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CHAPTER I

TREATMENT AND DISPOSAL OF RADIOACTIVE WASTE

1.1. Introductie*:,

It has been understood for some time that the energy require-
ments of the world can be covered by fossile fuels for only a limi-
ted additional period of time. Present estimations indicate that in
30 to 50 years other energy resources should be predominant.
Of the various alternative possibilities the generation of nuclear
fission energy appears to have been developed most extensively.
However, the introduction of nuclear power brings along the prujlem
to safeguard humanity for the dangers connected v.-ith the formation
of highly radioactive waste materials. More in general the possible
detrimental influence of high energy radiation from radioactive
materials on human health is also promoted by nuclear warfare and by
the use of radioisotopes for scientific and technologic research ar.d
for medical diagnosis and therapy.

In all these cases radioactive wastes result which may contaminate
the human environment, i.e. the atmosphere but also soil and water
and the biological organisms living among them.
A good and balanced description of the dangers and their prevention
cannot be given here but should be sought in the specialized lite-
rature. An evaluation of the various risks - which may occur in the
radioactive contamination of surface water - being the most impor-
tant source for drinking water - has been carried out by LETTINGA
(1972). It may be concluded from it that in normal present day prac-
tice radioactivity is introduced into surface water in the form of
low-level waste from nuclear power plants, fuel reprocessing plants
and from certain laboratories and hospitals. The discharge of such
wastes is rather severely restricted to the internationally accepted
regulations based upon ICRP (International Committee for Radiologi-
cal Protection) recommendations. Therefore it may be assumed that
discharge does not lead to public dangers.
However, the type and chemical form of radioactivity to be released



through low-level waste can be influenced by the technique used in

its treatment. As an example the radiochemical composition of the

waste discharged at Windscale into the Irish Sea is given in table

1.1. (PRESTON et al., 1969).

Radionuclide

l06Ru
103Ru
90Sr
89S>-

1 3 7c!
95Zr
95Nb

discharged

1959-1963

2610

586

69

84

231

91

175

531

" '
t

" '
( ! ;

' •

amounts (Ci/month)

1964-1967

17?"

100

92

13

567

110

1503

2157

The changes shown between the two periods indicate among other things

the influence of alteration in the precipitation process. This was

better optimized to the removal of radiorut.henium which forms the

practical limit of disposal because ruthenium is preferentially taken

up by some seaweeds which form an important contribution to the diet

of the local population.

Furthermore the table shows the radionuclides which are most resis-

tant against precipitation and ion exchange, which purification pro-

cesses are being used at Windscale.

The severe limitations in discharge form a challenge to scientists

and engineers for developing optimal techniques for pretrestment of

the various radioactive wastes. Besides normal practice one should

consider the occurrence of an unguided contamination of surface

waters as a result of nuclear warfare or a very unlikely accident

taking place in a nuclear power plant, reprocessing plant or research

establishment. In such a case a special purification treatment of

surface water may be necessary before distribution as drinking water.



In each purification procedure a radioactivity containing fraction

results which should be stored. Especially when radioisotopes with

long half-1ifes are involved long term storage is necessary.

However, large volumes of liquid nuclear waste are difficult to

handle and therefore solidification is advisable.

This thesis deals with precipitation techniques which may be used

either in the pretreatment of radioactive waste waters or in the pu-

rification of surface water at the same time leading to a solid

radioactive fraction.

In the experiments preference has been given to fission products

which are most resistant to current purification practice ( see table

1.1). Of these radiostrontium was considered rather important.

Cs has been left out because the precipitation processes under in-

vestigation will certainly not be able to provide high decontaminati-

on factors for this radionuclide.

Moreover, some experiments were devoted to Co, a well-known radio-

isotope, produced by neutron activation of natural cobalt and being

a rather popular isotope for various technological and medical appli-

cations.

1.2. Classification of radioactive liquid wastes-

Usually radioactive wastes are divided into three classes viz.

high-level (at least 103-104 uCi/ml), intermediate-level (103-10~3

uCi/ml) and low-level waste (1O~3-1C~6 pCi/ml).

Between parenthesis the concentrations are given as proposed by the

International Atomic Energy Agency (IAEA). However, this qualifica-

tion is a rather arbitrary one .

High-level waste is produced during the chemical reprocessing of

spent fuel elements. Handling and treatment of this kind of waste

mainly consists of concentration and protected tank storage under-

ground. Natural decay is the only way of loosing its danger.

*As an illustration the categories used at Hanford may serve viz.

high-level (at least 102 yCi/ml), intermediate-level (102-10"5 uCi/ml)

and low-level waste (<10 yCi/ml).



During this storage the relatively short living isotopes decay

leaving a waste in which only the long living nuclides are left.

Perhaps in future precipitation techniques can be applied for a

further volume reduction in the last stage of storage.

However, the storage of high-level waste in the form of liquids meet

with many objections. The use of double or triple containment in order

to prevent leakage to the environment is highly uneconomical especial-

ly because of the necessity of regular replacement of tanks as a re-

sult of the highly corrosive action of nitric acid concentrates.

Therefore alternative methods in which the waste is brought in solid

form as glass or ceramic would have many advantages. These methods

are under study (FEER et al., 1972; VERKERK, 1973; van GEEL, 1974).

However, a renewed concentration of long living isotopes in a later

stage, is then not applicable.

Intermediate-level waste is a kind of waste formed as a byproduct

during the reprocessing of nuclear fuel but may also originate from

other nuclear activities viz. the regeneration of ion exchangers used

in the purification of the cooling water of a nuclear reactor or wa-

ter in storage ponds for spent fuel elements or in the treatment of

radioactive wastes from laboratories and hospitals (STRAUB, 1964;

KAHN, 1971). This waste is mostly concentrated and converted into

high-level waite but is sometimes treated as low-level waste.

In contrast to tngh- and intermediate-level waste low-level radioacti-

vity is being released into the environment. With respect to the range

in radioactivity given for low-level waste it should be noted tha!"

generally the upper activity level for the waste to be treated by

coagulation will approximate 100 times the. maximum permissible con-

centration in water (MPCW) i.e. the upper value is in the range 10 -

10"2 pCi/ml.

When low-level waste containing various radioisotopes is unloaded in-

to the biosphere where it ultimately becomes available to man, the

maximum permissible human body burden and the maximum permissible

concentration in human drinking water (MPC) for the various radio-
w

isotopes as recommended by the ICRP may serve as a guide to weigh the



specific radiotóxicity effects (IAEA, 1962). I.e. these recommenda-
tions should be translated to the local situation of discharge because
the increased radiation exposure to man is dependent on many local
factors such as

- reconcentration of discharged radienuciides by living tissues par-
ticipating in the human food chain

- adsorption of radionuclides by suspended matter and soil which is
depending on both specific properties of radionuciides and soil
components

- amounts of activity involved and degree of dilution at point of
discharge

With respect to the third point it should be noted that there exists
an important difference between disposal of a radioactive effluent in
a river or in a sea. In the first case the final dilution of radioac-
tivity is less as compared to the dilution reached by discharge into
a sea. Another important difference between river- and sea water is
the fact that river water mostly serves as a source of drinking water
supply in contrast to sea water (COLLINS, 1960; PRESTON et al-, 1969;
FOSTER. 1970; van WEERS, 1972).

An experiment carried out at Windscale showed that special limits for
discharge of radiostrontium and radioruthenium into the sea ought to
be established because of their accumulation in edible fish and sea-
weed (STRAUB, 1964; PRESTON et al., 1969; DUNSTER, 1969/1971).
From these aspects it will be clear that low-level radioactive liquid
should be purified to an acceptable level prior to discharge into the
environment. For such a purification three techniques are available
viz. evaporation, ion exchange and precipitation. Which of these tech-
niques is applied is dependent on

- the kind of radioactive liquid waste to be treated
- the required decontamination factor (DF) which is the ratio between

the original radioactivity (a ) and the concentration after treat-
ment (a): DF = a /a (The decontamination percentage is given as
D(«) = (1 - a/aQ).100 = (DF - 1).1OO/DF ).

- the needed volume reduction factor (v.r.f.) indicating the ratio



between the original volume and the volume in which the radio-
activity is finally concentrated, which is of importance for sto-
rage of the solid radioactive residue

- the money available for purification

For a comparable study about evaporation, ion exchange and precipi-
tation including these factors the reader is directed to the litera-
ture (EVELEENS, I960; AMPHLETT, 1961; STRAUB, 1964}.
Because this thesis deals with the purification of low-level radio-
active waste by precipitation, attention is paid in the following
paragraphs to some techniques already used in present day practice
viz. the ferric- and aluminium hydroxide precipitation, the lime-
soda process and the calcium phosphate precipitation.
On the basis of the results of these techniques as described in the
literature a motivation for the research as presented in this thesis
will be given.

1.3. Chemical precipitation processes.

A treatment frequently used for the purification of radioacti-
vely contaminated waste water is chemical precipitation. Because the
radionuclides in the waste are present in tracer amounts they can
only be separated together with a relatively large excess of preci-
pitate prepared in the solution e.g. r^diostrontium incorporated in
calcium carbonate.

Commonly the radionuclides are coprecipitated in form of mixed crys-
tals but frequently also other processes such as occlusion (multi-
layerocclusion) and adsorption areresponsable for a good uptake of
the radioisotopes (chapter II).

Furthermore the removal efficiency of a precipitation process for a
certain radionuclide is determined in a large manner by the preci-
pitation conditions adjusted such as the concentration of the added
precipitants, the rate and order of addition of the precipitants, the
temperature, pH, the presence of impurities etc. (chapter II).
Generally the best decontamination results will be obtained with
precipitates which have a surface charge opposite to that of the ra-



dioisotope to be bound. As examples of this three commonly used pre-
cipitation techniques as described in the next section may serve.

I.J.I. Aluminium- and ferric hydroxide precipitation.

When aluminium or ferric salts are added to a solution and the
pH is raised by the addition of lime, soda-ash or caustic soda the
hydroxides of these metals are precipitated.
In alkaline medium a negatively charged hydroxide floe is formed by
the adsorption of hydroxyl ions. The formation of such a floe is
rather favourable for the adsorption of positive ions i.e. the hy-
droxides and basic carbonates of many polyvalent cations are copre-
cipitated with the aluminium and iron hydroxide precipitate; only
alkali metals and to some extent the alkaline earth are uneffected.
As said in the introduction of this paragraph 1.3 the removal effi-
ciency of the coagulation process is dependent on factors such as
the amount and nature of the coagulants, pH, way of floe separation,
composition of the fission product mixture etc. The effect of the
amount and nature of the coagulants used and the pH on the removal
of radiostrontium is illustrated in table 1.2 (DOWNING et al., 1953).

Table 1.2. Removal of radiostvontium (2 \iCi/l + 0.54 ppm inactive
strontium) on hydroxide floas.

Nuclide
90Sr

Floe
Alum, pH 7, hard water

Fe(0H)3 at pH 6.8-7.0
10 ppm

100^ ppm
500 ppm

Fe(0H)3 at pH 11.0
100 ppm
500 ppm

% Removal
3 - 5

1 - 3
12
20

55
97

With respect to the way of floe separation it should be noted that
in labaratory tests the removal efficiency is usually better than in
operating plants because in the former case the suspensions can be
centrifuged. .



Furthermore, for mixed fission products the removal efficiency of
this process will generally be low when the mixture contains an ex-
cess of such radionuclides as caesium, strontium or iodine. The pre-
sence of an excess of radionuclides which are more easily to remove
such as the trivalent rare earth, phosphorus and zirconium-niobium
leads to a high removal efficiency (STRAUB et al., 1956).
A comparison of different floes and coagulants shows that ferric hy-
droxide floes generally give better removals than alumina floes be-
cause of the higher pH used in the former case (IAEA, 1968).
Decontamination results for some isotopes (1 uCi/1) obtained with
both methods are compared in table 1.3 (EVELEENS, 1960).

Isble 2.2, -isrc'Js.1 rs.' sf various vadionualidea fron orzifiaiai waozs
solutions 3OKta->.ing 1 uCi/l by aluminiw and iron hydro-

Precipitate

FefOH).
Al(OH),

Sr

90-95

75-90

V

95-99

Zr

99
95-99

Ru

50
0-75

Cs

33

Mixture of fis-
sion products

95
50-90

The experiments were carried out with carrier free solutions with
the exception of radiostrontium (Sr*) where also inactive strontium
(Sr) was added to the solution in a ratio (Sr)/(Sr*) = 8.104, However,
the addition of such amounts of carrier strontium is not of influence
on the radiostrontium decontamination percentage obtained (DOWNING et
al., 1953; Mc CAULEY et al., 1955).
An insight into the actual concentrations involved in such waste so-
lutions can be obtained from table 1.4.

Tails 1,4. Concentration in ppm of i uCi/l solution,

Radionuciide
90Sr
90y
95Zr

106Ru
137Cs

Concentration (ppm)

7.10"6

7.10"6

4.7xlO"8

3.10"7

1.10"5



The removal of radiocaesium can be improved by the addition of clay,

preferentially of the illitic type, during coagulation (STRAUB et

al., 1951; STRAUB, 1964; COWSER et al., 1966) or coprecipitation

with metal ferrocyanides (KRAWCZINSKY et al., 1961).

Radioruthenium is better removed by a ferro hydroxide precipitate

viz. up to 96% (STRAUB et al,, 1951; ELIASSEN et al., 1951; DE JONGHE

et al., 1959).

Radiocobalt an important radionuclide for medical application is re-

moved poorly by ferric or aluminium hydroxide coagulation processes;

a removal of 70S has been reported (KEESE, 1863) but also much lower

values (23%) have been found (LACY, 1953).

Because in the waste radioiodine is commonly present in the form of

j" or JO" it is quite clear that the removal of this radionuclide by

the negatively charged iron hydroxide floes generally will be very

poor. An illustration of this is given in table 1.5 (STRAUB, 1951).

Table l.o. Removal of radioiodine ( I) in the presence of 10 \ig/l

of inactive iodine (I): (I)/( I)

Nuclide

131j

Floe

Alum, lime and
sodium silicate
settled or filtered

Alum at pH 5.8-7.3

Fe(0H)3 at pH 5.8-6.8

= 10°.

% removal

1

0-2

0-2

However, by the addition of small amounts of copper sulphate, acti-

vated carbon or silver nitrate the removal of radioiodine can be in-

creased from a few percent to 96%. When 0.085 mg Ag+/litre is added

radioiodine can even be removed for 99%. The precipitated silver

iodide is then removed by flocculation with aluminium hydroxide

(STRAUB et al., 1951; EDEN et al., 1952).

Generally the use of sodium carbonate in the ferric and aluminium

hydroxide coagulation process leads to somewhat better results than

that of sodium hydroxide. When using carbonate in hard water some

calcium carbonate may be formed besides ferric or aluminium hydro-



xide which could improve the removal of strontium and basic carbona-

tes of other elements. The amount of calcium carbonate formed will

depend on the hardness of the water in which the coagulation process

is carried out. Indeed in hard water the best radiostrontium removal

is obtained (ELIASSEN et al., 1951).

According to LACY (1953) the application of a ferric hydroxide-

limestone precipitation for the purification of a solution containing

an initial concentration of radioactivity between 5 x 10' and 5 x

10 uCi/inl leads to a Zr and Ce removal of more than 98%.

A somewhat lower removal percentage is obtained for these radionucli-

des viz. 96% when in this combined process aluminium salts are used

instead of iron salts.

In another example of combined coagulation process iron and aluminium

salts are added to an excess of calcium phosphate precipitate. As in

this case the iron ana aluminium only serve the function of improved

precipitate formation it is not further described here.

Finally some large-scale applications of the ferric- and aluminium

hydroxide precipitation sometimes in combination with other reagents

will be given here.

- In a Russian treatment plant as described by BOLSHAKOV (1958)

ferric hydroxide floes are prepared at a pH 10 from ferric sulphate

and caustic soda. After settling and filtration the remaining radio-

active effluent is further purified in a second stage by ion-

exchange (IAEA, 1968).

The final over-all decontamination of the radioactive effluent was

99%. The observed removal for radiostrontium was 66.7% in the first

stage and 99.9% after ion-exchange. The rare earth elements, zir-

conium and niobium were removed by coagulation for approximately

90%. Radioruthenium was removed poorly and virtually no removal of

radiocaesium was obtained.

- At Windscale the aluminium hydroxide precipitation is used; the

effluent conditioned at a pH 8 with soda ash is pumped to a sett-

ling tank with the addition of 40% aluminoferric0 and 5% soda-ash.

0 aluminoferric consists of 92% Al?(S04)- and does not contain any iron .
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By these hydroxide floe treatment decontamination values up to 92-
95* for 8,Y-activity and 98* for plutonium can be obtained.
The removal efficiency is impaired by the presence of complexing
agents (FARMER, 1957; SADDINGTON, 1958; AMPHLETT, 1S61; IAEA, 1968).

- At Lucfts Heights (Australia) a similar process is used as applied
at Windscale; only the pH and the amount of coagulant are different
(IAEA, 1968).

-3 239

- At Los Alamos plutonium-bearing wastes (2.9 x 10 ppm < ( Pu) <
0.36 ppm) are treated with alkaline ferric hydroxide floes (pH 9.5).
After coagulation and ion exchange a DF of 100 results (CHRISTEN-
SON, 1951; RUCHHOFT et al., 1952; AMPHLETT, 1961; EMELITY et al.,
1966; IAEA, 1968).

l.t.2. 'Salaium carbonate precipitation 'lime-soda pvceess*.

The lime-soda process appears to be particularly interesting
for the removal of the potentially hazardous radiostrontium (DOWNING
et a ] , , 1953; STRAUS, 1964),
- When stoichiometric amounts of lime and soda-ash are added to a

solution containing radiostrontium this radioisotope is removed
from the solution by the precipitate for only 65-75%.

Most authors agree that mixed crystals of calcium- and strontium
carbonate are formed (STRA'JB et al., 1951; HOYT, 1952; DOWNING et
al., 1953; ALEXANDER et al., 1954). However, also other processes
such as adsorption, multi-layer occlusion(occlusion) and the trans-
formation of vaterite and aragonite into the stable calcium carbo-
nate modification cal cite play a part in the removal process of
radiostrontium. These processes will be discussed more comprehen-
sively in the chapters II and III.

- When an excess of soda-ash is added to a radioactive solution above
the amount equivalent to a hardness of 150 ppm calcium the radio-
nuclides strontium and zirconium can be removed for more than 90%
(table 1.6).

Radiocaesium and radioiodine appear not to be completely nonreac-
tive. For a better removal a more specific chemical should, however,

11



be added, for instance clay for the removal of caesium.

Proportion of

Stoichiometric
20 ppm excess
50
100
150
200
300

reagents

amounts
soda-ash

: removal

75.0
77.0
80.1
85.3
97.3
99.4
99.7

The calcium carbonate precipitation process can be carried out in

two forms i.e. at roomtemperature or at 90 C. In the former case

calcite is formed which has only a limited capacity (i.e. "*) for

binding radiostrontium.

In the hot process the metastable aragonite is formed and this can

take up larger amounts of strontium i.e. 95% in one step.

Me CAu'LEY and ELÏASSEN (1955) have investigated the possibility of

improving the decontamination factor for radiostrontium by forced

growth of the precipitate floe. They have used a laboratory equip-

ment shown in fig. 1.1 in which a batch of artificial waste water

is treated by the limt-soda process.

Fi.ii. 1.1. Scheme fov repeated precipitation according to M? CAUIF.Y

and ELIASSE:; (1955).

Ca(OH)

Feed

Effluent
Return sludge (seed crystals)

In this equipment the mixture is continuously circulated through a
fiocculator and settling tank. At the start the equipment is filled

12



by the waste under addition of Na-CO., (excess) and Ca(0H)„. During

recirculation additional CaC12 is added in the flocculator promoting

the growth of recirculated seed crystals from the top of the sett-

ling tank.

At the end of the process the concentration of dissolved calcium in

the liquid is decreased by an additional carbonation followed by

filtration of the total precipitate. Results are given in table 1.7.

- i t '*-<•• • " . " . •"';.• - ''!- n r j h • • ; > „ - . - r i . i ] r : - i S 2 i n z h k l u d g e y e ^ u : - ' : - . ;

pH

9.8-10.2

9.8-10.0

Na9CO,

COLD
50-100
ppm
excess

HOT
50 ppm
excess

CaCl,

PROCESS
10 doses of
5 ppm at
5 minute
intervals

PROCESS
10 doses of
5 ppm at
2 minute
intervals

Final 90Sr de-
contamination
factor (DF)

103

to background
level. .
(=2.5x10 )*

Final calcium
contents in ef-
fluent (as CaCO,)

12 ppm

£ 5 ppm

An explanation of the better results obtained in the hot lime-soda

process should be sought in a better uptake of radiostrontium by the

aragonite lattice as compared to calcite. If that is true the lattice

properties of the various calcium carbonate modifications including

also vaterite will play an important röle in the binding of radio-

strontium (DE KEYSER et al., 1950; ZELLER et al., 1956; WRAY et al.,

1957; KITANO, 1962; BATHURST, 1971).

Therefore it appeared useful to start an investigation into the fun-

damentals of this process in more detail.

**,Under background level should be understood the normal radioactivi-
-8

ty of fresh surface water, which is of the order of 4.10 uCi/ml.

On this basis the purification of 99.996% has been calculated.
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Finally some practical results of the lime-soda process for deconta-
mination of radioactive solutions as applied at the Oak-Ridge and
Marcoule plants are given.

At the Oak-Ridge National Laboratory (ORNL) the primary treatment
consists of a precipitation of calcium carbonate in order to re-
move radiostrontium and the trivalent rare earth (TRE) elements;
ill Hie clay is added for the removal of radiocaesium.
In normal plant operation (200 mg/1 of excess soda-ash as compared
to lime) an averaged removal of strontium and rare earth elements
of 84 and 86» respectively is obtained. The addition of clay re-
sults in a 86% removal of caesium.

By the addition of 200 mg/1 clay of the illitic type new improved
results for the removal of 106Ru (76%). of 60Co (78%) and of gross
3-activity (88$) were obtained and 90% of gross a-activity was re-
moved from the waste (COWSER et al., 1966; IAEA, 1968)
At ORNL studies have been undertaken to optimize the proce.-.s con-
ditions. By optimizing the quantities of lime, soda-ash and clay
in experiments carried out on laboratory scale one has succeeded
to improve the radiostrontium and radiocaesium removal to 96 res-
pectively 94% (GARDINER et al., 1961; COWSER et al., 1963; COWSER
et al., 1966). As a result the concentrations of Sr, 1 3 7Cs and
the rare earth elements present in the waste could be reduced to
less than 3 x 10"5 uCi/ml.

- At Marcoule the lime-soda process is used since 1960 for the treat-
ment of low-level waste (< 1 uCi/ml) instead of the calcium phos-
phate process.. The over-all DF is slightly higher (12 vs. 10);
for radiostrontium a DF of approximately 100 has been found
(WORMSER et al., 1964; IAEA, 1968)

1.3.3. Calaiwn phosphate precipitation.

LAUDERDALE (1951) showed that at a pH greater than 10 and in
the presence of excess of phosphate ions the removal of radioactivity
by means of calcium phosphate floes is markedly superior to that by
aluminium or iron hydroxide floes. This is mainly caused by the

14



smaller solubility of the phosphate compounds of polyvalent cations.
Under the optimum conditions for radiostrontium removal viz. a pH of
11.5 and a PO./Ca molar ratio of 2.2 the precipitate mainly consists
of hydroxyapatite (HAP) with composition 3 Ca,(P0,),,.Ca(0H),) =

' -i in
Ca10(0H)2(PO4)6 which has a solubility product of 10 * .
Radiostrontium is bound for 97.8% in form of mixed crystals
(strontium hydroxyapatite). Removal percentages as obtained by
LAUDEROALE (1951) for some other radionuclides are collected in
table 1.8.

SHVEDOV et al. (1966) have investigated the calcium phosphate pro-
cess in the USSR. When the initial calcium concentration is 300 ppm
and a PO^/Ca ratio of 5 is choosen at a pH = 10.2 - 10.4 the radio-
nuclides strontium, yttrium, barium and calcium are removed for ap-
proximately 99% from the waste water by coprecipitation.
To improve the purification properties of the phosphate floe a con-
trolled amount of a ferric salt can be added during precipitation;
basic ferric phosphate with composition 3Fe?03.FeP0».3H20 is formed.
Optimum conditions for a combined ferric and calcium phosphate pre-
cipitation as established by SEEDHOUSE et al. (1958) are 50 ppm Ca,
80 ppm P0. and 40 ppm Fe . Results for the removal of some poly-
valent cations as obtained from this study are given in table 1.8.

Disadvantages of the calcium-iron-phosphate precipitation are the
required high pH and the phosphate content of the purified efflu-
ent to be discharged.

To meet the first objection iron is sometimes replaced by aluminium
because of the lower pH (6.5 - 7.0) required for the calcium-alumi-
nium phosphate precipitation. However, the removal efficiency of
this process is only 2/3 as compared to that of the calcium-iron-
phosphate process. As a result fairly large amounts of ALP0.(800
ppm) are required for a 90% removal of radiostrontium (BURNS et al.,
1959; KEESE, 1963; MICHALSKI, 1970)

The presence of a large amount of phosphate in the discharged efflu-
ent can lead to algae growth in the water environment. To meet the
environmental aspects the phosphate concentration should not exceed
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Activity in solution

Sr

91,

i44Ce

124Sb

185W

>j

J

(Batch
, tests);
>" LAUDERDALE

(1951)

Mixed fission product
wastes (flow system
using sludge blanket
precipitator); SEED-
HOUSE (1958)

Conditions

Calcium
Na3P04

Calcium
K H2 P 04

Calcium
Na3PO4

Calcium

Calcium

Calcium
phates c

Ca 2 +, 4(

phosphate, excess

phosphate, excess

phosphate, excess

phosphate, excess

phosphate, excess

and ferric phos-
it pH 11.5; 50 ppm

) ppm Fe , 80 ppm

% removal

97.8

99.8

99.9

67.4

10.7

137Cs
14°Ce
106Ru >

Overall

0
9€
95
99
47

6
6

2

93-94

the liir.it of 80 ppm according to SEEDHOUSE (1958). This needs a

final removal of phosphate by calcium.

The calcium phosphate precipitation is used at AERE Harwell. Two

variants of the method are applied.

If the radioactive effluent contains an excessive fraction of

strontium a calcium-iron-phosphate precipitation at a pH 11.5 is

carried out (COLLINS, 1960; AMPHLETT, 1961; STRAUB, 1964; BURNS et

al., 1966; CLARKE et al., 1969).

A calcium-phosphate-copper ferrocyanide precipitation at a pH 10.0

is used when tho effluent contains an important amount of radio-

caesium (KRAWCZINSKI et al., 1961; BURNS et al., 1966). In this

case radiocaesiusi is precipitated together with copper ferrocyanide

which compound deposits besides calcium phosphate.
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In the calcium-iron-phosphate flocculation process on plant scale

iron is added in form of Fe +-ions because on this scale ferric

salts, as usually added in precipitation experiments on laboratory

scale, are too corrosive and therefore costly. If sufficient oxygen

is available in the liquid the ferrous ions are oxidized suffi-

ciently quickly during flocculation for the application of these

ions instead of ferric ions with the same over-all results.

The decontamination results obtained in the three stage low acti-

vity waste pilot plant at AERE Harwell viz. a calcium-iron-phosphate

precipitation followed by a sulphide precipitation ( Ru removal)

and passage of the radioactive effluent through vermiculite beds

( Cs removal) are summarized in table 1.9 (BURNS et al., 1959;

BURNS et al., 1966).

Table 1.9. Removal of activity in S-stage low activity pilot plant

at AERE Harusll.

Stage

Phosphate precipitation (50 ppm Ca,

80 ppm P04, 40 ppm Fe, pH 11-11.5)

2+Sulphide precipitation (20 ppm Fe ,

20 ppm S2", pH 11)

Passage through vermiculite beds

Cumulative % removal
(mean of 25 runs)

a-activity

98.78

99.65

99.95

g-activity

86.91

90.85

99.36

1.3.4. Miscellaneous purification techniques.

Sometimes in an operating plant chemical precipitation is

followed by a second or even third stage treatment which is choosen

for the removal of a specific radionuclide.

Low-level waste containing radioruthenium is purified insufficiently

by a phosphate coagulation only. To improve the radioruthenium remo-

val a second stage treatment in which the radioisotope is removed in

acid solution on an insoluble sulphide carrier is necessary. This
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may consist of adding a solution of nitrcsylruthenium nitrate
RuNO(NO,}, in 0.1 N HNO, followed by saturation with hydrogen
sulphide in the presence of cupric sulphide. Ruthenium is preci-
pitated in form of an insoluble hydrosulphide RuNU(SH), (removal
87%).
Even more than 99% of ruthenium can be removed by precipitation of
cupric sulphide in situ at a pH 1.0. Similar results are obtained
when copper sulphide is replaced by the sulphides of arsenic, anti-
mony, bismuth, cadmium, lead or tin (FLETCHER, 1955; MARTIN et al.,
1956; AMPHLETT, 1961).

Radiocaesium can be removed satisfactory by the addition of dif-
ferent types of clay viz. illite, kaolinite, vermiculite, bentonite
(LAUDERDALE, 1951; STRAUB et al., 1951; MORTON et al., 1956; STRAUB,
1964; COWSER et al., 1966); see also table 1.9.
In literature a process has also been described in which 99.9% of
the strontium activity was collected by coprecipitation in a barium
sulphate precipitate. This was carried out at a temperature of 100°C
(STRAUB, 1964) which of course has its objections in applying to
waste water. On the other hand 97% of radiostrontium could also be
removed at roomtemperature (KEESE, 1961) when applying 120 ppm of

BaS04.
The presence of calcium ions (up to 8 meq/1) on the uptake of radio-
strontium by the precipitate was shown to be of minor importance.

lf.4. Motivation of the work described in this thesis.

As has been described in paragraph 1.2 low activity waste should
be purified to an extent that makes discharge in environmental waters
possible. Precipitation processes are generally used for such a
treatment. However, the precipitates have to be separated and stored
and this leads to organisational and financial problems because of
the bulky nature.

Separation from the liquid is necessary because most precipitates
are not stable when stored in or released to the environment and
will redissolve or could lose its entrapped activity again.
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On the other hand some _f the precipitates mentioned in this chapter

are known to be very insoluble and may under certain conditions

withstand avtack of the environment. In this respect the solubility

product (SP) and reactivity against atmospheric constituents play

an important röle. In the series, calcium carbonate (vaterite SP -•

2.34xlO*8; aragonite SP = 2.34xlO~8; calcite SP = 1.96xlO'8 at 25°C);

barium sulphate (SP = 10 at 25°C), calcium hydroxyapatite (SP =

10" at 25°C) the first compounds may be sufficient insoluble and

unreactive to resist contact with rainwater and other atmospheric

conditions (C0?) during storage in the open atmosphere whereas the

latter compound may even be discharged together with the purified

solution into rivers and sea.

If radioisotopes are bound irreversibly i.e. in the form of mixed

crystals the radioactivity will be kept by the solid. This principle

might most easily be applied to the binding of radiostrontium. There-

fore the major subject of this thesis is the study of the conditions

which are most favourable for the decontamination of stror.tium by

either CaC03% BaS04 or Ca1Q(OH)2(PO4)6.

Moreover, some efforts are dedicated to the purification effect of

these precipitates on solutions of other radioisotope's such as Ru,
1 4 4Ce and 60Co.

In the precipitation of CaCO-, the application of excess soda was

considered to be impractical, therefore the study was restricted to

stoichiometric amounts in contrast to the situation in normal lime-

soda softening. Conditions were selected which tend to stimulate the

formation of aragonite at roomtemperature as the formation of

strontium containing mixed crystals is than favoured. Moreover, at-

tention was focussed on the possible use of normal water treatment

plants as are in use for municipal water delivery.

In the precipitation of calcium phosphate process variables were

optimized for the formation of hydroxyapatite at low pH among others

by adding fluoride.

A study of the decontaminating properties of BaSO, was carried out

at roomtemperature. This precipitate may have some advantages as
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- the precipitation of this compound is independent of the pH in
contrast to the other methods

- it was to be expected that the removal of radiostrontium will be
less interfered by the presence of calcium ions because the lat-
ter ions arc not bound by barium sulphate in the form of mixed
crystals.
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CHAPTER II

THEORY CONCERNING THE REMOVAL OF RADIOISOTOPES BY ADSORPTION AND

COPREGIPITATIQN

2.1. Introduction,

The decontamination methods as described in this thesis are all
three based on (co)precipitation and adsorption phenomena. Therefore
the theory concerning (co)precipitation and adsorption is briefly
discussed in this chapter (paragraph 2.2-2.4).
More specific aspects about the purification of radioactive polluted
waste water by the use of CaCO,, BaSO. and Ca-phosphate precipitation
are considered in the chapters III, IV and V.

From the theory concerning adsorption and coprecipitation it follows
that decontamination processes may be influenced by many factors. A
survey of these factors is presented in paragraph 2.5.

2.2, Precipitation.
As in precipitation various processes such as nucleation, crys-

tal growth, ripening of the crystals (Ostwald) and ageing play a role
some attention is paid to their principles.

2.2.1. Nucleation'
The formation of a solid phase is initiated by the formation

of nucle'f. It means that new centers are formed from which growth can
occur. The number of centers formed is determined by the degree of
relative supersaturstien a = (c^-c^/c^ where

c, represents the concentration of precipitants in the supersaturated
solution and

c the theoretical solubility of a large crystal (STUMM and MORGAN,
1970).

Many centers are formed at large concentrations c= leading to a pre-
cipitate with many particles and thus with a large specific surface
area; the opposite case of few centers and large crystals with a
small specific surface area is obtained at low concentrations (AGTER-
DENBOS, 1958; VOGEL, 1961; KOLTHOFF et al., 1969).
Moreover the concentration of the precipitants determines in a large
measure the rate of precipitation (nucleation). At precipitant con-
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B transition

itüMU dia.•'/••.;tn

G is free energy of activation
\ r is critical radius for a nu-

cleus.
\C solid
\ particles

\

centrations of 0.0b-0.305 M the precipitation of BaSO, takes place in
less than a few seconds; when concentrations of 0.002 M or 0.001 M
are used precipitation starts." after 5 minutes, respectively one month:
in this latter case after six month the particles have a length of
30u and a width of 15u (VOGEL, 1961).

However stable nucle'i can only be formed if a certain degree of super-
saturation is exceeded. Therefore an activation energy barrier should
be surmounted. Fig. 2.1 shows that the formation of a nucleus with
critical radius r needs a free energy chance AG .
For nucleation the free energy equation is composed of a term related
to the energy necessary to form the boundary of a nucleus (positive
term) and the free energy necessary for converting dissolved particles

into solid particles (negative term):
,3

AG = AG., (2.1)

in which r = radius of the nucleus
a = interfacial energy

and in case of equilibrium between solid and solution:

kBT In c/c i K kBT
= y =

(2-2)
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where u, = thermodynamic potential of the liquid phase
u. - thermodynamic potential of the solid phase
V = molecular volume
a - relative supersaturation

As dG/dr = 0 in point 8 of fig. 2.1 r can be calculated from equa-
tion 2.1:

8*rca - 4,rc
2iGv - 0 — . rc - *- (2.3)

Substitution of r in equation 2.1 leads to AG :

AGc = 1 6 T O 3 / A G V
2 = 16Tra3.V2/(kBT ln(l+a)}

2 (2.4)

Substitution of AG_ in the equation for the rate of nucleus formation
-3 -1represented by J (nuclei formed cm sec ) = Ak exp. - AG /kpT (2.5)

leads to ^ 2

J - Ak exp. - 1 6 f f f V - (2.6)
K 3 (kBT)

3{ln(l+a)}2

where Ar = a factor related to the efficiency of collisions of ions
or molecules

o = interfacial energy
kg = Boltzmann's constant
T = absolute temperature

a was determined by WALTON (1963) for the systems BaSO^-HgO, SrS04-
H20 and SrC03~H20 to be 123, 86 respectively 92 ergs cm"

2 (25°C).
From equation 2.6 it follows that the rate of nucleus formation is
not only dependent on the relative supersaturation a but also on the
interfacial energy, the absolute temperature and the efficiency of
the collisions AK.

Under the conditions of precipitation of CaCO,, BaSCL and Ca-phos-
phates as described in the chapters III, IV and V nucleation is a
very rapid process. In most experiments concerning the precipitation
of CaCOg nucleation was omitted.by the addition of seed crystals. In
case of CaCOo precipitation, nucleation has a special aspect because
three modifications of CaC03 can be formed viz. vaterite, aragonite
and calcite. Here Ostwald's rule holds i.e. at large relative super-
saturation a the less stable phase, viz. vaterite, is formed first

23



(chapter III).

Sometimes nuclei originally formed are of a different polymorphous
form than the final crystals. For example a substance with a large
unit cell is initially mostly precipitated as an amorphous phase.
This was observed by WALTON et al. (1963) for apatite (chapter V) who
found that calcium phosphate nucleated at high pH was an amorphous or
soft metastable substance with ratio Ca/P = 1.5.

At the moment when additional material is deposited on the for-
med nuclei crystal growth beqins. Then particles of various sizes are
formed depending on the amou..t of nuclei i.e. the concentration of
the supersaturated solution.
The rate of growth of the particles J' (= weight gain of particle
sec ) is dependent on the diffusion constant D , the diffusion lenght
1, the surface area F and the supersaturation in the solution c, - c^
according to:

For a fixed temperature and concentration this relation is simplified

to: J' = k(c L - c j (2.8)

The solubility concentration cm of a large crystal is determined by
the precipitate and therefore by the particle size according to the
Ostwald-Freundlich equation (OSTWALD, 1900; FREUNDLICH, 1909; DUNDON
and MACK, 1923; KHAMSK1I, 1952).

RT/M In c2/Cl = 2a/p (l/r2 - 1/r-j) (2.9)

In this equation c^ and c 2 are the solubilities of particles with
radii r^ and r2, p is the density of the precipitate; the interfacial
energy is represented by a and the molecular weight by M.
If r^ of the particles is large, this equation can be given in a sim-
plified form (ENÜSTÜN and TURKEVICH, 1960) viz.

RT/M In c2/cm = 2a/p r£ (2.10)

in which c^ is the solubility of macro crystals. From this relation
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it can be deduced that the solubility of BaSO. particles with a ra-

dius of 0.02 u is about 1000 times as large as particles with a ra-

dius of lu.

Besides crystal growth as explained from the theory of two dimensio-

nal nucleation (see BENNEMA, 1965), for which a certain degree of

supersaturation (a ) should be exceeded (compare paragraph 2.2.1),

there is still another theory for crystal growth viz. the BCF-theory.

In brief this theory means that a screw dislocation is present which

continuously produces steps on the crystal surface (FRANK, 1949).

According to the BCF-theory crystal growth happens even at very low

supersaturation.

The theory was further developed by BURTON, et al. (1951); for growth

from solut.wH the BCF-theory was adapted by BENNEMA (1965) leading to

the formula

J' = C . — . tanh -A
a, a

(2.11)

In this equation C and a-, are characteristic constants determining

the shape of the J'(a) function.

Two situations can be distinguished (fig. 2.2) viz.
2

a. a « a, (low supersaturation): J'=C. — (parabolic law)

b. a » a, (large supersaturation): J'=C. a (lineair law)

Fig. 2.2.
a. Theoretical curve result-

ing from the two-dimensi-
onal nucleation theory.

b. Theoretical BCF curve.
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".2.3. Oatvala ripening of cvuBtais.

After nucieation and crystal growth ripening of the crystals
takes place according to Ostwald which means that small particles
dissolve and bigger particles grow further (KOLTHOFF, 1932; LItSER,
1960). This is in accordance with equation 2.10 which indicates that
smaller particles have a larger solubility.
Therefore in the process of ripening the total surface area of the
precipitate particles is decreased. This influences the uptake of
radiostrontium by precipitates such as CaCO.,, BaSQ» and Ca-phosphates
because less precipitate surface is available for the adsorption of
strontium ions.
In case of CaCO, ripening may be accompanied by modification trans-
formations because the solubilities of the three CaCO^ polymorphs
(determined in cold water at 25°C) calcite (14,3 mg/1), aragonite
(15.3 mg/1) and vaterite {> 15.3 mg/1) are different (DE KEYSER and
DUGUELDRE, 1950; BROOKS et al., 1951); less stable vaterite and ara-
gonite may transform into calcite. However, as the stability of par-
tides is also dependent on their size larger aragonite particles
may be more stable than smaller calcite particles.
The relative total surface area (related to the final value) of a
BaSO^ precipitate formed from 0.01 M solutions of precipitants is
plotted in fig. 2.3 as a function of the time (LIESER and FABRIKANOS,
1959; LIESER, 1960).

The size of this surface area (F) vas calculated according to the
following relation (LIESER and FABRIKANOS, 19591; LIESER, 1960):

m j« -dnu =const- F < V <2-12>
where t = time of radioactivity addition I

A" = ao/mo * specific activity at time t0 I
a" - the amount of activity added at time t0 i
m » the amount of dissolved precipitate at time t0 I

(dA/dt)t = change in specific activity over the period dt \
(dm?/dtL = mass transport from the solid to the solution over

c ^o the period dt.
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Fig. 2.3. Relative total sur-
face area (related

to the final value) as a func-
tion of the time;
precipitate (BaSO^J prepared
from 0.01 M solutions of pre-
aipitants.

A = period of crystal growth
B != period of Ostwald ripening
C = ageing

5 10 15
<•» t (min)

25

Fig. 2.4. Relative mean
particle size

as a function of the
time; precipitate (BaSOa)
prepared from 0.01 M so-
lutions of precipitants.

5 10 15
t Cmln)

20 25
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Fig. 2.3 shows that after the period of crystal growth the size of
the surface area is decreased during ripening (10 min ) with a factor
of approximately 6. After 10 minutes the process of ripening is over
and a constant value for the relative total surface area F/Fm is ob-
tained.

As a result of this constant surface area after 10 minutes the mean
particle size r (spherical particles) as calculated from the relation

m (2.13)

where p = density of the solid and
S/F = (specific surface area)~l

reaches also a constant value (fig. 2.4).
In a second form of ripening occurring at higher temperatures the
total surface of the solid is decreased by fusion or aggregation of
small crystals (cementation). Here mass transport takes place to a
lesser degree.

2.4.4. Ageing.
In the ageing period the total surface area of the particles

remains constant (fig. 2.3). In this period lattice imperfections are
expelled by atomic exchange at the interface solid/solution and by
self diffusion of ions from the first ionic layer of the solid into
that solid. The latter process is a very slow one as proved from
tracer experiments carried out by LIESER and FABRIKANOS (1959); they
calculated the self diffusion coefficient D g for Ba into the BaS04

lattice as 10"17 cm2/sec.

Therefore the ageing process is mainly determined by the atomic ex-
change viz. impurities which do not form solid solutions with the pre-
cipitate (occlusion) can be expelled from the solid into the solution
leading to a more pure precipitate; at the other side foreign consti-
tuents which form solid solutions with the precipitate (mixed crys-
tals) can be bound during the ageing process (compare paragraph 2.4).
Ageing, a form of repeated recrystallization, has been defined by
KOLTHOFF (1952) to include all irreversible changes occurring in a
precipitate after it has been formed i.e. a larger time of ageing
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after precipitation leads to a less rapid recrystallization.
Many authors (KOLTHOFF and Me NEVIN, 1936; LIESER and FABRIKANOS,
1959) even propose that during ageing an equilibrium situation be-
tween the exchanging ions present in the solid and the supernatant
liquid is scarcely obtained.

2.3. Adsorption,
Adsorption is a process in which a contaminant is taken up from

solution by the surface of a solid. The contaminant can be bound on
the surface of the solid (normal adsorption, paragraph 2.3,1) but in
other cases also through exchange with lattice ions in that surface
(exchange adsorption, paragraph 2.3.2).

2.3.1. Adsorption on the surface of a solid.
The degree of adsorption of a contaminant to a solid depends

on - the weight of adsorbent available but also on
- the size of the surface area of the solid.

The size of the surface area of a solid is determined by the concen-
tration of the precipitants used. This size is increased with in-
creasing concentrations because of the higher supersaturation leading
to an increased number of nuclei (compare paragraph 2.2.1). Conse-
quently the adsorption will be more pronounced in a more supersatu-
rated solution. Besides the surface area of the precipitate available
for adsorption also the concentration of the contaminant and the so-
lubility of the compound formed from the contaminating ion and the
ion of the macro component of opposite sign, play an important role
(KOLTHOFF et al., 1969).

Concentration of the contaminant.
When the contaminant is present in a small concentration the adsorp-
tion percentage generally is much higher than for large concentrations
of contaminants.

The change in tha amount of adsorption as a function of the contami-
nant concentration is described by the so-called adsorption isotherm.
In general the following relation exists between the amount adsorbed
(x) by a given weight of precipitate and the final concentration of
the contaminant in the solution (c): x = a.cp (0<p<l) (2.14)
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Here a and p are constants. Adsorption isotherms generally have the

shape as presented in fig. 2.5.

Fig. 2.S. Adsorption isotherms of solutes.

Solubility of the compound formed from the contaminating ion and the
precipitant ion of opposite sign.

In general the adsorption of an ion on a surface is increased if that

ion would in solution form a lesser soluble compound with one of the

macro components of that surface. For sake of convenience one could

talk about the solubility of the compound (Paneth-Fajans-Hahn rule

for aiiiorption). Therefore Sr -ions are adsorbed better by BaSO.
2+

than Ca -ions on account of the smaller solubility product of SrSO^

(S=3.81xlO~7 at 17.4°C) as compared with that of CaSO4 (S=1.95xlO~
4

at 10°C).

According to Paneth-Fajans-Hahn's rule noL only the solubility of the

compound plays a part but also the electrolytic dissociation constant

of th?t compound and the deformability of the adsorbed ions i.e. the

chance that an ion will change its shape and will cover another part

of the surface area available for adsorption 'as before. Consequently

the deformability rule especially holds for large anions.

With decreasing dissociability of the compound and increasing defor-

mability the adsorption of the contaminant is increased.

Furthermore the surface charge of the adsorbent plays an important
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röle. Sr +-ions for instance are better adsorbed on a BaSO, surface
in the presence of excess than in case of a stoichiometric amount of

n

S0/"-ions.
2+When the BaSO. surface has a positive charge (excess of Ba -ions)

2+the major part of the Sr -ions remains in the solution as a result
of the repulsive forces between Sr +- and Ba +-ions.

