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ABSTRACT
Ammonium perfluorooctanoate–also called APFO, PFOA, or C8–is a surfactant, a potential
carcinogen, and a known perixosome proliferator, associated with the production of Teflon®. In 2006, three
facilities in the Mid-Ohio Valley installed granular activated carbon (GAC) filters to remove APFO. This
research monitored APFO in drinking water before and after GAC filtration, developed a method to remove
100% of APFO, and increased the APFO recovery rate of diffuse double layer electrosorption. APFO
analysis also detected and quantified microlayer formation in the Ohio River, in a 30,000-gallon holding
tank, in a 1200-gallon cistern, and in laboratory containers. The microlayers contained an average of 1.5
times more APFO than the bulk solution (range 1.44 -1.80). Quantification of all contaminated water samples
utilized digitally captured foam height testing, which was 92% accurate with a detection level of 0.25 ppb
and a quantification level of 0.50 ppb. Static APFO removal and recovery utilized diffuse double layer
electrosorption (Pat. Pend. US60/751,466), which was 6.33% efficient. Localized static electrosorption
(LSE) increased efficiency to 22% while intermittent float (LSE) was 34% efficient at cleaning APFOcontaminated water (1.89 liters/12 hours). Slow-flow electrosorption (SFE) was a continuous-flow process
removing 36% APFO at 250 ml/hr (Pat. Pend. US60/843,585). Using a flow-through tabletop removal
process employing microlayer enhanced electrosorption, augmented by granular activated carbon generated a
process 100% efficient at removing APFO at 250 ml/hr (Pat. Pend. US11/636,951).
KEYWORDS
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1. INTRODUCTION
Ammonium perfluorooctanoate, also called APFO, PFOA, or C8, is a surfactant associated with the
production of Teflon®. APFO possesses extremely high carbon-fluorine bond strength, and is therefore very
stable (DOH, 2005). In addition, APFO is biologically persistent with a human half-life of 4.5 years (Landis,
2006). It has been used in thousands of applications over the past 50 years. Some of these applications
include its use in fire-fighting foams and as an inert ingredient in pesticides. APFO may also be formed from
the microbial degradation of grease-resistant coatings applied to items such as pizza boxes (Fluoridealert,
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2005). This microbial degradation is suspected as the reason higher levels of APFO have been recorded in
wastewater effluents than influents (Oliaei, 2006).
One of the chemicals known to breakdown into APFO is Zonyl® (Gruenberg, 2005). Zonyl® is used
widely in the paper industry in items such as linerboard, folding cartons, bags, fast food wrappers, trays, and
pet food liners. Zonyl® is also the chemical used in Stainmaster® carpets and fabrics (Cabel, 2005). All of
these products have the potential to break down into APFO and cause problems at wastewater treatment
facilities.
Once perfluorochemicals (PFCs) have been microbially degraded to APFO, APFO does not
hydrolyze, photolyze, or biodegrade further under normal environmental conditions (EPA, 2002). APFO is
biologically accumulative with the highest concentrations occurring in individuals whose drinking water has
been contaminated (Farkas, 2005). The presence of APFO in drinking water has been reported in six states,
WV, OH, AL, MN, WI, and NC, with contamination leaching into neighboring states in West Virginia and
Minnesota (DOH, 2005). The highest degree of contamination has been reported in the Mid-Ohio Valley
where drinking water contains parts per billion (ppb) of APFO (Wallace, 2005).
In addition to water contamination, APFO is now present in 100% of blood samples from humans
from around the globe (Kannan, 2004). Blood samples from animals as far away as the arctic with apparently
no direct source of APFO are also contaminated, illustrating the pervasive nature of this manmade chemical
