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ABSTRACT

A combination of conventiona ion exchangeand el ectrochemical processes
was conducted in production of electrically switched nickel
hexacyanoferrate ion exchanger, specially used for **Csrecovery. Thede-
posited films were physically characterized by energy dispersive X-ray
spectroscopy and X -ray diffraction techniques. ***Csuptake was controlled
by modulation of the ion exchanger potential in batch and flow systems.
The deposited nickel hexacyanoferrate ion exchange film was found
hydromechanically stable up to 130 bed volume/h. The ion uptake was
about more than 90% achieved after 15 h of equilibrium. Thereduced film
state showed higher performance than the oxidized one in presence and
absence of Na' ions with different concentrations. The breakthrough of
the electrically switched ion exchange (ESI X) process was also conducted
in different stacking of electrodes cells. Three and six stacked electrodes
assemblies showed longer breakthroughs than single electrode assembly
at the same operating conditions. In vertical cell, representing larger scale
tests, higher concentrations (60ppm Cs") could be successfully treated.
© 2012 Trade Sciencelnc. - INDIA

KEYWORDS

lon Exchange;
ESX;
Electrochemical Recovery;
lon Exchange;
Hexacyanoferrate.

INTRODUCTION

Theregulationsdepicted in variouswaste manage-
ment fadilitiesinc uderemoving radi oactive components,
such ascesium or strontium, from fuel storagebasin
water or groundwater. Besides the economic impor-
tance, environmental safety emphasize on removing
theseradionuclides. Practicdly, separation and concen-
tration of theradionuclidesbefore vitrification would
alow thebulk of thewasteto bedisposed aslow-leve

waste rather than asamore costly oneg*4,

Inthe separation and concentration of the radionu-
clidesbeforefind disposa, many authorsindicated that
conventiond inorganic and organicion exchangerswere
used>8,

There hasbeen considerableinterest inthe prepa
ration and application of inorganicion exchange mate-
rialsin the past four decades, dueto their favorable
conditionsin comparison with organicresing®'2, The
advantages of theseion exchangersaretheir stability in
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acidicto moderately akaline medium, high selectivity
and resistancetowards heat and ionizing radiations*?.
Besidesnumerous gpplicationsof ion exchange materi-
alsinradiochemical separation techniquesthey have
alsobeenusedinthefieldsof industry, medicineand
biology!**18. The main classesof materialsincludein-
soluble phosphates, arsenates, tungstates, molybdates,
hexacyanoferrates (I1, 111) and hydrous oxides of
multivalent cationg”2,

Theaffinity seriesfor monovadent ionsshow prefer-
entia cesium sorption for most of the cyanoferrates.
Potass um hexacyanocobadl tferratewhich hasahigh se-
lectivity for cesumisavailableasacation exchanger in
theform of granules®2, Other ferrocyanides of cop-
per, copper and cobalt, zinc, iron and titanium have
al so been found satisfactory intheisolation of cesum
ionsfrom acidic wastes, arising in nuclear fudl repro-
C ng[12, 14, 15, 29-31] .

Although theinorganicion exchangersaremostly
resistant to gammairradiation, they generate consider-
ableamountsof secondary wastesfrom solutionsused
for elution, washing, and | oading theexchangers. Also,
the spent exchangers need to be disposed; inorganic
materialstypically can be used only once beforedis-
posa, and regenerable materia shave short usablelife-
times¥. Inthisconcern, the conventiond ion exchang-
ershaveto befurther devel oped.

Thedectricaly switchedionexchange(ESIX) tech-
nology wasfirstly developed at Pecific Northwest Na-
tiona Laboratory (PNNL). Thistechnology providesa
more economical remediation alternative®=¢, The
ESIX ismainly acombination of conventiona ion ex-
change and e ectrochemistry to produceaselective, re-
versbleprocedurefor ion separation, so that |ower cost
and secondary waste minimization isobtained. How-
ever, many drawbacksincluding, low exchange capac-
ity, complex nature of the cellsand e ectrodes, and ear-
lier breakthroughswere noti ced.

