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REVERSEOSMOSISAPPLICATIONSTO LOW-LEVELRADIOACTIVEWASTE

LaPrielGarrett
AdvancedEngineer
WestinghouseHanfordCompany
P.O. Box 1970
Richland,Washington99352

The WestinghouseHanfordCompany has been testingreverseosmosisfor
decontaminatingliquideffluentsand groundwater. Data demonstratingthe
capabilityof reverseosmosistoremove uranium,technetium,tritium,
strontium,and cesiumare reported. All of these contaminants,'except
tritium,were removedto less Khanregulated limits. Total alpha-and beta-
emitterrejectiondata are included. The minimumsecondarywaste volume
also was determinedin the tests. Programdata on the effectivenessof
reverseosmosison nonradioactiveconstituentswere also collectedbut are
not includedin this paper.
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1.0 INTRODUCTION

The HanfordSite at Richland,Washington,is operatedfor the
U.S. Departmentof Energy (DOE)by WestinghouseHanfordCompany. Since the
HanfordSite was establishedin the 1940's,the operationof the various
facilitieshas resultedin the contaminationof liquideffluentsand some
groundwaterwith radioactiveconstituents. WestinghouseHanfordCompany
has been testingvarioustechnologiesto determinetheir effectivenessin
decontaminatingthese two types of liquids. Reverseosmosis (RO) has been
appliedto two processeffluentsand two groundwaters. Rejectiondata have
been collectedfor uranium,technetium,tritium,strontium,cesium,and
total alpha and beta.

2.0 CRITERIAFOR EVALUATION

The capabilityof RO to removethe radioactivecontaminantswas evaluated
by comparingthe final contaminantconcentrationsin the permeatewith the
administrativecontrolvalues (ACV)or the DrinkingWater Standards(DWS)
(EPA 1976). The tests with the processeffluentswere comparedwith ACVs; the
tests with groundwaterwere comparedto the DWSs. The ACVs regulatethe
radionuclidesreceivedby 'Lheliquidwaste disposalfacilitiesand are
regulatedas a direct dischargeto groundwater. The ACVs have been
establishedso that groundwaterconcentrationsmeet 4% of the Derived
ConcentrationGuides (establishedby DOE Order 5400.5)(DOE 1990) at the
HanfordSite boundaryon an annualaverage. The DWSs used are the most
restrictivedrinkingwater regulationsthat have either been adoptedor are
proposed.

2.1 TERMS

In this paper, the term permeatemeans "pure"water that permeatesthe
membrane. The term concentratemeans a substancethat does not permeate
the membrane. Also, the followingterms are used in this paper.

% Recovery= Permeate x 100
Permeate+ Concentrate

% Rejection= Feed concentration- Permeateconcentrationx 100
Feed concentration

A referencerun is definedas the processingof a 0.2% sodium chloride
solutionthroughthe membrane: The resultsare comparedwith previous
referenceruns to verifymembraneintegrity.

3.0 EXPERIMENTAL

3.1 SYSTEMDESCRIPTION

All of the tests were performedwith an RO pilot systemlocated inthe
1706-KELaboratoryon the HanfordSite. A schematicof the system is shown
in Figurei. The RO systemconsistsof two feed tanks,a pump, membrane,
assortedpressuregauges, flowmeters,conductivitysensors,temperature
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sensor,and valves. The membraneused was a Filmtec*FT-30,which is a thin
film compositepolyamide, lt is spiralwound, and the dimensionsare 2.5 in.
by 40 in. with 23 ft2 of membranearea.

. .

The pilot system used for the first three studiesconsistedof one
cartridge. Before the fourthtest, the systemwasupgraded. The single
membranewas replacedwith a vessel containingtwo FilmtecFT-30 membranes,
and the instrumentationwas improved.

Becausea full-scaleoperatingRO systemconsistsof several(usually
six) membranecartridgesassembledin series in one vessel,the operationof
a full-scalesystemwas simulatedin the pilot system by savingthe
concentratefrom each passand using it as feed for the next pass.