(Ellis, 2004). As recently as January 2002, there was only one laboratory in the United States capable of
analyzing APFO and this lab was under contract and would not accept samples for analysis without DuPont's
approval (Little Hocking Water Association, 2003). The lack of access to laboratories capable of analyzing
APFO made it impossible to determine the degree of contamination in local wells, cisterns, and water
treatment facilities.
Current technology for removing APFO from contaminated water is being applied in Ohio at three
water treatment facilities: Tuppers Plains, Pomeroy, and Belpre. These facilities are using granular activated
carbon filters. The size of the units varies depending on the number of gallons filtered per day, but the filters
range in size from four 20,000-pound filters at Tuppers Plains to two 10,000-pound filters in Pomeroy. These
filters were initially designed to have a five year replacement life, but filters at the Tuppers Plains facility
saturated and allowed APFO to pass through in less than four months (Chadwell, 2006). The 3M facility in
Minnesota reported an average of 46% removal during a 16-month investigation (Oliaei, 2006). Therefore,
the removal efficiency of APFO by GAC is questionable. This project was designed to explore ways of
quantifying, removing, and recovering APFO using foam production, microlayer formation, and response to
electrosorption.
2. MATERIALS AND METHODS
To quantify the amount of APFO in solution in Ohio River water samples, the surfactant foam height
test was employed. The foam height test is derived from the Gibbs Adsorption equation, which relates the
rate at which surface tension changes with concentration. Using this information and preparing serial
dilutions of APFO (Indofine Chemical Company, APFO 98%) illustrated the fact that foam height was
proportional to concentration and slightly pH dependant. Samples with a concentration of 0.50 ppb APFO
and higher generated measurable foam. Vials were labeled, shaken to develop foam, and photographed a
minimum of three times. Ten data points were extracted from each picture using Image J microscopeimaging software (minimum 30 data points), and the results were statistically analyzed by a heterozygastic t
test and graphical regression analysis. Foam heights of controls bracketing environmentally relevant
concentrations were graphed and the slope of the line correlating foam height to concentration was
determined by regression analysis. Graphing the foam heights produced by shaking the spiked control
samples and running a regression analysis on the data confirmed that foam height was directly proportional
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to concentration with an R2 = 0.9844. The equation relating foam height to concentration was y = 0.724x +
0.376, and this equation was used to determine concentrations of unknown environmental samples.
Since the foam height test potentially identifies any surfactant, samples of anionic, nonionic, and
cationic surfactants including the alkylphenol ethoxylate Triton® used for packing Teflon® dispersion, were
prepared and concentrated by high heat evaporative concentration. This was done to determine surfactant
stability during sample concentration procedure. Only fluorosurfactants were found to be heat-stable for the
period of time required for evaporating a 500-ml sample.
APFO is reported to form a microlayer in quiet waters (Oliaei, 2006). To determine if microlayer
formation was occurring, water samples were physically collected from the top and bottom of each water
source and tested for APFO concentration. Microlayer samples were "skimmed" from the top to collect the
surface layer while benthic samples were collected by holding a capped bottle underwater - then uncapping,
filling, and recapping it, while holding the bottle on the bottom of the tank or river. The large 30,000-gallon
holding tank at Tuppers Plains simply required a sample dipped from the top for obtaining the microlayer