2>Z.S, Exchange adsorption.
When the contaminating ions are not bound on the surface of

the precipitate but in the surface of that solid by exchange with
lattice inns exchange adsorption or isomorphous replacement occurs.
The exchange adsorption between lead ions and barium sulphate was
studied by KOLTHOFF et al. (1935, 1938, 1969):

BaS04 + Pb
2+ J PbS04 + Ba

2+

2+Pb -ions were not adsorbed on the surface of BaSO. but a rapid ex-
2+ 2+

change between the labelled ?b -ions and the Ba -ions in the surface
layer of the adsorbent took place.
An example related to the work as described in this thesis was given
by LIESER et al. (1965):

SrS04 + Ba
2+ t BaS04 + Sr

2+ with Kj=14.6

BaSOd + Sr
2+ t SrSO. + Ba2+ with K?= 6.55xlO"

2

H * 1/K|=15.3 -X. Kj

From the quotient 1/K« ^ K, obtained for the inverse reaction it could
be concluded that the exchange reaction was practically independent
of the chemical form of the surface which may either be SrS04 or BaS04

i.e. such systems show "ideal behaviour".

Up till now some examples were given of cationic exchange adsorption.
Of course also anionic exchange can sometimes occur in the surface of
the solid as shown for instance by the following reaction (KOLTHOFF
et-al., 1969): CaOx + S0 4

2" *• CaS04 + Ox
2"

Oust like before (paragraph 2.3.1) exchange adsorption can be explain-
ed by solubility phenomena i.e. the probability that thé micro consti-
tuent will replace the macro component in the lattice is increased
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with decreasing solubility of the compound that could be formed from

that micro constituent and one of the macro elements (Paneth-Fajans-

Hahn rule).

1.c.f.i. Kinetics of ezohange reastijna.

A heterogeneous exchange reaction can be studied by the use

of radioactive tracers (*A) and is generally represented by the re-

action
(AX)S + (*AY)L ̂  (*AX)S + (AY)L

where L denotes the solution and S the solid phase.

In such a reaction two possible reaction rate controlling steps can
be distinguished viz.
- the surface reaction at the interface solid/solution
- the diffusion from the solution to the interface solid/solution
When the suvfaae reaction is rate determining, the reaction rate, de-
fined as the decrease of the radioactivity concentration during ex-
change (-d C|/dt}, is shown by the following expression

-d*cL/dt = k.co.cL.r(xL-xQ) (2.15)

where k = rate constant
r = n /F = concentration of exchanging species in the surface
c^ = nyV = concentration of exchanging species in the solution
nQ = mole number of exchanging species in the surface
n^ = mole number of exchanging species in the solution
x = mole fraction of labelled species in the surface
XL = mole fraction of labelled species in the solution
V = volume of the solution
F = surface area of the solid

Integration of equation 2.15 results into

In(l-A) = -k(n +n, )t (2.16)

where X = fraction of exchange.
In this equation LIESER et al. (1965*) calculated for the rate con-
Stantk: In 2 a

k ( 2 1 7 >V v ' l l / 2 ao

where tyg = half-time of exchange and

aQ and am are the tracer concentrations (cpm) before respective-
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ly after exchange.

For the diffusion controlling step the reaction rate can be derived

as *
-d*cL/dt = {F.D5/V6}.cL(xL-x0) (2.18)

where 6 = the thickness of the diffusion layer
D = the diffusion coefficient

When the mean radius of the particles is much smaller than the thick-

ness of the diffusion layer,6 should be replaced by this radius.

Integration of equation 2.18 leads to

In(l-X) = -kQ (nQ+nL)/n0 =.-k'(no+nL)t (2.19)

Here kn has the dimension sec~l; k' is expressed in mole" sec" just

like k in equation 2.17

For a diffusion controlled exchange process LIESER et al. (1965*)

calculated the rate constant k' as

k' ={Ds/VS)c0 (2.20)

For the systems BaS04(s)/Ba(aq), BaS04(s)/S04(aq) and SrS04(s)/Sr(aq)

th.e rate constants for a surface(k) respectively diffusion(k') con-

trolled reaction were calculated as given in table 2.1.

Table 2.1. Mean rate constants of heterogeneous exeharige reactions
for some systems.

System

BaS04/Ba
2+

BaS04/S04
2"

SrS04/Sr
2+

mean rate constant for
the surface reaction
k (mole-lsec"1) at 20°C

9.6 + 0.6

15.0 + 0.4

21.4 + 0.4

mean rate constant for
diffusion
k' (mole-lsec"1) at 20°C

2.107

1.108

3.109

These results show that in exchange adsorption reactions the surface

reaction is the slowest and therefore the rate-controlling step.

From the experiments LIESER et al. (1965*) showed that k depends also

on - the way of preparation the samples and
- the temperature.
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r.ö.r.r. zxah&'ge adaorptioK jf jc\tjniKs>:ts havirj KC ten •>. a
•sizh the precipitate.

In the introduction of paragraph 2.3.2 already some examples
were given of heterogeneous non-isotopic exchange reactions. It was
shown there that "systems such as SrSO^/Ba and BaSO^/Sr show
"ideal" behaviour. In the same way as described there for the systems
CaCQ,/Sr and SKKWCa the equilibrium constants were found to be
K3=1.30 (l/K3=0.77 % K4) respectively K4=Q.85. Because CaC03 can
crystallize in three different modifications the deviation of these
systems of the ideal behaviour is somewhat larger (^10%) than in case
of the alkaline earth sulphates. The equilibrium constants K are cal-
culated according to the general exchange reaction:

AL + + BS + Z A S + + BL + where

A (labelled ions) and B are ions of different elements with equal
charges and the symbols L and S concern again the solution and the
solid. For this reaction the following equilibrium constant was de-
rived by LIESER et al. (1965):

K = ^ g (2.21)
ao no ml

n = the mole number of exchangeable ions B on the surface before
exchange

a
e, = the concentration of the labelled ions A in the solution before

exchange
aQ = initial radioisotope concentration
a» = radioisotope concentration after exchange

For some systems which will be discussed in the chapters III and IV
of this thesis equilibrium constants are shown in table 2.2.
In table 2.2 the half-times of recrystallization are shown too. If
this value is small the foreign ion is involved in the recrystalli-
zation process of the solid since mixed crystals are easily formed.
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• /.I.' •" ''t /•:' .ir, -_>.c-,jKia u".,.; ;. x '.''-• ;.r,*c .;" r<jryst il :::;,y:

System

BaSOa/Ca?+
BaSO?/Sr,
BaSO^/Ba^'
CaCO,/Ca^+
CaCO,/Sr,t
CaCO^/Ba^

equilibrium

2.66x10"?
6.55x10'^
1
1
1.30
0.76

half-time of recrys-
tallization t-, ,~ in
minutes

"X

1900
88
120
350
1000

In the system BaSO./Ca + where t, ,„ = °° this means that Ca -ions are
not involved in the recrystallization process of BaSO^ since mixed
crystal formation between CaSO* and BaSO- does not occur i.e. the

2+hydrated Ca -ions cannot be taken up into the lattice of BaSO,.
?+The half-times of recrystallization for the systems CaC0,/Sr and

CaC03/Ba
2+ show that LIESER et al. (1965) have studied systems in

which CaCOj was principally present in form of calcite (compare
2.4.1).

2.S.S. Adsorption of solvent.
An air-dried precipitate always contains some adsorbed water.

The amount of water adsorbed generally increases with increasing sur-
face area of the precipitate. Adsorbed water is easily removed at ap-
proximately 100°C.

Hater even can be present in form of a solid solution. Three moles
of HpO can replace one mole of BaSO. in its lattice. This water is
only gradually removed at a temperature of approximately 500°C (KOLT-
HOFF and Me NEVIN, 1936: KOLTHOFF et al., 1969).
CHANG (1958) found that BaSO. precipitated from "homogeneous solu-
tion" at 100°C contained 2-3% of water.

2.4. Copveoipitation.
The term coprecipitation is used if a precipitate is contami-

nated with a constituent which is normally soluble under the condi-
tions of precipitation.
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Coprecipitation should be well distinguished from a "simultaneous ;;
preciDitation" of two salts by which the solubility product of both
salts or a combined sa'it is exceeded. :';•
Two forms of coprecipitation are of interest viz.
- the incorporated constituent fits in the lattice of the precipitate

(mixed crystal formation or solid solution); see paragraph 2.4.1 ,
- the incorporated constituent does not fit into the crystal lattice •
of the precipitate (occlusion); see paragraph 2.4.2

A third form of coprecipitation viz. the formation of double com-

pounds such as gQ K ga £i i

' ^ B a and S ' S 0 4 i
S0 4 K Ba Cl

is very rarely and hardly of analytical interest. ;:

2.4.1. Foxna'ioK of nixed crystals or solid solutions.
In the ideal case a foreign atom is incorporated by substitu- \

tion of a major lattice atom during precipitation. When the solid re- ,[
mains in contact with the mother liquid ageing does not lead to a \
complete expulsion of the micro constituent but finally to an equi-
librium state between the precipitate and the mother liquid. The dis- '
tribution of this micro constituent over the solid and the solution -•
in the equilibrium state will be discussed at the end of this para- \
graph. j
Strontium can be bound in the form of mixed crystals by host crystals ;
of barium sulphate; strontium ions can replace barium ions because _;
SrS04 and BaS04 crystallize in the same rhombic crystal lattice -•
(fig. 2.6) but also because of the smaller ionic radius as compared j
to barium. . ?|
Generally 1t can be said that the formation of mixed crystals is fa- J
voured if: I

- compounds of both macro and minor elements have isomorphous lattices I
- the difference between the radii of the atoms of macro and mv*or 1

element is small A
- the electropositivity of these atoms is equal. |

These conditions are obeyed for both calcium and strontium hydrosy- J
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apatite Cac0H(P0,)3 and SrvOH(PO,),- Strontium ions with an ionic

radius of 1.27 A can replace calcium ions (r=1.06 A) in the hexagonal

calcium hydroxyapatite lattice. On the other hand barium ions have

the tendency to form Ba,(P0.)9 instead of apatite; the ionic radius
2+ ?

of the Ba -ion is obviously too large (r=1.43 A) for the formation

of the apatite structure (KEESE, 1963).

In the lime-soda process Sr -, Pb -(r=1.32 A) and Ba -ions can all

be taken up by the orthorhombical lattice of the aragonite crystals

formed because aragonite has an open ionic lattice arrangement.

In the hexagonal calcite lattice, however, there is only place for

ions with an ionic radius smaller than that of calcium such as Mn

(r=0.91 A). In this case mixed crystals of calcite and rhodochrosite

(MnC03) are formed (ZELLER and WRAY, 1956; WRAY and DANIELS, 1957).

The three examples of mixed crystal formation as presented here be-

tween aragonite, barium sulphate, calcium hydroxyapatite and their

analogous strontium salts have been applied for the removal of radio-

strontium from solution (chapter III, IV and V).

For coprecipitation according to the mixed crystal type two equations

were derived (FRIEDLANDER and KENNEDY, 1949; KOLTHOFF et al., 1969)
viz. - the Berthelot-Nernst equation

- the Doerner-Hoskins equation.
Berthelot-Nernst equation.

This equation was derived for the case of a homogeneous distribution

of the coprecipitated contaminant over the solid. The total crystal



is assumed to be in equilibrium with the solid. Under normal condi-
tions of precipitation a homogeneous distribution of the contaminant
over the precipitate is relatively rare. It will only occur in either
of the following events
- precipitation takes place from a highly supersaturated solution;

here precipitation leads to the formation of very fine particles
- the thermal mobility of the ions within the host crystal is great
and a long time of contact of approximately 24 hours exists between
sol id and solution

For a homogeneously distributed Sr concentration over the solid CaCO.,

(aragonite) phase the Berthelot-Nernst equation reads:
2 2 + 2 + 2 + (2.22)

where D„_N is the homogeneous distribution coefficient.
When a and a are the concentrations of the strontium and calcium° °a and a

°Sr °Ca
originally present in the solution and a<-r and a- the concentrations
in the solution after CaCO, precipitation expression 2.22 can be
written as '"

In chapter III this Berthelot-Nernst distribution law is transformed
into:

• DB.N • ( ^ ^ - 1) (2-24)

or
100 11 _ n r 100

" ' ' uB-N-lll0Ö-(C/C) r =
 x' ' UB-N-^1ÓÖ-(C/C ) c

 L! ^""'

O l/Q O Jl

which formula is applied there for some calculations.

Doermer-Hoskins equation.

As was already said a homogeneous distribution of the minor atom
speciesover the crystal cannot be expected if the concentration ratio
between minor and major element changes during precipitation. Then, ;|
an inhomogeneous distribution over the solid occurs, where equilibrium ^
exists only between ions in each new surface layer formed and the ions li
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in the solution at that moment of precipitation. Now equation 2.23 is
valid for each new surface layer formed instead of the whole solid.
The ratio of Ca +- and Sr -ions is continuously changed and therefore
the following differential equation is obtained:

" ^ S r ^ ' C a = X"aSr/aCa (2-26)

Integration of this equation from the initial concentrations a and
Sra„ to the final concentrations ac and a r, leads to:

°Ca br a

log(an /a-} = A.log{an /ar,} (2.27)

°Sr Sr °Ca Ca

where X is the heterogeneous distribution coefficient.
This expression is known as the heterogeneous distribution law of
Doerner-Hoskins (DOERNER and HOSKINS, 1925,1927; KOLTHOFF et al.,
1969).
Consequently for the coprecipitation of strontium by calcium carbonate
viz. CaCO, + Sr * SrC03 + Ca equation 2.27 means:

log{total SrZ+/Sr2+ in solution}= X.log{total Ca2+/Ca2+ in solution}

Under ideal conditions X and D„ N are numerically equal. ^ " '
2+When Dg_N or X>1 enrichment of the Sr -ions in the CaCCj precipitate

occurs.
Generally X is dependent on the precipitation conditions; in very fast
precipitations X approaches to unity.

CHANG (1958) studied the coprecipitation of lead with BaSO, prepared
from a solution in which the sulphate ion was generated by hydrolysis
of sulfamic acid at 99°C ("precipitation from homogeneous solution").
During precipitation \ was found to be constant, indicating Doerner-
Hoskins distribution. Dependent on the rate of stirring and the speed
of precipitation X was found to vary between 0.42 and 0.60.
This value is much larger as compared to that found for Dg_N for a
homogeneous distribution of lead in BaS04; by KOLTHOFF and NOPONEN
(1938) DB_N was found to be 0.027 at 95°C and 0.015 at 99°C.
GORDON et al. (1954) studied the coprecipitation of strontium with

prepared from a solution in which sulphate ions were formed from
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hydrolysis of dimethyl sulphate. The distribution of strontium between
a 20% methanol solution and the precipitate at 83°C was found to obey
the Doerner-Hoskins distribution:
l 09((Sr 2 +) 1 n i t i a l/(Sr

2 +) ( | n d)- ^ ° g < ( B a
2 + ) i n i t i a l / ( B a

2 +
W (2.29)

The amount of strontium coprecipitated was very small; when more than

50% of BaS04 was precipitated X was found to be 0.03 + 0.004.

2.4.2. OeelusioK.

A second form of coprecipitation is occlusion. As said before
here the incorporated micro constituent does not fit in the lattice
of the precipitate (KOLTHOFF et al., 1969). In contrast to mixed
crystal formation the contaminant ions are less tightly bound in the
layers of the precipitate. Therefore during ageing of the precipitate
contaminating surface ions can easily go into solution leaving an
open spot in the surface of the lattice; by this a second imperfect
layer is exposed which will go into solution as well. Continuation
of this process leads to a more pure precipitate but may lead to pro-
blems in the purifying of radioactive polluted solutions by precipi-
tation.

Such problems can be solved for an important part by the addition of
an excess of the precipitate forming anions during the decontamination

process. Radiostrontium for instance is bound very well by negatively
2+charged layers of barium sulphate formed by the addition of Ba -ions

to a radioactive solution containing an excess of sodium sulphate
(see chapter IV). In such a solution Sr -ions are bound by prefe-
rence because SrS04 is less soluble as compared to e.g. Na2S04 (Pa-
neth-Fajans-Hahn rule for adsorption, compare paragraph 2.3.1).
Moreover, the uptake of Sr -ions from solution depends on the rela-
tive concentrations of strontium, barium and sulphate ions and also
on the speed of precipitation. If the rate of precipitation is high,

2+less Sr -ions were shown to be occluded than at slow rates probably
?+because the time necessary for the diffusion of Sr -ions from solu-

tion to the negatively charged interface solid/solution is too short.
In the reversed case viz. the addition of sulphate ions to a solution



containing an excess of Ba +-ions occlusion of Cl'-ions occurs as a
result of secondary adsorption of this anion; then 1.58 g aeq of Cl~-
ions/100 moles of BaSO* is occluded. However, when an excess of SO. -
ions is present only 0.125 g aeq of Cl"-ions/100 moles of BaSQ. is oc-
cluded because Cl -ions are gradually replaced by SO. -ions which
are bound by preference (WEISER and SHERRICK, 1919).
Just as was described for the cation Sr also the degree of anion
occlusion (Cl~) depends on the rate of precipitation and the amounts
of precipitants added.

2.4.?. MitlT-i-laver osalusion.

As shown in the previous paragraph the amount of Sr -ions in-
corporated is dependent on the surface charge of the precipitate.
Sr -iuns are better adsorbed by BaSO, in the presence of an excess

2- 2+

of SO» -ions than in case of an excess of Ba -ions being present.
When a barium chloride solution is added with a fixed rate to a solu-
tion containing sodium sulphate and radiostrontium up to the stoi-
chiometric point a growing precipitate with a negatively charged sur-
face is continuously formed. Strontium is adsorbed on and subsequently
incorporated by these growing negatively charged layers until the
stoichiometric amount of bariumchloride has been added (chapter IV).
Consequently this process can be considered to be a combination of
adsorption and occlusion and may be called multi-layer occlusion.
The advantageous effect of multi-layer occlusion was also applied in
the experiments concerning phosphate precipitation (chapter V). There
a solution of calcium chloride was gradually added to a solution con-
taining sodium phosphate and radiostrontium.
2.5. Factors which may influence the removal of radioisotopes by co-

pvecipitation and adsorption.
From the theory as presented in this chapter the conclusion is

that there are various factors which may influence the radioisotope
removal by coprecipitation and adsorption such as
- the concentration of the precipitants used
- the cation/anion ratio of the precipitants
- the order of addition of the precfpitants
- the rate of addition, of the precipitants
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- the pH
- the time of ageing of the precipitate
- the temperature
- atmospheric COj
- the addition of foreign ions i.e. ions which do not belong to the

precipitate forming ions

These factors may play a more or less important part in the research
as described in the chapters III, IV and V.
With the exception of the temperature their influence on the finally
obtained radioisotope removal was investigated.

I

i
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CHAPTER I I 1

THE INFLUENCE OF THE FORMATION OF VATERITE, CALCITE AND ARAGONITE

IN THE LIME-SODA PHOCESS ON THE REMOVAL OF RADIOSTRONTIUM

ii
•X

,\ In this chapter the removal of radiostrontium from waste-
's

;; respectively surface-water by the lime-soda process will be
\ described.
; As was already communicated in the introducing chapter I the main
.:• attention has been paid to a study about the influence of the three
..; calcium carbonate phases vaterite, calcite and araoonite to the, '
j removal of radiostrontium. As known the conventional water-treatment
3 process of lime-soda softening is not only used to remove water
•| hardness but is also employed for the purification of low-level
if radioactive waste prior to discharge. Mostly excess of soda is
I added in order to produce a negatively charged precipitate surface.
I Some examples of the application of this purification process for
f radioactive liquid waste originating from nuclear power plants were
I already presented in chapter I.
'•% The method could perhaps also be used in case of an emergency situa-
I tion, viz. a nuclear detonation, for the preparation of drinking
% water from radioactively contaminated surface water (compare chapter

I I)-
5 For our experiments use was made of the radioisotope Sr instead of
." nn or
t| 3 Sr (t, = 28 y). Besides the fact that O0Sr is less hazardous to
-i *
si work with (the MPC -value differs a factor 1000 as compared with
'5- g n ™ . •
;>| Sr) the application of this radionuclide in the experiments is also
I rather suitable because
I 90 90
fg - it has no radiochemical daughter (compare S r - Y ) w h i c h might
i complicate the radioactive measurements and
•*4 ' 90

|i - it emits easily measurable y-radiation in contrast to Sr which
1 is a pure $-emitter.
>a or nn

| The use of Sr instead of Sr has no consequences for the experi-
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mental results because both radioisotopes have the same chemical pro-

perties. The experiments as discussed in this chapter differ from

process as carried out in the nuclear establishments in this way that

no excess of soda was used but a stoichiometrvc amount of precipi-

tants.

As said durifui the formation of CaCO, from CaCl~ and Na-CO, and de-

pending on the experimental conditions three modifications of CaCO-,

vis. vaterite, cal cite and/or aragonite may be formed. Some physical

properties of these modifications are described in paragraph 3.2.1.

Aranonite has the best binding properties with respect to strontium

but is gradually transformed in the solution into calcite; calcite

is the most stable form but has less binding properties for strontium.

Vaterite is the unstablest modification; it crystallizes via aragonite

•into calcite. The contribution of the three modifications to the

radiostrontium decontamination has been studied..

From the literature it follows that the formation of vaterite, calcite

and aragonite depends on many factors such as the order of addition

of the orecipitants, pH, temperature, presence- and kind of impuri-

ties. Some factors were briefly discussed in chapter II. A more de-

tailed discussion is presented in the paragraphs 3.2.2. and 3.2.3.

Addition of seeds of aragonite or calcite before precipitation of

CaCCL also influences the kind of modification formed during preci- .

pitation. The precipitation is then faster because the period of

nuclei' formation is eliminated (3.2.4). A description of the way of

preparation of vaterite, aragonite and calcite necessary for seeding

and adsorption is given in Appendix I.

To determine the relative amounts of vaterite, aragonite and calcite

in the samples X-ray diffraction was used as described in Appendix II.

In the experimental part of this chapter (3.3) the results obtained

for coprecipitation with and adsorption of radiostrontium by the

various CaCO, polymorphs both in the absence as well as in the pre-

sence of modification determining impurities are presented. The fac-

tors as described in the theoretical paragraph 3.2 which influence

the formation of the CaCO, modifications and therefore the decontami-
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nation of radiostrontium are involved in these experiments.
Because aragonite has the best binding properties for radiostrontium
in the experiments it was strived after to establish the experimental
conditions for which a maximum amount of this modification is formed.
The results originally obtained in batch procedures were applied in
some continuous, precipitation experiments; the results of these are
described in paragraph 3.3.6.

Sometimes the effect of atmospheric CO, on the removal of radio-
itrontium by the CaCO., precipitation process cannot be neglected.
Especially in the experiments where "Sr was bound by chemical ad-
sorption the radiostrontium decontamination was influenced by at-
mospheric C0~. Therefore the experiments had to be carried out in an
inert N^-atmosphere-

3.2. Theoretical aspects.

On account of 'the special character of the lime-soda process
where vaterite, aragonite and calcite are used for decontamination
purposes it is necessary, in order to have a clear insight in the
experimental results, to consider some aspects of these modifications.

3.2.1. Seme properties of vaterite, aragonite, aalaite, strontianite

and whiterite.

For the three CaCCL modifications vaterite, aragonite and
calcite two kinds of phase transitions have to be distinguished:

- phase transitions in solution
- phase transitions in the solid state.
In solution vaterite is the most unstable CaCO, modification. Vate-
rite is usually prepared at 30°C from CaCl2 and Na2C03 but converts
easily to aragonite and calcite. Calcite is the most stable phase
and is prepared generally at temperatures between 40° and 50°C.
Aragonite has a stability in between and changes gradually to cal-
cite. Aragonite is prepared at temperatures higher than 50°C.
Consequently in solution vaterite and aragonite are mainly converted
into calcite; under special conditions aragonite can be stabilized
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(3.2.3).

In the solid state the reversed processes can also occur. During
grinding of a vaterite sample and with the addition of some caicite
crystals the following reactions occur:

25 hr _,_,._ 70 hr
vaterite calcite aragonite

After 70 hours an equilibrium mixture of calcite and aragonite is
formed (BURNS and BREDIG, 1956; GAflHAGE and GLASSON, 1963). The
degree of transition

calcite = aragonite

in the solid state is a function of the temperature and the pressure
as shown in fig. 3.1 (JAMIESCN, 1953; Me DONALD, 1956).

6OO

i

400

200

0

coicite

- / /

/ / i

/

/

oracjonlte

1 t
5 10

m— pressure (Kbar)
15 20

Fig,3.1. Calcite •=. aragonite as a function of temperature and
pressure in the solid state.

" - — — - - P,T-curve according to Me DONALD:
P = 16T + 2400 (P expressed in bars, T in °C)

1 P,T-curve according to JAMIESON

As already mentioned aragonite has the best binding properties for
radiostrontium. Because strontianite (SrCO3) has the same ionic ar-
rangement in its lattice, mixed crystals between aragonite and
strontianite are easily be formed. This was shown by Mc CAULEY and
ELIASSEN (1955) for the decontamination of solutions containing 90Sr
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Table S.I. 'Physical aonstcmts of CaCO7 polymorphs, ati'ontianite ,i«j' jhz :-jyi ie{+QZ KEYSER and DUGUELDRE,
1951; o JAMIESON, 1953; *Mc" DONALD, 1956; « DALNEGRO and UNGARETTI, 1971; I Handbook of Che-
mistry and Physics, 1971; x DE VILLIERS, 1971).

modification

vaterite or
u-CaC03

calcite

aragonite

strontianite

whiterite

crystal form

hexagonal
(a=b,a=6=
90°,Y=120°)

rhomboedri-
cal (a=b=c,,
a=3=Y=46°06 )

orthorhom-
bical
(a=g=Y=90°)

orthorhom-
bical
(a=B=Y=90°)

orthorhom-
bical
(a=6=Y=90°)

lattice
constants

8

a=4.12+

c=8.556

a=6.361+

a=4.94+

b=7.94
c=5.72

a=4.9614x

b=7.9671
c=5.7404

a=4.96168

b=7.9705
c=5.7394

a=5.090x

b=8.358
c=5.997

a=5.3126x

b=8.8958
c=6.4284

density

g/cm

2.F1- +

2.54

2.714+
2.71 *
2.7102°

2.94+
2.95*
2.947°

3.701

4.43*

solubili-

ty

mg/1

>15.3
(25°C)

14+

(25°C)

15.3+
(25°C)

11*
(18°C)

22*

mean length
of C-0 bond

8

-

-

1.282X

1.285X

1.287X

mean length
of cation-0
bond g

-

-

2.S28X

2.636X

2.807x

conversion
temperature
to,calcite in
the solid
state (CC)

350*

-

450*

-



by the precipitation of araqonite and calcite.

The conditions used and the results are given below:

variation

in Ca2+/CO3
2"

ratio

0,71-2.5
(6 samples)

0.71-2.5
(6 samples)

reaction
time in
minutes

tempe-
rature

100

20-30

addition of pow-
dered aragonite
or calcite before
precipitation

1000 ppm calcite

modification
formed

aragonite

calcite

1OO

20 40 60 80 100

CQ 2* - removal ("/.)

Calcium and stpoKtium
removal by aragonite-
and calotte precipi-
tation.

From this figure it follows that aragonite has better decontamina-

ting properties with respect to the radioisotope strontium as compa-

red to calcite.

Some physical constants of the CaCO3 modifications, of strontianite

and whiterite (BaC03) are collected in table 3.1.

3.2.2. Factors influenaing the type of CaCO, precipitate formed.

In this paragraph the conditions which determine whether in

solution vaterite, aragonite or calcite is formed will be considered.

Therefore attention is paid to the following factors

- pH

- concentration and order of addition of the precipitants
- time of ageing
- temperature
- presence of impurities (3.2.3).
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The concentrations of the precipitants CaCl? and Na?CCL determine
the degree of supersaturation which influences the rate of nude"
formation, the time of ageing of the colloidal aggregates, the rate
of crystal growth and thus also the ultimate size of the crystals
formed (compare chapter II). The conditions mentioned are of influ-
ence on the type of the CaCO,-precipitate as well as on the copreci-
pitation of Sr.
In general, the use of larger precipitant concentrations leads to a

or

better coprecipitation of Sr, However, there is a practical limit
for the precipitant concentrations; too large concentrations lead to
the formation of colloidal aggregates; when the time before crystal-
lization is long expulsion of Sr into the solution takes place
(desorption). Moreover, when employing 1 M concentrations of preci-
pitants the calcite phase rather than aragonite will be favoured
(WRAY and DANIELS, 1957; compare chapter II). In other words when
large concentrations of calcium and carbonate ions are brought to-
gether and strontium ions are present as the minor constituent
coprecipitation of Sr +-ions takes place while at first colloidal
particles are formed (aggregation). In a few seconds to minutes
crystals are formed from the colloidal particles (orientation). Next
recrystaliization of the precipitate occurs. This takes hours. If
there is a long time between precipitation and crystallization, Sr +-
ions have the opportunity to escape in the solution and calcite is
formed. In the opposite case of a short period between precipitation
and crystallization Sr -ions are incorporated in the lattice of
CaC03 and aragonite is formed. The influence of impurities on the
formation of a specific CaC03 modification will be described at
length in 3.2.3.
Generally it is difficult to separate the variables governing the
process. This also appears from the data shown in the tables
3.2a and 3.2b as published by WRAY and DANIELS (1957). In these
tables the crystal modifications {%) formed are given in relation to
varying temperatures and times of ageing. In table 3.2a the order of
addition of the precipitants is the reverse of that of the experi-
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ments as presented in table 3.2b.

In the experiment of table 3,2a 20 ml of 1 M Ca(N03)2 was added to a

solution of 200 ml of 0,1 M Na^CO-j at a rate of 5 ml/min

(alkaline st- ;-ss).

In the experiment of table 3.2b 20 ml of 1 M Na^COj was added to a

solution of 200 ml of 0.1 M Ca(N0_)2 at the same rate

(neutral series).

Table .5.2a. Crystal pfiases produced b:< addinj 1 A.' 'a'\:J.{.n tu .1 .V
'iQ "

pH from 10.9 (30°C) — 9.1
rate of addition: 5 ml/min
particle size: 10-15 u

Temp.
0-
C

30

40

45

50

70

Ageing
time
(h )
0.1
0.5
3.0
10.0
18.0
0.1
0.5
3.0
10.0
18.0
0.1
0.5
3.0
10.0
18.0
0.1
0.5
3.0
10.0
18.0
0.1
0.5
3.0
10.0
18.0

Crystal modification {%)

aragonite

-
-

5

-
-
_
70
30
2
-
_

100
100
95
85
70
100
100
100
100
100

calcite

5
10
20
20
100
95
100
100
100
100
30
70
98
100
100

5
15
30
_

_

-

vaterite

95
90
80
80
_
_
_
_
_
_

_
_
_

_

_

_
_
_
-
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7uble Ó.LL. .'puaia', ohaoco vrodused bu

pH from 6.3 (30°C) -9 .1
rate of addition: 5 ml/min
particle size; 10-20 i.

Temp,

°C

30

40

50

60

70

Ageing
time
(h )

ü.l
0.5
3.0
18.0
0.1
0.5
3.0
18.0
0.1
0.5
3.0
10.0
18.0
0.1
0.5
3.0
10.0
18.0
0.1
0.5
3.0
10.0
18.0

Crystal modification (%)

aragonite

-
-
-
-
5
5
-
30
25
20
10
~
95
95
90
50
-

100
100
100
-
-

cal cite

5
5
5
25
15
45
95
100
70
75
80
90
100
5
5
10
50
100
•
-
-

100
100

vaten te

95
95
95
75
85
50

-

_

_

-
-

-
-
-
-
••
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Although there are pronounced differences between tho results of the

two experiments it can be noted that in general:

- mainly vaten'te is formed at temperatures of approximate!;, 30 C
- pure cal cite can be formed at 40°C
- mixtures of calcite and aragonite &re found between 45 and 70'c
- pure aragom'te is formed at 70°C.

At high temperatures the percentage of the various CaCO, modifica-

tions formed also depends on the ?>H. ZELLER and WRAY (1956) deter-

mined the percentage of aragonite formed at 52°C as a function of

the pH. In the pH range between 7.5-8.0 from 10-50* of aragonite was

formed. In a more alkaline medium (pH = 10.3} about y5% of aragonite

was present in the product. For the preparation of the precipitates

as used by ZELIER and WRAY (1956) the reader is referred to para-

graph 3.2.3.1.

Similar experiments as reported by WRAY and DANIELS (1957) have been

carried out by DE KEYSER and DUGUELORE (1950). The ratio of the

amount of vaterite, aragonite and cal cite in the samples was deter-

mined as a function of the temperature.

Two series of experiments were carried out in which again the order

of addition of the precipitants was the reverse:

- 450 ml of 1 H CaClo solution was added with a rate of 15 ml/min

to 500 ml of 1 M Na2C03 solution (alkaline series (A), fig. 3.3.)

- 450 ml of 1 M Na^CO, solution was added with a rate of 15 ml/min

to 500 ml of 1 M CaCU solution (neutral series (N), fig. 3.4). 3

After precipitation the primarily formed gel crystallizes slowly or p>

rapidly depending on temperature and j)H. -•!

In the experiments where CaCU was added to soda solution the £H 4

during the addition of CaCl, remained high. As a result of the pre- i

sence of free soda the solubility product of CaC0_ is exceeded to ~;i

such an extent that according toOstwald's rule (compare chapter II ,|

and paragraph 3.2.3c) pure vaterite is formed between 20° and 40°C. ;:;

From 60 C up to higher temperatures the transformation of vaterite -?

into aragonite is accelerated; the aragonite percentage gradually j»

increases as a function of the temperature. . ;4

In the other experiments the pH is increased during the addition of Jjjj
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1 M CaCI 2 1 M N a 2 C O 3 1 M N a 2 C O 3 - 1 M CaCl ,

alkaline (A) series (high pH) neutral series (N) (pH from
6.2 up to 11)

the soda solution from 6.2 up to 11.0. A colloidal precipitate is
formed which crystallized more rapidly with increasing temperature.
As a result the pH decreases from 11.0 to 7.5.
At 20°C crystallization of the colloidal precipitate only occurs

with half of the total amount of Ca +-ions. The remaining amount of
?+

Ca -ions in the solution which reacts with the remaining soda solu-
tion is too small to exceed the solubility product of vaterite.
Therefore cal cite is formed.
At temperatures between 40° and 50°C the crystallization of the ge-
latinous precipitate is accelerated. Here the supersaturation by the
addition of more soda is large enough to form vaterite.. Consequently
the less stable CaCO., phase is formed first according to Ostwald's
rule.
At still higher temperatures the rate of crystallization is further
increased. Then the less stable vaterite changes rapidly into arago-
nite. The size of the aragonite crystals is large enough to prevent
transformation into calcite. The differences between the experiments
of WRAY and DANIELS (1957) and those of DE KEYSER and DUGUELDRE
(1950) are mainly caused by:
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- the use of different concentrations and amounts of precipitants
- a different rate of addition of the precipitants; WRAY and
DANIELS (as compared to DE KEYSER and DUGUELDRE) mixed the small
amount of precipitants within a short time of 4 minutes. Although
the absolute concentration was smaller here than in the experi-
ments of DE KEYSER and DUGUELDRE the solubility product was
quickly exceeded; therefore WRAY and DANIELS found more vaterite
at low temperatures (compare fig. 3.4. and table 3.2b); at higher
temperatures more aragonite was found.
To explain the formation of the aragonite modification the possi-
ble uptake of foreign ions such as Sr , Ba2+ and Pb' in the
lattices of the CaC.03 polymorphs was involved in the discussion
of the results of WRAY and DANIELS (paragraph 3.2.3.1)

- the use of CaC12 instead of Ca(NCh)o had no influence on the re-
sults.

The results as described here and those of our research in order to
produce seed CaCO, for the Sr decontamination experiments are
compared and discussed in Appendix I of this thesis.

. . . r+ ?+ ?+ P+ v+
5.2.C .m erf sat or i^urttiea vtz. Si> , Ba" , Pb , '<!n~ , A'tv ,

+ - r- -

.Ya , Cl j SO ~ , (PC7J„ -ions on the CaCO^ modification

formed.
When the solubility product of calcium carbonate is exceeded

the precipitation process is induced by the formation of nuclei". In
the absence of nuclef the precipitation is inhibited; in this latter
case the supersaturation of the solution increases by which finally
the formation of meta-stable crystal structures of calcium carbonate
is favoured. According to JOHNSTON et al. (1916) nucleus formation
is a matter of probability.
MEYER (1965) described the theory of nucleus formation according to
Volmer and showed that there is a certain relationship between the
probability or rate of nucleus formation, the type of CaC03 nucleus
formed and the presence of impurities.
According to the theory of nucleus formation as presented in chapter
II the following equation holds

J = Ak. exp - AGc/kBT (3.1) where

AGC, the activation energy for nucleus formation, is proportional

with 53/{p2.(Act)2} (3.2)
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J - probability or rate of nucleus formation

A. - a factor related to the efficiency of collisions of ions

or molecules (frequency factor)

kD = Boltzmann's constant

'i = mean specific free interfacial enthalpy

P = density

Au is proportional with the supersaturation in the solution.

At a very large supersaturation with regard to all of the three

CaCO., modifications 5 is proportional to o and therefore

&GC (:) P/(Au)2

Consequently of the two competing CaCO. modifications and at a fixed

supersaturation the polymorph with the highest density has the smal-

lest rate of nucleus formation:

Vagonite > °calcite > pvaterite

and

aragonite *" calcite c vaterite

With respect to the relation given above the adsorption of impurities

leads to:

a. a change of 5 and therefore of the energy of nucleus formation AG
b. a change of the frequency factor A^ by inhibition of the mass

transport between the solution and the solid interface
c. a higher supersaturation (Aa) resulting in an increased rate of

nucleus formation (J); the crystal growth of calcite is hindered
by the addition of calgon, a polyphosphate, leading to a higher
supersaturation. As a result of this the formation of vaterite,
which has the highest value for J is favoured (see paragraph
3.2.3.6 and fig. 3.6).

In the following sub-paragraphs the influence of the presence of some
2+ 2+

important impurities on the CaCO- phase formed such as Sr , Ba ,

Pb 2 + (3.2.3.1), Mn 2 + (3.2.3.2), Mg 2 + (3.2.3.3), NaCl (3.2.3.4),

S0 4
2" (3.2.3.5) and calgon (3.2.3.6) will be discussed.

3.2.3.1. The influence of Sr , Ba and Pb -ions.

In paragraph 3.2.2 it was shown that during precipitation

three stages could be distinguished:

a. an aggregation where colloidal particles are formed
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'Ü
b. an orientation in which crystallization takes place ii
c, a recrystallization period. ï|
In a few seconds to minutes the colloidal aggregate undergoes orien- ïj
tation. When Sr , Ba or Pb -ions are present in the solution :;;i
they can be built in in the CaCO. lattice by coprecipitation. SrC03 ||
(strontianite), PbCO3 and B a U 3 (whiteHte) have the same ortho- f|
rhombic crystal pattern as aragonite. Because the aragonite lattice |
has an open ionic arrangement the larger Ba + (1,43 8 ) , Pb (1.32 8) S
and Sr 2 + (1.27 8)-ions can easily be built in in this CaCO, lattice. S

2+ ' ;:'!

The presence of these larger ions instead of the smaller Ca -ions £|
(1.06 8) tends to favour the formation of the anv-.ite modification. |
If such ions are present all factors which accelerate the crystalli-
zation (state b) of the. colloidal particles (state a) e.g. a higher •'!
temperature, promote the formation of aragonite. In this case these J|
ions cannot diffuse out of the CaCO., precipitate into the solution 1|
in such a way stabilizing the aragonite phase (WRAY and DANIELS, if
1957). ' |
However, when large concentrations are used colloidal precipitates ]|
are formed which results in a longer period of time between the ag- ;|
gregation and orientation state; in this time e.g. Sr -ions can dif- .|j
fuse out of the solid into the strontium depleted solution which sur- . j|
rounds it; this results in a conversion of aragonite into calcite. fj
An example to illustrate this phenomenon was given by WRAY and j
DANIELS (1957): 100% of pure aragonite was treated at 50°C either ,||
with 100 ml of 0.1 M Sr(NO-), or with 100 ml of water. After 20 hours if
of contact in the solution containing Sr -ions no trace of calcite *&
was found whereas in the other experiment 50% of calcite was formed. ||
The same stabilizing properties of Sr 2 + and of Ba -ions with rela- ft
tion to the aragonite formation were found by ZELLER and WRAY (1956). |
At a temperature of 44°C they added six portions of 20 ml 1 M NapCO- >|
to 1000 ml of 0.1 M Ca(N03)2 containing impurities in concentrations %
of approximately 10"3M. After stirring during 24-hours the precipi- If
tate was filtered off and the pH of, the filtrate was measured. The %
amounts of impurities coprecipitated in the six precipitates are f§
given in table 3.3. %

i
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Table o..7 , CpeiMrogvaphia analysis '%) of CaC07 precipitates (ZELLER

and-WRAY, 1 9 5 6 ) .

Sample

1
2
3
4 •
3

6

pH

6.9
7.1
7.4
8.1
8.6
in 9

Fe2°3
4.60
0.02
0.008
0.006
0.005
0.005

MnO

3.60
1.45
0.47
0.08
0.004
.0.0003

SrO

0.25
0.30
0.35
0.42
0.55
2.50

BaO

0.35
0.50
0,50
0.60
0.50
2.00

MgO

0.01
0,015
0,022
0.06
0.12
1.15

2+ 2+

At high pH values Sr and Ba -ions are precipitated as their car-
bonates because the carbonate concentration is increased. At lower
pH values (< 8.6) Sr + and Ba -ions are incorporated in the CaC03
lattice by coprecipitation leading to a stabilization of the arago-
nite phase.
Also VAN DER WEYDEN {1971) reports an inhibition of the calcite

2+
growth resulting in the formation of aragonite when Ba -ions are

present.

Me CAULEY and ELIASSEN (1955) have shown that the addition of non

radioactive strontium (0-10 ppm) in the process of lime-soda softe-

ning had no influence on the removal of radioactive strontium (10

ppm) by aragonite respectively calcite {tt,ble 3.4).

Table 3.4. The effect of the addition of non radioactive strontium
90

on the removal of Sr by aragonite and calcite

(Me CAULEY and ELIASSEN, 1955).

Ca2+ as CaC03
mg
25
25
25
25
25
25
25
25
25
25
25
25

CO,2" as CaCO,
3 mg 3

17
17
17
17
17
17
34
34
34
34
34
34

stable Sr
ppm

10.0
1.0
0.1
0.01
0.001
0.000
10.0
1.0
0.1
0.01
0.001
0.000

on3USr removal %
aragonite j

38
41
41
'41
43
42
95
95
97
98
97
99

calcite

57
• 54
.54
56
57
53
81
84
84
83
83
84
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HESER (1965) has calculated the half-time of recrystal1ization in

the system CaGO^/Me . As known from the theory presented in chapter

II a short time of recrystallization means that the formation of

mixed crystals is possible.

On the ground of the slow uptake of Ba *-ions into the CaCO, lattice

as shown in table 2.2 it should be concluded that LIESËR probably

has used calcite in his experiments.

Until now it was assumed that Sr +, Pb + and Ba +-ions always sta-

bilize aragonite relative to calcite (BATHURST, 1971). However,

there is a critical limit. When the pure minerals aragonite and

calcite are in equilibrium, SrCO, should be present in aragonite

for at least 15 mol % in order to stabilize this mineral as compared

to calcite (He DONALD, 1956; GREEN, 1967), Because the maximum known ••:?

content of Sr in the aragonite mineral is only 3.87 mol % (DEER et $.

a!., 1962) it is unlikely that aragonite precipitated in a sedimen- i

tary environment, will be stabilized in this way. •!

Also the total amount of stabilizing ions (Pb +, Sr +, Zn ) present |

in the natural mineral (8-9%) is insufficient for the stabilization |

of aragonite; from thermodynamical data it can be deduced that at f

least 15 mol % of such ions are needed to stabilize aragonite rela- |

tive to calcite (Me DONALD, 1956): jf

chemical potential of CaCO.* = chemical potential of CaC0o f

in aragonite (p ) in calcite (y ) "i

AT,P,X,...X J =UL(T,P,X1...X_) %

RT in x C
Y
C

^ 100

RT 298.R $

x\ A/x CY C = 0.71 i 0.15 (3.4) |

When the activity coefficients y are equal to unity i.e. ideal solu- '||

tions then x A = (0.71 ± 0.15) xC. Consequently at least 15 mol % of |

components other than CaC03 should be present to stabilize aragonite

relative to calcite. That Sr and Ba -ions do not always stabilize

•g,\



aragonite rather than calcite was indeed found by KITANO (1958;
1962). Kitano evaporated solutions of Ca(HCO,)5 which contained 280

2+ppm of Ca -ions and also impurities of different origin:
Ca(HC03)2 - CaC03+ + C 0 ^ + HgO

The solutions were kept at 28°C (- 3°) for two weeks. In this period
the pH increased from 6.7 up to 8,0 because CO, could escape.
In the presence of 2 ppm Sr" -ions added as Sr(HCO,)9 a maximum ara-

2+gonite formation occurred; by the addition of more Sr -ions the
percentage of aragonite decreases.
If Srfc -ions were added in the form of SrCU no aragonite formation
was observed. In this case the unfavourable effect of the Cl"-ions
was dominating the favourable influence of the Sr +-ions.
According to KITANO (1962) and in contrast to earlier communications
of many authors (MURRAY, 1954; KITANO, 1956; ZELLER and WRAY, 1956;
WRAY and DANIELS, 1957) Ba -ions appear to hinder the formation of

2+

aragonite. Only the addition of very large amounts of Ba -ions pro-
motes the formation of vaterite up to 100% at a temperature of about
12°C.
From the discussion above it follows that in literature there are
still contradictions. However, this may be caused by differences in
the experimental conditions.

