
SUMMARY FOR FOAMING STUDIES DONE ON VARIOUS AFFF PRODUCTS

TEST SUBSTANCE

Identity:Mixturescontainingperfluorooctanesulfonate,which may also
be referredtoas PFOS or FC-95 oras a component ofAFFF
products.(I-Octanesulfonicacid,
1,1,2,2,3,3,4,4,5,5,6,6,7,7,8,8,8-heptadecafluoro-,potassium
salt,CAS # 2795-39-3)

Remarks field: The testsamples areAFFF productsofvarious
compositions.

STUDIES

The attachedtestingisa compilationofstudiesdone tocharacterizethe
capacityof 3M's AFFF productlinetocreatefoam invarioussituations,
and,insome cases,the effecbvenessofvariousant-foamingagents.This
includesthe effectsoffoaming on wastewater treatmentprocesses.

DATA QUALITY

Reliability:No rankingofthisdata has been done. These studiesare
atypical,have no agency-approved procedure,and were designed to
providegeneralguidanceto customersand wastewatertreatment
operatorswho must addressthe issueoftreatingfoam afterusingAFFF in
a fireevent.

OTHER

Submitter: 3M Company, EnvironmentalLaboratory,P.O. Box 33331,
St.Paul,Minnesota,55133

Last changed: 6/28/00
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To:R. R. BURFORD - COMMERCIAL CHEMICALS DIVISION - 236-1

From:E. A. REINER - ENVIRONMENTAL LABORATORY (EE & PC) - .21-2W (58)

Subject:FC-780 FOAMING IN ACTIVATED SLUDGE

Date:AUGUST 15, 1979

We conducted two sets of tests in the Environmental
Laboratory to determine the FC-780 concentration
that would cause foaming in activated sludge waste
treatment systems.

The first set of tests involved shaking 10 and 100-mg/l of
FC-780 in 100 ml of activated sludge. Return sludge
was resuspended to 3000 mg/l in primary treatment*
effluent from the St. Paul Metro Waste Treatment Plant
(see Photos 1-5). After 30 seconds of vigorous shaking,
less than one-half inch of foam formed at 100 mg/l
(Photo 1). The jars containing the 10 mg/l FC-780
solution and the control both had slight foam that only
covered the edges of the sludge surface.

Though little or no foam was formed at an FC-780
concentration bf 10 mg/l, the sludges containing this
concentration and 100 mg/l of FC-780 did not settle
well after shaking (see Photo 5). Shaking in the
presence of 10 mg/l of FC-780 entrained air bubbles
in the sludge.

A second set of tests was then run in which aeration
with an air sparger at 500 ml/min. replaced shaking
(see Photos 7-10). No foam formed even at 100 mg/l,
and no settling problems developed. These same samples,
when shaken, behaved as in the first set of tests
(see Photo 11).

*Primary treatment is the first major step in wastewater
treatment in which settleable solids are removed.



R. R. Burford -2- August 15, 1979

We feel the aeration test more closely simulates the
conditions of a waste treatment system than the
shaking test. Therefore, we don't anticipate serious
foaming or settling problems below 100 mg/l.

EAR/cen
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LRN: 6912S

3M ENVIR014MENTAL LABORATORY
(AFFF Foaming Study)

Protocol Reference: EAR 6/13/81

Sample Description: Date: 6/18/81
L-5439, cc8l4-28, F-6661, Lot 501 Analyst: W.A. Scheil

The activated sludge mixed liquor was obtained from the Metro
Treatment Plant (Pig's Eye) on 6/18/81. The estimated MLSS,
concentration using the Spec. 20 technique was 2,100 mg/l. The
concentration was not adjusted prior to running the foaming
study.

The MLSS of the mixed liquor was analyzed using the standard
protocol for TS and found to be 2,100 mg/l and 1,900 mg/l
(duplicate analyses). TS Protocol Reference: Standard Methods,
14th Ed., pp. 89-98.

A stock solution of 1.0 g AFFF/100 ml was prepared by dilution
with deionized water.

Five 250-ml graduated cylinders were filled to the 200-ml mark
with the fresh mixed liquor. When the solids had settled far
enough, aliquots of clear supernate were drawn off as follows:
Cylinder #1 - 0 ml; Cylinder #2 - 0.30 ml; Cylinder #3 - 1.0 ml;
Cylinder #4 - 3.0 ml; Cylinder #5 - 10 ml. Then the same volume
of AFFF stock solution was added to the cylinders as the volumes
of clear supernate drawn off. The cylinders were then covered
with Parafilms and mixed by inverting. This prepared a dilution
series of 0, 15, 50, 150, and 500 mg/l of AFFF in mixed liquor.

The solutions were divided into two 100 ml aliquots. 100 ml was
poured into 500-ml gra-duated cylinders and the other 100 ml was
left in the 250-ml cylinders.

SHAKE TEST

The portions which were left in the 250-ml cyinders were covered
with Parafilm@ and vigorously shaken for 30 seconds and then
allowed to stand.

Photographs were taken and the foam volumes were measured at the
following intervals:

t
Foam Volume(ml)

AFFF Conc. Time-0 Min. 5 Min. 20 Min. Hour

0 mg/l 2 0 0 0 0
15 mg/l 2 0 0 0 0
50 mg/l 6 2 0 0 0

150 mg/l 16 8 4 2. 0
500 mg/l 36 30 22 io* io*

*The foam appeared less dense then previous observation.