while benthic samples were drained from the bottom of the tank. Environmental sampling of water collected
from both the top and bottom of the water column in the Ohio River documented the presence of a
microlayer. Once microlayer formation was confirmed, the concentration of APFO in micro and benthic
layer samples were measured in drinking water cisterns and large and small water holding tanks and sample
containers in the laboratory.
The APFO removal experiments were carried out with water samples from two Ohio water districts.
Both districts installed granular activated carbon (GAC) filtration units for the removal of APFO. Water
samples from these two districts were collected in plastic jugs and analyzed using the foam height test.
Plastic jugs were chosen because APFO is reported to adsorb to glass (Belisle, 1980). In addition, samples
after GAC filters were installed were analyzed to document filter efficiency and identify filter saturation.
Foam height testing was used to quantify the APFO concentration for all the experiments and the results were
in good agreement with published reports, which indicates the inability of GAC filters to remove 100% of
APFO (Oliaei, 2006).
Water samples were collected and analyzed from a total of six water districts. Five of these districts
have reported their water is contaminated with APFO > 0.5 ppb. The 6th district is 25 miles upriver from the
source of the contamination. It was used as the control. Samples were collected from June 4, 2006 through
December 2006. Each jug was thoroughly shaken, 500 ml of the water removed and placed in a stainless
steel pan, which was placed over a burner on a gas stove, and the liquid reduced by a factor of 1000 (500 ml
reduced to 0.5 ml). The 0.5 ml concentrated sample was carefully removed from the pan, cooled, the
minerals allowed to settle and the liquid fraction transferred into a 5-cm X 1.5-cm flat-bottomed vial.
Samples were shaken vigorously to produce foam and photographed using a Kodak DX 3600 digital camera
and analyzed using Image J microscope imaging software.
For removal and recovery, electrosorption was used, which utilized stainless steel electrodes, plastic
beakers, 6-Volt Fuji Brand Heavy Duty Batteries, and coated electrode wires with dual alligator clips.
Electrosorption was tested and confirmed for both static and flow through processes. Variables tested
included: flow rate, electrode spacing, and units with and without granular activated carbon. Testing was run
on spiked samples of 25 ppm, 10 ppm, 500 ppb, 100 ppb, and 50 ppb and environmental samples ranging
from 1 to 11 ppb.
3. RESULTS AND DISCUSSION
It is possible to quantify APFO foams in concentrations of 0.50 parts per billion and greater. Pure
liquids do not foam (Guitiam, 1996). However, in all solutions, foam heights are proportional to
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concentration, and concentrations of unknowns may be calculated using the equation derived for the slope of
the line obtained by measuring the foam height of controls.
A fundamental characteristic common to all foams is the very large interfacial area, which is unstable
in the thermodynamic sense. Some foam can exist for a long period of time in the absence of external motion,
while others collapse very rapidly when the shaking producing the foam ceases. APFO foams are very shortlived, but photographic capture compensates for the short foam life and height analysis using Image J
microscope imaging software, allows statistical analysis of the resulting data.
APFO forms a microlayer in all still water. Microlayer formation was observed in both
environmentally collected, laboratory prepared, and drinking water samples. The formation of a microlayer
physically concentrated APFO, which improved the process of electrosorption while also illustrating a
mechanical method of reducing APFO in water. Microlayers contained an average of 1.5 times more APFO
than the bulk solution with a range of 1.4 -1.8 (FIGURE 1).
FIGURE 1 - Documenting APFO Microlayer Formation

