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Abstract

Three materials that are designed to treatiunastontaminated watavere investigated.
These are a cation exchangsimeIRN77, an anion exchange resin, Varion AP, and a recently
developed material called PANS(fuartz sand coateslith 2% amidoxime resin by wt.). The
reaction rate, capacity, and effige pH range of the three matds are reported. The capacity
and conditional distribudin coefficient in neutral, urangbntaminated synthetic groundwater
containing carbonate are also reported. Tlitalslity of each mateadl for treating uranium-
contaminated groundwaters using a permeabldivedzarrier approach is then discussed.

All three materials react rapidly in the pHhge 5-7, reaching equiliium in less than 4
hours at ~23C. The unconditioned cation exchange resin removed 8.4 |gér kg of resin
from neutral synthetic groundveatcontaining 30 mg/l of U&', but a lower capacity is
anticipated in groundwater with eithieigher ionic strength or lower U8J concentrations. It
operates by first acidifying éhsolution, then sorbing U8, and can release Y& when its
buffering capacity has been exhausted. The amohange resin is very effective at removing
anionic uranyl carbonate specfesm solutions with a pH abov& with good specificity. Up to

50 g/kg of uranium is removed from contamathgroundwater at neutral pH. PANSIL is
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effective at sequestering catiomiod neutral uranyl species fromwgmns in the pH range 4.5 to
7.5, with very good specificity. The capacityRANSIL is pH dependent, increasing from about
0.4 g/kg at pH 4.5, to about 1 g/kg at pH 6 arislg/kg around pH 7.5. In neutral groundwater
containing carbonate, both the@mexchange resin and PANSéihibit conditional distribution
coefficients exceeding 1470 ml/g, which is abanitorder of magnitude higher than comparable

reactive barrier materials reported in the literature.

I ntroduction

Groundwater pollution caused bgcent and/or abandoned uranimiming activities is a global
ecological problem. The threat posed to the environment arises not only from the radioactive
emissions from uranium series radionuclides & &lom the chemical toxicity of uranium.
Uranium exists in aqueous solution undgic conditions as the linear dioxo WOcation,

which favours co-ordination from hard ligandgle plane orthogonal to the O=U=0 axis. Thus
the speciation of the uranyl ion is very pHpdadent, partly due to hydrolysis, but also due to
the formation of carbonate speciesystems open to atmospheric £ where carbonate
minerals are present. FpM uranyl concentrations, the Yt cation tends to predominate at

pH values below about 5. In the pH rafg® 7, other cationic species (such as08', and
(UO,)3(OH)s") as well as neutral arahionic species (such as &Ds, and (UQ),COs(0OH)3)

are important. At pH values muchale 8, only anionic species (such as{fls),*” and

UO,(COs)5*) tend to be significant [1, 2].

Permeable Reactive Barriers (PRBs) have recently become established as an economical
technology for the in-sittreatment of contaminated groundwdt&r4, 5, 6]. A PRB consists of
a permeable treatment zone that is inserte@éngndund in a natural aquifer and intercepts the
pollution plume carried within thegaifer. The barrier can be a simple trench filled with reactive

material or may be of thelfnel and gate" type where flawthe aquifer is channelled by



impermeable side-walls to a reactive zone ortreawessel. For PRB treatment to succeed it is
important that there is no disruption to théunal groundwater flow othrevise it may by-pass the
reactive zone, so the reactive material must beerpermeable than the natural soil. Also, the
flow-path through the reactive material mhstlong enough to ensure that the period the
groundwater is within the retiee zone (the residence time) is sufficient for successful
treatment. A further consideration is whetlmemobilised contaminants can be remobilised over
time by the continued flow of groundwater, espigiwhere there is no plan to recover the
reactive material aftexontaminant exposure.

A wide range of materials has been usetbrm barriers based on several different
approaches to the attenuation of the pollutanicentration. These include, for example,
adsorption by porous and/or high surface are@mnads such as activated carbon, chemical
reduction by elemental metals and bioremioliia However none of these approaches is
without its problems. Contaminants held by &lestatic or ionic ataction to the surface of
adsorptive materials can be gradually releasest time due to competition by mass-action from
natural ions in the groundwater. Reductive ieasrcan precipitate groumdter constituents and
by-products from the reducing agent, in additioth® contaminant, and are therefore prone to
clogging. Furthermore, bioremediation can be motatic within a PRB as it can be difficult to
maintain optimum treatment conaitis within the reactive zone.

The purpose of this research was to careghe performance tiree resin-based
materials at treating uranium contaminated water a range of pH, and thus to evaluate their
potential for use in a PRB. The three matsrak a cation exchange resin (IRN 77) which is
currently used to remove raadictive cations from spent stlins and wastewater, an anion
exchange resin (Varion AP) developed for imamrecovery from carbonated wastewater, and a
recently developed chelating resin-based maltéPANSIL) for thetreatment of uranium

contaminated groundwater.



In the past, ion exchange resins havebs®n widely considered for groundwater
remediation by PRB [7]. In part this is besauhey are expensive in comparison with other
materials (e.g. elemental iron, hydroxyapatite z2ealites). However ioexchange resins have
high capacities and fast reacti@tes meaning smaller amountg@dctive material are required
to treat a given volume of groundwater. Also, &sématerials are likely to be deployed within
the reaction vessel of funnel andeharrier, they can be periadily recovered, regenerated and
then reused. Thus, their usePRBs may be economically viable. The new material, called
PANSIL, is designed to be a robust and lowest @ternative to cometcially supplied ion-
exchange resins. In PANSIL the relativeipensive active component, which is a chelating
agent rather than an ion exchanger, is surtaaged onto strong and relatively low cost acid-

washed sand particles.

