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ABSTRACT

Engineering development and testing of the SRTALK solvent extraction
process are discussed in this paper. This process provides a way to carry out alkaline­
side removal and recovery of technetium in the form of pertechnetate anion.from
nuclearwaste tanks within the DOE complex. The SRTALK extractant consists of a
crown ether, bis-4,4'(5')[(tert-butyl)cyclohexano]-18-crown-6, in a modifier,tributyl
phosphate, and.a diluent, Isopar'L, The SRTALK flowsheet given here separates
technetium from the waste and concentrates it by a factor of ten to minimize the load
on the downstream evaporator for the technetium effluent. In this work; we initially
generated and correlated the technetium extraction data, measured the dispersion
number for various processing conditions, and determined hydraulic performance in
a single-stage 2-cm centrifugal contactor. Then we used extraction-factor analysis,
single-stage contactor tests, and stage-to-stage process calculations to develop a
SRTALK flowsheet. Key features of the flowsheet are (1) a low organic-to-aqueous
(O/A) flow ratio in the extraction section and a high alA flow ratio in the strip section
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contract No. W-31-109-ENG-38. Accordingly, the U. S. Government retains a non-exclusive,
royalty-free license to publish or reproduce the published form of this contribution, or allow others
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1044 LEONARD ET AL.

to concentrate the technetium and (2) the use of a scrub section to reduce the salt load
in the concentrated technetium effluent. Finally, the SRTALK process was evaluated
in a multistage test using a synthetic tank waste. This test was very successful. Initial
batch tests with actual waste from the Hanford nuclear waste tanks show the same
technetium extractability as determined with the synthetic waste feed. Therefore,
technetium removal from actual tank wastes should also work well using the SRTALK
process.

INTRODUCTION

We are developing and testing a newcrown-ether-based process (SRTALK)
for alkaline-side solvent extraction of technetium that was invented at Oak Ridge
National Laboratory (ORNL)l. This process is designed to remove and recover
technetium in the form of pertechnetate anion from nuclear waste tanks within the
DOE complex. Because the SRTALK process works for alkaline waste, it can be
applied directly to the waste tank supernate without the need to acidify the solution.
In addition, the process yields good decontamination factors for pertechnetate and
employs an economical stripping method using water or dilute nitric acid. As a result,
the process may be used to concentrate technetium in a stream that otherwise has a
low salt content Thus, the.process offers an advantage for downstream processes,
potentially leading to reduced evaporation and vitrification costs and a reduced
volume of high activity waste glass that must be committed to a long-term repository.
In this work, only technetium extraction was evaluated. However, work is continuing
on a new combined solvent that will extract Cs. Tc, and possibly, Sr from Hanford
tank waste.

The key component of the current SRTALK solvent is the crown ether, bis­
4,4' (5') [(tert-butyl)cyclohexano]-18-crown-6 (CE_Sr), which is the same crown
ether used in the acid-side SREX process'. This crown ether is added to an equal­
volume. mixture of tributyl phosphate (TBP) and Isopar®L (anisoparaffinic
kerosene), which is 1.8 M TBP in Isopar'L, In this work, we evaluated three solvent
compositions. The solvent composition used in most tests was 0.04 M CE_Sr and
1.8 M TBP in Isopar''L (solvent code 4-1). The other two solvent compositions were
the same exceptfor the CE_Sr concentration, which was either 0.02 M'(solvent code
2-1) or 0.06 M (solvent code 6-1).

The development and testing of the SRTALK flowsheet were done as follows.
First, we obtained extraction data for technetium and for other important ions.
Second, using these data, we developed a SRTALK flowsheet. Third, we completed a
series of single-stage tests in a 2-cm centrifugal contactor ("minicontactor") to
evaluatethe ability of the contactor to runwiththe SRTALK solvent. Finally, we
carried.out a multistage minicontactor test of the SRTALK flowsheet using simulated
Hanford. lank waste. The discussion of this:work includes an economic evaluation of
the SRTALK process and reports on an initial test of its capability for extracting Tc
from actual tank wastes.
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The crown ether in the SRTALK solvent directly complexes and extracts
metal cations such as Na', K+, Cs', and Sr". To preserve charge neutrality, an anion
must accompany the crown ether-metal ion complex, and in this manner technetium,
in the form of the pertechnetate anion, Tc04-, is co-extracted. For DSSF-7, a
simulated waste tank feed that approximates double-shell slurry feed (DSSF) of
Hanford tank AW-1011, the distribution ratios between the solvent and this feed for
various ions are as follows: Tc, 4.37 ± 0.02; Na, 0.0011; K, 0.0053; AI, 0.00014;
N0

3
, 0.0028; and OR, 0.002. The solvent composition was 0.02 M CE_Sr and 1.8 M

TBP in Isopar''L. Thus, it is clear that technetium is extracted to a much higher extent
than any of the other anions (AI02-, N03-, or OH-).

Tests were done to find out how the distribution ratio for technetium, D(Tc)
or DTc' varies with the concentration of the various ions in alkaline media at room
temperature. These tests showed that DTc is a function of the concentration of three
ions in the aqueous phase (K+, Na', and N03-) as well as the concentration of the crown
ether. Based on the data, a correlation for DTc as a function of the concentration of
Na", K+, N03- , and CE_Sr in alkaline solutions is given by

D = b x m Nae(CNOXN03)

No No No

b, = do.K + dl,KXCE

b; = d,»: + dl.NaXCE

bO=eO+eIXCE

(1)

(2)

(3)

(4)

(5)

(6)

(7)

where an is -0.52, a, is 0.034, a, is 0.0009, a, is 0.039, a, is -0.1, CNa is -0.045, du,K is 0,
dl,K is 452.5, do,Na is 0.178, dl,Na is 20.55, eo is 0.0015, e1 is 0.096, m, is 0.82, and ffiNa is
0.78. Also, XCE is the concentration of CE_Sr, XKis the concentration of K, XNa is the
concentration of Na, and X"N03 is the concentration of nitrate. All concentrations are in
units of mol/L. The empirical model given by this correlation is based on data over
the range of compositions expected for the aqueous phase in the extraction and scrub
sections.
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1046 LEONARD ET AL.

