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ABSTRACT

AECL’s CHEMIC™ process has effectively treated in excess of 4 million gallons of radiostrontium-
contaminated water since 1993. One aspect of the ongoing effort to expand the application of the
process involves the use of powdered sorbents such as biomass in addition to naturd zeolitesin
conjunction with precipitation for the removad of different contaminants including radiostrontium from
waste solutions. In this paper, laboratory-scale test results are presented on remova performance of
radiogtrontium from synthetic and actua waste solutions by different natural zeolites and biomass. The
natura zeolites included calcium-chabazite, sodium-chabazite, sodium-clinoptilolite, mordenite,
potassum-clinoptilolite, zeobrite and zeobrite 100. The biomass used in the tests included S. faccium,
B. aubtilis, L. plantarum, L. acidophillos, P. cerevisa and M. luteus. Results showed that strontium was
preferentidly removed by chabazite with high removd efficiencies evenin the presence of the competing
cadciumion. Clinoptilolite performed smilar to chabazite, but only at low concentrations of the
competing ion. Theinitia sorption rates of strontium by powdered zeolites were generdly rapid a low
concentrations of the competing calcium ion, and remova efficiencies in excess of 90% occurred within
30 minutes of contact between the solution and zeolite. The behaviour of different biomass sorbents for
radiogtrontium remova was found to be smilar in many respects to that of the natura zeolites. Among
the biomass tested, L. plantarum and P. cerevisd gave the highest removd efficiencies for
radiogtrontium when the concentration of the competing calcium ion was low. It gppearsthat
contaminant binding to specific regions on the cdl surface is akey mechaniam for cation removd by the
biomass. The mgority of the cation remova by biosorption was found to occur within a 20-minute
exposure of the biomass to the contaminated solution.

INTRODUCTION

The presence of trace amounts of radionuclides and toxic metds dong with akdi-earth metdsand ironis
common in the mgority of contaminated waters around nuclear materia processng and storage facilities.
The concentrations of toxic metals are in the order of afew mg/L, whereas concentrations of commonly
present radionuclides such as strontium-90 and cesium-137 in waste solutions are typicaly afew
microgram/L or lower. The dkai-earth metds, cacium and magnesum, combined with iron are present
inredively higher concentrations, tens to hundreds of mg/L. Also, waters have anionic species, in
particular, HCOs/COz ions, in the order of 100 mg/L. The chalenge isto devise gppropriate processes
involving one or a combination of physico-chemica methods that remove the contaminants with high
removal efficiencies. Depending on the methods, the presence of noncontaminants can aid or impede
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the contaminant remova efficiencies, and aso can contribute to the generation of large volumes of
secondary waste from the treetment. The evolving stringent environmenta regulatory limitsfor such
contaminants require that efficient and cogt-effective, closed-1oop treatment methods must be devel oped.
These methods need to have high decontamination factors while generating a minimum of secondary-
waste generation that requires further trestment before storage/disposal.

Under a cooperative agreement between US Department of Energy and Atomic Energy of Canada
Limited (AECL) Buckley et d. (1) developed and patented (2) a generic process for the trestment of
wastewaters containing mixed contaminants of radionuclides, heavy metds and organics. In their study,
powdered natura zeolite and activated carbon were used to promote contaminant remova. They
identified that using powdered zeolite has severa advantages: (a) direct contact of contaminants with
powdered ion-exchange materia provides high contaminant remova efficiencies and fagt kinetics; (b)
powdered ion-exchange materid may have lower cost because it is usually considered as waste by-
product, and (c) choice of materids provides flexibility to change process conditions easily, depending on
the waste being treated. This processis referred to asthe AECL’s CHEMIC™ technology and is offered
for application in the treatment of ground waters and wastewaters. Details of the technology can be found
elsawhere (3, 4).

The above studies showed that sequestering of low concentrations of cationic contaminants such as
radioactive and toxic meta's from aqueous waste streams can be accomplished effectively by
precipitation techniques. Maximum remova of the contaminant also requires an optimum precipitation
temperaure. It iswel known that depending on the precipitated material compaosition, contaminant
remova aso occurs through “sorption” mechanisms. For example, the presence of iron and auminium
preci pitates has the ability to remove sgnificant amounts of contaminants (20 to 30% is not uncommon)
by sorption mechanism. To achieve trestment flexibility and to meet very low discharge limits (e.g., near
drinking water limit in many applications), thereis dso aneed to add ether a*“polishing” sep after the
precipitation trestment or to add small amounts of powdered sorbents to the precipitation process.
Adding powdered sorbent to the contaminated solution provides process flexibility and offersthe
potentia for the use of awide array of naturd zeolites and biomass to achieve a high qudity trested
water.

Depending on the nature of the chemicas added to the waste solution, the combined precipitation and
sorption steps dlow contaminant remova by a combination of mechanisms including: ion exchange,
adsorption, precipitation and particle entrapment. The finad contaminant-laden particlesin the
suspension can be separated from the waste stream by advanced filtration methods such as cross-flow
microfiltration and dewatering.

