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ABSTRACT 

(Distribution Limitation Statement A) 

The biodeg.radability of aqueous film-fann1ng foams (AFFF) used fo r f;,e fight­
ing was eva l uated in laboratory-scale activated slwlgE! and tricl:l ; n~ filter 
reacturs at the Air Force ~Jeapons Laboratory (AFWL). Three AFFFs were e va1u­
ated: "light Water" Fe-200 from 3M Company; Aerowater 3 percen t frOm Natiofldl 
Foan! Company; and Aerowater 6 percent. <1150 from National fo~m COOlpa ny. Con­
centratfons not tu exceed loa mg/l of AFIT influent to the bio l o!1;cal treabTlent 
process could be satisfactorily treated without affecting the performance of, 
the process olnd with apparent detoxification of the AFFF. More detailed bio­
assay tests are required. Adsorption o r (IFFFs O!1 t (J ar.tiviltecl carbon is practi­
cal with remnval s varying from 75 t o 100 p~rcent. depending on the P,FFf. 
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SECTION I 

INTRODUCTION 

I. BACKGROUND 

Aqueous f i lm- form i ng foam~ (Af FF). MIl-F- 24385, are fire- fiq hting agents. 

for use on fuel and oil - type fires. Aqueous film-fonning foams il r e concentrates 

and are , t here fore , di l uted pr i or to use . The specif ied {' il ut ion 1s 6 percent 

AfFF and 9~ perc~nl fres h or sea water. Aqueous film-fanni ng Fearns have or are 

(:l.lrrently repl Qcing tne pro t ein- type f oams as t he prima ry fire- fiqhti ng agent 

at most Air Force 1ns ta llations . 

The ~li1itary Spec1fication for AFFFs , MIl-F-24385 , is a. pc rfomancc speci­

fication and , therefore, the compos i t i on of the produc t s wi ll vary to some 

ex te nt. 8asj ea 11y . the AFFFs are f 1 uorocarbon surf acta nts wi t h foam st Clb; 1 i zers 

(Ref. 1). The f 1 uor oca r bon surfactan t ; s l; ke 1y to be a su 1 fona te compou nd 

sl1ch as sodium fluo r oca rbon sulfona te v.rhere the suT f oncte ~rou p i s sol uble in 

water and the fl uorocarbon gr oup soluble in the fuel or oil . The fl uv~oc arbon 

group is genera lly in the 8- to 10- carbon chai n lEmgth. The f oam stab; 1 i zer 

is likely to be a polyethylene glycol or glyco l etner derivative (Ref. 2). 

Three specifi c AFFFs v.rerc investi gated by the Air Force I-Ieapons Laboratory 

(AFWL) to determi ne the treatabili t y and hazards o'f disposinq of P.FF Fs. These 

were Li ght Wa t er FC-2o.0 ma nufactured by 3M Company, St Paul , Minnesota , and 

Aerowa,ter 6 percent and Aerowater 3 pe r cen t manufactured by National Foam 

Corrpany , \')es t Chester , Penn sylvani ll. FC-200 is on the Qualified Products lis t 

(QPL) of the 1~i1it(l.ry Specifi cation , and Aerowilter 6 percent is bei ng consi dered 

at t he time of t his r eport. Aerowater J percent cannot sat f sfy the require­

ments of the r·iil i t ary Speci f i cil ti on; however, hengar de l uge systems may use a 

3 pe r cen t AfFF instecd of the 6 percent. FC-'200 concentra t e has a c hemi cal 

oxygen demand (COD) of 710.000 mg/l and a pH of 7.4 . AerOWilter 6 percent 

concentrate has a COO of 456 , 000 mg/l and a pl1 of 7.6. Aerowater 3 percent 

coflt,::e rll rate has iI COD of 495 , 000 mg/l and: a pH of B.O , 
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2. PURPOSE OF STUDY 

The or igi nal purpose of th is effort was to so l ve the specific problem of 
di sposing of AFFFs fro~ the ~Crash Rescue Fire -Fighting Training Smoke-Abatement 
System" at Hi ll AFB. Utah . Basi cally , the smoke-abatement system c.onsists of 

water-spray injection j ust above the burning fuel. For the system at Hil l AFB 
t he water injected i nto the fi r e woul d be collected, retained, and reci rculated. 

Reten tion would b~ accomplished i n an earthen reservoir. There ~/as concern 

that the AFFFs used in the fi re- fi ghti ng t raining would be solubilized i n the 
spray i nj ec ti on ~,'a ter and t hrough recirCIJl a tion of this water , the f\F FF concen­

trati on would i ncrease to the point whe\'e the spray injection water would have 

a detrimenta l effect on t he .fire. Th£'refore, ,to prev~nt the AFr:F concen tration 

from "bull ding up" in the recirculated water, an attempt was made t o rletemine 

if microbial growth could be achieved in the reservo;"" l.J!;en AFFFs rep resented 

the on ly source of organic matt er fo r the mfcrc~('Jani sms (the required nutr ients 

added) . If the mi croo rg anisms could use tile AFFFs as a source of organic 

matter, the AFFF concentration might be I-ept low enough to prev~nt bu il d- Up 

problems. 

O ~ring the Second Annual Envi ronmental Horkshop hos ted by the Ai r Force 

Heapons Laboratory (AF~ll ), numerous Mojor Air C~and env i ronmenta l coordinato rs 

expressed concerr. for disposing of AFFFs gf ter use , whether i n a real fi re or 

In a train i ng situation. Thi s, coupl ~rl wi th concern voiced by Kq U~"F/PR[ about 

the di sposa l of 1ar3e volu:nes of AFFF fran proposed wareh:)use and nilnqar delu!jf! 

sys tems , led AHIL to expand the effor t to inves tigate the disposal of AFFFs i n 

a more general situat ion, Of prime i mpor tance was t he determi nation of the 

feasibili ty and tne limitations of using ex i st i ng blological waste treatment 

processes fO r achieving biodegradation and detoxification of t he AFFFs. Also 

investigated was the use of acti vated c<lrbon adsorvL iorl with the intent to 
employ a simple odsorptlon col Umn at fire-training s ites which are r emotely 

located and unable to tie into a sani tary s.ewer. This ..... 'ould become an integral 

part of a smoke-abatement system. After tr~iltmen t with o\'.ctiva terl carbon, w"ter , 
coulll then be directly discharged onto the lanG, i nto a water course, or 

possib ly recycle~ i nto the water source of the smoke-abatement system. 

2 
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SECTION 1! 

LITERATURE I{EVIHJ 

The' Environmental Health laboratory at Kelly AFR. Texas. conducted an 

i !"II/esti gil ti on on the bi odegradabi 11 ty nnd toxic; ty of l i ~ht JJater Fe - 199 

( Ref. 3) . On 11 macroscopi c ' bas ; s Fe-199 is different frO~l Fe-20D 1 n the t tne 

pll of FC-199 concentrate is in the range of "1I . 5. Fe-200 wa s devel oped to 

eliminate the corros ive properties of FC- '99. 

Lefebre (Ref. 3) demonstrated 11 toxic effect to microo r~ .. mism'i> as measured 

by oxygen upta ke rates, at an FC - 199 concentration of 2S00 ppm. lubu ratory. 

sc,:.le cont i nu ous- flow acth'ated-sludge reactors were operatEr! on a mixture oi 

synthetic sewage and varying concentrations of ~C- 1 99. At 250 ppm of FC-199 
in the influents and a l ~-hour detention time, COO and ROD~ removals were 91 

a.nd 96 percent, respective1y, At 500 ppm FC - 199. detention time 6 hours, COD 

and BODs remova l s were 90 and 96 percent, respectively . At 500. ppm there was 

signifi cant inhi biti on of nitrification (Ref. 3), 

Systpllldtic bioassays ~!ere condLlcted on untreutecJ FC-199 !.ISing rathead 

minnows. It was determi ned that the 96-hour LCso (conce ntration at ~Ihi ch 51) 

per'ce nt of the test fish are killed in 96 hours of exposure) WilS 39R ppm . 

Further, it ~jas demonstrated that fathead Jninnows were ab i e to sl.It· ... ive clurin~l 

B days of testing in the clnrified ac tivated sludge reactor effl uent when the 

FC-199 concentration \I,'as 250 ppm (Ref, 3). 

The 3M Comp<lny has COIlOiJcted some inves t i gutions into the disposal of Liqht 

Water Fe-20D, the AFFF prOduct that they now manufacture. They ha ve operaterl 

lilborato rY-5ca1e cont1nuoU5-f1o'vl activated- slud!]e reactors in whic h Fe - 2nO was 

the only source of organiC matter avai l able to the microorganisms. At an 

FC .. 2DO concentration of 250 ppm (COD - 175 mg!1). COD removal avera~ed 85 

percent. lit conc~ntrations aGove 250 ppm , COD ,'emoval efficiency decreased. 

The source of microorganisms for the 31'1 Company labo rato ry-scale experiments 

was from their indus trial \ ... aste\~ater-treatment plant a c tivated-s l udge reactor 

which has been receiving wastewilter for years from the llla nufa cturin!J of light 

Water and other halogenated hydrocarbons (Ref. 4) , 
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The 3M Company has also evaluated nonbiological hethods of disposa l. Oxi­
dat i on with ozone, adsorption with ~ctivated carbon, foam fractionation. and 
i ncinerati on were investigated . Ozofte ox i dation and foam fractionation di d not 
prove to be feasible. Incinerati~n wou ld be appltcable only if the AFFF coo­

:::entraU on were roaintail1ed filirly high, i.e., in the r iH1ge of 1 to 6 percent. 

Activated carbon adso rption proved to be quite effective for dilute solutions 
of AFF F (Ref .• ). 

Static bioa~says have been conducted by the 3M Compa~ on Fe-200 using 
fathead minnows. It was demo nstrated that bath before and after biological 
was tewater treatment, the 96-hour LC sG was ao ppm of Fe-20D (Ref. 4). 
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SECTION 1lI 

r~ATER IALS ANa METHODS 

1. SCREENIfIG EXPERH~ENTS 

The in1tla l tests conducted on the three AFFFs consisted of 15-day 

biochemical oxygen demand (B<lO) experiments using the s.tatic dilution techni que. 

Biochemical oxygen demand tests for Fe-20D wer e accomplished with both una(cl;­

mated and acel imated seed at an Fe-200 dilutiC'n of 2/100.000. Ae rowater 3 

pe rcen t a nd Aerowater 6 perc€nt concentrations were evalLiated with IIna cclimated 

seed at 11 di l uti on of 1/100,000 . 

2. OXIDATION POND EXPERIMENTS 

Four laboratory-scale oxidation ponds were operated at different orgelnic 

loadings using Ught Water FC-199 as the only source of organic matter availab l e 

to the microorganisms. FC-199 was used because Fe-200 had nat yet been i ntr·o­

duced at the time of the oxiodat;on pond experiments. The oxidation ponds 

consisted of stainlt;!ss steel wllter baths 10 inches (0.456 m) wide , 36 inches 

(0.912 m) long, and operated at a water depth of 10 i nches (0.254 In). Thls 

yielded a liquid ,'olume of l()S liters. The oxidation ponds ,",'ere ope rated 

outdoors in direct sunl i ght dUI'ing the months of May ilnd June 197 2. Originally. 

the oxidation ponds were filled with 103 liters of tap water and 2 1iters of 

seed taken from the oxida~io:n po nds on Kirtland AFB. New Mexico. 

