r o Ca L . L(Pf p ’
Process for rertoval of strontiumitons fromstrong al kal i ne sol ut 5ﬁs‘0ﬂ.
Background of invention This invention relates to a procdsgp gor
renoval of strontiumfrom nucl ear wastes and nore particularly a pré so .
for removal of strontiumfrom al kaline waste sol utions containing strontium
and al so high concentrations of catiops of alkali and alkaline earth

Process for removal of strontium ions from strong alkaline solutions

Background of invention

This invention relates to a process for removal of strontium from nuclear wastes
and more particularly a process for removal of strontium from alkaline waste solutions
containing strontium and also high concentrations of cations of alkali and alkaline earth
metals. '

Many years of weapon-grade plutonium production and its chemical separation
resulted in generation of several hundred thousand metric tons of wéste. For the high—lev‘el
waste generated by the chemical reprocessing plants, waste management _involx'red adding
sodium hydroxide and calcium carbonate to make the acidic waste alkaline ( pH >13), and
then storing the waste in large underground tanks until a long-term disposal solution will
be found. In the USA ( Hanford Site) 149 tanks with capacity of 210,000 to 3,800,000
litters (total nearly 212 million litters) were built to store the high-level waste. Later 28
new double-shell tanks were designed that include an outer steel shell to contain any leaks
that occur through the inner steel shell. The double-shell tank design provides for leak
detection and recovery. It is planned to remove this big volume of radioactive waste from
the tanks with its later vitrifying (melting and forming a glass), which would cost US$16-
24 billion. Removal of Sr from such waste into smaller volume or its transformation into
solid phase is warranted because of safety and economic considerations. The problem of
Sr removal from radioactive waste is important also for other countries with developed
nuclear technology.

By now all main processes developed for recovery of large amounts of Sr were
supposed to be used with acidic media. These processes included mainly precipitation, for
example with lead sulphate and ion éxchang’e for example with antimonic acid as sorbing
agent and can not be used with alkaline solutions.

There are some papers describing extraction of Sr with extractants.

Selection of an appropriate extractant should be based on a number of important

criteria. Among these criteria, the extractant must:

1. extract the metal at the required pH;
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2. be selective for the required metal;
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formng a glass), which would cost US$16- 24 billion. Renoval of Sr from
such wast e7i nt obe neil-lﬂannmbllﬂa mon-yplatites cheninaliyomderadietion-stable saidinpnghsice i s
war r ant ed ecaugebejf; g and econom ¢ consi derations. The problemof Sr
removal fr8mradf Vs - i nportant al so for other countries with
devel oped Strontium extraction from acidic solutions can be achieved by using different

specific extractants, for example dibenzo-18-crown-6 or di-t-butylcyclohexano-18-crown-
6. Usually synthesis of these compounds is a complex process, and they are not available
in the amounts necessary to purify very big volumes of waste liquids. Besides, inorganic
salts of Sr have high hydrophilic properties and exhibit a low distribution ratio. Therefore
they have to be preliminary converted into for example metal picrates by adding the excess
of picric acid prior extraction.

. Besides there are no studies which demonstrated the applicability of these
extractants in strong alkaline solutions. Even at low solubility of their compiexes with Srin
aqueous solutions due to very big volumes of these solutions the loses of the exfractant
would make the procéss economically not feasible.

Dworzak and Nazer described preliminary experiment, where 0.01 M Sr was
removed from weak nitric acid ( pH 6.4) to nitric acid solution with pH 1.5 with the help of
polypropylene microporous fibers impregnated with 0.1M di-(2-ethylhexyl) phosphoric
acid (D2EHPA). |

Although this method could be useful for neutral and acidic solutions, its
application in alkaline solutions is impossible due to the long term chemical nonstability of
polymer at very high pH and in contact with radioactivity, and also due to the removal
(leaching) of acidic extractanf through membrane pores into the solution with high pH.
After transfer of the extractant, initially present in the membrane in a limited amount, into
a big volume of waste solution, the membrane becomes non effective. Application of
hollow fiber modules for Sr extraction would also mean that radioactive waste is pumped
from the tanks into the membrane module, which is hazardous.

Emulsion liquid membrane with D2EHPA as an extractant, nonionic polyamine as

the surfactant and an aliphatic hydrocarbon solvent as the diluent also could be used to
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nucl ear technol ogy. By now all main processes devel oped for recovery
of large anounts of Sr were supposed to be used wth acidic nedia. These
processes included nainly precipitation, for exanple with | ead sul phate and
i on exchange for exanple with antinonic acid as sorbing agent and can not
be used wth al kaline solutions. There are sone papers descri bing
extraction of Sr with extractants. 3 Sel ection of an appropriate

extractant shoul eb d on ortant eria. A t hese
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hazardous due to the radioactivity of the solutions.
Neither of these studies addressed how hlgh concentrations of alkaline metals and

calcium and also some other metals in the alkaline media would effect the process. As will
be discussed later, it has been found that the these metals and high pH play a key role in
determining the efficiency of Srremoval. Usually it is assumed that acidic extractants have
a high water solubility at high pH and cannot be used in these conditions. Preliminary
neutralisation of the waste solutions with acids would increase the waste volume, which is
not particularly safe nor economical due to necessity of new storage tanks. :
Acciordingly, a need in the art exists for a simple method of Sr removal from strong
alkaline solutions that does not require acidification of the media, is economically feasible,
and works in the presehce of high concentrations of cations of alkaline metals, calcium and

some other metals.

Summary of the Invention

In view of the above need, it is an object of this invention to provide a process for
strontium removal from strong alkaline aqueous solutions containing high concentrations
of alkali metal and calcium cations.

Another object of this invention is to provide a process as in the above object that
does not require acidification of the aqueous solution and does not require usage of organic
polymeric membranes and emulsions which may not be stable in the strong alkaline
solutions.

Further, it is an object of the invention to provide a process which could be easily
implemented for the treatment of big volumes of aqueous solutions and would allow to
collect Sr in 2 much smaller volume.

It is another object of the invention to provide, from a technological point of view,
a simple process, which would minimize the danger of personal contact with radioactive

materials.
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2i 3. have acceptable rates of extraction and stripping; 4. be
sol uble in an organi c phase and have a very low solubility in agueous

sol ution; 5. have hi gh netal -1 oadi ng capacity; 6. be easily stripped
of the | oaded netal; 7. be non-flammabl e, non-volatile, chenically and
-radi ation-stable, and non-toxic; 8. be rel atively inexpensive.

Strontiumextraction from acidic sol u#i ons can be achi eved by using
different specific extractants, for exanple di benzo-18-crown-6 or

di - t - but yl cycl ohWhiladnyestigatingn thesbehaxiont lof RIEHPA dnsstromgt ﬂbdmecsnhmmwdweu s
a conpl ex Pliscovered tﬁ&dltst Qeﬁ{bi;f" aEyelnnﬂltese‘fi \s/glu{lons 1§ not very high and in the presence of

water-insoluble liquid organic phase it is possible to saturate the strong alkaline solution
with D2EHPA and still have its high concentratibn in organic phase.

Briefly, the present invention is a process for extracting strontium from strong
alkaline solution, comprising steps of:
contacting the aqueous strong alkaline solution containing at least one alkali metal
hydroxide and strontium cation with high enough volume of organic solvent consisting of
D2EHPA in a diluent , the diluent being a water-immisible organic liquid in which
D2EHPA is soluble, and subsequently contacting of the ébove solvent with aqueous

- solution of sulphuric acid, thus stripping strontium into the above acidic solution till its
saturation and formation of solid precipitate of strontium sulphate.

The contact of the organic solvent with the waste solution can be achieved by its
cyclic supplying into the bottom part of the tank ih a dispersed form and then collecting it
from a top of the tank with subsequent supply of the strontium containing solvent to the
bottom of another volume with sulphuric acid and its collecting after stripping and
pumping back into the waste solution. |

In another implementation the organic solvent is located on a top of a tank with
double walls, having inner walls lower then outer. Stirred organic solvent is in contact with
‘both waste solution and stripping sulphuric acid solution and its upper surface is above the
inner walls. Sulphuric acid can be located not necessarily between double walls but also in

an extra cylinder partly inserted into the liquid waste.

Brief description of the drawings

Fig.1 shows the mechanism of D2EHPA-facilitated transport of strontium ions from strong
alkaline to acidic solution .

Fig. 2 shows schematic of a bulk liquid membrane apparatus.

Fig. 3 shows kinetics of changes of strontium concentration in the acidic solution with a

xylene bulk liquid membrane.
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in the amounts necessary to purify very big volunes of waste |iquids.
" Besides, inorganic salts of Sr have high hydrophilic properties and exhibit
a lowdistribution ratio. Therefore they have to be prelimnary converted
into for exanple nmetal picrates by adding the excess of picric acid prior
extraction. Besides there are 90 studi es which denonstrated the
applicability of these extractants in’strong al kaline solutions. Even at
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pH 6.4) to nitric acid solution with pH 1.5 with the help of polypropyl ene
m cr opor ousDétailed descriptiognat ed with 0. 1M di - (2- et hyl hexyl ) phosphoric acid
( D2EHPA) . Al t hough this nmethod could be useful for neutral and
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organic solvent is in contact with acidic aqueous solution, Sr** is extracted into the organic

solvent and then it is reextracted (stripping) into acidic solution. Simultaneously H' ions

are transferred into opposite direction. Total ion-exchange process is described by Eq. 1,

Sr 4 2H} =S¥ +2H (1)

and is facilitated by D2EHPA in the organic solvent. The mechanism, thus, is a coupled
transport of 2H" in one direction simultaneously with Sr** transport in the other direction
(Fig. 1), and its equilibrium is described by Eq. 2,

” = Lﬁm = (2)
“OHYRISM,

where subscripts 1 and 2 represent the stripping and feed solutions, respectively. The ther-
modynamics of the process thus shows that at equilibrium an active transport of Sr** occurs
against its concentration gradient due to the difference in pH of solutions 1 and 2, and the
ratio of Sr concentrations is determined by the second power of the H' concentration ratio.
This means that if the pH gradient is high enough during the process, and it easily could be
14, all radioactive Sr can be transferred and concentrated in a small volume of an acidic
stripping solution. Moreover, if sulphuric acid is present in a stripping solution, with time
concentration of Sr in the acidic solution is high enough and the ion product [Sr**][SO.]
becomes equal to the solubility product. After that Sr ions precipitate out as strontium
sulphate. This possibility of collecting all Sr into a small volume-is a major advantage of

this process.
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(leaching) of acidic extractant through nmenbrane pores into the solution
with high pH After transfer of the extractant, initially present in the
menbrane in a limted amount, into a big volunme of waste solution, the
menbr ane becones non effective. Application of hollow fiber nodules for Sr
extraction would al so nmean that radioactive waste is punped fromthe tanks

i nto the nenbrane nodule, which is ha®ar dous. Emul sion liquid
menbrane with as. an .extr.act. , _honi oni.c pol yam ne as, the_ surfactant
and an al i phatlégggé})éc&rﬂﬂ & dp Rl =-=as°fs@ewdflﬁm sueh @s Nrslesanod benzens, o

heptane, etc. These substances as well as their mixtures or other aromatic hydrocarbops,
aliphatic hydrocarbons, alcohol solvents or their mixtures, or other such as but not llmxted
to kerosenes, dodecane, octanone, or any combination of these in any proportibn, could be
used as a diluent. The organic solvent can additionally contain added organic compounds
whic;h act as modifiers or synergists. These include but not limited to octanol, decanol,
other alcohols, crown ethers, detergents, containing phosphor organic compounds, etc.