The present version of the CHEMIC process (Fig. 1) includes caustic- sodium carbonate or CO»
precipitation at optimum temperature, sorption by a naturd zeolite using direct addition to the waste
solution followed by micrdfiltration and gravity settling or vacuum drum filtretion to remove
radiostrontium from waste waters. The CHEMIC process generates a high-qudlity effluent by
incorporating a polishing treatment in fixed-bed natura zeolite columns.
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Fig. 1. AECL’sCHEMIC™ Processfor Removal of Radionudlides and Metals from Contaminated Water

AECL has been operating afidld CHEMIC treatment facility at the Chak River Laboratories (CRL) to
decontaminate groundwater contaminated with *°Sr. The trestment process, which is conducted under
effective temperature control, involves precipitation of strontium as strontium carbonate followed by
filtration of the dilute sugpension using hollow-fibre cross-flow microfiltration and has provided afiltrate
water quality aslow as 27 Bq °Sr/L (Table ). Because of the similar physical and chemical
characterigtics of calcium and radiostrontium, the remova of calcium to below 2 mg/L has been found to
produce the highest radiostrontium remova efficiency. Performance data (5) based on treating over 2.5
million gallons of radiostrontium- contaminated groundwater reveal that the CHEMIC™ plant has
performed effectively to treat ground/surface waters containing approximately 3000 Bq /L to
produce a discharge water that islessthan 5 Bg/L (<135 nCi/L) of radiostrontium. It should be noted
that the 5 Bg/L limit represents the Method Detection Limit for the quality-assured measurement
established for °Sr at CRL.
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Tablel: Effect of Temperature on Cacium and **Sr Remova by CHEMIC™ Process from
Ground/Surface Waters at Spring B Facility, Chalk River Laboratories

Temperature Range Calcium Concentration in the Filtrate %S¢ Concentration in the
During Precipitation After Precipitation and Microfiltration Filtrate After Precipitation and
(°C) (mgl/L) Microfiltration

(BalL)
55-10.0 38-92 300- 600
155-17.0 16-36 48-112
200-220 12-30 32-57
245-265 11-18 27-35

One aspect of AECL’s ongoing effort to improve the chemistry and equipment performance of the
CHEMIC™ process has involved testing to select low-cost, efficient sorbents that can be used in
conjunction with precipitation to achieve a high remova of radiostrontium from contaminated
wastewaters. This paper presents praiminary results of screening tests with different naturd zeolites and
biomasses to assess their relative ability for the removal of radiostrontium (*°Sr/*°Sr) from synthetic
solutions and actua groundwater samples. 1t should be noted that the actuad groundwater in this study,
aso contains 0.8 to 1 mg/L of stable strontium in addition to radiostrontium.

BACKGROUND
Sorption By Natural Zeolites

The remova of radionuclides from waste solutions using naturaly occurring zeolites (6) has been studied
gnce 1950s. The natura zeolites are aclass of duminosilicate mineras with favourable cation-exchange
properties and resstance to radiation. Among the more than 30 different species of zeolites that occur
in nature, only some natural zeolites such as anacime, chabazite, clinoptilolite, erionite, ferrierite,
mordenite, and phillipsite occur in sufficient quantity and purity to be consdered as viable minerd
resources (7).

Zeolites are three dimensiona, microporous, crysaline solids with well-defined structures that contain
auminum, slicon and oxygen in thar regular framework. The sllicon and duminum atoms are
tetrahedrally coordinated with each other through shared oxygen atoms. The S O4 is neutrd, but the
AlO4 resuitsin anet negative charge (A / 40"). The net negative charge (8) is balanced by cations
(eg., dkdi and dkdine-earth metas, such as sodium, potassum and cacium) that are present during
the formation. These cations and water are located in the pores of the zeolite and the cations can be
readily exchanged for other cationic species. In addition, the porous framework of the zeolites enables
them to act as molecular Seves (i.e. they are used to separate molecular mixtures on the basis of the Sze
and shape of molecular compounds or for the selective adsorption of gases). The zeolites have
reversible hydration properties in addition to their cation-exchange properties (9). Estimates of pore
volume accessible to water provide a measure of pore space. For example, the pore volume (cm’ as
liquid water per e’ of crysta) of adinoptilolite with an ideslized unit cell composition of
Nas[AlsSiz0O72] 24H-0 is 0.34 wheress a chabazite with a unit cell composition of
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Ca[AlsSisO24] 13H-0 is 0.48; thisimplies that chabazite has more pore space or capacity to retain
cations and certain compounds.

The cation-exchange mechanism, for example, between strontium ions and zeolite may be expressed as.

S2(H,0)+29AI0;) ® SAIO;xa 2 xOH ) + SAIO, (OH)
972 +2(SAO) M ® (SAIOSY), X2 +2M ™ (Ea- 1)

Although ion exchange is the most predominant mechanism for cation remova by naturd zeolites, physica
adsorption of cations cannot be ruled out. Consequently, we will use the terminology, "sorption”, to denote
the combined action of ion exchange and adsorption by zeolites. Because of the favourable cation remova
capacities and low costs of many natural zeolites (either in column mode or direct addition treatment), they
are being used increasingly for trestment of wastewaters containing the most prevalent radiostrontium and
radiocesumions (10, 11, 12, 13).