2+3,2.3.2. The influence of Mn -ions.
MnCO, (rhodochrosite) just like calcite crystallizes in the

2 + ohexagonal crystal modification. Mn -ions (0.91 A ) are smaller than
Ca -ions (1.06 A); therefore Mn -ions tend to favour the more
compact ionic arrangement of the calcite lattice.
In the precipitation experiment of ZELLER and WRAY (1956) as shown

?+already in table 3.3 Mn -ions can disappear from the solution in

two different ways:
a. MnCO, is deposited first and serves as seed material for the pre-

cipitation of calcite
b. MnZ+-ions are built in in the lattice of calcite by means of co-

precipitation.

In both cases the formation of the hexagonal calcite lattice is fa-
voured rather than the orthorhombic aragonite crystal form.
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At present most investigators agree that the presence of :',4
Mg -ions promotes the formation-of aragonite strongly (BROOKS et V]
al., 1951; LIPPMAN, 1960; KITANO, 1962; CURL, 1962; VAN DER WEYDEN, ]\

1971). ^

The growth of calcite is inhibited by the obstructive adsorption of i\
hydrateo Mg -ions. In this case dolomite CaMg(CO,)2 may be formed :•{
VAN DER WEYDEN, 1971; BATHURST, 1971). .»!
Then the supersaturatiyn in the solution is increased resulting in ft
a crystallization of the metastable aragonite phase in accordance -i\
with the rule of Ostwald. 5|

5.2.3,4, The influence of NaCl. --f|
When increasing amounts of NaCl are added to the solution }.[

the ionic strength is increased (salt-effect) and the activity |{
2+ 2- '•&

coefficients of the Ca and CO- -ions are decreased. To maintain s
2+ ~s

the solubility product of CaCO, the concentration of the Ca and S
o • •-1

the CO, -ions in the solution must then be increased. Then the "%

solubility of CaCO3 increases (BATHURST, 1971). |

Consequently the rate of precipitation is decreased and the forma- '-|

tion of the stable calcite modification is favoured. -|

KITANO (1962) found that all the alkali chlorine compounds inhibit sj

the formation of aragonite. ?f

At lower temperatures NaCl promotes the formation of calcite while |j

at higher temperatures the formation of vaterite is favoured (KITA- ;3

NO, 1962 ). This can be deduced from fig. 3.5a and b. KITANO (1962) %

also investigated the combined influence of NaCl and of MgCl? on ~|

the CaCO, precipitate formed. This is shown in fig, 3.5c and 3.5d. %

When the amount of NaCl added is increased from 1.5 g/1 up to 5 g/1 %

and a small quantity of MgClg (0.07 g/1) is added there is only a !|

small difference between the composition of CaC03 polymorphs formed -;|

(fig, 3.5b and c). %

If more HgClg is added (0.7 g/1) the aragonite modification is fa- s|

voured above vaterite, especially at higher temperatures (fig. 3.5d). ||

In this case the effect of MgCl2 instead of NaCl is dominating. %

i
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,5.2.3.6. The influence of SO," -ions.

^ S O ^ promotes the formation of aragonite (JOHNSTON et
al., 1916; KITANO, 1962; VAN DER WEYDEN, 1971). In sea water ara-
gonite is mostly found in areas where SO/~-ions are present. Pro-
bably the stabilizing properties of the sulphate ions dominate over
the negative influence of the Cl -ions.

3,2.3.6. The influence of oalgon.

Calgon (PO,)" is a complex mixture of polymetaphosphates
and polyphosphates. The substance has the ability to hinder or even
to prevent nucleation. When large amounts of calgon are added even
the growth on calcite seeds is inhibited. RAISTRICK (1949) explained
this phenomenon by an introduction of a PO"-group instead of a

2-CO., -group in the calcite lattice. Then the electrical potential
2+necessary for the adsorption of a new Ca -layer is reduced

strongly.

The prevention of nucleus formation is related to the fact that
there should be a defined critical size of the nucleus necessary
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for growth (compare chapter II). When this critical size is not
reached the nucleus dissolves again. The inhibition of the growth
of calcite leads to a large supersaturation of the solution which
is favourable for the crystallization of metastable phases such as
vaterite.

A more theoretical explanation of the influence of calgon based on
Volmer's theory of nucleus formation was already discussed in the
introduction of this paragraph (3.2.3c).
In figure 3.6 a phase diagram is shown according to BROOKS et al.,
(1950). Varying amounts of calgon were added as a function of the
molar ratio Na?C03 to CaCU at 20°C. In particular attention should
be paid to the conditions under which vaterite is formed.

16

a

o

u
CM

O

z

gaylussite

mixed CaCO3 • HgO
and CaCO3- 6 H2O

200 400
_ ppm calgon

6 0 0 800

Fig. 3.6. Phase diagram (BROOKS et al., 1950).

3.2.4. The influence of the addition of seed crystals.
The addition of seed crystals to a solution accelerates the

rate of precipitation because the period of nucleus formation is
omitted (Me CAULEY and ELIASSEM, 1955).

Seed crystals serve as nucleT for freshly precipitated substance.
When precipitation takes place more rapidly, more radioactive
strontium is coprecipitated (3.2.2).

A
A

n
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A second advantage of the addition of seed material is the fact that
during precipitation mainly crystals of the same structure as those
of the seed material are formed; for instance when aragonite is used
as a seed, CaCQ, is mainly precipitated in the form of aragonite.
Normally aragonite can only be prepared at higher temperatures (ta-
ble 3.2). However, when aragonite seeds are added at roomtemperatura

CaCO, can also precipitate in the form of aragonite. In this case a
85large decontamination factor for Sr may be obtained by the effect

of coprecipitation.

3.3. EXPERIMENTAL PART

5.3.1. Introduction.

The conditions necessary for an optimum radiostrontium decon-
tamination by the lime-soda process under stoichiometric conditions
were investigated. First some preliminary experiments were carried
out to develop a suitable apparatus and mode of operation (3.3.2).
As mentioned in paragraph 3.2.4 seeding of the solution before pre-
cipitation favours the decontamination process. Seeding the solution
beforehand with aragonite or calcite both in coprecipitation (3.3.3)
as well as in adsorption experiments (3.3.4) was investigated.
Because aragonite is the most effective CaC03 modification for radio-
strontium decontamination purposes, foreign ions (compare paragraph
3.2.3) ware added in order to stabilize this modification (3.3.5).
The results of the batch experiments were applied to some continuous
precipitation experiments which are described in paragraph 3.3.6.

With respect to the radioactive samples used it should be noted that
as a rule they contain a relative large amount of carrier strontium.
For experimental purposes a sample originating from the Radiochemical
Centre of Amersham (U.K.) with code SOS 1, containing 1 mCi Sr/ml
(0.080 mg Sr total), was diluted 104 fold with water; i.e. when 10 ml
of such a liquid containing 1 yCi Sr was added to 40 ml solution at
the same time the relative large amount of stable strontium of appro-
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ximately 8xlQ~5 mg (= 0.0016 ppm) was introduced in that solution.
Only a small part of the latter amount is radioactive as can be cal-
culated with the following formula:

G = 8.84xlO*14xMxth (3.5)

inhere
G = weight of the activated radioisotope (g/Ci)
M = atomic weight of the radioisotope
t. = time of half-life of the radioisotope (sec).

85Substitution of the data for Sr leads to:
G = 8.84xl0"14x85x65x24x3600 = 4.2xlO"5 g/Ci = 4.2xlO"8 mg/uCi.

-RConsequently in 50 ml solution only 4.2x10 mg of the radioisotope
Sr is present (= 84x10 ppm). From this it follows that the ratio ^

of the number of radioactive to stable strontium ions in the samples i|

is: t 3
 :l

nSr-stable/nSr-85 = V nSr = i-9"10 |

or <j

n S r = 1900.\.r (3.6) |

Addition of an extra amount of stable strontium of 1 respectively ;|

10 ppra leads to a ratio nSr/*nSr = 2.4x10 respectively 2.4x10 . j|
This might have as a consequence that the results obtained are in- |
fluenced by the absolute concentrations of the samples used. a
Because however radioactive strontium and stable strontium have the $

same chemical properties, the presence of stable strontium in the J
samples should not be of influence on the results of the experiments |
as described in this thesis. 4
From a study of Me CAULEY and ELIASSEN (1955) it was indeed proved |
that the addition of 0-10 ppm of stable strontium in the process of '|
lime-soda softening had no effect upon the percentage removal of :|
radiostrontium present in a concentration of 10"7 ppm (compare table
3.4).

From the results of fig. 4.12 it is also shown that the percentage
removal of radiostrontium is practically independent of the strontium
concentration when amounts from 0 up to 10 ppm are added. However,
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when large amounts of stable strontium (up to 300 ppm) are added a
pronounced influence on the radiostrontium removal is observed. In
the latter case radiostrontium ions bound by the precipitate are
partially replaced by stable strontium ions leading to a decrease
in the percentage removal of radiostrontium.

That the addition of additional small amounts of stable strontium
on the removal of radiostrontium is neglectable appears also from
the results as presented in table 3.15. In the experiments leading
to these results the addition of 0.69 ppm and even of 69 ppm of
stable strontium was not of influence on the percentage removal of
radiostrontium.

It might therefore be concluded that the results are not influenced
by the absolute concentrations of the samples.

2.3.1.1. Measurement of the radicaativity.

During precipitation part of the initially added amount of
radiostrontium is coprecipitated. After filtration of the solid the
remaining radioactivity in the filtrate was determined by scintil-
lation counting.

From the filtrate samples of 3 ml were taken. The mean radioactivity
present in these samples was determined in cpm (a). After correction
for the background radioactivity (b) the activity for the sample
was found to be a-b.

A reference sample was prepared by the addition of 40 ml of the
SrCl solution (= 4 yCi) to 65 ml of water. In the same way as

described above, for 3 ml of the standard sample an activity of ag-b
was found. In this way the remaining radioactivity in the solution
was calculated to be (a-b)/(aQ-b) x 100% = C/CQ. I.e. this gives for
the radioisotope removal 100-C/CQ, in which C/CQ is expressed in %.
As said the radioactivity was determined by means of scintillation
counting. A scintillation counter of trade mark Philips consisting
of supply PW 4210 and sealer PW 4231, timer PW 4260, amplifier/
analyser PW 4280, supply PW 4210 and printer control PW 4200 in com-
bination with a sample changer (Philips PW 4003) and a printer of
trade mark Victor was used. A NaJ + Tl crystal was used for detec-
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tion. The crystal was provided with a hole in which the test tube
containing 3 ml of radioactive liquid was placed,

ö. .v.-'.-. i'etir'iTi'nati'i'ii :'ƒ the Ca" -consent^ai 1Vn in ablution.

As said before the Cac+-concentration plays an important
role in all of the three decontamination methods as described in
this thesis on the ground of a possible competition between these
ions and Sr -ions. The Ca -concentration in the solution was deter-
mined in a 10 ml sample of the filtrate, by complexometric titraf.on
with 0.0178 N titriplex-B solution (E. Merck A.G., Darmstadt; Titri-
soilösung B, code no. 9895) at a pH of 12 adjusted by concentrated
ammonia. Merck "Puffer-tablets" to determine the water hardness (E.
Merck A.G., code no. 8430) were used as indicator. At the end-point
the colour changed from red to green.

At small concentrations of Ca + the colour change from red to green
cannot be observed easily. Therefore in these cases phtalefne-purple
was used as an indicator, because the colour change at pH = 12 from
purple to colourless is easier to observe.
The removal of Ca -ions i? expressed as 100*cca/'CCa ^ where
CQ /C- represents the ratio of the final and initial calcium con-

0 oc

centration multiplied by a factor 100 (compare 100-C/CQ for Sr).

S.S.2. Preliminary experiments.
In preparing the final experiments distinction should be made

between coprecipitation- and adsorption experiments. The removal of
radiostrontium by adsorption on vaterite, aragonite and cal cite is
influenced more by atmospheric C0? as compared to coprecipitation.
Therefore in the adsorption experiments other conditions as in case
of coprecipitation should be fulfilled (paragraph 3.3.2.1 and
3.3.2.2).

3.3.2.1. Some preliminary coprecipitation experiments.
The coprecipitation experiments were carried out in beakers

or Erlenmeyers open to the atmosphere because the influence of at-
mospheric C0 2 on the removal of radiostrontium is only small.
The precipitants dissolved in double distilled water were mostly ad-
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It is shown that the best removal of Sr respectively Ca +-ions is
obtained when 100S of excess of soda is present. The equilibrium
Sr"+-removal after about 100 minutes is plotted against the equili-
brium Ca -removal at the same moment in fig. 3.8.
Some of the results of BROUWER (1968) and Me CAULEY and ELIASSEN
(1955) for a CGld lime-soda softening process have been included in
fig.3.8.

100

20 40 60 80 100
100 -Ceq/CoCQ2» (*/.)

Fig. 2.8. Strontium vs calaium removal in the equilibrium state;
data originating from
x the three experiments of fig. 3.7
o experiments of BROUWER (1968)
+ experiments of He CAULEY and ELIASSEN (1955) for the

cold lime-soda process.

In fig. 3.8 the Berthelot-Nernst distribution coefficient (Dp,»)
(compare chapter II) for the equilibrium situation is calculated ac-
cording to equation 3.7:

Sreq /Caeq = DB-;r Sreq /Caeq (3-7') homogeneous distribution

2+P
law where Sr = the equilibrium strontium concentration in the

q precipitate

2+1Sr = the equilibrium strontium concentration in the
q solution.
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Equation 3.7 can be written as:

loo - <c/c0) 2+

100 "
= Dr (3.8.)

where C/C {%) represents the ratio of the final and initial con-
centration multiplied by a factor 100.
Further working out of equation 3.8 leads to

100 -
. DB-N

100 "

100 - Sr

Sr

2+
removal

removal
. DB-N

100 - Ca2+removal

Caremoval

Or ( 100

removal removal
(3.9.)

From equation 3.9 and the data originating from the three experi-
ments of fig. 3.7 DB_N for the equilibrium situation was calculated.
The DB_N value as found for the first experiment i.e. 0.12 differs
most of all of the mean, from fig. 3.8, calculated value for D„ „
of 0.19. This is mainly the result of the practically equal removal
of strontium and calcium. Therefore also the point originating from
the first experiment in fig. 3.8 is somewhat inaccurate.

3.3.2.2. Some preliminary adsorption experiments,
Because the decontamination results obtained in the ad-

sorption process are greatly influenced by atmospheric C02, inter-
action between the solution and C02 should be prevented. Therefore
in contrast to the coprecipitation experiments the adsorption expe-
riments were carried out in N2-atmosphere in a reaction vessel as
shown in fig. 3.9.
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Nitrogen was freed of CCL by bubbling of the gas through a NaOH

solution. The solutions were stirred by means of a motor with ro-

tating stirring rod in order to reduce wanning up of the solution

(compare magnetic stirring). As known the radiostrontium decontami-

nation in the adsorption experiments is influenced wore by the

temperature as for coprecipitation experiments.

Also the pH (pH-meter type Philips PR 9400) and the temperature

(Anschutz thermometer) were measured. Samples were taken by means

of a siphon which could be lowered into the solution during sample

taking and was further used as an outlet for N., (see figure 3.9).

ou
z 5

Jub

do

•o

ah
O tl

(3 ï

Ü

Fig. 3.9. Apparatus used for adsorption experiments.

To illustrate the difference in the decontamination results by ad-

sorption in case of an open beaker respectively the apparatus of

fig. 3.9 the results of two experiments are compared in fig. 3.10;

1450 ppm of aragonite was added for adsorption of Sr to 100 ml of

double distilled water in the presence of 100 meq NaCl/1. The radio-
-?

isotope was present in a concentration of 4.10 yCi/ml.

When the experiment was carried out in an open beaker the pH of the

solution decreases by adsorption of C0„; this leads to a reduction
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of the amount of precipitate and a desorption of Sr (fig. 3.101)
Application of the closed apparatus as presented in fig. 3.9 results
in a constant pH and an improved radiostrontium decontamination
(fig. 3,1011).
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by CaCOt with aragonite- and aalaite

3.3.3.1. Introduction.

In earlier Investigations of Mc CAULEY and ELIASSEN (1955)
it was shown that seeding of the solution beforehand increases the
rate of the CaCCL-precipitation because the period of nucleation is
shorter if nil. In the experiments as described in this paragraph
seed material was added in the form of caicite or aragonite crystals.
The influence of the transformation of vaterite and aragonite into
caicite on the removal of radioactive strontium was also investigated.
Coprecipitation experiments in which Ba2+, Sr2+, Mg2+, S04

2", (P03)~,
Na+ and Cl"-ions were investigated on their stabilizing action for
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aragonite are described in paragraph 3.3.5.

£.o..>,". General procedure of carrying out the experiments.

The precipitant solutions used were prepared as shown below:

a. 2.5 x 10"3 M CaCl2.2H2O +
 85SrCl2.

As CaCl?.2H,0 a Baker analyzed reagent was used, containing 0.04%

Sr2+; that is 0.015 mg Sr/100 ml of solution.
nr or

The radioisotope Sr was added in form of SrCl? and was pre-

sent in a concentration of 0.04 uCi/ml.

b. 0.05 M Na2C03.
As Na?C0^ an anhydrous Baker analyzed reagent was used.

On the ground of the results of the preliminary experiments (3.3.2)

the precipitants were dissolved in double distilled water while mag-

netic stirring was applied. 5 ml of solution b. was added to 100 ml

of solution a. In case of complete precipitation 25.0 mg of CaCO,

was formed.

In the seeding experiments, the seed material was added to 100 ml

2.5 x 10"3 M CaCl2 +
 85SrCl2 120 sec before the addition of 5 ml of

0.05 M Na2C03.

At varying times after precipitation, samples of 4 ml of the solu-

tion were filtered off. After filtration 3 ml were counted to deter-

mine the removal of Sr.

The Ca +-removal was determined by means of titration with titri-

plex-B solution. The polymorphic composition of the CaC03 samples

was determined by X-ray analysis (Appendix II).

3.3.3.3. Precipitation experiments without seeding.

The experiments were carried out as shown in paragraph

3.?.3.2. As appears from the results given in table 3.5 during the

first 7 hours practically all the CaC03 formed is vaterite. This

corresponds with the rule of Ostwald: in precipitation reactions

the less stable modification is formed first.

After that time vaterite changes into the more insoluble calcite
?+

resulting in a small increased Ca -removal. During the first 10

minutes (induction period + period of crystal growth + ripening)
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Sr is already removed for 50% as shown in f i g . 3 . U . Afterwards

the Sr-removal remains constant .

Table Z. .5. Crystal modification formed without seeding.

time

25 min
30
90
150
250
420
20 hours

2+Ca -removal

86X
84
86
87
88
88
91

XC

0
0
0
0
0.07
0.09
1.0

XV
1.0
1.0
1.0
1.0
0.93
0.91
0

temperature

22°C
22
28
28
25
25
30

1OO -

O 1OO
» - t (min)

200 300 400

Fig. 3.11. Sv- and Ca -removal as u function of the time of pre-
cipitation of CaCOs at 25°C3 without the addition of seed
material. on o+

x removal of Sr; x removal of Ca

3.3.3.4. Precipitation experiments using calcite as seed material.

In contrast to the experiment as discussed in the previous

paragraph where vaterite was formed first, here calcite is precipi-

tated on the calcite seed material.
or

In fig. 3.12 the removal of Sr is plotted as a function of the

amount of seed calcite added. About 21 mg of fresh C&CO, is precipi-

tated as calcite on the varying amounts of preformed calcite added.
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An optimum removal of Sr is obtained when approximately 1400 ppm

calcite for seeding of the solution is used.

100 -

200 1000
• pprn calcite

1800 2600

85Fig. 3.12. Removal of Sr at varying times of contact as a function
of the amount of preformed caloite.

As shown in fig. 3.12 for this case the time of contact between the

precipitate and the solution is only of minor importance. When

larger amounts than 1400 ppm for seeding of the solution are used

the decontamination of Sr is somewhat decreased.
85The reason for this reduced removal of Sr originates from the

fact that, if more preformed calcite is added to the solution the

surface of the seeding material is larger. At every concentration of

calcite used the same quantity of freshly precipitated CaCO3 (21 mg)

deposits. When a large amount of calcite is used for seeding the

solution the layer of freshly precipitated CaCO_ on this material

will be thinner than in case of the use of smaller amounts of cal-

cite. Through adsorption of atmospheric C0o the precipitate dissol-
2+ves and the Sr -ions present in a thin layer of precipitate will

pj-

release more rapidly in solution as compared with Sr present in

a thick layer.
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3.2,3.5. Precipitation experiments using aragonite ae seed material.

The most effective removal of Sr occurs in coprecipita-

tion experiments in which aragonite is used as a seed.-The aragonite

0.08, xa = 0.84, xv = 0.08used had the following composition: x

(aragonite II, see Appendix I), where x , x and x represent the

respective mol fractions of calcite, aragonite and vaterite present

in the sample.

At car a time of contact of 120 minutes and by using approximately

2000 pptn of aragonite for seeding of the solution an optimum removal

for 85Sr (95%) was obtained (fig. 3.13). In the figure also the re-

suits for the removal of Sr after one day of contact are shown.

After such a long time of contact between the precipitate and the

solution which were kept in an open beaker atmospheric CO, dissolves

easily and decreases the pH of the solution. This leads to an inter-

ference of the recrystallization process of CaCO, and finally dis-

solvation of the precipitate. Rather inaccurate decontamination

values are the result. Therefore in fig. 3.13 for such a long time

of contact a decontamination band is given.

As can be concluded already from fig. 3.13 there is, contrary to

calcite, a significant difference between the results using a small

or a large amount of aragonite-II.

100 -
. 120 mm

•=JC 30 min
10 min

200 1000
ppm aragonite

1800 2600

85Fig. 3.13. Removal of Sr at varying times of contact as a function
of the amount of preformed aragonite-II.
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Therefore two experiments incorporated in fig. 3.13 were studied

more in detail for.longer.times of contact:

a) an experiment where 220-230 ppm of aragonite-II (23 mg/105 ml)
was used for seeding

b) an experiment where 2000 ppm of aragon\te-II (210 mg/105 ml)
was,used for seeding

in c) a commentary on the results as presented under a) and b) is
given.

a) In fig. 3.14a the removal of Sr is plotted as a function of the

time of contact. About 21 mg of freshly prepared CaC03 was formed

on the added preformed aragonite. For comparison in fig. 3.14 the

decontamination results in solutions seeded with calcite or without

preformed material are also shown. The following conclusions can be

drawn:

- the best removal of Sr is obtained when aragonite is used for
seeding the solution

- when aragonite is used the best decontamination is obtained after
5 to 6 hours of contact between CaCO, and the solution g,-

- after the time of contact just mentioned the removal of Sr de-
creases; after one or two days the decontamination level using
calcite as seeds is reached.

loo h

o
u

60

40

20

coiclte

without preformed
material

4
t (h)

85

8 h 1 day 2days

Fig. 3.14a. Removal of Sr as a function of the time of contact.

x 220-230 ppm aragonite-II added before precipitation
• 220-230 ppm calcite added before precipitation
o without preformed CaCO,

These phenomena can be explained from the crystallization data as
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shown in table 3.6 and in f i g . 3.14b.

1 0 0

oeo

X 0-60
a

X
> 0 40

X

0 2 0

voterite

aragonlte

* • * calclte

100 200 300 400 500 ~20h
• t (min)

-N

Fig, 3.14b, Crystallization during precipitation on preformed arago-

nite-II (220 ppm) as a function of the time (temperature

Table 3.6, Precipitation on 220 ppm of aragonite-II (23 mg/105 ml).

t

0 min
10.5
11
20
60
63
66
108
120
240
320
403
20 h
22.5
44.75
48.25

Ca2+-
remo-
val

0%
-
80
-
-
84
-
84
-
-
-
-
-
-
89
84

85 S r.

remo-
val

0%
58
55
75
81
79
77
70
84
89
83
84
48
50
56
40

PH

_
• ' -

9.60
9.63
-

9.70
-

9.50
9.70
_

9.56
-

9.58
9.56
8.91

0.08
0.14
0.13
0.14
0.10
0.20
0.15
0.15
0.20
0.12
0.29
0.33
0.56
0.49
0.58
0.68

0.84
0.53
0.58
0.72
0.67
0.64
0.62
0.66
0.65
0.76
0.65
0.67
0.44
0.51
0.42
0.32

0.08
0.38
0.29
0.14
0.23
0.16
0.23
0.19
0.15
0.12
0.06
0
0
0
0
0

mg

1.84
6.2
5.8
5.9
4.4
8.8
6.6
6.6
8.3
5.3
12.7
14.6
24.3
21.6
25.5
29.9

mg

19.3
23.3
25.5
31.8
29.5
28.2
27.3
29.0
28.6
33.4
28.6
29.4
19.7
22.4
18.5
14.1

mg
V

1.84
14.5
12.7
6.3
10.1
7.0
10.1
8.4
6.6
5.3
2.7
0
0
0
0
0
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In the beginning of the CaCO- precipitation on the preformed arago-
nite a large quantity of vaterite is formed. During the first 10 j
minutes of contact the amount of vaterite is increased from 1.84 to )
14.5 mg while 21 mg of CaCO, is precipitated in total (table 3.6). f
From 10 to 240 minutes of contact between precipitate and solution |
the quantity of aragunite is increased much more than calcite. Pro- I
bably vaterite transforms to aragonite. |
At the moment that the amount of vaterite is decreasing to nearly f
zero, after about 6 hours of contact between the solid and the solu- 1
tion, the transformation from aragonite into calcite begins to play ]
a role of importance. j
Apparently the point in fig. 3.14b where x = 0% corresponds with the

V oc

region in fig. 3.14a where the removal of Sr by means of aragonite
begins to decrease.
From table 3.6 it follows that the remaining amount of aragonite af- I
ter about one day of contact (20 h) is 19.7 mg. This is roughly the f
same quantity of aragonite that was used for seeding of the solution. f
It seems probable that only the freshly formed CaCO, precipitate is I
converted from aragonite to calcite and that the aragonite added as j
seeds has remained unchanged. An extra argument is the fact that in j
adsorption experiments in which case no precipitation takes place j
preformed aragonite does not change into calcite (paragraph 3.3.4). f
b) In the experiment leading to the results as presented in fig. jj

3.15a 2000 ppm of aragonite (210 mg/105 ml.) was used for seeding 1
of the solution. These results show that even after one day of contact J

85 ' ' '
the removal of Sr remains practically constant (90-95"). For compa- I

85 'rison the Sr decontamination using 2000 ppm of calcite for seeding
has been incorporated in the figure.
As demonstrated from the results of fig. 3.15b and table 3.7 the
freshly precipitated CaC03 (21 mg) mainly crystallizes as aragonite
and as calcite. Only during the first two hours of contact a small
amount of vatbHte is formed.
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Fig. 3.15a. Sr decontamination as a function of the time of
contact.

x 2000 ppm aragonite-II added before precipitation
o 2000 ppm cal cite added before precipitation

u
X

•

1

0

0

o

0

0 0

60

GC

40

20

0

voterite

_

1

/

|

»

aragonite

i

.,—«

• •
calcitei

40 120 200 280
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Fig. 3.15b. Crystallization during precipitation on preformed ara-
gonite-II (2000 ppm) as a function of the time (tempe-
rature = 26-3°C),

c) commentary on the results as presented under a) and b).

When 2000 ppm of aragonite is used as seed 21 mg of freshly pre-

cipitated CaCOg is formed on 210 mg of aragonite-II with composition:

xc = 0.08, xa = 0.84 and xv = 0.08. This layer is relatively thin.
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Because the aragonite used is not quite pure there is a small quan-

tity of calcite nuclei present which can also serve as seeds. As

compared with the amount of CaCO, (21 mg) precipitated the number

of calcite nuclei" is too large to reach the required limit for

crystal growth (compare chapter II).

For this reason the calcite nuclei1 are not able to interfere with

the growth and stability of the aragonite crystals which are present

in a large excess.

Table 3.7, rrsci'p'lvation on 5000 ppm of aragonite-11 (210 mg/10h ml).

t

0 min
11
30
90
120
125
180
278
322
1 day

Ca2+-
remo-
val

0%
80
84
86
86
84
84
86
86
-

remo-
val

0%
84
89
89
91
91
93
91
88
90

xc

0.08
0.12
0.10
0.13
0.12
0.11
0.14
0.12
0.13
-

xa

0.84
0.81
0.84
0.87
0.82
0.86
0.86
0.88
0.87
-

\

0.08
0.07
0.06
0
0,06
0.03
0
0
0

16.8
27.5

-

-

mga

177.4
187.3
_
_
_
_
_
_
_
-

16.8
16.2

_
_
_
_
_
_
-

Therefore aragonite does not change to calcite corresponding with a
nr

practical constant decontamination value for Sr at varying times of

contact.

In contrast to the positive effect of the use of larger amounts of

seeding aragonite are the phenomena when smaller amounts of preformed

material are used. As 220 ppm of aragonite is used for seeding (fig.

3.14a, b) 21 mg of CaC03 is deposited only on 23 mg/105 ml aragonite-

II. In this case the layer of precipitate as compared to the quantity

of seeding material is thick encugh to enable the calcite nuclei to

reach the limit size for crystal growth. Then the transformation of

aracjonite into calcite takes place resulting in a decreased removal

of Sr. This was already shown in fig. 3.14a where after a time of
or

contact of 5 to 6 hours the removal of Sr decreased strongly
(xv = 0%).

r!

'I

i
4

I
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After a determined time of contact a decreased removal of Sr was
also found when seeding amounts of 53, 396 and 804 ppm of aragonite-
ll were respectively used. When 1407 ppm of aragom'te-II is used
only a very small reduction of the Sr decontamination is observed.
The addition of such an amount of preformed aragonite seemed to be
the optimum quantity to prevent the transformation of aragonite into
calcite. The addition of larger quantities of preformed aragonite
results in a practically constant removal of Sr even after larger
times of contact.
The conclusion of the discussion presented here is: to prevent the

transformation of aragonite into calcite, calcite nuclei' should be
85absent in the seeding aragonite. Therefore less desorption of Sr is

to be expected when purer aragonite is prepared for seeding (see Ap-
pendix I).

3.3.4. Adsorption of Sr on aragonite and calcite.

3.3.4.1. Introduction,
In the preceding paragraph it was shown that the best re-

moval of radioactive strontium is obtained with aragonite.
In this process when aragonite seeds are used the surface of the
seeds may play an important role because of adsorption of Sr +-ions.
In this paragraph adsorption will be studied in the periods of ri-
pening and ageing, including the occurring of modification trans-
formations.

3.3.4.2, General procedure of carrying out the experiments.

The influence of atmospheric CC, in the adsorption experi-
ments is much stronger than in the coprecipitation experiments re-
suiting in a decrease of the pH and a desorption of Sr. To prevent
this desorption the adsorption experiments were carried out in inert
atmosphere (N2). Therefore the apparatus as presented in fig. 3.9 was
used. To 100, 150 and 200 ml double distilled water 5 meq/1 of NaCl
were added in order to imitate the conditions of the coprecipitation
experiments. After that CaCOg in the form of aragonite or calcite was
added as a solid. To obtain equilibrium the solution was stirred for
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DC

20 minutes. Then 1 ml of a SrCL solution containing 4 uCi of the
radioisotope and saturated with calcite was added. This moment of
^ S r C U addition was defined to be the zero time point,
After varying times of contact between solid and solution the remo-
val of radioactive strontium by the solid substance was determined;
the samples from the solution were taken by means of a siphon and
afterwards filtered off or centrifuged. Also the pH and the Ca -
concentration in the filtrates were measured. At the end of each
experiment often the composition of the remaining CaCCL was deter-
mined by X-ray analysis (Appendix II).

S.i.4.3. Aisorpzion experiments on varying amounts of aragonive.
In paragraph 3.3.3.5 it was shown that the optimum seeding

amount of aragonite crystals in order to obtain a good removal of
Sr by means of coprecipitation was about 1400 ppm. In this case

a part of the freshly formed CaC03 was precipitated as aragonite or
as calcite. The polymorphic composition of the CaCO, samples was
shown to 'nave a large influence on the removal of radioactive
strontium. Adsorption has been studied by adding varying amounts of
solid aragonite to saturated solutions of radiostrontium.
The results of the adsorption of Sr -ions on varying quantities of
aragonite-ïï (xa = 0.84, xy = 0.08 and xc = 0.08) as a function of
the time of contact between solid and solution are shown in fig.3.16.

Table Z.S.

Amount of
aragonite (ppm)

230
230
375
750
1440
2250
3000
4500

time of contact between
solid and solution (t)

24 h
48
325 min
330
380 -
330
312
340

x. x,
c a
at the time
0.11
0.11
0.11
0.12
0.12
0.11
0.07
0.11

0.89
0.89
0.89
0.88
0.88
0.89
0.93
0.89

xw
V

t
0
0
0
0
0
0
0
0

I

1

82
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The addition of increasing amounts of aragonite results in a better
85decontamination of U JSr. The mean CaCO, composition at the end of

the reaction was calculated to be x = 0.89, x =0.11 and x = 0
3 C V

(table 3.8). Again aragonite and caicite are formed at the cost of
vaterite.

100

j 60

375 pprr-

340

Fig. 3.16. Adsorption of "S? by aragonite-II as a function of the
time in the presence of 5 meq/l NaCl.

ppm aragonite

230
375
750
1350

pH
9.82
9.68
9.82
10.00

ppm aragonite

1440
2250
3000
4500

pH
9.85
9.65
9.68
9.65

In the figures 3.17 up to and including figure 3.19 the decontamina-

tion results for some adsorption- and coprecipitation experiments

are compared. For adsorption or seeding in case of coprecipitation

respectively 220, 1400 and 2000 ppm of aragonite were used.

From a comparison of the three figures it follows that the removal
85

of Sr by adsorption approaches the decontamination results after

longer periods of contact as obtained by coprecipitation. However,

the results obtained in coprecipitation- and adsorption experiments

are not quite comparable on the ground of the following reasons:
- in the coprecipitation experiments about 21 mg of freshly precipi-

tated CaCÜ3 was present over the amount in the adsorption experi-
ments

- the freshly precipitated CaC03 in the coprecipitation process crys-
tallizes in a different form as the preformed aragonite used; the
adsorptive properties of aged aragonite are different as compared
to those of freshly precipitated aragonite, because the composition
is different.
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1 (min)
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85 rFig. 3.19. A comparison of the removal of L' Sr by coprecipitation
and by adsorption for 2000 ppm of aragonite-II as a

.... function of 'the time.
: coprecipitation:

adsorption:

strontium removal
calcium removal
t = 0 min: x =0.84 xu=0.08 x_=0.08
t = 278fnin: x*=0.88 x =0 3C-0.12
strontium rönoyal v

t = 0 min: x,=0.84 x =0.08 x =0.08
t = 278 min: x!=0.88 x>0 x^=0.12

85,

85C

3.3.4.4. Adsorption of •" Sr on calcite.

To illustrate that aragonite binds Sr more strongly than

calcitevalso an experiment was executed in which 1500 ppm of calcite

was used for- adsorption. From the results of' figure 3.20 (pH=9.60)

it follows that r a d i o ^

(5i). A small increase upi to a removal of about^151-is; possible

when 3ppOjppith of calcfte isi used/(t=3pqbniin)^Jtore^*Sr is bound
on calcite by coprecipitation (70%). However, both coprecipitation

as well as adsorption of Sr by means of calcite remain poor as

compared with the results obtained with aragonite. See e.g. fig.

3,18 where about 1400 ppm of aragonite was used for coprecipitation

and adsorption.
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20 80 100 140 -- 180 220 260 300 340
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•i's:Fig. 3.20. A oomparison of théremoval•yóft ~ Sït&J/ cpprecrCpitaiion
~ - __~ =_ and &y adsorption -for;'lSÖO:ppmÓdloite os a function of

\ .. tfte t i m e . /:""' " - ,̂ ̂v"' ' A " p ' .: """ ' '. '». ̂ ^•--r"-?1'--'

rion: • strontiurn removal;r+:calei urn removal
-"odéai^tion:~-;H x strontium removal. {

3.3,4.S. The influence of the initial composition of the CaCO.-
samples on the-removal of Sr. -,.....
In figf 3.21 four̂ ^ adsorption curves for radioactive

strontium are s%wnr for differently composed samples of which about
1500 ppm was used 1n each experiment. For thé preparation of these
samples see Appendix I.
In experiment 1 (xa=0.76 and xy*0.24) the best decontamination of 'J
8 5Sr is obtained (95«); vaterite changes Into aragonite and calcite
by which the CaCO^-sample after a time of contact of about 300 minu-
tes is composed as follows: x =0.89 and x =0.11. The increased per-
centage of aragonite In the sample leads to a larger Sr -adsorption.
In experiment 2 less vaterite 1s present in the original sample
leading to a smaller Increase of the amount of aragonite and there-
fore to a smaller removal of 8 5Sr as compared with experiment 1.
A still smaller uptake of radiostrontium occurs when as a function
of the time modification transformations are omitted (experiment 3).
In this case the maximum removal of 85Sr after a time of contact of
300 minutes is "about 40*.! :--~--.'-z-•-,'-'.-,'.--.----. , ?
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Fig.3.21.-The^influence~of the kind of precipitate used on the ad-
~7ap-rptioh of -Sr as aFfunction ~of the time; amount of

±y precipitate used^lSOO ppm. _ _ _ _ .

1) 9 °Sr adsorption ----- -—-.----._-
t= 0 min: x.=0.76 xu=Ö.24 x =0

. t=300 min: x>0.89 x>0 x;=0.11 x > ^ 2^1 soc a , v •--.-- c
2) x Sr adsorption

t= 0 min: x_=0.84 x-=0.08 x =0.08
t=300 min: xf=0.88 x„=0 x>0.12

3) o ° Sr adsorption
t 0 i 0 x =0.10

x~=0.10
t= 0 min: x =0.90 x-=0
t=300 min: x*=0.90 x'=0
OC ;: ---' - O : V ;

4) + Sr adsorption
t = 0 min: x.=0.23 x =0.77 x =0
t=300 min: x,=0.19 x„=0.81 x̂ =0

A very poor decontamination results when the vaterite-aragonite ratio
in the'sample < 1 (k^=0*23 antl x =0.77) as was studied in and il lus-
tratéd Öy the results of experiment 4. j : ; :
:Fin̂ 11y'*H.-ean-'b̂ 'i|oWl!udê '';frora--"'tte results as presented in fig. j
3.21 tftat the fihal radiostrontium renroval-obtained by adsorption is
mainly determined by the initial polymorphic composition of the
sample.
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:3.3.S. ?ke effect, of impurities vis, MgZ*, SrZ* ,• BaZ* t Fb
2*t S0^~'^^^7^

jitfjrii '*"$ » C7* i (POJj-iana on the CaCO- modification formed vela~4jr?}^

.- ted to the .removal of KSr by oopveaipitation and adeovpfion.

From the results as described in the previous paragraphs it . f
was shown that the formation of aragonite leads to the best deconta- j
mination results. Also the formation of vaterite favoured the remo- !

95val of Sr because this unstable CaCO3 polymorph mostly at first
changes into aragonite.
Toguarantee a good radiostrontiumdecpntamihation the transformation f ;

"of vaterite ahdiaragqnitevintp;the stablexcalcitèrshould be prevented T Q E
the prevention of this cöhvèrsion two possibilities may be indi^ ^ ? ^ G

^ firstly^beforev precipitation the\splutiün should^ be, seeded witin $Ê
/ p u r e aragonite (xa=-1.0) instead^ of; aragonitewith^^polymorphic com-

position xa=0.84f xv= 0,08 and xc=0.08.The problems cphcerning
the preparation of pure aragonite are discussed in Appendix I

- secondly foreign cations such as Mg2+, Sr2+, Ba 2 + and Pb2t which'•:.'
may have a stabilizing influence with respect to the aragonite mo-
dification can be added to the solution. The aspects concerning
tHese ions were considered irt the theoretical part of-this chapter.

Calcium carbonate precipitation experiments in which respectively
M 9 2 + . Sr2*, Be2* and Pb2+-ions were added for the investigation of \
the stabil izing influence of these ions oh the f omation of aragoni te
are d i s c i ^ i ^ Jz

% ^ i out in which the effect of N a d ,
. S0|̂  rfAönsvïnö^ca^Qn"on^^j^'""^npèfï of radiostrèntiuin wés studied
(3.3.5.5 - 3.3.^v7). In th& experiments described here pure aragonite
was added as: a teed (Apjteridix I). :: ;:r : / v ^

3.3.£.2. Theiin&uence of t^?r$om?oii tfi& Btdbility of aragonite
: with rèjapèet to the Tctd£oétrpontxwn removal. "-.- \'"

As was consideredfin paragraph 3*2.3.3 Mg2+-ions are ad-
sorbed by:preference on the surface of calcite nucleT.Then the
growth of calcite is inhibited through which thé formation of meta-
stablearègonite is favoured. ; " V ^
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In a polythene 'bottle'of 250 ml 5 ml 0.1 M Na2C03 (p.a. reagent of

iJT Bk )J.T.: Baker )̂
{100 ml 5.10^ M CaCl^)[p.au reagent of E
.=23 rogof seedingVaragonite (200 ppm, x =1.0)."

Generally before, but in some experiments after precipitation, 10 ml
X M MgCl f (UCB reagent)̂ Was added „forIthefinvestigation of the~sta-
bilizing influence on the iragonite formed. For X lO"3, 10" and
10"l H concentrations were chöosen?
During the reaction the pHdecreasedlfromil0i5:to~approximateTy~
9.25 after 24 hours of contact «s a!result^of^interaction between the
solution and at^spheri&COgïl After ̂ magnetic stirring during^t/fi*
2, 24 and -48 hours the^"samples{of{ll5'-mlTinc^e polythene bottles
were f 1lte«Ki> wajshed wtti demineralized water and dried at 110°C.
The polymorphic composition of the CaCO, samples was determined by
X-ray diffraction in the way as presented in Appendix I I .

Rcvults and discussion. :-:'-'•"--;-: • -;"- -"•"/••-'". ' ; •*:."-";••"•;:• r:r_-"-.-.";?;;•-T J '.-,_

The results of experiments, where 10 ml X M HgCK was added before
precipitation, are presented in table 3.9.

Table 3.9. Polymorphic composition of CaCO, samples.after varying
JJC ' times of contact; 10 ml X M MgCJ. added before preaipi-
:5 tation. •'.-"- - .-_ 7'u

time of contact;

ÏO min
2 h

24:
48

J 0 : 3 M : :

tJi'56;
0ï6l
0.39!
0;37Ï

ï?c:::-:
0V44

Itii39
0.61

10" 2 M

x a n .
0,49
0.6^
0.47^
0-23

x c :
,0.51
0.39

JÖ.53
0-77

10"1 M
xa

0.988
0.991
1.000
1.ÖÖÖ

V
0.012^
0.009^

From the results of table 3.9 it follows that the addition of MgGl2

prevents the formation of vaterite in all cases. The formation of
aragonite is strongly favoured wHën a rather high amount of MgClp is
added (10 mV 1 0 " V M ) . After 24 hours of contact pure aragonite is
formed which is stabilized even after 48 hours of contact.

89



'he purit> or the araqonite formed was control lev". Dy X-ray diffra<-

tion analysis. Pure aragonite shows peaks in the X-ray diffraction

•-attern at : = ?6.3?° and 2 = 27.34° (Appendix II). Also a photo-

graphic X-ray record of pure araqonite was made (fin. 3.2?). In the

Mci'jre records of pure caicite and a mixture of vaterite and Cdlcite

a»e also shown. Sometimes photographic X-ray records were made be-

cause they indicate a large 2- range as compared with the X-ray peak

pattern. ., .

•zz;\rr>ajri::r: analysis of come i'aCO ,-aafnplcs.

1) x v=0.67 and x c = 0 . 3 3 ; V j : 2ri=24.95c

2) pure a ragon i te (x = 1.0); a , : 2^=26,37 (

20=27.17C

2a=27.34c

3) puse calcite (x =1.0); Cj-, 2'-=23.11°, c?: 2..=29.42

v = vater i te; a = aragonite; c = ca lc i te .

o

Therefore in the former case a possible pollution of the CaCCL-

samples by other precipitates can be better observed.

For two samples (* and xx) of table 3.9 a calculation was made in

order to investigate a possible pollution of these samples by

Mg(0H)2 (table 3.10).

~'ihle Z. 10,

experiment

*

**

pH

9.25

10.50

("g2+)

1/115

1/115

(OH")

10-4.75

10-3.50

(Hg2+)(0H")2

0.28X10"11

87 xlO"11

SMg(OH) 2
( 2 5 C)

1.5xlO"U

1.5X10"11
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In experiment i the product (M<3^+, (0H~)^ is smaller as compared with

the solubility product of Mg(OH),,. In this case Mg(0 H ) ? is not pre-

cipitated; in agreement herewith lines for this compound were not

found in the X-ray diffraction pattern (2- M ,n,p = 38.01°).
rig[Un ip

In experiment ** the solubility product of magnesium hydroxide is

exceeded. However, the formation of this compound could not be indi-

cated by X-ray diffraction analysis. Probably the real Mg 4 concen-

tration in the solution is smaller than 1/115 grmol/1 through ad-

sorption of these ions by the calcite nuclei" formed (x =0.988;
=0.012

In some experiments the combined influence MgCl2 and NaCl on the

stability of aragonite was studied. In the experiments which will

be discussed here 67.5 mg of NaCl (1.15 mmol/115 ml = 10 M) and

MgCl9 were added to the solution before precipitation of CaCO,, The

other conditions are the same as mentioned before. The results are

shown in table 3.11.

time of

10
2

24
48

.•iv r?v •:;

contact

min
h

0
0
0
0

: * • • > : .

X =

X
a

.41

.47

.42

.37

ID"3

X

0.
0.
0.
0.

c

59
53
59
63

0
0
1
1

X - 10"1

xa

.992

.994

.000

.000

xc

0.008
0.006

-
-

A comparison of the results as presented in table 3.11 with those of

table 3.9 shows that at low MgCl- concentration (10 H) the addition

of 1.15 mmol NaCl/115 ml has a small reducing influence on the amount

of aragonite formed.

At larger Mg "^-concentrations (10 M) the effect of MgCl„ is domi-

nating.

Also an experiment was carried out in which 10 ml 10" M MgCl» was
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added 2 minutes after precipitation of CaCO,. In this experiment

NaCl was absent. The results as given in table 3.12 can be compared

with the results of the corresponding experiments of table 3.9 and

3.11.