A comparison of the above empirical correlation with the experimental data is
shown in Figs. 1...5. The effect of Na as NaOH and CE_Sr on DTe is given in Fig. l.
The effect of K as KOH and CE_Sr on DTe is given in Fig. 2. The effect of Na as
NaOH and NaNQ3 0 n DTe is,given in Fig. 3 for 0.04M CE_Sr. The effect of K as
KOHand.~OJo:n,DTe is given in Fig. 4 for 0.04 M. CE_Sr. The effect of Na, K, and
N03 on DTcisgiven. in Fig. 5 for 0.04 M CE_Sr. In all cases, the phases were
contacted using a 1:1 phase ratio at 25°C and the Tc concentration (as NH/9Tc0

4) was
6xlO- 5 M. The value of DTc wasdetermined by beta scintillation counting, that for Na
and Kweredone by ICP (Inductively Coupled Plasma). The first two figures indicate
that DTc is(1) roughly proportional to the concentration of CE_Sr and (2) an
exponential function .of the Na and K concentrations. The last three figures indicate
that DTc decreases at high nitrate concentrations, suggesting that nitrate at high
concentrations can successfully compete with Tc04- extraction by the extraction of
NaN03 or KN03• Although the model is strictly empirical, the functional
dependencies observed largely support the extraction' of Tc as NaTc04 and KTc04 via
1:1 complexation of the alkali cations by the crown ether. Presumably, the nitrate
competition found at. high nitrate concentrations. corresponds to loading 'of the crown
ether 'by NaN03 and especiallyKbltr., whence extraction' of the Tc04- anion occurs
essentially by anion .exchange with the organic-phase nitrate.

Because phase-disengagement tests indicated that it would enhance
coalescence to operate' the strip under' slightly acidic conditions, further tests were
completedto find out how the distribution ratio for technetium varies with acid and
CE_Srconcehtrations at 25°C. No metal ions were considered as the scrub section
effectively removes them. The testsshowedthat Dj, was essentially a function of the
HN03col1centration. Based on the data, the empirical correlation for DTc in acid
solutions" is

(8)

where fo is 21.6, f l is 2.42,f2is 3.78, b, is given by Eq. (6), and x is the concentration
of nitric acid in mollL. The empirical model given by this correlation includes data
over the range of compositions expected for the aqueous phase in the strip section. A
comparison of model calculations to the experimental data is shown in Fig 6. That
the concentration of CE:.-Sr has no effect on DTc indicates that technetium is extracted
principally by the TBP for acid conditions. The shape of the curve is reasonably
explained as follows. At low concentrations of nitric acid, technetium is extracted by
TBP as HTc04• At higher concentrations of nitric acid, TBP is less available as it is
tied up asTBP·HN03,TBP-(HN03)2' and (TBP)2-HN03 species',

FLOWSHEET DEVELOPMENT

Using the DTc correlations above, the process criteria, and an extraction-factor
analysis, we developed a flow sheet for testing the SRTALK process. The process
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FIGURE 1. Effect of Na and CE_Sr on the distribution ratio for Tc under alkaline
conditions.
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FIGURE 2. Effect of K and CE_Sr on the distribution ratio for Tc under alkaline
conditions.
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1048 LEONARD ET AL.
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FIGURE 3. Effect of NaOH and NaN03 on the distribution ratio forTe under
alkaline conditions 'for 0.04 M. CE_Sr'.
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FIGURE 4. Effect of KOH and KN03 on the distribution ratio for Tc under alkaline
conditions for 0.04 M CE_Sr.
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FIGURE 5. Effect of Na, K, and N03 on the distribution ratio for Tc under alkaline
conditions for 0.04: M CE_Sr.
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FIGURE 6. Effect of RN03 and CE_Sr on the distribution ratio for Tc under acid
conditions.
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1050 LEONARD ET AL.

criteriawere that (1) the required decontamination factor (D.F.) for Tc in the
extraction section is only 6.4 (see Blanchard"), (2) the salt carried over into the Tc
effluent is· minimized, and (3) Tc is concentrated in the Tc effluent. The D.F. for the
extraction section is defined as the amount of Tc in the aqueous (OF) feed divided by
the amount of Tc in the aqueous (DW) raffinate.

Extraction-factor analysis for solvent extraction, see Leonard' or Robbins",
uses the extraction facto~E, defined by

E=RD (9)

where D is the distribution ratio for a given component at a given stage, that is, the
concentration of the component in the organic phase, y, divided by its concentration
in the. aqueous phase, x; and R is the organic-to-aqueous (O/A) ratio in that stage.
The stripping factor is defined as the reciprocal of the extraction factor. In batch
countercurrent processes, R is the 0/A volume ratio. In continuous countercurrent
processes, R is the O/A flow ratio. When E for a given component is greater than 1,
the component will be mainly in the organic phase, and so; most of the component
will be carried out in that phase (extraction). When E is less than 1, the component
will be mainly in the aqueous phase, and So, most of the component will be carried
out in that phase (stripping). When E is very close to 1.0, the component will exit in
the effluents of both phases, being somewhat more concentrated in that effluent which
is closer to the feed point. For the D value of a given component, the OIA ratio can
be adjusted so that the component is either extracted (E> 1) or stripped (Ec l), For
most practical cases, the D values should be such that the 01A ratio is in the range
from 0.1 to 10.

