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INTRODUCTION

The increased usage of muclear pover and the testing of atomic
weapong bave brought the problem of damaging effects of radiation to
public attention, In recent months mmch publicity has been given
the passage of strontium from the atmosphere into food and its accue
malation in bone.

Due to its long half-life and its blological similarity to cal-
¢lum, strontium 1s generally regarded to be one of the principal
fisslon products vhich are of concern to the heelth of humans. The
strontium level in milk has been steadily rising since 195h, the year
adequate routine measures were first made. Siace milk is the priacie
pal source of caleium of mest Western Countriss | »eople ia Sae Jadhed
Statez recetve 8‘; 7eT 2t AT fhelv Aakawr At aden Tl Lt el
(17) 1t has 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 objJect of this lnvestigation was to determine the feasi-

bility of the use of ion exchange resins to remove strontium from

Rl



REVIEW OF THE LITERAIURE

Ion Exchange

Although the treatment of water by s0lid adsorbents such as ssnd
is probebly as ancient as civilizaticn itself, the phencwmenon of ion
exchange wag £irst recognized as such in soil experiments. In 1850,
two Agricultursl Chemists, Thompson (28) and Way (29) reported on
exchange properties of certain soils, Thelr experiments showed that
upon treating certein types of soils with either ammoninm sulfate or
ammonium carbonate most of the ammonle wes adsorbed snd lime was re-
lesged, After further stuly they decided that such actlion wes due to
the complex silicates present in the soils, and concluded that ion
exchange was taking place.

The first {ndustrial use of fon exchange wms attempted by Harms
(13} 1o 3896, His effort to purify sugsr Juice by use of bese exchange
silicates wvas only partly successful. Geans (9), in 1306 also
sttempted to utilize ion exchenge for industrial purposes, This experi-
menter employed both natural snd synthetic alumimum silioates for the
purpose of softening vaters and for treating sugar solutions. A gige=
nificant step in ion exchange history was the cbgervation by Adams and
Holmes (1) in 1935, tbat certain synthetic resins were capable of
exshanging ions.

The explaration for the phencmenon of ion exchangs may be grouped
into three theoriss; the erystel-lattice exchange theory, the double-
lsyer theory, snd the Dounan membrane theory.



The crystal-lattice theory explains ion exchange by assuming
that in an ionic 2011d the constituents of the erystal lattice are
present as ilons instead of molecules. Complete dissociation of the
ionic solid 1s assumed. Euch lon in the crystel {s surrounded by a
fixed number of ions of opposite charge, and since the coulomb attrac-
tive force between these ions is dependent upon the charge on the ions
and the distance between them, the lons on the surface are bound less
tlosely than those beneath the crystal surface. When placed in a
medium such as water, these surface ions may be easily replaced by
icma in solution.

The ease with which the surface ions may be replaced by another
lon depends on {a} tle nature o2 the forces Bindiag tie foa 55 S
crystal, (b) the concentration of the exebanging fon, (e) the charge
of the exchanging ion, (d) size of the two ions, {e) the accessibiilty
of lattice ions, and (f) solubility effects (16),

The double-layer theory, as an explanation of the electrokinetic
sroperties of collolds, has been considered by meny to explein ion ex-
change., The exchange material ia believed to be a fixed inner layer of
charges surrounded by a diffuse and mobile outer layer of charges which
extend into the external liquid media., There 1s no sharp boundary be-
tween the ions in the diffuse ocuter layer and those in the equilibrium
external medium, It may be considered that the concentration of the
iona constituting the diffuse layer as varying contimiously and depend-
ing upon the concentration and pH of the external solution. Therefore,
any change in the concentration of the ione in the external solution



upsets the equilibrium ané a nev equilibrium is obtained. Some of the
lons beld in the diffuse outer layer vill De replaced by soms of the
new ions.

The Donnan masbrane theory pertains to the unegual diatridution
of ions on two sides of a menbrane, vhen cne side contains ions too
large to diffuss through the mesbrane. An unequsl distridution will
oceur becsuse of the undiffusible ions and the necesaity of maintain.
ing electroneutrality.

In applying the latter theory toc ion exchange, the exchapge
material is assumed to de the lon too large to diffuse, and elthough
in ion exchbange no membrune is used, the interface betwveen the solid
and liquid phases is assumed to represent a membrane (16),

Otting (25) discusses the problems involved in the changing of
equipment used for water treatnent to ¢ design vhich would be satis-
factory from the sanitary viewpoint for ion exchange work in milk,
The gravel in the Mottom of the vater softening device was replaced
by & wire screen and & perforated plate to reduce the milkstone. Bee
fore a commercially feasible process resulted many changes in design
of equipment and revival methods were necegeary.