Although the process of the present invention was developed especially for the
recovery of radioactive Sr-90, addition of some modifiers or synergists allows
simultaneously remove some other radioactive components. For example technetium can
be removed from strong alkaline waste solutions in the presence of some crown ethers. The
modifier is typically present in a solvent at a concentration ranging from 0.01 M to about
2M, and its typical volume content is from 0.1 to 50%. The presence of the modifiers or
their mixture could be important because of the ability of D2EHPA to form very viscous
gel-like structures in the presence _of strong alkaline aqueous solutions. Its distribution
coefficient is solvent-dependent and for n-octane/H,0 it is 2+10°.

The loss of D2EHPA from organic into aqueous solution is pH dependent and it
strongly increases at high pH. Still, as it will be described later in the examples, it. is
possible to saturate the alkaline solution with acceptable, from a practical point of view,
amount of the substance. In the process of present invention efﬁéiency of the Sr removal is
obtained by using saﬁuating amounts of D2EHPA in the waste solutions. If the solution is
not saturated, D2EHPA is removed from organic phase and the rate of the process falls to
negligibly small value. This possibility to remove Sr from bfg volumes of strong alkaline
solutions in the presence of competing jons Ca and Mg by addition of EDTA and
simultanebus saturation of the waste with D2EHPA in the presence of organic solvents
which are also in contact with stripping acidic solutions, especially sulphuric acid, was not

previously described in the prior art.
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3 extract Sr fromsolutions with pH 3.8-4.5. This systemwould al so be
unstabl e at high pH Recovery of Sr frominner volunme of enulsion is
anot her technol ogical step which is hazardous due to the radioactivity of

t he sol utions. Nei t her of these studies addressed how hi gh
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need in theclainis.exi sts for a sinple nethod of Sr renoval from strong
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econoni cal |y feashg|fellowing methods were employed in procedures described in the
succeeding Examples. We used commercial form of D2EHPA without any further
purification, xylene (J. T. Baker Chemicals Co), strontium nitrate (Mallinckrodt), mineral oil
(paraffin oil, heavy), and other reactants (F' isher) were used without special purification.
The main experiment was carried out in the special coaxial cylinder chamber with the
diameters of inner and outer glass cylinders of 3 and 6 cm, respectively (FIG. 2)..The height
of the inner cylinder was 5.5 cm and of the outer was 9.5 cm. In the standard experimental
arrangement, the aqueous donor and acceptor solutions were separated by the wall of the
inner cylinder, and thén liquid organic phase,. with or without carrier, was added to the top of
the aqueous solutions in such a way that the transport of ions from one aqueous phase to the
other was possible only through the liquid organic phase, which thus played the role of a bulk
membrane phase. An important feature to note is that the membrane area in contact with the
inner solution (7 cm?) differs from that in contact with the outer solution (21 cm?).
Mechanical stirring of the organic phase was achieved by a speed-controlled motor (Cole-
Palmer). Both aqueous phases were stirred by magnetic stirring bars, one in the inner and -
two in the outer semichamber. The transparent walls of the chamber permitted visual
observation of the formation of any precipitates or turbid phases.

The concentration of Sr was determined by atomic absorption spectrophotometry

(Perkin-Elmer, 460.7 nm, acetylene nitrous oxide flame). In some experiments, qualitative
estimates of Sr content.were determined from the colour of the Sr-indicator Eriochrome
Black T, or with a Ca-selective electrode (Microelectrodes, Inc.). Atomic absorption was
measured during the experiments using 5 ml aliquots from the chamber solution (in the first
group of experiments, equal volumes of blank solution were added to the chamber after the
aliquot was removed in order to maintain constant volume in the chamber), and later 1 mi-
aliquots followed by their dilution with the same pH as the Sr standard solution. In the end of
the experiments atomic absorption (AA) was measured directly by aspirating (0.8ml/s)

different solutions from the chamber into spectrophotometer. The pH of solutions was
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and works in the presence of high concentrations of cations of alkaline
netal s, cal cium and sone other netals. Summary of the Invention

In view of the above need, it i's an object of this invention to provide a
process for strontiumrenoval from strong al kali ne aqueous sol utions
contai ning high concentrations of alkali netal and cal ci um cati ons.

Anot her object of this invention is t® provide a process as in the above

obj ect that doe ot require_ acidificatiqgn of the agueous sol ution an oes
not requi r OB (S’PnB?‘g’éPﬁ‘D’c bﬁoF?F_Hé‘r“ Pé‘ﬁﬂF%f}Yés elgﬁ@()@ﬁu ?CG‘PF!"% Th ﬁﬁs
not. be st ablofnddied 6n ok e R iR hiche alPh LdrhBREqBMPC), FUrther, 1t is an

obj ect of the 1nvention to pr a process which could be easily
Example 1.

The donor solution in this case contained 30 ml of NaOH solution (pH 13.5) saturated
with Sr(OH), + SrCl,. The acceptor solution contained 105 ml of HCl (pH 1.6). The
membrane laYCr consisted of 18 ml of xylene mixed with 2.5 ml of D2EHPA. The problem
of lack of stability of the organic liquid in the pores of a polymer support is absent in the case
of a bulk liquid membrane, and we were able to demonstrate transmembrane transport of Sr
through a bulk liquid membrane. The typical kinetics of Sr transport from alkaline to acidic
solution are shown in FIG. 3. The Sr concentration in the acceptor solution increased during
the first 20 hr to 0.8 mM and then decreased to less than 0.1 mM, and the pH increased
slightly to 2.2. The kinetics of pH change in the donor solution revealed two stages, the first
fast process finished after less than 400 min, during which time the pH decreased by 0.5. The
buffer capacity of the initial donor solution was approximately 2-10" M and the pH change of
0.5 during the first stage gives a change in [H'] concentration of 10'M. These changes
approximately correspond to the effective concentration of Sr and to the ion-exchange
stoichiometry of 2:1 for the D2EHPA, and can be determined by the release of H" during the
extraction step at the donor-membrane interface and then by the coupled transport through the
membrane. This means that, simultaneously, a significant amount of Sr was at least extracted
from the donor solution into the organic (membrane) phase, and may have been transported
through the latter. This conclusion is supported by the direct measurement of Sr, using
atomic absorption spectroscopy, in donor and membrane solutions after the experiment. In
the membrane, [Sr**] was 0.4 mM, which was comparable to 0.8 mM found in the donor
solution and greater than 0.1 mM in the acceptor solution.

The decrease of Sr concentration in the acceptor solution (see FIG. 3) deserves
special discussion. An explanation is that a liquid crystal phase was formed in the membrane
during the experiment. This phenomenon of so called third-phase separation is well-known in
extraction chemistry and is determined by solubility limitations of the metal complexes in the
organic membrane phase. Usually the organic phase splits into two phases, yielding a phase

rich in the metal complex at the aqueous interface and a diluent-rich phase on the organic side
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allowto collect Sr in a nuch smaller vol une. It is another object
of the invention to provide, froma technol ogi cal point of view, a sinpl

process,

whi ch woul d m ni m ze the danger of personal contact with

radi oactive material s. 4
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of the interface. To overcome this problem, a third component, known as a diluent modifier,
may be added to restore the liquid properties of the organic phase. The most common
modifiers are tributyl phosphate, isodecanol, or nonyl phenol. To make this liquid crystal
phase more evident, the Sr-sensitive indicator Eriochrome Black T was added, which gave an
intensive red-blue colour in the liquid crystal phase, where Sr was concentrated with time.
Direct atomic absorption measurements in this phase proved the idea of Sr localization in the
third phase. The structure of this phase is determined by the surface-active properties of
D2EHPA. Usually it depends on the surfactant concentration, pH, and temperature, and
should disappear at very high or very low salinity or pH. Changes in ion concentration and
pH (mainly in alkaline solution) during the experiment apparently induced the formation of
the third phase, and resulted in the reextraction of Sr and its binding into the liquid crystal
phase. '

One of the most important characteristics of a membrane is the average or effective
rate of transport through it, which can be calculated by the expression

P il
ATS ©

where F is the rate of transport in mol-cm-s7, A[Srz*] is the change in Sr** concentration in
the acceptor solution, ¥V is the volume of the acceptor solution, AT is the time required for
the observed changes, and S is the surface area of the membrane. Using the initial stage of
kinetics (before the concentration goes down), ;cmd assuming S to be that of the membrane in

contact with the acceptor, the value of F becomes 0.6-10"° mol-cm™-s™.

Example 2.

In a similar experiment (Table 1, experiment 2), in which aliphatic mineral oil was
used as the liquid membrane instead of aromatic Xylene, the rate of transport was 3.2-10°%
mol-cm™-s", while the [Sr*'] measured directly in the organic phase was about 10 times less
than in the aqueous solutions. The use of aromatic diluents results in slower kinetics both of
the extraction and stripping steps, but the solubility of the metal complex is higher in the

-aromatic diluents.

e
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Whi | e investigating the behaviour of D2EHPA in strong al kaline solutions we
di scovered that its solubility in these solutions is not very high and in
the presence of water-insoluble Iiquid organic phase it is possible to
saturate the strong al kaline solution with D2EHPA and still have its high
concentration in organi c phase. Briefly, the present invention is a
process for extracting strontiun1fron¥%trong al kal i ne sol ution, conprising
steps of: contacting the aqueous strong al kaline solution containing at
| east one X¥MPPledtal hydroxi de and strontiumcation with high enough
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sul phuric acid, stripping strontiumirnto t I'c solution
till its sédireakathroughanttatsieriofSi solutidn &edss theprgamiqpliass. einGubseiquan ekamples the
sul phat e. L. The contact of the organic solvent with the waste sol ution
can be achiWaRe 13E Viss orecdesreassdio 400 M of letfe bott om part of the tank in
a dispersed formand then collecting it

Example 4

When the acceptor solution was placed in the inside cylinder, where the membrane
surface area is about one-third that of the outside cylinder (7 vs. 21 cm?), the rate of transport
decreased to only 0.94-10"° mol-cm™s”, which is one-third of the rate observéd with the
acceptor solution in the outer cylinder (Table 1, experiment 2). Obviously, the transport rate
corresponds to the interfacial surface area of the membrane in contact with the stripping
solution (Table 1, experiment 4). This result means that the rate-limiting step is the
reextraction from the membrane phase, the rate of which is proportional to the membrane
area.

The initial pH of the acceptor solution in this experiment was 1.5. The donor solution
sometimes was cloudy or milky white due to the presence of a Sr precipitate and in some
cases it became transparent with time, obviously because enough Sr was taken into the
membrane phase to decrease donor-solution Sr concentration beldw the solubility product
value. This is further evidence that the solubilization and extraction processes are not rate
limiting.

Example S.

