
AR 836 _ 0926
SUMMARY FOR FOAMING STUDIES DONE ON VARIOUS AFFF PRODUCTS

TEST SUBSTANCE

Identity: Mixtures containing perfluorooctanesulfonate, which may also
be referred to as PFOS or FC-95or as a componentof AFF
products. (1-Octanesulfonic acid,
1.1,2,2,3,3,4,4,55,6,6,7,7,8,8,8-heptadecafiuoro-, potassium
salt, CAS# 2795-393)

Remarks field: The test samples are AFFF productsof various
compositions.

STUDIES

The attached testing is a compilation of studies done to characterize the
capacity of 3M's AFFF product line to create foam in various situations,
and, in some cases, the effectiveness of various anti-foaming agents. This
includes the effectsof foaming on wastewater treatment processes.

DATA QUALITY

Reliability: No ranking of ths data has been done. These studies are
atypical, have no agency-approved procedure, and were designed to
provide general guidance to customers and wastewater treatment
operators who must address the issueoftreating foam after using AFFF in
a fire event.

OTHER

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

Last changed: 6/26/00

003042



Co Yes Tog FYInternal Corespondence Fite: 108 "0,

cei D. R. Ricker - 53:4
C. S. Chow - 21-2W (58)

© R. R. BURFORD - COMMERCIAL CHEMICALS DIVISION - 236-1
Fom E. A. REINER - ENVIRONMENTAL LABORATORY (EE & PC) - 21-2W (58)

Sit FC-780 FOAMING IN ACTIVATED SLUDGE

eeereesereeeemesmeeeeseen

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* 1
effluent from the St. Paul Metro Waste Treatment Plant

i (see Photos 1-5). After 30 seconds of vigorous shaking,less than one-haif inch of foun formed at 100 mg/l
(Photo 1). The jars containing the 10 mg/l FC-780Solution and the control both had slight foam that onlyCovered the edges of the sludge surface.
Though little or no foam was formed at an FC-780concentration of 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 bubblesIn 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.
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. R. R. Burford -2- August 15, 1979

We fool the aeration test more closely simulates theCondioions of ntact,“eattare, Closely simulateShaking test: “Memgorss pions system thanthe
foaming or settling problems below 100mg/l.
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LRN: 69125
3M ENVIRONMENTAL LABORATORY

(AFFF Foaming Study)
Protocol Reference: EAR 6/13/81

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

The activated sludge mixed liquor was obtained from theMetroTreatment Plant (Pig's Eye) on 6/18/81. The estimated MLSSconcentration using the Spec. 20 technique was 2,100 mg/l. "Theconcentration was not adjusted prior to running the foamingstudy.
The MLSS of the mixed liquor was analyzed using the standardprotocol 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 dilutionwith deionized water.
Five 250-ml graduated cylinders were filled to the 200-ml markwith the fresh mixed liquor. When the solids had settled farenough, 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 volumeOf AFFF stock solution was added to the cylinders as the volumesof clear supernate drawn Off. The cylinders were then coveredwith Parafilm® and mixed by inverting. This prepared a dilutionseries 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 waspoured into 500-ml graduated cylinders and the other 100 ml wasleft in the 250-ml cylinders.
SHAKE TEST
The portions which were left in the 250-ml cyinders were coveredwith Parafilm® and vigorously shaken for 30 seconds and thenallowed to stand.
Photographs were taken and the foam volumes were measured at thefollowing intervals:

an a,"' Foam Volume (m1)
AFFF Conc. Time 0 § Min. Min. Min. § Hour

0 mg/l 2 [ 0 0 0 oo15 mg/1 2 0 0 0 050 ng/L 6 2 0 0 0
150 mg/1 16 8 4 2 0
500 mg/l 36 30 22 10% 1lo*

*The foam appeared less dense then previous observation.

Page 1 of 3
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LRN: 69125

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

AFFP FOAMING STUDY - continued
The foam volume (ml) was measured in lieu of foam height byreading the graduates on the cylinders.
The settling of the solids was observed after 1 hour.

AFFE volume of Volume ofConcentration Settled Solids Floating Solids
0 mg/1 - 20 m1 10 m115 mg/l 16 m1 - 11 nl50 mg/1 10 m1 12 nl150 mg/1 9 m1 13 m1500 mg/1 6 ml 12 m1

After 1 hour of settling, the cylinders were swirled and aphotograph was taken after 1 minute of settling. See phototitled 'Swirled After 1 Hour Settling, T=1 Min.' The cylinderswere then swirled a second time and a photograph was taken after20 min. See photo titled 'Swirled a 2nd Time, T=20 Min.' Atthis point, the settling of the solids appeared uniform in allconcentrations.