In the SRTALK flowsheet, Tc is concentrated in the Tc effluent as follows
(determined from extraction-factor analysis). In the extraction section, the O/A ratio
(R value) is made lessthanI sothat Tc is concentrated in the organic phase. Since
DTc is about 9, an R value of 0.33 will still give an E of 3. In the strip section, the R
value is made greater than 1. so that Tc is concentrated in the aqueous phase. Since
DTc is about 0.2, an R value of 4 will still give an E of 0.8. An R value of2 in the
scrub-section minimizes the additional volume to the aqueous raffinate, Using these
R values, we found that Tc will be concentrated by a factor of lOin the Tc effluent
compared to the feed concentration. With this flowsheet (Fig. 7), the D.F. and the
decontamination factor for the strip section (S.F.) will both be greater than 6.4, and
the two-stage scrub section will keep the salt concentration in theTc effluent low.
Because the flowsheet was designed to concentrate Tc, the extraction and stripping
factors for Tc are close to 1.0 and thus require more stages to get the desired D.F. and
S.F. In this case, we used five extraction stages and five strip stages. If there were no
need to concentrate Tc in its effluent, then three extraction stages and three strip
stages would have been sufficient.

The scrub section removes all of the metal salts except Tc from the solvent.
However, the removal of Na is limited by the NaOH concentration in the scrub (DS)
feed. After two scrub stages, the concentration of all other metal ions except Tc in the
strip .<EW) effluent will be much lower than Na. Since the scrub (DS) feed is
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Si"mulated Alkaline Tank
Waste (OF) Feed

20.6 mUmin

Scrub (OS) Feed
0.5MNaOH

4.4 rnUmin

Strip (EF) Feed
0.01 M HNOS

1.93 mUmin

Used SRTALK
(ER) Solvent

8.0mUmin

Strip (8-12)

Aqueous (OW) Hafflnate

"'25.0 mUmin

I
I
I
I
I
I
I
I
I
I
I
I
I

~ SRTALK (OX) Solvent
I _, ......~ ', 0.04 MCE_Sr

8.0 mLlmin

F~GURE 7. SRTALK flowsheet for multistage contactor test (Test SKI).

introducedat the .last scrub stage, more scrub stages would have almost noeffect on
the concentration of Na carried over.to the. strip sectjon. Thus, the NaOH
concentration inthescrub feed should be made as low.as possible. However, it should
not be 'made so low, that pinching. of Tc in thy scrub section is ,3. problem. (Pinching
of Tcoccurs when.Tc, which is extracted in the extraction section;", is stripped in the
scrub .section. The more the stripping, the greater the pinching.) Using the SASSE
worksheet' with the alkaline DTc correlation above to evaluate 'the SRTALK flowsheet,
we determined that a NaOH concentration of 0.5 M gives a good balance between
minimizing Tc pinching in the scrub section and minimizing Na salt, in the Tc
effluent. In general, pinching of components should be' avoided. Howevervsome
pinching of there will be acceptable as long as (1) its scrub-section concentration is
not so high that precipitates form or the section takes a long time to reach, steady state,
and (2) more extraction stages are added to keep the Tc concentration in the aqueous
CDW) raffinate low. '

Sufficient acid is needed in 'the strip (EF) feed to neutralize any base that
might be carried over with the solvent from the scrub section. To achieve this, the
HN03 concentration in the strip (EF) feed was set at 0.01 M, which was earlier found
to promote phase disengagement. The two-stage scrub section with its 0.5 M Na.OH
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1052 LEONARD ET AL.

feed should keep most of the base out of the strip section. This will be the case if
aqueous-phasecarryover is low in the solvent as it goes from the scrub section to the
strip section.

To testthisSk'I'Al.K flowsheet, the feed compositions Were planned to be as
follows. The DX feed was solvent 4-1; DS was 0.5 M NaOH; EF was 0.01 M HN03;

and DF was 4.5 M NaOH, 0.5 M NaN03, 0.5 M KN03, 0.5 M Al(N03) 3' and a small
amount of Tc04- (6xI0-5 M). The composition for the simulated (DF) waste feed was
based on (I) the composition of NCAW and DSSF-7 waste tank supernates', (2) the
assumption that the tank waste would be diluted until Na was only 5 M, and (3) a
knowledge of which ions affect pertechnetate extraction. The feed flow rates and
most feed compositions are shown in Fig. 7. The composition of the aqueous (DF)
feed is given in Table 1.

SINGLE-STAGE TESTS

To verify that the SRTALK flowsheet shown in Fig. 7 could be carried out in
a centrifugal contactor' or other solvent-extraction equipment, we had to determine if
the contactor would be operable over the range of conditions to be encountered.
These questions were addressed in (1) dispersion-number tests that predict hydraulic
performance.inthecentrifugal contactor, (2) single-stage contactor tests that measure
hydraulic performance directly, and (3) single- and four-stage contactor tests that
measure stageefficiency by. mass transfer.

Dispersion Number

Tests that measure the dimensionless dispersion number, N(Di), allow one to
quickly determine the operating characteristics that should be expected during solvent
extraction, specifically the ability of the organic .and aqueous phases to separate after
being mixed together", By performing dispersion-number tests in graduated
cylinders beforetheone-stage hydraulic-performance tests in the centrifugal
contactor, one can assess the general operating characteristics of the process over the
expected range of flowsheetconditions. In this way, the number of contactor tests
can be greatly reduced and focused on possible problem areas. In our gravity­
settling tests to- measure N(Di)~, we used the l00-mL graduated-cylinder test described
by Leonard." Based on the SRTALKflowsheet (Fig. 7), all dispersionnumberswere
measured at three O/A (R) volume ratios", 0.33, 1, and 3. The aqueousphase
concentrations were 0.01 and IMHN03; 0.01, 0.1, and 1M NaOH; 0.01 MNaN03;

and 0.01 M"NaN03 with 0.01 and 0.1 M NaOH. For most tests, the solvent was 4-1.
For the O.IM NaOH test, the most extreme operating regime for the solvent in the
proposed SRTALK flow sheet, the 2-1 and 6-1 solvents were also tested. To quantify
the separation performance for the various aqueous-organic pairs, a rating system was
selected so that "excellent" or "E" means N(Di) > 16xl0-\ "very good" or "VG"
means" N(Di) is 8 to 16xlO-4