Sulphuric acid was used instead of HCI in the acceptor solution, and the results of one
of these attempts are shown in FIG. 4. Simultaneously, the H" activity was increased to
pH,.=-0.1. The apparent rate of transport was 30% greater, using the Sr concentration after
1000 min in the calculations. Clearly, at least 80% of the Sr was re_moved from the donor
solution after only 100 hr. The concentration of Sr in the acceptor solution increased initially,
then stabilized at a constant value which is similar to the solubility of SrSQ,, i.e., 6-10* M.
The process took less than 1000 min and produced a white precipitate. Initial pH values in

the donor and acceptor solutions were 14 and -0.1, respectively, and were almost constant
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froma top of the tank with subsequent supply of the strontium containing
solvent to the bottom of another volunme with sulphuric acid and its
collecting after stripping and punpi ng back into the waste sol ution.

In anot her inplenentation the organic solvent is |located on a top of a tank
wi th double walls, having inner walls _|ower then outer. Stirred organic
solvent is in contact with both wastédlsol ution and stripping sulphuric aci d

solution and its upper surface is above . the i r wal | s. SuI r|c aci.d can
be | ocat ed Wﬁ{ﬁ’ﬁéé‘ggéﬁ g@ﬁﬁé@ ‘EWP Bﬂtmél} UL s 0%
cylinder papid %edéﬁ%ﬁ'ﬁﬁf@ﬁmhf‘ﬁlg kB (ﬁ‘éi ir ot 00 qﬁﬁ%ahﬁ’ef B eiftfer ¢ N

drawi ngs Fig. mechani s 2 ¥ act] |tat eg transport o
st ront i um iagoeousrsohitiony auegrred. IdeHimtibﬁ ofiextetictios olithitID2ZEHPA and then precipitation

with sulphuric acid allowed .. - an active transport of Sr and also its selective separation

Example 6.

In this example the tank-waste model solution was used, simulating all components of
waste water from the Hanford Site except for Ca salts. The mixture of these components even
without Sr gave a precipitate, which was filtered before the addition of Sr(NO3)2. Strontium
gives a co-precipitate in the sludge, especially in the presence of Ca(OH), . In the presence of
Sr salt, the solution was filtered a second time. Sulphuric acid was in the acceptor solution in
order to increase the total rate of transport. The organic phase contained the modifiers octanol
and xylene right from the start of the experiment. Even in the presence of Mg, Na, Al, K, and
Cs, Sr transport through the membrane was significant (0.48-10""° mol-cm?-s"), although the
flux was lower than in previous experiments. The decrease of the transport rate in this case
was determined by the competitive binding of other metals with the carrier., Atomic
absorption analysis of the donor solution in the very beginning gave an instrument reading of
less than 0.1 absorbance, which decreased after 5 hr to about 0. The estimated (by atomic
absorption) concentration of Sr in the donor solution was an order of magnitude less than in
all previous experiments (5-10% and 5-10* M), but still the rate decreased only by half,
indicating a saturation of the transport rate as a function of Sr concentration. In separate

experiments it was demonstrated that [St]sp, = 2.5-10* M.

Example 7.

In the seventh experiment a model tahk—waste solution was used with Ca
concentrations corresponding to those in radioactive waste storage tanks at the Hanford Site.
Simultaneously EDTA was added in the same concentration. The chemical composition of
this solution is given in Table 2, together with the stability constants of complexes of EDTA
with several divalent metals and Al

From the data given in Table 2, clearly the presence of EDTA will transform almost
all of the Ca and other heavy metals into chelate complexes, especially in light of the fact that
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Fig. 2 shows schematic of a bulk |iquid nenbrane apparatus. Fig. 3 shows
ki neti cs of changes of strontlun1concentrat|on in the acidic solution with
a xylene bulk |iquid nenbrane.

REPLACEMENT SHEET Fig. 4 shows kinetics of strontium concentration
changes in the donor strong al kal i ne 12

the concentrations of Ca and EDTA are equal. The values of K, for Mg and Sr with EDTA
are similar, but much lower than for the other metals that are present (Table 2). Further, the
concentration of Mg is at least two orders of magnitude greater than Sr, indicating that Mg
will occupy the remainder of the EDTA sites and Sr will be in its free unchelated form, from
which it can be carried through the liquid membrane as in previous experiments.
Simultaneously Ca, other metals, and part of the Mg should be chelated and thus unavailable
to compete with Sr for D2ZEHPA sites during-facilitated transport. So the concentration of
EDTA added has to be high enough to chelate Ca and heavy metals, but still not too high to
transform all Sr into chelate form, which would decrease its rate of extraction with D2EHPA.
Concentration of Sr in the model tank-waste solution after filtration estimated by
atomic absorption was only approximately 2-4-10° M but still after 1300 min of transport,
atomic absorption intensities from the donor and acceptor solutions revealed that a substantial
part of Sr was extracted into the organic phase and appeared in the acceptor solution. The
intensity ratios of donor: organic membrane: acceptor solution were 1:0.5:1:1. Even though
the precision of these measurements was low (CV =~ 20% due to the small Sr concentration,
large pH, and large Na concentration) clearly the concentration in the acceptor solution was at
least similar to that in the donor solution. After accounting for the volume differences among
the donor, liquid organic solution, and acceptor phases, approximately 60% of the total Sr
originally in the donor solution was transferred into the acceptor phase.
Transport rate was 2-10™2 mol-cm™s™ or 2-10® mol-m™-s™, which is one order of magnitude
sfnaller than in the previous experiments. This may be explained by the fact that the Sr
concentration in the donor solution was less than in experiments 1-6 and it was an order of
magnitude less than the semisaturation of D2EHPA. In the beginning of the experiment a
third (gel) phase was formed at the surface of contact of organic and alkaline solutions, but it
disappeared with time and, by the end of the experiment, both the membrane and acceptor
solutions were transparent. The donor solution was turbid and white after 1300 minutes due
to the formation of D2EHPA salt precipitate. With time it also became transparent, and the
volume of precipitate was less than 2 cm?, so the loss o_f D2EHPA was less than 10 %. _
The third phase is probably determined by the formation of Na and Sr salts of
D2EHPA and their aggregation in reversed micelles. This phase has a high viscosity and can
perform an essential resistance to Sr transfer into organic phase, but it can be destroied with
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aqueous sol ution and acceptor solution of sulfuric acid. Detailed

descri ption Qur experinents denonstrated that in a system where
strong al kaline solution with Sr[err] is in contact with liquid organic

sol vent, having D2EHPA, and sinultaneously this organic solvent is in
contact with acidic aqueous sol ution, ?r[err]-is extracted into the organic
solvent and then it is reextracted (s% | pping) into acidic solution.

on- exchang By BotS s cadlarybh TR oh comman; Bhiiters, Skp dipyyLploplrfy
2H err] ( ddtanol, 1sodecanol or nonyl phenol.

Taking into account very big volume of the waste, even at low solubility in water

~ essential amounts of D2EHPA can be removed from organic solution. The rate of Sr removal
in this case is negligible. We demonstrated that solubility of D2EHPA in water is pH
dependent. In acidic solutions ( pH<I) it is less then 10* M. Distribution coefficient of
D2EHPA in the system xylene/acidic solution is higher than 5500. In contact with alkaline.
solutions ( pH >13) D2EHPA dissociates and its solubility in the anion form is much higher
and can be nearly 2*10°M, or 0.5% v/v..

The rates of Sr transport in optirhal conditions are comparable to the typi.cal rates of
transport through liquid supported membranes, which are of the order of 10™® mol-cm™-s".
This rate translates into the complete removal of Sr from 36 L of 10* M Sr waste water per hr
per m*® of membrane surface area.

Potential applications of the method at Hanford Site can be illustrated by another
estimate. If we assume that Sr concentration in waste solution is 10 M, and the solution
volume is 2*10° L, total amount of Sr is 2*10* mol. Assuming that every tank and stripping
solution is in contact with a organic solvent having surface of contact 100 m?, for 100 tanks
we have total surface of contact 10°m?. At the transport rate equal to 2-10® mol-m?-s™ time,
necessary to remove Sr at this transfer rate is 10%s or approximately 3.2 years. Amount of
D2EHPA necessary to saturate this volumé of waste is 4*10° mol or approximately 1000
tones, which is practically feasible, taking into account that D2EHPA has already found
broad applications in a hydrometallurgical industry and is made by several companies.

Contact of the organic solution of D2EHPA with the waste solution and stripping
acidic solution can arranged in different ways. For example in the case of double wall tanks
the stripping solution can be located in the space between the two walls with the organic
solution above both aqueous solutions, separated by the wall. In this case the only way for the
Sr to be transferred into the strippiné solution is to be extracted into the organic solvent and
then to be reextracted into the stripping phase. All liquid phases have to be stirred.

In another modification of the process the lighter organic solution of D2EHPA is
supplied through the pipe with a nozzle as a dispersed phase into the waste solution at the
bottom of the tank. The organic phase as small drops or microemulsions enriched by Sr is
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; i
and is facilitated by D2EHPA in the organic solvent. The nechanism thus,
Is a coupled transport of 2H err] in one direction simnmultaneously with
Sr[err] transport in the other direction (Fig. 1), and its equilibriumis
descri bed by Eq. 2, [err] where subscripts 1 and 2 represent the
stripping and feed sol utions, respectjvely. The ther- nodynam cs of the
process thus shows that at equilibri uMh an” active transport of Sr[err]

ol ut ons.” JSHYEFeS o tomaF i Bk ghe dp TBolomieh CPRI oRBeTes g6 FONFRHL A Hefine
second pOV"esruprie(f {ﬁ?odaix%f)t]hexcﬁﬁg it 20z iﬁt‘attﬁé)su'ipping solution at a bottom of the its
corresponding vessel. The organic solution comes up to the surface, simultaneously it is
stripped of Sr and then the solution is supplied back at the bottom of the tank with the waste.
In this case the process of Sr removal has a cyclic character, though it can be varied in many
ways. Due to the high surface area of the dispersed phase the rate of Sr removal and stripping
is much higher than in the case of the bulk organic liquid. Such variations are not to be
regarded as a departure from the spirit and scope of invention, and all such modifications as
would be obvious to one skilled in the art are intended to be included within the scope of the

claims attached to and forming a part of this speciﬁcation.
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Thi s nmeans t hat

concentrated in a snall

i f sul phuric acid is present

concentrati on of Sr

product [Sr[err]][STerr]]

t hat Sr

col | ecti ngng?lﬁr eCIﬁ[‘)‘IF‘T{"gatIgQ:%

I f the pH gradi ent
it easily could be 14, all

becones e
Sstr

I s high enough during the process,
can be transferred and
vol unme of an acidic stripping solution.
in a stripping solution,
in the acidic solytion is high enough and the ion
q&%I to the solubility pr oduct .

‘F‘@rab "jla \}Thj S

radi oacti ve Sr

tiu

ingthg ¥

and

Mor eover,

with time

using the concentric cylinder reaction chamber described in Fig. 2.

