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ABSTRACT

(Distribution Limitation Statement A)

The biodegradability of aqueous film-forming foams (AFFF) used for file fight­
ing was evaluated in laboratory-scale activated sludge and trickling filter
reactors at the Air Force Weapons Laboratory (AFWL). Three AFFFs were evalu­
ated: "Light Water" FC-200 from 3M Company; Aerowater 3 percent from National
Foam Company; and Aerowater 6 percent, also from National Foam Company. Con­
centrations not to exceed 100 mg/l of AFFF influent to the bioloqical treatment
process could be satisfactorily treated without affecting the performance of.
the process and with apparent detoxification of the AFFF. More detailed bio­
assay tests are required. Adsorption of AFFFs onto activated carbon is practi­
cal with removals varying from 75 to 100 percent, depending on the AFFF.
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SECTION I

INTRODUCTION

1• BACKGROUND

Aqueous film-fo/ming foams (AFFF), MIL-F-24385, are fire-fighting agents
for use on fuel and oil-type fires. Aqueous f'lm-forming foams are concentrates

and are, therefore, diluted prior to use. The specified dilution is 6 percent
A~FF and 94 percent fresh or sea water. Aqueous film-forming feams have or are
currently replacing the protein-type foams as the primary fire-fighting agent
at most Air Force installations.

The Military Specification for AFFFs, MIL-F-24385, is a performance speci­
f'ication and, therefore, the composition of the products will vary to some
extent. Basically, the AFFFs are fluorocarbon surfactantswith foam stabilizers
(Ref. 1). The fluorocarbon surfactant is likely to be a sulfonate compound
such as sodium fluorocarbon sulfonate where the sulfonate group is soluble in
water and the fluorocarbon group soluble in the fuel or oil. The fluorocarbon
group is generally in the 8- to la-carbon chain length. The foam stabilizer
is likely to be a polyethylene glycol or glycol ether derivative (Ref. 2).

Three specific AFFFs were investigated by the Air Force Weapons Laboratory
(AFWL) to determine the treatability and hazards of disposing of AFFFs. These
were Light vlater Fe-200 manufactured by 3M Company, St Paul, Minnesota, and
Aerowater 6 percent and Aerowater 3 percent manufactured by National Foam
Company, West Chester, Pennsylvania. FC-200 is on the Qualified Products List
(QPL) of the Military Specification, and Aerowater 6 percent is being considered
at the time of this report. Aerowater 3 percent cannot satisfy the require­
ments of the ~1il itary Specification; however, hangar deluge systems may use a

3 percent AFFF instead of the 6 percent. Fe-200 concentrate has a chemical
oxygen demand (COD) of 710,000 mg/l and a pH of 7.4. Aerowater 6 percent
concentrate has a COD of 456,000 mg/l and a pH of 7.6. Aerowater 3 percent
concentrate has a COD of 495,000 mg/l and a pH of 8.0,
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2. PURPOSE OF STUDY

The original purpose of this effort was to solve the specific problem of
disposing of AFFFs from the "Crash Rescue Fire-Fighting Training Smoke-Abatement
System" at Hill AFB. Utah. Basically, the smnke-abatement system consists of
water-spray injection just above the burning fuel. For the system at Hill AFB
the water injected into the fire would be collected, retained, and recirculated.
Retention would be accomplished in an earthen reservoir. There was concern
that the AFFFs used in the fire-fighting training would be solubilized in the
spray injection water and through recirculation of this water, the AFFF concen­
tration would increase to the point whe~e the spray injection water would have
a detrimental effect on the fire. Thprefore, to prevent the AFrF concentration
from "building up" in the recirculated water, an attempt was made to rletermine
if microbial growth could be achieved in the reservoi~ w~eh AFFFs represented

the only source of organic matter for the microor~anisms (the required nutrients
added). If the microorganisms could use the AFFFs as a source of organic
matter, the AFFF concentration might be fept low enough to prevl;!nt build-up
problems.

During the Second Annual Environmental Horkshop hosted by the Air Force
Heapons Laboratory (AHJL), numerous I'lajor Air Command environmental coordinators
expressed concerr. for disposing of AFFFs after use, whether in a real fire or
in a training situation. This, couplect with concern voiced by Hq USAF/PRE about
the disposal of large volumes of AFFF from proposed warehouse and hanqar deluge
systems, led AFWL to expand the effort to investigate the disposal of AFFFs in
a more general situation. Of prime importance was the determination of the
feasibility and the limitations of using existing biological waste treatment
processes for achieving biodegradation and detoxification of the AFFFs. Also
investigated was the use of activated carbon adsorption with the intent to
employ a simple adsorption column at fire-training sites which are remotely
located and unable to tie into a sanitary sewer. This would become an integral
part of a smoke-abatement system. After treatment with activated carbon, water

I

could then be directly discharged onto the land, into a water course, or
possibly recycled into the water source of the smoke-abatement system.

2
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SECTION II

LITERATURE REVIEW

The Environmental Health Laboratory at Kelly AFR, Texas, conducted an
investigation on the biodegradability and toxicity of Light .\tlater FC-199
(Ref. 3). On a macroscopic'basis FC-199 is different from FC-2DD in that the
pH of FC-199 concentrate is in the range of4.5. FC-20D was developed to
eliminate the corrosive properties of FC-199.

Lefebre (Ref. 3) demonstrated a toxic effect to microorganisms, as measured
by oxygen uptake rates. at an FC-199 concentration of 2~OO ppm. Laboratory­
sc?le continuous-flow activated-sludge reactors were operated on a mixture of
synthetic sewage and varying concentrations of FC-199. At 250 ppm of FC-199

in the influents and a "12-hour detention time, COO and RODs removals were 91
and 96 percent, respectively. At 500 ppm FC-199, detention time 6 hours, COD
and BODs removals were 90 and 96 percent, respectively. At 500,ppm there was
significant inhibition of nitrification (Ref. 3).

Systematic bioassays were conducted on untreated FC-199 using fathead
minnows. It was determined that the 96-hour LCso (concentration at which 50
percent of the test fish are killed in 96 hours of exposure) was 39R ppm.
Further, it was demonstrated that fathead minnows were able to survive durinq
8 days of testing in the clarified activated sludge reactor effluent when the

FC-199 concentration was 25D ppm (Ref. 3).

The 3M Company has conducted some investigations into the disposal of Liqht

Water FC-20D, the AFFF product that they now manufacture. They have operated
laboratory-scale continuous-flow activated-sludge reactors in which Fe-20D was
the only source of organic matter available to the microorganisms. At an

Fe-20D concentration of 250 ppm (COD - 175 mg!l), COD removal averaged 85
percent. At concentrations above 250 ppm, COD removal efficiency decreased.
The source of microorganisms for the 3~1 Company laboratory-scale experiments
was from their industrial wastewater-treatment plant activated-sludge reactor
which has been receiving wastewater for years from the manUfacturing of Light
Water and other halogenated hydrocarbons (Ref. 4).

3.
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The 3M Company has also evaluated nonbiological methods of disposal. Oxi­
dation with ozone, adsorption with activated carbon, foam fractionation, and
incineration were investigated. Ozone oxidation and foam fractionation did not
prove to be feasible. Incineration would be applicable only if the AFFF con­
centration were maintained fairly high, i.e., in the rhnge of 1 to 6 percent.
Activated carbon adsorption proved to be quite effective for dilute solutions
of AFFF (Ref. 4).

Static bioassays have been conducted by the 3M Company on FC-200 using
fathead minnows. It was demonstrated that both before and after biological
wastewater treatment. the 96-hour LC so was 80 ppm of FC-200 (Ref. 4).

4
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SECTION III

MATERIALS AND METHODS

1. SCREENING EXPERIMENTS

The initial tests conducted on the three AFFFs consisted of 15-day
biochemical oxygen demand (BOD) experiments using the s.tatic dilution technique.
Biochemical oxygen demand tests for FC-200 were accomplished with both unaccli­
mated and acclimated seed at an FC-200 diluticn of 2/100,000. Aerowater 3
percent and Aerowater 6 percent concentrations were evaluated with unacclimated
seed at a dilution of 1/100,000.

2. OXIDATION POND EXPERIMENTS

Four laboratory-scale oxidation ponds were operated at different organic
loadings using Light Water FC-199 as the only source of organic matter available
to the microorganisms. FC-199 was used because FC-200 had not yet been intro­
duced at the time of the oxidation pond experiments. The oxidation ponds
consisted of stainless steel water baths 18 inches (0.456 m) wide, 36 inches
(0.912 m) long, and operated at a water depth of 10 inches (0.254 m). This
yielded a liquid volume of 105 liters. The oxidation ponds were operated
outdoors in direct sunlight during the months of May and June 1972. Originally,

the oxidation ponds were filled with 103 liters of tap water and 2 liters of
seed taken from theoxida~ion ponds on Kirtland AFB, New Mexico.