AERATION TEST
The 100-ml portions which were poured into the 500-ml cylinderswere each aerated for 5 minutes at approx. 500 ml of air perminute using gas dispersion tubes with fritted glass ends.
Foam in the 500-ng/l solution had to be controlled from comingover the top of the cylinder by swirling the air supply tubing.
The foaming in the 150 and 500-mg/1 solutions carried -considerable amounts of the mixed liquor solids up the sides ofthe cylinder and in the body of the foam. Almost all of thesolids in the 500-mg/l solution were removed from solution uringthe aeration period. See photos titled 'During Aeration’ and‘After 5 Min. Aeration.’
At the end of the aeration period, the cylinders were coveredwith Parafiln® and inverted several times to wash the solids off —.-the sides. After this, the foam volumes were measured at thefollowing intervals:

Page 2 of 3
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LRN: 69125
Date: 6/18/81
Analyst: W.A. Scheil

AFFF FOAMING STUDY - continued

Foan Volume (m1)AEE Conc. Time 0 1 Min, 5 Win. 20 Win. 1 Hour
0 mg/1 0 0 0 0 015 ng/1 0 0 0 0 050 mg/1 0 0 0 0 0150 mg/1 5 0 0 0 0500 mg/1 15 10% 10% 10% 5+

*The foam appeared less dense than the previous observation.
The settling of the solids appeared uniform in allconcentrations.

Page 3 of 3
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LO . EAR 5/13/81
° PROTOCOL FOR AFFF FOAMING STUDIES

1. obtain fresh activated sludge mixed liquor from Metrotreatment plant.

2. Using the Spec 20 technique and the graph of adsorbance at600 nm versus 55, adjust MLSS to 2000 mg/l by DI wateraddition or by centrifugation and discarding supernatant.
1. Make 500, 150, 50, 15, and 0 mg/l solutions of APFP in 200 mlof this sludge.
4. Divide cach solution into 2, 100 ml parts. Placing 1/2 in ajar with at least 200 ml of head space and the other half in500 ml volumetric cylinders.
5. Cover and shake cach jar vigorously for 30 seconds.
6. Take photographs and measure foam height immediately aftershaking (time 0) and at 1 minute, 5 minute, 20 minute, and 1hour. "Also observe and photograph how well sludge settles.
7. Aerate the AFF sludge mixtures in the volumetric cylindersfor 5 minutes at 500 ml of air per minute using gas’dispersion tubes with fritted glass ends.

#. Again, observe foam height or volume and sludge settling,again’ make photographs.
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a AERATION TEST PHOTOSAFEF FORMING STUDY, LRN: 68125
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EPPResearch.andDevelopmen. eReeeThe £ Ress of Selected Antifoan Agents in Suppressing Foam...Ropwores
Light Water Brand AFFE Fos SupressionAqueous Fils Forming Foan Waste DisposelFoan Vastevater Treatment  -Antifoam Agents . .Defosning Agents[Projet Obici &Raper ASvEact
3M recommends to customers that AFFF usage wastes be disposed of by diluting the waste and flushing it into arunning sewer that flows to a wastewater treatmentsystem.Hf the AFFFinthe sewageis not sufficiently dilute,foamingmay occur in the aeration basin ofwastewater treatment systems. This may cause cleanup problems and reducedefficiency in the treatment works.
Inthis study, the effectiveness and relative cost of ‘commercially availableantifoamproducts were evaluated. The‘experimental work consisted of adding the antifoam and 3M AFFF products to an aerated solution of water or activatedsludge mixed liquor. The effectiveness of the antifoams was determined by their abilty to prevent foaming in theasrated solutions.
inthe nti screening tests, the 31 antioams supplied by nine manufaciurers wer evaluated frtheir abilty 0 controlfoaming by a 500 mg/Lsolutionof AFFF in adelonized water ‘solution. Twelve antifoams passed thistest. A secondsetof tests consisted of successively adding an AFFF solution to an aerated antitoam solution. Additionsof the AFEE desolution caused the concentration of AFFF to increase in the solution while the antifoam concentration decreased.
Nine antifoams were foundtobe effective in these experiments: GE Silicones Antifoam Emulsion|AF-72, AntifoamEmulsion AF-93, and Antifoam Emulsion|AF-9020;HenkelDefoamerWB-209andFoammaster™ DS;UnionCarbideSAG 2001 Organosilicone Emulsion; Wacker Silicones. Antifoam Agent SE-36, Antifoam Agent SWS-214, and AntifoamEmulsion SRE.