The pr imary pu rpose of the oxidation pond experiments I',as to simulate the 

load;ngs on the reci rculation reservoir of the "Crash f,escue Ffre-Fighting 

Training Smoke-Abatement Sys tem" at Hill AFI3, Utah. T·) simlJlilte the training 

operation whi ch would be 3 to 5 days per month and sel·eral fires per day. Light 

Hater was i!dded to tb.e fOLl r oxida t ion ponds in different amounts and at differ­

ent time frequencies. Oxida tion pond 1 (OP]) received 44 ml of Light Water 

concent rate initially to yield a 0.042 percent solLltion and a COO of 29~ mg/l. 

Fo r ~Pl this waii repeated ev.!!ry fifth day t o simulate a fixed leve l of training 

every 5 days. The 44 ml was added in (f ~ to ll-fRl aliquota eve)"y 2 hours for an 

8-hour period. OP2 )'eceived ~4 fill I repeated every tenth day. OP3 and OP4. 

rece ived three t i mes the alf.Q'lJnl of light '·lat.er (132 mi ) ilS did OPl and OP2. 

This yielded an initial COD of 882 mg/l. light water was added to OP) every 

5 
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fifth day and to OP4 every t enth day. AIr,monitlm nitrate and a phosphorous 

sol utiOn was added each time to maintain a COD:N:P ratio of 100:5:2. Evapora ­

tion lr)s SE's were made up daily. and samples were then t.a ke~ for COO and sus ­

pended solids determinations. 

3 . ACTlVAT£O SLlIOGE EXPERH1ENTS 

Activated slurtge (;xperiments were conducted for each Ar:'FF. usinQ l aboriltory­

scale co ntinuous -fl ow completely mixed reactors with separate upflow clarifica ­

tion (fi gu re 1). The reactor volume was 8 liters, and the clarifier volume was 

3 liters. Retention time in the reactor was 4 hours . t aking into account a 

25 percent retu t'n sludge flo'rl rate. Reactor 1 WI'IS the control and rece i ved 

only synthetic wastewater, Simulating domest ic sewage. The synthetic Wilstl!­

water cons i sted of II prote in source , nonfat dry milk, and a carbohydrate 

~O\Jrce (c:orrmon s ugar). The nonfat dry mi l k represented 220 mgfl of COO. as did 

the sUlJ ar. Anrnonium chlor ide, NH .. Cl, or arrmonium sulfate I (NH~ hsO". was 

added to yield 40 rng/l of rm )N. A mixture of monobas i c and ~;b!s1c potassium 

phosphate. KHzPO" and K1HPO .. , was added to yiel d 20 1119/1 of p. Reactor 2 

f i gur e 1. Act i vated Sludge Systems 

6 
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received the synthetic waste~later and varying concentrations of Fe- 200. 

Reactor 3 received synthetic wastewater and Aerowater 3 percent. Reactor 4 
received synthetic wastewater and Aerowater 6 percent. The last three re~ctors 
",ere urought to a steady-state condition with the synthetic wastewater hefore 

dosing with the AFFF. 

Three separate activated sludge tests were conducted. Test 1 consisted of 
operati ng the four reactors unti 1 S1 gni fi c~nt degradat i on in effl uent qua 1 ity 

occurred. Test 2 was conducted only on FC-200 and Aerowater 3 percent because 
the concentrations of each that yielded poor effluent quality in test 1 appeared 
too l o~t. Therefore , the purpose of test 2 was to verify the res ults of test 1. 

It shou"ld be noted that near the end of test 2 reactor 4 wa s restarted on the 

synthetic wastewater and Aerowater 6 percent solely to provide an effluent fur 

t he toxicity experiments. Test 3 consisted of "sl ug loading" reactor 2 with 

200 my/l of FC~20D and. reactor 4 with 200 mg/l of Aerowater 6 percent to 

determi ne the adverse effects. i f any. 0;"1 unacclimated microorganisms. Ttri s 

~Ias done afte r the reactors were dr.ai ned~ reseeded, and brough t to steady state 

on just the synthetic ~astewater. 

The AFFF concentration was 'inc reased in steps in each reactor for tests 1 

and 2 (table 1). It was or iginally intencied to increase the AFFF concentriltion 

every 3 days ; however, after observing the perfOrilldnCe of the un'its. the 

frequency of i ncreasing the AFFF concentration became variable. depending on 

the eff l uent quality. It should be noted that the influ~n-t wastewater ~Ias 

made during the late afternoo n. Therefore increases in AFFF concent ration were 

first reflected i n the next morningis sampl es, 

The performance of each reactor and the effluent quality was judged by 

analysi s for mixed liquor suspended solids (MLSS), sl udge volume index (SVI), 

total effl uent COO, filtrute effluent COO, and ef f l ue nt suspended so lids (see 

analytical procedure for methods of analysis) . Mixed liquor suspend~d so l ids 

(r~LSS) and SVI were determined once a day in the morning . An attempt was FTlade 

to maintain the Ml SS concentration between 2000 to 3000 rr:Ml. Effluent samples 

were taken from a reservoir which con t ained 24 hou rs of flow and. therefo re. 

represented composited ,samples. 

7 
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Table I 

AFFF CONCENTRATIONS IN ACTIVATED SLUOGE EXPERIMENTS 

AFFF concentrotion (m!!l! 

Day 

1- 4 
5- 7 
B-Il 

12- 1) 
14- 23 
24-26 

27-32 
33-37 

38 - 53 

1- 4 
5- 8 

9-11 

12- ~9 

10-25 
26-32 

33-39 

40-44 
45-52 

53-59 

60-66 

57-70 

! - 8 

9-11 

IDay 18 reactor shutdown. 
lOay 26 reactor shutdown. 

Fe-200 

a 
10 
25 
50 

BO 
00' 

0 
10 

10 
50 

no 
120 
160 

200 
150 

320 
3201 

200 
a 

lO~y 62 reactor s hutdown . 
'Reactor started ; bei ng brought 

to steady sti'te. 

Aernwater 
3 ~ercent 

Test 1 

0 
10 

25 
50 

80' 

Test" 

0 
10 

20 
50 

80 
120 
160 
200 
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4. TRICKL TNG fTLTER EXPERIMENTS 

A l abora tory-scale tr i ckling filter {figure 2) was operated to determine 
the adverse effects that Fe-200 and Aerowater 6 percent would have on tI1e 

perfonnClllce of the trickling filter process. The tri ckling fil ters COnsisted 

of two columns 'Olperated independently (in parallel). 80th contll:ined 5.5 feet 

(1.680 Ill) of polypropylene plastic medi Q (Kock FlcJ(idl'lgs" SIn inch (0.0175 ml 
105 ttz/ft] (348 mZ/m J )), As illustrated in figure 2. samples could be tai';en 

at depths of 16 inc.l1es (0 .456 m), 36 i nches (0.912 m), and 66 inches (1.815 m, 

flll' depth). This f inal discharge entered a small cladfication ~nd recircula­

tion ba:iin which was flushed Io/ith tap water every 2 to II days to remove sloughed 

biological solids:. 

Bot h columns.were brought to steady. state on the synthetic wastewater as 

described in the activated slunge experiments. Then column A (the column on 

t~e left) received varying concentrations of Fe-200. and column B received 
Aerowater 6 percent. The cOllcentrfltlons rece ived versus time are showil in 

table II. 

T'NO tests were conducted fol" the FC-· 200 and the AerO~later 6 percent. Test 

\>/ilS without recycle at a hydraulic loading of 200 gpd/fe (8150 l/day/m2), 

am.! Lest 2 \tlas wHh a one-to-one recycle at a nydralJlic loaning of 200 gpd/ft? 

'i.e., 100 9Pd/ft 2 of influent and 100 gpd/ft 2 of recycled f . .' fflfJent. !1etween 

tests 1 an d 2 t ne trick ling filters received only synthetic waste~later for a 

p~rfQd of 9 days. 

Samples were taken from the two sampling ports of each co l umn and from the 

final discharge. These samples were grab sampl es t aken in the morning, wit~ 

COD be;"9 the only parameter analyzed. Because the sampl es contai ned varying 

arr.olJnts of sett l eable solids , the samples were allowed to settle, and the 

supernat.E:!rll Wd~ l!sed fo r COO analysis. 

I. ADSORPTION lXP'R TMHITS 

Both batch ann continuous-flow activated- carbon adsorption expertments. were 

conducted using Calgon Filtersorb 400 gra nul ar activated car bon. Only Aero­

water 6 percent and FC-200 were evaluated. Solutions were made up to cont(tin 

aoproxllllately 2000 mg/l of each AFFF, It was believeu that this would represent 

"'Regi stered tratlemark. 

9 
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, " 

__ .0._ 

Figure 2. Trickling Filter System 
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Table II 

Af fF CONCENTRATIONS IIi TR ICKLING fILTER EXPERIMENTS 

,. 2 

3· 6 

7· 11 

12·)6 

17-20 

21-35 

Test 

1 
2- 8 

9-14 

15- 21 

22- 29 

30-37 

38-45 

46- 50 

51-54 

AFFF conce~tration 
(mg/1 ) 

fe-zoo 
AerowatE:r 
6 percent 

Test 1 t No recycle 

0 0 

25 25 

50 50 

80 00 

120 120 

16Q 160 

2. One-til-one (ecl:c l e 

0 0 

25 25 

50 50 

80 80 

120 120 

160 160 

200 200 

250 250 

300 300 
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an cKpected discharge of I\FFF from a fire -t rain1ng faci l ity employinQ a \'later 

spray injecti on system for smoke abatement. For the batch tests, 4 liters of 

eac h AFFF solut ion were made. To 2 liters of each AFFF so lution, 20 roTs of 

JP-4 jet fue l were added , shaken . and al l owed to separate. The purpose of 

adding JP-4 was t o detel111ine if certai n compounds in the AFF F 'rlere preferen­

tial ly sol uble in JP~ 4 and would thereby be extracted . from the aqueous phase . 

The effect of thi s extrac tion , i f any, on t he adsorption of t he AFff' was deter~ 

mined by conduct'ing batch adsorption tests on both the untreated (no JP-4) 

sol uti ons and the aqueous phase of the Jp- b-trea ted solutions. Five hundred ml 

er l enmeyer flasks were used, each containing 200 ml s of solution and v1I rying 

amou nt s of pulveri zed ( ~ ? OO mesh) activated carbon . Fi v~ flil sks were used f or 

ear,h solution, containing 0. 1, 0.4 . 0.8. 1.2 , and 2.0 grams of act iv<lted 

carbon, '>'feighed t o fOllr deci mal places. The flas ks were ag i tated for 1 hour 

on a gyratery shaker at 2211 C, after wh i ch the ac tivated carbon ~Ias removed by 

Vacuum f i 1 trat; or.. US; "9 GFC fi lter paper. 