The primary purpose of the oxidation pond experiments was to simulate the
loadings on the recirculation reservoir of the "Crash Rescue Fire-Fighting
Training Smoke-Abatement System" at Hi 11 AFB, Utah. To simulate the training
operation which would be 3 to 5 days per month and several fires per day, Light
Water was added to t~e four oxidation ponds in different amounts and at differ­
ent time frequencies. Oxidation pond 1 (OP1) received 44 ml of Light Water
concentrate initially to yield a 0.042 percent solution and a COD of 294 mg/l.

For qPl this was repeated every fifth day to simulate a fixed level of training
every 5 days. The 44 ml was added in 4- to ll-ml aliquota every 2 hours for an
8-hour period. OP2 t'eceived 44 ml, repeated every tenth day. OP3 and OP4·
received three times the amount of Light Water (132 ml) as did OPl and OP2.
This yielded an initial COD of 882 mg/l. Liqht water was added to OP3 every

5
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fifth day and to OP4 every tenth day. Ammonium nitrate and a phosphorous
solution was added each time to maintain a COD:N:P ratio of 100:5:2. Evapora­
tion losses were made up daily, and samples were then taken for COD and sus­
pended solids determinations.

3. ACTIVATED SLUDGE EXPERIMENTS

Activated sludge experiments \'Jere conducted for each AFFF. usinq laboratory­
scale continuous-flow completely mixed reactors with separate upf10w clarifica­
tion (figure 1). The reactor volume was 8 liters, and the clarifier volume was
3 liters. Retention time in the reactor was 4 hours, taking into account a
25 percent retw'n 51 udge flow rate. Reactor 1 was the control and received
only synthetic wastewater. simulating domestic sewage. The synthetic waste­
water consisted of 3 protein source. nonfat dry milk, and a carbohydrate
source (common sugar). The nonfat dry milk represented 220 mg/l of COD. as did
the sugar. ATTIllonium chloride, NH"Cl, or ammonium sulfate, (NH"hSO",Ylas
added to yield 40 mg/l of NHaN. A mixture of monobasic and dibasic potassium
phosphate, KHzPO" and K2HPO", was added to yield 20 mg/1 of P. Reactor 2

.. I
L-

A-

,-. ..

Figure 1. Activated Sludge Systems
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received the synthetic wastewater and varying concentrations of FC-20D.

Reactor 3 received synthetic wastewater and Aerm~ater 3 percent. Reactor 4
received synthetic wastewater and Aerowater 6 percent. The last three reactors
were brought to a steady-state condition with the synthetic wastewater before
dosing with the AFFF.

Three separate activated sludge tests were conducted. Test 1 consisted of
operating the four reactors until significant degradation in effluent quality
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 low. Therefore. the purpose of test 2 was to verify the results of test 1.
It should be noted that near the end of test 2 reactor 4 was restarted on the
synthetic wastewater and Aerowater 6 percent solely to provide an effluent for
the toxicity experiments. Test 3 consisted of "slug loading" reactor 2 with
200 my/l of FC-,200 and. reactor 4 with 200 mg/l of Aerowater 6 percent to
determine the adverse effects, if any, on unacclimated microorganisms. Th'is
was done after the reactors were drained. reseeded. and brought to steady state
on just the synthetic wastewater.

The AFFF concentration was increased in steps in each reactor for tests 1
and 2 (table I). It was originally intended to increase the AFFF concentration
every 3 days; however. after observing the performance of the units. the
frequency of increasing the AFFF concentration became variable, depending on
the effluent quality. It should be noted that the influe.nt wastewater was
made during the 1ate afternoon. Therefore increases in AFFF concentration were
first reflected in the next morning's samples.

The performance of each reactor and the effluent quality was judged by
analysis for mixed liquor suspended solids (MLSS), sludge volume index (SVI),
total effluent COD, filtrate effluent COD, and effluent suspended solids (see
analytical procedure for methods of analysis). Mixed liquor suspended solids

(MLSS) and SVI were determined once a day in the morning. An attempt was made
to maintain the MLSS concentration between 2000 to 3000 mg/l. Effluent samples
were taken from a reservoir which contained 24 hours of flow and. therefore.
represented composited .samples.

7
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Table I

AFFF CONCENTRATIONS IN ACTIVATED SLUDGE EXPERIf~ENTS

AFFF concentration (mg/1 )

Aerowater Aerowater
pay Fe-200 3 percent 6 percent

Test 1

1- 4 a 0 0

5- 7 10 10 10

8-11 25 25 25

12-13 50 50 50

14-23 80 80 1 80

24-26 802 120

27-32 150

33-37 210

38-53 250

Test 2

1- 4 0 0

5- 8 10 10

9-11 20 20

12-19 50 50

20-25 80 80

26-32 120 120

33-39 160 160

40-44 200 200

45-52 250 250

53-59 320 320 0"

60-66 3203 400 75,5125 6

67-70 600 200'

Test :::

1- 8

9-11

200

o
200

200

IOay 18 reactor shutdown.
20ay 26 reactor shutdown.
30ay 62 reactor shutdown.
4Reactor started; being brought
to steady state.

5Reactor begins 75 ppm AFFF on day 63.
6Reactor begins 125 ppm AFFF on day 66.
'Reactor begins 200 ppm AFFF on day 69.

8



AFWL-TR-73-279

4. TRICKLING FILTER EXPERIMENTS

A laboratory~scale trickling filter (figure 2) was operated to determine

the adverse effects that Fe-200 and Aerowater 6 percent would have on the
performance of the trickling filter process. The trickling filters consisted
of two columns operated independently (in parallel). Both contained 5.5 feet
(1.680 m) of polypropylene plastic media (Kock F1exirings* 5/8 inch (0.0175 m)
105 ft2/ft3 (348 m2/m 3». As illustrated in figwe 2, samples could be taken

at depths of 18 inches (0.456 m), 36 inches (0.912 m), and 56 inches (1.815 m,
full depth). This final discharge entered a small clarification and recircula­
tion basin which was flushed with tap water every 2 to 4 days to remove sloughed
bio1ogica1 solids.

Both columns ,were brought to steady state on the synthetic wastewater as

described in the activated sludge experiments. Then column A (the column on
the left) received varying concentrations of Fe-20D, and column B received
Aerowater 6 percent. The concentr~tions received versus time are show~ in

table II.

Two tests were conducted for the FC,·200 and the Aerowater 6 percent. Test
was without recycle at a hydraulic loading of 200 gpd/ft?' (8150 1/day/m2 ),

. and test 2 was with a one-to-one recycle at a hydraulic loaning of 200 gpd/ft 2 ,

i.e., 100 gpd/ft 2 of influent and 100 gpd/fe of recycled E:fflllent. Between
tests 1 and 2 the trickling filters received only synthetic wastewater for a
period of 9 days.

Samples were taKen from the two sampling ports of each column and from the
final discharge. These samples were grab samples taken in the morning, with
COD being the only parameter analyzed. Because the samples contained varying
amounts of settleable solids, the samples were allowed to settle, and the

supernatent was ~sed for COD analysis.

5. ADSORPTION EXPERH1ENTS

Both batch and continuous-flow activated-carbon adsorption experiments were

conducted using Calgon Filtersorb 400 granular activated carbon. Only Aero­
water 6 percent and Fe-200 were evaluated. Solutions were made up to contain
approximately 2000 mg/l of each AFFF. It was believeJ that this would represent

*Registered trademark.

9
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Figure 2. Trickling Filter System

~eproduced from
~ availahle cOPY.

10
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Table II

AFFF CONCENTRATIONS IN TRICKLING FILTER EXPERIMENTS

AFFF concentration
(mg/1)

Aerowatfr
~ Fe-200 6 percent

Test 1. No recycle

1- 2

3- 6

7-11
12-16

17-20

21-35

o
25

50

80

120

160

o
25

50

80

120

160

Tes t 2, One- t,)- one reeye1e

1

2- 8

9-14

15-21

22-29

30-37
38-45

46-50

51-54

o
25
50

80

120

160

200

250

300

11

o
25

50

80

120
160
200

250
300
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an expected discharge of AFFF from a fire-training facility employinq a water
spray injection system for smoke abatement. For the batch tests, 4 liters of
each AFFF solution were made. To 2 liters of each AFFF solution, 20 mls of
JP-4 jet fuel were added, shaken. and allowed to separate. The purpose of
adding JP-4 was to determine if certain compounds in the AFFF were preferen­
tia11j soluble in JP-4 and would thereby be extracted. from the aqueous phase.
The effect of this extraction. if any, on the adsorption of the AFFF was deter­
mined by conducting batch adsorption tests on both the untreated (no JP-4)
solutions and the aqueous phase of the JP-4-treated solutions. Five hundred ml
erlenmeyer flasks were used, each containing 200 mls of solution and varying
amounts of pulverized (-200 mesh) activated carbon. Five flasks were used for
eaoh solution, containing 0.1, 0.4, 0.8, 1.2, and 2.0 grams of activated
carbon, weighed to four decimal places. The flasks were agitated for 1 hour
on a gyratery shaker at 22°C, after which the activated carbon was removed by
vacuum filtration, using GFC filter paper.