Milk can be modified Dy treatment with various types of orgaaic
ion exchange materials to produce certain desired charmcteristics.
Haller and Morin (12) found that the type and extent of modifiecation
can be controlled st will Dy using the proper exchangers or combination
of exchangers snd by the proper regeneration of these exchangers. In
one trestment these vorkers profduced a soft eurd milk of norsal pH.
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In snother, epproximetely 20 per cent of the eitrates, phosphates, and
chlorides in sddition to cealcium and other eations Vere removed. Stil11
snother trestaent removed citrates and ¢hlorides and small amounts of
calefum and other cations, dut no phosphates,

Inoﬁertonhm'nunmmit-hhrormrudhgot
infants, modifications of the milk is necessary, partioularly in the
matter of eurd temsion. In 1930 Lyman (21) revealed that calcium could
be removed from cov's milk by placing it mmtactwithgremu:d, a
highly silicecus unamt-umautuemum-mm, and
that the resulting milk exhibited softecurd properties. This applica-
tion of base-sxchange silicates tothcmhltmmntofdairy
products wvas probably the first successfu) use of this principle in
connection vith a food product.

Murthy and Whitaey (23) investigated the effect of mized cation

tures st four different levels each, The pH and the ealeium, sodium,
and potessium content decreased with increasss in cation resin concen-
tration, Citrste, chloride, and sulfate content decreagsed with in-
ereases in anion resin concentration. The nitrogen content was not
affected except vhen congulation occurred.

Baseki, et al. (26) stodied the offects of treatment with fon
exchange resin on heat coagulation of milk. Calciun vas sdsorbed on a
cation exchanger of sulfonic acid structure but no clear relationship
m&mm&mmotmeimmmtupmmuhut

coagulation of milk,



Gelrke and Almy (10) investigated the adsorption affinity to
synthetic lon exchange resing of the cations and enions normel to milk,
The relative order of sdsorption of the cations from the synthetic vhey
solution vas found to be Cor+ Mg+ Ke Nat,

Baker and Gehrke (k) developed an ton exchange resin contact
tmmmmmmummummwm
directly the ion-exchangeable ealcium. They also reported (5) that
hesting skimailk to 40°, 60°, and 80° C. for 30 aimrtes had no
noticeable effect on the exchangeability of calcium. Bowever, the
exchangeable calcium was significantly decreased as the temperature of
heating fncressed from 100° o 120° C. for holding times of 30 minutes.
Similar results were reported by Gehrke and Smith (11) who alsc
obsermthtuthepﬂumcrmeﬁthepermtorimtammously
exchangeable calciuwu decrenses,

Two methods of recovering lactose from cheddar cheese vhey were
studied by McGlasson and Boyd (22), One method involved pessing the
original whey through ion exchange resina, removing the wbey protein
by beat treatment and further purifying the removed lactose solution
vith ion exchange resins. The second method differed from this only
in that the originel whey was not treated with ion exchenge resins
prior to the recovery of the protein fraction, Lactose with a higher
depeeofpuritymmmeﬁbythcamnamthod.

meummaam(n)mmtwmmmutonmme
treatednﬂkmwtomhdnﬂkﬂmmhofshbi-
lizing the evaporated product against coagulation during steriliza-
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tion at 280° F. for 15 mimites, Mineral ion exchange milk was found to

be effective in stabilising milks exhibiting a vide renge of instabile
1ty to hest.

Nexrvik, et al. (24), by both & column aud a bulk technique,
renoved nsarly 90 per cent of the trwcer isotopes of calcium and
strontium from wilk to which they had added isotopes, using Dowex-50W
rasin in the sodiwa form.

Radloactive Strontiwa
The strontium isctcpes (mass mumbers 8k through 9% and 97) may
be formed as fission products and from the bambardment of other

isotopes by muclear particles. In the fission of Uranium-235 the
strontium isctopes have a relatively large yield {about 5.8 per cent
strontium«90), Ko radiation problem is presented by the stable
isotopes of strontium 8k, 86, 87 and 88, 4in isomeric form of
strontiuma-87 and the isotopes ui, 92, 93, 94 and UT bave reimvively
short half-lives (range from ten howrs to less than twp minutes) and
consequently, would decay rapidly compared to an lsomeric form of
strontivm~85 and the isotopes 89 and 90; which bave half-lives of 65
days, 35 days, and 25 years, respectively.

