the eitrates, phospbates, and

chlorides in eddition to cmleium and other cations were removed, Still
another treatment removed citrates and chlorides and small smounts of
caleium and other cations, but no phosphates.

In order to make cov's milk more suitable for the feeding of
infants, modifications of the milk is necessary, particularly in the
matter of curd tension. In 1930 Lyman (21) revealed that calcfum could
be removed from cov's milk by placing it in contact with greensand, a
highly silicecus sangd containing a little magnesia and alumina, and
that the resulting milk exhibited soft-curd properties. This applica-
tion of base-exchange silicates to the commercial treatment of dairy
products was probably the first successful use of this prineiple in
connection with a food product.

Murthy and Whitney (23) investigated the effect of mixed cation
and snion resins upon the salt content of milk. The batch process was
used to treat fresh rav skimmilk with cationic and anionic resin mix-
tures at four different levels each. The PH and the calcium, sodium,
and potassium content decreased with increases in cation resin concen-
tration, Citrate, chloride, and sulfate content decreased with in-
creases in anion resin concentration, The nitrogen content was not
affected except vhen comgulation oceurred,

Basaki, ot al. (26) studied the effects of treatment with ion
exchange resin on beat cosgulation of milk., Calcium ves adsorbed on a
cation exchanger of sulfonic acid structure but no clear relationship
vas observed between the removal of caleium end the temperature of heat

coagulation of milk,



Gehrke ead Almy (10) investigated the adsorption affinity to
synthetic ion exchange resins of the cations and anions normal to milk.
The relative order of adsorption of the cations from the synthetic whey
solution was found to be Cat+ Mg+ K+ Nat,

Baker and Gehrke (k) developed an lon exchange resin contact
tmmtmdtoswmmnmormezmmmmwme
directly the fon-exchangesble calcium. They also reported (5) thet
heating skimmilk to 40°, 60°, and 80° C., for 20 mimutes bad no
noticeable effect on the exchangeebility of calcium. However, the
exchangeable calcium was significantly decreased as the temperature of
heating increased from 100° to 120° C. for bolding times of 30 minutes,
Similar results vere reported by Gehrke and Smith (11) who also
observed that as the pH is increased the per cent of instantaneously
exchangeable caleium decreases.

Iwo methods of recovering lactose from cheddar cheese whey were
studied by McGlasson and Boyd (22). One method involved passing the
original whey through ion exchange resins, removing the whey protein
by beat treatment and furtber purifying the removed lactose solution
with ion exchange resins. The second method differed from this only
in that the original vhey was not treated with ion exchange resins
prior to the recovery of the protein fraction. Lactose with 2 higher
degree of purity was recovered by the second nethod,

Josephson and Reeves (14) found that when mineral fon exchange
treated milk vas added to evaporated milk it was capable of stabi-
lizing the evaporated product against coagulation during steriliza-
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tion at 240° F. for 15 mimtes. Minersl icn exchange milk wes found to

be effective in ptabilizing milks exhibiting a wide range of ingtabil-
ity to heat.

Hervik, et s1. (24), by both & column and a bulk technique,
removed nsarly 90 per cent of the tracexr isotopes of cslcium end
strontium from milk to vhich they had added isotopes, using Dowex-50W
resin in the scdiwm form.

Radloactive Strontium

The strontium isotopes (mass mumbers 8i through 94 and 97) may
be formed as fission products and from the bombardment of other
isotopes by nuclear particles. In the fission of Uranium-235 the
strontium isotopes have a relatively large yleld (about 5.8 per cent
strontium-90). No radiation problem is presented by the stable
isotopes of atrontium 84, 86, 87 and 88, An isomeric form of
strontiua-87 and the isotopes Yl, 92, 93, 94 and 97 nave reiavively
short half-lives (range from ten hours to less than two minutes) and
consequently, would decay rapidly compared to an isomeric form of
strontium~35 and the isotopes 89 and 90; which have half-lives of 65
days, 55 days, and 25 years, respectively.

S8trontium is one of the alkaline earths metals, belonging to
Group II of the Periodic Teble along with calcium, berium, and radium.
Strontium-90 18 generally regarded as the principel health hazard
among the fission products since it ias taken up by the lmman skeleton
vhere it remains deposited for many years. The metabollsam of stron-
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tium hes been found similar to that of calctum (2, 17, 15), Schulert

and Peets (27) found that intravencusly administered strontium-85 and
caleimmrd5 in man were somewhat equally divided between bone and soft
tissue for the fixrst fev days after sdmintstration but that after four
months, about 99.5 per cent of the isctopes which were retained in the
body vere found in bone, The retemtion among $he bones was greatest
in vertebrae and least in leng bone shaft and skull, Initially, the
bone exhibited no marked preference for one isotope over the other,
bowever, as strontiun-85 was preferentially excreted by the kidney,
the relative ratic of calcium-45 to atrontium+85 remaining in bone
graduslly ineressed. The net reteantion of the isotopes eppesred to
level off at about 60 per cent for caleium-d5 and 25 per cent for
stromtiun-85. Although strontium retention in the body is less than
caleium, the distribution throughout the body seems very similar.