these, the most cost effective are Henkel WB-209, GE Silanes AF-9020, Henkel Foammaster™ DS, and WackerSilicones SRE.
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THE EFFECTIVENESS OF SELECTED
ANTIFOAM AGENTS IN SUPPRESSING FOAM CAUSED BY

LIGHT WATER BRAND AFFF SOLUTIONS

INTRODUCTION
Aqueous film forming foams (AFFF) are water based, surfactant containing products usedprimarily to control combustion hazards and extinguish fires involving hydrocarbon liquids.In their use, AFFF agents are diluted in water andsprayedthrough a foam forming nozzle50 that the foam spreads over the hydrocarbon liquid. Application of AFFF prevents andextinguishes Class B fires by spreading a vapor-sealing film over the liquid ful. Thisvapor seal inhibits reflash even when the foam blanket is ruptured and also enables theproduct to be used to prevent ignition of non-ignited spills. In addition, AFFF providesexcellent perietrating and wetting qualities when used on Class A fires. After their use,waste AFFF solutions from actual or simulated fire fighting activities are partiallybiodegradable and have low toxicity to aquatic organisms including the microorganisms inwastewater treatment systems. Thersfore, wastes from AFFF usage can be discharged atcontrolled rates into a wastewater treatment system for disposal.
A disposal problem inherent to improperly handled AFFF wastes is foaming in wastewatertreatment aeration basins. Excessive foaming in an aeration basin can cause a dualproblem. First, the suspended activated sludge solids can attach to the foam and be liftedfrom the aeration basin. This causes clean-up problems at the wastewater treatmentplant. Second, the remaining activated sludge mixed liquor is depleted of much of itssuspended microbial solids and therefore is not as effective in treating wastewater.
Commonly, excessive foaming is caused by disposal recommendations not beingfollowed. 3M recommends that Light Water™ AFFF waste should first be treated in anoll-water separator followed by metered discharge of the aqueous fraction to a runningsewer. If properly metered, Light Water™ AFFF concentrations reaching the aerationbasin of a wastewater treatment system will not cause excessive foaming. 3M's AFFproducts are designed to be used at either 6%or3% concentrations in water. For its 6% _AFFF concentrates, 3M recommends a discharge rate such that the AFFF concentrationin the receiving aeration basin will not exceed 100 mg AFFF concentrate per liter of
sewage. Due to its higher surfactant concentration, for its 3% AFFF concentrates 3Mrecommends a discharge rate such that the AFFF concentration in the receiving aerationbasin will not exceed 50 mg AFFF concentrate per liter of sewage. The values for theacceptable concentrations of Light Water™ AFFF have been determined experimentally
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and are somewhat conservative; therefore if the AFFF wastes are discharged to a sewerat appropriate levels, they will not cause excessive foaming in the receiving aeration
basin.

Some wastewater treatment systems are of an insufficient size to make metered
dischargeof the collected AFFF wastes practicable. For such sites, 3M recommends oneof two disposal alternatives: 1) transporting collected waste materials by tank tnucks formetered discharge into a larger waste treatment facility; or 2) discharging the waste at ahigher rate (up to 800 mg/L vs. 50 or 100 mg/L) with appropriate concentrations of anantifoam agent added to the waste system to suppress foaming.
Consequently, there is a need to identify the most effective antifoam agents to be used incases of improper disposal of AFFF waste or when the AFFF waste must be dischargedat higher rates. To achieve this goal, a two phased study was completed to evaluate the
effectiveness of several commercially available antifoam agents on current Light Water™
AFFF products. Similar studies conducted in the 3M Environmental Laboratory between1982 and 1987", found SWS-214 supplied by SWS Silicones Corporation and WB-209supplied by Diamond Shamrock to be the most effective. Therefore, care was taken toinclude these products in this study. SWS-214 is now produced by Wacker SiliconesCorporation and WB-209 is now produced by Henkal Corporation.
Phase one of this study was a survey of antifoam manufacturers. Eleven companies werecontacted and asked to run independent tests to evaluate the effectiveness of their
antifoams on Light Water™ AFFF solutions. Of the eleven manufacturers contacted, ninesupplied samples and three completed evaluations of their products. The three
manufacturers that completed evaluations were Henkel, Dow Corning, and WackerSilicones. These evaluations were completed using two Light Water™ AFFF products. Theproducts used were FC-203CF and FC-600.
Henkel ran tests of their products and sent their three top performers: Defoamer WB-208,Foammaster™ DS, and Foammaster™ SZU. Of the three, Defoamer WB-208 received thehighest recommendation from Henkel not only because of its effectiveness, but alsobecause of its low price. This agreed with the results of the previous 3M Environmentalstudies and the present work.
Dow Corning sent two product samples after completing their testing. Their two products.were 1510-US Food Grade Antifoam Emulsion and FG10 Antifoam Emulsion. Their firstrecommendation was the 1510-US Food Grade Antifoam Emulsion. In the tests done forthis study, neither of the Dow Corning products were found to be effective.
Wacker Silicones also conducted independent tests to determine their most effectiveantifoams. Although SWS-214 has been recommended by 3M to our customers in thepast, Wacker found three of their other products to be more effective than SWS-214. Thethree Wacker products were Antifoam Agent SE-36, Antifoam Emulsion SE-39, and -
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Antifoam Emulsion SRE. This study concurred with Wacker's results and found SE-36and SRE to be effective. When considering cost-effectiveness, Wacker SiliconesSWS-214is also acceptable.
The objectives of the second phase of the study were threefold. The first was to evaluatethe relative effectivenessof the 31 antifoam products that the nine companies submittedandto identify the top performers. The secondwasto find the antifoam concentrations ofthe top performers that could suppress foaming caused by AFFF concentrations greaterthan the recommended disposal concentrations. The final objective was a cost analysis ofthe top performers to determine the most cost-effective antifoams.
MATERIALS AND METHODS ;
PRODUCTS TESTED
Light Water Brand AFFF products used in the evaluation were FC-203CF,FC-206CF, FC-600, and FC-60OF.
Thirty-one samples were received from the antifoam manufacturers. The products were:

Air Products SURFYNOL™ 104A Surfactant
SURFYNOL™ DF110L Defoamer
SURFYNOL™ DF-75 Defoamer
SURFYNOL™ 420 Surfactant

BASF PLURONIC™L61
PLURONIC™L101
PLURONIC™L121
PLURONIC™31R1

Dow Coming 1510-US Food Grade Antifoamer Emulsion
FG10 Antifoam Emulsion

GE Silicones, Antifoam Emulsion AF-60 :
Antifoam Emulsion AF-72
Antifoam Emulsion AF-75
Antifoam Emulsion AF-83 -Antifoam Emulsion AF-9020

Henkel Defoamer WB-209
Foammaster™ DS
Foammaster™ SZU
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6 Nalco 7455 Antitoam
7460 Antifoam
7470 Antifoam
7471 Antifoam
7472 Antifoam

7 Union Carbide ‘SAG 2001 Organosilicone Emulsion
8 Wacker Silicones Antifoam Agent SE-36

Antifoam Agent SWS-214
Antifoam Emulsion SE-39

. Antifoam Emulsion SRE

9 Wico Bubble Breaker™ 776P
Bubble Breaker™ 3056A

: Bubble Breaker™ 913

PROCEDURE
Tests were done using a modified J. J. Bikerman foam control test ®.
Equipment used:

Ministatic™ pump, Manostat Inc.
flow meter, Gilmont Instruments
1000 mL graduated cylinder, Fisherbrand
gas dispersion tube, Ace Glass Inc. ASTM 70-100

The pump was used to produce an adjustable airflow that was bubbled through the testsolution in the graduated cylinder. This airflow was measured by the flow meter anddelivered into the test solution through the gas dispersion tube. To better simulate anaeration basin and for consistency, the Ministatic™ pump was adjusted fo maintain a‘constant air flow rate of 2000 mLimin. This rate simulated the agitation and turbulent‘conditions in an activated sludge aeration basin. Results were derived from the presenceand amount of foam that butt up in the graduated cylinder. The measurement of the.amount of foam was somewhat subjectiveand was determined by a combination of theheight and densityof the foam. For improved objectivity between experimental runs,results ware recorded by taking photographsof the tests at predstermined times for sideby side comparisons ata later time.
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RESULTS ’
Eirstobjective: To evaluate the relative effectiveness of the 31 antifoam products, therebyidentiying the top performers.
For the initial screen, the 31 antifoam agents were tested using a 100 ppm antifoamconcentration to control a 500 mg/l concentration of AFFF in a deionized water solution.The AFFF solution was prepared by diluting weighed amounts of AFFF, and theantifoamer was dispensed into the AFFF solution by micropipette and then mixed. TheLight Water™ AFFF products used for this test were FC-203CF, FC-600, and FC-600F.Results were recorded at three and ten minutes. Antifoam products were rated for theireffectiveness on a scale of "A" to *F", with "A" being the best and *F* for ailing. This initialscreen reduced the fiekd of 31 to 12 effective antifoams.
During this screen, it was also determined that the antifoams were essentially equallyeffective on each of the three Light Water™ AFFFproducts: Therefore, all remaining testswere preformed using only FC-203CF.
The twelve antifoains that passed the first set of tests are:

Air Products SURFYNOL™ DF-75 Defoamer
GE Silicones Antifoam Emulsion AF-60

Antifoam Emulsion AF-72
Antifoam Emulsion AF-63
Antifoam Emulsion AF-8020

Henkel Defoamer WB-209
| Foammaster™ DS

Union Carbide SAG 2001 Organosilicone Emulsion
Wacker Silicones Antifoam Agent SE-36

Antifoam Agent SWS-214 :
Antifoam Emulsion SE-39
Antifoam Emulsion SRE

‘The next set of tests was completed using a revised procedure. Instead of each -experiment having a set concentration of AFFF and antifoamer from beginning to end, the‘amount of antifoamer in the test solution remained constant while additions of LightWater™ AFFF stock solution were added at 10 minute intervals. The total volume of thetest solution began at 100 mL with the antifoam concentration at 100 mg/L. The AFFFstock solution contained 2 grams of FC-203CF per liter of solution. While aerating the test

5
.

003079



solution, 10 mL of AFFF stock solution was added at 10 minute intervals. The aerationrate used was 1100 mUmin instead of the 2000 mL/min used for the initial screen. Thislower rate produced sufficient aeration and reduced the strain on the air pumps.
The additions of AFFF solution increased the concentration of AFFF while reducing theconcentration of antifoamer. The additions of AFFF were continued until the antifoamscould no longer control excessive foaming. Results were photographed at each interval.The photographs were used to identity the maximum additions of AFFF at which theantifoamer could suppress foaming to acceptable levels. The number of additions ofAFFF, the starting volume, and the initial concentration of antifoamer were used tocalculate the antifoam and AFFF concentrations. Based on the results of this test the fieldoftwelve antifoams was reduced to the final field of the top nine.
‘The top nine antifoams are:

GE Silicones Antifoam Emulsion AF-72
. Antifoam Emulsion AF-93

Antifoam Emulsion AF-9020
Henkel Defoamer WB-209

Foammaster™ DS

Union Carbide SAG 2001 Organosilicone Emulsion

Wacker Silicones Antifoam Agent SE-36
Antifoam Agent SWS-214
Antifoam Emulsion SRE

‘Second objective: To determine the concentrations of the top antifoams that cansuppress foaming caused by AFFF concentrations greater than therecommended disposal concentrations.
The procedure used was the same procedureusedto find the top nine antifoams with oneexception. To more accurately simulate a wastewater treatment aeration basin, freshsludge was used for all of the remaining tests. The sludge was obtained from MetropolitanWastewater Treatment Plant in Saint Paul, Minnesota. During the weeksof testing, thMLSS of sludge ranged from 2.40 3.5 g/L, and the pH ranged from 6.1 to 7.9, Using thissludge, data were collected for each of the nine remaining antifoams at four initialantifoam concentrations. To get a range of data, four initial antifoam concentrations in thesludge were evaluated: 300, 600, 1000 and 5000 mg/L. The study found the maximum
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concentration of FC-203CF at which each concentration of the top nine antifoams couldsuppress excessive foaming. Results are presented graphically in Figure 1 and tabulatedatthe end of the report.

Ifthe AFFF concentration in the aeration basin is known, the appropriate amount ofantifoamer can be determined from Figure 1. This information is useful for minimizing the‘amount of antifoam. This is an important consideration for reducing treatment cost andavoiding foaming caused by the addition of excessive antifoam. The possibility of foamingdue to excessive antifoam can best be seen in the abnormal shape of the graph of HenkelWB-209 in Figure 1. The graph shows that above about 300 mg/L of WB-209 theantifoam becomes increasingly ineffective at suppressing AFFF foam and may actuallycause foaming.