Strontium is one of the alkmline earths metals, dbelonging to
Group II of the Periodic Teble along with calcium, barimm, and radium.
Strontium-90 is generally regarded as the prineipal health bazurd
anong the fission products since 1t is taken up by the Imman skeleton
vhere it remains deposited for many years. The metabolien of stron-
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thun hes been found similar to that of calctum (2, 17, 15), Schulert

and Peets (27) found that intravenously edministersd strantiuwn-85 and
calelum~i§ in man vere somevhat equally divided between bone and soft
t1asue for the first fev days sfter admintstration but that after four
months, about 99.5 per cent of the isctopes wiich vere retained in the
body were found in bome, The refenmtion among $he bones waa grestest
in vertebrae snd lesst in long bHone shafy and skull, laitially, the
bone exhibited no marked preference for one isotope over the other,
bovever, as strontim-85 was preferentislly excreted by the kidney,
the relative ratic of ealcium-i5 to stroutium~85 remaining in bone
graduslly incressed, The net retestion of the isotcpes eppeared to
level off at about 60 per cent for caleimm-45 and 25 per cent for
strontiun-85. Althngh strontium retention in the hody is less than
calelum, the distribution throughout the body seems very aimilar,

Factors influencing the health hezards of strontium hive been
estimated by health phyaicists according to (1) quantities available,
(2) 1nitial body retention, {3) fraction going fram blood to critical
body ﬁsaixe, {4) radiosensitivity of the tissue, (5) size of the
eritical crgan, (6) biologlesl half-life, (7) radioactive half-life,
(8) emergy of rudiation produceﬂ by the m:loiaotopo, and (9) specific
:I.onization and a‘.‘temmtion of e.nergy in tissue.

With the prtunt lmmrled.ge, i:b 13 haxdly poss:lbu t-o do more
than broadly indicate the M.ologicnl damege caused by strontium-50.
However, tha likely hiolngienl danege from lngestion of stro:rbim-%

may be described under four heed:lngs: leukanin, bone tunor, 11fe~
shortening and gemetic dsmage (6, 18).
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Mcording to levis (19) leokemis in man can be induced by ioniz-

mmimmdmm“msmhmuy. He estimated that a
ShmmmmuthmtsWNMoor
lmmmmﬁthpomlntionmtomhmms
bﬂyhnlef!tmtim-mmﬁmtom-tmthofm'mmpu-
nissible eoncentration”, The maximm permissidle levels are recom-
mended by the National Committee on Rsdiation Protection and Measure-
ment and represent concentrations vhich sre currently considered safe
over a lifetime and which may occasionally be exceeded for short
periods of time.

It has been demonstrated in laboratory snimsls thet acute doses
of radiostrontium cause bone tumers, As yet, nothing definite iz knowm
regarding the quantitative relationship between the magnitude of the
doss and the incidence probability of dons tumors.

Rediostrontima Movement from itmosphere to Milk
Radioactive fallout is the settling to esxrth of particles vhich

are redicactive as a result of & muclear explosion. Rediostrontium
comes down mainly in raindrops. Part of the redtfostrontium descending
will lodge in plante, and part will enter the soil and then enter
plants through their roots, The fraction which fells on leaves of
growing plants is partially sbsorbed directly into the plant (7, 20).
8011, like lon exchange resins, readily absorbs and retains most
metal ions, including stromtium. Approximately 80 per cent of the
nm:mgoamctumn&nnmmemm- of soil (7, 20).
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About 50 per ceat of the total is contained in the top one Luch layer
Mthrmhingmthnhthcnﬂtou@hotﬁwtﬁ!mhl.-
The perfod for which radiostrontium stays in %op-soil without becoming
buried relatively deep, dus to plowing, dispersion, or tranaformetion
into insoluble eompounds, is not easily estimated, lut probably ex- -
tends over several years. Nany factors, however, such as the natuve
umwn,mmumwm,tmmmnormm,m
the exacking of the 6ol in dry weather, will affect the depth of
penstration (7).

’fmuﬂhhm&mttbmmotlbwrpuon
mmammwmm-;amnuuumm
similar to caleium, It is ressonsdle to assume that calefum and
strootium are absorbed in the same manner, The groving piant dis-
cTiminates against strontimm in favor of calctum at the retio of
sbout 2 to 1 (20). The sbsorption of strontium<90 by plsats 4n a
nmh#%oﬁudmmcmummmmmu,
the highest values in plants beiug in leaf tissue (7).