Microlayer formation showed a higher concentration of APFO was present at the top than at the
bottom of the water column in the Ohio River, in laboratory containers, and in large and small water holding
tanks. The only requirement for microlayer formation was placid water. For example, the Ohio River in
Ravenswood, WV, generated a microlayer, while the water immediately below the DuPont industrial outfalls
and below the Belleville Dam did not. The efficacy of adding a microlayer removal step is shown in Chart 1
and was illustrated on August 28, 2006, when samples were taken from the 30,000-gallon Tuppers Plains
water holding tank during maintenance. During maintenance, no air is pumped into the tank, and water
needed by customers flows from pipes out of the bottom of the tank. This results in microlayer formation in
the still water at the top of the tank. On August 28, 2006, airflow into the 30,000 gallon holding tank was
suspended and water samples were drawn before and after GAC filtration, and from lead, lag, holding tank,
and tap.
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CHART 1 - APFO Concentrations in Tuppers Plains Water on Aug. 28, 2006
Sample Location for Tuppers Plains Water Testing

ppb APFO

Water Before GAC Filtration

4.73

Water After GAC Filtration - LEAD TANK

4.08

Water After GAC Filtration - LAG TANK

4.66

30,000 Gallon Tank - water from tank top, but below microlayer

3.13

Tuppers Plains Water - Coolville Tap

0.99

The results identified GAC filter saturation and confirmed GAC filters were allowing APFO passage
into the 30,000 gallon holding tank. Professional laboratory results confirmed this saturation (Chadwell,
2006). Without airflow, water in the holding tank became still and microlayer formation occurred, removing
much of the APFO from finished water. Customers drawing water at this time received less than 1 ppb APFO
until airflow was resumed and is the lowest amount recorded in two years of research.
While average concentrations of APFO found in the Ohio River have been reported at approximately
1-ppb, no information on the location or method of sample collection is available. Foam height testing can
confirm these low numbers only when the following conditions are met:
1) Samples are taken in glass containers (glass adsorbs APFO lowering final concentration).
2) Samples are taken from below the microlayer in the river (again lowering final concentration).
3) Samples are allowed to settle, forming a container microlayer prior to testing.
4) Samples for analysis are removed from below the new microlayer formed in the sample jar.
Although no information is available on the location and collection procedures for APFO in the Ohio
River, it is known that glass jars are used for professional sample collection at the Tuppers Plains water
treatment facility (Chadwell, 2006). The use of glass jars may help provide an explanation for the extremely
low levels of APFO reported in Ohio River water samples.
Published reports of APFO levels in the distribution networks of local water districts vary from >0.5
ppb in Belpre, OH, to 2.2 ppb in the Lubeck, WV Water District, to over 7 ppb in Little Hocking, OH with
seasonal and annual variations (Wallace, 2005). In addition, wellhead reports in the Little Hocking area have
been recorded as high as 18.60 ppb with test wells at 38 ppb and ground water borings at 50 ppb (Little
Hocking, 2005). However, according to a DuPont press release, DuPont achieved a 94% global reduction of
APFO emissions in 2005 (Stalnecker, 2005). Foam height testing of local water systems is beginning to
confirm the emission reduction claimed by DuPont (CHART 2). There was a 46% decrease in the average
APFO levels in the Mid-Ohio Valley between 2005 and 2006. Water departments closest to DuPont and
below show the greatest reduction (FIGURE 2).
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CHART 2 - APFO Concentration Reduction in Tap Water 2005-2006
APFO
Concentration

2005

2006

% Reduction

Belpre

2.00 ppb

1.90 ppb

5.0 %

Lubeck

3.20 ppb

0.83 ppb

74.1 %

Little Hocking

3.30 ppb

1.24 ppb

62.4 %

Tuppers Plains

1.90 ppb

1.09 ppb

42.6 %

Overall average % reduction

46%

FIGURE 2 - APFO Reductions in Water Departments Relative to DuPont

Belpre 5%
Marietta 0%

Little Hocking 62%
Tuppers Plains 42.6%
Lubeck
74 %

DuPont Washington Works

Pomeroy NA

Analysis of APFO-contaminated water from various districts showed a correlation between rainfall
and APFO concentrations with higher concentrations of APFO seen during droughts. Overall water analysis
for the 2005 and 2006 years show declines in APFO levels in previously sampled locations and a variation in
levels between samples collected directly from water departments and those collected from household taps.
Statistically significant differences between APFO levels from home taps and water department tanks in
Tuppers Plains and Pomeroy, OH were traced to previously unreported pipe contamination by comparing
water samples from the Tuppers Plains water department tank to samples from locations 3 - 20 miles from
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the water treatment facility. Locations where concrete pipes delivered water contained higher APFO levels
than sites served by plastic or ductile iron piping, which led to the conclusion that the concrete pipes were the
likely source of the additional APFO. This is most likely due to the fact that concrete, like glass, contains
large concentrations of silica, and glass has been reported as capable of adsorbing APFO (Belisle, 1980).
Comparing APFO levels in 2005 to 2006 was difficult, since the concentrations of APFO published prior to
2005 for Mid-Ohio Valley water treatment facilities have been acknowledged by a DuPont lawyer to be as
much as 75% under actual values due to sampling errors (Reilly, 2002). However, in 2006, professional
laboratory testing generated data accepted as accurate by the EPA and local water treatment professionals. At
that time, foam height testing was shown to be 92% accurate compared to samples processed in a
professional laboratory (CHART 3).
CHART 3 - APFO Concentrations in Mid-Ohio Valley Drinking Water 2005/2006
Sample Location