, "good" or "G" means N(Di) is 4 to 8xl0·4, "fair" or
"F" means N(Di) is 2 to4xl0-4

, "poor" or "P" means N(Di) is 0.2 to Zxl O", and
"very poor" or "VP" ~eans th~t N(Di) < 0.2xlO·4

•
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ALKALINE-SIDE SOLVENT EXTRACTION PROCESS 1053

TABLE 1. -MEASURED COMPONENT CONCENTRATIONS IN THE AQUEOUS
(DF) FEED AND THE STRIP (EW) EFFLUENT AT THE END OF SRTALK

TEST SKI

Measured Model

Measured Strip Cone. Strip Cone.
Ion Feed,M Effluent, M Factor Effluent, M Factor

Tc04- 6.39E-05 6.3E-04 9.9 5.5E-04 8.6

Na+ 5.85 1.04E-03 1.78E-04 2.8E-03 4.8E-04

K+ 0.598 6.9E-06 1.15E-05 1.14E-06 1.91E-06

A13+ 0.519 2.2E-06 4.2E-06 3.5E-I0 6.7E-I0

N03- 2.03 1.16E-02 a 5.7E-03 9.9E-03 4.9E-03

OH- (total) 5.97 a N/A b N/Ab N/Ab N/Ah

H+ N/Ab 1.12E-02 N/Ab 7.3E-03 N/Ah

a This concentration was calculated from the measured concentrations of
the other ions present in this feed or effluent.
b NIA =Not applicable.

From the results of the dispersion-number tests, the following observations
were made. The ability of all three solvents to separate improves as the CE_Sr
concentration decreases, going from PIG for 6-1, to FIG for 4-1 and G/VG for 2-1.
The NaN03-alone and the HN03 tests ranged from F to E, with most results being VG.
When NaN03 was combined with NaOH, the mixture took on the performance
characteristic of NaOH alone. The NaOH solutions had a more variable separation
performance. The 1 M NaOH tests ranged from G to VG except at R=3, which was P.
The 0.1 M NaOH tests ranged from F to G. The 0.01 M NaOH tests were VP except
at R=3, which was F to G. From the cloudiness of the separated phases in the
dispersion-number test, it appeared that the aqueous (DW) raffinate would be hazy for
the flowsheet shown in Fig. 7, and the strip (EW) effluent would be crystal clear.

Based on the results of the dispersion-number tests, the flowsheet shown in
Fig. 7 should work well. The tests point out a potential problem if the concentration
of NaOH in the DS feed goes below 0.1 M: However, this will not be done as it would
cause severe pinching of the Tc in the scrub section. A second potential problem area
is high base concentrations at high R values. However, this condition is outside the
planned operating regime for the SRTALK flowsheet, as low R values win be used to
enhance Tc concentration in the extraction section.

Hydraulic Performance

Single-stage hydraulic-performance tests were completed in a 2-cm contactor
C'minicontactor''). A description of the minicontactor is available elsewhere". The
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1054 LEONARD ET AL.

experimental conditions were essentially the same as used for the dispersion-number
tests; only the NaN03plus.NaOH tests were omitted. All tests were conducted at a
total throughput of 40 mL/min, which is the nominal throughput of the minicontactor
based on a N(Di) of8xlO-4

•

The following observations were made from the hydraulic-performance tests.
Most of the tests showed very good performance with complete phase separation and
no detectable other-phase .carryover in a 40-mL centrifuge tube, that is, <0.025% A in
o or <0.25% 0 in A. The only test where we found unacceptable other-phase
carryover, that is, >1% A in °or ° in A, was at 0.01 M NaOH. For this aqueous
phase, other-phase carryover was as high as 13% for R=0.33, 16% for R=l, and 1.3%
for R=3. From the cloudiness of the separated phases, it appears that the aqueous
(DW) raffinate would be hazy for the flowsheet shown in Fig. 7, and the strip (EW)
effluent would be slightly hazy. During these tests, it was determined that a cloudy
effluent corresponds to about 400 ppm (0.04%) of other-phase carryover and that a
hazy effluent corresponds to about 20 ppm (0.002%) of other-phase carryover. The
400-ppm measurement was made for the. aqueous phase in anorganic effluent by
measuring the aqueous-phase volume after it had settled out. The 20-ppm
measurement was made for the organic phase in an aqueous effluent by measuring
the organic-phase volume after it had all floated to the surface. The organic volume
was measured by pouring the two separated phases into a stainless-steel pan filled with
water and observing the diameter and thickness of the organic film on the surface.

Based on the results of the hydraulic-performance tests, the flowsheet shown
in Fig.· 7 was expected to work well. The hydraulic-performance tests show even
better operation than the dispersion-number tests. This is attributed to some
additional benefit as the centrifugal force drives the dispersed droplets to their bulk
phase in a more rapid fashion than is predicted by the dispersion number. These tests
also confirm that a problem will occur for concentrations of NaOH in the DS feed
below 0.1 M. Since AinO carryover is very low, the small amount of 0.5 M NaOH
that is carried over from the scrub section into the strip section will not be enough to
neutralize, thediluteHflfr, there, even with the high 01A flow ratio of the strip section.

Stage Efficiency

To evaluate the mass-transfer efficiency of the centrifugal contactorwith
respect to extraction of technetium by crown ether under alkaline conditions, single­
stage minicontactor tests were performed over a range of conditions. Based on earlier
work with contactors", stage efficiency 'was expected to be very high, close to 100%,
for Tc in the SRTALKpr?cess. Except where noted, all tests were made with a total
throughput of 40mL/min,··an.O/A ~ow ratio of 1.0, an aqueous (DF) feed of the
composition shown in Fig. 7, and the solvent 4-1 that was recovered from a SRTALK
flowsheet testrdesignatedSkl) and cleaned up by using dilute nitric acid in a four­
stage test (SK2).The63.9 IlMTc in theDP feed was mostly 99Tc with a spike of
99mTc. This allowed Tc to be measured first by gamma counting and then by liquid­
scintillation counting. The agreement between these two methods was very good.