Materials

The ion-exchange resins were Amberlite@IR7 (manufactured Rohm and Haas Company,
USA), a cation exchange resin withgubnic acid functional groups, and Varion AP
(manufactured in Hungary by Nitkemia), an anion exchangesirewith functionality based on

—-2,N-dimethyl pyridinium groups. The former issilgned to work at pH < 5 where the uranyl

cation is the major uranium specie, whereas therlattintended for use at pH > 5 where uranyl
carbonate anions predominate. The new maté&R&NSIL (made at the University of Leeds,
UK [8]), is polyacryloamidoximeesin coated quartz sanel@ resin by wt.). PANSIL
functionality is thought to be derived frometamidoxime groups that act as bidentate ligand
systems for uranyl cations. The lone pairglettrons on the amino nitrogen and the oxime
oxygen are donated to the positive metal centferta a five-membered ring including the

metal (such rings are noted for their stabititye to minimal strain). The oxime oxygen can



undergo metal-assisted deprottoia [9] further increasing #hstability of the ring at
intermediate pH.

Figure 1 shows electron micrographs of thed¢hmaterials. The cation exchange resin
consists of relatively uniform spherical parteleith an average parkicsize of about 0.5mm.
The anion exchange resin consists of relagiweliform spherical particles with an average
particle size of about 1Imm. MSIL particles are sub-roundeditivsome variation in size and
shape, but an average particle size of about Imm. Hazen’s formula [10] indicates that the
hydraulic conductivity of the cation exchange resin will be aroufitini$) whereas those of the
anion exchange resin and PANSIL will be aroundru® (although coarser sand could be used
in the manufacture of PANSIL to increase litydraulic conductivity). Thus these active
materials, as tested, are unsuitable for us#eian coarse sand gravel deposits (whose
hydraulic conductivitiesire typically > 1G m/s [10]), as the reactive material must usually be

more permeable than the natural soilnoid the groundwater flow by-passing the PRB.

M ethods

The cation exchange resin was supplied in &fokn and was tested both as supplied (i.e.
unconditioned), and after conditionimgth NaCl to convert to a Nform (8 bed volumes of 1M
NaCl were passed through a column of resia fldw rate of about 5 bed volumes per hour).
Conditioning of the cation exchange resin wdsnded to replicate the situation where the
resin’s pH buffering capacity is exhaustedas/ occur rapidly in groundwater (natural
groundwater cations, such as'Nend C&" will usually far outnumber the contaminant cations
and are readily adsorbed by the cation exchange resin).

The anion exchange resin was conditionepHo7 with NaOH (10g of resin was added to
1 litre of distilled water and NaOH was added drop-wise until the pH was 7) before testing. The

anion exchange resin is designed to sorb agsi@ranyl carbonate species, so the uranyl



solutions used with this resin were madarufp00 mg/l of bicarbonate (sodium bicarbonate) to
ensure that Ug" species were carbonated where the pH permitted. PANSIL was not
conditioned before use.

The experimental programme is outlined irblEal. The test solutions were prepared
from laboratory grade reagents and distilled watd| the tests desibed in Table 1 were
conducted at room temperature (typically 22€5 and no attempt was made to purge
atmospheric g{g) and CQ(g) from the solutions or to excladhem during testing. All solution
samples taken for analysis were filtered to < uAb(Whatman Puradisc 25PP ), had their pH
measured, then they were acidified by addingaadeops of concentratedtric acid, and stored
at £C. Solution pH was measured using aglald electrode and Jenway 3150 meter. The
uranium concentration in solution was measlusing a spectrophotometric method based upon
the complexing reagent 2-(5-Bromo-2-pyiiazo)-5-diethylaminophenol (known as Bromo-
PADAP) [11]. This technique hasdetection limit of ~0.2 mg/I.

“Synthetic groundwater” representativeaohatural groundwater contaminated with
uranium (based on the groundwater at a rtafangs site in Hungary) was made up from
laboratory reagents (200 mg/l Cag@72 mg/l CaSQ 194 mg/l 4AMgCQ.Mg(OH,).5H,0, 252
mg/l NaHCQ, 75 mg/l KCI), and the pH was adjusted to 7 usin§®. After pH adjustment
an undissolved residue remained, so the syiotheoundwater was filted and its composition
was measured (see table 2), befoeedtdition of either 18.6 or 55.8 mg/l L@03),.6H,0O
(equivalent to 10 and 30 mg/l YB) which dissolved completely (samples were analysed for
UO,** concentration). After standing, the pHtbé synthetic groundwater was between 6.8 and
7.8 where the dominant agueous carbonate specie will bg' HTRe synthetic groundwater
contained approximately 660 mgfl total dissolvedolids (two-thirds of the value at the

Hungarian mine site) and therefor@mesents fairldilute groundwater.



Increasing Duration Batch tests — Increasing duration bzh exposure tests were
conducted on the three materials to determine the time taken for each material to reach
equilibrium with a uranyl nitrate solution. @factive material was added to screw top nylon
bottles containing the uranyltrate solution, the bottles wesbaken, and periodically small
samples of the supernatant were taken. Thedlitpusolid ratio was 30:Bnd the initial uranium
concentration was 10 mg/l Y®. The solution pH was between 5.1 and 5.8 for the cation
exchange resin, 7.1 and 7.3 for the anion arge resin, and 5.5 and 6.5 for PANSIL.

Sor ption I sotherms — The active material was addidnylon stoppered glass bottles
containing a uranyl nitrate solution at pH 46toThe L:S ratio was 200:1 for the ion-exchange
resins and 30:1 for PANSIL, and the uranigoncentration was between 1 mg/l and 2000 mg/I
(because of their high uranium capacities, the smpsiotherm of the ion-exchange resins could
not be fully defined using an L:S ratio of 3Qvithout the initial stution concentrations
exceeding the solubility limit of uranyl nitegt The bottles were shaken for 24 hours (the
increasing duration batch tests indicated an sugtime of 4 hrs was sufficient to reach
equilibrium), and the supernatant was sampledntrol tests were conducted using acid washed
sand. These tests were to determine whetheti@omr precipitation had significant effect on
the test results.

Amidoxime resin (the active ating on PANSIL) is reported to be highly selective for
large divalent cations [9, 12, 13]. Thereforgeaond isotherm determination was undertaken (at
approximately the same pH as the first isothdomnvestigate the specificity of PANSIL for
UO,*" in the presence of equimolar®b

Column tests - Flow-through column tests (usigdass columns, Tygon tubing and
peristaltic pumps) were conductidreplicate the mode of contarant exposure within a PRB.

