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 Summary

During the project period, four major tasks were completed to study the feasibility
of the removal of ammonium perﬂuoro—octax;oate (CS) from contaminated soils. These
tasks included:

« characterization of the plant production groundwater,

« characterization of soil samples at the anaerobic ponds,
« adsorption/desorption experiments, and

» electro-osmosis tests.

Characterization of the site groundwater was the first task accomplished. A water
sample was taken from a tap on the plant site above the anaerobic ponds. The source of this
water is from on-site production wells. Pmperﬁes such as pH, alkalinity, conductivity,
total dissolved solids (TDS), and concentration of major cations (Ca2+, Mg2+, Nat, K¥),
minor cations (Fe(II), Mn(Il)), trace heavy metals (Pb(ID), Cu(l, CA(D), Ni(D), Zn(m),
Co(I)), anions (HCO3-, C032-, CI-, NO3-, SO:;'), and CO, were analyzed. Concentration
of ammonium perfluoro-octanoate (C8) in the groundwater was also determined. The
results demonstrated that Ca?+, Nat, HCOg', Cl'. and SO4- are the major ionic species
present in the water. C8 was detected at a concentration of about 113 ppb.

Soil samples from two locations (ADPS-1 and ADPS-2) at various depths were
received and physical-chemical propesties, such as pH, specific surface area, moisture
content, organic matter, cation exchange capacity (CEC), pH at zero point of charge
(pHzpc), composition, hydraulic permeability, and C8 concentration were determined. The
composition analysis showed a high percentage of clay (about 40%) in the top soil zones at
both locations (depth < 10 feet). Therefore, th;a shallow zone is the most suitable region

where the electro-osmosis process can be effectively applied. The highest concentrations of

C8 were also found in these shallow soil samples in the top 10 feet; Around 5 to 16,2nd 5

EID103191
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to 33 ppm of C8 were detected in thé shallow soils at ADPS-1 and ADPS-2 sites,

respectively. As expected, specific surface area, organic matter content, cation exchange
capacity and hydraulic permeability produced results consistent with the composition
analysis (i.e., higher percentage of clay correspénds to higher specific surface area, organic
matter content, cation exchange capacity, C8 concentration, and lower hydraulic
permeability). The soil pH analysis showed that most of the subsurface soils are in the
neutral pH region (pH = 5.5 ~ 7.5) and the vériation with depth is not significant. The
pHzpc of the soil samples from the ADPS-2 site are in the range of 2.0 to 2.7, indicating
that at higher pH values, the soil particles will be negatively charged.

To examine the behavior of C8 in the soil water system, batch
adsorption/desorption experiments were conducted at various pH values, C8
concentrations, temperatures, and "sbﬂlwatér‘ ratigs. ‘Continuous -flow--adsorption -
experiments under an electrical field were petfq_nned to verify influence on C8 adsorption.
The results demonstrated that the C8 adsorﬁtion varies substantially with pH. Because-the:
acidity constant of C8 is 10-29 and the PHch of the soil is in the range of 2.0 to 2.5, an

electrostatic repulsion between anionic C8 and negatively charged soil surfaces occurs at
pH values higher than 3. As a result, C8 adsorption to the soil decreases with increasing - -
pH, and the higher the pH, the greater the amount of soil desorption. |
Batch adsorption/desorption experiments were conducted at different temperatures
(0°C, 25°C, and 45°C). The results showed that the temperature is inversely proporﬁoﬁa]
to the extent of C8 adsorption and directly proportional to the amount of C8 desorbed. C8::: ..
soil adsorption capacity decreases with increasing temperature.
When the initial C8 concentration is below 50 ppm, the extent of soil adsorption is
diminished significantly at pH greater than 5.0 (at least for soil/water ratio of 0.05 g/mL).

However, when the initial C8 concentration is greater than 50 ppm, the percentage of C8

0I9010HSV

adsorbed is higher because the hydrophobic interactions become significant to the

adsorption process.
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Continuous flow apparatus were constructed to investigate the adsorption behavior

under electrical fields. Three adsorption systems were adopted according to the voltage

applied and the positions of electrodes. They were as follows:

Type A: without voltage applied (control);

Type B: anodes placed at the influent side and cathodes located at the

effluent side;

Type C: cathode positioned at the influent side and anode at the effluent

side.

Three parameters (effluent pH, effluent volume and C8 concentration) were monitored to

evaluate the performance of these three reactors. The results show that type C exhibited the

highest C8 retaining capacity and lowest effluent pH. Inversely, type B adsorption system

produced the highest effluent pH and the lowest adsorption capacity. No differences were

i i ot < 5P B A S e e 1 = S A maaan e s

detected in the effluent volume between the three systems. The changes in pH of the -

solutions in the vicinity of electrodes were causeéd by the water redox reactions, 7+ oS0

A total of six electro-osmosis tests under various conditions were conducted-tg ~+s7i

evaluate the C8 removal from the contaminated subsurface anaerobic pond soilsyThe s+ « - v

following Table I summarizes some of the experimental conditions of the tests.” =usreraaTn e sy

Table I: Some experimentalconditions of the electro-osmosis tests conducted.

Test # Soil Potential pH control
sample { gradient
‘ (Vicm)
1 |42 1o NO
s s >
o (A2 s NO 7
0-5 =
* { ADPS-2 —
III s_ 1 p} 1 .5 N_O_ fO_D}
0-5° : (NaOH, pH=10)
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0-5’ ' (Ca(OH),, pH=10
med Y‘E‘SP“‘J .
Vi soils L5 | (CaCOs, pH=6.0)

The results demonstrated that it is practical to remove the C8 by electro-osmosis
under pH controlled conditions at influent and effluent solqﬁons. A 97 % removal of the
C8 originally present in the soil was achieved in Test IV under pH control (pH = 10) with
NaOH/HCL. Other tests using Ca(OH) and CaCO3, did not yield the same results possibly
due to the following reasons: a) high pH conditions caused precipitation of some‘salts,
e.g., CaCOj that coated the surface of the electrodes, yielding low efficiency of the electro-
osmosis process; b) By introducing calcium (instead of sodium) into the system, the ionic

strength increases substanually, causmg a dummshmg of the zeta potentxal (C) and

consequently the fluid velocity through the soil towards the cathode Electro—osmos:s S e
experiments performed without pH conditioning showed little C8 removal. In these testssiasu: 5t covibivn. o o

significant amount of C8 remained in the soil presumably caused by the low fluid velocity - = 1a g 800 v

and the build up of strong pH gradients across the soil core. o wGIGIE BOTDS

C19010HSV
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1. Introduction

Electro-osmosis, an ‘electm-kinetic"phénomenon, has been one of the emerging
techniques for in-situ treatment of contaminated subsurface soil and groundwater. This is
the same process used by geological engineeré to consolidate foundations for construction.
The electro-osmosis process relies on externally voltage applied to a soil matrix system to
induce water movement. The cations migrate toward the cathode and the anions toward the

anode. Because there is an excess of solvated cations near the negatively charged soil

surface, a net movement of water towards the cathode is observed.

The study included the following spebific Aobjecﬁves:

- Investigated the influence of various physical-chemical properties of the soil

kkkkkk

matrix on the removal process;
- Evaluated the factors controlling the removal process;

- Obtained parameters needed for the design of the electrokinetic process for in-siﬁx

ey,

removal.

I.2. Theoretical background:

L2.1. Electro-osmosis:
Electro-osmosis has found broad application in colloid characterization, particle

separation and engineering construction (foundaﬁon consolidation). In an electrical field,

EID103195
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water will flow from the positive end (anode) to the negative end (cathode). Casagrande
{1949) has pioneered some of the first successful ficld application of this technique.

Two theories have been proposed to described the electro-osmosis water flow; the
Helmholtz-Smoluchowski (1879) and the Schmid (1952). According to the Heimholtz-

Smoluchowski theory, the flow rate of water (Qe) moving in a capillary of length, L under
electrostatic field, @, is

_ etd
Qe = 4mL

where £,®,L, and 1} are the dielectric constant, field strength, electrokinetic potential and

viscosity. However, according Schmid (1952) the water flow rate is :

_ r’qFd
8L

Qe
where r, q, F are the radius, volume charge density in the pore, and Faraday constant.
Apparently, the Helmholtz-Smoluchowski theory predicts a flow rate that is independent of
pore size whereas the Schmid theory predicts that the flow raté is proportional to the cross
sectional area of the pores. Neither theory allows for an exchange of electrolytes in the
pores beyond the number of cations needed to balance the negative charge of the ciay
particles. However, Esrig and Majtenyi (1965) have proposed the following equation:

1 k. 12, &
Qe = —2-ln(1+-;)(-1; )P(I)

where p, X are the average mobile surface charge density and the parameter characterizing

the double layer. The above equation is able to accommodate both the Helmholtz-

EID103196
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Smoluchowski ahd the Schmid theories. Nevértheless, in field practice, the water flow rate

is found to be a function of the cross-sectional area of the flow:
Q =keloA

where kg and ig are the electtopsmotic permeability, the electrical potential gradient, and
electrode surface area. Casagrande has determined the electro-osmotic permeability of
various soil and found that the K value varies only within one order of magnitude with an
average value of 5 x 1075 cm2/sec-v. Chappel and Burton (1975) reported vthat a flow of
550 1 per day was achieved with steel electrodes at a spacing of 3 meters and applied DC
voltage of 40 V.
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IL. E;('p'erimema'i Procedures

IL1. Analysis of the site groundwater quality:

Alkalinity, pH and conductivity were measured immediately upon receiving the

e
groundwater samples in our laboratory. The addition of 50 mL concentrated HNOj3 to 1
gallon of water sample was used to preserve it for future chemical émalysis.
Atomic absorption spectrophotometry technique was employed to determine the
&

concentration of all metals in the water. The major cation concentrations such as
potassium, calcium, sodium, and magnesium were determined by direct aspiration into air-
acetylene flame while the minor cationé and trace heavy metals were analyzed by the
graphite furnace (electrothermal atpmic absorpﬁon method).

Potentiometric method using a chloride ion selective electrode was used to
determine the concentration of Cl- in the process water.

A turbidimetric method was employed to determine the sulfate concentration.in the...

water sample. .
For the analysis of nitrate, an ultraviolet spectrophotometric method was used. PR
Other anion concentrations such as CO32- and HCO3- were calculated from the .
alkalinity and pH measurements.
All chemical analysis (except Cl") were performed according to the Standard e
Methods for the Examination of Water and Wastewater(1985).

The alkalinity was determined according to the Standard Methods for the
Examination of Water and Wastewater (SMEWW, method No. 403) by titrating the water

919010HSV

sample with hydrochloric acid (0.02 N) to 4 preselected pH value of 4.5. The procedure

was as follows:
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i) Take 100 mL of the water samplé and &énsfér it to an Erlenmeyer flask.

ii) Prepare the titration assembly (i.e. a 25 mL buret, magnetic stirrer and pH meter
apparatus) and fill the buret with standard HC1 (0.02 N).

4ii) Titrate the sample to the end point, pH of 4.5, without recording the
intermediate pH values and withc;ut undue delay.

iv) As the end point is approached, make smaller additions of acid and be sure that
the equilibrium pH is reached before adding more titrant.

v) Record the total volume of acid consumed.

vi) Calculate the alkalinity (in mg CaCO3/L) as follows:

A XN x 50,000
v

Alkalinity, (mg CaCO3/L) =
where, A, N, and V are the volume of titrant, normality of the acid consumed, and volume

of the sample, respectively.

IL.1.2. Conductivity:
The conductivity of the water sample was Betermined by a conductivity meter
(Markson Sci. Inc., model ElectroMark analyzer). The procedure was as follows:
i) Record the conductivity of deionized water before sample measurement. This is
to be substracted from sample measurements. |
if) Insert the probe into the water sample and stir for 3 minutes. Read and record (in

triplicate) the conductivity in pumbho/em.

. IL1.3. Total dissolved solids:
The total dissolved solids was determined following method No. 208.8 described
in the Standard Methods for the Examination of Water and Wastewater (SMEWW). The

procedures are presented as follows:
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i) Heat the evaporating dish to 180°C for 1 hour in an oven; store the evaporating

dish in the desiccator until needed, weigh the dish immediately before use.

o
- ii) Filter the well mixed aliquot sample with No. 40 filter paper (Whatman), transfer .
the filirate to the evaporating dish. Dry 100 mL of the filtrate in an oven at 130°C until all
8 the water is vaporized.
iii) Cool the sample in a desiccator and weigh until a constant weight is obtained.
Calculate the total dissolved solids by the following equation: TR——
ot et e - JSOOKATBT

where: A= weight of dried residue plus dish (mg), and
B=weight of empty dish (mg).

The air-acetylene flame atomic absorption spectrophotometry method (SMEWW, MTREOT
method No. 303A) was followed for the analysis of Na*, K+, Mg+2 and Ca*2 in the water

R

A samples. Atomic absorption spectrophotometer (Perkin Elmer model Zeeman 5000 with.a «cou o e
A-50 auto sampler) was used. The experimental procedures were as described below: g
i) Prepare a‘calibmtion curve usiné known concentrations of the desired metal to be sty
™ analyzed. Read and record (following the instructions of the operation’s mannual) the -

absorbances of the standard solutions.
i) Read and record the absorbance of the water samples (generally in triplicate) and
) check if the absorbances fit in the range obtained for the calibration curve.
jii) If the recorded absorbance is higher than the calibration curve limits, further

dilution of the water samples is performed.