,, , ,

3.2 ,APPLICATIONS

3.2.I B Plant Process+Condensate

3.2.1.1 Descriptionof Feed. The B Plant ProcessCondensate(BCP) is
essentiallydistilledwater with low levelsof dissolvedsalts. The aqueous
speciespresentare either from entrainmentof the saltsor from condensation
of volatilespecieswith boilingpointsat or below the nominalboiling
point of water. An approximaterecipe is listed in Table I. Cesium and
strontiumrconcentrations,which are of specialinterest,are 50 ppt and
20 ppt, respectively.

A syntheticBCP solutionwas prepared. The isotopesin the actual BCP
arem137Csand 9°Sr. Dilute concentrationsof the radionuclidesi34Cs and
85Sr were used in the syntheticsolution. These particularisotopeswere
selectedbecauseof their short half-lifeperiods (1.34Csis 2.06 yr, and
B5Sr is 65.2 d) and becausethey can be measuredby Gamma EnergyAnalysis.
The percentrejectionis expectedto be the same for both isotopesof the
individualspecies.

3..2.1.2Descriptionof Test. The syntheticfeed solutionwas processed
througha singlemembrane;the concentratewas collectedand used as feed
for a subsequentrun. This procedurewas repeatedfor a total of three
passes. Feed pressureranged from 182 to 187 Ib/in2. Temperaturewas about
28 °C. Feed flow was 2 gal/min,and concentrateflow was 1.6 gal/min.
Sampleswere taken of the feed, concentrate,and permeatestreamsfrom each
pass and analyzedfor cesiumand strontium. +

3.2.1.3 Results. The resultsfromthe analysisare shown in Table 2.
Cesium was rejectedat 99.1% with less than 45pCi/l,in the permeate.
Strontiumwas rejectedat 99.9% with 149 pCi/L in the permeate. At these
concentrationsof radionuclides,the percentrejectionsattainedproduceda
permeatewell within the regulatedlimits.

*Filmtecis a trademarkof the FilmtecCorporation,Minneapolis,
Minnesota.
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At testconcentrations,the strontiumand cesiumwere reducedto well
below the regulatedlimits. However,the percentrejectionwill decrease
as the feed concentrationincreases. In addition,becauseof different
contaminantlimits,a rejectionthat will be adequatefor one isotopemay
not be adequatefor another. At a concentrationof 50 ppt of 137Cs in the
stream,a rejectionof 9g.3% will be requiredto reach the ACV of
30,000 pCi/L. This percentrejectionwas not reachedat the low concentration
of 0.06 ppt in the syntheticsolutionand is not likely at higher
concentrations. At a concentrationof 20 ppt 9°Sr in the stream,a rejection
of 99.29%will be requiredto reach the ACV of 20,000 pCi/L. This rejection
may possiblybe attained,becausethe percentrejectionis 99.9% at the low
concentrationof 1.5 ppt in the syntheticsolution. Furthertestingat higher
concentrationsis neededto provideconfirmationof these assumptions.

An overallrecoveryrate of 48% was achieved. This is an acceptable
recoverybecausethe test consistedof only threemembrane passes,which is
the equivalentof hail a full-scaleassembly. About 50% recoverywould be
expectedfrom one pass through a full-scaleassembly.

After the BCP test was completed,the unit was rinsed thoroughlyand a
referencerun performed. The pressuresand rejectionrates were the same as
the initialreferencerun performed.

3'2.2 UO3 ProcessCondensate

3.2.2.1 Descriptionof Feed. The feed for this test was actualUO3 Process
Condensate. The UO3 ProcessCondensateis a waste generatedby the
concentrationand calcinationof uraniumnitratehexahydrate'toproduceUO3
powder. Water vapor and nitricacid fumes from the processare condensed,
bufferedwith phosphoricacid, and neutralizedwith potassiumhydroxide.
Small amountsof otherconstituentsthat are either volatilespeciesor
entrainedsalts are also found 'inthe stream. The expectedconstituentsfor
the stream are shown in Table 3. The radionuclidesof interestin this
streamare uraniumand 99Tc.