In the column tests the active materials werneethiwith acid washed quartz sand to reduce the

amount of active material used for a partic@alumn length (to reduce column capacity, and



thus test duration, without redag exposure time). In the teststbe ion exchange resins 1g of
resin was mixed with 29 g acid washed sand, ed®ef0 g of PANSIL was mixed with 20 g acid
washed sand (reflecting the fabat the active component is already diluted 50 fold in the
manufacture of PANSIL). The mixtures ohsband active materials weplaced in a 25 ml
glass column (length 300 mm, internal diamete® mm), which resulted in a pore volume of
approximately 10 ml. The columns were then saturated by the upward flow of distilled water.
Once saturation was achieved the water wadatied with the upward flow of the desired
contaminant solution at a constant flow rate ofrlr. The selected flow rate gave a residence
time for the contaminated solution within the goluof about 6 hrs, which exceeded by at least
50 % the time taken for equilibrium in the preliary batch tests. Effluent solutions were
diverted through a spur at the topthe columns into covered gkacollection vessels. Effluent
solutions were collected once a day andrtheiume and pH were measured prior to
acidification for UQ?* analysis. Further experimental detaits given in [14].Six column tests
were conducted, two on each aetiwaterial as follows;
(i) The unconditioned cation exchange resin exptsedanyl nitrate solution containing
100 mg/l UQ?* buffered to an influent pH of 6 (using a small amount of NaOH). This
test was abandoned after 12 weeks withous?UBeing detected in the effluent.
(i) The unconditioned cation exchange resin exposed to synthetic groundwater containing 30
mg/l of UG,*" at an influent pH of ~7.5.
(iif) The conditioned anion exchange resin expdsadanyl nitrate solution conditioned with
100 mg/l of carbonate (as sodiumlwamate), containing 100 mg/l of Y& adjusted to
an influent pH of ~6.5 with HN® When the U&* concentration in the effluent
equalled that in the influent, the columwas leached with uncontaminated synthetic

groundwater.



(iv) The conditioned anion exchange resin egga® synthetic groundater containing 30
mg/l of UO** at an influent pH of ~7.5.

(v) PANSIL was exposed to uranyitrate solution corgtining 30 mg/l UG buffered to pH
6 until the uranium concentration in the effluequalled that in the influent and then the
column was leached with uncontaminated synthetic groundwater.

(vi) PANSIL was exposed to contaminaahthetic groundwater containing 30 mg/l 80
until the UGQ?* concentration in the effluent equalléhat in the influent and then the
column was leached with uncontaminated sytitlgroundwater at amfluent pH of ~7.5.

In addition a control test on acid washed sandgua 30 mg/l uranyl nitrate solution at ~ pH 5
was also run.

pH controlled batch exposuretests - The effectiveness ofagh active material at
extracting uranium from water over a range ofysab investigated by batch exposure tests. The
active material was added to stoppered glastebatontaining a uranyl nitrate solution whose
pH was adjusted to values between 1.5 and 11 using eitheg 6iIN@OH (covering the usual
groundwater pH range of 5-9 and also that ented in acid mine drainage). The liquid to
solid ratio was 30:1, and the uram concentration was 10 mg/l J&. The bottles were shaken
end-over-end for 24 hours, atfte supernatant was sampled.

The leachability of uranium sequesteredP®NSIL was investigated by further batch
tests. Exposed PANSIL from two batch expodasts (both with a fingpH during the exposure
step of ~6) was subjected to two further leaghiteps. Once the initial solution had been
decanted off, the PANSIL was twice shaken emdr-end in distilled water at a liquid to solid
ratio of 30:1 for 24 hours. The water from both these steps was sampled.

Batch exposur e tests with synthetic groundwater - Batch exposure tests were
conducted on each active material usipigtisetic groundwater containing 10 mg/l O The

L:S ratio was 30:1, the test duion was 24 hrs, and the supatant was then sampled.



Geochemical M odelling

Three different solutions representative of those usedsstildy have been numerically
modelled using the PHREEQE (version phrgaf))ikbrium geochemical modelling software
(U.S. Geological Survey) and the CHEMVAL (g&n 6) database. These were a uranyl
solution in the absence of equilibrium with atmospherig,@ranyl solution initially
containing 100 mg/l bicarbonatand the synthetic groundwater. All these solutions were
modelled under oxic conditiormd containing 10 mg/l of U®' (Table 3 gives the solution
compositions used as input for the geochemiaadetiing). The speciation of these solutions is
shown in Figure 2 as a percent of the totabtJ@ particular specieas a function of pH.

The modelling predicts that the major uranigpecies in the uranyl solution are the
UO,** cation when the pH < 5, WDH), and (UQ)s(OH)s" species when the pH is between 5
and 9, and the U§OH)3 anion when the pH > 9. Wherethiranyl solution was modelled with
100 mg/l bicarbonate, the major uiam species is once again the $0cation when the pH <
5, but it is the neutral USZO; and UQ(OH), species when the pH is between 5 and 6.5,
although a few percent of the WOis predicted to be present as the cationic specigHO
until the pH exceeds 6. Above about I3, the major uranyl species are the,(@Ds),*” and
UO,(COs)s* anions until the pH reaches 11, when{@H); becomes important. However, a
few percent of the U is predicted to bpresent as neutral YOO; and UQ(OH), species
until the pH exceeds 7 and 8, respectively.

The uranyl nitrate solutions used in this study all had ready access to atmospheric CO
which dissolves to form aqueous carborsgtecies in neutraina alkaline conditions.
Geochemical modelling of uranyl solutions in equilibrium with atmosphericr€aprted in the
literature [2, 15] indicates that the uranium sp@@min such solutions is intermediate between

that shown in Figures 2a and b.
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The major predicted uranium spedieshe synthetic groundwater are the 3JQaq)
cation and neutral US30O, when the pH < 5, neutral YOO; species when the pH is between 5
and 6 (a few percent is present as,tf@nd UQOH" cations until pH 6). The major uranium
species are UCOs),> and UQ(COs);™ anions in the pH range 6 to 11, but a few percent is
present as neutral YOO; and UQ(OH), species while the pH is less than 8. When the pH

approaches 11 anionic Y@H)s is the major predicted uranyl specie.