Continuous-'flov' experiments were conducted fo r the 2000-mg/1 solutions 

(not treated With JP-4 ) of Aerowater 6 percent and Fe -ZO O, Small columns were 

u s~d lo achfeve oreakthr ough in a reasonable time frame. The col umns used 

were 1.25 inches (0.31 8 m) inside diameter and contained 24 inc hes (0 .61 m) 

of activated carbon. The fl ow of 23.S ml/min was set to yield an empty-bed 

contact time ot 20 minutes. ThE flow was downflow with the dischHge restricted 

to maintain a 2~ to 3 ~inc h liquid l evel above the actiYaled carbon . Sampling 

ports "Iere provided at 6 and 15 inches of activated carbon depth. Samples were 

taken periodic1I lly for :lnalysis of COD. 

6. TOXICITY EX PERIMENTS 

To ascertilln the detoxif i cation, if any, that the bi olog i cal wasb~w1lter 

treatment processes were achieving on the Af FFs. rainbow trout (4 to 6 incr.es 

in 1ength (0.1 03 to 0.153 m» were exposed to the ac tivated sludge effiuents 

(cl ~rified eff l uent ) from each reactor that, at the time, was r~ceiving 200 

(I1g11 of each AFFF. The trout were also exposerl to the secondal"Y effl uent from 

the control. In additi on, trout were exposed to each of the inf luents , i . e. , 

syntheti c w~stewater and 200 mg!1 AFFF. and to dhtil1ed water plus 200 mg/1 

AfFF. Four trout were added to each container having ~pprox imately 4 liters 

of l iquid . The liqui d was maint<:ined at lOoC i n 1In incubator and was aera t ed 

to maintain a dissolved oxygen concentr1ltion of 6 to 7 mg/l. DurinQ the test 

period (4 days). the l iquid was changed once every 24 hours . 

12 
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7. ANAL YTl CAl PROCEDURE 

Chemical analyses were conducted on collecteu samples for determination of 
the desired compound (contaminant), thereby permitt f ng evaluation of t he treat­

me nt process performa nce. Chem1 Cd 1 oxyqen demands were determi ned in accordance 

with Standard Methods f or the Exam i nation of Water and Wastewater (Hef. 5) ., 

Uoth the standard and dilute ' technique were used as appropriate. Filtra t e COO 
was detennined on samples after filtering through GFC filter paper in accordance 

with Standard Methods.... for the activated sl udge effluents. the effluent 
suspended solids and t-i lt rate COD were determined from filtering of the same 

samplE!. For MLSS a nd SV I. 100 mls were drawn from the reactor, placed in a 

lOO-ml graduated cylinder, and al bwed tn settl e fnr 30 {Il iTlu t es, at which time 

the volume of settled sol i ds was read. The 100 nls were t hen fi l tere~ through 

GFC filter paper for determineation of the MLSS. The SVI wa s then ca lcul at ed 

from eq uati on ( I i 

SVI = ml s of settled solids x lO,OOO/MLSS (l) 

Free fluori de was analyzed for in the activated sludge effluents to deter ­

mine if the fluorocarbon compound was being biologically IIl: ta bolizco , yi elding 

free f l uoride. This analysi s was conducted using both the SPADNS metilod and 

t he free ion el ectrode method descr ibed in reference 5 . 

Several attempts were mJd~ to develop a method of analysis for determi n'i n!] 

tne fate of the fl uorocarbon fract ion of the AFFF . The firs t attempt was t o 

measure the absorbance of lnt-rared l ight energy for the fl uorocarbon bond in 

the infra red regiOll of 7.5- tu IO -micran wavelength. Several concentrations 

of pure AFFF In distilled water were scanned in this wavelength regio n. 

IR-Tran cells of va rious cell thicknesses ~Iere used. In t he concen tra t ion range 

of interest for the f1. FF Fs , 1 t o 300 mg/l, the strong absorb .nce of the ~/ater 

in the 7 . 5- to lO-micron \>Ia v~ l ength made this technique imp ractical. 

Since extraction of the fluorocarbon fraction from the aqlleolls phase into 

a solvent cou ld not be quantified witnout having the pure f l uorocarbon compound 

by itself , i. e. , no method to detennine extracti on effi ci ency , an att eltpt was 

ma de to evaporate t he sample , then take it up in a pLJla r or nonpo l al' solvent. 

The solvents used were benzene , eh 1 orofor,ll , Ciirbon tetrachlori de, i opropy l 

ethel', he xa ne . ami methanol. Fifty ml s of samp l e were evaporated at 103°C in 

l OO- ml test tubes, t hen 50 ml of .solvent was added and ag itated on a vortex 

13 
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mixer. The degree of reso lubilization was determined visually. Aerowater 3 
percent was the only AFFF that could be completely resolubili zed.·and this was 
i n benzene, This was true even after 48 hours. However, the background 

adsorbance from benzene was too strong in the 7.5- to lO-micron wavelength . 

Thus , this technique was also ineffective for pure solutions. 

The 3M Company devel oped a gas chromatographic technique for ana lysis of 
FC-200. However. "ghosting*" was a serious prob lem and made this method of 

analysi s impractical. Further, it was l ear~ed from the 3M Company that the 
gas chromatog r aphic met hod was for determination of the foam stabil izer 

fraction and not the fluorocarbon f;'action. 

*Ghost1ng ;5 subsequent elution of the organic compound when the next sample 
; 5 injected . 

14 
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1. SCREENWG EXPER!l1EtITS 

SECTION !V 

RESuLTS 

The screening experiments con5ist~d of determining the biological oxygen 
demand (BOD) uptake over a lS-day per.lod. " FC-200 was evaluated using both 

• 
acclimated and unacclimated s~ed. The acc.limated seed was obtained froll1 the 

act ivated s ludge reactor receiving Fe-20D. The two A~rowater AFFFs ',.,ere only 

evaluated using unacclimated seed. The results of these experiments are 
det~iled in figures 3 through 5. For Fe-200 it is seen that the acc limated 
seed demonstrated a slightly increased rate of oxygen uptake but not a higher 

c'lerall total uptake. The 5-day Bob for the concentrated Fe-20D is approxi­

mately 70,000 rrlg/l with the ultimat.2 BOD (assuming this to occur at the lS-day 

point) of approximately 360,000 rr.gll. The BOOs of Aerowater 3 percent concen­

trate was approximately 75,000 mg(l with a BOOu1 l of 315,000 mq/l. Aerowater 

6 percent conce~trate had a BOD~ of 40.000 mg/ l with the ultimate BOO in 

excess of 280,000 mg/l. 

Because of the tremendous dilution required (2/100,000 and 1/100,000) to 

determine BODs by the static dflution technique, the "typical" first order 

curve did not result. This is not to say that the data are i nvalidated but 

ratt,er pOi.nts out the limitation of BOO analysis. The sil]nificance to be 

dra)'ln from the 000 tests performed 1s that at least some of the compounds in 

the AFFFs are available for biological metabolism, and further untreated 

AFFFs discharged into a watercourse would exe'('ta very high o)(ygcn demand. 

2. OXIDATION POND EXPERIMENTS 

A~ desc ribed in ~ection I II. four o~idation pond~ were operated to simulate 

the AFFF loadings on the recirculation reservoir of the "Crash Rescue rire­

Fighting Training Smo~e-Abatement Syster,," at tlill liFe, Utah. 1n a more general 

Sense, the r esults of the ox:idation pond experiments coul d be related to any 

o;d dation or holding PO~d where AFFFs r~presented the on1y, so~rce of organ1c 

matter available to t he microorganis:ns , The COO redi]ctions achieved in oxida­
tion ponds (OP) 1 and 2 are ShOWl1 in figure 6 . Reductions from OP3 and OP4 

are shown in figurB 7 . Reiterating, OPl was loaded with 0.042 percent FC-199 

15 
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every fifth day (initial COD - 294 rng!1) and OP2 every 10th -day. Oxidation 

pond 3 was loaded with 0.136 percent FC- 199 every fifth day (initial COO - 882 

mg/l) and OP4 was loaded every lOth day. T~e results demonstrated a COO reduc­
tion occurring after dosin~ wi th FC-199 with most of the rc~uction occurring in 
the first 2 days after dosing. Howevel", it is seen that there is a general . 

build-up of some substance that is chemical ly but not biologicllly oxidizable . 
This COO reduction is not consistent with the concentration of suspended solids 
(taKen to be biological so l ids) in the oxidation pond wh i ch did not increase 

with the decreasing COO, but rather followed no ascertainable pattern, varying 

in concentration between 10 and 70 mg/l for each of thc oxidation ponds. If 

one assumes cell yields of 0.5 m9/ l of biological oxidation of domestic w~ste ­

~,ater to apply for the oxidation ponds, then biolo~ical solids concentratiulls 

in excess of 150 mg/l shou l d hllve been observed. 

The COO reduction achieved coupled with the lack of app reciable biological 

growth led to the assumption that some of the compounds ill FC - 199 werE- under­

going photoc hemical ox idati on . Therefore, a fifth oxidation pond was set up 

but not seeded. The init'ial COD in this ox i datiun pond vias 296 mg/l. ~Iithin 

the experimental error of the analys i s , the COO concentration die not change 

over a lO-day period. ThUS , it was concluded that photOChemical oxidation was 

not the Caus e of the COD reduction. This leaves unanswered the reason for the 

observed COO reduction Without appreciable biological growth. 

3. ACTIVATED SLUDGE EXPERIMENTS 

a. Test 1 

The data collected for test 1 are listed in table III and are grapl11-

ca lly represented in figures B through 11. The data show that nont! of the 

reactors were achieving proper settl i ng c:hiiracteristics as measured by sludqe 

vo]l."-le j~(iex and/or effluent suspended solids. This led to accil.sional use of 

a lum (alumin um sulfate) and/or a cationic polyelectrolyte. Cont rol of MlSS 

between 2000 to 3000 mg/l was attempted, but much of the time the reactors 

,",'ere outside of this concentration range . The control perfoqnance waS more 

erratic than t ha t desired. However, in general. COD removal ~IiJS i n the range 

of 85 to 90 percent for total effl uent COD and consistently in e)(cess af 90 

percent removal for filtrate COD. 