'Page I of 3



LRN: 6912S

Date: 6/18/81
Analyst: W.A. Scheil

AFFF FOAMING STUDY - continued

The foam volume (ml) was measured in lieu of foam height by
reading the graduates on the cylinders.

The settling of the solids was observed after 1 hour.

AFFF Volume of Volume of
Concentration Settled Solids Floating.Solids

0 mg/l 20 ml 10 ml
15 mg/l 16 ml 11 ml
50 mg/l 10 ml 12 ml

150 mg/l 9 ml 13 ml
500 mg/l 6 ml 12 ml

After 1 hour of settling, the cylinders were swirled and a
photograph was taken after 1 minute of settling. See photo
titled 'Swirled After 1 Hour Settling, T=l Min.' The cylinders
were then swirled a second time and a photograph was taken after
20 min. See photo titled 'Swirled a 2nd Time, T=20 Min.' At
this point, the settling of the solids appeared uniform in all
concentrations.

AERATION TEST

The 100-ml portions wh-ich were poured into the 500-ml cylinders
were each aerated for 5 minutes at approx. 500 ml of air per
minute using gas dispersion tubes with fritted glass ends.

Foam in the 500-mg/l solution had to be controlled from coming
over the top of the cylinder by swirling the air supply tubing.

The foaming in the 150 and 500-mg/l solutions carried
considerable amounts of the mixed liquor solids up the sides of
the cylinder and in the body of the foam. Almost all of the
solids in the 500-mg/l solution were removed from solution during
the aeration period. See photos titled 'During Aeration' and
'After 5 Min. Aeration.'

At the end of the aeration period, the cylinders were covered
with Parafilm@) and inverted several times to wash the solids off
the sides. After this, the foam volumes were measured at the
following intervals:

Page 2 of 3



LRN: 6912S

Date: 6/18/81
Analyst: W.A. Scheil

AFFF FOAMING STUDY - continued

Foam Volume(ml)
AFFF Conc. Time 0 1 min. 5 Min. 20 Min. 1 Hour

0 mg/l 0 0 0 0 0
15 mg/l 0 0 0 0 0
50 mg/l 0 0 0 0 0

150 mg/l 5 0 0 0 0
500 mg/l 15 io* io* io* 5*

*The foam appeared less dense than the previous observation.

The settling of the solids appeared uniform in all
concentrations.

Page 3 of 3



EAR 5/13/81

PIIOTOCOL FOR AFFF FOAMING STUDIES

1. Obtain fresli activated sludge mixed liquor from Metro
treatment plant.

2. ll!;ineltli(, 20 teclink(itic,ind the graph of adsorbance at
600 nin versus SS, adjust MLSS to 2000 mg/l by DI water
addition or by centrifugation and discarding supernatant.

mi)-c @)OO, 150, 50, 15, alicl0 mg/l solutions of AFFF in 200 ml
of this sludge.

4. Divide each nolittion int-o '.1,100 ml parts. Placing 1/2 in a
jar with at least 200 iiilof head space and the other half in
500 ml volumetric cylinders.

S. Cover and shake e-ach jar viqorously for 30 seconds.

6. Take photographs and measure foam height immediately after
shaking (time 0) and at 1 minute, 5 minute, 20 minute, and 1
liotir. Also ol)sorve and photograph how well-sludge settles.

7. Aerato the' AFFF sludge mixtures in the volumetric cylinders
for 5 ininutes at 500 ml of air per minute using gas
(lisp(--t-!-.ionttil)cf;with rritte(i glass ends.

$I. Again, observe foam height or volume and sludge settling,
again inake photographs.
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SHAKE TEST PHOTOS
AFFF FOAMING STUDY, LRN: 6812S

SwtiQLF-o AFTCA I HO'A$T 56,-I'LlAj6

P,

SM)iRcLrib ZLO -rime Tz ZO

it7

Page 2 of 2



AERATION TEST PHOTOS
AFFF FOAMING STUDY, LRN: 6812S
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AERATION TEST PHOTOS
AFFF FOAMING STUDY, LRN: 681
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THE EFFECNVENESS OF SELECTED
ANTIFOAM AGENTS INSUPPRESSING FOAM CAUSED BY

LIGHTWATER BRAND AFFF SOLUTIONS

INTRODUCTION

Aqueousfilmformingfoams(AFFF)arewaterbased,surfactantcontainingproductsused
primarilytocontrolcombustion hazards and extinguishfiresinvolvinghydrocarbon liquids.
Intheiruse,AFFF agentsare dilutedinwater and sprayed througha foam formingnozzle
so thatthefoam spreads overthe hydrocarbonliquid.ApplicationofAFFF preventsand
extinguishesClass B firesby spreadinga vapor-sealingfilmovertheliquidfuel.This
vapor sealinhibitsreflasheven when thefoam blanketisrupturedand alsoenables the
producttobe used topreventignitionofnon-ignitedspills.Inaddition,AFFF provides
excellentpenetratingand weftingqualitieswhen used on Class A fires.Aftertheiruse,
waste AFFF solutionsfrom actualorsimulatedfirefightingactivitiesare partially
biodegradableand have lowtoxicitytoaquaticorganisms includingthe microorganisms in
wastewatertreatmentsystems.Therefore,wastes from AFFF usage can be dischargedat
controlledratesintoa wastewater treatmentsystem fordisposal.