Thirdobjective: To Perform a cost analysis of the top nine-antifoams.
The cost analysis was based on the price and the amount of antifoam needed to
suppress excassive foaming caused by AFFF concentrations greater than 50 mg/L. Theantifoam unit cost used in this analysis was the cost per pound when purchasing one toseven barrels. Antifoam prices are tabulatedat the end of this report. Although the pricesare subject to change and vary based on location and purchase volume, the graphs fromthis analysis can be useful when comparing relative cost of different products. Figure 2illustrates the relationship between AFFF concentration and the cost to suppress foamingin 1000 gallons of sewage. Figure 3 is an expanded scaleof the same data given inFigure 2.
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Figure 1. Antifoam concentration required to control foaming from FC-203CF.
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Figure 2. Cost comparison for antifoaming 1000 gallons of solution containing
various concentrations of FC-203CF.
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CONCLUSIONS :
In case of improper disposal of Light Water™ AFFF wastes or when the wastes must bedischarged at a higher rate than optimally recommended, the most cost-effective antifoamagents are Henkel WB-209, GE Silicones AF-8020, Henkel Foammaster™ DS, andWacker Silicones SRE. If the AFFF concentration Is 600 mgiL or less, WB-208 is themost cost-affactive antfoam. Note that when using WB-209 care should be taken not touse too much, because concentrations of WB-209 greater then about 300 mg/L have agreatly reduced efficacy and may actually cause foaming.
Ifthe AFFF concentration is greater than 600 mg/L, or WB-209 is not readily available,GE Silicones AF-9020 Is recommended. AF-9020 is effective overamuch larger rangethan WB-209 and is the second most cost efficient antifoam. The second choicefor 8large range antifoam is Henkel Foammaster™ DS. Foammaster™ DS gave results.comparableto the GE AF-9020 but was siightly more expansive. Another antifoam thatpreformed very well overa large range and was only moderately more expensive {o use,was Wacker SRE. Although all four of the recommended antifoams are available forexport, a consideration for SRE is that it is produced in Europe and therefore may bemore readily available for the European market. The recommended concentrations tocantrol concantrations of AFFF: can be found for eachof the recommended products byusing Figure 1 or the data tabulated at the end of the report. Also, to find the approximatecost of suppressing foam at various AFFF concentrations can be found using Figure 2 orFigure 3 for an expanded scale.

REFERENCES
1. Environmental Laboratory Lab Request No. D1629.
2. Bikerman, J. J. Foams Spiinger-Veriag: New York 1973.
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Antifoam concentration required to suppress AFFF at varying concentration for the topnine antifoam products. All concentrations are in mg/L.

GE Silicones FC-203CF|GE Silicones  FC-203CF GE Silicones FG-2030FAF-72 AF-93 AF-8020
50 0 50 0 50 0
575 214 575 214 575 214
660 400 667 400 665 400
890 526 900 526 870 556
1150 2083 1180 2000 1160 2273

Honkel *  FC-203CF| Henkel  FG-203CF| Union FC-203CFFoammaster™ WB-209 CarbideDS SAG 2001
50 0 50 0 50 0

550 214 580 214 333 250 |
667 400 630 400 450 a1 |
875 556 s71 714 550 714

1190 2000 300 4167 800 2041

Wacker FC-203CF| Wacker  FC-203CF| Wacker . FO2030FSE-36 SRE SWS-214 {
50 0 50 0 50 0
461 231 smo. 218 400 231
565 429 675 ars 500 a9 |750 625 880 556 590 667
825 2778 889 2778 580 3333
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Antifoam prices used in the cost analysis. The prices wera obtainedbytelephone from themanufacturers during the month of July, 1992.

GE Silicones 1-800-332-3390
Antifoam Emulsion AF-72 $3.99Antifoam Emulsion AF-63 374
Antifoam Emulsion AF-9020 1.93

Henkel 1-800-922-0605 °
Defoamer WB-209 045
Foammaster™ DS _ 2315

Union Carbide. 1-800-523-5862
SAG 2001 Organasilicone Emulsion 161

Wacker Silicones 1-800-248-0063
Antifoam Agent SE-36 250Antifoam Agent SWS-214 1.34Antifoam Emulsion SRE 263
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Experiments with 3 AFFF
(Tivo types of experiments were performed with aqueous solutions of AFFF. Thefirst type was precipitation of the fluorinated surfactants FC-95 and L4640 with ne.added cationic polyelectrolyte. The second type was ultrafiltration treatment with anfxcess concentration of the cationic polyelectrolyte to produce a treated water(permeate) stream with reduced fluorinated surfactant content and a concentrawaste stream containing fluorinated surfactants.

Precipitation Measurements

The hypothesis in the precipitation measurements was that, by adding aStoichiometric amount of a positively charged polymer to an aqueous solution offer: negatively charged surfactant ions (including FC-95 and perhaps the amphotericFC-1240) could be precipitated as an electrically neutral complex. CaleuiationSuggested that the anionic charge equivalence in the original AFFF solution was ca.0.003 M (when diluted to working concentration). Solutions were made up sa thethe polymer concentration would range from 0.001M to 0.005M in solution(initially)at a working concentration of AFFF (3 parts concentrate to 97 parts water). Thacationic polymer used for these experiments was Merquat 100 which is 3 highMolecular weight (ca. 200K Daltons) quaternary amine polymer(polydiallyldimethylammonium chloride). The polymer was & product ofCalgon(Merck) and was supplied as a 40% by weight aqueous solution. The concentrationsreferred to above are in terms of monomolarity. For example, i the repeat unit of thpolymer has a molecular fragment weight of 163, then a 1 M solution would consisof 163 grams of polymer in one liter of water. Table 1 below reports analytical resusby Jim Wolter of 3M for the precipitate samples sent to 3M on 9.6.94
Table 1:_ Results of AFFF Precipitation with Cationic Polyelectrolyte x