After

S|b|I|t of
R s

No. | Inner Membrane | Outer Stirring | Flux, mol-
chamber Chamber Rate, cm2-s.10"
rpm
0.005 M | xylene HCI,
1 StCl, 12% pH 1.6-2.1, | 300 0.6
pH 13.5 | D2EHPA, | 105ml
30 ml 20 ml
2 the same | mineral oil, | the same 300 3.2
9%
D2EHPA :
3 the same | the same the same 1000 25
HC], mineral oil | SrCl,,
4 pH 1.5 20% pH 13.6 500 0.94
: D2EHPA
56 ml
mineral oil,
5 H,S0, 50% St(NO,), , 300 14
pH-0.18 | D2EHPA 80 ml
+octanol
100ml
6 Tank- 50%
Waste D2EHPA, | H,SO,,
Simulant | 20% 80 ml 300 048
w/o mineral oil,
Ca or|20%
EDTA, xylene,
5-10* M | 10%
SrCl, octanol
Tank- 33%
7 Waste D2EHPA, | 1N
Simulant | 25% H,SO, 400 0.02
with mineral oil § 90 ml
Ca and | 25%
EDTA xylene,
2:10° M | 17%
StCl, octanol,
75 ml total
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6 D2EHPA is soluble in different organic diluents, such as

N- decanol, benzene, heptane, etc. These substances as well as their

m xtures or other aromatic hydrocarbons, aliphatic hydrocarbons, al cohol
solvents or their m xtures, or other such as but not limted to kerosenes,
dodecane, octanone, or any conbi nation of these in any proportion, could be
used as a diluent. The organic sol verkd can additionally contain added
organi ¢ conpounds whi ch act as nodifiers_or_synergists. These include, but
not limted to obtlfct ChemisAbrompesiion of dsfyminee teioWasterRBiteon. gt H's,
cont ai ni ng 9snsteph GropKgawil sevsrgivalsgtmetalsand Al with ERTAhough t he process of

the present invention was devel oped especially for the recovery of
radi oactive SfeREnicagdl t1on of Céﬂd@ﬁtx@!dﬂﬂ? Dég RYqMMSts kil | ows
ot Hooets s

si mul t aneous| p=rerevre=sere—otTrTotroactvye—oNpo : exanpl e
t echneti um ca "N?gﬁr emoved frorf 'éilrnngL alkalineé waste soluti gﬁs in the
presence of sPh®Hcrown ethers|99fe nodifier i$ tyvpically prekent in a
sol vent at a f8@tentration rand@hg 0fom 0. 01 M.¥d about

CaSO, 0.02 10.69

Mg(NO,), 0.01 8.79

AI(NO,), 0.04 16.3

NaNO, 0.59

NaNO, 0.4

Na,PO, 0.1 .

CsCl 10*

# K for Co, Cu, Fe, Mn Ni, Pb and Zn are in the range 10" to 10 M.
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2M and its typical volume content is fromO0.1 to 50% The prlmmﬁ mtm

nodi fiers or their mxture could be inportant because of the m(l ”l l”"l -
D2EHPA to formvery viscous gel-like structures in the presence df $trbngs *
al kal i ne aqueous solutions. Its distribution coefficient is

sol vent - dependent and for n-octane/Herr]Oit is 2[err]10[err]. The

| oss of D2EHPA from organic into aquegus solution is pH dependent and it
strongly increases at high pH Still, as it will be described later in the
exanpl es, i¢laisagPOsSsSible to saturate the al kaline solution with acceptabl e,
froma practical point of view, anmount of the substance. In the process of
present invention efficiency of the Sr renoval is obtained by using
saturating ntg of D2EHPA in the waste solutions. If the solution is not
sat ur at ed, *is-renoved fromorgani c phase and the rate of the process

falls to negl J&QRWsssflﬁ” xlem‘b%luﬁf StOMtRnP 35 Rbi! b YstdoRg " SKARNAE ﬁso%lﬁﬁ

vol umes of strong al kaline solutions 1In the presence of conpeting |ons
and My by acbapirising thé stEfEToL - and SI nmul t aneous saturation of the vvaste W|th
D2EHPA in the presencge of or

vents which are al so in cont
stripping aci di cC¥EHES AL ag@* “Bﬂ‘&lr"i"g‘ Ac3qvenf, LonsisHng, o \Pl GU@'y
described | gniRGeyf bﬂ&spﬁ&ric acid in a diluent for a period of time sufficient to extract said

strontium ions from said aqueous alkaline solution into said solvent and form di-(2-
ethylhexyl) phosphoric acid complex with strontium ;

transfer of the di-(2-ethylhexyl) phosphoric acid complex with strontium and
contacting with an acidic solution; '

stripping said strontium ions from said solvent by contacting said solvent with said
acidic solutioﬁ.
2. The process of claim 1 wherein the pH of said aqueous alkaline solution is above 9.
3. The process of the claim 2 wherein the saici diluent is an organic liquid which has a very
low solubility in water and can dissolve di-(2-ethylhexyl) phosphoric acid.

4. The process of the claim 3 wherein the said diluent is an organic liquid lighter than water
and selected from the group consisting of kerosene, aliphatic hydrocarbons, aromatic
hydrocarbons, long chain alcohols, ketones, ethefs, pyridines, organo-phosphorus derivatives
and mixtures thereof. '
5. The process of the claim 4 wherein the concentration of said di-(2-ethylhexyl) phosphoric
acid in said diluent is from about 1.0¥10° molar to 5 molar.

6. The process of the claim 5 wherein the said strong alkaline aqueous solution is saturated
with said di-(2-ethylhexyl) phosphoric acid.

7. The process of the claim 4 wherein EDTA is added in the said strong alkaline aqueous
solution in the concentration higher than the concentration of the said Ca but lower than the
total concentration of two- and three-valent metals.

8. The process of the claim 4 wherein the said strong alkaline aqueous solution is saturated
with said di-(2-ethylhexyl) phosphoric acid and wherein EDTA is added in the said strong
alkaline aqueous solution in the concentration from about the concentration of the said Ca to

the total concentration of two- and three-valent metals.
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brocess of the invention and are not to be aken as Imiting I Hﬂlﬂmimmﬂ I
the invention which is defined in the appended
18
9. The process of the claim 4 wherein the said organic liquid further includes
specific extractants or chelating agents, such as crown ethers.
10. The process of the claim 4 wherein the said organic liquid is transferred into the said
strong alkaline solution as microdrops or microemulsions.
11. The process of the claim 4 wherein the said acidic solution has sulphuric acid with the
concentration from about 0.001molar to 10 molar.
12. The process of the claim 10 wherein the said strong alkaline aqueous solution is
saturated with said di-(2-ethylhexyl) phosphbric acid and wherein EDTA is added in the said
strong alkaline aqueous solution in the concentration from about the concentration of the said
Ca to the total concentration of two- and three-valent metals and wherein the said organic

liquid is transferred into the said strong alkaline solution as microdrops or microemulsions.
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cl ai ns. The foll ow ng nmethods were enployed in the procedures
-described in the succeedi ng Exanpl es. W used commerci al form of D2EHPA

wi t hout any further purification, xylene (J. T. Baker Chem cals Co),
strontiumnitrate (Mallinckrodt), mneral oil (paraffin oil, heavy), and
other reactants (Fisher) were used w tfgout special purification. The nmain
experinment was carried out in the special coaxial cylinder chanber with the
di aneters of inner and outer glass cylinders of 3 and 6 cm respectively
(FIG 2). Thapbgheht of the inner cylinder was 5.5 cmand of the outer was
9.5 cm In the standard experinental arrangenent, the aqueous donor and
acceptor solutions were separated by the wall of the inner cylinder, and
then liquid organic phase, with or without carrier, was added to the top of
t he agqueous sol uti one
aqueous phase to tﬁp&e%#ﬁ%ﬁoaal\g@sé#gpﬁhﬂ 1338 ?{oﬁ{@?ﬁﬁé %ﬁ‘t“P%‘%g‘ﬁﬂaé'?gam c
phase, which thus played the roI e of a bulk rrenbrane phase. An inportant
feature to mgting tRRInside r@ﬁﬁ%@ﬁ%nﬁ‘s@@ng HIKERAY %&ﬁeo‘ﬁb tthfu'%ﬁs il % ombined
solution (7 cnferr]) differs fromthat in contact with the outer SO?U'[IOI’I
(21 cnf err] )extrhttoina and adtripping rprocgsef Extnaction gisnachigved sby \wasligatli ergenicbyhaze
speed-control | ed, nDtor

comprising a 1—&?e|it}e1)-flhexyl) phosphoric acid (hereinafter abbreviated D2EHPA)
dissolved in immiscible in water alkyl hydrocarbons, aril hydrocarbons, higher alcohols
and mixtures thereof. Concurrently strontium is stripped from the organic solvent by strong
acidic aqueous solution, and preferably sulphuric acid solution, thus forming a precipitate
of strontium sulphate. The liquid organic phase may be recycled to extract additional
amounts of strontium ions and the strong alkaline aqueous solution may be saturated with

D2EHPA.

(Fig. 1 is to be published.)
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Pal mer). Both aqueous phases were stirred by magnetic stirring bars,
the inner and two in the outer sem chanber.
chanber permtted visual observation of the formation of any precipitates
or turbid phases. . The concentration of Sr was determ ned by atomc
absor ption spectrophotonetry (Perkin-El ng 460. 7 nm acetyl ene nitrous
oxide flane). In sone experinents, qualit tlve estimates ox@Sr content were
determ ned fromthe colour of the Sr-indicator Eriochrone ck T, or with
a Ca-selective electrode (Mcroel ectrodes, Ingg). Atom c abgorption was

nmeasured duri ng‘b“t he experinents using 5 m ali %ts fromt chanber
I

one in
The transparent walls of the

sol ution (|$t . fi1rst group of experinents, e | vol unes @f bl ank
sol ution wegle adyked to the chanber after the altYuot was rqmoved in order °

to mai ntai &=const@ant volune in the chanber), and later 1 n¥3aliquots
foll owed bP—their dilution with the sane pH as ghe Sr stangérd solution. In

the end of e expgrinments atom c absorption (fA) was measgned directly by
aspirating .8m/
spect r ophot ter.

different solutions fro
e pH of sol utions was
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Figure 1
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4 H
8 controlled continuously by conbi ned pH sel ective el ectrodes -
(M croel ectrodes, Inc), connected to an Accunet 50 pH neter and a conputer
(IBMPC). Exanple 1. The donor solution in this case contained 30
m of NaOH solution (pH 13.5) saturated with Sr(CH)[err] + SrC[err]. The
acceptor solution contained 105 m of HC 2(pH 1.6). The '

@ Qo
S 5
£ ©
(o]
O ¢
o
E c
i a
S
;-n .'; XX ?Eil ‘d_j
J0JON ¥ Sl x
e : 8
# o
c
o
3 =
R 028 O
s s «d
te 'I- ; ‘.:.I q)
| . ¢
| W - 2%
@ 3 RIS
et 2
) R
= & X :
xI
Q_.
@ S
c pr
© 3
Fal O
GEJ o)
S S
om = D N
- o )
=1 S 5
5 < By
20
R
i liiilﬂm il




H { .