819010HSV

“y iv) Calculate the concentration of the element in question using the linear regression

equation obtained from each calibration curve.
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ILLS. Analysis of the mi ons:

Essentially, the same method (SMEWW, method No. 304) described above was
used to determine the concentratibns of minor cations and trace heavy metals (Fe(Il),
Mna(ID), Pb(I), Cu(il), Cd(D), Ni(Il), Zn(1I), and Co(ID)). Due to the low concentration of
these spcclcs in the water samples, it was necessary to use the electrothermal atomic
absorption method (graphite furnace). An atomic absorption spectrophotometer (Perkin

Elmer Zeeman 5000) equipped with a graphite furnace (model HGA 560) was employed

2

for these analyses.

Detailed procedures are essentially the same as described above for the analyses of

major cations.

L.16.D

The Standard Methods for the Examination of Water and Wastewater (SMEWW,
method No. 406C) was used to calculate the concentrations of carbonate species, i.e. CO2, o T

COj3-, and HCOj3- based on the chemical equilibrium relationship among these carbonate S
species in natural water systems. » .

The concentration of bicarbonate is calculated by the following equation: et

- T - 5.0+10®PH10)
- B = [HCO3"] (mgCaCO,/L) = T+ 0.5+ 100

where T and pH are alkalinity (mg CaCO4y/L) afxd original pH of the water sample.

®
The free COy is calculated by the equation: &
' 3
5 A = [CO,ls. (mgCaCO,/L) = 2.0%B*106PH °
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The carbonate concenﬁ‘atioﬁ is calculated by the equation:

C = [C03%"] (mg CaCO3 /L) = 0.94*B*10(PH10)

The total carbonate concentration is calculated by the equation:

[COslipta (Mg CaCOy /L) = A + 0.44*(2B + C)

The chloride ion concentration was measured by the Potentiometric method, using a
chloride ion selective electrode (Orion Company, model 94-17B). The experimental
procedure was as presented below:

i) Set up the potentiometric apparatus, which includes the potentiometer, the
reference electrode (e.g. Orion Model 90-02 double junction reference electrode), the CI-
ion selective electrode and the magnetic stirrer gystem. PRI s

ii) Prepare a calibration curve using known concentrations of NaCF§sliitions under
constant jonic strength of 0.1 M of NaNQOj3.

iii) Read and record the potential (in mV) for each solution while keeping the
sample stirred. A

iv) Plot the logarithmic of potential (millivolt) measured as a function of the chloride
concentration.

v) Read and record the potential of the samples and by linear regression analysis of

the calibration curve, find the concentration of CI in the water samples.

The analysis of sulfate was executed‘by a turbidimetric method described in the
Standard Methods for the Examination of Water and Wastewater (SMEWW, method No.

EID103202
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426C). The basic principle of the method is the p’rek:ipitation of sulfate ion (S042") in acetic
acid medium with barium chloride so as to form barium sulfate crystals of uniform size.
Light absorbance of the BaSQ4 was measured by a photometer at 420 nm and the SO4%
concentration was determined by comparison of the reading with a standard curve. The
procedures were as follows:

i) Prepare the buffer solution dissolving 30 g of MgCl2.6H20, 5 g of
CH3COONa.3H20, 1.0 g of KNO3 and 20. mL of acetic acid (99%) in 1000 mL of
distilled water.

ii) Prepare the a calibration curve using known concentrations of NazSOy4 solutions.

iii) Mix 100 mL of sulfate containing solution with 20 mL of the buffer solution

iv) Add a spoonful of BaClp crystals, begin timing and stir for 60 seconds at
constant speed.

iii) Pour the solution into a cell and read the absorbance of the calibration curve

solutions and samples (in triplicate) at 420 nm in the spectrophotometer (Hach-Company,
model DR/2000). ST

ILL9. Analysis of nitrate;

The NO3- analysis were done by using UV spectrophotometric method described in
the Standard Methods for the Examination of Water and Wastewater (SMEWW, method
No. 418A). Measurement of UV absorption at 220 nm enables rapid determination-ofn:
nitrate ions. The experimental procedures were as below:

i) Treat the sample by filtering it through a 45 yim membrane filter and adding 1 mL
of HCI IN. A

ii) Prepare calibration standards in the range of O to 7 mg NO3"/L.

iii) Read absorbance against redxsnlled water set at zero absorbance using a UV-VIS
spectrophotometer (Perkin Elmer, model 139) at wavelength of 220 nm.

EID103203
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The concentration of C8 in the aqueous solution was measured by Gas
Chromatograph equipped with an Electron Capture Detector (Hewllet-Packard 5880 I Gas
Chromatograph with HP 19303 Electron capture detector). All aqueous samples were
concentrated by freeze and drying (tyophilization) process to remove the water and permit
the derivatization. Methanolic HCl was added to the dried residual as the esterification agent
along with perfluorodecanoic acid (C10) as an internal standard. Hexane was added to the
solution mixture to extract the methyl ester from the aqueous solution. The organic phase
was then ready for the gas chromatograph (GC) analysis.

The detailed procedures were as follows:

i) Place 1 mL of aqueous sample into a lyophilizer (Labconco, bench-top freeze and
drying chamber). A vacuum pump (Maxima, Model D8A) is connected to the drying
chamber to reduced the pressure to around 3 x 104 torr. e

ii) Dry the samples completely. This process takes about 12 hours. The-dried
samples are then ready for the derivatization.

iii) To the dried residual, add 1 mL of methanolib HCl1 £3% HCI in methanol) along
with 0.2 mL of a 10 ppm C10 solution as an internal standard to begin the derivatization
process.

iv) Keep the sample in a thermostat for 1 hour at 65 °C to allow a complete
esterification reaction. . W

v) After cooling the sample down to room temperature, add 1 mL of distilled water
and 2 mL of hexane. Shake the mixture well to allow the extraction of the C8 from the
aqueous phase. The organic phase is then ready for the GC analysis.

vi) To analyze the hexane extract, set the GC conditions as follows:
- Column: DB-210 (50% triftuoropropyl, 50% methyl) 30 m x 0.25 mm
internal diameter, 0.5 mm film thickness (J & W Scientific).
- Temperatures: Injection port 200 °C
Detector - 2250C

10
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Oven ~ inidal 600C
rate 20°C /min
final 200°C

- Carrier gas: 90% argon/10% methane
Column head pressure 12 psi

- Injection volume: 1 pL.

- Run time: 25 min

vii) Prepare a calibration curve with known concentrations of C8 and plot the peak
area ratio of the C8 to the internal standard C10 (area counts C8/area counts C10) versus
concentration of C8. The statistical method of linear regression is then utilized to compute

the concentration of the ammonium perfluoro-octanoate in the samples.

IL2. Characterization of the soil sarﬁpl&:

With exception of specific surface area, pHzpc, hydraulic permeability and C8

analysis in the soil samples, all the other characterization procedures were extracted:from -

the Methods of Soil Analysis, provided by the Agricultural Experimental Station of
University of Delaware (1991). '

L2.L.C - Tvsis:

The composition of site clay material was analyzed by the sedimentation
(hydrometer) method as described below.

i) Pretreat the soil samples by grinding and sieving to make sure that the diameter of
the soil particles does not exceed 2 mm. ‘

ii) Take 50 grams of the grouhd soil sample and add 100 mL of 5% sodium
hexametaphosphate. ~ |

iii) Transfer the suspension to a sedimcr;tation cylinder, insert a plunger and mix the

contents thoroughly.

11
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iv) About 15 seconds after niiiing thé ‘suspension, lower the hydrometer into
suspension, and after 40 seconds, read the scale at the top of the meniscus. Record the
hydrometer value. Also record temperature of the sample and a blank without soil at the 40
seconds time mark. From these values, the percentage of sand can be calculated.

v) After 2 hours of standing, lower the hydrometer into the sedimentation cylinder
again and record the hydrometer value, then record the temperature of sample and blank.
From these values, the percentage of clay can be calculated.

The equations for the calculation of the soil composition are as follows:

% Sand = 100 — 100 x (hydrometer reac'lmg at 40 seconds)
(corrected weight of soil)

100 x (hydrometer reading at 2 hours)

% Clay =
y (corrected weight of soil)

% Silt = 100—(% Sand + % Clay)

oven dry weight of subsample X 50g

where: corrected weight of soil = v
weigh air — dried weight of subsample

1.2.2, Soil pH;
The pH measurements were made in 0.01 M CaCly solution. The procedures were

as follows.

i) Air-dry the soil sample and sieve through 2 mm sieve to remove the coarse soil

fraction.

i) Weigh 10 grams of the pretreated soil sample and mix with 10 mL of 0.01 M
CaCly. Mix thoroughly and let the sample stand for at least 1/2 hour but not more than 1

hour.

iii) Record the pH value with a pH meter.

T 12
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1L2.3. Soil oreani
Soil organic matter was determined by the loss of weight on ignition (L. O. 1)
method. The method is described below:

3

i) Take 1 cm3 of air dried soil sample, sieve through 2 mm sieve and place itinto a
30 mL beaker.

ii) Dry the soil sample at 105 °C for two hours and record the weight of soil sample
plus beaker with an accuracy of +0.001 g.

iii) Place the sample in an oven at 360 °C for two hours. Let the sample cool down
to 105 °C and maintain at this temperature until weighing.

iv) Weigh the beaker with the ash in a draft-free environment to $0.001 g.

(Wys = W) = (W = W) 1

O.M.(%) = ——
bs™ Vb

00

where: . o
Wp = weight of beakgr,
Whs = weight of beaker plus soil before ashing,
Wha = weight of beaker plus ashed soil.

11.2.4. Soil effective cation exchange capacity:

a) Determination of the exchangeable cations:

i) Weigh 10 g of soil sample into a 100 mL polyethylene cup and add 50 mL of 1 N
ammonium acetate (NH4OAc) to the cup as a buffer solution to maintain the solution pH at
7.0. .

ii) Shake the cup for 30 minutes. Filtrate the suspension through No. 40 filter paper
(Whatman) and use 25 mL of 1 N NH4OAc again to wash the filter paper.

13
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iii) Collect the filtrate and determine the potassium, calcium and magnesium

concentration by atomic absorption spectrophotometer.

b) Determination of exchangeable acidity:

i) Weigh 10 g of soil sample into a 125 mL Erlenmeyer flask, add 25 mL of 1 N
KCl solution and mix well.

ii) Filtrate the suspension into a 300 mL Erlenmeyer flask.

iii) Add 4 drops of phenolphthalein indicator and titrate the KCl solution with the
standard 0.01 N NaOH. At the end point of titration, record the volume of NaOH used.

iv) Get the exchangeable acidity in (meq/100g).

¢) Effective cation exchangeable capaciiy (BECEC):
The sum of the concentrations of exchangeable potassium, calcium and magnesium

and the exchangeable acidity is the effective cation exchangeable capacity (ECEC).

I.2.5. Moisture content;
The moisture content determination was done as follows.
i) Weigh 1£0.0001g of soil on a tared aluminum plate.
i) Put the soil sample in oven at 105 °C for 24 hoursto dry. ‘
iii) Take the sample from the oven and piace to a desiccator to let cool down to
room temperature. Measure the weight of the dried soil.
iv) The moisture content can be calculated as the follows:

Wet soit =~ Wy soi
wet soil dxyso:lxmo

M%) =
i wwetsoif-‘wplate

where M(%) = moisture content, percentage by weight

Wwet soil = weight of original soil sample + aluminum plate

14
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Wary soil = weight of the ashed soil + aluminum plate
Whplate = weight of the aluminum plate

11.2,6, Specific surface area;

The specific surface area of the soil sample was determined by the BET-N3 gas
adsorption method using a mode! QS-7 Quantasorb surface area analyzer (Quantachrom
Co., Greenvale, NY. model QS-7 Quantasorb).

The multipoint BET equation (Brunaver, Emmett, and Teller, 1938) is used to

calculate the specific surface area.

1 =(C—1) P + 1

where X = mass of adsorbate (N2) adsorbed at relative pressure P/P,
P = partial pressure of adsorbate (N2),
P, = saturate vapor pressure of adsorbate (N2),

Xm = mass of monolayer coverage of adsorbate adsorbed, and
C = a constant relates to the heat- of the adsorbate condensation and heat of

adsorption.

Because the adsorption data from Quantasorb is often accompanied by a non-
Gaussian tailing pattern, particularly on porous samples, e.g., soil at high Nz
concentrations, the desorption signals are always preferable and used in the analjsis of
specific surface area and pore size distribution. The desorption signal is calibrated by
ihjecting a known volume of nitrogén gas into the machine with signal obtained
accordingly. Based on adsorption and desorption data, the specific surface area can be
obtained.

15
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IL2.7. pHzpc:
The pH of zero point of charge was determined as follows:

i) Take the soil samples from the containers, dry at 105 °C, grind and sieve through

-
U.S. mesh No. 100 (150 pm).
ii) For each sample, prepare solutions of 0.05 g/L of the pretreat soil under three
- different ionic strengths e.g. 1 x 103, 1 x 10-2, 1 x 10-1 M of NaClO4.

iii) Measure the zeta potential ({) with a zetameter (Laser Zee model 500) as a
function of pH values ranging from 2 to 9. Adjﬁst the pH of the solutions using HC1O4
and/or NaOH at various concentrations.

iv) Plot the § values vs. pH for the three different ionic strengths. The pHzpc is

then obtained at pH of zero zeta potential. -

11.2.8. Hydraulic permeability: s pReaiils

head method (Feiter, 1980). The soil samples were collected from DuPont Washington
Works ADPS-1 site depth (23'-25") and ADPS-2 site depths (0°-5%), (5’-10°), (15'-207,
(20'-25"). The constant-head permeameter apparatus is shown in Figure 1 and the

following procedures were employed to obtain the hydraulic permeability:

i) Air dry the samples at room temperature.
ii) Fill the bottom section of the column with the dried soil.
° iii) Supply water to the regulated reservoir in order to keep the liquid level constant.

iv) Collect the water overflow from the column after passing upward through the
soil media.