21 
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Ta.ble III 

ACTIVATED SLUDGE ANALYSES, TEST 1 

M'. 
cooINF CODT COOF SSEFf ML55 SV I Remark.s ---

Control 

SOD 24 24 <IQ 78R BOD 
2 44 48 <10 10R6 
3 133 71 <10 129~ ~70 

4 44D 55 16 4~ 1645 4BO 
S 445 95 103 26 2325 4DO 
6 82 38 34 2640 363 
7 466 62 25 14 2274 370 
8 24 25 16 2420 334 
9 457 150 34 18 2536 

ID 474 68 41 18 2240 313 

11 53 37 25 2693 215 
12 73 49 21 2569 237 
13 434 57 41 15 23M 252 
14 43 31 <10 2262 252 
15 48 28 12 2652 29' 
16 64 60 23 1079 639 
17 150 35 70 909 1023 Addi nq 20 mg/1 al um 

18 43 20 14 1217 559 

19 46 23 11 1146 785 Discontinu@ alum 

2D 58 35 12 129D 45D 

21 16 20 15 1343 707 
22 89 24 37 2383 411 
23 351 101 40 11 2860 339 
24 15 16 ID 3625 270 
25 25 23 11 3375 190 
26 34 25 -:10 4056 160 
27 17 22 <10 3364 214 
28 24 7 <10 1356 193 
29 8 14 <10 1958 460 
30 74 Is 17 2114 426 
31 51 22 38 1319 328 

22 
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Table III (cont'd) 

Oay COD 1NF C°Or COOF SSEFF .~ SV! Remarks 

32 66 31 23 2208 290 
33 35 26 <10 21\90 246 

34 40 36 41 2675 202 
35 32 53 43 26R& 279 

36 72 14 50 2420 289 
37 351 58 15 44 1396 221 
38 40 27 10 2571 307 

39 454 33 33 20 2430 407 
40 50 21 34 1189 580 
41 74 33 14 1083 553 
42 No sample 

43 53 15 14 1464 410 

44 19 17 13 1453 475 Begi n 1 mgl1 polyelct. 
10 mgl al um 

45 181 36 123 1823 521 

46 124 23 114 1444 170 

47 75 18 27 147e 420 

'.8 89 32 " 1295 386 

49 345 73 38 14 1602 393 

50 59 19 13 1945 396 

51 92 80 

52 B7 67 45 2146 261 

FC-200 

Bl 40 40 774 
2 59 24 10 609 
3 67 86 12 1232 450 
4 59 Cll 15 1123 490 

5 445 82 40 <10 2240 402 First sample 10 mgll 
FC -200 

6 90 41 <1 0 2599 3BO 

7 404 88 33 13 2516 37B 
8 60 38 27 1742 419 First sample 25 m9/1 

Fe-200 
9 46B 120 73 45 1430 

23 
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Tabl e III (cont 'd) 

~ 
:OD1NF COO, CDOF SSE F' MLSS SV l Remarks 

10 474 155 51 91 914 492 First sample 50 mgtl 
Fe-200 

11 122 66 71 795 755 Addl og 10 mg/1 al um 
12 219 91 105 403 695 Add; ng 20 mq/l al um 
13 426 117 73 23 734 926 

14 83 59 16 690 137) 

15 171 60 77 565 1664 First sample ?'O mg!1 
16 100 72 49 661 1362 

17 77 73 <10 979 981 
18 83 58 18 526 760 

19 5< <10 939 958 

20 69 65 <10 1108 560 

21 48 52 <10 1015 887 
22 121 65 44 925 1081 

23 186 61 40 1.394 )10 

2' 149 46 35 1477 6)0 

25 70 35 26 1288 776 

26 33 32 17 1565 633 

Aerowater 3 Percent 

57 32 16 )66 980 
2 48 28 15 421 

3 223 ·102 <10 1277 220 
4 55 35 18 1199 233 
5 450 198 155 61 2198 237 First sample 10 m9/1 

3 percent 
6 91 36 <10 2020 356 

7 428 62 25 16 3298 258 
8 48 57 26 2772 238 First sample 25 mg!1 

3 perCf~nt 

9 453 85 54 19 2856 
10 4~8 131 31 25 2591 208 Firs t sampl e 50 mgll 

3 percent 
11 91 44 33 2687 261 
12 93 53 35 2835 310 
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Table III (cont'd) 

Day C001NF COOT COO f SSErF MLSS SVI Remarks 

13 481 105 93 37 3EBO 226 

14 39 31 10 3371 267 First sample 80 019/1 
15 187 44 90 3500 274 
16 300 68 lOB 2153 246 

17 3~0 62 393 IBB9 529 
IB 130 38 65 326 552 

Aerowater 6 Percent 

1 73 49 22 501 B60 

2 63 55 14 B48 

3 IBO 43 11 116E 450 
4 47 27 12 11B4 439 
5 450 77 64 15 2063 339 First sample 10 Illg/1 

6 percent 

6 55 37 31 1300 4B4 
7 436 59 30 <10 101 0 393 
B 44 44 <10 1277 297 Fi rs t sample 25 mg/l 

6 percent 

9 485 73 51 15 687 
10 440 55 31 <10 1420 317 Fi rst sample 50 og/1 

6 percent 

11 67 44 19 1055 351 

12 73 53 19 1998 385 
13 473 65 45 10 1323 521 Fi rst sample 80 mgtl 

6 percent 
14 71 47 <10 2400 417 
15 lOB 52 40 2434 403 

16 72 50 19 1610 002 
17 B8 85 19 2494 401 
18 110 54 43 1469 640 
19 54 50 54 1448 663 

20 69 54 <10 3172 246 

21 40 40 12 273C 231 
22 49 2B <10 3684 166 
23 424 57 50 <10 2776 1BO First sample 120 mg/l 
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Ta.ble III (cont'd) 

Day COD1NF COOT CODF SSEFF MLSS SV! Remarks 

24 45 48 14 3144 'OS 
25 117 26 32 3365 285 
26 96 65 27 2B48 337 

27 73 40 26 3007 326 
28. 56 25 , 9 2854 347 First sample 150 mgt1 

6 percent 

29 48 28 2955 332 

30 68 33 24 2112 459 

31 146 38 B2 1914 381 
32 98 42 48 1988 342 
33 43 49 13 1226 285 

34 75 24 40 1600 150 First sample 210 mg/l 
6 perc en t 

35 66 33 98 1554 129 
36 59 40 12 1498 207 

37 40 37 10 1962 39B 
38 529 B9 54 )3 2462 223 Fl rst s~mp'e 250 mg/l 

6 percent 

39 546 72 57 17 3052 19' 
40 ' 70 48 21 2877 247 
41 127 101 1636 410 
42 262 211 
4) 172 114 33 2380 )15 
44 105 80 76 2670 135 
45 162 94 ,1 1675 567 
46 '67 134 147 938 597 
47 277 169 64 755 4S4 
48 230 153 47 728 1278 . 
49 456 27B 110 95 911 1021 
SO 182 112 61 1157 484 

51 158 118 
52 95 89 118 756 529 
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For reactor 2' table III and figure 9 s how t hat at the time t he Fe-200 

concentration was increased to 50 mg/l. day la, the MLSS decreased drasti celly . 

and the SVI increased roughly twofold. The use of a llJ1l to contro l this condi­

tion was only marginal ly successful . Effluent enD concentrations ;nc~ea sec 

to unacceptabl e values. Although th~ FC-200 concentra tion was i 'lc l"eased to 

80 ;r.g/l, it wa s clear that the activated sl udge reactor perfonnance ha,d h£>en 

upset at 50 rr.g/1 of Fe-200. 

The per fo rma nce of reactor 3 , in whi ch Ap.rowater 3 percent ~Ias used . 

yiel ded hlgher effluent COOs than either the control or the other two reactors 

up to the time (day 14) the concentration I>/as increased to 80 mg ll . The t otal 

eff1uent COD incre~sed drastically then . primarily because of effluen t sus~ 

pemled sol ids . At day 16 the MLSS began to dec rease "rapidly , and the reactor 

was shut down on day 18. 

Reacto r 4 (AerowH er 6 percent) perfonn<lnce wus re<l Sonably consistent 

and acceptable (see t abl e III and f i gure 11) , alt hough eff l uent COOs were 

sOO'\ewhat higher than that of the con trOl. unt 1l t he concent ra tion reached 

250 mg/1. Shortly afte r the Aerowater 6 percent concentration was illcre~sed 

to 250 mg/l (day 38). t he effluent COO , total and filtrate, inc rea sed'signifi ­

cantly. t he r~LSS decreased, and the SV[ increased appreciably at this ti:ile. It 

thus appeared that ~ hf': acti vated sludge process cou ld noL tolerate 250 mg/l 

of Aerowa ter 6 pe rcent. 

b . Test 2 

The res ul ts for test 2 are presented in t abl e IV <lnd figures 12 through 

15 . The primary purpose of test 2 (as stated i n sect i on III) was to de temine 

if . i n fact . the limiting concentrations of Fe-20D and Aerowater 3 percent were 

vali d. It is noted that during tes t 2, tne performance 'o f the reactors 'rli'tn 

respect to setil ability and acceptable MLSS concentrations, efflue nt COOs. 

tota 1 and to some · extent f i 1 trate. were sporadi c for the contro 1. There were 

sm1E~ mechanical diff i culties encountered~~t he sl udge recyc1e would stop during 

the nigh t because of the geomet ry of the sl udge hop per caus i ng a clear z.one 

wiU no sludge. This was corrected for the most part by keeping the volume of 

s iufige i n t he bo t t om of the clarifier to d minimulIl, 

The perfonnancc of reactor 2 (Fe - 200, t able IV and f igure 13) was 

un s teady during the initial dosing of rC-200, days 4 t hrough 13. but was 

relat i vely satisfactory thereafter until day 37 "Ihen effluent qual ity began to 

31 
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Table IV (cont ' d) 

1& COO "IF COOT COOF SS[FF MlSS SV [ Rema rks 

31 26 21 29 3306 51 
32 3B2 30 28 53 303' 53 
33 27 20 <10 3217 50 

34 22 19 <10 3426 50 

35 25 25 12 4017 42 

36 24 21 17 3682 43 
37 28 27 35 4169 41 

38 42 30 13 2010 55 Upset; broken il ne 

39 417 ;9 26 17 1960 61 

40 35 31 25 2140 56 

41 42 35 12 2105 57 

41 62 32 23 1396 71 
43 38 16 15 1819 71 

44 361 31 36 <10 2491 80 

45 37 33 21 1850 76 

46 87 23 2021 89 
47 168 41 27 1840 109 
48 50 27 11 1680 101 

49 47 35 23 1673 90 
50 45 37 <10 2451 7B 
51 46 30 19 2271 88 

52 404 111 30 34 2204 109 

53 456 16 12 <10 2289 100 
54 30 30 12 1607 n4 
55 29 37 <10 1213 90 
56 32 30 12 2015 84 

57 34 48 <10 2254 80 
58 64 )0 <10 2216 81 

59 4·15 57 56 <10 3121 61 
60 44 58 10 3541 56 
61 41 27 <10 3580 50 

62 56 30 12 3733 54 

63 64 49 16 3997 50 

33 
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Table IV (cont' d) 