Results

Increasing Duration Batch tests — The increasing duration ol exposure tests (Figure
3) indicated that an exposurme of about 2 hrs was suffemt for both the unconditioned cation
exchange resin to reach equilibrium witlamyl nitrate solution at ~ pH 5.5, and for the
conditioned anion exchange resinreach equilibrium with uranyl nitrate solution at ~ pH 7.2
(in both cases the solution contained 10 mg/biJ)0O An exposure time of less than 4 hrs was
sufficient for PANSIL to reach equilibrium witlranyl nitrate solution at ~ pH 6 containing 10
mg/l UG,>".

Sor ption I sotherms — The sorption isotherm for the unconditioned cation exchange
measured in uranyl nitrate at ~ pH 3.8 is shawhigure 4a. In acidic conditions, and in the
absence of competing cationic specths, cation exchange resin removes,tJ@rom solution to
below the analytical detection limintil the resin loading exceeds 100 g er kg of resin.

At higher resin loadings equilibma is established between the sattand aqueous phase. Itis
estimated (for comparative purposes) that tser®ading for a solubn concentration of 200
mg/l will exceed 400 g UG per kg of resin.

The sorption isotherm for the conditionedemexchange measured in uranyl nitrate
conditioned with sodium carbonate in the pH ®bgo 5.1 is shown in Figure 4b. At pH 5, and

with mono-valent nitrate and bicarbonate the only competing ionic species, the anion exchange
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resin removes U®' (possibly anionic uranyl carbonatpecies) from solution to below the
analytical detection limit until the resin laad exceeds 10 g/kg. At higher resin loadings
equilibrium is established between the sorbedaanaous phase. At alstion concentration of
200 mg/l the resin loading is about 60 g &Jer kg of resin.

The sorption isotherm for U&' on PANSIL at ~ pH 4.5 is shown in Figure 5 (a) & (b),
and that for U&** on PANSIL in the presence of an equal molar concentrationdf{&tabout
the same pH) is shown in Figure 5 (c) &.(dBelow a certain limit PANSIL removes Yt
from solution to below the analytical detectionitinand can do so in the presence of an equal
molar concentration of divalent metal ion&t ~ pH 4.5 this level was between 300 and 500 mg
of UO,** per kg of PANSIL (the higher capacity was determined from a mixed (F®**
isotherm, probably due to small differences inipkhe particular batch tests that define the
capacities). Above this limit PANSIL sorbs fOmore weakly, establishing equilibrium
between the sorbed and aqueous phase sAtution concentratn of 200 mg/l the amount
sorbed at pH 4.5 is around 3 g/kg for the£J@olution, but about 2 g/kg in the mixed
UO,**/PIF* solution.

The sorption behaviour of U8 on the acid washed sand at ~ pH 4.5 is also shown in
Figure 5 (a) & (b). These datadicate that uranyl interactsryeweakly with the acid washed
sand used to support the amidoxime resin in PANSIhus it is surmised that a very small
proportion of the uranyl sorption capacityRANSIL is due any exposed sand surfaces.

Column tests - In the column test on the uncondited cation exchange resin exposed to
synthetic groundwater containing 30 mg/l Qinitial breakthrough of uranium occurred
when the resin loading (estimatedrfr the difference in the amounts of YOthat entered and
exited the column) was approximately 7.5 g peokgesin (see Figure 6). Prior to initial

breakthrough the effluent pH was 2.5, bueabreakthrough it was 7.5. Shortly after

! In this study initial breakthrough is operationally defined as & U@ncentration in the column effluent
persistently above the analytical detection limit.
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breakthrough there was a spikethie effluent uranium concentian when it peaked at nearly
twice the influent concerdtion. The results of this test aeharp contrast with those of the
aborted column test using uramytrate at pH 6, where a radbading of 320 g/kg was achieved
without breakthrough (the effluepH was 2.5 throughout this test).

During the column test on the anion exchange resin using uranyl nitrate conditioned to an
initial pH of 6.5 — 6.9 with sodium bicarbonate, #f8uent pH was typically half a unit higher
than the influent. Initidbreakthrough occurred whéime resin loading was 80 g WO per kg,
and the uranium concentrationtire effluent was equal to that in the influent when the resin
loading was 140 g U§' per kg (see Figure 7a). Subsent leaching with uncontaminated
synthetic groundwater at ~ pH #&sulted initially in a high Ug" concentration in the effluent,
and then a rapid decrease to a small foactk 2 %) of the concentration used during
contamination. By the end of testing the J@oncentration in the effluent was below the
detection limit of the measurement method.

In comparison, initial breakthrough in the aolu test on the anion exchange resin using
synthetic groundwater at ~ pH 7.5 oceatwhen the resin loading was 50 g£&Qer kg,
although the effluent concentration renead low (between 0.2 and 0.6 mg/l &f®) until the
resin loading was 90 g U8 per kg (see Figure 7b). The uranigoncentration in the effluent
was equal to that in the influewhen the resin loading was 120 g 8Qper kg. Thus the resin
loading at initial breakthrough about a third lower when there is competition from non-
contaminant groundwater anions.

The PANSIL column tests showed that when exposed to uranyl nitrate buffered to pH 6,
initial breakthrough occurred atalumn loading of about 1.5 g Y& per kg of PANSIL, and
influent and effluent Ug* concentrations were equal when the average column loading was 2.8
g/kg (see Figure 8a). Subsequent leaching witontaminated synthetic groundwater (at ~ pH

7.5) initially liberated UG from the column so that the effiueconcentration spiked at nearly
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three times the influent concentration, buthia long-term the PANSItetained about 1 g USY
per kg. When exposed tgrghetic groundwater (30 mg/l U at ~ pH 7.5), initial
breakthrough occurred at an average PANS#ding of about 1.1 g/kg, and influent and
effluent UQ** concentrations were equal when #verage column loading was about 1.7 g/kg
(Figure 8b). During subsequent leachinghvuncontaminated synthetic groundwater the
effluent UQ?* concentration showed no spike, instéagtadually declinedyntil in the long-
term the PANSIL retained about 1.5 g ¥0per kg.