The present paper dealswith both the batch and
cell flow testing of ESIX systems using nickel
hexacyanoferratefilms deposited on high surfacearea
electrodes. Inthisarticle, new typesof eectrodesrather
than those used by previousauthors®% were sel ected.
Thedectrodesaresmpler sothat machining of thee ec-
trodes can be carried out. Al so, the deposition method
of hexacyanoferrates on the el ectdodeswas modified
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and compared. Batch testswere carried out to evalu-
atetheselectivity of thenickel hexacyanoferrate mate-
ria, whiletheflow testswere used to evaluate thefea-
shility of thegpproach asan dternative to conventiona
ion exchange processes. The selectivity of nickel
hexacyanoferratesfor cesum over sodium was exam-
ined for various sodium/cesium ratios. Theeffects of
flow rateand initial cesium concentration on column
breakthrough arereported.

EXPERIMENTAL

Materials

Thedectrodesused aretypicdly platinum dectrodes
were supplied by The Electrosynthesisinc, USA, hav-
ing nomind surfaceareaper volumeof 40cm?/cm®which
werethen coated with nickel hexacyanoferratefilms.
Threetypeswith different dimensionse ectrodeswere
used. They aretypically 3.0x3.0x1.0, 2.0x2.0x1.0 and
5.0x5.0% 1.0cm.

Theplainum eectrodeswerefirgly planarized with
200, 400, 600 and finally 1200 grit SiIC wet/dry sand-
paper. The planarized e ectrodeswerefinaly polished
using 1 mm Metadi diamond paste. The polished sur-
facewasdlowed to contact with the specified e ectro-
lyte.

The polished surfaceswere subjected to afreshly
mixed solution of 2x10°M NiSO,, 2x10*M
Na,Fe(CN), and 0.25M Na,SO, and application of
1.0V potential for 300s.

Cesium nitrate and sodium nitratewere anal ytical
grade chemicalsand purchased from Sigma-Aldrich
Chemica Company, USA. Ontheother hand, sodium
ferricyanidewas supplied by FHukachemica company,
Switzerland.

Radioactive cesum, namey **Cswasobtained via
irradiation of 0.1g of cesium nitrate having 30 barnes
cross sectioninthe second Egyptian Research Reactor
ERR-2 at Inshas site, Egypt.

Batch and flow tests

Figure (1) represents aschematic depiction of the
batch and flow cell configurationsused in thisstudy;
horizontal configuration (HC) and vertical configura-
tion (VC) were used. Typicaly, the HC single elec-
trode or (5 or 10 electrode assembly) was tested.
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3.0x3.0x1.0cm single electrode dimensions and
2.0%2.0%1.0cm dimensions for 5 or 10 electrode as-
sembly were applied so that the flow through the cell
wasbottom-up for adl uptakeand el ution testswith so-
[ution passing throughthelargefaceof each ESIX elec-
trode. Prior to flow testing, batch testswere conducted
on each group to study their capacity and regeneration.

Theother VC wasasingled ectrodeof larger di-
mensions. Solutionflow inthiscell (bottom-up) passed
through thelength of the 5.0x5.0x 1.0cm electrode.

A prestatic pump was used to control liquid flow
through the cellsat the desired rate (545 mL/min in
HCtests, 824 mL/min in VC tests). Effluent samples
were collected at predeterminedintervalsfor cesum
andyss.

Theamounts of Na' released from the solid and
that of Cs" ion sorbed by it were determined and
eguivalence between thetwo quantitieswas aways
obtained. Triplicate measurementswere done and the
resultswerefound reproducibl e to better than £3%.
The concentration of Cs" ions was followed by -
activity measurementsas **Cs. The scintillation as-
sembly Nuclear EnterprisesLtd., Beenham Reading,
England, with a Set of 6 scaler-timerswas used for
measuring -activity, whereas Na" was determined
using Buck Scientific Atomic Absorption, type 210
after lamp correction.

Beforethe onset of flow testing, batch testswere
also carried out on each e ectrodeto study film capac-
ity and regeneration using 10°-10“M of cesum nitrate.