Day COD 1NF COOT CODf SSEFF MLSS SVI Remarks 

64 454 112 117 18 3810 47 

65 65 37 22 3916 51 

66 461 52 47 26 3795 50 

67 11 31197 44 

68 .~ 14 44 35 14 4319 46 

G9 26 3042 49 

Fe-200 

1 34 32 13 1491 67 

2 50 31 39 1770 51 

3 51 33 19 1814 50 

4 34~ 62 32 32 2083 67 First sample 10 1:19/1 
FC - 2DD 

5 44 31 29 2351 51 

6 444 52 . 39 <10 2698 41 

7 184 65 122 2030 54 

8 153 47 27 2279 57 

9 474 111 94 <10 2260 82 First samp le 20 mg/l 
Fe-200 

10 339 68 46 24 2100 67 

11 401 43 30 <10 1846 54 

12 104 50 31 1861 :}': First samp le 50 mg/l 
Fe-200 

13 215 162 35 1700 65 

14 375 53 43 10 2111 62 

15 No data 

16 79 45 55 2584 58 

17 71 47 36 2146 65 

10 B4 25 44 1756 68 

19 49 44 54 1560 64 

20 480 54 50 92 1231 73 First sampl~ 80 mgt' 
Fe-200 

21 56 45 22 1618 68 
22 114 35 81 1354 66 
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Ta ble tV 'cont'd) 

~ 
C001NF COOT COOF SSEFF MlSS SV I Rema rks 

2l 40 38 51 1635 27 
24 484 35 27 14 2500 60 
25 47 1 79 61 20 2430 62 
26 89 36 28 3139 54 Firs t sampl e 120 ~g/ l 

FC- 20D 
27 45 ' 5 II 3100 45 
28 504 61 53 22 3625 50 
29 98 56 24 3266 55 
30 43 n 35 4160 48 
31 61 45 31 4414 41 

32 546 44 39 30 4654 39 First sampl e 160 mg /1 
Fe- 200 

33 59 42 10 4175 50 
34 .90 41 53 3520 55 
35 58 54 18 3374 50 

36 49 45 19 3386 53 
37 41 39 32 3612 53 
3. 48 39 25 3982 50 

39 ,01 16 67 15 3406 59 Fi rst sanpl e 200 mgt ! 
Fe -200 

40 98 84 33 38G8 32 
41 lOB 108 13 375fl 67 

42 139 118 11 7 3674 63 
43 13' 63 63 3209 65 
44 615 72 67 <10 3749 53 Firs t sampl e 260 mgtl 

Fe-200 
45 44 3470 52 
46 60 50 20 2S5f\ 63 

47 139 139 17 2549 59 

40 40 39 <10 2211 59 
49 43 43 23 1872 69 
50 No da ta; reac tor overflowed 

51 No data; reac tor overf l owed 

52 645 .98 71 10 835 96 Fi rst sampl e 320 mg/l 
53 537 170 95 25 1414 78 

35 
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Tabl e IV (cont ' d) 

Day r.OO INF COOT COGF 5SEFF tlli WI Remarks 

54 173 97 39 902 499 

55 180 78 58 962 343 

56 165 77 46 1257 684 

57 86 .l4 60 2227 292 

58 191 66 46 1433 1 8~ 

59 671 176 109 70 1·559 603 

60 1!l8 86 83 14 r:. 468 

61 158 110 39 1149 lOS 

Ae rowater 3 Percent 

84 55 37 1509 60 

2 53 37 31 1431 49 

3 33 27 10 1522 53 

4 418 30 25 <10 1825 49 Fi rst sample 10 II"J/ l 
3 percent , 52 41 14 2098 43 

6 421 52 48 <10 2305 52 

7 1'1 71 32 2013 50 

8 84 57 21 2412 54 First sample 20 mq/ l 
3 percent 

9 472 182 89 <10 2062 49 
10 449 77 41 33 1706 41 

11 425 46 43 <10 1649 67 

12 75 43 24 1904 74 First sample 50 mg/l 
3 percent 

13 394 261 152 65 12 5P. 70 

14 46 41 86 161 5 124 

I S No da t ::. 

16 47 47 10 1575 70 

17 54 43 12 1592 85 
18 68 43 19 1761 85 
19 4. 44 23 1810 88 

20 457 77 46 36 1522 72 First samp l e 80 mgll 

21 140 47 112 1662 90 
22 37 36 57 1434 77 
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Tabl. IV (cont'd) 

ilN. 
CCO INF COOT COO F SSEFF ML55 SV I Remarks 

23 46 29 32 1792 11 
24 465 69 32 43 23 10 71 
25 457 76 5B 22 2540 71 

25 60 40 33 3330 60 Fi rs t sample 120 mg/l 

27 47 42 <10 3166 5B 3 percent 

28 465 91 63 22 3720 48 
29 78 56 23 2R47 60 
3D 38 33 39 36e2 52 

31 51 43 37 3232 56 
32 515 41 35 3730 51 Fi rst sample 160 mg/l 

3 percent 

33 44 17 13 3441 55 
34 37 37 <10 3779 53 
35 36 37 13 3800 45 
36 49 41 28 3609 53 
37 45 46 19 3867 52 
38 66 '48 15 3626 50 

39 528 57 47 24 3770 53 Fi rst sample 20~ mgt1 
3 perccl".t 

40 66 50 35 3974 58 

41 71 56 22 3637 52 
42 77 49 40 3940 51 

43 47 36 13 4048 52 
44 486 54 57 10 4519 51 Fi rst sample 260 mg/l 

3 percent 

45 54 65 15 3895 54 

46 62 12 22 4374 50 

47 101 56 31 4271 5fj 

48 43 39 <10 4474 51 
49 61 46 14 1\556 55 
50 63 55 <10 4949 51 
51 62 45 <10 5418 42 
52 562 63 63 <10 5230 52 Fi rst sample 32D mg/l 

3 percent 

53 458 65 62 <10 6027 50 

37 
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Tabl e IV (contI d) 

~ COO INF COOT COOF 55EFF ML55 IVI Rcma rks 

54 58 67 18 5857 51 

55 11> 65 11 5830 45 

56 106 73 13 4709 42 

57 75 74 <10 5112 43 

58 103 93 11 5152 37 

59 634 152 105 23 2490 40 First somple* 400 rng/l 
3 percent 

60 140 100 49 2858 35 

61 121 82 36 2867 35 

62 122 79 37 3374 36 

63 90 92 152 2sn Jq 

64 530 110 98 21 3456 32 

65 93 90 20 4061 30 

66 722 102 69 35 4026 35 First sample 600 mqjl 
3 percent 

67 38 3664 27 
6B 659 304 77 100 265<1 30 
69 412 98 147 

*Foami n9 causing bacteria to wash out of re~ctor 

Aerowa ter 6 Percen t 

3051 187 

2 69 49 35 3565 79 

3 48 19 15 3506 80 
4 61 30 31 3451 72 First s.ample 75 1'11~/1 

6 percent 

5 46 51 11 40·18 67 

6 155 89 19 4227 62 

7 510 69 50 13 4405 65 First sample 125 mgtl 
6 percent 

8 41 31 15 4094 66 
9 <10 3994 60 

10 53 58 13 4636 58 First sample 200 mg/l 
6 perce"t 
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Table IV (coned ) 

Day COO rNF COOT COOF SSEFF MUiS SVT Remarks 

11 29 4590 61 
12 61 58 <10 3190 7l 
13 39 40 17 2712 91 

39 
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degrade. This is several days after the reactor had b~en receiving 160 mg/' 

of Fe-200. On days 50 and 51 the overflow line from the reactor to the clari­
fler plugged during the night. The reactor spilled over and washed out much 
of t he MLSS. From that point on the reactor ~/as unab le to recover. and the 

effluent qual ity degraded ser'i~usly . 

The effect of Aerowater 3 percent on the act iva ted sludge process for 

test 2 is shown in figu re 14. Again, unsteady performance was observed during 
the dosing of l ow concentrations of Aerm/ater 3 percent on days 4 through 14. 

After day 1~ performance evened out, with the exception of day 21 when the 

effluent cont3ined a hi gh concentration of effluent suspended sol i ds. This 
appeilrs to have been caused by the i ncrease of the Aero'rlater 3 percent concen­

t rat ion to eo mg/l. At about day 35 the tota l and filtrate effl uent COO began 
to rise gradually, apparentl ~' in response to inc reasi ng concentrations of 

Aero~later 3 percent. On day 53 effluent quality degraded rapidly in response 

to thp. increase of Aefowilter 3 percent conceHration to 320 mg/l. Th is 

degradation in effluent quality would have otcurred sooner ~xcept that the 

MLSS was allowed to rise to over ?DOO mg/l. 

As stated earlier. reactor 4 wes restarted on Aerowater 6 percent 

pr' ilTlorily to obtain an effluent for the toxicity .. experiments whic h weJ'e con­

ducted at 200 mg/l of AFFF. Even though the Aerowater 6 percent concentration 

was fncreased relatively faster than for the ~ther AFFFs, effluent quality 

(with t he exception of day 6) was consistent and acceptable when measured 

~gainst th~ control. 

c. Te!;t 3 

Recog ni zing that slug loads of AFrrs wou l d oc~ur at domestic wastewater 

t reatment Rlants. an attempt was made to detemine what 1mpact would result 

from suc1. 'ldesi rable occurrences, Unacc lima ted ile ti va t\.'!d s l udge reae tors 

were s lug loaded with 200 mgjl of FC-200 and AerO'liater 6 r,ercent. then increased 

in the case of Aerowater 6 percent to 400 IiIg/l . The results of these sluq 

loadings are 1 isted in table V and figLlre 16 fer Fe-200 and in figurp. . 17 for 

Aerowa ter 6 percent. 

For Fe-200 it was observed that 200 mg!l led to large volumes of foam 

which encapsula t ed much of the Il,lSS. carrying them out of the "reactor. Effluent 

COD 1ncreased dramatically on day 7 (Fe-200 was 'apded the evening of day 6) 

and though the effl uent COD decreased sharply on day 8, the upset for day 7 

was ciear- ly unacceptable. 

44 
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'Table V 

ACT IVATED SLUDGE ANALVSES . TEST 3. SLUG LOADING 

~ 
COO INF COOT COOF SSEFF r~LSS 5VI Remarks 

FC-200 

112 22 .33 1552 64 
2 139 42 77 1692 236 
3' 446 95 59 49 1892 476 
4 79 47 34 3120 212 
5 445 85 31 ,~ '604 71 
6 37 3526 65 
7 556 420 96 274 2478 77 Fi rst samp le 200 mg/l 

FC-200 
8 liD no 257 LJn(.ontrollabl~ foaming 

~erowater 6 Percent 

1 61 58 <10 3190 72 At 200 mg/ l 6 percent 
2 ,9 40 17 2712 92 

3 535 31 31 <. 10 3481 116 
4 64 55 

5 646 175 71 51 3093 259 ri rst st}rnpl e 400 mall 
6 percent 

6 374 133 120 2755 334 , 435 135 121 3204 179 
8 628 183 125 47 3779 233 

9 209 134 59 3724 207 

10 194 11 2 OJ 4093 230 
11 217 104 69 3995 235 

45 
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The slug l oad of 200 rug/l of Aerowate r 6 percent did not appear to 

cause any drast i c effe cts on the reactor performanc~. as shown in figure 17. 