The control column test on the acid washautsasing a 30 mg/I uranylitrate solution at
~ pH 5 exhibited immediatinitial breakthrough, andfiment and effluent Ug* concentrations
were equal when the averagéuron loading was only 0.008 g Y® per kg. Thus it is assumed
that the amount of uranium sorbed bg #and in column tests can be ignored.

Batch exposuretests- In the batch test on the uncotoined cation exchange resin, the
resin achieved very high degrees of #@emoval regardless of initial solution pH, but did so
by buffering the pH to below 4 where Waq) is the dominant uranyl specie. When the cation
exchange resin was pre-conditioned with NaCl, it was very effective at pH values below 6.5, but
was decreasingly effective abowes pH and wholly ineffectie at high pH (see Figure 9a).

Thus the effective range ofdltonditioned cation exchange resorresponds closely with the

pH range where modelling predicts that somanium is present as cationic species in the
presence of carbonate (Fig@ig); the carbonate presumablgu#ting from exposure of the

uranyl nitrate solution to atmospheric £€OAs would be anticipated from the predicted aqueous
uranyl speciation, the conditioned cation exchalegen was wholly ineffective at removing
uranium from the synthetic groundwater at ~'pH (where uranyl species are predominantly
neutral or anionic).

The variation in uranium satipn by the anion exchangesie with pH is shown in

Figure 9b. It should be noted tidsta from all the pH controlled batch tests are presented in
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terms of the final equilibrium pH. The anion e&alge resin was effective in neutral and alkaline
conditions, where the modelling suggests thereigréficant concentradins of anionic uranyl
species (Figure 2b and c). It &aps to show that the anion e&alge resin was effective at pH
4.5, but this is hard to explain as the geocleaimnodelling indicates that there are no anionic
uranyl species below pH 5 (carbonate will out-gas agi@@cidic conditions). However, it
should be noted that the sample with a finalgh4.5 had an initial pH of 5.2 and therefore may
initially have contained a smalldction of anionic uranyl specie3he anion exchange resin was
also very effective at treating Y® contaminated synthetic groundwater at a pH of ~7.5 (also
shown in Figure 9b).

The batch exposure tests conducted with uraitgdte solutions kitered to a range of
pH values show that PANSIL was effective pagoH range 4.5 to 8, with optimum performance
in the pH range 5 to 7.5 (Figude). PANSIL was also venyffective at treating the synthetic
groundwater (also shown in Figure 9¢). Thedowrime coating on PANSIL is known to act as a
bidentate ligand for uranyl catiof@], which are the prevalentegie in acidic conditions (see
Figure 2). However in the bicarbonate buftesynthetic groundwater system at ~ pH 7.5 the
geochemical modelling indicates that the preshamt uranyl species are either neutral or
anionic, with only anionic species significanbab pH 8. A similar pattern is exhibited by
uranyl solutions where carbonate is present. Tthasuggested that PANSIL is also able to act
as a ligand to neutral uranyl species. Sudtab®ur is not unexpecteas amidoxime fibres
have been shown to preferentially adsorb wrarfrom seawater [17}vhich has a pH of ~8.

In the two-stage, distilledater (at pH 5.5), batch leaching tests on PANSIL that was
loaded with uranium at ~ pH 6, the LfOconcentration in the leachate from the first stage was
well below the detection limit for the analyticakthod employed, and was undetectable in the

second stage of these tests. These tests confinaktdt the loading used the batch tests (300
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mg UG per kg of PANSIL), PANSIL strongly binds Ué), and once bound that U®
g per kg gly

remains unleached in mildly acidic uncontaminated water.

Discussion

The Cation Exchange Resin - The sorption isotherm anddtaborted column test with
uranyl nitrate indicatéhat cation exchange resin has ayMggh uranium sorption capacity (320
g/kg) in acid condions where the Ug*(aq) specie dominates. However, this capacity will be
greatly reduced by competitiorofn other cationic species (JOis a very large divalent ion
and is below C4 and Md" in the cation replaceability ses for many sorbents [18]).

The column test with the syntheticogindwater (Figure 8b) suggests that the
unconditioned cation exchangesire may be effective at removing uranyl species from
groundwaters that are initially neat whilst it is able to buffer the solution pH into the acid
range by releasing™Hons. In such conditions the mechanism by which uranium is sorbed to
the cation exchange resin is probably by thetsan of natural groundwater cations (e.g."Na
K*, c&*, Mg?") displacing H from the resin, as evidenced e reduction in pH to about 2.5
at the start of the column test with groundwdsere Figure 6). This pH reduction would lead
to a change in the dominant uranium specie from uranyl carbonate anions towgrdadyO
cations (see Figure 2c), an@thubsequent sorption of the JOcations to the resin.

The drawback with such aqaress is that the decreasgroundwater pH may be
unacceptable for some PRB applicationshdwdd be aim of any remediation technology to
remove the contaminant without unnecessaryigéa in the groundwater chemistry). Also, the
groundwater pH will revert to its iginal value once most of the'as been exchanged off the
resin, and the resin will not therténact with the uranyl carbonagpecies left in solution (the
pH controlled batch tests showed that thé dnditioned resin was ineffective in synthetic

groundwater at ~ pH 7.5). Thus the resin capacity that will be achieved in a particular solution
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will depend on the relative numbers of naturalugrdwater cations and uranyl species present
(the molar concentration of the uranyl speetaranium contaminated sites is usually very
small in comparison with the non-contaminant constituents).