Sample [FCs] (Lasso) car’ 5’ pom. pom. M

1 Total (monojmolar conceniasonofcationic polymer in th solution. *Samp O represents the compesion inPomoffuorinaiedcomponens) ofablanksample containing onlyAFFFand deionized wore. The ord oxformalconceniraionsofFC-95 and L4640 should be the same as tis for samples 1-5,
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The analytical results for AFFF fluorinated components in the supernatant solutionsJeaerally conform to expectations. There is a continuous decrease in FC.o5 andL4640 concentrations in solution as the cationic polymer concentration 1solutionincreases up to a point estimated as near charge equivalence.  Thie decrease isDEonimed 10 occur through precipitation ofa fraction of the polymer and sentssolution constituents as a neutral solid. At the highest concentration of Merquat 100{sample #5), the solution concentrations of FC-95 and L4640 appoar ty increase.This increase is expected because an excess of cationic polymer wil tend so keep theanionic constituents in solution. In previous work (with the samples sent th gon on3-20.94) utilizing a range of polymer concentrations from 0.003 to 0.03 toinvestigate precipitation in AFFF Solutions, it was found that no visibleprecipitateappeared in solutions with polymer concentrations above 0.006 M. This indiesiethat a charg excess of more than 100%, i.e., a polymer to AFFF anionic constituensswatio Of 2:1 or higher, is sufficient to keep the AFFF fluorinated compononte 1Solution. On this basis, a concentration of 0.01 M polymer was chosen for ase in theultrafiltration experiments (see below). _

Conditions for the precipitation experiments were as follows: A stock solution ofFEF was made by delivering 3 mL of AFFF conceritrate into a 50 mL. velumatreflask. The flask was then filled to the mark with deionized water. This senor.contains AFFF at twice the normal working concentration of 3 parts AFF conaenare10/97 parts water. 5 mi of the AFFF stock solution was placed in each of six 20 aAmosh vials. 5 mL of deionized water was added to vial #0 as a control sample.Stack solution of 0.01 M cationic polymer in water was prepared by diluting aweighed amount of polymer concentrate (40% by weight in water), Volumes of stockpolymer of 1, 2, 3, 4, and 5 mL, respectively, were added to vials numbareq 1through § containing 5 mL of AFFF stock. Deionized water in volumes of 4, 3. 3,1,and 0 mL, respectively, was added to vials 1 through 5, respectively. All vials thenContained 10 mL of AFFF at a working concentration ratio of 3 parts AFFFto 97 parts ;water. Vials 1 through 5 also contained 0.001 to 0.005 M polymer in numericalsequence. All vials were shaken briefly by hand to mix the contents.

All samples showed visible precipitation of tan colored-particles within at least afew minutes. Some qualitative observations are that the samples below aad seve”the charge equivalence point appeared to produce more finely divided precipitates.Samples near the equivalence point (#3 and #4) produced some largerparticulatefatter on the order of 1-2 mm in diameter. These larger particles did not settlerapidly and appeared to adhere to the glass walls of the vial.
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Ultrafiltration Measurements -

The figure below gives a schematic of a simple ultrafiltration (UF) setup. Thecolumn depicted in this figure is a hollow fiber column. This type of column was usedin the previous UF experiment on AFFF (3-20-94). For the current experimentalresults, a so-called spiral wound UF column was employed. The hollow fiber columnis constructed of a number of membrane tubules potted with adhesive in aconfiguration quite similar to an ordinary laboratory condenser. The Feed UF solutionflows into one end of the fiber lumen and Permeate liquid exits the fiber at right anglesthrough the membrane pores. The remaining solution in the fiber (Retentate) exits atthe top end of the fiber lumen. The spiral wound column consists of a dual-facemembrane envelopeconcentrically wound with flow spacers separating eachwinding.Feed solution is pumped into one end of the column. Liquid (Permeate) whichPenetrates the membrane circulates in a spiral fashion to a center tube forwithdrawal.tm remaining solution which does not penetrate the membrane exits as Reteios atthe column end opposite to the Feed entrance.
Figure 1. Hollow Fiber Ultrafiltration Apparatus
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The ultrafiltration experiment was initiated by mixing 240 mL of AFF. concentratewith BL of aqueous cationic polymer solution at a concentration of 0.01 M. On.sample from this mixture was taken to provide a reference point. Conditions vouthen adjusted in the UF system to produce ca. 30% of the flow through the column,oe apermeate liquid with the remaining 70% existing as retentate. Samples ofoFore and permeate liquids were taken at this point. Two further sets of samplesof permeate and retentate were taken at conditions near 40 and 80% fae:aspermeate liquid, respectively. Total liquid flow through the column ranged from a highof ca. 600 mL/min at 30% permeate (Recovery) to a low of ca. 120 mLimin at 0%.focovery. Table 2 gives analytical results for these several samples as well as theRecovery percentages and the applied pressure at the column entrance.