Therefore. on day 4 the concentra t ion was doubl ed , after which the total and 
fi l trat~ effluent COD climbed rapidly, coupTed with decreasi ng sett lability. 
Thus . it appeared that the unaccl imated r~actor coul d tolerate a slug load of 
200 mg/l but not 400 mg/l. 

d. Summary of Activated Sludge Res ults 

Summarizi ng the results of the activated sludge experiwents . average 
percent COD removal and average effluent COD i s plotted against. influent AFFF 

ccncentration i ,n fig ures 18 through 20. These figures wer,e constructed by 

averaging the effluent COO va l ues for a given influent AFFF and then connecting 

t he lines between each point, t hus perm1t~1ng determinati on of where the 

eff l ue nt quality begi ns to decrease. Percent con remov~l was plotted for both 

total and filtrate. Effluent COO "las plotted for just t he total. It mu~t be 

remembe re d that i ncreasing the AFFF cC\rlcentration causes an inc rease in t he 

i nfluent COD (10 1119/1 FC-200 ~ 7 mg/1 COO , 10 mg/1 Aerowater 3 percent :::- 5 mg/1 

COD , and 10 mg/l Aerowater 6 percent .;: 4.5 O1g/1 COD). Therefore, even if t he 

same percent coo removal Io/aS ob t ained after increasing the AFFF !=oncentration, 

the effluent COD ~ould be higher. For this reason a more practical value is 

placr.d on the effluent COD curves. 

For FC - 200 (figure 18) it is seen that percent COD removal tends to 

i ncrease and effluent COD tends to decrease up t o 160 mg/1. Tne pe rcent 

removal increase can be explained by th2 inc reasing influent COD attributed to 

the Fe - 20D. The effluent COD decrease can be attribut.ed to eithe r unsteady 

pe l" forrna nce initially or possibly to an inhibiting effect of the FC-200 on the 

unacclimated mi croorganisms. Effluent COD takes a sha rp rise between 160 to 

20011\9/1; how~ver. at 260 mg/l the effluent (.00 decreases significantly . Sinet:! 

t hese are averaged values, these phenomena are not readily explai nable. 

In figure 19 it is seen that for Aerowat~r 3 percent the percent COO 

removal, total and fi l trate, shows a gradual decline above an i nfluent concen­

tratlon of 160 mgtl. However, between 400 and 600 mg/1 the percent filtrate 

COD removal remained constant, while the percent total coo removal dropped 

significantly. This is explained by the increased effl uent suspended solids 

concentration. for the effluent COD there is a · decre~se l'n concentration. up to 

120 Itg/l iilfii..lent Aerowat~r 3 percent whi ch, like Fe - 200 , is attributed to 

48. 
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either uns teady performance 1 ni ti a lly or an i niti a l i nhi bit; n9 effect. Above 

250 mg/1 the eHl:Jent COD i ncr'eases t o clearly unacceptable levels . 

Summarizi ng the e'ffer.t:s of Aerowater 6 p,lir e'ent on lth"e ' activated sludge 

process, it is seen from f i gUY'€ 20 that total effl uent con increased quite 

gradual ly up to 2i O mg/l . abo~le which there was a sharp increase. This is 

reflected by the percer]t COO removal curve,s. Effluent COD~ of 60 to 70 mg/1 

are ~s expected from a reasonably ~ell-operated activated sludge plant. 

4. TRICKLI NG fiLTER EXp~RmENTS 

a. Test 1 

The data collected for' test 1 are demonstrated in table VI and in 

figures? l and 22. As stated in section I l l . te'it 1 was conducted with no 

recyc l e of the effluent . The hydraulic l oading was 200 gpd/fl' . Since both 

co l umns were receiving AFFFs <lInd there were no add1tiona l columns aV2ilabl e. a 

co ntrol was not run .concurrently. However, just before the dosing of t he AFFF . 

both co l umns A and B l-rere achieving 75 to 85 percen!.. COD r €muval when receiving 

synthet i c wastewater. Sample~; were taken fran the blo sampl i ng ports and the 

fin';!l disc harge. These dClta are presented in table Vt. Onl y the flna l dls­

charge i s presen',ed in the f i9ures to avoid cl uttering of the i ll ustrations. 

During Test 1 . sloughIng of the microorga ni sms was moot:ra te and observed t.o be 

at it relatively constant rate. It is seen f r om tab l e VI that . in general , for ' 

both FC-200 and Aerowater 11 pe~rcent , most or t he COD removal occurred between 

sample Ilort 2 and t he final discharge . This is contrary t.o expectprj perf orm­

ance for st.andard trickli ng filters rec,: ~ ving domestic \'1ilstewatpr. Th i s . 

coupl ed with the f"ct that the~ COD concentra t ions at sample ports 1 and 2 \I'ere 

frequently the same value with samp l e port 2 somet im{'s havin~ higher COD than 

sampl e port 1. leads to the as.slJmption that the samples taken a t silmpl€, [lorts 

1 and 2 were unrepresen t ative. 

From fig ure 21 for fC · ·ZOO it is seen that the effl uent COOs from the 

fin~l di:.charge were quite err'ot i c but do demons t rate an i ncreasing effluent 

concen t ration ¥lith time (inc reas i ng FC - ZOO concentrction). Essentially. the 

same observation is made f or Aerowater 6 percent in t hat the effluent COOs were 

clearly unacceptable by the time 160 mlJ /1 of AFFF WilS reached; the columns 

were converted back to rece1vtng only synthetic ·wastewater- on day 25. 
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Table VI 

TRICKL.1NG fILTER MIALYSES , TEST 1, NO RECYCLE 

[COD ('~/1)] 

Ff na1 
~ J (lfl uent Port 1 Port 2 discharge Remarks ---

H~200 

1 331 331 60 

2 411 359 103 Firsl s ampl e 25 f!l9/1 
FC-200 

.l 350 293 98 

4 200 216 74 

5 296 264 86 

6 373 271 24D 95 First sample 50 M9fl 
FC -2DO 

1 219 256 85 .. 
8 238 234 83 

9 197 2D5 65 

10 165 213 88 

11 163 2D2 120 

12 368 182 253 9" Fi r s t .samp l e 80 nllJ/1 
FC-?'OO 

13 245 285 111 

14 310' 278 94 

15 278 242 88 

16 240 240 1 D6 First sample 120 mg/l 
Fe-20D 

17 326 294 1 10 

1e 397 413 113 

19 411 340 15B 

20 550 387 30B 133 First sample 160 mgtl 
Fe-200 

21 36E 225 186 

22 400 3511 300 

23 377 392 285 

24 226 365 201 

25 414 367 176 
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Table VI (cont ' d) 

Final 
Q.!.1. Infl uent Port 1 Port 2 discharge Remarks 

Aerowater 6 Percent 

1 317 314 67 first samfJle 25 mgfl 
6 percent 

2 296 348 89 

3 386 337 m 
4 220 252 70 

5 216 304 62 

6 15, 136 209 74 Firs t sample SO mg!1 
6 percent 

7 120 213 74 
8 155 202 100 

9 110 173 61 

10 189 193 54 

11 83 163 94 

12 364 150 174 152 First sample BO mg/l 
6 percent 

13 91 202 146 
14 246 214 1<6 

15 11 1 206 122 

16 205 181 80 First sample 120 "g/1 
6 percent 

17 290 278 , 115 

16 294 270 95 

19 372 304 126 

20 484 332 324 117 Firs t sample 160 mgll 
6 percent 

21 298 306 134 

22 377 300 192 

23 338 269 177 

24 274 89 

25 348 270 109 
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b. Test 2 

Test 2 cons i sted of dosi ng the columns with e~ual vol umes of infl uent 

and recycled effluent. i.c . • one-to-one recycle . The recycle wa~ taken from 
the coll ecti on basin to which the final di scharge entered. As stated in 

section III, the hydrau"!ic loading was 200 gpdjfe (81!:O 1/daY/m2) of which 

100 gpdjft 2 was synthetic was t ewater r>lus AFFF and 100 gpd/ft2 was rec.ycled 

effluent. Af ter t est 1 , the co lLJTlnS were dosed with synthl'! tic wast.ewater for 

9 days , at whi ch time it was considered accep ta bl e to begin adding the FC -2GO 

and Aerowater 6 percent. Ta bl e VB a nd f ig ures 23 and 24 represe nt t he results 

for test 2. It should be noted that the influent listed in tab le VII is that 

'Nhleh was i n the feed tank and not t hat which enteren the top of the col umn. 

The COO concentration entering the top of t he co l umn at any time l~ou'd equal 

the feed tank COD pl us the re cyc led effluent COD clivided by 2. 

From figure 23 it is seen that for the trickling filter column recei ving 

Fe-200. no cha nge in performance at the final disc ha rge ;s obse r ved up to about 

day j6, at which time the" FC-200 concentration was i ncreased to 200 1lI9/l . 

Howeyer , even up t o t his pOint the effluent COD was hig her tha n expp.cted and 

qu ite variable. Above 200 mg/ l Fe-200 effluent quality started to degrade 

beyond the already less t ha n acceptab le quality . 

Recycling of effl uen t is a common practice 1n the o perat~on of trick ling 

f i l ters to improve effluent qua l ity_ For the t rickling f i lte r l oaded with 

Fe-200. recycl ing the effluent did not impr ovp performance but \"'ather had scme 

deleterious effects when t he data is compa r ed agai nst tes t 1. However , t here 

i s insufficient data to determine if this occurrence is caused by the FC-?OO . 

Figure 24 illustrates the performance of t he t:"ickling filte r receiving 

I\erowater 6 percent duri ng test 2. It ca n be seen thi'!t lip tn 300 mq/l af 

Aer owater 6 percent. influent to the tri ck l ing filter . there was no observed 

degradat i on of eff luent quality. W~len compared agai ns t the dat~ of test 1 

(figure 22) . i t is seen that recycle c. f t he effluent, which in t urn l owers the 

organic loading , permit t ed t he achievement of' higher AFFf l oadings t han without 

recyc l e. while s t i l l yielding acceptable effl uent quality . 

c. Summa ry of Tri ckl i"g Fi 1 t el" Resul ts 

Sumnar1z1ng the results of the t\~O tr1ck l1 ng filter tests. infl uen t 

AFFF concentration is plot ted against ave raged percent COD r emoval and effluent 

COD concentra tion for both no recycle and one- ta-one recyc le . This is plotted 
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Tab le Vll 

TRICKLHlG FI LT ER ANALVSES , TEST 2, ONE-TO-ONE RECYCLE 

[COD (m9/1)) 

Fi na1 
~ Influen! Port 1 Port 2 discharge Remarks 

FC - 20D 

234 191 127 

2 184 160 112 

3 144 120 114 

4 191 200 118 

S 18B 164 144 

6 112 248 64 

7 236 116 78 

8 273 301 98 

9 301 294 123 

Aerowater 5 Percent 

1 139 B7 

1 96 76 52 

l 100 80 36 

4 80 72 36 

5 164 96 24 

6 156 64 

7 100 40 29 

8 203 210 78 
9 231 103 95 

Fe-200 

488 321 294 106 First sample 25 m~fl 
FC-200 · 

2 369 282 111 

3 351 311 164 

4 319 295 129 

5 315 2B7 126 

6 344 328 147 
7 246 354 210 

8 484 329 298 Fi rst sample 50 nlg/l 
Fe-200 
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Table Vii (cont ' d) 