A disposalproblem inherenttoimproperlyhandled AFFF wastes isfoaming inwastewater
treatmentaerationbasins.Excessivefoaming inan aerationbasincan cause a dual
problem.First,thesuspended activatedsludgesolidscan attachtothefoam and be lifted
from theaerationbasin.This causes clean-upproblems atthewastewater treatment
plant.Second, the remainingactivatedsludge mixed liquorisdepletedofmuch ofits
suspended microbialsolidsand thereforeisnotas effectiveintreatingwastewater.

Commonly, excessivefoaming iscaused by disposalrecommendations notbeing
followed.3M recommends thatLightWaterTm AFFF waste shouldfirstbe treatedinan
oil-waterseparatorfollowedby metered dischargeoftheaqueous fractiontoa running
sewer. Ifpropedy metered,LightWaterTmAFFF concentrationsreachingthe aeration
basinofa wastewatertreatmentsystem willnotcause excessivefoaming.3M's AFFF
productsare designed tobe used ateither6% or3% concentrationsinwater.For its6%
AFFF concentrates,3M recommends a dischargeratesuch thatthe AFFF concentration
inthereceivingaerationbasinwillnotexceed 100 mg AFFF concentrateper literof
sewage. Due toitshighersurfactantconcentration,forits3% AFFF concentrates3M
recommends a dischargeratesuch thatthe AFFF concentrationinthe receivingaeration
basinwillnotexceed 50 mg AFFF concentrateper literofsewage. The valuesforthe
acceptableconcentrationsofLightWater' AFFF have been determinedexperimentally



and aresomewhat conservative;thereforeiftheAFFF wastes aredischargedtoa sewer
atapprop(iatelevels,theywillnotcause excessivefoaming inthe receivingaeration
basin.

Some wastewatertreatmentsystems areofan insufficientsizetomake metered
dischargeofthecollectedAFFF wastes practicable.For such sites,3M recommends one
oftwo disposalalternatives:1)transportingcollectedwaste materialsby tanktrucksfor
metereddischargeintoa largerwastetreatmentfacility;or2)dischargingthe waste ata
higherrate(upto800 mg/L vs.50 or100 mg/L)withappropriateconcentrationsofan
antifoamagentadded tothewaste system tosuppressfoaming.

Consequently,thereisa need toidentifyjhemost effectiveantifoamagents tobe used in
cases ofimproperdisposalofAFFF waste orwhen the AFFF waste must be discharged
athigherrates.To achievethisgoal,a two phased studywas completed toevaluatethe
effectivenessofseveralcommerciallyavailableantifoamagentson currentLightWater TM

AFFF products.Similarstudiesconductedinthe 3M EnvironmentalLaboratorybetween
1982 and 1987('),foundSWS-214 suppliedby SWS SiliconesCorporationand WB-209
suppliedby Diamond Shamrock tobe the most effective.Therefore,carewas takento
includetheseproductsinthisstudy.SWS-214 isnow produced by Wacker Silicones
Corporationand WB-209 isnow producedby Henkel Corporation.

Phase one ofthisstudywas a surveyofantifoammanufacturers.Eleven companies were
contactedand asked torunindependentteststoevaluatetheeffectivenessoftheir
antifoamson LightWaterTm AFFF solutions.Of the elevenmanufacturerscontacted,nine
suppliedsamplesand threecompletedevaluationsoftheirproducts.The three
manufacturersthatcompletedevaluationswere Henkel,Dow Cornin

?I-
and Wacker

Silicones.These evaluationswere completedusingtwo LightWater mAFFF products.The
productsused were FC-203CF and FC-600.

Henkel rantestsoftheirproductsand senttheirthreetop performers:Defoamer WB-209,
Foammastet:TmDS, and FoammasterTm SZU. Of thethree,Defoamer WB-209 receivedthe
highestrecommendationfromHenkel notonlybecause ofitseffectiveness,butalso
because ofitslow price.Thisagreed withthe resuftsofthe previous3M Environmental
studiesand thepresentwork.

Dow Corningsenttwo productsamples aftercompletingtheirtesting.Theirtwo products
were 151O-US Food Grade AntifoamEmulsion and FG1 0 AntifoamEmulsion.Theirfirst
recommendation was the151O-US Food Gr@de AntifoamEmulsion.Inthe testsdone for
thisstudy,neitheroftheDow Corningproductswere foundtobe effective.

Wacker Siliconesalsoconductedindependentteststodeterminetheirmost effective
antifoams.AlthoughSWS-214 has been recommended by 3M toour customers inthe
past,Wacker foundthreeoftheirotherproductstobe more effectivethan SWS-214. The
threeWacker productswere AntifoamAgent SE-36, AntifoamEmulsion SE-39, and

2



Antifoam Emulsion SRE. Thisstudyconcurred withWackers resultsand found SE-36
and SRE tobe effective.When consideringcost-effectiveness,Wacker Silicones
SWS-214 isalsoacceptable. -

The objectivesofthe second phase ofthe studywere threefold.The firstwas toevaluate
the relativeeffectivenessofthe 31 anfifoamproductsthattheninecompanies submitted
and toidentifythetop performers.The second was tofindtheantifoamconcentrationsof
thetop performer-sthatcould suppress foaming caused by AFFF concentrationsgreater
than the recommended disposalconcentrations.The finalobjectivewas a costanalysisof
thetop performerstodetermine the most cost-effectiveantifoams.