menbr ane | ayer consisted of 18 m of xylene mxed with 2.5 nm of D2EHPA.
The problemof |ack of stability of the organic liquid in the pores of a
pol ymer support is absent in the case of a bulk liquid nmenbrane, and we
were @bl e to denonstrate transnenbrane transport of Sr through a bul k

| i qui'd menbrane. The typical kinetics of Sr transport fromalkaline to
acidic solution are shown in FIG 3. The Sr concentration i.n the acceptor.
solution increased during the first 20 hr to 0.8 mM and then decreased to
|l ess than 0.1 mM “and the pH increased slightly to 2.2. The kinetics of pH
change in the donor solution revealed two stages, the first fast process
finished after less than 400 mn, during which tine the pH decreased by
0.5. The buffer g¢apacity of the initial donor solLut]on was approxi mately
2[err]10[err] M @nd the pH change of 0.5 during Yhejfirst stage gives a

~

change in [Herr}] concentration of 10ferr]M Th@sefchanges approxi mately
correspond to the¢ effective concentration of Sr /Aand]«D the ion-exchange
stoichionetry of {2:1 for the D2EHPA, and can bef detp ned by the rel ease
of H err] during}the extraction step at the dohor-ngifrane interface and
then by the coupled transport through the nenprane.|This neans that,
si mul t aneousl vy, significant amount of Sr s at | east extracted fromthe
donor solution ifto the organic (menbra ase, ahd may have been
transported
o
o
o —~
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S
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3 ¢
through the latter. This conclusion is supported by the direct neasurenent
of Sr, using atom c absorption spectroscopy, in donor and nenbrane
'solutions after the experinment. In the nenbrane, [Sr[err]] was 0.4 nM
whi ch was conparable to 0:8 mMfound in the donor solution and greater than
0.1 mMin the acceptor solution. The decrease of Sr concentration in
"the acceptor solution (see FIG 3) deserves speci al di scussi on. An
~explanation is that a tiquid crystal phase was forned in the nenbrane
during the experinment. This phenomenon of so called third-phase separation
is well-known in extraction chenmstry and is deternmned by solubility
limtations of .the metal conplexes in the organic nenbrane phase. Usually
t he organi c phase spl[itS 1TNLO WO pNases, ng a phase rich in the
metal conplex at thelgqueous ijnterface andfa di lfuent - ri ch phase on the

organi c side
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9. _c')f'*'.the i nterface. To overcone this problem ILd _gonponent, kno as
a diluent nodifier, may be added !1“’}“998 thgltj r@ﬁcﬁ- }[ﬁ
organi ¢ phase. The nost conmon nodifiers are t t atie

i sodecanol, or nonyl phenol. To nmeke this liquid crystal phase nore -
evident, the Sr-sensitive indicator Eriochrone Brack il  was added, whic¢h - .
gave an intensive red-blue colour i nlthe | I quid crystal phase, where Sr was

concentrated with tine. Direct atom c absorption nmeasyrepents ipn this phase
proved t h@rapessor semeval oL strpptium ions fram atrm%ﬁmime 59 ¥ e oP

this phase is deternmined by the surface-active properties of D2EHPA.
Usual Iy it_depends gp t he, surfactant concentration, pH and tenperature,

and shoul Baskgeypubet igvertlin, nigh or very low salinity or pH. Changes in

'on concent ' at iﬂHs ?r?v%ntion relates to a process for removal of strontium from nuclear wastes
and more particularly a process for removal of strontium from alkaline waste solutions
containing strontium and also high concentrations of cations of alkali and alkaline earth
metals.

Many years of weapon-grade plutonium production and its chemical separation
resulted in generation of several hundred thousand metric tons of waste. For the high-level
waste generated by the chemical reprocessing plants, waste management involved adding
sodium hydroxide and calcium carbonate to make the acidic waste alkaline ( pH >13), and
then storing the Waste in large underground tanks until a long-term disposal solution will
be found. In the USA ( Hanford Site) 149 tanks with capacity of 210,000 to 3,800,000
litters (total nearly 212 million litters) were built to store the high-level waste. Later 28
new double-shell tanks were designed that include an outer steel shell to contain any leaks
that occur through the inner steel shell. The double-shell tank design provides for leak
detection and recovery. It is planned to remove this big volume of radioactive waste from |
the tanks with its later vitrifying (melting and forming a glass), which would cost US$16-
24 billion. Removal of Sr from such waste into smaller volume or its transformation into
solid phase is warranted because of safety and economic considerations. The problem of
Sr removal from radioactive waste is important also for other countries with developed
nuclear technology.

By now all main processes developed for recovery of large amounts of Sr were
supposed to be used with acidic media. These processes included mainly precipitation, for
example with lead sulphate and ion exchange for example with antimonic acid as sorbing
agent and can not be used with alkaline solutions.

There are some papers describing extraction of Sr with extractants.

Selection of an appropriate extractant should be based on a number of important

criteria. Among these criteria, the extractant must:

1. extract the metal at the required pH; REPLACEMENT SHEETS __ §G
: : B Description : paged ..! b |3
2. be selective for the red metal; A : paged .{.. to paged l2
3] ctive for requi N g Clam!(s) : paged [t to paged___g.g.
B Drawing(s) : paged ... to paged 4.

[Abstract  : paged /4. to paged -
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pH (mainly in al kaline solution) during the experinment apparent|ly induced
the formation of the third phase, and resulted in the re%Rgﬂ%ﬁ;EMEN’PfSHSET
and its binding into the liquid crystal phase. On¢ Fe—Hr3t

I mportant characteristics of a nmenbrane is the average o «=ffect Vﬁﬂg%te of
transport through it, which can be cal cul ated by the expf essib

[err] where F is the rate of trangport in mol-cnferr]- slerr].
[err][Sr[err]] |s the cit@n ge in Sr[err] concentration in} the acceptor

sol ution, ¥ is DAY arceRIAYC Btes Hfexactionand SWPPIAS on, AT i d-thetire—teadired

for 4. be soluble in an organic phase and have a very low solubility in aqueous solution;
5 have high metal-loading capacity;
6 be easily stripped of the loaded metal,
7. be non-ﬂammable, non-volatile, chemically and radiation-stable, and non-toxic;
8 be relatively inexpensive.

Strontium extraction from acidic solutions can be achieved by using different
specific extractants, for example dibenzo-18-crown-6 or di-t-butylcyclohexano-18-crown-
6. Usually synthesis of these compourids is a complex process, and they are not available
in the amounts necessary to purify very big volumes of waste liquids. Besides, inorganic
salts of Sr have high hydrophilic properties .and exhibit a low distribution ratio. Therefore
they have to be preliminary converted into for example metal picrates by adding the excess
of picric acid prior extraction.

Besides there are no studies which demonstrated the applicability of these
extractants in strong alkaline solutions. Even at low solubility of their complexes with Sr in
aqueous solutions due to very big volumes of these solutions the loses of the extractant
would make the process economically not feasible.

Dworzak and Nazer described preliminary experiment, where 0.01 M Sr was
removed from weak nitric acid ( pH 6.4) to nitric acid solution with pH 1.5 with the help of
polypropylene microporous fibers impregnated with 0.1M di-(2-ethylhexyl) phosphoric
acid (D2EHPA). '

Although this method could be useful for neutral and acidic solutions, its
application in alkaline solutions is impossible due to the long term chemical nonstability of
polymer at very high pH and in contact with radioactivity, and also due to the removal
(leaching) of acidic extractant through membrane pores into the solution with high pH.
After transfer of the extractant, initially present in the membrane in a limited amount, into
a big volume of waste solution, the membrane becomes non effective. Application of
hollow fiber modules for Sr extraction would also mean that radioactive waste is pumped
from the tanks into the membrane module, which is hazardous.

Emulsion liquid membrane with D2EHPA as an extractant, nonionic polyamine as

the surfactant and an aliphatic hydrocarbon solvent as the diluent also could be used to
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Neither of these studies addressed how high concentrations of alkaline metals and

calcium and also some other metals in the alkaline media would effect the process. As will
be discussed later, it has bec_en found that the these metals and high pH play a key role in
determining the efficiency of Srremoval. Usually it is assumed that acidic extractants have
a high water solubility at high pH and cannot be used in these conditions. Preliminary
neutralisation of the waste solutions with acids would increase the waste volume, which is
not particularly safe nor economical due to necessity of new stbrage tanks.

Accordingly, a need in the art exists for a simple method of Sr removal from strong
alkaline solutions that does not require acidification of the media, is economically feasible,
and works in the presence of high concentrations of cations of alkaline metals, calcium and

some other metals.

Summary of the Invention

In view of the above need, it is an object of this invention to provide a process for
strontium removal from strong alkaline aqueous solutions containing high concentrations
of alkali metal and calcium cations.

Another object of this invention is to provide a process as in the above object that
does not require acidification of the aqueous solution and does not require usage of organic
polymeric membranes and emulsions which may not be stable in the strong alkaline
solutions.

Further, it is an object of the invention to provide a process which could be easily
implemented for the treatment of big volumes of aqueous solutions and would allow to
collect Sr in a much smaller volume.

It is another object of the invention to provide, from a technological poiﬁt of view,
a simple process, which would minimize the danger of personal contact with radioactive

materials.
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While investigating the behaviour of D2EHPA in strong alkaline solutions we
discovered that its solubility in these solutions is not very high and in the presence of
water-insoluble liquid organic phase it is possible to saturate the strong alkaline solution
with D2EHPA and still have its high concentration in organic phase. |

Briefly, the present invention is a process for extracting strontium from strong
alkaline solution, comprising steps of:
contacting the aqueous strong alkaline solution containing at least one alkali metal
hydroxide and strontium cation with high enough volume of organic solvent consisting of
D2EHPA in a diluent , the diluent being a water-immisible organic liquid in which

D2EHPA is soluble, and subsequently contacting of the above solvent with aqueous

~ solution of sulphuric acid, thus stripping strontium into the above acidic solution till its

saturation and formation of solid precipitate of strontium sulphate.

The contact of the organic solvent with the waste solution can be achieved by its
cyclic supplying into the bottom part of the tank in a dispersed form and then collecting it
from a top of the tank with subsequent supply of the strontium containing solvent to the
bottom of another volume with sulphuric acid and its collecting after stripping and
pumping back into the waste solution.

In another implementation the org'ahic solvent is located on a top of a tank with
double walls, having inner walls lower then outer. Stirred organic solvent is in contact with
both waste solution and stripping sulphuric acid solution and its upper surface is above the
inner walls. Sulphuric acid can be located not necessarily between double walls but also in

an extra cylinder partly inserted into the liquid waste. -

Brief description of the drawings

Fig.1 shows the mechanism of D2EHPA-facilitated transport of strontium ions from strong
alkaline to acidic solution . '

Fig. 2 shows schematic of a bulk liquid membrane apparatus.