Fi na 1 
~ I ofl uent Port 1 Port 2 discharge Remarks 

9 341 333 286 

10 333 31 B 274 

1] 372 348 288 

12 335 314 21 8 

13 242 222 165 

14 256 2:;)2 140 

15 320 304 240 First sample 80 mgt l 
FC-200 

16 203 203 147 

17 171 283 195 

18 232 232 i92 

19 292 240 224 

20 160 144 128 

21 524 240 176 192 First sample 120 mq/1 
FC-200 

22 320 312 240 

23 202 165 133 

24 No data 
25 218 198 117 

26 292 276 196 

27 140 124 112 

20 176 152 116 

29 584 304 280 192 Fi rst sarrple 160 mg/l 
FC-200 

30 384 360 256 

31 352 304 224 

32 372 368 272 

33 264 220 196 

34 24C 232 20i) 

35 200 152 112 

36 559 269 281 225 

37 61B 285 277 245 Fi rst sample 200 my/l 
FC-200 

38 457 394 378 

39 449 201 386 
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Tabl e V[1 (cont'd) 

Fi na 1 
Q!.l Infl uent Port 1 Port 2 01 schar9~ Rema rks 

40 465 457 433 

41 394 386 337 
42 '24 424 384 
43 592 424 416 380 

44 432 408 368 

45 587 272 224 In r1rst sample 250 mg/l 
FC-200 

46 280 216 224 
47 231 213 213 

48 153 145 153 
49 269 27/ 237 

50 640 30a 286 271 First sample 300 mgt l 
FC-200 

51 401 318 303 

52 320 288 268 
53 336 272 216 
54 337 305 265 

Aerowater 6 Percent 

464 194 194 119 First sample 25 mgt l 
6 percent 

2 143 113 

3 123 179 83 

4 147 128 61 
5 150 134 36 
6 214 176 58 

/ 103 56 52 
8 46B 19B 135 15 Fi rs t sample 50 mg/l 

6 percent 

9 222 113 87 

10 230 171 75 

11 233 110 B3 

12 210 125 133 

13 210 97 113 
14 132 88 32 
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Ta ble VII (cont'd) 

Final 
Qa Infl uent Por t 1 Port 2 discha rge Remarks 

15 480 156 176 88 Fi Y'st. sample 80 mg!1 
6 percent 

16 139 84 52 

17 187 110 84 

11 191 84 84 

19 180 110 52 

10 110 88 60 
21 504 271 148 68 First sample 120 mg/l 

6 percent 
21 120 112 64 

2~ 85 36 

14 No d!ta 

15 80 61 

1E 144 160 104 

27 200 104 52 

18 156 72 56 

19 518 200 128 9G First sample 160 m9/1 
6 percent 

30 192 144 104 

31 88 80 64 

31 136 56 

32 96 64 32 
34 108 1/0 40 

35 136 88 M 

36 474 132 48 40 

37 545 165 68 18 Fi ~st sampl~ 200 mg/1 
6 pcrcr;nt 

38 136 141 79 

39 455 134 liB 

40 442 94 79 
41 187 121 57 

41 240 176 71 
43 560 240 lGO 96 

44 244 160 96 

45 540 104 136 71 First samp le 250 mg" 
6 percent 
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Table VII (cont 'd) 

Fi nal 
I!2.\'. lnfl ucnt Port 1 Port 2 discharge Remarks 

46 140 160 71 

47 253 173 loa 
48 100 64 48 

49 153 76 48 

50 5R4 211 218 143 Fi rs t samp le 300 mgt' 
6 percent 

51 303 198 131 

51 240 136 96 

53 115 169 80 

54 2)3 213 
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in fi gure 25 for Fe-2oo and in fi gure 26 for Aerowatcr 6 percent. It must be 

remembered that increasing AfFF concentrations results in increasing influent 
r.nn cnncentrations itnri thu<> itffflct!; [lprc:pnt. con remova l . For FC-I'OO, "'5 ~Jas 

stated earlier. perfomance was better with no recycle than with the one-to-one 

recycle. Percent COD removals and effluent COD concentrations were less t han 
acceptable for all concentrat i ons of FC-200 in both tests. The Fe-200 concen­
tration above which the effluent quality starts to degrade beyond a baseline 

eff l uent qual~ty (baseline not necessarily taken to be acceptable) appears to 

be 120 mg/l for both no recycl'? and one-ta-one recycle. 

The impact of ftervwater 6 percent on effluent quality is seen in 

figure 26. it was observed that above 50 mg/l of Aerowater 6 percent, with no 

recycle, there was a :;ignificant increase of effluent COD. On the other hand, 

for one-to-one recyc l e, the effluent COD remained nearly constant and of 

acceptdblp. quality up to 250 mg/l of Aerowater 6 percent . 

~lhy. in the case of FC - 200, effluent quality ~lOuld suffer from recycling 

of a portion of the eff l uent and i.mprove in the case of Aerowater 6 percent ;s 

not readily ~xplainable. This is a significant observation, but unfortun~tely, 

ther are insufficient data to "o.y that t/1ts occurrence ;s a result of the AFFF. 

It would be difficult to reason that recycling of the effluent containin9 

treated or partially tr(tated Fe-200 woulc cause a decrease .in eff l uent Quality 

from that of no recycle. This is especially true since t he overal l mass of 

FC- 200 enter; ng the trick1 i ng fi lter from the feed sol uti on dud flg one- to-one 

recycle is one half of that dudl\£! no recycle . 

5. TOXICITY EXPERII1ENTS 

The results of the toxicity experiments. are given in table Vnf. From this 

table it is seen that for Aerowater 3 perce~t and Acrowater 6 per~ent all the 

rainbow trout were able to 5urv;ve for 96 hOlJrs in thE acUvated sludge effluent. 

However. for the FC-200 on the first test, all four trout had died within 24 

hours. ~Ihcn the test w~s :,,~peated. two trout dierl vi; t hin ll8 hours and the 

remaining two in the next 24 hoprs. Further, all the trout exposed to the 

influents and the distilled water conta i ning untreuted AFFFs died within 96 

hours. That the trout would d~e in disti l led water is not immediate ly explain­

able. Potential explana t ion for this occurrence is the sensitivity of t he 

trout to the change in mineral content of w'ater to which they were acclimated. 
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Table VI II 

TOUClTY OF AFFF TO AAItIBOIi TROUT-

Cond i tion 

Effluent contro 1 

E f fl~ent Ae rowater 3 percent 

Effluent Aerowater 6 percent 

Effluent fe - ZOO 

Effluent Fe-200 (repeat) 

ln fl uent control (syn t hetic 
was tC\~ater) 

Infl uent Aerowater 3 percent 

Influent Aerowater 6 percent 

Influen t Fe-2oo 

Distilled water 

Dis t illed wa t er and Aerowa t er 
3 percent 

D;~t i lled ~Ja ter and Aerowa t er 
5 percent 

Di st i ll ed ~Jate r and Fe-20D 

24 hr 

o 

o 
o 
4 

1 

1 

1 

o 

o 

1 

2 

4 

4 

4 

2 

1 

, 

, 

2 

1 

4 

, 

o 

o 
c 

4 

4 

kSt a;ting with four trout per tank , number given is the cumulat ive number dead . 
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The data show that there is def in ite detoxification occurring by biological 

treatment fo r AerO\~a ter 3 percent an d i\erowatc " 6 pe r cent. For Fe-200 bio l og­

ical treatme nt does not appear to offer significant detoxifi c ~ti on. However, 

nne mus t be cautioned not to accept this as conclusive data since it represen t s 

onl y one test at one AFFF concentra tion. Further, the concentration of AFFF 

Used is highel· than that reco lll1lended ( see Concl us i ons, section VI) for. di scharfle 

i nto a sanitary sewer . 

6. ADSORPTIOti EXPE RIMENTS 

The 2000-mg/1 solut ions of FC-200 and Ael"o'Nater 6 percent yielded taOs as 

i ndicated bela\<. (the average of tripli cate analysis): 

Fe-20D 1500 mg/l 

rC-200 after 
JP-4 1433 mg!1 

Aerowa te r 
6 percent 94q mg/1 

Aerowater" 
6 percent 
after JP-4 992 ~lg/! 

JP-4 added to distilled water (20 1n1 i n 2 l iters), then separated, yiel dec1 a 

COO of approxlmately 100 mg/l i n the aqueous phase . Thi s ;nuicates that some 

of the compo unds in JP-4 are at l east slightly soluble in wa t er. Coupli ng t his 

fact wi th the CO D data for the f our so l ut i ons re vea l s tha t there was a decrease 

in COD of the FC-200 solution tha t was contacted with JP-4, althou~h approxi­

matel y laO mg/l of coo was added from the JP-4 . This indicates that a signifi­

cant fraction of Fe-20D is extracted i nto the JP-4 phase . This f raction is 

esti mated to be approx imately 

1500 + 100 - 1433 

1500 + 100 
'" 10 percen t 

Conve rsely for AerO~la te r 6 percent there is a 4C-mg!1 increase i n COD after 

contact with JP-4 . Thi s indicates tha t iI much sma ll er fraction of Aerowater 

6 percent is t ak en up in the JP-4 phase. 

The results of the batch adsorption experiments are given in figur~s 27 

through 30. The nota ti on used is X '" wt of COO adsorbed '" i ni t i a 1 CI)D corrcen­

t rati on Co - final COD concentration CF X vo l ume, H "" \'Jt of ac ~iva ted carbon 
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used, and CF = fina l COD conce~tration = COD remaining in solution. X/M then 

becom2s the c~rbon loading . also taken to be a good approximati on of the 
adsorpt ive capacity. 

Cr.mparing f i gures 27 and 28, it is seen that the carbon load ing is slightly 

lower for the rC-200 solution t ha t was contactet.! with JP-4. X/ M at CF of 1500 

mgt l = 0.6 for the Fe -200 solution and equal s 0. 5 for th€ FC -200 solution 

C'Jlltacted with JP-{f. Th is difference is ilttribu t cd to the presence of different 

orgiHlic compou nds in the so l ut i on after JP-4 contact. 

For Aerowater 6 percent one cannot make any comparisons because the batch 

adsorption dato did not obey the Fre undlich isothe~ properties . A s trai ~ht 

line is constructed thro~gh the dat a poi nts i n fi9ur~5 29 and 30 using a l c~st­

squares fit. However , no validi ty is placed on th is l ine. The data points do 

indicate the pl'esence of a non;,dsorbable component in the Ael"OwlIter 6 percent . 

comllrising approximately 300 mgll of COO. Thi s is further substantiated i n the 

conti nuous-fl O~I experiments . 

Assuming tha t some JP-4/water s~parato r wou ld be provided i l l a fire-training 

facil ity and therefore no JP- 4 would contact the activated carbon. one can 

concl ude from the batch data (at least for Fe- 200) that a somewhat reduced 

carbon loading (adsorptive capacity) will result from t he interaction of the 

AFFF and Ule L1P- 4. 