Factors influencing the health bazards of strontiwm have been
estimated by health physicists according o (1) quantities availeble,
(2) initial body reteﬁtion, (3)’ fraction going fram blood to critical
body f.issue, (4) radiesensitivity of the tissue, (5) size of the
critical organ, (6) bilologieal half-life, (7) radioactive half-1ife,
(8) energy of radiation pmdneed oy the radioiaotope, and (9) specific
:l.onization and attemmtion of energy in tisaue.

With the present knmrledge, 1t is lmrdly posnible to da more
than broa.dly indicate the 'bi.ologicn.l damage caused by strontim-90.»
However, the likely bilological damage from ingestion of strontium-90

may be describe_d under four ﬁeadms: le&kuia, bone ﬁmr, 1ife~
shortening and genetic damage (6, 18).
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According to Lewis (19) leukemia in man can be induced by ioniz-

mmmzmandmalwocwaponuumsly. He estimsted that a
5 to 10 per cent inorease in the current spontanecus incidence of
1mmamm“mﬂthepopmthnwmwrmhmmnuna
body level of strontium-90 smounting to one-tenth of the "maximum per-
migsible concentrstion”. The maximm permissible levels are recom-
mended by the National Committee on Radiation Protection and Measure-
ment and represent concentrations which are eurrently considered safe
over a lifetime and which mey occasionslly be exceeded for short
pericds of time.

It has been demonstrated in laboratory sanimals that acute doses
of radiostrontium cause bone tumors. As yet, nothing definite is known
regarding the quantitative relationship between the masnitude of the
dose and the incidence probebility of bone tumors.

Radiostrontium Movement from Muosphcre to Milk
Radicactive fallout is the settling to earth of particles which

are radicactive as a result of a muclear explosion. Radiostrontium
comes down mainly in raindrops. Part of the radiostrontium descending
will lodge in plants, and part wvill enter the soil and then enter
plants through their roots. The fraction which falls on leaves of
growing plants is partially absorbed directly into the plant (7, 20).
Soil, like lon exchange resins, readily sbeorbs and retains most
metal ions, including strontium. Approximately 80 per cent of the
strontium-90 deposition is m.a in the top 2 inches of soil (7, 20).
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msomemumwmummmmtmmpmmhmr
and the rminingpoﬂioninth.wutoadepthotaboutﬁinehu.~
The period for which radiostrontium stays in top-soil without becaming
buried relatively deep, due to ploving, dispersion, or trensformation
into insoluble ecmpounds, is not essily estimated, but probadbly ex~
tends over several years. Many factors, however, such a3 the nature
of the soil, the extent of leaching by rein, the action of worms, and
the eracking of the soil in dry weather, will affect the depth of
penetration (7).

Very little is known about the actusl mechanism of absorption
and uptake of metal ions by plants but ss strontium ia chewically
similar to calcium, it is reascnsble to assme that caleium and
strontium are absorbed in the seme manner. The grovwing plant dis-
eriminates against strontium in favor of caleium at the ratio of
sbout 2 to 1 (20). The sbsorption of strontium90 by plants in a
souonisoftheordcrarampercentofmmmtpreuntinsoil,
the highest values in plante being in leaf tissue (7).

Animals markedly discriminate against strontium relative to
caleium in their absorption of these elements from feed. The stron-
tium activity in milk expressed as per gram of calcium present, is
much below 1ts value in the animel's ration. The experiments of
Comar, et al. (7) and those of Cregle and Demott (8), have sbown that
the retio of the stromtfum concentration in the antmal's retion to that
in the milk to be about T-10 to 1. The cow acts as & barrier resist-
ing the flow of strontium along the food-chain from soil to man. This
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means that the strontium concentration (per gram of caletum) in milk is

only sbout one-seventh to one-teath of what it is in the feed the cow
eats,

8ince strontium and caleium metaboliss are very closely associ-
ated, concentrations of strontium are generally expressed in terms of
celetum., The most comson and counvenlent unit for this purpose is the
sunshine unit or sometimes called the Strontium Unit (8.U.), which is
equal to the mmber of mieromicrocuries of strontium-90 per grem of
ealcium, In itself it is not an sbsolute amount of strontium-90 but
applies only to calcium contamination with strontium-90; and it pro-
vides a direct measure of this specific contamination. The meximm
permissible body burden of stromtium-90 for the general public is 0.1
microcurie, corresponding to 100 8. U. (as of April 22, 1959, un-
officially 200 8. U.). On the basis of extensive experience of
rediologlsts and technicians in work with X-rays and radium therapy,
limited aninmel experimentations, experience with man and comparison
with background eoncentrations of naturally occurring radicisotopes in
our bodies, in the air we breathe and in the water and food we con-
sume, the U, 8. National Committee on Radiation Protection has recom-
mended maxdman permissible amounts and concentrations ‘of radiatien
exposure.