Fig. 3 shows kinetics of changes of strontium concentration in the acidic solution with a

xylene bulk liquid membrane.
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As i certacteyith iguihpreapicsolvent, having DZEHPA, and simultaneously this
organic solvent is in contact with acidic aqueous solution, Sr** is extracted into the organic
solvent and then it is reextracted (stripping) into acidic solution. Simultaneously H' ions

are transferred into opposite direction. Total ion-exchange process is described by Eq. 1,

Sr2* +2H} =Sr2 +2H! (1)

and is facilitated by D2EHPA in the organic solvent. The mechanism, thus, is a coupled
transport of 2H* in one direction simultaneously with Sr** transport in the other direction

(Fig. 1), and its equilibrium is described by Eq. 2,

_LHRIS,

= 2
[H+]; [S7‘2+]| ( )

174

where subscripts 1 and 2 represent the stripping and feed solutions, respectively. The ther-
modynamics of the process thus shows that at equilibrium an active transport of Sr** occurs
against its concentration gradient due to the difference in pH of solutions 1 and 2, and the
ratio of Sr concentrations is determined by the second power of the H' concentration ratio.
This means that if the pH gradient is high enough during the process, and it easily could be
14, all radioactive Sr can be transferred and concentrated in a small volume of an acidic
stripping solution. Moreover, if sulphuric acid is present in a stripping solution, with time
concentration of Sr in the acidic solution is high enough and the ion product [Sr**][SO,*]
becomes equal to the solubility product. After that Sr ions precipitate out as strontium
sulphate. This possibility of collecting all Sr into a small volume is a major advantage of

this process.
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' to kerosenes, dodecane, octanone, or any combination of these in any proportion, could be
used as a diluent. The organic solvent can additionally contain added organic compounds
which act as modifiers or synergists. These include but not limited to octanol, decanol,
other alcohols, crown ethers, detergents, containing phosphor organic compounds, etc.

Although the process of the present invention was developed especially for the
recovery of radioactive Sr-90, addition of some modifiers or synergists allows
simultaneously remove some other radioactive components. For example technetium can
be removed from strong alkaline waste solutions in the presence of some crown ethers. The
modifier is typically present in a solvent at a concentration ranging from 0.01 M to about
2M, and its typical volume content is from 0.1 to 50%. The presence of the modifiers or
their mixture could be important because of the ability of D2EHPA to form very viscous
gel-like structures in the presence of strong alkaline aqueous solutions. Its distribution
coefficient is solvent-dependent and for n-octane/H,0 it is 2°10°.

The loss of D2EHPA from organic into aqueous solution is pH dependent and it
strongly increases at high pH. Still, as it will be described later in the examples, it is
possible to saturate the alkaline solution with acceptable, from a practical point of view,
amount of the substance. In the process of present invention efficiency of the Sr removal is
obtained by using saturating amounts of D2EHPA in the waste solutions. If the solution is
not saturated, D2EHPA is removed from organic phase and the rate of the process falls to
negligibly small value. This possibility to remove Sr from big volumes of strong alkaline
solutions in the presence of competing ions Ca and Mg by addition of EDTA and
simultaneous saturation of the waste with D2EHPA in the presence of organic solvents
which are also in contact with stripping acidic solutions, especially sulphuric acid, was not

previously described in the prior art.
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The following methods were employed in the procedures described in the
succeeding Examples. We used commercial form of D2EHPA without any further
purification, xylene (J. T. Baker Chemicals Co), strontium nitrate (Mallinckrodt), mineral oil
(paraffin oil, heavy), and other reactants (Fisher) were used without special purification.

The main experiment was carried out in the special coaxial cylinder chamber with the
diameters of inner and outer glass cylinders of 3 and 6 cm, respectively (FIG. 2). The height
of the inner cylinder was 5.5 cm and of the outer was 9.5 cm. In the standard experimenfal
arrangement, the aqueous donor and acceptor solutions were separated by the wall of the
inner cylinder, and then liquid organic phase, with or without carrier, was added to the top of
the aqueous solutions in such a way that the transport of ions from one aqueous phase to the
other was possible only through the liquid organic phase, which thus played the role of a bulk

- membrane phase. An important feature to note is that the membrane area in contact with the
inner solution (7 cm?) differs from that in contact with the outer solution (21 cm?).
Mechanical stirring of the organic phase was achieved by a speed-controlled motor (Cole-
Palmer). Both aqueous phases were stirred by magnetic stitring bars, one in the. inner and
two in the outer semichamber. The transparent walls of the chamber permitted visual
observation of the formation of any precipitates or turbid phases.

The concentration of Sr was determined by atomic absorption spectrophotometry
(Perkin-Elmer, 460.7 nm, acetylene nitrous oxide flame). In some experiments, qualitative
estimates of Sr content were determined from the colour of the Sr-indicator Eriochrome
Black T, or with a Ca-selective electrode (Microelectrodes, Inc.). Atomic absorption was
measured during the experiments using 5 ml aliquots from the chamber solution (in the first
group of experiments, equal volumes of blank solution were added to the chamber after the
aliquot was removed in order to maintain constant volume in the chamber), and later 1 ml
aliquots followed by their dilution with the same pH as the Sr standard solution. In the end of
the experiments atomic absorption (AA) was measured directly by aspirating (0.8ml/s)

different solutions from the chamber into spectrophotometer. The pH of solutions was
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of lack of stability of the organic liquid in the pores of a polymer support is absent in the case
of a bulk liquid membrane, and we were able to demonstrate transmembrane transport of Sr
through a bulk liquid membrane. The typical kinetics of Sr transport from alkaline to acidic
solution are shown in FIG. 3. The Sr concentration in the acceptor solution increased during
the first 20 hr to 0.8 mM and then decreased to less than 0.1 mM, and the pH increased
slightly to 2.2. The kinetics of pH change in the donor solution revealed two stages, the first
fast process finished after less than 400 min, during which time the pH decreased by 0.5. The
buffer capacity of the initial donor solution was approximately 2-10" M and the pH change of
0.5 during the first stage gives a change in [H'] concentration of 10"M. These changes
approximately correspond to the effective concentration of Sr and to the ion-exchange
stoichiometry of 2:1 for the D2EHPA, and can be determined by the release of H' during the
extraction step at the donor-membrane interface and then by the coupled transport through the
membrane. This means that, simultaneously, a significant amount of Sr was at least extracted
from the donor solution into the organic (membrane) phase, and may have been transported
through the latter. This conclusion is supported by the direct measurement of Sr, using
atomic absorption spectroscopy, in donor and membrane solutions after the experiment. In
the membrane, [Sr’*] was 0.4 mM, which was comparable to 0.8 mM found in the donor
solution and greater than 0.1 mM in the acceptor solution.

The decrease of Sr concentration in the acceptor solution (see FIG. 3) deserves
special discussion. An explanation is that a liquid crystal phase was formed in the membrane
during the experiment. This phenoménon of so called third-phase separation is well-known in-
extraction chemistry and is determined by solubility limitations of the metal complexes in the
organic membrane phase. Usually the organic phase splits into two phases, yielding a phase

rich in the metal complex at the aqueous interface and a diluent-rich phase on the organic side
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may be added to restore the liquid properties of the organic phase. The most common

modifiers are tributyl phosphate, isodecanol, or nonyl phenol. To make this liquid crystal
phase more evident, the Sr-sensitive indicator Eriochrome Black T was added, which gave an
intensive red-blue colour in the liquid crystal phase, where Sr was concentrated with time.
Direct atomic absorption measurements in this phase proved the idea of Sr localization in the
third phase. The structure of this phase is determined by the surface-active properties of
D2EHPA. Usually it depends on the surfactant concentration, pH, and temperature, and
should disappear at very high or very low salinity or pH. Changes in ion concentration and
pH (mainly in alkaline solution) during the experiment apparently induced the formation of
the third phase, and resulted in the reextraction of Sr and its binding into the liquid crystal
phase.

One of the most important characteristics- of 2 membrane is the average or effective

rate of transport through it, which can be calculated by the expression

F= A[Sr2+]V
ATS

3

where F is the rate of transport in mol-cm>-s”, A[Sr“] is the change in Sr** concentration in
the acceptor solution, ¥ is the volume of the acceptor solution, AT is the time required for
the observed changes, and S is the surface area of the membrane. Using the initial stage of
kinetics (before the concentration goes down), and assuming S to be that of the membrane in

contact with the acceptor, the value of F becomes 0.6-10"° mol-cm?-s™.

Example 2.

In a similar experiment (Table 1, experiment 2), in which aliphatic mineral oil was
used as the liquid membrane instead of aromatic xylene, the rate of transport was 3.2-107°
mol-cm™-s", while the [Sr**] measured directly in the organic phase was about 10 times less
than in the aqueous solutions. The use of aromatic diluents results in slower kinetics both of
the extraction and stripping steps, but the solubility of the metal complex is higher in the

aromatic diluents.
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Example 4

When the acceptor solution was placed in the inside cylinder, where the membrane
surface area is about one-third that of the outside cylinder (7 vs. 21 cm?), the rate of transport
decreased to only 0.94-10"° mol-cm™-s™, which is one-third of the rate observed with the
acceptor solution in the outer cylinder (Table 1, experiment 2). Obviously, the transport rate
corresponds to the interfacial surface area of the membrane in contact with the stripping
solution (Table 1, experiment 4). This result means that the rate-limiting step is the
reextraction from the membrane phase, the rate of which is proportional to the membrane
area.

The initial pH of the acceptor solution in this experiment was 1.5. The donor solution
sometimes was cloudy or milky white due to the presence of a Sr precipitate and in some
cases it became transparent with time, obviously because enough Sr was taken into the
membrane phase to decrease donor;solution Sr concentration below the solubility product
value. This is further evidence that the solubilizaﬁon and extraction processes are not rate

limiting.

Example 5.

Sulphuric acid was used instead of HCI in the acceptor solution, and the results of one
of these attempts are shown in FIG. 4. Simultaneously, the H" activity was increased to
'pH,c =.0.1. The apparent rate of transport was 30% greater, using the Sr concentration after
1000 min in the calculations. Clearly, at least 80% of the Sr was removed from the donor
solution after only 100 hr. The concentration of Sr in the acceptor solution incrc_eased initially,
then stabilized at a constant value which is similar to the solubility of SrSQO,, i.e., 6-10* M.
The process took less than 1000 min and produced a white precipitate. Initial pH values in

the donor and acceptor solutions were 14 and -0.1, respectively, and were almost constant
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without Sr gave a precipitate, which was filtered before the addition of Sr(NO,),. Strontium
gives a co-precipitate in the sludge, especially in the presence of Ca(OH), . In the presence of
Sr salt, the solution was filtered a second time. Sulphuric acid was in the acceptor solution in
order to increase the total rate of transport. The organic phase éontained the modifiers octanol
and xylene right from the start of the experiment. Even in the presence of Mg, Na, Al, K, and
Cs, Sr transport through the membrane was significant (0.48-10"° mol-cm™-s™), although the
flux was lower than in previous experiments. The decrease of the transport rate in this case
was determined by the competitive binding of other metals with the carrier. Atomic
absorption analysis of the donor solution in the very beginning gave an instrument reading of
less than 0.1 absorbance, which decreased after 5 hr to about 0. The estimated (by atomic
absorption) concentration of Sr in the donor solution was an order of magnitude less than in
all previous experiments (5-10® and 5-10* M), but still the rate decreased only by half,
indicating a saturation of the transport rate as a function of Sr concentration. In separate

experiments it was demonstrated that [Sr]s, = 2.5-10* M.