•-••.w.i'-'.g rimes o; oantaJt; -.'; ^ 1

.}-ganpt.&8 after
C'

Z 'A MaCl added

?•*

time of contact

10 min
2 h
24 h
48 h

xa
0.46
0.43
0.39
0.36

X

0.54
0.57
0.61
0.64

The results of table 3.12 show that after 10 minutes a somewhat

lower percentage of aragonite is formed than by addition of MgCl-

before precipitation. However, after 48 hours of contact in both

cases 36-37% of aragonite is formed just as in the presence of NaCl

(table 3.11).

Conclusion.

Aragonite can be stabilized by the addition of 1 mmol MgCl2/115 ml

(209 ppm Hg) before calcium carbonate precipitation even for a period

larger than 48 hours (x =1.000).

Only wnen smaller amounts of MgCl2 (10"
2 mmol HgCl2/115 ml) are used

a small reducing influence of NaCl on the amount of aragonite formed

can be observed. The addition of MgCl2 for aragonite stabilization

might be applied succesfully for the removal of radiostrontium by

continuous calcium carbonate precipitation (compare paragraph 3.3.6).

3.3.5.2. The stabilization of avagonite by Sv +-ions with respect to
the removal of Sv.

In this paragraph the effect of Sr2+-ions on the formation
of aragonite will be discussed. In some of the experiments also
radiostrontium was added in order to study the relationship between
the amount of aragonite formed and the removal of 8 5Sr.

92



A stabilization of the aragonite lattice could be expected because

in the open ionic arrangement of the orthorhombic aragonite lattice

space is available for the uptake of larger ions than Ca +-ions

(compare paragraph 3.2.3.i). The binding of Sr +-ions leads to mixed

crystal formation between aragonite and SrCCL because they crystal-

lize in the same orthorhombic crystal pattern.

In a polythene bottle of 250 ml, t> ml 0.1 H Na^CO-, (p.a. reagent of

J.T. Baker) was quickly added to:

100 ml 5.10"3 M CaCl2 (p.a. reagent of E. Merck AG)

23 mg or seeding aragonite (184 ppm; x =1.0)

10 ml of water or 10 ml of Sr solution (1 ,.Ci)

10 ml X M SrClp (reagent of Riedel-Haën AG)

In the experiments without radioactivity 10 ml of demineralized
or

water was added instead of 10 ml SrC1„ to adjust a constant end-

volume of 125 ml.
In most experiments 10 ml X M SrCK was added before precipitation

while in some other experiments SrCl? addition took place after
-5 -4 -3 -2precipitation. For X the values 10 ,10 , 10 and 10 were used.

The samples were magnetically stirred during 1/6, 2, 5, 24 and 48

hours. Afterwards they were filtered, washed with demineralized

water and dried at 110°C. The polymorphic composition of the samples

was determined by X-ray diffraction (Appendix II); if appropriate

the decontamination of Sr was measured.

Results and discussion.

First the results of experiments in which 10 ml X M SrCl? was added

before precipitation will be considered. The results obtained for

varying values of X (10~5, 10~4, 10~3, 10"2) are presented in table

3.13. The composition of the CaCO^-samples was calculated after va-
-4rying times of contact. In the experiment in which 10 H SrClg was

used radiostrontium was also added. In this case also the removal of

Sr was determined.
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time of
contact

10 min
2 h
5

24
48

0
0

0
0

X

c

.71

.74
-
.63
.75

10

0
0

0
0

-5

xa
a

.29

.26
-
.37
.25

0
0
0
0
0

>

X
c

.74

.73

.78

.76

.95

=

0
0
0
0
0

io"4

XJ
a

.26

.27

.22

.24

.05

85Sr-
remo-
val

75%
93
91
76
80

0
0
0
0
0

X =

X.
c

.62

.73

.77

.93

.94

10

0
0
0
0
0

-3

X
a

.38

.27

.23

.07

.06

0
0
0
0
0

X = 10" 2

X
c

.47

.78

.71

.81

.96

X

0.
0.
0.
0.
0.

a

53*
2.?**
29
39
04

The results of table 3.13 show that in no case vaterit.e was formed.

In spite of seeding the solution with aragonite before precipitation

only a small percentage of aragonite is formed.

After longer times of contact still more aragonite has been trans-

formed into calcite. In other words the addition of Sr -ions does

not favour the stabilization of aragonite. The effect of the S c -

ions seems to be surpassed by the simultaneous addition of Cl~-ions

which favour the formation of calcite (compare paragraph 3.2.3.4).

Only when 10 M SrCl,, is used, in the beginning f 10 min) a somewhat

larger amount of aragonite is formed (x =0.53).

However, after 2 hours of contact only 22% of aragonite remains.

This decrease of the aragonite percentage is shown in the X-ray dif-

fraction peak pattern of fig. 3.23 (* and * * ) . In this figure the

peaks for pure SrC03 (26=25.17° and 25.79°) are also shown (ft**).

Surprisingly however no SrC03 was found not even if large molarities

of SrCl2 (10" M) were used. In this latter case 10 ml 10"2 M SrCl„

was added to the solution that is to say 0.1 mmol SrCl?/125 ml or

(Sr + ) = 8x10" grmol/1. From the solubility product of SrC0_ (S =

1.6x10 at 25°C) it follows that the Sr -concentration necessary

for precipitation should be: 4xlO"7 grmol/1. Although the calculated

Sr -concentration in the solution is a factor 2000 larger than this

concentration no SrC03 precipitation is observed. Two explanations

for this phenomenon can be given:
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by seeding the solution beforehand with aragonite the precipitation
of CaCQj is accelerated because the period of nuclei* formation is
omitted. During the formation of SrCOj nude" the beginning C03'~-
concentration is strongly decreased by CaC03 precipitation. Conse-
sequently the growth of 5rC03 crystals is prevented by lack of
C032~-ions; therefore Sr^-ions remain in the solution3

- the Sr -ions can be built in in the aragonite lattice by which mi-
xed crystals of SrCOj and aragonite are formed; this phenomenon can-
not be visualized by X-ray diffraction.

orogomtt

f

I

"SrCQ,

27 5 26- 5 25-5 24-5 22 5

Fig.3, 23. X-rau diffraction peak patterns of some samples.
* x =0.53 x_=0.47; 28 =26.37° and 27.34°;

a c 291=23.11° and 29.42°
** x =0.22 x =0.78 c

*** pOre strontium carbonate: 26=25.17° and 25.79°

Also when SrClg was replaced by Sr(NO3)2 or SrCU was added after pre-

cipitation of CaCO3 no SrC03 formation was observed by X-ray diffrac-

tion analysis. The results of the experiment in which 10 ml 10"3 M

Sr(N0,)2 was added before precipitation instead of SrClp are shown in

table 3.14.

Table S.14, Polymorphic composition of
~2

imes :fp p f f y^
contact; 10 ml 10~2 M Sr(NGz)2

 6instead of Sr"Z? added
before precipitation of

time of contact

10 min
2 h
5
24
48

xc
0.55
0.52
0.70
0.74
0.77

xa
0.45
0.48
0.30
0.26
0.23

By replacement of the cal cite promoting Cl"-ions through N0,~-ions

better results for the aragonite preparation and stabilization are

found especially after 24 and 48 hours of contact (compare table 3.13).

Consequently the effect of the Sr^+-ions on the formation of aragonite
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appears to be stronger in spite of the fact that still 1 mmol NaCl

is foraed during precipitation.

As mentioned a'so in the experiment of table 3.14 no SrCO-, formation

r,-zs. observed by X-ray diffraction. The lines of a photographic re-

cord of the sample with composition x =0,48 and x =0.52 are compared
a cwith those of pure SrCQ, in fig. 3.24.

.":.'. •:'..'•;. X-ray ciw"^raction anaiys-is.

1. pure SrCO,

2. a sample with composition x =0.48, x =0.52
a c

From the photo it is clear that SrCO-, is absent in sample 2.

It is less surprising that SrCOg was not found in the experiments

wnere SrCl? was added after precipitation of CaCO,. Here even at

larger SrCl? concentrations the CO., concentration in the solution

is too small to exceed the solubility product of SrCO.,. The results

of these experiments including two experiments with radiostrontium

are shown in table 3.15.

Table 3.15. Polymorphic aomposition of CaCO,, and/or radiostrontium
removal after varying times of 'contact; 10 ml X M SrCl,
added after precipitation.

time of
contact

10 min
2 h
5
24
48

X = 10"4

(ioo-c/co)Sr

62%
92
93
70
63

X = 10"3

xc

0.37
0.59
0.40
0.77
0.59

xa

0.63
0.41
0.60
0.23
0.41

X = 10"2

Xc

0.47
0.51
0.54
0.86
0.97

xa

0.53
0.49
0.46
0.14
0.03

(ioo-c/cQ)Sr

73%
89
91
64
69
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The results obtained here indicate a larger percentage cf aragonite
as compared to those presented in table 3.13 for the same molarities.
Evidently when Sr -ions are added after the precipitation of CaCO-
aragonite is somewhat more stabilized.
In spite of a possible interaction between non-radioactive and
radioactive strontium ions during the first 5 hours of contact the
Sr removal is increased, independently of X, up to a maximum of

approximately 90% in all of the experiments (table 3.13 and 3,15).
85After 24 respectively 48 hours the removal of Sr by the caicite-

aragonite mixture decreases. This can be explained in two ways viz.
- as a result of the transformation of aragonite into calcite after
approximately 5 hours of contact

- through exchange between radioactive and non-radioactive ions
after long times of contact.

Conclusions.

In contrast to Mg +-ions the Sr +-ions cannot be used as stabilizing

ions for aragonite. The addition of varying concentrations of SrClo
both before- as well as after precipitation resulted in a decrease
of the percentage of aragonite formed after approximately 5 hours of
contact. Even seeding the solution before precipitation with pure
aragonite had the same effect. As a result of this the removal per-
centage of Sr also decreased.

2+
3.S.S.3. The influence of 3a -ions on the stabilization of aragonize

with, respect to the removal of 8*Sr.

In the previous paragraph it was shown that aragonite was
not stabilized by Sr -ions. The influence of the larger Ba +-ions
seemed worthwhile to investigate.
Procedure:
The experiments were carried out in the same way as mentioned in pa-
ragraph 3.3.5.2. 10 ml X M Bad , instead of SrCl9 was added. For X- 2 - 4the values 10 and 10 were chosen.
Results and discussion.
For two experiments in which 10 ml 10 M BaClg was added before-and
after precipitation the results are shown in table 3.16.

97



time of
contact

10 min
2 h

un

24
48

5a Cl
CaCO

X

c

0.29
0.35
0.47
0.73
0.91

, added before
„ precipitat

X
V

0.18
0.11
-
-
-

X

a

0.53
0.54
0.53
0.27
0.09

ion

(ioo-c/co)Sr

6 it
85
78
65
63

BaCl2

CaCO3

X

0.20
0.48
0.53
0.74
0.79

added after
precipi tation

X
V

0.29
_

-
-

xa

0.51
0.52
0.47
0.26
0.21

(ioo-c/co)Sr

42',
66
71
65
80

_3
In the experiments given in table 3.16 10 mmol Bad-, was present in

-fi
125 ml solution i.e. 8x10 grmol/1. From the solubility product of
BaCO. (S=8.1xlO~9 at 25°C) it follows that the Ba 2 + concentration

-fi
necessary for precipitation should be: 2.03x10" grion/1.

Because the Ba concentration in the solution is larger than the Ba

concentration necessary for precipitation in principle precipitation

of BaC03 should be possible. However, in the X-ray diffraction pat-

terns of the samples no peaks for BaCO., (26=23.90° and 24.16°) were

observed (fig. 3.25).

Three explanations can be given for this phenomenon:
- mixed crystal formation between BaC.03 and aragonite
- accelerated precipitation of CaC03 as compared with BaC.03 erased by

aragonite seeding beforehand
- the maximum possible amount of BaC03 (0.20 mg) formed is too small

as compared with the quantity of CacO3 (~ 68 mg in case of 90» pre-
cipitation) to be visualized by X-ray diffraction.

From the results as presented in table 3.16 the following conclusions

can be drawn: ?

- the addition of Ba +-ions in a concentration of 10 M does not sta-
bilize the aragonite modification. At a period of contact larger
than 5 hours the quantity of aragonite is strongly reduced because
it transforms into calcite

- when BaClg is added before precipitation the removal of Sr follows
the course of the aragonite percentage; however when BaCl2 is added
after precipitation this principle is not obeyed and more irregular
decontamination percentages are found

- in the beginning a small percentage of vaterite is formed which has
completely disappeared after two hours of contact. Then vaterite has
been changed into calcite. This is in accordance with the results of
Kitano (paragraph 3.2.3.1) who suggested that small amounts of Ba 2 +-
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1 ' n l 1 ! ' - f1 B a C l 7 . T h e r e s u l t s a r e g s v e n - n t a r ; 1 e ~ 5 . ] 7 .

time of
contact

10 min
2 h
5
24

0

0
Ü

X

.07(0.
- ( "
- ( "
.16(0.
.11(0.

25)
)
3

14)
Ob)

0.50(0.42)
0.66(0.71)
0.70(0.72)
0.57(0.45)
0.63(0.53)

X
3

0.43(0.33)
0.34(0.28)
0.30(0.28)
0.27(0.41)
0.26(0.42)

sample
number

K (6*)
2* (7* )
3* (3* )

5**(10°)

(100-C/C

11
22
25
28
28

U4
(15
(22
(25
(32

U br

)
)

Legenda: * BaCa(CO3)2, ** BaCa(C03)2 + Ba7Cag(CO3)13,

Ba7Ca,(CO,),^ present in the precipitate.

The results of table 3.17 show that more vaterite is formed when

larger amounts of BaCl2 (0.1 mmol/125 ml -* 110 ppm Sa ) are added

(compare table 3.16). This is again in accordance with a pronounce-

ment of KITANO (1962) that larger amounts of BaClp should stabilize

vaterite over caicite.

When BaCl„ was added before precipitation the amount of aragonite

gradually decreases as a function of the time of contact. Addition

after precipitation resulted in a somewhat better stabilization of

the aragonite. However the total yield in aragonite was very low

(*a
or:

0.40). As a result of this a bad removal of Sr was obtained
but also other reasons may be indicated for this poor removal viz.
- the vaterite formation leads to a bad radiostrontium decontamina-

t i o n 2+ RS

- a large interaction between Ba -ions and Sr.

The first reason was contradicted by an experiment in which 10 ml 1 M

Na7C0, (Baker reagent p.a.) was added at roomtemperature to 10 ml 1 M
85

CaCl„ (rïerek AG reagent p.a.) + SrCl9 and 30 ml of demineralized
water. In this case 97.6% of Sr was removed by a CaCO- precipitate
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containino 99* vaterite. Therefore the poor removal of Sr in

the experiments mentioned in table 3.17 is the result of the forma-

tion of only a small amount of araqonite as well as of the inter-

action between radiostrontium and Ba -ions.

When larqe concentrations of BaCl9 are added in order to stabilize
85the aragonite formation and to favour the uptake of Sr by this

modification the solubility product of BaC03 (S=8.1xlO~
9 at 25°C)

is exceeded by a factor 400 through which precipitation of DaC07
-2should occur.Because 10 ml 10 M BaCl, is added a maximum amount

of 0.1 mmol BaCO.,/125 ml ~ 19.7 mg can be formed. Compared with a

maximum CaCO., formation of 23 + 50 = 73 mg/125 ml (100% precipi-

tation) the quantity of BaCO, should be large enough to be detected

in the X-ray diffraction pattern. However at 2e values of 23.90°

respectively 24.16° no BaCO3 peak was observed as follows from fig.

3.25 in which the X-ray diffraction pattern of pure BaCO, is compa-

red with those of the samples no. 5 and 10 of table 3.17.

i •

29 28 27' 26 25 24

Fig. 3.25. X-ray diffraction -peak -pattern of some samples.

x =0.26 x =0.63 x =0.11
* ^ ^0

BaC0

BaCO3: 29=23.90° and 24.16°;

BaCa{C03)2: 28=28.40° and 28.49°;

Ba7Ca6(C03)13: 26= 28.87°;

aragonite: 29=26.37° and 27.34°;

vaterite: 29=24.95° and 27.17°;

calcite: 29= 23.11° and 29.42°.
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In the X-ray diffraction patterns of the samples no. 2-10 of table

3.17 some foreign peaks were observed between 2^=28.5° and 29°. By

comparison with some X-ray diffraction data of double salts (table

3.18) it could be deduced that in case of a single peak modification

B of BaCa(CO3)2 (*table 3.17) or Ba7Ca6(C03)13 (°table 3.17) was

present. When two such peaks were observed in this area a mixture of

these two double salts was present. From the results of table 3.17

and fig. 3.25 it follows that BaCa(C0^)2 is transformed into

Ba7Ca6(C03)13.

Table 5.18. 28 values for BaCa(CC) „ and Ba^Ca.,; CO,/ ,, and their in-
tensittes.

Substance

BaCafCCL),,
i c

BaCa(CCL)0

Ba7Ca6(C03)13

Modification

A

B

—

26

24.16
Z8.57
42.40
28.49
28.40
22.09
28.87

1

10
6
4
10
9
4
10

The peaks of table 3.18 indicated with an arrow are shown for the

samples 5 (double peak) and 10 (single peak) in fig. 3.25.

The reason why BaCa(C03)2 or Ba7Ca,-(C03),3 or a mixture of BaCa(C0,)2

and Ba7Ca6(C0,)i:. is formed is still unknown. Probably these double

salts are formed on the surface of the CaCO-, precipitate because they

are found both in samples where BaCl^ was added before- as well as

after precipitation.

For completeness sake photographic X-ray diffraction records of the

samples (no. 2-10, table 3.17) for the whole 26-range are shown in

fig. 3.26a (no. 2-5) and fig. 3.26b (no. 6-10).

In fig. 3.26a the lines for vaterite, aragonite and calcite are

shown. The black arrow in the photographic record of sample 5 shows

the place where the BaCa(C03)2 and Ba 7Ca 6(C0 3) 1 3 peaks in the X-ray

diffraction patterns of fig. 3.25 were found. The absence of BaC03

in the samples no. 2-10, already mentioned, can be clearly observed.
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5 aragonite " _ . ;.•••_ J • v-;'" -:f

\*-*r;,ks samples no. £-' '-^•

•••' ' •''. .* ' •:>•:.;' ; «iv- .r'.; ' ,.

In fig. 3.26b the lines of Ba7Ca6(C03),3 are shown fay means of black

stripes. When a part of the CaC03 precipitate consists of another

solid e.g. BaCa(C0^,)9 the molefractions x , x and x calculated ac-
•J c a v c

cording to the method of relative peak intensities as described in

Appendix II are somewhat inaccurate. In this case x + x + x f 1
3 V C

as used there. Therefore it is better to estimate the mol fractions

from the line intensities of the photographic records. Because such

estimations are rather inaccurate they are not collected here.
_ '.''flC L US VCH3 •

Frr>m the results as discussed in paragraph 3.3.5.3 the following con-
clusions can be dra.vn:

- aragonite is not stabilized by the addition of Ba2+-ions

- the addition of small amounts, of Ba -ions (10 ml 10~4 M BaCl0 =
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favours the formation of vaterite (table 3.17;
-4 -2

- On.' addition of Ball,, (iri or 10 " M) before- or after prei. ci-

tation of CaCO,, is only of minor importance

- the formation of BaCO-, did not take place on addition of 10 ml

10 c M BaClp/125 ml; double salts containing barium such as

BaCa(CO3)2 and Ba 7Ca 6(CO 3) 1 3 (fig. 3.25 and 3.26) were formed.

- in all experiments a poor decontamination of Sr was observed.

When only 1.1 ppm Ba2+-ions (= 10 ml 10"4 M BaCl„/125 ml) were
or ^

added the removal of Sr is smaller than compared with the decon-

tamination in a similar experiment in which 0.70 ppm Sr '-ions were

added (see paragraph 3.3.5.2). If 110 ppm of Ba2+-ions (= 10 ml

10 M BaCl9/125 ml) are added the decontamination remains poor,
2+

probably by the strong competition between Ba -ions and radio-

active Sr +-ions.

Both aragonite as well as PbCO_ crystallize in the same
2+

orthorhombic crystal pattern; Pb -ions may therefore cause stabili-

zation of aragonite. The intermediate ionic radius of the Pb +-ions

(r=1.32 A) as compared with those of the Sr +-ions (r=1.27 A) and the

Ba +-ions (r=1.43 A) might be favourable to obtain the suitable forces

in the aragonite lattice for stabilization. This will be answered by

the results of the experiments as described in this paragraph.

The experiments were carried out in the same way as mentioned in pa-

ragraph 3,3.5.2. 10 ml X M Pb(NO,)0 instead of SrC10 was added. For
-fi -4 -?

X the values 10 , 10 and 10 were chosen.

ZesultF and discmssion.

In the table 3.19 and 3.20 some of the results obtained are presented

for 10'G and 10"4 M Pb(N0 3) 2.
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i>;fluer.3e of the addition
fci-e precipitation of Ja-T-
c?~er V2teoiritazio*i,

'aCC. eanvies .;>:c' radio*
ïiig' zi^eg of zoKzajt; the

d'Fb.XC, *

time of
contact

10 min
2 h
5
24
48

xv

0.14

xa

0.49(0.44)
0.34(0.41)
0.27(0.29)
0.24(0.26)
0.11(0.14)

XC

0.37(0.56)
0.67(0.59)
0.71(0.71)
0.76(0.74)
0.89(0.86)

sample
number

K 6)
2( 7)
3( 8}
4( 9)
5(10)

(ioo-c/co)Sr

84?(78ï)
92 (90 )
82 (87 )
80 (70 )
73 (75 )

2Q7'i**"i^v*vl'i'-'ï.r* f*

strc-^tiitT; removal a^zev
cf CaCOr aanpleB and radio~

cf aonïaoz; tne
of the addition of 10 ml 10~^ M Ph'UO ) 0 be-

d11fore pveaivizatian of CaCG-j (
afzer precipitation.

) Pb'HO

tine of
contact

10 min
2 h
5
24
48

xa

0.45(0.58)
0.31(0.35)
0.27(0.29)
0.19(0.20)
0.04(0.12)

xc

0.55(0.42)
0.69(0.65)
0.73(0.71)
0.81(0.80)
0.96(0.88)

sample
number

11(16)
12(17)
13(18)
14(19)
15(20)

(10Q-C/C0)Sr

80^(83%)
83 (88 )
78 (81 )
79 (69 )
78 (74 )

the results of table 3.19 and 3.20 it follows that:
- only in one case (sample 1) vaterite was formed. Consequently the
vaterite formation is hindered by the addition of Pb2+-ions

- Pb2+-ions do not stabilize the aragonite modification. As a func-
tion of an increasing time of contact the amount of aragonite de-
creases 85

- the decontamination of Sr reaches a maximum after two hours cf
contact; hereafter the removal of °^Sr decreases gradually

- the concentration of Pb(N03)„ or the moment of addition of this
reagent plays an inferior röfe.

In the X-ray diffraction patterns of the samples 1-20 no peaks for

PbCO3 (29= 24.76°, 25.44° and 29.02°) were observed although the

Pb -concentrations used were large enough to exceed the solubility

product of this solid (S=3.3xlO"^ at 18°C). Probably the same

reasons as indicated in the paragraphs 3.3.5.2 and 3.3.5.3 are res-

ponsible for this phenomenon.
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phic records of tne '/-ray patterns of the samples 1, !i, I?

jMij 17 are s^own in fiq. 2.27. By means of Dlack stripes the dif-

''•action lines *'or vaterite, araqonite and calcite are indicated,

'hese records are compared with those of soi.ie samples prepared in

experiments where 10 nil 10 ^ M PbfN0_) o was added before- or after

precipitation (table 3.21). ,- . ?=.._ry\..-.; ,-_ _.

X-ï'au diffract.Con anal'

a. samples 1, 11, 12 and 17 without Pb3(C03)2(0H)2

b. samples 21, 22, 27 with Pb3(C03)2(0H)2

In spite of the large Pb + concentration again no peaks for PbCCL

were found in the X-ray diffraction pattern. However two other peaks

both with a high intensity (1=9) were observed at 26=24.64° and

29=27.08° which stem from basic lead carbonate. They almost coincide

with the'peaks for vaterite 1 (26=24.95°) and vaterite 2 + aragonite

(28=27.17° and 27.34°). Therefore in these experiments it was not

possible to calculate the polymorphic composition of the CaCCL

samples. Only the decontamination of Sr was measured and appeared

to be much lower as compared with the experiments in which 10 and

10-4 M Pb(N03)2 were used. As an explanation the interaction between
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radiostrontiuw and Pb -ions which are present in a large excess

seems likely.

o*i tns ceo '•OF.

Pb(N03)2 added be- Pb(N03)2 added
fore precipitation after precipitation

time of
contact

10 min
2 h
5

24
48

sample
number

21
22
23
24
25

(ioo-c/cQ)Sr

u%
36
39
43
35

sample no.

26
27
28
29
30

(ioo-c/co)Sr

42«
40
46
40
37

For one of the samples viz. no. 25 the X-ray diffraction peak pat-

tern is shown in fig. 3.28.

30

,-lCOiClt*

29 27 26 25 24

26

23

rig. 3.28. X-ray diffraation peak pattern.

a mixture of aragonite + calcite + Pb,(CO,),(OH)9
(sample 25) i i i. i.
a mixture with composition x =0.44, x =0.56

(sample 6). a c

Pb3(CO3)2(OH)2: 28=24.64° and 27.08°;

aragonite: 29=26.37° and 27.34°;

calcite: 29=23.11° and 29.42°;vaterite: 26=24.95° and 27.17

By comparison with the peak pattern of a sample with polymorphic

composition xa=0.44, xc=0.56 (sample 6) it is found that in case

of sample 25 less aragonite and calcite and much basic lead carbo-
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nate is present.

As mentioned before it is clear from this figure that the peaks for

Pb-JCO-J^COH)- almost coincide with those for aragonite and vaterite.

From a comparison of the peak patterns of all samples it is noti-

ceable that with increasing time of contact the peaks for

Pb,(CO,),(OH), are more tapered probably as a result of recrystalli-

zation of the basic lead carbonate (larger particles).

The coincidence of the Pb,(CO,)?(OH)? peaks with those of aragonite

and vaterite mentioned is clearly seen in the X-ray photos of fig.

3.27. There X-ray diffraction photos of the samples 21, 22 and 27

(10"2 M Pb2+) are compared with those of the samples 1 (10"6 H P b 2 + ) ,

11, 12 and 17 (1G~4 M Pb 2 +). In the photos of the samples 21, 22 and

27 the intense lines of basic lead carbonate are clearly visible

(black arrows). In the other photos they are absent.

Conclusions.

From the experiments as described in this paragraph the following

conclusions can be drawn:

- Pb +-ions are not able to stabilize aragonite; as a function of the

time of contact the amount of aragonite decreases gradually

- the formation of vaterite is prevented by the addition of Pb -ions
-6 -4

- in case of experiments where 10 M or 10 M Pb(NO,)9 was added a
rather good removal of Sr was obtained. However when 10 M

nr

Pb(NO,)9 was used the decontamination of Sr was strongly de-
8*1 2+

creased by interaction between Sr and Pb -ions; also the for-

mation of Pb-.(CO,)9(OH)9 may be a reason. In the former case a

maximum removal of Sr was observed after two hours of contact;

afterwards the decontamination decreases parallel with the quantity

of.aragonite

- when 10 or 10"4 M Pb(NO-), was added no precipitation of Pb -

ions was found. However when 10 M Pb(NO-)p was added it was shown

by X-ray diffraction analysis that lead precipitates in the form ofPb3(CO3)2(OH)
2.
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From the data known from literature (paragraph 3.2.3.5) it

was to be expected that-the addition of sulphate ions could lead to

an increased formation of aragonite and therefore to an increased
or

uptake of Sr by coprecipitation and adsorption.

•/. .:'.•:..". -. :>ifiue>;es of S '.," -tons :">: ̂ cprc^ipï iaiijn sxp'.-in'.nw.zc.

The precipitation was carried out by the addition of

10 ml. 0.05 M soda solution to 200 ml 2.5.IQ"3 M CaCU solution con-

taining 85Sr, Na,S04 p.a. (412 ppm S04 ) and aragonite-II (220 ppm)

respectively.

In fig. 3.29 the influence of the addition of SO. "-ions on the re-

moval of Sr and Ca is shown as a function of the time of contact.

The results obtained from an experiment in which SO. -ions were

absent is also given in the figure. ODviously a slightly better re-

moval of' Sr is obtained when SO»' -ions are added to the solution.

After a time of contact of 205 minutes the Sr removal amounts to

88% in the presence of SO. -ions and 81% without these ions.

80

o
60

O
9 40

2 0 -

f-
X

1

-x

V

X

1 ,

O--

1

- S - -
0

1

100
t (min)

200 300 22'ah 47h

85.Fig. 5.29. The iyifluenae of SO L' -ions on the removal of Sr and
l i b i i i

2-
$0

f
)=412 ppm:

The iyifluenae of SO ions on the removal of Sr a
aaloium by precipitation; 220 ppm of aragonite added
before precipitation.

2_ )= 0 ppm: — x

strontium removal o calcium removal
t= 0 min: x =0.84 x =0.08 x =0.08
t=47 h : x^=0.60 x^=0 x^=0.40
strontium removal - - - x - - - calcium removal
t= 0 min: x =0.84 x =0.08 x =0.08
t=47 h : x^=0.50 x^=0 xc=0.50

a V C
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2_
When S04 -ions are present in the solution less araqonite changes

into calcite. After a period of contact of 47 hours and in the pre-
p_

sence of 412 ppm SO. -ions the polymorphic composition of the
2sample was x =0.60 and x =0.40; without SO- -ions after 47 hours of

a C H

contact less aragonite remained: x =0.50 and x =0.50. However, in

both cases the removal of "Sr decreases after long periods of con-

tact because then aragonite changes into calcite {x (t=0) = 0.84}.
a

2_
3.3.5.5.2. The influence of SOA -ions in adnc.vvzioK experiments.

'J2- ' ft^
The influence of SO. -ions in the decontamination of Sr

2-by adsorption was small. The addition of 960 ppm of SO. -ions to a
solution containing 1500 ppm of preformed CaC03 with composition
x =0.23 and x =0.77 had no positive effect on the transformation of

2-vaterite into aragonite. Both in the case of 960 ppm SO. - as well
2- R'i

as without SO^ -ions in the solution the decontamination of Sr was
about 30% (t=23h).
3.3.5.S, The influence of liaCl on the deaoKZamiKavicv. of vadio-

3.3.5,6.*.. The influence of NaCl during aopveaipitation on aaloite.

Because NaCl is frequently present in radioactive polluted

waste water it was of importance to study the salt influence on the

removal of Sr. To prevent modification transformations pure calcite

was used as seed material. Although with calcite instead of aragonite
85no large decontamination of Sr is to be expected this procedure had

the advantage that only one factor viz. the influence of NaCl is stu-

died. In fig. 3.30 two experiments are shown in which 5 ml 0.05 M of

NagCQ3 was quickly added to 100 ml 2.5xl0"
3 M CaClg + 8 5SrCl 2; in

both experiments about 1400 ppm of seed calcite was present in the

solution. After precipitation 5 meq NaCl/1 is formed in the solution.

In the other experiment an extra 100 meq NaCl/I was added. It follows

that the addition of this amount of extra NaCl reduces the removal of
85Sr from 70% to 40%. By the addition of NaCl the solubility of CaC03

is increased (see paragraph 3.2.3.4) which causes the poorer effect.
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100

o
o

(NaCl)= 5 meq/1; 1400 ppm of calcite added as seeds

x strontium removal
x calcium removal

(NaC1)=105 meq/1; 1460 ppm of calcite added as seeds

strontium removal
o calcium removal

100

o
uU 60 -
O

2

Fzg. 3.31. The influence of NaCl on the removal of Sr by adsorption,

x (NaCl)= 5 meq/1;
1500 ppm of aragonite-II used for adsorption

A (NaCl)=105 meq/1;
1500 pprn of aragonite-II used for adsorption.
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Two adsorption experiments v/ere carried out with approxi-

mately 1500 ppm of aragonite-II (x =0.84; x =0.08 and x =0.08), in

the presence of 5 respectively 105 meq NaCl/1. Of both cases in the

presence of 105 meq NaCl/1 the smallest uptake of Sr -ions from the

solution occurred (fig. 3.31). The solubility of the aragonite in

this case is larger than in the presence of only 5 meq NaCl/1

(3.2.3.4). At the end of the experiment (t=300 min) the composition

of the original aragonite-II sample was x =0.89, x =0.11.
a c

-i ;?>:? f L-! • .

5 ml of 0.05 M Na2C0, solution was added to iOO ml 2.5xlO"
3

M CaCl, containing radiostrontium. Before precipitation the solution

was seeded with 2000 ppm of aragonite-II.

An experiment was carried out in the absence as well as in the pre-

sence of 4.5 ppm calgon viz. (P0,)~ (compare paragraph 3.2.3.6).

The radiostrontium and calcium removal were measured after 180 minu-

tes of contact between precipitate and solution. Also the polymorphic

composition of the CaCCL samples was determined after 180 minutes.

Results and discussion.

The results of the two experiments are shown in table 3.22.

-.0.01 22. The influence of catwn on
cipitation after 180 minutes of aontas
gcnite-II added before precipitation.

, - 85- ,
the rertovai oj br by ocpre-

2000 ppm of ara-

calgon
(ppm)

0
4.5

strontium
removal

97%
44

calcium
removal

90%
50

xc

0.08
0.08

t=0

xa

0.84
0.84

X
V

0.08
0.08

t=180 min

xc

0.14
0.11

xa

0.86
0.82

X
V

0.0
0.07

Small amounts of calgon were shown to have a negative influence on

the removal of Sr because all favourable modification transitions

of CaCOj are delayed or even prevented during precipitation. As shown

from the table the transformation of vaterite into aragonite is re-



tarded by the addition of 4.5 ppm of calgon; it is even likely that
vaterite changes directly into calcite instead of via aragonite.

J.̂ .r-, The removal- cf ~"5r by means of continuous CaCS2 precipi-
tation.

In this paragraph experiments will be discussed in which
radiostrontium was continuously removed by CaCO^ precipitation. The
results as found in the batch experiments were applied. Therefore in
order to favour ths removal of Sr the formation of aragonite was
promoted by the addition of seeds of aragonite (xa=1.0) and/or Mg

 +-
ions as stabilizing ions for aragonite.
Procedure:

In all of the experiments the reagents consisting of a mixed solu-
tion of 5.10"3 M CaCl- (p.a. reagent of E. Merck AG) and 85SrCl-

•I QC t C

(8.10" uCi Sr/ml) and a solution of 0.1 M Na2CQ, (p.a. reagent of
J.T. Baker) were continuously added at a rate of 132 ml/h respective-
ly 6.6 ml/h. In one experiment also a solution of 0.1 M MgClg (Analar
reagent of UCB) was added to the reaction vessel at a rate of 13.2

85
ml/h. The mixed solution of CaCU + SrCU was added to the reac-
tion vessel by means of a micrometering pump (type: series II of
Tamson) where up to six heads could be fitted. For the addition of
the Na^CO- and the MgClp solution peristaltic pumps of type Vario-
perpex LKB 12000 were used. The apparatus as applied for the perfor-
mance cf the experiments is shown in fig. 3.32.
In the reaction vessel which was open to the atmosphere, the reaction
mixture (indicated by symbol I) was stirred magnetically. The reac-
tion vessel was provided with a tap at a liquid-level corresponding
to approximately 250 ml. The overflowing reaction mixture was fil-
tered, giving calcium carbonate and the clear filtrate (indicated by
symbol II) which was collected in e conical flask and finally kept in
a radioactive waste barrel.
After varying times of contact during approximately three days sam-
ples of 100 ml were taken from the reaction mixture indicated by
symbol I by means of a transfer pipet. After filtration of the cal-
cium carbonate the polymorphic composition of this solid was deter-
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e:Fi.j. Ó.C2. Appa2-j:us us j
ments.

1. CaCU solution (5x10 H) con-
taining 85Sr (8xlO-3 pCi/mi)

2. Na-CO., solution (O.I M)
3. HgCl2 solution (O.I M)
4. micrometering pump (six heads)
5. peristaltic pump
6. magnetic stirrer

'OKtZK*

7

vrcaiv'.t JA-ZZK

reaction vessel + reaction
mixture (I)

8. tap
9. filter + precipitate
10. inlet for sample taking
11. conical flask containing fil-

trate (II)
12. radioactive waste barrel.

mined by X-ray analysis as described in Appendix II. The filtrate
or

was used for the determination of the removal of Sr (I) respecti-
vely the determination of the amount of Ca -ions removed by preci-
pitation (compare 3.3.1.1 and 3.3.1.2}. In the filtrate present in
the conical flask and indicated by symbol II the percentage removal
of Sr was also determined (II).
Four experiments were carried out.
In the first experiment no seed crystals of aragonite were added.
To initiate the formation of aragonite in the second a M third expe-
riment 220 ppm (23 mg) respectively 2000 ppm (230 mg) of aragonite
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seeds (x =1.0) were added before precipitation,a
In order to stabilize the aragonite formed in the fourth exoeriment

both seeding with 2000 pom (230 mg) of aragonite as well as continu-

ous addition of MgCU took place.

3t:piil~p a*id discus si an,

- In table 3.23 the results are presented of the experiment in which

no aragonite seeding was used. In this case much vaterite and a

small amount of aragonite and calcite is formed.

A somewhat larger percentage of aragonite was found in the preci-

pitate on the filter and on the wall of the reaction vessel.

The results as presented in table 3.23 show that also the forma-

tion of much vaterite leads to a fairly good removal of radio-

strontium both for samples taken from the bulk of the solution (I)

as well as for samples taken from the filtrate in the conical

flask (II).

Because in the filtrate collected in the conical flask (II) radio-

strontium is removed at first by coprecipitation and later on by

adsorption on CaC03 present on the filter, the decontamination in

this case ought to be better than in the other samples (I). Only

in the beginning of the reaction (0-6 h) this demand is not obeyed.

As shown from table 3.23 even when much vaterite is present instead
of aragonite, after 50 h a radiostrontium removal of 100% is

cas
2+

on
reached. In this case the decontamination of Sr is better than
the removal of Ca

Or

- About the same results for the decontamination of Sr (I and II)

were found in an experiment where the solution was seeded before

precipitation with approximately 220 ppm of aragonite (table 3.24).

In the beginning again much vaterite was present which slowly

transformed into aragonite after larger periods of contact. Most

aragonite was found in the solid substance on the filter and on the

wall of the reaction vessel. Oust as in the experiment as described

before, the quantity of calcite formed was only very small.

- Because in the experiments described a rather small amount of ara-

gonite was formed an effort was made to increase this quantity by
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le 2.22, ^''Sv removal by continuous CaCO7 preeivization; no
seeding of the solution beforehand.

1

•iff

.-gr

-fi

I,'M3

••3
M

time of

contact

2 h
4
6
23
25
27
29
48
50
52
54
filter
wall of
reaction
vessel

x.
a

0.00
0.00
-

0.09
0.10
0.09
0.08
0.12
0.09
0.12
0.13
0.15
0.25

xr
c

0.01
0.01
-
0.02
0.02
0.02
0.02
0.02
0.03
0.03
0.04
0.06
0.13

x
V

0.99
0.99
-

0.89
0.88
0.89
0.90
0.86
0.88
0.85
0.83
0.79
0.62

removal

of 85Sr
(I)
92.71
84.0
88.0
73.4
94.1
96.8
100.0
94.7
90.1
84.5
91.0
_

removal

of 85Sr
(ID
85.1%
84.2
81.9
92.6
100.0
97.4
93.6
95.4
100.0
100.0
100.0

_

removal

of Ca2+

94.8%
94.2
94.8
97.6
97.4
96.3
96.5
98.2
97.8
98.1
97.6
_

DC

7able 5.24. "Si* removal by aontinuoua CcCO. precipitation; seedi'%
of the solution before precipitation with 220 ippn of
aragonite.

time of

contact

2 h
4
6
23
25
27
29
48
50
52
54
filter
wall of
reaction
vessel.

x.
a

0.27
0.15
0.13
0.25
0.23
0.21
0.20
0.24
0.24
0.25
0.34
0.58
0.62

x
c

0.04
0.02
0.01
0.01
0.01
0.01
0.02
0.01
0.02
0.01
0.03
0.05
0.07

X
V

0.69
0.83
0.86
0.74
0.76
0.77
0.78
0.75
0.74
0.74
0.63
0.37
0.31

removal

of 85Sr
(I)
77.21
80.4
76.1
75.8
72.9
89.7
87.0
91.0
93.0
88.8
86.0

-

removal

of 85Sr
(II)
- %

60.9
86.7
74.8
82.7
100.0
91.1
100.0
100.0
100.0
94.0
-
-

removal

of Ca 2 +

94.41
97.4
95.5
97.5
97.5
96.8
97.0
96.7
96.7
95.7
95.9
-
-
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: 2 •(

tine of

contact

2 h
4
6
23
25
27
29
48
50
52
54 •
filter
wall of
reaction
vessel

a

0.97
0.96
0.96
0.34
0.23
0.15
0.22
0.11
0.09
0.09
0.10
0.69
0.45

x
c

0.03
0.04
0.04
0.01
0.00
0.00
0.01
0.01
0.01
0.01
0.02
0.06
0.05

V

0.00
0.00
0.00
0.65
0.77
G.85
0.77
0.88
0.90
0.90
0.88
0.25
0.50

removal

of Sr
(I)
100.05
95.8
100.0
91.8
98.3
-

92.0
.

90.6
94.3
91.3

_

removal
f 85Cof Sr
(II)

100.0%
98.8
100.0
94.3
98.1
97.1
100.0

_
100.0
100.0
97.0
-
_

removal

of Ca2+

89.6
91.9
95.1
95.6
94.2
94.0
96.4
94.1
95.7
95.2
95.5

•

pc
'"Sr removal by continuous CaCCt precipitation; seeding
of the solution before precipitation with 2000 ppm of
aragonite; addition of 13.2 ml 0.1 M Mgs+-ione/h.

time of

contact

2
4
6
23
25
27
29
48
50
52
54
filter
wall of
reaction
vessel

X,
a

1.00
1.00
1.00
1.00
1.00
1.00
1.00
1,00
1.00
1.00
1.00
1.00
1.00

X.
c

-
-
-
-
-

-
-
-
-
_
_
_

X,
V

_
-

-
-
-
-
-
-
-
_
_
-

removal

of 85Sr
(I)
86.6%
84.3
88.6
91.7
84.5
87.8
81.5
88.5
73.2
64.1
69.4
_
_

removal

of 85Sr
(II)
93.0%
97.4
100.0
99.2
98.0
96.6
90.4
92.2
96.2
100.0
93.8
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the addition of more aragonite seeds (2000 ppm, x =1.0).

The results of such an experiment are shown in table 3.25. The

results show that already after 2 hours of contact a large amount

of aragonite (x =0.97) is formed in the precipitate leading to a

100a removal of Sr. After six hours of contact the situation in

this continuous precipitation process is still the same. After-

wards the mole fraction of aragonite x present in the CaCO,
a o

samples gradually decreases down to x =0.10 after 54 hours of

contact.

However the percentage of aragonite found in the samples of the

filter and the wall of the reaction vessel remained reasonable

large. In this experiment it was surprising that the amount of

vaterite increases as a function of an increasing time of contact

while the aragonite percentage is decreased. However practically

no cal cite is formed.

Obviously after 23 hours of contact the freshly formed CaCO, is

precipitated as vaterite. Then the seeding amount of aragonite

(2000 ppm in the beginning) is too small as compared to the quan-

tity of vaterite formed to be effective. The formation of vaterite

. instead of aragonite had practically no influence on the radlo-

strontium removal percentage. This is in accordance with the re-
85

suits of .table 3.23 where also a good removal of Sr was found in
the presence of large quantities of vaterite.

- To prevent the transformation of aragonite into calcite and also

the formation of vaterite and calcite,in the last experiment Mg +-

ions were continuously added during precipitation.

The results of table 3.26 show that all of the CaCO, formed was

precipitated as aragonite (x =1.0). No calcite and vaterite were
a

found in the X-ray diffraction peak patterns. The formation of

pure aragonite leads also to a good decontamination of Sr as was

to be expected on the ground of the results of the batch experi-

ments (3.3.5.1). Decontamination II is better than decontamination

I. Consequently the aragonite on the filter has obviously adsorp-

tive properties.
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However the removal of Sr (II) is approximately equal to that ob-
tained under the experimental conditions of the tables 3.23, 3.24
and 3.25.
In the experiment leading to the results of table 3.26 the removal
of Ca was not measured because this determination is interfered
by the presence of large concentrations of Mg +-ions.

The results of the continuous precipitation- and decontamination ex-
periments as presented in the tables 3.23 up to and including 3.26
can be summarized as follows:
rDlw.c-rvhie soTrtsosizion of the CaCC~ samples

- pure aragonite is formed at roomtemperature when the solution is
seeded before precipitation with approximately 2000 ppm of arago-
nite (x =1.0) and 1.32 mmol MgCl2 per 0.66 mmol of freshly formed
CaCÜ3 if continuously added as a stabilizer for aragonite

- most aragonite is formed in the CaC03 precipitate on the filter and
on the wall of the reaction vessel

- in the continuous experiments as described practically no calcite
formation was observed.

removal c/ radiostpontium
85

- pure aragonite formation leads to a decontamination of Sr uo to
100% 85

- also vaterite formation leads to Sr decontamination results near
100%

- continuous precipitation experiments in which practically no cal-
cite is formed lead to 85sr decontamination results up to 100%

- the decontamination of 85sr (II) > the decontamination of 85$r (I)
because of'the adsorptive properties of the CaCO* precipitate in
form of aragonite and/or vaterite.

2.3.7. S U M M A R 1.

In this chapter phenomena concerning the removal of radio-
strontium by the cold lime-soda process as carried out under stoi-
ehiometric conditions of precipitants were considered. Dependent on
the experimental conditions calcium carbonate was precipitated in the
form of vaterite, aragonite or calcite. For identification of these
crystal forms X-ray diffraction analysis was used.
Because* aragonite was shown to have the best binding properties with
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respect to radiostrontium the formation of th is calcium carbonate

modif icat ion was promoted. This occurred by the addi t ion of seeds of

aragonite and foreign ions.

In the coprec ip i ta t ion experiments the addit ion of a seeding amount

of 1400 ppm of aragonite (x =0.04, x =0.08, x =0.08) was shown to be
a C V

sufficient to prevent the transformation of aragonite into calcite.