Published Reports
For Distribution
Networks

Foam Height
Analysis
Oct. 2005

Foam Height
Analysis
Aug. 2006

Belpre Tap

NQ - 0.5 ppb

2.00 ppb

1.90 - 2.40 ppb

Lubeck Tap

0.7- 2.2 ppb

3.20 ppb

0.83 ppb

Lubeck Water Dept

0.7- 2.2 ppb

NA

0.67 ppb

Little Hocking

3.57 - 7.20 ppb

3.30 ppb

1.19 ppb

Tuppers Plains Tap

ND - 0.73

1.90 ppb

1.09 - 3.82 ppb

Tuppers Plains Water Dept

ND - 0.73

NA

1.09 - 2.57 ppb

Pomeroy Tap

ND - 0.705 ppb

NA

3.33 ppb

Pomeroy Water Dept

ND - 0.705 ppb

NA

1.75 ppb

Marietta Tap

Control

0 ppb

0 ppb

For the removal and recovery of APFO by electrosorption, there are three factors that lead to the
concentration of APFO at the electrodes. The first is the obvious attraction of the electrode to its oppositely
charged ion (the PFO anion is attracted to the positive electrode, while NH4 cation is attracted to the negative
electrode). An electrical double layer forms at each electrode attracting the counter ions. Thus NH4 cation
forms the secondary layer at the positive electrode and the PFO anion forms the secondary layer at the
negative electrode. Second, APFO is a surfactant and is drawn to any interface, in this case, the boundary
between the electrode and the solution. Third, APFO has an extremely hydrophobic fluorocarbon tail, so that
if the first two factors create a local concentration high enough, micellular formation could further
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concentrate the APFO at the surface of the electrode. All static test samples documented the formation of a
diffuse electrical double layer during electrosorption resulting in APFO being removed and recovered from
solution. The unique nature and effectiveness of this technique resulted in a patent pending from the US
Patent and Trademark Office on the use of diffuse double layer electrosorption for the removal and recovery
of APFO (US60/751,466) in static tanks. The efficiency of flow-through designs for APFO removal was
dependent upon flow rate. Removal of APFO using the tabletop flow-through process utilizing
electrosorption enhanced by granular activated carbon resulted in one provisional and one utility patent
application (patents pending US60/843,585 & US11/636,951). Both static and flow through units worked
well in the laboratory with a potential for scaling up to meet real world conditions.
The initial rate of recovery of APFO from static test tanks using a basic electrosorption unit was low.
Initial rates were 3.51% due to electrosorption at the positive electrode and 2.82% due to the electrical double
layer attraction to the negative electrode. Modifying the initial open electrosorption design to a localized
electrosorption unit increased the rate of removal. Static localized electrosorption removed 22.39% of the
APFO from 1.89 liters of contaminated water over a 12-hour period. By floating the localized unit and
removing water intermittently through the bottom of the unit, the removal of APFO increased to 34.03%.
Although modifications to the static devices showed increasing rates of removal, the design objective was to
remove 100% of the APFO, so a new design was required. The new flow-through units were designed to
purify water in motion rather than still water. Since electrosorption depends primarily upon the attraction of
the PFO anion to the positive electrode and the development of a diffuse electrical double layer, the rate of
flow was critical. By packing both ends of a 60-ml plastic syringe with stainless steel mesh electrodes
separated by one inch of airspace, and using needles of various sizes, the flow was varied to determine the
highest rate that allowed electrosorption to occur. The transient slow-flow units increased the removal of
APFO to 36.01% with a flow rate of 250-ml/hour. Scaling up this basic design and filling the airspace
between the two stainless steel mesh electrodes with granular activated carbon, 100% of the APFO was
removed. Running APFO contaminated water through a GAC filter without electrosorption removed 13% 30% of the APFO from the solution. Since flow-through electrosorption removed a little over a third of the
APFO and GAC removed from 13-30% of the APFO, electrosorption plus granular activated carbon is seen
to act synergistically, generating a removal rate far in excess of either electrosorption or granular activated
carbon alone (FIGURE 3).
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FIGURE 3 - Static and Flow-Through Electrosorption Units
REMOVAL EFFICIENCY OF APFO ELECTROSORPTION UNITS
100%