Example 7.

In the seventh experiment a model tank-waste solution was used with Ca
concentrations corresponding to those in radioactive waste storage tanks at the Hanford Site.
Simultaneously EDTA was added in the same concentration. The chemical -composition of
this solution is given in Table 2, together with the stability constants of complexes of EDTA
with several divalent metals and Al.

From the data given in Table 2, clearly the presence of EDTA will transform almost
all of the Ca and other heavy metals into chelate complexes, especially in light of the fact that
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are similar, but much lower than for the other metals that are present (Table 2). Further, the
concentration of Mg is at least two orders of magnitude greater than Sr, indicating that Mg
will occupy the remainder of the EDTA sites and Sr will be in its free unchelated form, from
which it can be carried through the liquid membrane as in previous experiments.
Simultaneously Ca, other metals, and part of the Mg should be chelated and thus unavailable
to compete with Sr for D2EHPA sites during-facilitated transport. So the concentration of
EDTA added has to be high enough to chelate Ca and heavy metals, but still not too high to
transform all Sr into chelate form, which would decrease its rate of extraction with D2EHPA.

Concentration of Sr in the model tank-waste solution after filtration estimated by
atomic absorption was only approximately 2-4-10° M but still after 1300 min of transport,
atomic absorption intensities from the donor and acceptor solutions revealed that a substantial
part of Sr was extracted into the organic phase and appeared in the acceptor solution. The
intensity ratios of donor: organic membrane: acceptor solution were 1:0.5:1:1. Even though
the precision of these measurements was low (CV = 20% due to the small Sr concentration,
large pH, and large Na concentration) clearly the concentration in the acceptor solution was at
least similar to that in the donor solution. Aﬁerl accounting for the volume differences among
the donor, liquid organic solution, and acceptor phases, approximately 60% of the total Sr
originally in the donor solution was transferred into the acceptor phase.
Transport rate was 2-10" mol-cm®-s™ or 2-10® mol-m?-s", which is one order of magnitude
smaller than in the previous experiments. This may be explained by the fact that the Sr
concentration in the donor solution was less than in experiments 1-6 and it was an order of
magnitude less than the semisaturation of D2EHPA. In the beginning of the experiment a
third (gel) phase was formed at the surface of contact of organic and alkaline solutions, but it
disappeared with time and, by the end of the experiment, both the membrane and acceptor
solutions were transparent. The donor solution was turbid and white after 1300 minutes due
to the formation of D2EHPA salt precipitate. With time it also became transparent, and the
volume of precipitate was less than 2 cm®, so the loss of D2EHPA was less than 10 %.

The third phase is probably determined by the formation of Na and Sr salts of
D2EHPA and their aggregation in reversed micelles. This phase has a high viscosity and can

perform an essential resistance to Sr transfer into organic phase, but it can be destroied with
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vol ume of the waste, even at low solubility in water essenti gl [anoints of
D2EHPA can be renoved from organic solution. The rate of Sr rean."ll1 jJﬂNHE‘I)g
case is negligible. W denonstrated that solubility of D2EHPA ijn water i

pH dependent .. In acidic solutions (pH<l) it is |less then 10[ drr4—
Distribution coefficient of D2EHPA i A3t he system xyl ene/ aci dijc solution is
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- Assum ng that every tank and stri pping

D2EHPA in the system xylene/acidic solution is higher than 5500. In contact with alkaline

solutions ( pH >13) D2EHPA dissociates and its solubility in the anion form is much higher

and can be nearly 2*10M, or 0.5% v/v.

The rates of Sr transport in optimal conditions are comparable to the typical rates of
transport through liquid supported membranes, which are of the order of 10" mol-cm™s™.
This rate translates into the complete removal of Sr from 36 L of 10 M Sr waste water per hr
per m’ of membrane surface area.

Potential applications of the method at Hanford Site can be illustrated by another
estimate. If we assume that Sr concentration in waste solution is 10* M, and the solution
volume is 2*10° L, total amount of Sr is 2*10* mol. Assuming that every tank and stripping
solution is in contact with a organic solvent having surface of contact 100 m?, for 100 tanks
we have total surface of contact 10° m’. At the transport rate equal to 2-10"® mol-m™-s” time,
necessary to remove Sr at this transfer rate is 10% or approximately 3.2 years. Amount of
D2EHPA necessary to saturate this volume of waste is 4*10° mol or approximately 1000
tones, which is practically feasible, taking into account that D2EHPA has already found
broad applications in a hydrometallurgical industry and is made by several companies.

Contact of the organic- solution of D2EHPA with the waste solution and stripping
acidic solution can arranged in different ways. For example in the case of double wall tanks
the stripping solution can be located in the space between the two walls with the organic
solution above both aqueous solutions, separated by the wall. In this case the only way for the
Sr to be transferred into the stripping solution is to be extracted into the organic solvent and
then to be reextracted into the stripping phase. All liquid phases have to be stirred.

In another modification of the process the lighter organic solution of D2EHPA is
supplied through the pipe with a nozzle as a dispersed phase into the waste solution at the

bottom of the tank. The organic phase as small drops or microemulsions enriched by Sr is -
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process the lighter organic solution of D2EHPA is supplied through t he pi pe

Wi th a nozid mugh highdi tparischie pasasd therbulkt drgania diaids ofuchi vamniationst dve not to be
regarded as a departure from the spirit and scope of invention, and all such modifications as
would be obvious to one skilled in the art are intended to be included within the scope of the

claims attached to and forming a part of this specification.
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using the concentric cylinder reaction chamber described in Fig. 2.

No. | Inner Membrane | Outer Stirring | Flux, mol-
chamber Chamber Rate, cm?s?.10"
rpm
0.005 M | xylene HCl,
1 SrCl,- 12% pH 1.6-2.1, | 300 0.6
pH 13.5 | D2EHPA, | 105 ml
30 ml 20 ml
2 the same | mineral oil, | the'same 300 3.2
9%
D2EHPA
3 the same | the same the same 1000 25
HCl, mineral oil | SrCl,,
4 pH1.5 20% pH 13.6 500 0.94
' D2EHPA
56 ml
mineral oil,
5 H,SO, 50% Sr(NO,), , 300 14
pH -0.18 | D2EHPA 80 ml
+octanol :
100ml
6 Tank- 50%
Waste D2EHPA, | H,SO,,
Simulant | 20% 80 ml 300 0.48
w/o mineral oil,
Ca or|20%
EDTA, xylene,
5-10* M | 10%
SrCl, octanol
Tank- 33%
7 Waste "D2EHPA, IN
Simulant | 25% H,SO, 400 0.02
with mineral oil | 90 ml
Ca and | 25%
EDTA xylene,
2.10° M | 17%
SrCl, octanol,
75 ml total
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stripped of Sr and then the solution is supplied back at the Rgfi_.t&a[p‘n_éf_! SHEET

tank with the waste. In this case the process of Sr renoval hap cyclic

character, though it can be varied in many ways. Due to the high 1s‘U|d\Uab1993 ]

area of the dispersed phase the rate of Sr renopval and strippihg i s nuch {

hi gher than in the case of the bul k ﬁrgani c liquid. Such varjations are not

to be regarded as a departure fromt spirit and scope of invention.alda .

all such nodifications as would be gbvio f10 one k||
ool SR

in the ar I e
i ntended to be ikabeded hGrural noqmposition |"¥a§ ats?léfg%da‘f osgh ty
form ng a penttanss (liogi K. pbeaverabdivalent. metals andA w1

Chemicals Concentration (moV/L) | Log K, ' (M™)
NaOH 2.61

KOH 0.09

S, 10% 10 10° 873
CaSO, 0.02 10.69
Mg(NO,), 0.01 879
AI(NO,); 0.04 163
NaNO, 0.59

NaNO, 04

Na,PO, 0.1

CsCl 10

¥ K, for Co, Cu, Fe, Mn Ni, Pb and Zn are in the range 10" to 102 M™.



15 Ta'bl e 1. Summary of conditions used in the various bul k mHmm“m‘mnmml |
experinments, using the concentric cylinder reaction chamber l i
Fig. 2, and correspondi ng Fl ux. No. I|nner Menbrane Quter¢ - * 5 *

Stirring Fl ux, nol - chanber Chanber Rat e,
cnerr]-s[err]10[err] 0. 005 Xyl eREF: AEMFNHG 7T 1L Src[err]
12% pH 1.6-2.1, 300 0.6 "13.5 D2EHPA, 105
30 m 20 2 th me mneral ofl e 300 3.2
0% Cliims © sa 150758 r

We claim:

1. A process for removal of strontium ions from a strong alkaline aqueous solution,
comprising the steps of :

contacting said aqueous alkaline solution with a solvent consisting of a di-(2-
ethylhexyl) phosphoric acid in a diluent for a period of time sufficient to extract said
strontium ions from said aqueous alkaline solution into said solvent and form di-(2-
ethylhexyl) phosphoric acid complex with strontium ;

transfer of the di-(2-ethylbexyl) phosphoric acid complex with strontium and
contacting with an acidic solution;

stripping said strontium ions from said solvent by contacting said solvent with said
acidic solution.
2. The process of claim 1 wherein the pH of said aqueous alkaline solution is above 9.
3. The process of the claim 2 wherein the said diluent is an organic liquid which has a very
low solubility in water and can dissolve di-(2-ethylhexyl) phosphoric acid.
4. The process of the claim 3 wherein the said diluent is an organic liquid lighter than water
and selected from the group consisting of kerosene, aliphatic hydrocarbons, aromatic
hydrocarbons, long chain alcohols, ketones, ethers, pyridines, organo-phosphorus derivatives
and mixtures thereof.
5. The process of the claim 4 wherein the concentratibn of said di-(2-ethylhexyl) phosphoric
acid in said diluent is from about 1.0*10*molar to 5 molar.
6. The process of the claim 5 wherein the sé,id strong alkaline aqueous solution is saturated
with said di-(2-ethylhexyl) phosphoric acid.
7. The process of the claim 4 wherein EDTA is added in the said strong alkaline aqueous
solution in the concentration higher than the concentration of the said Ca but lower than the
total concentration of two- and three-valent metals.
8. The process of the claim 4 wherein the said strong alkaline aqueous solution is saturated
with said di-(2-ethylhexyl) phosphoric acid and wherein EDTA is added in the said strong
alkaline aqueous solution in the concentration from about the concentration of the said Ca to

the total concentration of two- and three-valent metals.



mnoral ol sratert. a4 ooras s0m oo 1HIEEIINIRHANITED
0.94 D2EHPA 56 ni SR A

mneral oil, 5 Herr]Sqerr] 50% Sr(NJerr])[err], 300
1.4 pH -0.18 D2EHPA 80 ml +oct anol
100m 6 Tank- 50% wi8t e D2EHPA, Herr]SOerr],

Si mul ant 20% 80 mi . 48
9. The process of the claim 4 wherein the said organic liquid further includes

specific extractants or chelating agents, such as crown ethers.

10. The process of the claim 4 wherein the said organic liquid is transferred into the said
strong alkaline solution as microdrops or microemulsions.

11. The process of the claim 4 wherein the said acidic solution has sulphuric acid with the
concentration from about 0.001molar to 10 molar.