Sor ption by Biomass

Biosorption is the property of certain types of dead microbia biomassto bind and concentrate
contaminant metals dissolved in solutions (14, 15). Contaminant-saturated biomass can be either
burned or stabilized directly into suitable waste forms, or reused by regeneration using appropriate
electrolyte solutions. Biosorption can be aviable dternative to other sorption methods for the removal
of trace amounts of toxic metals and radionuclides from agueous waste solutions. Biomass can remove
specific contaminants from contaminated agueous streams in short contact times. Severd advantages
have been recognized in using of dead microbes than live cellsin the biosorption process. They include:
a) no extra nutrients need to be added to the waste stream; b) the biomass can be concentrated to a
smdler volume-requiring disposal as waste; and ¢) the cost of biomassis generaly low. Some
disadvantages associated with the dead biomass may include: &) potentid solid-liquid separation issues
in continuous flow processes where the biomass is dosed directly to the waste stream, as a result of
gmd| particle sze and low mechanica strength of the mass; and b) potentid difficultiesin the preparation
of the biomass for fixed-bed sorption-column gpplications.

Previoudy (14), biosorption studies have primarily focussed on cations such as uranium, thorium, radium,
cadmium, gold, cobalt, copper, lead and nickel. Few investigations have been reported on strontium
remova by biosorption. A preliminary study (16) showed that Citrobacter, which isknown to retain in
the order of 9 g uranium per gram of biomass (17), removed only limited quantities of strontium from
dilute solutions. Oak Ridge Laboratories (18) screened over twenty microorganisms for their ability to
remove low concentrations of strontium from solutions. The highest rates of strontium remova from a
100-mg/L strontium solution after 14 days of contact were Rhizopus (distribution coefficient: 26,240) and
Micrococcus (distribution coefficient: 9,980). In comparison, Citrobacter, showed only a distribution
coefficient of 1,800. [Note that distribution coefficient is defined as microgram of Sr bound per gram of
biomass (on dry weight basis) divided by microgram of S in solution per gram of solution.].
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Because of the difficulty in immobilizing Rhizopus in a support medium (inert medium or active medium
such as sorptive biopolymers), Oak Ridge Laboratories only performed a detailed examination of
Micrococcus luteus (19). The study with M. Iuteus cdllsimmobilized in gelain and bone gel suggested
that batch equilibration tests, conssting of gpproximately 100 mL of 10-mg/L S with 16 mL of gdatine
and 4 mL of M. luteus pellet, produced aresdua concentration of about 0.8-mg/L S after 4-h contact
timeand 0.25 mg/L S after 24-h contact. The column testswith a 10-mg/L S solution and a 52-mL
column with bone gdlatin beads (4.2 mm dia.) containing 20% M. luteus cdlls showed breskthrough
after 70 column volumes. Although the resultsindicated high overdl strontium removals, strontium
adsorption was only partidly atributed to M. luteus cells; the gel retained significant amounts of
grontium by adsorption. On the basis of these results, the usefulness of M. luteus was found to be only
margind for adsorption operations if the active adsorbing cells are retained within immobilizing gds.

The sdectivity of the adsorbent for S over Caisimportant for practical gpplicationsinvolving
wastewater containing appreciably more calcium over srontium. Column experiments using
biomass/gd atin beads have shown (19) adight sdlectivity for Sr over Cabut the sdlectivity is not
sgnificant for practical purposes. Because the gelatin beads can act as a sorbent for Caand Sr, it was
not confirmed if the dight selectivity comes from the biomass or from the gdatin. A follow-up study
(20) suggested loadings of 25 mg per gram of M. Iuteus (dry weight) when contacted with 50 mg/L S
as SrCl at neutral pH. 1t was observed that: a) S binding occurred in the absence of nutrients and
metabolic activity; b) dthough initid remova of srontium within 30 min was rapid, long-term rel ease of
S occurred; €) St removal was inhibited by the presence of polyvaent cations such as calcium,
magnesium and barium, and Smilarly chelating agents and other cations, including H', displaced bound-
grontium; and d) indications were that S remova by M. luteus occurs through ion exchange- mediated,
surface biomass cdll components and intracellular uptake.

For other metal ions, such as thorium and iron, the uptake mechanisms by biomass such as

R. arrhizus are bdieved to involve binding of the meta ionsto the cdll surface, or an ion-exchange
process where the cations of the polysaccharides on the cell wall exchange with the metd cationsin
solution (21). The uptake of heavy metads and radionuclides by biomass has also been explained (22)
by amechanism in which the metd cations bind to specific regions on the cdll surface. Thereisevidence
of carboxyl groups on the proteinsin the cdl wall, which can effectively bind the metd ions. It seems
that the entire biosorption process occurs within short contact times (e.g., less than 20 min) between
biomass and contaminated solutions.

EXPERIMENTAL
Materials

Seven naturd zeolites from different suppliers were employed in the tests. ZS500H (Ca: chabazite) was
purchased from GSA Resources, Inc., Cortaro, Arizonathrough Fisher Technica Development Inc.
TSM-140 (Na-clinoptilolite) and TSVI-310 (Na chabazite) were obtained from Steehead Specialty
Minerds, Spokane, Washington. Mordenite (Ca-mordenite), K-clinoptilolite, Zeobrite 100 (Ca
clinoptilolite) and Zeobrite (CalK -clinoptilolite) were obtained from Zeotech Corporation,
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Albuquerque, New Mexico. The zeolites were used as recelved, except some zeolites were ground
and Seved to the proper sizefor thetests. The particle Sze (average particle diameter) of al zeolites
tested was | ess than 44 nm (-325 mesh).