Continuous-flow experiments were conducted for the 2000-mg/l solutions
(not treated with JP-4) of Aerowater 6 percent and FC-200. Small columns were
used to achieve breakthrough in a reasonable time frame. The columns used
were 1.25 inches (0.318 m) inside diameter and contained 24 inches (0.61 m)
of activated carbon. The flow of 23.8 ml/min was set to yield an empty-bed
contact time of 20 minutes. The flow was downflow with the discharge restricted
to maintain a 2- to 3-inch liquid level above the activated carbon. Sampling
ports were provided at 6 and 15 inches of activated carbon depth. Samples were
taken periodically for analysis of COD.

6. TOXICITY EXPERIMENTS

To ascertain the detoxification, if any, that the biological wastewater
treatment processes were achieving on the AFFFs, rainbow trout (4 to 6 inches
in length (0.103 to 0.153 m)} were exposed to the activated sludge effiuents
(clarified effluent) from each reactor that, at the time, was receiving 200
mg/l of each AFFF. The trout were also exposed to the secondar·y effluent from
the control. In addition, trout were exposed to each of the influents, i.e.,
synthetic wastewater and 200 mg/l AFFF, and to distilled water plus 200 mgjl
AFFF. Four trout were added to each container having ~pproximately 4 liters
of liquid. The liquid was maintained at 10°C in an incubator and was aerated
to maintain a dissolved oxygen concentration of 6 to 7 mg/l. Durinq the test
period (4 days), the liquid was changed once every 24 hours.

12
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7. ANALYTICAL PROCEDURE

Chemical analyses were conducted on collected samples for determination of

the desired compound (contaminant), thereby permittfng evaluation of the treat­

ment process performance. Chemical oxygen demands were determined in accordance

with Standard Methods for the Examination of Water and Wastewater (Ref. 5) ..

Both the standard and dilute technique were used as appropriate. Filtrate COD

was determined on samples after filtering through GFC filter paper in accordance

with Standard Methods .... For the activated sludge effluents, the effluent.

suspended solids and filtrate COD were determined from filtering of the same

sample. For MLSS and SVI. 100 mls were drawn from the reactor, placed in a

100-ml graduated cylinder, and allowed to settle for 30 minutes, at which time

the volume of settled solids was read. The 100 mls were then filtered through

GFC filter paper for determineation of the MLSS. The SVI was then calculated

from equation (1)

SVI =mls of settled solids x 10,OOOiMLSS (1)

Free fluoride was analyzed for in the activated sludge effluents to deter­

mine if the fluorocarbon compound was being biologically metabolized, yielding

free fluoride. This analysis was conducted using both the SPADNS method and
the free ion electrode method described in reference 5.

Several attempts were mJde to develop a method of analysis for determining

the fate of the fluorocarbon fraction of the AFFF. The first attempt was to

measure the absorbance of infrared light energy for the fluorocarbon bond in

the infrared region of 7.5- to 10-micron wavelength. Several concentrations

of pure AFFF in distilled water were scanned in this wavelength region.

IR-Tran cells of various cell thicknesses were used. In the concentration range

of interest for the AFFFs. 1 to 300 mg/l. the strong absorb .nce of the water

in the 7.5- to lO-micron wavelength made this technique impractical.

Since extraction of the fluorocarbon fraction from the aqueous phase into

a solvent could not be quantified without having the pure fluorocarbon compound

by itself, i.e .• no method to determine extraction efficiency, an attempt was

made to evaporate the sample, then take it up in a polar or nonpolar solvent.

The solvents used were benzene, chloroform, carbon tetrachloride, iopropyl

ethel", hexane. and methanol. Fifty mls of sample were evaporated at 103°C in

100-ml test tubes, then 50 ml of solvent was added and agitated on a vortex

13
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mixer. The degree of resolubilization was determined visually. Aerowater 3
percent was the. only AFFF that could be completely resolubilized,·and this was
in benzene.. Thi s 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 developed a gas chromatographic technique for analysis of
FC-200. However, "ghosting*" was a serious problem and made this method of
analysis impractical. Further, it was learned from the 3M Company that the
gas chromatographic method was for determination of the foam stabilizer
fraction and not the fluorocarbon ft,'action.

*Ghosting is subsequent elution of the organic compound when the next sample
is injected.

14
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SECTION IV

RESULTS

1. SCREENING EXPERIMENTS

The screening experiments consisted of determining the biological oxygen
demand (BOD) uptake over a 15-day period .. FC-200 was evaluated using both.,

acclimated and unacclimated seed. The acclimated seed was obtained from the
activated sludge reactor receiving FC-200. The two Aerowater AFFFs were only
evaluated using unacclimated seed. The results of these experiments are
detailed in figures 3 through 5. For FC-200 it is seen that the acclimated
seed demonstrated a slightly increased rate of oxygen uptake but not a higher
overall total uptake. The 5-day Bob for the concentrated FC-200 is approxi­
mately 70.000 mg/l with the ultimate BOD (assumin9 this to occur at the lS-day
point) of approximately 360.000 mg/l. The ~OOs of Aerowater 3 percent concen­
trate was approximately 75.000 mg(l with a BOOult of 315.000 mq/l. Aerowater
6 percent conce~trate had a BODs of 40.000 mg/l with the ultimate BOD 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 dilution technique. the "typical" first order
curve did not result. This is not to say that the data are invalidated but
rather points out the limitation of BOD analysis. The significance to be
drawn from the BOD tests performed is that at least some of the compounds in
the AFFFs are a~ailable for biological metabolism. and further untreated
AFFFs discharged into a watercourse would exert a very high oxygen demand.

2. OXIDATION POND EXPERIMENTS

As described in section III, four oxidation ponds were operated to simulate

the AFFF loadings on the recirculation reservoir of the "Crash Rescue Fire­
Fighting Training Smoke-Abatement System" at Hill AFB. Utah. In a more general
sense. the results of the oxidation pond experiments could be related to any
oxidation or holding po~d where AFFFs r~presented the on}y.source of organic
matter available to the microorganisms. The COD redi:Jctions achieved in oxida­
tion ponds (OP) 1 and 2 are ShOWl1 in figure 6. Reductions from OP3 and OP4
are shown in figure 7. Reiterating, OPl was loaded with 0.042 percent FC-199

15
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every fifth day (initial COO - 294 mg/l) and OP2 every 10th day. Oxidation
pond 3 was loaded with 0.136 percent FC-199 every fifth day (initial COD - 882
mg/l) and OP4 was loaded every lOth day. The results demonstrated a COD reduc­
tion occurring after dosing with FC-199 with most of the reduction occurring in
the first 2 days after dosing. However, it is seen that there is a general
build-up of some substance that is chemically but not biologically oxidizable.
This COD reduction is not consistent with the concentration of suspended solids
(taken to be biological solids) in the oxidation pond which did not increase
with the decreasing COD, but rather followed no ascertainable pattern, varying
in concentration between 10 and 70 mg/l for each of the oxidation ponds. If
one assumes cell yields of 0.5 mg/l of biological oxidation of domestic waste­
water to apply for the oxidation ponds, then biological solids concentrations
in excess of 150 mg/l should have been observed.

The COD reduction achieved coupled with the lack of appreciable biological
growth led to the assumption that some of the compounds in FC-199 were under­
going photochemical oxidation. Therefore, a fifth oxidation pond was set up

but not seeded. The initial COD in this oxidatiun pond viaS 296 mg/l. ~Jithin

the experimental error of the analysis, the COO concentration did not change
over a lO-day period. Thus, it was concluded that photochemical oxidation was
not the cause of the COD reduction. This leaves unanswered the reason for the
observed COD 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 graphi­

cally represented in figures 8 through 11. The data show that none of the
reactors were achieving proper settling characteristics as measured by sludqe
vol~me index and/or effluent suspended solids. This led to occRsio~al use of
alum (aluminum sulfate) and/or a cationic polyelectrolyte. Control of MLSS
between 2000 to 3000 mg/l was attempted, but much of the time the reactors
were outside of this concentration range. The control performance was more
erratic than that desired. However, in general, COD removal was in the range
of 85 to 90 percent for total effluent COD and consistently in excess of 90

percent removal for filtrate COD.