Shortly after breakthrough the column test with uncortthned resin and synthetic
groundwater there was a pdakhe effluent uranion concentration where C§G 1 (Figure 6).
This indicates that sorbed uranium was redddsom the cation exchange resin even though
there was no change in the influent solution, #wud that the amount of uranyl sorbed to the
resin when the pH was buffered to 2.5 exceeded the equilibrium value for the contaminated
synthetic groundwater at pH 7.5. This changeafilibrium was probably due to the change in
the dominant uranium species in solution. It Wikrefore be very important to remove the
cation exchange resin from a PRB befordiiffering capacity is exhausted otherwise a
contaminant pulse with an elevated 3Qoncentration may be released from the barrier.
Further, this pulse may be followed by Obeing gradually released over time due to
competition by mass-action from natuiais in the groundwater (if the Y& cation is below
C&* and Md" in the cation replaceability series &N 77, then desorption could be rapid, as
other large metal cations are readily replacedthgr species with arsnger affinity for the
resin [19]).

The Anion Exchange Resin - As expected, the anion exaige resin has a high uranium
sorption capacity (80 g/kg) in neal and alkaline conditions wheeneutral and anionic uranyl
carbonate specidparticularly UQ(COs),%) dominate (Figure 7 a). k@ver, this capacity is
about a third lower in a groundwater system wltbere will be competition from other stable
anionic species (e.g. $8. Leaching of the column exposed to carbonated uranyl nitrate with
uncontaminated synthetic groundwater caussmall spike in the effluent Y& concentration,
and then a rapid decrease to below the analyie@ction limit. The spike was probably caused

by the groundwater anions displacing weakly sorbed anionic uranyl species from the anion
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exchange resin. No leaching stage was conduliieng the column test with contaminated
synthetic groundwater, but itvery unlikely that leaching the column with uncontaminated
synthetic groundwater would have caused a spikieareffluent uranytoncentration, as there
was no change in the non-contaminant constituents of the eluent.

Interestingly in the column test expogedcontaminated synthetic groundwater the
dominant divalent anion was sulphate asctc@ncentration was 2.6 mmol/l whereas the uranyl
concentration was only 14imol/l, yet the uranyl capacity was only reduced by a third
compared to the carbonated uranyl nitrate system. This suggests that the anion exchange resin
has good specificity fanionic uranyl species over majoogndwater anions. Nonetheless, as
the uranium is sorbed to the sagé of the resin by electrostatic interaction, it could be gradually
released over time when the resin is leached by groundwater due to competition by mass action
from the groundwater anions (in particular, dérd groundwater anions such as sulphate).

PANSIL - The sorption isotherm for U8} on PANSIL, and that for US" on PANSIL
in the presence of an equal molar concentration Of(Figure 5 b & d), indicate that below a
certain capacity (termed the sequestratiggaciy) PANSIL removes all detectable LOfrom
solution. The water leaching tests on expd3AdISIL (from the pH controlled batch tests)
showed that when PANSIL isaded below that capacity, U is not readily leached. As
discussed earlier, the amidoximeating on PANSIL can act adalentate ligand system with a
high degree of specificity for anyl cations. IR spectroscopgs confirmed that PANSIL can
form strong ligand bonds with U€S [8]. Thus the specificity for U§" in the presence Phis
taken to indicate that uranylggestration by PANSIL is by this chelation mechanism. At pH
4.5 this sequestration capadtybetween 300 and 500 mg of tfOper kg of PANSIL.

At higher loadings the sorption ismrms indicate that PANSIL sorbs &fOmore
weakly, establishing an equilibrium between thded and aqueous phase (Figure 5a & c¢). In

this range, the amount of U® sorption by PANSIL is reduced by competition fronfPb
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which indicates a change in the sorption meidman This second, weaker sorption mechanism
is probably electrostatic involving locations v polymer, and/or any exposed sand surfaces
exhibiting a local charge deficit.

The PANSIL column exposed to uranytraie exhibited a sp&and then a rapid
decrease in the effluent YO concentration when it was leacheith uncontaminated synthetic
groundwater (Figure 8 a). The spike was preshlyncaused by the groundwater ions displacing
weakly sorbed uranyl species from the eletatis sites. The column initially exposed to
contaminated synthetic groundwater exhibitedspike when leached with uncontaminated
synthetic groundwater (Figure 8.l fact, in this case themas a rapid decrease in the 830
concentration in the effluentgkes should only occur when thasea significant change in the
eluent chemistry). In thisecond test the amount of &fOthat desorbed when the influent
UO,** concentration dropped torpewas small (~ 0.2 g/kg), whigorobably reflects that the
amount of UG** sorption to PANSIL by the weaker non-specific mechanism will have been
small when there was competition from the groundwater cations which were in molar excess.

The column capacity of PANKS after leaching with gnthetic groundwater can be
considered to be an approximation to the seqatest capacity (small divalent cations in the
synthetic groundwater would comie effectively with any wakly bound uranyl species for
electrostatic sorption sites). Ken together, the sorption isotheamd column data indicate that
the sequestration capacity of PANSIL is pHbeledent, increasing from 0.3 - 0.5 g/kg at pH 4.5,
to about 1 g/kg at pH 6 and possibly as high.&sy/kg around pH 7.5. i likely that this
dependence of PANSIL’s sequedion capacity on pH is assated with the increasing ease
with which oxime oxygen can undergo niedasisted deprotonation at higher pH.

PANSIL was very effective in the batchposure tests with synthetic groundwater at
~pH 7.5. The maximum sequestration capacity of PANSIL fos°Uét this pH is about 6

mmol/kg (1.5 g/kg). The synthetic groundwatetially contained 0.8 mmol/l (31.4 mg/l) of
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calcium, 1.8 mmol/l (43.0 mg/l) magnesium, andudol/l (10 mg/l) of UQ?*, which in the

batch exposure tests with an L:S ratio of 30, is equivalent to 79 mrdsladént cations per kg

of PANSIL. Thus the number of divalent caitsoin the synthetic groundwater greatly exceeded
the maximum sequestration capacity of PANSITlherefore, it is concluded that PANSIL
preferentially sequesters WO from typical neutral groundwater systems.

Comparison of the threeresin based materials - The performance of the three resin-
based materials in contaminated synthetorugdwater is compared with the reported
performance of other PRB materials imar solutions in table 4. At the U&) concentrations
considered, the active materials being used for comparison remaféhyGurface adsorption
[20, 21, 22]. Thus the comparison is made in eofthe conditional distribution coefficientgK
(ml/g), which is the amourtdf a substance sorbeag{g) divided by its equilibrium
concentration in solutionu@g/ml). Generally kis not a unique property of a particular
sorbent/solution system, and usually varies withtdst conditions (particallly the particle size
and contaminant concentration). Thus the tetst dsed for comparison have been selected to
ensure that the contaminant centration, pH and L:S ratio asénilar in magnitude to those
used in this study.