The extraction or stage efficiency is defined as the amount of Tc that is
transferred from one phase to the other relative to the amount that would have been

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
1
:
1
1
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



~LKAE.JNE:;SIDE SOLVENT EXTRACTION PROCESS 1055

transferfedif the two phases were in equilibrium". For each of the one-stage tests, the
equilibrium DTc value was obtained by equilibrating the feed solutions at the same
O/A volume ratio and temperature as the effluent streams. Thus, the stage efficiencies
for these one-stage tests were independent of the empirical correlation for DTc given
in Eqs. (1-8).

The results of the stage-efficiency tests are as follows. The first three tests,
SK3through,SK5, used solvents 2-1,6-1, and 4-1, respectively, and evaluated the
effect of CE_Sr concentration on stage efficiency. As shown in Fig. 8, the stage
efficiency was essentially 100%. The tests SK5, SK6, and SK7 examined the effect of
O/Afiow ratio on stage efficiency. As shown in Fig. 9, the stage efficiency was
essentially 100% except for R = 0.33, where it dropped to 92 ± 20/0. The tests SK5,
SK8, and'SK9 ascertained the effect of throughput on stage efficiency. As shown in
Fig. 10, the stage efficiency was essentially 1000/0 for all three cases. The tests SKIO
and SKl1 approximated the scrub section of the SRTALK flowsheet with R =2, a
total throughput of 30 mL/min, and an aqueous feed of 0.5M NaOH. The organic
feed fOf:,SKI0 was the combined organic phase collected from tests SK5 through
SK9. The organic effluent from SKI0 was the organic feed for SKI1. The stage
efficiencies were harder to measure for these two tests since only a small fraction of
the Tc in the organic phase was transferred back into the aqueous phase. However,
the stage efficiency appears to be essentially 100%, with 108 ± 4% for SKIO and
93 ± 7% for SKll .. The final test, SKI2, approximated the strip section with R =3, an
aqueous feed of O.OIM. HN03, and the organic effluent from SKI I as the organic
feed for SKl2.Because the contactor stage had not been drained after SKI I , SK12
was not at full steady-state conditions and experimental errors were large. However,
the stage efficiency for SK12 was probably close to 1000/0, with a measured value of
88 ± 11%.

In addition to the one-stage mass-transfer tests, the average stage efficiency
was measured for one four-stage test, which was done as a part of the solvent cleanup
for the ~RTALK flowsheet test (SKI) discussed below. The flowsheet for this four­
stage test (SK2) is shown in Fig. 11. Because the contactor had been flushed with
1 M HN03 and drained before the test, the acid in the DW raffinate was higher than
expected and decreased slowly with time. During the mass-transfer test, which was
done 60 min after startup, the DW raffinate was 0.173 M HN03• Based on the relative
distribution of Tc between the aqueous and organic effluents and the DTc correlation
in Eq. (8), SASSE calculations showed the average stage efficiency was 88.5 ± 3.5%.
Since this test had an a/A flow ratio of 0.33, this four-stage result confirms the one­
stage result that operation at low 01A flow ratios gives lower stage efficiencies.

SRTALK FLOWSHEET TEST

The SRTALK flowsheet shown in Fig. 7 was run in a minicontactor, test SKI,
to demonstrate the operability of the SRTALK process. This test was very important
because, if a solvent-extraction flow sheet can be run in a minicontactor, then it will
also work in plant-scale process equipment. The only problem encountered during
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FIGURE 8. Effect of crown ether concentration on stage efficiency for the
minicontactor.
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FIGURE 9. Effect of 01A flow ratio on stage efficiency for the minicontactor.
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FIGURE 11. Flowsheet for cleanup of SRTALK solvent from Test SKI (Test SK2).
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the test was the failure of the scrub-feed pump at 45 min into the 160 min test. When
this happened, the test was stopped, the pump replaced, and the test restarted 35 min
later. Since stopping the contactor and the feed pumps has only a small effect on the
individual stage concentrations, this pump replacement early in the test should not
affect the overall results. The test was very successful. Good hydraulic performance
occurred in all 12 stages, the required D.F. of 6.4 for technetium removal from the
other components was exceeded, and the concentration of technetium in the strip
effluent showed a ten-fold increase when compared with that in the extraction feed.
The aqueous effluents, DW and EW, were hazy with no visible organic phase. Thus,
the organic-phase carryover in these effluents was low, on the order of 20 ppm.

Because the residence time of the organic phase was 20 min in the 12-stage
contactor at the conditions of test SKI, the test time of 160 min (dictated by the
solvent and technetium available) corresponded to a run of 8 residence times with
respect to the organic phase. However, since 1.7 residence times are required to bring
enough Tc into the contactor to create the final Tc concentration profile in the
contactor stages if no Tc exits the contactor (this residence-time number gives a
measure of the Tc pinching in the scrub section), the test time of 160 min
corresponds to about 4.7 residence times with respect to the Tc. This should be
enough time to allow Tc to be close to steady state at the end of test SKI. The
measured Tc concentrations in the effluents and the equilibrated stage samples for the
extraction.and.scrubsections .. attheend .. ofthe test are included in Fig. 12 along with
the concentration profile calculated using the SASSE model. This model used the
actual feed flow rates and concentrations, 0.25% other-phase carryover for 0 in A at
each stage and 0.025% for.A in.O at each stage, and 100% stage efficiency in all
stages except for the extraction section (stages 1-5),' where the stage efficiency was
68%.

At the end of the test, the component concentrations in the EW effluent, given
in Table 1, show how the other metal ions are very effectively removed from this
effluent even as the Tc is being concentrated. The approach of HN03 to its steady­
state concentration in the EW effluent is shown in Fig. 13. The approaches of Tc to
its steady-state concentration in theDW, EW, and EP effluents are shown in Figs. 14­
16. At the end of the test, the Tc concentration, which was 64 ~M in the aqueous
feed, had reached 630 flM in the strip effluent. At the same time, the Tc
concentration was 5.9 ~M in the aqueous raffinate leaving the extraction section and
7.9· JlM in the organic product leaving the strip section. Thus, the overall material
balance shows that the Tc recovered was 108% of that entering.