Aninals markedly discriminate against strontium reletive to
calcium in their absorvtion of these elemente from feed. The stron~
ttanwt'tutymninmnuduwmotmulmmt, il
much below 1ts value in the snimel's retion., The experiments of
Comar, ot al. (7)mthouorcng:.emmt(a)_,mmmt
the ratio of the strontium concemtration in the animal's retion to thst
in the milk to be sbous T-10 to 1, The cov scts as & barrier resiste
ing the flow of strontium alang the foodechain from soil to man. This
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means that the strontium concentration (per gram of caletum) in milk is

only sbout one-geventh to one-tenth of what it 1is in the feed the eow
exts,

8ince strontium and caleium m@nm are very closely associ-
ated, concentrations of strontium are generslly expressed in terms of
caleiun. The most common snd convenient unit for this purpose is the
sunshine wnit or sometimes called the Stremtima Unit (8.U.), wvhich is
equal to the mmber of mieromicrocuries of strontiua-90 per grea of
caleivm, JIn itaelf it i{s not an absolute saount of strontium-90 but
applies only to ealc:hm contanination with stroatiwm-90; and 1t pro-
vides & direct measure of this specific contsmination. The maxiaum
permissible body burden of stroatinm-90 for the general public 1a 0,1
microeurie, corresponding to 100 8. U. (as of April 22, 1959, un-~
officially 200 8. U.). On the basis of extensive experience of
radiologists and technicians in work vith X-reys and radium therspy,
linited animal experimentations, experience with man and comparison
with background concemtrations of neturally occurring redioisotopes in
our bodies, in the air we breathe and in the water and food we con-
sume, the U, 8, National Comuittee on Radiation Protection bhas recom-
mended maximas permissihle amounts and concentrations .ot rediation
exposure.

The yearly average for the period ending July 1958 for stron-
tiws-90 in milk renged frem 4.2 to 10.2 micromicrocuries per liter,
as compared to the permissidle linit of 80 (unoffieially 100 as of
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April 22, 1959) micromicrocuries per liter (3). However, the stromtium-

90 level in milk has been stesdily rising since the first adequate
meaguresents wers taken in 195k, roughly, in proportion to the rise
in the level of strontium-90 deposition in soil., There has bdeen
approximately a fourfold increase in the avernge world strontima-90
content of milk from 195k to the level of 5-6 S. U. ia 1958 (17).



EXPERIMENTAL PROCEDURE

Removal of Strontim-89 and Calofum-h5 from Milk of Dosed Cow

Elght daily milk samples from four Jersey covs dosed orally with
one dose of calcium-h5 and strontium-89 ves seperated mechanically by
uge of 2 Delaval Junior Model 3300 seperstor and the skimmilk passed
through an ion exchenge column at room temperature. The columns vere
18 mm in dismeter and 24 inches long and contained 50 gvsas of either
Dowex 50-W, 504100 mesh cross linkage of b 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 conventional downflov system
could not be used due to packing of the resin, meking it impossible to
put the desired quantity of effinent through the column. Therefore,
the upflov system was used (see Fig. 1) in vhich solutions were passed
in at the bottom and out at the top of the container. Due to the tur-
bulent action caused by the milk entering the bottom this system can
not be called a true column action since the "layering” effect asso-
clated with column action is oot present., Flowv rete vas adjusted to
approximately 7 millfliters per mimute to avoid channeling and controd
contact time.

Both the calcium snd sodium form of each of these resins vere
tested for its effectivensss in the removal of strontim-89 and
caleium-b5 from skimmilk., After initial conditioning of the resin,
one liter of milk wes passed through each column defore the resin wes



ARSL RN RN

Figure 1.

Modified Ion Exchange Column.

1k
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again regenerated. After each operation the cations bound by the resin
were eluted by treatment with approximately 1500 milliliters of approxi-
mately 3 N hydrochloric acid. The columns vere then washed with suf-
ficient quantities of calciwa chloride or sodium chloride to convert
the exchangers into the desired form, followed with 100 to 200 milli.
liters of distilled water to wash the excess calcium or sodium chloride
from the resin. The 2nd, 6th and 10th 100 milliliter portions coming
through the column were ssmpled for anslysis. Two tventy-five milli.
liter ssmples of milk were teken from each of the 100 millfliter
portions. The semples were transferred to porcelain crucibles and
dried in en oven at 90-100° C, for a mintmm of 16 hours. They were
then trangferred to a muffle furnace and ashed at 600° C.for approxie
mately 16 hours. Approximately 2 ml of hydrochloric acid was added to
the ashed samples to bring the caleium and strontium into solution.

The semples were then transferred quantitatively to a 40 milliliter
centrifuge tube. Ome drop of methyl red was edded as en indicator.
The calcium end strontium vere precipitated by adding 3 milliliteras of
saturated smeonium oxalste, then, by neutralizing the semple with
ammoniun hydroxide until the solution wag faintly alkaline, and by
sdjusting 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 vasbed twice with distilled water and transe
ferred quantitatively 1into a tared cup-and-tube assembly. This
sssembly consisted of a tapered-end polyethylene cylinder with a
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stainless-steel Tracerlab cup forming the bottom. The M~inch plastie
tubempmnedsemmlymtothecﬂpmuthausmblymum-
tight.