21
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Table III

ACTIVATED SLUDGE ANALYSES, TEST 1

~
COD INF COOT COOF SSEFF MLSS SVI Remarks---

Control

1 500 24 24 <10 788 800
2 44 48 <10 10P,6

3 133 71 <10 1294 470

4 440 55 16 48 1645 480
5 445 95 103 26 2325 400
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

10 474 68 41 18 2240 313

11 53 37 25 2693 215
12 73 49 21 2569 237

13 434 57 41 15 2384 252

14 43 31 <10 2262 252

15 48 28 12 2652 294

16 64 60 23 1079 639

17 150 35 70 909 1023 Adding 20 mg/l alum
18 43 20 14 1217 559

19 46 23 12 1146 785 Discontinue alum
20 58 35 12 1290 450
21 16 20 15 1343 707
22 89 24 37 2383 411

23 351 101 40 11 2860 339
24 15 16 10 3625 270
25 25 23 12 3375 190
26 34 25 <10 4056 160

27 17 22 <10 3364 214

28 24 7 <10 2356 293

29 8 14 <10 1958 460

30 74 18 17 2114 426

31 51 22 38 2319 328

22
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Tab1 e II I (cont'd)

~
COD 1NF COOT CODF SSEFF MLSS SVI Remarks

32 66 31 23 2208 290
33 35 26 <10 2490 246

34 40 36 41 2675 202

35 32 53 43 2686 279

36 72 14 50 2420 289

37 351 58 15 44 2396 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 Begin 1 mg/l polyelct.
10 mgl alum

45 182 36 123 1823 521

46 124 23 114 1444 270

47 75 18 27 1478 420

48 89 32 2'1 1295 386

49 345 73 38 14 1602 393

50 59 19 13 1945 396

51 92 80

52 87 67 45 2146 261

Fe-200

1 81 40 40 774
2 59 2L1. 10 609

3 67 86 12 1232 450

4 59 31 15 1123 490

5 445 82 40 <10 2240 402 First sample 10 mgjl
Fe-200

6 90 41 <10 2599 380

7 404 88 33 13 2516 378

8 60 38 27 1742 419 First sample 25 mgjl
Fe-200

9 468 120 73 45 1430

23
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Table III (cont'd)

~
COD 1NF COOT COOF SSEFF MLSS SVI Remarks

10 474 155 51 91 914 492 First sample 50 mg/l
Fe-200

11 122 66 71 795 755 Addi ng 10 mg/l alum

12 219 9~ 105 403 695 Adding 20 mq/l alum

13 426 117 73 23 734 926

14 83 59 16 690 1377

15 171 60 77 565 166l1- First sample 80 mg/l

16 100 72 49 661 1362

17 77 73 <10 979 981

18 83 58 18 526 760

19 54 <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 1394 710

24- 149 46 35 1477 670

25 70 35 26 1288 776

26 33 32 17 1565 633

Aerowater 3 Percent

1 57 32 16 766 980

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 mg/l
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/l
3 percent

9 453 85 54 19 2856

10 4S8 131 31 25 2591 208 First sample 50 mg/l
3 percent

11 91 44 33 2687 261

12 93 53 35 2836 310
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Table III (cont'd)

~
COO INF COOT COOF SSEFF MLSS SVI Remarks

13 481 105 93 37 3680 226
14 39 31 10 3371 267 First sample 80 mg/l
15 187 44 90 3500 274
16 300 68 108 2153 246

17 340 62 393 1889 529
18 130 38 65 326 552

Aerowater 6 Percent

1 73 49 22 501 860

2 63 55 14 848
3 180 43 11 1166 450

4 47 27 12 1184 439
5 450 77 64 15 2063 339 First sample 10 mg/l

6 percent
6 55 37 31 1300 484

7 436 59 30 <10 2010 393
8 44 44 <10 1277 297 First sample 25 mg/l

6 percent
9 485 73 51 15 687

10 440 55 31 <10 1420 317 First sample 50 mg/l
6 percent

11 67 44 19 1055 351

12 73 53 19 1998 385
13 473 65 45 10 1823 521 First sample 80 mgjl

6 percent·
14 71 47 <10 2400 417
15 108 52 40 2434 403
16 72 56 19 1610 602
17 88 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 2730 231
22 49 28 <10 3684 166
23 424 57 50 <10 2776 180 First sample 120 mgj1
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Table III (cont'd)

~
COD1NF COOT COD F SSEFF MLSS SVI Remarks

24 45 48 14 3144 305
25 117 26 32 3365 285

26 96 65 27 2848 337

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

6 percent
29 48 28 2955 332

30 68 33 24 2112 459

31 146 38 82 1914 381

32 98 42 48 1988 342

33 43 49 13 1226 285

34 75 24 40 1600 150 First sample 210 mgtl
6 percent

35 66 33 98 1554 129

36 59 40 12 1498 207

37 48 37 10 1962 398

38 529 89 54 33 2462 223 First sample 250 mg/1
. 6 percent

39 546 72 57 17 3052 193
40 . 70 48 21 2877 247

41 127 101 1636 410

42 262 211

43 172 114 33 2380 315

44 105 80 76 2670 135

45 162 94 31 1675 567
46 367 134 147 938 597
47 277 169 64 755 464

48 230 153 47 728 1278

49 456 278 110 95 911 1021
50 182 112 61 1157 484

51 158 118

52 95 89 118 756 529

26
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For reactor 2 table III and figure 9 show that at the time the FC-200
concentration was increased to 50 mgtl, day la, the MLSS decreased drastically,
and the SVI increased roughly twofold. The use of alum to control this condi­
tion was only marginally successful. Effluent COD concentrations increased
to unacceptable values. Although the FC-200 concentration was increased to
80 mgtl, it was clear that the activated sludge reactor performance had been
upset at 50 mgtl of FC-200.

The performance of reactor 3, in which Aerowater 3 percent was used,
yielded higher effluent COOs than either the control or the other two reactors
up to the time (day 14) the concentration was increased to 80 mgtl. The total
eff1uent COD increased drastically then, primarily because of effluent sus­
pended solids. At day 16 the MLSS began to decrease rapidly, and the reactor
was shut down on day 18.

Reactor 4 (Aerowater 6 percent) performance was reasonably consistent
and acceptable (see table III and figure 11), although effluent COOs were
somewhat higher than that of the control, until the concentration reached
250 mgtl. Shortly after the Aerowater 6 percent concentration was increased
to 250 mg/l (day 38), the effluent COD, total and filtrate, increased-signifi­
cantly, the MLSS decreased, and the SVI increased appreciably at this time. It
thus appeared that the activated sludge process could not tolerate 250 mg/l
of Aerowater 6 percent.

b. Test 2

The results for test 2 are presented in table IV and figures 12 through
15. The primary purpose of test 2 (as stated in section III) was to determine
if, in fact, the limiting concentrations of FC-200 and Aerowater 3 percent were
valid. It is noted that during test 2, the performance 'of the reactors with
respect to settlability and acceptable MLSS concentrations, effluent CODs,
total and to some-extent filtrate, were sporadic for the control. There were
some mechanical difficulties encountered--the sludge recycle would stop durin9
the night because of the geometry of the sludge hopper causing a clear zone
with no sludge. This was corrected for the most part by keeping the volume of
slUdge in the bottom of the clarifier to a minimum.