Physica properties and composition of the zeolites employed in the present study are summarized in

Tablell.
Tablell: Composition and Properties of Zeolites Used in Our Study
TSM-310 Z S500H TSM-140 K- Zeobrite Zeobrite Mordenite
(Na- (Ca-chabazite) (Na- clinoptilolite (Ca 100 (Car
chabazite) clinoptilolite) clinoptilolite) (CalK- mordenite)
clinoptilolite)
Weight %
S0, 54.60 55.30 66.03 69.54 62.80 68.40 79.60
AlLO, 14.90 13.20 1047 9.86 11.60 12.10 14.30
CaO 022 325 155 0.88 410 240 331
MgO 0.60 0.98 058 0.17 0A 0.70 031
TiO, - - 013 0.32 0.18 - -
Na,0 6.67 285 325 116 0.85 0.60 021
K,O 090 115 181 4.65 154 1.70 031
FeO, 228 340 112 192 0.77 0.80 0.19
MnO - 0.027 0.03 0.013 0.70
Density 173 1.60 160
(kal)
Bulk Density 0.79-0.72 0.72-1.28 0.72-1.28 0.64-0.93 0.78 0.46-0.64
(kgl)
Pore Size (A) 4-12 3.7-41 4.0 - 36 36
Stability pH 4-12 312 310 310 310 310 -
Cation 237 250 1.65-1.80 155 150 150 133
Exchange
Capacity
(megyg)

The indudtrid biomass samples, B. subtilis, S. faccium, L. plantarum, L. acidophillos and
P. cerevisd were obtained as steam-erilized, dried powders from Environmental Microbid Services
Inc., Cdgary, Alberta (23). Micrococcus luteus was obtained from Laurentian University, Sudbury,

Ontario (24) as a steam-gerilized sugpension.

The strontium-85 (*Sr) source was obtained from Dupont Canada Inc., Mississauga, Ontario. The
source was diluted to the designed concentrations as standard solutions for the preparation of feed
samples. Strontium-85 feed solutions were prepared by adding pre-determined amounts of *Sr with or
without calcium chloride in distilled water. The pH of the feed solutions was adjusted to the desired
value with NaOH/H,SO4 prior to the addition of biomass. For *°Sr removal tests, actua contaminated
ground/surface water samples from Chak River Laboratories, Ontario (13) were used. Typica assay

(13) of the contaminated water was. [°Sr]

= 2,500 Bg/L ; other cations (mg/L): [Ca] = 45; [Mn] =
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[Mg] =7; [Na] = 30; [Fe] = 5-30; and [HCOz] ~100 mg/L. All chemicd reagents employed in the
experimenta study were of andytica grade.

Deter mination of Radiostrontium Removal Perfor mance

Tedtsinvolving direct addition of sorbents (powdered zeolite or biomass) in smulated or actud waste
solutions were conducted with varying sorbent concentrations (typicaly 500 and 1000 mg sorbent per
litre of solution). For testswith natural zeolites, fifty millilitres of the feed solution, which contained *°Sr
and calcium was shaken with 0.05 g of zeolite at room temperature (~23°C) for a pre-determined
conditioning time. The supernatant was then separated from the zeolite mass by filtering the sugpension
through a Whatman 3 (6-nm pore diameter) filter paper. The filtrate and the origind feed solution were
andysed for contaminants.

The selected biomass of was added to 400 mL of waste solution (synthetic or actua) solution and mixed
for aconditioning time (e.g., 20 min) at asolution pH of 4 or 7. The suspension wasfiltered in afiltration
cdl purchased from Amicon Corporation, USA. The cdll conssted of a gpecia membrane holder to
alow for easy insartion or removd of the filter membrane sheet without damage. The cell design
facilitated the suspension to be poured in and out easily, and to provide maximum recovery of the
separated liquid (filtrate) with virtudly no fluid loss. The stirring bar dlowed efficient mixing of the
suspension during filtretion. A flat- sheet polypropylene microfilter with a0.2-mm pore-diameter was
used. The cdl pressure was maintained at about 68 kPag (~10 psg) by anitrogen gas cylinder. The
temperature of the operation was kept at room temperature (~25°C). Samples of the starting feed
solution and the fully mixed filtrate after the solution was filtered were andyzed for contaminants.

It should be noted that because the Szes of the zeolite particles (Iess than 44-nmm diameter) were
sgnificantly larger than the biomass particles, a coarser filtration, 6-mm pore diameter Whatman filter
was determined to be adequate (through separate tests, not reported in this paper). However, for the
lower particle-sze biomassfiltration, atighter 0.2-mm pore-diameter microfilter was required to obtain
reliable results. The use of amicrofilter or an ultrafilter for zeolite suspengon filtration, or an ultrafilter
(~0.01-nm pore-diameter) for biomass suspengon filtration (except for afew tests with M. luteus),
showed no significant advantage for improving radiostrontium removad.