3.2.2.2 Descriptionof Test. This test consistedof three steps. In the
first step, 55 gal of the unneutralizedcondensatewere processedthrough
the RO unit. Becausethe pH of the unneutralizedcondensatewas below the
tolerancerange of the membrane (pH = 0.8), the manufacturerwas consulted.
A short run of 30 min or less was recommended. A 20 min, single-passtest
was performed. Feed pressurewas about 200 Ib/in2, temperaturewas 22 °C,
feed flow was 1.8 gal/min,and concentrateflow was 1.5 gal/min. Samplesof
the feed, permeate,and concentratewere taken.

In the secondstep, the productstreamswere collectedand combined,
neutralizedwith potassiumhydroxideto producea pH of 2.5, and processed
throughthe RO unit. The concentratewas collectedand used as feed for
subsequentpasses. A total of six passeswere completedin the secondstep.
Samplesof the productstreamswere taken after each pass.
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In the third step, the_pHof the product streamsfrom the second stepwas
raisedto 5 Upon this addition,a precipitateformed. The precipitatewas
allowedto settle, and'the.test.wascompletedby pumpingfrom the top of the
feed tank, taking care notto pump any of the precipitate. Approximately
I L of feed was lost in this procedure. The remainingfeed was processedfor
six.passes. Samplesof the productstreamswere taken after each pass.

d

The percentrecoverywas kept at about 14% for each pass throughoutthe
secondandthird steps. Some general.trendsin otherparameterswere observed
as follows.

• Feed flow rates ranged from I.B to 1.02 gal/min,decreasing
graduallywith each pass (Hodgson and Garrett1989}.

• System pressuresrangedfrom 210 to 245 Ib/in2and increased
slightly with each pass (Hodgsonand Garrett1989).

3.2.2.3 StrontiumUptake. A sampleof the precipitatethatformed in step
three was analyzedbyGamma Energy'Analysisand'traceamountsof Bssr were
detected. The BCP syntheticsolution(the previoustest)was the only
possible source for the BSSr.

The test plan for the BCP solutiondid not includeany evaluationof
radionuclideuptake;therefore,no activitieswere designedto determinethis
parameter. The B5Sr WaS detectedin the concentratestreamof alater,
unrelatedtest. Becauseit was unexpected,the BSSr levelswere not
quantified. However,_amass balancewas calculatedwith the analytical
valuesand found to be.withinmeasurementuncertainties. Given the limited
evidence,it seems that very littleof the total BSSr was retainedin the_
system.

3.2.2.4 Results. The rejectionrate for uraniumwas greaterthan 99% and
the rejectionrate for 99Tc rangedfrom 74% to 81%. The concentrationsof
uraniumand technetiumthat remainedin the permeatewere well below the
requiredACVs and showedno evidencethat pH adjustmentaffectedthe rejection
rates. As expected,tritiumwas not rejected. (SeeTables 4, 4a, and 4b.)

Overallrecoveryfor six passes (one full-scaleassemblyequivalent)was
about 60%. About 50% recoverywould be expectedfrom one pass througha
full-scaleassembly.

t

3.2.3 Groundwater from Well 200-W19-03

3.2.3.1 Descriptionof Feed. The chemicalconstituentsfound in this
groundwaterare listed in Table 5. The total dissolvedsolids (TDS) are
about 360 ppm.