In this case radiostrontium was removed up to 93£.

In the adsorption experiments on preformed aragonite a larger amount

of aragonite (4500 ppm) or a larger period of contact between solid

and solution was necessary for an equal radiostrontium removal.

The removal percentage of radiostrontium could be improved by the

use of preformed pure aragonite. Seeding of the solution with pure

aragonite and the addition of a sufficient amount of Mg -ions

(209 ppm) before precipitation led to a 100* formation of aragonite.

The addition of other foreign ions such as Ba T, Sr +, Pb +, Na+,
- 2 -Cl , SOj , (P0n) was less successful for the stabilization of

aragonite.

The favourable addition of seeds of aragonite (x =1.0) and of Mg- +-
a

ions (209 ppm) as found in the batch experiments was tested in some

continuous precipitation experiments. It was found that aragonite

was continuously formed; this led to a radiostrontium removal of up

to 100%.

However in continuous precipitation experiments in which no seeding,

seeding with 220 ppm respectively 2000 ppm of aragonite was applied

and in which the addition of Mg -ions was omitted much vaterite and

less aragonite was formed. In this case radiostrontium was also re-

moved up to 100%.

It was surprising that in all of the continuous precipitation expe-

riments practically no calcite was formed.
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CHAPTER IV

THE REMOVAL OF RADIOSTRONTIUM BY MEANS OF BARIUM S.

PRECIPITATION

In this chapter the barium sulphate precipitation method which

up till now is less common used in practice for the purification of

radioactive polluted waste water will be considered. Although this

method is probably more expensive as compared with e.g. the process

of lime-soda softening it will be shown from the experimental results

that the method has some important advantages over the other methods.

In the experiments the influence of most factors as discussed in

chapter II was investigated, in order to establish the optimum con-

ditions for a 100 per cent removal of Sr. The results obtained in

batch experiments (4.3) were applied in some continuous precipitation

experiments (4.5). Finally in paragraph 4.6 some supplementary expe-

riments concerning the removal of Co respectively RÜ from con-

taminated solutions are considered.

•i.Z. General procedure of carrying out the batch experiments.

The batch precipitation experiments (4.3 and 4.4) were carried

out in polythene bottles of 100 ml, containing:

a ml X H B a d 2 (anaiar reagent of BUh)

10 ml 85SrCl2 solution containing 1 uCi
 85Sr

b ml X M Na^SO. (p.a. reagent of Hopkins and Williams Ltd)

c ml of water (completion to 50 ml).

The reagents were added to the make-up water. One of the precipitants

was added at the end.

In the experiments also additives such as NaHC03, NaNO3> NaOH, CaCl2,

NaCl and FeCl3 were used (d ml). The total liquid volume in all cases

was 50 ml (a+b+c+d = 40 ml). The values for a, b, d and X for the

experiments are reported in the relevant figures and tables.

The solutions in the polythene bottles were stirred magnetically.

After a certain time of contact between the solid and the solution
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f.he whole samples of 50 ml were filtered. The radioactivity in the

filtrate was measured by scintillation counting on the way as des-

cribed in paragraph 3.3.1.1 of the previous chapter.

In a few cases the BaSO. precipitate was collected, washed with water

and dried at 110°C for a determination of the specific surface by
85means of the BET-method employing Kr.

I'c :ouiGr:i nul ion Xvl'Jl

85fTo find the conditions for an optimum removal of """Sr a study

of the influence of some variables was made (compare chapter II).

A better decontamination can be expected when larger concen-

trations of precipitants are used. However, there is an optimum con-

centration as will be explained from the results of the experiments.

• voeediive:
or

In the experiments the solution containing the radioisotope Sr was

added to a solution of BaCl„. After that the solution of Na-SO. was

added. After a shaking period of 24 hours and filtration the removal

of Sr was measured as a function of the various concentrations.

100

80

O
O

4O

20

0
0 8 1-0

Fig. 4.1. Solution of Sr as a function of the concentration of
UaJSO respectively BaCl„.
10 ml X M BaCl2, 1 yCi

 8^Sr, 10 ml X M Na2S04, 20 ml of

water; (pHE = pH after filtration = 4.30);

time of contact 24 h

121



85In fig. 4.1 the removal of Sr is shown as a function of a different

moiarity of BaCl„ or Na?S0. after a time of contact of 24 h;

pHr (= pH after filtration) r.as about 4.30.

In the concentration range of 0.001 - 0.1 M a strongly increased re-
oc

moval of Sr is observed up to 605 under stoichiometric conditions.

After this period the decontamination is increased only very weakly.

When the concentration of 1 M is reached colloïdal properties of the

precipitate are observed and sometimes deviations of the normal Sr

removal-curve are found.

In fig. 4.2 the influence of 50% excess of SO. "-ions over Bat+-ions

is given as a function of different concentrations of BaCl-.

=! 1OO

u 80

60

40

20

0-2 0-4

• — MBaClj

0 8 0 8

2-

1 0

4.2. The influence of excess of SO " -ions or. the removal of
8£>SP as a function of varying concentrations of BaCl .

x 50% excess of S042"-ions (10 ml X M BaCl2, 15 ml X M
Na2S04, 100 ppm Ca2+-ions)

o stoichiometric amounts (10 ml X M BaCl2, 10 ml X M
Na9S0., 100 ppm Ca

z+-ions)

Already at a concentration of 0.05. M or a somewhat lower value a de-

contamination of nearly 100% is reached. From that concentration on

to larger amounts a constant removal of approximately 10Q£ results.

Even a concentration of 0.005 H and excess of sulphate ions gives a

larger decontamination as compared with the stoichiometric conditions.
85

In the first case the Sr removal is probably promoted by the nega-

tive surface layer of the precipitate as a result of the presence of
122



of sulphate ions.

In a stoichiometric precipitation reaction the use of low precipi-

tant concentrations (0.001 - 0.01 M) leads to an adsorption of

radiostrontium by the filter because an insufficient amount of Na +-

and Cl"-ions is introduced in the solution daring precipitation.
or

In this case the decontamination values for Sr have to be correc-

ted with the aid of the results given in fig. 4.3.

However, when a sufficient quantity of other ions e.g. Ca -ions

(100 ppm) is present in the solution for filter adsorption the decon-

tamination results need not to be corrected,

Ifi fig. 4.3 results are shown of an experiment in which samples of

50 ml solution only containing the radioisotope Sr and varying

amounts of NaCl were filtered; the radioactivity adsorbed by the

filter was measured.

100 -

80 -

60

40

20

amount of NaCl added

0 rnmol
0.1
0.2
0.4
0.6
0.8
1
2

• 3

Sr sorption
on the filter

28.5/3
11.4
6.4
5.9
4.0
2.4
1.8
2.4
0.8

0-2 0-4 0-6 0-8 10
••— total m mol NaCl

2 0

BE
Fig. 4.3. Sorption of Sp by the filter as a function of varyiruj

amounts of NaCl.

From the figure the correction values can be read as 13% (0.001 M)

respectively 11% (0.005 H ) .

Discussion.

From the results of fig. 4.1-4.3 it can be concluded that the use

of precipitant concentrations larger than 0.05 M does not lead to a
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further improvement of the removal of Sr from the solution.

Therefore 0.05 M is considered to be the optimum precipitant concen-

tration for batch decontamination experiments.

When an excess of SO» -ions is present the sorption of Sr is in-

creased strongly. In this case it was found (fig. 4.2) that even a

better decontamination was obtained at molarities smaller than 0.05 M.

4.5.2. -he a
In the preceding paragraph positive results for the radio-

strontium removal were obtained in the presence of an excess of S04

ions; therefore the effect of varying cation/anion ratios on the

radiostrontium removal was studied in more detail.

2-

QC

In the experiments the radioisotope Sr was added before precipita-

tion of BaSO.. Experimental details are presented in the tables and

figures.

u

100

80

60

40

20

0

0

-

-

0
-

1 1

— o ,

1 1

12 16
t (h)

So,4.4. Sorption of Sr as a function of the time of aontaat at
varying Ba/SOd ratios under the conditions as presented in
table 4.1.

x. Ba/SO4 = 2; o Ba/SQ4 = 1; A Ba/S04 = 2/3

concentration of precipitants added: 0.05 M

Both the terms sorption and decontamination will be used in the text
as a collective noun for the removal of radioisotöpes by means of
coprecipitation and adsorption. Whether ccprecipitation or adsorp-
tion is meant is discussed in the experiments proper.
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In fig. 4 4 radiostrontiuni sorption results are compared which
Of

originate from experiments where the removal of Sr was studied
2+ 2-

both in the presence of an excess of Ba -ions and cf S0„ -ions

as well as under stoichiometric conditions. The experimental condi-

tions are indicated in table 4.1.
-e t.i. sorption cj t-v

var>yi>:g tïr.cs of
28 u JUK3Z-ISK C-r

time of

contact

0.5 h
3,5

21

Óoncentrations of

0.25 mmol Na2SO4

0.50 mmol BaCl9

+
 85Sr

.-. Ba/S04 = 2

34?;
28
27

p'recipitants added

0

0.

0

25

50

25

mmol Na^SO,

mmol BaCl,

+
 85Sr

mmol Na2S04

Ba/S04 = 1

74ï
81
70

. 0

0.

0.

0.

.05

25

50

50

•'•

H.

mmol Na2SO4

mmol BaCl,

+
 85Sr

mmol NanS04

Ba/S04 = 2/3

99.7?»
99.7
99.7

85
As was to be expected the best removal of Sr is obtained when the

precipitate has a negative surface charge caused by the adsorption

of S0 4" -ions. The sorption of Sr in this case is 99.7%

Precipitation of radiostrontium by means of strontium sulpnate is
-8

excluded; the strontium concentration in the solution (3.2x10

grion/1) is too small for exceeding the solubility product of

strontium sulphate (3.81x10 at 17°C).

When excess of Ba -ions is present there is a large competition

between the Ba - and Sr -ions on the BaSO» surface and a poor re-

moval of Sr is the result (28%). Stoichiometric amounts of Ba -
2_

and SO» -ions lead to in between results.
2+

In table 4.2 the results of the effect of varying Ca concentra-
85 2+

tions on the Sr decontamination in the presence of excess of Ba -
or SO.^-ions are collected. The conclusion must be that the in-

?+ ' 8 5
fluence of the Ca addition is weak. The removal of Sr obtained

2+
in the presence of an excess of Ba -ions is smaller than that given
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in fig. 4,4 probably as a result of the later time of addition of

the radioisotope.

O.i'Dt l O'',

. £+

Concentrations used: 0.05 M P5C1, and Na2S04, 0.025M CaCl

(Ca2+)

0 ppm
50
100
200
250

0.75

0.50

1 PC-

Ba/S(

mmol BaClp

mmol NaSO„
85,. 4

Sr

) 4 = 3/2

0%
1
1
0
1

0.

0

1

50 mmol BaCl„

75 mmol NaoS0„

aCi 85

Ba/SO4 =

99.
99.
99.
99.
99.

Sr

2/3

7%
6
5
5
3

4,c'.5. Zne tune of contact.

As said before mostly a time of contact of approximately 24

hours was used in the precipitation experiments in order to approach

the equilibrium situation.

On the basis of the experimental results to be discussed in this

paragraph it will be shown that the time of contact to reach equi-

librium depends on the precipitant concentrations used.

Generally the barium sulphate precipitation reactions carried out

with small precipitant concentrations need a larger time of contact

for approaching the equilibrium situation as compared to those per-

formed with larger precipitant concentrations. Consequently in fig.

4.5 a longer time of contact leads to a better removal of 85Sr be-

cause small concentrations of precipitants were used.

When larger concentrations of precipitants are used and 50% excess

of S04 -ions is added (fig. 4.6) already a good decontamination is

obtained after a time of contact of 6' hours.

In the beginning of the BaSO^ precipitation the binding of 85Sr by

the solid is considerable (coprecipitation); after approximately 2

hours the Sr uptake is si owlv increased (adsorption) until 1 the
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? 100J-

200

•Jecontairz >vition ~r ac
Precipitate prepared from:
0.075 mmol BaCl2
0.075 mmol Na2S04 + varying amounts of ̂ S O . in excess

x 501 excess of SO. "-ions, time of contact 17 h
o 100» excess of SO^-ions, time of contact 17 h
£ 100" excess of S0.2--ions, time of contact 40 h

100 -

5 98-

u
§

94

92

90

88
1 2 3
• time of contact (ti)

85Fig. 4,6, Decontamination of Sr as a function of the time of
contact.

Precipitate prepared from:
0,375 mmol BaCI?
0.375 ramol Na2SO4 + 50% of
x 0 ppm Caf+-ions
o 100 ppm Ca|+-ions
A 200 ppm Caz+-ions

in excess
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equilibrium situation has been reached. For practical application

of the process of decontamination by means of BaSO. it is necessary

to use short times of contact. More discussion about this aspect, is

given in paragraph 4.5 (continuou-s experiments).

85rThe removal of Sr was studied as a function of varying

amounts of 0.1075 N NaOH added. The pH was varied between approxi-

mately 5.00 (0.02 ml of NaOH) and 10.00 (0.18 ml of NaOH).

3 100

U 80

8
60

40

20

0

:< 50 ppm Cso^-ions
o 100 ppm Ca~ -ions
A 200 ppm Ca9 -ions
O 250 ppni Ca" -ions

_L
0 0 2 0 06 0-10

1075 N NaOH
0 14 0 18

Fig. 4.7. Decontamination of ^Sv as a function of ml UaOH.

Precipitate prepared from:
0.075 mmol BaCl2
0.075 mmol Na-SO.
time of contact 17 h

Two series of experiments were performed, one with 0.075 mmol BaSO-/

50 ml solution (fig. 4.7) and another with 0.375 mmol BaSO^/50 ml

(fig. 4.8). In both experiments stoichiometric amounts of precipi-

tants were used.

Results.

As a result of the stoichiometric conditions used the removal of

Sr is not larger than approximately 50% (fig. 4,8). Both the re-

sults of fig. 4.7 as well as those of fig. 4.8 show that the removal
85

of Sr by means of coprecipitation with BaSO4 is independent of the

128



u
10

0-

i

1

100

80

60

40

20

0

- ^

-

i

X

0

O

50
100
200
250

U

I

ppm
ppm
ppm
ppm

Ca;H

Ca9
Cao
Ca"

i

-ions
-ions
-ions
-ions

y,—

è-

i

O 02 O 06 O » 0 14 O 18
• — ml 0 1075NNoOH

,.,,-, . , se ,

Precipitate prepared from:
0.375 nimol BaClz
0,375 mmol Na2S04
time of contact 17 h

oc

volume of NaOH added; in other words coprecipitation of Sr by

means of BaSO^ is independent of the pH (range 5.00 - 10.00).

4.S.L. Ageing of a precipitate.

In this paragraph the results of experiments are described

in which the binding capacity of an aged BaSO. precipitate for

strontium was investigated.

During ageing recrystailization of the precipitate takes place.

Impurities occluded during coprecipitation can diffuse out of the

recrystallizing solid into the solution. Impurities which are co-

precipitated in the form of mixed crystals are irreversibly bound

and remain in the solid during ageing-

Procedure;

A precipitate was formed from 10 ml 0.05 M BaCl2 and 10 ml 0.05 M

Na9SO.. This precipitate was aged during 1.75 respectively 18 hours.
85

After that 1 uCi Sr was added dissolved in 10 ml of water. In this

case Sr can only be bound on the aged surface by means of adsorp-

tion.
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As mentioned above two kinds of experiments with different times of

ageing have been carried out.

First a BaSO. precipitate was formed in the solution and aged during
RS

18 hours. After the addition of the SrCl~ solution and a time of

contact of 3.5 hours no measurable Sr adsorption was observed.

A good removal of °"5r was found when after the addition of the

radioisotope a second amount of 10 ml 0.05 M Na^SO^ was added. The

freshly added sulphate ions apparently are adsorbed on the 18 hours

aged BaSO» surface resulting in a negatively charged surface. After
R5

a time of contact of approximately two hours Sr was removed up to

97- by means of secondary adsorption (fig. 4.9).

40 80
t (mm)

120 160 200 240

Fig. 4.9. Sorption of "Sr as a function of the time of contact.

0.5 mmol BaCl2 + 0.5 mtiol NaoSO. (time of ageing 18 h)
afterwards: 1 yCi 85sr and 0.5 mmol NapSO.
concentration of precipitants added: 0.05 M

When an excess of Ba -ions (10 ml 0.05 M BaCI2) was added and neu-

tralized by means of the addition of 10 ml 0.05 M Na^SO. a second

precipitate was formed besides the 18 hours aged precipitate. The

second precipitate was not aged. Independent of the time of contact

(0-3 h) about 45% of Sr was removed by the second precipitate ap-

parently by means of coprecipitation (table 4.3).
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-"I

e 4.5. Removal cf radiostvorvtiup; after1 varying periods of OCK-
taat between the second precipitate and the solution.

10 ml 0.05 N BaC12 + 10 ml 0.05 M Na2S04 + 10 ml of water

(time of ageing 18 h) (first precipitate);

10 ml 0.05 M BaCl? +
 85Sr, 10 ml 0.05 M Na?SO. (second

precipitate)

time of

1
2
5
11
20
30
50
2
3
3

filtration

min

h

.5

removal of Sr

48%
42
49
47
42
47
45
42
45
35

A second series of experiments was carried out with a BaSO. preci-

pitate formed in the solution and aged for 1.75 hours. After the ad-

dition of 1 yCi Sr the sorption of this radionuclide on the sur-
85face was measured. After 3.5 hours of contact 5% of Sr was removed.

This removal was increased to 27% and to 30% after 21 respectively

70 hours of contact (table 4.4).

1
1

Table 4.4. Removal of vadiostrontium after varying -periods of con-
tact betaeen the solution and a 1.7b hours aged
precipitate.

10 ml 0.05 M BaCl2 + 10 ml 0.05 M Na2S04 (time of ageing

1.75 h); 10 ml 85Sr solution (1 yCi); x ml 0.025 M CaCl?

time of filtration(h)

3.5
21
70
70
70
70
70

ppm Ca2+

0
0
0
50
100
200
250

removal of 85sr(%)

5
28
30
31
30
20
14
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The results found in experiments with a short time of ageing are

better as compared with those of experiments in which an ageing

period of 18 hours was used. Probably the surface of the BaSO* pre-
85

cipitate is not quite inactive for adsorption of Sr after an ageing

period of 1.75 hours. Consequently Sr car. take part in the recrys-

ta11iZ3tion of BaSO. (compare chapter II).

Ions which do not correspond to the ions forming the precipi-

tants and may interfere in the decontamination process of Sr by

BaSO, are defined as foreign ions. In this paragraph the influence of

Ca2+-, Sr2+-, Fe 3 +-, NO ~-, HCO "-ions and NaCl on the removal of the

radionuclide Sr will be considered.

o. pc

Because Ca -ions may interact with Sr the decontamination

investigations were also carried out in the presence of these ions.

On the basis of some experimental results, already discussed some-

times in passing the various figures and tables, the influence of

Ca -ions on the removal of Sr will be discussed.

From the calculated half-times of recrystallization as presented in

table 2.2 of chapter II it was observed th-.t the binding of Ca +-ions

by the BaSO. lattice is only poor (t,= °=) as compared with the uptake
2+ * ?+

of Sr -ions. Mixed crystal formation in the system BaSO./Ca there-
2+fore is impossible in contrast to the system BaSO-/Sr .

On the ground of this phenomenon it is to be expected that the inter-

ference of the «precipitation of 8 5Sr by BaSO. with Ca2+-ions will

generally be of minor importance.

Besides in some adsorption reactions of Sr the greatest effect of

Ca +-ions is measured in coprecipitation experiments in which stoi-

chiometric amounts of precipitants are added. When the Ca concen-

tration is varied between 50 and 250 ppm the difference in the decon-
85

tamination values for Sr amounts tc approximately 10-15% (fig. 4.7
and 4.8; table 4.4).
However as shown in paragraph 4.3.2 the use of stoichiometric quan-

132



titles of precipitants is not satisfactory for a good binding of Sr

by BaSO-. In this case not more than about 60% of the radioactivity

is removed from the solution.

To obtain decontamination percentages up to lOtft, it is necessary to
2_

add excess of SO, -ions to the solution (compare 4.3.2). Under these
2+conditions the effect of the Ca -ions is decreased with increasing

concentration of precipitants to practically zero.

In the coprecipitation experiment of fig. 4.5 0.075 mmol of BaCl0 and

excess of S0„ -ions was used. Dependent on the amount of excess
2- 85

SO- -ions and the time of contact, the removal of Sr is decreased
2+with increasing Ca concentration.

When a similar experiment is carried out with a larger quantity of
2-

precipitants and 50% excess of S0d -ions (fig. 4.6) the influence of
2+the Ca -ions is strongly reduced. In the equilibrium situation for

varying Ca concentrations (0-200 ppm) a deviation in the removal of

Sr of less than 5* was found.

In the coprecipitation experiment described in table 4.2 (0.75 rmnol
?+

NagS0. including 50^ excess) the influence of the Ca -ions (0-250

ppm) on the removal of Sr is even reduced to less than 1%.

This applies too in case of 50% excess of Ba +-ions. Then such a large

excess of cations is present for a strong interference of the deconta-

mination of Sr that the effect of the Ca -ions is also negligible.

From the discussion above the following conclusion can be drawn:

When the optimum amount of 10 ml 0.05 M of the precipitants per 50 ml

volume is used and 50* excess of one of the precipitants is added the

reduction of the removal of Sr from solution is less than 1% by the
2+addition of varying amounts of Ca -ions (0-250 ppm). Because of the

Or

excess of one of the precipitants this holds for the removal of Sr

both by coprecipitation as well as by adsorption.

4.3.6.2. Influence of NaCl.

Procedure:
85I Coprecipitation of Si1.

When 0.5 mmol BaSO. is formed in the solution from a 0.05 M

and a 0.05 M Na2S0. solution 1 mgrion Na
+- and 1 mgrion Cl -ions
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are also introduced in that solution. When the effect of a larger
amount of NaCI has to be studied i.e. 1-4 mmol NaCI an extra amount
Q* NaCI has to be added. This has been realized by the addition of
varying amounts of a solution of 0.1 M NaCI (p.a. reagent of Baker

Ltd).

In the experiments in which the concentration range from zero to one
mmol NaCI was studied 0.5 mmol BaSO^** was added as a solid. 0.1 M
NaCI solution was added in quantities between 0 and 10 ml.

~esuits.

In the concentration range in which the total amount of NaCI was
larger than 1 mmol, BaSO- was precipitated in the solution as men-
tioned under I. In this case radiostrontium is removed from the so-
lution by coprscipitation and afterwards through adsorption. The re-
sults of such an experiment performed with stoichiometric amounts
of precipitants are shown in fig, 4.10a.

In the experiments underlying graph b also 100 ppm of calcium ions
2+ +

had been added. Both Ca -ions as well as Na -ions have only a small
85reducing influence on the coprecipitaiion of Sr by BaSO^.

Fig. 4.10c represents the results of an experiment in which varying
amounts of NaCI were added to a solution containing radiostrontium
and 0.5 mmol prefomied BaSO.. Consequently this is an adsorption

85curve for the removal of Sr. These results are corrected for sorp-
tion by the filter (compare fig. 4.3).
Substraction of the results given in fig. 4.10c and those from fig.

854.10a leads to the decontamination values for Sr obtained by pure
coprecipitation (mixed crystal formation). When 100 ppm of calcium
ions is added in the adsorption experiment as described above the

85adsorption of Sr is strongly reduced (fig. 4.10d).

**BaSO4 was prepared by mixing 300 ml 0.05 M BaCU and 300 ml 0.05 M
NagSO^ during 1 hour. After filtration during half an hour the

precipitate was dried till constant weight at 110°C.
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?oprecipiza:.icyi with 0.5 tnmöl BaSO.
without calcium ions
addition of 100 ppm calcium ions
50% excess of SO^'-ions
stoichiometric amounts of precipitants
corrected for sorption by the filter
precipitant concentrations added: 0.05 M
time of contact 24 h

When NaCl is absent in the solution even a difference of 30% exists

between the percentages given by the graphs c and d.

Because in graph d a sufficient amount of Ca +-ions e.g. 100 ppm is

present in the solution for filter adsorption the radiostrcotium de-

contamination results need not to be corrected.

In fig. 4.10e the results of experiments are shown in which radio-

strontium was removed from a solution containing 50% excess of sul-

phate ions. Both in the adsorption experiments (0-1 mrnol NaCl) as

well as in the coprecipitation experiments (1-4 mmol NaCl) much bet-

ter results for the removal of Sr (98.5%) were obtained as compared

to experiments carried out under stoichiometric conditions (compare

fig. 4.10a en c). As shown from fig. 4.10e the influence of NaCl

under these circumstances is negligible.

The same conclusion can be drawn for an analogous experiment in which

100 ppm calcium ions were added; here a practically constant deconta-

mination of 96.5% was measured (fig. 4.10f).
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In these experiments of which the results are given in the

figures 4.11 - 4.13 radiostrontium was removed from solution by co-

precipitation. The experimental conditions are given in the relevant

fiqures. Sr4 -ions were added in form of a 0.075 M SrCl?.6H?0 solu-

tion (p.a. reagent of Riedel- de Haën AG).

pc

Fig. 4.11 shows the sorption of Sr as a function of mmol BaCl,

added per 50 ml solution. When in this experiment an extra amount of

Sr^-ions (262 ppm) is added before coprecipitation takes place the

sorption is decreased from 97i to 34% (0.225 mmol BaCl?/50 ml).

ou

oo

0075 0-150 0 225
mmol BoCI2/5Oml

0 300 0 375

ÏT.S. 5. i 1. Decontamination of ^Sr as a function of (Be, ).

precipitate prepared from:
varying amounts of BaClj
varying amounts of Na2S04 + 50% of Na9SO. in excess
o 200 ppm Ca2+-ions *

+ = o after desorption of the precipitate by a 200 ppm
Caz+ solution ?

A 200 ppm Ca2+-ions + 252 ppm Sr -ions
time of contact 17 h

Whan an amount of BaCl2 larger than 0.225 mmoi/50 ml is added and the

same amount of carrier strontium is present in the solution the remo-
85

val of Sr weakly increases, This can be explained by the formation

of a larger amount of BaSO. available for the uptake of 85Sr.
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A

On the ground of these results it was interesting to study also the
effect of the quantity of Sr -ions added on the removal of Sr.

f 100, r

330

Fig. 4.12. Decontamination of "Sr ae a function of (Sr'
precipitate prepared from:
0.225 mmol BaCl2
0.225 mmol Na2S04 + 50« of Na2S04 in excess
+ without Caz+-iors
o 200 ppm Ca2+-ions
time of contact 17 h

85 2+

The Sr sorption as a function of the Sr concentration is plotted
85

in fig. 4.12. As could be expected the decontamination of Sr de-
creases as a function of an increasing amount of carrier strontium.

2+Because the addition of large amounts of Sr -ions could lead to the
formation of SrSO. (solubility product 3.81x10 at 17.4°C) besides
SaSO. it was decided to investigate also the Sr removal by means of
pure SrSO^, without the presence of any BaSO^. Here also an excess of
sulphate ions was added to be ensured of the negative charge on the
surface area of the precipitate for a better attraction of the radio-
nuclide.

2+As follows from fig. 4.13 obviously if the Sr concentration is about
300 ppm the solubility product of SrSO» is exceeded; from this point

2+

on to larger amounts of Sr a better sorption óf radiostrontium oc-
curs. Without Ca -ions the sorption is somewhat better than in case

2+that Ca -ions are present.
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100 -
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60 -

40-

I
20 i-

0L
66 132

ppm Sr2*
196

:cw a; sr

precipitate prepared from:
varying amounts of
varying amounts of N,

.,, . _ 2+ .
x without Ca~ -ions
o 200 ppm Ca -ions
time of contact 17 h

2 6 4 330 396

+ 50% of Nâ SÔ , in excess

•i.e. 6. 4. Fe^ - ions.

Procedure:

The experiments were carried out according to the scheme

presented below, the reagents were added in the sequence as shown

there i.e.

tion.

Scheme:

85Sr is removed first from the solution by coprecipita-

10 ml 0.05 M Na2S04

10 ml Sr solution (1 uCi)

d ml 0.001 M FeCl3.6H20 (A), p.a. reagent of E. Merck AG

20-d ml of water

10 ml 0.05 M BaCl2, Analar reagent of BDH

For d the numbers 1, 5, 10, 15 and 20 were respectively chosen. After

equilibrium had been established the samples of 50 ml were filtered

and the radioactivity WE<S measured.

Results.

The results of the experiments (table 4.5) show that the influence

of Fe +-ions is only of importance when larger amounts of this ion

are added. The removal of Sr is decreased from 57% to 23% when
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0.5 mmol f-e /5O ml is added instead of 0.02 nmol. Consequently only

the addition of a large concentration of Fe +-ions prevents a good
85

decontamination of Sr by

s-l

•-'•?

S
a

Procedure:

The experiments were carried out in the same way as presen-

ted for the Fe3+-ions. FeCl, (A) was replaced by 0.001 M NH-NO, (B);

p.a. reagent of J.T. Baker was used.

Heoulta.

From the results given in table 4.5 it follows that the addition of
or

low concentrations of NH.NO^ has no influence on the' removal of Sr.
RR

However when more than 0.005 mmol NH^NOySO ml is added the Sr re-

moval increases with increasing concentration. In the latter case the

BaSO, surface area is probably charged negatively by adsorption of

N0,~-ions. As a result of this more strontium ions are bound by se-

condary adsorption.
Table 4.5. Removal of radiostrontium as a function of varying concen-

'4""3 ~"~ '"•*"""3'

mmol Fe +

per 50 ml
A

O.OGQ
0.001
0.005
0.010
0.015
0.020

0.500

mmol NH.NO-
per 50 ffil J

B

0.000
0.001
0.005
0.010
0.015
0.020

mmol NaHCO3
per 50 ml

C

0.000

0.010

0.020
0,040
0.050
0.100
0.150
0.200

removal of 85Sr{%)

A
61
60
59
59
58
57

23

B
61
56
61
79
85
89

C
61

61

75
91
96
97
97
97

4.3.6.6. ECO ~-ions.

Procedure:

The experiments were performed quite analogous as described

for the Fe3+-ions. FeCl3 (A) was replaced by 0.01 M NaHC03 (C) of
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trade mark UCB (p.a. reagent).

-,t-S:< ' r s .

The results are given in table 4.5.

From a comparison between the influence of Fe +-, NO, - and HCG, -
85ions on the decontamination of Sr it can be concluded that the

best uptake of Sr by BaSO. takes place when HC03"-ions are present

in the solution. Here just like in paragraph 4.3.6.5 the results are

explained by the formation of a negatively charged BaSO^ surface by
2+which secondary adsorption of Sr -ions takes place.

Even at HC0o" concentrations normally present in river water
85(~ 0.150 mnol/50 ml) a high decontamination of Sr is reached (9?«).

These results were confirmed by coprecipitation experiments with

Sr carried out in water originating from the river Rhine.

Also an experiment was carried out in which the influence of the

HC03"-ions was studied in combination with the effect of the Fe
 +-

and N0,~-ions.

0.005 mmol Fe3+, 0.0G5 ramol NO," and 0.05 mmol HCO ~ were added to

50 nil solution, containing the same quantities of the radioisotope

Sr, barium chloride and sodium sulphate as mentioned before. After

the equilibrium situation had been established a rather good decon-

tamination of 95% was obtained principally caused by the addition of

HC03"-ions.

4.3.7. The surface of the solid.
nr

In the case of adsorption of the radioisotope Sr on the

BaSO. surface the magnitude of this surface area will be of influence

The magnitude of this surface per unit of weight is dependent on the .

size of the particles forming the surface. As mentioned in chapter

II the size of these particles depends on the concentration of the

precipitants used. At larger precipitant concentrations smaller par-

ticles are formed than at low concentrations. In the former case a

larger BaSO. surface results. More discussion about this aspect is

given in paragraph 4.3.7.1.

Another factor which is of influence on the magnitude of the surface

area is the ageing time of the precipitate. A longer time of ageing
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leads to a smaller surface (4.3.7.2).

For the determination of the specific surface (F/in) of a BaSO.

sample the BET-method was used.*** The specific surface area (m^/g)
pr

was calculated from the amount of ' Kr adsorbed on the BaSO» preci-

pitate supposed to adsorb in a monomolecular layer (=V expressed as

A counts/x mg of solid). As a reference substance a standard V - A 1 9 0 ,

sample with known surface area was used (30137 counts/m ).

Also the BET constant c was determined. For a given adsorption gas
qc

( Kr) and sample (BeSO.) c should have a constant value. However

§ mostly the same order of magnitude for c is satisfactory because the

•f- physical properties of all BaSO» samples are not quite analogous

ij (e.g. the different particle sizes).

•4 From the values of F/m the particle diameter was calculated according
51 to f = 6/c.m/F where p means the density of the solid (oc cn =4.5

m

£ g/cm ). This expression applies for spherical particles.
••I
::| ••.,'•. ^. 1. The influence of the /•}'•;:•:'[•:":.znt ;*Gn^t-:Kt-2\2tzori _•>: ike sur-

-Ê face size of BaSO ..

I For a constant time of ageing (19 h) the surface area of

f BaSO. has been determined as a function of varying concentrations of
'"*• 8 5* BaClo and of Na,SO,,. Sr was removed from the solution by adsarpvior
•••IB C C. H

-ii Procedure:

:| Just like in experiments as described previously a dilution factor

fl of 5 was used for the preparation of BaSO., e.g. 100 ml X M

§ 100 ml X M Na?SO. were added to 300 ml of water. After a time of

| contact of 19 hours the samples were filtered and washed with demi-

"I nsralized water. The samples were dried till constant weight at tem-

1 perature of 110°C.

§
Results.
The results of the surface determinations are shown in table 4.6.

"J§ ***The surface determinations were carried out by Ir. A.F.J. van

|f Tuijl of the Interuniversitair Reactor Instituut (IRI).
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is ana :;*2s
size c^ 3dSC

28

BaCU and Na,SO4
concentration

1 M
0.5
0.1
0.05

specific
surface area

F/m

9.61 m2/g
6.39
1.71
1.14

BET
constant

c

110
94
172
96

mean
particle size

F

0.14-i
0.21
0.77
1.17

A decrease of the precipitant concentration leads to a lower value
for the specific surface area. The mean particle size which is in-
versely proportional to the specific surface area increases with
decreasing concentration.
With the aid of the results given it is possible tc make a rough
calculation of the number of Sr-atoms present on the BaSO. surface.
Therefore some adsorption experiments were carried out on 0.2 g of

85

BaSO» in which the removal of Sr was determined at varying concen-
trations.
From the removal percentage, the surface of the solid and the total

2+ -?
amount of Sr -ions originally present in the solution (8x10 mg
Sr/mCi = 8x10" mg Sr/ uCi) the number of Sr -ions n<- bound by

~ i I-A /_\ _ r _ 2
BaSO can be calculated as:

nSr = NAv x
100 - C/C,
ToU

mSr (4.1)

In this equation H^ = number of Avogadro, 100 - C/CQ = percentage
of Sr removed by BaSO-, ÜL = weight of Sr-atoms totally added (g),
M = atomic weight of Sr.
Substitution of the da.ta in equation 4.1 leads to:

- fi y
- Ö X

100 - C/Co ,-8

13= 0.56 x 10 1 3 x Sra(Js(%) (4.2)
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From this expression it follows that the number of Sr +-ions present

on 1 m BaSO^, (n<. JF) can be calculated as:

* 0.56 x 1013 x

= 0.56 x 10i3 x (4.3;

•Ï

1
-S
'si
-la
'53

For varying concentrations of precipitants n, and n<. /F according

to the equations 4.2 and 4.3 were calculated. The results are pre-

sented in table 4.7.

'i. '. . 'Cli'i'ni'r,.ii : ..•>:
• + .

BaCl? and
Na2SÖ4
concentration

H

0.05
0.1
1

(ioo-c/co;Sr

a-
h

6
8
30

F/m

m2/g
1.14
1.71
9.61

F
(0.2 g
BaSO.)

a,2

0.23
0.34
1.92

nSr'

IQ"13

3.36
4.48
16.80

(nSr/F).

IQ"13

m"
2

15
13
9

The value for n<. in the table means the total number of Sr +-ions

i.e. the addition of radioactive and carrier strontium present at

0.2 gram of BaSO^ surface.

In connection with this it should be remembered that only 1/1900

part of the total amount of Sr -ions is radioactive (see paragraph

3.3.1).

As said the size of the surface is determined by the particle size

which is dependent on the süpersaturation i.e. the precipitant con-

centrations in the solution (compare 2.2.1). From the calculated

values for the BaSO. surface arsa and particle size at varying pre-

cipitant concentrations the number of BaSO^ particles forming the

solid can be calculated.

From the mean particle diameter r (table 4.6) the surface area of one

particle can be calculated as: u.(r/2) . Division of the surface cal-

culated for 0.2 gram of BaSO^ (F from table 4.7) by 7r.(r/2) results

in the number of BaSO^ particles present in the solid (n B a S 0 ).
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From the number of Sr-atoms adsorbed on 0.2 gram of BaSO- (n<. ) and

the number of BaSO^ particles (ngasQ ) present in the same sample»

can be calculated (table 4.8).the ratio nSr/nBaS£)

BaCl2 and

concentration
M

0.05
0.1
1

8 5Sr
removal

*

6
8

30

r .10 6

m

1.17
0.77
0.14

Mr/2)2

,nn. 1U
?rtT

1.070
0.470
0.015

F(O.Z g
BaSO.

4
9

m"

0.23
0.34
1.92

nBaS04

.10-11

2.1
7.2

1250

V/n

160
63

1

BaS04

.3

From table 4.8 it appears that in case of a precipitant concentration

of 0.05 M 160 Sr-atoms are adsorbed on one BaSQ. particle. At a 1 M
11

concentration much more BaSO^ particles are present (1250.10 ) re-

sulting in a degree of occupation per BaSO^ particle of only 1.3.
4.3.7.2. The influence of the ageing time of BaSO on the aurfaae

size.

Froaedure:

The BaSO^ samples were prepared in the same way as described

in paragraph 4.3.7.1. Constant precipitant concentrations of 0.05 M

were used but now the ageing time was varied between 2 minutes and

19 hours.

Results.

As discussed in chapter II a longer time of ageing should lead to a

smaller surface and larger particles. The results are presented in

table 4.9.

A deviated value for the specific surface area is observed after an

ageing time of 8 hours.

This cannot be caused by a maximum surface area formed after such a

long time of ageing. In chapter II it was discussed that the size of

the surface area reached a maximum during the period of crystal
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. ~C-e

I

ing time a of

ire a xnz
and I. Ik

-J2V~-~2 .

28 2

time of
ageing

A 2 min
B 1 h
C 8
D 19

specific
surface area

F/m

1.73 m2/g
1.73
2.34
1.14

BET
constant

c

137
609

96

mean
particle size

r

0.77-
0.77
0.57
1.17

growth i.e. approximately 2 minutes after the start of precipitation.
In the ripening period the size of the surface area generally 'de-
creases by a factor of approximately six. During the ageing of the
precipitate the size of the surface area decreases gradually. Conse-
quently another phenomenon should explain this deviation.
The surface determination of sample C took place at a different mo-
ment from that of the samples A, B and D. The samples A, B and D
were stored some days before the surface was determined; the surface
of sample C was measured immediately after finishing the ageing
period. Consequently it may be that the attraction of water into
cracks of the precipitate causes a smaller surface srea in the cases
A, B and D. This appears to be an acceptable explanation oecause of
the fact that the specific surface area of sample C decreases after
storing in the air.

After evacuation during 4 respectively 9 hours at 100°C the specific
surface increased again (table 4.10). Then the water forming the hy-
dration shell is evaporated and the "inner" surface is measured.
Thus by storing in the air the specific surface area of the BaSO^
samples decreases by the attraction of water. As noted in chapter II
the amount of water adsorbed generally increases with increasing sur-
face area of the precipitate.

To obtain good comparable results it is necessary to determine the
surfaces of the samples at the same moment directly after the ageing
period. Therefore keeping in air for a long time should be avoided.
When the amount of radiostrontium adsorbed is measured as a function

14E



- . • • :•. i"~' > : . ; ' ' ' :

storing during

x days

X

x + 9

0
6
24
28
30

time of

ageing

1 h
1

CO
 

C
O

 
C

O
 C

O
 0

0

conditions

evacuation time

1 h
1

1
1

• 1
4
9

temp.

25°C
25

25
25
25
100
100

specific

surface area

F/in
1.73 m2/g
1.56

2.34
2.00
1.96
2.21
3.29

of varying times of ageing similar calculations with respect to sur-

face area and particle size can be made as presented in the previous

paragraph 4,3.7.1.

Some results of experiments in which the influence of the time of

ageing on the removal of radiostrontium from solution was measured

were already considered in paragraph 4.3.5.

--
he

~ne 'r aeacnctirnination :m vie

"•--a-;ovnazzon or

An important factor in decontaminating radioactive polluted

solutions is the speed of formation of the precipitate i.e. the rate

of addition of the precipitants. This rate of addition is proportio-

nal with the precipitant concentrations used.

In this paragraph experiments will be described in which varying

rates of addition of the precipitants were used. The investigations

were carried out at varying concentrations of BaCl? and Na2S0«.

Distinction should be made between experiments in which
- SO4 -ions were added to a solution containing Ba^+-ions and Sr
(paragraphs 4.3.3.1.1 and 4.3.8.1.3)

- Ba^+-ions were added to a solution containing SO. -ions and Sr
(paragraphs 4.3.8.1.2 and 4.3.8.1.4)

- both Baz+- as well as SO^'-ions were added with the same rate to
a solution contamined by 85Sr (paragraph 4.3.8.2).

These experiments serve as an introduction to the continuous decon-
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tamination experiments (paragraph 4.5).

4.2.8.1, Addition of one pveaipitam with a ccKtrclled rate tz 2
solution containing the ion being precipitated and tie
radioactive contaminant &5Sr.

To define the experimental conditions more exactly and by
way of preparation to continuous experiments, first one precipitating
component was added with a well determined rate to the other preci-
pitating 1on in the solution which contained also the radioactive
contaminant Sr.
Procedure:
In the experiments as will be described in paragraph 4.3.8.1.1
10 ml X M Na-SO. was added with three varying rates (1 min 49 s;
12 min 6 s and 48 min 41 s) to a solution containing:

10 ml X H BaC12

10 ml 8 5SrCl 2 solution {1 uCi)
5 ml 0.025 M CaCl2 (100 ppm)

and 15 ml of water to complete the total volume up to 50 ml.
Also the addition of 10 ml X M BaClo to a solution of:

10 ml X M Na2SO4

10 ml 8bSrCl2 solution (1 uCi)
5 ml 0.025 M CaCl2

and 15 ml of water
has been studied with the three fixed rates (4.3.8.1.2).
Almost analogous to the experiments as described in the paragraphs
4.3.8.1.1 and 4.3.8.1.2 are the experiments as carried out under
4.3.8.1.3 and 4.3.8.1.4 with the exception that in this case 50%
excess of sulphate ions was used (15 ml X M NapSO*) and 5 ml less
of water. The sequence of addition and the concentration of the other
compounds in the solution w-.e the same as before. The experimental
conditions are given in the various figures, as well as deviations
of the experimental circumstances normally used. The moment after
the addition of the last quantity of the second precipitant was de-
fined to be the point of time t = 0.

85The removal of Sr in the various filtered samples was measured as
a function of the time (t > 0) on the way as described in paragraph
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4.2. Consequently the samples were taken after the addition of the

second precipitant and coprecipitation of "Sr that is to say in the

adsorption period.

. _ , , - . . . » -.. 2 - . , . . . . £ + .
4,<:.:...2. .''.atz-zz/j't oj ^i-^. -tint to :i m^usion a^K'a^itna sa -Z-JKS

When a solution of SO. ""-ions is added with a fixed rate
DC

to a solution which contains Ba^+-ions and Sr a precipitate of
BaSCL is formed with a positively charged surface laver of Ba -ions

2-until a stoichiometric amount of SO^ -ions is present.

Till this stoichiometric point of addition is reached there exists

a growing precipitate in the solution which is built after the manner

of multi-layers. Because the "recipitate surface has a positive

charge there is a great adsorption competition between Ba - and Sr -

ions. This results in a small uptake of Sr -ions from the solution

by the growing precipitate.

The strontium removal increases with a larger concentration and a
2_

larger rate of addition of SO- -ions:
- if larger concentrations are used more surface area is available
for the binding of Sr^+-ions

- when the S042--ions are added at a larger rate the Sr^+-ions have
less chance to diffuse again out of the precipitate into the solu-
tion.

2_
After completion of the addition of a stoichiometric amount of SO- -

Qr 't

ions to the solution Sr can only be removed from the solution by

adsorption or exchange adsorption with Ca +-ions on the surface of the

precipitate.

As a function of the time the adsorption increases only very slightly.
QC

In the figures the distances between the adsorption lines of Sr are

principally determined by the rate of addition of the SO. -ions

during the coprecipitation reaction.

In the experiments shown in fig. 4.14 and 4.15 concentrations of

0.005 M and 0.01 M respectively were used. This concentration increase
QC

by a factor two does not lead to much better Sr removal results.

Sulphate addition with a rate of 1 min 49 s results in a removal of
QE

Sr of approximately 15%. When a rate of 12 min 6 s for the addition

of 10 ml of sodium sulphate solution is used strontium is removed for
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only 12*. After 22 hours of contact the strontium removal by
is about the same as compared to the first 2 hours of adsorption.
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85,Fig. 4.15. Sorption of "' Sr as a function of the time of contact
after the addition of 10 ml 0.01 M Na„S0 to a solution
containing: 10 ml Pê -i- M BaClg

10 ml öbSr solution (1
{5 ml 0.025 M CaCl2 {100 ppm Ca)
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In fig. 4.16 and 4.17 the results are presented for the circumstances
when respectively 0.05 M and 0,1 M solutions were used. The best re-
sults are obtained for experiments as carried o'jt under the condi-
tions as presented in fig. 4.16 (55-60% Sr removal» rate 12 min
6 s). Consequently 0.05 M is the optimum concentration (compare 4.3.1).
In fig. 4.17 where 0.1 M solutions are used deviations especially in
the range 0-40 min are observed; probably the building up of the par-
ticles is irregular and therefore the shape of surface area too.