MATERIALS AND METHODS

PRODUCTSTESTED

LightWater Brand AFFF productsused inthe evaluationwere FC-203CF,
FC-206CF, FC-600, and FC-600F.

Thirty-onesamples were receivedfrom the antifoammanufacturers.The productswere:

AirProducts SURFYNOLTM 104A Surfactant
SU RFYNOLTM DF1 1OL Defoamer
SURFYNOLTM DF-75 Defoamer
SURFYNOLTM 420 Surfactant

BASF PLURONIC'M L61
PLURONIC'"mLlOl
PLURONIC@mLl2l
PLURONIC@m3lRl

Dow Coming 1510-US Food Grade AntifoamerEmulsion
FG10 Antifoam Emulsion

GE Silicones Antifoam Emulsion AF-60
Antifoam Emulsion AF-72
Antifoam Emulsion AF-75
Antifoam Emulsion AF-93
Antifoam Emulsion AF-9020

Henkel Defoamer WB-209
FoammasterTm DS
FoammasterTm SZU
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6 Nalco 7455 Antifoam-
7460 Antifoam
7470 Antifoam
7471 Antifoam
7472 Antifoam

7 Union Carbide SAG 2001 OrganosiliconeEmulsion

8 Wacker Silicones AntifoamAgent SE-36
AntifoamAgent SWS-214
Antifoam Emulsion SE-39
Antifoam Emulsion SRE

9 Witco Bubble Breaker" 776P
Bubble BreakerTm 3056A
Bubble BreakeiTm 913

PROCEDURE

(2)Tests were done usinga modifiedJ.J.Bikerman foam controltest

Equipment used:
Ministatic'mpump, Manostat Inc.
flowmeter,GilmontInstruments
1000 mL graduated cylinder,Fisherbrand
gas dispersiontube,Ace Glass Inc.ASTM 70-100 g

The pump was used toproduce an adjustableairflowthatwas bubbled throughthetest
solutioninthe graduated cylinder.Thisairflowwas measured by theflowmeter and
deliveredintothetestsolutionthroughthegas disr rsiontube.To bettersimulatean
aerationbasinand forconsistency,the Ministatic pump was adjustedto maintaina
constantairflowrateof2000 mumin. Thisratesimulatedtheagitationand turbulent
conditionsinan activatedsludge aerationbasin.Resultswere dedved from thepresence
and amount offoam thatbuiltup inthegraduated cylinder.The measurement ofthe
amount offoam was somewhat subjectiveand'@vasdetermined by a combinationofthe
heightand densityofthefoam. For improved objectivitybetween experimentalruns,
resultswere recorded by takingphotographsofthetestsatpredeterminedtimesforside
by sidecomparisons ata latertime.
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RESULTS

Firsto4jective:To evaluatetherelativeeffectivenessofthe31 antifoamproducts,thereby
identifyingthe top performers.

Fortheinitialscreen,the31 antifoamagents were testedusinga 100 ppm antifoam
concentrationtocontrola 500 mg/L concentrationofAFFF ina deionizedwater solution.
The AFFF solutionwas prepared by dilutingweighed amounts ofAFFF, and the
antifoamerwas dispensed intotheAFFF solutionby micropipetteand then mixed.The
Ught WaterT"AFFF productsused forthistestwere FC-203CF, FC-600, and FC-600F.
Resultswere recordedatthreeand tenminutes.Antifoamproductswere ratedfortheir
effectivenesson a scaleof"A7 to"F",wit@"A" beingthe bestand "F"forfailing.Thisinitial
screen reducedthe fieldof31 to 12 effectiveantifoams.

Duringthisscreen,itwas alsodeterminedthatthe antifoamswere essentiallyequally
effectiveon each ofthethreeLightWater"4 AFFF products.Therefore,allremainingtests
were preformed usingonlyFC-203CF.

The twelveantifoamsthatpassed thefirstsetoftestsare:

AirProducts SURFYNOLTM DF-75 Defoamer

GE Silicones Antifoam Emulsion AF-60
AntifoamEmulsion AF-72
AntifoamEmulsion AF-93
Antifoam Emulsion AF-9020

Henkel Defoamer WB-209
Foammaste@m DS

Union Carbide SAG 2001 OrganosiliconeEmulsion

Wacker Silicones Antifoam Agent SE-36
AntifoamAgent SWS-214
AntifoamEmulsion SE-39
Antiloam Emulsion SRE

The nextsetoftestswas completed usinga revisedprocedure.Insteadofeach
expedment havinga setconcentrationofAFFP and antifoamerfrom beginningtoend,the
amount ofantifoamerinthetestsolutionremained constantwhileadditionsofLight
WaterTmAFFF stocksolutionwere added at 10 minute intervals.The totalvolume ofthe
testsolutionbegan at100 mL withtheantifoamconcentrationat100 mg/L. The AFFF
stocksolutionconta7ined2 grams of FC-203CF per literofsolution.While aeratingthe test
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solution,10 mL ofAFFF stocksolutionwas added at10 minuteintervals.The aeration
rateused was 1100 mumin insteadofthe 2000 mumin used fortheinitialscreen.This
lowerrateproduced sufficientaerationand reduced the strainon the airpumps.