Cation Uptake
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Figurel: Schematic depiction of the electrically switched

ion exchange system used for cesium separation.
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Thebatchtesting and flow cell testing (in horizontal
and vertica configurations) withasingleand multiple
stacked electrodesare discussed.

Char acterization of thefilms

Thedifferent nickd hexacyanoferratefilmsweretypi-
caly identified usng energy dispersive X -ray spectros-
copy and X-ray diffraction.

Energy dispersive X-ray spectr oscopy (EDS)

Scanning € ectron microscope (JOEL JSM-5200),
operated at an accel erating voltage of 15kV wasused
to stimulate X -ray emission. Characteristic X-ray be-
tween 0 and 10 keV werecollected using Si(Li) detec-
tor withaBewindow (Link systems). Thispermitsiden-
tification of dementswith Z>10. Each spectrum was
acquired for 10 minutes over 1000x1000 'm region.
After background subtraction viaalocally weighted
least-square error method, the peaks were fit to a
Gaussanfunction usngaleast-squareroutineto cacu-
lateintengties.

X-ray diffraction (XRD)

X-ray diffraction datawas acquired on al of the
filmscycledin mixed e ectrolytesand filmscycled in
both 1M CsNO, and 1M NaNQ,in both the reduced
and oxidized states. XRD glancing angle 3° 271 experi-
mentswere performed at room temperature on spin-
ning samplesat theresponse. Slit widthswere set so
that afootprint of approximately zero point 0.15cm?
wasleft on each sample. Theincident excitation energy
was 80000eV (1=1.55 A°). A4-circle kappa
diffractometer was stepped in 0.02° increments, with
anintegrationtimeof 10 seconds per point. An Oxford
scintillation detector was swept from 271 of 10° to 80°.
Heliumfilled tubeswere used dong theincident beams
to decrease absorption of the X-ray. The monochro-
mator was detuned to ~75% maximumintensity to de-
creaseharmonics.

Regeneration of the electr oactive electrodes

Thefilmscan betechnically regenerated by either
controlled potential or controlled current methods. In
thiswork, insitu e ution of high surface areaelectrodes
inthecell wascarried out by recirculatingalM NaNO,
solution through the cell whileapplying aconstant po-
tential of 0.8V. Initia testing with asingle electrode
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wastested at asolution flow of 150 BV/h (20 mL/min),
and elution lasted 5 min. A six-electrode stack wasin-
lineeluted at aflow rate of 30 BV/h (24 mL/min) by
applying 0.8 V for 20 min. When alower concentra-
tion (0.1 M NaNO, solution) and low constant current
(5mA) were used through the cell longer timeisex-
pected to el ute most of the cesium exchanged on the
film

RESULTSAND DISCUSSION

Batch testing results

Cesium|oading and regeneration onthe e ectrodes
was conductedin batch testing. Inthisconcern, cesum
uptake was studied with time and compared with the
theoretical capacity. Figure (2) showstheresultsfor
cesium uptake by filmsinitially in the reduced state
[NaNiFe'(CN),] fromsolutionsinitially containing 8
ppm and 12 ppm cesium. Cesium uptakewas 80-90%
completeafter 2h, and reached equilibriumwithin 15h.
Under theconditionsof theexperiment, cesumloading
reached 24% of thetheoretica ion exchange capacity.
Similarly, experimental cesium capacitiesfor nickel
hexacyanoferrate powders are reported to be in the
range of 23—-46% of theoretical®".

Theeffect of sodium ion concentration asacom-
peting ion on cesium ion uptake hasalso beeninvesti-
gatedinbatch test procedures. Figure (3) showsdata
for reduced films el ectrodes contacted with sodium-
free cesium solutionsand solutions containing Na/Cs
molar ratios; 0.01M Na" and 1M Na' in the nitrate
formwereused. Thekineticsof exchangewasaffected
by the amount of sodiumion present in solution. The
Sodium slowed the kinetics of cestum bindinginthe
first two hours. However, after 24 h, nearly the same
| oading was observed asthe casein which sodiumwas
absent, withindication of dight |oading depressionin
1M Na' solution. Thereforeit can be concluded that
selectivity towardsces umion uptake resemblesthat of
nickel hexacyanoferrate powders®4.