Both the anion exchange resin and PANStimpare very favourably with the other
materials reported in table 4, partiatly when it is noted that thegKalues of the anion
exchange resin and PANSIL are underestichagcause, for calculation purposes, the final
solution concentrations were assumed to be @qubk analytical detection limit (Table 4).
Indeed, the Kvalues of the anion exchange resin BANSIL are an order of magnitude higher
than those reported for similarly sized bone cbaland iron oxide pellets, and finer sized
crushed phosphate rock. Thanditioned cation exchange resinsanaeffective in the neutral
synthetic groundwater, which istaripated for a material desigthéo adsorb cationic species

from acidic solutions.
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Reductive precipitation of U from groundwater using elemahiron is fast and very
effective under reducing conditiof34, 25]. Thus elemental iron @ obvious alternative to the
reactive materials listed in Table 4 (althoughgav&lue cannot be estimated for a reductive
mechanism). For example, a barrieMamnticello in Utah, USA, reduced the 0
concentration in the groundwater from 739 tqu@/2[25]. Moreover, an iron barrier can in
theory treat a very large amount of BJO(although in practice barridife depends principally
on the corrosion lifetime of the iron). Howevttere remain some concerns about the long-term
performance of elemental iron barriers becafgbe precipitation of corrosion minerals (iron
oxyhydroxides/green rusts), microbial reductwoducts (FeS), and secondary minerals
(CaCQ, FeCQ), which can decrease the iron reactidtyd barrier hydraulic conductivity, and
may even clog the barrier [24, 26, 27].

Finally, it should be noted that the PANSHsted during this project was from a
prototype batch, where only a proportion of asmfrile groups were converted to amidoxime
groups, and only partial coating tbie sand with the polymer was acrad (see Figure 1c). Itis
believed that with better optimisation of coatinggess, a higher degree of sand particle coating
can be achieved. In addition, it is also appattesit coating with a polymer that has a higher
degree of functional group conviens may be possible. Both tfese factors would result in

PANSIL with a significantly higher sequestration capacity.

Conclusions

In acidic solutions for which it is designed thei@atexchange resin, IRN77, is very effective at
removing cationic UgF(aq) from solution. In neutral gundwater systems where neutral and
anionic uranyl species predominate, the unconditioneith of the resin can still remove a
limited amount of UG from solution. However it opates through sorbing the natural

groundwater cations, which releasesand thus reduces the solution pH. This moves the uranyl
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equilibrium towards cationic U$'(aq), which then sorbs to the resin. Thus, in a neutral
groundwater system, use of this matewaluld produce an undesirable pH reduction.
Furthermore, much of the restation exchange capacity wile consumed in sorbing non-
contaminant species.

In solutions more alkaline than pH 5 the anion exchange resin, Varion AP, has a high
capacity for anionic uranyl carboeagpecies. In this pH rangeéhas good specificity for these
species in the presence gfugous sulphate and carbonate.

PANSIL is effective at sequestering catioartd neutral uranyl spes when the solution
pH is between 4 and 8, with optimum performaim the pH range 4.5 to 7.5. In this range
PANSIL has very good specificity for uranyl specie the presence of typical groundwater ions.
Once sequestered the uranium is not rededghed from PANSIL. However the uranium
capacity of the pilot batch of PANIStested in this study is sigigantly lower than that of the
commercially available Varion AP anion exchange resin.

Both the anion exchange resin and PANSIL were effective at removing uranyl species
from neutral synthetic groundwater containgagbonate, exhibitingonditional distribution
coefficients significantly higher than those repdrin the literature for other similarly sized

reactive barrier materials undemsliar experimental conditions.
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Tablel: Test programme

c
S
8 S & 2
© = @
3% O% <4 0
cd oo oo @
2o Lo 2y S
52 82 52 _ Q
58 g8 58 0 =
25 §¢ §5¢ £ B
v Oo Oo o <
Increasing duration batchstis with uranyl nitrate v v v
Sorption isotherm determination with uranyl nitrate 4 v’ v v
Sorption isotherm for uranyl in the presence of'Pb v
pH controlled batch exposutests with uranyl nitrate v v vt
Batch exposure tests wittynthetic groundwater v v v
Flow-through column testwith uranyl nitrate v’ a4 v v
Flow-through column tests with synthetic groundwater v’ v v

* The uranyl nitrate test solution used with the anion exchange resin was conditioned with 100 mg/I of bicarbonate
(as sodium bicarbonate)

“ Exposed material from tests conducted at pHdbGwas subjected to distilled water leaching tests
Test aborted

Table2: Measured composition of the synthegroundwater prior to addition of YUONOs),

Na' K* ca’ Mg** Cl SO  HCOs

Concentratioomg/I 64.9 38.4 31.4 43.0 35.5 253 182

1. Cations were measured by ICP-OES, anions we@sared by HPLC-IC excefar carbonate, which was
measured by the flow injection method [16].
2. The error in charge balance was less than 2% of the total charge.
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Table 3: Solution chemistry of relevant wasemodelled usin@HREEQE with the
CHEMVALG database.

Uranyl Carbonated Synthetic
Solution Uranyl Solution  Groundwater
(mg/l) (mg/l) (mg/l)

Na" 0 38 65
K* 0 0 38
ca* 0 0 31
Mg** 0 0 43
Cr 0 0 35
SO~ 0 0 252
HCOs 0 100 181
uo** 10 10 10
pH range modelled 2-11 2-11° 2-112

&1t was assumed that either HCI or NaOH was used to adjust the pH during modelling.

Table4: Comparison of the performance of the meésised materials withther PRB materials
(after Bryant et al., 2003)Data are presented from batch tests where the initiaf'UO
concentration was between 5 and 35ntg#,pH was between 7 and 8, and the L:S

ratio was between 10:1 and 100:1.