The additionsofAFFF solutionincreasedtheconcentrationofAFFF whilereducingthe
concentrationofantifoamer.The additionsofAFFF were continueduntilthe antifoams
couldno longercontrolexcessivefoaming..Resultswere photographed ateach interval.
The photographswere used toidentifythemaximum additionsofAFFF atwhich the
antifoamercouldsuppress foaming toacceptablelevels.The number ofadditionsof
AFFF, thestarfingvolume, and the initialconcentrationofantifoamerwere used to
calculatethe antifoamand AFFF concentrations.Based on the resultsofthistestthefield
oftwelveantifoamswas reduced tothe finalfieldofthe top nine.

The top nineantifoamsare:

GE Silicones Antifoam Emulsion AF-72
Antifoam Emulsion AF-93
AntifoamEmulsion AF-9020

Henkel Defoamer WB-209
Foammaste@' DS

Union Carbide SAG 2001 OrganosiliconeEmulsion

Wacker Silicones AntifoamAgent SE-36
AntifoamAgent SWS-214
AntifoamEmulsion SRE

Second objective:To determinetheconcentrationsofthetopantifoamsthatcan
suppress foaming caused by AFFF concentrationsgreaterthan the
recommended disposalconcentrations.

The procedure used was the same procedure used tofindthetop nineantifoamswithone
exception.To more accuratelysimulatea wastewatertreatmentaerationbasin,fresh
sludgewas used forallofthe remainingtests.The sludgewas obtainedfrom Metropolitan
Wastewater Treatment PlantinSaintPaul,Minnesota.Duringtheweeks oftesting,the
MLSS ofsludge ranged from 2.4to 3.5 g/L,a@d the pH ranged from 6.1to 7.9.Using this
sludge,datawere collectedforeach ofthenineremainingantifoamsatfourinitial
antifoamconcentrations.To geta range ofdata,fourinitialantifoamconcentrationsinthe
sludgewere evaluated:300, 600, 1000 and 5000 mg/L.The studyfound the maximum
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concentrationofFC,203CFatwhicheachconcentrationofthetopnineantifoamscould
suppressexcessivefoaming.ResultsarepresentedgraphicallyinFigure1and tabulated
attheendofthereport.

IftheAFFF concentrationintheaerationbasinisknown,theappropriateamountof
antifoamercanbedeterminedfromFigure1.Thisinformationisusefulforminimizingthe
amountofantifoam.Thisisan importantconsiderationforreducingtreatmentcostand
avoidingfoamingcausedbytheadditionofexcessiveantifoam.The possibilityoffoaming
duetoexcessiveantifoamcanbestbe seenintheabnormalshapeofthegraphofHenkel
WB-209 inFigure1.The graphshowsthataboveabout300 mg/LofWB-209 the
antfoambecomesincreasinglyineffecfivoatsuppressingAFFF foam and may actually
causefoaming.

Thirdobiective:To performa costanalysisofthetopnineantfoams.

The costanalysiswas basedonthepriceandtheamountofantifoamneededto
suppressexcessivefoamingcausedbyAFFF concentrationsgreaterthan50 mg/L.The
antifoamunitcostusedinthisanalysiswas thecostperpoundwhen purchasingoneto
sevenbarrels.Antifoampricesaretabulatedattheend ofthisreport.Althoughtheprices
aresubjecttochangeandvarybasedon locationand purchasevolume,thegraphsfrom
thisanalysiscanbe usefulwhen comparingrelativecostofdifferentproducts.Figure2
illustratestherelationshipbetweenAFFF concentrationandthecosttosuppressfoaming
in1000gallonsofsewage.Figure3 isanexpandedscaleofthesame datagivenin
Figure2.
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CONCLUSIONS

IncaseofimproperdisposalofLightWaterTmAFFF wastesorwhenthewastesmustbe
dischargedata higherratethanoptimallyrecommended, themost cost-effectiveantifoam
agentsare Henkel WB-209, GE SiliconesAF-9020, Henkel FoammasterTm DS, and
Wacker SiliconesSRE. Ifthe AFFF concentrationis600 mg/L orless,WB-209 isthe
mostcost-effectiveantifoam.Note thatwhen usingWB-209 careshouldbe takennotto
use toomuch, because concentrationsofWB-209 greaterthenabout300 mg/L have a
greatlyreducedefficacyand may actuallycause foaming.

IftheAFFF concentrationisgreaterthan 600 mg/L,orWB-209 isnot readilyavailable,
GE SiliconesAF-9020 isrecommended. AF-9020 iseffectiveovera much largerrange
thanWB-209 and isthesecond most costefficientantifoam.The second choicefora
largerangeantifoamisHenkel FoammasterTm DS. Foammaste@' DS gave results
comparabletothe GE AF-9020 butwas slightlymore expensive.Anotherantifoamthat
preformedverywellovera largerange and was onlymoderatelymore expensivetouse,
was Wacker SRE. Althoughallfourofthe recommended antifoamsare availablefor
export,a considerationforSRE isthatitisproduced inEurope and thereforemay be
more readilyavailableforthe European market.The recommended concentrationsto
controlconcentrationsofAFFF can be foundforeach ofthe recommended productsby
usingFigure1 orthe datatabulatedatthe end ofthe report.Also,tofindtheapproximate
costofsuppressingfoam atvariousAFFF concentrationscan be found usingFigure2 or
Figure3 foran expanded scale.
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1.EnvironmentalLaboratoryLab Request No. Dl 629.
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AntifoamconcentrationrequiredtosuppressAFFF atvaryingconcentrationforthetop
nineantifoamproducts.Allconcentrationsare inmg/L.