The yearly average for the pericd ending July 1958 for stron-
tium-90 in milk renged frem 4.2 to 10.2 micromicrocuries per liter,
as compared to the permissible limit of 80 (unofficially 100 as of
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April 22, 1959) micromicrocuries per liter (3). However, the strontiume

90 level in milk bas been steadily rising since the first adequate
measurements were taken in 195k, roughly, in proportion to the rise
in the level of strontium-90 deposition in soil. There bas been
approximately a fourfold increase {n the aversge vorld strontim-90
content of milk from 1954 to the level of 5-6 S. U. in 1958 (17).



EXPERIMENTAL PROCEDURE

Removal of Strontium-89 and Caleium-h5 from Milk of Dozed Cow

Elght daily milk samples from four Jersey cows dosed orally with
one dose of calcium-h5 and strontium-89 wme seperated mechanically by
use of a Delavel Junior Model 3300 seperator and the skimmilk pessed
through an ion exchange column at room temperature. The columns wvere
18 mn in dismeter and 24 inches long and contained 50 grams of either
Dowex 50-W, 50-100 meeh cross linkage of L per cent; Duolite C-20; or
Dovex 50-W, 50-100 mesh with a cross linkage of 12 per cent. These
resins are strongly acidic, cross-linked polystyrene cation exchangers.
Preliminary results indicated that the counventional downflow system
could not be used due to packing of the resin, mmking it impossible to
put the desired quantity of effluent through the column. Therefore,
the upflov system ves used (see Fig. 1) in which solutions were paseed
in at the bottom and out at the top of the container. Due to the tur-
bulent action cansed by the milk entering the bottom this system can
not be called a true column sction since the "layering” effect asso~
cilated with column action 1s not present. Flow rate was adjusted to
approximately 7 milliliters per mimute to avold channeling and control
contact time.

Both the calcium snd sodium form of each of these resins were
tested for its effectiveness in the removal of strontiumm-85 and
caleium-hS from skimmilk, After initial conditioning of the resin,

one liter of milk was pessed through each column before the resin wvas



Figure 1.

Modified Ion Exchange Column.

1k
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again regenerated. After each operstion the cations bound by the resin
were eluted by treatment with approximately 1500 milliliters of approxi-
mately 3 N hydrochloric acid. The columns were then washed with suf-
ficient quantities of ealeium chloride or sodium chloride to convert
the exchangers into the desired form, folloved with 100 to 200 milli-
liters of distilled vater to wash the excess calcium or sodima chloride
from the resin. The 2nd, 6th and 10th 100 milliliter porticna coming
through the column were sampled for analysis. Two tventy-five milli-
liter ssmples of milk were taken from each of the 100 milliliter
portions., The samples were transferred to porcelain exrucibles and
dried in en oven at 90-100° C. for a minimm of 16 hours. They were
then transferred to a muffle furnace and ashed at 600° C.for approxi-
mately 16 hours. Approximately 2 ml of hydrochloric acid wvas added to
the ashed samples to bring the calcium and strontium into solution.

The semples were then traansferred quantitatively to a 40 milliliter
centrifuge tube. One drop of methyl red was added as an indicator,
The calcium end strontium were precipitated by sdding 3 milliliters of
saturated smmonium oxalate, then, by neutralizing the sample with
ammonium hydroxide until the solution was faintly alkaline, and by
adjusting the solution to a final pH of approximately 5.0 using acetic
acid. After the solution was allowed to stand overnight for complete
precipitation of the calcium and strontium oxalate, it wvas centri-
fuged and the precipitate washed twice with distilled water and trans-
ferred quantitatively into a tared cup-and-tube assembly. This

assembly consisted of a tapered-end polyethylene eylinder with a
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stainless-steel Tracerlab cup forming the bottom. The h-ineh plastic
tube was pressed securely into the cup until the assexdly was water-
tight.

Following centrifugation at 1800 revolutions per mimite (920
times gravity) for 10 minutes in & 20 inch dismeter International cen-
trifuge, the supernatant wvas drawn off and the cup removed and dried
to a constant weight in an oven at approximstely 60° C. The samples
vere then measured for radioasctivity by conventional methods using =
thin mica window Geiger-Maller tube connected to a scaler unit,

The activity measuremenis of calcium-b5 are greatly dependent
upon the mass of the sample measured primarily becsuse of self-
ebsorption of its relatively low beta emrgy (0.26 Mev.). The total
calcium and the correction for self-absorption were calculated from
the mass weight of the axalste in the dry cup.

All semples were counted with an aluminum absorber of 54.5 or
66.6 mg/cn” and again vith no absorber, Both of these absorbers will
stop essentially all the calcium-i5 beta rays from the sample and will
reduce the strontim-89 counts by factors of 1.39 and 1.50 respectively.
Therefore, vhen no sbsorber was used the activity was due to both
isoctopes but when the same sample wes measured again with an ebsorber
the activity represented a portion of the stromtium-89 only. The
calcium-h5 contribution was celeulated by difference. The observed
count with the alumimm ebeorber present, times the appropriate factor
represents the corrected stromiium=-89 count. The total observed count
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with no absorber present, minus the corrected strontium-89 count, times

the masgs correction factor for calcium oxalate self-absorption repre-
sents the corrected calcium count.
The same procedure as described ebove was used for duplicate

samples of standards, baving no resin contact.