The percent contaminant remova efficiency, PCRE (%), for a given conditioning time was caculated by:

pcre = S°C1 j100 (Eq. 2

Where, C: represents concentration of the contaminant in the treated water (after sorption by zeolite or
biomass and filtration) and C; istheinitial concentration of the contaminant in the untrested (feed) water.

Water samples were preserved at 4°C in polyethylene bottles a apH <2 with nitric acid. All anayses
were completed within 15 days of ssmpling. The concentration of *Sr in water samples was
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determined by gamma spectrometry, and *°Sr was determined using liquid scintillation. Calcium was
andysed using Inductively Coupled Plasma and colorimetric methods.

RESULTS AND DISCUSSION
Radiostrontium Removal Performance by Selected Natural Zeolites

In generd as shown in Table 111, the radiostrontium remova efficiencies by different natura zeolites reached
goproximately 90% or higher within one hour of conditioning with a solution containing low concentrations
of cacium (eg., 10 mg/L calcium). It should be noted that with one exception, TSM-140, dl zeolites
screened in our study showed gpproximately 90% remova efficiency for strontium at a conditioning time of
30 min. As expected, the smilarity in physca-chemica properties of strontium and calcium resulted in
ggnificant reduction of strontium remova efficiency when cacium concentration was increased, for example,
to 100 mg/L. It should be noted that the strontium concentrations used in the tests were several orders of
meagnitude lower than calcium concentrations in the solution.

Tablelll: Effect of Conditioning Time on Radiostrontium Remova Efficiency at Low and High

Concentrations of Cacium

Calcium Concentration 10 mg/L 100 mg/L
Zeolite Conditioning Time (min) 30 min 60 min 30 min 60 min

¥ conc. In Feed (Bg/L) 569.9 633.4 484.2 484.2
TSM -310 85 conc. in Filtrate (Bg/L) 24.6 <10 203 <10
(Nachabeazite) Percent Remova Efficiency 93.7 >97.4 95.8 >97.9
ZS500H 83 conc. in Filtrate (Bg/L) 59.5 59.2 284 253
(Cachabazite) Percent Remova Efficiency 84.6 90.7 U1 9.8
TSM -140 83 cone. in Filtrate (Bg/L) 1254 <10 290.6 294.6
(Naclinoptilalite) Percent Removal Efficiency 67.6 >97.4 40.0 39.2
Clinoptilolite ¥gr conc. in Filtrate (Bg/L) 495 79.6 356.5 4045
(K-clinoptilolite) Percent Removal Efficiency 91.3 874 264 16.5
Zeobrite 83 conc. in Filtrate (Bg/L) 51.6 829 255.8 380.3
(Cacdlinoptilalite) Percent Remova Efficiency 91.0 86.9 472 196
Zeobrite 100 83 cone. in Filtrate (Bg/L) 458 59.2 294.7 260.0
(CalK -clinoptilolite) Percent Removal Efficiency 92.0 90.8 391 46.2
Mordenite 85 conc. in Filtrate (Bg/L) 704 238 372 192.0
(Camordenite) Percent Remova Efficiency 871.7 96.2 923 60.4
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The relative performance of the zeolites for radiostrontium remova from feed water containing
approximately 5,000 Bq *Sr/L for different concentrations of the competing calcium ion is shown in
Fig. 2.

At low concentrations of competing caciumions (eg., 10 mg Call.), with the exception of zeobrite
(Ca-dinoptilalite), dl other zeolites tested in our study produced relatively high strontium removals (84
to 98%). Sodium-chabazite (TSM-310) had the highest strontium removal whereas Zeobrite 100, a
CalK -clinoptilolite, produced the lowest strontium removals. Zeobrite (Ca-clinoptilolite) had alower
grontium remova performance (~75%). The cation-exchange performance of a zeolite depends on the
sze and charge of the exchanged cations and the structure of the zeolite. Most of the zeolites have
channels whose dimensions, because of strong (Si,Al)-O-Si bonds in three dimensions, are unchanged
by ion-exchange. The cations are Situated dong with water molecules in most casesin these
interconnected channels, which provide paths for the cations to diffuse freely throughout the Structure.
Studies (eg., 26) have shown that diffusion of cation is dependent on the size of the cation relative to
the smdlest free diameter of the channe and on the charge on the cation. Thislatter coulombic
interaction arises because the channd walls are lined with oxygen atoms that are negatively charged.

It gppears that strontium remova behaviour of the zeolites may be related to certain key elementd
composition of the zeolites, dthough dementd compositions done may not be the only mechaniam for
the observed performance. For a zeolite with ardaively high S/Al ratio, the negative charge on the
framework would be reduced and aso the coulombic interaction energy. Thus, the repulsion-disperson
interaction between the diffusing cation and the ring of oxygen atoms making up the channdsis not
negligible. Thiswill result in less favourable environment for the cation-ion exchange (e.g., low cation
exchange capacity). As expected, based on the lowest S/A ratio vaues among the zeolites tested
(TableIl), chabazite (TSM-310, ZS500H) performed the best for strontium removal in the presence of
high concentrations of competing calcium ions (100 mg Call). Of the two chabazites tested, the Na
chabazite (TSM-310) reveded dightly higher removd efficiencies for srontium (97-98%) than Ca
chabazite (ZS500H, 88-95%) over the range of competing calcium ion concentrations (10 and 50 mg
CalL). The higher strontium remova by Na-chabazite may be because sodium ions are easily displaced
than calcium ionsin the zedlite by strontium ions. Although the diameters of Na' (1.90 A) and of C&™*
(1.98 A) are similar, the self-diffusion coefficient of Ca’*was found to be lower (26). These Ca* ions
arelocked in Sitesthat are barred for energetic reasons to the divalent ions. However at 100 mg Call
the two chabazites removed, within the experimenta errors, gpproximately 93% of strontium.