8
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BO
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40 h*

20

x rate of addition 1 min 49 s/10 ml
o rate cs addition 12 min 6 s/10 ml
A rate of addition 48 min 41 s/10 ml

22 h

20 40
• t (mln

85.

60 80 100 120

Fig. 4.17. Sorption of ° Sr as a function of the time of contact
after the addition of 10 ml 0.1 M Na~S0. to a solution
containina: 10 ml 0.1 M BaCl?

10 ml 85s r solution (1 yCi)
5 ml 0.025 M CaCl2 (100 ppm Ca)
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The experiment of which the results are presented in fig. 4.16 was

carried out on a larger scale (fig. 4.18). Tenfold quantities of

the experiment going with fig. 4.16 were used, in other words:

100 ml 0.05 M Na2S04 was added to a solution containing 100 ml 0.05M

BaClp and 100 ml 85SrClp solution (10 uCi).

- When the rate of addition was 12 min 6 s/100 ml the removal percen-
tages for radiostrontium (fig. 4.18a) were identical to those as
presented in fig. 4.16a for the same rate (12 min 6 s/10 ml).

- When the rate of addition in fig. 4.18a is ten times as low as
mentioned above, in other words 121 min/100 ml the 85gr sorption
by BaS04 is decreased from approximately 50-60% down to 25% (fig.
4.18b). This is the result of a much larger excess of Ba2+-ions
on the surface of BaS04 at the moment of the first precipitate
formation. As a result of the slow addition of the sulphate solu-
tion and also by the competing effect between the Sr2+-ions and
the excess of Ba2+-ions on the surface of the BaSCty the Sr2+-ions
have much more chance to escape into - or to remain in the solu-
tion.

The combined results of fig. 4.14 up to and including fig. 4.18 can

be represented in a more schematic form by means of the following

figure 4.19 and the additional table 4.11.
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The addition of SO -ions at varying rates to a solution
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Table 4.21. Mean values of the Sr decontamination after 2 hours.

100-C/CQ(%)

zo
YQ
XO

0.005 M

10
14

0.01 M

12
16

0.05 M

40
55

0.1 M

42
47
47

2+ 2—
4.3.8.1.2. Addition of Ba -ions to a solution containing SO

ions and ^Sr. 8585

A much better removal of Sr from solution may be expec-
ted when the precipitant addition is reversed i.e. a solution of
2+ ?-

Ba -ions is added to a solution of SO- -ions.
2+During the addition of Ba -ions to a solution containing

2-

ions at any moment a growing precipitate with a negative surface
layer is formed till the stoichiometric amount of Ba -ions has been
added.
As shown in the theoretical part of this thesis the presence of ne-
gatively charged layers during the precipitation is very favourable
for the binding of Sr -ions; every layer adsorbs Sr -ions. Thus at
the end of the addition of the BaClg solution Sr -ions are adsorbed
in all layers; in other words multi-layer occlusion occurs and par-
tially mixed crystal formation.
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Thus the reversed addition has the considerable advantage that stoi-

chiometric amounts of precipitants are used while during precipita-

tion the favourable effect of the presence of excess of SO- -ions is

realized. This way of precipitant addition may be more economical in

processes used for the purification of radioactive polluted waste

water originating from e.g. nuclear power plants.

Another factor of importance is the quite opposite effect of the rate

of addition of the Ba -ions as compared with that of paragraph

4.3.8.1.1. As a result of the negatively charged surface layershere

the slowest rate of addition (48 min 41 s) leads to the best sorption

of Sr. At such a slow rate of Ba* addition the Sr -ions have time

enough to diffuse from the solution to the negatively charged surface

of the BaSO» precipitate. When the speed of formation of the precipi-
2+tate is too fast (1 min 49 s) the Sr -ions have less of a chance to

diffuse to the interface solid/solution and a poorer removal of Sr

is the result. For a rate of 12 min 6 s intermediate Sr decontami-

nation values are obtained.

Finally it may be remarked that in general the rate of addition has

a smaller influence on the sorption of radiostrontitim when larger con-

centrations of precipitants are used.
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Fig. 4,20. Solution of Sr as a function of the time of contact
after the addition of 10 ml 0.005 M BaCl„ to a solution
containing: 10 ml 0.005 M NapSOa

10 ml 85sr solution (1 yCl)
5 ml 0.025 M CaClg (100 ppm Ca)
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The influence of the rate of addition is very important if e.g. con-

centrations of 0.005 M are used (fig. 4.20); in case of 0.05 M of

precipitant concentrations (table 4.12) a different speed of forma-

tion of BaSOfl results practically in the same sorption values for
85Sr (99.9^)7

i?.Y t'. 2i'. Sc-yviio*: at' "''i'»1 aa a J'UKCt COK :.>f 'he
a?ür inc. cddiiicyi ;ƒ 'lü ml 0. ?;.'>•! B

10 ml 0.05 M
10 ml 85sr solution (1
5 ml 0.025 M CaCl2 (100 ppm Ca)

sorption

time of contact

1.5 min
3
6
10
20
40
80
120

rate of Ba2+

1 min 49 s

99.9%
99.8
99.9
99.9
99.9
100.0
99.8
99.9

addition/10 ml

12 min 6 s

99.7%
99.5
99.8
100.0
100.0
99.6
99.6
99.5

48 min 41 s
c/

~ /a

99.8
-

100.0
-
-

100.0
-

From this consideration it follows that in general larger concen-

trations of precipitants will lead to a higher decontamination until

a certain optimum value is reached (0.05 M). If too large concen-

trations (1 M) are used very fine particles are formed and colloidal

properties may cause deviations in the sorption results. Already if

concentrations of 0.1 H are used deviations are observed (fig. 4.22).

In the first adsorption period of 40 minutes a sorption of 100-95% is

found. After that the sorption decreases to 92-80% after two hours.

Still lower values are found after 22 hours.

Most regular results were found at precipitant concentrations smaller

or equal to 0.05 M. Even a removal of Sr up to 95% is measured un-

der stoichiometric circumstances when diluted solutions of 0.01 M are

used and the barium chloride solution is added at a rate of 48 min

41 s (fig. 4.21).

The results of paragraph 4.3.8.1.2 are summarized in a more schematic

form in fig. 4.23 and table 4.13. Compare this figure with the re-

sults as presented in fig. 4.19 and table 4.11.
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Fig. 4. 22. Sorption of Sv as a function of the time of contact
after the addition of 10 ml 0.1 M BaCl. to a solution
containing: 10 ml 0.1 M Na£S04

10 ml 85Sr solution (1 yCi)
5 ml 0.025 M CaClg (100 ppm Ca)

x rate of addition 1 min 49 s/10 ml
o rate of addition 12 min 6 s/10 ml
A rate of addition 48 min 41 s/10 ml
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0.005 M
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6!

0.01 M

40
77
94

0.05 M

99
99
99

0.1 M

99-80
99-90
99-92

2—1. Z. Addition of excess of 30 , -ions to a solution containing
2 and 8&Sr.

The investigations are carried out almost analogous to

those of paragraph 3.3.8.1.1. However, for the experiments as des-

cribed in this paragraph an excess of 50% of sulphate ions was added

instead of a stoichiometric amount. The results are presented in the

figures 4.24 and 4.25. Concentrations of 0.005 M or 0.01 M were used.
2-The addition of SO. -ions took place at tw? varying rates: 1 min

49 s and 12 miü 6 s. From the results as presented in fig. 4.14 and

4.15 it was to be expected that a rate of 48 min 41 s should lead

to still poorer removal.

By comparison of fig. 4.24 and 4.25 with fig. 4.14 and 4.15 respec-

tively the favourable influence of the excess of S0d -ions is evi-

dent. The unfavourable effect of an excess of Ba -ions on the Sr-

removal during the addition of SO^ -ions in the period of multi-

layer occlusion is compensated afterwards by the presence of an ex-
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cess of SO. -ions during the adsorption period. Thus the sulphate
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ions contribute to a better sorption of Sr on the ground of a nega-

tively charged BaS04 surface during this adsorption period. This ef-

fect was discussed in the preceding paragraph 4.3.2.
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Fig. 4.24.

containing:
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Sorption of Sr as a function of the time of contact
after the addition of IB ml 0.00S M Na„S0 to a solution

10 ml 0.005 M BaCl2
10 ml 85Sr solution (1 yCi)
5 ml 0.025 M CaCl2 (100 ppm Ca)

rate of addition 1 min 49 s/10 ml
rate of addition 12 min 6 s/10 ml
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Fig. 4.25. Sorption of Sr as a function of the time of contact

after the addition of 15 ml 0.01 M NaJ>0. to a solution
containing: 10 ml 0.01 M BaCl2

10 ml 85Sr solution (1 yCi)
5 ml 0.025 M CaCl2 (100 ppm Ca)

x rate of addition 1 min 49 s/10 ml
o rate of addition 12 min 6 s/10 ml
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A comparison of the results from fig. 4.14 and 4.15 with those as

presented in the figures 4.24 and 4.25 shows that in the latter case

after 22 hours even 60% sorption or more is obtained as a result of

the negative surface charge of the precipitate. In table 4.14 the

most important results of fig. 4.24 and 4.25 are summarized (compare

table 4.11 of paragraph 4.3.8.1.1).

le 4.24. Mean values of the vl

fia. 4.25.
sovption from fij. 4.24 and

ioo-c/co{%)

Y0
XÜ

2 h
0.005 M

24
27

22 h
0.005 M

61
61

2 h
0.01 H

32
40

22 h
0.01 M

63
85

j 100

i? 80

O

o

20

-4---A-
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40

o

—X

U
o •• o
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-X—X-

22h
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Fig. 4.26. Sorvtion of ""Sv as a function of the time of contact
after the addition of 10 ml 0.005 M BaCl to a solution
containing: 15 ml 0.005 M NapSÜA *

10 ml 85Sr solution (1 uCi)
5 ml 0.025 M CaCl2 (100 ppm Ca)

x rate of addition 1 min 49 s/10 ml
o rate of addition 12 min 6 s/10 ml
A rate of addition 43 min 41 s/10 ml

4.S.8.1.4. The addition of Ba -iom to a solution containing excess
of S04

2~-ion8 and ss5r.

The results as described in this paragraph are to be com-

pared with those as presented in paragraph 4.3.8.1.2. The sequence of

the adsorption lines as found in fig. 4.26 and 4.27 for the varying

rates of precipitant addition is the same as was already obtained in
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a rate of addition 48 min 41 s/10 ml

fig. 4.20 and 4.21 for 0.005 M and 0.01 M concentrations. In spite

of the excess of sulphate ions in the solution here too a larger

concentration of the precipitants leads to a better sorption of

strontium.

Not only during the addition of 10 ml of BaCl0 to 15 ml of NaoSO. +
85

Sr an excess of sulphate ions is present but also in the adsorp-

tion period (beginning at t=0). Just as was the case in paragraph

4.3.8.1.3. here too the adsorption graphs for the radioisotope are

moved up to higher adsorption values.
85

In general the percentage of sorption of Sr after 22 hours of
contact is increased strongly as compared with the results after

2 hours of contact. In table 4.15 some results (see fig. 4.20-4.21

and fig. 4.26-4.27) are summarized.

Table 4,15. Mean values of Sr sorption after 2 hours of contact.ioo-c/co(%)

xo
YO
ZO

fig. 4.20
0.005 M
stoichiometric

20
38
61

fig. 4.26
0.005 M o
excess SO^"

37
52
80

fig. 4.21
0.01 M
stoichiometric

40
77
94

fig. 4.27
0.01 M 9

excess SO^

70
92
99
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4.S.S.S. Addition of both precipitanta xiith controlled razee to a
solution containing the radioactive contaminant B$

In these experiments both BaClg and Na-SO, were added at
the same rate to the contaminated solution. Intermediate results

for the sorption of Sr are obtained, lying between those mentioned
in paragraph 4.3.8.1.1 and 4.3.8.1.2. However, there is an important
difference between the experiments described there and the investi-
gations carried out here.
In the paragraphs 4.3.8.1.1 and 4.3.8.1.2 growing precipitates were
formed with respectively positive and negative surface charges. In
the investigations carried out here, however, at any moment of the
addition of the two precipitants a growing precipitate is present
without a surface charge. So the sorption results found here are not
influenced by the positive effect of the presence of excess of anions
(SO. ) or the negative effect of the presence of excess of cations
(Ba2+).

QC,

Table 4.16. Sorption of "Sr as a function of the time of contact
after the addition of 10 ml 0.05 M BaCl2 and 10 ml 0.06 M
NSO at the same time to a solution containing 1 ud

sorption
time of
contact

1 min
3
6
10
20
40
1 h
1.5
2
22

rate of addition/10 ml
2 nrSn 42 s

96%
93
94
97
97
92
98
95
97
95

12 min 1 s

92%
96
97
95
95
94
93
89
91
90

48 min

92%
91
96
97
100
99
98
98
85
84

The varying concentrations used in the experiments leading to the re-
sults as presented in the figures 4.28, 4.29 and 4.30 and table 4.16
(= fig. 4.30) show the tendency of an increased Sr sorption at
larger concentrations.
Generally the slowest speed of formation of the precipitate (48 min)
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2
a eolutiar. containing 1 "Sr.
x rate of addition 2 min 42 s/10 ml
o rate of addition 12 rain 1 s/10 ml
L rate of addition 48 min O s/10 ml

nr

results in the best sorption of Sr. This should point to a dominant
2_

effect of the SO. -ions. As described in paragraph 4.3.8.1.2 in case
2+of a long time available for diffusion of Sr -ions from the solution

DC

to the interface sol id/solution much Sr was bound by the growing

precipitate with negatively charged surface layers.

Fig. 4.29. Sorption of Sv as a function of the time of contact
after the addition of 10 ml 0.01 M NasS0a and 10 ml
0,01 M BaCl£ at the same time and at the same rate to
a solution containing 1 \iCi ^^Sr.

x rate of addition 2 min 42 s/10 ml
o rate of addition 12 min l s/10 ml
A rate of addition 48 min O s/10 ml
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Furthermore it should be noted that sometimes irregular results have

been found (see fig. 4.29) probably as a result of a heterogeneous

particle size distribution and therefore an irregular surface area

of the precipitate.

In fig. 4.28, 4.29 and 4.30 the sorption of 5r after 22 hours has

also been presented. Because at any moment stoichiometric amounts

of BaClp and ^ S O ^ are present, only a small difference with those

after 2 hours of contact has been found.

As said at the beginning of this paragraph in the figures just men-

tioned intermediate results between those of the paragraphs 4.3.8.1.1

and 4.3.8.1.2 were found. This is illustrated by the survey given in

the tables4.17, 4.18 and 4.19.
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Table 4.17. Sarption of (0.005 M concentrations of precipitance;

100-C/C0(»)

xo
YO
ZO

Ba + S0 4 •* Sr

fig. 4.28

30
35
41

Ba - S04 + Sr

fig. 4.20

20
38
61

S04 - Ba + Sr

fig. 4.14

14
10

or

Table 4* 28, Sorption of Sr (0,01 M concentrations of pveaipitants).

100-C/C0(%)

xo
YO
ZO

Ba + S0 4 •* Sr

fig. 4.29

45-50
59

60-70

Ba •+ S0 4 + Sr

fig. 4.21

40
77
94

S04 - Ba + Sr

fig. 4.15

16
12

DC

Table 4*19* Sorption of Sr (0*05 M concentrations of preaipitants).

ioo-c/co(%)

xo
Y0
ZO

Ba + SO^ •+ Sr

fig. 4.30

92-95
92

95-100

Ba •* SO. + Sr
table 4.12

99
99
99

S 0 4 -»• Ba + Sr

fig. 4.16

55
40

854.4. Some comparative experiments in the systems Sr-SrSO. and
13Z

4

In this paragraph the results of some additional decontamination
85 133

experiments concerning the systems Sr-SrSO^ (4.4.1) and Ba-BaS04

(4.4.2) are given. Finally in paragraph 4.4.3 these results are com-
85

pared with those as obtained during the removal of Sr from a solu-
tion by BaSO,.

85
4.4.1. Removal of Sr by SrSO. precipitation.

Procedure:

In the isotopic exchange reaction which will be discussed here
163



a somewhat other procedure was followed as given in the general pro-

cedure of paragraph 4.2. SrSO. (solubility product S=3.81x10" at

17.4°C) is much more soluble as compared to BaSu4 (S=l.08x10 at

25°C).

When analogous to the experiments carried out with BaSO, a precipi-

tant concentration of 0.05 M was chosen some time was necessary to

complete precipitation. The precipitate was allowed to settle for the
or

first 15 minutes of precipitation. In the experiments 10 ml SrC^

vl ;Xi) was added after- or before precipitation to a solution con-

taining: 10 ml 0.05 M SrCl^, 10 ml 0.05 H Na2$04 and 20 ml of water.

The moment of addition of the activity and the time of contact we^e

varied.

Hesuits.

The results are listed in table 4.20.
85

Table g, 20. Removal of Sr by SrSO, precipitation; sioichiometric
amounts of precipitantsq(0. OS M) added.

experiment
no.
1

2

3

4
(see fig.
4.31)

moment of Sr
addition

15 min after the
start of precipi-
tation
1 min after the
start of precipi-
tation
15J-135 min after
the start of pre-
cipitation
before the start
of precipitation

range of the
time of contact

1-10-20 min

15-24-34 min

24 h constant

15J-135 min

related removal
of 85Sr (*)

2- 8-12

74-77-78

mean value 57

72-83

85
- In experiment 1 Sr does not take part in the precipitation reac-
tion because 85srCl2 is added too late after the start of precipi-
tation. With increasing time of contact the removal of 85sr is in-
creased slowly by adsorption on the SrS04 precipitate.

- In experiment 2 85srCl2 was added 1 minute after the addition of
the precipitants. Here 85sr was mainly coprecipitated because it
could take part.in the precipitation of SrS04; for stoichiometric
conditions a rather good decontamination was obtained.

- In experiment 3 a different time of addition of the radioisotope
85Sr was studied. After establishment of the equilibrium situation
(24 h) the influence of the time of addition of the radioisotope
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appeared to be of minor importance; in each case a practically
constant 85Sr removal of §7% resulted. Here in contrast to experi-
ment 4 where both coprecipitation as well as adsorption play a
part radiostrontium was principally bound by adsorption.

- Experiment 4 led to similar results as obtained in experiment 2;
in the f i r s t mentioned experiment 8bSr was already present in the
solution before precipitation of SrS04 {see also fig. 4.31).

100-

o

o
o

100 120

Fig. 4.31. The removal of Sr by SrSO^, precipitation (experiment 43
table 4.20). ~ '

4.4.2. Removal of "Ba by BaS0d precipitation.

Procedure:

In the experiments which will be discussed here the isotopic

reaction between 133,Ba and BaSO» was studied. Just like the experi-
133mentsas described in paragraph 4.4.1 10 ml of a BaCU solution

was added after- or before precipitation to: 10 ml 0.05 M BaCU,

10 ml 0.05 M Na-SO, and 20 ml of water. The same variables as des-

cribed in paragraph 4.4.1 were studied.

Results.

The results of the experiments given in table 4.21 can be compared

with those of the analogous numbers of table 4,20.

- As shown in experiment 1 of table 4.21 the addition of the radio-
isotope 133ga i minute after precipitation of BaSO^ leads to a
poor removal of only 30$ after 20 minutes of contact. 133Ba is ad-
sorbed through recrystallization of the BaSO/j precipitate.

- In experiment 3 *33Ba was added at varying times after precipita-
tion of BaS04« After 24 hours of contact the removal of l33Ba was
measured and appeared to be larger than 99% in all cases.

- That the uptake of 133Ba by BaS04 is a very quick process is shown
by the results of experiment 4. When l33Ba was added before preci-
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pitation the radioisotope was coprecipitated within half a minute
for approximately 98*. During 2 hours of contact only a small in-
crease of this removal was observed up to 99%. Because a constant
quantity of^edta forathe determination of the Ba?

+ concentration
in the different tiifratis was" consumed the smalt increase of the
l33Bai removal, may be the -result of̂ ai very poor .exchange, of _ 3ga
between solid and solution. However binding""# "Sga through re-
crystallization of the solid is possible too.

Table 4.21. Removal of i0 Ba by Ba30. precipitation; stoiohiometria
amounts of preoipitants JO.05 M) added.

experiment
no.

1

3

4

moment of Ba
addition

1 min after pre-
cipitation
£-20 min after
precipitation
before precipitation

range of the
time of contact

1-20 min

24 h constant

\ min-2 h

related removal
of 133Ba {%)

16- 30

99-100

98- 99

4.4.3. Discussion.

In table 4.22 the results as discussed in the paragraphs 4.4.1
85

and 4.4.2 are compared with those obtained in the Sr-BaSO. system

as described previously.
DC T -7 "7

Table 4.22. Removal of Sr and Ba by various preoipitates; stoi-
ahiometvia amounts of precipitccnts (0.05 M) added.

experiment
no.

1

3

4

moment of radio-
isotope addition
and time of con-
tact (tc)

1 min after pre-
cipitation
varying times
after precipita-
tion, t = 24 h
before precipi-
tation
t = \ min - 2 h

removal of 85Sr or 133Ba {%)

non-isotopic
system
85sr-BaS04

1-18

(tc=
 n h>

15

54-50

isotopic system

85Sr-SrS04

2-12
(t = 20 rnin)

57

72-83

133Ba-BaS04

16- 30
(tc= 20 min)

99-100

98- 99

From the table it is shown that the use of an isotopic system gene-

rally «ill lead tc a better decontamination of the radioisotope as

compared to a nan-isotopic system. In the results of table 4.22 the



uptake for Sr by SrSO, is larger as compared to the removal of
85 Sr by BaSO». However because SrSO* is much more soluble as compa-

I red to BaS04 Sr is not irreversible bound.
I As was discussed in the preceding paragraph 4.3.8.1 of this chapter
| in the --Sr-BaSO. system a high decontamination { > 99%) for 85Sr

I '
| is possible when a suitable rate of addition for BaClp to a solution
I of Na,S0A + Sr (stoichiometric conditions) or excess of SO, -ions
I is used. On the ground of the large insolubility of BaS04 and mixed
f| crystal formation between BaSO. and SrSO^ the binding of radio-
It strontium by this solid is irreversible.
j| Under stoichiometric conditions of precipitants Ba is removed by
|| BaSO- by coprecipitation (sxp. 4) up to more than 99%. As shown once
If more in table 4.22 within half a minute already 98% of the Ba is

coprecipitated. In a similar experiment Sr was removed by copreci-
pitation with BaSG4 up to 60%.

1 Consequently the results for the removal of the radioisotopes can be
given as follows:

I 133Ba-BaSO4 >
 85Sr-SrS04 >

 85Sr-BaS04 where
> stands for better results.

4.5. The removal of "~Sr by continuous BaSOd precipitation.
;| In this paragraph some experiments will be described in which

QC

BaCl2, NapSO^. and SrClp were continuously added.
In the first experiments which were carried out the filtrate was
recycled in the reaction vessel where a renewed coprecipitation or
adsorption by BaS04 was possible. It was tried to obtain a purer
filtrate by repeated coprecipitation of the small quantity of radio-
activity still present in this solution. However, recycling of the

I liquid did not lead to a better purification of the final filtrate.
Therefore the final experiments v/ere carried out without recycling
of the filtrate. In that case continuous precipitation led to a very
good decontamination. From 100 minutes after the start of the conti-

• 85
nuous precipitation process a constant Sr decontamination of
nearly 100% was observed.
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4.S.I, Geneva I procedure.

Solutions of X M BaClp and X M Na-SO. were continuously added

at a rate of 56.7 ml/h; for X mostly the optimum value of 0.05 M as

found in the batch experiments was chosen but for some experiments

a concentration of 0.01 M was also investigated. Sometimes 100%
2-excess of SO. -ions was added.

The SrCl2 solution containing 1 uCi
85CSr/30 ml was added at a rate

of 170.1 ml/h.

For the addition of the precipitants and the radioactive solution a

micro-metering pump (type: series II of Tamson) where up to six

heads could be fitted, was used. Three heads were utilized.

In the experiments in which recycling of the filtrate occurred a

peristaltic pump of type Varioperpex LKB 12000 was used for this

purpose.

The apparatus applied is shown in figure 4.32. For the other expe-

rimental conditions is directed to paragraph 3.3.6 of chapter III

and the separated experiments which will be discussed in the next

sub-paragraphs.

Pig. 4.32. Apparatus used for the continuous precipitation experi-
ments with recycling.

1. 85SrCl2 solution (1 yCi/30 ml) 7. reaction vessel+reaction mix-
i f i — t n l l l f l ' n n lt\ nC M\ Q 4-nn 4-..»n8. tap

9. filter + precipitate
2. BaClo solution (Ó.OS M)
3. Na2SÖ4 solution (0.05 M)
4. micrometering pump (six heads)10. inlet for sample taking
5. peristaltic pump 11. conical flask containing
6. magnetic stirrer filtrate.

ture
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4.5.2. Results.

4.S.B.2. Preliminary experirr. znta.

In the first experiment A after approximately 2 hours the

addition of the precipitants and the radioactive solution was stop-

ped. After that it was investigated whether recycling of the fil-

trate into the reaction vessel led to a purer solution by reuse of

the BaSO- precipitate for adsorption of the remaining percentage of

the radioactive contaminant Sr.

During 2 hours and 7 minutes the precipitants and the radioactive

solution were continuously added to the reaction vessel. After this

time 120 ml 0.05 M of BaCl, and 120 ml 0.05 M of Na9SO. besides
85

360 ml of SrClg (12 yCi) were present in the reaction system.

Consequently in total 600 ml of liquid was present. Further addition
2+ 2-of Ba - and SO- -ions was stopped just like the addition of the

radioactive contaminant. At this time, called t=0, recycling of the

filtrate was started. Samples of 20 ml were taken from the filtrate
BE

after varying times. The removal of Sr was calculated by compari-

son of the counts per minute (cpm) of 5 ml filtrate with those of5 ml of a standard solution prepared by dilution of 30 ml

(1 yCi) to 50 ml.

Table 4.2S. Experiment A.

85SrCl.

time of recycling

0 h

2
3
4 h 40 min
5 30

removal of 85Sr (%)
57
60
59
59
59
57

The results of table 4.23 show that the decontamination of the so-
lution by recycling of the filtrate is not improved. Consequently

85

adsorption of Sr on BaSO^ present in the bulk of the solution does

not take place.

In experiment B during the first 2 hours and 7 minutes of the con-

tinuous precipitation process the same amounts of precipitants and

radioactivity as used in experiment A were added. At that time again
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600 ml solution was present in the total apparatus of fig. 4.32.

Then (t=0) recycling of the filtrate was started; the addition of

0.05 M BaCl2 and 0.05 M NagSO^ solutions at a rate of 56.7 ml/h was

normally continued while further addition of radiostrontium was

stopped.

During the first 10 min 35 s of the continued addition of Ba +- and

SO. -ions the decontamination of the filtrate was already increased

from 57 up to 79% (compare table 4.23 and 4.24}. When still more

Ba - and SO. -ions are added the filtrate is purified up to 94%

after 95 min 15 s (table 4.24).

Table 4.24. Experiment B.

time of recy-
cling and con-
tinued 8a2+-
and SO/p
addition

10 min 35 s
21 10
31 45
42 20
52 55
63 30
74 5
84 40
95 15

ml of 0,05 M
Ba2+ added
after t=0

10
20
30
40
50
60
70
80
90

ml of 0.05 M
S0 4

2" added
after t=0

10
20
30
40
50
60
70
80
90

total ml
of liquid
in the
apparatus

600x

600
600
600
600
600
600
600
600

removal
of
85sr {%)

79
81
84
86
88
90
92
93
94

85e
Summarizing it can be said that

- in experiment A the further uptake of Sr from the recycled fil-
trate by adsorption on freshly precipitated BaS04 was not improved
in contrast to that 8c

- in experiment B where the Sr removal from the recycled filtrate
increased gradually by coprecipitation with BaSO^ formed through
continued addition of precipitants after the radiostrontium supply
had been stopped.
As a disadvantage the use of more BaSO. in the latter case must be
noted.

The total ml of liquid in the system remained constant because sam-
ples of 20 ml were taken from the solution. This simplified the cal-
culation for the removal of 85sr in an important way because the di-
lution factor for the comparison of the samples with the standard
35Sr solution (360/600 or 30/50 or 3/5) remained unchanged.
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i 85
|j 4.5.2.2. Removal of Sr by continuous precipitation with reayaling
| of the filtrate.
| In the experiments to be described here all of the reagents
1 were continuously added. From the start of the precipitation the
|| filtrate was recycled. After approximately 42 min and 20 s enough
I filtrate was present to fill the recycling tubes of the apparatus
| and for taking the first sample from the filtrate in the conical
| flask (see fig. 4.32).
t In experiment C 0.05 M BaClp and 0.05 M Na^SO, were continuously
1 added at a rate of 56.7 ml/h to a solution of 85SrCl2 (1 yCi

 85Sr/
I 30 ml) added at a rate of 170.1 ml/h.
I After 42 min 20 s and each 10 min 35 s later on samples of 15 ml of

the filtrate were taken. Two samples of 5 ml were counted during
4 minutes and the number of counts was averaged (compare paragraph
3.3.1.1).
Because each 10 min 35 s 50 ml of reagent solutions are added and
samples of 15 ml are taken in this time the liquid volume in the
apparatus is increased by 35 ml. By this change of the volume the

85
dilution factor for the Sr activity is changed too and a correc-
tion factor for the volume should be introduced when the activity in
the samples is compared with that of a standard Sr solution. There-

85fore the removal of Sr at time t was calculated from a formula
based on a balance of the total radioactivity in the closed system
of fig. 4.32 viz. n

cc nxanx6 - anxV/5 - 3Za„ -,
%8bSr removed ^ 5 — w 9 - ^ x 100% (4.4)

nxaQx6 - S l a ^
85where n = the number of times of the addition of 30 ml SrCl2

at time t fi5
a« = the initial activity of 5 ml SrCl2 (counts/4 min)
an = the activity of 5 ml sample taken from the filtrate

n at time t (counts/4 min)
3Ea . = the total activity of all the samples of 15 ml taken
0 from the solution before the point of time t (counts/

4 min).
On the basis of the values as presented in table 4.25 an illustration
of this formula will be worked out.
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Table 4.

time of
tion of
reagents

42 min
52
63
74
84

addi-
the
(t)

20 s
35
30
5
40

liquid
added

200
235
270
305
340

volume
(V)

ml

n

4
5
6
7
8

total
added

(a0 in

amount of Sr
= n x 6ag
= n x 292296
counts/4 min)

1X69134
1461480
1753776
2046072
2338368

an in 5 ml
of filtrate
(counts/
4 min)

9613
10668
12311
13262
12138

At time t = 84 min 40 s the symbols of the formula have the following

values:

n
Ean-1

n = 8
V = 340

9 6 1 3

6a0 = 292296

1 0 6 6 8

an = 12138
13262 = 45854

so that
«85- r e m o u e d _ 8 x 292296 -12138 x 340/5-3 x 45854 inn._fi? ™
" Sr removed 8 x 292295 - 3 x 45854 x 100%-62-50*

In the same way at each point of time t the decontamination percentage

for Sr can be calculated. The results for radiostrontium removal ob-

tained in experiment C are shown in table 4.26. From these results it

is observed that the removal of Sr is only gradually increased af-

ter a continued addition of the precipitants.

In order to improve the results as obtained in experiment C a similar

experiment was carried out applying a 100% excess of sulphate ions.

In experiment D solutions of 0.05 M BaClo (56.7 ml/h), 0.05 M NaoS0.

(113.4 ml/h) and ö3SrCl2 containing 1 yCi
 öaSr per 30 ml (170.1 ml/h)

were continuously added to the reaction vessel. Just like in experi-

ment C from the beginning the filtrate was recycled into the reaction

vessel.
85 '*

The removal of Sr was calculated in the same way as presented for

experiment C. There was only a difference in liquid volume as a func-

tion of the time because of the addition of excess of SO. -ions i.e.

the increase in the liquid volume in the reaction vessel per 10 min

35 s was 60-15= 45 instead of 35 ml.

172



n
©

1

Table 4. 26. Removal of uSr by aor.zinuouB BaSQ^ precipitation
carried out under various experimental conditions.

time of
addition

10min35s
21 10
31 45
42 20
52 55
63 30
74 5
84 40
95 15
105 50
116 25
127

with recycling

stoichio-
metric

C (0.05 M)

-
67%
65
61
59
63
69
72
71
70

100% of excess

D (0.05 M)

-
77.0%
85.2
84.4
90.5
89.5
95.2
97.7
98.1
96.1

E (0.01 M)

_
_

84.7%
85.7
86.5
86.9
87.9
87.7
88.2
89.2
89.2

without i-ecycling

of S0.2~-ions

F (0.01 M)

_
_
-

93.0%
96.9
98.5
99.0
97.8
99.1
100.0
100.0

G (0.05 M)

—

97.2%
94.6
99.6
97.3
97.8
99.7
100.0
99.8

The results of experiment D are much better as compared with those of

experiment C because of a better attraction of the Sr -ions by the

negative charged BaSO^ surface. After 120 minutes a radiostrontium

removal up to about 96% is obtained (table 4.26).

When the same experiment is carried out and 0.01 M concentrations of

precipitants are used {experiment E) a somewhat smaller final decon-

tamination percentage of approximately B9% is obtained (table 4.26).

Again 0.05 M appeared to be the optimum concentration for decontami-

nation.

85
4.5.2.S. Removal of Sr by continuous precipitation without recy-

cling of the filtrate.
As it was not possible in the recycling experiments to puri-

fy the filtrate more than approximately 96% also experiments were

carried out in which recycling was omitted and the filtrate was led

into a waste barrel. With the exception of this change the same ap-

paratus as shown in fig. 4.32 was used.

The conditions and the way of carrying out the experiments F (0.01 M)

and G (0.05 M) were similar to those of the experiments E and D. The
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radiostrontium removal was determined in the normal way as presented
in paragraph 3.3.1.1.
Because in both experiments 100$ excess of S0 4 -ions was added the
Sr2+-ions were bound very well by the BaS04 precipitate through
multi-layer occlusion and coprecipitation. A growing precipitate
with negatively charged surface layers was continuously formed in the
solution. The favourable effect of such a continuous precipitation on
the removal of the radioisotope Sr is shown from the results as
given in table 4.26. Both when a 0.01 M concentration of precipitants
(experiment F) is used and in case of the use of a 0.05 M concentra-
tion of precipitants (experiment 6) decontamination results are ob-
tained up to 10QX. Approximately 100 minutes after the start of con-
tinuous precipitation a constant removal of radiostrontium right up
to 1001 results (table 4.26).

4.5.2.4. Cone Iuaions.

From the results obtained by continuous BaSO, precipitation
it can be concluded that already the use of precipitant concentra-
tions of 0.01 M in the presence of 100% excess of sulphate ions is
sufficient for a radiostrontium decontamination right up to 100%
(Compare the results of the batch experiments where precipitant con-
centrations of 0.05 M were found to be most suitable for carrying out
the experiments).
Furthermore it should be emphasized that the best decontamination re-
sults are obtained when recycling of the filtrate is omitted.
Performance of the process as described here on an industrial scale
should be of interest in order to solidify the radioactive liquid
waste and to make possible the discharge of the sufficiently purified
filtrate into the surface water (compare chapter I).

4.6. The decontamination of Ru and Co by BaSO.
Also a short decontamination study of some other radioisotopes

with long half lifes viz. 106Ru (1 year) and 6 0Co (5 years) by BaSO.
2+was made. Also the possible interaction of Ca -ions was involved in

the decontamination study of these radionuclides. The detailed expe-
rimental circumstances are given in the various figures and tables.
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""Ru sorp'ion bit a precipitate from Bac iö.O?è rvn
SC*2' 'C.':i3 *mSl)t Cas+ (100 pvn) and 'iaDH ,0.0108

g tinea of contact, poomtemperature.

time of contact

0.5 h
1
2
3
4
5
6

100-C/C0(»)

96.2
97.7
98.1
98.0
98.7
98.2
98.0

Afterwards it appeared that the high Ru sorption was not only a
result of sorption by the negative charged surface of the BaSQ. pre-
cipitate but also by sorption on the wall of the polythene bottle.
Therefore it was necessary to study also the Ru sorption on poly-
thene as a function of the pH (fig. 4.34). Especially in the pH-
range 6.5-10 the Ru sorption on polythene is very high (approxi-
mately 90%). At low pH-values (standard solution) however, the 106Ru
removal by polythene is low i.e. for Ru solutions with a low pH
and stored in polythene bottles the same quantity of counts was mea-
sured as for Ru solutions kept in glass bottles.

11

106Fig. 4.34. Ru sorption on polythene aa a function of pB.

For that reason it was of interest to investigate which part of
sorption in the experiments is the result of BaS04 sorption and
which of polythene sorption. To reduce the effect of polythene
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sorption Ba + and Ru should be added to a solution of sulphate

ions at the same time. Then Ru is coprecipitated or adsorbed by

BaSO, immediately. The results of an experiment which gives informa-

tion about the phenomena just mentioned are shown in table 4.28.

I'abl,? 4.28. * ' Ru aorption by a precipitate from Ba' (0.075 rrrmol),
SO^~ (0.113 TTTno'i), Ca^+ ••100 ppm) and NaOH (varying
amouv.tB)s time of contact 17 h, roomtemperature.

NaOH 0.1 N

0
0.02
0.04
0.07
0.10
0.20
0.30
0.40
0.60
1.00

PH

4.20
4.67
4.80
5.01
5.10
10.28
10.76
10.99
11.32
11.62

100-C/C0(%)

1.6
45.9
95.0
98.8
98.6
98.7
98.0
97.5
96.8
97.3

counts/2 min

filtrate (50 ml)

-
49850
4613
HOC
1263
1250
-
2263
-
-

precipitate

-
18502
47140
64301
63650
80239
-

86646
-
-

total

-
68352
51753
65401
64913
81489
-

88909
-
-

Standard solution (50 ml): 92100 counts/2 min.

In this table, besides the value of 100-C/C0, also the total amount

of counts from the precipitates and from the filtrates is given. The

difference between the total number of counts and an (92100 counts/
lOfi2 min) is due to the sorption of Ru by means of polythene. From

the table it follows that the Ru removal by means of the polythene

bottle is approximately 26% at pH 4.67-5.10. Therefore it is not al-

lowed to neglect the Ru sorption by means of polythene.

Finally it can be concluded that Ru containing solutions can be

decontaminated up to 99% by precipitation with BaSO. even when small
2-amounts of precipitants are used and SO. -ions are added in excess.

2+The decontamination is hardly interfered by the presence of Ca -iöns.

In practice the sorption of Ru by polythene need not to meet with

objections; on account of the adsorbing properties of this material

it.should even be recommended to carry out the decontamination of

Ru by BaSO^ in polythene vessels.
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The CCo removal by means of BaSÔ , was investigated as a func-

tion of the Ba concentration in the presence of varying amounts of

Ca -ions. Addition of more Ca + leads to a strong reduction of the

sorption of Co (fig. 4.33). When the isolated precipitate contain-

ing Co is treated afterwards with a 200 ppm Ca + solution appro-

ximately 12% of Co is desorbed.

In order to improve the Co removal also experiments were carried

out in which a larger excess of sulphate ions (100S excess) was added.

However, no further improvement of the results was found (table 4.29).

by a.
„ 2+
aa. .-- - 'varyiKg ar,cunte,,

•'varying amounts), Ca2+ [100 ppm) and UaQH '.D.01CB
meq); time of contac t 17 h, voomtenxpevature.

mmol BaZ+

0.075
0.150
0.225
0.300
0.375

mmol S04
2"

0.150
0.300
0.450
0.600
0.750

1OO-C/CO(Ï)

17.7
15.1
14.4
14.6
15.4

The final conclusion of the decontamination experiments concerning

the removal of Co by BaSO-, however, should be that the results

are bad. Even when an excess of sulphate ions is present Co is re-

moved poorly from the solution. The method has the additional disad-

vantage that the uptake of radiocobalt is interfered strongly by the

presence of Ca -ions.

4. 7. S U M M A R Ï.

This chapter covers some aspects of the removal of radio-

strontium by means of the barium sulphate precipitation. In the

batch experiments some variables which might influence the process

were studied.

It was shown that the addition of stoichiometric amounts of preci-

pitants at the same time did not lead to a radiostrontium removal
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of more than 60:. The addition of excess of sulphate ions resulted

in much better removal percentages for radiostrontium viz. up to

99.7-.

The latter favourable situation of a negatively charged precipitate

surface could also be imitated by the slow addition of a stoichio-

metric amount of barium ions to a solution containing sulphate ions

and the radioisotope. Until the stoichiometric amount of barium ions

was added radiostrontium was removed by multi-layer occlusion, after-

wards through normal adsorption.

At precipitant concentrations smaller than 0.05 M the influence of

the rate of addition is most obvious. The addition of 0.01 M barium

chloride at a rate of 1 min 49 s/10 ml to the solution as mentioned

above led to the poor removal of radiostrontium of only 40% while the

use of a rate of 48 min 41 s/10 ml resulted in a 95* removal of the

radioisotope. The application of reagent concentrations of 0.05 M

even resulted in a 99.9% removal of Sr for both rates.

Consequently economies for the process can be effected by selecting

a suitable rate of addition for the barium ions.

Furthermore the decontamination method as described in this chapter

was shown to be independent of the pH.

Also the addition of small amcunts of foreign ions such as Ca +,

Fe 3 +, Cl~, Na+, N03" and HCO3" did not interfere with the uptake of

radiostrontium from solution by the barium sulphate precipitate. The

addition of negatively charged foreign ions was even -hown to favour

the binding of radiostrontium on barium sulphate by seiondary adsorp-

tion.

Also the presence of small amounts of stable strontium ions (up to

10 ppm) was not of influence on the removal percentage of the radio-

isotope. The addition of larger amounts of stable strontium led to a

decrease in the radiostrontium removal.

Finally the batch experiments were extended to some continuous expe-

riments. The continuous addition of both 0.01 M solutions of the pre-

cipitants (Ba/SO. molar ratio 1/2) and the solution containing the

radioisotope (1 uCi Sr/30 ml) to the reaction vessel resulted in a
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decontamination up to 100*.

Barium sulphate also showed a great affinity for radioruthenium. In

the presence of excess of sulphate ions Ru could be removed up

to 993,

Finally it should be remarked that barium sulphate was shown to have

inferior binding properties with respect to radiocobait especially

in the presence of the competing calcium ions.
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CHAPTER V

THE REMOVAL OF RADIOSTRONTIUM BY MEANS OF CALCIUM PHOSPHATE

PRECIPITATION

.'..'. Introduction .

In this chapter A third method for the removal of radiostrontium

will be described viz. the phosphate precipitation.

When calcium phosphates (STRAUB et al., 1951; LAUDERDALE, 1951) or

combined calcium- and metal phosphate systems (KEESE, 1963; CLARKE

et al., 1968) are used for precipitation and a pH of 9-10 is adjusted

a high removal of radiostrontium is usually obtained. However the

high pH necessary for the process constitutes a disadvantage (compare

5.2.2). To meet this objection in practice the alum phosphate preci-

pitation which requires a lower pH (6.5-7,0) is also applied. However

the efficiency of this process is only two-thirth of that of the cal-

cium phosphate precipitation (BERNHARDT et al., 1963; MICHALSKI,

1970).

During the calcium phosphate precipitation at a pH of 10 calcium hy-

droxyapatite (HAP) is formed; this compound binds radiostrontium in

the form of mixed crystals (compare chapter II and paragraph 5.2.2).

HAP is a very insoluble compound just like calcium fluoroapatite

(FAP) which compound can be prepared by replacement of hydroxyl- by

fluoride ions and can be formed at a pH of approximately 8 (KNAPPWOST,

1967; MICHALSKI, 1970). On account of a similar crystal pattern of

FAP and HAP it may be expected that employing FAP instead of HAP the

same decontamination percentages can be realized at the lower pH of

8 instead of 10 (compare 5.3.4).

Besides on the pH the decontamination percentages reached in the cal-

cium phosphate precipitation are strongly dependent on the molar

phosphate to calcium ratio used (PO«/Ca).
2+ 2+

Because of the similar behaviour of Sr - and Ca -ions during chemi-

cal phosphate precipitation, at a given initial Ca concentration,

the removal of radiostrontium only depends on the remaining calcium
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concentration in solution after precipitation R- :

DÏ (Sr) . (aSro-aSr).lOO/aSro . ( « c ^ M O O / a ^ - f (RCa)

A larger rest concentration of calcium (Rpa)> which ^
s a function of

many variables, leads to a smaller radiostrontium removal.

With respect to the discharge of clarified waste water the addition

of excess of phosphate ions can be indicated as a disadvantage. How-

ever excess is necessary to obtain a good removal of radioisotopes

(compare 5.2.2).

The pH and the molar PO./Ca ratio do not only influence the deconta-

mination process but indirectly also the type of calcium phosphate

compound formed: monocalcium phosphate (MCP), dicalcium phosphate

(DCP), octacalcium phosphate (OCP), tricalcium phosphate (TrCP), cal-

cium hydroxyapatite (HAP) or tetracalcium phosphate (TeCP).

Some considerations on these compounds are presented in paragraph

5,2.2; their contribution to the radiostrontium decontamination is

given in paragraph 5.3.

The results of experiments in which the PO,/Ca ratio was kept con-

stant and trie pH varied are given in paragraph 5.3.1.

The effect of a variable PO./Ca ratio at constant pH is presented in

paragraph 5.3.2.

In the experiments just mentioned also an effort was made to deter-

mine the contribution of the individual calcium phosphate compounds

to the radiostrontium removal. Such a study is hampered by the extreme

slowness with which equilibrium conditions are approached and by the

difficult isolation of the gelatinous solids formed (ARNOLD, 1950).

In paragraph 5.3.3 the effect on the radiostrontium removal of a va-

rying rate and order of addition of the precipitants at different con-

centrations and varying pH values is discussed. As follows from the

results of the barium sulphate experiments (chapter IV) the rate and

order of addition of the precipitants may play namely a major part in

the decontamination process.

The batch experiments were extended to some continuous experiments

(5,3.4). The influence of the addition of fluoride ions on the radio-
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strontium removal was included in these investigations.

Finally some results of experiments concerning the removal of Ru,
144 60

Ce and Co from a solution by calcium phosphate precipitation
sometimes combined with clay are described (5.3.5).

.'>. 2. Calcium phosphates arid their use for decontamination purposes.