The performance of reactor 2 (FC-200, table IV and figure 13) was
unsteady during the initial dosing of FC-200, days 4 through 13, but was
relatively satisfactory thereafter until day 37 when effluent quality began to
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Table IV (cont'd)

~
COO INF COOT COOF SSEFF MLSS SVI Remarks

31 26 21 29 3306 51

32 382 30 28 53 3034 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 1; ne
39 417 39 26 17 1968 61

40 35 31 25 2148 56

41 42 35 12 2105 57

42 62 32 23 2396 71

43 38 26 15 1819 71

44 361 31 36 <10 2491 80

45 37 33 21 1850 76

46 87 23 2021 89
47 168 42 27 1840 109
48 50 27 11 1680 101

49 47 35 23 1673 90
50 45 37 <10 2451 78
51 46 30 19 2271 88

52 404 90 30 34 2204 109

53 456 16 12 <10 2289 100
54 30 30 12 2607 P,1l

55 29 37 <10 2213 90

56 32 30 12 2015 84

57 34 48 <10 2254 80
58 64 70 <10 2216 81

59 445 57 56 <10 3121 61

60 44 58 10 3541 56

61 41 27 <10 3580 50

62 56 30 12 3733 54·
63 54 49 16 3997 50
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Table IV (cont'd)

Day COO 1NF COOT COOF SSEFF MLSS SVI Remarks

64 454 112 117 18 3820 47

65 65 37 22 3916 51

66 461 52 47 26 3795 50

67 11 3897 44

68 ·1· 14 44 36 14 4319 46

69 26 3042 49

Fe-200

1 34 32 13 1491 67

2 50 32 39 1770 51

3 51 33 19 1814 50

4 345 62 32 32 2083 67 First sample 10 mgj 1
FC-200

5 44 32 29 2351 51

6 444 52 ' 39 <10 2698 41

7 184 66 122 2038 54

8 153 47 27 2279 57

9 474 111 94 <10 2260 62 First sample 20 mgjl
Fe-200

10 339 68 46 24 2100 67

11 402 43 30 <10 1846 54

12 104 58 31 1861 f' Fi rst sa~lpl e 50 mgj1:.) ~

FC-200

'13 215 162 35 1700 65

14 375 53 43 20 2111 62

15 No data

16 79 46 55 2584 58

17 71 47 36 2146 65

18 84 26 44 1756 68

19 49 44 54 1560 64

20 480 54 50 92 1231 73 First samp12 80 mgjl
FC-200

21 56 45 22 1618 68

22 114 36 81 13-54 66
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Table IV (cont'd)

COD 1NF COOT COG . SSEFF MLSS SVI RemarksDay F

54 173 97 39 902 499

55 180 78 58 962 343

56 165 77 46 1257 684

57 86 34 60 2227 292

58 191 66 46 1433 188

59 671 176 109 70 1,'559 603

60 158 86 83 14/4 468

61 158 110 39 1149 305

Aerowater 3 Percent

1 84 55 37 1509 60

2 53 37 31 1431 49

3 33 27 10 1522 . 53

4 418 30 25 <10 1825 49 First sample 10 mg/l
3 percent

5 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 mg/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 7/1 First sample 50 mg/1
3 percent

13 394 261 152 65 1258 70

14 46 41 86 1615 124

15 No dat~

16 47 47 10 1575 70
17 54 43 12 1592 85
18 68 43 19 1761 85
19 44 44 23 1810 88
20 457 77 46 36 1522 72 First sample 80 mg/l
21 140 47 112 1662 90
22 37 36 57 1434 77
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Table IV (cont'd)

~
COO 1NF COOT COOF SSEFF MLSS SVI Remarks

23 46 29 32 1792 51

24 465 69 32 43 23"10 71

25 457 76 58 22 2540 71

25 60 40 33 3330 60 First sample 120 mg/1

27 47 42 <10 3166 58 3 percent

28 465 91 63 22 3720 48

29 78 56 23 2M? 60

30 38 33 39 3682 52

31 51 43 37 3232 56

32 515 41 35 3736 51 First sample 160 mg/l
3 percent

33 44 27 13 3441 55

34 37 37 <10 3779 53

35 36 37 13 3880 46

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 First sample 200 mg/l
3 percent

40 66 50 35 3974 58

41 71 56 22 3637 52

42 77 49 40 3940 5:1

43 47 36 13 4048 52

44 486 54 57 10 4519 51 First sample 260 mg/l
3 percent

45 54 66 15 3896 54

46 62 22 22 4374 50

47 101 56 31 4272 56

48 43 39 <10 4474 51

49 61 46 14 4556 55

50 63 55 <10 4949 51

51 62 45 <10 5418 42

52 562 63 63 <10 5230 52 First sample 320 mg/1
3 percent

53 .458 . 65 62 <10 6027 50
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Table IV (cont'd)

~
COD INF COOT CODF SSEFF MLSS SVI Remarks

54 58 67 18 5857 51

55 112 65 11 5830 45

56 106 73 13 4709 42

57 75 74 <10 5172 43

58 103 93 11 5152 37

59 634 152 105 23 2490 40 First samp1e* 400 mg/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 2977 34

64 530 110 98 21 3456 32

65 93 90 20 4061 30

66 722 102 69 35 4026 35 First sample 600 mg/l
3 percent

67 38 3664 27

68 659 304 77 100 2654 30

69 412 98 147

*Foaming causing bacteri a to wash out of reactor

Aerowater 6 Percent

1 3051 187

2 69 49 35 3565 79

3 48 19 15 3506 80

4 61 30 31 3451 72 First sample 75 mg/l
6 percent

5 46 51 1 1 4048 67I I

6 155 89 19 4227 62

7 510 69 50 13 4485 65 First sample 125 mg/l
6 percent.

8 41 31 15 4094 66
9 <10 3994 60

10 53 58 13 4636 58 First sample 200 mg/l
6 percent
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Table IV (cont'd)

~
COO INF CODT COOF SSEFF MLSS SVI Remarks

11 29 4590 61

12 61 58 <10 3190 72

13 39 40 17 2712 92
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AFWL-TR-73-279

degrade. This is several days after the reactor had been receiving 160 mg/l

of FC-200. On days 50 and 51 the overflow 11ne from the reactor to the clari­
fier plugged during the night. The reactor spilled over and washed out much
of the MLSS. From that point on the reactor was unable to recover, and the

effluent quality degraded seri~usly.

The effect of Aerowater 3 percent on the activated sludge process for

test 2 is shown in figure 14. Again, unsteady performance was observed during
the dosing of low concentrations of Aerowater 3 percent on days 4 through 14.
After day 14 performance evened out, with the exception of day 21 when the
effluent contained a high concentration of effluent suspended solids. This
appears to have been caused by the increase of the Aerowater 3 percent concen­
tration to 80 mg/l. At about day 35 the total and filtrate effluent COD began
to rise gradually, apparently in response to insreasing concentrations of
Aerowater 3 percent. On day 53 effluent quality degraded rapidly in response
to the increase of Aerowater 3 percent concentration to 320 mg/l. This
degradation in effluent quality would have occurred sooner except that the

MLSS was allowed to rise to over 5000 mg/l.

As stated earlier, reactor 4 was restarted on Aerowater 6 percent

primarily to obtain an effluent for the toxicitY,.experiments which were con­
ducted at 200 mg/l of AFFF. Even though the Aerowater 6 percent concentration
was increased relatively faster than for the uther AFFFs, effluent quality

(with the exception of day 6) was consistent and acceptable when m~asured

against th~ control.

c. Te~t 3

Recognizing that slug loads of AFFfs would oc~ur at domestic wastewater

treatment plants, an attempt was made to determine what impact would result
from sucl. ". :ldesirable occurrences. Unacclimated activated sludge reactors
were slug loaded with 200 mg/l of FC-200 and Aerowater 6 percent, then increased
in the case of Aerowater 6 percent to 400 mg/l. The results of these slug
loadings are listed in table V and figure 16 fer Fe-20D and i~ figurp..17 for
Aerowater 6 percent.

For FC-200 it was observed that 200 mg/l led to large volumes of foam
which encapsulated much of the MLSS, carrying them aut of the reactor. Effluent
COD increased dramatically on day 7 (FC-200 was added the e~ening of day 6)

and though the effluent COD decreased sharply on day 8, the upset for day 7
was clear.ly unacceptable.
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Table V

ACTIVATED SLUDGE ANALYSES, TEST 3, SLUG LOADING

~
COD rNF COOT CODF SSEFF r~LSS SVI Remarks

FC-200

1 112 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 36 3604 72

6 37 3526 65

7 556 420 96 274 2478 77 First sample 200 mg/1
Fe-200

8 110 110 257 Uncontrollable foaming

Aerowater 6 Percent

1 61 58 <10 3190 72 At 200 mg/l 6 percent
2 39 40 17 2712 92

3 535 31 31 <10 3481 126

4 64 55

5 646 175 71 Sl 3093 259 First sample 400 mg/1
6 percent

6 374 133 120 2755 334

7 435 135 121 3204 179
8 628 183 125 47 3779 233

9 209 134 59 3724 207

10 194 112 83 4093 230
11 217 104 69 3995 235
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AFWL-TR-73-279

The slug load of 200 mg/l of Aerowater 6 percent did not appear to
cause any drastic effects on the reactor performance, as shown in figure 17.
Therefore, on day 4 the concentrat'ion was doubled, after which the total and
filtratE effluent COD climbed rapidly, coupled with decreasing settlability.