Folloving centrifugation at 1800 revolutions per mimite (920
times gravity) for 10 mizutes in a 20 inch dlsmeter International cen-
trifuge, the supernnteut was drewn off and the cup removed and drted
%o a constant weight in an oven at approximetely €0° C. The smwples
vere then measured for radiosctivity by conventional methods using =a
thin mica vindow Gelger-Maller tube connected to & scaler unit.

The activity measuremenis of calciumeb5 are greatly dependent
upon themssofthesmplemsmdprmrnybmeofsm-
sbsorption of its mhtimhmme(O.ES Mev.). The total
celcium and tha correction for eself-absorption were caleulasted frem
the mass weight of the oxalate in the dry eup.

All semples were counted with an albwminum absorber of S4.5 or
66.6 mg/cn® and egain vith no absorber, Both of these sbsorbers vill
stop esgentially all the calcium-it5 bete rays from the sample and will
Teduce the styonkium«89 counts by factors of 1.39 and 1.50 respectively,
Therefore, when no absorber was used the activity waa due to both
isctopes but vhen the same sapple wes measured again with an absorber
the sctivity represented a portion of the strontium-89 only, The
caleiun-h5 contribution was calculsted by difference. The obseyved
count with the alumirm sbeorber present, times the appropriste factor
represents the sorrected strontimm-89 count. The total observed count
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with no absorber present, minus the corrected strontium-89 count s times

the mass cori‘eetion factor for calcium oxalate self-absorption repre-
sents the corrected caleium count.

The ssme procedure as described sbove was used for duplicate
samples of standards, having no resin contact,

Removal of Strontium-8G and Calcium~iS 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 insteed of being administered to the cow. Calcium-45
and strootium-89 were put into fresh raw whole milk at approximately
L P, M., mixed thoroughly and left undisturbed for 16 hours at 40° 7.
The following morning tae milk was thoroughly mixed again, aeated ia
a water bath to 30° C., and mechanically separated. After bringing
the skimmilk to room temperature the nrocedure described vreviously

was followed.

Resinemilxz and Isotope-milk Bguilibrium Studies

In order to determine how long an ion axchange resin must be
ia contact with milk containing calcium-U5 and strontium-89 to reach
equilibrium, a liter of raw skimmilk was dosed with calcium-U5 and
strontium~-89, mixed thoroughly and left undisturbed for spproximately
16 hours at 40® F. After heeting the milk to room temperature, four-
100 milliliter samples were put into 250 milliliter beskers and 5 grams
of Dowex 5Q-W, X-12, 50-10C 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 ssmplee ashed, precipitated with samonium oxslate
and counted., The seme procedure was followed for semples two, three
and four after 10, 60, and 120 gpimutes of agitation respectively. ALl
samples were mized by hand for the first mimite and by use of a mechanti-
cal sgitetor thereafter. Two 25 milliliter samples of milk having no
resin centact were used ss standsrds., The percentage remowval of
calcim~-h5 and strontimm-89 vas calculsted for each contact time.

In order to determine how long & semple of wmilk must be in con-
tact with caletum-k§ and strontium-89 for the sample o reach equilibriwas,
four « 100 milliliter samples of rav skimmilk at room temperature were
d;osed vith caleium-hS and strontium-89. After mixing for 1, 10, 30
.and 60 mimites the samples were %reated Ly exposure to 5 grams of
Dowex 50-W, X-12, 50.100 mesh, in the calcium form for 60 ninutes efter
which the samples were £iltered by use of a suction funnel, Twvo 25
milliliter samples from each expoaurs time vere sshed, preciplteted
wvith ssmonive oxalate and coumted. The percentege removal of ealcium-h5
and strontiun-80 wag calculated for each exposure time.

Rewoval of Calcium-iS and Btrontium-89 from Milk by Use of a
Serles of Pour Columns

One liter of milk wms passed through a series of four eolumms,
each containing 12,5 grems of Dowex 50-W, X~12, 30-100 mesh in the
caleium form., The 2nd, 6tk and 10th 100 milliliter poriions passing
through the last column were sampled for analysis in the same wenner
a2 described previcusly. Thiz experiment was repeated four times.
Polloving the last run the four columns were disconnectod and the
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resin wvas vaghed vith 1 liter of 3 N hydrochloric acid. Semples of

the eluste from each of the four columns were assayed for radiocactivity.