Various calcium phosphate compounds can be formed as a function

of the pH during the precipitation process. In the first part of this

paragraph (5.2.1) attention will be paid to the properties of some

calcium phosphates which may be formed.

Aspects of the application of calcium phosphate compounds for decon-

tamination purposes are discussed in the second part of this para-

graph (5.2.2).

Based on the given theoretical aspects finally the purpose of the in-

vestigations as carried out is briefly explained in paragraph 5.2.3.

.5.2.;. Calcium phosphate compounds formed during precipitation.

A survey of the calcium phosphate compounds which can be

formed in the system CaO-P^-l-LO is given in table 5.1. The com-

pounds are arranged in the sequence of increasing Ca/PO^ ratio.

Table 5.1. Calcium phosphates formed in the system CaO-P Or-H^
1 £ O 2

Formula

Ca(H2P04)2

Ca(H2P04)2.H20

C2HP04

CaHP04.2K20

Ca8H2(P04)6.5H20
Ca 3(PO 4) 2

Ca50H(P04)3

Ca40(P04)2

Name

monocalcium phosphate
monocalcium phosphate
hydrate

dicalcium phosphate
(monotite)

dicalcium phosphate
dihydrate (brushite)

octacalcium phosphate

tricalcium phosphate
(whitlockite)

calcium hydroxyapatite

tetracalcium phosphate
(hilgenstockite)

Abbre-
viation

MCP
MCPH

DCP

DCPH

OCP
TrCP

HAP

TeCP

Ca/P04
ratio

0.50

0.50

1.00

1.00

1.33

1.50

1.67

2.00

log S*

-1

-7

-25

-55.6

S = solubil ity product at 25°C.
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MCP and MCPH are stable only at a low pH just like monotite and

örushite. At a pH of approximately 7 brushite and monotite are slow-

ly converted into OCP. There is only a small pH range in which the

last mentioned compound is formed.

At a higher pH hydroxyapatite (HAP) is formed. According to DUFF

(1971) the formation of HAP is promoted by the presence of traces

(concentration > 1 ppm) of fluoride ions. In this case fluoroapatite

(FAP) can be formed at the low pH of 8.0; FAP is less soluble than

HAP (GOLTERMAN, 1972).

GOLTERMAN (1972) suggests that in the absence of F'-ions, hydroxy-

apatite is also formed from monotite by hydrolysis:

7 CaHP04 + H20 - Ca5OH(PO4)3 + 2 ( 2 4 ) 2

According to DUFF (1971) in the pH range of 10 to 11 TeCP is formed

which transforms to HAP at a lower pH.

It is difficult to distinguish hydroxyapatite, fluoroapatite, octa-

calcium phosphate and tetracalcium phosphate by means of X-ray dif-

fraction because their patterns are very similar.

By DUFF (1971) the following scheme for the stability relationships

of the calcium phosphates was given (fig. 5.1):

pH> 2 30

pH> 4-85

MCPH

11
)CP

II
DCPD TeCP

OCP

pH>6 -94

pH> A*

II
HAP

pH>B'

aCa

ID"1

10"2

IQ"3

ID"4

A

5.95

6.45

6.95

7.45

B

6.55

7.05

7.55

8.05

Fig. S.I. Calcium phosphate transitions Table 5.2. Calcium activity
^according to DUFF (1971); {aQa) as a funa-

the pH strongly depends on
the calcium activity.

tion of pH.

DUFF (1971) suggested that HAP is formed from OCP according to the

reaction:
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5CagH2(P04)6 + 8H20 ** 2- 12H

In neutral and alkaline solution HAP appears to be the only stable

and the less soluble calcium phosphate compound.

A solubility scheme for HAP is presented in fig. 5.2. As shown the

solubility of HAP depends on the calcium concentration of the solu-

tion.
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Fig. ^.2. ilolubility of .tAF ana ICï iCcmirrce Report, 197 ~;.

DCP (40 ppm Ca) - x — x — x — HAP ( 40 ppm Ca)
— HAP in water HAP (100 ppm Ca)

In water at 25°C tricalcium phosphate is an unstable compound.

According to NARAY-SZABO (1962) this TrCP is hydrolyzed to HAP and

DCP:

5Ca3(P04)2 + 3H20 5 3Ca5(P04)30H + H 3P0 4

or
2Ca3(P04)2 + H20 ̂  Ca5(P04)30H

When TrCP reacts with the phosphoric arid released even MCP can be

formed:
Ca3(P04)2 + 4H3P04 % Ca(H2PO4)2

REMY (1954) confirmed that tricalcium phosphate is never formed in

aqueous solutions. TrCP can only be prepared at high temperature

from a mixture of HAP and DCP.

HAYEK (1955) is of the opinion that TrCP could be formed in the pH

185



range 8 to 11 where mainly HP04 -ions (fig. 5.3) are present which

can be bound at the surface of HAP:

3Ca,0(0H)2(P04)6 + 2HP04
2" * 10Ca3(P04)2 + 40H~ + 2H20

HENDRICKS et al. (1931) suggested that TrCP was present in solution

in a hydrated form: Cag(H2O)2(PO4)5.

- 0

- 2

- 4

- 6

- 6

H3P04 H,POi

/ ,

HPQ/"

'S.

\
\

1 \l

1

\

i

10

Fig. 5.2. Effect of the alkalinity on various phosphate aompounds
rCommitted Report, 1870).

Besides by the adsorption of HP04 -ions by hydroxyapatite the sur-

face can be affected also by hydrolysis. DE LA HEP. (1962) proposed

that in this case the surface is covered by a surface complex ac-

cording to the following reaction (K = equilibrium constant at 25°C):

Ca5OH(PO4)3 + 3H20 X

with log K = -8.5 (SILLEN et al.,1964).

The surface complex is in equilibrium with its ions:

.2+

Ca2+ + HPG\2"

X 2Ca 2OH

with log K = -27 (SILLEN et al., 1964).

ARNOLD (1950) suggested that the surface complex was formed by hydra-
tion of the group Ca2OH(PO4):

Ca2OH(PO4) + H20
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By ROOTARE et al. (1962) the combination of two molecules of the

surface complex by means of hydrogen bonds was proposed

HOCaO O-H O, OCaOK

/ \ / \
HOCaO O H-O OCaOH

At present most authors agree that in an alkaline medium HAP consists

of 3 molecules of TrCF and of 1 molecule of Ca(OH), i.e.

Ca1Q(OH)2(PO4)6 = 3Ca3(P04)2.Ca(0H)?

In the same way the unstable OCP is assumed to consist of mixed

crystals of TrCP and Dt? i.e.

Ca8H2(P04)6 = 2Ca3(PO4)2.2CaHP04

This concept supports the supposition of REMY (1954) that TrCP alone

is never formed in aqueous solution.

.'..'-'..':. App Lieut-ion of <jalji~.cn phosphates fc~" dec ?nzamir.azi •:••>: puv} zsa3.

As illustrated by the description of some practical applica-

tions in chapter I the calcium phosphate precipitation can be employed

for radiostrontium decontamination purposes.

In order to produce a better flocculation sometimes metal ions such as

iron-, manganese- or zirconium ions are added during the precipitation

(tabie 5.3).

Table 5.3. The effect of the addition of various metal ions cr. z'-u
removal of some radionuelides by calcium phosphates.

system

Ca/Fe-phosphate

Ca/Mn-phosphate
Ca/Zr-phosphate

Al -phosphate

pH

7.6-10.7

7.2-10.7
9.6-10.8

6.5- 7.0

ioo-c/co(%)

85Sr 60Co 144Ce 9 iY

85 96 99.99 99.99

65 90 99.99 99.99
85 95 99.99 99.99

80 70 99.99 99.99

references

KEESE(1963), CLARKE
et al. (1968)
KEESE(1963)
KEESE(1963),
AMPHLETT(1964)
KEESE(1963),
MICHALSKI(1970)
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As follows from the table only the alum phosphate precipitation is

carried out in a relatively low pH-range (6.5-7.0). However large

amounts of A1P0. are necessary to reach a radiostrontium removal of

80-* (compare fig. 5.4).

According to BERNHARDT et al. (1963) and MICHALSK1 (1970) the effi-

ciency of the A1P0, system is only two-thirth as compared to that of

the calcium phosphate system.

As shown in fig. 5.4 the radiostrontium decontamination can be im-

proved when barium sulphate is simultaneously formed (KEESE, 1963):

23aCl 3NeCl + KCl.

-s 100 -

50 100
mg/i AiPOd

150 2 0 0 250

%9 2+
* Sr decontamination by zke system AlPC,/BaSOJCa (KEESE}

1991). •A1P0.
AlPO^
AlPOj

+ 116 mg BaSO.
+ 116 mg BaSO? + 160 ppm

This is not surprising because the favourable decontaminating proper-

ties of a barium sulphate precipitate especially for radiostrontium

were already ascertained by the results as presented in the previous

chapter.

Besides the high pH generally required for the calcium phosphate pro-

cess also a large phosphate to calcium ratio is necessary for good

decontamination results. This means that after precipitation the

waste water to be discharged into surface waters usually contains a

large amount of phosphate which can lead to algae growth.

However addition of less phosphate as compared to calcium leads to an
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insufficient decontamination as shown by the results of fig.
(STRAUB et si., 1951).

100 -

5.S. Renoval cf

ra'io ar.d z
Q pH = 12'
L, pH = 11
o pH = 10
X pH - 9

10 20
— pOA I Ca ratio

30

An optimum removal of 89Sr (97.8%) and of 144Ce (99.9s; , obtained

at a pH = 11.5 and a molar P04/Ca ratio of 2.2/1 (LAUD» .DALE, 1951).

In practice a somewhat improved radiostrontium decontd iination is

realized by the addition of clays such as kaolinite, vermiculite,

lignite (compare chapter I). When 100 ppm of clay (montmcrillonite/

kaolinite or Oak Ridge type) is added to a radioactive solution of

pH = 11, containing phosphate- and calcium ions in a ratio of
QQ

PO./Ca > 2, 98.8-99.7% of Sr is removed by the slurry. Addition of
89clay only is insufficient to reach high Sr decontamination factors.

Clays are mostly used in the treatment plants as additives because

they have superior binding properties for some other radioisotopes

such as 1 3 7Cs (DF > 104) and 144Ce (DF > 100) (see chapter I).

During the calcium phosphate precipitation radiostrontium is bound

in the form of mixed crystals because strontium phosphate has the

same crystal pattern as HAP: Sr10(0H)2(P04)6.

The tendency to form hydroxyapatites is decreased in the order cal-

cium, strontium, barium while the tendency to form triphosphates is
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increased in this order. Because of the formation of mixed crystals

between calcium and strontium hydroxyapatite the removal of radio-

strontium by calcium phosphates is approximately 1.5 times larger

than that of barium phosphate. At a pH of 10.7 the radiostrontiu^
89removal by barium phosphate is only 40* while Sr is removed by

calcium hydroxyapatite for about 60% (KEESE, 1963).

Because in the literature the contribution of each individual

calcium phosphate compound to the final radiostrontium removal per-

centage obtained was unknown, an effort was made to isolate the va-

rious calcium phosphate compounds and to determine their binding

properties with respect to radiostrontium.

Furthermore an optimization of the results from the literature was

strived after.

In the experiments the calcium phosphate system was studied without

the addition of metal ions or of clay.

In order to increase the efficiency of the process at varying pH va-

lues and at varying P0«/Ca molar ratios the transformation of the

various calcium phosphate compounds into HAP was studied; it was

tried to measure the contribution of each individual compound to the

radiostrontium removal.

Also the rate of addition of the precipitants was investigated be-

cause this factor might influence the removal of radiostrontium du-

ring calcium phosphate precipitation. To meet eventually one of the

objections against the process viz. the required high pH for a good

removal, the influence of fluoride ions was studied. The addition

of such ions can lead to the formation of FAP at a pH = 8 instead of

pH = 10 for HAP.

The results obtained in the batch experiments were supplemented with

those required in some continuous precipitation experiments.
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; . , ' . 7 . Thv i>ij'lutois: >?ƒ ulkallru' ty at untie tan', 'a/:''..•, p-iti.j.

o. •'• .1.1. Procedure:

The experiments were 'carried out in a round bottom flask of

2 liter. To 850 ml of water the following solutions were successively

added: 5 ml of a SrCl, solution (code SOS 1 of the Amersham Ato-
c mic Centre, 20 yCi/5 ml, 1.4 yg Sr/5 ml).

2.5 mmol of a NaH2P04 solution (p.a. reagent of BDH).

x ml NaOH solution (p.a. reagent of Merck A.G.).

2.5 mmol of a CaCl^ solution (p.a. reagent of Merck A.G.).

The solution was filled up to 1 liter by the addition of water.

During the investigation the temperature in the flask was kept con-

stant (25°C) by the use of a thermostat of type Lauda Ultra N.

During the experiment the pH was measured by means of a pH meter of

type Electrofact 53A and registered by a recorder (type Leeds and

Northrup speedomax).

The contents of the round bottom flask was stirred by the use of a

glass rod driven by a motor of type Janke and Kunkel RM 17 (130 rpm).

To study the interaction of atmospheric COo some experiments were

carried out in CO2 atmosphere, the others in nitrogen atmosphere

(table 5.4). The apparatus used is shown in figure 5.6.

As noted in the introduction of chapter V at a pH = 10 mainly gela-

tinous calcium phosphate precipitates are formed. Therefore the sam-

ples (30 ml) taken from the suspension had to be centrifuged (5 min)

for the separation process. During sample taking the nitrogen pres-

sure in the sample outlet was increased in order to prevent penetra-

tion of atmospheric COp.

The calcium contents of the centrifugate were determined by flame

photometry; phosphate was analyzed by means of the spectrophotome-

trical molybdenum blue-method (Appendix III).

In the experiments with radioactive solutions the remaining percentage

of radiostrontium in the centrifugate was determined in the way as

described before in paragraph 3.3.1.1. A scintillation counter of

type Philips PW 4251 combined with a NaJ-crystal of type PW 4119 was
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1. reaction vessel
2. starring rod
3. stirring motor
4. thermometer
5. combined electrode

6. pH-meter 11.
7. recorder 12.
8. thermostat 13,
9. sample outlet 14.
10. N,

NaOH solution

cooler
CaClp-tube

employed.

For the analysis of the calcium phosphate precipitate it was neces-

sary to take larger samples. In that case a 300 ml sample was cen-

trifuged in a Hettich Roto Super centrifuge at a rate of 5000 rpm

during one hour. The precipitate v/as washed with water and acetone

and dried during 24 hours at 110°C.

Afterwards the dry solid was dissolved in hydrochloric acid; the

calcium- and phosphate contents were determined in an analogous way

as described above.

5.3.1.2. Results.

In the experiments of which the results will be described

here the constant molar ratio of Ca/P0« was equal to unity. A survey

of the experiments is given in table 5.4 (DE VRIES, 1973).

The experiments are arranged according to the Na/PO. ratio i.e. when

2.5 mmol NaHgPO^ and 5 mmol Naüli are added a molar Na/PO. ratio of

3 is given in the table. Consequently an increasing Na/PO. ratio

means that an increasing amount of NaOH v/as added leading to a higher

initial pH.
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'A

experiment
nr.

I
II
III
IV
V
VI
VII
VIII

• ••y -V -

Na/PÜ4
ratio

2.0
2.4
2.4
2.6
2.6
2.8
2.3
3.0

begin

7.33
7.88
7.88
8.55
8.65
9.98
9.98
10.50

o K z e.

Ca/P04

ratio

1
1
1
1
1
1
1
1

85Sr

_

+
+
+
+
+
-

N2-
atmosphere

_
_
+
_
+
-

As shown in table 5.4 the experiments I, II and VIII were executed

without the presence of radioactivity. In these investigations an

effort was made to find a relation between the pH and the various

calcium phosphate transitions. After varying times of contact be-

tween the solid and the solution, the centrifuged solutions were

analyzed on their Ca +- and PO^ " contents. From these results the

(Ca/P04)s ratio in the ^olid could be calculated (table 5.5).

2+
Table 5.5. Relation between pH and time of aontaat; Ca - and

POjS- analysis.

experi-
ment
number

I

II

VIII

time of
contact (h)

0
0.5
2
20
240
0
0.1
0.5
1.2
20
0
0.05
6
24
27

pH

7.33
7.31
6.64
6.25
6.21
7.93
7.88
7.75
7.23
6.84
10.54
10.54
10.54
10.34
10.34

transfor-
mation

_
-
1
2
-
-
-
1
2
3
-
-
_
3

(Ca2+)L

mmol/1

2.5
0.89
0.93
0.75
0.73
2.5
0.61
0.42
0.36
0.18
2.5
0.056
0.055
0.027
0.020

(PO 4
3") L

mmol/1

2.5
0.50
0.39
0.40
0.41
2.5
0.45
0.48
0.49
0.51
2.5
0.895
0.906
0.937
0.930

(Ca/P04)

0.80
0.74
0.83
0.84
-
0.92
1.03
1.07
1.17
-
1.52
1.53
1.58
1.58
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From the results given in table 5.5 it was concluded that the fol•

lowing calcium phosphate transitions occur:

+CaHP04 H

8CaHP04 " + 4H+

* 4Ca1Q(0H)2(P04)6 + 6HP0/" + 12H

10

i
a

10
t (h)

20 30

Fig. i. r. Calcium phosphate transitions related to pH and time of
aontaot.

The kinks in the curves of fig. 5.7 correspond with the transitions

1, 2 and 3 as indicated by the reaction equations. The number of

kinks is related to the pH area in which the experiment was carried

out. During the conversions H+-ions are released. As a result of this

the kinks in the pH-time curves of fig. 5.7 correspond with a large

decrease of the pH.

At a pH > 10 only transition 3 occurs resulting in the formation of

the stable hydroxyapatite (HAP). Also in experiment II finally stable
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HAP is formed.

Similar experiments as described above were carried out in solutions

containing radioactive strontium. The results of the previous experi-

ments I, II and VIII were used for the explanation of the decontami-

nation results of the experiments III, IV, VI (CCL-atmosphere) and

V, VII (N2-atmosphere) from table 5.4.

In the same way as presented for the experiments without radioacti-

vity for these experiments a plot of the pH versus the time of con-

tact was made (fig. 5.8).
85

The corresponding Sr removal is plotted as a function of the time

of contact in fig. 5.9.

Comparison of fig. 5.8 and 5.9 shows that the radiostrontium decon-

tamination is changed considerably when a new calcium phosphate

transition (1, 2 or 3} occurs.

Finally in all cases the stable compound calcium hydroxyapatite (HAP)

is formed (fig. 5.8). However a long time of contact is necessary to

reach a constant radiostrortium removal (fig. 5.3).

It cer, be concluded that in general a higher initial pH leads to a

better radiostrontium decontamination.

For a study of the influence of atmospheric COp on the decontamina-

tion results the experiments IV and VI were carried out once more in

an identical way in nitrogen atmosphere (exp. V and VII).

When CCL from the air interacts with the solution the pH is decreased

and HAP can dissolve according to:

Ca10(0H)2(P04)6 + 4C02 + 2H20 - 6CaHP04+ + 4CaC03i

On the one hand this leads to a release of radiostrontium in the so-

lution, on the other hand radiostrontium can be bound by dicalcium

phosphate (DCP) and calcium carbonate. However, at a pH < 9 also cal-

cium carbonate dissolves and the radiostrontium removal is reduced

more and more.

As shown from the results of fig. 5.8 the pH (V) > pH (IV); this is

in accordance with the experimental conditions because experiment V

was carried out in nitrogen atmosphere. As a result of the higher pH

the radiostrontium decontamination in the first case is larger too
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91-

8'r III, IV, VI (C0? atmosphere)
V, VII (N- atmosphere^
Ca/P04 -- 1

Q C

Fi>.;. t-.9. Removal of 'Sr bi/
calcium phosphate as
a function of the
time.

Ill, IV, VI (C0? atmosphere)
V, VII (N2 atmosphere)
varying pH (fig. 5.8);
Ca/P04 = 1.

30 ' 50
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(fig. 5.9).
However the pH (VII) < pH (VI) in spite of the fact that in the
former case the experiment was carried out in a nitrogen atmosphere.
Obviously in this case the limit of the CO^ influence is exceeded
and the reaction

5CagH2(P04)6 + 8H20 - 4Calo(OH)2(PO4)6, + 6HP04
2" + 12H+

prevails.

By the release of H+-ions the pH of the solution decreases (fig. 5.8).

Because in both cases finally HAP is formed afterall in the equili-

brium situation an equivalent radiostrontium decontamination is ob-

tained' (fig. 5.9).

The results obtained in the experiments I up to and including VIII

as described in this paragraph are summarized in the figures 5.10,

5.11 and 5.12.

From the results of table 5.5 the calcium removal in the equilibrium

situation was calculated. E.g. in experiment II at a pHoni i-l = 6.84

(100-C/C0)C is calculated as {(2.5-0.18)/2.5} x 100% ="92.81.

Together with the ( 1 0 0 - C / C Q ) - values for the experiments I and VIII

this result is plotted in fig. 5.10.

100

u 9 0

o
u
u
o
2 80

/ • •

701 * ' _L
7

pHequil.

10

Fig. 5.10. Removal of calcium as a function of
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In the same way the radiostrontium decontamination percentages as ob-

tained from the equi l ibr ium situat ion of f i g . 5.9 are plotted versus

the equil ibrium pH values ( f i g . 5.11).

100

9 0

ou

p".equii
o c

Fig. 5.21. Removal of Sr> as a function of pH ..

When the results of fig. 5.10 and 5.11 are combined the relation

between the calcium and radiostrontium removal as presented in fig.

5.12 is obtained. However, the line drawn has a somewhat speculative

character.

«5 100
o

o
u
•
o
2 90

8 0
80 90 100

i — (100 - C / Co )CQ (•/.)

Fig. 5.12. Relation between the removal of radiostrontium and aaloium.
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; - . . ' . 2. .ne in'"lueKje o' i varuiK-i .:i-'l" . ran., at u -jsKSzanz start \H.

i r

é.ï.L.1. Pro Je dure:

The experiments were performed in the same way as described

in paragraph 5.3.1.1. The apparatus as presented in fig. 5.6 was em-

ployed.

All the experiments were started at a ph of 10 which was adjusted by

the addition of a NaOH solution. An amount of 2.5 mmol NaHUPO, was

present in the reaction vessel. The quantity of CaCK added varied

between 2.5 and 5 mmol corresponding with molar Ca/PO* ratios of

1.00, 1.16, 1.33, 1.50, 1.67 and 2.00.

The experiments were carried out in nitrogen atmosphere both in the

absence as well as in the presence of radiostrontium. In the latter
pi-

case 5 ml of a SrCl? solution was added containing 20 uCi of radio-
strontium.
5.3.2.2. Results.

The results of the experiments arranged in the sequence of

increasing molar ratio Ca/PO^ are given in table 5.6 (DE VRIES, 1973).

On the left side of the double line in the table the pH range (5-30 h)

and results of analysis are presented for the experiments carried out

without radioactivity. The (Ca/P0-)<- ratio was determined both from

the calcium and phosphate concentrations in solution after precipi-

tation as well as from an analysis of the precipitate formed. On the

right side the pH range and the decontamination results for the expe-

riments involving radioactivity are given.

The results show that a decreasing radiostrontium removal is obtained

with increasing initial Ca/PO. ratio. As the main reasons for this

phenomenon can be indicated:
- the increase of the remaining calcium concentration at larger

Ca/PCty ratios
- the lower pH in tha equilibrium situation (30 h) at larger Ca/PO.
ratios.

The unfavourable effect of a larger remaining calcium concentration

on the removal of radiostrontium is shown in fig. 5.13 (compare para-

graph 5.1).
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Table 6.ff. The removal of ''lir; pil and (Ca/1'0 ) r , au <i funs t. ion of ouryinij initi.nl

Ca/PO. ratios.

Ca/P04

added

1.00

1.16

1.33

1.50

1.67

2.00

pH (range

5-30 n)

9.95

8.34

9.98

8.13

9.98

7.93

9.97

7.82

9.96

7.66

9.95

7.37

(Ca2\

mmol/1

0.053

0.021

0.035

0.020

0.099

0.041

0.135

0.083

0.165

0.120

0.855

0.683

(PO4
3~)

nmol/1

1.052

1.085

0.787

0.860

0.586

0.584

0.362

0.354

0.145

0.121

0.016

0.024

(Ca/P04)s=

(Ca)Q-{Ca)L

(TO 4) O-(PO 4) L

1.71

1.72

1.64

1.74

1.68

1.72

1.69

1.71

1.70

1.70

1.67

1.74

(Ca/PO^from

precipitate

analysis

1.39

1.56

1.45

1.57

1.4G

1.50

1.47

1.51

-

1.45

-

1.50

.

pH {range
5-30 h)

9.9?

8.22

9.88

8.00

9.85

7.78

9.82

7.30

9.80

7.50

9.77

7.01

(ioo-c/co)Sr

94.4

97.8

93.8

94.1

90.7

92.7

87.3

73.9

86.3

69.2

78.?

44.7
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In table 5.6 the results for one fixed Ca/PCL ratio have only been

given at two pH values. At the pH value after 5 hours of contact a

maximum in the radiostrontium decontamination was observed. After

that time i.e. between 5 and 10 hours of contact at first a decrease

in the radiostrontium decontamination was found and afterwards an

increase (compare fig. 5.9).

In the previous paragraph 5.3.1.2 this phenomenon was explained by

the various calcium phosphate conversions e.g. the transformation of

OCP into stable HAP.

After 30 hours of coin.act the equilibrium situation was approached.

In general the decontamination in the latter case is somewhat poorer

as compared to that after 5 hours of contact for reasons as described

above.

As can be noted from the results of table 5.6 even when a ratio of
qr

Ca/PO-=l is applied the Sr decontamination remains below 99%. By

choice of a ratio Ca/PO^ < 1 an improved radiostrontium decontamina-

tion may be expected because in this case more phosphate ions are

added leading to a more negatively charged precipitate. As discussed

in chapter II this results in a better attraction of radiostrontium
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ions.
The results of an experiment in which a molar Ca/PO, ratio of 0.5 was

used are presented in table 5.7.

Molar ratio Ca/P0.=0.5; time of contact 24 hours; room-
temperature.

pH

7.24
7.70
3.90

10.44
11.02
11.23
11.44
11.72

(ioo-c/co)Sr

90.105,
95.88
99.60
99.83
99.15
99.82
99.85
99.04

Finally the results of the Ca^+ and P0.3- analysis of the solids and

the solutions at varying Ca/PO. ratios must be considered (table 5.6).

Obviously both the (Ca/P0^)s ratio calculated from the analysis of

the solution as well as the (Ca/P0.)s ratio calculated from analysis

of the precipitate have a practically constant but different value

independent of the initial Ca/PO^ ratio.

The explanation of this difference between the (Ca/P0.)s ratios which

should be zero could be the 1 'Mowing:

During precipitation a calcium phosphate compound or a mixture of

compounds with molar ratio Ca/P04=i.,50 is formed. This may be TrCP

(Ca/P04=1.50) or more probably a mixture of OCP (Ca/P0.=1.33) and

HAP (Ca/P04=1.67).

In solution the precipitate with molar ratio Ca/P0.=1.50 can be

covered with a surface complex of composition Ca2HP04(0H)2 with ratio

Ca/P04=2.00 (see paragraph 5.2.1). In solution this apparently leads

to the formation of a calcium phosphate compound with a mean molar

Ca/P04 ratio of 1.70.

However, when the precipitate is isolated and analyzed it is most

likely that the surface complex is washed off and a solid with com-
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position as described above and with a molar Ca/PO. ratio of approxi-

mately 1.50* remains. Consequently the amount of calcium ions missing

should mainly be present in the washing water of the solid; another

part can be removed from the solution by wall sorption in the appa-

ratus.

5.3.2.5. X-ray diffvaazian.

In order to establish whether during precipitation a solid

consisting of TrCP or a mixture of OCP and HAP was formed Guinier

records of some solids were made. The X-ray diffraction method was

the same as employed in the experiments of chapter III (see also Ap-

pendix II).

Because the powder of the precipitate would not stick on the tape the

solid was mixed with vaseline. Vaseline caused bright lines in the

photographic records of fig. 5.14 which are indicated by white points.

In record number 5 pure hydroxyapatite of J.T. Baker is shown. Here

the vaseline lines are absent because only tape was used.

Photos of four samples from table 5.6 were made. Some records were

made of samples taken before the increase in pH and some of samples

which were taken afterwards.

In all four records of fig. 5.14 diffuse lines are observed as compa-

red to the photo of pure KAP. This is mainly caused by the colloidal

character of the precipitates and perhaps the formation of mixed

crystals.

Furthermore it can be noted that the lines in the records of samples

taken after the increase of pH are more bright as a result of the

greater crystallinity of the solids.

Fig. 5.14 shows that the diffuse lines coincide with the lines of

pure HAP. Because the lines are quite different as compared to those

of cuand &-tricalcium phosphate (TrCP) the conclusion can be that at

all events HAP is present probably combined with octacalcium phosphate

(OCP); for the solids as listed in table 5.6 this leads to a molar

Ca/P04 ratio of approximately 1.50

*Pure HAP (Ca/P04=1.67) could only be prepared at high pH (11.5) and
roomtemperature (20°C) when 200 ml 0.06 M CaClj was added within 5
minutes to 200 ml 0.04 M NaH2P04.
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1. Ca/P0.=1.00; pH=8.34 (compare t ab le 5.6)
2. Ca/PO;=l.OO; pH=9.95
3. Ca/PO%1.16; pH=9.98
4. Ca/P0%2.00; pH=7.37
5. pure hydroxyapatite (HAP) of J.T. Baker.

Attention was paid to the influence of a different rate and

order of addition of the precipit-ints on the decontamination of Sr

at a fixed pH and Ca/PO* molar ratio. The radiostrontium decontamina-

tion was measured as a function of the time.

Varying rates (A, B and C) of precipitant addition were used; the

precipit-ants were .added in two different molar Ca/PO, ratios (1.00

and 1.50). The pH was fixed between 7 and 11.

The experiments were carried out in polythene bottles of 100 ml with

finally 50 ml of liquid containing CaCl^, NaoPO», SrCl2 and HC1 in

water. In some experiments calcium chloride was added with a fixed

rateb in the other ones sodium phosphate. The exact quantities of

reagents added are given in the headings of the tables 5.8 up to and

including 5.11.

After a certain period of contact the samples were filtered and the

remaining radioactivity in the filtrate was measured. By substraction

of the remaining radioactivity from the initially amount added the
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rddiostrontium removal by the solid could It determined (<",ee chapter

III).

As shown from the theory of chapter II and also from the

results of the barium sulphate experiments as described in the pre-

vious chapter, a slower audition of CaCl~ to a radioactive solution

( Sr) of Na,P0. is expected to favour the uptake of Sr *-ions from

the solution by the negatively charged surface of the solid. Sr -

ions are adsorbed first on the surface of the solid and after that

incorporated by the growing precipitate through multi-layer occlusioa

Results of such experiments are presented in the tables 5.8 and 5.10.

In the opposite case of the addition of a NanP0. solution to a solu-

tion of CaCl9 a large rate of addition is necessary in order to pre-
2+

vent the large repulsion of Sr -ions by the positively charged pre-

cipitate as much as possible. However, in spite of a large rate this

way of addition leads to poorer decontamination results as compared

to the former case (tables 5.9 and 5.11).

From the results it can be concluded that the differences in the

radiostrontium removal are smaller than those measured in comparable

barium sulphate decontamination experiments (compare paragraph 4.3.8).

Particularly for a pH • 10 the influence of the rate and order of

addition w?s shown to be of minor importance. At lower pH values the

effect of this factor is more obvious. But even at pH values between

7 and 11 the effect of the rate and order of precipitant addition on

the removal of radiostrontium remains less important as compared to

that measured in the barium sulphate decontamination experiments.

However, in spite of the poorer effect a similar relation for the

decontamination results as found in the barium sulphate experiments

can be deduced from the results of the tables 5.8 up to and including

5.11 i.e. table 5.9 and 5.11: A > B > C

table 5.8 and 5.10: A < B < C

where < stands for a better radiostrontium removal.

As said above the influence of the rate and order of addition of the

precipitants is most obvious at the lowest pH values.
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t}DTable i.5. Zeicval of Sr as a function of the time of contact
a*"ser the addition of 5 ml 0.0250 M CaCl. to a solution
containina: 10 ml 0.0125 M Na3P0a

10 ml 85sr solution (1 uCi}
x ml 0.1 N HC1

Ca/POd « 1.00

Removal

time of
contact

3 min
6

10
1 h
2

24

pH - 10.83

A*

98.44
99.01
98.88

99.21
99.68

B*

99.03
99.14
99.04
99.17
99.29
99.66

C*

99.02
98.67
99.10
98.70
99.25
99.64

pH * 9.58

A

95.87
95.65
96.46
97.05
97.37
99.42

B

95.88
96.30
96.31
96.54
96.67
99.20

C

95.95
95.45
96.04
96.40
97.31
99.17

pH = 7.66

A

57.88
53.81
52.25
58.15
65.11
75.00

B

62.57
64.74
64.15

64.23
73.64

C

67.52
62.74
70.90

63.20
76.77

Table 5.9. Removal of Sr as a function of the time of contact
o a solutionafter the addition of 10 ml 0.0125 M Na~P0

containing: 5 ml 0.0250 M CaCl2 ó '
10 ml 85$ r so lu t ion (1 yCi)
x ml 0.1 N HC1

Ca/P04 = 1 . 0 0

Removal
oc Of
öbSr(%)
time of
contact
3 min
6

10
1 h
2

24

pH = 10.85

A*

99.22
99.35
99.36

99.47
99.68

B*

99.25
9S.34
99.22

99.37
99.78

C*

97.92
98.16
98.35
98.39
98.27
98.74

pH = 9.48

A

96.95
97.18
97.17
97.82
97.23
99.16

B

95.24
96.01

96.87
96.86
98.71

C

91.88
9B.54

93.75
93.93
96.94

pH = 7.62

A

53.45
53.80
55.55
55.26
66.29
78.13

B

50.25
47.43
50.48
51.68
66.37
75.70

C

48.79
55.08
55.23
48.58
58.76
75.04

rate of addi t ion: A= 1 min 49 s/10 ml
• B-1Z min 6 s/10 ml

C=48 min 41 s/10 ml
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~ib'^ .-, -:'.jl ,-.-ƒ ' ,,'r au a functie'. ..ƒ ;̂i<? L ^
e." f/'it- addition of ?.£ ml COi.eC1 'A •'
u-.::nirL,: 10 ml 0.0125 M Na3P0d

10 ml 85Sr solution (1 uCi)
x ml 0.1 N HC1

7 S

Removal

85Sr(%)

time of
contact

3 min
6
10
1 h
2
24

Table 5.

Removal
oc Of
ööSr(%)
time of
contact

3 min
6
10
1 h
2
24

P

94.
94.
94.
94.
94.
96.

u.

i

97
97
97
98
98
99

67
38
62
88
85
66

pH = 10.20

B*

97.16
97.40
97.24
97.45
97.64
99.58

Removal

ai

C*

97.76
97.75
97.76
97.43
97.36
99.48

, 8SC
o] Sr

Ca/P04 =

pH =

A

74.91
74.93
73.88
75.38
75.57
73.27

E

77.
75.
75.
75.
71.
71.

1

8

00
49
20
71
51
14

50

11

C

77.
76.
74.
73.
71.
70.

as a function a
"tev the addition of 10

containing: 15

\*

.86

.64

.91

.22

.36

.78

pH = '

B*

97.85
98.07
97.84
98.17
98.29
99.53

10
X

LO.42

C*

97.04
95.20
97.59
97.60
97.59
99.59

ml 0.0125
ml
M

88
77
57
81
80
64

A

56.
56.
57.
39.
38.
38.

01
94
52
50
01
37

ƒ the time
0. C125
:aCl

ml 85sr solution
ml 0.1 N f

Ca/P04 =

pH =

A

72.20
70.60
72.40
74.20
69.70
72.30

!

69
68
69
70
62

«n
-- l
= 8

.20

.80

.10

.00

.80
71.80

.50

.19

C

71.
69
64.
65
63.
69

?
(1

00
10
20
30
40
80

PH

E

63.
64.
64.
38.
39.
41.

M Na^T'04 i

uCi)

38.
38.
39.
43.
41.
43.

[

20
20
80
20
40
20

pH

E

36
38
38
41
40
42

= 7

15
19
55
80
67
40

.50

C

68.12
67.70
68.32
38.10
38.81
41.43

contact
0 C

=-• 1

3

.90

.10

.80

.90

.00

.70

solution

.50

C

-
-
-
-
-

rate of addition: A= 1 min 49 s/10 ml
B=12 min 6 s/10 ml
C=48 min 41 s/10 ml
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A comparison between the results arranged in column C (pH=7.66,

table 5.8) and those of A (pH=7.62, table 5.9) shows a difference

in decontamination of approximately 13". However after 24 hours of

contact about the same Sr removal is obtained because after the

addition of the total amount of precipitants in both cases a nega-

tively charged precipitate results.

In the experiments in which Ca/P04=1.50 (table 5.10 and 5.11) a dif-

ferent order of addition leads to a somewhat larger difference be-

tween the decontamination results because after reaction a stoichio-

metric amount of precipitants (formation of TrCP or OCP + HAP) or a

very small excess of phosphate ions (formation of HAP) is present i.e.

a) 3Ca2+ + 2P04
3~ - Ca3(PO4)2 Ca/P04= 3/2 =1.50

or more probable:

18Ca2+ + 12P04
3" + 2H20 - CagH2(P04)6 • Calo(OH)2(PO4)fi

Ca/P0,=18/12=1.50

b) 10Ca2+ + 6P04
3" + 2H20 - Ca1Q(0H)2(P04)6 + 2H

+ Ca/P04=10/6 =1.67

Some irregular results are obtained at a pH of 7.50. There the Sr

removal decreases after longer times of contact. In more acidic me-

dium HAP probably dissolves or is transformed into another calcium

phosphate compound with less binding properties for radiostrontium

e.g.:

3Ca1Q(0H)2(P04)6 + 2HP04
2" - 10Ca3(P04)2 + 40H' + 2H20 (compare para-

graph 5.2.1) or

Ca10(0H)2(P04)6 + 8H
+ + 4Ca2+ + 6CaHP04 + 2H20

5.3.4. Continuous precipitation experiments.

5.3. j.l. Procedure:

The continuous precipitation experiments were carried out in

the apparatus as shown in fig. 5.15. A reaction vessel with double

walls and a contents of 900 ml was used.

A solution of calcium chloride (2.5 mmol/1), a mixed solution of so-

dium dihydrogen phosphate (2.5 mmol/1)+ sodium hydroxyde (for pH ad-
or

justment) and a radioactive strontium chloride solution (20 uCi Sr/

5 ml) were continuously added to the reaction vessel.
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In the first five experiments the CaCK- and NaH-PG^ + NaOH solution
were added by means of a Tamson micrometering pump (type Hughes
2/4423) where up to six heads could be fitted. Only two heads were
used, one for the addition of 40.3 ml/h NaHjPO. + NaOH solution
(size 2) and the other for the addition of 152 ml/h CaC12 solution
(size 4).

Fig. S.1S, Apparatus for the decontamination of
calaiwn phosphate preaipitation.

„ 85
Sr by continuous

pH meter
recorder
magnetic stirrer
micrometering pump with two
heads
CaCl2 solution
NaH2P04 solution
tube with NaOH pellets
peristaltic pump
85srCl2 solution
radioactive waste barrel

1. CaCl? supply 10.
2. NaH2P04 supply 11.
3. 85srCl2 supply 12.
4. discharge of reaction mixture 13.
5. sample outlet
6. water supply from thermostat 14.

cistern 15.
7. discharge of water to thermos- 16.

tat cistern 17.
8. contact thermometer 18.
9. combined glass electrode 19.

The SrCl2 solution was added by means of a peristaltic pump (type
LKB 10200) with a rate of 13.6 ml/h.
On account of leakage of the micrometering pump the next experiments
were carried out in a somewhat different way. Two peristaltic pumps
were used. One pump was employed for the addition of the NaH2P04

solution (155 ml/h), the other was applied for the supply of a com-
bined solution of CaCl2 +

 85SrCl2 (62.5 ml/h).
A survey of the experimental circumstances is given in table 5.12.
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Table S.12. The deaontamination of °Sr in some continuous experiments.

(Ca2+)L

nmoi/1

3.39

3.39

3.39

4.7S

5.36

9.30

8.70

8.70

8.70

8.70

(PO 4
3") L

mnol/1

9.58

12.77

12.77

5.93

5.39

3.42

3.50

3.50

3.50

3.50

Volume added

Ca

152

152

152

120

89.9

56

62.5

62.5

62.5

62.5

o

P04

40.3

40.3

40.3

97

89.4

152

155

155

155

155*

(ml/h)
OK
85SrCl2

13.6

13.6

13.6

13.6

13.6

in CaCl2

in CaC12

in CaCl„

in CaCl2

in CaClp

Ca/P04

1.33

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

1.00

Na/P04

3.0

3.0

2.6

2.8

2.7

2.5

2.1

1.9

1.8

2.7

pHend

9.50

10.45

7.80

10.30

8.75
7.65

6.90

6.60

6.35

8.10

(ioo-c/co)Sr

%
88.5

97.5

75.5

97.0

87.5

76.5

52.0

42.5

27.0

92.5

* .including 0.7 rnnol NaF/1



The temperature in the reaction vessel was kept constant (25°C) with

the help of a thermostat; water of a constant temperature flowed

through the double wall of the reaction vessel. The contents of the

flask was stirred magnetically. Because the solution entered into the

reaction vessel at the bottom a certain time was necessary to fill up

the whole flask, A mean time of 4.5 hours was necessary prior to dis-

charge of the first liquid containing calcium phosphate from outlet 4

(fig. 5.15). Only during filling up of the reaction vessel a small in-

fluence of atmospheric C02 was to be expected.

Samples were taken by means of a cock with three path ways (point 5

in fig. 5.15). The samples were treated in the same way as described

in paragraph 5.3.1. During the whole experiment the pH was measured.

5.4.3.2. Results.

The results of some continuous precipitation experiments are

shown in table 5.12 (DE VRIES, 1973). After equilibrium had been

reached the end-pH and the radiostrontium removal were measured.

A plot of this end-pH versus the radiostrontium removal is presented

in fig. 5.16. The best radiostrontium decontamination {97.5%) is ob-

served at a pH=10.45 when calcium- and phosphate ions are added in a

molar.ratio of 1.00. When a ratio of Ca/PO^-1.33 is employed the re-

moval of radiostrontium decreases because a larger calcium concentra-

tion is present.

In the opposite case of a ratio Ca/PO. < 1.00 the radiostrontium re-

moval can be improved to more than 99% (compare table 5.7). However,

as mentioned before the application of such ratios leads to large

quantities of free phosphate in the waste water; discharge of such a

water may lead to eutrofication of the surface waters and is there-

fore not recommended.

Another way for an improved radiostrontium decontamination which

should be mentioned is a repeated calcium phosphate precipitation pro-

cess. In chapter I it was discussed that in a repeated lime-soda pro-

cess Sr was finally removed for 99.996*.

But there still may be another way to obtain an improved radiostron-

tium decontamination, viz. the addition of fluoride ions. Therefore
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100 j-

S0'

60

o

O

o 20 I-

O Ca/PO.-1.00
' Ca/P0j=1.33
o.Ca/POJ«1.00
'addition ^
'inrooi NaF/1

in one experiment 0.7 mmol NaF/1

was added. In this case at a pH

of approximately 8 fluoroapatite

(FAP) is fostned which is less so-

luble than hydroxyapatite (HAP)

(compare 5.2.2).

As shown from the results of fig.

5.16 the preparation of FAP leads

to a relatively improved radio-

strontium removal at a lower pH.

10 12

equilibrium

Decontamination of "^Sv by continuous calai-um phosphate
precipitation as a function of the pH.

206The removal of Rut
precipitation.

. 106 T

'Ce arid Co by aaloium phosphate

Ru.

Procedure:

The removal of tracer amounts of Ru from a solution by a

calcium phosphate precipitate was determinad at molar ratios Ca/PO.

1.00 and 0.50. In the first series of experiments 0.125 mmol Na,P04

and 2.10 uCi/ml 106RuCl3 were added to a solution containing 0.125

mmol CaCl2» HC1 for pH adjustment and water. In the second series of

experiments the double amount of trisodium phosphate was used.

The total liquid volume in the polythene bottles of 100 ml contents

was 50 ml. To reduce wall sorption of Ru by the polythene bottles

as much as possible (compare chapter IV) the radioisotope was simul-

taneously added with the phosphate solution. Then optimum occlusion

of the radionuclide could occur.

The decontamination experiments were carried out at roomtemperature;

the samples were shaken vigorously during 17 hears. After filtration,

the pH, the radioruthenium contents of the filtrate, that of the pre-
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cipitate (dissolved in concentrated HNQ,) and that of the wall of

the polythene bottles were measured.

Para Its.

The results are presented in the tables 5.13 (Ca/P0.=1.00) and 5.14

(Ca/P04=0.50). A remarkable result is observed when 2.00 ml HC1 is

added (table 5.13, +). Here after an initial decrease in pH the pH

is suddenly increased to a value which is approximately equal to that

after the addition of 1.00 ml HC1. In contrast to a normally expected

improved radioisotope removal here an increase in pH leads to a re-

duced removal ""of 88*. As a result a larger amount of Ru is released

in the solution leading to an increased sorption of the radionuclide

by the wall of the polythene bottle (see chapter IV, fig. 4.34).

Similar phenomena can be observed from the results as presented in

table 5.14 (Ca/P04=0.50); the only difference as compared with the

results of table 5.13 is the somewhat larger amount of hydrochloric

acid which is required for the sudden increase in pH and the decrease

in the percentage of radioruthenium removal.

Table S.13. Ru removal by a precipitate prepared from 2.5 mmol/l

CaCl2 arid 2.5 imol/l Na7P04 (molar ratio Ca/PO4=1.00);

time of contact 17 h; roomtemperature.