GE Silicones FC-203CF GE SiliconesFC-203CF GE Silicones FC-203C
AF-72 AF-93 AF-9020

50 0 50 0 50 0
575 214 575 214 575 214

660 400 667 400 665 400

890 526 906 526 870 556
1150 2083 1180 2000 1160 2273

Henkel FC-203CF Henkel FC-203CF Union FC-203CF
FoammasterTm WB-209 Carbide

DS SAG 2001

50 0 50 0 50 0

550 214 580 214 333 250
667 400 630 400 450 461

875 556 571 714 550 714
1190 2000 300 4167 800 2941

Wacker FC-203CF Wacker FC-203CF Wacker FC-203CF
SE-36 SRE SWS-214

50 0 50 0 50 0
461 231 571 214 400 231

565 429 675 375 500 429

750 625 880 556 590 667
825 2778 889 2778 580 3333

F S
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00
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0

668901
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WackEer
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SE-36

50461
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Antifoampricesused inthecostanalysis.The priceswere obtainedby telephonefromthe
manufacturersduringthemonth ofJuly,1992.

GE Silicones 1-800-332-3390
AntifoamEmulsionAF-72 $3.93Ab
AntifoamEmulsionAF-93 3.74
AntifoamEmulsionAF-9020 1.93

Henkel 1-800-922-0605
Defoamer WB-209 0.45
FoammasterTm DS 2.315

Union Carbide', 1-800-523-5862
SAG 2001 OrganosiliconeEmulsion 1.61

Wacker Silicones1-800-248-0063
AntifoamAgent SE-36 2.50
AntifoamAgent SWS-214 1.34
AntifoamEmulsionSRE 2.63
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Experiments with 3M AFFF

Two types of experiments were performed with aqueous solutionsof AFFF. The
firsttype was precipitationof the fluorinatedsurfactantsFC-95 and L4640 with an
added cationicpolyelectrolyte.The second type was ultrafiltrationtreatment with an
excess concentrationof the cationicpolyelectrolyteto produce a treatedwater
(permeate) stream with reduced fluorinatedsurfactantcontent and a concentrated
waste stream containingfluorinatedsurfactants.

PrecipitationMeasurements

The hypothesis in the precipitationmeasurements was that, by adding a
stoichiometricamount of a positivelycharged polymer to an aqueous solutionof
AFFF, negativelycharged surfactantions(includingFC-95 and perhaps the amphoteric
FC-1 240) could be precipitatedas an electricallyneutral complex. Calculation
suggested that the anioniccharge equivalence in the originalAFFF solutionwas ca.
0.003 M (when dilutedto working concentration). Solutionswere made up so that
the polymer concentrationwould range from 0.001 M to0.005M insolution(initially)
at a working concentrationof AFFF (3 partsconcen'trateto 97 partswater). The
cationicpolymer used for these experiments was Merquat 100 which isa high
molecular weight (ca. 200K Daltons) quaternary amine polymer
(polydiallyldimethylammoniumchloride).The polymer was a product of Calgon
(Merck) and was suppliedas a 40% by weight aqueous solution.The concentrations
referredto above are interms of monomolarity. For example, ifthe repeat unitofthe
polymer has a molecularfragment weight of 163, then a 1 M solutionwould consist
of 163 grams of polymer inone literof water. Table 1 below reportsanalyticalresults
by Jim Wolter of 3M forthe precipitatesamples sent to 3M on 9-6-94

Table1: Resultsof AFFF PrecipitationwithCatioaicPolyelectrolyte

Sample [FC-95] [L4640] [Cat]'
PPM PPM m

02 28.39 720.5 0

1 22.86 295.1 0.001

2 1.63 115.9 0.002

3 0.36 102.3 0.003

4 0.08 73.5 0.004

5 5.27 163.54 0.005

Total(mono)molar concentrationofcationicpolymer inthesolution. 2Sample 0 representsthecomposition(in
ppm offluorinatedcomponents)ofa blanksample containingonlyAFFF and deionizedwater. The totalorformal

I
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The analyticalresultsforAFFF fluorinatedcomponents inthe supernatant solutions
generallyconform to expectations. There isa continuous decrease in FC-95 and
L4640 concentrationsinsolutionas the cationicPolymer concentration insolution
increasesup to a point estimated as near charge equivalence. This decrease is
presumed to occur through precipitationof a fractionof the polymer and anionic
solutionconstituentsas a neutralsolid- At the highestconcentrationof Merquat 100
(sample #5), the solutionconcentrationsof FC-95 and L4640 appear to increase.
This increaseisexpected because an excess of cationicpolymer willtend to keep the
anionicconstituentsin solution. Inprevious work (with the samples sent to 3M on
3-20-94) utilizinga range of polymer concentrations from 0.003 to 0.03 M to
investigateprecipitationin AFFF solutions,itwas found that no visibleprecipitate
appeared insolutionswith polymer concentrationsabove 0.006 M. This indicates
thata charge excess of more than 100%, i.e.,a polymer to AFFF anionicconstituents
ratioof 2:1 or higher,issufficientto keep the AFFF fluorinatedcomponents in
solution.On thisbasis,a concentrationof 0.01 M polymer was chosen foruse inthe
ultrafiltrationexperiments (seebelow).