879010HSV

v) Let enough water flow through the soil media until a constant flow rate is

obtained.

16
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vi) Record and plot the volume of water as 2 function of fime.

vii) Compute the hydraulic permeability by Darcy's law. The equation is as follows:

VL

K=—r
Ath

where: K = permeability coefficient (cm/sec)
y = effluent volume in time ¢ (cm)
L =length of the soil sample (cm)

A = cross sectional area of the cylinder (cm?)
h =hydranlic head (cm)
{ = elapsed time (sec)

11.29.C8 analysis in the soil:
The C8 in the soil was determined according to procedures deve

Hill Comparny.
The experimental procedure was as follows:

i) Weigh 10 gram$ of homogenized soil sam! Jle into a tared 400 mL beaker. Extract

the sample with 100 mL of methanol/methylene 1:1 (VIV).
ii) Sonicate the samaple (sonication onit from Fisher Company, Sonic dismembrator,

Model 300) for 180 seconds using the pulsed mode of operation with 50 % duty cycle.

jii) Preparc 2 filter funnel for each sample. Place 2 small p-iece of glass wool on the

bottom of the funnel and transfer appmximately 50 of anhydrous powdered sodium sulfate

into the fonnel. Take a vacuum flask only to prewash the filter funnel with
cleanSOOvaacuumﬂask

methanol/methylene 1:1 (V/V) immediately before use. Attach 2

to the funnel and decant the extract from the first sonication. Extract
adding 100 mL of fresh extracting

the sample remaining

in the beaker Once again as described previously:

17
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solvent. After the second sonication, pour th; entire sample from the beaker into the filter
funnel and rinse with few milliliters of extracting solvent to complete the transfer.

iv) Assemble a Kuderna-Danish (KD) apparatus (500 mL evaporative flask, 10 mL
concentrator tube and three ball macro Snyder column) and transfer it to the filtered sample
extract along with 2 boiling chips. Place the unit on a steam bath with the concentrator tube
partially immersed in the hot water. Concentrate the sample until the apparent volume in the
concentrator tube is nearly 1 mL.

v) Remove the KD apparatus from the steam bath and add 100 mL of fresh
dichloromethane directly down the Snyder column. Reconcentrate the extract again to an
apparent volume of 1 mL, remove the KD apparatus from the steam bath and allow the
glassware to cool for S minutes.

vi) Disassemble the KD apparatus (replacing the Snyder column by a 24/40
stopper) and transfer the methylene chloride concentrate to a 4-dram vial. Add 6 mL of 1M
NaOH to the concentrator tube before reconnecting it to the KD flask. Gently rotate the
apparatus to rinse the interior walls. Collect the rinse liquid to the 4-dram vial.

vii) Secure the cap on the 4-dram vial and shake vigorously for 30 seconds. Briefly

centrifuge the vial to assure a good phase separation and discard the dichloromethane:

phase.

viii) Adjust the pH of the sample extract to less than 1.5 using 141 sulfuric acid.

~ Verify the pH with pH indicator paper.

ix) Add 5 mL of ether into the vial con;aining the acidified sample. Recap the vial
and shake vigorously for 30 seconds. Transfer the upper ether phase to a micro KD
apparatus (25 mL evaporative ﬂésk, 2 mL receiver and two-ball micro Snyder column).
Repeat the last step, combine the ether extract with the previous ether extract and add 0.1
mL of concentrated ammonium hydroxide. Take the KD apparatus to a steam bath and
concentrate to approximately 0.5 mL. Remové the sample from the steam bath and allow to

cool.
18
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x) Transfer the concentrated' sdlutiori quantitatively using 0.5 mL of acetone to a 4-
dram vial and further concentrate the sample to dryness using a nitrogen gas stream.

xi) To the dried residual, add 1 mL of methanolic HC1 (3% HCI in methanol) along
with 0.2 mL of a 10 ppm C10 solution as an internal standard to begin the derivatization
process. Keep the sample in a thermostat for 1 hour at 65 °C to allow a complete
esterification reaction.

xii) After cooling the sample to room temperature, add 1 mL of distilled water and 2
mL of hexane. Shake well to allow the extraction of the C8 from the aqueous phase. The
upper organic phase is then ready for the GC analysis.

xiii) Analyze the samples using the same GC conditions as described in section
I1.1.10.

I1.3. Adsorption/desorption experiments: e
In order to study the affinity between the C8 and site soil materials, batch
adsorption/desorption experiments were conducted. The influence of an electrical field on

the adsorption was also investigated by continuous flow experiment. s

The soil was collected from DuPont Wéshington Works ADPS-2 site, depth range
from 0.5 feet to 30 feet. The samples were air dried at room temperature and sieved to
collect particles with a mesh size of 150 im (ASTM No.100) or smaller. The sieved soil
samples were preserved in labeled plastic bags until used.

19
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The influence of pH, temperature, initial surfactant concentration, and soil/water

ratio on the C8 adsorption onto the soil samples were studied. The batch adsorption

experiments were conducted as follows:

a) The pH effect:
i) To a series of plastic bottles, add the desired amount of soil and 90 mL of C8

solution in 0.1 M NaClO4 as electrolyte. _
ii) Adjust the pH of each bottle from 2 to 10 with NaOH (0.1 M) and HCIO4 (0.1
M). Complete the volume to 100 mL with the C8 solution.
iii) Place the bottles in a shaker and shake for 24 hours.
iv) Measure and record the final pH of thé suspensions.
v) Collect and filter the supernatants through a 0.45 pim membrane.
vi) Analyze the filtrates for residual C8 concentration.

s vl s

b) Temperature effect:
To study the temperature influence on'the C8 adsorption, the same experimental

RTEIRED GLE

procedures as decribed above were applied; except that a thermostatic shaker was used.
Experiments at temperatures of 10°C and 450C and two different soil/water ratios (0.01

and 0.05) were accomplished.

c) Soil/water ratio effect:
Five different soil/water ratios (g of soil/mL of solution) including 0.005, 0.01,

0.02, 0.05 and 0.1 were adopted to examine their effects on C8 adsorption. Once more, the

same above procedures were employed.

20
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d) Initial concentration effect:
Seven different initial C8 concentrations (10, 20, 30, 50, 100, 150, and 200 ppm)

were used to test the influence of C8 concentration on the C8 adsorption behavior. The

same experimental procedures as described previously were utilized.

[13.3. Batch d . . .
Desorption experiments were done using the soil samples from the ADPS-2 site,

éepth 0.5 to 5 feet. The procedures were as follows:

i) To a series of plastic bottles, add 5 g of soil and 90 mL of C8 solution in 0.1 M
NaClO4 as electrolyte. _

ii) Adjust the pH of each bottle to 2 with NaOH (0.1 M) and HCIO4 (0.5 M).

]

Complete the volume to 100 mL with the C8 solution.
iii) Place the bottles in a shaker and shake for 24 hours.
iv) Separate the water and the soﬁd phase by centrifugation (5,000-zpm for 5.
minutes) and discard the liquid phase.
v) To each bottle, add 90 mL of NaClO4 (0.1 M) solution.
vi) Adjust the pH of each bottle from 2 to 10 with NaOH (0.1 M) and HC104 (0.1

M). Complete the volume to 100 mL with the sodium perchlorate solution (0.1 M).

vii) Shake the plastic flasks for 48 hours. I

viii) Take aqueous samples at 6, 24, and 48 hours.
ix) Filtrate the aliquots through a 45 jim membrane and analyze them for C8

conceniration.

1134, Adsorption siudy under the electrical field:

Adsorption study under electrical field was conducted by continuous flow

experiments using the soil sample from ADPS-2 site, depth O to 5 feet.

21
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Three types of configuratif;ns.weré'set up according to the placement of the
elctrodes. The schematic diagram of continuous flow apparatus types A, B, and C are
shown in Figure 2a, 2b and 2c, respectively. The continuous flow adsorption
experiment for type A was performed without application of any electrical field.
Configuration B had the anode (positively charged electrode) installed at the influent side
and the cathode positioned at the effluent extremity while type C presented opposite
arrangement. The tests were conducted by passing a 50 ppm C8 solution (in NaClO4 0.1
M) through the soil samples (approximately 200 g of soil were placed in the cell). The
effluent was collected in graduate cylinder flasks and its volume was recorded. Effluent pH
and C8 concentration were determined and plotted as a function of time. Graphite rod
electrodes (Ultra Carbon Co. U7/SPK ultra "F" grade graphite) and a power supply

(Power/Mate Corporation, model E-12/158) were used to provide a potential gradient of

1.0 V/cm over the soil samples. BT

IL3.5. Analytical methods: i mshods

All the analysis of ammonium perfluoro-octanoate in the aqueous phase were

conducted following the same procedures previously described in section IL1.10. = st wmiecenor

I1.4. Electro-osmosis tests:

IL4.L. Soil 1 ton:

Soil sample from ADPS-2 site, depth O to 5 feet was employed for the electro-
osmosis Tests I, II, IV and V. Sample from the same location and depth range of § to 10
feet was used for the electro-osmosis Test ITI, A section of 10 cm in length of undisturbed
soil sample was taken from the column (6.§ cm of internal diameter) and placed in the

central cylinder (also with dimensions of 10 cm in length and 6.8 ¢m of internal diameter)
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of the electro-osmosis cell (Figure 3). Thé électro-osmosis Test VI was executed with a
mixture of soils from the ADPS-2 (0 to 17 feet) and BGMW6 (0 to 2 feet).

2

Some properties of the soil sample core and experimental conditions are shown in

Appendices A, B, C, D, E, and F for Tests L, IL, IIL, IV, V, and VI, respectively.

Figure 3 shows the typical electro-osmosis apparatus employed in the experiment.

The electro-osmosis cell consisted of three pérts - anode container, central cylinder where
the soil sample was held and cathode container.

The volume of the containers were 650 mL for the electro-osmosis Test I and 125
mL for the Tests IX and 111 For the tests with pH control (IV, V and VI), the anode
container was 650 mL to allow the insertion of pH probe and feeding solution tubes while
the cathode reservoir volume was 125 mL.

To separate the soil from the water solution, a set of two nylon meshes with a filter

paper in between were used both in the cathodic and anodic reservoirs. The graphite

electrodes were placed right behind the membranes. It was suggested for the tests under pH .o 1o 1o

control that some space should be left between the electrodes and membranes at the anode
container. The reason was to provide better mixing to the anode solution near the
electrodes. -

_ After assembling the cell, both anode and cathode compartments were filled with
electrolyte solution (process water). Then the electrodes were connected to the power

supply to begin the test. The electro-osmosis Test I was an exception, where initially only

2 :
the anode container was filled with electrolyte solution and the cathode reservoir was .
empty; moreover, in the three first days of experiment, no voltage was applied to verify the %
magnitude of the hydraulic permeability. §
3 o
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For all the tests, parameters such as water ﬂbw, current, pH at the cathode and
anode reservoirs were monitored as a function of time. Water samples from the effluent and
influent were taken and analyzed for C8 concentration.

At the end of the test, the soil samples were removed from the cell and sliced into

10 sections. Each section was analyze.d for water content, pH and C8 concentration.

4.3, El -0SMQSis experim ithpH ¢
The soil sample preparation, set up and testing for the electro-osmosis experiment
with pH control were essentially the same as for the other tests. Figure 4 presents the
schematic diagram of the systexﬁ used for the experiment. The pH was maintained constant
at both the anode and cathode reservoir using a pH controller equipment (model pH-22,
New Brunswick Scientific Co., Inc., Edison, NJ). Table II below outlines the different

reagents (acids and bases) utilized and the pH in the electro-osmosis experiments.

Table 11 Reagents used in the electro-osmosis experiments with pH control.

Test # anode cathode
pH reagents pH reagents
IV 10 NaOH, HCl1 10 | NaOH, HCl
A 10 Ca(OH)z, HC1 10 NaOH, HCl1
VI 6 CaCO03, HC1 10 NaOH, HC1

4.4 Moi ffect on the electro-osmoti
Soil samples from RBLMW?2 and RBLMW 11 at depth from 10 feet to 12 feet were
utilized for the moisture content study. The soil samples were dried in the oven at 520C for

12 hours and placed into a desiccator for 2 hours. Afterward, the dried samples were
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2

ground with mortar and pestle. Thé moisture co;ntent was determined right before packing
the soil in the electro-osmosis cell (Figure 3). The anode compartment was filled with
process water and the cathode container was initially empty. The electrodes were then
connected to the power supply. The time required to saturate the soil column was recorded
and the effluent volume emerged at the cathodic reservoir was monitored as a function of

time.

IL4.5, Analytical methods:
The soil moisture content was measured using the same procedure described in
section I1.2.5.
Soil pH was determined by the same procedures as in section IL2.2.
C8 concentration in the soil was determined by the procedure developed by CHoM
Hill Co.. This method is thes wae as described in section IL1.10.

gt
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1i1. Results and Discussions

11L1. Analysis of the site groundwater quality:

Table I summarizes the results obtained for the analysis of the groundwater. As
ted, calcium and sodium, as well as HCOy-, S042" and Cl-are present at high

ntrations and heavy metals are present at trace amounts (ppb levels). The C8

tration in the water sample was 11312 ppb-

Table i, Charac

terization of the site groundwater quality:

Characteristics A Resuit_s‘j
alkalinity (mg CaCOyL) 133
conductivity (jumho/cm) A20%*
total dissolved solids (mg/L) 345

major cations (ppm):
Ca2* 62.9
Nat 259
K+ 3.12
—inor catons (ppb):
Fe(total) 161
Mn(D) 1000
Pb{l) <1
Cu(@) <1
CddD) 1.8
Ni(ID) 4.6
Zn() 1.7
Co(Il) 1.0
HedD) "
Major anions (ppm):
HCO5 (asmg CaCO3/L) 132
COs? (as mg CaCOYL) 02
cr 70.3
NOy 0.6
‘ SOs% 49.1
€Oy (asmg CaCOyL) — 137
[CE@Epb)___ T3 E 20 |

# all results Cxpressed as 2D Average =[3 detorminalions, uniess indicated.
## gverage of 5 determinations.
++# gverage of 6 determinations.
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Figures 5 and 6 show the concentration of the major cations and trace heavy
metals, respectively. Figure 7 presents the anion concentration in the process water
sample.