3.2..3.2Descriptionof Test. The feed for the RO test was 770 gal of
groundwater As in the previoustest, the concentratestreamwas saved and
used as feed for the next pass. Sampleswere taken of the permeateafter
each pass andthe concentrate. The permeatewas collectedand sampledafter
each pass. After nine passes,a precipitateformedthat was determinedto
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be'calciumcarbonate. Hydrochloricacidwas addedto dissolvethe precipitate
and processingwas continuedfor five more passes. Duringthe fourteenth
pass, the flux decreasedto 60% of thestarting flux. At this time, the
test was terminated. '

Feed pressuresranged from 182 to 210 Ib/in2. Feed flow ranged from.
1.6 to 1.8 gal/min,and concentrateflow ranged from 1.3 to 1.4 gal/min., ,

3.2.3.3 Results. The acid additionchangedthe test parametersconside_ably,
so resultswill be discussedas beforeacid additionand after acid addition.
The resultsbefore acid addition(Table6) show that uraniumand technetium
were removedto well below the DWS. After hydrochloricacid addition,the
rejectionrates decreasedfor the measuredconstituents.This was expected
becausethe salt passagethroughthe membraneis a functionof the
concentrationdifferentialacrossthe membrane. Usually,this rate decreases
graduallyand makes very littledifferencein the overallpercentrejection.
However,the additionof hydrochloricacid changedthe concentrationof ions
in the feed by a considerableamount,and rejectionrates of all the
constituentswere affected. The differencein rejectionrates was most
noticeablein the technetiumresults(compareTable.6with Table 6a).
Concentrationsin the permeatewere still below the DWS in all cases.

After processingthrough14 passes (equivalentto 2-I/3 full-scale '
assemblies),the concentratestreamhad been reducedto about 31 gal for an
overallrecoveryof 96%.

3.2.4 Groundwaterfrom Well I-H3-2B

3.2.4.1 Descriptionof Feed. The feed for this test was purge water from
Well I-H3-2B. Purge water is the water pumped from a monitoringwell to
purge the systembefore taking a samplefor analysis. The constituents
detectedin the feed are shown in Table 7. The TDSs are about 90 ppm.

3.2.4.2 Descriptionof Test. Approximately58 gal of purge water were
processedthroughthe RO unit. The unit used for this test containedtwo
spiral-woundmembranes. The feed was pumpedthroughthe unit at pressures
of about 150 Ib/in2. Pressuresand temperaturesvaried slightlyduring the
test. Conductivitiesof the feed and permeateincreasedwith each pass as
expected. Sevenpasses were performed. Samplesweretaken of the feed
beforeprocessing,the permeateaftereach of the first six passes,and the
final concentrate.

After the sixth pass, the volumeof the feed had been reducedto about
12 gal. This volume allowedfor only 5 min of operationin the seventh
pass. This was not long enough for conductivityequilibriumto be
established,so no permeatesamplewas taken after this pass.

3.2.4.3 Results. All of the measuredconstituentsin the 183-H purge water
were removedby RO to concentrationsless than the DWS. Table 8 shows the
valuesfor the radioactiveconstituentscomparedto the DWS.
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Masses for uraniumdid not balance;so each data point was investigated
and a determinationmade as to its validity. The concentrationin the feed
was close to the value measured in monitoringactivitiesfor this weil. The
concentratior.Rof the six permeatesampleswere all consistentwith each
other and atthe values expectedfrom previousRO testingexperience. In
addition,it was found that uraniuL_1analysisaccuracyis highlydependenton
thematrix, and as the salt concentrationincreasesin the sample,the
uranium analysisaccuracydecreases. Therefore,the final concentratevalue
was disregarc1edand the feed and permeateconcentrationvaluesfor uranium
were used in this evaluation.

The mass of the total beta-emittersthatwas in the concentratewas
greaterthan that in the feed. Even if no beta-emitterswere assumedto be
in each of the permeatesamples,the mass would not balance. Becausethe
beta concentrationin the feed was close to the value measured in monitoring
activitiesfor this well and the concentrationsin all the permeatesamples
were below the detectionlimits,the final concentratevalue was determined
to be inaccurate. The percentrejectionwas determinedby using the less
than detectionvaluesmeasured in the permeatesamples.

The final concentratevolume after seven passesthroughthe two-membrane
unit (equivalentto 2-I/3 full-scaleassemblies)was 8.4 ga'l,and the overall
recoverywas 86%.