This slight excess in theTc recovered is attributed to the higher than expected
Tc concentration in the EW effluent. This. excess Tc was causedby using 1.0 M
HN03 to flush the contactor stages prior to the test. Because of this flush, the residual
acid in the strip section jncr~a~~{l~he .acid.... concentration there significantly during
startup. This condition raised DTc' significantly, allowing Tc to enter all the strip
stages. This can be seen in Fig. 16, where the Tc concentration in the organic (EP)
effluent first rises with tithe ·as-more Tc reaches the strip section, then decreases
towards its calculated steady-stage concentration as the excess acid is flushed out.
One can also see the HN03 concentration in the strip (EW) effluent decreasing with
time to its steady-stage concentration in Fig. 13. Thus, as the acid level dropped in
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FIGURE 12. Concentration profile for technetium at the end of SRTALK Test SKI.
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FIGURE 13. Variation of RN03 with time in the aqueous strip (EW) effluent for
SRTALK Test SKI.
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FIGURE 15. Variation of Tc with time. in the aqueous .strip (EW) effluent for
SRTALK Test SKI.
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FIUURE 16. Variation of Tc with time in the organic (EP) effluent for SRTALK
Test SKi.

the strip section, the Tc in that section was flushed out and resulted in the slightly high
Tc concentration in the EW effluent in the final approach of the process to steady­
state conditions. A second effect of flushing with 1.0 M RN03 was to leave some
residual liquid in the stage drain lines. This excess acid caused the DTc values in the
stage samples taken from the strip stages at the end of the test to increase. When these
stage samples were equilibrated, they were found to have DTc values about 3.0 instead
of around 0.2, as expected.

DISCUSSION

This was a very successful test of the SRTALK process. We started with a data
correlation for the key component, Tc, over the range of interest for the process and
then used simple design rules along with SASSE analysis to develop the flowsheet.
By first using the dispersion-number test to predict hydraulic performance, we greatly
reduced the number of single-stage hydraulic performance tests required in the
contactor. We were also reminded of the need to flush the contactor stages with an
appropriate liquid before the test, so that the test results would not be affected by the
residual solution that always remains. In most cases, this flush solution should be
water. Four areas are discussed in more detail: (1) the approach to steady-state
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conditions, (2) the stage efficiency, (3) process economics, and (4) comparison of the
results with simulated tank wastes to those with actual tank waste.

Steady State

From Figs. 13-16, one can see that test SKI was near to steady-state
conditions at the end of the run. Because some pinching of Tc was expected in the
scrub section, which would increase the time to reach steady state, each of these
figures is reviewed to understand how close we really were to steady-state conditions.
As ·seen in Fig. 13, the final HN03 concentration of 0.0112 M in the "aqueous strip
(EW) effluent appears to be close to steady-stage conditions. This was confirmed by
extrapolating the HN03 data for the EW effluent to steady state and obtaining a
steady-state concentration of 0.0095 M. As seen in Fig. 15, the final Tc
concentration of 630 gM- in the EW effluent"appears to be close to, but above, the
steady-stage concentration. As explained earlier, this was because Tc was being
released by the strip section as the flowsheet approached its final steady-state
condition. As shown in Table 1, the model value for the steady-state Tc concentration
in the EW effluent is 550 J..lM. As shown in Fig. 16, the final Tc concentration of 7.9
gM in the organic (EP) effluent appears to be close to the steady-stage concentration.
This was confirmed by extrapolating the Tc data for the EP effluent to a steady state
and obtaining a steady-state concentration of 7.2 gM.

For the Tc concentration in the aqueous (DW) raffinate shown in Fig. 14, it is
not clear what the steady-state concentration would have been. The final Tc
concentration of 5.9 J-lM was used to derive the stage efficiency of 68% in the
extraction section. If the stage efficiency had been 90%, the final Tc concentration
would have been 1.2 J.lM;if 100%,0.4 J.lM. In general, the Tc concentration in the
DW effluent and its variation with time probably reflect how the stage efficiency in
the extraction section varies withtime. This problem, and how to resolve it, are
discussed next.

Stage Efficiency

As seen from the tests above, the stage efficiency is high, > 95%, as long as the
O/A flow ratio is 1.0 or higher "forboth single-stage and multistage tests. When the '
O/A flow ratio drops to 0.33, the stage efficiency ranges from 68 to 92%, as
discovered for both single-stage and multistage tests here. In an acid-side test with
0.10 M CE_Sr in l-octanol, a Itl-stage extraction section in a minicontactor with an
0/A flow ratio of only 0.17 had a stage efficiency of only 60%8. In a second acid­
side testwith 0.15 M CE_Sr and 1.5 M TBP in Isopar''L, a 10-stage extraction section
in a minicontactor was operated at an O/A flowratio of 1.05 (see Law"). When the
data from this test were analyzed, the stage efficiency in the extraction section was
found to be 91%.

Based on the data, solvents that contain CE_Sr (and perhaps other crown
ethers or other large organic molecules that increase the viscosity of the organic
phase) seem to exhibit lower stage efficiencies at low O/A flow ratios, 0.33 and less in
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the DllTlicon tactor. In this operating regime, the aqueous phase would be the
contInuollS phase, and the organic phase would be the dispersed phase. With the
gf.~ater viscosity of the organic phase, the organic droplets would be larger than those
:-o[theaqlleous phase and harder to redisperse when they coalesce. Both of these
condi~ions,wouldcause the stage efficiency to be lower. The wide range for stage
efficiency atlow 0/A flow ratios suggests that some major change in hydraulic
,performance is .also occurrin~ fo~ the low~r :alues; for example,. the dispersion in the
uuxing zone might be expenencmg a penodic loss of contact with the contactor

,rotor.