Conditionsforthe precipitationexperiments were as follows: A stock solutionof
AFFF was made by delivering3 mL of AFFF conceritrateintoa 50 mL volumetric
flask. The flaskwas then filledto the mark with deionizedwater. This solution
containsAFFF attwice the normal working concentration of 3 partsAFFF concentrate
to-97 partswater. 5 ml ofthe AFFF stock solutionwas placed ineach of six20 mL
screw cap vials.5 mL of deionizedwater was added to vial#0 as a controlsample.
A stock solutionof 0.01 M cationicpolymer in water was prepared by dilutinga
weighed amount ofpolymer concentrate(40% by weight inwater). Volumes ofstock
polymer of 1, 2, 3, 4, and 5 mL, respectively,were added to vialsnumbered 1
through 5 containing5 mL ofAFFF stock. Deionized water involumes of 4, 3, 3, 1,
and 0 mL, respectively,was added to vials1 through 5, respectively.@klivialsthen
contained 10 mL of AFFF at a working concentration ratioof 3 parts AFFF*io 97 parts
water. Vials 1 through 5 also contained 0.001 to 0.005 M polymer in numerical.
sequence. Allvialswere shaken brieflyby hand to mix the contents.

Allsamples showed visibleprecipitationof tan colored-particleswithinat leasta
few minutes. Some qualitativeobservationsare that the samples below and above
the charge equivalence pointappeared to produce more finelydividedprecipitates.
Samples near the equivalencepoint (#3 and #4) produced some largerparticulate
matter on the order of 1-2 mm in diameter. These largerparticlesdid not settle
rapidlyand appeared to adhere to the glass walls of the vial.
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UltrafiltrationMeasurements

The figurebelowgivesa schematicofa simpleultrafiltration(UF)setup.The
columndepictedinthisfigureisa hollowfibercolumn.Thistypeofcolumnwasused
inthepreviousUF experimenton AFFF (3-20-94).Forthecurrentexperimental
results,aso-calledspiralwoundUF columnwas employed.Thehollowfibercolumn
isconstructedof a numberof membrane tubulespottedwithadhesivein a
configurationquitesimilartoanordinarylaboratorycondenser.TheFeedUF solution
flowsintooneendofthefiberlumenandPermeateliquidexitsthefiberatrightangles
throughthemembranepores.Theremainingsolutioninthefiber(Retentate)exitsat
thetopendofthefiberlumen.The spiralwound columnconsistsofa dual-face
membraneenvelopeconcentricallywoundwithflowspacersseparatingeachwinding.
Feedsolutionispumped intoone end ofthecolumn. Liquid(Permeate)which
penetratesthemembranecirculatesinaspiralfashiontoacentertubeforwithdrawal.
TheremainingsolutionwhichdoesnotpenetratethemembraneexitsasRetentateat
thecolumnendoppositetotheFeedentrance.

Figure1. HollowFiberUltrafiltrationApparatus
vi
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T2 let,v
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dfpn
Feed

P2
Reservoir

Ti

7hefeedreservoirisa5gallonpolyethylenelank.7hetankcotuetusareinternallyrecirculatedata300
gaLlhr.ratebypumpP2.FeedsolutionisforcedintothehollowfibersbypumpPI,whichhasanaccurately
controlledpwnpingrateupto2Llmin.77tefibersarerepresentedbythethinverticallines.Retentateexitsatthe
topofthecolumnandpermeateexitsthefibershorizontally,flowingoutthroughthetubemarkedP.7hecolwnn
isaHarp18inch,polysutfonemembranehollowfibercartridgewith2ft2areaandaIOKmoLwt.cut-off(MWCO).
TIand72arepressuretransducersmeasuringinputandoutput(back)prmures,respectively,upto50psigfor
thecolumnanddisplayingreadingsonthedigitalpanelmeter(dpm).Variablevolumesplittingoffeedintoretentate
andpermeatefractionsisaccomplishedbyopeningorclosingvalveViwhichmody7&columnbackpressure.
RestrictionofretentateflowbypartiallyclosingvalveVIincreasesthefractionoffeedexitinghorizontally(through
thefiberwalls)tothecolumnasper7neate.7heapparatusisoperatedinsteadystatemodewithbothretentateand
peryneatebeingrecycledtothefeedreservoir.Samplingpointsforfeed,retentate,andpermeateflowarenot
shown.Withdrawalofsamplesforanalysisleadstoaslightdecreaseinfeedconcentrationoverthecourseofan
e-rperiment.Inadditiontothecompositionofthefeedsolution,thetwoinierdependentfactorsoffeedpumpingrate