4.0 SUMMARY

The RO was effectiveat removingthe cesium, strontium,technetium,and
uranium to regulatedlimits at the concentrations_tested in the four
applicationsreported in this paper. Rejectionrates were acceptableat
low concentrationsof contaminantsin a varietyof matrices. However,
rejectionsof 137Cs and B°Sr at higherconcentrationsmay not be adequate.
Maximum volumereductionwas not achievedin all cases becauseof the small
feed volume or other test limitations,but recoveryrates were better than
expected.
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Table I. B Plant ProcessConde-sate
Constituents.a (Unitsare in _arts

per millionunlessotherwise
specified.)

,,,,;

Constituent Concentration

NaNO3 210
NaOH 1.01
NANO° 37

Al(N_3)3'9H20 25
NaF 5

. Cr(NO3)3.9H20 I
Cesium 50ppt
Strontium 20 ppt

aBased on an estimatedanalysis
of B Plant feed and expecteddecon-
taminationfactors.

Table 2. Reverse Osmosis Testing of B Plant Effluent,

Feed Permeate Rejection ACV a

Nuclide (pCi/L) (pCi/L) (%) (pCi/L)

Ceslum 5,030 <45 >99.1 30,000

Strontium 214,000 <149 >99.9 20,000

aWHC, ].989,EnvironmentalCompliance,WHC-CM,7-5,REV O,
WestinghouseHanfordCompany,Richland,Washington.
Recovery= 48%
ACV = administrativecontrolvalue
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Table 3. UO_ ProcessCondensate
Constituents, (All units are

parts per billionunless
otherwisespecified..)

Constituent Concentration
,L,. ,,

Ammonium 78
Cadmium 2
Calcium 325 _'
Chromium 66
Iron. ' 290
Magnesium 26
Manganese 6
Mercury I
Nickel 32
Sodium 380
Zinc 43
Nitrate I E+07
Phosphate 3 E+06
Total OrgaldicCarbon 2 E+04
Total OrganicHalide 2 E+02
Gross Alpha 1.8 E-06 /_Ci/mL
Gross Beta 2'4 E-06 /_Ci/mL
Technetium-99 7.2 E-04 /_Ci/mL
Gross Uranium 2.6 E-06 /_Ci/mL

NOTE: The condensate,as pro-
duced,has a pH of less then 2. ltis
neutralizedto a pH between6.5 and
8.5 beforedisposal.

• -..

Table 4. ReverseOsmosisTestingof UO3 Process
_= Condensate. (pH = 0.86)

• Feed Permeate Rejection ACVa
Constituent (pCi/L) (pCi/L) (%) (pCi/L)

i ,,

Alpha 3,050 <23 >99.2
Beta 4,630 276 - 94.0
Technetium-99 1,350 <252 >81.3 4,000
Tritium 5.6 E+07 5.5 E+07 - -
Uranium 4,627 6 99.9 200

,,.,

aWHC, 1989, EnvironmentalCompliance,WHC-CM-7-5,REV O,
WestinghouseHanfordCompany,Richland,Washington.
Recovery= 12% (onepass)
ACV = administrativecontrolvalue

"In 'I '
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Table 4a. Reverse OsmosisTestingof UO3 ProcessCondensate.
(Neutralizedwith KOH to pH - 2.5)

......... i ,i, .,., ,

Feed Permeate Rejection ACVa
Constituent (pCi/L) (pCi/L) (%) (pCi/L)

...... r , L . ...,i

Alpha 190 <35 >81.6
Beta 1I,600 3,6I0 68.9
Technetium-99 1,480 <381 >74.3 4,000
Tritium 4.9 E+07 5.0 E+07 - -
Uranium 5,3].0 8 99.9 200

aWHC, 1989,EnvironmentalCompliance,WHC-CM-7-5,REV O,
WestinghouseHanfordCompany,Richland, Washington.
Recovery= 59% (6 membranepasses) .'
ACV = administrativecontrolvalue

Table 4b. ReverseOsmosisTestingof UO3 ProcessCondensate.
(Neutrallzedwith KOH to pH = 5)