Table 2: Results of UF Experiment on AFFF with Cationic Polyelectrolyte

[FC-95]| [FC-95]| (L464) | (L4640) | Recov. | Pres. JP.ppm R.ppm P.ppm R.ppm % psiLo1Teer| - Tome - To][+100s | wre | w0s9| vasrs[2[7 [ase | 200 | ra070| sos[se]2Tea[io | we02 |veroa| marJars]
* Sample 0 represents the composition (in ppm of fluorinated components) of theoriginal Feed solution prior to commencing the UF. experiment. This sample. waemarked as F1 in the analytical results provided by Jim Wolter of 3M, Reefs. easarbitrarily placed in the retentate (R) column for Sample O even though thecomposition of the feed solution is measured here. ww |
To examine the effectiveness of the UF process in removing fluorinated AFFFponents we can look at the Recovery (percentage of liquid flow passing throughthe membrane as permeate) and the level of the components in this liquid. For sample#2, 40.3% of the feed liquid appears as permeate water. Relative to the compositionof Sample #0 (Feed), the fraction of FC-95 remaining in the permeate is 1.12/30. ar0.028. This means that 97.2% of FC-95 has been removed from thie liquid.Likewise, the fraction of L4640 remaining in the permeate for Sample 43.125:8/1261.9 or 0.0996. This means that 90% of L4640 has been remevad Lor,the permeate liquid, relative to the Feed under the conditions for Sample #3.

As the pressure is increased on the system and more liquid is forced through themembrane as permeate for Sample #3, the quality of the separation becomes.somewhat worse. At this point, 82.7% of the feed liquid is being produced gy
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Ptioate. The removal of FC-95 from the permeate is 5.29/39.7 or 0.133 forfraction remaining (86.7% of FC-95 has been removed from thy permeate). Thefo geal of L464Q from the permeate is 199.2/1261.9 or 0.198 for frayremaining84.2% of L4640 has been removed from the permeate. liquid) The removalpercentages for FC-95 and L4640 are comparable at this pains. However, theTorsamapicCrcentration of L4640 (1419.4 ppm in the retentate dose wey appearSasonable. Just as the retentate concentration of FC-95 increased fey Sample #2 toSample #3 (i.., 48.6 10 111.0) the retentate concentration of | agp. should haveincreased by a substantial amount, instead of the slight deeroase shown.
Summary, the removal of FC-95 and L4640 from aqueous solution byUhirafiltration with an excess of cationic polyelectrolyte appears so ge.reasonablysuccessful. There are three specific points, however, which deserve comment:

m2: lt is disturbing that the analytical resuits show that the initial concentrationinthe Feed sample (Marked 0 in the Table above) for uitrafiurater, is some 50%Righer than the concentration of the AFFF stock solution whic sans. used for theDeeyipitation studies. The inital intent was to use the same congentasc of AFFF inboth studies; i.e., 3 parts by volume of AFFF contained in 100 volumes of solution.The only known difference in the two solutions 1% that the secon solution forOFpitation contained only distiled water and AFFF while the zerath (1) solution forUF experimentation contained distilled water, cationie polyelectrolyte, and AFFF. IfOF ssumes that the analytical results are correct, then it is likely that a repeat of theUF experiment (at the lower AFFF concentrations apparont 1 wieprecipitationoxperiment) would show improved resus. That is, the removal of ARFE.fluorinatedComponents should be better than the results shown in Table 2 above.
2). With reference to Table 2 above, it is in principle possible to check the massbalance of a particular component in the system. Because the soar flow in the UFas recycled (both permeate and retentate fluids are returned to thofan tank),the following relationship should apply:

5
[Feed] = Recovery (Permeate] + (1-Recovery) [Retentate] {1}

wenere [Feed]. [Permeate], and [Retentate] are analytical concentrations of aparticular aonentin the feed, permeate, and retentate solutions, respectively, angRecovery8 the fraction of the total liquid Feed in the system which appear, on permeate.Taking data from Sample #0 (Feed concentration)and for Sample 51 ‘above for FC-95,the following relationship should be an identity:

[39.7] = 0.317 (0.04] + 0.683 (47.6)
however, [39.7] = [32.5]

003697fa) 2. + 4(2652) 21930 ¢