Thus, it appeared that the unacclimated reactor could tolerate a slug load of
200 mg/l but not 400 mg/l.

d. Summary of Activated Sludge Results

Summarizing the results of the activated sludge experiments, average

percent COD removal and average effluent COD is plotted against influent AFFF
concentration in figures 18 through 20. These figures were constructed by
averaging the effluent COD values for a given influent AFFF and then connecting
the lines between each point, thus permit~ing determination of where the
effluent qUality begins to decrease. Percent COD removal was plotted for both
total and filtrate. Effluent COD was plotted for just the total. It must be

remembered that increasing the AFFF concentration causes an increase in the.
influent COD (10 mg/l FC-200 ~ 7 mg/l COD, 10 mg/l Aerowater 3 percent ~ 5 mg/l

COD, and 10 mg/l Aerowater 6 percent ~4.5 mg/l COD). Therefore, even if the
same percent COD removal was obtained after increasing the AFFF~oncentration,

the effluent COD would be higher. For this reason a more practical value is
placed on the effluent COD curves.

For FC-20D (figure 18) it is seen that percent COD removal tends to
increase and effluent COD tends to decrease up to 160 mg/l. The percent
removal increase can be explained by the increasing influent COO attributed to
the FC-200. The effluent COD decrease can be attributed to either unsteady
performance initially or possibly to an inhibiting effect of the FC-200 on the
unacclimated microorganisms. Effluent COD takes a sharp rise between 160 to
200 mg/l; however, at 260 mg/l the effluent COD decreases significantly. Sinc~

these are averaged values, these phenomena are not readily explainable.

In figure 19 it is seen that for Aerowat~r 3 percent the percent COD
removal, total and filtrate, shows a gradual decline above an influent concen­
tration of 160 mg/l. However, between 400 and 600 mg/l the percent filtrate
COD removal remained constant, while the percent total COD removal dropped
significantly. This is explained by the increased effluent suspended solids

concentrati on. For the effl uent COD there is a decrease i'nconcentr-'ati on· up to
120 mg/l hlf1 ilent Aerowater 3 percent whi ch, 1ike FC-20D, is attri buted to

48.
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AFWl-TR-73-279

either unsteady performance initially or an initial inhibiting effect. Above
250mg/l the effl~ent COD increases to clearly unacceptable levels.

Summarizing the effects of A~rowatet 6 percent on ~the activated sludge

process, it is seen from figure 20 that total effluent COD increased quite
gradually up to 210 mg/l, above which there was a sharp increase. This is
reflected by the percent COD removal curves. Effluent COOs of 50 to 70 mg/l
are as expected from a reasonably well-operated activated sludge plant.

4. TRICKLING FILTER EXPERIMENTS

a. Test 1

The data collected for test 1 are demonstrated in table VI and in
figures 21 and 22. As stated in section III, test 1 was conducted with no

recycle of the effluent. The hydraulic loading was 200 gpd/fe. Since both
columns were receiving AFFFs and there were no additional columns available, a
cont~ol was not run concurrently. However, just before the dosing of the AFFF,
both columns A and B were achieving 75 to 85 percent COD removal when receiving
synthetic wastewater. Samples were taken from the two sampling ports and the
final discharge. These data are presented in table VI. Only the final dis­
charge is presen~ed in the figures to avoid cluttering of the illustrations.

During Test 1, sloughing of the microorganisms was mod~rate and observed to be
at a relatively constant rate. It is seen from table VI that, in general, for'
both Fe-20D and Aerowater 6 percent, most of the COD removal occurred between

sample port 2 and the final discharge. This is contrary to expecterl perform­
ance for standard trickling filters receiving domestic wastewater. This,
coupled with the fact that the COD concentrations at sample ports 1 and 2 were
frequently the same value with sample port 2 sometimes having higher COD than
sample port 1, leads to the assumption that the samples taken at sample ports
1 and 2 were unrepresentative.

From fi gure 21 ·for FC-200 it is seen that the effl uent COOs from the
final discharge were quite erratic but do demonstrate an increasing effluent
concentration with time (increasing Fe-200 concentration). Essentially, the
same observation is made for Aerowater 6 percent in that the effluent CODs were
clearly unacceptable by the time 160 mg/l of AFFF was reached; the columns
were converted back to rece;'ving only synthetic·wastewateronday25.

52



AHJL-TR-73-279

Table VI

TRICKLING FILTER ANALYSES. TEST 1. NO RECYCLE
[COD (mg/l)]

Final
~ Influent Port 1 Port 2 discharge Remarks

Fe-200---
1 331 331 60
2 411 359 103 First sample 25 mg/l

Fe-200
3 350 293 98

4 208 216 74

5 296 264 86

6 373 271 240 95 First sample 50 mgtl
FC-200

., 279 256 85I ..
8 238 7.34 83

9 197 205 65

10 165 213 88

11 163 202 120
12 368 182 253 96 First sample 80 mgtl

FC-200
13 245 285 111
14 310 278 94

15 278 242 88

16 248 240 106 First sample 120 mgtl
FC-200

17 326 294 110
18 397 413 113
19 411 340 158
20 550 387 30B 133 First sample 160 mg/1

Fe-200
21 368 225 186

22 400 354 300

23 377 392 285
24 226 365 201
25 414 367 176
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Table VI (cont'd)
Final

~ Influent Port 1 Port 2 discharge Remarks

Aerowater 6 Percent

317 314 67 First sample 25 mg/l
6 percent

2 296 348 89

3 386 337 81

4 220 252 70
5 216 304 62
6 ~~-. 136 209 74 First sample 50 mg/lJOt

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 80 mg/l

6 percent
13 91 202 146

14 246 214 146
15 111 206 122
16 205 181 80 First sample 120 mg/l

6 percent
17 290 278 115

\

18 294 270 95
19 372 304 126
20 484 332 324 117 First sample 160 mg/l

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 consisted of dosing the columns with equal volumes of influent
and recycled effluent, i.e., one-to-one recycle. The recycle wa~ taken from
the collection basin to which the final discharge entered. As stated in
section III, the hydraulic loading was 2DD gpd/ft 2 (81S0 1/day/m2 ) of which
100 gpd/ft 2 was s,ynthetic wastewater plus AFFF and 100 gpd/ft 2 was recycled
effluent. After test 1, the columns were dosed with synthetic wastewater for
9 days, at which time it was considered acceptable to begin adding the FC-200
and Aerowater 6 percent. Table VIr and figures 23 and 24 represent the results
for test 2. It should be noted that the influent listed in table VII is that
which was in the feed tank and not that which entererl the top of the column.
The COD concentration entering the top of the column at any time would equal
the feed tank COO plus the recycled effluent COD divided by 2.

From figure 23 it is seen that for the trickling filter column receiving
FC-200, no change in performance at the final discharge is observed up to about
day 36, at which time th~ Fe-20D concentration was increased to 200 mg/l .
However, even up to this point the effluent COD was higher than expected and
quite variable. Above 200 mg/l FC-200 effluent quality started to degrade
beyond the already less than acceptable quality.

Recycling of effluent is a common practice in the operat~on of trickling
filters to improve effluent quality. For the trickling filter loaded with
FC-20D, recycling the effluent did not improve performance but rather had some
deleterious effects when the data is compared against test 1. However, there
is insufficient data to determine if this occurrence is caused by the FC-?OO.

Figure 24 illustrates the performance of the t~ickling filter receiving
Aerowater 6 percent during test 2. It can be seen that up to 300 mq/l of

Aerowater 6 percent, influent to the trickling filter, there was no observed.
degradation of effluent quality. When compared against the data of test 1
(figure 22), it is seen that recycle cf the effluent, which in turn lowers the
organic loading, permitted the achievement of higher AFFf loadings than without
recycle. while still yielding acceptable effluent quality.

c. Summary of Trickling Filter Results
Summarizing the results of the two trickling filter tests, influent

AFFF concentration is plotted against averaged percent COD removal and effluent
COD concentration for both no recycle and one-to-one recycle. This is plotted
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Table VII

TRICKLING FILTER ANALYSES, TEST 2, ONE-TO-ONE RECYCLE

[COD (mg/1)]

Final
~ Influent Port 1 Port 2 discharge Remarks

FC-200---
1 234 191 127

2 184 160 112

3 244 220 124

4 192 200 128

5 288 264 144

6 212 248 64

7 236 216 78
8 273 301 98
9 301 294 123

Aerowater 6 Percent

1 139 87
2 96 76 52

3 100 80 36
4 80 72 36
5 164 96 24
6 156 64

7 100 40 29

8 203 210 78
9 231 203 95

Fe-200

488 321 294 106 First sample 25 mg/l
FC-200

2 369 282 121

3 351 311 164

4 319 295 129
5 315 287 126
6 344 328 147
7 246 354 210
8 484 329 298 First sample 50,mg!1

Fe-200
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Table VII (cont'd)

Fina'l
~ Influent Port 1 Port 2 discharge Remarks

9 341 333 286

10 333 318 274

11 372 348 288
12 335 314 2'18

13 242 222 165

14 256 232 140

15 320 304 240 First sample 80 mg/l
FC-200

16 203 203 147

17 271 283 195

18 232 232 192

19 292 240 224

20 160 144 128

21 524 240 176 192 First sample 120 mg/l
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