Feed Permeate Rejection ACVa
Constituent (pCi/L:) (pCi/L) (%) (pCi/L)

Alpha 379 <36 >90.3
Beta 12,600 3,680 70.8
Technetium-99 946 175 81.5 4,000
Tritium 4.9 E+07 4.9 E+07 - -
Uranium 3,180 11 99 6 200

i

aWHC, 1989, EnvironmentalCompliance,WHC-CM-7-5,REV O,
WestinghouseHanfordCompany,Richland,Washington.
Recovery= 60% (6 membranepasses)
ACV = administrativecontrolvalue

I0

I
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Table 5. Analysisof Water from
Well 200-W19-03. (Allunits are

in parts per billionunless
indicatedotherwise.)

' Constituent Concentration

Barium 49
Calcium 42,900
.Chloride 19,100
.Copper 12
Fluoride 965
Iron 245
Magnesium 14,I00
Manganese 9
Nitrate 93,000
Potassium 4,.630
Sodium 77,100
Strontium 207
Sulfate 55,400
Zinc 15
Uranium 8,590
Total OrganicCarbon 643
Total OrganicHalide 69
Total Alpha 3,930 pCi/L
Total Beta 4,050 pCi/t.
137Cs 5 pCi/L
BOCo 3 pCi/L
99Tc 1,800pCi/L

, Table 6. ReverseOsmosisTreatmentof HanfordGroundwater
Well 200-W19-03.

Fe_d Permeate Rejection DWSa
Constituent (pCi/L) (pCi/L) (%) (pCi/L)

Uranium 4,700 4.7 99.9 600
Technetium-99 1,219 57.3 95.3 900

aEPA, 1976,National InterimPrimaryDrinkingWater
Regulationsfor RadiologicalConstituents,
EPA-570/9-76-O03,U.S. EnvironmentaIProtectionAgency,
Washington,D.C.
Recovery= 89% (9 membranepasses)
DWS = DrinkingWater Standard

11
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Table 6a. ReverseOsmosisTreatmentof Hanford.

Groundwater(HCl added to dissolveCaC03).

Permeate Rejection DWSa
Constituent (pCi/L) (%) (pCi/L)

Uranium 7.8 ppb 99.8 600
Technetium-99 192.7 83.9 900

aEPA, 1976,.NationalInterimPrimaryDrinking
Water Regulationsfor RadiologicalConstitUents,.

. EPA-570/9-76-O03,U.S. EnvironmentalProtection
Agency,Washington,D.C.
Recovery- 96% (14membrane passes)
DWS = DrinkingWater Standard

Table 7 ConstituentsAbove Detection
Limits in PurgeWater from Well I-H3-2B.

(All units are parts per billion
exceptas indicated.)

Constituent Concentration

Boron 20
Calcium 26,500
Chloride 2,800
Chromium ' 198
Magnesium 9,710
Manganese 7
Nitrate 5,700
Potassium 5,120
Silicon 8,250
Sodium 4,430

. Strontium 196

i Sulfate 23,500
Zinc 678

m Alpha 1.94 pCi/L
Beta 5 91 pCi/L
Uranium 2.58 pCi/L

m

I
m

L

m

/

12
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Table 8. AnalyticalSummaryof ReverseOsmosis
Testingof PurgeWater from Well I-H3-2B.

Feed Permeate Concentrate Rejection DWS b

Nuclide (pCi/L) (pCi/L) (pCi/L) (%) (pCi/L)

Alpha 1.94 0.25 457 87.6 15
Beta 5.91 0.70a 92 88.2 50
Uranium 2.58 0.45 812 82.5 600

aDenotes a resultless than the detectionlimit.
bEPA, 1976,NationalInterimPrimary_rinkingWater

Regulationsfor RadiologicalConstituents,
EPA-570/9-76-O03,U.S. EnvironmentalProtectionAgency,
Washington,D.C.
DWS = DrinkingWater Standard

!!
13
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FigureI. ReverseOsmosisUnit--FlowSchematic.
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