Removal of Strontium-89 and Calcium-45 from Dosed Milk

In this experiment “dosed milk" was used instead of milk from
"dosed cows". Here the calcium-45 and strontium-89 were put directly
into the milk instead of being administered to the cow. Calcium-45
and strontium-89 were put into fresh raw whole milk at approximately
4 P, M., mixed thoroughly and left undisturbed for 16 hours at 40° ¥,
The followlag morning the milk was thoroughly mixed again, aeated ia
a water bath to 30° C., and mechanically separated. After bringing
the skimmilk to room temperature the procedure described vreviously

was followved,

Regin-mil: and Isotope-milk Equilibrium Studies

In order to determine how long an ion exchange resin must ve
in contact with milk containing calcium-45 and strontium-89 to reach
equilibrium, a liter of raw skimmilk was dosed with calcium-45 and
strontium-89, mixed thoroughly and left undisturbed for approximately
16 hours at 40° F. After heating the milk to room temperature, four-
100 milliliter samples were put into 250 milliliter beakers and 5 grams
of Dowex 50-W, X-12, 50-100 mesh, in the calcium form were added to each

beaker, After one minute of mixing, sample one was filtered and two
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25 milliliter milk semples ashed, precipitated with samonium oxslate

and counted. The same procedure was followed for semples two, three
and four after 10, 60, and 120 mimites of agitation respectively. A1l
samples were mixed by hand for the first mimite and by use of a mechani-
cal sgitetor thereafier. Two 25 milliliter samples of milk heving no
resin contact were used as standards, The percentage removal of
caleium~45 and strontinm-89 vas calculated for each contact time.

In order to determine how long & semple of milk must be in con-
tact with caledum~k5 and strontium-89 for the sample to reach equilibriwm,
four - 100 milliliter samples of raw skimmilk at room temperature were
dosed with calefum+kS and strontium-89. After mixing for 1, 10, 30
‘and 60 mimites the samples were treated by exposure to 5 5rams of
Dovwex S50<W, X-12, 50-100C mesh, in the calcium form for 60 minutes after
which the smmples were filtered dy use of a suction funnel, Two 25
milliliter samples from each exposure time were sshed, precipitated
with ammonivm oxalate and counted. The percentege removal of csleium-45
and strontium-89 was calculated for each exposure time.

Removal of Calclum-45 and Strontium-89 from Milk by Use of a
Series of Four Columns

One liter of milk was passed through a series of four columns,
each conteining 12,5 grams of Dowex 50-W, X-12, 530-100 mesh in the
calcium form. The 2nd, 6th and 10th 100 milliditer portions passing
through the last column were sampled for analysis in the same manaer
a8 described previocusly. This experiment was repeated four times.
Pollowing the last run the four columns were disconnected and the



19
resin ves washed with 1 liter of 3 N hydrochloric acid. Semples of

the eluete from each of the four columns were assayed for redioactivity.

Removal of Strontium-89 and Calcium-h5 from Dosed Milk by the
Batch Method

Raw skimmilk was dosed with calcium-k5 and strontium-89, sgitated
thoroughly by hand and left undisturbed for approximately 16 hours at
40° F. After heating the milk to room temperature six - 200 milliliter
samples were put into 400 milliliter beakers and 1, 5, 10, 20, 40, and
100 grams of Dowex 50-W, X-12, 50-100 mesh, in the calcium form, were
added. After mechanical agitation for four hours the samples were
filtered by use of a suction funnel. Tvo - 25 milliliter milk semples
from each besker were dried, ashed, precipitated with ammonium oxalate,
dried and counted. Two 25 milliliter samples of milk having no resin
contact vere used as standards. The percentege removal of calcium-b5

and atrontim-80 was calculated for each quantity of resin.



RESULTS AND DISCUSSION

Values for the percentage of removal of strontium and calcium,
from milk of dosed cows, by use of ion exchange resins are summarized
in Table I. Significant differences were noted between resins, be-
tween lonic form of the resin as well as between portions passed
through the column. Results indicate that Dowex 50-W, with a cross
linkege of 12 per cent, in the calecium form is the most effective
resin tested for removal of strontium-89 and caleium-45 from milk.
From these data it is suggested that exchange of like (Ca-Ca) or
similar (Ca-Sr) ions is more easily sccomplished than the exchange
of unlike (Na<Ca or Ha-Sr) ions from milk., ALl three resins in the
calcium form showed a slightly higher percentage of removal of stron-
tium then calcium for all semples tested, although the degree varied
with resins and the portion of milk passed through the column. A
higher removal of strontium and calcium was attained in the first
portion of milk passed through the columns as compared to other por-
tions, The percentage removal decreased as the amount of milk passed
through the ¢olumm increased.