With chabazite the channd's have a free diameter of 3.9 A and are thus much larger than the diffusing
ions (e.g., the diameter of calcium ion is 1.98 A and the diameter of strontium ion is 2.26 A) and the
coulombic interaction is the main control mechanism. For mordenite, because of more complicated
channd structure, the minimum free diameter of the channd is approximately 2.8 A. Diffusion of the
largeionsislimited by the relatively smdl free diameter. Thisimpliesthat chabazite has more pore
space or capacity to retain cations and certain compounds.

High sodium, and low calcium and potassum vaues are indicative of the relative ease of exchange of
strontium (with a diameter of 2.26 A). Cacium and potassium in the zeolites have been found more



WM’ 01 Conference, February 25-Mar ch 1, 2001, Tucson, AZ

difficult to exchange with the free cations than sodium because of relatively low diffuson rates and large
ionic dimensons. An anayss of the chemica composition (Table I1) expressed asratios of dominant
gpecies (Table IV) suggests that TSM-310 has the lowest values for mole ratios of S/Al (= 3.1) and
CalMg (= 0.3), and the highest value for NalK (= 11.3). Cacium-chabazite (ZS500H) has the next
best favourable properties (S/Al = 3.6; NalK=3.8), but the CalMg ratio is dightly higher (=2.4) than
Na-clinoptilolite (CalMg = 1.9). The rdatively poor performance of other zeolites tested & high
concentrations of competing calcium ions may aso be due to relatively high values for S/AI and CalMg,
and low valuesfor NalK.
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Zeolite Types
Fg. 2 -85 Remova Efficienciesfor Different Zeolites

The clinoptilolites performed smilar to Chabazite for strontium removal, but only &t low concentrations
of the competing caciumion. Thereatively superior performance of the TSM-140 Na-clinoptilolite as
compared with the other clinoptilolitesin the presence of the competing calcium ion can be reasoned in
terms of the low vaues of S/Al and CalMg, and high value of Na/K in the case of TSM-140 Na
clinoptilolite (Table 1V).
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TableV: Key Elements Controlling the Effectiveness of Strontium Remova in

Sdected Zeolites
Si/Al CaMg Na/K Fe+Na

(moleratio) (moleratio) (moleratio) (wt. %)
TSM -310 31 0.3 11.3 6.5
(Na-chabazite)
ZS500H 36 24 38 45
(Cachabazite)
TSM -140 54 19 27 32
(Naclinoptilolite)
Clinoptilolite 6.0 37 04 22
(K-dinoptilolite)
Zeobrite 46 31 038 12
(Caclinoptilalite)
Zeobrite 100 48 25 05 10
(CalK -clinoptilalite)
Mordenite 47 1.7 10 03
(Camordenite)

Radiostrontium Removal Performance by Selected Biomass

@ Radiostrontium uptake by M. luteus and TSVI-140 (Na-Clinoptilolite)

Strontium removal results with M. luteusin combination with TSM-140 zeolite are presented in Table V.
The results show that as the concentration of M. luteus incresses, the uptake of ®Sr (last column in Teble
V), expressed as Bg/mg of the biomass, begins high and then decreases when the total concentration of
grontium in solution islow (in the range of 4,000 to 6,000 Bg/L). A similar trend has been observed
with biosorption of copper and uranium by yeast and fungi (25). One reason for this observation has
been attributed to adverse dectrogtatic interactions between binding sites at high biomass concentrations,
athough a complete understanding of this behaviour is not available presently. However, the remova
efficiency increases continuoudy and reaches a plateau as the concentration of the biomass in the solution
increases. For example, strontium removal efficiency in the order of 70 to 80% can be obtained with a
biomass concentration in the range of 500 to 1000 mg/L when the total strontium concentration is low (4
to 7 myL S in the present study). Asillustrated in Table V, the addition of stable strontium at alevel

of 40 mg/L resulted in asignificant reduction of S removd efficiency to 20-30%. This correspondsto
the calculated strontium uptake value of 18.4 and 13.2 mg/g of biomass when the solution was contacted
with an arbitrary biomass concentration of 500 mg/L (dry wt.) and 1000 mg/L, respectively. The lower
strontium uptake observed in our sudy compared with the vaue of 25 mg/g of biomass found in previous
column tests (19, 20), involving M. luteus immobilized in gelain over glass beadsin contact with a50
mg/L-S solution, may be because of additiond contributions from the sorbent action of the gelain
support medium for M. luteus and the higher initid concentration of 50 mg/L S in the waste solution we
employed in our study.
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By comparison, zeolite addition at 400 mg/L to the solution resuilted in 96% remova efficiency for *Sr
(Table V). However, the efficiency was reduced to about 25% when the solution contained 40 mg
S/L. The S uptake of 25 mg/g by zeolite is comparable to 18.4 mg Sr/g biomass uptake. This
compounded effect of the addition of zeolite and biomass (refer to Table V) may be summarized as

follows

At low concentrations of *Sr (4,142 Bg/L), the addition of 900 mg/L. sorbent (400 mg/L
zeolite and 500 mg/L M. luteus) gave 77% S removad efficiency; this value is comparable to
79% removd efficiency for strontium obtained with 1,000 mg/L biomass;