AccordingtoLilgaetd., themechanismof theESI X
could be understood in terms of current modulation
through thed ectroactivefilm deposited ontoahigh sur-
face area electrode’®d. Charge neutrality isthe case-
sensitivein forcing theion to be adsorbed or eluted

= Pyl Paper

upon modulation of the potential of thefilm; redox re-
action may occur in both cases. In caseof ionloading,
cathodic potential must beappliedtothefilmwhichis
sufficient to induce el ectrochemical reduction of an
electroactive species, Y, and forcestheionto flow from
thebulk of solutionto thee ectrode surfaceasshownin
Eqg. (1). Ontheother hand, reoxidation of Y- forcesthe
caiontobeduted fromthefilmtothesolutionasshown
inEq. (2).

e+Y+M* > Y M*

)
Y™M* 5 Y+M* +e 2
On considering the selectivity between two differ-
entionshaving the same charge, activation of thefilm
must betaken in consideration. If the e ectroactive ma:
terial hasagreater selectivity for A* than B*, thefilm
may firstly beactivated by reduction inthe presence of
asolution of B*. Introducing thewaste solution results
inuptake of A* by ionexchangefor B*; B*isdisplaced
into thewaste solution asshownin Eq. (3).
B*y +ATA*Y™+B* 3
Inthismanner, applying acathodic potentia tothe
nickel hexacyanoferratefilm, Fe** (ferricyanide) isre-
duced to the Fe**state (ferrocyanide), and acation must
beintercdatedinto thefilm to maintain charge neutra -
ity. Practically, thisstep must be conducted inasodium
solutionasshownin equation Eqg. (4). Thefilmisthen
contacted with the waste solution contai ning cesium,
whichloadsinto thefilm by ion exchangefor sodium,
Eq. (5). Applying an anodic potentia tothe system, a
cesium cation can bereleased from thefilmasshownin
Eg. (6). This method is highly applicable, because
hexacyanoferrateshavevery high selectivitiesfor ce-
sium over sodium and thed ectrochemistry ishighly re-
versiblein acidic and moderately basi ¢ solutiong®¥;
thesefilmsarenot applicableto highly basic waste so-
lutionsbecausethe hexacyanoferratesarehighly soluble
in causticg.

CsNiFe* (CN), + Na* 2e — CsNaNiFe** (CN), (4)
CsNaNiFe* (CN), + Cs" —

Cs,NiFe”*(CN), + Na* ©)
Cs,NiFe*" (CN), — CsNiFe* (CN),+Cs" +e  (6)

Figure (3) aso showscesium|oadingresultsonan
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Figure2: Effect of contact timeon cesiumloading at different
concentrations.

oxidizedfilmandonaninitidly oxidizedfilmwith 0.1V
applied cathodic potential during uptake. Without ap-
plying cathodic potential, the oxidized film,
[NaNiFe"(CN),], wasloaded roughly with half asmuch
cesum asinthereduced state. Thisvariationincesum
uptakeisnaturally expected, asthe oxidized film con-
tanshaf thenumber of exchangeable sodium atomsas
thereduced film. Inthat case, about 90% cesium | oad-
ing was obtained compared to that of thefully reduced
filmsinthefirst two hours, i.e., the applied potential
accelerates cesum loading, but gpparently doesnot af -
fect theovera| capacity of thefilm.

Also, inbatch procedure, the unloading or elution
of theexchanged cesumionfromthesurfaceof thefilm
wasinvestigated. This processwasfound affected by
both the potentia applied and the conductivity of the
eluting solution. Inthisconcern, different potentialsand
mediaweretested. It wasfound that, conductive solu-
tionswith highionic strength gave more efficient un-
loading than theless conductive mediaat the same po-
tentid. With+0.8V applied potentid andin 1M NaNO,
asan duant, theexchanged cesuminthefilmwasfully
unloaded after 10 min. However, filmswere only ap-
proximately 32% unloaded in 10 ppm cesium and ap-
proximately 18% unloaded in deionized water after 15
min. After 2hin deionized water, thefilmswere 52%
unloaded. Thisbehavior can beexplainedif itiscon-
Sdered that themoreresi stive solution can dispersethe
applied potential morethan the conductive media, the
drivingforcefor metal ionunloadingisreduced.
Research & Reotews On