The seme general conclusions may bdbe drawn from the data pre-
sented on removing strontium and calcium from dosed milk (Tedle IX).
Bowever, between resins, between ionic form of the resin and between
the portion of milk passed through the column, no significant dif-
ferences for removal of calcium were shown. There was no significant
difference between resins for removel of strontium from dosed milk,
whereas in the case of milk from dosed cows, between resins, between



92 0 € 6 Lt o €¢h G gy 23S ™ 9 q30T
e ] 6S gt € ot 5 99 €S 09 s 09 39
N 0 gL %S LS of 69 S9 %L 9l wl 9l pug S
6 6 9% 21T 2 0o ..m 0S 05 o 9% gn 9301
6 6 9% 9 9% 6 €6 75 95 #& g5 68 39
0S 61 og 6L 09 64 66 99 L 28 2. +wg U |
ot o] e gt 2 0 6 9y ™ i W SC q30T
ot o (44 mn 6T L MM an € €S g 19 939
a2 0 oL 9 9 62 €9 26 1 9 09 ug ¢
9 0 ok LT 9T O 65 oy en &S g <SS 9301
e ¢ ¢ 24 of ¢ S %S 9 99 0¢ 0§ 19
44 s L 69 g% 1€ 9% w9 gL ¢l 0g SL puz 2
gh O % 0 T © e 44y & g€ oy &% 7301
1% 1 2¢ 91 6 ¢ 26 g% 66 09 5§ &6 939
iy ¢ 89 % ex At 29 99 6L ¢l 09 L9 e L8
%) 3§ vy ag sy Jag %) JIg ®) JIg wp  ag STdmeg XTIW To1Iy
[v" 2] XST~K0S Xi~M0S =0 XS T~M0S x._....sw pajetIanTy Jo
xano0q agFToNg Xonoq uorxog ‘1w QOT
WXl w Mu&h mo Eko_m dw

BNMNIYIOO NISHY TFORVEOXA X9 SMOD QHSOQ 40 NTIN WOML gpo0 @MV I8 40 TAGWIH ZND dId

I THHVL



9% 2 € TT gt o© T 9% 9% 6 q30T
4 2 16 %% € @ gh &S 95 wm 05 6% 439
6c % g %9 6 ¢ %9 ol %l 9L 6L 9L e aBexaaAy
oy (o} & o o o0 €y €4 9 en 66 ¢ 7301
1 0 on G 9 1L 6 gy 9% 05 @T 65 939
(0.4 0 th %9 15 €2 L &g %, o 19 28 puz 8
6T 0 ok ¢ ©” o 6 05 gn 05 9¢ 8y 130T
4 i 99 T L &I 9 69 55 @5 5 69 139
it 0 w0 19 on l< L €L 68 Sg | 18 P L
Tt 1 6 L gt ¢ 9 T4 S 8% e g% 7301
& 0 ¥ o0y g © ™M 9 9 09 95 95 939
o Y 60 19 2y  ¢¢ g5 ol oL 19 w99 g 9
538 3 Sy 3§ %535 % 38 STdes XOW 1oV
02~2 uﬁ.m% XH-NM0% 02-2 Yo ....mm Yr-n0S PORVIIINTE O
a3yong XIROF_ XBAOQ o3IO X A0q %3800  WOPRXOZ "TH OOT
o IS 3O WO BN eeYooa JO BXOI D

SNWIOD NISTM FONVHOXE Xd 8MOD (HS0d 40 WIIW WOMA gu80 OGNV I8 JO IVAOKEY LRAD ¥id

(P3nugauos) I TIEYT,



23

Xanoq

. , TFseZ J ) WIOY B
D e ot e e gAYy A sty I e tee Tty

SITTON NISHY TORVHOXE X4 NTIN GESOQ KC Id ¢80 TRV o718 40 TVAOKAY LEND HEd

II JTavI

uoglaod "W 00T

1T 0 1T 4 22 9 cc Iy 7w €S L A 44 Y301

ae ST 2 gy 3¢ g2 Ly 4S iy 19 9 1 u3Q

¢ g 09 29 T9 09 6 2L 2 e W 19 e q

K o gg 2 2 0o ™m S @ 5 I €9 7301

6t 9 ({1 ¢ T 6 &S 29 lg ¢t ¢L 39

% 9T %L g9 & 0% 9 % 9. o8 e ww@ ™ L |

14 0 ™ 6 2 0 6 Ty 6% g% %% 0S q30T

o 0 95 g« o 6 In 64 v 29 L5 95 9

oy -] %L 09 6% 1I¢ 09 9 g 8L B 9l e ¢

2 0 9 3T 6 O LS oS 65 65 Sy %S q30T

0 o 6y oy 2¢ 41 29 9S ¢ 29 19 Nw 39

o 9 69 LS o5 &€ 9 g9 gl 6L 6L L puz 2

9t © 66 € 9% 2t W ¢4 3¢ S9 € 19 9301

e 0 99 65 o <£ % SS ol @9 0 1L q39

gt (04 8 g oL 19 . ¢l 6/ 68 - P 1

%) 38 ®) X8 5 Ig  ©) X8 e __ I8 ®) I8 STdweg AW 1914
02-> X2T-M05 Xq-M05 022 X (-n0% X4~M0S PIBTIGNTT JO