The ~"esu1ts of t he continuo us-flo ... , exper i men ts an~ given in figure 31 fOr 

Fe·200 and i n f igure 32 for Aerowi'lte: r 6 percent. Only the pure spTutions ~Jf're 

useri for the continuous- fl ow experiments. The hrcil kthrouCj h curves in fiqure 31 

for t he blo sampl i ng ports and th e fi na I di schargc are very good wi th the sl ope 

of the .~ rea kthrough portion being relatively moderat~. Wi th re!: pr.:ct to contact 

time unt il br~akthro ug h , essentially all the Fe - 200 has been adsorbed by t he 

time the "'Iater rp.ach~s the first sampling port (5 miflu l:es co ntact time). 

Be i ng conservative and saying that the activated carbon i s completely 

exhausted a t t he bottonl of the breakthrou~h curve (approximately 360 minut es 

for port 1 and 1200 minlJtes f or port 2), the adsorp t ive ca puc ity f Or Fe-ZOr) i s 

calculated to be 0.34 gm COr. removcd/ gm of acti vated carbon. In terms of tlte 

Fe - 200, th i s is equ i valent to 0.49 gm FC -200 removed/grn of activated carbon; or 

in terms of liquid volume, 0.48 rnl Fe-200 remov ed/gm of ac ~ i vil ted carbon (0. 05B 

9al/ib). Expressed another way, for e~t:ry gallon of Fe-200 concentrate used , 

apprOXimate ly 17 pounds of act ivated carbon would be requ i red. 
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Recall that this is uased on a conservative '~stimate of the arJsorberj capac­

ity and is for 11 2000~mg/1 solution of Fe-200 . if a more concentrated sohlt ~ on 

is processed, generally one can e).:pect a higher adsorptive capacity since 

higher organic con<.entrations us uaj ~ 'y resul t in the activated carbon being 

relatively more saturated at c).l1austi(;n. 

For Aerowater 6 percent it is ~e~n in figure 32 that the break throug h 
curves are not typical, and therefc.;-e it is not possible to calculate a realis­
tic adsorptive Cn~acity. This is due to a nonadsorbab le fra ction which accounts 
for 200 to 300 mg/l of COO. Therefore. virgin activated carbon i s capa ble only 

uf removing approximately 75 percent of the COD, (J.. much longer contact tif\le 

would further reduce the COO in the discharge, but not signif1cantly, as 

evidenced by the {liffererlce in COD between the sampling ports at any given 

time. It;s assumed that the nonadsorbab l e frartion is the foam stabiliwr 

since this is likely to be a glycol compo und which would be relatlvely pola r 

and possibly of low molecular weight. Both nroperties wou l d result in low 

affinity for being adsorbed or acti'llated carbon . If this assumption is correct, 

the discharge of the ~Iater after activated carbon adsorption would 1 ikely be 

accepta b ~e since glycol-type compounds are generjllly of 10\" toxicity to aquatic 

iife. On the other hand, the discharge at 200 to 300 rng/l of COO representi ng 

glycol compounds \-Iculd pose a high oxygen demand since t he glycol compou nd s 

are largely b iodeqradab l~. 

77 



AFI~L-TR-73-279 

SECTION V 

OISCUSSION 

'. nIOOEGRADATION ANn TOX ICITY EXPERtMEtlTS 

The results of the bi odegradability exper iments y ielded much information ~s 

summarized below . First. it appetl rs t hil t it ~lOuld be very d ifficult to accli­

mate a hiol ogica l cult ure to deg ra de AFFFs when they rep re sented the Dilly 

source or organic matter. Second, the three AFFFs tested yielded fo r practical 

purposes the same degree of treatabi l ity when blended with a synthetic waste­
water . Although tl",e data tended to demonstrate t hat the biological waste 

treatmen t processes cou l d assimil ate higher concentrations of Ae rowater 3 and 

6 percent than FC-.'mO. one would have to retest to veri fy this conclusively. 

Thi rd , whil e AFFF dosages as high as 250 mg/l were capable of being treated, 

t hi s wa s under laboratory co nditi ons with a cons tant composition of influent 

was t ewater; t herefore a conservative max i mum concentration of 80 to 100 mg/l 

is recormended. Si nce slug loadi ng to unacc lima ted bacte r i a caused excessive 

foaming ,md i mpaired reactor pt:!I'formance , 1t appears obvious that bleeding in 

the AFFF at a contro l led r a te (no t to exceed 50 Iflg/l init ia lly and buildinn up 

to 100 mg/l max i mum) is a necess ity . This wo uld obviolJ5.1y req uire hol ding 

capab i l ities a nd some Illeans of contro ll ing t he re lease t o the sanitary s ew!?,.. 

Knov;iny the wastewater flOY/ at the sewage treatment p\a nt, one can eilsily 

cal cula t e a rel ease rate once tne quantity of AFFF used is known , 

Concerning th'~ detoxification provided by bio log icill waste treatment, the 

rudi mentary experiments pe rformed tend to i rtdicate detoxHic(ltion of AerOl"ilter 

3 percent and 6 percent. but no t fo r Fe-lOa. However, these experiments were 

too brief t o drilw iI defi nite conc l usion. It should be remembered that these 

tox i ci t y exper ime nts were co nduc t ed at influent AFfF concentrations of 200 mg/li 

whereas it is recommended that the AFFF concentra tion nnt exceed 100 mg/1 in 

the influen t wa s tewater. 

Since a good analytical method was not de veloped to foll ow the biodegrada­

tiorl , if any, of the AFFFs, one ctln only surmise what i s happeTlin~ to the major 

components, the fluorocarbon surfactilnt, and the foam stabtl1zer. The foam 

sta bilizer , which i s assumed to be some type of fJolyethylene glycol or glycol 
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ether , should be fairly biodeg radab le and should not pose any problems to either 

the treatment pl ant or the receiving st ream. The fluoroca r bon surfactant. on 

the other hand, i s at best only parti all y bi odegradable. The microorganisms 

can probably break down the f luorocarbon surfactant i nto sma ll er chain-length 
compounds and potent ial ly oxidize t he surfactant portion completely . The 
fraction of compound containi ng the f l voro(:arbon bonds wi ll almost undoubtedly 

not oxidize. This was substantiated in the be9;nn;ng of the activated sludge 
exper i ments where i t was observed that no inc rease i n free fluor i de concentra ­

t1 0n wa!'i o,~rllrring in the trf'i'lt.ed effl llent. Tt io;, ro sSi h1e t.hil t if the mirro­

organisms we re able to break the orig i nil compound to a compound containi ng 

onl~1 F. C, and H that the solubility i n water would be s i qnificant l y reduced 

so that it would tend to separate or be read i ly adsorbed onto a solid surface 

such as the il"licroorgan·!!>ms. How these assumptions and hypotheses fit in ~lith 

detoxification of the AFFFs cannot be answered since the e)(act composition of 

each AFFF is not known . 

2. ACTIVATED CARDON EXPCR[I<crm 

The results of the activated carbon adsorptio n e)(periments rlemonstrate a 

definite af finity of the AFF Fs (flarticu l arjy Fe-200) for beinq adsorbed on 

act1vated carbon. Essentially, complete removal of the Fe- 200, as measured by 

COD, was achieved w1thin 5 mi nutes of contact time. For the Aerowater 6 percent 

only partia', removal (70 to 75 percent) of the COD was ar.h i~ved. lnc.reasinq 

the cantuct time beyond 20 mi nutes wou1d no t yield ap preciable increase in the 

COO remcva 'l. ~Jh.Y FC-200 was completel y removed by activated ca r bon and the 

Aerowater 6 percen t on ly partia.lly removed is easily explained by the fact that 

they are different formulations and, although likely to be s i milar in composi­

tion , the di fferences in the cORpounds used readi l y account for adsorption of 

fC-200 and partial adsorption of Aerowater 6 pe rcent. 

The use of activated carbon for treating AFFFs would be preferred for the 

small - pro"'iciency fire~trajn i n9 facll1ties tlhere it is not feasible to tie into 

a. sanitdry sewer. Assuming a smoke-a ba t ement system "'iOuld be i n use l all that 

would be required is a sma ll holding facil ity to allow the JP-4 carryover to 

separate alld a pump to l iTt the water to the top of an activated carbon col umn. 

The column can be constructed of any convenient p lastiC pipe. PlastiC. PVC 1 

polyethylene. etc •• ;s necessary because granul~r activated carbon is ve ry 

cor rosi ve. It is envisioned that the column would be about 15 inches in 

diameter and about 10 fee t in height. The actual size would have to be 
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determined for each fire-training facility. The top could be. opened to the 

atmoS",Jhere for easy filling and withdrawal of the activated ca rbon. The bottom 

should be closed with the discharge regulated to keep the column flooded during 
operation . Since it is not expected to use more than a fl:"l hundred pounds of 

aeti \la ted carbo;l per month . the exl~aus ted activa ted Cd rbon shaul d be thrown 

away. accumulated in Remarketing and Distribution for potential resale, or 
mi~ed with coal (assuming coal 1S u5ed on base for reating). By keeping a log 
on the number of gallons of Fe-200· used, one can calculate the frequency of 
replacing the activated carbon by using the act~o~pt;ve capacity which conserva­

tively, for Fe-200, ;s 1 gallon fC-200 adsorbed per 17 poun~s of act;~ated 
cilrbon. 
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SECTlOtI VI 

CO~IClUSroNS AND RECOMMENDATIONS 

i. Biodegradation of AfFFs when they represent the only source of organic 

matter is not pract1cal. , 

2. Discharge of AFFFs into sanitary sewers where physically practical shou l d 

be done , but at a controll ed rate so as not to exceed 100 mg/l of AFfF i nfluent 

to the bio l ogical treatment tJlant. It does not appear that either activated 

sludge or tricking filter pr ocesses offer iUl nd"am::e over the other. 1t1e 

di s chilrge rate shou l d be set "initially so as not to exceed, Say. 50 m!1/l of 

AFFF infl uent to the biolog i <:al treatment pl ant to permit time for acclimation 

of the microorganisms. Slug loading t.ho uld defi nitely be uvoided. If practice.l. 

it is recontnended that the AFFF be continuously discharged, which would result 

In t he lO\o,'est concentrat i on in the domestic wastewater. 

3. From the aspect. of biological treatability one cannot conclude decisively 

that any of the three AF"FFs tested 15 mnre amenable to bioloqica l treatment 

than tne others. Rather it is concluded that all three can be siltisfilctorily 

di s charged into il s anitary sewer when the AFFF cont:entration doe s not exceed 

\00 mg/l (see conclusion 4). 

4. Uetoxification (lack of acute toxicity) of the AFFFs by biological treat­

ment at 200 mg/l of AFFF appears t o be achieved for the ~erowater products but 

not tor FC-20D. However. because of the rud imen tary techniques employed, this 

cannot be taken as a f i nn cnflclusion. I ong-te:nn and. precise bioassay tests 

should be conducted On each AFFF. 

5, For smull fire- t ra i ning facilities using water spray-injection smoke­

abatement systems \-Inere it 1s impractica l to tie illto ij s<lnitary sew"r, acti­

vated carbon aclsorpt1()n si10uld be etllployed before d;schClrqing the water con-, 
tillning AFrr . 
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