Removal, of Strontinm-89 snd Celeium-h3 from Dosed Milk by the
Batch Method

Rav skimmilk wves dosed with calcium-b5 and strontiwum-89, sgitated
thoroughly by hand and left undisturbed for spproximately 16 hours st
40° F. After heating the milk to room temperature six ~ 200 milliliter
samples vere put into 400 milliliter beakers and 1, 5, 10, 20, 40, and
100 grama of Dowex 50-W, X-12, 50-100 mesh, in the calcium form, were
sdded, After machanical egitation for four hours the samples were
£1ltered by use of & suction funnel. Two - 25 milliliter milk semples
from each besker vere dried, ashed, precipitated with ammonium oxalate,
dried and counted. Tvo 25 milliliter samples of milk baving no resin
contact were used as standards. The percentage removal of caleium-b5

and gtrontimme89 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 resing are summarized
in Table I. B8ignificant differences were noted between resins, Ge-
twveen lonic form of the resin as well zs between portions paseed
through the column. Results indicate that Dowex 50-W, with a cross
linkage of 12 per cent, in the calctum form 12 the most effective
resin tested for removal of strontium-89 snd caleium-bi5 from milk,
From these data it 1s suggested that exchange of like (Ca-Ca) or
similar (Ca-Sr) ions is more easily eccomplished than the exchange
of unlike (Ha-Ca or Ne-Sr) ions from milk, All three resins in the
calcium form showed a alightly higher percentage of removal of stron-
tium than caleium for all samples tested, although the degree varied
with resins and the portion of milk vassed through the column. A
bigher removal of strontium snd calcium was attalned in the first
portion of milk passed through the columns as compared to other por-
tions. The percentage removel decreamsed as the amount of milk passed
through the ¢olumn increased.

The sese general conclusions may be drawn from the data pree
sented on removing strontium and calcium from dosed milk (Tadble II).
Bowever, between resins, between ionic form of the resin snd between
the portion of milk passed through the column, no significant dif-
ferences for removal of calelun were éham. There wvas no significant
difference between resins for removel of strontium from dosed milk,
whereas in the case of milk from dosed cows, between resins, between
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TABLE I {(continued)

PER CENT REMOVAL OF Sr™ AND Ca®® FROM MILK OF DOSED COWS BY EXCHANGE RESIN COLUMHS
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ionic forms of the resin and detween portions of milk passed through

the columm were all significantly different. Using Dowex SOW-X1Z2 in
the calcium form, the percentage removal of strontium decreesed at a
Taster rate, as measured by the amount of milk passed through the
column, when metabolized milk was used, as compared to milk which vas
dosed 16 hours before the exchange treatment. The average of eight
trials showed 76, 59 and 45 per cent removal of the strontium Zrom
metabolized milk on samples from the 2nd, 6th and 10th 100 milli-
liter portions of mllk respectively and 79, 63 and 55 for the equive-
lent samples wben dosed millk was used. The removal of strentium
from dosed milk is significantly differsnt (2 < .01) from the removel
of atrontium from milk of dosed cows while no sigaificantly different
removal of Ca®® was noted under the same circumstances. This may

be due to the iancorporation of strontium into the protein asolecule

11 metabolic milx, woereas 1a daoseu Nlld Tald Would 10T iakely Je

the case.

Date from elaght trials on removel of caleium and strontlum from
milk of dosed cows and data from a similar experiment using dosed
111k were subjected to analyses of varlances. The & values Zor lae
main effects, and first and second order imtersctions in these
experiments are presented in Table ITII. Significant differences were
acted between resins for the removel of both caleium-35 and stroatium-
89 milk of dosed cows but not for the removal of either from dosed
milx, 3ignificant differences were noted between days following dose

ing of the cow for the removal of calcium~-45 from milk and also
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between trials conducted on different days on dosed milk, Strontiume~

89 removal was not significantly different for either. 8ignificant
differences on the remsoval of caleium-b5 and atrontiumm-89 between
portions passed through the column (sxmples) were noted on both dosed
uilk and milk from dosed cows.

Rav skimeilk, without the addition of isotopes, was pessed
through an exchange column identical tc the ones used for milk con-
taining the isotopes. Data on the titratable acidity, curd tension,
PH, and remnet cosgulation time sre shown in Table IV. Defore the
milk vas pessed through the exchange column the aversge pH was approxi-
mately 6.71, titratable acidity 0.162 per cent, coagulation time k90.6
seconds, curd tension 61 grsme, and the taste wes that of normal raw
skimmilk, The first 100 mi111}iters of milk passed through the column
had & slightly lower pH, a higher titrateble scidity, higher curd
tension and & lower rennet cosgulation time compared to the standard.
Under conditions which removed the highest percentage of strontiua
and calecium from milk, these effects were more proncunced. Therefore,
as more milk vag passed through the colunn the closer these properties
approsched noymal milk with the axcepticn of curd tension which con-
tirmed to increase. The shoxter remet cosgulation time is partially
indicative of & higher calcium content in treated milk. As calebma
coneentration increases it tends to fomm calcium hydrogen phospbate,
relessing hydrogen ions frum caleimm dihydrogen phospbate consequently
lowering the pE. Milk so trested (without added radiosctivity) ves
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tasted and found Yo bave a slightly bitter flavor in those samples

vhich exhibited the largest »H dron.