Saviong | Xenoq Xonog Sarrong ¥ wmoa




T S R e T e g e e

5@0." Jo w0z =g

UTSaxX JO WIO0 v

SHWNYIOD NISHY IDRVHOXA X9 XIIN G¥S0d WOHJ 90 G’V

(peruTguod) IT TTEVY

g™t 40 TVACKY LEED did

LT % ot % 22 @ 4 ms vy g% 2w SS Y301
¢ 9 L CO 4 i€ 2 (e]4 4 65 49 05 €9 39
14 Lt 2l 19 ¢85 4 9 6 9l L Sl 6L e aPexoAy
It o g o2 6T § 1% Ul 06 2§ &h 28 30T
oe o 05 gt % 02 X 14 €9 ¢ s 95 a0
2y 9 oL 6% 9N 9< 69 99 2g 9L gL €L puz 8
0 22 0 0% 0 L ¢ W 9L #5 ©’ 2% q301
0 6 9¢ 06 ¢ 12 62 6§ o 99 o0& &S 949
6 gT 99 T. g on ™ 9 €9 &L 66 9L ue L
[+ 1t 1 4 92 of & %S 15 29 th 6 9301
"® A 96 %S e g2 9 09 19 L9 ¢s 49 U39
0% #e L 69 6S Ly 88 8L 2g 18 . g pug 9
®) I8 8 v) IS By JX§ ®) XS5 vy Iy STdWesS NLTH TSTIL
02~0 u&ao;an Xtr-MOS 02«0 XST~H06 Xt-M0% PIYETINTH JO
23 7To%q Xnogq xanoq ayrrong Xomoq Xon0( uogrod 1w 00T




25
ionic forms of the resin and between portions of milk passed through

the column were all significently different. Using Dowex S50W~X12 in
the calcium form, the percentage removal of strontium decreased at a
faster rate, as measured by the amount of milk passed through the
column, when metabolized milk was used, as compared to milk which was
dosed 16 hours before the exchange treatment. The average of eight
trials showed 76, 59 and 45 per cent removel of the strontium from
metabolized milk on samples from the 2nd, 6th and 10th 100 milli-
liter portions of milk respectively and 79, 63 and 55 for the equiva-
lent samples when dosed milk was used. The removal of strontium
from dosed milk is significantly different (P < .01) Zrom the removel
of atrontium from milk of dosed cows while no significantly different
removal of Ca®® was noted under the same circumstances. This mey

be due to the incorporation of strontium into the protein molecule

1n metabolic milk, wnereas 1a doseu ALid TAls WOUld 20T aakuy I
the case.

Date from eight trials on removal of calcium and strontium from
milk of dosed cows and data from a similar experiment using dosed
milk were subjected to analyses of variances. The # values Ior tae
mein effects, and first and second order interactions in these
experiments are presented in Table III. Significant differences were
noted between resins for the removal of both calcium-i5 and strontium-
89 milk of dosed cows but not for the removal of either from dosed
milk. Sigpificant differences were noted between days following dos-

ing of the cow for the removal of calcium-#B from milk and also
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between trials conducted on different days on dosed milk, Strontium-

89 removal wes not significently different for either. 8ignificant
differences on the removal of caleium-45 and strontium-89 between
portions passed through the column (samples) were noted on both dosed
milk and milk from dosed cows.

Raw skimnilk, without the addition of isotopes, was passed
through an exchange column identical to the ones used for milk cone
taining the isotopes. Data on the titratable acidity, curd tension,
PH, and remnet coagulation time are shown in Table IV. Before the
milk wvas psssed through the exchange column the average pH wes approxi-
mately 6.71, titratable acidity 0.162 per cent, coagulation time 490.6
seconds, curd tension 61 grsms, and the taste wes that of normal raw
skimmilk, The first 100 milliliters of milk passed through the column
had a slightly lower pH, a higher titrateble acidity, higher curd
tension and a lower rennet cosgulation time compared to the standard.
Under conditions which removed the highest percentage of strontium
and calcium from milk, these effects were more proncunced. Therefore,
as more milk was passed through the column the closer these properties
approached normel milk with the exception of curd tension which con-
tinued to increease. The shorter remnet coagulation time is partially
indicative of a higher calcium content in treated milk. As caledum
concentration increases it tends to form calcium hydrogen phosphate,
releasing hydrogen ions from caleium dihydrogen phosphate consequently
lowering the pH. Milk so treated (without sdded redicactivity) vas
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3k
tasted and found to bave a slightly ditter flavor in those samples

which exhiblted the largest »H drop.

Data on the removal of strontium and calcium £rom milk as ine
fluenced by the resin-milk contact time are presented in Table V.
A1l contact times were made on a milk-resin ratio basls of 20 to 1
using the batch techniques. Times of 1, 10, 30 and 60 minutes were
used, The aversge of three trials showed 62 per cent strontium-89
and 52 per cent caleium-45 were removed afbter 2 contact time of oue
minute, while 76 per cent strontium-39 and 67 per cent calcium-45 were
removed after 120 minutes, the zrestest difference velng from ome to
ten minutes (P < 9.05). This is illustrated more clsarly in Fig. 2
which indicates that the szolution had aporoesched =quilidrium after
10 minutes vut 20t at the end of one miaute.