HC1 0.1N
(ml)

0.50
0.75
1.00
1.25
1.50
1.75
2.00
2.25
2.50

pH
r '

8.61
7.61
6.95
6.54
6.31
6.28^
6.98+
6.59
6.06

100-C/C0(%)
precipitate
+ wall

98
99
99
97
98
97
88
81
70

Counts/2 min

filtrate
(50 ml)

_
975
-

2013
-
2412
_

16350
-

precipitate
in HN03

_
74809

-
71164
-

72820
-

12141
-

wall

_
12296
-

14903
-

12848
-

59589
-

total

_
88080

-
88080

-
88080
-
-

88080
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14. .?:< removal bj a pi'eaipitate prepared frcv 2.5 rmcl<

?a~lc ayid £ T^OI/". '<s,PCi '"-.alar ratio Sa/?C'=:..5C>-;

HC1 0 IN
(ml)

2.00
2.10
2.30
3.10
3.30
3.60
3.80
4.00
4.36
5,00

tv,

pH

8.94
8.33
7.83
6.94
6.83
6.64
6.54
6.46X
6.73+

6.08

100-C/Cn(ï)
precipitate
* wall

96
98
98
97
97
96
96
94
79
65

. f n; roo>rt"e"rveravu.ve.

filtrate
(50 ml)

2963
-
1850
_
2763
-
3800

18563
-

Counts/2 min

precipitate
in HN03

72759
-

73878

72617
-

72432
_

32760
-

wall

12278
-

11672
_

12020

11168
_

36077

total

87400
_

87400
_

87400
-

87400

87400
-

The most probable explanation that can be given for the reduced de-
contamination results may be the fact that HAP is gradually dissolved
when still more hydrochloric acid is added. In this case the stable
HAP is primarily converted into the less stable octacalcium phosphate
(OCP) according to the following reaction:

4Ca10(0H)2(P04)6 + 6HP04
2" + 12H+ -> 5CagH2(P04)5 + 8H20

A part of the H+»ions added is bound by OCP resulting in a somewhat
increased pH. Apparently OCP has less binding properties with respect
to Ru as compared with HAP. After the conversion of OCP into di-
calcium phosphate (DCP) at the end the whole precipitate dissolves.
Finally it should be indicated that the explanation given above is
probably incomplete because the surface complex covering HAP can play
a part too in the hydrolysis reaction (compare paragraph 5.2.1).

5.3.5.2. 144Ce.

The experiments with the radioisotope 144Ce were carried out
in the same way as described for 106Ru. Calcium phosphate precipita-
tion was shown to be a very good technique for the removal of 144Ce
from liquids. Independent of the molar Ca/PO. ratio used (1.00 and
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0.50) at a pH > 6 a practically constant removal of 99.99% was ob-

tained. Such high decontamination percentages can even be approached

beneath a pH of 6 when the calcium phosphate precipitation is carried

out in the presence of clay. In some experiments 500 ppm of clay**

largely composed of the illitic type was added.

The combined purifying actioi. of the clay and the calcium phosphate

precipitate resulted in an overall decontamination of more than 99.99':

in the pH range from 5 to 10.

CO.,

The calcium phosphate precipitation experiments concerning

the removal of Co from radioactive liquids were performed quite
106 144identical as those concerning Ru and Ce.

ou

oo

1OO

6 0

20

6 60 7 406-80 7 00 7 20

™""~ p H equilibrium

Fig. 5.17. Removal of Co by calcium phosphate precipitation as a

function of pH •., , Ca/P0 =1.00. Roomtemverature; 24 hJ ' r equil.' 4 •
of contact.

As shown from the results (fig. 5.17) at a pH > 6.5 a very good decon-

tamination can be obtained. Above pH=8 an efficiency of 99% is ap-
2+

proached. However when the pH is decreased or still more Ca -ions are

added the removal efficiency is gradually reduced. Consequently the

decontamination of radiocobalt just like the removal of radiostrontium

is dependent on the pH and the Ca -contents (Ca/PO^ ratio) of the

Clay of Dutch origin from the area of Ammerzode.
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solution.
The binding properties of clay with respect to radiocobalt are only
of minor importance.

This chapter deals with the removal of radiostrontuim by cal-
cium phosphate precipitation.
Because as a function of the pH and the molar Ca/P04 ratio many cal-
cium phosphate compounds can be formed viz. monocalcium phosphate
(MCP), dicalcium phosphate (DCP), octacalcium phosphate (OCP), tri-
caicium phosphate (TrCP), calcium hydroxyapatite (HAP) and tetracal-
cium phosphate (TeCP) at first attention was paid to the possible
conversions between the various compounds. HAP was shown to be the
only stable calcium phosphate compound. During the calcium phosphate
precipitation dependent on the pH adjusted and the Ca/PO^ molar ratio
chosen , each compound may contribute to the final radiostrontium
percentage obtained.

In order to investigate the role of the various calcium phosphate
compounds in the process two kinds of experiments were carried out
viz.
- experiments in which the pH was varied and the Ca/PO* molar ratio
was kept constant at 1.00

- experiments in which the Ca/P04 molar ratio was varied and the ini-
tial pH was always adjusted at 10.00.

In the experiments first mentioned the pH and the radiostrontium re-
moval were measured as a function of the time. The conversions MCP-*
DCP, DCP-+OCP and finally OCP-+HAP were shown to correspond with a sud-
den change in pH and radiostrontium removal percentage. After adjust-
ment of the high beginning-pH of 10.00, in the equilibrium situation
(pH=8.50) finally a radiostrontium removal of 98% was obtained.
In general the adjustment of a higher beginning pH leads to a better
radiostrontium removal. The best results were obtained in experiments
carried out in nitrogen atmosphere.

In the second series of experiments the Ca/PO* molar ratio was varied
between 1.00 and 2.00. On the ground of an increased calcium concen-
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tration and the lower pH in the equilibrium situation as compared to

the initial pH adjusted, the radiostrontium removal was shown to de-

crease at larger Ca/PO, ratios.

Adjustment of a beginning pH of 10.00 and a molar Ca/PO,, ratio = 0.50

led to the best results viz. a radiostrontium removal of more than

99%. The composition of the precipitates prepared was determined by

X-ray diffraction (Appendix II), calcium- and phosphate analysis (Ap-

pendix III); the samples measured were shov/n to consist of a mixture

of HAP and OCP.

Also the effect of the rate and order of addition of the precipUants

on the radiostrontium removal was measured. As compared to the influ-

ence found in the barium sulphate experiments (paragraph 4.3.8) the

effect as observed here is less significant. At high pH values (10.83)

and a Ca/PO. ratio of 1.00, radiostrontium was removed for more than

99%, practically independent of the? rate and order of addition applied.

At lower pH values (7.62) the influence was somewhat more pronounced.

Finally the batch experiments were extended to some continuous preci-

pitation experiments. A maximum radiostrontium removal of 97.5% was

obtained in the equilibrium situation (pH --,=10.45; Ca/P0,=1.00).

As found in the batch experiments a ratio Ca/PO^, < 1.00 should be ap-

plied to improve this removal percentage. However in this case a waste

water remains containing a large amount of phosphate; discharge of

this waste water into the environment may lead to algae growth.

Another way to improve the radiostrontium removal is the addition of

fluoride ions. This leads to the formation of the very insoluble

fluoroapatite (FAP) at the low pH of 8.00. The addition of 0.7 mmol

NaF/1 in the continuous experiments led to a radiostrontium removal

of 92.5% at a pH of 8.00. Without the addition of fluoride ions only

78% of the radiostrontium was removed at this pH.

>n the last paragraph some attention was paid to the removal of the

radionuclides 1 4 4Ce, 6 0Co and 106Ru. Ce was removed extraordinary

well (> 99.99%). 60Co was removed for more than 99%; however, calcium

ions present in the solution strongly interfere with the process.
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106

* Ru was removed up to 99ï; wall sorption on the reaction vessel

and the reaction HAP-*0CP were shown to play a part in the process

concerning the removal of this radioisotope.
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APPENDIX I

THE PREPARATION OF CALCITE, ARAGONITE AND VATERITE

Introduction .

In this Appendix attention is paid to the preparation of the three

CaC03 modifications. The theories of DE KEYSER and DUGUELDRE (1950)

and WRAY and DANIELS (1957) as described in paragraph 3.2.2 of this

thesis were partially applied.

AppavatuB used .

A four-necked round bottom flask was used in which a mechanical stir-

rer, two separator funnels and a glass-electrode were fitted. A water

bath was used for heating of the contents of the flask. The tempera-

ture of this bath was regulated by means of a contact thermometer,

relais and heating element. After mixing of the reagents at a defined

rate the precipitate formed was filtered through a glass filter after

a time t . The precipitate was washed with double distilled water and

acetone and dried in an oven at 110°C.

Preparation of aalaite.

500 ml of 1 M Na2C03 ('jaker analyzed reagent) were added to 500 ml of

1 M CaCl2 (Baker analyzed reagent) at a rate of 10 ml/min and a tem-

perature of 20°C. DE KEYSER and DUGUELDRE (1950) added 3.3%/min of

the total amount of CaCl, used. In our investigations 2%/min of the

stoichiometric amount of CaClo was added in order to decrease the

| supersaturation in the solution and to increase the chance of cal-

cite formation (3.2.2). Independent of the time (t ) 100% of calcite

was formed. There was only a small difference in crystal size. Final-

| ly it should be noted that 1 V o f the mother solution of CaCl9 con-
' 2 + 2 +tained the following impurities: 29 ppm Sr , 4 ppm Mg , 4 ppm

S0 4
2", 2 ppm Ba 2 + and 2 ppm Ca 2 + + Mg2+-salts.

Preparation of aragonite.

According to DE KEYSER and DUGUELDRE (1950) and.WRAY and DANIELS

(1957) the preparation should take place in alkaline medium at a

high temperature (compare 3.2.2). Therefore the order of addition of

the reagents in this case was the reverse as compared to the prepa-
i
Ï 219

a



ration of calcite. 450 ml of a 1 M CaCl2 solution were added to 450

ml of a I 'fOauCO, solution. The rate of addition was 8-12% of the

total amount per minute. The various precipitations were executed st

temperatures between 80° and 95°C.

To improve the yield of aragoni^3 the rate of addition of the CaCl-

solution was increased as compared with the experiments of DE KEYSER

and DUGUELDRE (1950). As described aire&oy in the theoretical part

of chapter III (3.2.2 and 3.2.3) an increased rate of addition leads

to a higher supersaturation in the solution; then the chance that

calcium carbonate will crystallize in the form of the metastable ara-

gonite increases (Ostwald's rule). 5or?e results are shown in table

I.I and fig. I.la, b and c.

Table 1.2"

Sample

aragonite- I
aragonite- II
aragonite-III
aragonite-IV*
aragonite-V

Fig.

I.
I.
I.
I.
I.

la
la
la
lb
lc

Bath
tempe-
rature
in °C

87-90
87-90
85-90
90-95
80-85

Rate of
addition,
% cf stoi-
chiometric
amount/min

3
8
8
8
11

tc (time
of fil-
tration
in minu-
tes

73
120
100
174
104

>

0
0
0
0

34
84
76
40

0.53

x

n,

0.'
0.
0.
0.

C

08
08
0
60
47

x

0.
0.
0.
0.
0.

v

58
08
24
0
0

* CaClg of trade mark UCB was used instead of Baker analyzed reagent.

**the Sr impurity in the total solution was about 27 mg.

From the results of fig. I.la, c it follows that directly after pre-

cipitation a large amount of vaterite is formed. After longer periods

of contact the percentage of vaterite decreases, resulting in an in-

crease of the amount of aragonite. After that aragonite transforms

partially into calcite.

The relatively large amount of vaterite formed during the precipita-

tion may be caused by a too low temperature, resulting from an insuf-

ficient isolation of the apparatus. This is in accordance with the

fact that at lower temperatures more vaterite is formed. This effect

is also illustrated by the results of the preparation of aragonite-IV
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• calcite
o aragonite
x vaterite

o 40 eo 12G
—• « P — t (m.n )

oec ~

5 0 4 0 'r-

o L - i

10.

O 40 80 120

Fig. I.la

o eo r

O 40 -

O 40 80 120
^ — t (min)

%. J. ld. Rearystaïlization of a
mixture with polymor-
phic composition
x =0. 76 and x =0.24a V

(fig. I.lb). The bath temperature in this experiment was higher on
the ground of a better isolation of the apparatus resulting in a com-
plete absence of vaterite.
Pure aragonite was only obtained by recrystallization of a sample
with polymorphic composition x =0.76 and x =0.24 (aragonite-II!,
tc=100 min) at a temperature of 95-100°C and a time of contact of 60
minutes (fig. I.Id).

Preparation of vaterite.
According to DE KEYSER and DUGUELDRE (fig. 3.3) pure vaterite is
formed in alkaline medium by the addition of 1 M CaClg to a 1 M
Na2C03 solution at a temperature < 40°C. In our experiments pure va-
terite was formed by the addition of a stoichiometric amount of 0.1 M
soda solution to a 2.5 x 10"3M CaCl2 solution at a temperature of

221



20°C after t =30 minutes (compare table 3.5).

In chapter III (3.2.3.6) it was discussed that the addition of small

amounts of calgon hinders the calcite growth and therefore causes a

higher supersaturation of the solution. Then the crystallization of

metastable phases is favoured.

This theory was applied in the preparation according to Mc CONELL

(1960) viz. 500 ml of 0.1 M CaCl2 solution were added to 300 ml of

0.5 M NaoC0j solution containing 89 mg of calgon. The reagent was

added at a rate of B% of the total volume of CaCU per minute and a

temperature between 60 and 65°C was adjusted.

After a time of contact of 13 minutes a CaCO, precipitate having the

composition xv=0.77, xa=0.23 and xc=0.0 was formed.

Finally it should be noted that an excess of soda was added in order

to accelerate the precipitation and to favour the formation of the

metastable vatarite.
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•̂  APPENDIX II

•"?!

'I THE DETERMINATION OF THE POLYMORPHIC COMPOSITION OF CaCO BY MEANS
•* M ^

I OF X-RAY DIFFRACTION

~ $

;.;; For the determination of the composition of the CaCCL samples pre-

t:. pared, X-ray diffraction analysis was used. When a beam of monochro-

: , matic X-rays is reflected by the atomic layers of a crystal Bragg's

v law holds:

i-i 2d sin e = n X (II.I)

;f where d = the interplanar spacing
;S n = index of the interlayer interface
;>;i 8 = half the scattering angle
;| \ = monochromatic X-ray wavelength employed

f The three CaCO, modifications have different interplanar spacings

f which for a defined wavelength results in unequal scattering angles.

if The intensity of the reflected X-rays is counted with the aid of a

:| Geiger-Müller tube. For the suitable 2e area a pattern of peaks was

If monitored by a recorder. The intensities of the peaks are propor-

| cionai to their surfaces which are determined by a planimeter.

;'•§ The intensities of the peaks are connected to their molar fractions.
f For a single substance this relation is given by:
'Is
| I = M (KAELBLE, 1967) (II.2)

1
i

where A = a factor depending on the apparatus and the conditions used
y = linear absorption coefficient of the sample and
R depends on 0, hkl and the kind of substance used

II For the nth component with composition xn this relation can be writ-

1 ten as: x

I
|| where p = linear absorption coefficient of the mixture
If pvj = the density of the mixture
«f p„ = the density of the nth component in the mixture
r̂ ij n

II According to equation II .3 for a mixture of two components the rat io
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of the intensities is:

or

2

II
x..

II.4!

;n.5)

The possibility of the application of this rule depends on the size

of the CaCO, particles. According to KLUG and ALEXANDER (1954) the

deviation of the intensity is less than 2- when . • 500 cm and the

particle size •• 5 •...

Furthermore the samples to be measured should be homogeneous. A next

requirement for the exact determination of the composition of the

mixtures is to use a suitable 2o area in which the intensity peaks

are well separated.

For mixtures of aragonite, calcite and vateHte a 26 area from 22.5°

to 30 was chosen. The reflections are shown in ible I I.I.

Table

Peaks

1
2
3

4

5
6

II. 1.

d (DE KEYSER and
DUGUELDRE, 1950)

3.848 %
3.568
3.382

3.282

3.262
3.030

20

23.11°
24.95
26.37

27.17

27.34
29.42

CaCÜ3 modi-
fications

calcite
vaterite(v,)
aragonite

vaterite(vo)

aragonite
calcite

details

small peak
-

3, 4 and 5
partially
overlap each
other

\iery strong
peak

The X-ray diffraction analysis was carried out by the use of Cuk -

radiation (*=1.54 A ) . The Cuk -radiation was absorbed by a metal

filter (nickel foil).

For a mixture of vaterite, aragonite and calcite the reflectie"-

given in table II.1 are shown in fig. II.1.
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1

?8°

r-: -* 4 ->i

^ _ . _ .

27° 26° 25° 24° 23° 22'

26
.' - / • ' , • ? .

It follows from equation II.5 for mixtures of ara.jonite and calcite
respectively vaterite and calcite that:

I /I. = t x . / x ra c c a c 111.6) and

'II.7) or I /I = K .x /xc' v v c v .11.3)

The values of K can be determined by calibration (DEN BROEDER, 1970;

VAN BUUREN, 1971). When a gram of pure calcite is mixed with one

gram of a vaterite-calcite sample the molar fractions x and x are

changed into: (x + a)/(l + a) and x /(I + a).

Substitution of these molar fractions in equation II.8 leads to:

Ic/Iv = x,, = K\(x c + a) ;n.9)

If a is p lo t ted aga ins t L / L a l i n e a r r e l a t i onsh ip r e s u l t s ( f ig .

I I . 2 ) .

:>st

m
I
-I

I

From fig. II.2 it follows that Ic/Iv = 0 for a = -p. By substitution

of these values in equation II.9 x,. is found to be p. Because x +

xv = 1, xv = 1-p. Consequently: xv/xc = xv/(xc + a) = (l-p)/(p + a).

When various known amounts of pure calcite (a) are mixed with the

calcite-vaterite sample,x/x can be calculated. I ̂ /1 and Ivg/Ic

can be measured as the ratios of their peak surfaces by means of a

225



V V

p'anineter. Then K „ ' respectively ^ u can be determined according to:

i ,! = K. . x , / x (11.10'; and I ->.'!,. = tv • * ?/x (11.11)
v „ C C V i C ' V C C C V t C

K^* and K'L were found to be 1.9 + 0.2 respectively 3.3 + 0.2.

\r. trie same way K, was determined (6.5 *_ 0.3).
After caliDration tne A ,'X and x /\ ratios could oe determined for

V C 5 C

CaCG-3 sa^Dles witn unknown polymorphic composition from the K-values

anc the measured intensity ratios. A calculation example is snown be-

low (compare fir;. I:. 1).

'••• = :c' = 65; :' r 'vi = !69; !3-5 = :a*v2 = 5 7 5 L

,'AN 3UUREN (1971) has shown that there exists a constant ratio be-

tween I , and 1 , of 0.62 and also between I ng 4? 0 and ^c 23 11°

of 11.7.

From the relation I T/I 2
 = 0.62, I ~ was calculated as: 169/0.62 =

273. This results in: I = 5751 - 273 = 5478.
a

Substitution of these data into equation II.6 and 11.10 leads to:= lJl -l/K5 = 5478/65.1/6.5 - 12.9a c c

and ,
xvl/xc= Ivl/Ic.1/K^- = 169/65.1/1.9= 1.37.

By substitution of x = 12.9 x and x =1.37 x into x + x + x = 1

the polymorphic composition of the sample in % was found to be:

7% of calcite, 84% of aragonite and 9% of vaterite.

X-ray apparatus used.

The apparatus used for the X-ray diffraction analysis can be divided

into three parts: - X-ray tube
- Goniometer, Geiger-Müiler tube and rotating

sample holder
- Recorder

X-ray tu.be: trade mark Philips type PW 1130/00.

Only the Cuk^-radiation of the tube was used for di f f ract ion.

The Cukg-radiatian was absorbed by a nickel fo i l for copper radiation
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because Cuk(. could interfere especially if 2- = 26.50°; here the

reflection of the calcite peak at 2- = 29.48° can interfere with the

aragonite peak (compare table I I.I). The voltage (V) of the tube and

the current (I) could be adjusted in various ways; V x I is the

power of the X-ray tube. The power of the tube was regulated in such

a way that the number of counts as registered by the G.M.-counter
4

was smaller than 5 x 10 /minute. For a given sample this can be rea-

lized by the choice of a suitable slit width for the incoming radia-

tion; when small sample holders containing 40 mg of CaCO, were used

the slit width was C.5°; for bigger sample trays 1° should be used.

;../•: {w-v!', •;..'.'. -tube a>-J '••~T\; '-''.,; jjnpl.; K-ldev: trade mark Philips

type PW 1050. A suitable 20 area in which well separated peaks were

observed for the CaCCL reflections was adjusted by means of a gonio-

meter. The radiation as reflected by the sample was counted by means

of a G.M.-tube.

Special attention, was paid to the position of the apparatus in such

a way that the angle of the incoming X-rays was exactly equal to the

angle of reflection. The brass sample tray was rotated during the

diffraction measurements in order to place sufficient crystals with

reflecting atomic layers in the X-ray beam.

Recorder: trade mark Philips type PW 1051.

By means of a recorder a pattern of peaks with different intensities

was produced for the CaCO, phases in the 2e area from 22° to 28°.

The multiplier and the rate meter were adjusted in such a way that

the biggest peak was just visible on the paper.

During a measurement these operating conditions cannot be changed.

With the aid of a planimeter the intensities which are proportional

with the surfaces of the peaks could be determined; when K was known

by calibration the molar fractions x a, xc and xy could be calculated

(previous page).
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•*.-;•.;: : '

X-ray tube
Goniometer speed
Slit width of the incoming radiation
Slit width of reflected radiation
Voltage of the G.M.-tube
Paper speed
Recorder : time constant
rate meter setting,
scale factor
multiplier factor

50 kV and 36 mA
1/8° per minute
0.5°
0.2°
1600 V
1200 mm/h
1

0.8

a) The samples should be homogeneous and ought to show no texture

when present in the brass sample holder. When the sample is

brought into the brass tray and the surface of the sample is

smoothed out, there is a chance that the crystals are orientated

in a preferred direction (texture). To promote a disorder of the

crystal positions the surface of the sample was sandpapered.

b) The crystals should have a suitable size. When the crystals have

too large dimensions, grinding of the samples is necessary. How-

ever as shown in paragraph 3.2.1 (chapter III) grinding can change

the composition of the CaCO, sample strongly. Care should be taken.

Fortunately in the experiments as described in chapter III grinding

was not necessary.

c) Furthermore no change in the composition of the sample should oc-

cur between the time of filtration and the time of the X-ray dif-

fraction measurement. Especially drying tray be of importance. The

samples were dried at 110 C in an oven or in vacuum with Po^5' ^ e

composition of the samples before and after drying appeared to re-

main the same in both cases.

In the experiment as described in chapter III all samples were

dried in an oven at 110°C after the cake was sucked dry.

d) The minimum amount of the CaC03 sample necessary for one X-ray dif-

fraction analysis is about 40 mg for small sample holders.

e) To show the reproducibility of the X-ray diffraction method based

on relative peak intensities an example for aragonite-II prepared

as described in Appendix I is shown in table 11.2. The same sample
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was prepared several times ana the composition measured by X-ray dif-
fraction.

Table II. I.

Experiment

1
2
3
4
5
6

Mean
composition

xc

0.07
0.10
0.07
0.07
0.09
0.08

0.08

xa

0.86
0.82
0.85
0.84
0.81
0.85

0.84

xv

0.07
0.08
0.08
0.09
0.09
0.07

0.08
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APPENDIX H I

PHOTOMETRICAL PHOSPHATE- AND CALCIUM ANALYSIS

;. :-:\::-ti''r-:o:j^:rv:c\:l phjsphr.:*-: uwlur-ia (WELCHER, 1963; GOLTERMAN,

1969).

The method of analysis is based on the formation of the blue complex

compound ammonium phosphomolybdate which exists when a molybdate rea-

gent is added to an acidified solution containing phosphate ions:

HP04
2" + 12(NH4)2Mo04 + 23HNO3 * (NH4)3P0

Oxidation of the complex by air is prevented by the addition of a re-

ductant. Two methods for phosphate analysis based on the addition of

the following substances have been worked out (WELCHER, 1963):

- stannous chloride which is suitable for analysis of PÔ , concentra-
tions between 0.05 and 3 mg/1

- anvinonaphtolsulfonic acid which is used in the PO, range of 0.1 to
30 mg/1

The aminonaphtolsulfonic acid method was chosen because of ttie possi-

ble larger P0. range. In spite of the addition of this reductant the

intensity of the blue colour is still a function of the time. There-

fore according to WELCHER (1963) in any case at a constant time of 5

minutes after the addition of the last reagent the absorbance or ex-

tinction (E) was measured: E = -log T where T = transmission =

I/IQx 100%.

It was shown that photometric reading because of the constant colour

after 5 minutes was only useful at P0, concentrations less than 15

mg/1. At larger concentrations up to the limit of 30 mg/1 photometric

reading after 5 minutes seemed rather inaccurate; in this case colour

equilibrium is obtained only after approximately 20 minutes.

Analysis:

To 50 ml of a standard phosphate solution 2 ml ammonium molybdate rea-

gent and 2 ml aminonaphtolsulfonic acid reagent were added. The absor-

bance of the blue complex compound formed was measured after 5 minutes

(P04 < 15 mg/1) at a wavelength of 690 mu- The absorbance was measured
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as a function of varying standard phosphate concentrations. From the

calibration curve obtained, at any extinction (absorption) the un-

known contents of the samples could be determined.

For measurement a Zeiss PMQ II spectrophotometer was used.

B. Calcium analysis by f lane photometry.

In the calcium carbonate and barium sulphate precipitation experi-

ments as described in the chapters III and IV, analysis was carried

out by means of a complexometric method (see paragraph 3.3.1.2).

However when calcium is analyzed in the presence of phosphate ions

a clear end-point indication in the complexometric titration is fre-

quently hampered by the formation of complex calcium phosphate com-

pounds (compare paragraph 5.2.1). Therefore in the latter case the

determination of calcium by the use of flame spectrometry was pre-

ferred.

For analysis a calcium containing solution was sprayed into a hot

flame (1900°C); as a result of dissociation free calcium atoms in

the ground-state are produced. By absorption of more radiation some

of the atoms are brought into an excited-state. When an excited-state

atom relapses into the ground-state radiation is emitted. After se-

lection of the specific calcium radiation (X = 4227 A; excitation

energy = 2.93 eV), by means of a filter, the transmitted light inten-

sity was measured with a photomultiplier and a galvanometer. The

measured intensity is proportional with the number of excited calcium

atoms (Ca*) and therefore with the calcium concentration of the

sprayed solution.

After calibration of the method the calcium contents of the centri-

fugates and the dissolved solids could be determined. For an accurate

deternrination the calcium concentration was restricted to the range

1-10 ppm. In all cases this could be realized by dilution of the

samples (GOEBGEN and BROCKMAN, 1968).
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S U M M A R Y

This thesis deals with the treatment of low-level radioactive liquid
waste by precipitation. Three methods have been worked out viz. the
lime-soda process» the barium sulphate- and the calcium phosphate
precipitation. The main attention was directed towards the removal of
the potentially hazardous radiostrontium.

As described in chapter I low-level radioactive liquid waste may be
discharged into surface waters. However, discharge is rather severely
restricted by internationally accepted regulations which should be
adapted to the local situation. Therefore the liquid should be puri-
fied to an acceptable level before release into the environment.
One of the techniques available for pretreatment of radioactive li-
quids is precipitation. Precipitation is not only suitable for the
purification of radioactive waste waters but may also be used in case
of an unguided contamination of the environment for the purification
of surface waters before distribution as drinking water.
A literature survey is presented of the various precipitation methods
which are already used in present day practice. A motivation of the
work as described in this thesis is given.

Because the radioisotopes in the liquid waste are always present in
tracer amounts they can only be separated together with a relatively
large excess of precipitate prepared in that solution. The radioiso-
topes are bound by the precipitates through adsorption and coprecipi-
tation (mixed crystal formation and occlusion).
Adsorption and coprecipitation phenomena related to the research as
described in this thesis are discussed in chapter II.

In the third chapter the lime-soda process at roomtemperature is
described. In contrast to present practice where an excess of carbo-
nate ions is added, here the use of stoichiometric amounts of preci-
pitants is studied. Dependent on the conditions of precipitation
three modifications of calcium carbonate can be formed viz. vaterite,
aragonite and caicite. The polymorphic composition of the precipitate
prepared was determined by X-ray diffraction (Appendix II).
In solution vaterite and aragonite are gradually transformed into
calcite. However, these transformations should be prevented. Because
in particular aragonite is shown to have the best binding capacities
for radiostrontium, aragonite formation should be promoted. Therefore
before precipitation the radioactive solutions have been seeded with
preformed aragonite (Appendix I). Moreover, the effect of the addi-
tion of foreign cations such as Mg2+t Ba2+ and Pb?+ on the aragonite
stabilization has been studied. The results show that 100% of arago-
nite can be formed at roomtemperature when sufficient amounts of pure
aragonite seed (xa=1.0) and Mg2+-ions (209 ppm) are added.
The favourable conditions found in the batch experiments were applied
1n some continuous precipitation experiments. Dependent on the cir-
cumstances of precipitation much vaterite and aragonite is formed in-
stead of caicite leading to a radiostrontium removal right up to 100%.
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it In chapt e r IV the in f l u e n c e of v a r i o u s factors on t h e removal of r a d i o -
's s t r o n t i u m by b a r i u m s u l p h a t e p r e c i p i t a t i o n is c o n s i d e r e d . E s p e c i a l l y
•| the concentration of the precipitants and the cation/anion ratio of
I precipitant addition are shown to be of importance. The best deconta-
| mination results are obtained when precipitant concentrations varying
I from 0.01 M to 0.05 M are used and sulphate ions are added in excess.
I In this way radiostrontium is removed from the solution up to 99.7c.
I The favourable situation of an excess of sulphate ions has been imita-
I ted by the addit:on of barium ions at a fixed rate to a radioactive
\ solution containing sulphate ions. During precipitation and up to the
-; moment that a stoichiometric amount of barium ions will be added a
:? growing precipitate with negative charged surface layers is formed;
'•;, radiostrontium ions are easily occluded in the growing layers: this
,"• principle has been defined as multi-layer occlusion.
,; In this process the removal of radios:rontium was shown to be indepen-
'v! dent of the presence of small amounts of competing cations such as
'I Ca^-ions and the pri adjusted. Generally a decreasing rate of addition
J of the barium ions led to an improved radiostrontium removal.
\ The results as obtained in batch experiments were tested in some con-
;| tinuous precipitation experiments. The continuous addition of both
I 0.01 M solutions of precipitants (Ba/S04 molar ratio 1/2) and the
'i radioactive solution (I uCi °^Sr/30 ml) to the reaction vessel leads to
| a decontamination of the solution up to 100;;.
| In some additional experiments it is shown that barium sulphate has
i also a great affinity for radioruthenium; radiocobalt was removed very
| poorly by barium sulphate precipitation especially in the presence of
f competing Ca^+-ions.

% Chapter V treats a third method of precipitation which can be used for
| the decontamination of radioactive solutions viz. the calcium phosphate
| precipitation. A literature study shows that a sufficient decontamina-
f tion of the radioactive liquid to be treated is obtained vihen a pH of
| 11.5 is adjusted and a molar ratio P04/Ca of 2.2 is applied for preci-
I pitants addition. However, the high pH and the large excess of phos-
5: phate ions are objections against the method.
I Therefore in the experiments as described an optimization of the pro-
1 cess at a lower pH and a more suitable Ca/P04 molar ratio was strived
g after.
-j Moreover, a study was made about the transitions between the various
I calcium phosphate compounds which as a function of pH and Ca/PO/). molar
f ratio may be formed; in solution the very insoluble compound calcium
I hydroxyapatite (HAP) was shown to be the only stable calcium phosphate
I compound. The conversion of a calcium phosphate compound into another
| one was shown to correspond with a sudden change in pH and radio-
| strontium removal. Adjustment of an initial pH of approximately 10
Ï and the use of a molar ratio Ca/P04=0.5 led to the best results for
| the radiostrontium removal (> 99%).
| At the high pH values employed in the calcium phosphate precipitation
1 process the effect of the rate of addition of the precipitants is found
| to be less significant as compared to the influence found in the barium
1 sulphate experiments.
| Just like in the previously described precipitation methods the batch
M
if,

'4
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experiments were also extended to some continuous precipitation expe-
riments. In these experiments radiostrontium is finally removed for
97.5-i (pHemj=10.45; Ca/_P04=l_,00h Th_e removal of radiostrontium at a
lower pH is relatively improved when fluoride ions are added; then at
the low pH of 8 calcium fluoroapatite (FAP), a very insoluble com-
pound, is formed which binds radiöstrontium for 92.5*. Without the
addition of fluoride ions arul under the same conditions of precipi-
tation radiostrontium is removed for only 781.
Also some experiments concerning other radionuclides are described.
144ce, 106R U and &0co were removed by calcium phosphate precipitation
for at least 99%. The latter radioisotope however, is strongly de-
sorbed in the presence of Ca2+-ions.

Consequently all of the three precipitation methods as described in
this thesis can be applied for an acceptable purification of radio-
strontium containing liquids, that is to say a decontamination of more
than 99.9% can be reached. The methods are also appropriate for the
removal of some other radionuciides.
In practice however, mostly solutions containing mixtures of radio-
isotopes have to be treated; then precipitation techniques are fre-
quently combined with other methods of purification such as ion ex-
change and distillation.
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S A M E N V A T T I N G

In dit proefschrift wordt de behandeling van laag-radioactief vloei-
baar afval met behulp van precipitatie beschreven. Drie methoden

ff caiciumfosfaat precipitatie. Aandacht is daarbij voornamelijk besteed
!•! aan de verwijdering van het potentieel gevaarlijke radiostrontium.
.'f
,j Zoals in hoofdstuk I wordt beschreven kan laag-radioactief vloeibaar
r| afval onder bepaalde strenge voorwaarden in oppervlaktewater worden
!\ geloosd. Deze voorwaarden zijn internationaal aanvaard en moeten ge-
;j ïnterpr^teerd worden naar de plaats van loting. Alvorens lozing moet
;ï het radioactief afvalwater tot een acceptabel niveau zijn voorge-
X zuiverd. Eén van de technieken die voor deze voorbehandeling ter be-
j'; ' schikking staan is precipitatie. Precipitatie is niet alleen geschikt
i voor de zuivering van radioactief afvalwater maar kan ook aangewend
f worden, in geval van een ongewenste radioactieve besmetting van het
;| milieu, voor de zuivering van besmet oppervlaktewater voordat dit als
js drinkwater wordt gedistribueerd.
lf Een literatuur overzicht wordt gegeven van een aantal precipitatie
;| methoden die in de praktijk al toepassing vinden voor de zuivering
| van radioactief afvalwater. Naar aanleiding daarvan wordt een moti-
| vatie gegeven voor het onderzoek dat in dit proefschrift is beschreven

| Omdat de radioisotopen in de vloeistof altijd in sporen-hoeveelheden
I aanwezig zijn kunnen ze slechts worden afgescheiden tezamen met een
I relatief grote, in de oplossing bereide, overmaat neerslag. De radio-
I isotopen worden door de neerslagen gebonden door adsorptie en copre-
I cipitatie (mengkristalvorming en occlusie).
I Adsorptie en coprecipitatie verschijnselen vyorden, gerelateerd aan
| het hier beschreven onderzoek, behandeld in hoofdstuk II.

i In het derde hoofdstuk is het ka'ik-soda proces bij kamertemperatuur
f beschreven. In tegenstelling tot de huidige toepassing van dit proces
| waarbij overmaat soda wordt gebruikt wordt het hier bestudeerde proces
| uitgevoerd met stoechiometrische hoeveelheden precipiterende reagen-
j tia. Afhankelijk van de precipitatie voorwaarden kunnen drie calcium-
I carbonaat modificaties worden gevormd t.w. vateriet, aragoniet en
•| calciet. De samenstelling van het bereide calciumcarbonaat werd be-
;| paald met behulp van röntgendiffractie (Appendix II).
| In oplossing worden vateriet en aragoniet geleidelijk aan omgezet in
| calciet. De omzetting van aragoniet tot calciet moet echter worden
I voorkomen omdat radiostrontium het best door aragoniet wordt gebonden.
| Daarom moet de vorming van aragoniet zelfs worden bevorderd. Om de
f aragoniet vorming te bewerkstelligen werden de radioactieve oplos-
I singen, voor precipitatie, geënt met van tevoren bereid aragoniet
I (Appendix I ) ; bovendien werd de invloed van de toevoeging van vreemde
I ionen zoals Mg 2 +, Ba 2 + en Pb 2 + ten aanzien van de aragoniet stabili-
I satie onderzocht. De resultaten tonen aan dat bij kamertemperatuur
I 100% aragnniet kan worden gevormd indien een voldoende hoeveelheid
f aragoniet i^ntkristall en (xa=l,0) en Mg

2+-ionen (209 ppm) wordt toe-
$ gevoegd.
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De gunstige precipitatie omstandigheden die in de ladingsgewijze expe-
rimenten werden gevonden werden aangewend bij de uitvoering van enkele
continu precipitatie experimenten. Hieroij wordt, afhankelijk van de
aangelegde precipitatie condities, veel vateriet en aragoniet gevormd
in plaats van calciet, waardoor een radiostrontium verwijdering van
bijna lOOi wordt verkregen.
In hoofdstuk IV wordt de invloed van diverse factoren op de verwijde-
ring van radiostrontium met behulp van bariumsulfaat precipitatie be-
schouwd. In het bijzonder blijken de concentraties van de precipite-
rende reagentia en hun kation/anion verhouding van belang te zijn. De
beste decontaminatie van de radioactieve oplossingen wordt verkregen
indien de concentraties van de precipi terende stoffen variëren tussen
0,01 en 0,05 M en een overmaat sulfaat ionen wordt toegevoegd. Op deze
manier kan radioactief strontium uit de oplossing worden verwijderd
voor ca. 99,?*;.
De gunstige omstandigheid van de aanwezigheid van een overmaat sulfaat
ionen werd nagebootst door barium ionen met een bepaalde snelheid toe
te voegen aan een radioactieve oplossing die tevens sulfaat ionen be-
vatte. Tot aan het moment dat een stoechiometrische hoeveelheid barium
ionen is toegevoegd, wordt tijdens de precipitatie in de oplossing een
aangroeiend neerslag gevormd met een negatieve oppervlakte lading;
radiostrontium ionen worden gemakkelijk ingesloten in de aangroeiende
lagen, welk principe is gedefinieerd als "multi-layer" occlusie.
In dit proces bleek de verwijdering van het radiostrontium onafhanke-
lijk te zijn van de aanwezigheid van kleine hoeveelheden concurrerende
kationen zoals Ca^+-ionen, alsmede vsn de ingestelde pH. In het alge-
meen leidde een afnemende snelheid van toevoegen van de barium ionen
tot een verbetering van de strontium verwijdering.
De in de ladingsgewijze experimenten verkregen resultaten werden ge-
toetst aan enkele continu precipitatie proeven. De continue toevoeging
van zowel 0,01 M oplossingen van bariumchloride en natriumsulfaat
(Ba/SCty verhouding 1/2) als van de radioactieve oplossing (1 yCi 855r/
30 mi) in het reactievat resulteerde in een radiostrontium verwijderiig
van tegen de 100Ï.
Een aantal slot experimenten tonen aan dat bariumsulfaat ook een grote
affiniteit heeft voor radioruthenium; radiocobalt werd slechts in ge-
ringe mate door bariumsulfaat uit oplossing verwijderd, in het bijzon-
der indien Ca2+-ionen aanwezig zijn.

Hoofdstuk V heeft betrekking op een derde precipitatie methode die ge-
bruikt kan worden voor de decontaminatie van radioactieve oplossingen
nl. de calciumfosfaat precipitatie. Een literatuur studie toont aan
dat een voldoende decontaminatie van de te behandelen radioactieve op-
lossing kan worden verkregen indien een pH van 11,5 wordt ingesteld
en de precipiterende reagentia in een molaire verhouding P04/Ca=2,2
worden toegevoegd. De vereiste hoge pH en de grote overmaat fosfaat
die gebruikt moet worden zijn echter bezwaarlijk.
Daarom werd in de hier beschreven experimenten een optimalisering van
het proces nagestreefd bij een lagere pH en een meer geschikte Ca/PÜQ
verhouding.
Bovendien werden ae omzettingen tussen de diverse calciumfosfaat ver-
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bindingen die als functie van de pK en de molaire Ca/PÜ4 verhouding
'•-mnen worden gevormd, bestudeerd; in oplossing bleek de zeer onop-
.•• >are verbinding calciumhydroxyapatiet (HAP) de enige stabiele cal -
clumfosfaat verbinding te zijn. De omzetting van de ene calciumfosfaat
verbinding in een andere bleek overeen te komen met een plotselinge
verandering van de pH en de radiostrontium verwijdering. De instelling
van een begin pH van ca. 10 gecombineerd met de toevoeging van calcium-
chloride en natriumfosfaat in een molaire Ca/PC>4 verhouding van 0,5
leidde tot de beste radiostrontium verwijdering (-• 99%)
Bij de vereiste hoge pH voor het calciumfosfaat proces blijkt de in-
vloed van de toevoeg-snelheid van. de precipiterende stoffen minder
significant te zijn dan bij de bariumsulfaat precipitatie werd ge-
vonden.
Evenals bij de hiervoor beschreven precipitatie methoden het geval was
werden ook voor het calciumfosfaat precipitatie proces een aantal af-
sluitende continu experimenten uitgevoerd. Bij een eind-pH van 10,45
en een molaire Ca/PÜ4 verhouding van 1,00 wordt radiostrontium hierbij
uiteindelijk voor 97,5* verwijderd. Bij een lagere pH kan een relatief
betere strontium verwijdering verkregen worden indien fluoride ionen
worden toegevoegd; bij een pH=8 wordt dan het zeer onoplosbare calcium-
fluoroapatiet (FAP) gevormd dat strontium voor 92,5" verwijdert. Zon-
der de toevoeging van fluoride ionen wordt onder dezelfde precipitatie
omstandigheden slechts een strontium verwijdering van 78* verkregen.
Tenslotte werden enige experimenten uitgevoerd waarbij de opname capa-
citeit van het calciumfosfaat werd bepaald ten aanzien van een aantal
andere radionucliden. Cerium-144, riithenium-106 en cobalt-60 bleken
daarbij door calciumfosfaat voor tenminste 99* te worden verwijderd.
Radiocobalt wordt echter sterk gedesorbeerd in aanwezigheid van Ca2+-
ionen.

Concluderend kan worden gesteld dat de drie, in dit proefschrift be-
schreven methoden, allen gebruikt kunnen worden indien radiostrontium
tot een acceptabel niveau uit vloeibaar radioactief afval moet worden
verwijderd; een decontaminatie van meer dan 99,9% kan worden bereikt.
De methoden kunnen ook worden toegepast voor de verwijdering van een
santal andere radionucliden.
In de praktijk heeft men evenwel meestal te maken met radioactieve
vloeistoffen die mengsels van radioisotopen bevatten; precipitatie
wordt dan dikwijls gebruikt in combinatie met andere zuiverings metho-
den, zoals b.v. ionenwisseling en destillatie.
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S T E L L I N G E N

1. Bij het door Miller gehanteerde begrip van metaal-absorptie bij
hogere dieren wordt geen rekening gehouden met de tegelijkertijd
plaats vindende excretie van dit metaal door de darmwand.

W.J. Miller, Federation Proc. (1973) 32, 1915.
F.M. Pate, W.J. Miller, D.M. Blackmon, R.P. Gentry,
J. Nutrition (1970) 100, 1259.

2. Ten onrechte wordt eutrofiëring van oppervlakte-water altijd als
ongunstig aangemerkt.

3. De veronderstelling van Burges dat humuszuur van oorsprong geen
stikstof zou bevatten is weinig waarschijnlijk.

A. Burges, Sci. Proc. Roy. Dublin Soc. (1960) Ser. A I, No. 4, 53.

4. De argumenten van Binsbergen tegen het concept van de kritische
kiem om kristalgroeiprocessen te beschrijven zijn in hoge mate
aanvechtbaar.

F.L. Binsbergen, J. Cryst. Growth (1972) 13/14, 44.

5. De in de literatuur gebruikte definities voor rekristallisatie
en veroudering bij een precipitatie proces geven aanleiding tot
veel misverstanden.

6. Objectieve studietoetsen kunnen het best door het CITO {= Centraal
Instituut voor Toets Ontwikkeling) worden opgesteld.

J.M. Lembo, "The psychology of effective classroom instruction",
hoofdstuk 8, Uitg. Merrill, Ohio, Columbus, 1969.
L. Prick, "De functie van CITO-toetsen", syllabus Pedagogisch
Didactisch Instituut, Utrecht, 1974.

7. Wanneer de leerplanontwikkeling nog in het beginstadium is, heeft
toepassing van de taxonomie van Bloom weinig zin.

8. Agressie in het menselijk handelen kan niet zonder meer worden
verklaard vanuit de ethologie van de dierenwereld.

D. Hillenius, "De mens en zijn milieu", syllabus cursus Inleiding
tot de Milieukunde 1974, Centrum voor Technische Milieukunde,
TH Delft.
E. Fromm, "De mens i s s t e r v e n d e . . . " , KRO-cahier, Amsterdam, 1971.

9. Het valt te betwijfelen of een stijging van de goederen produktie
noodzakelijkerwijs moet leiden tot een toenemende milieuvervuiling.

ff. van Dieren, Bèta (1975) jaargang 11, nr. 9, blz. 3.



IC'. Het resultaat van de keuze tussen een gecentraliseerde- of
een gedecentraliseerde energieproduktie is afhankelijk van de
wijze van energie-opwekking.

T.G. Potma o.a., "Godocentraliseerclo opwekking van elektriciteit",
l'itg. Vereniging Milieudefensie, Amsterdam, 1976.

11. Coördinatie organen welke binnen universitaire instellingen zijn
opgericht met het doel een inter- en multidisciplinaire benade-
ring v3n belangrijke maatschappelijke probleemgebieden na te
streven, worden teveel op hun bestuurlijke- en te weinig op hun
wetenschappelijke merites beoordeeld.

12. Voor toelating tot de -.versitaire gemeenschap is er maar ëën
bruikbaar selectiemiddel t.w. een universitair toelatingsexamen.

13. Door het propageren van het eigen-woning bezit wordt belasting-
ontwijking in de hand gewerkt.

14. Doordat het verlenen van de A-status aan een omroeporganisatie
is gekoppeld aan de noodzaak van het uitvoeren van een zgn.
"totaal programma" wordt programma versnippering 'in de hand ge-
werkt.