The equivalent bar chart of the major ionic species present in the process water is
illustrated in Figure 8. From the diagram, it is observed that the electroneutrality is

satisfied among the cations and anions.

1IL.2. Characterization of the soil samples:

m21.C - Iysis:

Figures 9 a, b and 10 a, b show -the soil composition obtai,xrxl‘eq;%fmm
sedimentation method of two different sites - ADPS-1 and ADPS-2. Compositi9n data
from both sites show that the percentage of sand increases with the depth. The re_sﬁlts of
the composition analysis of the soil sample is listed in the Table IV. Clay 3s ttilgx‘pajor
component at the top soil zone (depth < 10 ft) indicating that electro-osmosi; ie;;t;i‘ldlbgy
will be feasible for this region. | |

2 il pH:
- b t
The soil pH values were measured using 0.01 M CaClz as electrolyte. The soil pH
profiles (Figures 11 and 12) indicate that most of the soil is in the neutral pH region (pH

from 5.5 to 7.5) and the variation over depth is insignificant.

. [2.3. Soil .
Soil organic matter is an important component of the soil system. It can affect other

soil physical properties such as specific surface arca, adsorption capacity, and CEC.

27

EID103221

6€9010HSV



b pi

3L

Figures 13 and 14 show organic matter ééntent as a function of soil depth for
ADPS-1 and ADPS-2 soil samples, respectively. The results indicate that the soil organic
matter content decreases with increasing depth in both sites. The percentage of organic ey
matter is closely related to percentage of clay as well. This suggests that the organic matter
is strongly adsorbed by the clay portiori.

IIL.2.4. Soil effective cation exchange capacity: NS
Figures 15 a, b and 16 a, b show the deﬁth distribution of effective exchange capacity
and exchangeable cations for the samples from the ADPS-1 and ADPS-2 sites. In both
locations, the exchangeable calclum is the predominant component in all sections of the soil
profile.

IIL2.5. Moisture content: vy

The moisture content vs. depth for both sites, ADPS-1 and ADPS-2 is illustrated in

Figures 17 and 18, respectively. At the ADPS-1 location the moisture content is high-gtvery. »

the top soil zone (about 18 percent) and low (about 2 to 5 percent) at the subsurface. s oo i e
section, then increasing again to about 15 percent just above the water table. Atthe ADPS-2 ' e

site, the highest water content of about 15 percent was found at the section from 5 to 10

feet deep.

Figure 19 to 24 show the BET plots of all soil samples analyzed. Table IV
summarizes the results of specific surface area of the samples tested. The specific surface
areas of the soil samples from the ADPS-2 site are from 10 to 22 m%/g.

0¥9010HSV
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IL2.7. pHype:
Figure 25 shows the variation of pHzpc with depth at the ADPS-2 site. The

profile indicates that the pHzpc has a value approximately 2.0 to 2.7 over the entire depth.
Figures 26 to 31 show the zeta potential as a function of pH for all soil samples

tested. The pH of zero point of charge is obtained at the pH value where { is equal to zero.
Since the application of elecmoshosis will be investigated in this project, it is

crucial to know the microscopic electrical properties of the soil samples. It has been . ...

reported in the literature that the electro-osmotic water flow is directly proportional to the

s,

>
P

zeta potential:
, __EGo
- Qe 4mL
where €, ¢, {, n and L are the dielectric constant, field strength, zeta potential, viscosity Y

- and length. This equation shows that the electrical property of the soil will influence.saw: -«

directly the electro-osmotic process. HOOESS,

The other important aspect of soil § is the adsorption capacity for ionic species s

which is closely related to { of the soil particles. o et e

L

the soil samples from both ADPS-1 and ADPS-2. For each soil sample, results of the g ¥
relationship between the cumulative effluent volume and elapsed time are shown in Figure '
The statistical method of linear regression technique was adopted to obtain the
average slope and hence, the hydraulic permeability. The depth profile for ADPS-2 site is

3 shown in Figure 37. As expected, the soil samples in the top 10 feet present very low

I¥9010HSV

hydraulic permeability (~106 cm/sec)due to the high clay content present in this arca.
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111.2.9. C8 analysis.

The concentrations of C8 in the unsaturated soil below the anaerobic digestion
ponds are shown in Table IV. There is a general trend for the upper soil zone to have
higher concentrations of C8 as illustrated in Figures 38 and 39. Concentrations up to 33
+ 10 ppm were detected at ADPS-2 site and 16 + 1 ppm in ADPS-1 site.
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Table IV. Characterization of the soil sémpleé;

sample* | Composifonandysis | p |OM. | BCBC |MC.| Suf | pHzc| byd. | CB
aea perm. { oonc.
sod | sht | cay

@ % | %) @ | eefi9] (%) | @) @ | o

ADPS-1
0525 | %6 | | mn i7s{10] 80 |18} - | - - 1ien
5T s Va5t 0 ls6j221 76 1231 - | - | - 4
o | 28 | % | 38 {s9l21) 69 {41f - {4 - | - |58
w1y | » 1 4} »jeri1e! 71 1 78% - 4 - 4 - 1 *
1547 | 2 1 21 2 1581131 44 180 - - - -
oz | 4l n |25 i71l09] 60 |74} - 4 - % - | -
w2 | 81 6 1 6 leajor] 22 j16} - - 14x105) -
wor | o1 41 7 leojo3] 30 981 - § - | - }jixe
w3 | 81 o | »leilos) 26 tus} - L - | - 1 -
wa | o) 51 5 {71i02i 22 juwei - { - b - i -
a3 | 2| 4| 4 jes] 0] 19 {154] -} - | - {1 -

ADPS-2
o5 | 31 351 2 {75} 19] 99 | 791 180 21 j4x106 3340
si0 | 5 1 o1 4 |5s]1s] 63 |153] 2191 21 | 206} 1645
1045 | 5 | st 4ale2]1s| 74 1971219] 27§ - | 52
1520 | 01 0} 20 js54}13] 52 1481 108] 25 16c105] 52
was | 46 | 2 ] 12 {551 061 83 1591 172} 24 |4x104 52
w3y | sa ] | 18 {62{09] 82 11391 95] 20 ] - | G2

* Each section represent the depth in feet below ground surface.
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IIL.3. Adsorpﬁon{desorpﬁén exi)ériméhts:

a) Adsorption:

Figures 40 to 45 show the residual C8 concentration in aqueous phase as a
function of pH for soil samples from the ADPS-Z site, from 0 to 30 feet of depth, and
Figures 46 to 51 present the percentage of C8 adsorbed as a function of pH. From these
diagrams, it is concluded that the adsorption varies substantially with pH. At low pH
values (pH<2) the surfactant is highly adsorbed onto the soil and there is decreasing
adsorption with increasing pH. The acidity constant of C8 is 2.9 and the pHzpc of the soil
is between 2.0 to 2.5. The distribution diagrams of soil surface protonated species and C8
is shown in Figures 52, and 53 respectively. From these illustrations, one can observe
that the negatively charged soil particles repel the perfluoro-octanoate ion at pH values
higher than 3.0. As a result, the amount of C8 adsorbed decreases as pH increases. The
adsorption can be attributed to chemical interactions (probably hydrogen bonding) that are

represenied by the following equations:

SOH + C;F;5CO0™ — SOH -+~ 00CC7Fy5
or
SO~ +C;F;5COOH — S0~ -++--HOOCC;Fy5

where SOH and SO- represent neutral and negatively charged soil surface species,
respectively. ‘

b) Desorption: k
Figure 54 a, b, and Figure 55 a, b show the C8 desorption results for the

ADPS-2 site, section 0 to 5 and 5 to 10 feet, respectively. The amount of surfactant
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desorbed was determined by analyzing the aqueous samples at 6, 24 and 48 hours of
equilibrium time. The results demonsirated that a great amount of C8 was desorbed under
alkaline conditions (pH>8), decreasing its concentration as pH decreased. This is in
agreement with the results obtained in the adsorption experiment described previously.

The kinetic study indicated that the system reached an equilbrium within 6 hours

‘and the C8 concentrations detected in the aliquots were almost the same as for 24 hours and

48 hours.

a) At constant pH:

Figure 56 shows the results of C8 adsorption under different soil/water ratios. A
total of six sections of the soil depth profile (ADPS—2) were tested. The pH was adjusted to
7.0 and the initial C8 concentration was 50 ppm. A slight increase in the, quagtlty of c8

adsorbed was observed by increasing the soil/water ratio. b v s

b) At varying pH :

The influence of soil/water ratio (0.005, 0.01, 0.05, 0.1 g/mL) on C8 adsorption
under various pH was investigated. The soil sample ADPS-2 (0'-5") was used for these
experiments. The results are shown in Figure 57. The C8 adsorption behavior as a
function of pH follows the same trend for all the soil/water ratios studied except at

soil/water ratio of 0.1 g/mL, when C8 is adsorbed even in the alkaline pH region.
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2 a) Adsorption: _
Three different temperatures (10°C, 250C and 45°C) were chosen to conduct the
> batch adsorption and desorption experiments. The plots of percentage of adsorption as a
function of pH for each temperature are shown in Figures 58 to 60. Two different
soil/water ratios (0.01 and 0.05 g/mL) were used to conduct the test. Figures 61 and 62
“ show the results of the adsorption study under the three different temperatures (10°C,

250C, 45°C). From these graphs, it is viewed that there is a slight increase in the

adsorption capacity with decrease in temperature.

b) Desorption:
Figure 63 shows the C8 desorption under three different temperatures - 109C, .

250C and 450C. The results indicate that more of the surfactant was desorbed with;,. ., .
increases of temperature, or C8 adsorption capacity decreases with increasing teperature. . . .o,

4 I BRI
Seven different initial C8 concentrations (10, 20, 30, 50, 100, 150 and 200 ppm)

were used to test their effect on the behavior of adsorption at soil/water ratio of 0.05 g/mL.

Figures 64 and 65 show the residual C8 in the aqueous phase vs. pH at various iuiﬁal

7 surfactant concentrations. At C8 below 50 ppm, the extent of adsorption reached 100% at
pH value < 2.0. This is in agreement with the fact that the maximum adsorption only
» occurs when the solution pH is lower than pHzpc of the solid surface. At pH values higher
than 5, almost no C8 was uptaken due to electrostatic repulsion between the anionic C3 and >
the negative surface charge of the soil patticle. é
3 A noteworthy observation is that the percentage of adsorption for initial C8 §

concenteations above 50 ppm is higher than thét below 50 ppm within the pH range from 3
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to 9 (Figures 66 and 67). This can be attributed in part to the hydrophobic-hydrophilic

nature of the ammonium perfluoro octanoate. At high C8 concentrations, the adsorption

process is brought by nonpolar interaction, in addition to specific chemical bonding, .

between C8 and the soil surface. Therefore, the percentage of adsorption for initial C8
concentrations above 50 ppm is higher than those for 10, 20, 30 ppm.

Figure 68, and 69 illustrate the partition coefficient of C8 as a function of pH.
The partition coefficient of C8 was calculated by the following equation:

nl.n' h

Kd=

Where q = accumulated concentration of C8 in soil (mg/Kg),
C = C8 concentration in the bulk solution (mg/L),

Kg = partition coefficient (L/Kg).

1IL.3.5. Adsorption under ical field: der plectiost B

In order to study the effect of electrical field on the adsorption of C8, a continuous
flow method was employed. Figure 70 shows the pH of the effluent for the 3 types of
adsorption systems. The effluent solution in system A did not show any pH variations

during the entire experiment. A gradual increase of pH was observed for the solution

effluent obtained in the adsorption system type B. The pH of the effluent in systcxﬁC

dropped from 7.0 to 2.4 within 6 hours of the test. The reasons for the pH changes were
atteibuted to the redox reactions of water at the electrodes.

As indicated above, pH plays an important role in C8 adsorption. Therefore
changes in pH under the electrical field can alter the extent of C8 adsorption. Figure 71
demonstrates that during the 6 hours of adsorption experiment under electrical field, the

amount of C8 retained in the system C was tngher than that for the systems A and B.
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Figure 72 shows the plot of accumuléted flow as a function of time. The three
types of adsorption systems did not exhibit appreciable differences in effluent volume,

indicating that the electrical potential had little influence on the flow rate. The only

important effect of the electrical field was the pH modification which in turn affects the C8.

adsorption.

IIL.4. Electro-osmosis tests:

Figure 73 shows the cumulative electro-osmotic water flow as a function of time
for all the tests performed.

For Test I, no voltage was applied during the first 3 days and consequently no
water flow was observed. This indicates that the soil has low hydraulic permeability. Thus,
the subsequent water flow could be attributed exclusively to the electro-osmosis process.