Char acterization of thefilms

Figure(3) showsthe EDSpatternsfor NHCFfilms
after current modulationin different el ectrolytes. The
film EDS anays swas used to quantify the number of
molesof elther sodium or cesum cationsintercalatedin
thefilm. Figure (3a) representsthe presence of sodium
and cesumionsinthelattice of the NHCF at cathodic
voltageof 0.8V. On modul ation to anodi ¢ potential s of
0.20V and 0.40V asindicated in Figures (3D, ¢), re-
spectively, the peaksof cesum at about 4 keV dimin-
isheswith increasing the peaksof sodiumionsat about
1keV. On the other hand, peaks of iron (at ~6keV)
and Nickel (at ~6-7), aretill present with modulation
of thevoltage. Actudly, cesumfully diminishesby ap-
plication of 0.80V anodic potentid. Theseresultscome
in agreement with that observed of some
hexacyanoferrates deposited by another method on
nickel foam dectrodesand potentially modul ated from
-25mV to +1125mV/[4Y,

The X-ray diffraction spectroscopy of thesamede-
posited filmswascarried out and graphically represented
inFigure (4) at the same potentials. [ 200], [220] and
[400] crystallographic diffractions were observed,
which are characteristicsfor the NHCF structure. On
theother hand, [440], [620] and[632] crystdlographic
diffractionswerefound in case of the base platinum
filmgy,

|
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Figure3: Energy dispersive X-ray spectr oscopic patter nsof
deposited NHCF filmsafter modulation of different voltages
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Figure4: X-ray diffraction patter nsof deposited NHCF films
after modulation of different voltages

Flow cell testing results

Theflow cdl investigationsincludethe performance
of hexacyanoferratenickel eectrodesfor removingand
eluting cesumunder flow conditions. Thestudieswere
carried out intwo different configurations, namely, hori-
zontal and vertical modesusing singleand or stacked
electrodes.
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Figure5: Effect of added sodium and applied potential on
cesium uptakein batch experiments.

Horizontal flow cell resultswith asingleelectrode

Inthisconfiguration, cesumion uptakewasidenti-
fiedintermsof two functions, theflow rateandinitia
cesium concentration, using asingledectrode. Thebe-
haviorsof thefunctionsareindicatedin Figures(6 and
7). Figure (6) shows breakthrough phenomenonfor a
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feed solution containing 20 ppm cesumin different flow
rates (10-130BV/h). At 10BV/h and 15BV/h, nearly
smilar behavior wasobserved till 60BV; breakthrough
darted a approximately 21BV and 50% breakthroughs
were detected at about 50-55BV. However, faster
breakthrough appeared after 60BV onusingaflow rate
of 15BV/h. Thisbehavior wassimilarly foundinthe
sngledectrode configurationwhen experimentd dower
flow rates are used. In the higher flow rates next to
15BV/h, immediate breakthrough wasindicated.

——10 BV v
—s—15 BV [—=

=40 BV ~
—y— 130 BV/h

5II] I Ell] I E:I I 100
Bed Volumes

Figure6: Effect of flow rateon cesum breakthrough in the

horizontal flow cell with asingledectrode (using 20ppm Cs).

T
0.k 4 , } H
0.6 4
I~
o - ';"’.:EL
E ".“'.»i“.“"
[_“ ; 4_ :E:z.
! 40
I —a—all ppm
021 i
&
00 :;.", N —
0 1] 41 &0 & 100

Bed Volumes
Figure7: Effect of concentration on cesium breakthroughin
the horizontal flow cell with asingleelectrode (flow rate=
10BV/h).
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On considering the effect of concentration onthe
breskthrough behavior of cesum exchange (Figure(7)),
theinitial cesium concentration did not greetly affect the
breakthrough onusing 10 and 20 ppm initial cesium
concentrationsat 10 BV/h (Figure 7). Breakthrough
occurred rapidly at afeed concentration of 40 ppm.