I
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andretentateflowrestriciionmaybemodifiedtochangeseparationconditions.
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The ultrafiltrationexperiment was initiatedby mixing 240 mL of AFFF concentrate
with 8L of aqueous cationicpolymer solutionat a concentrationof 0.01 M. One
sample from thismixture was taken to providea referencepoint. Conditionswere
then adjusted inthe UF system to produce ca. 30% of the flow through the column
as permeate liquidwith the remaining 70% existingas retentate. Samples of
retentateand permeate liquidswere taken at thispoint.Two furthersetsof samples
of permeate and retentatewere taken at conditionsnear 40 and 80% flow as
permeate liquid,respectively.Totalliquidflow through the column ranged from a high
of ca. 600 mL/min at 30% permeate (Recovery)to a low of ca. 120 mL/min at 80%
recovery. Table 2 gives analyticalresultsforthese severalsamples as well as the
Recovery percentages and the appliedpressure at the column entrance.

Table 2: Resultsof UF Experiment on AFFF with CationicPolyelectrolyte

Sample [FC--951 [FC-951 [L46401 [L46401 Recov. Pres.
P,ppm R,ppm P,ppm R,ppm .% psi

0' -- 39.7 -- 1261.9 -- --

1 0.04 47.6 106.9 1497.5 31.7 26.4

2 1.12 48.6 125.8 1497.1 40.3 33.5

3 1 5.29 ill .0 199.2 1419.4 82.7 41.8

Sample 0 represents the composition tinppm of fluorinatedcomponents) of the
originalFeed solutionpriorto commencing the UF.experiment. This sample was
marked as Fl in the analyticalresultsprovided by Jim Wolter of 3M. Results are
arbitrarilyplaced in the retentate (R) column for Sample 0 even

'
though the

composition of the feed solutionismeasured here.

To examine the effectiveness of the UF process in removing fluorinatedAFFF
components we can lookat the Recovery (percentageof liquidflow passing through
the membrane as permeate) and the levelof the components inthisliquid.For sample
#2, 40.3% of the feed liquidappears as permeate water. Relativeto the composition
of Sample #0 (Feed),the fractionof FC-95 remaining inthe permeate is1.12/39.7 or
0.028. This means that 97.2% of FC-95 has been removed from this liquid.
Likewise,the fractionof L4640 remainingin the permeate for Sample #2 is
125.8/1261.9 or 0.0996. This means that 90% of L4640 has been removed from
the permeate liquid,relativeto the Feed under the conditionsforSample #2.

As the pressure isincreased on the system and more liquidisforced through the
membrane as permeate for Sample #3, the qualityof the separation becomes

I

somewhat worse. At thispoint,82.7% of the feed liquidis being produced as
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permeate. The removal of FC-95 from the permeate is 5.29/39.7 or 0.133 for
fractionremaining (86.7% of FC-95 has been removed from the permeate). The
removalof L4640 from the permeate is199.2/1261.9 orO.158 forfractionremaining
(84.2% of L4640 has been removed from the permeate liquid).The removal
percentages for FC-95 and L4640 are comparable at thispoint. However, the
retentateconcentrationof L4640 (1419.4 ppm) in the retentatedoes not appear
reasonable. Just as the retentateconcentrationof FC-95 increasedforSample #2 to
Sample #3 (i.e.,48.6 to 111.0) the retentateconcentration of L4640 should have
increasedby a substantialamount, insteadof the slightdecrease shown.

In summary, the removal of FC-95 and L4640 from aqueous solution by
ultrafiltrationwith an excess of cationicpolyelectrolyteappears to be reasonably
successful. There are threespecificpoints,however, which deserve comment:

1). Itisdisturbingthatthe analyticalresultsshow thatthe initialconcentration
in the Feed sample (Marked 0 in the Table above) for ultrafiltrationissome 50%
higherthan the concentrationof the AFFF stock solutionwhich was used forthe
precipitationstudies. The initialintentwas to use the same concentrationof AFFF in
both studies;i.e.,3 parts by volume of AFFF contained in 100 volumes of solution.
The only known differencein the two solutionsig that the zeroth solutionfor
precipitationcontained onlydistilledwater and AFFF while the zeroth(Fl)solutionfor
UF experimentation containeddistilledwater, cationicpolyelectrolyte,and AFFF. If
one assumes thatthe analyticalresultsare correct,then itislikelythat a repeatofthe
UF experiment (at the lower AFFF concentrationsapparent in the precipitation
experiment)would show improved results.That is,the removal of AFFF fluorinated
components should be betterthan the resultsshown inTable 2 above.

2). With referenceto Table 2 above, itisinprinciplepossibleto check the mass
balance of a particularcomponent inthe system. Because the totalflow inthe UF
system isrecycled(bothpermeate and retentatefluidsare returnedto the'feedtank),
the followingrelationshipshould apply:

[Feed] = Recovery [Permeate] + (1-Recovery)[Retentatel {1)

where (Feed],(Permeate],and [Retentate]are analyticalconcentrationsof a particular
component inthe feed,permeate, and retentatesolutions,respectively,and Recovery
isthe fractionof the totalliquidFeed in the system which appears as permeate.
Taking data from Sample #0 (Feed concentration)and forSample #1 above forFC-95,
the followingrelationshipshould be an identity:

(39.71 = 0.317 [0.041 + 0.683 [47-61

however, [39.71 ;d [32.51
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