However, no water flow was found at a period 6f four days after the voltage was applied

possibly because the soil system needed to be adjusted to some, conditions such as, ...

moisture content and ionic distribution. It is important to remember that initially the cathode
compartment was empty and the moisture was provided entirely from the anode side.
Among all the tests, Test I presented the smallest amount of water flow. In 30 dayé of
experiment, about 160 mL of liguid was collected at the cathode compartment.

Test II produced higher amount 6f flow than the previous test. For this test, a
potential gradient of 1.5 V/cm was used. The electro-osmotic cell was modified in 2 way
that both cathodic and anodic reservoirs were iniﬁally filled with electrolyte solution. The

necessiiy of this procedure was to better simulate real field conditions and it was utilized in

' further tests. Water flow emerged at the first day of experiment and around 900 mL of

liquid was passed through the soil core in 54 days.
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Figure 73 shows that neariy 330 mL of water was collected at the cathode side for
Test ITL This value is small when compared to the water flow obtained in Test IL. One
of the reasons is that the soil sample from ADPS-2, depth 5 to 10 feet contained a
considerable amount of wax that had been used to seal the drill core during sample
collection.

A high amount of flow was observed in Test IV during the 23 days of experiment

when compared to previous tests. This test was executed under pH contrglled conditions

(see Table IMX) and 1100 mL of water was passed through the soil sample core. At high
pH values, the soil surface is negatively charged (pHzpc = 2.5 - 2.7).and more solvated
cations (that are responsible for the net water movement towards the cathode) are present
near the surface. Thus, higher water flow is expected at high pH values as the zeta potential
of the soil is higher at higher pH. According to Casagrande (1949), the electro-osmosis

flow is proportional to zeta potential.

The cumulative electro-osmotic water flow as a function of time (Figure 73)

. shows that in Test V, almost 500 mL of water was passed through the soil core.
According to the results of the electro-osmosis Test IV, by maintaining the pH at 10, high
water flow would be predicted. Two of the reasons for the observed, contrasts can be
speculated as follows: a) the high pH conditions caused precipitation of some salts (e.g.
CaCO3) that coated the surface of the graphite electrodes, yielding a low efﬁ?iency of the
electro-osmosis process; b) increasing the calcium concentration, the ionic strength of the
electrolyte increases substantially causing a diminishing of the zeta potential (see Figures
26 to 31) and consequently reducing the amount of water flow.

For test V1, similar occurrence was observed. The only difference was that the pH
could not be maintained at 10 by using CaCO3 at the anode reservoir. Consequently smaller
water flow than that for Test V was produced. Only 250 mL of water emerged at the
cathode side in 31 days of experiment. ’
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I11.4.2. Cosfficient of elociro-osmotic permeabilif
Figures 74 a, b show the coefficient of electro-osmotic permeability as a function
of time for all the tests conducted. Tests I and IHI produced similar values of ke (1-3 x
10-6 cm2/(V.s)) , while Test II gave electro-osmotic permeability values around 5 x 106
cm?2/(V.s), as can be seen in Figure 74a. Among the tests under pH control, Tests IV
and V presented values of ke up to 3-4 x 105 cmz_l(V .s) while Test VI produced electro-

osmotic permeability values on the order of 10-6 cm2/(V.s).

111.4.3. Current density:

With the exception of Test IV, all other tests presented the same trend of current
density as a function of time (Figure 75). Values up to 0.5 mA/cm2 were recorded at the
beginning of the experiments with gradual decrease as the tests proceeded. 'Ifeét IV
produced current densities up to 2.3 mA/cm? with gradual increase the first 12 days.ofithe

test.

In Tests 1, I, and ITI, the pH of the ix;ﬂuent (anode reservoir)-dropped to values
around 2 and remained constant afterward (Figure 76a). The build up of acid condiﬁbns
at the anode was due to the oxidation of water represented by the equation (Acar, Y., etc.,
1990) :

2H,0 —> O, + 4H" + 4¢

To conduct the expérhnents under pH control, it was necessary to add base to the
anode reservoir. The pH for Tests IV and V were maintained at 10 with NaOH and
Ca(OH)y, respectively. For Test VI, CaCO3 was used as the base and the pH could not
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be controlled at 10; instead the pH was maintained at 6. Figure 76b shows the pH of the

influent solution as a function of time for the tests under controlled pH conditions.
IL4.5. Effluent pH:
Figure 77a show the pH of the effluent solution as a function of time for the
Tests I, II and IIL The effluent pH of the Tests I and IXI rose to values around 12 and
then dropped gradually due to the acid front generated at the anode. Test I presented a
fairly constant pH (around 12) throughout the experiment, indicating that the electrolysis

rate overcame the acid front at the anode. The basic condition at the cathode was caused by

3

the reduction of water as follows:
2H,0 + 2¢ — H, + 20H
' Hydrochloric acid was used to adjust the pH at the cathode (effluent) reservoir in all
‘ ;} the three tests under pH control. Figure 77b presents the pH of the effluent as a function
of time for Tests IV, V, and VL

IIL.4.6. C8 concentration at the effluent: AR A g L

C8 concentrations at the effluent for all the tests conducted are shown in Figure

78. From this figure it is noticed that Tests I, ITL, V and VI presented very low effluent

C8 concentrations. In the Test II, values up to 10 ppm were detected at the effluent

solutions. Test IV exhibited the highest C8 concentration at the effluent reachinga  « . i
maximum at 10 days of experiment correspondent to 55 ppm. At 20 days, almost no c8 v

could be found in the effluent solution. 0 EDHLIG

4, ntration i

The acidic constant for the perﬂuoi'o-octanoié acid is 2.9, indicating that at pH
values higher that 2.9, most of the C8 molecules are present in solution in an anionic form
(perfluoro-octanoate ion). Therefore it is expeéted that C8 molecules migrate towards the

anode during the electro-osmosis process. The graph of concentration of C8 at the influent

IS9010HSY

39

EID103233



&

solution as a function of time for all thé electro-osmosis tests (except Test I) is shown in
Figure 79.

Tests II and IH did not present notable amounts of C8 at the influent solution
because of the low pH condition. The C8 molecules at pH values lower than 2.9 have
neutral charge and do not migrate to the anode.

Test IV also did not show significant C8 concentration at the analyte due to the
high amount of water flow towards the cathode that exceeded the electrical migration of the
C8 molecules.

Low water flow and basic pH conditions were present in Tests V and VI, and
high amounts of C8 were determined at the influent solutions. Concentrations up to 90 and

40 ppm were detected for Tests V and VI, respectively.

II14.8. C8 removal:

Figures 80 and 81 show the cumulative C8 removed at the cathode (in

milligrams) and the percentage of total C8 displaced from the soil at the effluent as a .

function of time, respectively. It is observed that Test IV presented the highest removal
while the other tests did not show significant amounts of C8 at the effluent solution. About
28 mg (88 %) of the ammonium perfluoro-octanoate was withdrawn from the contaminated
soil by the electro-osmosis. process in Test IV. For Tests L, V, and VI, low removal
was achieved and values up to 1.7 mg of cumulative C8 were removed (2.5 %). In Tést
II, around 45 mg (18 %) of the surfactant present in the contaminated soil was removed.
It is observed that in Test III, only 1.2 mg of C8 was recovered at the cathode which
corresponded to 50 % of the total perfluoro-octanoate present in the soil. The amount of C8
removed at the cathode (effluent) was related to the vélocity of the water flowing through
the soil core due to the electro-osmosis process. Test IV had the highest water flow

velocity and produced the highest C8 removal at the cathode.
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Among all tests performed, Test V and VI presented the highest C8 removal at the
anode. Around 78 % and 63 % of C8 were recovered at the anode in Tests V¥ and VI,

respectively. The explanation of these observations was already discussed in section
V.47,

IIL4.9, Water content:

The water content profile across the soil sample after the completion of the tests is
shown in Figure 82. From the graph it is noticed that generally, the water content is high
at the anode side and gradually decreases toward the cathode. This observation is an
indication that water has been withdrawn at the cathode side by the electro-osmosis

process, yielding the build up of the water content profile across the soil core.

II1.4.10. The pH profile:

Figure 83 presents the pH distribution across all the soil samples tested as a
function of distance from the anode. Tests I, II, and ITX produced:similar pH trends with
increasing values toward the cathode. The build up of acidic conditions at the anode and
alkaline conditions at the cathode were previously discussed in sections IV.4.4 and IV.4.5.

No significant changes in pH were observed over the soil core in other tests
performed under pH control. Fixed values of pH arougd 10.5, 9.0 and 6.0 were recorded
for Tests IV, V, and VI, respectively. '

| [L4.11 C8 distribution:

The relative C8 concentration across the soil samples as a function of distance from
the anode after the tests were completed is shown m Figure 84. The horizontal solid line
at value 1 corresponds to the original surfactant concentration at the beginning of the
experiments. Tests I, V and VI produced an accumulation of the contaminant at the

middle section between the cathode and anode while in Tests IIT and IV almost no C8
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was found in the entire soil core. Fbi' Test li, an agglomeration of about 5 times the initial
concentration was observed at the region near the .anode and very low concentrations were
detected at other sections of the soil sample.

The formation of concentration profiles is caused by three major components
affecting the C8 movement through the soil - the electrical, the convective and the sorptive.
The electrical factor is related to the migration of the anionic form of the surfactant towards
the anode; the convective component is attributed to the transport of the contaminant simply
by the water flow; and the sorptive influence (also called retardation factor) is.caused by the
adsorption of the C8 onto the soil.

Tt is noticed that Test I had low water flow rate and low pH around the anode side.
This indicated that the convective component and the electrical migration in the region close
to the anode were not significant. Morebver, the retardation factor was prominent at the
sections of low pH. Consequently, an accumulation of C8 was observed halfway between
the electrodes. : ; o T

. The same explanation could be applied to Test IT except that the agglomeration
occurred at the region close to the anode. Higher potential gradient and longer test time than
Test I possibly was the reason for the observed contrast. EUMEEIDE

Test III was the longest test and almost no C8 was detected in all sections of the
soil sample. s

The convective component was the major factor that contributed to the removal of
the C8 in Test IV. This test presented the best removal rate and it is estimated that almost
o C8 was left in the soi.

Test V and VI also showed an accumulation of C8 at the middle section of the
soil core. This was caused by the reasons cited ébove for Test I, except that the sorptive
fét:tor was less significant.
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II1.4,12. Mass balance:
The following Table V exhibits the results of the C8 mass balance obtained for the

electro-osmosis tests executed.

@ .
Table V. Mass balance of C8 for the electro-osmosis tests.
C8removed |C8removed |C8remained | Total | Original C8 in the soil
o Test # | at the cathode | atthe anode |in the soil (mg)
(mg) (mg) (mg)
(ppm) { (mg)* |
4 I 0.6 9.1 18.8 28.5 | 3310 115.6~29.2
I 4.5 0.4 20.1 25.0 | 33%10 §13.7~25.6
TII 1.24 1.17 0.07 2.48 1635 13.96~7.57
v 28.3 3.3 0.8 32.4 | 33+10 {14.7~27.5 ‘
v 1.7 54.1 13.4 69.2 | 33+10 {14.4~26.9 4
VI 0.2 25.7 15.3 41.2 | 67+11 }35.9~50.0
* range of C8 mass originally in the soil. ety TR o

Two tests with different moisture content (1% and 12%) and one test without
electricity were compared to evaluate the the effect of moisture content on the electro-
osmotic flow. The time required to saturate the soil column, indicated by the presence of
effluent at the cathode reservoir was recorded. The plot Qf cumulative effluent volume as a
function of time is shown in Figure 85. From the graph it is noticed that there is no
significant difference on the soil saturation time among the three tests performed. However,
after the saturation time, higher water flow rate was observed for the test with 12 % of

initial moisture content,
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IV. Conclusifms and Reéommendations

Based on the laboratory experimental results obtained, the following conclusions can be

deduced:
® 1. Chemical analysis demonstrated that CaZ+, Nat, HCO3-, SO42- and CI- are the major
jonic species present in the plant groundwater sampled. Other properties such as
alkalinity, pH, conductivity and total dissolved solids are in accordance with typical. .. wro o o

groundwater characteristics.
2. Low concentration of C8 (11312 ppb) was detected in the groundwater sample.
3. The soil composition analysis from below the anaerobic digestion ponds showed that
high percentage of clay is present at the top soil zone (depth < 10 feet), a region where
the electro-osmosis process can be successfully applied.
4. High concentrations of C8 were found in the soil samples in the top 10 feet at ADPS-1 g
and ADPS-2, at around 16 and 33 ppm, respectively. This is the area where the.c .« .1,

electro-osmosis process needsto and can be applied. gy Yesidlh 10 B0 CRD 05 Wb

5. As expected, specific surface area, organic matter content, and cation exchange capacity e
influence the composition analysis, i.e., higher percentage of clay results in higher
specific surface area, organic matter content, cation exchange capacity, C8
concentration, and lower hydraulic permeability.
6. Adsorption studies indicate that the pH greatly affects C8 soil adsorption. The lower the '
pH, the more C8 adsorbed. There is almost no adsorption when pH is greater than 8.0. - sere v i
_The acidity constant of C8 is 10-29 and the pHzpc is in the range of 2.0 to 2.5. An
electrostatic repulsion between anionic C8 and negatively charged soil surfaces occurs

at pH values higher than 3.0. As a result, the extent of C8 adsorption decreases with

9S90T0HSY

increasing pH. The same reasons can be used to explain the extent of desorption

increases with the increasing pH.
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8. Temperature is an important factor on the a&omﬁon and desorption. The higher the

temperature, the more C8 dissoluted from the soil, making it difficult to retain C8 on

the soil surface.

9. The initial C8 concentration in the aqueous phase affects adsorption substantially. While

10.

11,

12.