% removal in 12 hours

100%

75%

50%
36.10%

34.03%
22.39%

25%
6.33%
0%
Static
Electrosorption

Static

Localized
Electrosorption

Localized

Interm ittent Float
Electrosorption

Slow -flow
Electrosorption

Intermittent Float

Slow -flow +GAC
Electrosorption

S-F

SF + GAC

APFO is simply not well removed using just granular activated carbon filters. Using state-of-the-art
technology for quantifying the efficiency of GAC filters, the 3M facility in Minnesota showed a 16-month
removal rate of only 46% (Oliaei, 2006). The filters at the Tuppers Plains Water Treatment Plant contain
80,000 lbs. of activated carbon, which had been hypothesized to have a 5-year filtration life, but these filters
saturated and allowed APFO to pass through in less than four months. Foam height testing identified this
saturation and tests throughout the summer confirmed that the GAC filters were not removing 100% of the
APFO. The environmental laboratory contracted by DuPont confirmed filter saturation in September 2006
(Chadwell, 2006). Currently 20,000 pounds of GAC are used at the Pomeroy water treatment facility, 10,000
pounds at the Belpre facility, and another 80,000 pounds at the Tuppers Plains water treatment plant. With
confirmation of saturation of 80,000 pounds at the Tuppers Plains site in just four months, it becomes
apparent that GAC filtration alone will not be sufficient to adequately and economically purify drinking
water in these areas. Furthermore, the filters soon to be installed at the Lubeck, WV, and the Little Hocking,
Ohio, water treatment plants will undoubtedly be found to have the same difficulties as the filters at Tuppers
Plains. Since granular activated carbon sells for $1.25 per pound, and the used carbon requires removal and
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disposal as a hazardous waste, it is apparent that the costs for using granular activated carbon filters will
rapidly exceed the budget of a small publicly-owned water treatment facility.
4. CONCLUSIONS
Reductions in APFO emissions by the DuPont Washington Works facility have significantly reduced
the amount of APFO in drinking water in the Mid-Ohio Valley over the past year. However, concentrations
of APFO in local waters still exceed the 0.5-ppb regulatory limit set by the EPA. The current technology
using only activated carbon filters to remove APFO is inefficient and expensive, with the contaminated
carbon requiring removal and disposal as a hazardous waste. The addition of an initial removal step of
microlayer skimming followed, by electrosorptive removal and recovery, enhanced by granular activated
carbon filters is a potentially less expensive and more environmentally friendly method of APFO removal
than activated carbon alone. Simply proceeding the existing carbon treatment by mechanical removal of the
microlayer and electrosorption, followed by the current granular activated carbon treatment, would decrease
costs, increase efficiency, and significantly increase the usable life of activated carbon filters.
Increasing the efficiency of the current water treatment procedure is necessary if DuPont is to
continue to economically manufacture the feedstock for such products as Kevlar® body armor, Gore-Tex®
cold weather gear, and Nomex® heat resistant clothing in the Mid-Ohio Valley. These products are of
extreme importance to American national security and simply cannot be made without APFO. Since this
research indicates that removal of APFO would require only simple modifications to the existing filtration
units, instituting these changes would allow America to continue to obtain "the Miracles of Science" while
protecting the health of Mid-Ohio Valley residents.
5. ABBREVIATIONS AND ACRONYMS
APFO = ammonium perfluorooctanoate -also called C8 or PFOA by news organizations
EDL = Electrical Double Layer
ppb = parts per billion = 1 x 10 -9
ppt = parts per trillion = 1 x 10 -12
LSE = Localized Static Electrosorption
SFE = Slow-Flow Electrosorption
WTF = Water Treatment Facility
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