Theflow studies show that thefilmsare hydrody-
namically stableup to 130 BV/h, the maximum flow
ratetested. No significant declinein capacity or perfor-
mancewas observed throughout experimentation. While
adight dropisseeninthetheoreticd loadingin sodium
solutions, wheretheamount of cesium loaded remains
approximately constant. Thedrop in theoretical |oad-
ingresultsfromthenorma lossin capecity after thefilm
has been subj ected to the numerous redox cyclesdur-
ing the course of experimentation®. Over the course
of experimentation, thefilm maintained an gpproximately
10% efficiency in Steutilization. Thisefficiency isap-
proximately half that obtained in batch testing, which
suggeststhat stacking the electrodesto givealonger
bed depth may |ead to improved performance and bet-
ter utilization of film cgpacity. Filmswereunl oaded quan-
titatively, asindicated both by the amount of cesium
unloaded compared with the amount |oaded and by the
consi stency of theamount of cesium|oaded from one
runtothenext.

Horizontal flow cdl resultswith stacked dectrodes

A stacked dectrode configuration wasused inthe
horizonta flow cell toincreasetheeffective bed depth
of the cell. Stacks of three and six electrodes were
tested. In three- and six-electrode stack experiments,
the e ectrodes coated with ahexacyanoferratefilm, were
assembledinthecd | suchthat solutionflowed fromthe
bottom of the cell up through the large face of each
electrodein series. Asaresult, thebed volumeswere
approximately threeand six times greater than that of
thesingle-dectrodeexperimentsat thesameBV/hflow
rates. The concentration of cesiuminthefeed was20
ppminall tests.

Figure (8) showsthe effect of the number of elec-
trodesin the stack. The performance of the three-and
sx-electrode stackswas much better thanthat seen for
asingleeectrodeat approximatdy thesame BV/h flow
rates. For example, the best onset of breakthrough for

asingledectrodewas22BV obtained at aflow rate of
Research & Reotews On

15BV/h; 50% breakthrough occurred at 50BV under
these conditions. Thethree-electrode stack at aflow
rateof 10BV/h operated approximately four timesmore
efficiently than the single-electrode cell, with onset of
breakthrough at 70 BV and 50% breakthrough at ap-
proximately 142BV. Thebregkthroughinthethree-eec-
trode stack occursat approximately 85BV; the perfor-
manceinterfered with that of six stacked electrodes at
about 120BV. Therefore, the performance of thethree-
electrode cell should berepresentative of performance
inlarger cellsand used for most of thefollowing testing
and for scale-up estimates. Thelonger cells presum-
ably dlow for morefully devel oped flow, reducing chan-
neling and digpersion.

cic
e
Had

—a—1 elecirode
—a="3 glecirode
6 elecirode

I EIZ I 40 I 60 a0 'IEI] 1200 140 1I|3IZI 180 200
Bed Volumes

Figure8: Effect of number of electrodesused in horizontal

flow cell testing.

Theeffect of flow rateon cell performanceinthe
three-dectrode stack wasdetermined. Figure (9) shows
breakthrough asafunction of flow rate. Theresultsof
twoinitial experimentsat 10 BV/hand 30BV/h arenot
shown because the experimentswere only run for 76
BV and the coll ected sampl es contained no detectable
cesium; i.e. breakthrough was not observed. In subse-
quent experiments conducted for approximately 150
BV, flow rate dependence was observed that wassimilar
to that obtainedin sngle-el ectrode experiments; higher
flow ratesgavefaster breskthrough. At 90BV/h, 30BV/
h, and 10BV/h, 8BV /h, 5BV /h; onset of breakthrough
occurred at gpproximately 55BV, 73BV, 98BV, 120BV,
and 133BV, respectively. Fifty percent breakthrough
for 10, 30 and 90BV/h occurred at approximately 140,
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120, 80BV, respectively; for 5and 8BV/h, 50% break-
through was not detected. At low bed volume numbers
and prior tothe onset of breakthrough, the column al-
lowed approximately 1-2% of cesium to pass, i.e. C/
C, was between 0.01 and 0.02.