13.

the C8 concentration is less than 50 ppm, the extent of C8 adsorption is diminished
significantly at pH greater than 5.0. However, when the C8 concentration is greater
than 50 ppm, the percentage of C8 adsorbed is higher within the pH range of 5.0 to
8.0. The possible reason is the hydrophobic effect that makes the C8 easier to be
retained on the soil surface.

The results of the adsorption expeciments under electrical field indicated that the Type C
(where the cathode is at the influent side and the anode at the effluent side) exhibits the
most C8 retaining capacity and effluent pH is the lowest. Inversely, Type B adsorption

system (where the anode is at the influent side and the cathode at the effluent side) gave

the highest effluent pH and showed the lowest C8 adsorption affinity. The reasons for . ;oo o

effluent pH changes were found to be caused by the redox reactions of the water at the
electrode surface.

Electro-osmosis experiments performed without pH conditioning showed little C8
removal. In these tests, significant amounts of surfactant remained in the soil
presumably caused by the low fluid velocity and the build up of htgh pH gradients
across the soil core. .
The build up of acidic conditions at the anode during the application of the electro-
osmosis process is due to the oxidation of water. The products of the oxidation are
oxygen gas (O2) and hydrogen jons (E*). Inversely, the basic condition at the cathode
IS attnbuted to the reducuon of water. Thls elcctrochemlcal reaction decomposes the
water producing hydrogen gas (Hz) and hydroxyl ions (OH’) -
The results demonstrated that it will be practical to remove the C8 by electro-osmosis

process under pH controlled conditions at the influent and effluent zone. A 97 %
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removal of the C8 in the effluent at the cathode was achieved in the test under pH

control at the anode (pH = 10) with NaOH/HCL.

3

14. The best practice to obtain high degree C8 removal is to promoie high water velocity
through the soil core. This can be achieved by maintaining alkaline pH conditions at the
electrolyte region. However, it is necessary that the water flow velocity overcomes the
electrical migration of the anionic C8 which moves in an opposite direction to water
flow.

15. The most important physical-chemical property of the soil to affect the electro-osmosis
process is the pHzpc. The electro-osmotic water flow rate is directly proportional to the
pHzpc of the soil particles.

16. Lower efficiency of the electro-osmosis process was observed when Ca(OH)2 or
CaCO3 instead of NaOH was used in the pH conditioning at the anode. This
observation can be atiributed to the following reasons: a) high pH conditions caused
“precipitation of some salts, e.g., CaCO3 that coated the surface of the electrodes,

yielding low efﬁciexicy of the electro-osmosis process; b) By introducing calcium ions

(instead of sodium ions) into the system, the ionic strength increases substantially,
causing a diminishing of the zeta potenligl (©) and consequently, the fluid velocity
through the soil towards the cathode.

17. Tests in which Ca(OH); and CaCQ3 were used to control pH showed high C8

concentrations at the anodic solution. In these experiments, the high pH conditions and

low water flow velocity through the soil core contributed to the electrical migration of
the anionic C8 towards the anode.
® 18. The moisture content effect on the electrd_—osmotic flow was evaluated. The results

indicate that the moisture content does not signiﬁcaﬂtly affect the time required for the

soil column saturation, but does affect the electro-osmotic flow.

2
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Potential gradient: 1.5 V/em

Appendix B

Electro-osmosis test II

Physical properties of the soil core

Soil sample: ADPS-2 (0-5)
Amount of the specimen placed in the cell: 646.1 g
C8 concentration: 33 pg/g dry soil
Amount of dry soil: 595.1 g
Water content: 7.9 %
Cell volume : 363.2 cm3 (length: 10.0 cm; cross sec. area: 36.32 cm?)
Bulk density: 1.64 g/cm3 '
Particle density: 2.64 g/cm3 .
Porosity: 0.38 '
Pore volume: 138.0 cm3

Electrodes: graphite _
Electrolyte solution: process water (pH =7.1)
Potential applied: 150 V

S Jﬁ.}fzﬁfﬁ K“ Lo, M
wlied: 18400

adient T
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Appendix C

Electro-osmosis test III

° Physical properties of the soil core

Soil sample; ADPS-2 (5-10")
Amount of the specimen placed in the cell: 681.1g
o C8 concentration: 16 pg/g dry soil
Amount of dry soil*: 576.9 g
Water content: 15.3 %

Cell volume : 363.2 cm3 (length: 10.0 cm; cross sec. area: 36.32 cm?) 110
Bulk density: 1.59 g/cm3

Particle density: 2.64 g/cm3

Porosity: 0.40

Pore volume: 144.4 cm3

Electrodes: graphite » -
Electrolyte solution: process water (pH = 7.1) TGOUEER WBIBL i =
Potential applied: 150V A
Potential gradient: 1.5 V/cm ‘ e
i
=X
@
*Considerable amount of wax - around 215 g - was present in this sample. The paraffin
5 was used to seal the bore column at the moment of the sample collection.

199010HSYV
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Appendix D

Electro-osmosis test IV

‘Physical properties of the soil core

Soil sample: ADPS-2 (0-5) )

Amount of the specimen placed in the cell: 693.1g e
-y C8 concentration: 33 pg/g dry soil el dry goil
- Amount of dry soil: 638.4 g

Water content: 7.9 %

Cell volume : 363.2 cm3 (length: 10.0 cm; cross sec. area: 36.32 cm2)

Bulk density: 1.76 g/cm3
.1} Particle density: 2.64 g/cm3

Porosity: 0.33

Pore volume: 119.9 cm3

P

Electrodes: graphite - o w v
Electrolyte solution: process water (pH = 7.1) dectre < oepy outd m
Potential applied: 150V g

Potential gradient: 1.5 V/cm : - : '

Controlled pH at the anode with HCl and Na(OH); pH = 10.
Controlled pH at the cathode with HCl and NaOH; pH = 10. 4% and

799010HSY
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Appendix E

Electro-osmosis test V

Physical properties of the soil core

&
Soil sample: ADPS-2 (0-5)
Amount of the specimen placed in the cell: 6782 g
5 C8 concentration: 33 pg/g dry soil

Amount of dry soil: 624.6 g

Water content: 7.9 % '

Cell volume : 363.2 cm3 (length: 10.0 ¢m; cross sec. area: 36.32 cm?2)
Bulk density: 1.72 g/cm3 '

R Particle density: 2.64 g/cm3

' Porosity: 0.35

Pore volume: 127.1 cm3

Electrodes: graphite

Electrolyte solution: process water i Mﬁ"“” :
Potential applied: 150V *’*ﬂm &@wg
Potential gradient: 1.5 V/icm st s radic

Controlled pH at the anode with HCl and Ca(OH)2; pH = 10& wod
Controlled pH at the cathode with HCI and NaOH; pH = 10. - -

€99010HSV
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Appendix F

Electro-osmosis test VI

Physical properties of the soil core

Soil sample: mixture of ADPS-2 (0-17") and BGMW-6 (0-2")
Amount of the specimen placed in the cell: 647.7g
- C8 concentration: 67 pg/g dry soil
Amount of dry soil: 641.2 g
Water content: 10.1 % '
Cell volume : 363.2 cm3 (length: 10.0 cm; cross sec. area: 36.32 cm2)
Bulk density: 1.76 g/cm3
5 Particle density: 2.64 g/em3
Porosity: 0.33
Pore volume: 121.1 cm3

Electrodes: graphite

Electrolyte solution: process water i Sl
Potential applied: 15.0 V sal anplied:
Potential gradient: 1.5 V/cm ol sradient
Controlled pH at the anode with HCl and CaCO3; pH=6. jc; 1.4

Ty en sipige

Controlled pH at the cathode with HCl and NaOH; pH = 10. .+ 54 wi e nhode

J
$99010HSY
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Constant head permeameter apparatus

\lconﬁnuous water supply

—1—> overflow

----------
----------

----------

----------

-----------

Figure 1. Constant head permeameter.
hydraulic head, h = 44 cm;
soil sample length, L = 11 cm;
Cross sectional area, A = 19.6 cm2.
Ref: Fetter, C. W. (1980)
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Adsorption Systém Type A

Screens

e
1
pump
influent
reservoir

Figure 2a. Adsorption system type A for the adsorption study under no electrical field.

graduated
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Adsorption System Type B

- »
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£
1 I

2
pump - ‘ L"}
Screens graduated
) cylinder { |
influent e 1
reservoir PRI B

Figure 2b. Adsorption system type B for the adsorption study under electrical field.
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Adsorption System Type C

t:y}t}
@
cathode
>
=) !
pump

influent
reservoir
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&
>
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o
<
—
. o
' N
N
&0
N o
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Figure 2c. Adsorption system type C for the adsorption study under electrical field.
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pH-stat basel] _ pH-stat
- @€
acid__ | \ acid
® base power supply
-)—Ei-r—-—— ﬂ-(—
=
b
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¥ ovrtiow '
pH probe
4 orous stone v ,
anode cathode
reservoir reservoir
\ .
I
I
graphite electrodes filter paper Nylon mesh
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Figure 4. Electro-osmosis apparatus for tests under controlled pH conditions.
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Tonic distribution of the groundwater.

scale |
? } igeqlL : other cations
H,005 Cat? CESN Mg+2 Na*
HCO3' Cr 304'2 ki
1
other anions
Cations (meq/L) Anions (meqg/L) .
- » o -
Mg*2 1.1 Cr 2.0
Nat 1.1 SO42 1.0
K+ 0.1 Noy | 96x1073
Ma*2 | 3.6x102 cos?2 | 40x103
Fe (total) 58x 103
cdam | 32x105
NidD) 1.6x 105
Zn(ID 52x105
Co(ID 3.4 x 10-3

Figure 8. Ionic distribution of the site groundwater .
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7. Characterization of the soil samples.
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Equilibrium diagram of C8 species

. C7F1sCOOH——C;F;sCO0™ +H"  pKa=2.9
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8 Figure 52. Equilbrium diagram of C8 species.

EID103304



SOH,* ©»>SOH+H* Kt

&
TOH 50" +H' . K3
&3

PHZPC = --(PKiﬁt + PKmt)

EID103305

€CLOI0HSY




. POIDEN I 1°0 = Suans oot Hui/f §0°0 = ODRI JNBM/TIOS ASH010724
$8/8ur (*'7 = osByd PIOS UL UONBNUIOUOD §7) TERIUL :SUONIPUOD [esusmdxy
"Hd *sA (.S - ,0) TSIV WO} PGIOSIP 8O JO WNOWE Sy, “BpS ML

Hd

(4

-t r 1 r rr@r Qs rrr+rr @0
- l¢ &
l O 1" 8q
! . 'S 0
! ] & q
" “ i m. m
3 ﬂ } 01 _M;m
“ 0 ] 88
r e 4 ' smgr e | Z8
. S ¢ @ smyg 0 11 E
L wHQ@ O ]
l | ow wnuqumby

i 1 3 ] L 1 .... ] - 1 1 3 i ... 1 2 1 1 x . ON

(.$-0) TSdaVv
Hd "SA PaGgIosdp 8§D

. KApms uondiossp/uondiospy

EID103306

ardge



o ASHO010725
‘YOIDEN I 1°0 = iSuans oot Jw/3.c0") = ONBS JayeMm 108
8/8w ('1 = oseyd PIIOS UT UONRNUIOU0D §D) TERIUT (SUONIPUOD [EIU xg
"Hd 'sA (§ - 0) Z8dQV wodJ uondiosap 8D 30 aBmusozed oy, "qps omSLg

i o

)

A 01 8 9 b z
'L R BN R L RN N NRL AL AL R R L ML 0
- = m @ S o
- 8
L, o
o 01 §
: © 1.°%
- 15T o
o . . 8
3 : =
- N 0¢ m
: o
] SIY 8 & |
” O ST 47 [] ¢ &
: O - SI[ 9 O 8
3 m ¢ @ owp wnuqmby Ot

v =(s-0) TSAAV- st

" Hd 'sa (%) paqIosep 8D

Apms uondiosap/uondiospy

EID103307




"POIDEN I 1°0 = YSuans oot /8 §0'0 = OBl 19em/Tios ASH010726
48/8w ('1 = oseyd PIIOS UL UONBRQUIOUOD §7) [YRIUT SUONIPUOD feiuswadyxy
‘Hd *sA (01 - .S) TSIAV WO Pqi0s9p §D) JO JUNOWIE oy, ‘eSS By

4

m mwwwam ﬁu .“ mw.

L TS ) o
3 B ,mm
” 1> 82
” ’ 1 mm
N - =]
L - ==
” AU | “ ..Wm mw
- O . ~
” 3 smgy e 1O ES
: | ’ smyz O ] 8
I O.. O m SIg9 O .