Lowstage efficiencies caused by high dispersed-phase viscosity or changes in
hydraulic performance can be corrected or compensated for in a number of ways.
For example, more contactor stages could be added to compensate for lower stage
efficiency. Alternatively, the problem can be corrected by increasing the mixing
jntensity in the annular mixing zone or increasing the residence time of the dispersion
in the mixing zone. The residence time in the mixing zone can be increased by
making 'changes to the rotor (increase inlet diameter) or stationary housing (use fewer
bottom vanes or more space under the rotor body or both). The mixing intensity can
be increased by decreasing the annular gap, increasing the rotor speed, or adding
vertical vanes to the rotor surface and vertical baffles to the stationary housing". In
fact, just using a larger contactor may solve the problem since larger contactors
typically have greater mixing intensity (energy/unit volume) in the annular mixing
zone and greater dispersion height. For a typical 2-cm contactor, the estimated
dispersion height is 3 mm and the mixing intensity is 86 kW/m 3

; for a typical 4-cm
contactor, 26 mm and 125 kW/m3

; for a typical 25-cm contactor, 230 mm and 445
kW/m3

•

Process Economics

An economic analysis was done for the SRTALK process based on the
successful test in the 12-stage centrifugal contactor. In this analysis, a solvent­
recovery system was included so that solvent losses are very small. For comparison
with the SRTALK process, the economic analysis included an alternative ion­
exchange (IX) system, Reillex'Y-Hl'Q resin in packed columns. Both analyses
assumed an aqueous (DF) feed rate of 100 L/min of tank supernate to the process
with operation 24 hours a day for 300 days a year. These estimates (see Table 2)
show that the capital costs for the SRTALK process are greater, $13.32M compared
with $8.08M for the packed columns. However, the estimates for the annual
operating costs (see Table 3) show thatthose for SRTALK process are less, $1.31M
compared with $3.54M for the packed columns. In addition, the SRTALK should
have additional downstream cost benefits, especially, a reduced number of glass logs
generated for waste disposal, since its technetium effluent has such low concentrations
of the other metal ions in the aqueous feed. This technetium effluent will also be free
of any chemicals (e.g., tin, ethylene diamine) required to strip Tc from the Reillex'Y­
HPQ column. Also, organic complexants such as ethylene diamine would likely need
to be removed before vitrification can be performed, a disadvantage of using the
Reillex™-HPQ resin.
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TABLE 2. ESTIMATED CAPITAL COSTS FOR SRTALK USING CENTRIFUGAL
CONTACTORS AND ION EXCHANGE USING COLUMNS OF REILLEXTM-HPQ

RESIN

Costs, $M

SRTALK
w/Contactors

IX Columns
wiAdsorbent

0.50

0.78

0.33

6.46

8.07

1.69

4.47

0.15

0.33

6.68

13.32

SRTALK Solvent

Contactor Stages (installed cost)

Solvent Recovery Unit (installed cost)

ReillexTM_HPQ Resin

Columns (installed cost)

Evaporator (installed cost)

Balance of Equipment (installed cost)
-------------

Total Capital Cost

TABLE 3. ESTIMATED OPERATING COSTS FOR SRTALK USING
CENTRIFUGAL CONTACTORS AND ION EXCHANGE USING COLUMNS OF

REILLEXTM-HPQ RESIN

Costs, $MJyr

SRTALK IX Columns
w/Contactors wiAdsorbent

Personnel 0.60 0.60

Electrical 0.44 0.09

Steam Power 0.23 0.23"

SRTALK Solvent 0.04

Reillexw-Hl'Q Resin (use 11 times) 2.62

Total Annual Operating Cost ' 1.31 3.54

These economic calculations assume that all radioactive operations and
radioactive solution storage will be done in a shielded-cell facility. They do not take
into account radiation damage to either the solvent or the resin. In practice, such
damage would cause some increase in the annual operating cost for both processes.
The total SRTALK solvent in the process is 5.7 times that in the contactors. The
SRTALK solvent recovery system would reduce the 'solvent lost by a factor of 1000.
Without this system, the annual operating cost for SRTALK solvent could be as much
as $12 million per year ($MJyr). Based on information in Schroeder", the number of
bed volumes before an IX column is loaded with Tc drops from 57 to 23 in eleven
cycles. Our calculation of operating cost assumed that one can get 11 or more good
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resin cycle's with 60 bed volumes of feed for each cycle by using an upward flow of
the fluid eluting .the Tc from the bed. If one could get 80 resin cycles with 60 bed
volumes 'for each cycle of the resin, then annual operating costs for both systems
would be the same. We have not considered the cost of dealing with the tin and
ethylenediamine that will be present together with the Tc in the column strip effluent.
The incompatibility of these constituents with vitrification. will likely require an
additional separation step prior to vitrification. By contrast, SRTALK is designed to
produce a stream easily treated by evaporation and possibly neutralization prior to
vitrification.

Discussed next are some details of the flowsheet on which the economic
estimates are based. The 24-stage 3D-em contactor alone costs $1.2M; as installed in
a shielded-cell facility, it costs $4.5M. Four of the stages are for solvent recovery.
Extraction and strip each have nine stages so that the SRTALK flow sheet will be very
resistant to process upsets and fluctuations in the DF feed concentration. In addition,
these stages give the potential for higher D.F.'s and further increases in Tc
concentration in the EW effluent. The inventory for the SRTALK solvent is 509 L in
thecontactorand 2400 L in the feed/recycle tank for a total solvent inventory of
2909 L.The solvent cost is $582/L with 99.92% of this cost coming from the CE_Sr.
The cost of installing the units in a shielded-cell facility has been included in the
capital cost. The cost of building such a facility has not been included. This is very
site specific, and many sites may want to use an existing facility. For the contactors,
the hot area,cold area, and total area are 4900, 3000, and 7900sq ft (455, 279, and
734 m'), respectively; for ion exchange, 3300, 2600, 5900 sq ft (307, 241, and 548
m').