The continuousflow e ution of asingle electrode
was conducted with an el ectrode that had previously
been loaded with cesium during abreakthrough per-
formanceflow test. The processwas conducted under
constant potential control with 1M NaNO, in batch
recycle operation. Samplesweretaken from the sys-
tem after different timeintervasof operation at an ap-
plied anodic potentia of 0.8V. Thecesum elutionwas
fast in the described method, so that it was complete
withinthefirst 5 min of operation. Theamount of ce-
sium eluted at 5, 8, 10 and 15minuteswasfound 32,
38 and 39 ppm, respectively. To be sure of complete
elution, the el ectrode was taken out of theflow cell,
and batch el ution was conducted. It wasfound that no
additiona cesumwas e uted from theel ectrode, indi-
catingthat al of cessumwaseluted during thein-line
testing. Therefore, duringin-linee ution, theelectrode
was 80% eluted after 5 min and 100% el uted after 8-9
min. Therefore, thein-line e ution method was consid-
ered as effective asthe batch method.

o 5__ —a—5 BY/h T
ofd —*—8BVh i
) 10 BVih

064 =—y—30BVh 1

90 BVih

01 ,#/
‘-IH-:’FT-*.*"-*I‘__'E’*I*"'*’*I 1 ""‘T’ — T T T T
0 20 40 6 80 100 120 140 180 180
Bed Volumes
Figure9: Effect of flow rate on cesium breakthrough in a
horizontal cell containing three stacked electrodes using
20ppmCs).
Thein-linedutionwasthustested onalarger, more
complex, cdl. The system composed of six ESIX elec-

trodesand six platinum el ectrodes, connectedin pard-

Cic
=
1
oy

A
oo

= Pyl Paper

lel inthe system. Theflow wasin the bottom-up direc-
tionthrough thecd | previoudy fed with40 ppm cesium
from cesumnnitratedat solution. Generdly, e utionwas
conducted under potential control by applying apoten-
tial of 0.8V to the entire stack for 20 min whilethe
elution solution (1M NaNO,) was passed through the
cell inbatch recyclemode. It wasfound that, the stack
can beefficiently regenerated by applying 0.1-0.8 V
for 10 minwhilefresh 1 M NaNO, wasrecircul ated
throughthecell.

To elucidatethereproducibility of the ESIX sys-
tem, sequentia breakthrough curvesfor three uptake
experiments are shown in Figure (10); thefirst run
started to breakthrough after approximately 29BV. Af-
ter thefirst run, theentiresix stack was el uted by appli-
cation of 0.8 V for 20 min and regenerated in1M
NaNQ,. Breakthrough during the second run started
at approximately 8BV. After the second run, both con-
trolled potentia € ution wasrepeatedinfivecycdes. The
performancewasimproved dightly inthethird run, with
onset of breakthrough at approximately 17BV.

Asshownin Figure(10), thebetter performancein
thefirst run may occur asthefilm on each electrodeis
in the fully reduced and sodium-exchanged state
(Na,NiFe(CN),). Therefore, itispossibleto bind two
cesumionsfor each activesteonthefilm. Ontheother
hand, the decreased performancein the consequent runs
may be explained by one of three possible scenarios.
Inthefirst, the potential distributioninthecell may be
incomplete. Therefore, capacity would decrease since
some of the el ectrodes could not participate efficiently
intheion exchange process. Thesecond scenario pro-
posesthat, only one cesium per activesiteisremoved.
Hence, regeneration would form NaCs-NiFe(CN),,
which can only remove one cesium in the subsequent
uptake. Thethird possibility isthat the eluted cesium
from one electrode is absorbed by other electrodes
accordingtothedirection of flow. Therefore, inthenext
section, theVC wastested instead of the HC.