The deta for the removal of strontium and calcium as influ-
znced by the isctope-mlilk contact tine are presented in Ianle VI,
Each sample was intermittently hand asgitated for either 1, 10, 30 or
£0 minutes, then treated by exposure to Dowex S0W-X12 in the caleium
form for &0 minutes under constant agitation. The milk to resin
ratio wvas 20 to 1. Results show approximstely 30 per cent removal of
strontim-89 =nd approximately 75 ver cent removal of calcium-45 with
very little difference between milk agitated for one minute and that
agitated for 60 minutes before exchange treatment. The isotopes are
fully incorporated into the milk within one minute or the rate of

incorporation at this stage 1s so slow that 60 minutes is not suffi-



TABLE V

EFFECT OF RESIN-MILK CONTACT TIME ON PER CENT REMOVAL OF
8r " AND Ca*® FROM DOSED MILK

Trial

Sr® Removal Ca%*S Removal

66 56
69 Sh
T7 70
76 69

71

Average

Time (mimutes)

1l

10

60

120
2 1 57 bl
10 &

60

120

1l

10

60

120

4

10

120
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PERCENTAGE REMOVAL

80 .

55 } .

S0 ¢ 1

|
N

20 40 60 80 00 120
Minutes Resin Contact Time

Figure 2. Effect of Resin-Milk Contact Time on Per-
cent Removal of Sr89 and Ca45 from Dosed Milk.



TABLE VI

EFFECT OF ISOTOPE-MILK CONTACT TIME ON PER CENT REMOVAL OF Sr
ARD Ca*® FROM DOSED MILX

Trial | t (mimrtes) 82% Removal Ca'S Removel
1 1 76 T
10 79 70
» 76 T2
60 T2 61
2 1 83 T8
10 8 T7
30 13 T
60 80 70
3 1 83 81
10 gg 'g
30
60 a1 78
A 1 7
% &

80
&
73
& 16
79
19
T

Average
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clent time to show a definite trend, the latter probably being the case

since less of the isotopes were removed after contact with the milk 16
hours than 60 minutes.

The data on removal of strontium and cslcium from milk by use
of a series of four ion exchange columns are shown in Table VII. This
capcslment was conducted to ccupare the action of four columns in a
series, each containing 12.5 grams of resin, to one columm containing
50 grams of resin (Table 2). No differences were noted in the per-
centage removal of strontium and calcium between the two methods.

Following the last trial each of the four columns of resin
wvas washed with 1 liter of 3 N hydrochloric acid. Forty milliliter
semples of the eluate from each of the four columns were assayed and
the radiocactivity of both calcium and strontium was found to decrease
in the resin from the first colum to the last (Table VIII).

The data in Table IX and Fig. 3 indicate a direct relationship
between the percentage of strontium and calcium removed from milk and
the amount of resin used. Because Dowex 50W-X12 in the calecium form
had appeared to be more effective in the removal of strontium
and calcium from milk than either Dowex SOW-X4 or Duolite C-20
(Tables I and II), it was used in this batch experiment. The per-
centage removal of strontium-89 ranged from a high of 9k, where
one pert resin was used per two parts of milk, to a low of 21, where
one part resin per 200 parts of milk was used. Similarily the per-
centage calcium~-h5 removel ranged from a high of 93 to a low of 16



TABLE VIX

PER CENT REMOVAL OF 8r® AND CatS FROM MILX BY USE OF
A SERTES OF FOUR EXCHANGE RESIN COLUMNS

1 2nd Th 75
6th 67 63

10th 62 51

1hth b5 38

2 ond Ti T2
6éth 52 59

10th 57 50

1hth 55 o

3 Znd T 73
6th 67 52

10t 6 30

14th ko 1

% 2ad 82 74
6th T3 51

10th 51 36

Ihth 36 31

Average ond 76 73

9



TABLE VIIX

RADIOACTIVITY RETAINED BY RESIN AFTER PASSAGE OF
MILE CONTAIKING Ca*® AND gr®®

Sré® Counts/Min]  CaeS Counts/Min/

Colum 40 ml. Kluate 40 ml, Eluate  Sri®/cq4S
1 & k51 0.1&%18
2 66 hoy 0.15h56
3 39 308 0.12662
L 18 180 0.100

ko
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TABLE IX

EFFECT OF MILK-RESIN RATIO ON FER CENT REMOVAL
OF Sr~ AND Ca*S FROM MILK

to Resin Per Cent Per Cent Compared to Non-
Trial  (wt. basis)  5r® Removal  Ca*> Removal treated milk (4)

2 Sk 93 56.7
5 & 85 20.2
10 85 76 21.5
20 67 56 23.7
Lo 50 28 20,4
200 17 8 6.9
2 2 ol ok sh. b
5 88 83 23.6
10 83 78 22.5
20 69 57 20.3
ko 56 h2 - 3.8
200 ‘l_s 17 a b
3 2 93 92 60.7
5 &7 33 22.6
10 82 Th 2.8
20 73 60 22.0
ho 56 S - 0.5
200 28 23 - 6.5
Avereage ) ol 93 57.3
o8 5 88 84 22,1
10 83 76 21.9
20 T0 57 22.0
4o 5k 3h 5.4
200 21 16 3.3
e e o
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b3
per cent. The totel resin exchange capecity (Meq./gm.) was approxi-
mately twice the amount required for complete removal of the calecium
from the milk at a milk-resin ratio of 20 to 1. At the 20 to 1 ratio
the average percentage removal of strontium was approximately 70 and
caleium 57.