Ref pH Carbonate Kq

(estimated
(mgll) (ml/g)

Material

Hydroxyapatite based materials

Pelletized bone @rcoal [2223] ~7.2| 400, 580 100-370

Crushed phosphate rock [23] 1.3 580 30-125
Iron oxide pellets [22] 7.2 400 25
PANSIL 7.6 180 >1470
Conditioned Varian AP 7.4 180 >1470
Conditioned IRN 77 7.2 180 6

Final solution UG’* concentration was below the analytidatection limit. Therefore a minimumyKalue was
calculated from that detection limit.
* Between pH 7 and 8 the dominant carbonate specie will be;HCO
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Figure 1:

Figure 2:

Figure 3:

Figure 4:

Figure5:

Figure6:

Figure7:

Figure 8:

Figure9:

Figure Captions

Electron micrograph of (a) the conditioned cation exchange resin, (b) the conditioned
anion exchange resin, and (c) PANSIL.

Geochemical modelling results: (a) urasglution, pH 2 — 11; (b) uranyl solution
equilibrated with 100 mg/l of NaHCGDpH 2 - 11; (c) synthetic groundwater, pH 2 — 11.
Time-dependent reactions betweeanyl and the three active materials.

Sorption isotherm for (a) the unconditionstion exchange resin in uranyl nitrate
solutions at ~ pH 3.8, and (b) the conditioaaibn exchange resin in uranyl nitrate
solutions with sodium bicarbonate at ~ pH 5.

Sorption isotherm for US" on PANSIL in (a) & (b) uranyl nitrate at pH 4.5, and (c)

& (d) equal molarities of uranyl nitrate alehd nitrate at pH 4.8he initial sorption
behaviour in both solutions ghown on expanded scalestba right). Data for the

acid washed sand support is showrthm® open squares in (a) & (b).

Column tests on the cation exchangenresing synthetic groundwater at ~ pH 7.5
containing 30 mg/l Ug" (note: no datum point waseaasured for the moment at

which maximum UG?* sorption occurred).

Column tests on the anion exchange resing (a) carbonatedamyl nitrate at pH

6.5 containing 100 mg/l US' (after the influat and effluent U&* concentrations

were equal, the column was leached wititontaminated synthetic groundwater),

and (b) synthetic groundwater at ~ pH 7.5 containing 30 mg#f U0

Column tests on PANSIL using (a) uramytrate solution at pH and (b) synthetic
groundwater at ~ pH 7.5 (bosiolutions contained 30 mg/l Y&).

Variation of uranium sorption from urangitrate solutions with pH for (a) the
conditioned cation exchange resin, (b) tbaditioned cation ex@nge resin, and (c)
PANSIL. The meant(l standard deviation) of (a) 4,)(, and (c) 7 tests with synthetic

groundwater are also showml). Solutions initially contained 10 mg/l of U®.
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Figurel: Electron micrograph of (a) the conditioned cation exchange resin, (b) the conditioned

anion exchange resin, and (c) PANSIL.
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Figure2: Geochemical modelling results: (a) uraaglution, pH 2 — 11; (b) uranyl solution
equilibrated with 100 mg/I of NaHGOpH 2 - 11; (c) synthetic groundwater, pH 2 — 11.
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Note: Initial solution concentration was 10mg/l UO,?" and the L:S ratio was 30:1

10 o
—+—C.E.R. (Soln pH 5.1-5.8)
8 —a—A.E.R. (Soln pH 7.1-7.3)
’:; —e— PANSIL (Soln pH 5.5-6.5)
E
£ 6
o
1)
T 4
&
o
) 2
0 T T T 'S T ‘#‘—n
0 50 100 150 200 250 300

Time (min)

Figure 3: Time-dependent reactions betweeanyt and the three active materials.
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solutions at ~ pH 3.8, and (b) the conditioaaibn exchange resin in uranyl nitrate

solutions with sodium bicarbonate at ~ pH 5.
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& (d) equal molarities of uranyl nitrate atehd nitrate at pH 4.8he initial sorption

behaviour in both solutions shown on expanded scalestba right). Data for the

acid washed sand support is showrthm®y open squares in (a) & (b).
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which maximum UG?* sorption occurred).
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Figure7: Column tests on the anion exchange rasing (a) carbonatedamyl nitrate at pH
6.5 containing 100 mg/l US' (after the influat and effluent UZ* concentrations
were equal, the column was leached wititontaminated synthetic groundwater),

and (b) synthetic groundwater at ~ pH 7.5 containing 30 mg#f U0

34



—eCICo Wﬂh .

2.5 1 —o—PANSIL loading f}/e‘e‘/ \f\\ .
2 2
Commenced leaching with
S uncontaminated synthetic

) 15 groundwater
1 Initial .
/f breakW v

0.5

15

PANSIL loading (g of UD:?*/kg)

0 1 2 3 4 5 6 7
Cumulative UO,?* in influent (g/kg)
(a)

3 - 3.0
Cpmmenced Igachlng C/Co N
25 with uncontaminated |55 D
' synthetic groundwater —o— PANSIL loading R
, o}
2 — v 20 2
Initial 5
o breakthrougﬂg,e/g——@@‘e'e—g‘e‘s“e\&% e
Q 15 ' o0 15 o
) yz/ =
e]
@
1 e o g00 1.0 2
=
0.5 05 <
Lmqj/ k .

0 ‘ ‘ ‘ ‘ 0.0

0 1 2 3 4 5 6 7
Cumulative UO,?* in influent (g/kg)
(b)

Figure8: Column tests on PANSIL using (a) uramytrate solution at pt and (b) synthetic

groundwater at ~ pH 7.5 (bosiolutions contained 30 mg/l U8).
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Figure9: Variation of uranium sorption from urangitrate solutions with pH for (a) the

conditioned cation exchange resin, (b) tbaditioned cation ex@nge resin, and (c)
PANSIL. The meant(l standard deviation) of (a) 4,)(, and (c) 7 tests with synthetic

groundwater are also showH). Solutions initially contained 10 mg/l of Y®.
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