The determination of the exact scenario requires
extended work. However, one may comparethissix-
stack system with thein-linee ution of thesingleelec-
trode, inthe same configuration. Themeasured poten-
tid drop acrossthe stack wasonly ontheorder of 0.002
V, suggesting that the uncompensated res stanceinthe
cell isvery smal. From these, one can conclude that
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the second scenario isthe most persuading one. The
enhanced performance of thethird run morethanthe
second one can be explained by the more complete
processin that case asfive el ution cycleswere used.
Also, after thefirst elution run, the capacity dropped to
approximately half, possbly consistent with the pres-
ence of NaCsNiFe(CN)_ onthefilm.

a
u

cic

—&— Firat run
—g=— S&cond run
Third run

Bed Volumes
Figure 10 : Consecutive breakthrough curvesfor the six-
electrodestack in thehorizontal flow cell eluted and regen-
eratedin-line.

Vertical cell resultswith asingleelectrode

Inthevertical cell testing, the electrodes dimen-
sonswere5.0x5.0x 1.0cm in all experiments. This con-
figuration was used for |oading-el ution and regenera-
tion of cesumindifferent concentrationsinalarger scde
procedure. The second aim of thissystemisto eimi-
natethedrawbacksof theHC. A very low current (5mA)
was employed to avoid possible competing €l ectrode
reactionssuch asoxygen evol ution.

Figure (11) showsthe breakthrough behavior for
different cesium feed concentrations between 20 and
80ppm. Breakthrough occurred when approximately
10% of the cationsin the film had been exchanged,
whichissimilarinresultsof theHC. TheNa,NiFe(CN),
continued to exchange ces um after breakthrough, but
the observed C/C increased rapidly; typicaly, theex-
change reached 20-30% before experiments are
stopped. It can be seen that, in thissituation, the per-
formanceisvery dependent on cesium concentration,

and the el ectrode performanceimproves substantia ly
Research & Reotews On

as the concentration is decreased, which isalso de-
pends on the intercalation between the ion and the
hexacyanoferratefilmi“d,

Eqg. (6) wasused to study thein situ elution of ce-
sumfromfilmsonthenickel eectrodeby anodic oxi-
dation. Theinitid cesum capacity wasequivaentto 32
mg/g corresponding to about 40% cesium uptake, us-
ing asol ution containing 80 ppm cesium. Thecesium-
loaded el ectrode was then oxidized using aconstant
current of 5mA while450mL solutionof 0.1 M NaNQ,
was passed through the el ectrode a aflow rate of 2mL/
s. Theinitia elution contained approximately 7ppm of
cesium, and the total recoveries of cesium were be-
tween 80 and 85%. Thismay beattributed to cesium,
back exchanged on the electrode. However, it would
be possibleto dischargemost of cesum at amuch higher
rate, peeding regeneration, giving ahigher cesum con-
centrationintheeuant, and affording ahigher concen-
tration factor. In an advantage of thisconfiguration, the
bed performancefor ces um uptakewasnearly thesame
after each regeneration cycle, asindicated by consis-
tent breakthrough and fractional |oading in subsequent

experiments.
10 -
=—n=—20 ppm C2 TT TEI
|=—==—40 ppm Cs ) bl
0.6 {/=&=60 ppm Cs TTTI' E'"]II
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Figure 11 : Effect of feed cesium concentration on cesium
breakthrough in vertical cell containing asingleelectrode.

CONCLUSION

Thedectricaly switchedion exchangefor cesum
ion recovery wastested during thiswork. The possibil-
ity of cesumion intercalation and deintercalation was
emphasi zed by modul ating the e ectrode potentid inthe
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positiveand negativedirection, respectively. Thispro-
cedure can be carried out in batch and column with
different assemblies. Different cyclesof experiments
werecarried out to put the ESIX in an advantage over
the conventiona methodsfor cesumionrecovery. Also,
the quantity of secondary waste was reduced in this
technique, besidetheregeneration of theelectrodesin
asimple and fast way. The new types of electrodes
used aswel| asthe preparation technique have enhanced
the performance of the system so that higher hydrome-
chanical |oadscan be gpplied. However, thiswork can
be extended to other radionuclides, and comparethe
behavior of such technology with other methodsfor
radioactivewaste treatment.
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