TableV: Strontium-85 Remova Performance from Synthetic Solutions by M. luteus and TSM-140
Zeolite (pH = 7; Temperature = 25°C; Contact Time = 20 min)

[®sr] | [SrCl,] | [TSM-140] | [M.Luteus] | ®Srin Filtrate ®gr ®gr Total Sr [®Sr +
(Bg/L) | (mg/L) Zeolite Biomass (after sorbent Removal Uptake** Sr] Uptake
(mg/L) (mg/L) addition) Efficiency (Bg/mg (microgram per
(Bag/L) (%) Sorbent) gram of Sorbent)
4142 500 1283 69 5.7 6.5
4142 - 1000 851 79 33 34
4142 400 - 135 96 99 11.2
4142 400 500 939 77 36* 410
4142 400 1000 933 77 2.3¢ 320
4956 100 2216 55 274 312
4956 - 500 1402 72 7.1 81
5457 40 500 4208 23 25 ***184mglg
sorbent
57 40 1000 3680 3 18 ***13.2mg/g
sorbent
5457 40 400 500 3950 27 17 ***12.0mglg
sorbent
5457 40 400 1000 3517 35 14* **+%10.0 mg/g
sorbent
5457 40 400 4071 25 34 ***250mg/g
sorbent
6233 750 1757 72 6.0 6.8
6233 200 3159 49 154 17.6
6233 100 3617 42 26.2 299
6233 75 4913 21 176 20.1
6233 50 5117 18 223 254
6233 25 5535 1 279 318
6233 - - 10 5259 15 974 1110
Note: * Combined zeolite and biomass effect on the basis that the effect of sorbentsisidentical.

** Spedific activity of *Sris8.77 x 10" Bo/g; 1 Bq = 1.14 x 10° g *Sr, or 1.14 nanogram.
*** Stable Sr (from added SrCk) remova efficiency is the same as *°Sr removd efficiency.
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At high concentrations of Sr (40 mg/L), 900 mg/L of combined sorbents resulted in 27%
grontium remova efficiency, which is comparable to S remova efficiency of 33% by 1,000 mg/L
M. luteus, and

Increasing the concentration of the sorbents (single or combined) above 1,000 mg/L had only
margind increase in the strontium removal efficiency (increased from 27% to 35%) at 40 mg/L
S solution and no improvement in S removal performance was observed at low concentrations
of Sr (4,142 Bg/L).

A smilar pattern of remova performance may be anticipated when the competing ion, Ca, instead of
dable S is present in the solution being treated. The resultsin Table V suggest that the strontium
remova performance by Na clinoptilolite (TSM-140) and M. luteusis very smilar.

(b) Radiostrontium uptake by Different Industrial Biomass

Strontium remova results obtained from industria biomass (S. faccium, B. subtilis,

L. plantarum, L. acidophillos, P. cerevisd) at 1,000 mg/L with different concentrations of the competing
caciumion (0, 10 mg/L and 100 mg/L) are presented in TableVI.

TableVI: *Sr Remova Performance from Simulated Wastewater by Selected Biomass
(Solution pH = 7; Temperature = 25°C; Conditioning Time = 20 min)

Biomass Biomass Ca ¥Sr Remaining Removal
Conc. (mg/L) |inFiltrate(Bg/L) (%)
(mg/L)
Feed - 5043
S faccium 1000 850 83
B. subtilis 1000 3378 23
L. acidophillos 1000 189 9%
P. cerevisd 1000 ND <48 >99
L. plantarum 1000 ND <50 >09
Feed 4030
P. cerevisd 1000 100 971 76
P. cerevisd 500 100 2270 14
P. cerevisd 100 100 3730 7
P. cerevidd 1000 10 ND <20 >09
L. plantarum 1000 100 91 76
L. plantarum 500 100 2420 40
L. plantarum 100 100 3710 8
L. plantarum 1000 10 ND <20 >09
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Thereaultsin Table VI show that:

When test solution contained no calcium or low concentrations of cacium (10 mg/L), L.
plantarum and P. cerevisia gave greater than 99% *°Sr remova efficiency;

Biosorption of ®Sr by L. plantarum and P. cerevisia for 100 mg/L of calcium was reduced
ggnificantly (from 99% to 76%). This behaviour isSmilar to zeolite sorption performancein the
presence of the competing calcium ion; and reducing the concentration of the biomass produced
amogt a proportiond decrease in the strontium remova efficiency.