Relationships between resin weight and exchange of calcium-i45
and strontium-89 from milk are useful for predictions for different
ratios. Since calcium in milk iz in a very high concentration
(6.23 meq./100 ml.) in relstion to strontium (.00093 meq./100 m.)

e linear equation was derived for celcfum-hS5 exchange on the assump-

tion of isotope dilution.,® This equation is:
e
vaa 1 : fim

.

vhere: v = weight of moist resin

quantity of resin
a = slope % removed
% not removed

f; = Ca*® percentage found in milk.,

This is nlotted in Pig. & with w on the y axis and

pexr cent of isotope removed from milk
per cent of isotope not removed from milk

on the x axis.

This equation vas tested for strontium also and a nonelinear
relationship was observed which may have been due to fon selectivity
of the resin.

1Preliminary calculetions on these relationships were made by
R. C. Mcllhenny, Radiochemist, UT-AEC Agricultural Research Leboratory.
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On the basis of calcium oxalate weights, milk treated with the
resin contained more calcium than the non-treated milk (Table VIII),
This mey be due to the excess calcium chloride not being washed from
the recharged resin when the baich system was uzed. Some additional
calceium may also come from the exchange of calcium on the resin for
strontium and other ions in milk. In general the percentage of
calcium removal from milk was less than strontium based on the total
calcium and strontium in the untreated milk,

An estimetion of the efficlency of the column system versus
the batch system was made. The following four equations were derived
by the method of least squares from the date presented in Tables 1
and 2.

Ca*® dosed milk:

7= -33.26 + 1.48736x + 1-‘{7.813:1&

Milk from CatS dosed cows

y = -154,0086 + 6.75665X + %

Sr"B

.86
Y » - 187-%3 + 5.588101 + %ﬁ;

doged milk

Milk from 5r™ dosed cows
y = -9B.620h + b.20296% + 153381

Where y = % removal and X = 100 ml. portions
passed through the column.
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The integrated forms of these equations for determining the
area under the curve were respectively:

Aw -33.26x + Th368x2 - 1928.5873 | ,508 sa7s
1.06%
» - - ho30.
A w - 15%,0086X + 3.378%%2 .]%%2 + 4030.0743

Awn « 187.006% + 2.%2 - kl.. % + 7‘&30.06&

A= - 98.6205% + 2,108 - %%gi + 3199.895

Since the colimms conteined 107 milliliters of milk and 50
grams of resin vhen completely filled, a convenient point of compari-
son was the per cent of removal for some volume less than 107 ml. and
a compareble volume in the batch system, Therefore the area under
the curve vas determined for 100 milliliters of milk. The comperi-
s0n8 of the syovems are presented in iadble X, It is estimated %hay
the column vas only 86 per cent as efficient as the batch system
for removal of Sr™, The corresponding velue for Ca*® was 88 per
cent, The lower efficiency for the column can be attributed to the
milk-ion and resin-ion complex not being allowed to come to equili-
brium. Milk wes found o contain an average of 6.23 meq. of calcium
per 100 milifliters and is estimated to contein 0.00096 meq. of
strontium per 100 milliliters., The celculations presented in
Teble X are based on these values,
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SUMMARY

Much publicity has been given the passage of strontium from the
atmosphere into food and 1ts accumulation in bone in recent months.
The strontium level in milk has been accumulating at a rate which is
causing some alarm due to the damaging effect 1t may have on the
health of humans,

Modified ion exchange resin columns and the batch system have
been used to remove strontium-89 as well as calcium-45 from both
dosed milk and milk from dosed cows. Dowex 50W-X12, Dowex 50W-XL and
Duolite C-20 were used, the first found to be most effective, by
removing 76 per cent of the strontium and T4 per cent of the calcium
from milk of dosed cows end TT and T6 per cent respectively from dosed
milk. These data represent only the second 100 milliliter portion of
one liter passed through the column.

J810g Tols modiried cojumn tecanique tine per cent resin capacity
exchanged was only 86 per cent as effective for removal of strontium-89
and 88 per cent for the removal of calcium-hs5.

Dowex 50W-X12 resin was left in contact with milk for periods
of 1, 10, 60 and 120 minutes to study the exchange rate. Differences
existed between the 1 and 10 minute periocds only.

Using the batch system and dosed milk, the percentage of removal
of strontium-89 and cslcium-45 decreased as the ratio of milk to resin

increased, The percentege of removel ranged from a high of 94 and 93
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for strontium and calcium respectively at & milk-resin ratio of 2 to 1

to a low of 21 per cent strontium and 16 per cent calcium at a milk-
resin ratio of 200 to 1.

An approximately linear relationship was found between the
ratio of calcium-i5 removed over that not removed and the quantity of

resin used,
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