28 176 152 116

29 584 304 280 192 First sample 160 mg/l
FC-200

30 384 360 256

31 352 304 224

32 372 368 272

33 264 220 196
34 240 232 20Q

35 200 152 112

36 559 269 281 225

37 618 285 277 245 First sample 200 mgtl
Fe-200

38 457 394 378
39 449 201 386
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Table VII (cont'd)

Final
~ Influent Port 1 Port 2 discharge Remarks

40 465 457 433

41 394 386 337

42 424 424 384

43 592 424 416 380

44 432 408 368

45 587 272 224 132 rirst sample 250 mgt1
Fe-200

46 280 216 224

47 237 213 213

48 153 145 153

49 269 277 237

50 640 308 286 271 First sample 300 mgtl
Fe-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 mg/1
6 percent

2 143 113
3 223 179 83
4 147 128 61
5 150 134 36

6 214 176 58

7 103 56 52
2 468 198 135 75 First sample 50 mg;l

6 percent

9 222 123 87
10 230 171 75

11 233 170 83

12 210 125 133

13 210 97 113

14 132 88 32
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Table VII (cont'd)

Final
~ Influent Port 1 Port 2 discharge Remarks

15 480 256 176 88 First sample 80 mg!1
6 percent

16 139 84 52

17 187 120 84

18 192 84 84

19 180 120 52

20 120 88 60

21 504 272 148 68 First sample 120 mg/l
6 percent

22 120 112 64

23 85 36

24 No data

25 80 61

26 244 160 104

27 200 104 52

28 156 72 56

29 528 200 128 96 First sample 160 mg!l
6 percent

30 192 144 104

31 88 80 64
32 136 56

33 96 64 32

34 208 120 40

35 136 88 64

36 474 132 48 40

37 545 165 68 28 First sample 200 mg/1
6 percent

38 236 142 79

39 465 134 118

40 442 94 79

41 187 122 57

42 240 176 72

43 560 240 160 96

44 244 160 96

45 540 104 136 72 First sample 250 mg/l
6 percent
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Table VII (cont'd)

Final
~ Infl uent Port 1 Port 2 di scharge Remarks

46 240 160 72

47 253 173 108

48 100 64 48

49 153 76 48

50 584 211 218 143 First sample 300 mg/1
6 percent

51 303 198 131

52 240 136 96

53 225 169 80

54 273 213
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."

in figure 25 for FC-200 and in figure 26 for Aerowater 6 percent. It must be
remembered that increasing AFFF concentrations results in increasing influent
COD concentrations and thus affects percent COO removal. For FC-200, as was
stated earlier, performance was better with no recycle than with the one-to-one

recycle. Percent COD removals and effluent COD concentrations were less than
acceptable for all concentrations of FC-200 in both tests. The FC-200 concen­
tration above which the effluent quality starts to degrade beyond a baseline
effluent quality (baseline not necessarily taken to be acceptable) appears to
be 120 mg!l for both no recycle and one-to-one recycle.

The impact of Aerowater 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 significant increase of effluent COD. On the other hand,

for one-to-one recycle, the effluent COD remained nearly constant and of
acceptable quality up to 250 mg/l of Aerowater 6 percent.

Why, in the case of FC-200, effluent quality would suffer from recycling
of a portion of the effluent and i~prove in the case'of Aerowater 6 percent is
not readily explainable. This is a significant observation, but unfortunately,
ther are insufficient data to say that this occurrence is a result of the AFFF.
It would be difficult to reason that recycling of the effluent containing
treated or partially tr0ated FC-200 would cause a decrease in effluent quality
from that of no recycle. This is especially true since the overall mass of
FC-200 entering the trickling filter from the feed solution during one-to-one
recycle is one half of that during no recycle.

5. TOXICITY EXPERIMENTS

The results of the toxicity experiments are given in table VIII. From this
table it is seen that for Aerowater 3 percent and Aerowater 6 percent all the

rainbow trout were able to survive for 96 hours in the ac\.ivated sludge effluent.
However, for the FC-200 on the first test, all four trout had died within 24
hours. When the test was repeated, two trout died within 48 hours and the
remaining two in the next 24 hOllrs. Further, all the trout exposed to the

influents and the distilled water containing untreated AFFFs died within 96
hours. That the trout would die in distilled water is not immediately explain­
able. Potential explanation for this occurrence is the sensitivity of the
trout to the change in mineral content of water to which they were acclimated.
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Table VIII

TOXICITY OF AFFF TO RAINBQ}) TROUT*

Time
Condition 24 hr 48 hr 72 hr 96 hr

Effluent control 0 0 a a
Effluent Aerowater 3 percent a 0 a 0

Effluent Aerowater 6 percent 0 0 0 a
Ufl uent FC-200 4

Effluent FC-200 (repeat) 2 4

Influent control (synthetic
wastewater) 2 2 . 4

Influent Aerowater 3 percent .4

Influent Aerowater 6 percent 4

Influent Fe-200 4

Distilled water 2 2 4

Distilled ·water and Aerowater
3 percent 2 4

Distilled water and Aerowater
6 percent 2 4

Distilled water and Fe-200 2 2 4

*Starting with four trout per tank, number given is the cumulative number dead.
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The data show that there is definite detoxification occurring by biological

treatment for Aerowater 3 percent and Aerowater 6 percent. For FC-2DO biolog­
ical treatment does not appear to offer significant detoxification. However~

one must be cautioned not to accept this as conclusive data since it represents
only one test at one AFFF concentration. Further, the concentration of AFFF
used is higher than that recommended (see Conclusions~ section VI) for discharge

into a sanitary sewer.

6. ADSORPTION EXPERIMENTS

The 2000-mg/l solutions of FC-200 and Aerowater 6 percent yielded COOs as
indicated below (the average of triplicate analysis):

FC-20D
FC-20D after

JP-4

Aerowater
6 percent

Aerowater
6 percent
after JP-4

150D mg/l

1433 mg/l

944 mg/l

992 mg/l

JP-4 added to distilled water (20 ml in 2 liters), then separated, yielded a

COO of approximately 100 mg/l in the aqueous phase. This indicates that some
of the compounds in JP-4 are at least slightly soluble in water. Coupling this

fact with the COD data for the four solutions reveals that there was a decrease
in COD of the FC-2DO solution that was contacted with JP-4, although approxi­
mately 100 mg/l of COD was added from the JP-4. This indicates that a signifi­
cant fraction of FC-20D is extracted into the JP-4 phase. This fraction is
estimated to be approximately

1500 + 100 - .1433
1500 + 100

10 percent

Conversely for Aerowater 6 percent there is a 48-mg/l increase in COO after
contact with JP-4. This indicates that a much smaller fraction of Aerowater
6 percent is taken up in the JP-4 phase.

The
through
tration

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

30. The notation used is X = wt of COD adsorbed = initial COD corrcen­
C - final COD concentration CF x volume, M= wt of activated carbono .
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used, and CF = final COD concentration = COD remaining in solution. X/M then

becomes the carbon loading, also taken to be a good approximation of the

adsorptive capacity.

Comparing figures 27 and 28, it is seen that the carbon loading is slightly

lower for the Fe-200 solution that was contacte~ with JP-4. X/M at CF of 1500
mg/l = 0.6 for the Fe-200 solution and equals 0.5 for the FC-200 solution

contacted with JP-4. This difference is attributed to the presence of different

organic compounds in the solution after JP-4 contact.

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

adsorption data did not obey the Freundlich isotherm properties. A straight

line is constructed through the data points in figures 29 and 30 using a least­

squares fit. However, no validity is placed on this line. The data points do

indicate the presence of a nonadsorbable component in the Ael'o'tiater 6 percent.
comprising approximately 300 mg/l of COD. This is further substantiated in the

continuous-flow experiments.

Assuming that some JP-4/water separator would be provided in a fire-training

facility and therefore no JP-4 would contact the activated carbon, one can
conclude from the batch data (at least for FC-200) that a somewhat reduced

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

AFFF and the JP-4.

The results of the continuous-flow experiments are given in figure 31 for

FC-200 and in figure 32 for Aerowater 6 percent. Only the pure solutions were

used for the continuous-flow experiments. The bre~kthrough curves in figure 31

for the t\'JQ sampling ports and the final discharge are very good with the slope

of the~preakthrough portion being relatively moderate. With respect to contact

time until breakthrough. essentially all the FC-200 has been adsorbed by the
time the water reaches the first sampling port (5 minutes contact time).