: C . owp wnuqmby
. T

)
i

1 ] 1 1 1 i 1
~(,01-.8) TSdQV-
Hd *sA pagIosap 8D
Apms uondiossp/uondiospy

[RECT N h.wmm%mw,u.,

EID103308



L]
i}

. "POJOBN N 1°0 = WBuans opuor Tw/B 00 = OBes Jayem/Jios ASH010727
*3/8w1 ('] = osByd PHOS UL UONBAUSOUCD §7) [BNIUI SUONIPUOD [BIUSWILAAXT
*Hd *$A (.01 - .S) ZSdAV oz uondiosap g2 Jo a8wuosad oy, *qgs amSry

N
g
o
y——]
o0
\O
q-

g o g}
i —t

¢ O
Q
Q

© SISy @
N Sy 7 O
SI9 O
@ own) wnuqmby

(%) POgIOSap gD JO JUNOwL

e
N

o ©
A..mu ) ﬁ

&
....|....|....|....|.---l-v---N
O

Illllll.lliillllllllllllllllll

-
B
1

s
g PRI | 1 2 y
&

-
&R

B -(,01-.S) ¢SdQaV-
- Hd 'sa (%) peqIosap 8D
Apms uondiosep/uondiospy

EID103309



“VOIDEN W 1°0 = 18uans oo}

. 0°L= gd ‘78w ¢ = UONRNUIIUOD §7) [ERIUT :SUOBIPUOD [eIuswILadXT
soydures 1108 x1s 1oy vopdiospe g0 oy U0 usawm“mm%usu%sﬂﬂ “9¢ sy ASH010728
(Tu/3) onex Hoﬁ%\mom
AN\ I'0. 800 90°0 $0°0 0’0 0

LENNC AL D AN AN R RN R RN IR RENL LR N RN NI R BN 0t
“ (06-SDTSdAV W . (ST-0D)ZSdaV @
I +($T-00)28dav  + (01-8)esdav [ |
- o leTspTsday. X ($-0)sdav O { ¢¢
n b .mm@, | i o
" 3 Q 1 m
h : . " Joed
5 v v 10 m,w
B e .V o m.
e % v 1 EE
i . + v | 2o
L e E : + ".m oo
B : ¢ Iy v B
I P - =

PN TN T a... s b 2 2 s 1 2 3 g 1 uh UG T S Avm.

109JJ0 OTjRI JOJeM/TIOS i
Apms uondiospy

EID103310



vQU«Z W 1°0 = PBuans druot
/8w (¢ = UONRRUAOUOD §) [URIUI :SUOTIPUOD Tmsunzadxg ASH010729
(S - 0) TSAQV -ordures 1os
‘vondiospe mo St} U0 303IJO ONES Jajem [108 oﬁ *L§ 2anSrg

E mm
(Al 01 8 9 14 (4
——ig——r—r—1—— 1
” ¢ m N ]
- V.V vV ¥ @. 10 &
A v $ 0O - y m
. ® J oy =
V s 1 =
) i ] 2
: 109 &
“ ] &
N I'0 Vv | Jog S
. 500 ¢ ! ¥ g
- €000 O . 001 R
[ (TTwy8) oner 101eM/TI0S _ )
SRR P T S TP O 4
: IA.W...OV ¢Sddv- B
Hd SnoLIBA 8 109]J9 OTjRl I3jeM JI0S
Apms uondiospy

L] &

EID103311



- R 5

“POLDEN JAL 1'0 = WSuas o1uof Do 0F = myesaduwal,
r1/3u (6 = UOIRNUSIU0D §7) [RNIUT : SUORIPUOS eyuswIadxy ASH
(S - 0) ZSdaV : idues [og 010730
*Hd Jo UonOUN} © §€ POGIOSPE gD JO FBTIUARG *gS ATBLY

=
EID103312

o~

pomad

[ S

® [Hdoo
- LV}

- <
~

o

- | 09

. 100 O ® .
R ¢00 @ ) 108
[ (Tuwi/8) onel 19jeM/TI0S | .

]
(%) pagiospe g9 jo junowe

3 1 | 3 1 i 1 g 3 i L 2 1
-9,01 = amgeredwo] -
Hd 'sA (%) pagIospe 8D
Apmis uondiospy ..
RSO

Fa

-
o
]




£

— o

“POIDEN W 1°0 = WSuans oot $Dg $7 = armesaduo],
18w (S = UODRIUAIUOI §7) TeTIUT : SUONIPUOD [erudwizady
" e~ 0) z8aqy : xdums 1o ASH010731
*H1d Jo uonoumy v S8 paqIospe gD Jo S8EINsAIA "6 MNSLT

-~

Hd

100 O 1 0
(u/3) OmeI 197eM/TIOS °

- 1 02

¢ U 1 B

® [ 10 S

° 1 Q

o w‘

109 &

- —

00 ® 1 g
8

-U.omm - 2.8&&8.0&.
Hd 'sa (%) pagIospe 8D
Apmys uondiospy

: ?.ww% &

GG

EID103313



N
—

"POIDN I 1°0 = p8uans oot :Jo5h = Armesadwa],

¢7/3u1 (€ = UONEBNUSOUOD §7) [ENIUT : SUORIPUOD rerudwnadxs

(.S ~ ) 8dQV : ordures 110§

ASH010732

*Hd J0 uopouny S8 PoqIOSpR 8O JO aTLILNSJ 09 SISL]

N

” $hd f hu ”
3 o .
” d

” 100 O

) 00 @

[ (Tu/8) oryer Io1em/TIoS

0¢C

oy -

T e R
L1
o
\O

®
&

(9) pagrospe gD Jo Junowe

i -U.omv = ormyerodwa, -
Hd 'sA (%) P39I0SpE 8D
Apms vondiospy

PNt S
w5y {5 N
.?won&,u,,ms.

F S A

5 ' z 3 OOH

o @ o

EID103314



“POIOBN NT°0 = [p8uans omof

$7/8u (g = UOTRIUIOUOD 8D Hum.m .m_wowﬁum.« _ww_mﬂmﬂemwm ASH010733
-uondiospe g3 o nwogo&o ameidma oy 19 omIyd
Hd
¢l 01 8 -9 ¥ C
8 m % 0 1 ()
[ T B ® 1o o
” 0o * e ” m
: g Jor 2
i 7 T ey
” * 1 Qg
N 409 &
I 1 o
[ ° o | &8
T DSV =1 @ | o % 8
[ UoMN HH D 001 \%
~HondToSpE g S U0 19a)Je AIMeIsduoL, 0Tl
+ ot fApmsuopdiospy  *
® © o s e @ N

EID103315



“VOIDEN I 1°0 = {13uans oot
-wdd (¢ = uoRENIIOU0D O [ENIT : SUORTPUOD [ejusLad Xy
(. - 0) 284QYV :erdures niog
-uopdiospe g7 S JS1E UORRIIUIOUOD 8O [ENPISAE St} UO 109)39 AmyeIsdwal L, 79 am3yg

e
g

ASH010734

g4

¢l 01 8 -9 14
AL R LR AL LN RN B LA B
W 001/8 § = UONRBIIUIIUOD JUAGIOSPE O
- wdd ¢ = uonenuaduod gD TenIul
: y o ©
C DSt ﬂwH ¢
m DoSC H.H. ] ]
m. Uoo.n HMH O - @
- 0 o ¢ °
N | ¢
’ L m 3
- P @

n@.&o.%« g S} UO O3 o.ﬁaﬁonm&o..w
Apmys uondiospy

1 s
joz &
. .mm.
u = &
1% 2§
1 AQ
100 B
1 B
105

109

@ Ly

EID103316




‘YOIDBN I 1°0 = J18uans oot

"wdd (g = UORLI0U02 87 BRI : SUONIPUOD [¥ruauILadxy ASHO010735
-uondiosop g Ao.mu w%wuwwmﬂ».w&%aﬁwoﬂm. *co am8Ly
Hd
1 01 8 9 14 %V
B A S L R Y L LI N S L A A R
L DSv=1 @ "B B B
F DoSC n.H n ] ¢ B
= 4 o
i O ] e 3
L O - eno ..nhu
i U IS e
i l 88
s i \9) w,.
. . = =
- o O e e 1 8
O 2 " =

. ¢ N .
3 ¢ .
[ N R TUNNEr IS N TR T NHN NN SO ._.H.“ I | ON

uondiossp gD Uy} U0 109JJ° aInjeradway,

Apmys uondiosep/uondiospy.
ﬂ%x UL
® o A ~ ~ o e A

EID103317



N
—i

P -0 = N1SuaAnS STIOT :SUCRIPUOD TeIudmrIadxy
OIPN N 10 =3 (.$-.0)Z-SdaV -ordures fros ASHO010736
‘wdd (¢ Mo[oq UONERUIIU0D 8D TERTUL 18
Hd JO uoKouUR € 5B UONEAUAILO0D §7) TENPISA YL, *y9 am3ny

- O |
i ] 8
. [resanme] Jenmme Jrmeeed ] D......._u ,.....0... - 0T mu,.“ m.
| S5 ] §E
- 0.....0.......0....%.0...!0.. . el 4 0¢ 2) &
. 7 ] B
) | 4\..4 wdd gg=5—~ ] ~
- 7 wdd o¢g -0 1 OF
i s wdd gz -~
. P wdd 01 ;
[ 3 ﬂ“ﬂ‘ 1 1 ] L X 3 [ 3 g L 1 1 1 1 Avm
TORBIIUAOUO0D §)) TeNTUL JO 109 H
Apms uondiospy :
o) E - @ b

EID103318



o
yond

POIOBN I 1°0 = PSuans oruof :suonIpuod [eusmuadyy
“(,$-0)¢-Sday :sidmes frog
‘wdd g 940qe HORERUAOU0D §D) [ENIUL I8

Hd jo uonounJ B SB UOHERUIOUOS §0) [enpISal ALY, °C9 o.amE

- Hd
01 Q 0 , 14 . C 0

N O..O..O..O...H ..
.. O 7 T “
_._... Ol lllol.. IO--.AW | .m
.”. wdd gog —— -
. wdd OGT =<0
- wdd 001 ~{1-
A | wdd oG- O - |

. UONJENULOUOD [ETIUL JO 10911

Apuis uondiospy
mp&w i i ) @

ASHO010737

o

Q
<

-
0

071

091

-
Q
N

(tudd) uorENUesU0D gj Tenpisoy

EID103319



o
oo

YOIDBN N 1°0 = MSuans owor {0° L= Hd :SUORIpUOd ruownedxg
"($-0) 284V :odures [0S
“HONRRUIOUOD §7) ENIUT SNOLILA I8

Hd Jo uonouny  se paqiospe 8D JO 9TeaaIsd *99 UNSLY

| ] ] ] ' E ] | B ) l L S K ] l ] L ' LR ] ' L I B |

wdd Qg --x—
wdd Qg =<
widd g ={ -
wdd Q] —O—

e & ~ -

UOREAUI0U00 §0) TENTUL JO 1901
. Apms uondiospy

ASHO010738
4
10
,:. 0¢ m
. =)
1 E
10F =
- .. @
o oy
loo &
1 &
T g
108 ¢
R o
001 S
1ozt
@ ™

EID103320



POIDEN W 1°0 = WPauans oot {g° h mn :suonIpuod rusuradxy

(.$-.0) ZSdQV :31dues 110§ ASH010739
‘wdd (¢ 9A0qR UORTIUSOUOD §) TenIT 18

Hd jo uonoun; e se paqIospe gD JO omﬂ:oeom *£9 amSiy

N
—
o
|
N

0c
oy
09

wdd 007 —o— 08

I T TSR T WO DU TN SR HNN Y WO A DN DU WAE TR

(9) paqiospe 8D jo JUNOWY

wdd gY - -
wdd 001~ oot
wdd om..Ol ”
NS — 1 |
b, ﬁoﬁgﬁuoﬂoo Tenrur Jo uoo.«mm %
© " Kpmsuondiospy
@ 2 - . . e "

EID103321




N
i

“POIDEN W 1°0 = qi8uans ooy
1/3W 0°0 = ORI JeM/TIOS :SUORIPUOD [RIUSILIAAXY
“(.5-0) ¢-SdQV :o[dures f1os
swdd (¢ M0[aqG TORBJUIOUOD fenTul J8
Hd 'sA 80 JO 1u9[ILJ00 YO 'g9 SmILy

[ N

ASHO010740

[4

1
/A‘“ Ll L] L
VA"

0S
001

0¢1

S 3

00¢

05T

Apmys uondiospy

; | O

- wddog v 0

- wddog © ;

T wddor O g

' - | &

AP (U T SPITIIFE T N S T T R Y
Hd *sA XHIjeu [108/80) JO JUSIOIS00 UOHIME

00¢

EID103322



“POIDEN W 1°0 = {p3uans owor
/3w §O'0 = ONBI JSTBM/TTOS :SUONIPUOD [RUSWLIAXE
*(.$~0) -SdQV :s1dwes [108 ASH010741
‘midd 0Qz-0§ UONERUSOUOD [eBL B
Hd *SA 8D JO JUSIOPFS0d UORTEJ ‘69 33T

g
g
7 (-
O et
100

001

00C.

00¢

@ A

wdd 00z v
wddogT ©
wdd 001 [

wddoc O

00y

4 ¢ 0O

'.l.l..l"'lllllll.l".'
s 2 2 ¢ ¥ 2 2 s a0 v 2 3 3 8 4 9 9 31 3333

- . A TR )} 9
XIRUI TI0S/8D) 9} JO JUSIOLIJO0D u@ﬁgm |
- Apmys vondiospy

SEnd B TR s
B s S
RS

EID103323



‘8 00T = 1108 Jo yB1am ‘I 10 = PISuans oot
1/8w (6 = UONBNUOU0D §7) [ENIUT ISUORIPUCD ane_..&xm ASH010742
‘styesedde Mo[J SNORUNUOD AU WOy Juaniye Jo Hd oYL 0L Mnd1g

(urur) ourty,

. 09 05 Or 05 0z Ol 0
wl- LN I D It D AL NN N DL LA R BN L BN LI DL AL LIRS DR RN L N DL AL ) .N
C om0 A o A.
D= 4
E g _
F V=0 S
E odA) 101000y -
- 9 =
. O e OO OO 5
C PN .h
3 oF 8
—C _, 6
: N [ |
1 3 3 3 y 2 3 2 b r a2t e st i e b e e 3 1 3 4 4 4 O.H

owIr} *sA uoreueA Hd juoniiyq
PICI [BOLIIOS[S Iopun Apmis aou&o%<

EID103324




L 3

*0L San3L] Ur SB Sures Y3 9re SUORIPUO) [eruowmadyy
"W “SA [I0S 9t UT PAUTEIAL 80 JO MO Y, 1L SInSLy

| (urw) surry,
00y 0SE 00€ 0ST 00z OSI 00 OS

u...._...._...._...._...._...._.....,tl
. L =

n ] (O ”m ..