Data on the removal of strontium and calcium from :ilk as ine
Tluenced by the resin-milk contact time are presented in Tabie V.
All contact times were made on a milk-resin ratic baslis of 20 ta 1
using the batch techniques., Times of 1, 120, 30 apd 60 mimrtes were
ased, The aversge of three trials showed 62 ver cent strontium-89
and 52 per cent caleium-bS were removed after 2 contact itime of one
ninute, while 76 per cent strontium-39 and 67 per cent calcium=45 were
removed after 120 minutes, the greatest difference heing from one o
ten minmutes (P < 0,05). This is illustreted more clearly in Fig. 2
thieh indileates that the solution had approached =gmilibrium after
19 nioutes tut not at the end of one minute,

The data for the removal >f strontium and calcium as influe
znced by the isctope=millk contact tire are presented in Ianle VI,
Each sample was intermlittently hand sgitated for either 1, 10, 30 or
80 minutes, then treated by exposure to Dowex SOW-X12 in the calcium
forn for 60 mimutes under constant agitetion. The ailk to resia
ratio was 20 to 1. Results show approxiaostely 30 per sent removal of
strontim-89 =nd approximately 75 ser cent removal of calciumei#5 with
very little difference between milk agitated for one mimite and that
sgltated 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

RFFECT OF RESIN-MILX CONTACT TIME ON PER CENT REMOVAL OF
8r°" AND Ca'® FROM DOSED MILX

I Time (mimites) 3r% Removal S Removal
10 6 5
& " 70
2 1 ST "
10 T1 &
6o 68 55
120 TB 70
3 1 64 55
10 5 62
60 7 %
120 5 0
Average " Ce »
10 72 &
€0 7h 66
120 76 67




PERCENTAGE REMOVAL

80 | N

55 7

50 | .

1
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20 40 60 80 100 120
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
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cient time to shov 2 definite trend, the latter probably being the case

since less of the isotopes vere removed after contact with the milk 16
bours than 60 aimites,

The data on removal of strontium and celcium from milk by use
of a series of four lon exchange columns are shown in Table VII. Thia
capculnent was comducted to ccupare the action of four columns in a
series, each containing 12.5 grams of resin, to one column containing
50 grems of resin (Tsble 2). No differemces were noted in the per-
centage removal of sirontium and caleivum between the two methods.

Polloving the last trial each of the four columas of resin
was weshed with 1 Jiter of 3 N hydrochloric acid. Forty milliliter
semples of the eluate from each of the four colunms were agsayed and
the radicactivity of both calcimm and strontimm was found to decrease
in the resin from the first columm to the 1last {Table VIII).

The data in Table IX and Pig. 3 indicate a direct relationship
between the percentege of strontium and caleium removed from milk and
the smount of resln used., Because Dowex S0W-X1i2 in the caleium form
had appeared to be more effective in the removel of strontium
and caleiium from milk than either Dowex SOW-X4 or Duoclite C-20
{Tables T and II), it was used in this batch experiment, The perw
centege removal of strontium-89 ranged from a high of 94, where
one part resin was used per two parts of milk, to a low of 21, where
one part resin per 200 psrts of milk was used., Similarily the per-
centage calcium~h$ removal ranged from a high of 93 to a low of 16



TABLE VIX

PER CENT RRMOVAL OF 8r® AND Co®5 FROM MIILX BY USE OF
A SERIRS OF FOUR RKXCHANGE RESIN COLUMHS

3 2nd 2! 73
&th 67 52

10th L6 30

1kth ko n

% 24 8o ™
6th 73 51

10th 38 36

lhth 36 ) |

Average 2nd 76 )




TABLE VIII

RADIOACTIVITY RETAINED BY RRSIN APTER PASSAGE OF
MILE CONTAINING Ca®® AND gy™@

Sr®8 Counts/Min/ = Cee3 Counte/Min

Colwam b0 ml, Huate b0 ml, Bluate  Sr%/catS
1 & hsy 0.1818
2 66 hot 0.15456
3 3 308 0.12662
L 18 150 0.100
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TABIE IX

IN RATIO O PER CENT REMOV,
wstmn&”rmuum A

EFFECT OF MILK-

%0 Resin

{wt. basis)

Trial
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per cent. The total resin exchange capacity (Meq./gm.) was approxi.
mately twice the smount required for cauplete removal of the caleium
from the milk at a milk-resin ratio of 20 to 1. At the 20 t0 1 ratio
the average percentage removal of strontium vas approximately TO and
ealeiun 57.