During the test SKI, both the OW and EW effluents were hazy. Based on the
single-stage hydraulic-performance tests, this haziness corresponds to about 20 ppm
of solvent. If this dispersed solvent were allowed to exit with the aqueous effluents, it
would add 0.60 $M/yr to the operating costs for the SRTALK process. In addition, if
the DW effluent became cloudy (since the flow rate for the DW effluent is 12 times
that for the EW effluent, a high solvent lossinDW effluent would have the biggest
effect), this would correspond to about 400 ppm of solvent and would add 12.07
$M/yr to the operating costs for the SRTALK process. Finally , since CE_Sr itself will
dissolve in the aqueous phases to the extent of 7 to 15 ppm, this dissolved crown ether
loss would add an additional 11 to' 23 $M/yr to the operating costs for the SRTALK
process. Thus, because solvent loss can be so important, a solvent recovery system
was added to the SRTALK process and included in the economic analysis. This
system reduces losses for dispersed solvent and dissolved crown ether by a factor of
1000, so that cost of the crown-ether loss rate (using the worst-case scenarios for both
the dissolved CE_Sr and dispersed solvent) will drop from 35 $M/yr to 0.035 $M/yr.

Actual Tank Waste

To evaluate SRTALK operation with actual tank waste, we conducted two
batch tests at Pacific Northwest National Laboratory (PNNL) using an 0/A volume
ratio of 1.0 with a SRTALK solvent (4-2) consisting of 0.04M CE.....Sr and 1.8 M TBP
with the rest Isopar®M. The aqueous feed was actual double-shell slurry feed (DSSF)
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waste consisting of 70% by volume from tank AW-lOl, 20% from AP-106, and iO%
from AP-l 02. In the extraction test, these two phases were contacted and DTc was
measured. In the .striptest, the loaded solvent was contacted with water and DTc was
measured. This test was.compared with an identicaltest at ORNL using a DSSF
simulant called DSSF- 7. The composition of DSSF- 7 feed, identified in BonnesenI,

included 6.0xlO-5 M Tc, 7.0M Na, 0.945 M K, 0.721 M AI, and 3.52 M N03• The
composition of DSSF feed had a similar amount of Tc, 8.9 M Na, 0.92 M K, 0.80 M
AI, and an undetermined amount of N03• Based on the nitrate analysis for tank 222­
S normalized to the Na concentration in the DSSF feed, the nitrate concentration is
expected to be around 2.5 M. The DTc values for both tests are given in Table 4.

Also shown in Table 4 are the DTc values calculated using Eqs. (1-7) and the
SASSE worksheet. In making this comparison, we assume that the change in diluent,
from Isopar''L for the model data to Isopar''M for the tests in Table 4, will have little
effect on DTC' Other ORNL tests comparing Isopar''L with Isopar®M show that DTc

values are 9 to 15% higher when Isopar®M is the diluent. The ORNL model values
are reported as calculated. Using the ratio of D(model)/D(meas) for Tc in the
extraction test at ORNL, the concentration of N03 for the PNNL test was varied until it
gave the same ratio. (That this ratio is significantly greater than 1.0 may be the result
of either the model, which does not account for the competition of AI02- with Tc0

4
- ,

only N03-with Tc04-, or the diluent or both.) This N03 concentration, 4.92:M, was
then used to calculate DTc for the strip test at PNNL. These tests show good
agreement between DTc for the model and the experimental data. In addition, they
show that technetium in actual tank waste extracts and strips in the same way as it does
in the simulant.

CONCLUSIONS

The SRTALK process for the alkaline-side removal and recovery of
technetium from nuclear waste tanks was taken from a batch extraction process
performed in testtubes to a continuous countercurrent process. Since the continuous
countercurrent process was demonstrated in a minicontactor, one can be reasonably
certain that the SRTALKprocess will also work in plant-scale process equipment.
The demonstration was very successful, with all process goals being met. These goals
included exceeding the required D.F. of 6.4 for technetium removal from the other
components, and showing a ten-fold increase in the concentration of technetium in
the strip effluent from that in the extraction feed.

This paper shows how engineering development and testing were used to
achieve this very successful test of the SRTALK process. The work started with
correlating the data for the key component, Tc, over the range of interest for the
process and then using simple design rules along with SASSE analysis to develop the
flowsheet. By first using the dispersion-number test to predict .hydraulic
performance, we were able to greatly reduce the number of single-stage hydraulic­
performance tests required in the contactor. Mass-transfer tests showed that stage
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TAl3bEi4.COMPARISON OF BATCH TESTS WITH SIMULATED AND ACTUAL
, WASlE

Aqueous Phase

DS~E...7 (simulant; test
doneat ORNL)

05811,'(70% AW-101, 20%
AP-I06,10% AP-I02; test

done at PNNL)

DTc

Extraction Strip

Modell Modell
Meas. Model Meas. Meas. Model Meas.

8.6 10.1 1.17 0.27 0.30 1.11

9.3 10.9 1.17 0.29 0.30 1.03

efficiency, which was normally >95%, dropped when Tc was extracted at low 01A flow
ratios intheminicontactor with a solvent containing a crown ether. At low 01A flow
ratios, the stage efficiency was found to range from 68 to 92%. A variety of ways to
compell~ate for or correct this situation in the future are given. Batch tests with actual
tank waste at PNNL showed that technetium in .the tank waste extracts and strips in the
same way as it does in a simulated waste used at ORNL. When an economic analysis
of the SRTALK process was done and compared with a competing ion-exchange
process.Jt Wasfound that the capital costs for the SRTALK process are greater, but the
annualoperating costs are less. While more work will be needed to compare
processes and establish the most appropriate process for removing technetium from
nuclear tank wastes, this work establishes that the SRTALK process will work well and
may also be the most economical process when the overall task of converting nuclear
tank waste into glass logs is considered.
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