C ” 0O , .

o ] () % %

, -

3 ® - P

C O

o ¢

- > D=0

, g+
P V-

[ od£3 103089y
........_.A.......;_...p_._..._...._...._....

uﬁﬁ *SA 10S ) Ul PaUIBIdl §0) SATR[IWIN))
" PIRI] TBO11109]9 Iopun Apmis uondiospy

ASH010743

0

L

~ (8wr) peqaospe gD Jo junowre ¥

EID103325



‘04 amSL] Uy S8 oures oty auou%:wo Teuoumadys
.Oamu *‘SA OE—.GO A uﬁﬁﬂu.wm .N b O.uﬂMm m >mmo H O.NA.L.

%

(ur) Sy,
00 0SE 00€ 0SCT 00T OSI 001 OS

S e B A B e S B B M NN L 0

- . I
T

- ’ - ﬂﬂ
. & 105 =
. n 1 E
L m ] m
.. ) 001 8
) o i =
| > -
S BRI
- e _ vV O ..OmHW

. B odfy J01000y |

s e aax bt e bt e e a b g e a g ba s aa b e Lo g o a b o 2 a1 ¢
T QUUT} “SA JWINJOA Juen[lfid 002

PIOY TBOHI03] Jopun Apmys uondiospy

EID103326

i



“OUIT} JO UOROUTJ © $2 MO} J9TEA OROWISO-ONOS[I SAREMUIMOTY ASHO010745
‘Sjuswnadxs SISOWS0-0NH *¢L In3L]

(skep) oump

00

E

IA 1591 ——
A 159, =/~
ALIS9L ==

008
oL
T 1591 =
IR
JRECAR O u |
el 002

0001

Lll'lll"ll'llllll

bl MO[J SATR[OWIND

(UX) MO[J SATR[OTINOOE

EID103327




1.
ke 08

T

et qx‘~»ars!ﬂ'd’%€?";'§<

R
,,W-;gv%‘
.

st

*III pue X1 ‘I
5159, J0J SWig Jo uonouny v 58 () Lpqesuuad SnOwsSo-0n3[d JO JUSIOLF0D
B SIDWILAXS SISOWS0-0599[F “Bp/, ANBLy
(sAep) owin)
08° 0L 09 O0S Or 0 0Z OI O
= T3 ()
. A Can® 0000 0. A OO“VOW“V‘&‘OVO m
o 0 0«“ A ONO. ¢\0)~04 *Re 7
- ] 0""'“ 9 NA W,\’.‘Q“
: ., A’ \¥/. |
3 , | 02 .m O ,
- | .Jr ! 4 () AV ..V
” = i o l.d wreddi
X _ C O L IS
" ~ ] ] 9
; - i |
| |
- L O n ] |
» - Q
. . |
- ) ,H. —
. (] m}
: - A | 01
- | miser- i
L | 13881-0— ~
I I P TP IPAPENE SFEPEE PIE I $1
Amqesurrod O110UWISO-0199[9 JO JUSIIIIIA0D
& o o ~ ') @

ASHO010746
=
—y
S
(=)
Q
5 5
=
<
70}
S’
[ S
o

EID103328



. ASHO010747
TA PUB A “Al
§59, 30J Swp Jo uopoung e se (3x) Lqeouniad SNOWSO-003[9 JO USRI
, , "Ssuswadxo SISOWS0-019H ‘qpL gy

(sAep) aurmn
cc 0¢ S o0 ST O S 0
T sy )
Jy A ;’mWMV _
QN._?) y¢ 2 m G
W
).i.).r VWV " P.)._P)PV m 01 e
. 4 - VA
v ST 3
7 N N
a _ ,24 o § BQ
Y ‘) 44. \./Mo |
\ A-A NN WN .A
7]
IA 159L—— v 0g
A 1S9L = .
>Hum®...rl._4|l mm

P EErION NN TETTAT TR NI 0T WU TR T T NN SHN N UE YO AN WAV SN TN DA S T S N S W W o.v

Aymqesuirod SNOWS0-01193]3 JO JUSTOLII0D

EID103329



“3w) JO uonouny € SB AISusp Juaum) ASHO010748
"sjuownadxe SI0wS0-0199]H G/ 2InSL]

(sAep) owin
08 0L 09 05 Oy Oc O0C Ol 0
¢ v,v%yﬁuor»r,y,",dmww.mmmmwu 0
! X AL
- Y0
m ] =
- 1 001 m.u...c
L | 1A 3s0L —— 1 0s1 W
- | AL ) B,
[ L AT IS0 —— ) N
- ITIS3L =0 1 007
L | D¥seLl~{+ i
) 1389 ~O— )
T T P TP TP TP T I OWN
AjIsuap yuaxn)
& & o - 0 O @ o

Aysuop juarmno

e AR

EID103330



y ASH010749
“IIX pUe I1 ‘1 SISA, JOF W JO UOROUN] B S UORAN[OS Juanyut yo Hd oy,

"siuowRadxs SISOWSO-0NH 89/ Ly

(sAep) owp
oL 09 05 Oy o0 0z OI O

08

» e T[T ] |

_ W < : oo 3

- 9655%5% %6555
- €
....: v s
" ..v WH
s s £
- | I 3soL —0— 1 9
F | IIseL—{-

C | 13s0L-0— L
”...._...._..-_-..-—.F.._...._.-.-_...- w
uonnjos juenpur Jo Hd oy,

o 4] A o £ o @ o

EID103331



. _ ASH010750
“TA DUE A “A] SIS3L, JOJ SWIR JO UONOUN] € §8 uonnjos susnpyur Jo gd a4y,
“sjuotruodyo SISOWS0-0099F *q9. dInSLy

(sep) swim
ob S€ 0 S 0T ST O § O

. F A% — 1 ] L S - L I L ) - ) L B | .3 - « 3 8 B * & K ROW - LR B - ! MEE T SN ) i

IA 159L ——

A 189], =t ..m |
AI 189, —/F=— m mu

................

llllllllllllll'llll.llllllr]llllll

uonnfos E&.ﬁﬁ J0 Hd 9y,

EID103332



T
"‘g‘a& /'M:i ‘?g
Ry,

THI PU® I ‘] SIS, 10} SN JO UOMIOUNJ © SE UORNIOS Juan(yyd Jo Jd oy, ASH010751
stuorLadxo SISOWS0-0Naly 8L/ ANty

(sAep) swin

08 OL 09 O0S Ok OE 0T O 0
[T T T T T T T T T T T YTy O
| - > L
f Q
3 R e i 8
m < A i
K & Pty %ovw ~ RY6 12
m > IR o~ B
- Xxlokl 401 &
m JE
T 5oL —— QP ooo‘ 4‘70-.“ &
; K G
| mIseL—{+ l.._....._._.._....l.__-_.__-._._.._._____s_._ﬁm_wm_.n.. 71
| 1350l —0— .. HE
....._...._...._...._....................mH

uonnyos uan[yye Jo Hd 9y,

EID103333



‘LA DUE A ‘A] SIS3J, JOJ SUIM JO UONOUNF B SB uonnios jusnyyys jo Hd sy

(sAep) swmy
13 0¢ 6T 0¢ ¢l 01 ¢ 0

IA 1S9L——
A ISOL ——

IIll]lllllllllllll'llllllllllllll'

e e s o b o v o Lo a3 bta e s o Loa o aoa o a2 Lo a 5.2 mH

uonnjos jueniyye yo Hd ayJ,

EID103334



*pury Jo :osona ¥ SE UORN[OS JUSNYJJ2 S} T8 LONERUIUOD 8D
‘sruomadxo S1S0Ws0-00NH "L Enwﬂm

B m (sAep) owm

oL 09 om o 0t OC oﬁ.

A nadh

A
Nty .. . '?"""Vﬂl

llll‘lllllllll'lll(

>-|l|- ) | — ] 1 ] - ] L ] . ’
<> ....-‘.F mvvvvvvv

.Pf/OQ

ISNALL

IA 1591 ——
A 1SOL —/—
AJ 158, —<—
I 189 L —0—
I 180~
1180L—O—

MV.vaN N &...

IIII'III]II[I!"III'

juonyiye Ayl Je uonenuaduod QD

0S

09

ASHO010753

() ™55

EID103335




08

“3Wm) JO UONIOUNJ B SB UOHN[OS JUSN[JUT ) 18 DOHERUIIU0D 81
-syueuadxs SISowso-0n9YH ‘6L N8I

@QE own

oL 09 o0 oy o0 O0C O 0

IA 1S9 ——
A 19, =/—
AL 1S9], —7—
I 189 L —C
L EECAR
[IS9L—-O—

JuoN[JUI 9y} 1 UONRIIUOUO0D 8D

3
)
L

001

ASHO010754

mangu;g:)

R

EID103336



*9WT} JO UOOUN] B S (SWRISI[TIUL Ul ) SpOYIEd Sy} 18 PIAOWIAL §7) SATIE[NWNY) ASHO010755
*STuSWILIadXa SISOWSO-0N09[q 08 InSiy

(sAep) o
08 0L 09 0 Ot 0Ot 0¢ 01 0
LS e s I e w g e TR R R
O BRRERRREILL
- rTI i .
N 16
X IJ] ™M
N 101 -
[ . 0o
i . o
3 11 2
[ 1 IA 1S9, —~— . S
- A 189], 1 oz \nnv./
[ | ALIsOL—~— . =
L | 1S9 =0 ) ®
. JIRECA R . CZ |
X 13189, =O— .
”. 'SR IR SR AN AT AN S AN BN R AN AN AN XD EE BN ST AR EE T SO AN NS TR B ..“ Aum
9pOYIED 3] T8 PIAOWSI §)
8 ] o & ™ ©® €3 2] ™

EID103337




.uEw J0 uonouny ¥ se ( 98eiusatad ul ) SPOYILd Y I8 PIAOWA §7) FATIRIWIY
‘Siuswuadxs SSOWS0-0Noo[T* g 2ndry

(sAep) ouwn

oL 09 05 Oy 0t 0T

TWULY WY ey WAY Ay S VY

IA 159L ——
A 189, =

AT 18], =
III 1801 ~C—
T1350L

1180L ~O—

SPOYIED 9} 18 POAOWIAI §)

3

017

09

08

001

ASHO010756

(9) poaowal gj

EID103338



“(wd) dwnod [10s 3o YBusy [elo] I ¢ (w15) Spoue Sy} 03 SOUEISIP X
* QOURISIP SATIR[AI *S A UONNQLUSIP JUANUOD JABH
-sjusmuadx9 SISOWs0-00od[H "Z8 HMILY ASHO010757
/X .ooﬂmumﬁu QAIlB[aI
I 80 90 70 ¢0 0
B L 1} % I ] ¥ L 1 T ] 1 H 1 § Y T 1 T Y ' | : .Vﬂ
o \y . .
n ‘ -1 91
X ] .
N 4 81
) : <
A/ = . E) o
400 g .
O o
1% 8
] - R
i =
ISl —— ~ 1vC =
] 189L —O~ o \ S
T o—t < 19¢
" O .
N -1 8¢
i [ 2 ¥ [ 3 — [l 9 (2 — [ 1 2 ¥ 4 7 om
JUIUOD I’

EID103339



AEoV uwm{od f10s Jo YISud| EQ 7 ¢ (wrd) Spoue Syt 01 OUVISIP 1X
* 2oueISIp 9AnE[al 'SA Hd 1108 Yy,
“stusuLIadxa SISOWS0-0no9(y "€8 2181y

7I/X ‘90uRISIP SALIB[AI

I 80 9°0 0 0 0
— . e e T
A 1S9, =t J
AL 159], == ]
I 189, —C— ]
MISSL~{~| ]
119 O~ .
T 4
m n
”n 4 \"4 A4 A4 A4 4 \ \'4 A4 Aq l“_
SR “

ordures 1108 9y ssoxoe oyoid Hd oy,
] 3] o ™ T3 L3 L2

o < O O

¢l

14!

ASH010758

S

EID103340



*(wo) wwnyoo 1108 yo yiSusy eIy 1 ¢ (o) apoure 2 01 9o :

] ! 1 s ueIstp :x:

QOURISID QALIB[AI 'SA TIOS O} UY pansestu aougcoowwo 8D o>u%um
"SIUSWLIAAX? SISOWS0-0NOS[Y ‘g nTrg

/X huonﬁﬂ.c QAIIR[AI

¥0 (Al

W PR T I

TA 189 ——
A 180T =/ |
AL 189 —~—
1T 389.L —O—
I 359 ~J—
11591 —O—

Illl‘lllllll!llllll

ASHO010759

0D/0

EID103341



e e

*(.T1-.01) TMIAIEY sordures [0S

*MO[J SNOWSO-0DIS S} UO JUSIUOD AMSIOW JO 109139 S, *68 mBLy ASH010760
() SwiL
0S¢ 007 061 001
....._........._....DDDHT%O
C . i
- O v d0¢
nn O U |
3 - 4 1001
C ® o
d 3081 m.
; v v vV Y 1 B
E v 3 002 g
3 « josz ~
; AIoIno0[e oA [0 00¢.
- 0p1 = JUSJUOO AMSION Vv 1
.u. %71 = JUdU0d QINJSION @ 0SE

/AO[J STJOUISOOTIOS[S S} UO JUSJUOD SIMSIOW JO 309K YL

EID103342