Relationships between resin weight and exchenge of calcium-i5
and strontium-99 from milk are useful for predictions for different
ratios, Since calciumm in milk is in a very high concentration
(6.23 meq./100 nl.) in relstion to strontium {.00093 meq. /100 ml.)

& linear equation was derived for celcfum-h5 exchange on the aseump~
tion of isotope dtlution. This equation is:
1 -ty

-

vhere: v » welght of moist resin

gi‘b{ of resin
a = slope removed

% not removed

£7 = Ca*® percemtage found in milk.

This is plotted in Pig. % with w on the y axis and

pexr cent of Isotope removed from milk
per cent of isatope not removed from milk

on the x axis.

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

1Preliminary calculations on these relationships were made by
B. C. Mcllhenny, Rsdiochemist, UT-AEC Agricultural Research Leboratory.
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On the baeis of calcium oxalate welghts, milk treated with the
resin conteined more calcium than the non-treated milk (Table VIII).
This mey be due to the excess caleium chloride not being vashed from
the recharged resin vhen the datch system wvas used. Some additional
caleium may alse come from the exchange of calcfum on the resin for
atrontivm and other ions in milk. In general the percentage of
calcium removal from milk wvas less than stroatium besed on the total
caleium and strontium in the untreated milk,

An estimetion of the efficiency of the column syctem versus
the batch aystem wvas made, The folloving four equations were derived
by the method of least squares from the data presented in Tables 1
and 2.

Ca® doged milk:

= -33.26 + 1.LB736X + %7-3;’"

Milk from CatS dosed cows
v = -154.0085 + 6.T5665% + %gg

3r~ doged milk

.86
¥y » - 187.0063 + 5.58310:4-%3”_;

Milk from S5r™ dosed cows
y= -93.620&-&&-.202961-&%

Vhere y = % removal and X » 100 ml. portions
pessed through the column.
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The fntegrated forms of these equations for determining the
area under the curve were respectively:

Am -33.26% + ,TH36RXE - %%2 + 1928,5873

A w - 1560086 + 3.5785" - 00D 4 4o30.073
A = - 187.0063X + 2.7940x" - %“? + Th30.0660
A= - 98,6208 + 2,108 - %-@ 3199.895

Since the columns contained 10T milliliters of milk and 50
grems of reein vhen completely filled, a convenient point of compari-
son wvas the per cent of removal for some volume less than 107 ml. and
& comparable wolume in the batch system, Therefore the ares under
the curve vas determined for 100 milliliters of milk. The compari-
50n8 of vhe sywvems are presented in isble X, It is estimaved Ghat
the colunm was only 86 per cent as efficient as the batch system
for removal of Sr™, The corresponding velue for Ca'® wma 88 per
cent, The lower efficilency for the column can be attributed to the
milk-ion and reain-ion complex not being sllowed to came to equili-
briuwm. Milk was found to contain an average of 6.23 meg. of calcium
per 100 milifiiters and 1s estimated to contein 0.00096 meq. of
strontium per 100 milliliters. The calculations presented in
Teble X are baged on these walunes,
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SUMMARY

Mech publicity has been given the passage of strontium from the
atmosphere into food and its accummlation in bone in recent months.
The strontium level in milk has been accumlating at a rete which is
causing some alarm due to the dameging effect 1% may have on the
bealth of humans,

Modified lon 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 SOW-X12, Dowex SOW-XL4 and
Duolite C-20 were used, the first found to be most affective, by
removing 76 per cent of the strontium and 7h per cent of the caleium
from milk of dosed cows end 77 and 76 per cent respectively from dosed
milic. These data represent only the second 100 milliliter portion of
one liter passed through the column.

J8ing tois modiried column tecanigue tne 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-b5.

Dowex SOW-X12 resin was left in contact with milk for periods
of 1, 10, 60 and 120 minutes %o study the exchange rate. Differences
existed between the 1 end 10 minute pericds only.

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

increased, The vercentage of removal ranged from a high of 9% and 93



ho
for strontium and calcium respectively at & milk-resin ratio of 2 to 1

to a lov of 21 per cent strontium and 16 per cent calcium at a milke
resin ratio of 200 to 1.

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

resin used,
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