12. The process of the claim 10 wherein the said strong alkaline aqueous .solution is
saturated with said di-(2-ethylhexyl) phosphoric acid and wherein EDTA is added in the said
strong alkaline aqueous solution in the concentration from about the concentration of the said
Ca to the total concentration of two- and three-valent metals and wherein the said organic

liquid is transferred into the said strong alkaline solution as microdrops or microemulsions.
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5(err]10[err] M 10%

Wast e
400
EDTA

oct anol ,

m neral oil, Ca or
Src[err]
D2 EHPA, 1N

0.02 W th m ner al
xyl ene, 2[err]10[err] M 17%
75 m tot a‘l
Abstract

Si nmul ant 25%

EDTA, xyl ene,
Tank- 33% 7
Herr]Sqerr]
Ca and 25%
SrC [err]

Process for removal of strontium ions from strong alkaline solutions

Strontium cations are removed from strong alkaline aqueous solutions in a combined

extraction and stripping process. Extraction is achieved by an liquid organic phase

comprising a di-(2-ethylhexyl) phosphoric acid (hereinafter abbreviated D2EHPA)

dissolved in immiscible in water alkyl hydrocarbons, aril hydrocarbons, higher alcohols

and mixtures thereof. Concurrently strontium is stripped from the organic solvent by strong

acidic aqueous solution, and preferably sulphuric acid solution, thus forming a precipitate

of strontium sulphate. The liquid organic phase may be recycled to extract additional

amounts of strontium ions and the strong alkaline aqueous solution may be saturated with

D2EHPA.

(Fig. 1 is to be published.)
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16 Tabl e 2. Chem cal conposition of feference t ank-wast e sol ution,
and stability constants (Log Klerr]) of several divalent netals and Al with

EDTA. Chemi cal s _ Concentration (nol/L) Log Klerr] (Merr])
NaCH 2.61
1 —
D
)
o &’- + ~
2 o B
= Cf) = d .}_L—:_
O
= >
O
O
&
<
g -
& @
< a2 8
o o GE, 3
o I g S @
c -
G N @ & C
p —
Q Re.
£ 5
D [e)
= %

anor Phase

Unstirred Layer

Figure 1

REPLACEMENT SHEET

et st marte e o

H
i

11 JUN 1998




KOH 0. 09 Srd[err] ~ 10[err] to 10[err]
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17 " We claim 1. A process for renoval of strontiumions froma strong
al kal i ne aqueous sol ution, conprising the steps of: contacting said
aqueous al kaline solution with a solvent consisting of a di-(2- ethyl hexyl)
phosphoric acid in a diluent for a period of time sufficient to extract
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strontiumions fromsaid aqueous al kaline solution into said solvent and
formdi-(2- ethyl hexyl) phosphoric acid conplex with strontium
-transfer of the di-(2-ethyl hexyl) phosphoric acid conplex with strontium
and contacting with an acidic solution; stripping said strontium
ions fromsaid solvent by contacting said solvent w'th said acidic
solution. 2. The process of claim1l whédrein the pH of said aqueous al kaline
solution is above 9. 3. The process of the claim2 wherein the said diluent
is an organic liquid which has-.a very low solubility in water and can
di ssol ve di-(2-ethyl hexyl) phosphoric acid. 4. The process of the claim3
wherein the said diluent is an organic liquid lighter than water and
sel ected fromthe st o, al i phatic hydrocarbons,
aromati ¢ hydrocarhb chai n al coho] s, ' ketones, ethers, pyridines,
or gano- phosphor us bs and m xturfes {hereof. 5. The process of the
claim4 wherein th ation of saijd dj-[2-ethyl hexyl) phosphoric acid
in said diluent is &40 5 nolar.
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6. The process of the claim5 wherein the said stﬁEE@CEMFQ'iTi%'LEElq leous
solution is saturated with said di-(2-ethylhexyl]) |phosphoric acijd{ 7. The
pfocess of the claim4 wherein EDTA is added in |t He 24iAUG288hg|al kal i ne
aqueous solution in the concentration higher thgnj{the concentrafi ¢n of the

;said Ca but lower than the total conceptration d¢f Two-—and three-yalent
netals. 8. The process of the claim4 wherein tHe_said strong alkaline
aqueous sol Yid:Qhe 5af Alitakith 88 thel ekPerfidi Fur-e&anﬁum Raky hdceplop s61teH Wase:3,d
and wherein EDTA is added in the said strong al kal i ne aqueous sol ution in
t he concent fhatsidsmopstoating ihattthe intensity o€ stirriagiveas not tachkigh and| ng, tragsferaf eithera|
concentrati g(rfue%]:ls g(yﬁl)t-ion% r})g:c&rperd?&bﬁ/l%}n%@lgn oF éx%rlaét'ion with D2EHPA and then precipitation

with sulphuric acid allowed an active transport of Sr and also its selective separation

Example 6.

In this example the tank-waste model solution was used, simulating all corhponents of
waste water from the Hanford Site except for Ca salts. The mixture of these components even
without Sr gave a precipitate, which was filtered before the addition of Sr(NO,),. Strontium
gives a co-precipitate in the sludge, especially in the presence of Ca(OH), . In the presence of

U Sr salt, the solution was filtered a second time. Sulphuric acid was in the acceptor solution in
7/ ‘order to increase the total rate of transport. The organic phase contained the modifiers octanol
and xylene right from the start of the experiment. Even in the presence of Mg, Na, Al, K, and

Cs, Sr transport through the membrane was significant (0.48-10"° mol-cm™-s™), although the

flux was lower than in previous experiments. The decrease of the transport rate in this case

was determined by the competitive binding of other metals with the carrier. Atomic

absorption analysis of the donor solution in the very beginning gave an instrument reading of

less than 0.1 absorbance, which decreased after 5 hr to about 0. The estimated (by atomic

absorption) concentration of Sr in the donor solution was an order of magnitude less than in

all previous experiments (5-10° and 5-10* M), but still the rate decreased only by half,

indicating a saturation of the transport rate as a function of Sr concentration. In separate

o experiments it was demonstrated that [St]s, = 2.5-10* M.

Example 7.

In the seventh experimenf a model tank-waste solution was used with Ca
concentrations corresponding to-those in radiocactive waste storage tanks at the Hanford Site.
Simultaneously EDTA was added in fhe same concentration. The chemical composition of
this solution is given in Table 2, together with the stability constants of complexes of EDTA
with several divalent metals and Al. _

From the data given in Table 2, clearly the presence of EDTA will transform almost
all of the Ca and other heavy metals into chelate complexes, especially in light of the fact that
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i ncludes specific extractants or chelating ag¢ntis, such 3w1 et hers.
-10. The process of the claim4 wherein the saijd orZ;;ﬁrA ﬁﬁw [ S
‘transferred into the said strong al kaline sol gqtijon as_nicrodrop$ or

.m croenul sions. 11. The process of the,claim 4 erein the saidlacidic
‘solution has sulphuric acid with the concentr dtion fromabett—6- 001nol ar to
10 nol ar. 1lgmeT@R & ofemg Rid/drh@e C;Jredeﬁae &@ cmﬁfoﬁl moalherss emcd tﬁbﬁtgngh@yphﬂél ne
aqueous solution is saturated with said di-(2-ethyl hexyl ) phosphoric aci d
and wher ei nogtamol, isedeganwbar nonyl phenehi d st rong al kal i ne aqueous sol ution in

the concentrati orhom AUt U COBSRILIAL B8 Bleed Mo & fuCMliA M dtha!

concentration of ree- nt me S and Whereln the said organic
liquid is tegosig amednth 6f D2EHP Ascan e 3é¢rhoved fronk adgaiiie solatiow. iThe rats ofiSrrendvalps

or m croenul si ons.
in this case is negligible. We demonstrated that solubility of D2EHPA in water is pH
dependent. In acidic solutions (pH<1) it is less then 10 M. Distribution coefficient of
D2EHPA in the system xylene/acidic solution is higher than 5500. In contact with alkaline
solutions ( pH >13) D2EHPA dissociates and its solubility in the anion form is much higher
and can be nearly 2*10”M, or 0.5% v/v.

The rates of Sr transport in optimal conditions are comparable to the typical rates of

transport through liquid supported membranes, which are of the order of 10"° mol-cm™s
J This rate translates into the complete rembval of Sr from 36 L of 10* M Sr waste water per hr
per m? of membrane surface area.

Potential applications of the method at Hanford Site can be illustrated by another

estimate. If we assume that Sr concentration in waste solution is 10* M, and the solution
volume is 2*10% L, total amount of Sr is 2*¥10* mol. Assuming that every tank and stripping
solution is in contact with a organic solvent having surface of contact 100 m?, for 100 tanks
we have total surface of contact 10*m?. At the transport rate equal to 2- 10°® mol-m™-s™ time,
necessary to remove Sr at this transfer rate is 10% or approximately 3.2 years. Amount of
D2EHPA necessary to saturate this volume of waste is 4*10° mol or ai)proximately 1000
tones, which is practically feasible, taking into account that D2EHPA has already found
broad applications in a hydrometallurgical industry and is made by several companies.
Y Contact of the organic solution of D2EHPA with the waste solution and stripping
acidic solution can be arranged in different ways. For examble in the case of double wall
tanks the stripping solution can be located in the space between the two walls with the
organic solution above both aqueous solutions, separated by the wéll. In this case the only
way for the Sr to be transferred into the stripping solution is to be extracted into the organic
-solvent and then to be reextracted into the stripping phase. All liquid phases have to be
stirred.

In another modification of the process the lighter organic solution of D2EHPA is
supplied through the pipe with.a nozzle as a dispersed phase into the waste solution at the

bottom of the tank. The organic phase as small drops or microemulsions enriched by Sr is
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Table 1. Summary of conditions used in the various bulk. liquid:membrane experiments,

using the concentric cylinder reaction chamber described in Fig: 2, and corresponding Flux.

15
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1_

No. | Inner Membrane | Outer Stirring | Flux, mol-
chamber Chamber Rate, cm?2-s1.10'
pm
0.005 M | xylene HCI,
1 SrCl,’ 12% pH 1.6-2.1, | 300 0.6
pH 13.5 | D2EHPA, | 105ml
30 ml 20 ml
2 the same | mineral oil, | the same 300 32
9%
D2EHPA
3 the same | the same the same 1000 25
~ HCI, mineral oil | StCl,,
4 pH1.5 20% pH 13.6 500 0.94
D2EHPA
56 ml
mineral oil,
5 H,SO,, 50% Sr(NO,),, 300 14
pH-0.18 | D2EHPA 80 ml
+octanol
100ml
6 Tank- 50%
Waste D2EHPA, | H,SO, '
Simulant | 20% 80 ml 300 0.48
w/o mineral oil,
Ca or|20%
EDTA, | xylene,
i 5-10* M | 10%
o/ SrCl, octanol
Tank- 33%
7 Waste D2EHPA, |[1N
Simulant | 25% H,SO, 400 0.02
with mineral oil | 90 ml '
Ca and | 25%
EDTA Xylene,
2:10° M | 17%
SrCl, octanol,
75 ml total
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