Being conservative and saying that the activated carbon is completely

exhausted at the bottom of the breakthrough curve (approximately 360 minutes
for port 1 and 1200 minutes for port 2). the adsorptive capacity for FC-20n is
calculated to be 0.34 gm COD removed/gm of activated carbon. In terms of the

FC-200. this is equivalent to 0.49 gm FC-200 removed/gm of activated carbon; or
in terms of liquid volume, 0.48 ml Fe-200 removed/gm of ac~ivated carbon (0.058
ga1/lb). Expressed another way. for every gallon of Fe-200 concentrate used.

approximately 17 pounds of activated carbon would be required.
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Recall that this is based on a conservative '2stimate of the adsorbed capac­
ity and is for a 2000-mg/l solution of FC-200. If a more concentrated solut:on

is processed. generally one can e)~pect a higher adsorptive capacity since
higher organic concentrations usuai~y result in the activated carbon being
relatively more saturated at e~hausti0n.

For Aerowater 6 percent it is se~n in figure 32 that the breakthrough
curves are not typical. and theref0~e it is not possible to calculate a realis­
tic adsorptive capacity. This is due to a nonadsorbable fraction which accounts
for 200 to 300 mg/l of COD. Therefore, virgin activated carbon is capable only
of removing approximately 75 percent of the COD. Amuch longer contact time
would further reduce the COD in the discharge, but not significantly. as
evidenced by the difference in COD between the sampling ports at any given
time. It is assumed that the nonadsorbable fraction is the foam stabilizer

since this is likely to be a glycol compound which would be relatively polar
and possibly of low molecular weight. Both properties would result in low
affinity for being adsorbed or activated carbon. If this assumption is correct.
the discharge of the water after activated carbon adsorption would likely be
acceptable since glycol-type compounds are generally of lO~1 toxicity to aquatic

life. On the other hand. the discharge at 200 to 300 mg/l of COD representing
glycol compounds would pose a high oxygen demand since the glycol compounds

are largely biodegradable.
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SECTION V

DISCUSSION

1. UIODEGRADATION AND TOXICITY EXPERIMEtITS

The results of the biodegradability experiments yielded much information as

summarized belo~l. First, it appears that it ~Iould be very difficult to accli­
mate a biological culture to degrade AFFFs when they represented the only

source of organic matter. Second, the three AFFFs tested yielded for practical
purposes the same degree of treatability when blended with a synthetic waste­
water. Although the data tended to demonstrate that the biological waste
treatment processes could assimilate higher concentrations of Aerowater 3 a~d

6 percent than FC-2DO, one would have to retest to verify this conclusively.
Third, while AFFF dosages as high as 250 mg/l were capable of being treated,
this was under laboratory conditions with a constant composition of influent
wastewater; therefore a conservative n1aximum concentration of 80 to 100 mg/l
is recommended. Since slug loading to unacclimated bacteria caused excessive
foaming and impaired reactor performance, it appears obvious that bleeding in

the AFFF at a controlled rate (not to exceed 50 mg/l initially and buildinq up
to 100 mg/l maximum) is a necessity. This would obviou5ly require holding
capabilities and some means of controlling the release to the sanitary sewer.
Knowing the wastewater flow at the sewage treatment plant, one can easily
calculate a release rate once the quantity of AFFF used is known.

Concerning th~ detoxification provided by biological waste treatment, the

rudimentary experiments performed tend to indicate detoxification of Aerowater
3 percent and 6 percent, but not for FC-20D. However, these experiments were
too brief to draw a definite conclusion. It should be remembered that these
toxicity experiments were conducted at influent AFFF concentrations of 200 mg/l;
whereas it is recommended that the AFFF concentration rot exceed 100 mg/l in
the influent wastewater.

Since a good analytical method was not developed to follow the biodegrada­
tion, if any, of the AFFFs, one can only surmise what is happening to the major
components, the fluorocarbon surfactant, and the foam stabilizer. The foam
stabilizer, which is assumed to be some type of polyethylene glycol or glycol
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ether, should be fairly biodegradable and should not pose any problems to either
the treatment p1ant or the receiving stream. The fluorocarbon surfactant, on
the other hand, is at best only partially biodegradable. The microorganisms
can probably break down the fluorocarbon surfactant into smaller chain-length
compounds and potentially oxidize the surfactant portion completely. The
fraction of compound containing the fluorocarbon bonds will almost undoubtedly
not oxidize. This was substantiated in the beginning of the activated sludge
experiments where it was observed that no increase in free fluoride concentra­
tion was occurring in the treated effluent. It is possible that if the micro­
organisms were able to break the original compound to a compound containing
only F, C, and H that the solubility in water would be significantly reduced
so that it would tend to separate or be readily adsorbed onto a solid surface
such as the microorgan:~sms. How these assumptions and hypotheses fit in ~Jith

detoxification of the AFFFs cannot be answered since the exact composition of
each AFFF is not known.

2. ACTIVATED CARBON EXPERIMENTS

The results of the activated carbon adsorption experiments demonstrate a
definite affinity of the AFFFs (rarticularly FC-200) for being adsorbed on
activated carbon. Essentially, complete removal of the FC-200, as measured by
COD, was achieved within 5 minutes of contact time. For the Aerowater 6 percent
only partial removal (70 to 75 percent) of the COD was achieved. Increasing
the contact time beyond ZO minutes wou1d not yield appreciable increase in the
COD removal. Vlhy FC-ZOO was completely removed by activated carbon and the
Aerowater 6 percent only partially removed is easily explained by the fact that
they are different formulations and, although likely to be similar in co~posi­

tion, the differences in the compounds used readily account for adsorption of
Fe-200 and partial adsorption of Aerowater 6 percent.

The use of activated carbon for treating AFFFs would be preferred for the
small-pro ..... iciency fire-training facilities where it is not feasible to tie into
a sanitary sewer. Assuming a smoke-abatement system ",auld be in use, all that
would be required is a small holding facility to allow the JP-4 carryover to
separate and a pump to lift the water to the top of an activated carbon column.
The column can be constructed of any convenient plastic pipe. Plastic. PVC,
polyethylene. etc., is necessary because granular activated carbon is very
corrosive. It is envisioned that the column would be about 15 inches in
diameter and about 10 feet 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
atrnos~here for easy filling and withdrawal of the activated carbon. 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 few hundred pounds of
activated carbon per month. the exhausted activated carbon should be thrown
away. accumulated in Remarketing and Distribution for potential resale, or
mixed with coal (assuming coal is used on base for heating). By keeping a log
on the number of gallons of FC-200' used, one can calculate the frequency of
replacing the activated carbon by using the adsorptive capacity which conserva­
tively, for FC-200, is 1 gallon FC-20D adsorbed per 17 pounds of activated
carbon.
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SECTION VI

CONCLUSIONS AND RECOMMENDATIONS

1. Biodegradation of AFFFs when they represent the only source of organic

matter is not practical."

2. Discharge of AFFFs into sanitary sewers where physically practical should
be done, but at a controlled rate so as net to exceed 100 mg/l of AFFF influent
to the biological treatment ulant. It does not appear that either activated
sludge or tricking filter processes offer an advance over the other. The
discharge rate should be set initially so as not to exceed, say, 50 mg/l of
AFFF influent to the biological treatment plant to permit time for acclimation
of the microorganisms. Slug loading should definitely be avoided. If practical,
it is recommended that the AFFF be continuously discharged, which would result
in the lowest concentration in the domestic wastewater.

3. From the aspect of biological treatability one cannot conclude decisively
that any of the three AFFFs tested is more amenable to biological treatment
than the others. Rather it is concluded that all three can be satisfuctorily
discharged into a sanitary sewer when the AFFF con~entration does not exceed

100 mg/l (see conclusion 4).

4. Detoxification (lack of acute toxicity) of the AFFFs by biological treat­
ment at 200 mgjl of AFFF appears to be achieved for the ~erowater products but
not for FC-200. However, because of the rudimentary techniques employed, this
cannot be taken as a firm conclusion. Long-term and precise bioassay tests
should be conducted on each AFFF.

5. For small fire-training facilities using water spray-injection smoke­

abatement systems where it is impractical to tie into a sanitary sewer, acti­
vated carbon adsorption should be elnp10yed before discharqing the water con­
taining AFFF.

81



AFWL-TR-73-279

REFERENCES

1. Military Specification, MIL-F-24385, Amendment 5, 17 February 1972.

2. Dr. Carhardt, Naval Rpsearch Laboratory, Washington, DC, personal
communication.

3. Lefebre, E. E., Biodegradability and Toxicity of Light Water, EHL(K)-7l-36,
USAF Environmental Health Laboratory Report, November' 1971.

4. Representatives of 3M Company, St Paul, MN, personal communication.

5. Standard Methods for the Examination of Water and Wastewater, 13th Ed.,
1971.

82