Asshown in Fig. 3, L. plantarum and P. cerevisid aso had the highest removal for S from actudl
groundwater containing about 45 mg/L Ca (and dso [S] ~1 mg/L; [Mn] =3 mg/L,;

[Mg] =7 mg/L; [Na] = 30 mg/L; [Fe] = 5-30 mg/L) as compared with other biomass. It should be
noted that the test condition was. pH = 4, conditioning time = 20 min, and the biomass concentration =
1,000 mg/L. The dightly lower *Sr removal efficiency can be attributed to higher concentration of
cacium present in the actua groundwater. Thistrend is in conformance with the strontium remova
performance of natural zeolites such as clinoptilolite and Chabazite.
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Fig. 3: Strontium-90 Remova Efficienciesfor Sdected Biomass from Groundwater (Solution pH = 4; Conditioning Time =20
min; Biomass Conc. = 1,000 mg/L)



WM’ 01 Conference, February 25-Mar ch 1, 2001, Tucson, AZ

IMPLICATIONSFOR CHEMIC™ PROCESS

The ahility of sorbents such as natural zeolites and biomass to remove cations from waste solutions
suggest that direct addition of powdered naturad materias can be a viable option for removing meta
contaminantsin the CHEMIC™ process. The high radiostrontium removal performance of some
zeolites and biomass even in the presence of rdatively high concentrations of the competing cacium ions
suggest that these materias can be used favourably to improve the efficiency of radiostrontium removd.
The resulting combined actions of precipitation and sorption processes provide flexibility to trestment
facilities and can improve the cost effectiveness of producing discharge waters with extremely low
concentrations of radiostrontium to meet exigting and evolving stringent discharge limits.

At AECL’s Chak River Laboratories, in excess of 4 million galons of surface and ground waters
contaminated with low concentrations of radiostrontium has been treated using a combined

preci pitation- zeolite sorption process in the CHEMIC treatment facility with a continuous 2-gpm
throughput capacity. The relative ability of using different process schemesin this treetment facility for
radiogtrontium remova is summarized in Fg. 4.

10000

Feed
B pptn + MF (no temp. control)
O pptn + MF(20-25°C)

-
Elooo' Upptn + MF + Zeolite column (no temp. control) —
- B pptn + MF + powdered Zeolite(25°C)
S O pptn + MF + Zeolite column (20-25°C)
o,
% 100 1
o
)
>
<

10 9 170 — —

30 20

<5 <5

Fig. 4. Strontium-90 Removal Performance by AECL’'s CHEMIC™ Process for Different Processing Schemes Involving
Precipitation and Sorption
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The different process schemes are;

Precipitation of wastewater with NaOH-NaCOs without temperature control, followed by
cross-flow microfiltration.

Precipitation of wastewater with NaOH-NaCOs with temperature control, followed by
cross-flow microfiltration.

Precipitation of wastewater with NaOH-NaCOs without temperature control, followed by
cross-flow micrdfiltration, and a polishing step with natura zeolite (clinoptilolite or
chabazite) sorption columns.

Precipitation of wastewater with NaOH-NaCOs with temperature control, followed by
powdered zeolite (clinoptilolite or chabazite) addition and cross-flow micrdfiltration.

Precipitation of wastewater with NaOH-NaCOs with temperature control, followed by
cross-flow micrdfiltration, and a polishing step with natura zeolite (clinoptilolite or
Chabazite) sorption columns.

On the basis of our screening results of the strontium remova efficiency of biomass, it isfeasbleto
replace the zeolite powder-addition step with biomass (L. plantarum or P. cerevisa) addition to the
wastewater either as powder or as a suspension. It may be also possible to replace usng a zedlite
sorption column for the polishing step with a biomass column, when stable, inexpensive methods for
supporting the biomass in a fixed-bed column configuration becomes available. Presently, such methods
are not available, dthough improvements to supporting the biomass over glass or slica particles (20) in
gelatin or smilar medium could prove to be atractive. Our results for strontium remova suggest that
when the competing cacium is present in low concentrations (e.g., less than 10 mg/L) in the wastewater,
Na-clinoptilolite, Na chabazite, L. plantarum or P. cerevisd are the most promising sorbents.

However, at rdatively high concentrations (e.g., 20 to 50 mg/L) of the competing calcium, the superior
performance of chabazite or L. plantarum isthe preferred choice.

CONCLUSIONS

The mgor conclusons from our preliminary evauations of selected natural zeolites and biomassin the
context of AECL’s CHEMIC™ process are as follows:

The radiogtrontium remova performance of different biomass was smilar to that of the natura
zeolites, and thus provides choicesin the use of naturd sorbent materias for contaminant
remova from wastewaters.

Depending on the characteristics of the wastewater, natural zeolites or biomass can be used for
direct sorbent-addition treatment in the CHEMIC process.
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Chabazite and L. plantarum are the preferred sorbents for strontium remova from wastewaters
containing relaively high concentrations of the competing cacium ion.

When the concentration of competing calcium islow, the use of lower-cost dlinoptilolite would be
the preferred choice for treatment of radiostrontium-contaminated waters.

Contralling the precipitation temperature and optimising the sorbent concentration in the
CHEMIC process provides the basis for efficient remova of radiostrontium from contaminated
waters to meet different discharge water qudity targets.
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